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Preface

Hypertension is the leading preventable risk factor for cardiovascular disease and all-cause

mortality worldwide. Despite its global prevalence remaining very high, the last few years have been

characterized by an impressive paucity of innovative studies; moreover, the proportion of treated

hypertensive patients with ‘controlled hypertension’remains very low (about 23% in women and

18% in men, worldwide).

The Special Issue “Recent Advances in the Treatment of Hypertension“ of the Journal of

Cardiovascular Development and Disease included articles discussing several pertinent issues in this area

of research, including pathophysiology, risk stratification, control and management of hypertension.

Two research articles also evaluated the role of hypertension in the pandemic era of the severe acute

respiratory syndrome Coronavirus 2 infection.

In conclusion, to curb the detrimental impact of hypertension and its rise in prevalence

worldwide, we need significant progress from a combination of new strategies, education and

technology. This Special Issue highlighted new insights and re-evaluated preexisting evidences and

strategies to improve the management, control and risk stratification of hypertension.

Fabio Angeli

Editor
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New Perspectives and Strategies for the Management
of Hypertension
Fabio Angeli 1,2

1 Department of Medicine and Technological Innovation (DiMIT), University of Insubria, 21100 Varese, Italy;
fabio.angeli@uninsubria.it

2 Department of Medicine and Cardiopulmonary Rehabilitation, Istituti Clinici Scientifici Maugeri IRCCS,
21049 Tradate, Italy

Hypertension is the leading preventable risk factor for cardiovascular disease and
all-cause mortality worldwide [1]. Moreover, the global prevalence of hypertension remains
high [2], and treatment of high blood pressure (BP) is the most common reason for the
prescription of chronic drugs and for office visits [3,4].

According to epidemiological information provided by the United States National
Health and Nutrition Examination Surveys (NHANES), the prevalence of hypertension in
the United States is about 30% [3,4]. However, applying the new definition of hyperten-
sion recommended by the American College of Cardiology/American Heart Association
(ACC/AHA, BP ≥ 140 mmHg systolic or ≥90 mmHg diastolic, or taking antihypertensive
medication) the prevalence of hypertension among adults in the United States was 47%
from 1999 to 2000, 41.7% percent from 2013 to 2014, and 45.4% from 2017 to 2018 [4]. The
global prevalence of hypertension is similar to that in the United States, although it varies
by country [2].

Despite such impressive prevalence, the last few years have been characterized by a
notable paucity of innovative studies, and the proportion of treated hypertensive patients
with “controlled hypertension” remains very low worldwide. Specifically, it has recently
been estimated that such a proportion approaches 23% in women and 18% in men [5].

This Special Issue “Recent Advances in the Treatment of Hypertension” collects articles
from the Americas, Africa, Asia, Australia, and Europe discussing several pertinent issues
in this area of research, on topics spanning pathophysiology, risk stratification, control and
management of hypertension.

Humberto Badillo-Alonso and coworkers report results from a randomized clinical
trial comparing the effectiveness of the combination of enalapril and nifedipine for the treat-
ment of hypertension versus empirical treatment [6]. They demonstrated that combined
treatment was 31% more efficacious than conventional empirical treatment, which yielded
an incremental clinical utility of 18% with high tolerability among patients in primary
care [6].

A cross-section investigation analyzing data from the South African arm of the Prospec-
tive Urban and Rural Epidemiology (PURE–SA) study reported an H-type hypertension
(hypertension associated with homocysteine levels ≥ 10 µmol/L) prevalence of 23% among
all participants and a 45% prevalence among those with hypertension in a relatively large
sample of Black South Africans recruited from both rural and urban communities [7].

A retrospective, single-center cohort study including outpatients with cardiovascular
disease risk factors but without known cardiovascular disease evaluated the prognostic
impact of cardio-ankle vascular index (CAVI) [8]. Importantly, results showed that CAVI
improved the prediction of cardiovascular events (the addition of CAVI to a conventional
risk score for coronary heart disease in Japan significantly improved the C statics from
0.642 to 0.713; p = 0.04) [8].
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Anil T John and co-workers present the results of a 5-week randomized–controlled
trial evaluating the effectiveness of high-intensity interval training (HIIT) and continuous
moderate-intensity training (CMT) on BP of physically inactive pre-hypertensive young
adults [9]. Both HIIT and CMT decreased BP; however, HIIT yielded more beneficial
results in terms of reducing all the components of BP (systolic, diastolic, and mean arterial
pressure) [9].

Two investigations from Italy analyze the role of hypertension in the era of the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic [10]. An analysis of
a pre-designed registry of patients hospitalized for coronavirus disease 2019 (COVID-19)
with subsequent prospective collection of data demonstrated that exposure to angiotensin
receptor blockers reduced mortality in 566 hypertensive patients hospitalized for COVID-
19 [11,12]. After the evidence of a BP increase during the acute phase of SARS-CoV-2
infection [13], a systematic review and meta-analysis (including 357,387 subjects) also eval-
uated an increase in BP after COVID-19 vaccination as a potential adverse reaction [14,15].
Pooled results showed that the proportion of abnormal/increased BP after vaccination
was 3.20% (95% CI: 1.62–6.21), and that proportions of cases of stage III hypertension or
hypertensive urgencies and emergencies was 0.6% (95% CI: 0.1% to 5.1%) [15].

Finally, five review articles are included in this Special Issue. They discuss the role of
artificial intelligence [16], the prognostic value of a tight BP control in chronic kidney dis-
ease [17], implications of endothelial dysfunction as therapeutic target [18] in hypertension
and other conditions [19], the link between hypertension and cardiac arrhythmias [20,21],
and recent advances in the management of hypertensive patients with a potential clinical
role in the years to come (including renal denervation) [22].

In summary, to curb the detrimental impact of hypertension and its increase in preva-
lence worldwide, we need significant progress from a combination of new strategies,
education, and technology [22]. This Special Issue includes reports gathering new insights
and re-evaluating pre-existing evidence and strategies to improve the management, control,
and risk stratification of hypertension.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Coronavirus disease 2019 (COVID-19) vaccines proved a strong clinical efficacy against
symptomatic or moderate/severe COVID-19 and are considered the most promising approach for
curbing the pandemic. However, some questions regarding the safety of COVID-19 vaccines have
been recently raised. Among adverse events to vaccines and despite a lack of signal during phase III
clinical trials, an increase in blood pressure (BP) after COVID-19 vaccination has been reported as a
potential adverse reaction. We systematically analyze this topic and undertook a meta-analysis of
available data to estimate the proportion of patients with abnormal BP or raise in BP after vaccination.
Six studies entered the final analysis. Overall, studies accrued 357,387 subjects with 13,444 events
of abnormal or increased BP. After exclusion of outlier studies, the pooled estimated proportion of
abnormal/increased BP after vaccination was 3.20% (95% CI: 1.62–6.21). Proportions of cases of stage
III hypertension or hypertensive urgencies and emergencies was 0.6% (95% CI: 0.1% to 5.1%). In
conclusion, abnormal BP is not rare after COVID-19 vaccination, but the basic mechanisms of this
phenomenon are still unclear and require further research.

Keywords: COVID-19; vaccine; blood pressure; hypertension; adverse drug reaction; BNT162b2;
mRNA-1273; Ad26.COV2.S; CVnCoV; ChAdOx1nCoV-19; NVX-CoV2373; Gam-COVID-Vac

1. Introduction

Different therapeutic strategies are under scrutiny to block the transition from infection
to severe forms of coronavirus disease 2019 (COVID-19) [1,2]. They include prevention of
the viral RNA synthesis and replication, blockade of SARS-CoV-2 from binding to human
cell receptors, the restoration of the host’s innate immunity, and the modulation of the
host’s specific receptors or enzymes [1–6].

However, vaccines to prevent SARS-CoV-2 infection are considered the most promising
approach, offering the opportunity to come out of the current phase of the pandemic [2,7].

COVID-19 vaccines have been developed using different advanced technologies
and several platforms [7–9], including live attenuated vaccines, inactivated vaccines, re-
combinant protein vaccines, vector vaccines (replication-incompetent vector vaccines,
replication-competent vector vaccines, and inactivated virus vector vaccines), DNA vac-
cines, and RNA vaccines (Table 1). By 18 March 2022 a total of 10,925,055,390 vaccine
doses have been administered globally (5,007,662,851 persons vaccinated with at least one
dose, and 4,446,884,806 persons fully vaccinated; (https://covid19.who.int/ accessed on
18 March 2022).
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Table 1. Main features of COVID-19 vaccines.

Vaccine Developer Platform Doses

BNT162b2 * Pfizer/BioNTech mRNA 2
mRNA-1273 * Moderna mRNA 2

Ad26.COV2.S * Janssen/Johnson & Johnson DNA Adenovirus vector 1
CVnCoV CureVAC mRNA 2

ChAdOx1nCoV-19 * AstraZeneca/University of Oxford/Serum Institute of India DNA Adenovirus vector 2
NVX-CoV2373 * Novavax Recombinant protein 2

Gam-COVID-Vac (Sputnik V) Gamaleya Institute DNA Adenovirus vectors 2

* vaccines authorized for use in the European Union (https://www.ema.europa.eu/en/human-regulatory/
overview/public-health-threats/coronavirus-disease-covid-19/treatments-vaccines/covid-19-vaccines accessed
on 18 March 2022).

Despite the clinical efficacy against symptomatic or moderate/severe COVID-19
ranged from 67% to 95% in several clinical trial [10–15], some questions regarding the
safety of COVID-19 vaccines have been recently raised and mainly based on reports of
thromboembolic events [16–22]. An extremely carefully monitoring of safety issues showed
other rare adverse events occurring after COVID-19 vaccination, including anaphylaxis, my-
ocarditis/pericarditis, and Guillain-Barré Syndrome (https://www.cdc.gov/coronavirus/
2019-ncov/vaccines/safety/adverse-events.html accessed on 18 March 2022) [2].

Just recently and despite a lack of signal during the main phase III clinical trials, an
increase in blood pressure (BP) after COVID-19 vaccination has been reported [2,23–25].

The main aim of this review was to systematically analyze data on this topic, offering
an overview of the clinical implications and potential mechanisms of this phenomenon.
Specifically, we undertook a meta-analysis of available data to estimate the proportion of
patients with abnormal or raised BP after vaccination.

2. Materials and Methods
2.1. Study Selection and Outcome Measures

We addressed analyses and clinical studies (both retrospective and prospective) meet-
ing all the following inclusion criteria: (a) data on incidence of abnormal or increased BP
regardless of the specific vaccination strategy; (b) publication in a peer-reviewed journal
before 28 February 2022; (c) no age or language restriction, in order to avoid discriminating
papers not written in English (“tower of Babel bias”) [26].

2.2. Data Sources and Searches

Candidate studies were searched through MEDLINE, Scopus, Web of Science, and
CINHAL, using research Methodology Filters [27]. The following research terms were
used: “SARS-CoV-2”, “COVID-19”, “2019-ncov”, “coronavirus”, “blood pressure”, “hyper-
tension”, and “adverse events”. We made a further screening of review articles, published
proceedings of conferences, and regulatory agencies files [28] in order to identify other
relevant studies.

2.3. Data Synthesis

Table 2 shows the clinical studies identified on the basis of the above criteria. Overall,
studies accrued 357,387 subjects. Figure 1 shows the flow diagram with the criteria used
for selection of studies. We used the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement (Table S1) [29]. Data were independently extracted by
two authors (FA and PV). Disagreements were discussed in conference.
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Figure 1. Criteria used for selection of studies.

Three reviewers independently assessed the risk of bias of each of the included studies
and discussed their assessments to achieve consensus. The included studies were scored
for quality using the Newcastle-Ottawa scale. The scale items assess appropriateness of
research design, recruitment strategy, response rate, representativeness of sample, objec-
tivity/reliability of outcome determination, power calculation, and appropriate statistical
analyses [30,31]. Score disagreements were resolved by consensus and a final agreed-upon
rating was assigned to each study (Table S2) [30,31].

2.4. Data Analysis

Proportions were calculated by dividing the number of patients with the specific
endpoint by the total number of patients for each study. We used a generalized linear
mixed model (GLMM)—i.e., a random intercept logistic regression model—for the meta-
analysis of proportions [32]. We also tested for the presence of statistical outliers using
the method described by Harrer et al. [33]. Studies are defined as outliers when their 95%
confidence interval lies outside the 95% confidence interval of the pooled effect.

The null hypothesis of homogeneity across individual studies was tested by using the
Q test. Pooled estimates were assessed for heterogeneity by using the I2 statistic [34].

Analyses were performed using R version 4.1.3 (R Foundation for Statistical Comput-
ing, Vienna, Austria) and Stata, version 16 (StataCorp LP, College Station, TX, USA).

3. Results

Literature search initially yielded 1120 reports. After removal of duplicates and
studies not focused on safety of COVID-19 vaccines, we reviewed nine clinical studies in
full text [24,25,35–41].
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Table 2. Main features of studies included in the analysis.

Study Source Cohort
(N) Year Vaccine Outcome

Severe
Increase in

BP * (N)

Definition N

Bouhanick
et al. [36]

Pharmacovigilance
database 91,761 2021

BNT162b2,
ChAdOx1nCoV-19,

Ad26.COV2.S
Abnormal BP 1776 -

Bouhanick
et al. [35]

Patients and
healthcare
workers

21,909 2022 BNT162b2
Persistent BP
≥ 140/90 (15 min
after vaccination)

5197 709

Kaur et al. [38] Pharmacovigilance
database 30,523 2021

BNT162b2,
ChAdOx1nCoV-19,

mRNA-1273
Abnormal BP 283 36

Lehmann
et al. [41]

Pharmacovigilance
database 212,053 2021

BNT162b2,
ChAdOx1nCoV-19,

Ad26.COV2.S,
mRNA-1273

Abnormal BP 6130 551

Tran et al. [40] Cross-sectional
online survey 1028 2021 ChAdOx1nCoV-19 Self reported

hypertension 52 -

Angeli et al. [25] Cross-sectional
online survey 113 2021 BNT162b2 Raise in home

BP > 10 mmHg 6 2

* severe increase in BP included stage III hypertension, hypertensive urgencies, and hypertensive emergencies.

We excluded two studies because of lack of data on the precise number of adverse
drug reactions (ADRs) or a clear definition of raise in BP [37,39]. Among the remain-
ing seven studies, we removed one study reporting a case series of vaccinated patients
(Figure 1) [24]. Thus, six studies entered the final analysis (Table 2) [25,35,36,38,40,41]. Of
these, two were cross-sectional surveys [25,40], three analyzed data from pharmacovigi-
lance databases [36,38,41], and one evaluated BP after 15 min from vaccination among a
cohort of patients and healthcare workers [35].

3.1. Excluded Studies

Meylan and co-workers reported a case series of nine patients with stage III hyper-
tension documented within minutes of vaccination, of which eight were symptomatic [24]
(Table S3). BP was measured with an oscillometric validated manometer with at least
three sets of separate values at 5-min intervals [24]. Median age was 73 years, and eight of
nine patients had a history of arterial hypertension with most patients on antihypertensive
therapy [24]. All but one patient received the BNT162b2 vaccine. Of note, patients had a
previous well controlled hypertension. All patients recovered but required at most several
hours of monitoring at tertiary center’s emergency department [24].

Sanidas and co-workers [37,39] (Table S3) investigated the effects of vaccination on
BP in patients with known hypertension and healthy controls. A total of 100 patients
between the age of 50 to 70 years old were included [37,39]. They were randomly assigned
to one of the approved and available vaccines (BNT162b2, mRNA-1273, Ad26.COV2.S, and
ChAdOx1nCoV-19) [37,39]. All participants had systolic BP < 140 mmHg and diastolic
BP < 90 mmHg before vaccination and volunteered for home BP measurements and ambu-
latory BP measurements between the 5th and the 20th day after fully COVID-19 vaccina-
tion [37,39]. Patients with known history of hypertension showed a mean home BP equal to
175/97 mmHg. Similar results were also recorded for 24-h mean BP (177/98 mmHg) [37,39].
Healthy controls showed a BP of 158/96 mmHg and 157/95 mmHg during home and
ambulatory monitoring, respectively [37,39]. Five of 50 hypertensive patients received addi-
tional medication whereas some of the non-hypertensive patients started life modification
changes and systematic BP measurements for a possible diagnosis of hypertension [37,39].

Finally, a recent analysis by Ch’ng and coworkers [37,39] (Table S3) collected data from
4906 healthcare workers. BP was measured three times for each staff member using an
automated BP monitor. Pre-vaccination BP was recorded when the staff members arrived
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at the vaccination site; post-vaccination BP was measured immediately after vaccination
and 15–30 min later in a waiting room [37,39]. Mean pre-vaccination systolic and diastolic
BP were 130.1 mmHg and 80.2 mmHg, respectively. When compared with baseline, BP was
increased in more than half of the subjects immediately and 30 min post vaccination. The
mean changes immediately after vaccination were +2.3/2.4 mmHg for systolic/diastolic
BP [37,39].

3.2. Included Studies

The retrospective analysis by Bouhanick and co-workers, describing the prevalence of
high BP after vaccination, exhibited the largest proportion of this phenomenon [35]. They
retrospectively investigated BP profile of vaccinated patients and healthcare workers to de-
scribe the course of BP values after the first and the second injection of vaccine and to assess
the prevalence of high BP values in this population. Notably, BP was measured 15 min after
vaccine injection and measurements were performed with a validated automatic electronic
device [35]. A total of 21,909 subjects had complete data on BP (61.7% were women, mean
age was 59 years). Among these subjects, 8121 people (37.1%) exhibited systolic and/or
diastolic BP above 140 and/or 90 mmHg after the first injection. Among the subjects with
high BP after the first injection, 64% were still hypertensive after the second one [35].

Interrogations of pharmacovigilance databases [36,38,41] showed proportions of ab-
normal or increased BP after vaccination ranging from 0.93% to 2.89%.

Proportions from surveys, specifically designed to evaluate BP changes after vacci-
nation, was about 5% (5.06% in the analysis by Tran and co-workers [40] and 5.31% in the
sample from Angeli and co-workers [25]).

More specifically, the Italian prospective survey [25] showed that among 113 health
care workers who received the Pfizer vaccine, 6 subjects (5.3%) showed a rise in systolic or
diastolic BP at home ≥ 10 mmHg during the first five days after the first dose of the vaccine
when compared with the five days before the vaccine (the BP rise required an intensification
of BP-lowering treatment in 4 subjects) [25]. Interestingly, the subjects with documented
infection by SARS-COV-2 over the previous year showed a higher frequency of systemic
reactions to vaccine when compared with those without history of documented infection
(38% vs. 10%, p = 0.004). History of COVID-19 was associated with a higher incidence of
rise in BP when compared with subjects without previous exposure to SARS-CoV-2 (23%
vs. 3%, p = 0.002). Symptomatic tachycardia was noted in 7 and 3 respondents after the
first and second dose of vaccine, respectively, and there were no cardiovascular events or
severe or immediate allergic reactions during a follow-up of 103 days [25].

Similarly, Tran and co-workers performed a cross-sectional survey including 1028 sub-
jects (899 had one ChAdOx1nCoV-19 dose and the rest received 2 doses) [40]. Abnormal
BP after vaccination was recorded in 52 subjects.

Quality assessment of the included studies is reported in Table S2.

3.3. Pooled Analyzses

Overall, the pooled estimated proportion of abnormal or increased BP after vaccination
was 3.91% (95% confidence interval [CI]: 1.25–11.56, p < 0.01; Figure 2). Nonetheless, two
studies were identified as statistical outliers [35,38]. As depicted in Figure 3, after the
exclusion of these 2 studies [35,38], the pooled proportion of abnormal or increased BP
after vaccination was 3.20% (95% CI: 1.62–6.21, p < 0.01).

We also evaluated the proportion of cases of stage III hypertension or hypertensive
urgencies and emergencies. Four studies reported the proportion of patients who developed
these outcomes after COVID-19 vaccination (range: 0.1% to 3.2%). The pooled proportion
of these events was 0.6% (95% CI: 0.1–5.1%).
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4. Discussion

To the best of our knowledge, this is the first systematic review designed to investigate
the occurrence of abnormal or increased BP after COVID-19 vaccination. The main novelty
of our study is the evidence that a raise in BP after COVID-19 vaccination is not unusual.
The proportions of patients with abnormal BP or with a significant increase in BP ranged
from 0.93% to 23.72%, with a pooled point estimate of 3.91% (3.20% excluding statistical
outliers). Moreover, the estimate of stage III hypertension or hypertensive urgencies and
emergencies following COVID-19 vaccination was 0.6% (95% CI: 0.1–5.1%).

As aforementioned, the design of the study largely affected such proportions, with
the highest value recorded in a retrospective study carried out in healthcare workers who
received the BNT162b2 vaccine in a University Hospital in Toulouse [35]. Specifically,
Bouhanick and co-workers [35] reported the course of BP after the injection of vaccine and
assessed the incidence of high BP values in this population [35]. BP was measured 15 min
after vaccination in all patients who received a first or a second injection. Subjects remained
seated for 15 min after injection, and hypertension was defined as BP greater than or equal
to 140/90 mmHg (grade III hypertension was declared if BP was greater than or equal
to 180/111 mmHg) [35]. As remarked by the authors, the main limitation of this study
was the lack of pre-vaccination control of BP and, thus, the proportion of subjects with
high BP observed after the injection may reflect an unknown or insufficiently controlled
hypertension [35].

Conversely, analyses of pharmacovigilance databases and clinical surveys, showed
rates of abnormal BP or significantly increased BP after vaccination ranging from 0.93% to
2.89% (Figure 2).

The precise basic mechanism of this phenomenon is still unclear and further studies
are required to investigate the association between COVID-19 vaccination and hyperten-
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sion [2,23,42]. Stress response, white-coat effect, and the possible role of excipients [24]
might contribute to explain the high prevalence of abnormal BP values recorded imme-
diately after vaccination. Nonetheless, the resulting features of COVID-19 vaccination
resemble those of active COVID-19 disease [2,23,43,44]. It is well known that the entry
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) occurs through the
angiotensin-converting enzyme 2 (ACE2) receptors of the host cells [1,3,6,45–48]. Recent
observations support the notion that when a vaccinated cell dies or are destroyed by the
immune system, the debris may release a large amount of Spike proteins and protein
fragments (free-floating Spike proteins) [2,23]. Spike proteins produced upon vaccination
have the native-like mimicry of SARS-CoV-2 Spike protein’s receptor binding functionality
and prefusion structure [49]. The native-like conformation of the Spike protein produced
by vaccines has the potential to interact with ACE2, leading to its internalization and degra-
dation [50]. The loss of ACE2 receptor activity from the outer layer of the cell membrane,
as mediated by the interaction between ACE2 and SARS-CoV-2 Spike proteins, leads to
less angiotensin II inactivation resulting from a reduced generation of antiotensin1–7. It
is well known that angiotensin1–7 binds to the Mas receptor and reduces several effects
of angiotensin 2 including inflammation, reabsorption of renal sodium, release of vaso-
pressin and aldosterone, and fibrosis [46,47,51]. Thus, the imbalance between angiotensin
II overactivity and of antiotensin1–7 deficiency after vaccination may trigger a raise in
BP [45–47].

Our systematic review and meta-analysis has several limitations. First, studies in-
cluded in our analysis did not use a control group to unmask the real effect of COVID-19
vaccination on BP and showed a low accounting comparability (Table S2). Second, and as
aforementioned, time of BP recording (from 15 min to several days after vaccination) clearly
affects the rates of BP increase after vaccination. Finally, pharmacovigilance databases pro-
vided the largest cohorts of subjects exploring this phenomenon. However, they analyzed
the rates of BP increase as a self-reported phenomenon.

5. Conclusions

Vaccines to prevent SARS-CoV-2 infection elicit an immune neutralizing response, and
they are the most promising approach for curbing the pandemic.

However, some concerns regarding the safety of COVID-19 vaccines have been re-
cently raised, including an increase in BP. Our systematic review and meta-analysis of
observational studies specifically investigated this phenomenon.

Overall, included studies accrued 357,387 subjects with 13,444 events of abnormal or
increased BP. The pooled proportions of abnormal/increased BP or stage III hypertension
recorded following vaccination (3.20% and 0.6%, respectively) showed that this event
should not be considered sporadic. However, in view of the small number of included
studies and their inherent quality limitations (different times of observation, definition
of BP increase, and a lack of a control group), the observed phenomenon requires further
investigation in controlled settings.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcdd9050150/s1, Table S1: PRISMA checklist; Table S2: Assessment
of the quality of included studies using the Newcastle-Ottawa Scale; Table S3: Main characteristics of
excluded studies.
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Abstract: Background: It is uncertain whether exposure to renin–angiotensin system (RAS) modifiers
affects the severity of the new coronavirus disease 2019 (COVID-19) because most of the available
studies are retrospective. Methods: We tested the prognostic value of exposure to RAS modifiers
(either angiotensin-converting enzyme inhibitors [ACE-Is] or angiotensin receptor blockers [ARBs])
in a prospective study of hypertensive patients with COVID-19. We analyzed data from 566 patients
(mean age 75 years, 54% males, 162 ACE-Is users, and 147 ARBs users) hospitalized in five Italian
hospitals. The study used systematic prospective data collection according to a pre-specified protocol.
All-cause mortality during hospitalization was the primary outcome. Results: Sixty-six patients died
during hospitalization. Exposure to RAS modifiers was associated with a significant reduction in
the risk of in-hospital mortality when compared to other BP-lowering strategies (odds ratio [OR]:
0.54, 95% confidence interval [CI]: 0.32 to 0.90, p = 0.019). Exposure to ACE-Is was not significantly
associated with a reduced risk of in-hospital mortality when compared with patients not treated with
RAS modifiers (OR: 0.66, 95% CI: 0.36 to 1.20, p = 0.172). Conversely, ARBs users showed a 59% lower
risk of death (OR: 0.41, 95% CI: 0.20 to 0.84, p = 0.016) even after allowance for several prognostic
markers, including age, oxygen saturation, occurrence of severe hypotension during hospitalization,
and lymphocyte count (adjusted OR: 0.37, 95% CI: 0.17 to 0.80, p = 0.012). The discontinuation
of RAS modifiers during hospitalization did not exert a significant effect (p = 0.515). Conclusions:
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This prospective study indicates that exposure to ARBs reduces mortality in hospitalized patients
with COVID-19.

Keywords: SARS-CoV-2; COVID-19; renin–angiotensin system; ACE2; ACE inhibitors; angiotensin
receptor blockers; angiotensin-converting enzyme inhibitors

1. Introduction

At the beginning of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic, the evidence that angiotensin-converting enzyme 2 (ACE2) acts as the functional
receptor for the spike glycoprotein of the virus generated some concerns regarding the
potential deleterious effect of renin–angiotensin system (RAS) modifiers, which had been
shown to increase ACE2 expression in some experimental models [1].

With advancing knowledge on the role of RAS in the pathogenesis of the new coro-
navirus disease 2019 (COVID-19), academic literature recognized that, while it has been
coopted as the entry point for the SARS-CoV-2 virus on host cells, the ACE2 enzyme also
modulates the balance between vasoconstrictors and vasodilators within the heart and
kidney, and it plays a significant role in regulating cardiovascular and renal functions [2–4].

Several observational studies conducted to clarify this controversial issue generated
mixed results [4]. The majority of the available studies did not show any sign of harm
associated with ACE inhibitors (ACE-Is) or angiotensin receptor blockers (ARBs) in patients
with COVID-19 (no significant association between the chronic use of RAS modifiers and
either the risk to contract an infection or the risk of developing a severe or lethal form of
the disease) [4,5]. Conversely, some retrospective clinical studies demonstrated a lower
risk of in-hospital death among patients taking ACE-Is or ARBs than among patients not
receiving these drugs [6,7].

We designed a prospective study in a cohort of hypertensive patients hospitalized
for COVID-19 in order to specifically evaluate the prognostic impact of antihypertensive
medications, including RAS modifiers.

2. Materials and Methods

We analyzed data from patients in 5 hospitals of the Lombardy region and belonging
to the Maugeri Care and Research Institutes Network. The protocol was approved by the
Ethical Committee of our institution, and patients gave their written informed consent
to participate.

Details of the protocol have been published [8,9]. Briefly, our study was a pre-designed
registry of patients hospitalized for COVID-19 with subsequent prospective collection of
data; the primary study outcome was all-cause mortality during hospitalization. Secondary
outcomes included death and new hospitalization after 2 years from COVID-19 recovery
(follow-up is still ongoing).

Diagnosis of viral infection was confirmed in all patients by using RNA reverse
transcription–polymerase chain reaction (RT-PCR) assays from nasopharyngeal swab spec-
imens [10]. Demographic, laboratory, and clinical management data were collected at
admission and throughout the entire in-hospital stay. Laboratory parameters were assessed
using standard techniques. PaO2/FIO2 ratio was used to estimate the severity of respiratory
dysfunction, and high-sensitivity cardiac troponin was used as a marker of myocardial
injury (as documented by troponin elevation > 5 pg/mL, according to the reference values
of our laboratory).

The presence of comorbidities was defined according to documented medical history,
as collected by investigators at study site level, including examination of electronic health
record data of the Lombardy region. All clinical evaluations were performed by attending
physicians during the clinical interview and through examination of medical records. Co-
morbidities (including type II diabetes, chronic kidney disease, dyslipidemia, hypertension,
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previous cardiac events) were defined according to current guidelines [11–14]. Previous
cardiac events included history of heart failure (symptomatic syndrome, as graded accord-
ing to the New York Heart Association functional classification or prior hospitalization for
acute heart failure requiring intravenous therapy) and coronary artery disease (as defined
by at least one of the following criteria: (1) presence of any epicardial coronary vessels with
>75% stenosis tested on coronary angiography; (2) history of acute coronary syndrome;
(3) coronary revascularization, either percutaneous transluminal coronary angioplasty or
coronary artery bypass grafting).

The main exposure of interest was the use of ACE-Is and ARBs (including combina-
tions with other antihypertensive drugs). Specifically, medication exposure was defined
as having had active prescriptions of blood pressure (BP)-lowering medications (ACE-Is,
ARBs, and other BP-lowering drugs) from at least 30 days before the date of admission.
Other BP-lowering drugs included diuretics, beta-blockers, calcium channel blockers, and
other antihypertensives, alone or in combination. Sacubitril/valsartan was categorized as
an ARB. Even if the medications of interest were being withheld during hospitalization
for any acute issues (i.e., hypotension, sepsis, acute kidney injury, and inability to take
oral medications), these patients were still included based on their medication exposure.
Investigators followed internal guidelines for the treatment of COVID-19 based on the
clinical experience of the group. Our internal guidelines included the recommendation to
modify the antihypertensive treatment (on clinical judgment) to achieve a systolic blood
pressure <140 mmHg and a diastolic blood pressure <90 mmHg during the entire phase
of hospitalization.

Statistical analysis. Analyses were performed using Stata, version 16 (StataCorp LP,
College Station, TX, USA) and R version 2.9.2 (R Foundation for Statistical Computing,
Vienna, Austria). We expressed continuous variables as mean ± standard deviation (SD)
and the categorical variables as proportions.

We analyzed differences in proportions between groups using the χ2 test. Mean
values of variables were compared using independent sample t-test or analysis of variance,
when appropriate.

We evaluated the effect of prognostic factors on mortality using univariable and
multivariable logistic regression analyses.

The odds ratios (ORs) from the univariable and multivariable analyses and their
corresponding two-sided 95% confidence intervals (CIs) were derived from the regression
coefficients in the logistic models. Survival curves were estimated using Kaplan–Meier
product limit method and compared with the Mantel (log-rank) test.

We tested the prognostic impact of several variables, which proved a significant
influence on mortality in this setting, and we modeled a multivariable model using the
covariates that yielded statistical significance in the univariable analysis.

More specifically, we tested the prognostic impact of age (years) [15,16], history of
diabetes (yes/no) [16], history of dyslipidemia (yes/no) [17], history of cardiac events
(yes/no) [18], history of chronic obstructive pulmonary disease (yes/no) [19], renal func-
tion [16], hemoglobin levels (1 g/dL) [20], high-sensitivity C-reactive protein (CRP),
troponin elevation, PaO2/FIO2 ratio, white blood cell and absolute lymphocyte count
(1000/mcl) [17,18], oxygen saturation (%) at admission, history of neoplasm [19], and
severe hypotension (yes/no) occurring during hospitalization and requiring inotropic
support [17]. For continuous covariates, Youden index analysis was also used to identify
the optimal cutoff value for the identification of patients at increased risk of death.

We used Akaike’s information criterion (AIC) and the Bayesian information criterion
(BIC) to compare performance of different multivariable models. Analyses were performed
using a significance level of α = 0.05 (2 sided).
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3. Results

Overall, 566 hypertensive patients were included in the analysis (mean age 75 years;
54% males; 309 patients treated with RAS modifiers, including ACE-Is and ARBs). None of
the patients were receiving a combination of ACE-Is and ARBs. Among patients treated
with other BP-lowering drugs (see Materials and Methods), 50 were treated with monother-
apy and 207 with combination therapy.

Baseline co-morbidities, specific in-hospital medications, and characteristics commonly
used to define severe COVID-19 (age, severe hypotension, lymphocyte count, estimated
glomerular filtration rate [eGFR], CRP, and PaO2/FIO2 ratio) were well balanced among
different BP-lowering drug users (Table 1).

Table 1. Main characteristics of patients included in the analysis.

Variable Overall
(n = 566)

ACE-Is
(n = 162)

ARBs
(n = 147)

Other BP-Lowering
Drugs (n = 257) p

Age (years) 75 ± 11 74 ± 12 76 ± 10 76 ± 11 0.060
Sex (male, %) 54 62 50 50 0.047
BMI (Kg/m2) 27.3 ± 5.7 27.6 ± 6.5 26.6 ± 4.2 27.5 ± 5.9 0.334

History
COPD (%) 16 12 15 20 0.112

Type 2 diabetes (%) 31 30 31 31 0.936
Dyslipidemia (%) 32 28 36 33 0.330

Previous cardiac event (%) 29 30 22 32 0.144
Neoplasm (%) 11 11 15 9 0.139

Hospitalization
Hydroxychloroquine (%) 58 58 60 56 0.715

Antiretroviral (%) 27 28 25 28 0.834
Macrolides (%) 32 28 38 30 0.298

Aspirin (%) 31 32 30 31 0.919
NSAIDs or

glucocorticoids (%) 40 43 45 36 0.149

Oxygen level (%) 95 ± 3 95 ± 3 95 ± 3 95 ± 3 0.715
Severe hypotension 7 6 7 9 0.648

Haemoglobin (g/dL) 11.5 ± 1.8 11.7 ± 1.8 11.2 ± 1.7 11.5 ± 1.8 0.022
Lymphocyte count (× 103) 1.51 ± 1.01 1.51 ± 0.66 1.63 ± 1.53 1.44 ± 0.76 0.238
eGFR (mL/min/1.73 m2) 72 ± 23 73 ± 24 72 ± 21 72 ± 25 0.818

K+ (ng/mL) 4.4 ± 0.6 4.4 ± 0.6 4.3 ± 0.5 4.3 ± 0.6 0.291
Troponin elevation (%) 17 17 16 19 0.649
PaO2/FIO2 ratio (mm) 315 ± 129 316 ± 110 309 ± 128 318 ± 141 0.852
High-sensitivity CRP

(mg/dL) 11.5 ± 26.4 7.7 ± 18.1 15.5 ± 41.3 11.7 ± 26.4 0.068

Legend: BMI = body mass index; COPD = chronic obstructive pulmonary disease; CRP = C-reactive protein;
eGFR = estimated glomerular filtration rate using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation; NSAIDs = non-steroidal anti-inflammatory drugs.

During hospitalization, 66 patients died. Among the RAS modifier users, 27 patients
(9%) died in hospital, whereas among other BP-lowering drug users, 39 (15%) died. Thus,
exposure to RAS modifiers was associated with a significant 46% reduction in the risk of
in-hospital mortality when compared with other BP-lowering strategies (OR: 0.54, 95% CI:
0.32 to 0.90, p = 0.019).

We also evaluated the outcomes of hospitalized COVID-19 patients based on their
exposure to ACE-Is, ARBs, and other BP-lowering drugs: 162 (29%) were ACE-Is users, 147
(26%) were ARBs users, and 257 (45%) used other antihypertensive medications. The rates
of in-hospital mortality were 15%, 10%, and 7% for exposure to other BP-lowering drugs,
ACE-Is, and RAS modifiers, respectively. Figure 1 depicts the crude rates of in-hospital
death according to the subgroups of antihypertensive therapy. Estimating the risk of death
according to logistic regression analysis, the group of ACE-Is users was not significantly
associated with a reduced risk of in-hospital mortality when compared with patients treated
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with other BP-lowering strategies (OR: 0.66, 95% CI: 0.36 to 1.20, p = 0.172). Conversely,
ARBs users showed a 59% lower risk of death (OR: 0.41, 95% CI: 0.20 to 0.84, p = 0.016,
Figure 1—upper panel). Similar results were obtained using the Kaplan–Meier product
limit method (Figure 1—lower panel).
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Figure 1. Risk of in-hospital death among hypertensive patients hospitalized for COVID-19 according
to subgroups of antihypertensive therapy (upper panel). Survival curves (lower panel) were estimated
using Kaplan–Meier product limit method and compared with the Mantel (log-rank) test. Legend:
ACE-Is = ACE inhibitors; ARBs = angiotensin receptor blockers; BP = blood pressure; CI = confidence
interval; OR = odds ratio.

Among other covariates tested as predictors of in-hospital death (Figure 2), age,
chronic obstructive pulmonary disease (COPD), previous cardiac events, a decreased
oxygen saturation level recorded at admission, baseline high white blood cell count, severe
hypotension occurring during hospitalization, lymphocytopenia at baseline, reduced eGFR
at admission, reduced PaO2/FIO2 ratio, and increased high-sensitivity CRP were associated
with an increased risk of death (all p < 0.05, Figure 2).
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Type 2 diabetes Yes vs No 1.37 (0.86 to 2.19); p=0.189

Dyslipidemia Yes vs No 1.08 (0.67 to 1.76); p=0.743

Previous cardiac event         Yes vs No 2.64 (1.69 to 4.11); p<0.0001

History of neoplasm Yes vs No 1.09 (0.56 to 2.12); p=0.796

Oxygen saturation (%) 10 0.39 (0.24 to 0.64); p<0.0001

WBC count 103 1.10 (1.04 to 1.17); p=0.002
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eGFR (mL/min/1.73 m2)    20 0.47 (0.40 to 0.57); p<0.0001

Haemoglobin (g/dl) 1 0.91 (0.81 to 1.03); p=0.150

Severe hypotension Yes vs No 2.49 (1.33 to 4.67); p=0.004

PaO2/FIO2 ratio (mm) 100 0.70 (0.53 to 0.93); p=0.013
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Figure 2. Results of univariable analyses exploring predictors of in-hospital death. Legend:
COPD = chronic obstructive pulmonary disease; CRP = C-reactive protein; eGFR = estimated
glomerular filtration rate using the Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) equation; WBC = white blood cell.

Using the categorization of continuous variables according to the optimal cutoff value
as identified by the Youden index analysis (see Materials and Methods), the best informative
multivariable model (baseline multivariable model, AIC = 358, BIC = 379, Table 2, upper
panel) included age, severe hypotension, oxygen saturation, and lymphocyte count.

When we added the exposure to ACE-Is or ARBs (other BP-lowering drugs used
as reference) to the baseline model (Table 2, lower panel), ARBs were associated with a
significant 63% lower risk of death (OR: 0.37, 95% CI: 0.17 to 0.80, p = 0.012), whereas
ACE-Is were associated with a non-significant 27% lower risk of death (OR: 0.73, 95% CI:
0.38 to 1.40, p = 0.339) when compared with other BP-lowering strategies.

Similar results were also obtained after the adjustment of other risk markers that
proved statistical significance in the univariable analyses. To further characterize the effect
of the severity of COVID-19 at admission as a prognostic modifier, we also evaluated the
presence of myocardial injury and pulmonary involvement (see Materials and Methods).

Overall, 99 patients (17%) showed cardiac involvement (high-sensitivity cardiac tro-
ponin elevation); the prevalence of troponin elevation was 19%, 17%, and 16% among
patients treated with other BP-lowering drugs, ACE-Is, and ARBs, respectively (p = 0.649).
The PaO2/FIO2 ratio was 318 mm, 316 mm, and 309 mm among patients treated with other
BP-lowering drugs, ACE-Is (p = 0.990 vs. other BP-lowering drugs), and ARBs (p = 0.924
vs. other BP-lowering drugs and p = 0.973 vs. ACE-Is), respectively. When compared with
the users of other BP-lowering strategies, patients exposed to ARBs showed a significant
lower risk of in-hospital death even after adjustment for the significant effect of troponin
elevation (p = 0.024) and the PaO2/FIO2 ratio (p = 0.012). More specifically, ARBs were as-
sociated with a significant 61% lower risk of death (OR: 0.39, 95% CI: 0.19 to 0.82, p = 0.012),
whereas ACE-Is were associated with a non-significant 36% lower risk of death (OR: 0.64,
95% CI: 0.35 to 1.18, p = 0.151) when compared with other BP-lowering strategies and after
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adjustment for troponin elevation. Similar results were obtained after adjustment for the
PaO2/FIO2 ratio (OR: 0.40, 95% CI: 0.17 to 0.95, p = 0.037 for ARBs vs. other BP-lowering
drugs; OR: 0.76, 95% CI: 0.37 to 1.56, p = 0.456 for ACE-Is vs. other BP-lowering drugs).

The effects of the different BP-lowering drugs on the probability (%) of in-hospital
death according to different baseline risk strata (as identified by the presence of risk factors
included in the multivariable model) are depicted in Figure 3.

Table 2. Multivariable model exploring the impact of ACE inhibitors and angiotensin receptor
blockers on the risk of in-hospital death (lower panel) when added to a baseline multivariable model
identified according to information criteria (upper panel).

Variable Comparison OR 95% CI p

Baseline multivariable model

Age > 80 years Yes vs. No 2.95 1.68 to 5.19 <0.0001

Severe hypotension Yes vs. No 3.77 1.68 to 8.45 0.001

Oxygen saturation ≤ 95% Yes vs. No 2.10 1.18 to 3.71 0.011

Lymphocyte count ≤ 1.23 × 103 Yes vs. No 3.66 2.07 to 6.46 <0.0001

Baseline multivariable model and antihypertensive drug subgroups

Age > 80 years Yes vs. No 2.96 1.67 to 5.26 <0.0001

Severe hypotension Yes vs. No 4.07 1.80 to 9.17 0.001

Oxygen saturation ≤ 95% Yes vs. No 2.15 1.21 to 3.82 0.009

Lymphocyte count ≤ 1.23 × 103 Yes vs. No 3.65 2.06 to 6.47 <0.0001

BP-lowering drugs

ACE-Is Other BP-lowering drugs 0.73 0.38 to 1.40 0.339

ARBs Other BP-lowering drugs 0.37 0.17 to 0.80 0.012

Legend: BP = blood pressure; ACE-Is = ACE inhibitors; ARBs = angiotensin receptor blockers.
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death according to different baseline risk strata (as identified by the presence of independent risk
markers of prognosis).
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During hospitalization, the discontinuation of ACE-Is, ARBs, and other BP-lowering
drugs was 17%, 18%, and 10%, respectively. Of note, the discontinuation of RAS modifiers
during hospitalization did not exert a significant confounding impact (p = 0.515).

4. Discussion

The results of our study support the hypothesis that exposure to RAS modifiers
reduces the risk of death during hospitalization for COVID-19. When splitting the users of
RAS modifiers into ACE-Is and ARBs users, we found that exposure to ACE-Is was not
significantly associated with a reduced risk of in-hospital mortality when compared with
patients not treated with RAS modifiers. Conversely, ARBs users showed a decreased risk
of death even after adjusting for a wide range of prognostic markers.

Some methodological aspects of our study deserve to be highlighted when compared
to previous clinical studies. Available clinical studies often did not allow separate analyses
of ACE-Is and ARBs, although it may be expected that these two different classes of antihy-
pertensive drugs differently impact the prognosis of COVID-19 [4]. In our cohort, we had
the opportunity to evaluate the different impacts of ACE-Is and ARBs on the management
of COVID-19 hypertensive patients when compared with other BP-lowering drugs.

The large amount of evidence on the topic is mainly driven by retrospective
studies [4,21–29]. Remarkably, our study was not a retrospective collection of clinical data
in patients hospitalized for COVID-19 but rather a pre-designed protocol with subsequent
prospective collection of data (see Materials and Methods).

Furthermore, exposure to different BP-lowering drugs was measured during a 30-day
window before admission as an intention-to-treat analysis, and discontinuation was also
evaluated during the entire hospital phase and evaluated as a possible confounding factor.

In other words, even if the medications of interest were being withheld during hospi-
talization for any acute issues, these patients were still included based on their medication
exposure. Such an approach has the potential to avoid the bias related to the evidence that
RAS modifiers tend to be continued in healthier patients and discontinued in patients with
severe forms of the disease (including hypotension, low eGFR, and new kidney injury) [30].

Finally, we accounted for potential confounders by using a multivariable model
adjusted for well-established prognostic factors, including age, severe hypotension, oxygen
saturation, and lymphocyte count [9,15–20,31,32]. We also evaluated the effects of different
BP-lowering drugs on the risk of in-hospital mortality among different baseline risk strata
(as identified by the presence of different risk markers). As expected, the prognostic benefit
of ARBs is magnified among patients with advanced age and with other laboratory features
of increased risk (Figure 3).

In conclusion, the use of antihypertensive drugs and their potential impact on outcome
in COVID-19 patients remain key points. Despite conflicting views in the literature, our
results support the preferential use of ARBs.

Although the mechanisms explaining the potential benefits of RAS modifiers are still
undetermined, some hypotheses have recently been proposed. There is growing evidence
that the blunted ACE2 activity resulting from the reduced expression, downregulation, and
dysfunction of these receptors after viral invasion and the resulting imbalance between
angiotensin II and angiotensin1–7 may play an important role in conditioning inflammatory,
thromboembolic, and hemodynamic processes in patients with COVID-19 [3–5,33,34].

Following this line of evidence, by enhancing ACE2 expression [35–38] and limiting
the effects of unopposed angiotensin II on the heart, lungs, kidney, and vasculature, RAS-
modifiers (and especially ARBs acting distally in the RAS to block the angiotensin II
type 1 receptor selectively, Figure 4) have the potential to exert a better protective role
in patients with COVID-19 when compared with other BP-lowering drugs [2–4,39–45].
Moreover, we can expect that ARBs exert these effects by both AT1 receptor blockade and
angiotensin II type 2 (AT2) receptor stimulation [46,47]. Indeed, it has been reported that
AT2 receptor stimulation antagonizes the effects of AT1 receptor stimulation in most tissues,
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promoting cardiovascular protection by the reduction of inflammation, oxidative stress,
fibrosis, vascular remodeling, and vascular smooth muscle cell proliferation [46–49].
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Study limitations. The present study should be interpreted within the context of its
potential limitations. First, because the majority of enrolled patients were white, it may be
difficult to extrapolate the results to different ethnic groups. Second, during data collection,
some evidence was accrued on the prognostic significance of uncontrolled hypertension
during hospitalization for COVID-19 [5,50]. In-hospital BP data were not routinely col-
lected, but internal clinical guidelines were followed recommending that systolic BP be kept
below 140 mmHg and diastolic BP below 90 mmHg. Third, the type, dosage, and duration
of BP-lowering drugs and other cardiovascular concurrent medications, other than reported
relevant laboratory results, electrocardiographic and echocardiographic findings, and spe-
cific causes of death were not collected. Finally, our study was not designed to evaluate the
mechanisms of COVID-19 and the influence of BP-lowering drugs on the pathophysiology
of the disease. Although the serum levels of angiotensin II and angiotensin1–7 were not
measured in our study population, our results may indirectly support the hypothesis of an
effect of RAS modifiers on angiotensin II accumulation observed during the acute phase
of COVID-19.
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Abstract: Hypertension is the most frequent chronic and non-communicable disease all over the
world, with about 1.5 billion affected individuals worldwide. Its impact is currently growing, par-
ticularly in low-income countries. Even in high-income countries, hypertension remains largely
underdiagnosed and undertreated, with consequent low rates of blood pressure (BP) control. Notwith-
standing the large number of clinical observational studies and randomized trials over the past four
decades, it is sad to note that in the last few years there has been an impressive paucity of innovative
studies. Research focused on BP mechanisms and novel antihypertensive drugs is slowing dramat-
ically. The present review discusses some advances in the management of hypertensive patients,
and could play a clinical role in the years to come. First, digital/health technology is expected to be
increasingly used, although some crucial points remain (development of non-intrusive and clinically
validated devices for ambulatory BP measurement, robust storing systems enabling rapid analysis of
accrued data, physician-patient interactions, etc.). Second, several areas should be better outlined
with regard to BP diagnosis and treatment targets. Third, from a therapeutic standpoint, existing
antihypertensive drugs, which are generally effective and well tolerated, should be better used by
exploiting available and novel free and fixed combinations. In particular, spironolactone and other
mineral-corticoid receptor antagonists should be used more frequently to improve BP control. In
particular, some drugs initially developed for conditions different from hypertension including heart
failure and diabetes have demonstrated to lower BP significantly and should therefore be considered.
Finally, renal artery denervation is another procedure that has proven effective in the management
of hypertension.

Keywords: hypertension; antihypertensive therapy; renal denervation; diabetes; heart failure; chronic
disease

1. Introduction

Because of its high prevalence and important clinical impact, hypertension remains
a leading contributor to the risk of cardiovascular disease and death [1–4]. In 2015, about
1.5 billion adults worldwide had a measured office blood pressure (BP) higher than
140 mmHg systolic or 90 mmHg diastolic [5]. According to a recent study, the num-
ber of subjects aged 30–79 years with a prior diagnosis of hypertension doubled from
331 million women and 317 million men in 1990 to 626 million women and 652 million men
in 2019, despite a stable age-standardized prevalence worldwide [6]. It has been estimated
that a systolic BP ≥140 mmHg explains about 70% of the burden of morbidity and mortality
worldwide [7–9].

Despite such impressive growth, the proportion of treated hypertensive subjects with
normal BP (‘controlled hypertension’) remains very low worldwide. It has been estimated
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that such a proportion approaches 23% in women and 18% in men [6]. Notably, despite an
improvement in diagnosis, treatment, and control of hypertension in most developed and
high-income countries, important disparities around the world remain. About two-thirds
of patients with hypertension actually live in low-income countries [1,10]. Over the past
20 years, there have been no improvements in hypertension awareness, treatment, and
control in several countries in sub-Saharan Africa and Oceania [6,11–13].

Thus, a first basic consideration is that, although the prevalence and clinical impact of
arterial hypertension is consistently growing worldwide, its control remains disappointing,
particularly in low-income countries.

A second consideration is that, despite the huge number of observational studies and
randomized controlled trials completed over the past four decades, the last few years have
been characterized by an impressive paucity of innovative studies. In a comprehensive
review, Dzau noted that research on new antihypertensive drugs and therapeutic targets
is slowing dramatically [14]. In addition, there has been no recent attempt to develop
clinical applications based on the several genomic polymorphisms associated with hy-
pertension [14]. It should be considered that the time lag between initial discovery and
the marketing of a new antihypertensive drug may exceed 10 years, with a consequent
final cost greater than two billion US dollars [15,16]. Within this framework, industry is
directing most efforts to maximize the utilization of old and effective antihypertensive
drugs (e.g., development of new combinations, new dosages, etc.) and to redirect these
toward hypertension through the use of BP-lowering drugs, initially developed for different
diseases (e.g., gliflozines, drugs for heart failure, etc.) [16].

The current review aims to discuss the main trends and perspectives related to the
clinical diagnosis and treatment of hypertension over a foreseeable future. More specifi-
cally, our review describes the use of new blood-pressure lowering drugs and device-based
approaches to achieve better blood pressure control rates and improve cardiovascular out-
comes in patients with hypertension are also reviewed. In other words, we offer clinicians
some answers to the following question: “what will the management of hypertensive
patients be like in 2030?”

2. Digital/Health Technology for Diagnosis and Monitoring

Owing to the refinement of digital/health technology, the marketing of electronic
devices for remote BP measurement and transmission is growing. Theoretically, these
devices have the potential to improve the diagnosis of hypertension and the achievement
of an adequate BP control at the population level. Just to create a parallel with diabetes,
Dzau noted in his review that the number of apps for diabetes management was about 1800
in 2016, with an impressive increase in digital diabetes marketing [14]. There is no reason
why this growth should not apply to the hypertension field in the near future, although the
growth of devices and apps for hypertension seems to be much less explosive than that of
the management of diabetes [14].

Unfortunately, not all BP measurement devices on the market have been appropriately
validated according to existing guidelines [17,18] and some of those show some limitations
and shortcomings [14]. Particular attention is being devoted to cuff-less continuous BP
monitoring systems as alternative to current cuff-based systems, although their validity
and reliability are still under research [14,19–21]. We believe that some steps are critical to
make a new system reliable:

1. The system should be easily wearable, cheap, and non-intrusive. Systems included in
normal smartwatches would be ideal;

2. The system should be validated for accuracy at independent academic or hospital
centers. It should allow continuous or almost-continuous BP detection over prolonged
periods of time of months or even years;

3. The system should be connectable to an easy-to-use protected digital repository, with
software allowing easy BP retrieval over variable periods of time for calculation of
appropriate statistical measures (BP averages, variability, etc.) and attached graphics;
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4. The system should be easily accessible to doctors, thereby enabling rapid check
and response for patients and the suggestion of changes in drug treatment or other
measures;

5. Clinical research should urgently identify BP measures retrievable from the system
which are more appropriate for the prediction of organ damage and, hopefully, prog-
nosis. In other words, research should identify which BP measurements obtained by
the system are more important for clinical decisions.

It is hoped that the application of artificial intelligence to these databases, which are
expected to include many different types of biological data for each patient, may help
doctors and patients in identifying better strategies for hypertension control, possibly in
combination with strategies promoting a healthier diet, better physical activity, and a more
intelligent use of drugs. The growing use of ‘tele-medicine’ during the current COVID
pandemic should be extended to the management of hypertension. However, there still a
long way to go.

3. Definition of Hypertension and Establishment of Treatment Targets

Whereas the European Society of Cardiology and the European Society of Hyperten-
sion (ESC/ESH) define hypertension by office BP levels ≥140 mmHg systolic or 90 mmHg
diastolic, [22] the American Heart Association (AHA), the American College of Cardiology
(ACC) and other scientific societies have endorsed a more ‘aggressive’ definition based
on office BP values ≥130 mmHg systolic or 80 mmHg diastolic [23]. In addition, the
International Society of Hypertension (ISH) adopted the 140/90 mmHg definition [24].

Of note, the more aggressive diagnostic targets endorsed by the US guidelines [23] do
no imply that all subjects with office BP in the range of 130–139/80–89 mmHg require drug
treatment. Instead, the AHA/ACC guidelines suggest to apply more appropriate life-style
measures (weight control, smoking cessation, low-sodium diet, etc.) for these subjects, and
to reserve drug treatment for cases of inefficacy of non-pharmacologic measures.

Notably, all guidelines share the recommendation that drug treatment should be
started immediately for:

(a) Patients with office BP ≥ 160/100 mmHg regardless of other considerations [22–24];
(b) Patients with BP ≥ 140/90 mmHg in the presence of ischemic heart disease, cere-

brovascular disease, or heart failure [22–24].

All guidelines suggest that drug treatment should be initiated, regardless of other
considerations, in patients with BP persistently ≥ 140/90 mmHg in case of inefficacy of
life-style measures [22–24].

In the case of a BP between 130/80 and 140/90 mmHg, the AHA/AHA guidelines
recommend drug treatment in patients with overt cardiovascular disease (i.e., secondary
prevention), as well as in patients without overt cardiovascular disease (i.e., primary
prevention) if their 10-year risk of cardiovascular disease is ≥10% according to the ASCVD
calculator [23].

Available guidelines provide different recommendations in terms of BP targets and
definitions of BP control. The ISH and the ESC/ESH guidelines recommend a uniform
BP target (<140/90 mmHg), and individualized targets based on age, tolerability, and
comorbidities. Conversely, the AHA/ACC guidelines recommend an identical BP target
(<130/80 mmHg) in all patients, regardless of age and comorbidities. The potential advan-
tages and disadvantages of these different approaches have been discussed in detail [25–27].

Interestingly, the recent 2021 ESC Guidelines on Cardiovascular Prevention [28] in-
troduce the concept that BP targets lower that 130/80 mmHg are always acceptable when
a treatment is well tolerated. Such a statement contrasts with prior ESC/ESH guidelines
which state that, for safety reasons, systolic BP should not be targeted below 120 mmHg in
people younger than 65 years, or below 130 mmHg in older subjects [22].

In summary, hypertension guidelines seem to be oriented towards individualized BP
targets according to the general principle that the lowest well-tolerated BP target should
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be a reasonable target, with the main goal to prevent the most closely BP-related adverse
complication of hypertension, which include stroke and heart failure [29].

4. Life-Style Measures

Although frequently not utilized by many patients, life-style measures play a pivotal
role in BP control. These measures include weight reduction for overweight or obese
subjects, a low sodium diet, smoking cessation, alcohol and caffeine limitations, and regular
physical activity [22,23]. We should not neglect of dismiss the importance of these measures
in the future management of hypertensive patients.

5. Chronotherapy

Many studies conducted at independent centers have demonstrated beyond any
reasonable doubt the overwhelming prognostic impact of nighttime BP [30–32]. On this
basis, it has been thought that using antihypertensive drugs in the evening at bedtime,
instead of in the morning, could be preferable to control BP, prevent or regress organ
damage, and reduce cardiovascular risk. Indeed, some data from a Spanish research group
suggested that evening administration could reduce the incidence of major cardiovascular
events associated with hypertension [33,34]. However, these data have been harshly
criticized for supposed implausibility [35,36]. Other studies have failed to demonstrate
a difference between morning and evening administration of antihypertensive drugs in
terms of BP control [37,38]. A large randomized study, the TIME study, is underway to
provide a final answer to this question [39].

For the time being, it seems reasonable to advise combining morning and evening
administration of antihypertensive drugs in selected patients with severe or resistant hyper-
tension, as well as in those with particularly high nighttime BP. Preference should be given
to antihypertensive drugs with a long duration of action, capable of covering the entire 24-h
period. For example, when choosing among different diuretics, chlorthalidone appears to
be the agent of first choice in patients without severe renal failure [40,41]. In a recent study,
patients with renal failure (glomerular filtration rate between 15 and 29 mL/min/1.73 m2

of body surface area) and uncontrolled hypertension were randomized to chlorthalidone
or placebo, with the randomization stratified by prior use of loop diuretics. After 12 weeks
of treatment, average 24-h systolic BP was 10.5 mmHg lower in the chlorthalidone group
than in the placebo group (p < 0.001) [42].

6. More Frequent Use of Mineral-Corticoid Receptor Antagonists

In a double-blind, placebo-controlled, within-patient trial (PATHWAY-2) [43], 335 patients
with home systolic BP > 130 mmHg, despite maximal therapy, were randomly assigned to
receive, for 12 weeks, spironolactone (25–50 mg), bisoprolol (5–10 mg), doxazosin modified
release (4–8 mg), and placebo in addition to their baseline BP drugs [43]. Spironolactone
reduced home systolic BP more than placebo (–8.7 mm Hg), doxazosin (−4.03 mmHg),
and bisoprolol (−4.48 mmHg) [43]. Thus, spironolactone was the most effective anti-
hypertensive agent, regardless of the distribution of baseline plasma renin, although its
BP-lowering effect was predicted by plasma renin activity and the aldosterone-renin ra-
tio [44]. Spironolactone reduced thoracic fluid content, differently from the comparative
drugs [44].

In a run-out sub-study of PATWAY-2, amiloride, a distal tubular diuretic that inhibits
the epithelial sodium channel sensitive to spironolactone, exerted an antihypertensive
effect similar to that of spironolactone and was superior to placebo, doxazosin, and biso-
prolol [44]. Notably, amiloride lacks the antiandrogen effect of spironolactone, thereby
avoiding gynecomastia.

Eplerenone seems to possess a better safety profile than spironolactone and, thus, it
might be an alternative to the latter [45,46]. However, hyperkalemia is an adverse effect
of mineral-corticoid receptor antagonists that should be carefully considered in patients
treated with these drugs.
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Anti-aldosterone drugs are currently recommended in patients with resistant hyper-
tension [22,23,47]. It is reasonable to imagine that these drugs will be used more frequently
in the future.

7. Endothelin Receptor Antagonists

Endothelin regulates vascular tone and BP, producing a powerful vasoconstrictor effect
and contributing to the pathogenesis of hypertension [48,49]. It causes neurohormonal and
sympathetic activation, hypertensive end-organ damage, fibrosis, endothelial dysfunction,
and increased aldosterone synthesis and secretion [48,49].

Furthermore, endothelin-1 (ET-1, the biologically predominant member of the endothe-
lin peptide family) is an endothelial cell-derived peptide with a wide variety of develop-
mental and physiological functions, which include embryogenesis and nociception [50,51].
More specifically, the endothelin system plays a role in regulating the development of the
specific neural crest cell population and its derivatives [51].

Interestingly, aging affects the shift in balance of release and/or activity of endothelium-
derived substances, including increased expression, release, and activity of ET-1 [50,52]. The
finding that excessive production of ET-1 is present in patients and experimental models of
aging [50,52] supports the therapeutic benefits of targeting the endothelin system in elderly
hypertensive patients [49]. Finally, the possibility that endothelin receptor antagonists may
have a role in the treatment of pre-eclampsia (due to the large increase of endothelin in this
condition [53]) is still undetermined.

Based on evidence that endothelin is a very potent endogenous vasoconstrictor [54],
some trials have evaluated the antihypertensive efficacy and tolerability of drugs capable
to block the endothelin-A and endothelin-B receptors. However, results are quite disap-
pointing and the tolerability of endothelin receptor antagonists remains a concern. Indeed,
these drugs may cause some unwanted effects, including fluid retention, flushing, and
headache [16], which may limit their use in clinical practice.

Development of darusentan, and endothelin-A blocker, was stopped for safety concerns.
A trial with atrasentan in patients with diabetic nephropathy, was stopped for reasons

related to low recruitment, and apparently different from safety.
Aprocinentan, a blocker of both endothelin-A and endothelin-B receptors with a very

long pharmacological half-life (about 44 h), proved more effective than placebo and lisino-
pril [55]. Interestingly, this antihypertensive agent seems to exert additional mechanisms
beyond the expected beneficial effects of sustained BP-lowering action (including a decrease
in renal vascular resistance and left ventricular hypertrophy) supporting the hypothesis that
this new agent could expand our antihypertensive arsenal in resistant hypertension [49,56].
Indeed, aprocitentan in patients with resistant hypertension is currently under investigation
in the PRECISION phase III trial (ClinicalTrials identifier: NCT03541174).

8. Neprilysin Combined with Renin-Angiotensin System Inhibition

The heart produces different natriuretic peptides which include the atrial natriuretic
peptide, the B-type natriuretic peptide and the C-type natriuretic peptide [57]. These
peptides induce potent natriuresis and vasodilation by acting on different cellular receptors,
ultimately leading to enhanced intracellular production of cyclic guanil-cyclase [58].

Neprilysin, a zinc endopeptidase, inactivates, not only the cardiac natriuretic peptides,
but also bradykinin [59], thereby inducing vasodilatation and natriuresis resulting from a
more prolonged action by these agents [59]. Neprilysin was not developed as monotherapy for
clinical use, but combined with drugs that inhibit the renin-angiotensin-aldosterone system.

Omepatrilat was the first-in-class combination of naprilysin with an angiotensin-
converting-enzyme inhibitor, but its development was abandoned because of occurrence of
severe angioedema [60]. In contrast, LCZ696, a more recently developed combination of
neprilysin with the angiotensin II receptor blocker valsartan in the same molecule, proved
effective and well tolerated in heart failure [61,62] and hypertension [63].
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It is reasonable to foresee that LCZ696 will be increasingly used in the future not only
in heart failure, but also for improving BP control, particularly in patients with resistant
hypertension. Various reasons are currently favoring a preferential development of this
drug in patients with heart failure, but the stage is set for a growing role of this drug in the
treatment of hypertension [58,64].

9. Angiotensin II Receptor Agonists

Angiotensin II induces vasoconstriction by stimulating the angiotensin 1 receptors,
and vasodilatation by stimulating the angiotensin 2 receptors. In experimental and clinical
settings, stimulation of angiotensin 2 receptors inhibits fibrosis [65] and induces vasodi-
latation, natriuresis, and blood pressure reduction [66,67]. Consequently, angiotensin
II receptor agonists display an interesting antihypertensive potential and are currently
investigated for efficacy and safety [68,69].

10. Sodium-Glucose Cotrasporter-2 Inhibitors

About 97% of glucose secreted at glomerular level is reabsorbed in the proximal renal
tubule through the sodium-glucose cotrasporter-2 receptors (SGLT2) [70]. The remaining
3% is reabsorbed by the SGLT1 receptors, also located in the proximal tubule [70]. Inhibition
of SGLT2 and SGLT1 receptors results in an increased excretion of glucose with urines with
consequent reduction of hemoglobin A1C [70,71].

In pivotal phase III clinical trials, selective SGLT2 receptor inhibitors empagliflozin,
canagliflozin, dapagliflozin and ertugliflozin modestly reduced systolic and diastolic BP
through various mechanisms which may include natriuresis, osmotic diuresis and reduction
of the sympathetic tone [72]. These drugs induced a marked reduction in the risk of heart
failure [72]. In patients with heart failure and reduced ejection fraction (HFrEF), both with
and without diabetes, empagliflozin and dapagliflozin reduced cardiovascular mortality
and the need of re-hospitalizations for heart failure [73,74]. In patients with heart failure
with preserved ejection fraction (HFpEF), empagliflozin significantly reduced the risk of
cardiovascular death or hospitalization for heart failure by 21% [75].

In the EMPA-REG BP trial, empagliflozin 10 mg and 25 mg reduced 24-h ambulatory
BP by 3.44/4.16 mmHg more than placebo and the degree of antihypertensive effect was
comparable in the presence of none, one or more than one antihypertensive drug [76].

According to available meta-analyses (Figure 1), the degree of BP reduction induced
by SGLT2 receptor antagonists appears to be numerically modest [77–79]. However, these
drugs have the advantage of reducing glomerular hyperfiltration through vasoconstriction
of the afferent arterioles, thereby reducing proteinuria and progression of kidney disease,
with measurable nefroprotective effects in terms of major renal events [80].

Although these drugs are generally well tolerated, concerns have been raised about
volume depletion, acute kidney injury, and genital infections as potential adverse effects.
The SGLT2 receptor inhibitors have been recently suggested by guidelines as first-line
antidiabetic drugs in patients with diabetes at high or very high cardiovascular risk due
to organ damage or concomitant risk factors [72]. In the future, the use of these drugs is
expected to be more recommended for hypertensive patients with diabetes or heart failure,
although their place in subjects with uncomplicated hypertension is still under evaluation.
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pressure in patients with diabetes mellitus. Adapted from Mazidi and coworkers [78].

11. Renal Denervation

Renal sympathetic overactivity contributes to the development and progression of
hypertension [81–83]. Renal denervation in experimental models of hypertension has
been shown to reduce BP and improve renal function, which laid the foundation for its
introduction to clinical practice [83,84].

Some clinical trials published over the past 15 years generated many expectations on
the clinical utility of renal denervation [85]. Unfortunately, the SIMPLICITY HTN-3 trials
failed to demonstrate the superiority of renal denervation over sham control in terms of BP
lowering effect [86]. However, the SIMPLICITY HTN-3 trials had several methodological
shortcomings. Just to mention some of these limitations, the study erroneously included
patients with secondary hypertension (hyperaldosteronism, etc.), 34% of operators had
executed only one denervation procedure in the past, drug treatment was much more
intense in the ‘sham’ control group than in the denervation group, denervation was not
‘complete’ (not all quadrants of renal artery were ablated) in 75% of cases. Thus, the entire
issue was reconsidered, with planning and execution of newer better-designed clinical
trials, which provided positive results [87–89].

Renal artery denervation has a strong pathophysiological rationale to justify a signifi-
cant BP lowering effect (Figure 2).

It is well known that sympathetic firing originating from the ganglia located in the
central nervous system induces a variety of effects at cardiac, renal, vascular, and muscular
levels that ultimately trigger BP elevation. Several mechanistic studies have demonstrated
that ablation of efferent and afferent renal nerves is followed by a reduction of the neural
‘bursts’ of sympathetic activity, detectable by neurography, with parallel reduction in
BP [90]. Furthermore, industry produced newer and more effective denervation catheters
over the past few years.

In the DENERHTN trial (Figure 3), 106 patients with resistant hypertension were
randomized to continue drug treatment with or without renal denervation using radiofre-
quency. The ‘no renal denervation’ group did not include a sham procedure. Average 24-h
systolic BP at 6 months after the procedure fell by 15.8 mmHg in the denervation group
and 9.9 mmHg in the no denervation group (p = 0.03) [91].
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Figure 2. The main effects of inhibition of afferent and efferent sympathetic activity induced by renal
denervation.
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Figure 3. Changes in 24-h systolic BP at 6 months in patients with renal denervation and in a control
group not receiving renal denervation. Adapted from Azizi and coworkers [91].

In the SPYRAL HTN-ON MED trial (Figure 4), 80 patients with resistant hypertension
were randomized to continue drug treatment with or without (sham procedure) renal
denervation using radiofrequency. Average 24-h systolic BP at 6 months after the procedure
fell by 9.0 mmHg with renal denervation and only 1.6 mmHg with the sham procedure
(p < 0.05) [87]. In the SPYRAL HTN-OFF MED Pivotal trial (Figure 4), 331 untreated patients
were randomized to a sham procedure or renal denervation using radiofrequency. Average
24-h systolic BP at 3 months after the procedure fell by 4.7 mmHg after renal denervation
and by 0.6 mmHg after the sham procedure (p < 0.05) [88]. Finally, in the RADIANCE-HTN
SOLO (Figure 4), 331 untreated patients were randomized to a Sham procedure or renal
denervation using high frequency ultrasounds. Average 24-h systolic BP at 3 months
after the procedure fell by 8.5 mmHg after renal denervation and by 2.2 mmHg after the
sham procedure (p < 0.05) [89]. Overall, these new trials convincingly demonstrated the
superiority of renal denervation over the sham procedure in terms of BP reduction at 3 to
6 months.
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Figure 4. Changes in 24-h systolic BP at different time intervals in patients treated with renal
denervation or sham control. Adapted from Azizi and coworkers [87], Bohm and coworkers [88] and
Kandzari and coworkers [89].

Concerns remain about the persistence of the antihypertensive effect over the long
term. However, encouraging results came from the open and not comparative Global
SIMPLICITY Registry (Figure 5), which found no attenuation, or even a slight potentiation,
in the antihypertensive effect of renal denervation in the long term (up to three years after
the procedure) as compared with pre-procedural levels [92].
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Registry. Adapted from Mahfoud and coworkers [89,92].

A clinical trial compared different techniques of denervation and concluded that the
ultrasound technique targeted on both main renal artery and its bifurcations was superior
to the radiofrequency technique targeted on the main renal artery alone [93].

In conclusion, renal artery denervation has the potential to be furtherly adopted in
clinical practice over the next few years. The main contraindication remains renal artery
stenosis, which is rare in unselected patients, but relatively higher, up to 30%, in those with
more severe or resistant hypertension [94]. Procedural complications of renal denervation
(renal artery dissection, post-procedural stenosis) are extremely rare [95].

Ongoing studies should lead to identification of patients more likely to benefit from
renal denervation in terms of BP lowering effect. According to a position paper of the
Italian Society of Hypertension [95], some clinical conditions (Table 1) should dictate a
preferential indication to renal denervation.

Of note, patients with moderate to severe chronic kidney disease were excluded from
large international trials, and smaller studies suggest limited utility in this population [96].

Despite the evidence that renal denervation is associated with a low incidence, of
mostly, minor complications [94,95,97], an aspect to consider is the question of renal artery
stenosis after this procedure. Some anecdotal reports of renal artery stenosis after renal
denervation were published, occurring 5–6 months after a successful procedure and leading
to a re-elevation of previously depressed BP [98–103].

Thus, when considering renal nerve ablation, arteries with visible stenosis, with
calcification or atheromatous plaques, represent relative contraindications [77,78,80].

Finally, available data argue in favor of an incomplete and insufficient ablation of
renal sympathetic nerves as a major cause of inadequate BP responses to catheter-based
interventions. Indeed, it is not entirely clear whether catheter design and energy delivery
may influence the variability of the response to renal nerve ablation and the risk of the
development of renal artery stenosis [94,104].
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Table 1. Clinical features of patients who may be candidates to renal denervation. Adapted from a
position paper of the Italian Society of Hypertension [95].

(A) Hypertension not controlled by combinations of renin-angiotensin-aldosterone system
blockers, diuretics and calcium channel blockers at maximal tolerated dose

• Adverse reactions with spironolattone
• Low adherence to treatment
• Systo-diastolic hypertension
• Vascular damage not diffused
• High or very high cardiovascular risk
• Patient preference

(B) Essential hypertension stage 1 or 2, either untreated or not controlled with 1–2 drugs

• Adverse reaction to several antihypertensive drugs
• Low adherence to treatment
• High or very high cardiovascular risk
• Atrial fibrillation with planned ablation
• Patient preference

12. Conclusions

BP is a very potent risk factor. Unfortunately, at variance with other risk factors, such
as serum cholesterol, glucose or creatinine, or even body weight or cigarette smoking, BP
is extremely variable over time and this may leave uncertainty or even frustration on the
real value of what we are measuring. BP recording remains generally intrusive and the
precise rules for a correct BP measurement in the clinical practice are scarcely known. Many
patients still do not realize that is perfectly normal to find out BP values of 125/70 and
145/85 mmHg at distance of few minutes. Clearly, such imprecision in diagnosis does not
help to achieve BP control when needed.

It is hoped that the future will lead to development of accurate and non-intrusive
devices for BP measurement in the long-term. From a therapeutic standpoint, we currently
dispose of many effective and well tolerated antihypertensive drugs, but a long way is still
to do for an optimal use of these drugs, alone or in combination. Unfortunately, research on
new antihypertensive drugs dramatically slowed over the past few years. We agree with
Bhudia that the future in the management of hypertensive patients remains uncertain [105].
However, significant progress is likely to come over the next few years from a combination
of education and technology worldwide.
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Abstract: Because of demographic aging, the prevalence of arterial hypertension (HTN) and cardiac
arrhythmias, namely atrial fibrillation (AF), is progressively increasing. Not only are these clinical
entities strongly connected, but, acting with a synergistic effect, their association may cause a
worse clinical outcome in patients already at risk of ischemic and/or haemorrhagic stroke and,
consequently, disability and death. Despite the well-known association between HTN and AF,
several pathogenetic mechanisms underlying the higher risk of AF in hypertensive patients are still
incompletely known. Although several trials reported the overall clinical benefit of renin–angiotensin–
aldosterone inhibitors in reducing incident AF in HTN, the role of this class of drugs is greatly reduced
when AF diagnosis is already established, thus hinting at the urgent need for primary prevention
measures to reduce AF occurrence in these patients. Through a thorough review of the available
literature in the field, we investigated the basic mechanisms through which HTN is believed to
promote AF, summarising the evidence supporting a pathophysiology-driven approach to prevent
this arrhythmia in hypertensive patients, including those suffering from primary aldosteronism,
a non-negligible and under-recognised cause of secondary HTN. Finally, in the hazy scenario of
AF screening in hypertensive patients, we reviewed which patients should be screened, by which
modality, and who should be offered oral anticoagulation for stroke prevention.

Keywords: hypertension; atrial fibrillation; primary hyperaldosteronism; antihypertensive agents;
artificial pacemakers; anticoagulants

1. Introduction

The overall prevalence of hypertension (HTN) in adults is roughly 30–45% [1] and
becomes even more common with advancing age [2]. HTN is also a well-known risk
factor for atrial fibrillation (AF) [3–5], which may even occur when borderline values of
blood pressure (BP) are recorded [6–10]. Moreover, AF exerts an important prognostic role
in hypertensive patients, thus potentially leading to ischaemic and haemorrhagic stroke,
hospitalisations for heart failure, and, in the worst circumstances, death [10–12]. Therefore,
it stands to reason that primary prevention measures devoted to reducing incident AF
are required to avoid potentially troublesome cardiac and cerebrovascular events which
may occur in this clinical scenario. Moreover, increasing age and the associated burden of
other comorbidities such as diabetes mellitus, heart failure, coronary artery disease, chronic
kidney disease, obesity, and obstructive sleep apnea would synergistically act with HTN as
major contributors to AF development and progression [10].
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Through a review of the available literature, we investigated the pathophysiological
mechanisms responsible for incident AF in hypertensive patients. The aim of this review
was therefore to summarise a pathophysiology-driven, patient-tailored approach to prevent
the onset of cardiac arrhythmias, namely atrial fibrillation, in the general population
affected by HTN. To underscore the importance of a pathophysiological approach to HTN,
a dedicated focus has also been reported on which hypertensive patients would greatly
benefit from specific treatment options in the setting of primary hyperaldosteronism, a
non-negligible cause of secondary HTN.

Moreover, when AF nonetheless develops as an unavoidable consequence of atrial
myopathy, it should be recognised in a timely manner to avoid potentially harmful con-
sequences. Although several issues do exist about the possibility of AF screening in
hypertensive patients, in this hazy scenario, we investigated the available modalities to
detect silent/subclinical AF episodes in hypertensive patients and which patients should
be offered oral anticoagulation for stroke prevention.

2. Materials and Methods

We performed a bibliographic research on Medline considering manuscripts published
up to 2021, according to the following Boolean research strings: “Arterial hypertension
AND arrhythmias”, “Arterial hypertension AND atrial fibrillation”, “Arterial hypertension
AND supraventricular arrhythmias”. The literature research was independently conducted
by two authors (FB and JM) and then revised by JM, FB, and MG, who reached a shared
decision by consensus in case of discordance.

3. Common Pathophysiological Aspects Explaining the Link between Hypertension
and Cardiac Arrhythmias

As observed in animal models, HTN per se is associated with ion channel imbalance
and the progressive development of myocardial fibrosis in hypertensive hearts [13–15]. The
ensuing molecular and structural alterations would therefore represent a fertile substrate
for arrhythmogenesis. On the one hand, HTN-related shear stress would lead to both a
long outward potassium (K+) current (Kv1.5) [13] and the altered release of intracellular
calcium (Ca2+) from the sarcoplasmic reticulum [14], thus leading to a shorter action
potential duration and delayed afterdepolarizations (DAD) in myocardial cells, respectively.
In fact, a shorter action potential duration would predispose to enhanced automatism
and re-entrant mechanisms [16]. In addition to ion channel abnormalities, HTN is also
associated with maladaptive gap junction remodelling due to the abnormal expression
of gap junction proteins such as connexin 43 and 40 [15,17] which would determine the
abnormal conduction properties and fibrotic evolution of myocardial tissue, thus prompting
nonuniform anisotropy, slow conduction, and, therefore, arrhythmogenesis in hypertensive
hearts. In addition to this, cardiovascular risk factors, HTN included, are accompanied
by low-grade inflammation and oxidative stress, which further promote ion channels
and connexin downregulation/dysfunction, abnormal Ca2+ handling, and, finally, the
activation of profibrotic signaling, which would all promote arrhythmogenesis [18].

Furthermore, as displayed on Figure 1, the HTN-related activation of the renin–
angiotensin–aldosterone (RAA) cascade and sympathetic nervous system (SNS), in addition
to myocardial ischemia in hypertrophic hearts, would also play a major role in the patho-
genesis of cardiac arrhythmias in HTN [19,20]. All these mechanisms are discussed in the
next sections of this article.
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Figure 1. Electro-pathological and clinical changes occurring in hypertensive hearts. ARP, atrial 
refractory period; SNS, sympathetic nervous system; CV, conduction velocity; CX43, connexin 43; 
DADs, delayed afterdepolarizations; EADs, early afterdepolarizations; ECM, extracellular matrix; 
LA, left atrial; LA Vol, left atrial volume; LV, left ventricular; RAAS, renin–angiotensin–aldosterone 
system. See text for further details. 

3.1. Myocardial Electro-Pathological Remodelling in Arterial Hypertension: The Key Role of 
Renin–Angiotensin–Aldosterone and Sympathetic Nervous Systems 

Different hormone systems are involved in this complex scenario. On the one hand, 
angiotensin II, a mediator of RAAS, does modulate specific ion currents in cardiac 
myocytes, including L- and T-type inward Ca2+ [21,22] and K+ currents [23]. Moreover, in 
a murine model, aldosterone seems to increase the molecular expression of L-type Ca2+ 
channels while reducing the activity of both delayed rectifier (IKr) and transient outward 
K+ currents (Ito1) [24]. Aldosterone has also been shown to induce Ca2+ overload due to 
the opening of ryanodine receptors in the sarcoplasmic reticulum [25], which may increase 
delayed afterdepolarizations (DAD), thereby raising the chance of cardiac arrhythmias 
mediated by triggered activity [26]. In this regard, Pluteanu et al. [27] demonstrated the 
existence of subcellular alterations in Ca2+ handling in spontaneous hypertensive rats, 
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Figure 1. Electro-pathological and clinical changes occurring in hypertensive hearts. ARP, atrial
refractory period; SNS, sympathetic nervous system; CV, conduction velocity; CX43, connexin 43;
DADs, delayed afterdepolarizations; EADs, early afterdepolarizations; ECM, extracellular matrix;
LA, left atrial; LA Vol, left atrial volume; LV, left ventricular; RAAS, renin–angiotensin–aldosterone
system. See text for further details.

3.1. Myocardial Electro-Pathological Remodelling in Arterial Hypertension: The Key Role of
Renin–Angiotensin–Aldosterone and Sympathetic Nervous Systems

Different hormone systems are involved in this complex scenario. On the one hand,
angiotensin II, a mediator of RAAS, does modulate specific ion currents in cardiac myocytes,
including L- and T-type inward Ca2+ [21,22] and K+ currents [23]. Moreover, in a murine
model, aldosterone seems to increase the molecular expression of L-type Ca2+ channels
while reducing the activity of both delayed rectifier (IKr) and transient outward K+ currents
(Ito1) [24]. Aldosterone has also been shown to induce Ca2+ overload due to the opening
of ryanodine receptors in the sarcoplasmic reticulum [25], which may increase delayed
afterdepolarizations (DAD), thereby raising the chance of cardiac arrhythmias mediated
by triggered activity [26]. In this regard, Pluteanu et al. [27] demonstrated the existence of
subcellular alterations in Ca2+ handling in spontaneous hypertensive rats, which were asso-
ciated with an increased propensity of atrial myocytes to develop frequency-dependent and
arrhythmogenic Ca2+ alternans, a mechanism potentially triggering cardiac arrhythmias.

In addition to ion channel modifications, the RAAS plays a key role in the progression
of atrial and ventricular fibrosis through the proliferation of fibroblasts in the extracellu-
lar matrix [19,20]. In fact, myocardial fibrosis, associated with connexin dysregulation,
generally leads to slow and heterogeneous conduction velocity, nonhomogenous impulse
propagation, and re-entrant atrial and ventricular arrhythmias [11,28]. HTN, as well as the
ensuing LV hypertrophy, may also cause an abnormal expression of junctional complexes,
which have been associated with greater myocardium vulnerability [15,29]. Moreover,
the imbalance between oxygen demand and supply occurring in this setting would fur-
ther activate myofibroblasts and induce hypertrophic modifications in vascular smooth
muscle cells [29,30], thus leading to a vicious cycle made up of collagen deposition [31],
progressive myocyte hypertrophy, and diastolic dysfunction [32], which is regarded as the
first compensatory pathophysiological response in hypertensive hearts [33]. In addition
to these mechanisms, SNS would also lead to enhanced RAAS activity and HTN-induced
LV afterload, with a remarkable synergistic effect on arrhythmia onset in hypertrophic
hearts [20].
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From a pathophysiological perspective, diastolic dysfunction generally causes a re-
duction in LA passive emptying, thus increasing LA pressures during atrial diastole
and eventually causing LA enlargement [34]. Over time, the progressive distension and
stretching of the LA and pulmonary veins may induce an electrical remodelling of these
anatomical chambers, thus leading to shorter atrial effective refractory periods [35], the
greater dispersion of atrial repolarisation and, therefore, vulnerability to AF [36,37]. LA
stretching would also prompt electrical dissociation among muscle bundles, which would
further facilitate the initiation and maintenance of multiple small re-entrant wavelets to
sustain this cardiac arrhythmia [20].

As to the clinical implication of these pathophysiological mechanisms, AF episodes in
hypertensive patients are greatly associated with the severity of LV myocardial stiffness or,
in other words, the extent of diastolic dysfunction [38]. In this regard, as assessed on a vast
patient cohort undergoing echocardiographic evaluation [38], Tsang et al. showed how
the greater the degree of diastolic dysfunction, the higher the probability of AF episodes
occurring [38]. Therefore, as shown on Figure 1, the increased LV mass, LV myocardial
stiffness, and ensuing diastolic dysfunction and LA enlargement would all play a great role
in the genesis of cardiac arrhythmias, namely AF, in hypertensive patients [39,40].

3.2. The Role of Myocardial Ischemia

Myocardial ischemia may lead to arrhythmogenesis in HTN due to mechanisms
inherently connected to LVH or atherosclerotic disease involving the major epicardial
coronary arteries. On the one hand, changes in arteriolar wall thickening and relative
capillary density may lead to reduced microvascular flow in hypertrophic hearts [41–43].
However, HTN-mediated ischemia is not limited to small vessels only, and the global
involvement of the coronary artery tree in hypertensive hearts well explains the overall
risk of myocardial ischemia and scar formation in these patients [29]. In this regard, a
strong connection between the obstruction of atrial coronary branches and AF occurrence
in the setting of acute myocardial infarction has been described [44,45]. As observed in
studies conducted on animal models [46], atrial ischemia and the ensuing LA stretching
synergistically interact in leading to a reduced myocardial conduction velocity and an
increased conduction heterogeneity, which would elicit myocardial vulnerability and AF.
Of note, not only could atrial ischemia be the result of atherosclerotic heart disease, but
pulmonary hypertension and the ensuing combination of hypoxia with increased atrial
pressure may prompt AF by means of ischemic mechanisms [47].

Moreover, Kolvekar et al. described an association between atrial ischemia and the
sclerosis of sinus node and atrioventricular node branches [48], and, as pointed out in a
retrospective study conducted by Ciulla et al. [49], the prevalence of AF seems higher in
patients with a diseased sinus node artery (41.2% vs. 7.4% p < 0.001). Hence, the ischemic
damage caused by flow abnormality in the sinus node artery may undermine the structural
integrity of the sinus node itself, thus determining a widespread structural and electrical
atrial remodelling, which represents the underlying substrate to AF development in this
clinical setting.

However, not only AF could be the result of ischemic mechanisms involving atrial
branches of epicardial coronary arteries (i.e., primary atrial ischemia), but ventricular
ischemia could also be responsible for this cardiac arrhythmia (i.e., ventricular-induced
or secondary atrial ischemia). On the one hand, atrial stretching occurring in the setting
of myocardial infarction would increase the LA surface area, thus prolonging electrical
conduction and facilitating AF initiation and maintenance [50]. However, the greater
the ischemic involvement of the LV, the higher the incidence of AF. In a subanalysis of
the CULPRIT-SHOCK (Culprit Lesion Only PCI versus Multivessel PCI in Cardiogenic
Shock) trial, compared with patients with LV myocardial infarction and no cardiogenic
shock (CS), the authors observed a significant incidence of AF in patients with CS: global
ischemia induced by extensive LV involvement in CS, the ensuing extensive myocardial
injury, and the increased LA size and pressure would all explain the remarkable prevalence
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of AF observed in this high-risk population [51]. Moreover, myocardial ischemia may
also lead to the transmural dispersion of ventricular repolarization, which may favour
early after depolarizations (EAD) and polymorphic ventricular tachycardias in the affected
patients [20,21,29,52,53].

4. Arterial Hypertension and Atrial Fibrillation: Pathophysiology-Based Strategies to
Prevent a Hazardous Association

Given the remarkable prevalence of AF in hypertensive patients, the clinical im-
pact of blood pressure in relation to the occurrence of AF deserves special analysis. A
pathophysiology-based approach to HTN in AF patients and a proposed algorithm for the
early detection of AF in HTN are provided in the next sections of this article.

4.1. Clinical Implications of High Blood Pressure in Patients with Atrial Fibrillation

The presence of uncontrolled HTN in AF patients promotes the already described
electro-anatomical atrial remodelling, which is responsible for AF evolution from parox-
ysmal to more persistent clinical forms of arrhythmia with an overall dismal prognosis
in this patient population [54–61]. Indeed, in a large Swedish registry of AF patients on
oral anticoagulants, Friberg et al. found that HTN was not only an independent predictor
for thromboembolic complications but also of intracranial [HR 1.32, 95% CI (1.15–1.52)]
and major bleedings [HR 1.25, 95% CI (1.16–1.33)] [62]. These results are indeed reflected
by the integration of HTN in both CHA2DS2-VASc and HAS-BLED scores to estimate
the thromboembolic and haemorrhagic hazard, as recommended by current guidelines
on AF management [63,64]. However, it is still debated which, between a long-standing
history of increased blood pressure and high systolic blood pressure values per se, portends
a greater risk of ischemic and haemorrhagic events in hypertensive patients. In a vast
community-based prospective registry, Ishii et al. showed that, in AF patients, only systolic
blood pressure values beyond 150 mmHg were significantly associated with a higher risk of
ischemic [HR 1.74, 95% CI (1.08–2.72)] and bleeding events [HR 2.01, 95% CI (1.21–3.23)] as
compared with adequately matched normotensive cases [65]. Similar results were provided
by a subanalysis of the Japanese J-RHYTHM AF registry, including more than 7046 patients
with nonvalvular AF [66], suggesting that every clinician should aim at an adequate blood
pressure control to improve outcome in AF patients.

Moreover, HTN seems responsible for cardioembolic stroke through mechanisms
which would act independently from AF. Although the SPRINT (Systolic Blood Pressure
Intervention Trial) reported an exceedingly high risk of thromboembolic events in patients
with pre-existent and new-onset AF, despite adequate blood pressure control [67], on the
other hand, a body of evidence suggests that HTN per se could also directly promote
left atrial thrombosis. In this regard, Zabalgoitia et al. [68] demonstrated a lower flow
velocity and a higher risk of thrombosis in the left atrial appendix in hypertensive patients
regardless of AF, with results confirmed by a subanalysis of the SPAF-III (Stroke Prevention
in Atrial Fibrillation III) trial [69]. In hypertensive patients, endocardial thrombogene-
sis seems promoted by oxidative stress [70–73], which is increased by RAAS activation
and by the subsequent inflammation occurring in diseased atria and in the left atrial
appendage [74–76].

Therefore, blood pressure control is paramount to minimize the risk of myocardial
ischemia, stroke, and oral-anticoagulant-related bleedings in AF cases. Until more data
are available, blood pressure values in AF patients on oral anticoagulants should be at
least <130 mmHg and <80 mmHg for systolic and diastolic blood pressure values, re-
spectively [1,9,77], and oral anticoagulants should be used with caution in patients with
persistent uncontrolled hypertension [10]. Moreover, in case of any clinical suspicion of my-
ocardial ischemia, the prompt assessment of the atherosclerotic involvement of epicardial
coronary arteries is mandatory in these patients.
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Therefore, it stands to reason that primary prevention measures to prevent AF occur-
rence and the early detection of this arrhythmia [68] are paramount in patients diagnosed
with HTN to avoid the described life-threatening major cerebral and cardiovascular events.

4.2. Primary Prevention of Atrial Fibrillation: A Pathophysiology-Based Approach in Patients with
Essential Hypertension

Given the predominant role of RAAS in the pathogenesis of AF, ACE inhibitors (ACEi)
and angiotensin receptor blockers (ARB) seem a reasonable first-line treatment option in
hypertensive patients. Moreover, LVH has been shown to be partially reversible after treat-
ment with RAAS blockers, with studies demonstrating improved electrical and structural
parameters and reduced AF burden following treatment with these agents [78–80].

In the Losartan Intervention For Endpoint reduction in hypertension (LIFE) study,
9193 hypertensive patients were randomized to once-daily losartan- or atenolol-based
antihypertensive therapy to detect outcome differences regarding the long-term occurrence
of new-onset AF. Compared with Atenolol, Losartan was associated with significantly
fewer AF episodes and a better overall outcome [RR 0.67, 95% CI 0.55–0.83] [81].

ACEi or ARB could have an even greater role in avoiding AF occurrence in patients
with LVH and systolic heart failure [82–84]. Although this effect has been attributed to
the antifibrotic and antiapoptotic effect of these drugs, this superiority over betablockers
is nonetheless quite surprising. Therefore, despite the intrinsic antiarrhythmic effect of
betablockers, both cardiac fibrosis and negative remodelling play a central role in AF onset
in hypertensive patients. Even when tested versus calcium antagonists, RAAS blockers
showed a lower risk of AF development in a similar patient population [85].

Although RAAS blockers showed a net superiority over beta-blockers for AF preven-
tion in HTN patients, their combined use seems beneficial in hypertensive patients suffering
from heart failure. In a meta-analysis including 11,952 patients, Nasr et al. reported that
betablockers significantly reduced the incidence of AF onset in heart failure, provided that
a background treatment with ACEi was warranted, and similar outcomes were observed
for MRA in similar patients [86]. Another clear benefit of betablockers is the well-known
protection against sudden cardiac death [53,87].

In light of this evidence, betablockers seem to further support the action of RAAS
blockers in AF prevention in hypertensive patients; however, they should not be regarded
as a first-line therapy for HTN unless there is a specific indication for their use, such as
heart failure, angina symptoms, or established AF [1].

In conclusion, although RAAS inhibitors do not seem to prevent AF recurrence in
patients with an already established diagnosis of this cardiac arrhythmia [88–90], ACEi and
ARB should be first offered to patients with essential hypertension to prevent incident AF.
Although betablockers and MRA should be generally used in addition to ACEi and ARB in
specific settings, MRA are to be first considered in specific subsets, such as patients suffering
from primary aldosteronism (PA), a non-negligible cause of secondary hypertension.

Finally, there is strong evidence from preclinical research and clinical studies that
targeting inflammation and oxidative stress may provide a path to ameliorate cardiac
arrhythmia burden. Indeed, cardioprotective SGLT2 inhibitors, statins, and omega-3 fatty
acids exhibit potent antioxidative and anti-inflammatory properties. These agents most
likely affect the proarrhythmia primary mechanisms, such as triggered activity as well as
profibrotic signalling. However, the causal relationship is missing, and further studies
are required to assess the real impact of these drugs on arrhythmogenesis in hypertensive
patients [18].
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4.3. Focus on Primary Aldosteronism: An Under-Recognized Cause of Secondary Hypertension
Prompting a Targeted Medical and Surgical Treatment

PA, also known as primary hyperaldosteronism or Conn’s syndrome, refers to the
excess production of aldosterone essentially caused by hyperplasia or tumors involving
adrenal glands and resulting in high blood pressure in the affected patients [91]. It is the
most common endocrine cause of secondary hypertension, with a prevalence spanning from
4.3–9.5% in hypertensive patients to 17–23% in those with resistant HTN [92]. Moreover, a
body of evidence suggests that PA confers a greater risk of stroke, AF, and cardiovascular
disease than similar patient cohorts with essential hypertension [93].

As to associated cardiac arrhythmias, AF is by far the most observed rhythm disorder
(7.2% prevalence on average), with other cardiac arrhythmias occurring in up to 5.2% of
cases [94,95].

PA could promote arrhythmogenesis through different mechanisms [96]. On the one
hand, aldosterone hypersecretion induces inflammation by producing reactive oxygen
species which activate proinflammatory transcription factors in macrophages [74–76], caus-
ing cardiac interstitial macrophage infiltration with subsequent fibrosis [97]. On the other
hand, through resting membrane hyperpolarization, Na+-K+ ATPase inhibition, and the
suppression of K+ channel conductance, aldosterone-mediated hypokalemia further ex-
plains the mechanisms of arrhythmogenesis occurring in PA patients [98–100]. Accordingly,
a study from the German Conn’s Registry confirmed that AF was more commonly found
in patients with the hypokalemic variant of PA than in those with normal values of serum
potassium levels [95].

Therefore, PA has targeted medical treatment and potentially curative surgical so-
lutions, which may ameliorate the associated cardiovascular risks as well as the rate of
incident AF.

Figure 2 shows a flowchart helping the clinician to diagnose and manage PA when
clinically suspected [101]. Broadly speaking, patients who demonstrate a suppressed renin,
markedly elevated aldosterone (i.e., when plasma aldosterone concentration is greater than
550 pmol/L or 15 ng/dL), and spontaneous hypokalemia can also be diagnosed with PA
without confirmatory testing [102]. When PA diagnosis is confirmed, dietary sodium restric-
tion and medical treatment with MRA should be immediately offered, not only to reduce
blood pressure but also to lower the overall risk of AF occurrence [103]. However, surgical
adrenalectomy seems associated with even better long-term cardiovascular outcomes [101],
a further reduction in AF occurrence, and other major cardiovascular comorbidities in these
patients [104]. Therefore, in the case of PA diagnosis, cross-sectional imaging is required to
localise the adrenal mass, thus prompting further surgical evaluation in selected PA cases
(Figure 3).
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(positive if 24 h urinary aldosterone excretion rate is greater than 12–14 mg/die); (2) supine 
intravenous saline suppression (positive if aldosterone levels are greater than 10 ng/dL after 2 L of 
saline infusion); (3) fludrocortisone suppression (positive if seated aldosterone greater than 6 ng/dL 
with plasma renin activity lower than 1.0 ng/mL/h); and, finally, (4) captopril challenge (positive if 
less than 30% suppression of aldosterone from baseline while plasma renin activity remains 
suppressed post 25 mg of oral captopril). AF, atrial fibrillation; BP, blood pressure; HTN, 
hypertension; MRA, mineralcorticoid-receptor antagonists; OSAS, obstructive sleep apnea 
syndrome; PA, primary aldosteronism. (Modified and adapted from document of The Endocrine 
Society [101]). 

Figure 2. Screening and diagnostic approach for primary aldosteronism. A positive screen for primary
aldosteronism should suggest high aldosterone levels and a suppressed renin activity. Confirmatory
testing can be used in this setting. Solid arrows indicate recommended decision pathways; dashed
arrows indicate other possible diagnostic alternatives in appropriate clinical contexts. * Confirmatory
testing suggesting aldosterone hypersecretion: (1) oral sodium suppression (positive if 24 h urinary
aldosterone excretion rate is greater than 12–14 mg/die); (2) supine intravenous saline suppression
(positive if aldosterone levels are greater than 10 ng/dL after 2 L of saline infusion); (3) fludrocortisone
suppression (positive if seated aldosterone greater than 6 ng/dL with plasma renin activity lower than
1.0 ng/mL/h); and, finally, (4) captopril challenge (positive if less than 30% suppression of aldosterone
from baseline while plasma renin activity remains suppressed post 25 mg of oral captopril). AF, atrial
fibrillation; BP, blood pressure; HTN, hypertension; MRA, mineralcorticoid-receptor antagonists;
OSAS, obstructive sleep apnea syndrome; PA, primary aldosteronism. (Modified and adapted from
document of The Endocrine Society [101]).
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irregular heartbeat, and remarkable peripheral oedema. Upon admission, 12-lead ECG showed 
atrial fibrillation with high ventricular rate. Transthoracic echocardiogram displayed signs of 
moderate left ventricular hypertrophy only. Laboratory tests showed remarkably low potassium 
levels together with high levels of serum aldosterone and suppressed renin activity. Therefore, 
computed tomography scan of the abdomen with iodine contrast administration was then carried 
out to identify any adrenal mass (Figure 3A–D). A 10 cm, bulky adrenal tumor is well evident from 
cross-sectional imaging acquired during the arterial phase (Figure 3A). The mass (white arrows) 
shows hypodense foci and colliquative areas with signs of compression of the neighboring 
anatomical structures. From a caudal to a more cranial perspective, the inferior vena cava and renal 
veins are progressively compressed and anteriorly dislodged by the adrenal mass (dashed arrows, 
Figure 3B–D), thus explaining the remarkable peripheral oedema clinically observed in this patient. 
The patient is currently scheduled for abdominal video laparoscopy for adrenal mass excision and 
the ensuing histopathologic characterization. 

5. Early Detection of Atrial Fibrillation in Hypertensive Patients: A Proposed Algorithm 
Despite all efforts to prevent AF in hypertensive patients, structural heart disease and 

atrial cardiomyopathy in this setting would nonetheless cause progressive atrial 
derangement and electrical vulnerability, thus promoting a vicious cycle known as “atrial 
failure”, which is intimately connected with AF development [105].  

Figure 3. (A–D). Computed tomography of the abdomen in a patient with suspected primary
aldosteronism. A 78-year-old patient referred to medical attention for dysregulated hypertension,
irregular heartbeat, and remarkable peripheral oedema. Upon admission, 12-lead ECG showed atrial
fibrillation with high ventricular rate. Transthoracic echocardiogram displayed signs of moderate left
ventricular hypertrophy only. Laboratory tests showed remarkably low potassium levels together
with high levels of serum aldosterone and suppressed renin activity. Therefore, computed tomography
scan of the abdomen with iodine contrast administration was then carried out to identify any adrenal
mass (A–D). A 10 cm, bulky adrenal tumor is well evident from cross-sectional imaging acquired
during the arterial phase (A). The mass (white arrows) shows hypodense foci and colliquative areas
with signs of compression of the neighboring anatomical structures. From a caudal to a more cranial
perspective, the inferior vena cava and renal veins are progressively compressed and anteriorly
dislodged by the adrenal mass (dashed arrows, B–D), thus explaining the remarkable peripheral
oedema clinically observed in this patient. The patient is currently scheduled for abdominal video
laparoscopy for adrenal mass excision and the ensuing histopathologic characterization.

5. Early Detection of Atrial Fibrillation in Hypertensive Patients: A
Proposed Algorithm

Despite all efforts to prevent AF in hypertensive patients, structural heart disease
and atrial cardiomyopathy in this setting would nonetheless cause progressive atrial
derangement and electrical vulnerability, thus promoting a vicious cycle known as “atrial
failure”, which is intimately connected with AF development [105].
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It is well known that AF is a potentially life-threatening cause of cerebral thromboem-
bolism, and clinically silent forms might wreak even greater havoc if not recognised in a
timely manner. For these reasons, hypertensive patients with an uncertain history of AF
and evidence of prior cerebrovascular events should be accurately studied to differentiate
strokes of cardioembolic origin from those secondary to atherosclerotic disease or cerebral
haemorrhage [106]. In these cases, ECG monitoring can be helpful to identify patients
with clinically silent AF [107,108], and, in the case of cryptogenic stroke, an implantable
cardiac monitor (ICM) should be considered [10]. Over the last decade, cardiac implantable
electronic devices (CIEDs) [109], ICM included [110], have proved extremely helpful in the
early detection of subclinical AF episodes, but it is still debated which arrhythmic burden
should prompt immediate oral anticoagulation in these patients. For the sake of clarity,
clinically silent AF is defined for asymptomatic arrhythmia episodes detected on 12-lead
ECG or an ECG strip; conversely, subclinical AF is represented by arrhythmia detected
by CIEDs [10]. However, differentiating clinical from subclinical AF is not a matter of
mere speculation. In fact, subclinical AF seems to portend a lower thromboembolic risk
compared with clinical AF [111], and no clear cause–effect relationship between subclinical
AF and ischemic stroke has been clearly proven in this setting [109]. However, the longer
the duration of subclinical AF episodes, the greater their association with thromboem-
bolic events [112]. For this reason, a recent European Heart Rhythm Association (EHRA)
consensus document suggested oral anticoagulation administration for subclinical AF
episodes longer than 5.5 h/day only when a significant risk of cerebral thromboembolism
is established (i.e, CHA2DS2Vasc scores ≥ 2 and 3 in men and women, respectively) [111].
Whether this strategy pays off in terms of better clinical outcome is unclear. In fact, by
randomising elderly patients with stroke risk factors and no AF history to the ICM strategy
or usual care, the LOOP study did not prove the superiority of ICM over controls in terms
of better clinical outcome after early AF detection [110]. Several issues raised by the same
investigators might explain the overall negative results of this trial, such as the inadequate
estimate of the primary outcome event rate, the relatively short duration of follow-up, and
the initiation of oral anticoagulation for subclinical episodes lasting as low as 6 min. In
keeping with prior observations [112], these results would suggest that not all subclini-
cal AF episodes may benefit from early anticoagulation, and two ongoing randomized
controlled trials might provide clearer answers in patients with CIEDs [113,114].

Moreover, in this already hazy scenario, it is all but crystal-clear which hypertensive
patients with neither stroke history nor CIEDs/ICM should be screened for silent AF,
and, not least, through which modality. On the one hand, the burden of cardiovascular
comorbidities and blood biomarkers might play an important role in identifying people
at a sufficient risk to warrant AF screening [115]. The thorough assessment of the P wave
morphology on surface ECG may also be useful in identifying potential risk markers for
AF, such as prolonged P wave duration, left atrial enlargement, and advanced interatrial
(i.e., Bachmann bundle) block. [116]. Similar observation can be made for LVH, diastolic
dysfunction, and left atrial enlargement as assessed on transthoracic echocardiogram [116].
However, what would be the best approach for AF screening in high-risk patients? On
one side of the spectrum of the available modalities for AF screening, on account of the
low cost and the great sensitivity yield, radial pulse taking should be regarded as the first
option to be offered in patients aged ≥65 years and deemed at high risk of developing
AF. Surface ECG analysis in the case of arrhythmic pulse is therefore warranted, and, if
clinical AF is confirmed, oral anticoagulation should be promptly administered according
to the patient’s thromboembolic risk profile [10]. Furthermore, a variety of screening
technologies have been developed over the years and with progressively better AF detection
accuracy [117], but no comparative trials have been carried out so far with any of these
devices. Accordingly, European guidelines on AF diagnosis and management [10] strongly
recommend a single-lead ECG tracing of ≥30 s or 12-lead ECG to confirm a diagnosis of
clinical AF when detected by screening tools. Although similar observation can be applied
to the use of ICM in the same setting, the positive clinical interaction observed in the LOOP
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trial between high blood pressure values and better clinical outcome in early anticoagulated
patients in the ICM arm may prompt the use of an implantable loop recorder (ILR) as a
screening tool in selected patients with HTN.

In conclusion, AF detection in its early stage is paramount, and an appropriate therapy
might eschew severe complications potentially leading to disability and death in the
affected patients. However, it should be ascertained which patients portend a greater risk
of AF and thereby who should be screened for this arrhythmia and by which modality.
While waiting for sounder results from ongoing clinical trials, Figure 4 provides a proposed
algorithm for silent/subclinical AF detection and management in hypertensive patients.
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6. Conclusions and Future Directions

Through enhanced RAAS and the ensuing pathophysiological mechanisms, HTN
represents a well-known substrate for cardiac arrhythmias. Although several trials reported
the overall clinical benefit of RAAS inhibitors in reducing AF onset in essential HTN, the role
of this class of drugs is greatly reduced when AF diagnosis is already established. Therefore,
primary prevention measures are strongly recommended to avoid the potential occurrence
of AF in a population already at risk of ischemic and/or haemorrhagic cerebral stroke and,
consequently, of disability and death. On the one hand, a patient-tailored, pathophysiology-
driven strategy is mandatory in all hypertensive patients, from the administration of RAAS
inhibitors in essential HTN to the early detection of secondary HTN causes, namely PA,
warranting a specific medical and surgical treatment which has proved to ameliorate the
overall outcome in this specific population.

Finally, although several issues still exist as to the possibility of AF screening in the
general population affected by HTN, the early detection of silent/subclinical episodes of
AF should be nonetheless carried out while waiting for sounder evidence from ongoing
randomised controlled trials in the field.
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Abstract: Hypertension affects over a billion people worldwide and is the leading cause of cardio-
vascular disease and premature death worldwide, as well as one of the key determinants of chronic
kidney disease worldwide. People with chronic kidney disease and hypertension are at very high
risk of renal outcomes, including progression to end-stage renal disease, and, even more impor-
tantly, cardiovascular outcomes. Hence, blood pressure control is crucial in reducing the human and
socio-economic burden of renal and cardiovascular outcomes in those patients. However, current
guidelines from hypertension and renal societies have issued different and sometimes conflicting
recommendations, which risk confusing clinicians and potentially contributing to a less effective
prevention of renal and cardiovascular outcomes. In this review, we critically appraise existing
evidence and key international guidelines, and we finally formulate our own opinion that clinicians
should aim for a blood pressure target lower than 130/80 in all patients with chronic kidney disease
and hypertension, unless they are frail or with multiple comorbidities. We also advocate for an
even more ambitious systolic blood pressure target lower than 120 mmHg in younger patients with
a lower burden of comorbidities, to minimise their risk of renal and cardiovascular events during
their lifetime.

Keywords: hypertension; chronic kidney disease; blood pressure targets; intensive blood pressure
control; renal outcomes; cardiovascular outcomes

1. Introduction

Hypertension affects 1.39 billion people worldwide (25% of the total adult popula-
tion) and is the leading cause of cardiovascular disease, including stroke and myocardial
infarction, and premature death [1]. Hypertension causes 7,500,000 premature deaths per
year (12.8% of global casualties), outnumbering both diabetes (3,400,000 deaths, 3.4%) and
obesity (2,800,000 deaths, 4.8%) [2]. As the rise in blood pressure (BP) with age is a universal
feature of human aging, and as the global population is getting older, hypertension will
likely become even more prevalent by 2040 [3].

Hypertension is also a leading cause of chronic kidney disease (CKD) through its
harmful effects on kidney vasculature; in turn, worsening CKD leads to increased sympa-
thetic tone and salt sensitivity, upregulation of the renin–angiotensin–aldosterone system
(RAAS), endothelial dysfunction, and worsening arterial stiffness, eventually driving the
further progression of hypertension [4]. This vicious cycle ultimately causes a progression
towards end-stage renal disease (ESRD) requiring renal replacement therapy (RRT) [5], and
even worse, a dramatic increase in cardiovascular (CV) morbidity and mortality [6]. For
hypertensive people with stage 3 or 4 CKD (estimated glomerular filtration rate (eGFR) of
30–59 mL/min/1.73 m2 or 15–29 mL/min/1.73 m2, respectively), as defined by the Kidney
Disease: Improving Global Outcomes (KDIGO) guidelines [7], the risk of dying of CV
disease far exceeds the risk of developing ESRD [8].
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Hence, blood pressure control is crucial to slow the progression of CKD and reduce
the catastrophic socio-economic burden of CV events in this high-risk population [9,10].
Possible therapeutic strategies include the choice of certain drugs, isolated or in com-
bination, which might theoretically provide additional reno- or cardioprotective bene-
fits (e.g., ACE inhibitors, angiotensin receptor blockers (ARBs), calcium channel blockers
(CCBs), etc.), or achieving specific BP targets, which are often tighter in the presence of sig-
nificant albuminuria (albumin-to-creatinine ratio (ACR) > 70 mg/mmol) [11] or proteinuria
(i.e., >0.3 g/24 h) [12]. However, there is still a considerable and heated debate regarding
the ‘optimal’ blood pressure target in hypertensive patients with CKD. At one extreme
of the spectrum are international societies such as the American College of Cardiology
(ACC), which recommends a BP target lower than 130/80 mmHg independently of the
level of proteinuria [13], or the International Society of Nephrology (ISN), with an even
more ambitious systolic BP target of <120 mmHg. On the other side of the spectrum,
the 2018 European Society of Cardiology/European Society of Hypertension (ESC/ESH)
guideline recommends to lower systolic BP to a range of 130–139 mmHg, irrespective of
proteinuria [14], and the 2021 NICE guidelines are even more cautious by advocating for a
BP target lower than 140/90 in CKD patients with an ACR < 70 mg/mmol, and lower than
130/80 only in the presence of an ACR ≥ 70.

The current review will critically appraise all existing evidence used to create the
different and subtly divergent guidelines for hypertension control in CKD patients and
try to formulate a balanced opinion on the role of tight BP control in CKD by specifically
focusing on BP targets rather than specific drug classes. However, for the sake of clarity
we will also briefly consider the evidence on the specific reno- and cardioprotective role of
some antihypertensive agents independently of the degree of BP control.

2. Current Guidelines on BP Targets in Non-Dialysis CKD Patients

Key guidelines from hypertension and renal societies are summarised in Table 1.

Table 1. Current guidelines on BP targets in non-dialysis CKD patients.

Guideline Agency Country Year Target Recommendation (mmHg) First-Line Agents
Recommended

Hypertension societies

Joint National Commission on
Prevention, Detection,

Assessment and Treatment of
Hypertension (JNC-VIII) [15]

United States 2014

<140/90
(people aged 18–69 with CKD

or diabetes)
No recommendation for CKD patients
aged 70 or above (“treatment should

be individualized taking into
consideration factors such as frailty,
comorbidities, and albuminuria”)

ACEi or ARB
(regardless of ethnicity

or diabetic status)

American College of Cardiology
(ACC) [13] United States 2017

<130/80 in all adults with
hypertension and CKD, regardless

of proteinuria

ACEi (ARB if the ACEi
is not tolerated)

European Society of
Hypertension/European Society
of Cardiology (ESH/ESC) [14]

Europe 2018 Systolic BP between 130 and 139
ACEi or ARB
(regardless of

diabetic status)

Renal societies

European Best Practice
Guidelines (EBPG) [16] Europe 2013

<140/90
(no albuminuria/proteinuria)

<130/80 (ACR ≥ 30 mg/g, i.e., at least
moderately increased albuminuria, or

UPCR ≥ 150)

ACEi or ARB
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Table 1. Cont.

Guideline Agency Country Year Target Recommendation (mmHg) First-Line Agents
Recommended

Italian Society of
Nephrology [17] Italy 2013

<140/90
(normoalbuminuria)

<130/80 (albuminuria >30 mg/24 h,
i.e., at least moderately
increased albuminuria)

ACEi or ARB

Kidney Health Australia- Caring
for Australasians with Renal

Impairment (KHA-CARI) [18]
Australia 2014

<140/90
(normoalbuminuria or moderately

increased albuminuria)
<130/80

(severely increased albuminuria)

ACEi or ARB

Canadian Society of Nephrology
(CSN) [19] Canada 2015 <140/90

(regardless of diabetes or proteinuria) ACEi or ARB

UK Kidney Association
(UKKA) [20] UK 2021

<130/80 (if, following a shared
decision-making discussion, it is

tolerated by the individual)

No explicit
recommendation

National Institute for Health and
Care Excellence (NICE) [11] UK 2021

<140/90 (if ACR < 70 mg/mmol)
<130/80 (if ACR ≥ 70 mg/mmol;

target range 120 to 129 mmHg)

ACEi or ARB
(titrated at the highest
tolerated dose, for any

patient with
ACR > 30 mg/mmol)

Kidney Disease: Improving
Global Outcomes (KDIGO) [21]

Global
(International

Society of
Nephrology)

2021 Systolic BP <120 (if tolerated)

ACEi or ARB
(for any patient with

moderately or severely
increased albuminuria)

Abbreviations: ACEi—Angiotensin converting enzyme inhibitor; ARB—angiotensin receptor blocker;
ACR—albumin-to-creatinine ratio; UPCR—urine protein-to-creatinine ratio; UK—United Kingdom.

2.1. Hypertension Guidelines

Amongst the hypertension guidelines published over the last decade, the JNC-VIII
guideline initially suggested a BP target <140/90 mmHg in CKD patients aged 18–69.
In patients aged 70 or above, no specific recommendations were issued, apart from a
generic advice that ”treatment should be individualized taking into consideration factors
such as frailty, comorbidities, and albuminuria” [15]. The JNC-VIII committee issued its
recommendations after reviewing three studies: the Modification of Diet in Renal Disease
(MDRD) study [22], the African American Study of Kidney Disease and Hypertension
(AASK) [23] and the Blood-Pressure Control for Renoprotection in Patients with Non-
Diabetic Chronic Renal Disease (REIN-2) study [24].

The MDRD study [25] was designed as two separate randomised trials; the first one in
585 patients with a GFR between 25 and 55 mL/min/1.73 m2 (study A) and the second
one in 255 patients with a GFR of 13–24 mL/min/1.73 m2 (study B). Although in both
trials tight BP control (mean arterial pressure (MAP) ≤92 mmHg, i.e., 125/75 mmHg)
did not improve the primary composite outcome of ESRD, time of doubling of serum
creatinine or GFR reduction compared to standard BP control over 2.2 years of follow-up,
a post-hoc analysis indicated a benefit from tight BP control in patients with baseline
proteinuria levels >1 g/24 h [26]. However, this might be explained by the fact that ACEis
were used much more frequently in patients randomised to a tighter BP control compared to
a standard control, which might have led to greater renoprotective benefits in the subgroup
of patients with higher baseline proteinuria [26].

The AASK trial [23] enrolled 1094 African Americans aged 18 to 70 years with hy-
pertensive renal disease and no marked proteinuria and used a 3 × 2 factorial design to
compare the effects of intensive (target MAP 92 mmHg) versus standard (102–107 mmHg)
BP control, as well as ACEis, CCBs and β-blockers, on a composite outcome of death,
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ESRD or reduction in the GFR of ≥50%. Despite a significant difference in achieved BP
amongst the two arms (128/78 vs. 141/85 mmHg) over 4.1 years of follow-up, tighter
BP control did not reduce the risk of the primary composite outcome or the GFR slope
(−2.21 vs. 1.95 mL/min/1.73 m2/year in the standard BP control group). During the
4.1 years of follow-up, the achieved BP averaged 128/78 mmHg in the lower BP group
and 141/85 mmHg in the standard BP group. Interestingly, ACEis allowed a significant
reduction in the risk of the primary outcome compared to CCBs and β-blockers. However,
ramipril allowed a 22% and 38% greater reduction in the composite outcome compared to
metoprolol and amlodipine, respectively.

The REIN-2 trial [24] enrolled 338 patients with non-diabetic CKD, randomised to
either tight BP control (diastolic BP < 90 mm Hg) or standard BP control. Tighter BP control
did not lead to any improvement in the primary outcome of time to ESRD over 3 years of
follow-up (hazard ratio (HR) 1, 95% confidence interval [CI] 0.61–1.64; p = 0.99).

After three years from the publication of the JNC-VIII guidelines, in 2017, the ACC took
a very different stance by suggesting a much more ambitious BP target of <130/80 mmHg
in all hypertensive adults with CKD, regardless of the levels of proteinuria [13]. The main
reason for this new position was the publication of the landmark Systolic Blood Pressure
Intervention Trial (SPRINT) in 2015 [27]. In this trial, 9361 non-diabetic patients at high CV
risk (previous CV event or with at least one risk factor, including smoking, dyslipidemia
or CKD) were randomised to either intensive (systolic BP < 120 mmHg) or standard
(<140 mmHg) BP control. The primary endpoint was a composite of myocardial infarction,
other acute coronary syndromes, stroke, heart failure or CV death. At 1 year, achieved BP
was 121.4 versus 136.2 mmHg in the intensive and standard BP control groups, respectively.
The study was stopped earlier than anticipated (after a median follow-up time of 3.26 years)
because of clear evidence of a significant benefit of intensive BP control on the primary
composite outcome compared to standard BP control (HR 0.75, 95% CI 0.64–0.89, p < 0.001).
Additionally, intensive BP control allowed a significant reduction in all-cause mortality
(HR 0.73, 95% CI 0.6–0.9, p = 0.003). Similar benefits were observed in the subgroup of
patients with stage 3 or 4 CKD (approximately 28% of the study population), which was
considered as strong evidence in favour of a BP target lower than 130/80, especially because
most patients with CKD die due to CV complications [8].

In 2018, the ESH/ESC issued updated guidance on BP control in CKD patients,
which seems to be a compromise between the JNC-VIII and the ACC guidelines. In
fact, the ESH/ESC guideline suggests that “in patients with CKD, BP should be low-
ered to <140/90 mmHg and towards 130/80 mmHg” [14]. In particular, the guidance
recommends to lower systolic BP to a range of 130–139 mmHg in patients with diabetic
or non-diabetic CKD [28–30]. The ESH/ESC committee acknowledged that a tighter BP
control can significantly reduce all-cause mortality in CKD patients, as highlighted by a
meta-analysis of Malhotra et al., which extracted mortality data from 18 trials that enrolled
15,924 CKD patients assigned to a more versus less intensive BP control [31]. Baseline mean
systolic BP was 146 mmHg in both groups, but it dropped to 132 mmHg with tighter BP
control versus 140 mmHg with a less intensive control. This 8-mmHg difference amongst
the two groups translated into a 14% reduction in all-cause mortality with more intensive
BP control (odds ratio (OR) 0.86; 95% CI, 0.76–0.97; p = 0.01), a finding without significant
heterogeneity that was consistent across multiple subgroups. However, the committee
also noted that achieved systolic BP was 132 mmHg in the “intensive” BP control group,
and expressed some concerns on pursuing an even tighter control (i.e., <130/80). They
mentioned that a systematic review by Upadhyay et al. failed to show any clinical benefit
to the risk of death, CV events, ESRD or change in renal function with a BP target of
<130/80 compared to <140/90 in non-diabetic CKD [32]. The ESC/ESH committee did
not seem to acknowledge, however, that this meta-analysis also mentioned that “a lower
target may be beneficial in persons with proteinuria greater than 300 to 1000 mg/day”,
or the fact that only the MDRD, AASK and REIN-2 studies were included, for a total of
just 2272 patients [22–24]. To further support the recommendation of a systolic BP target
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of 130–139 mmHg, the ESH/ESH guideline also mentioned a large retrospective study in
398,419 hypertensive patients (30% with diabetes), which showed that the lowest risk of
ESRD and mortality was achieved by a systolic BP of 137 mmHg, whereas a clear increase
in the risk of mortality was shown in patients with systolic BP lower than 120 mmHg [29].
However, observational studies are particularly prone to confounding and bias, and re-
verse causation might easily distort true causal relationships. Hence, in our opinion the
ESC/ESH guideline has been influenced by the adoption of the “J-curve phenomenon”,
which suggests that overaggressive BP control might actually increase the risk of fatal and
non-fatal CV events, as well as renal complications, whenever systolic or diastolic BP is
reduced below a certain threshold [33]. However, no evidence in favour of the J-curve
emerged from meta-regression analyses of randomised studies, in which potential determi-
nants of reverse causality (i.e., older age, heart failure and cancer) were equally distributed
by randomisation between the treatment groups [34]. This is a frequently forgotten but
important point against the clinical relevance of the J-curve phenomenon in regard to BP
levels usually observed in trials and clinical practice.

All hypertension guidelines concur that either ACEis or ARBs should be first-line
drugs in CKD patients regardless of diabetic status, although the ACC states that ACEis
should be tried first, whereas ARBs should only be used in patients who are intolerant
to ACEis.

2.2. Renal Guidelines

The critical appraisal of major renal guidelines published over the last decade al-
lows the immediate identification of a clear turning point, namely the publication of
the SPRINT trial in 2015 [27]. In the pre-SPRINT era, renal guidelines typically recom-
mended a BP target of <140/90 in all CKD patients without albuminuria or proteinuria
(in line with JNC-VIII recommendations, issued in 2014), whereas a tighter BP control
of <130/80 mmHg was recommended in patients with moderately or severely increased
albuminuria, or UPCR ≥ 150 g/g creatinine [16–19]. The recommendations issued by the
older renal guidelines were based on a few prospective cohort studies [35,36], randomised
clinical trials [22,23,26] and meta-analyses [32,37]. In particular, the recommendation
for a BP target < 140/90 mmHg in CKD patients with no albuminuria or proteinuria
seemed to be perfectly in line with the findings of a meta-analysis from the Cochrane
Collaboration [37], which included four studies and more than 22,000 patients. [22–24,
38]. Over 3.8 years of follow-up, intensive BP control (achieved BP: 128.6/78.3 mmHg)
did not decrease the risk of all-cause death (relative risk [RR] 0.89, 99% CI 0.52–1.52,
p = 0.93) or ESRD (RR 1.01, 99% CI 0.75–1.36, p = 0.92) compared to standard BP control
(achieved BP: 139.2/84.5 mmHg). On the other hand, the recommendation for intensive
BP control (<130/80) in patients with abnormal albuminuria or proteinuria mainly relied
on observational data from the Multiple Risk Factor Intervention Trial (MRFIT) and the
Okinawa mass screening program [35,36]. In MRFIT, BP values above 127/82 mmHg were
associated with a significant increase in the risk of ESRD in 332,554 men (age: 35–57) [35].
Along the same line, BP readings above 131/79 in men and 131/78 in women significantly
increased the risk of ESRD in 98,759 patients of the Okinawa mass screening program, even
after adjusting for proteinuria [36]. The findings of those large cohort studies seemed to
reconcile with the data from the MDRD and AASK studies [22,23,26] and the meta-analysis
from Upadhyay et al., which considered a number of clinical outcomes, including all-cause
death, CV death and ESRD [32]. Although tighter BP control (<125/75–130/80 mmHg)
did not show any benefit on any CV or renal outcomes compared to standard BP control
(<140/90), some possible benefits with a more intensive BP control were observed in the
subgroup of patients with proteinuria > 300 mg/day (AASK) or 1000 mg/day (MDRD).

After the publication of the SPRINT trial in 2015 [27], which included a significant
proportion of patients with stage 3 or 4 CKD (almost 30% of the study population), the
renal community has started to debate the opportunity of adopting a BP target lower than
130/80 mmHg regardless of the levels of albuminuria or proteinuria, given the spectacular
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effectiveness of intensive versus standard BP control in reducing the risk of the primary
composite outcome of myocardial infarction, other acute coronary syndromes, stroke,
heart failure or CV death. Surprisingly, especially given the fact that most CKD patients
will actually develop a fatal or non-fatal cardiovascular event rather than progressing to
ESRD [8], the lively debate on BP targets in CKD did not translate into the rapid creation of
new guidelines. For instance, the 2019 NICE guideline “Hypertension in adults: diagnosis
and management” [39] did not incorporate the evidence from SPRINT, whereas readers
were referred to the old 2014 NICE guideline for the general management of CKD [40].
From a “nephrological” perspective, and especially after the publication of the ACC [13] and
ESC/ESH [14] guidelines, in March 2021 the UK Kidney Association, one of most influential
renal associations worldwide, felt compelled to issue some urgent guidance for British
clinicians, and decided to largely align to the ACC guideline [13] in recommending a BP
target of <130/80 mmHg in all patients with CKD to improve CV outcomes, if tolerated by
the individual and following a shared decision-making discussion with the patient [20]. In
the same month (March 2021), the eagerly awaited KDIGO 2021 Clinical Practice Guideline
for the management of BP in CKD was finally released [21]. In fairness, the KDIGO
working group started to create a new guideline in 2017, following the Controversies
Conference in Edinburgh, which was convened to “identify emerging evidence, ongoing
controversies, and unsettled questions” [41], but the updated guideline was only released
in 2021, partly because of the impact of the Coronavirus (COVID-19) pandemic. The 2021
KDIGO guideline is even bolder than the UK Kidney Association guideline and suggests
that all adults with CKD (not receiving dialysis) and hypertension should be treated to
reach a target systolic BP < 120 mmHg, if tolerated. This recommendation is largely based
on the cardioprotective, survival and potential cognitive benefits of intensive BP control in
the SPRINT trial and its ancillary studies, including the SPRINT MIND and a pre-specified
subgroup analysis of CKD patients by Cheung et al. [27,42,43]

In August 2021, NICE finally released their updated guidance for CKD patients [11].
However, this guidance puts much emphasis on ACR values ≥70 mg/mmol to identify
higher-risk CKD patients that would benefit from tighter BP control (<130/80 mmHg),
whereas the “traditional” BP target of <140/90 mmHg is still recommended in people with
an ACR < 70 mg/mmol.

3. Benefits and Harms of Specific Antihypertensive Drugs in CKD Patients
3.1. Non-Diabetic Kidney Disease

At each level of achieved BP, ACEis guarantee additional renoprotective benefits
compared to other antihypertensive drugs that do not block the RAAS in patients with non-
diabetic kidney disease. Those class-specific renoprotective benefits do not simply translate
into an additional reduction in urinary protein excretion despite identical BP reduction [44],
but into a significant reduction in the risk of ESRD or a combined outcome of ESRD and the
doubling of serum creatinine compared to other antihypertensive drugs that do not inhibit
the RAAS, as highlighted by a meta-analysis on patient-level data, which included two
landmark trials [45–47]. However, these additional BP-independent renoprotective effects
were only evident in the subgroup of patients with baseline proteinuria >500 mg/24 h (or
an ACR > 30 mg/mmol). Similar findings come from another meta-analysis showing a 40%
decrease in the risk of ESRD or the doubling of serum creatinine with ACEis compared to a
placebo [48], and from a randomised trial enrolling non-diabetic patients with advanced
CKD [49]. On the other hand, there is no clear evidence of any BP-lowering independent
reno- or cardioprotective effects with ACEi treatment in patients with non-diabetic kidney
disease and proteinuria lower than 500 mg/24 h [50–52]. Hence, ACEis are mainly beneficial
in people with higher baseline levels of albuminuria or proteinuria, [53–55] a key point
reflected in recent renal guidelines [11,21].

ARBs reduce proteinuria over the short- (1–4 months) and long-term (5 to 12 months)
to a similar degree as ACE inhibitors, whereas a dual RAAS blockade with ACE inhibitors
and ARBs reduces proteinuria even further compared to either agent alone [56], although
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this did not translate into an improvement in the GFR in a meta-analysis that included
109 patients with IgA nephropathy from six randomised controlled trials [57].

ACEis or ARBs significantly reduced a composite CV outcome of myocardial infarction,
coronary revascularisation, unstable angina, stroke and other adverse cardiovascular events
compared to the control treatment in patients with non-diabetic kidney disease (RR 0.56,
95% CI 0.47–0.67, p < 0.001), but those benefits were not evident in individual outcomes of
the composite endpoint [58].

3.2. Diabetic Kidney Disease

Alongside intensive glycemic control [59–61], BP control is a cornerstone of the pre-
vention and treatment of diabetic kidney disease. In a meta-analysis of randomised trials
enrolling diabetic patients with or without CKD, ARBs significantly improved several renal
outcomes, including ESRD, doubling of serum creatinine, progression from moderately
increased albuminuria to severely increased albuminuria and regression from moderately
increased albuminuria to normoalbuminuria, compared to a placebo. However, ARBs
did not improve all-cause mortality, while ACEis decreased all-cause mortality and the
progression from moderately to severely increased albuminuria, but failed to reduce the
risk of ESRD or the doubling of serum creatinine [62]. A subsequent meta-analysis from
Sarafidis et al. [63] reached very similar conclusions, although ACEis did not reduce the
risk of all-cause mortality, likely due to the inclusion of the large Non-Insulin-Dependent
Diabetes, Hypertension, Microalbuminuria or Proteinuria, Cardiovascular Events, and
Ramipril (DIABHYCAR) trial, which did not show any benefit of ramipril versus a placebo
on the risk of all-cause mortality [64]. However, the dose of ramipril used in the DIAB-
HYCAR trial was really small (1.25 mg) compared to the dosage used in studies where
the ACEis had much more encouraging results on all-cause mortality, including the micro-
HOPE [65]. ACEis or ARBs can also reduce the risk of heart failure and other CV outcomes,
including myocardial infarction and stroke, in patients with diabetic kidney disease [58]. Fi-
nally, a network meta-analysis including 119 randomised controlled trials and 64,768 CKD
patients with or without diabetes showed that both ACEis and ARBs can decrease the
risk of major CV events and renal failure, although only ACEis also decreased the risk of
all-cause mortality compared to the active control [66].

Patients with type 2 diabetes and moderately increased albuminuria treated with
higher doses of ARBs show a sustained reduction in albumin excretion rate, less progres-
sion to severely increased albuminuria and increased regression to normoalbuminuria,
compared to lower doses of the same drugs, although there are no data on the effects of dif-
ferent doses of ARBs on all-cause mortality of CV outcomes [67]. ACEi/ARB combination
treatment is not routinely recommended in diabetic kidney disease, and to the best of our
knowledge, it is not endorsed by any recent hypertension or renal guidelines. The main
reason for this stance is that a dual RAAS blockade (ramipril plus telmisartan), compared
to monotherapy, did not decrease the risk of the primary composite outcome of all-cause
death, ESRD or the doubling of serum creatinine in the Ongoing Telmisartan Alone and in
Combination with Ramipril Global Endpoint Trial (ONTARGET) [68], a finding consistent
with a meta-analysis from Kunz et al. [56].

4. Blood Pressure Targets in Special Populations
4.1. Children

The main evidence on BP targets in children with CKD derives from the Effect of Strict
Blood Pressure Control and ACE inhibition on the Progression of CKD in Pediatric Patients
(ESCAPE) trial [69], which randomised 385 children (aged 3–18) with CKD, all treated
with ACEis, to either intensive BP control (target 24-h MAP below the 50th percentile) or
standard BP control (MAP between the 50th and the 99th percentile), and added additional
medications that did not block the RAAS. Over 5 years of follow-up, intensive BP control
significantly decreased the risk of the primary composite renal endpoint of progression to
ESRD or the time to 50% decline in the GFR compared to standard BP control (HR 0.65;
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95% CI, 0.44 to 0.94; p = 0.02). Those benefits were even higher in children with higher
baseline proteinuria. The findings from the ESCAPE trial have been recently appraised
by the NICE committee, which agreed that the therapeutic target in children and young
people with CKD and proteinuria is to keep systolic BP below the 50th percentile for their
corresponding height [70]. This recommendation is also endorsed by the 2021 KDIGO
guideline, which suggests that “24-h MAP measured using ambulatory blood pressure
monitoring (ABPM) should be lowered to one that is at ≤50th percentile of normal children
with corresponding age, sex, and height” [21].

4.2. Elderly

In 2021, the NICE committee critically appraised the scant evidence on specific BP tar-
gets in the elderly and concluded that none of the available data are useful for formulating
a specific recommendation in those patients [70]. The committee also discussed the possible
increase in adverse events potentially associated with tighter BP control in the elderly,
especially dizziness and falls. Although it was noted that this concern was opinion-based
rather than evidence-based, the committee agreed to cross-reference the recommendations
in the 2019 NICE hypertension guideline for people who are frail or with multiple health
concerns [39]. Specifically, the guideline says that “the use of clinical judgement should
be highlighted in decision making for people with frailty or multimorbidity” and that “a
number of factors should be considered when discussing treatment options in this group”.
This advice is actually very close to the one originally included in the JNC-VIII guideline in
2014 (i.e., in patients aged 70 or above, “treatment should be individualized taking into
consideration factors such as frailty, comorbidities, and albuminuria”) [15].

The 2021 KDIGO guideline supported the idea that, in most CKD patients and hyper-
tension, the CV benefits of a target systolic BP < 120 mmHg versus <140 mmHg outweigh
the risk of harm, even in the frail and elderly [21]. However, although over 40% of the
2646 CKD patients of the SPRINT trial were aged 75 or above, the median frailty index
(FI) was 0.18 in the 1159 participants aged 80 or older [71]. As the FI needs to be >0.21
to classify a patient as ‘frail’, this means that the typical elderly patient enrolled in the
SPRINT trial was an ambulatory patient likely to attend mostly outpatient clinical care
practices, as well as the appointments for the study itself. Also, diabetic patients were
excluded from SPRINT. This means that the KDIGO recommendation on the benefits of
a systolic BP target <120 mmHg “even in the frail and elderly” is questionable, as only
27.6% of the SPRINT patients were actually frail [71], whereas the remaining three quarters
were unlikely to represent the “typical” elderly patients seen in daily clinical practice who
might well have a much higher burden of comorbidities. This is a very relevant point in
our opinion, as a 1% increase in the FI is associated with increased risk for self-reported
falls, injurious falls, and all-cause hospitalisations [71].

4.3. Dialysis Patients

In patients with ESRD undergoing haemodialysis or peritoneal dialysis, there is a
staggering increase in CV morbidity and mortality, which can be 10- to 100-fold higher
than in the general population [72]. Unsurprisingly, given the fact that up to 80% of
dialysis patients are also hypertensives, and often with poor BP control [73], antihyper-
tensive treatment can significantly decrease their CV morbidity and mortality, as well
as all-cause mortality [74]. However, to the best of our knowledge there is a single ran-
domised controlled trial comparing the CV benefits of different BP targets in patients
on dialysis treatment, the Blood Pressure in Dialysis (BID) pilot study [75,76]. In this
trial, 126 dialysis patients with a 2-week average predialysis systolic BP of ≥155 mmHg
were randomised to either a predialysis SBP target of 110–140 mm Hg or 155–165 mmHg.
The mean difference in systolic BP achieved between the two arms was 12.9 mmHg. At
12 months, there was no significant difference in the median change to the left ventricular
mass from the baseline amongst participants assigned to intensive or standard BP control
(median difference: −0.84 g/m2 (interquartile range, IQR: −17.1 to 10.0) in the intensive
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arm, versus 1.4 g/m2, (IQR: −11.6 to 10.4) in the standard arm, p = 0.43). A non-statistically
significant increase in the risk of hospitalisation and vascular access thrombosis was ob-
served in the intensive arm. Unfortunately, no major CV events were assessed in this
pilot trial [77]. Although some very outdated guidelines, including the 2005 K/DOQI [78],
the 2006 haemodialysis guideline from the Canadian Society of Nephrology [79] and the
2012 guideline from the Japanese Society for Dialysis Therapy [80] consistently suggest a
predialysis BP target <140/90 mmHg in such patients, there is a deafening silence on the
topic in all recent renal guidelines, including the 2021 KDIGO guideline, which specifically
talks about “BP management in patients with CKD, with or without diabetes, not receiving
dialysis” [21]. This is hardly surprising, given the lack of any evidence on the effects of
intensive versus standard BP control on hard CV outcomes, including CV mortality, in
dialysis patients. Hence, nephrologists are forced to rely on observational data for some
guidance on the desirable BP targets in ESRD patients on dialysis treatment, but those
data epidemiological findings are conflicting [81–86] as they are biased by reverse causality
issues [87] or simply disregard the significant differences in comorbidities, age, ethnicity,
and socio-economic status in such patients [88]. Hence, following the publication of the
BID pilot study, additional high-quality randomised controlled trials assessing the effect of
different BP targets on CV outcomes in dialysis patients are warranted to shed some light
on this grey area of the literature.

5. Conclusions

Despite many years of heated debate in the hypertension and nephrology commu-
nities, the jury is still out on the desirable BP target in CKD patients. Undoubtedly, the
publication of the SPRINT trial in 2015 [27] has been a seismic event to which hyper-
tension societies [13,14] have reacted more promptly (three years earlier) than the renal
ones [11,20,21]. On the other hand, the new renal guidelines issued in 2021 are in some cases
as bold as the ACC guideline in suggesting a tighter BP control of <130/80 mmHg regard-
less of the levels of proteinuria, such as the UK Kidney Association guideline [20], and in
some cases even bolder, such as the eagerly anticipated 2021 KDIGO guideline [21], which
pushed the “optimal” systolic BP target in CKD patients to an unprecedented <120 mmHg.
In stark contrast, the 2021 NICE guideline seems to adopt a much more conservative ap-
proach by recommending a more traditional BP target of <140/90 in CKD patients with an
ACR of <70 mg/mmol and <130/80 in the presence of an ACR of ≥70 mg/mmol. Those
targets are strikingly similar to pre-2015 renal guidelines [16–18].

Thus, what kind of BP target should be adopted by clinicians in daily clinical practice
for their patients with CKD and hypertension? Our attempt to provide a balanced answer
to this clinical dilemma will start from what we consider to be a critical point: in CKD
patients, the risk of dying from CV disease widely exceeds the risk of developing ESRD [8].
Shockingly, a post-hoc analysis of the CV and renal outcomes in the Antihypertensive
and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) showed that 1337
out of 5545 patients with a baseline-estimated GFR lower than 60 mL/min/1.73 m2 died
from CV disease over the extended follow-up period (4.9 years of randomised trials plus
4 years of extension), whereas only 461/5545 developed ESRD [89]. In other words, if
we imagine three patients with stage 3 or 4 CKD and we follow them up over a period
of 8.9 years, we will observe that two patients will die from a CV event, whereas only
one will develop ESRD. Hence, our efforts should pragmatically prioritize the prevention
of CV events rather than the prevention of ESRD in CKD patients, and the adoption of
a pragmatical target BP should never neglect this unquestionable reality. To ascertain
the benefits of more versus less intensive BP control, we recently published an updated
trial sequential analysis on 16 randomised controlled trials which compared different BP
targets and reported specific CV outcomes, including CV death, myocardial infarction,
stroke and heart failure [90]. Our trial sequential analysis aimed at estimating whether the
evidence progressively accrued on the aforementioned outcomes can be considered strong
and conclusive; the logic of “early stopping rules” used during randomised controlled
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trials to establish whether it is still ethical to continue the study on the basis of data accrued
thus far can be applied to the trial sequential analysis to understand if the accrued data are
conclusive and no further randomised controlled studies are needed [91,92]. Notably, at
least eight studies included in our analysis targeted a systolic BP lower than 130 mmHg
and a diastolic BP lower than 80 mmHg in the more intensive arm. Our cumulative trial
sequential analysis showed firm and conclusive evidence of the benefit of intensive BP
control (i.e., <130/80 mmHg) for myocardial infarction, stroke, and heart failure. For CV
death, the efficacy monitoring boundary was touched, but not crossed, after the inclusion
of the Strategy of Blood Pressure Intervention in the Elderly Hypertensive Patients (STEP)
trial [93], which means that albeit statistically significant, the benefit of intensive BP control
on CV death might not be considered as conclusive at present. Our results are consistent
with a recent meta-analysis of 10 randomised controlled trials by Zhang et al., which
showed that intensive BP control reduces the risk of all-cause mortality, CV mortality and
composite CV events in CKD patients [94].

Based on our recent trial sequential analysis and the meta-analysis from Zhang et al.,
we feel that clinicians should preferably follow the ACC guideline [13] and the UK Kidney
Association guideline [20], which both recommend a target BP lower than 130/80 mmHg
in all adults with CKD and hypertension, regardless of the level of proteinuria, provided
that intensive BP control is well tolerated [20].

Although we commend the KDIGO working group for their courageous position on
the systolic BP target of <120 mmHg, we are reluctant to endorse their statement that such
a target should be routinely pursued “even in the frail and elderly”. In fact, the large
majority of patients enrolled in the SPRINT trial were not frail [71], and we are somewhat
concerned that this target can be difficult to achieve in daily clinical practice [21], especially
in “real world” CKD patients who are very elderly (aged 80–85 or older), frail and with
multiple comorbidities, wherein a BP target of <150/90 mmHg seems to be reasonable and
in line with several international guidelines [39,95–99]. Indeed, CKD is often associated
with resistance to antihypertensive treatment and failure to achieve the intensive BP target,
as highlighted by a post-hoc analysis of the SPRINT study [99]. On the other hand, we
also feel that clinicians should not be excessively concerned about the so-called “J-curve
phenomenon” if they decide to pursue this more ambitious target in younger patients with
a longer life expectancy with the objective of preventing major CV events and CV deaths.
In fact, post-hoc analyses of the ONTARGET trial [100] and the Valsartan Antihypertensive
Long-Term Use Evaluation trial [101] did not show any evidence of an excess risk of CV
events at lower-achieved BP values, suggesting that the J-curve phenomenon is mainly
explained by reverse causality due to coexisting diseases (e.g., cancer, heart failure, etc.)
associated with low BP and poor outcome.

In terms of first-line drugs for CKD patients, current hypertension and renal guide-
lines consistently recommend the usage of either ACEis or ARBs in both diabetic and non-
diabetic kidney disease for their clear reno- and cardiovascular benefits [66,102–108], and
a full dose should be used whenever possible and well tolerated. However, clinicians
should bear in mind that the majority of CKD patients will require a combination treatment
with two or more antihypertensive agents to achieve a satisfactory degree of BP control
(i.e., at least <130/80 mmHg if tolerated), and that additional renoprotective drugs are
available, including third-generation dihydropyridine CCBs [108–110]. An ACEi/ARB
combination treatment is not recommended by any available guideline and should be
avoided because of the increased risk of acute kidney injury and hyperkalaemia. Combina-
tion treatments (e.g., ACEi or ARB plus CCB) should be tailored to the individual patient,
trying to balance the need for an intensive BP control, the risk of side effects and the need
to ensure long-term adherence, and concomitant CV risk factors (smoking, dyslipidemia,
diabetes, etc.) should be aggressively tackled to further reduce CV and renal outcomes.

In conclusion, we recommend that clinicians pursue a target BP of <130/80 mmHg
in all CKD patients with hypertension, unless they are frail (36-item FI > 0.21) [71], or
very elderly (aged 80–85 or older) and with multiple comorbidities (e.g., heart failure,
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cancer, malnutrition, chronic infections, etc.) [111]. We also advocate for a more ambitious
systolic BP target of <120 mmHg, as per the 2021 KDIGO guideline [21], in younger patients
with a lower burden of comorbidities to minimise CV morbidity and mortality over their
lifetime and obtain longer survival times, while avoiding unnecessary excess risk of adverse
events with overaggressive BP control in very elderly patients with a significant number of
comorbidities and a lower residual life expectancy.
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Abstract: Several studies have reported that the cardio-ankle vascular index (CAVI), a non-invasive
measurement of arterial stiffness, is associated with the incidence of cardiovascular events. We
investigated whether adding CAVI to a risk score improves the prediction of cardiovascular events
in the setting of primary prevention. This retrospective observational study included consecutive
554 outpatients with cardiovascular disease risk factors but without known cardiovascular disease
(68 ± 9 years, 64% men). The CAVI was measured using the VaSera vascular screening system. Major
adverse cardiovascular events (MACE) included cardiovascular death, myocardial infarction, stroke,
hospitalization for heart failure, and coronary revascularization. During a median follow-up of
4.3 years, cardiovascular events occurred in 65 patients (11.7%). Multivariate Cox analysis showed
that abnormal CAVI (>9.0) was significantly associated with the incidence of MACE (hazard ratio 2.31,
95% confidence interval 1.27–4.18). The addition of CAVI to the Suita score, a conventional risk score
for coronary heart disease in Japan, significantly improved the C statics from 0.642 to 0.713 (p = 0.04).
In addition to a conventional risk score, CAVI improved the prediction of cardiovascular events in
patients with cardiovascular disease risk factors but without known cardiovascular diseases.

Keywords: arterial stiffness; cardio-ankle vascular index; cardiovascular events; risk factors

1. Introduction

Arterial stiffness is closely associated with the risk of cardiovascular disease (CVD)
and mortality [1]. Carotid-femoral pulse wave velocity (PWV) has been reported to be
associated with an increased risk of first cardiovascular events in the general population
and improved risk prediction when added to standard risk factors [2]. Brachial-ankle
PWV can be performed more easily than carotid-femoral PWV measurement, while both
carotid-femoral PWV and brachial-ankle PWV are affected by blood pressure [1,3], which
is an important confounding factor for CVD. To overcome this limitation, the cardio-ankle
vascular index (CAVI), a marker of arterial stiffness based on stiffness parameter β, was
developed in Japan in 2004 [4]. CAVI can be obtained automatically by wrapping pressure
cuffs around the upper and lower legs and is less dependent on blood pressure. Previous
studies have reported the association between a greater CAVI and a high incidence of
cardiovascular events in patients with diabetes mellitus, obesity, and several CVD risk
factors [5–16].

The measures of arterial stiffness benefit the prevention of cardiovascular disease,
although they have not been widely incorporated into routine clinical practice. To facilitate
the use of the CAVI, we proposed a criterion for CAVI based on the expert consensus from
the Physiological Diagnosis Criteria for Vascular Failure Committee of the Japan Society
for Vascular Failure [17]. We set three ranges in the document: normal range (CAVI ≤ 8.0),
borderline range (8.0 < CAVI ≤ 9.0), and abnormal range (CAVI > 9.0). Abnormal CAVI
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was considered a cutoff value for discriminating the presence of cardiovascular disease or
the risk of future cardiovascular events. However, the cutoff value for CAVI has not been
adequately validated.

For the risk assessment of CVD, pooled cohort risk equations were introduced by
the American College of Cardiology [18] and the European Society of Cardiology [19] to
estimate the 10-year atherosclerotic cardiovascular disease. The Suita score was proposed
and validated to estimate the 10-year risk of coronary heart disease in the Japanese pop-
ulation [20]. These risk scores are beneficial for assessing patient risk stratification in the
setting of primary prevention. As CAVI has been reimbursed by insurance in Japan, its
measurement has been included in routine clinical practice. However, the usefulness of
CAVI, in addition to the Suita score, has not yet been evaluated.

This study aimed to investigate [1] whether abnormal CAVI (>9.0) is a good predic-
tor of cardiovascular events in patients with CVD risk factors but without known CVD
and [2] whether CAVI offers incremental value in addition to the Suita score for predicting
cardiovascular events in a retrospective cohort.

2. Methods
2.1. Study Population

This retrospective, single-center cohort study evaluated the impact of CAVI on prog-
nosis. We enrolled 554 outpatients between May 2012 and December 2016. They had
no history of CVD but had at least one CVD risk factor and were referred to our hospi-
tal for examination of coronary artery disease. Patients were excluded for the following
reasons: peripheral artery disease, defined as ankle–brachial pressure index < 0.9, left
ventricular ejection fraction < 50%, a history of CVD, atrial fibrillation, and hemodialy-
sis. Hypertension was defined as systolic blood pressure ≥ 140 mmHg, diastolic blood
pressure ≥ 90 mmHg, and/or the use of antihypertensive medication. Diabetes mellitus
was defined as a fasting blood glucose concentration of 126 mg/dL and/or the use of
insulin or oral hypoglycemic medication. Dyslipidemia was defined as low-density lipopro-
tein cholesterol (LDL-C) ≥ 140 mg/dL, triglyceride ≥ 150 mg/dL, high-density lipoprotein
cholesterol (HDL-C) < 40 mg/dL, and/or the use of antidyslipidemic medication. The
estimated glomerular filtration rate (eGFR) was calculated using the Modification of Diet
in Renal Disease equation with the Japanese coefficient [21].

This study was conducted in accordance with the principles of the Declaration of
Helsinki and approved by the ethics committees of the Okayama University Graduate
School of Medicine, Dentistry, and Pharmaceutical Sciences. The requirement for informed
patient consent was waived owing to the low-risk nature of the study and the inability to
obtain consent directly from all study subjects.

2.2. Measurement of CAVI

Arterial stiffness was evaluated using CAVI, as previously described [6]. After a
5-min rest and with the subject seated, extremity blood pressure was measured using
the oscillometric method. CAVI was measured automatically using a VaSera vascular
screening system (Fukuda Denshi, Tokyo, Japan) from the measurement of blood pres-
sure and pulse wave velocity (PWV) while monitoring the electrocardiogram and heart
sounds. PWV was calculated by dividing the distance from the aortic valve to the ankle
artery by the sum of the time between the aortic valve closing sound and the notch of
the brachial pulse wave and the time between the rise of the brachial pulse wave and
the rise of the ankle pulse wave. CAVI was determined using the following equation:
CAVI = a[(2ρ/∆P) × In(Ps/Pd) × PWV2] + b, where Ps and Pd are the systolic and diastolic
blood pressures, respectively, PWV is the pulse wave velocity between the heart and ankle,
∆P is Ps − Pd, ρ is blood density, and a and b are constants. The averages of the right and
left CAVI were used for the analysis. Patients were classified into three groups based on
CAVI levels, as previously described [17]: normal group (CAVI ≤ 8.0), borderline group
(8.0 < CAVI ≤ 9.0), and abnormal group (CAVI > 9.0).
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2.3. The Suita Score

The Suita score has been used to predict the risk of CVD development; hence we used
the Suita score in this study [20]. The Suita score is an established CVD risk score based
on risk factor categories for predicting coronary heart disease in the Japanese population.
According to a previous report, the Suita score LDL-C version was calculated using age,
sex, HDL-C and LDL-C levels, systolic blood pressure, diastolic blood pressure, smoking,
diabetes mellitus, and eGFR [21]. High-, medium-, and low-risk were classified as Suita
scores ≥ 56, 41–55, and <40, respectively. The estimated risks of developing coronary
heart disease in 10 years in high, medium-, and low-risk groups were >9%, 2–9%, and
<2%, respectively.

2.4. Outcome Data

Follow-up information was obtained from a review of medical records or telephone
interviews blinded to the CAVI data. Major adverse cardiovascular events (MACE) in-
cluded cardiovascular death, nonfatal myocardial infarction, nonfatal stroke, coronary
revascularization, and heart failure requiring hospitalization. Strokes included ischemic
and hemorrhagic strokes. The definitions of MACE have been previously described [6].
The time to the first primary endpoint was retrospectively evaluated.

2.5. Statistical Analysis

Data are expressed as mean ± standard deviation. Dichotomous variables are ex-
pressed as numbers and percentages. Categorical data were compared using the χ2 analysis
or Fisher’s exact test. One-way analysis of variance was used to compare normally dis-
tributed continuous variables, and Bonferroni correction was used for post hoc testing.
The relationship between continuous variables was investigated using Spearman’s correla-
tion coefficient. Cumulative survival estimates were calculated using the Kaplan–Meier
method and compared using the log-rank test. To ascertain the association between CAVI
and MACE, we performed univariate and multivariate Cox regression analyses, and the
results were reported as hazard ratios (HRs) with 95% confidence intervals (CI). Multi-
variate Cox regression analysis included variables with p < 0.05 in the univariate analysis.
The incremental prognostic value of CAVI was assessed using receiver operating character-
istic (ROC) curve analysis, continuous net reclassification improvement, and integrated
discrimination improvement. All reported p-values were two-sided, and statistical signifi-
cance was set at p < 0.05. Statistical analyses were performed using SPSS statistical software
(version 28; IBM Corp., Armonk, NY, USA) and the R statistical package (version 3.5.2;
R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Comparison of Baseline Characteristics

The mean age of the patients was 68 ± 9 years, and 64% were male. The average CAVI
was 8.8 ± 1.3. The baseline characteristics of 554 patients according to CAVI (normal group,
CAVI < 8; borderline group, CAVI 8.0–9.0; abnormal group, CAVI > 9.0) are shown in Table 1.
Patients with higher CAVI levels were older and more likely to be male. The mean systolic
blood pressure and the prevalence of hypertension increased significantly with higher
CAVI. The mean diastolic pressure, HDL-C levels, triglyceride levels, hemoglobinA1c, the
prevalence of diabetes mellitus, dyslipidemia, smoking habits, and use of statins did not
differ among the groups.
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Table 1. Baseline Characteristics According to the CAVI.

All Normal CAVI Borderline CAVI Abnormal CAVI
(CAVI < 8) (8 ≤ CAVI < 9) (9 ≤ CAVI)

Variables (n = 554) (n = 140) (n = 141) (n = 273) p-Value for Trend

Age, year 66 ± 9 62 ± 10 67 ± 9 71 ± 7 <0.01
Male, n (%) 353 (64) 92 (66) 76 (54) 185 (68) 0.01

Body mass index, kg/m2 23.4 ± 3.9 24.7 ± 4.6 23.9 ± 3.8 22.9 ± 3.5 <0.01
Hypertension, n (%) 418 (75) 84 (60) 110 (78) 224 (82) <0.01

Diabetes mellitus, n (%) 283 (51) 69 (43) 76 (54) 138 (51) 0.72
Dyslipidemia, n (%) 343 (62) 82 (59) 92 (65) 169 (62) 0.52

Current smoking, n (%) 159 (29) 44 (31) 41 (29) 74 (27) 0.65
Systolic blood pressure, mmHg 129 ± 19 122 ± 19 128 ± 16 133 ± 18 <0.01
Diastolic blood pressure, mmHg 74 ± 11 72 ± 11 74 ± 10 75 ± 11 0.04

Laboratory data
Triglyceride, mg/dL 140 ± 119 136 ± 126 137 ± 94 144 ± 126 0.78

HDL-C, mg/dL 55 ± 17 58 ± 19 54 ± 18 545 ± 16 0.08
LDL-C, mg/dL 109 ± 31 113 ± 33 110 ± 31 107 ± 32 0.17

HemoglobinA1c, % 6.4 ± 1.4 6.3 ± 1.5 6.5 ± 1.4 6.5 ± 1.4 0.69
eGFR, mL/min/1.73 m2 66.1 ± 19.4 70.0 ± 17.3 68.0 ± 20.9 63.3 ± 18.2 0.02

Medications
Antihypertensive agents, n (%) 406 (73) 85 (61) 107 (76) 214 (78) <0.01

Antidiabetic agents, n (%) 178 (42) 34 (37) 52(47) 92 (42) 0.31
Lipid-lowering agents, n (%) 310 (56) 64 (46) 86 (61) 160 (59) 0.01

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; eGFR, estimated
glomerular filtration rate.

3.2. Association between Cumulative Incidence of Major Adverse Cardiovascular Events (MACE)
and CAVI

During this follow-up period (median 4.3 years), 65 patients had MACE, including
cardiac death (n = 2), myocardial infarction (n = 3), stroke (n = 13), heart failure with hospi-
talization (n = 14), or coronary revascularization (n = 34). The cumulative incidence rates
of MACE according to CAVI levels are shown in Figure 1, and the rates were significantly
higher in the abnormal group than in the other groups (p-value for trend < 0.001). Figure 2
shows the ROC curve analysis of CAVI for predicting MACE. The sensitivity and specificity
of CAVI at a cutoff value of 9.0 were 75% and 54%, respectively (area under the curve, 0.688;
p < 0.001). The multivariable-adjusted Cox proportional hazard model, CAVI (>9.0), was
associated with an increased risk of MACE after adjusting for covariates (HR, 1.941 [95% CI,
1.092–3.448]; p = 0.024) (Table 2).

Table 2. Association Between the CAVI and Cardiovascular Events.

Univariate Multivariate
HR (95% CI) p-Value HR (95% CI) p-Value

CAVI > 9 3.07 (1.78–5.41) <0.01 2.31 (1.27–4.18) <0.01
Age per year 1.05 (1.01–1.08) <0.01 1.02 (0.98–1.06) 0.18

Male 1.97 (1.09–3.57) 0.02 1.86 (1.02–3.39) 0.04
Hypertension 2.56 (1.16–5.62) 0.01 0.86 (0.38–2.27) 0.86

Diabetes mellitus 1.44 (0.87–2.37) 0.14
Dyslipidemia 1.68 (0.96–2.93) 0.06

Current smoking 1.34 (0.80–2.25) 0.25
Antihypertensive agents 5.36 (1.94–14.78) <0.01 4.16 (1.29–13.40) 0.01

Antidiabetic agents 1.41 (0.32–2.40) 0.20
Lipid-lowering agents 1.79 (1.05–3.07) 0.03 1.56 (0.91–2.68) 0.10

The multivariate analysis included CAVI > 9, age, male sex, hypertension, antihypertensive agents, and lipid-
lowering agents. CAVI, cardio-ankle vascular index; HR, hazard ratio; CI, confidence interval.
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Figure 1. Kaplan–Meier plot of cumulative probability of cardiovascular events by cardio-ankle
vascular index (CAVI) levels. Time to cardiovascular events, including cardiovascular death, nonfatal
stroke, nonfatal myocardial infarction, heart failure requiring hospitalization, and coronary revas-
cularization, according to baseline CAVI. The cumulative incidence rates of cardiovascular events
according to CAVI levels were significantly higher in the abnormal group (CAVI > 9.0) than in the
normal (CAVI < 8) and abnormal groups (8 < CAVI ≤ 9) (p-value for trend < 0.01).
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3.3. Incremental Predictive Value of CAVI over the Suita Score

As shown in Figure 2A, the CAVI was weakly correlated with the Suita score (ρ = 0.351,
p < 0.01). When patients were classified into three groups (low-risk, medium-risk, and
high-risk groups) according to the Suita score, the CAVI value increased stepwise from
the low-risk group to the high-risk group (8.1 ± 0.2, 8.9 ± 0.1, and 9.3 ± 0.2, respectively;
p-value for trend < 0.01) (Figure 2B). An ROC curve analysis was performed to determine
the incremental value of CAVI for predicting MACE (Figure 3). The addition of CAVI to the
Suita score significantly improved the C statics from 0.642 to 0.713 (p = 0.04). The addition
of the CAVI yielded a continuous net reclassification index of 0.293 (95% CI, 0.036–0.551;
p = 0.025) and an integrated discrimination improvement of 0.0479 (95% CI, 0.0218–0.0740;
p < 0.001).
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4. Discussion

This study demonstrated that abnormal CAVI (>9.0) was significantly associated with
the incidence of MACE in patients with CVD risk factors but without known CVD. Further-
more, the CAVI and Suita scores improved the prediction of MACE in these patients. To our
knowledge, this is the largest study showing the incremental value of CAVI in addition to a
clinical risk score for predicting cardiovascular events in the setting of primary prevention.

Several studies have shown that CAVI is associated with the incidence of cardiovascu-
lar events in patients with known CVD [5–9] and without CVD [10–16]. However, evidence
on the incremental value of CAVI over a clinical risk score for predicting cardiovascular
events has been limited. Satoh-Asahara et al. showed that in 300 obese patients without
CVD, CAVI, in addition to the atherosclerotic cardiovascular disease risk score, moderately
improved the prediction of cardiovascular events [16]. We showed an incremental value of
CAVI for predicting cardiovascular events in a large cohort study, where one-third of the
participants had a history of CVD [6]. The present study is in line with these two previous
studies and clearly demonstrates the usefulness of CAVI for predicting cardiovascular
events in patients with CVD risk factors but without known CVD.

This study showed that the best cutoff value of CAVI for predicting cardiovascular
events was 9.0, which was consistent with our proposal for abnormal CAVI (>9.0) [17].
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However, Satoh-Asahara et al. showed that, including 300 obese patients, the threshold of
CAVI for cardiovascular events was 7.8 [16]. Compared to the study by Satoh-Asahara et al.,
the patients in our study were heterogeneous with hypertension, diabetes, or dyslipidemia
who visited the Department of Cardiovascular Medicine. In addition, the mean age in their
study was 52 years, which was lower than that in our study (mean age = 66 years). Therefore,
these differences may be the reason for the higher cutoff values in the present study.
Although our study validated that a CAVI of 9.0 was a cutoff for predicting cardiovascular
events in the setting of primary prevention, further research is needed to confirm the
optimal threshold of CAVI to predict cardiovascular events in each population.

Several measures of arterial stiffness, such as carotid-femoral PWV and brachial-ankle
PWV, have been introduced [1]. However, notable differences were observed among
the arterial stiffness measurements. Carotid-femoral PWV is obtained by applanation
tonometry, which is a complicated technique compared with CAVI and brachial-ankle
PWV [3]. CAVI and brachial-ankle PWV are automatically derived from a plethysmography
cuff [1]. CAVI has an advantage over PWV for measuring arterial stiffness because it is less
dependent on blood pressure at the time of measurement [4]. A reproducible assessment of
arterial properties may allow detailed monitoring of changes in arterial stiffness in clinical
practice. CAVI can be easily obtained automatically with a device, leading to its widespread
use in clinical situations if cost constraints are ignored. Further investigations are needed
to elucidate this matter, with due consideration given to cost-effectiveness.

This study has several limitations. First, we acknowledge that an observational study
cannot definitively prove that there is a causal link underlying the association between
increased CAVI and increased CVD events. Second, the study population included only
Asian individuals. Although several studies on non-Asian populations have recently
been reported [12,14], the generalizability of our data to other races/ethnicities remains
uncertain. Third, we failed to estimate the cutoff value of CAVI for each event because of
the small number of events. Hence, further studies with larger sample sizes are required.

5. Conclusions

We demonstrated that abnormal CAVI (>9) was significantly associated with the inci-
dence of cardiovascular events in patients with CVD risk factors but without known CVD.
Furthermore, CAVI in addition to the Suita score improved the prediction of cardiovascular
events in these patients. The data in this study suggest that the measurement of CAVI is a
clinically useful means to predict the development of cardiovascular events in the setting
of primary prevention.
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Abstract: Elevated homocysteine (Hcy) increases cardiovascular disease (CVD) risk. Our objective
was to emphasize Hcy’s contribution in hypertension and CVD management by determining H-type
hypertension (hypertension with Hcy ≥ 10 µmol/L) and associations between Hcy, blood pressure
(BP) and estimates of vascular function among Black South Africans. We included 1995 adults (63%
female). Plasma Hcy and cardiovascular measures (systolic and diastolic BP (SBP, DBP), pulse pres-
sure, heart rate (HR), carotid-radialis pulse wave velocity (cr-PWV), intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1) were quantified. Five Hcy-related polymorphisms
(cystathionine β-synthase (CBS 844ins68, T833C, G9276A); methylenetetrahydrofolate reductase (MTHFR
C677T) and methionine synthase (MTR A2756G)) were genotyped. Hcy was >10 µmol/L in 41%
(n = 762), and of the 47% (n = 951) hypertensives, 45% (n = 425) presented with H-type. Hcy was
higher in hypertensives vs. normotensives (9.86 vs. 8.78 µmol/L, p < 0.0001, effect size 0.56) and cor-
related positively with SBP, DBP, cr-PWV and ICAM-1 (r > 0.19, p < 0.0001). Over Hcy quartiles, SBP,
DBP, HR, cr-PWV and ICAM-1 increased progressively (all p-trends ≤ 0.001). In multiple regression
models, Hcy contributed to the variance of SBP, DBP, HR, cr-PWV and ICAM-1. H-type hypertensives
also had the lowest MTHFR 677 CC frequency (p = 0.03). Hcy is positively and independently
associated with markers of vascular function and raised BP.

Keywords: blood pressure management; endothelial function; endothelial structure; H-type hypertension;
hyperhomocysteinemia; MTHFR C677T; sub-Saharan Africa; vascular inflammation

1. Introduction

Homocysteine (Hcy) is a nonproteinogenic, nonessential, sulfhydryl-containing amino
acid. When Hcy is elevated, it conveys an independent risk toward hypertension [1], with
Mendelian randomization evidence alluding to a causal relationship [2]. Observations made
in the US National Health and Nutrition Examination Survey revealed that hypertensive
men and women with Hcy concentrations below 10 µmol/L were 5.4 and 7.1 times more
likely to suffer a stroke than normotensives, respectively. However, a combination of both
hypertension and Hcy elevated above 10 µmol/L increased the risk substantially to 12.0
and 17.3 times for men and women, respectively [3]. Consequently, hypertension and
hyperhomocysteinemia (HHcy) are independent risk factors of stroke, and the combination
of both—that is, H-type hypertension—is a major risk factor of vascular diseases [3,4].
H-type hypertension is defined as essential hypertension combined with circulating Hcy
greater than 10 µmol/L. Despite its risk to health, however, H-type hypertension has not
been investigated in continental African populations [5], who currently demonstrate rapidly
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increasing hypertension prevalence rates [6,7]. The benefits of reducing Hcy concentrations
are unjustifiably underestimated in treatment-resistant hypertension [8].

Because the etiology of essential hypertension has not been fully explained and un-
derstood, all factors that could contribute to the condition—including the influence of
Hcy-related genes as well as environmental factors and their interactions—should be scruti-
nized further, some aspects of which we report here. Single genetic polymorphisms within
the methylenetetrahydrofolate reductase (MTHFR) gene, such as the cytosine replacement
at position 677 by a thymine (C677T), and other genes coding for proteins involved in
Hcy’s metabolism can alter the amino acid’s concentrations [9]. A large-scale meta-analysis
reported on the MTHFR C677T genotype’s association with hypertension and the homozy-
gote TT genotype conferring an increased risk [2]. However, a follow-up meta-analysis
with false-positive report probability interrogations found that the MTHFR C677T poly-
morphism’s relationship was not robust enough [5]. The results of genetic studies are
equivocal; this might be because of the variations in the roles played by genotypes in the
different ethnic studies reported [2]. If so, it makes it desirable to conduct research on
a wider range of ethnic groups in order to establish to what extent Hcy and its genetic
markers could influence the high prevalence of hypertension observed in, for example,
sub-Saharan Africans [6]. We hope this study will help to re-emphasize Hcy’s contribution
in the integral multimodal approach of hypertension and related cardiovascular disease
(CVD) management. Consequently, we determined, for the first time, the prevalence of
H-type hypertension among Black South African adults and the relationship between
plasma Hcy—and its genetic determinants—and blood pressure (BP), as well as estimates
of vascular function.

2. Materials and Methods
2.1. Study Design and Participants

For this cross-sectional investigation, we analyzed the baseline data of 2010 randomly
selected participants from the South African arm of the Prospective Urban and Rural Epi-
demiology (PURE–SA) study. The screening period involved visiting 6000 households in
two urbanization strata (rural and urban) within the North West province of South Africa,
from which eligible participants were identified as apparently healthy Black South African
men and women over the age of 35 years without acute medical conditions. Interested
individuals were well informed of all aspects of the study and invited to partake. Writ-
ten, voluntary, informed consent was required before any measurements were taken, and
participants could withdraw from the study at any stage without adverse consequences.
The use of hypertension medication was not regarded as a basis for exclusion. For the
analytic purposes of this study, volunteers who did not have blood pressure measure-
ments were excluded from the investigation, and analyses proceeded with the remaining
1995 individuals (see Figure 1).

2.2. Questionnaires

Standardized questionnaires [10] obtained detailed information from respondents re-
garding their demographic and lifestyle characteristics by means of face-to-face interviews;
these details included age, sex, education level, marital status, medication use, smoking
and alcohol consumption.

2.3. Anthropometric Measurements

In accordance with the International Society for the Advancement of Kinanthropo-
metry (ISAK), anthropometrical measurements were taken by ISAK-trained researchers
using calibrated instruments. Measurements included height (IP 1465, Invicta, London,
UK) and weight (Precision Health Scale, A&D Company, Tokyo, Japan). Hip and waist
circumferences were recorded by means of a Lufkin steel tape (Cooper Tools, Apex, NC,
USA), and the measurements were in turn used to calculate body mass index (BMI) (kg/m2).
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2.4. Cardiovascular Marker Measurements

After a 5 min rest period, brachial systolic BP (SBP), diastolic BP (DBP) and heart
rate (HR) were measured in duplicate using a validated Omron HEM-757 device (Omron
Healthcare, Kyoto, Japan) while volunteers were in a seated position with the measuring
(right) arm supported at the heart level. Pulse pressure (PP) was calculated by subtracting
DBP from SBP. Carotid radialis pulse wave velocity (cr-PWV) was measured in the supine
position and on the left side using the Complior SP device (Artech-Medical, Pantin, France).
BP escalating behaviors such as caffeine use (participants were instructed to be fasting,
with only water allowed), exercise and smoking were avoided at least 30 min prior to
measurements, to ensure accuracy (standardized conditions set by the Joint National Com-
mittee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure [11]).
Normal BP was identified as BP values <140/90 mmHg. Hypertension was identified in
those with a BP ≥ 140 and/or 90 mmHg or who reported anti-hypertensive medication
use [12]. H-type hypertension was classified as hypertensive patients with concomitant
[Hcy] ≥ 10 µmol/L [13]. Anti-hypertensive medications including thiazide diuretics, cal-
cium channel blockers and renin-angiotensin system inhibitors were grouped together in a
categorical variable created for antihypertensive medication use.

2.5. Laboratory Biochemical Measurements

A registered nurse sampled blood from the antecubital vein in the mornings between
7 a.m. and 11 a.m. after an overnight fast. Blood samples were centrifuged at 2000× g for
at least 15 min to obtain serum, plasma and the buffy coat. After being transferred to tubes,
the specimens were snap-frozen and then transported on dry ice to be stored at −80 ◦C.

A recognized pathology firm used an Abbott automated immunoassay analyzer
(AxSYM) to quantify Hcy concentrations based on fluorescence polarization immunoassay
technology (coefficient of variation (CV) = 4.52%). Both sequential multiple analyzers
(Konelab 20i, Thermo Scientific (Vantaa, Finland) and Cobas Integra 400 Plus (Roche,
Switzerland)) were used to analyze high-sensitivity C-reactive protein (CRP), gamma-
glutamyl transferase (GGT) and blood lipids (triglycerides, total cholesterol (TC) and
high-density lipoprotein cholesterol (HDL-C)). The remaining blood lipid, low-density
lipoprotein cholesterol (LDL-C) concentration, was calculated using the Friedewald–Levy–
Fredrickson formula [14]. Fasting glycated hemoglobin A1c (HbA1c) was measured with
a D-10 hemoglobin testing system from Bio-Rad Laboratories (Hercules, CA, USA), and
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fasting plasma glucose was determined by the hexokinase method of the SynchronR Sys-
tem (Beckman Coulter Co., Fullerton, CA, USA). Serum intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) levels were determined using
sandwich ELISAs (Human sICAM-1 and human sVCAM-1 assay, IBL, Hamburg, Germany).

Genomic DNA was extracted from peripheral blood leukocytes using the commer-
cially available QIAGEN®, Flexigene® DNA extraction kits (QIAGEN® Valencia, CA, USA;
catalogue number 51 206). Concentrations were determined with the NanoDrop™ spec-
trophotometer (ND-1000, Wilmington, DE, USA), and polymerase chain reaction coupled
with restriction fragment length polymorphism methods enabled the identification of indi-
vidual genotypes, as described elsewhere [9]. The five Hcy-related single nucleotide poly-
morphisms (SNPs) genotyped were cystathionine β-synthase (CBS 844ins68, T833C, G9276A),
methylenetetrahydrofolate reductase (MTHFR C677T) and methionine synthase (MTR A2756G).

2.6. Statistical Analysis

The data were statistically analyzed using the following software packages: Statistica
version 14.0 (TIBCO Software Inc., Tulsa, OK, USA) and R statistical software version 4.2.0
(R Core Team; R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria; 2020; URL https://www.r-project.org/; accessed
18 May 2022). Data were tested for normality. Because the data deviated from the normal
distribution, as determined by the Shapiro–Wilk W-test and the Kolmogorov–Smirnov tests,
descriptive statistics were expressed as medians with interquartile ranges. To determine
statistically significant differences in continuous variables, the Kruskal–Wallis ANOVA
among three independent sub-groups (normal BP, hypertension and H-type) and the
Mann–Whitney U test between two independent groups (normal BP vs. hypertension,
normal BP vs. H-type hypertension and hypertension vs. H-type hypertension) were
used. Practical significance was determined for differences using Cohen’s effect sizes. For
categorical variables, the Pearson chi-squared test was used to detect statistically significant
differences and Cramer’s V effect sizes to observe practical significance. Both normal and
partial Spearman rank correlations (adjusting for age, sex, BMI and GGT for all analyses
and additionally for mean arterial pressure in cr-PWV) were computed to establish the
relationship between Hcy and related variables.

Participants were divided into quartiles according to their [Hcy]: <7.44µmol/L (quartile 1),
between ≥7.45 and <9.17 µmol/L (quartile 2), between ≥9.18 and <12.04 µmol/L (quartile 3)
and ≥12.05 µmol/L (quartile 4). Differences among the CVD variables and Hcy quartiles
were determined using general linear models (GLMs), adjusting for age, sex, BMI and
GGT. Where significant differences between groups were indicated, we followed this with
a Tukey post hoc test.

Genotype counts and frequencies were determined for the whole group and sub-
groups: normal BP, hypertension and H-type hypertension. The Phi correlation coefficient
measured the strength of associations between variables, and the chi-squared test was used
to determine the significance between groups.

The relationships between BP as well as related cardiovascular variables and Hcy were
explored by regression analyses. For regression analyses, the parametric and logarithmically
transformed data were used to determine the practical significance of one unit increase in
Hcy. For all analyses, a p value < 0.05 was regarded as statistically significant.

3. Results

The demographic characteristics of the study population are shown in Table 1. The me-
dian Hcy and SBP/DBP values were as follows: for all (9.18 µmol/L, 130/87 mmHg),
those with a normal BP (8.78 µmol/L, 117/78 mmHg), hypertensives (9.86 µmol/L,
148/97 mmHg), and H-type hypertensives (12.8 µmol/L, 135/89 mmHg). There were
no cases of severe HHcy (>100 µmol/L). However, 759 (41%) individuals presented with
Hcy >10 µmol/L, 469 (25%) presented with mild Hcy >12 µmol/L and 207 (11%) presented
with moderate HHcy >15 µmol/L.
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Almost half of the participants (951 (48%)) were hypertensive, and 425 (45%) of those
with hypertension presented with H-type hypertension. Of those with Hcy >10 µmol/L,
56% presented with hypertension compared with those with lower Hcy (p < 0.0001). Only
262 (13%) participants reported using anti-hypertension medication, of whom 180 (69%)
were still hypertensive, including 79 (44%) participants with H-type hypertension.

Statistically significant differences were observed among the BP sub-groups (Tables 1 and 2).
Noteworthy effect sizes were also observed for Hcy and triglycerides (moderate effect
sizes) and HbA1c and PP (large effect sizes) in the normal BP vs. hypertension sub-groups.
Between the normal BP and H-type hypertension sub-groups, age had a moderate effect
size, whereas Hcy and PP had large effect sizes. Hcy attained a large effect size, and ICAM-1
attained a moderate effect size when BP groups of hypertension vs. H-type hypertension
were compared. The categorical characteristics such as sex, urbanization and HIV status
differed between BP sub-groups, although the effect sizes were small.

Table 2. Comparison of demographic, anthropometric and biochemical variables between hyperten-
sion status sub-groups.

Variables
Normal vs. HTN Normal vs. H-Type HTN HTN vs. H-Type HTN *

p Value Effect Size p Value Effect Size p Value Effect Size

Continuous Variables

Age (years) <0.0001 0.36 <0.0001 0.69 <0.0001 0.33

Anthro markers

BMI (kg/m2) <0.0001 0.40 0.58 0.17 0.001 0.21
Waist circumference (cm) <0.0001 0.45 <0.001 0.35 0.16 0.10
Hip circumference (cm) <0.0001 0.37 0.55 0.09 <0.0001 0.26

Waist-to-hip ratio <0.0001 0.16 <0.0001 0.45 <0.0001 0.27

Biochemical markers

TC (mmol/L) <0.0001 0.24 <0.01 0.26 0.31 0.01
LDL-C (mmol/L) 0.04 0.15 0.34 0.03 0.89 0.11
HDL-C (mmol/L) <0.0001 0.11 <0.0001 0.37 0.001 0.26

Triglycerides (mmol/L) <0.0001 0.79 0.03 0.23 0.23 0.08
Fasting glucose (mmol/L) 0.001 0.23 0.05 0.13 0.32 0.10

HbA1c (%) 0.04 0.88 0.41 0.07 0.11 0.15
GGT (µkat/L) <0.0001 0.11 <0.0001 0.33 0.03 0.15
Hcy (µmol/L) <0.0001 0.56 <0.0001 1.13 <0.0001 1.87
CRP (mg/L) <0.01 0.09 0.28 0.05 0.86 0.05

Cardiovascular
markers

SBP (mmHg) <0.0001 2.10 <0.0001 2.42 0.53 0.11
DBP (mmHg) <0.0001 2.35 <0.0001 2.38 0.57 0.09

Pulse pressure (mmHg) <0.0001 1.00 <0.0001 1.19 0.67 0.08
Heart rate (bpm) 0.45 0.13 <0.0001 0.22 <0.0001 0.34

cr-PWV (m/s) <0.0001 0.33 <0.0001 0.49 0.04 0.17
ICAM-1 (ng/mL) 0.14 0.02 0.03 0.03 0.21 0.51
VCAM-1 (ng/mL) 0.30 0.06 0.01 0.14 0.86 0.17

Categorical Variables

Sex Male/Female 0.01 0.07 0.01 0.07 <0.0001 0.15
Urbanization level Urban/Rural <0.0001 0.18 0.05 0.05 <0.0001 0.14

Tobacco use Current/Former/Never 0.96 0.01 0.40 0.05 0.27 0.06

HIV status Sero-negative/-
positive/Unknown 0.01 0.08 <0.0001 0.16 0.02 0.09

Anti-hypertensives use Yes/No <0.0001 0.18 <0.0001 0.21 0.27 0.04

Continuous variables: Mann–Whitney U test for differences between groups and Cohen’s effect sizes. Categorical
variables: Pearson’s chi-squared test for differences between groups and Cramer’s V effect sizes. * H-type
hypertension is a subset of those presenting with both hypertension and Hcy >12.0 µmol/L and has thus been
excluded from the hypertension group to form two independent groups.

In Table 3, Hcy correlated with age, HDL-C, GGT, SBP, cr-PWV and ICAM-1 (r ≥ 0.19),
but after adjustment for age, sex, BMI and GGT (cr-PWV was additionally adjusted for mean
arterial pressure), only correlations with age, HDL-C and GGT remained (r ≥ 0.19). Hcy’s
relationship with HDL-C and GGT is discussed in detail elsewhere (Du Plessis JP et al. [15]
and Nienaber-Rousseau C et al. [16], respectively).
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Table 3. Spearman correlations between Hcy and characteristics of participants.

Variables
Unadjusted Adjusted Sensitivity Analysis

r p r p r p

Age (year) 0.28 <0.0001 0.27 <0.0001 0.27 <0.0001

Anthropometrical Markers

BMI (kg/m2) −0.13 <0.0001 −0.04 0.35 −0.16 <0.0001
Waist circumference (cm) −0.03 0.24 0.02 0.69 −0.04 0.09
Hip circumference (cm) −0.14 <0.0001 0.01 0.82 −0.16 <0.0001

Waist-to-hip ratio 0.17 <0.0001 −0.02 0.67 0.17 <0.0001

Biochemical Markers

TC (mmol/L) 0.05 0.02 0.10 0.03 0.05 0.06
LDL-C (mmol/L) −0.05 0.03 0.01 0.91 −0.07 <0.01
HDL-C (mmol/L) 0.19 <0.0001 0.20 <0.0001 0.20 <0.0001

Triglycerides (mmol/L) 0.001 0.96 −0.06 0.16 −0.02 0.54
Fasting glucose (mmol/L) 0.002 0.92 −0.07 0.10 −0.02 0.34

HbA1c (%) −0.05 0.02 −0.02 0.64 −0.06 0.01
GGT (µkat/L) 0.24 <0.0001 0.24 <0.0001 0.23 <0.0001
CRP (mg/L) 0.03 0.15 0.01 0.86 0.01 0.60

Cardiovascular Markers

Blood pressure
(mmHg)

SBP 0.19 <0.0001 0.07 0.14 0.19 <0.0001
DBP 0.16 <0.0001 0.08 0.09 0.15 <0.0001

Pulse pressure (mmHg) 0.14 <0.0001 0.01 0.76 0.14 <0.0001
Heart rate (bpm) 0.11 <0.0001 0.12 0.01 0.09 <0.001

cr-PWV (m/s) 0.19 <0.0001 0.04 0.32 0.21 <0.0001
ICAM-1 (ng/mL) 0.23 <0.0001 –0.02 0.68 0.21 <0.0001
VCAM-1 (ng/mL) 0.04 0.35 0.03 0.53 0.05 0.23

In the unadjusted model, the r values are for Spearman correlations; in the adjusted model, the r values are
for Spearman partial correlations adjusted for age, sex, BMI and GGT. cr-PWV was additionally adjusted for
mean arterial pressure. Anthropometrical markers were not adjusted for BMI, and the age and GGT variables
were not adjusted for age and GGT, respectively. In the sensitivity analysis, individuals using anti-hypertensive
medication were excluded from analyses. BMI, body mass index; CRP, C-reactive protein; cr-PWV, carotid-radialis
pulse wave velocity; DBP, diastolic blood pressure; GGT, gamma glutamyl transferase; HDL-C, high-density
lipoprotein cholesterol; HbA1c, glycated hemoglobin; HR, heart rate; ICAM-1, intercellular adhesion molecule 1;
LDL-C, low-density lipoprotein cholesterol; PP, pulse pressure; SBP, systolic blood pressure; VCAM-1, vascular
cell adhesion molecule 1.

In Table 4, post hoc tests exhibited differences over Hcy quartiles for most of the cardio-
vascular markers after adjusting for age, sex, BMI and GGT. With ascending Hcy quartiles,
SBP, DBP, HR, cr-PWV, ICAM-1 and HDL-C levels increased, with the highest levels re-
ported in the last Hcy quartile. Two blood lipids, TC and LDL-C, were higher in the second
Hcy quartile than they were in the other quartiles. Because of the low reporting rate and
the high resistance to anti-hypertensive treatment, participants reporting anti-hypertensive
medication use were not excluded from analyses; however, additional sensitivity analyses
were performed, adjusting for anti-hypertensive medication use (Tables 3 and 4).

Hcy contributed to the variance of SBP, DBP, HR, cr-PWV and ICAM-1, with the
highest contribution in DBP and HR controlling for age, sex, BMI and GGT. With one higher
unit of Hcy, DBP and HR increased with 0.12 and 0.16 units, respectively (Table 5).
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Table 5. Multivariable-adjusted relationships of cardiovascular measures with Hcy.

Variables
SBP (R2 = 0.18)

B SE β p

Age 0.71 0.05 0.30 <0.0001
Sex 5.34 1.21 0.11 <0.0001

BMI (kg/m2) 0.41 0.09 0.12 <0.0001
GGT (µkat/L) 0.004 0.003 0.03 0.13
Hcy (µmol/L) 0.43 0.12 0.08 <0.0001

Anti-hypertensive use 8.92 1.51 0.14 <0.0001

DBP (R2 = 0.10)
B SE β p

Age 0.17 0.03 0.12 <0.0001
Sex 0.21 0.75 0.01 0.79

BMI (kg/m2) 0.33 0.05 0.16 <0.0001
GGT (µkat/L) 0.01 0.002 0.09 <0.0001
Hcy (µmol/L) 0.38 0.08 0.12 <0.0001

Anti-hypertensive use 5.13 0.94 0.13 <0.0001

PP (R2 = 0.19)
B SE β p

Age 0.54 0.03 0.37 <0.0001
Sex 5.14 0.74 0.16 <0.0001

BMI (kg/m2) 0.08 0.05 0.04 0.11
GGT (µkat/L) –0.002 0.002 –0.03 0.19
Hcy (µmol/L) 0.04 0.07 0.01 0.57

Anti-hypertensive use 3.80 0.92 0.09 <0.0001

HR (R2 = 0.10)
B SE β p

Age –0.20 0.04 –0.13 <0.0001
Sex –8.25 0.83 –0.25 <0.0001

BMI (kg/m2) –0.21 0.06 –0.09 <0.0001
GGT (µkat/L) 0.01 0.002 0.13 <0.0001
Hcy (µmol/L) 0.56 0.08 0.16 <0.0001

Anti-hypertensive use 2.40 1.04 0.06 0.02

cr-PWV (R2 = 0.15)
B SE β p

Age 0.01 0.01 0.05 0.04
Sex 0.77 0.12 0.16 <0.0001

BMI (kg/m2) –0.08 0.01 –0.25 <0.0001
GGT (µkat/L) 0.001 <0.0001 0.05 0.02
Hcy (µmol/L) 0.04 0.01 0.09 <0.0001

Anti-hypertensive use 0.20 0.15 0.03 0.17

ICAM-1 (R2 = 0.08)
B SE β p

Age 2.27 2.04 0.05 0.27
Sex −5.73 45.9 −0.01 0.90

BMI (kg/m2) −3.34 3.20 −0.05 0.30
GGT (µkat/L) 0.71 0.11 0.28 <0.0001
Hcy (µmol/L) −11.7 4.58 -0.11 0.01

Anti-hypertensive use 95.1 57.2 0.07 0.10

VCAM (R2 = 0.01)
B SE β p

Age 4.51 5.61 0.04 0.42
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Table 5. Cont.

Variables
SBP (R2 = 0.18)

B SE β p

Sex 59.11 126 0.02 0.64
BMI (kg/m2) −7.08 8.79 −0.04 0.42
GGT (µkat/L) 0.02 0.29 0.003 0.95
Hcy (µmol/L) −15.0 12.6 −0.05 0.23

Anti-hypertensive use −57.0 157 −0.02 0.71
β, standardized beta; B, unstandardized beta; BMI, body mass index; DBP, diastolic blood pressure; cr-PWV,
carotid-radialis pulse wave velocity; GGT, gamma glutamyl transferase; Hcy, homocys-teine; HR, heart rate;
ICAM-1, intercellular adhesion molecule 1; PP, pulse pressure; SBP, systolic blood pressure; SE, standard error;
VCAM-1, vascular cell adhesion molecule 1.

Genotype distributions were as predicted without deviating from the Hardy–Weinberg
equilibrium (p > 0.05) (Table 6). The lowest frequency of the MTHFR 677CC genotype and,
in turn, the highest T allele prevalence were observed in those with H-type hypertension
compared to the other BP sub-groups (p = 0.03).

Table 6. Hcy-related SNPs and their genotype frequencies in population subdivisions for blood pressure.

Gene; SNP ID
(rs Number;

Location)

Whole Group Normotensive Hypertension H-Type Hypertension

Genotype Counts (Frequencies %)

MTHFR;
C677T Ala222Val

(rs1801133;
1:11796321)

CC 1561 (84.0) 821 (83.3) 404 (87.1) 336 (82.4)
CT 282 (15.2) 156 (15.8) 58 (12.5) 68 (16.7)
TT 15 (0.80) 9 (0.90) 2 (0.40) 4 (0.90)

Phi = 0.08
Chi-square p = 0.03

MTR;
A2756G Asp919Gly

(rs1805087;
1:236885200)

AA 1181 (63.7) 621 (63.3) 284 (61.2) 276 (67.7)
AG 583 (31.5) 315 (32.1) 154 (33.2) 114 (27.9)
GG 89 (4.80) 45 (4.60) 26 (5.60) 18 (4.40)

Phi = 0.06
Chi-square p = 0.28

CBS;
T833C Ile278Thr

(rs5742905;
21:43063074)

TT 984 (52.9) 520 (52.7) 246 (52.9) 218 (53.2)
TC 740 (39.8) 396 (40.2) 187 (40.2) 157 (38.3)
CC 137 (7.30) 70 (7.10) 32 (6.90) 35 (8.50)

Phi = 0.05
Chi-square p = 0.55

CBS;
844ins68

indel
(no rs#)

WT 985 (52.9) 521 (52.8) 245 (52.7) 219 (53.3)
HT 742 (39.8) 396 (40.2) 188 (40.4) 158 (38.4)
MT 135 (7.30) 69 (7.00) 32 (6.90) 34 (8.30)

Phi = 0.04
Chi-square p = 0.80

CBS;
G9276A

(novel SNP no rs#;
21:43071860)

GG 966 (51.9) 517 (52.4) 232 (50.0) 217 (52.9)
GA 750 (40.3) 391 (39.7) 199 (42.9) 160 (39.0)
AA 144 (7.80) 78 (7.90) 33 (7.10) 33 (8.10)

Phi = 0.04
Chi-square p = 0.73

844ins68, insertion of 68 base pairs at nucleotide position 844; A, adenine (nucleotide); Ala, alanine; Asp,
aspartic acid; C, cytosine (nucleotide); CBS, cystathionine β-synthase gene; G, guanine (nucleotide); Gly, glycine;
HT, heterozygous; ID, identity; Ile, isoleucine; indel, insertion/deletion; MT, homozygous insert; MTHFR,
methylenetetrahydrofolate reductase gene; MTR, methionine synthase gene; rs, reference SNP; SNP, single nucleotide
polymorphism; T, thymine (nucleotide); Thr, threonine; Val, valine; WT, homozygous non-insert. Genotype
information expressed here is for individuals for whom we had genetic and BP data available. * Individuals with
H-type hypertension are a subset of those presenting with hypertension for whom we had BP and Hcy data, with
Hcy being >10 µmol/L.
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4. Discussion

Here, we report, for the first time, an H-type hypertension prevalence of 23% among
all participants and a 45% prevalence among those with hypertension in a relatively large
sample of Black South Africans recruited from both rural and urban communities. We
observed that BP related positively and independently to Hcy, which may be due to the
adverse effects of Hcy on the measures of vascular structure and function reported here.
To complement our investigation, we report on Hcy-related polymorphisms and conclude
that, of those considered, the prevalence of the MTHFR 677 T allele was greater in those
presenting with H-type hypertension.

4.1. Homocysteine and Blood Pressure—H-Type Hypertension

Approximately half of the participants (aged 51.0 ± 7 years) were hypertensive,
with a positive relationship observed between Hcy and BP; however, these correlations
diminished after adjustments. Nonetheless, both SBP and DBP values rose progressively
over increasing Hcy quartiles, and DBP even exceeded the upper BP range (<90 mmHg)
in the highest Hcy quartile, regardless of adjustments. These findings, together with the
large effect sizes observed between BP sub-groups, confirm that Hcy plays a meaningful
role in both SBP and DBP levels, irrespective of age, sex, BMI and GGT, in Black South
African adults. Previous studies reported a similar association between Hcy and BP in
adults [17,18] as well as in Black South African adolescents [19].

The participants in the hypertension sub-group also had higher Hcy concentrations,
with a concomitant increase in the prevalence of H-type hypertension. The prevalence of
H-type hypertension observed here reflects that reported by Towfighi et al. [3], who re-
corded a 48% prevalence among American adults, less than the 75% and higher prevalence
reported in Chinese adults [20,21], reaffirming the importance of multi-ethnic investigations
before evaluating intervention possibilities. The pathogenesis of H-type hypertension still
needs further exploration. Because environmental and genetic factors as well as their
interactions could contribute to the pathophysiology of H-type hypertension and resistant
hypertension, investigations should incorporate both [2].

4.2. H-Type Hypertension and Genetic Determinants

Our findings provide an evidence-based reference for H-type hypertension in Black
South Africans, with the possibility of the MTHFR C677T polymorphism becoming a
new marker for the clinical evaluation of H-type hypertension in this population. Our
results add to the body of evidence indicating that MTHFR C677T could be related to
H-type hypertension susceptibility [22]. The frequency of the CC genotype of the MTHFR
polymorphism, known to have protective qualities against hypertension [2,23], was the
lowest in those with H-type hypertension, resulting in the T allele being the most prevalent
in this BP sub-group. Those carrying genes predisposing them to hypertension and Hcy-
related diseases could benefit from dietary interventions personalized according to their
genetic make-up [15].

A recent study reported that patients treated with folic acid doses, individualized
according to their MTHFR C677T genotype, exhibited reduced BP and Hcy and an improved
prothrombotic status in those with H-type hypertension [24]. The MTHFR 677T allele causes
a decrease in the essential cofactor flavin adenine dinucleotide’s affinity, with riboflavin as
a precursor, demonstrating higher BP values and increased hypertension risk. Genome-
wide studies [25] and a randomized control trial [26] reported substantial reductions in BP
after riboflavin (vitamin B2) supplementation, more so than those with anti-hypertensive
treatment alone. These studies emphasize an alternative and safe treatment opportunity
for resistant hypertension through vitamin supplementation. Identifying genetic risk
factors opens the possibility for risk stratification and personalized prevention as well
as treatments such as genotype-guided dietary intake and even possible targeted gene
therapy opportunities.
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4.3. Hcy with Vascular Function and Inflammation Markers

As expected, we confirmed positive correlations between Hcy and some preclinical
markers of vascular function and inflammation. However, after statistical adjustments, the
associations diminished, with only HR remaining. When evaluating the cardiovascular
markers over Hcy quartiles, peripheral arterial stiffness (cr-PWV) and vascular inflamma-
tion (ICAM-1) exceeded normal reference intervals (as provided by Bia and Zócalo [27]
and Rothlein R et al. [28], respectively), corresponding to the greatest Hcy concentration
quartile examined.

Elevated Hcy values have been indicated in both arterial stiffness and vascular in-
flammation, leading to endothelial dysfunction and hypertension development [29]. The
postulated mechanisms involved include Hcy interfering with the production of vascular
regulating nitric oxide and deregulating the signaling pathway associated with hydrogen
sulfide (H2S), resulting in endothelial imbalance [29]. A Chinese longitudinal community-
based study reported Hcy to be positively associated with central arterial stiffness (carotid
femoral-PWV) but not with peripheral arterial stiffness (cr-PWV), as observed in our
study [30]. Further research is needed to evaluate the relationship between Hcy and
different measures of arterial stiffness in multi-ethnic populations.

Hcy has been associated with vascular inflammation either directly or indirectly via
the production of reactive oxygen species [31] and has also been indicated to initiate
inflammatory responses within the vascular smooth muscle cells by stimulating CRP pro-
duction [32]. Moreover, Barroso, Kao [30] reported that, in endothelial cells, the precursor
of Hcy, S-adenosylhomocysteine, activates nuclear factor kappa B (NF-κB) and initiates the
expression of pro-inflammatory molecules, including interleukin-1, ICAM-1, VCAM-1 and
E-selectin. Durga, Van Tits [33], however, reported that a noticeable lowering of elevated
Hcy concentrations did not influence inflammatory responses involving CRP, ICAM-1,
oxidized LDL-C or autoantibodies against oxidized LDL-C. Further research is needed
to clarify Hcy’s role in vascular inflammation, because one of the enzymes in the Hcy
transsulfuration pathway, CBS, is a major source of vascular H2S, which inhibits vascular
inflammation by inhibiting the NF-kB pathway [29].

4.4. Treatment and Recommendations

The least invasive and most cost-effective way of potentially manipulating Hcy is
through diet and lifestyle changes. Consequently, the relationships between Hcy—and its
genetic markers—and markers of vascular function should be further explored to confirm
causality in trials where Hcy is lowered. Because African Americans and Asians have a
3–4 times higher risk of angioedema than Whites as a side effect of using anti-hypertensive
medicine [11], alternative treatments are therefore necessary for those experiencing adverse
pharmacological consequences. The Dietary Approaches to Stop Hypertension (DASH)
lifestyle recommends a low-fat diet that is high in fruits, vegetables and low-fat dairy. The
DASH lifestyle has been reported to reduce Hcy concentrations in addition to lowering
BP [34,35]. Moreover, several other lifestyle factors are known to reduce BP, namely, weight
loss, lowering sodium intake, regular physical activity and limiting alcohol consump-
tion [11] and should also be investigated along with diet to lower Hcy and contingent
CVD risk.

4.5. Limitations, Strengths and Future Studies

The large sample size reported here was critical, as it ensured the means to detect
small changes in BP. This study could assess some associations, but, unfortunately, due
to its cross-sectional nature, no inferences concerning the causal relationship of high Hcy
and hypertension can be made. To examine any possible causal effect of Hcy lowering
and BP, we suggest controlled intervention trials. Future research should investigate the
interactions between dietary factors and Hcy-related genetic variations, especially the
MTHFR C677T polymorphism, in relation to BP and markers of vascular structure and
function or hard clinical outcomes. Thereafter, dietary supplementation trials stratified
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for genotypes should be conducted to evaluate their efficacy. Markers such as intima
media thickness and carotid femoral-PWV, the “golden standard” measure for arterial
stiffness, are not evaluated and should be included in future studies. H-type hypertension
is an old concept with a new label, drawing attention to the relationship between Hcy and
hypertension. By embracing the new single term, researchers will increase the searchabi-lity
and visibility of articles still referring to HHcy and BP separately [36]. The use of the term
“H-type hypertension” should be encouraged in future studies of this kind, which should
include different ethnicities across their respective geographical regions to broaden the
value and understanding of research on H-type hypertension.

5. Conclusions

This study has demonstrated a potentiating relationship between Hcy and raised BP,
which could lead to safe, tailored prospects for CVD prevention. For example, Hcy can be
lowered by lifestyle modifications including dietary supplementation with folate and B-
vitamins. Such treatment can ultimately improve BP outcomes and subsequent stroke risk.
Patients with elevated Hcy, hypertension or H-type hypertension should be consi-dered as
candidates for screening and lifestyle changes. These modifications, together with appro-
priate supplementation, can forestall hypertension in pre-hypertensives—especially using
folic acid and riboflavin in addition to, or as alternatives to, expensive pharmacological
medications when they are unavailable, ineffective or induce adverse side effects. More-
over, this study indicates that specific genetic factors may dictate different prevention or
treatment strategies. Future investigations should further explore the relationships between
determinants of Hcy, especially gene–diet interactions, in relation to BP and markers of
the vascular function of clinical outcomes such as stroke, to determine potential conflated
associations informing intervention strategies.
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Abstract: Hypertension in Mexico has a prevalence of 32% and is the second most widespread cause
of consultation in primary care. Only 40% of patients in treatment have a blood pressure (BP) below
140/90 mmHg. This clinical trial aimed to compare the effectiveness of the combination of enalapril
and nifedipine versus the empirical treatment for hypertension in patients with uncontrolled BP in a
primary care center in Mexico City. Participants were randomized to treatment with enalapril and
nifedipine (combination group) or to continue with the empirical treatment. Outcome variables were
BP control, therapeutic adherence, and adverse effects at 6 months of follow-up. At the end of the
follow-up period, BP control (64% versus 77%) and therapeutic adherence (53% versus 93%) showed
an improvement from the baseline values in the group that received the combination treatment. BP
control (51% versus 47%) and therapeutic adherence (64% versus 59%) in the group who received the
empirical treatment did not show improvement from the baseline to follow-up. Combined treatment
was 31% more efficacious than conventional empirical treatment (odds ratio = 3.9), which yielded
an incremental clinical utility of 18% with high tolerability extent among patients in primary care in
Mexico City. These results contribute to the control of arterial hypertension.

Keywords: hypertension control; primary care; clinical trial

1. Introduction

Hypertension is a disease that contributes most to all-cause morbidity and mortality
worldwide [1,2]. Hypertension can be detected in the community and in primary care
settings, and several effective medications are available at low cost to treat patients with
hypertension and reduce the risk of sequalae. Improving effective treatment coverage for
patients with hypertension is a goal of many global, regional, and national initiatives and
programs [3]. The care of hypertension, including detection, treatment, and management,
varies substantially around the world and even within the same region of the world. In
Mexico, the National Health and Nutrition Survey 2020 (ENSANUT 2020) reports that
the prevalence of hypertension in Mexican adults was 49.4%, using the American Heart
Association (AHA) classification as a reference. Among these adults, 70% were diagnosed
with hypertension at the time of the survey. According to the JNC-7 classification (used in

98



J. Cardiovasc. Dev. Dis. 2023, 10, 243

ENSANUT 2020), only 30.2% of Mexican adults had hypertension and 51% of them were
unaware of having this disease.

Hypertension can be detected at primary care and low-cost treatments can effectively
control it. Although lifestyle modification (nonpharmacological treatment) is important, it
has been very difficult to apply it at the individual and population level, and is often not suf-
ficient by itself to control blood pressure. Therefore, effective pharmacological management
is essential for controlling hypertension. However, with the increasing number and diver-
sity of pharmacological agents available that encompasses several key and complementary
drug classes, treatment options are now complex and need to be simplified [4]. Furthermore,
other barriers to an effective antihypertensive treatment involve the healthcare providers,
who may lack a complete understanding of the appropriate use of the different pharmaco-
logical classes and individual agents, be reluctant to use standardized treatment algorithms,
and are driven by “clinical or therapeutic inertia” (the phenomenon of not initiating therapy
immediately), which delays dose increases or the addition of other pharmacological agents
when indicated. At the primary care level, factors, such as the lack of accessibility to health
centers and clinics, the limited availability of affordable and reliable drugs, the inability
to maintain follow-up and treatment programs once initiated, and budgetary constraints
preventing the widespread use of antihypertensive drugs, all contribute to low rates of
effective treatment [5]. In Mexico, the treatment of arterial hypertension is regulated by the
Mexican Official Standard NOM_ 030-SSA2 for the prevention, treatment and control of
arterial hypertension and clinical practice guidelines. However, in many cases, patients
receive the empirical treatment, which is defined as “the treatment of diseases by means
whose usefulness has been demonstrated by the experience of the primary care physician”,
without strictly following the current clinical practice guidelines, and includes four main
classes of antihypertensive drugs: angiotensin-converting enzyme inhibitors, angiotensin
receptor blockers, calcium channel blockers, and thiazide and thiazide-like diuretics. These
drugs are generally prescribed in monotherapy. Any of these four classes of antihyper-
tensive drugs can be used as initial treatment unless there are specific contraindications.
However, to achieve blood pressure control (systolic blood pressure < 140 mmHg and
diastolic blood pressure < 90 mmHg), effective hypertension treatment usually requires at
least two antihypertensive medications from different complementary classes [6–10].

When combining antihypertensive drugs, the aim should be to maximize the effects
with a decrease in adverse reactions. The combination chosen for this study is an angiotensin-
converting enzyme inhibitor “enalapril” and a calcium channel blocker “nifedipine” which
has an antihypertensive effect and the potential to mitigate side effects of the substances
given separately. The combination based on enalapril and nifedipine is justified on sev-
eral pharmacological, therapeutic, and clinical grounds [11]. This combination therapy
is metabolically neutral and has been shown to offer consistent advantages in relation to
new-onset diabetes mellitus when compared to other classical combination therapy, such
as beta-blockers and thiazide diuretics [12]. This combination also presents an important
clinical advantage in terms of tolerability, as it favors a significant reduction in the adverse
effects of one component (ankle edema favored by calcium channel blockers) through the
antagonistic peripheral vascular actions of angiotensin-converting enzyme inhibitors [13].
Moreover, the fixed-dose combination of angiotensin-converting enzyme inhibitors and
calcium channel blockers may offer an important additional advantage in relation to patient
compliance when compared to the separate administration of the two drugs, while main-
taining blood pressure control and renal and cardiovascular protection efficacy [14]. Both
enalapril and nifedipine are antihypertensive drugs that are included in the basic drug list
at primary care and are in continuous supply due to their low cost in Mexico, representing
an early antihypertensive response because it is made up of first-line drugs that simplify the
treatment regimen with the benefit of contributing to therapeutic adherence.

The combination of enalapril and nifedipine has not been studied in relation to a treat-
ment scheme, which is highly variable and is based on the experience of the primary care
physician (empirical treatment). Although the effectiveness of drug combinations for the
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management of arterial hypertension has been demonstrated in several studies, the specific
circumstances at primary care have not been evaluated. Prior to this clinical trial, no direct
comparison studies between empirical treatment and this fixed-dose combination at primary
care have been conducted that would demonstrate if the combination of enalapril and nifedip-
ine is superior to non-fixed free combinations. The aim of this work was to compare the
effectiveness of the combination of enalapril and nifedipine for the treatment of hypertension
versus empirical treatment, with respect to blood pressure control, therapeutic adherence, and
adverse effects, in patients with uncontrolled blood pressure at primary care.

2. Materials and Methods
2.1. Study Design and Patients

The study design was a randomized clinical trial. It was an experimental study com-
paring two groups with the aim to evaluate the antihypertensive effectivity of a combined
treatment, while describing therapeutic adherence and any possible adverse effects. The
combined treatment consisted of enalapril (one tablet of 10 mg every 12 h) and nifedipine
(one tablet of 10 mg every 12 h).

The participants included in the study were selected from a group of patients with
a hypertension diagnosis that attended “Dr. Manuel Escontria” Health Center in Mexico
City. All participants agreed to take part in the study by signing an informed consent.
Participants were selected in a non-probabilistic manner with consecutive cases and random
assignment to the intervention groups. This was a prospective, randomized, open, blinded-
endpoint study. Inclusion criteria considered patients, both male and female, over 40 years
of age who had a systolic blood pressure between 140 and 180 mmHg and a diastolic
blood pressure between 90 and 110 mmHg. All patients had to be recently diagnosed with
hypertension or based on a medical opinion, must benefit from a change in treatment.

Exclusion criteria considered any patient who had suffered an acute myocardial in-
farction in prior months, who had arrhythmias, unstable angina, heart failure, diagnosis
of a cerebrovascular accident or renal failure. For fertile women, anyone taking contra-
ception or pregnant were excluded, because oral contraceptives can prevent an effective
antihypertensive treatment in certain patients [15]. Additionally, any patient taking an
immunosuppressive treatment, with known hypersensitivity to calcium channel blockers
or angiotensin converting enzyme inhibitors, were excluded from our study.

Any patient who voluntarily decided to leave, abandoned the study, or presented
adverse effects that could put their health at risk, was eliminated.

This study was approved by the Bioethics Committee of our institution (protocol number
201626). It was carried out in accordance with the provisions contained in the General Health
Law of Mexico and the ethical principles contained in the Declaration of Helsinki.

2.2. Sample Size and Sampling Method

The sample size was calculated considering the proportion of patients who are ex-
pected to experience a reduction in their blood pressure after application of a combined
antihypertensive therapy treatment (40%) and the proportion of patients whose blood
pressure figures will be reduced by continuing with an empirical treatment (25%). The
sample size was calculated using the 2-proportion comparison formula for experimental
studies (Equation (1)).

n =

[
zα

√
2p(1 − p) + zβ

√
p1(1 − p1) + p2(1 − p2)

p1 − p2

]2

(1)

A confidence level of 95% and a power of 80% were considered. The calculated
minimum sample size was 145.86, rounded to 146 subjects for both the experimental group
and the non-experimental group. Though only 292 patients were required, a total of
328 participated in this study.
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The sampling process was carried out by a group of 12 primary care physicians and
each of them selected a minimum of 30 patients via consecutive sampling. Allocation of
the patients to each intervention group was randomized.

2.3. Study Protocol

Participating patients signed an informed consent after one of the physicians explained
the purpose of this study. They could be either newly diagnosed as hypertensive or those
who, in the opinion of their doctor, could benefit from a change in treatment based on the
proposed combined therapy.

Patient monitoring lasted 6 months, during which 5 control visits were carried out
(Figure 1). In the initial visit (V1), training was conducted and recorded, the medical team
was formed, and they were given instructions on the management of the medication. The
data collection formats were tested, and patients were selected and randomly assigned to
the two intervention groups. The following visits were carried out every two months. In
the first bimester visit (V2), the pharmacological treatment was started in the intervention
groups. The next two visits (V3 and V4) were the follow-up of the treatment, and the final
visit (V5) conducted was the last follow-up and closure of our study.
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Figure 1. Flow chart of the study protocol.

During each visit, blood pressure, weight and height were recorded; and laboratory
tests, including glycemia, glycated hemoglobin, total cholesterol, triglycerides, creatinine,
and uric acid were conducted. At the start and the end of the study, systematic analytical
controls were registered. The possibility of presenting adverse effects and their degree were
recorded whenever they presented. Blood pressure was measured in the morning, before
taking the medication, after resting for 5 min, and in the dominant arm. Two measurements
were performed 2 min apart in a sitting position, and the average of both was recorded. In
each consultation, the results of the Morisky–Green–Levine test for therapeutic adherence
and notification of suspected adverse drug reactions were applied and recorded in the
patient’s medical record.
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2.3.1. Assessment of Blood Pressure, Vital Signs, Anthropometric Variables, and
Biochemical Variables

All blood pressure measurements were conducted using an automatic and validated
electronic device (Omron M4). All anthropometric measurements were performed using a
scale with a validated digital stadiometer (Seca 213). All laboratory samples were processed
in the laboratory of the health center using automated equipment (Cobas c11).

2.3.2. Assessment of Therapeutic Adherence and Adverse Reactions

The Morisky–Green–Levine test consists of four questions where it is specified, accord-
ing to the value of the answers obtained, if the patient has had therapeutic adherence to a
pharmacological treatment or if the adherence is not adequate. In all cases, the questions
must be answered with a “yes” or a “no”. Adherents (ADT) are those who answer NO to
the four questions and non-adherents (NADT) are those who answer YES to one or more
questions. The test has shown a good correlation between adherence and blood pressure
control [16].

In the event of any adverse reaction, the observation was conducted during the clinical
interview using the Suspected Adverse Reactions Report format from the National Center
for Pharmacovigilance in Mexico.

2.3.3. Study Variables

Systolic blood pressure and diastolic blood pressure were measured in mmHg as
described above. The main outcome was controlled blood pressure (yes or no), defined as
systolic blood pressure < 140 mmHg and diastolic blood pressure < 90 mmHg. Adherence
to treatment and adverse reactions were the secondary outcomes. The intervention variable
was the antihypertensive treatment (combined or empirical treatment).

Anthropometric variables were age (years), sex (female or male), body weight (kg),
height (cm), and body mass index (kg/m2). Clinical variables included comorbidities
(diabetes, obesity, metabolic syndrome, and dyslipidemia). Blood chemistry laboratory
variables included glucose (mg/dL), glycated hemoglobin (%), uric acid (mg/dL), creati-
nine (mg/dL), total cholesterol (mg/dL), and triglycerides (mg/dL).

2.4. Statistical Analysis

Most continuous variables did not have a normal distribution (Kolmogorov–Smirnov
test with p < 0.05). Therefore, these variables were reported as median (25th percentile—
75th percentile) and were compared between treatments using the Mann–Whitney U
test. Within each treatment group, the medians evaluated at 2, 4, and 6 months were
compared against the evaluation baseline using the Wilcoxon test. The study variables
were compared with respect to uncontrolled hypertension (controlled vs. uncontrolled)
using the Mann–Whitney U test (ordinal variables) or Chi-square test (nominal variables).
To evaluate the efficacy of the combined treatment, we calculated several indices. For each
treatment, we assessed the incidence of controlled blood pressure (number of patients with
controlled blood pressure/total number of patients who received the treatment), expressed
as percentage. Then, we calculated the clinical utility as the difference between incidence
in the combined treatment—incidence in the empirical treatment (expressed as percentage),
which corresponds to the absolute risk reduction (ARR), expressed as a proportion. The
relative risk (RR) was calculated as incidence of combined treatment/incidence of empirical
treatment. The number required to be treated (NRT) was calculated as 100%/clinical utility.
Statistical analysis was performed using SPSS Statistics 21.0 (IBM Corp., Armonk, NY, USA)
and Microsoft Excel 2017.
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3. Results
3.1. Baseline Characteristics

The characteristics of the study participants are shown in Table 1. Both treatment
groups were similar, except for a lower proportion of overweight or obese patients in the
group with combined treatment compared to the group with empirical treatment.

Table 1. Sociodemographic and clinical characteristics of the study participants at baseline. Data are
shown as median (percentile 25—percentile 75) or absolute value (percentage).

Variable Empirical Treatment (N = 161) Combined Treatment (Enalapril + Nifedipine)
(N = 167) p Value

Age (years) 61 (53–70) 62 (55–71) 0.501
BMI (kg/m2) 29.2 (26.3–32.8) 28.6 (24.7–32.0) 0.092
Female sex 120 (75%) 123 (74%) 0.855

Overweight or obese 139 (86%) 122 (73%) 0.003
Diabetes mellitus 91 (56%) 94 (65%) 0.966

Dyslipidemia 58 (36%) 69 (41%) 0.325
Metabolic syndrome 72 (45%) 75 (45%) 0.972

Uncontrolled diabetes 43 (47%) 34 (36%) 0.126
Uncontrolled dyslipidemia 58 (36%) 69 (41%) 0.325

Uncontrolled metabolic syndrome 74 (45%) 75 (45%) 0.972

Table 2 shows a detailed description of the prescribed drugs in both the study groups.
Compared to the group with empirical treatment, the group with combined treatment had
more patients with prescribed oral hypoglycemic drugs (glibenclamide), less patients with
other antihypertensive drugs (captopril, metoprolol, telmisartan and losartan), and less
patients with diuretic prescription (hydrochlorothiazide, and chlorthalidone). There were
no significant differences in other prescribed drugs.

Table 2. Prescribed drugs during the study. Data are shown as absolute value (percentage).

Variable Empirical Treatment Enalapril + Nifedipine p Value

Acetylsalicylic acid 19 (12%) 16 (10%) 0.515
Metformin 74 (45%) 91 (54%) 0.098

Glibenclamide 20 (12%) 42 (25%) 0.003
Linagliptin 1 (1%) 1 (1%) 0.742
Acarbose 3 (2%) 3 (2%) 0.640

Fast insulin 2 (1%) 4 (2%) 0.360
Glargine insulin 39 (24%) 29 (17%) 0.126

NPH insulin 1 (1%) 2 (1%) 0.514
Captopril 49 (30%) 0 (0%) <0.001

Hydrochlorothiazide 6 (4%) 0 (0%) 0.013
Chlorthalidone 4 (3%) 0 (0%) 0.057

Metoprolol 26 (16%) 0 (0%) <0.001
Propranolol 2 (1%) 1 (1%) 0.486
Telmisartan 12 (7%) 0 (0%) <0.001

Losartan 44 (27%) 0 (0%) <0.001
Alopurinol 0 (0%) 2 (1%) 0.258
Pravastatin 33 (21%) 34 (20%) 0.542

Atorvastatin 5 (3%) 6 (4%) 0.525
Bezafibrate 17 (11%) 25 (15%) 0.232
Verapamil 1 (1%) 0 (0%) 0.491

Furosemide 1 (1%) 0 (0%) 0.491

3.2. Outcome Variables and Treatment Efficacy

Table 3 shows the results of the outcome variables. At baseline, compared to the
empiric treatment group, the group with the combined treatment had a slightly larger
proportion of patients with controlled blood pressure (51 vs. 64%), less treatment adherence
(64 vs. 53%), and less adverse reaction (2 vs. 1%). However, after 6 months of treatment,
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compared to the empiric treatment group, the group with the combined treatment had a
notably larger proportion of patients with controlled blood pressure (47 vs. 77%), more
treatment adherence (59 vs. 93%), and less adverse reaction (2 vs. 1%).

Table 3. Outcome variables. Data are shown as absolute value (percentage).

Baseline Empirical Treatment Enalapril + Nifedipine p Value

Controlled blood pressure
0.022Yes 82 (51%) 106 (64%)

No 79 (49%) 61 (36%)
Treatment adherence

0.038Yes 103 (64%) 88 (53%)
No 58 (36%) 79 (74%)

Adverse reactions
0.298Yes 3 (2%) 1 (1%)

No 158 (98%) 166 (99%)

After 6 months of treatment Empirical treatment Enalapril + nifedipine p value

Controlled blood pressure
<0.001Yes 75 (47%) 129 (77%)

No 86 (53%) 38 (23%)
Treatment adherence

<0.001Yes 95 (59%) 155 (93%)
No 66 (41%) 12 (7%)

Adverse reactions
0.298Yes 3 (2%) 1 (1%)

No 158 (98%) 166 (99%)

Figure 2 shows the estimation procedure of treatment efficacy for hypertension con-
trol of the combined treatment (enalapril plus nifedipine) versus the empirical treatment
group. At baseline, the combined treatment was 12.5% superior to the empirical treatment
(63.5–50.9%), which corresponds to an absolute risk reduction ARR = 0.125, with a relative
risk (63.5/50.9) = 1.246, and an odds ratio = ((106 × 79)/(82 × 61) = 1.67). After 6 months
of treatment, the combined treatment was 30.7% superior (77.2–46.6%), which corresponds
to an absolute risk reduction of 0.307, a relative risk = 77.2%/46.6% = 0.307, and an odds
ratio = ((129 × 86)/75 × 38) = 3.89). The relative risk (of controlling blood pressure)
increased from 1.246 to 1.658 after 6 months of combined treatment, raising the clinical
protective effect by 41.2% (24% to 64%), leading to a net increase in clinical utility of 18.1%
(12.5% to 30.7%). This clinical utility indicates that the number of patients required to be
treated (NRT) to control blood pressure decreased from eight to three patients.

3.3. Anthropometric, Blood Pressure and Laboratory Variables Follow-Up

Figure 3 shows that systolic blood pressure was higher in the empirical treatment
group compared to the combined treatment group at all assessment times (including
baseline). In both groups, the antihypertensive treatment decreased the systolic blood
pressure at all times of follow-up compared to baseline.

Diastolic blood pressure was larger in the empirical treatment group compared to the
combined treatment group at all assessment times (Figure 3). The combined treatment
group had a significant decrease from the baseline at all the follow-up months. The
combined treatment group had the largest decrease with respect to baseline after six
months, while the empirical group remained unchanged compared at the same time.

Body weight was larger in the empirical treatment group compared to the combined
treatment throughout the study (Figure 3). Compared to baseline, changes in body weight
occurred in both groups after four months of follow-up, and the increase remained in the
empirical treatment group.
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Regarding body mass index (Figure 3), compared to baseline, significant changes
presented after four months of follow-up in both the groups; the empirical treatment group
only presented changes at four months in relation to the combined treatment group at the
same time.

Figure 4 shows the assessment of serum glucose, glycated hemoglobin, total choles-
sterol, triglycerides, uric acid, and creatinine. Glucose did not show significant changes in
the combined treatment group during the study, but for the empirical treatment group, an
increase was observed at 4 and 6 months of months of treatment. Glycosylated hemoglobin
showed changes in the combined treatment group at 2, 4 and 6 months compared to the
empirical treatment group. The combined treatment group presented changes at 2, 4 and 6
months in relation to the baseline of the same group, while the empirical treatment group
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showed changes at 4 and 6 months compared to baseline in the same group. Cholesterol
was higher in the combined treatment group and showed no changes during the study.
The empirical treatment group showed a slight decrease at 2, 4 and 6 months in relation
to the combined treatment at the same time. Triglycerides showed a slight increase at
2, 4 and 6 months in the combined treatment group compared to baseline, while in the
empirical treatment group changes were only recorded at 2 months with a slight decrease as
compared to the combined treatment. At 6 months of evaluation, the combined treatment
group had a slight decrease in uric acid levels in reference to the baseline of the same group,
while the empirical treatment showed a decrease at 4 and 6 months with respect to the
baseline of the same group. Serum creatinine in the empirical treatment group showed a
decrease at 2 and 4 months with respect to the combined treatment group and a decrease at
6 months in the combined treatment group with respect to the beginning of the study.
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4. Discussion

The main aim of this work was to assess the efficacy of an intervention to improve the
arterial blood pressure control in primary care patients diagnosed with systemic arterial
hypertension by initiating (or changing) treatment to a fixed combination of enalapril and
nifedipine and comparing it with the empirical treatment. The results show that after
6 months of treatment, the combination of enalapril and nifedipine improved the control of
arterial blood pressure compared with the conventional empirical treatment. The combined
therapy also improved the adherence without adverse effects. An important contribution
is that this research was performed in the primary care setting, which is one of the largest
settings that treats most of the population but has low rates of controlled blood pressure.
In regions such as Latin America, low blood pressure control rates are a significant public
health issue, considering the high hypertension prevalence, which is about 30 to 45% in the
general population and this tend to increase rapidly with age [17].
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For a long time, clinicians have been overconfident regarding monotherapy. Guidelines
from the European Society for Hypertension (ESH), European Society of Cardiology (ESC)
and the Joint National Committee 8 (JNC 8) from the United States of America indicate that
most patients will need two or more medications to control arterial blood pressure and shed
light on recommendations about possible combinations [18]. Moreover, it is recommended
to reduce the number of pharmaceutical dosage forms throughout the combination of fixed
doses [19]. A combined therapy is recommended to patients with high cardiovascular risk
and subclinical organic damage, as well as those irresponsive to monotherapy [20]. Several
clinical trials have documented that the physician’s decision is one of the main reasons
contributing to the lack of update in the antihypertensive treatment and thus in the control
of blood pressure [21–23].

The combined therapy is aimed to provide a synergistic effect, more tolerability, higher
patient’s therapeutic adherence [24], simplify the treatment, improve the blood pressure
control, and reduce the cardiovascular morbidity and mortality. Nowadays, double or triple
drug combinations are available to hypertensive patients with good clinical results, that is,
adequate therapeutic adherence and low profile of adverse effects [25]. The administration
of an efficacious treatment is key to reducing the risk of other diseases related to systemic
arterial hypertension, such as myocardial infarction and cerebrovascular event [26]. Despite
these well-established concepts, systemic arterial hypertension is still treated inadequately
around the world [27].

This study also contributes to a change in the way general practitioners prescribe
medications, since it is common to find physicians who are reluctant to modify or increase
the antihypertensive treatment in patients who present non-controlled blood pressure [28].
Therefore, to overcome this reluctance in upgrading medication, it is important for physi-
cians and healthcare providers to become conscious about the elevated risk in those patients
who do not reach the minimum goal of blood pressure within the first year of treatment.
The use of educational programs also has an important role in enhancing the conduct of
physicians during systemic arterial hypertension treatments [29].

The lack of adherence to antihypertensive therapy is probably the most important rea-
son for non-controlled arterial blood pressure and it is influenced by multiple interrelated
factors [30]. To understand the lack of therapeutic adherence and its associated factors, it is
important to determine correct intervention strategies. There are several factors related to
poor control of arterial blood pressure, for example, those related to patients or the role
of the health system [29]. This study has shown that the combination of enalapril and
nifedipine from the beginning of the treatment favors therapeutic adherence.

Follow-up laboratory tests were performed on all patients who participated in this
study to describe the biochemical changes during the course of the combined therapy.
Although the laboratory results were statistically significant for some analytes, these did
not result in a change of the clinical state of the patients and the variations were minimal.
Further studies are required to test if the combination of enalapril and nifedipine, as a
treatment for systemic arterial hypertension, has any beneficial effects in other metabolic
variables usually monitored by the blood biochemical tests in primary care.

It seems that drug combinations, not restricted to hypertensive drugs but also those
with statins and antidiabetics, will be widely used in chronic and degenerative diseases
in the near future [25]. Combined antihypertensive therapies are more effective, better
tolerated, safer and has less economic impact than monotherapy [31], however, there is a
lack of evidence to guide the selection of drugs under consideration of different populations,
according to age, sex, ethnic group, and comorbidities. We hypothesize that the assessed
drug combination may prevent complications in the long term.

A double-blind study was not performed, since no placebo was used and patients
with arterial hypertension with different degrees of evolution and clinical complications
were included, thereby making it necessary to test the intervention with groups with
greater control and stratification to standardize the treatment. Furthermore, although
the allocation of patients was randomized, the fact that the selection of patients could be
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decided based on medical opinion increased the risk of bias in the selection process. We
do not know the impact of this intervention on other clinical aspects, such as biochemical
parameters, adherence to treatment of diabetes and other comorbidities, survival or risk of
hospitalization; these factors should be explored in future research.

5. Conclusions

The combination of enalapril and nifedipine for the treatment of hypertension is
more effective in controlling blood pressure than the empirical treatment in patients with
uncontrolled blood pressure in primary care. After six months of treatment, the combination
showed an increase of 41.2% in the clinical protector effect and an increase of 18.1% in net
clinical utility Treatment adherence also improved in the patients undergoing the combined
treatment, without any difference in adverse reactions. These findings support the use
of simple therapeutic schemes for an easier, more accessible, and effective treatment of
hypertension in primary care patients.
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Abstract: The endothelium is composed of a monolayer of endothelial cells, lining the interior surface
of blood and lymphatic vessels. Endothelial cells display important homeostatic functions, since
they are able to respond to humoral and hemodynamic stimuli. Thus, endothelial dysfunction has
been proposed as a key and early pathogenic mechanism in many clinical conditions. Given the
relevant repercussions on cardiovascular risk, the complex interplay between endothelial dysfunction
and systemic arterial hypertension has been a matter of study in recent years. Numerous articles
have been published on this issue, all of which contribute to providing an interesting insight into the
molecular mechanisms of endothelial dysfunction in arterial hypertension and its role as a biomarker
of inflammation, oxidative stress, and vascular disease. The prognostic and therapeutic implications
of endothelial dysfunction have also been analyzed in this clinical setting, with interesting new
findings and potential applications in clinical practice and future research. The aim of this review is
to summarize the pathophysiology of the relationship between endothelial dysfunction and systemic
arterial hypertension, with a focus on the personalized pharmacological and rehabilitation strategies
targeting endothelial dysfunction while treating hypertension and cardiovascular comorbidities.

Keywords: arterial hypertension; endothelial dysfunction; occupational medicine; heart failure;
chronic disease; arginine; rehabilitation; exercise; outcome; cardiovascular disease

1. Introduction

Systemic arterial hypertension (SAH) is the substrate of many cardiovascular and
systemic disorders, leading to structural or functional impairment of the arterial vasculature
and/or the organs it supplies [1]. Main end organ damage due to uncontrolled hypertension
may affect the brain, heart, kidneys, central and peripheral arteries, and the eyes [2]. SAH
has emerged as a major health problem because of the progressive growth in the ageing
population coupled with the increased prevalence of predisposing risk factors, such as
obesity, salt consumption, physical deconditioning, and inactivity [3]. The pathophysiology
of hypertension is particularly complex and multifactorial and may be associated in a
bidirectional relationship with endothelial dysfunction [4].

The endothelium is a thin layer of flat polygonal cells strategically located between
the bloodstream and the vascular smooth muscle wall, exerting essential functions for the
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maintenance of vascular homeostasis [5]. Endothelial dysfunction is a phenotypic modifica-
tion in the endothelium, leading to exalted prothrombotic and proinflammatory status [6].
The interaction between SAH and endothelial dysfunction may act at different levels: firstly,
the compromised endothelial cells promote an altered reactivity of the vascular smooth
muscle tone; secondly, the prothrombotic and proinflammatory phenotype induced by
endothelial cell dysfunction amplifies the systemic effects of arterial hypertension, thus
leading to end organ damage [7]. Currently, it is commonly believed that the relationship
between endothelial dysfunction and hypertension is not linear, as each factor could in-
fluence the other, giving rise to a pathogenetic vicious circle [4]. Original research has
documented that the integrity of endothelial cell function may control vascular smooth
muscle tone in response to various agents, including acetylcholine, calcium ionophore,
adenosine triphosphate (ATP), adenosine diphosphate (ADP), substance P, bradykinin,
histamine, and thrombin [8]. Additionally, endothelial cells dynamically secern a plethora
of mediators, including endothelins, cyclooxygenase-dependent vasoconstrictors, and
endothelium-derived hyperpolarizing factors, that are involved in the pathophysiology of
hypertension [5]. However, the prognostic significance of assessing endothelial dysfunction
in hypertension is yet to be established [4].

In this review, we aimed to describe the molecular mechanisms involved in this com-
plex interplay and define possible therapeutic targets modulating endothelial dysfunction
in hypertensive patients.

2. Endothelial Cell Mediators in the Pathogenesis of Arterial Hypertension

A healthy endothelium releases a variety of factors in order to guarantee the appropri-
ate vascular tone, the maintenance of a non-adhesive and unabridged surface, to prevent
vascular remodeling, and to regulate the formation of new vessels [5]. Particularly, the
vascular tone is balanced by endothelial-derived vasodilators and vasoconstrictors [9].

2.1. Endothelial-Derived Vasoactive Mediators

Among the vasodilator factors, a key player is undoubtedly nitric oxide (NO). NO
is synthesized by the endothelial enzyme nitric oxide synthase (eNOS) starting from
L-arginine and oxygen in the presence of several cofactors [6]. NO is a gas, freely diffusible
and highly reactive. It induces vasodilation in the underlying smooth muscle cells by
interacting with soluble guanylate cyclase, which activates a cascade of molecular pathways
that ultimately lead to reduced intracellular calcium and increased intracellular potassium,
favoring cell membrane hyperpolarization and muscle relaxation [10]. NO also has an
antiproliferative effect on vascular smooth muscle cells [11]. When NO diffuses to the
luminal side of the endothelial monolayer, it exerts an antithrombotic action by inhibiting
platelet adhesion and aggregation [10]. Moreover, NO also prevents leukocyte adhesion
to vascular endothelium and leukocyte migration into the vascular wall, thus exerting a
physiological anti-atherosclerotic action [12].

Endothelial dysfunction is characterized by reduced release or availability of NO,
which results in impaired endothelium-dependent vascular relaxation [10]. Therefore,
endothelial dysfunction has been largely documented in hypertension [13,14]. The Fram-
ingham study was one of the first population-based studies showing that systolic blood
pressure was inversely correlated with flow-mediated dilation (FMD) [15], which is largely
accepted as an accurate, cost-effective, and noninvasive method to assess endothelial func-
tion in humans [16]. Although the study design could not allow the determination of
a cause–effect relationship, the Framingham study demonstrated the presence of a link
between these two conditions. Several factors may affect the production and bioavailability
of NO. Oxidative stress can cause eNOS uncoupling due to reduced availability of the
enzyme cofactor tetrahydrobiopterin (BH4) and deficiency of the substrate L-arginine, with
the consequent production of superoxide radicals instead of NO [17]. Superoxide radicals
scavenge NO, producing the toxic radical peroxynitrite. Thus, reactive oxygen species
(ROS), which include also peroxides and hydroxyl radicals, have an important role in the
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homeostasis of vascular wall and they are likely factors promoting hypertension [18]. ROS
are mainly produced in the cardiovascular and renal systems by a family of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases (NOX) [19,20]. Several NOX isoforms
have been shown to be involved in progression of hypertension in animal models [20]. Ad-
ditionally, endoplasmic reticulum stress and mitochondrial oxidative stress also contribute
to endothelial dysfunction and vascular remodeling in hypertension [21,22]. Although
a causative link between ROS and increased blood pressure has not been demonstrated
in hypertensive patients, positive associations between systemic biomarkers of oxidative
stress and blood pressure values have been observed, as well as a reduced antioxidant
capacity [23,24].

In addition to NO, the endothelium-derived hyperpolarizing factor (EDHF) can induce
vascular relaxation [25]. Its chemical nature is unknown but is presumed to be either a
chemical mediator or an electrical transducer, depending on the species and vascular beds
considered. EDHF induces opening of Ca2+-activated K+ channels, thus hyperpolarizing
the membrane potential of vascular smooth muscle cells, especially in resistance microves-
sels [26]. EDHF’s potential role in the development of either human or animal hypertension
is currently unknown.

Among endothelium-derived vasoconstrictors, the peptide endothelin-1 (ET-1) and
angiotensin converting enzyme (ACE) play key roles. Endothelial cells generate ET-1
in response to several stimuli, such as ROS, inflammatory molecules, and hypoxia [27].
ET-1 can prompt vascular constriction by activating ETA and ETB2 receptors on smooth
muscle cells [28]. The vasoconstriction effect is mediated by increased intracellular calcium
concentration and phosphorylation, resulting in myosin light chain activation [29]. ET-1 is
also a potent mitogen able to stimulate the growth, proliferation, and migration of smooth
muscle cells, with important implications in vascular remodeling [30]. However, ET-1
also has counter-regulatory properties, as it is able to interact with ETB1 receptors on the
endothelial membrane and activate a signaling cascade, resulting in NO and prostacyclin
(PGI2) production, with consequent vascular relaxation [31]. ET-1 is constantly released
by the endothelium but its concentrations are important in determining vascular function.
In fact, low levels of ET-1 promote vasodilation, while high levels of ET-1 increase blood
pressure and peripheral vascular resistance [32,33]. When the endothelium is dysfunctional,
the balance between ET-1 vasodilator/vasoconstrictor effects is disrupted in favor of the
latter [34]. Both experimental and clinical studies have shown high levels of ET-1 in
hypertension, suggesting the presence of a link between ET-1 levels and development
of systemic hypertension [35]. In addition, ET-1 is directly involved in the process of
arterial remodeling causing hypertrophic thickening of small arteries [36]. The increased
vascular wall thickness combined with the increased tone bring about increased peripheral
vascular resistance, a typical hallmark of hypertension [37]. Moreover, ET-1 is also able
to induce vascular inflammation, stimulating the expression of NOX in vascular cells
with subsequent increased production of ROS, which, in turn, promotes the synthesis and
release of inflammatory molecules, such as cytokines and adhesion molecules [38]. The
inflammatory process is further amplified by the recruitment and activation of circulating
immune cells by ET-1 [28].

ACE is constitutively expressed by the vascular endothelium and is particularly
abundant in the lungs [39]. ACE is of paramount importance in the development of
hypertension, since ACE is able to convert angiotensin I into angiotensin II (Ang II), a
polypeptide with several biological effects in vascular smooth muscle cells [40]. Ang II
interacts with the Ang II type I (AT1) receptor and activates a cascade of intracellular
pathways that results in increased production of ROS, release of growth factors, release
of ET-1 and adhesion molecules, triggering endothelial impairment, vasoconstriction,
and remodeling of resistance arteries [41,42], ultimately leading to hypertension [43]. A
physiological counter-regulatory pathway is activated when Ang II interacts with Ang
II type II (AT2) receptor [44]. In this case, the biological effects elicited are opposite to
the ones just described, eventuating in vasodilation and other homeostatic effects [45].
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However, the affinity of Ang II for AT2 receptor is lower than that for AT1 receptor, making
the first pathway prevalent over the second one, with consequent detrimental effects on
blood pressure [45]. Another escape pathway for Ang II, which has recently come into
prominence due to severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), is given
by ACE2, an enzyme (and receptor for the coronavirus spike protein) able to transform Ang
II into angiotensin 1-7 [46,47]. This very short peptide interacts with the proto-oncogene
G-protein-coupled MAS receptor on endothelial cells, leading to higher NO availability
and reduced ROS, with consequent beneficial effects on blood pressure [13,48] (Figure 1).
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converting enzyme 2; Ang I: Angiotensin I; Ang II: Angiotensin II; Ang 1-7: Angiotensin 1-7; AT1: An-
giotensin II type 1 receptor; MAS: Proto-oncogene G-protein-coupled receptor; eNOS: Endothelial
nitric oxide synthase; BH4: Tetrahydrobiopterin; ET-1: Endothelin 1; ETB1: Endothelin receptor B1;
ETB2: Endothelin receptor B2; ETA: Endothelin receptor A; NO: Nitric oxide; PGI2: Prostacyclin;
NADPH: Nicotinamide adenine dinucleotide phosphate; ROS: Reactive oxygen species; cGMP: Cyclic
guanosine monophosphate; cAMP: Cyclic adenosine monophosphate; IP3: Inositol triphosphate;
DAG: Diacylglycerol; ACE-I: Angiotensin-converting enzyme inhibitors; ARBs: Angiotensin II
receptor blockers.

2.2. Extracellular Vesicles in the Cross-Talk between Endothelial and Smooth Muscle Cells

Besides traditional molecular effectors, other players able to modulate endothelial
and vascular function have come to the arena in the last years. Among these, are the
extracellular vesicles (EV).

EV are particles naturally released from various cell types that are unable to repli-
cate [26]. They may contain a heterogeneous cargo of material ranging from microRNAs,
long noncoding RNAs, DNA fragments, transcription factors, ROS, proteins, metabolites,
and lipids [49]. EV can be divided into three subcategories: exosomes, microvesicles,
and apoptotic bodies [50,51]. Exosomes are small EV (diameter: 40–160 nm), while mi-
crovesicles are large EV (diameter: 0.1–1 µm). Only the microvesicles are encased by a
characteristic plasma membrane, while exosomes are delimited by endosomal membranes
and are directly released by the cells to the extracellular space [50]. Apoptotic bodies are
composed of discard material, such as intracellular fragments and damaged organelles,
enveloped by plasma membranes [52]. Following binding to cells, circulating exosomes
and microvesicles fuse with extracellular plasma membranes or internalize and release
their content to the recipient cells [51].

The endothelium is both a recipient and a generator of EV [53], exerting multiple
effects in the progression of hypertension, ranging from reduced NO release and increased
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ROS production to stimulation of proliferation and migration of vascular smooth muscle
cells [54]. EV may act in a paracrine or endocrine fashion and affect endothelial function at
sites distant from their production, thus potentially representing a promising biomarker in
endothelial dysfunction assessment [54]. Experimental studies have shown that infusion
of concentrated EV is able to impair vasodilation in resistance arteries of normotensive
animals [55] and that infusion of exosomes from spontaneously hypertensive rats increased
systolic pressure of normotensive animals [56]. Results from clinical studies are in line with
animal studies and show high circulating levels of endothelial- and platelet-derived EV
in hypertensive patients [57,58], suggesting the involvement of EV in the pathogenesis of
hypertension [54].

EV levels undoubtedly directly correlate with systolic blood pressure, arterial diameter,
and pulse wave velocity [57]. In addition to EV levels, it is also important to take into
account the composition of EV. A recent study showed in hypertensive patients with
albuminuria that the profile of 29 plasma exosomal microRNAs is different from that of
control subjects [59]. Animal studies have further provided mechanistic insights into the
arterial remodeling induced by differently expressed microRNAs in EV of hypertensive
versus normotensive animals [60].

3. Endothelial Dysfunction, Hypertension, and Cardiovascular Risk

The close inter-relationship between endothelial dysfunction and hypertension may
represent the main pathogenic mechanism of small vessel disease in vital organs (e.g., heart,
brain, kidney) [13]. Animal models of hypertension and cell culture studies have shown
that, although endothelial and microvascular dysfunction are not exactly the same, an
injured endothelium represents the earliest stage of an impaired functioning of the other
vascular components (e.g., smooth muscle cells) [61]. The current tendency is to interpret
small vessel disease as a systemic disorder with a common pathogenic background that
differentially affects isolated organs [62]. Thus, cerebral small vessel disease is seen as
the leading cause of cognitive decline and ischemic complications, being frequently ob-
served also in Alzheimer’s disease [61]. Similarly, hypertensive coronary microvascular
dysfunction has been identified as a subclinical marker of end organ damage and heart fail-
ure [63]. The evidence that peripheral microvascular endothelial dysfunction is associated
to cerebral small vessel disease, thus potentially predicting the risk of future stroke [64],
supports the hypothesis that endothelial dysfunction reflects a systemic process of vascular
remodeling initiated by hypertension and other cardiovascular risk factors [65]. This is
further confirmed by the observation that peripheral endothelial dysfunction is able to
predict the severity of cerebral small vessel disease even when evaluated in conduit arter-
ies [66]. Conversely, the fact that microvascular dysfunction may be able to affect blood
pressure and flow patterns is in line with the less traditional hypothesis that endothelial
damage and subsequent microvascular dysfunction are causes rather than consequences of
hypertension [67].

Overall, it is evident that peripheral endothelial function and arterial pressure are
responsible for blood supply to the periphery and, therefore, for protection from cardio-
vascular events [68]. In a landmark study [69], endothelium-dependent and endothelium-
independent coronary vasoreactivity were tested through intracoronary instillation of
acetylcholine in 147 patients with a median follow-up period of 7.7 years. The authors
demonstrated that the incidence of cardiovascular events (cardiovascular death, unstable
angina, myocardial infarction, coronary revascularization, ischemic stroke, and peripheral
artery revascularization) was lower in subjects with preserved endothelial responsiveness.
Therefore, endothelial dysfunction emerged as a phenotype with high risk for cardiovas-
cular events. In keeping with this, Yeboah et al. [70] examined 3026 subjects without
cardiovascular disease from the Multi-Ethnic Study of Atherosclerosis (MESA) cohort,
showing that each standard deviation increase in FMD corresponded to a hazard ratio of
0.84 for incident cardiovascular events after 5 years. These data were corroborated from
another clinical research from Gokce et al. [71] in patients undergoing peripheral or coro-
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nary bypass surgery. Authors demonstrated a higher risk of postoperative cardiac events
in subjects with impaired endothelial function, expressed by a low FMD (i.e., FMD < 8.1%).
Using the MESA cohort, Shimbo et al. [72] were among the first demonstrating an associa-
tion between FMD and hypertension. Moreover, when specifically considering participants
without hypertension, the authors also documented a significant association between base-
line FMD and incident hypertension at 4.8-year follow-up. However, the latter finding was
not confirmed in multivariate analyses. In another study [73], the coexistence of left ventric-
ular hypertrophy and endothelial dysfunction in hypertensive patients emerged as risk for
subsequent major cardiovascular events. In particular, hypertensives with left ventricular
hypertrophy showed attenuated brachial and coronary artery endothelium-dependent
vasodilation, suggesting that both the endothelium and left ventricle may be damaged by
hypertension. This study supports the hypothesis that hypertension may have a causal
role in endothelial dysfunction, which is the earliest stage of atherosclerosis, thereby repre-
senting one of the main traditional cardiovascular risk factors [74]. This is in line with the
evidence that, when NO synthase antagonists are administered to normotensive subjects,
a significant increase in systemic blood pressure can be documented [75]. Accordingly,
the Cardiovascular Risk in Young Finns Study found that hypertension in youth may
predict future impaired endothelial function [76]. The widely accepted viewpoint that
hypertension is a cause rather than a consequence of endothelial dysfunction is in contrast
with the evidence on 957 postmenopausal women in which the incidence of hypertension
at 3.6-year follow-up was nearly sixfold higher in those in the lowest FMD quartile, with
a 16% increase in cardiovascular risk per unit of FMD [77]. The relatively healthy cohort
of postmenopausal women is a strength of this study, supporting the hypothesis that
monitoring endothelial function may be used to predict the risk of incident hypertension
along with that of cardiovascular events.

4. Endothelial Function Evaluation

Given its systemic nature and potential reversibility in early stages, a number of
laboratory and clinical methods have been proposed for endothelial function assessment
and monitoring.

4.1. Laboratory Methods

In normal conditions, the endothelium has an anticoagulant, anti-inflammatory, and
vasodilatory phenotype, which is reflected in the constitutive expression of NO, von
Willebrand factor (vWF), plasminogen activator inhibitor-1 (PAI-1), and tissue factor (TF),
as well as endothelium-derived adhesion molecules or chemokines, including intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-selectin, P-
selectin, vascular endothelial-cadherin (VE-cadherin), and monocyte chemotactic protein-1
(MCP-1) [5]. The soluble forms of these endothelium-derived biomarkers can be measured
in peripheral blood with different laboratory techniques.

More recently, the levels of some components of the glycocalyx (e.g., heparan sulfate,
endocan, and syndecan-1) have been proposed as markers of endothelial function [78].
Finally, endothelial progenitor cells (EPCs) and circulating endothelial cells (CECs) have
been used to test vascular repair capacity and the presence of endothelial injury [79].

4.2. Clinical Methods

Several clinical methods have been tested to assess endothelial function. If venous
occlusion plethysmography (VOP) is substantially underutilized because of its invasive-
ness, laser doppler flowmetry (LDF) in cutaneous microcirculation has been increasingly
employed in recent years [80]. Moreover, peripheral artery tonometry (PAT) has become a
Food and Drug Administration (FDA)-approved test for an automated assessment of mi-
crovascular endothelial function [81]. Overall, although validated and highly reproducible,
these methods may deal with the disadvantages of invasiveness and/or high cost, which
may limit their use in routine clinical practice and sometimes in research [82].
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About 20 years ago, the guidelines for FMD assessment in conduit arteries were first
reported by Corretti et al. [83]. Since then, the procedure has been increasingly used in
clinical research, given its noninvasiveness and cost-effectiveness [5]. In brief, FMD is the
percentage change in brachial artery diameter as a response to the shear stress induced by
a pneumatic cuff placed on the forearm inflated to a suprasystolic pressure for 5 min. After
cuff deflation, the increased blood flow enhances the shear stress on endothelium, which
stimulates NO synthesis and, therefore, vasodilatation [83]. The fact that FMD has been
widely recognized as a reliable surrogate marker of cardiovascular risk and an independent
predictor of cardiovascular events [16], together with the recent identification of age- and
sex-specific reference values [84], makes this method as one of the most used in clinical
research studies. More recently, the use of a dedicated software for real-time edge detection,
shear-rate monitoring, and wall tracking has proven to further increase reproducibility of
FMD assessment [85] (Figure 2).
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5. Therapeutic Targets for Endothelial Dysfunction in Hypertension

Whether endothelial and microvascular dysfunction may be causes or consequences
of hypertension is still a matter of discussion [68]. However, the strict inter-relationship
between the two conditions suggests that improving endothelial function may represent an
attractive therapeutic target in the near future [86].

To date, renin–angiotensin system (RAS) inhibitors and statins are the main classes
of drugs that have proven real effectiveness in reducing endothelial dysfunction in hy-
pertension, thus restoring a vasodilatory and anticoagulant phenotype [87] while fighting
microvascular dysfunction [88]. A number of other pharmacological and exercise-based
strategies may positively impact endothelial homeostasis, microvascular function, and
blood pressure. However, it is important to highlight that no routinely applied therapeutic
approach can be considered specific to the endothelium, nor does any guideline currently
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recommend specific treatment in the presence of isolated endothelial dysfunction. More-
over, most of the novel promising candidates are still far from being translated into clinical
practice [86]. Therefore, the impact on endothelium may be rather considered a welcome
pleiotropic effect of many cardiovascular drugs and antihypertensive agents, including
RAS inhibitors, calcium-channel blockers (CCBs), and β-blockers.

Here, we examined the main pharmacological, nutraceutical, and exercise-based
approaches that a patient typically undergoes due to hypertension and cardiovascular
comorbidities, focusing on the impact that these strategies may have on endothelial function
as well.

5.1. ACE Inhibitors and Angiotensin II Receptor Blockers

ACE inhibitors and angiotensin II receptor blockers (ARBs) are key drugs in the
treatment of hypertension, particularly in patients with multiple cardiovascular risk factors,
heart failure, diabetes mellitus, and kidney impairment [89]. Therefore, given their capacity
to reduce cardiovascular morbidity and mortality with an overall good tolerability [90,91],
RAS inhibitors are widely prescribed as first-line drugs in essential hypertension [89] and
coronary microvascular disease [88].

By reducing the synthesis of Ang II or blocking its AT1 receptor, these compounds are
able to increase NO bioavailability, thus improving endothelial function [92] while also
reducing the thrombotic risk due to their capacity to reduce TF and PAI-1 expression [93].
Overall, the lower stimulation of AT1 receptor results in a number of counter-regulatory
actions on Ang II, also reducing inflammation and oxidative stress [13,48]. RAS inhibitors
have been shown to increase the stability of eNOS mRNA while improving eNOS phospho-
rylation, reducing its uncoupling, reducing NOX expression, and increasing vascular levels
of BH4 [94]. These drugs also lead to bradykinin accumulation in proximity of endothelial
bradykinin receptors 1 and 2, which indirectly results in enhanced NO production [95].
Some studies also reported that, due to their antioxidant properties, RAS inhibitors have
also an indirect effect on dimethylarginine dimethylaminohydrolase (DDAH), thus induc-
ing the catabolism of asymmetric dimethylarginine (ADMA), which is an endogenous
competitive inhibitor of eNOS [94].

Accordingly, using different outcome measures, including FMD, numerous clinical
studies have demonstrated the ability of ACE inhibitors and ARBs to improve endothelial
function [96,97], even in patients with concomitant coronary artery disease [98] and either
type of diabetes mellitus [99,100].

Recently, the use of RAS inhibitors in COVID-19 has been put into question, given
their capacity to upregulate ACE2 expression, thus hypothetically increasing the risk of
infection. The evidence from randomized controlled trials of no difference in the risk of
death between COVID-19 patients who use and those who do not use RAS inhibitors may
be in line with the key pathogenic role of endothelial dysfunction in COVID-19 and with
the capacity of these drugs to restore endothelial cells’ homeostasis.

5.2. Calcium-Channel Blockers

CCBs are another category of first-line drugs for arterial hypertension. The protective
effect of CCBs on cardiovascular risk in hypertensive patients has been established [101],
and the beneficial effect on endothelial function has also been documented [102], par-
ticularly in the coronary microvasculature [103]. The protective mechanism of CCBs on
endothelial integrity is still unclear but it has been demonstrated that CCBs are able to coun-
teract ROS-induced endothelial cell death due to lipid peroxidation [104]. In fact, although
they may vary in their chemical structure and antihypertensive effect, dihydropyridine
CCBs contain aromatic rings that stabilize oxygen radicals and possess a hydrogen-donating
reaction, which may also account for their antioxidant activity [104]. A study from Napoli
et al. [105] in hypertensive patients documented that CCBs reduced low-density lipoprotein
(LDL) oxidation and formation of oxidation-specific epitopes, thus resulting in exalted
antioxidant activity. CCBs also reduce calcium inflow in the voltage-dependent channels
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of subendothelial vascular smooth muscle cells, thereby resulting in vasodilation of large
conduit and resistance arteries [106]. Moreover, dihydropyridine CCBs are able to inhibit
the effects of endothelin-1 in the vascular smooth muscle, thus facilitating the vasodilatory
activity of NO [106]. Another mechanism by which CCBs have shown a beneficial effect
on vascular endothelium is their capacity to reduce tissue plasminogen activator (t-PA)
activity [107].

5.3. β-Blockers

Similar to other antihypertensive drugs, β-blockers also exhibit a cardioprotective ef-
fect [108], particularly in patients with high resting heart rate or increased sympathetic tone
and in those with coronary microvascular disease [109]. Using FMD as an outcome measure,
nebivolol has shown a positive impact on endothelial function [110] and superiority as
compared to atenolol, a selective β1-receptor blocker without vasodilatory properties [111].
β-blockers are able to inhibit fibrinogen, homocysteine, and PAI-1 while increasing NO
levels via stimulation of eNOS [112]. Furthermore, some agents (i.e., carvedilol) may add
an antioxidant effect, given their scavenging activity on ROS [110,113].

5.4. Other Cardiovascular Therapies

SAH is a traditional cardiovascular risk factor, which is frequently associated to a num-
ber of additional risk factors in the context of a dysmetabolic phenotype [114]. Therefore,
given the presence of comorbidities (e.g., obesity, diabetes mellitus, dyslipidemia), the use
of antihypertensive drugs is often associated to the use of hypoglycemic, hypolipidemic,
and antithrombotic agents [114].

Statins may represent another promising approach targeting endothelial function,
given a multitude of potential mechanisms, including the activation of eNOS via
phosphatidylinositol-3 (PI3)-kinase/Akt pathway, the inhibition of nuclear factor-κB (NF-
κB) and other inflammatory pathways, and the reduction in TF expression with subsequent
anticoagulant effect [87]. In particular, it has been shown that statins are able to reduce the
mRNA levels of AT1 receptor, thus reducing its expression [94]. Moreover, by improving
vascular BH4 bioavailability, statins are able to improve eNOS coupling, thus resulting
in increased NO bioavailability [115]. Another potential mechanism, in common with
other hypolipidemic agents, may be the reduction in LDL cholesterol, thus contrasting the
LDL-induced endothelial dysfunction and oxidative stress [116,117]. Therefore, different
statins coupled with hypolipidemic diet have been tested in experimental murine and
clinical models, documenting positive effects on endothelial function [118]. This is in line
with the meta-analytical evidence that statin administration is able to improve FMD [119]
while lowering blood concentrations of P-selectin, E-selectin, and ADMA [120,121].

Similarly, hypoglycemic agents targeting peroxisome proliferator-activated receptor-γ
(PPAR-γ) have been shown to restore endothelial function in subjects with early phases of
insulin resistance through prompting PI3-kinase/Akt/eNOS pathway and increasing NO
production [122]. Thiazolidinediones exhibited the capacity to reduce NOX expression in
animal models, thus lowering the production of ROS. Moreover, by reducing the expression
of VCAM-1 and ICAM-1, they have been shown to limit the chemotaxis of macrophages
and monocytes to the endothelium [94]. Given the above mechanisms, randomized clinical
studies demonstrated that thiazolidinediones administration is able to significantly improve
FMD in both diabetic and nondiabetic patients [123]. Similar beneficial effects on endothe-
lial function have been documented with metformin and sodium-glucose cotransporter-2
(SGLT2) inhibitors [124,125], likely due to similar mechanisms [122].

Considering that platelets play a key role in atherogenesis, antiplatelets with dif-
ferent mechanisms of action are widely used for primary and secondary prevention of
cardiac, cerebral, and peripheral ischemic complications. Although the possibility that their
effectiveness may also depend on a beneficial effect on endothelium is still debated [126],
cilostazol administration has already shown to improve FMD in conduit arteries [127] while
suppressing Ang II-induced apoptosis in endothelial cells [128] and mobilizing EPCs [129].
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Animal models demonstrated that the adenosine monophosphate-activated protein kinase
(AMPK) activation may contribute to the beneficial effects of cilostazol on endothelial
function [130].

5.5. Antioxidants and Nutraceutical Strategies

Given the inter-relationship between endothelial dysfunction and oxidative stress,
antioxidant therapies may also be useful in restoring a normal endothelial function [131].
In this regard, glutathione and its precursor, namely N-acetyl cysteine (NAC), are potent
antioxidants involved in the removal of H2O2 and other ROS [132]. Furthermore, NAC
has anticoagulant properties and inhibits ACE2, thus reducing the deleterious effects
of Ang II [133]. Accordingly, although traditionally used for its mucolytic properties,
NAC may also have antihypertensive effect [134]. While NAC has been shown to inhibit
atherosclerosis and improve endothelial function in animal models [135], the evidence in
clinical trials is scarce and somehow conflicting [136,137].

A number of nutraceutical strategies, including vitamin supplementation, have shown
beneficial effects on oxidative stress and endothelial dysfunction [138], while potentially
reducing blood pressure [139]. In this regard, there is recent meta-analytical evidence of
hypertensive patients having relatively low levels of vitamin C [140], with its supplemen-
tation significantly reducing blood pressure in SAH [141]. Vitamin C and vitamin E are
free radical scavengers and are able to reduce lipid peroxidation, thus improving eNOS
coupling and stabilizing BH4 [94]. However, contrasting results have been reported in
large epidemiological studies regarding the impact that oral supplementation of vitamins
may have on vascular health [94], considering that it may even reduce the lipid-lowering
properties of statins and their beneficial effect on endothelial function [142]. Therefore,
pending further high-quality evidence, the fact that vitamin supplementation may not
have significant effects on blood pressure [143] is another reason not to impose the routine
and indiscriminate use of vitamin supplements to improve vascular health and reduce
cardiovascular risk.

Conflicting results have also been reported for the NO precursor L-arginine, which
is able to antagonize the effect of ADMA on eNOS function. The fact that its favorable
impact on endothelial function depends on the basal levels of ADMA may account for the
lack of effect in healthy subjects [144]. However, while the positive impact of L-arginine
supplementation on endothelial homeostasis seems to depend on the baseline status, it
may conversely have a dose-dependent effect on both systolic and diastolic blood pressure
regardless of the baseline blood pressure category (normotensive or hypertensive) [145].

Most of the future perspectives on the treatment of endothelial dysfunction in hyper-
tension and cardiovascular disease relate to the possibility of targeting oxidative stress
through epigenetic approaches (e.g., regulation of microRNAs levels, histone acetyla-
tion/methylation, DNA methylation), the implementation of new pharmacological strate-
gies targeting the oxidatively impaired eNOS or soluble guanylate cyclase, or the delivery
of antioxidants directly to the endothelium through specific ligands or using vectors (e.g., li-
posomes) [86]. Although promising results have been obtained in vitro or in animal models,
these strategies are still far from being translated into clinical practice.

5.6. Exercise and Rehabilitation

Rehabilitation has already proven its effectiveness in improving functional capacity,
exercise performance, symptoms, and health-related quality of life in different clinical set-
tings [146–148], while reducing the risk of exacerbations in chronic obstructive pulmonary
disease (COPD) [149,150] and cardiovascular mortality in coronary artery disease [151,152].
Moreover, exercise-based approaches have been proposed also as promising interventions
to modify the course of cerebral small vessel diseases and improve microvascular respon-
siveness [153,154]. Although not representing the primary outcome of multidisciplinary
rehabilitation, the positive impact on blood pressure has been reported as a welcome
pleiotropic effect of exercise-based approaches [155].
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In the 1980s, the beneficial effect of exercise on endothelial function was first docu-
mented [156], being later confirmed in several reports focusing on specific clinical settings,
including cardiovascular conditions [151,152]. Cardiac rehabilitation has a Class I rec-
ommendation in most guidelines [157], and the impact on endothelial function has been
mainly tested in acute myocardial infarction, stable coronary artery disease, and heart
failure [158–161]. Although with variable results, these studies agree on the beneficial effect
of cardiac rehabilitation on endothelial function, particularly when it is significantly im-
paired. Similar findings have been recently reported when testing FMD in COPD patients
undergoing pulmonary rehabilitation [162]. Some mechanisms have been proposed in this
regard, including reduced uncoupling and increased eNOS phosphorylation, upregula-
tion of superoxide dismutase, NOX downregulation, and EPCs mobilization [163]. It is
reasonable to assume that the positive impact of exercise-based approaches on endothelial
function may somehow account for the positive impact that these strategies may have
also on blood pressure control [155]. This should be taken into consideration, given the
evidence that hypertension is a frequent comorbid condition of the diseases that usually
require rehabilitation programs [164,165]. More recently, the positive impact of in-hospital
rehabilitation on both endothelial function and arterial blood pressure has been demon-
strated also in the new coronavirus disease 2019 (COVID-19), with a potential reduction in
the residual cardiovascular risk of COVID-19 survivors [166].

6. Conclusions

The relationship between systemic arterial hypertension and endothelial dysfunc-
tion comprises a bidirectional connection, which amplifies the magnitude of each factor.
Endothelial cells, through canonical mediators and other paracrin systems, influence the
pathogenesis of systemic hypertension. Similarly, systemic hypertension promotes en-
dothelial dysfunction and contributes to the prothrombotic and proinflammatory status,
increasing the cardiovascular risk. Endothelial dysfunction assessment among hyperten-
sive patients may offer a new paradigm to define a specific cardiovascular phenotype with
higher risk and should be carefully taken into consideration in clinical practice. Current
agents, targeting systemic hypertension and metabolic disorders, may improve endothelial
dysfunction by both favoring NO availability and restoring antioxidant properties. The
fine modulation of these complex pathways is of primary importance based on the above
reported data.
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Abstract: The likelihood of pre-hypertensive young adults developing hypertension has been steadily
increasing in recent years. Despite the fact that aerobic exercise training (AET) has demonstrated
positive results in lowering high blood pressure, the efficacy of different types of AET among pre-
hypertensive young adults has not been well-established. The objective of this study was to evaluate
the effectiveness of high-intensity interval training (HIIT) and continuous moderate-intensity training
(CMT) on the blood pressure (BP) of physically inactive pre-hypertensive young adults. In total,
32 adults (age 20.0 ± 1.1 years and BMI 21.5 ± 1.8) were randomly assigned to three groups: HIIT,
CMT and control (CON). The HIIT and CMT groups participated in 5 weeks of AET, while the CON
group followed a DASH diet plan only. The HIIT protocol consisted of a 1:4 min work to rest ratio of
participants, at an 80–85% heart rate reserve (HR-reserve) and a 40–60% HR-reserve, respectively, for
20 min; the CMT group exercised at 40–60% of their HR-reserve continuously for 20 min. In both the
HIIT and CMT groups, systolic blood pressure (SBP) (3.8 ± 2.8 mmHg, p = 0.002 vs. 1.6 ± 1.5 mmHg,
p = 0.011) was significantly reduced, while significant reductions in the diastolic blood pressure (DBP)
(2.9 ± 2.2 mmHg, p = 0.002) and mean arterial pressure (MAP) (3.1 ± 1.6 mmHg, p < 0.0005) were
noted only in the HIIT group. No significant differences in SBP (−0.4 ± 3.7 mmHg, p = 0.718), DBP
(0.4 ± 3.4 mmHg, p = 0.714), or MAP (0.1 ± 2.5 mmHg, p = 0.892) were observed in the CON group.
Both HIIT and CMT decreased BP in physically inactive pre-hypertensive young adults; however,
HIIT yielded more beneficial results in terms of reducing the SPB, DBP and MAP.

Keywords: high-intensity interval training; continuous aerobic training; systolic blood pressure;
diastolic blood pressure; pre-hypertension
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1. Introduction

Hypertension is considered to be one of the main precursors of cardiovascular diseases
(CVDs) and has been linked to 7.7 million deaths globally [1,2]. The Seventh report of
the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of
High Blood Pressure (JNC7) defined pre-hypertension as a systolic blood pressure (SBP) of
120 mmHg to 139 mmHg and a diastolic blood pressure (DBP) of 80 mmHg to 89 mmHg [3].
Pre-hypertensive people are at an increased risk of acquiring hypertension, and it has been
estimated that those with blood pressure (BP) readings between 130 and 139/80 and
89 mmHg are twice as likely to develop hypertension than those with lower readings [4].
Modifiable risk factors of high BP can be controlled by active engagement in physical
exercises [3,5]. To prevent the progressive rise in BP and cardiovascular diseases, the
control of pre-hypertension and lifestyle modifications require special attention [6].

Studies have suggested that physical exercise is associated with substantial improve-
ments in insulin sensitivity, augmented autonomic nervous system function and decreased
vasoconstriction, which may prevent a pathological rise in BP [7,8]. Physical activity (PA)
improves the release of growth factors from skeletal muscles into the bloodstream, stimu-
lates angiogenesis, facilitates neurogenesis and induces endothelial cell proliferation with
endothelial cell membrane permeability, thus leading to a substantial reduction in BP and
the attenuation of hypertension symptoms [9–11].

Worldwide, 9% of premature mortality contributing to approximately 5.3 million
deaths in 2008 occurred due to physical inactivity [12]. Regular PA is a well-established
intervention for the prevention and treatment of several chronic diseases [13], and it has
shown a significant effect on BP reduction [14]. Physical exercise has also been shown to
improve various factors involved in the pathophysiology of hypertension [15–18], which
can extenuate BP in both hypertensive and non-hypertensive adults [15,19]. Continuous
moderate-intensity training (CMT) for at least 30 min or more is traditionally recommended
for the prevention and treatment of high BP [13,20].

High-intensity interval training (HIIT) has been documented as a safe and effective
training method for cardiac rehabilitation [21]. HIIT can be defined as a short burst
of maximal effort interspersed by a few minutes of rest or active recovery, and it has
been reported to be more effective than CMT for improving cardiorespiratory fitness in
different populations [16–18,22–24]. HIIT, which consists of several bouts of high-intensity
exercise (85–95% of HRmax) lasting 1 to 4 min interspersed with intervals of rest or active
recovery [15,17,18], has been found to improve endothelial function and its markers [16,18],
insulin sensitivity [18], markers of sympathetic activity [16,17], arterial stiffness [15,16],
blood glucose and lipoproteins [18]. Despite these favorable outcomes, the efficacy of
HIIT in reducing BP among pre-hypertensive young adults is not well established [25]. In
addition, there is a scarcity of current literature comparing HIIT and CMT on BP in this
particular population. Therefore, the primary purpose of this study was to determine the
effects of HIIT and CMT on the BP of physically inactive pre-hypertensive young adults,
and then to explore which type of exercise training is more efficient in lowering the BP of
this population. To the best of the authors’ knowledge, this is the very first study to target
pre-hypertensive young adults in Malaysia.

2. Materials and Methods
2.1. Study Setting and Subjects

This 5-week randomized–controlled trial was conducted in the Physiotherapy Centre
at the Faculty of Medicine and Health Sciences in University Tunku Abdul Rahman, Sungai
Long Kajang, Malaysia. G*power (F test) was used to calculate the sample size, based on
the power analysis; a total of 42 participants were required for this study. The study subjects
were reached through university portal, emails and posters for voluntary participation.
Participants were recruited by convenience sampling as the study population required
young adults with pre-hypertension. A total of 87 subjects were initially screened, out of
which only 32 adults fit the eligibility criteria after they were administered the Interna-
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tional Physical Activity Questionnaires (IPAQ), Physical Activity Readiness Questionnaire
(PAR-Q+) and measurement of body mass index (BMI). Using the computer-generated
numbers, study participants (22 males and 10 females) were randomly allocated to 3 groups:
the HIIT group, CMT group and the control (CON) group.

Inclusion criteria comprised both genders (unmarried), aged between 18 and 25 years
old, who were physically inactive with an SBP between 120 and 139 mmHg and/or DBP
between 80 and 89 mmHg. Participants with a known history of respiratory illnesses,
cardiovascular diseases, diabetes mellitus, overweight/obesity, psychological disorders, or
musculoskeletal problems; those taking anti-hypertensive medications; and active smokers
were excluded from this study.

The protocol was based on the Helsinki Declaration Accord (World Medical Associa-
tion for Human Subjects). Moreover, prior ethical clearance was obtained from the Univer-
siti Tunku Abdul Rahman’s Scientific and Ethical Review Committee (U/SERC/77/20).
Written informed consent was obtained from each participant after debriefing them about
the benefits of the study, potential risks of muscle soreness, strict maintenance of data
confidentiality and right to withdraw at any point from the study.

2.2. Body Mass Index and Blood Pressure Measurement

In addition to assessing BMI during the screening process, it was also measured
at baseline to ensure no abrupt changes in body weight before study initiation and that
participants were within the normal BMI range (18.5–24.9). BMI was recorded by measuring
the participants’ body weight in kilograms and dividing it by their height squared (kg/m2).
The procedure was carried out early in the morning (8:30 am–9:00 am) using a calibrated
seca 284 EMR (Hamburg, Germany) wireless measuring station for weight and height.
Before measuring the BMI, participants were instructed to remove any excess clothing, and
to stand upright and barefooted on the measuring machine. An average of 3 measurements
for both weight and height were calculated to assess the BMI score.

Following the standard procedure, participants’ BP from the right brachial artery was
measured using an automated digital BP monitor (OMRON SEM-1, Kyoto, Kansai Japan)
in the morning between 9:15 am and 10:15 am after 5 min of rest in a chair [26,27]. Each
participant’s right arm was supported on the table at heart level, and both SPB and DBP
were measured 3 times with a 5 min interval between each measurement in order to obtain
the most accurate result. If the differences between any of the 3 SBP and/or DBP readings
were higher than 5 mmHg, the measurement was taken again after a 5 min interval, and the
average reading with the least differences was taken into consideration. BP was measured
at baseline before beginning the intervention and at the end of the 5-week intervention.
The post-test measurement of BP was carried out in a similar way as recorded at baseline.
In addition, the mean arterial pressure (MAP) was also estimated at baseline and at the end
of intervention with the following formula:

MAP = DBP + 1/3(SBP − DBP)

2.3. Exercise Intervention Protocol

Before the first exercise session, the subjects’ heart rate (HR) was measured using a
calibrated pulse oximeter (GIMA: Oxy-5-Plus Oximeter, Italy). The exercise HR (HRmax)
of the participants in the HIIT and CMT groups was calculated using the newest age-based
formula, [HRmax = 211 − (0.64 ∗ age)]. The exercise HR was then calculated using the
Karvonen formula [Exercise HR = % of target intensity (HRreserve) + HRrest]. To prevent
delayed-onset muscle soreness (DOMS) and to acclimatize all the physically inactive
participants in both exercise groups to the exercise regimen, a 1-week familiarization
period was provided with a total of 3 exercise sessions on alternate days. Participants in
both the experimental groups performed a 5 min warm-up session followed by 20 min
of continuous running on a treadmill (BH LK-G6700 Pro Action, St. Charles, MI, USA)
without inclination at 40–60% of their HR-reserve. Before ending the exercise session, a
5 min cool-down was performed by all participants by walking on the same treadmill
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at their own comfortable pace. A pulse oximeter (GIMA: Oxy-5-Plus Oximeter, Gessate,
Milan, Italy) was placed on the participants’ index finger during the PA to monitor their
exercise HR, in addition to using the treadmill’s inbuilt heart rate monitor. Differences in
the exercise HR in both the monitoring methods were negligible throughout the training
protocol. After the familiarization period of 1 week, the HIIT group underwent 4 weeks of
HIIT (3 times per week on alternate days excluding the weekends) consisting of 20 min of
treadmill (BH LK-G6700 Pro Action, St. Charles, MI, USA) running with a 1:4 min work to
rest ratio, an upper HR target at 80–85% of HR-reserve, and a lower HR target at 40–60%
of HR-reserve. The CMT group continued with 4 weeks of the same exercise protocol on
the treadmill, which was carried out in the familiarization period at an intensity of 40–60%
of their HR-reserve. Exercise HR during these 4 weeks of aerobic exercise training (AET)
for both groups were monitored in the same way as stated above in the familiarization
program. The indication for the termination of the exercise sessions was in accordance
with ACSM’s guidelines. It was not feasible to blind the participants or therapists, as they
both knew the type of intervention being received and delivered, respectively, but outcome
assessors were blinded to control the detection bias.

The CON group did not participate in any exercise program; they were instructed to
follow a Dietary Approaches to Stop Hypertension (DASH) diet and restrict their sodium
intake (<100 mmol/day) according to the JNV VIII guidelines. In addition to the distribu-
tion of the guidelines given, participants in the CON group were reminded via telephone
calls once weekly about the DASH diet and sodium restrictions to ensure that they were
strictly following the guidelines.

All the participants in the 3 groups were instructed not to engage in any other form of
PA during these 5 weeks to prevent any extraneous effect on the outcomes. In addition, to
avoid the acute post-exercise effects on BP, participants were also instructed not to perform
any exercise 24 h prior to the post-test BP measurement. In accordance with the CONSORT
statement, a detailed description of this clinical trial is shown in Figure 1 below.

2.4. Statistical Analysis

The data were processed using the Statistical Package for Social Science (SPSS) version
26.0. The Shapiro–Wilk test was first performed to check the normality assumption of data
as it is required to fulfil the conditions of a paired sample t-test. The Shapiro–Wilk test
(Table 1) demonstrated that data were normally distributed (p > 0.05) in all 3 groups with
respect to the SBP, DBP and MAP at baseline; therefore, these outcome measures were
compared using the paired sample t-test to determine within-group differences. To evaluate
between-group differences, a one-way ANOVA test was carried out. The conditions to
conduct the one-way ANOVA test were fulfilled, in which each group represented the
qualitative variables, and the dependent variables, SBP, DBP and MAP, were quantitative
variables. A post hoc test was further employed to assess which group differed significantly
from the other two groups after performing the one-way ANOVA test. Results are presented
as the mean ± SD for all the outcome measures. All reported probability values were
2-sided, and a p-value of <0.05 was considered statistically significant.
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Training; CMT = Continuous Moderate-intensity Training; CON = Control; HR-reserve = Heart
Rate Reserve.
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Table 1. Test of normality at baseline for SBP, DBP and MAP among 3 groups.

Group Statistic p-Value

Pre-SBP mean

HIIT Group 0.960 0.780

CMT Group 0.981 0.972

CON Group 0.853 0.063

Pre-DBP mean

HIIT Group 0.970 0.890

CMT Group 0.912 0.294

CON Group 0.874 0.112

Pre-MAP mean

HIIT Group 0.989 0.995

CMT Group 0.921 0.365

CON Group 0.923 0.387
Shapiro–Wilk Test; Level of Significance: p < 0.05.

3. Results
3.1. Descriptive Statistics

At the beginning of this study, 32 participants were randomly assigned to the HIIT
(6 males and 6 females), CMT (6 males and 4 females) and CON groups (10 males).
Two participants dropped out of the HIIT group (both males) during the third and fourth
weeks of training due to musculoskeletal injury. The mean ages of the participants in the
HIIT, CMT and CON groups were 21 ± 0.8, 19 ± 1.3 and 21 ± 1.0, respectively. Similarly,
the mean BMIs measured at baseline were 20.8 ± 1.9, 21.7 ± 1.6 and 22.0 ± 1.9 for the
HIIT, CMT and CON groups, respectively. The BMI of the CON group was slightly higher
than that of the other two groups, which was most probably due to the fact that all the
participants in the CON group were males.

3.2. Comparison within the Groups

Table 2 depicts that the CON group had the highest baseline and post-intervention
SBP mean values of 127.93 ± 5.09 mmHg and 128.37 ± 5.32 mmHg, respectively. The
HIIT group had the highest baseline DBP (78.57 ± 5.36 mmHg), and CMT group had
greater post-test DBP (75.73 ± 4.26). At baseline, the MAP was highest in the CMT group
(93.20 ± 2.89) and greater in the CON group (91.86 ± 4.18) post-test.

Table 2. All groups’ SBP, DBP and MAP mean (X) with standard deviation (SD).

HIIT Group X ± SD CMT Group X ± SD CON Group X ± SD

Pre-Test Post-Test Pre-Test Post-Test Pre-Test Post-Test

SBP (mmHg) 122.76 ± 2.65 119 ± 3.91 125.23 ± 3.76 123.67 ± 3.98 127.93 ± 5.09 128.37 ± 5.32

DBP (mmHg) 78.57 ± 5.36 75.63 ± 4.86 77.23 ± 4.54 75.73 ± 4.26 74.00 ± 6.23 73.60 ± 5.78

MAP (mmHg) 93.14 ± 3.46 90.09 ± 2.57 93.20 ± 2.89 91.71 ± 3.08 91.98 ± 4.62 91.86 ± 4.18

Table 3 illustrates the results of the paired sample t-test. In the CON group, a mean
difference of −0.43 (p-value = 0.718 > 0.05) for the SPB was observed, indicating a non-
significant difference between the pre-SBP and post-SBP. For the DBP, a mean difference
of 0.40 (p-value = 0.714 > 0.05) was found, showing no significant difference between the
pre-DBP and post-DBP for CON group. Similarly, the MAP did not exhibit any significant
difference (mean = 0.11, p-value = 0.892). For the CMT group, a mean difference of 1.57
(p-value = 0.011 < 0.05) was observed in terms of SBP, which was statistically significant.
However, for the DBP, the mean difference between the pre- and post-tests was 1.50
(p-value = 0.161 > 0.05), depicting a non-significant difference between the pre-DBP and
post-DBP in the CMT group. The MAP in the CMT group showed an insignificant reduction
in the mean (1.49, p-value = 0.054). A mean difference of 3.76 (p-value = 0.002 < 0.05) was
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found in the HIIT group for the SBP and 2.93 (p-value = 0.002 < 0.05) for the DBP, indicating
a statistically significant difference between the pre- and post-tests of both the SPB and
DPB, respectively, in the HIIT group. A similar result was noticed found in MAP, with a
significant mean difference of 3.05 (p-value < 0.0005).

Table 3. Paired sample t-tests for SBP, DBP and MAP among the 3 groups.

Paired Differences

Groups Mean Std. Deviation t df p-Value

CON Group

Pair 1 Pre-SBP mean–post-SBP mean −0.43 3.68 −0.37 9 0.718

Pair 2 Pre-DBP mean–post-DBP mean 0.40 3.35 0.38 9 0.714

Pair 3 Pre-MAP mean–post-MAP mean 0.11 2.50 0.14 9 0.892

CMT Group

Pair 1 Pre-SBP mean–post-SBP mean 1.57 1.54 3.22 9 0.011

Pair 2 Pre-DBP mean–post-DBP mean 1.50 3.10 1.53 9 0.161

Pair 3 Pre-MAP mean–post-MAP mean 1.49 2.12 2.22 9 0.054

HIIT Group

Pair 1 Pre-SBP mean–post-SBP mean 3.76 2.83 4.20 9 0.002

Pair 2 Pre-DBP mean–post-DBP mean 2.93 2.23 4.16 9 0.002

Pair 3 Pre-MAP mean–post-MAP mean 3.05 1.64 5.90 * 9 <0.0005

Paired sample t-test was performed; * Indicates statistically significant at 5% level of significance.

3.3. Comparison between the Groups

For the SBP, the F-test (one-way ANOVA) result was 5.02 (p-value = 0.014 < 0.05)
(Table 4). Therefore, it can be concluded that there were significant differences in the
mean SBP across the three groups. However, for the DBP, the F-test statistic was 1.87
(p-value = 0.173 > 0.05), indicating a non-significant difference among the three groups.
The MAP F-test was 4.76 (p-value = 0.017 < 0.05), showing a significant difference between
the 3 groups.

Table 4. Comparison of SBP, DBP and MAP mean difference across the 3 groups.

ANOVA

Sum of Squares df Mean Square F p-Value

SBP

Between Groups 69.72 2 34.86 5.02 * 0.014

Within Groups 187.53 27 6.95

Total 257.25 29

DBP

Between Groups 32.25 2 16.12 1.87 0.173

Within Groups 232.47 27 8.61

Total 264.71 29

MAP

Between Groups 43.08 2 21.54 4.76 * 0.017

Within Groups 122.13 27 4.52

Total 165.21 29

One-way ANOVA test was performed; * Indicates statistically significant at 5% level of significance.

Since the one-way ANOVA test showed significant differences in SBP and MAP
across the three groups, a post hoc test (Tukey test) was performed to investigate which
pairs of the groups were different in terms of the mean SBP and mean MAP. We found
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that the SBP mean difference in the HIIT and CMT groups was statistically insignifi-
cant (p-value = 0.282 > 0.05) (Table 5). However, we noticed a significant SBP mean dif-
ference between the HIIT group and the CON group (p-value = 0.010 < 0.05), but the
SBP mean difference between the CMT and CON groups was statistically insignificant
(p-value = 0.258 > 0.05). The MAP did not show any significant mean difference between
the HIIT and CMT groups (p-value = 0.244 > 0.05) and between the CMT and CON groups
(p-value = 0.337 > 0.05). However, a significant mean difference in MAP was seen between
the HIIT and CON groups (p-value = 0.013 < 0.05). Hence, it can be deduced that HIIT is
more effective in reducing the SBP, DBP and MAP compared to the CMT.

Table 5. Post hoc test (Tukey test).

Dependent Variable (I) Group (J) Group Mean Difference (I-J) p-Value

SBP

HIIT
CMT −1.83 0.282

CON −3.73 * 0.010

CMT
HIIT 1.83 0.282

CON −1.90 0.258

CON
HIIT 3.73 * 0.010

CMT 1.90 0.258

MAP

HIIT CT −1.57 0.244

CON −2.93 * 0.013

CMT HIIT 1.56 0.244

CON −1.37 0.337

CON HIIT 2.93 * 0.013

CMT 1.37 0.337
Post hoc (Tukey) test was performed; * Indicates statistically significant at 5% level of significance.

4. Discussion

Earlier studies [28,29] broadly supported the improved cardiopulmonary benefits of
HIIT over CMT. Nevertheless, no previous study has conspicuously explored HIIT and CMT
outcomes in the pre-hypertensive young population by incorporating a comparator CON
group with the DASH protocol. Thus, the research provided valuable insights into the field
of physical therapy and significantly contributed to the current body of scientific literature.
This study showed the beneficial effects of HIIT and CMT on the resting BP of physically
inactive young adults with pre-hypertension. It is evident from the findings of the current
study that both HIIT and CMT can reduce SBP significantly among pre-hypertensive young
adults. The positive role of exercise training on BP can be perceived through its action
on sympathetic activity, enhanced endothelial function and decreased oxidative stress,
which cumulatively contributes to the prevention and treatment of hypertension [30].
In addition, PA may be accountable for reducing exercise-induced oxidative stress by
producing an increased level of antioxidants, attenuating vascular and cardiac sympathetic
activity, reducing serum vasoconstrictor factor levels and increasing endothelial dilating
factors, which that consequently helps in lowering the peripheral vascular resistance and
subsequently leads to improved BP [16,31]. A previous meta-analysis revealed that the
two most prominent intervention protocols HIIT and CMT were effective in reducing
SBP in adults with pre- to established hypertension [25]. Our findings correlate with a
study that compared the effects of continuous and interval training in the management
of hypertension, wherein researchers found a SBP reduction in both experimental groups
(−16.4 ± 13.2 mmHg and −13.9 ± 12.6 mmHg, respectively) [32]. Similar results were also
derived from the systematic review by Punia S et al. [33]. Our study revealed significant
reductions in SBP after conducting 5 weeks of an AET (HIIT and CMT) program. Therefore,
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in addition to lowering SBP among the hypertensive population, HIIT and CMT can be
useful tools in reducing the SBP among pre-hypertensive young adults.

The current study demonstrated a significant reduction in DBP among the participants
undergoing the HIIT exercise protocol, whereas a non-significant reduction in DBP was
observed among the CMT and control groups. In [34], it is suggested that HIIT demon-
strated greater improvements in the endothelial function and arterial stiffness compared
to CMT. This explains the increased BP reduction in the HIIT group as endothelium plays
a pivotal role in the homeostasis and maintenance of vascular tonus, which may be a
contributing factor in BP reduction. A recent randomized clinical trial also revealed similar
results, where the authors found a significant reduction in SBP but a non-significant re-
duction in DBP [35]. Although the decrease in the DBP of the CMT group was statistically
non-significant in this study, if given a longer intervention period, there would be a more
obvious result, as most studies have confirmed a significant reduction in DBP following
8 or more weeks of continuous exercise in hypertensive and normotensive adults [32,36].
Interestingly, in the current study, within a time frame of 5 weeks, HIIT was shown to
be effective in reducing DBP significantly. Therefore, HIIT could be a better option in
controlling the DBP of pre-hypertensive young adults.

MAP measures the pressure necessary for the adequate perfusion of the organs of
the whole body. Therefore, it could be a better indicator of perfusion than SBP. High
MAP can be detrimental, leading to morbid conditions such as ventricular hypertrophy,
myocardial infarction and stroke. HIIT intervention in this current study also demonstrated
significantly greater reductions in the MAP in comparison to CMT (3.05 vs. 1.49). Similar
findings were reported in past studies, wherein HIIT led to notable reductions in the MAP
among pre-hypertensive subjects [37] and sedentary individuals [38,39]. Overall, the HIIT
exercise resulted in a significant BP reduction and a favorable alteration in MAP, thus
showing a positive cardiovascular response post-intervention. However, further studies
are required to evaluate the potential mechanisms contributing to these physiological
responses and changes in the pre-hypertensive population.

HIIT interventions are considered to be more effective and time-efficient interven-
tions for BP and aerobic capacity level improvements as compared to other exercises [40].
Wahl P et al. [41] found that HIIT stimulated a transient increase in the circulating levels of
vascular endothelial growth factor and hepatocyte growth factor. Thus, it can be postulated
that HIIT intervention reduces BP by actively promoting and stimulating the angiogenic
factors. A study comparing HIIT and CMT [16] showed that HIIT is far superior in lowering
BP compared to CMT due to three factors: improving cardiorespiratory fitness, hormonal
response and nitric oxide response, which is a mediator of vasodilation in blood vessels
that plays a major role in BP control. It has been stated that HIIT interventions that last for
4–12 weeks are able to produce a larger decrease in SPB (−3.63 mmHg) than other forms
of exercise [40]. Previous studies [16–18] also support the finding that HIIT is superior
to CMT in improving cardiorespiratory fitness and reducing BP among normotensive
and hypertensive individuals, but its efficacy in reducing BP among the pre-hypertensive
population requires further investigation. In the current study, there was a significant
difference in the mean SBP across the three groups, HIIT, CMT and CON, as revealed by
the ANOVA test. Further analysis via a post hoc test demonstrated a significant mean
difference in the SBP between the HIIT group and CON group (p-value = 0. 010 < 0.05).
However, there was an insignificant mean difference in the SBP between the CMT and CON
group participants (p-value = 0.282 > 0.05). Additionally, HIIT was found to be effective in
reducing the DBP significantly (p-value = 0.002 < 0.05). Although PA has been associated
with reduced BP, there can be some variations due to different training modalities, exercise
prescriptions, intensities, frequencies and durations of intervention [34]. Nevertheless,
the current study clearly demonstrates that HIIT is superior to CMT in controlling the
progression of pre-hypertension towards hypertension in Malaysian young adults.

Studies by Stephen PJ et al. [42] and Paula TP et al. [43] revealed that the DASH diet
and sodium restriction have significant effect on the reduction in SBP, DBP and HR among
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hypertensive patients. A recent meta-analysis also revealed similar observations [44].
Therefore, a possible reason that there was no reduction in SPB or DBP in the CON group
could be non-adherence to the diet protocol, even after weekly reminders via phone calls to
the participants to ensure that they were strictly adhering to the regimen. Although HIIT
and CMT groups were not instructed to follow the DASH diet and sodium restriction as the
researchers aimed to determine the effectiveness of HIIT and CMT solely, a significant SBP
reduction and a non-significant DBP reduction were observed among the participants of
the CMT group, whereas in the HIIT group, both SBP and DBP were significantly reduced
after 5 weeks. In conclusion, the study results indicate a higher efficacy of HIIT over CMT
even in the absence of the DASH diet to control the resting BP in the pre-hypertensive
young adults.

5. Strengths, Limitations and Recommendations

Due to the time constraint and limited resources, the researchers were only able to
recruit 32 participants for this research. However, this was a hypothesis-generating study
and differed methodologically; therefore, even with the limited sample size, this research
provided a deeper insight into the cardioprotective role of exercise training in BP. Second,
the HIIT and CMT groups each consisted of only 4 and 6 females in the respective groups,
whereas the CON group consisted of all males. This is due to the fact that during the
screening process, many female participants were under hypotensive or normotensive
categories, and after screening, eligible participants were divided randomly into three
groups. The dietary intake of the participants in the CON group may have also played a
significant role regarding controlling BP, since it was not possible to directly observe and
monitor their adherence to the DASH diet and sodium restriction. Therefore, future studies
with a larger sample size, a longer intervention duration, and the stringent control of the
DASH diet plan are highly recommended. Furthermore, HIIT with the DASH diet plan
could be a better approach towards controlling pre-hypertension in a short period of time.

6. Conclusions

HIIT can effectively reduce both the SBP and DBP of healthy, physically inactive pre-
hypertensive young adults, but CMT reduced only the SBP in this study. Therefore, HIIT
could be a promising alternative intervention in BP reduction and thus could be functional
in preventing the progression of pre-hypertension towards hypertension among physically
inactive young adults.
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Abstract: Arterial hypertension (AH) is a progressive issue that grows in importance with the
increased average age of the world population. The potential role of artificial intelligence (AI)
in its prevention and treatment is firmly recognized. Indeed, AI application allows personalized
medicine and tailored treatment for each patient. Specifically, this article reviews the benefits of AI
in AH management, pointing out diagnostic and therapeutic improvements without ignoring the
limitations of this innovative scientific approach. Consequently, we conducted a detailed search
on AI applications in AH: the articles (quantitative and qualitative) reviewed in this paper were
obtained by searching journal databases such as PubMed and subject-specific professional websites,
including Google Scholar. The search terms included artificial intelligence, artificial neural network,
deep learning, machine learning, big data, arterial hypertension, blood pressure, blood pressure
measurement, cardiovascular disease, and personalized medicine. Specifically, AI-based systems
could help continuously monitor BP using wearable technologies; in particular, BP can be estimated
from a photoplethysmograph (PPG) signal obtained from a smartphone or a smartwatch using DL.
Furthermore, thanks to ML algorithms, it is possible to identify new hypertension genes for the early
diagnosis of AH and the prevention of complications. Moreover, integrating AI with omics-based
technologies will lead to the definition of the trajectory of the hypertensive patient and the use
of the most appropriate drug. However, AI is not free from technical issues and biases, such as
over/underfitting, the “black-box” nature of many ML algorithms, and patient data privacy. In
conclusion, AI-based systems will change clinical practice for AH by identifying patient trajectories
for new, personalized care plans and predicting patients’ risks and necessary therapy adjustments
due to changes in disease progression and/or therapy response.

Keywords: hypertension; artificial intelligence; machine learning; blood pressure; deep learning;
deep neural networks; big data; wearable technology; digital health; photoplethysmograph

1. Introduction

Arterial hypertension (AH) is a global public health problem, and its treatment is
primarily aimed at reducing associated cardiovascular (CV) morbidity and mortality [1,2].
AH affected more than 1.13 billion individuals in 2015, and the prevalence appears to
affect approximately 35–45% of Campo’s overall population [3]. Moreover, AH is the
most significant contributor to the global burden of CV diseases and represents a heavy
socio-economic burden for many countries [4,5]; indeed, even moderate elevations in
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arterial blood pressure (BP) are associated with a significant reduction in life expectancy [6].
Furthermore, current data suggest that over 14 million people are unaware of their abnormal
BP level; consequently, they are not receiving appropriate medication for it, nor do they
engage in other interventions to maintain BP in the normal range [7]. Regardless of
guidelines, BP control in hypertensive patients in treatment is insufficient due to many
factors, including poor adherence to therapy [8]. Moreover, the definition of “hypertension”
recapitulates several different sub-phenotypes influenced by multiple variables: gender,
BMI, lifestyle conditions, and so on [9]. Furthermore, the pharmacological therapy used to
treat essential AH has remained substantially unchanged in the last 20 years and is mainly
focused on regulating vascular resistance [1,10]. Therefore, there is an evident gap in the
knowledge required to deepen the multifaced aspects of AH and prompt the research and
development of novel approaches.

In this scenario, the possibility of collecting, storing, and analyzing multiple pieces of
information from a single patient in the form of electronic health records (EHRs) requires
revising the conventional healthcare model of AH management using new technologies or
monitoring techniques [11,12]. In this context, artificial intelligence (AI) is a technological
method that has been in development in recent years [13–15], and, if used appropriately,
it could have surprising results in developing predictive models of AH, formulating the
diagnosis, stratifying patients, and identifying the most effective therapy (Table 1).

Table 1. AI application in hypertension management.

Applications Benefits

Measuring BP Estimate BP by analyzing PPG signal with ML
and DL algorithms. Self-monitoring BP for hypertension

Predicting AH development
Predict the risk of developing AH by using

genetics, medical data, and behavioral,
environmental, and socioeconomic factors.

Timely intervention

Diagnosing AH
Accurately diagnosing AH by using CV risk
factors, anthropometric data, vital signs, and

laboratory data.
Precision diagnosis

Predicting AH treatment success Identify factors contributing to
treatment success. Personalized treatment plan

Predicting AH prognosis Stratify patients and predict CV outcomes. Treatment plan adjustment
AI: artificial intelligence; BP: blood pressure; PPG: photoplethysmograph; ML: machine learning; DL: deep
learning; AH: arterial hypertension; CV: cardiovascular.

Specifically, accurate BP estimation is essential because BP is a risk factor for many
clinical CV events, including stroke and dementia, and therefore can be integrated into
several models for risk stratification [16,17]; moreover, in the computational simulation
of CV disease, BP can influence the value of focal hemodynamic metrics, e.g., fractional
flow [18]; consequently, patient-specific BP values can improve the accuracy of simulation
results and have been applied in some recent models [19,20].

Therefore, AI-based systems might change clinical practice for AH by identifying
patient trajectories for new, personalized care plans and predicting patients’ risks and
necessary therapy adjustments due to changes in disease progression and/or therapy
response. Accordingly, a basic knowledge of this science is essential because AI might
change medical practice jobs: tiring and routine tasks could be completed by computers
to free up time and allow cardiologists to carry out more difficult and sensitive tasks.
Therefore, in this review, we describe multiple applications of AI, encompassing diagnostic,
prognostic, and therapeutic issues currently unsolved in managing AH (Tables S1–S4).

Overall, this manuscript aims to provide a complete picture of the state of the art of
AI in AH (primary and secondary) management, analyzing every aspect of the diagnosis,
treatment, and patient follow-up, without neglecting the limitations and all of the possible
tools to overcome them.
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2. The Principles of AI

AI is a wide-ranging branch of computer science concerned with building smart
machines capable of increasing their knowledge through an automatic learning process
that typically requires human intelligence [21–23]. Therefore, AI is an interdisciplinary
science with multiple approaches that incorporate reasoning (making inferences using
data), natural language processing (ability to read and understand human languages),
planning (ability to act autonomously and flexibly to create a sequence of actions to achieve
a final goal), and machine learning (ML) (algorithms that develop automatically through
experience) [21]. Specifically, AI based on ML techniques [15] is used to perform predictive
analyses by examining mechanisms and associations among given variables from training
datasets, which may consist of a variety of data inputs, including wearable devices, multi-
omics, and standardized EHRs [10,24]. Essentially, in ML, the rules would be learned by
algorithms directly from a set of data rather than being encoded by hand [25]; consequently,
by using specific algorithms, ML can establish complex relationships among data, rules
governing a system, behavioral patterns, and classification schemes [15]. The classic ML
process begins with data acquisition, continues with feature extraction, algorithm selection,
and model development, and leads to model evaluation and application [26] (Figure 1).
Supervised and unsupervised learning are the most popular approaches employed in ML.
Supervised learning is used to predict unknown outputs from a known labeled dataset,
hypotheses, and appropriate algorithms, such as an artificial neural network (ANN), sup-
port vector machine (SVM), and K-nearest neighbor. The choice of the technique depends
on the dataset’s features, number of variables, learning curve, training, and computation
time [27,28]. Specifically, supervised learning provides predictions from big data analytics
but requires manually labeled datasets and biases that can arise from the dataset itself or
the algorithms [24].

J. Cardiovasc. Dev. Dis. 2023, 10, x FOR PEER REVIEW 4 of 16 
 

 

as the generalizability of cluster patterns identified from a cohort of patients, which can 

lead to overfitting to the training dataset, and the need to be validated in different large 

datasets [24]. In the real world, AI can provide tools to improve and extend the effective-

ness of clinical interventions [15]. For example, incorporating AI into hypertension man-

agement could improve every stage of patient care, from diagnosis to therapy; conse-

quently, the clinical practice could become more efficient and effective. 

 

Figure 1. The typical ML workflow in healthcare research. 

3. Methods 

We conducted a detailed search on AI applications in AH. The research includes top-

ics ranging from big data to complex technology-based interventions. Specifically, the ar-

ticles reviewed in this paper were obtained by searching journal databases such as Pub-

Med and subject-specific professional websites, including Google Scholar. The search 

terms included artificial intelligence, artificial neural network, deep learning, machine 

learning, big data, arterial hypertension, blood pressure, blood pressure measurement, 

CV disease, and personalized medicine. The inclusion criteria focus on articles directly or 

indirectly related to the topic of AI and AH. Specifically, both quantitative (measurable 

data) and qualitative (reasons, opinions, and motivations) reports were reviewed. 

The authors independently screened titles and abstracts; subsequently, full texts 

were sourced for relevant articles. The reference lists of included trials and meta-analyses 

were also reviewed for significant articles. 

4. AI in the Measurement of Blood Pressure 

The commonly used methods for BP monitoring are either non-invasive inflatable 

cuff-based oscillometric or invasive arterial line manometric measurement. The former 

takes intermittent measures because a pause of at least 1–2 min between two BP 

Figure 1. The typical ML workflow in healthcare research.

143



J. Cardiovasc. Dev. Dis. 2023, 10, 74

On the other hand, in unsupervised learning techniques, there is no information on the
features to be predicted; consequently, these techniques must learn from the relationships
among the elements of a dataset and classify them without basing them on categories or
labels [22]. Therefore, they look for structures, patterns, or characteristics in the source
data that can be reproduced in new datasets [15]. ML mainly mimics the nervous system’s
structure by creating ANNs, which are networks of units called artificial neurons structured
into layers [29]. The system learns to generate patterns from data entered in the training
session [29]. A specific ANN, consisting of more layers that allow for improved predictions
from data, is known as a deep neural network (DNN). Its performance could be enhanced as
the dimension of the training dataset rises [25]. Still, it largely depends on the distribution
gap between training and test datasets: a highly divergent test dataset would test an ML
prediction model on a feature space that it was not trained on, resulting in poor testing
and results; additionally, a highly overlapping test dataset would not test the model for
its generalization ability [30]. Specifically, DL employs algorithms such as DNNs and
convolutional neural networks (CNNs) [15]. Nevertheless, regardless of its capability
of using unlabeled datasets, unsupervised learning still has some limitations, such as
the generalizability of cluster patterns identified from a cohort of patients, which can
lead to overfitting to the training dataset, and the need to be validated in different large
datasets [24]. In the real world, AI can provide tools to improve and extend the effectiveness
of clinical interventions [15]. For example, incorporating AI into hypertension management
could improve every stage of patient care, from diagnosis to therapy; consequently, the
clinical practice could become more efficient and effective.

3. Methods

We conducted a detailed search on AI applications in AH. The research includes topics
ranging from big data to complex technology-based interventions. Specifically, the articles
reviewed in this paper were obtained by searching journal databases such as PubMed
and subject-specific professional websites, including Google Scholar. The search terms
included artificial intelligence, artificial neural network, deep learning, machine learning,
big data, arterial hypertension, blood pressure, blood pressure measurement, CV disease,
and personalized medicine. The inclusion criteria focus on articles directly or indirectly
related to the topic of AI and AH. Specifically, both quantitative (measurable data) and
qualitative (reasons, opinions, and motivations) reports were reviewed.

The authors independently screened titles and abstracts; subsequently, full texts were
sourced for relevant articles. The reference lists of included trials and meta-analyses were
also reviewed for significant articles.

4. AI in the Measurement of Blood Pressure

The commonly used methods for BP monitoring are either non-invasive inflatable cuff-
based oscillometric or invasive arterial line manometric measurement. The former takes
intermittent measures because a pause of at least 1–2 min between two BP measurements is
necessary to avoid errors in the measurement [31,32]; moreover, the inflation of the cuff may
disturb the patient, and the consequences of these disturbances are alterations in BP [33].
On the other hand, invasive arterial line manometric measurement has an elevated risk of
complications; consequently, these unsolved issues drive the search for new non-invasive
BP monitoring techniques.

In this scenario, AI algorithms could help improve precision, accuracy, and repro-
ducibility in diagnosing and managing AH using emerging wearable technologies. Al-
ternatives for monitoring BP are cuff-based devices (such as volume-clamp devices or
wrist-worn inflatable cuffs) and cuffless devices that use mechanical and optical sensors
to determine features of the blood pulse waveform shape (for example, tonometry [34],
photoplethysmography [35], and capacitance [32]). In particular, cuffless blood pressure
monitoring has been evaluated using a two-step algorithm with a single-channel photo-
plethysmograph (PPG). This system achieved an AAMI/ISO standard accuracy in all blood
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pressure categories except systolic hypotension [36]. Independently of the acquisition
method, the received signals are preprocessed and sent for feature extraction and selection.
Subsequently, the signals and the gathered data can be used to feed ML to obtain systolic
BP (SBP) and diastolic BP (DBP) estimations from the raw signals [35] (Figure 2).
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Figure 2. Block diagram of the blood pressure estimation process using ML techniques. In detail,
the raw signals are prepared through normalization, the correction of baseline wandering due to
respiration, and finally, signal filtration. Specifically, to construct a dataset for BP estimation models, it
is necessary to accurately extract the features of the original waveform (and underlying demographic
and statistical data) and select effective features, improving the generalization and reducing the risk
of overfitting the algorithms. PPG: photoplethysmograph; ML: machine learning.

Since the volume and distension of arteries can be related to the pressure in the ar-
teries, the PPG signal produces pulse waveforms that are similar to pressure waveforms
created by tonometry. PPG offers the added advantage that it can be measured continu-
ously using miniature, inexpensive, and wearable optical electronics [37]. However, PPG
signal measurements are not without technical challenges; indeed, they require noise elim-
ination, multisite measurement, multiphotodector development, event detection, event
visualization, different models, the accurate positioning of sensors, and the calculation of
propagation distances, without neglecting the impact of the variable PEP time on the pulse
wave velocity timing [37]. Moreover, there are several PPG-based methods for estimating
BP: the PPG signal alone and its derivate, ECG and PPG signals, BCG and PPG signals, and
PCG and PPG signals; each has advantages and limitations [38–42], which, however, are
beyond this discussion.

ML Algorithms in BP Estimation

To adapt to the nonlinearity of the dataset and to create a relationship between features
and estimated BP, there are different ML approaches [43]:

1. Gaussian Process Regression: A Bayesian regression approach gives a probability
distribution over all possible values [35,44].

2. Ensemble trees: The idea is to pull together a set of weak learners to create a
strong learner [45].

3. Multivariate Linear Regression: It is a method to analyze the correlation, correla-
tion direction, and strength between multiple independent variables and the depen-
dent variable [33,46,47].
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4. Support vector regression: It is a non-parametric algorithm that uses a kernel function
(a class of algorithms for pattern analysis, whose general task is to find and study
relations in datasets) [48–51].

5. Random forest, gradient boosting, and adaptive boosting regression [48,49].
6. CNN [52,53].

After hyper-parameter optimization, it is necessary to evaluate the performance of ML
algorithms through the correlation between the acquired predicted data and the ground-
truth data. The difference between reference and estimated BP could be considered using
the following criteria: the mean absolute error, mean squared error, and correlation coeffi-
cient [35]. The role of parameter optimization is to lower the value of the predicted error. The
mean absolute and standard deviations are the model’s predictive performance indicators.

Specifically, these AI-based systems could help continuously monitor BP using wear-
able technologies and improve AH management and outcomes [33,50]. Starting from
the input (raw signals), we can reach the output (estimated SBP and DBP) through the
algorithms of ML [24]. In particular, BP can be estimated from a PPG signal obtained from
a smartphone or a smartwatch by using DL [54,55].

Moreover, future studies on AI and wearable devices need to confirm the above results
and provide conclusive clinical data to support using a combination of AI and wearable-
device-obtained data to correctly perform BP measurements, which may offer an alternative
to current oscillometric methods [24].

5. Use of AI for the Prediction of Undiagnosed Hypertension

AH is generally asymptomatic or variably occurs with symptoms such as headache,
dizziness, tinnitus, and nosebleeds in a minority of patients. For this reason, it is not always
possible to readily identify and predict this disease.

The goal should be to implement primary and secondary prevention methods. This
task could greatly benefit AI implementation, featuring the individual identification of
each patient’s previous and new CV risk factors and treating modifiable risk factors. AI can
predict the patient’s risk of AH development thanks to different algorithm settings with big
sets of data. Predicting AH onset has been attempted in the last decade with progressively
greater precision thanks to technological advancements.

Accordingly, risk factors for AH, such as low levels of education, a sedentary job, a
family history of AH, demographic data, routine blood tests, BMI, waist and hip circumfer-
ence and ratio, diet, physical exercise, and salt and alcohol intake, showed effectiveness in
predicting elevated SBP using ML techniques [56–58], for instance, an ANN [59]. On the
other hand, AI techniques are also emerging in gene expression analysis; specifically, it is
possible to improve AH predictive models by integrating data from a combination of gene
expression and next-generation sequencing in ML analysis [60]. Furthermore, thanks to
ML algorithms, it is possible to identify new hypertension genes; accordingly, Li et al. [61]
analyzed gene expression in hypertensive patients, thus identifying 177 new hypertension
genes thanks to ML algorithm development: this was then integrated with environmental
factors in evaluating the risk of AH [53,62].

Furthermore, health risk prediction using a DL architecture appears suitable for
extensive complex datasets, as shown by Maxwell et al. [63]. Using physical examination
records of 110,300 patients, it was possible to examine, classify, and learn each risk factor
contributing to chronic diseases such as AH, diabetes, and liver steatosis [63].

With the same principle, Ye et al. [56] validated an accurate 1-year risk prediction
model for the incidence of essential AH. In this retrospective and prospective study, risk
factors (type 2 diabetes, dyslipidemias, CV diseases, etc.) were calculated, evaluated, and
stratified, yielding an accuracy of 91.7% for the prediction of the AH incidence at 1 year,
with 87% in the prospective cohort (validation) [56].

Furthermore, the AI risk assessment of AH development can also benefit from car-
diorespiratory fitness data obtained from treadmill exercise stress testing [64]. Overall, AI
has the potential to increase efficacy by aggregating immense volumes of information, vir-
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tually predicting the risk of AH and consequently preventing or delaying the development
of this disease by directing early interventions [24].

Making the AH diagnosis using validated guidelines [65,66] is an easy task for AI.
Using inputs such as BP, comorbidities, demographic data, and routine blood tests, the accu-
racy can reach 92.85% with an ANN [67]. With a similar dataset (age, BP, BMI, serum lipopro-
teins profile, smoking habit, and exercise), using ML, the accuracy is estimated at 82% [68].

The most common example of AI for AH diagnosis, and probably still the most
accurate, is twenty-four-hour ambulatory BP monitoring (ABPM) [69]. Thanks to direct
and regular interval BP measurements and a relatively easy algorithm, ABPM software can
identify and classify AH. ABPM is particularly useful in correctly evaluating white coats
and masked AH [70,71].

New approaches based on ANNs try to estimate BP for AH diagnosis in healthy
individuals using factors such as BMI, age, exercise, smoking, and alcohol consumption,
although with limited accuracy and efficacy [68]. An interesting method for SBP prediction
is the use of retinal fundus images. This factor was used by Poplin et al. [72], who showed
that DL could be used in this case, even if the BP error was 11.23 mmHg, clearly not accurate
enough to be of diagnostic use.

The ability of AI to diagnose AH is dependent on its accuracy. Further studies will
identify more methods of BP prediction for the early diagnosis of AH and complication
prevention. Looking at the world around us, AI’s future in AH diagnosis and management
probably lies in systems that can constantly retrieve vital signs, such as smartphones,
smartwatches, and all of the relative accessories [73].

6. Targeting AH by AI

Optimizing pharmacological therapy to achieve the optimal control of BP levels
represents a tough challenge for physicians. The management of AH is based on evidence-
based medicine and expert opinions; BP control rates remain poor worldwide and are far
from satisfactory across Europe [74].

Specifically, the importance of AI in this field is in the robust identification of modifi-
able factors that impact the evolution of AH; moreover, this new instrument could support
the choice of the most appropriate management of AH. Indeed, most hypertensive pa-
tients need medication and lifestyle changes to achieve optimal BP control, and AI is
helpful due to its better capability of identifying the best combination therapy compared to
standard analysis [74].

Several works discussed and analyzed the opportunity of using AI to evaluate the
impacts of different factors on BP values. Koren et al. applied ANN and decision trees to
identify parameters contributing to Campo’s success in his AH drug treatment [75]. Indeed,
ML algorithms allow better real-world data analysis, identifying patterns and trends not
easily recognized with classical experimental or observational approaches. Randomized
trials usually compare the effectiveness of a drug to a placebo or, at best, to an already-
approved compound. However, evaluating the differences between and advantages of
drug combinations, frequently necessary for AH treatment, is a more complex task [75] that
AI could fulfill. Here, we provide some previous experience and approaches; for example,
the computer was presented with a training dataset in the first training phase, and for each
instance, it was given the correct classification. Specifically, the appropriate classification
of the algorithm was divided into two reference categories: “treatment success”, defined
as BP lower than 140/90 mmHg within 90 days after starting therapy, and “treatment
failure” in any other case. Finally, AI decision trees and ANN compared various classes of
antihypertensives in patients: beta-blockers alone or in combination were the most effec-
tive [75]. In another study, ML methods predicted individual treatment effects of intensive
BP therapy [76]; notably, the results revealed an improvement in the discrimination and
calibration of individualized medications from clinical trial data. Moreover, Ye X. et al. [77]
demonstrated the potential of using predictive models to select optimal AH treatment
pathways; specifically, along with clinical guidelines and guideline-based CDS systems,

147



J. Cardiovasc. Dev. Dis. 2023, 10, 74

the LSTM models show the best prediction for achieving the optimal control of BP with
different combinations of treatments. ML can also detect adherence to antihypertensive
therapy by analyzing data recorded from a smartphone application to promote patients’
awareness, self-monitoring, and treatment compliance [78].

Nonetheless, the exploitation of AI in the healthcare field is still in its early phases,
and its potential is not entirely explored. Indeed, AI represents the opportunity for a global
evaluation of the patient in his or her complexity because it allows the integration of clinical,
demographic, biochemical, and instrumental data to develop models that physicians and
healthcare providers could use to improve AH management and test new drug therapies
using the multi-omics method [79,80].

We are now entering an era in which omics-based technology evolution will start
to deliver long-promised elements that may improve the understanding of the complex
mechanistic basis of this disease [79]. Accordingly, the key to better disease management
will pass through personalized medicine. The key to this is future drug discovery that
will be possible thanks to enhanced AI technologies exploiting information integration.
Data from sequenced genomes, functional genomics, protein profiling, metabolomics, and
bioinformatics may ensure a better comprehensive systems-based analysis for further
understanding AH disease’s complexities. Integrating AI with omics-based technologies
will lead to the definition of the trajectory of the hypertensive patient and the use of the
most appropriate drug.

In conclusion, AI can improve intelligent healthcare systems that provide personalized
recommendations and treatment approaches [24].

7. Definition of the Hypertensive Patient’s Trajectory: Role of AI in AH Prognosis

According to the recent AHA and ESC guidelines [74,81], the evaluation of the prog-
nosis of AH is related to the demographic characteristics, the progression of organ injury,
and comorbidities of the patients. Predicting the outcomes of hypertensive patients is
significant research work [82].

There are currently several clinical risk scores intended for specific populations and
risk groups [83–85]. Nevertheless, most of these scores are based on linear models and
might therefore lack specificity and sensitivity in certain subgroups [86]. Moreover, the
wide variety of scores may also cause slow adoption in real-world clinical practice [86].

The role of AI concerning the prognostic establishment of AH is due to the utility
of ML algorithms trained on large datasets to estimate prognoses and potentially guide
medical treatments [87].

The recent focus on AI and ML methods for AH prognosis is related to the critical
repercussions of elevated BP for the risk of developing organ damage. Despite commonly
used statistical methods, AI systems can process large amounts of complex data. Therefore,
AI and ML aim to process a prognostic model that has clinical relevance in managing
patients in the real world [88]. The prognostic impact of AH needs the stratification of
patients based on their global evaluation with the integration of different parameters, such
as the grade and stage of AH, BP control, and concomitant comorbidities. Indeed, AI can
stratify patients correctly through the use of classification algorithms (SVM, C4.5 decision
tree, random forest (RF), and extreme gradient boosting (XGBoost)); specifically, XGBoost
has the best prediction performance [82].

However, the accuracy of the definition of the individual trajectory can be enhanced by a
prolonged follow-up [89] and an increase in the number of relevant features, such as genomic
variants associated with specific hypertensive phenotypes and different outcomes [61,90].

Moreover, the prognosis determines the frequency and the type of clinical monitoring.
Specifically, AI allows the elaboration of new risk stratification to develop novel prognostic
layers in favor of personalized medicine with the prospect of efficiently measuring the grade
classification of AH [91] and identifying different outcomes’ profiles [89]. In conclusion,
the clinical advantages of implementing AI systems and their integration into current
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prognostic stratification might grant the correct identification of classes of outcomes of
patients, improving their clinical management.

8. AI in Secondary Arterial Hypertension

The causes of hypertension are multiple, and we must not overlook secondary arterial
hypertension; indeed, in 10–15% of cases, the specific cause underlying hypertension can be
identified [92]. Specifically, to arrive at the diagnosis of essential hypertension, all causes of
secondary hypertension must be ruled out, and the accurate history, thorough examination,
and performance of all necessary tests based on the data collected always place the physi-
cian and his or her knowledge of internal medicine at the basis of the evaluation of each
hypertensive patient. Consequently, diagnosis and patient management must be connected
to the clinician, who can use AI to speed up and facilitate his or her task. In any case, AI
and ML cannot wholly replace the doctor’s role, but they represent a useful tool in his
hands. Identifying secondary hypertension in its various subtypes is essential to prevent-
ing and targeting the treatment of CV complications. However, screening for secondary
hypertension can be time-consuming, expensive, and difficult; consequently, simplified
diagnostic tests are urgently required to distinguish between primary and secondary hy-
pertension to address the current underdiagnosis of the latter. In children and adolescents,
the most common causes of hypertension are renal parenchymal or vascular disease and
aortic coarctation [93]; in adults, earlier studies identified renal parenchymal and vascular
diseases as the most common causes of secondary hypertension. Obstructive sleep apnea
(OSA) was recognized as an exceedingly common cause of secondary hypertension [94].
Among endocrine causes, we include primary aldosteronism (the most common), thyroid
disease (hypo- or hyperthyroidism), hypercortisolism (Cushing’s), and finally, phaeochro-
mocytoma [92]. The application of ML methods to the etiological diagnosis of secondary
hypertension can be helpful in clinical practice. Accordingly, AI technology should be im-
plemented cautiously; to be a partner of clinicians, there is still a long way to go, but it can
serve as a virtual assistant and enable clinicians to promote quality and increase efficiency.
Based on EMRs from Fuwai Hospital, five ML prediction models with good performance
and applicability to the etiology detection of secondary hypertension were developed
by Campo [95], which demonstrated that ML approaches were feasible and effective in
diagnosing secondary hypertension. Reel and colleagues [95] showed that the MOmics
approach provided better discriminatory power compared to single-omics (monoomics)
data analysis and appropriately classified different forms of endocrine hypertension with
high sensitivity and specificity, providing potential diagnostic biomarker combinations for
diagnosing secondary hypertension subtypes. However, there still needs to be more data in
the literature on the application of AI in the field of secondary hypertension; consequently,
these innovative and clinically relevant prediction models still require further validation
and more clinical tests before being implemented into clinical practice.

9. Limitations of Applying ML in CV Research

Despite the great importance that AI has taken on in the last few years, it is necessary
to underline that this system is not free from technical issues and biases (Table S5). The
quality of the algorithms underlying AI technology can be affected by some limitations,
such as the inconsistent quality of the studies that form the databases at the heart of AI [96].

Specifically, overfitting is a significant issue common to all ML models: this happens
when a model has become overly attuned to the training data, such that it does not
generalize to new datasets; this is the opposite of underfitting, where the algorithm cannot
wholly capture the predictive power of the data. These two issues (over- and underfitting)
could be solved by improving the parameters of the model or making modifications to the
training set [21].

Moreover, it is also essential to consider the adversarial robustness of a model (ability
to resist being fooled), which could be improved by enlarging the training set [97].
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Furthermore, many clinicians remain wary of ML because of concerns about the
“black-box” nature of many ML algorithms. These models are sufficiently complex that
they are not directly interpretable to humans. Subsequently, the lack of interpretability of
predictive models can undermine trust in those models, especially in the medical field, in
which so many decisions are life-and-death issues [98]. To be trusted, users must compre-
hend the model outputs [98]. Consequently, the “explainability” technique in ML seeks to
imbue humans with a high level of understanding of how an algorithm works and makes
decisions without carefully considering each step [99]; however, the nature of explanations
as approximations may omit important information about how black-box models work
and why they make specific predictions [100].

Another flaw is the lack of discernment of predisposing factors for specific CV diseases
from confounding factors. Moreover, it is also possible that, during data analysis processes
by specialized clinicians, some may contribute to lowering the accuracy of the databases
owing to their biases, thus making their validation even more time-consuming [28].

It would also be necessary for some AI-automated diagnostic CV algorithms to identify
CV risk factors that are essential but still not unanimously recognized since, sometimes,
there is no consensus among cardiologists. Therefore, it would be desirable to validate
data through a clinical consensus before merging them into the AI, though expensive and
time-consuming. Another important aspect is the disparity between various racial groups,
ethnic minorities, and social classes. Some CV diseases are more represented in some races
and/or ethnic minorities and can express themselves with different phenotypes [101].

Prospectively, it will be necessary to render AI accessible to patients and promote
awareness, self-monitoring, healthy behaviors, and therapeutic adherence by integrating
new technologies, such as wearable devices that can automatically analyze activity levels
and give feedback, such as lifestyle and drug dose changes [24].

10. Conclusions

The study of AH needs a revolution, and its future may lie in the favorable convergence
of digital data and biotechnological and biomedical sciences and their implementation
in healthcare delivery with new delivery models and effective strategies for population
health. With AI, we could better understand epigenetic changes relevant to AH onset and
progression, potentially classify the risk of AH in individuals, identify the mechanism of
poorly controlled AH, and evaluate treatment responses in clinical trials using a multi-omics
approach [102]. Furthermore, AI could target healthy individuals who are at higher risk of
developing AH and may benefit from lifestyle modifications for the primary prevention of
CV disease [24].

In conclusion, AH prediction and management using a combination of AI and wear-
able technology could potentially be the first real chance for precision CV medicine [102].
Moreover, future AI-enhanced AH care will encourage patient awareness, self-monitoring,
healthy behaviors, and treatment adherence, along with developing digital technolo-
gies [24]. Therefore, future research needs to focus on precision AH medicine utilizing
AI-based technologies to reduce the global burden of AH without neglecting the significant
limitations that this approach still has.
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