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Abstract

Aging is characterized by alterations in neuro-cardiovascular regulatory mechanisms, leading to
impaired physiological variability patterns. Repeated evidence has shown that increased Blood
Pressure Variability (BPV) is associated with organ damage and exerts independent predictive value
on several health outcomes: cardiovascular events, neurocognitive impairment, metabolic disorders
and typical geriatric syndromes such as sarcopenia and frailty. Accordingly, it may constitute the
epiphenomenon of the alterations in homeostatic mechanisms, typical of late life.

Aging and altered BPV share the same molecular mechanisms, in particular the clinical state of
subclinical inflammation has been widely ascertained in advanced age and it is also related to BP
dysregulation through altered endothelial function and increased production of ROS. Arterial
stiffness and autonomic dysfunction have been associated to impairment in BPV and also represent
key features in elderly patients. Furthermore, accumulating evidence in the field of Geroscience has
reported that several molecular changes described in cardiovascular aging and altered BPV also
relate with the majority of the 9 identified hallmarks of aging. Indeed, BPV may be linked to
genomic instability, epigenetic modification and mitochondrial oxidative damage, which represent

milestones of aging process.
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The aim of the present paper is to analyse the interplay between BPV and the pathophysiology of
the ageing process, in order to stimulate discussion about the potential role of BPV as a new marker

of aging.

1. Introduction

Over the last decades, a progressive aging of the world population has been observed and
demographic projections show that this trend should continue for the next 30 years(Nations, 2019).
Aging is a physiological process characterized by an important heterogeneity, with phenotypes
ranging from successful aging to frailty and dependency(Rodriguez-Maiias et al., 2013). In an
attempt to detect the factors associated with such diverse expressions, the field of Gerosciences has
recently expanded, driven by the need for understanding the biological processes underlying aging,
identifying its biomarkers, and implementing interventions aimed at promoting healthy aging.
Accumulating evidence has led to the identification of 9 hallmarks of aging, summarizing the main
cellular and molecular pathways involved in the aging process(Lopez-Otin et al., 2013). Most of
them are related to several pathophysiological changes associated with Blood Pressure Variability
(BPV). Furthermore, many pieces of literature described similar molecular mechanisms underlying
aging and fluctuations in Blood Pressure (BP), and, notably, BPV has been independently
associated with age-related clinical outcomes.

To date, BPV has been described as a phenomenon associated with the conditions typical of late
life, rather than as a specific variable characterizing aging. With these premises in mind, the authors
aim to provide a critical review of the main evidence on the topic from basic, clinical and
population sciences, in order to initiate discussion about the potential role of BPV as a new marker

of aging.

2. Blood Pressure Variability

BP is well known to fluctuate over time around average values, possibly as the result of complex
interactions among external environmental stress, intrinsic cardiovascular regulatory mechanisms,
humoral influences, and rheological factors(Parati et al., 2013). It has been ascertained for several
years that aging is associated with alterations in neurocardiovascular regulatory mechanisms that
result in impaired physiological variability patterns (Veerman et al., 1994). Accordingly,
dysregulated BP may constitute an epiphenomenon of the alterations in homeostatic mechanisms,
typical of late life.

2.1 BPV types and assessment



BPV is characterized by short-term (within minutes and hours), mid-term (days and weeks) and
long-term (months and years) fluctuations and can be assessed through ambulatory BP monitoring
(AMBP), home measurements or repeated clinical visits (visit-to-visit BPV)(Lattanzi et al., 2018).
The different BPV types seem to provide specific clinical information, with ultrashort (beat-to-beat)
and short-term (minutes-hours) assessments reflecting more neurohumoral involvement, elastic
properties of arteries and target organ damage. On the other hand, day-to-day/visit-to-visit BPV has
been mainly associated with clinical outcomes, seasonal change influence and treatment
adherence(Hocht, 2013; Tai et al., 2015a). It is worth mentioning that long-term variability has been
investigated in more detail compared to short- and mid-term patterns, which need to be further
studied given their higher susceptibility to publication bias, as demonstrated by a meta-analysis on
the association between BPV and cardiovascular and mortality outcomes(Stevens et al., 2016).
Several indicators of variability have been proposed to assess BP fluctuations(Rouch et al., 2020a).
Standard deviation (SD) and coefficient of variation (CV) are the most commonly used because
they are easier to calculate and probably more practical than other methods. However, different
issues arise in the appropriate quantification of BPV, particularly the extent to which the different
indices depend on mean and absolute BP and the influence of the temporal order of BP
measurements. For instance, although providing accurate intra-individual estimate of BPV, CV does
not take into account the sequence of BP measurements(Abellan-Huerta et al., 2018). Accordingly,
alternative indicators were thus developed in order to overcome these limits(Fischer et al., 2012;
Rothwell et al., 2010b): variation independent of mean (VIM), residual SD, successive variation
and average real variability, which allows to also consider the BP time dependent variability(Del
Giorno et al., 2019).

To date, no gold-standard approach and ranges of normality have been established to measure BPV,
thus concurring to make its clinical interpretation challenging. Probably, within the field of
scientific research, VIM may constitute the ideal measure because its results are not influenced by
differences in mean BP. Nevertheless, CV can be a good compromise to be implemented in routine
clinical practice, being easier to estimate(Rouch et al., 2021).

2.2 BPV and health outcomes

BPV, far from being a background noise, a measurement artifact, or a random phenomenon, has
received growing attention in recent years(Lattanzi et al., 2018), particularly due to its association
with various health outcomes, independently of absolute BP values. Very interestingly, BPV has
been found to increase with advancing age (> 75 years) in the Second Australian National Blood
Pressure Study(Chowdhury et al., 2014) and in several other findings(Hata et al., 2002; Rothwell,
2010; Rothwell et al., 2010b). The potential mechanisms involved in BPV in older adults may differ



from those operating in younger adults(Palatini, 2018). Increased arterial stiffness and impaired
baroreflex function are one of the mechanisms that may contribute to greater BPV with aging
whereas in young people, BPV may merely occur in response to the activities of everyday
life(Maseli et al., 2017). The growing interest in BPV is related to the repeated demonstration of its
independent predictive value for target-organ damage and several health outcomes associated with
aging (Table 1). Several observational studies have shown associations between greater BPV and
higher risk of stroke, coronary events, heart failure, cardiovascular and all-cause mortality(Laurent
and Boutouyrie, 2018; Mehlum et al., 2018; Rothwell et al., 2010b; Tai et al., 2015b). Notably,
higher systolic BPV has been associated with occurrence of major adverse events in a post hoc
subgroup analysis from the AFFIRM (Atrial Fibrillation Follow-Up Investigation of Rhythm
Management) trial on 3843 patients with atrial fibrillation after a median follow-up of 3.6 years.
Interestingly, an inverse correlation emerged with quality of anticoagulation (Proietti et al., 2017).
BPV has been suggested to correlate with hypertension, left ventricular hypertrophy and systolic
dysfunction(Irigoyen et al., 2016). The association between BPV and cerebral small-vessel disease
(CSVD) was reported by a systematic review collecting data on 12,309 brain scans: both higher
systolic (OR, 1.27; 95% CI, 1.14-1.42) and diastolic BPV (OR, 1.30; 95% CI, 1.14-1.48) were
associated with CSVD, independent of mean BP(Tully et al., 2020). Other findings reported
associations with lower hippocampal volume, presence of cerebral microbleeds, cortical infarcts
and white matter hyperintensities (Havlik et al., 2002; Laurent and Boutouyrie, 2018; Mehlum et
al., 2018; Sabayan et al., 2013; Tai et al., 2015b; van Middelaar et al., 2019). Given this relationship
to structural brain changes, it is not surprising that BPV is also linked to cognitive impairment and
dementia(Alpérovitch et al., 2014; Ma et al., 2021; Rouch et al., 2020a, 2020b). Importantly, a
recent systematic review and meta-analysis on nearly 8 million patients from 20 studies, showed
stronger association between higher systolic and diastolic BPV with dementia and cognitive
impairment, than mean BP (OR, 0.92; 95% CI, 0.87-0.97)(De Heus et al., 2021). Other studies
showed associations between increased BPV and increased albuminuria and progression of kidney
disease, typical condition of late life(Kawai et al., 2012). A meta-analysis including 14 studies
reported a significant higher risk of chronic kidney disease (CKD) onset in patients with greater
baseline systolic BPV, consistent through several indicators: relative risk (RR) of 1.69 (95% CI,
1.38-2.08) for SD, 1.23 (95% CI, 1.12-1.36) for CV, 1.40 (95% CI, 1.15-1.71) for VIM. Likewise,
diastolic BPV also predicted CKD(Li et al., 2020). Within-visit systolic BPV determined higher
progression to pre-diabetes and diabetes (RR=1.77, 95% CI: 1.30-2.42) in 950 Hispanic
participants with no alterations in glycemic metabolism at baseline, from the San Juan Overweight

Adults Longitudinal Study (Joshipura et al., 2018). Furthermore, BPV has been found to play an



independent role in predicting fractures, that represent another major problem in geriatric
medicine(Li et al., 2019; Yoo et al., 2021). Finally, greater BPV has been associated with several
age-related conditions such as sarcopenia(Hashimoto et al., 2018), functional decline(Ogliari et al.,
2016), hearing loss(Bao et al., 2019) and frailty, which represents the most accurate expression of
the global status impairment in older adults(Rouch et al., 2021).

Taken together, these findings suggest that BPV might be a potential new biomarker of aging,

beyond vascular considerations.

3. Mechanisms linking BPV and aging

Several explanations have been proposed regarding the associations between BPV and different
health outcomes. Most of the potential underlying mechanisms such as hemodynamic instability,
advanced artery remodeling and atherosclerosis, arterial stiffness, baroreflex impairment,
endothelial dysfunction and subclinical inflammation, are related to aging(Donato et al., 2018).
Furthermore, the physiological process of aging is accompanied by a generalized loss of complexity
(LOC) in the biological function of organs and systems (Figure 1). LOC contributes to the reduced
capacity of homeostatic adaptation to stress, as evidenced by the alterations in the physiological
dynamics of multiple physiological processes, especially cardiovascular and neurological stability
or the pulsatile release of hormones(Lipsitz and Goldberger, 1992). BPV might help predicting the
onset of several age-related conditions and diseases, independently of chronological age. In other
words, BPV could be a potential clinical marker of biological aging.

3.1 Hemodynamic instability and arterial stiffness

BP fluctuations, through hemodynamic instability and shear stress on the vascular wall, are well-
known to be associated with microvascular damage and arterial remodeling(Cecchi et al., 2011).
Findings from the Maastricht study reported correlations between higher BPV and increased carotid
intima-media thickness (IMT), a marker of advanced artery remodeling and atherosclerosis
associated with aging(Zhou et al., 2018). Thus, BPV could reflect diffuse atherosclerotic process,
particularly in the older adults. Atherosclerosis may also lead to greater BPV through increased
arterial stiffness(Tedla et al., 2017), one of the key vascular modifications associated with aging. In
older people or patients with long-term hypertension, the reduced elasticity of the vascular bed may
magnify BP fluctuations. A complex interplay has also been described between arterial stiffness and
endothelial dysfunction(Laurent and Boutouyrie, 2020). The two phenomena, which involve age-
related mechanisms such as oxidative stress and inflammation, mutually worsen and may contribute
to the greater BPV observed in the elderly(Palatini, 2018). Arterial stiffness has also been

associated with baroreflex impairment, another typical feature of the aging process(Mancia et al.,



1986). These latter mechanisms are also related to orthostatic hypotension, another common
condition in the geriatric population related to BPV, with a relevant impact on quality of life and
increased risk of negative outcomes(Cremer et al., 2020).

3.2 Endothelial dysfunction and Nitric Oxide

BP fluctuations have also been associated with endothelial dysfunction(Diaz et al., 2013), a major
contributor of the vascular aging phenotype. Endothelial dysfunction is primarily due to the
imbalance between increased degradation and reduced synthesis of nitric oxide (NO), a key
mediator of vasorelaxation and anti-atherogenenic processes(Widlansky et al., 2003). Indeed,
decreased NO bioavailability determines haemodynamic instability through enhanced arterial
resistance, sustained shear stress on the vascular wall, and arterial remodeling(Donato et al., 2018).
This could in turn lead to hypertension and atherosclerosis, which are common in older adults.
Several experimental models have identified the role of NO in regulating BP fluctuations, and BPV
has been shown to increase with blockade or knockout of the endothelial NO synthase(Stauss et al.,
2000). Thus, BPV could represent another independent biomarker of vascular aging. Very
interestingly, BPV has been associated with sarcopenia(Hashimoto et al., 2018), a common
condition of late life characterized by loss of skeletal muscle mass and function. Several
mechanisms have been proposed to explain the relationship between BPV and sarcopenia. The loss
of neuronal NO synthase in muscle mass could lead to endothelial dysfunction which in turn could
increase BPV. Conversely, considering the effect of BPV on the adequate supply of blood flow to
the peripheral tissue, hemodynamic influence may play an important role in the development of
sarcopenia(Kim et al., 2019).

3.3 Subclinical inflammation

More recently, BPV has been considered as a marker of subclinical inflammation, one of the pillars
of aging, given its association in both preclinical and clinical studies with inflammatory biomarkers
such interleukin-6 (IL-6), C-reactive protein (CRP) and E-selectin(Kim et al., 2019; Tatasciore et
al., 2007). Chronic, low-grade inflammation occurring during aging, otherwise called
“inflammaging”(Franceschi et al., 2018), represents a key feature of vascular aging(Ungvari et al.,
2018). A complex interplay also exists between inflammation and endothelial dysfunction, both
highly prevalent in the elderly(Libby et al., 2002). Aging is associated with impairment in
endothelial function, disrupting arterial homeostasis and activating oxidant and pro-inflammatory
pathways, which in turn lead to increased risk of cardiovascular disease and BPV(Donato et al.,
2007). With aging, renin-angiotensin-aldosterone system (RAAS) activity may increase NO
inactivation and the production of reactive oxygen species (ROS), thereby promoting vascular

inflammation(Dikalov and Nazarewicz, 2013). Interestingly, higher BPV also activates the RAAS



system(Su, 2006). Finally, BPV itself could increase the secretion of pro-inflammatory cytokines
and ROS, through inconsistent perfusion and repeated episodes of tissue hypoxia-ischemia(Su,
2006). The association between BPV and the subclinical form of “inflammaging” is remarkably
interesting from a geriatric standpoint and may constitute an additional argument to suggest BPV as
a potential new candidate biomarker of aging.

3.4 Loss of Complexity

Finally, BPV has been associated with frailty, a common condition in the elderly(Rouch et al.,
2021; Woo et al., 2018) , which is defined as a lack of homeostasis, an age-associated multisystem
reduction in reserve capacity and a generalized LOC of several physiological systems, leading to an
increased vulnerability to stressors(Clegg et al., 2013). Our findings in the Multidomain Alzheimer
Preventive Trial (MAPT) showed, in 1,394 community-dwelling patients aged > 70 years, that
higher 5-year visit-to-visit systolic BPV and pulse pressure variability were significantly associated
with greater frailty risk (1-SD increase of CV, systolic BPV: HR = 1.18, 95% confidence interval
[CI]: 1.02-1.36)(Rouch et al., 2021). As above mentioned, aging is associated with alterations in
neuro-cardiovascular regulatory mechanisms, including those involved in BP control, resulting in
impaired physiological variability patterns(Veerman et al., 1994). BPV may represent a decline in
homeostatic mechanisms in BP regulation. Healthy human functioning requires an integrated
network of physiological systems to maintain homeostasis in response to internal and external
stressors. Several studies reported a deterioration of homeostatic regulatory mechanisms with aging
and underlying pathologic conditions, leading to a decrease in complexity, which is the
physiological adaptability of a system in response to stressors. Previous findings showed a
significant decrease in BP complexity assessed with BPV among patients with frailty, with
impaired autonomic control and aging as potential underlying mechanisms(Rangasamy et al., 2020).
The LOC hypothesis has been introduced 30 years ago by the work of Lipsitz et al.(Lipsitz and
Goldberger, 1992) on heart rate variability. LOC is considered as a generic driving principle of
aging in a wide range of functional systems and could be an indicator of the transition from normal
aging to frailty(Sleimen-Malkoun et al., 2014). Thus, BPV may represent a LOC and resilience

associated with aging and thereby constitute a potential new biomarker of aging.

4. BPV and hallmarks of aging

Nowadays, the progress made in the field of Gerosciences has led to the identification of 9 cellular
and molecular hallmarks of aging: a) genomic instability, b) telomere attrition, c) epigenetic
alterations, d) loss of proteostasis, ) deregulated nutrient-sensing, f) mitochondrial dysfunction, g)

cellular senescence, h) stem cell exhaustion, i) altered intercellular communication(L6pez-Otin et



al., 2013). They can be also grouped into three categories: 1) the primary hallmarks (a-d)
determining alteration to cellular functions; 2) the antagonistic hallmarks (e-g), providing response
to primary ones to counteract molecular damage, but becoming detrimental over time; 3) the
integrative hallmarks (h-i) resulting from the previous two groups and ultimately concurring to the
typical features of clinical ageing, as reduced resilience and impaired function(Aunan et al., 2016).
Notably the majority of them has been shown to relate with pathophysiological modification found
in cardiovascular aging and BPV (Figure 2). Although their relationship has not been directly
investigated, here we report the most relevant pieces of literature suggesting a potential association

between BPV and certain hallmarks of aging.

4.1 Primary Hallmarks

Over time, genetic damage accumulates in aged cells due to progressive dysfunction in
Deoxyribonucleic Acid (DNA) repair mechanisms and genomic instability particularly affects the
cardiovascular system. Experimental models of genomic instability have shown early age-related
conditions such as endothelial cell senescence, hypertension, and arterial stiffness. These biological
processes, which also occur in models of increased BPV, are associated with altered NO signalling
pathways(Paneni et al., 2017), known to regulate BP fluctuations.

Accumulation of senescent cells in the vascular wall and heart also contributes to age-related
impairment in cardiovascular system. Increasing evidence implicates telomere attrition in cellular
senescence. Telomeres shorten progressively due to successive cell divisions up to a critical
measure determining the impossibility of new replications and leading to cellular senescence. A
meta-analysis of human studies revealed a shorter leukocyte telomere length in the group suffering
from hypertension compared to normotensive patients(Tellechea and Pirola, 2017). Telomere length
has also been found to correlate with oxidative stress, endothelial dysfunction and
inflammation(Zhang et al., 2016), which in turn exert pivotal role in the occurrence of BPV.
Moreover, an association has been suggested between subclinical atherosclerosis and telomere
attrition, whose faster rate, irrespective of cardiovascular risk factors, is related to increased IMT
and arterial stiffness(Honkonen et al., 2020; Masi et al., 2014). BPV is strongly correlated with the
aforementioned parameters, allowing us to speculate on a potential association with telomere
shortening, an important hallmark of aging, especially through common inflammatory pathways
alterations.

Aging has also been linked to DNA methylation, post-translational histone modifications, and
changes in nucleosome occupancy(Zhang et al., 2018). Such epigenetic modifications, which

represent another typical hallmark of aging, can derail transcriptional programs implicated in the



molecular mechanisms well-known to play a major role in BPV(Zhang et al., 2018). Changes in
DNA methylation have been described at the promoters of several genes, including the NO synthase
and the vascular endothelial growth factor receptor (VEGFR). Histone methylation by the
mammalian methyltransferase Set7 regulates endothelial NF-xB signaling, involved in
inflammation and longevity but also in the modulation of cardiovascular homeostasis(Paneni et al.,
2017). Although specific investigations are needed, BPV may also be directly associated with
epigenetic modifications.

4.2 Antagonistic hallmarks

Mitochondrial oxidative damage has been established as a key contributor to aging, through
enhanced inflammatory activation. The age-dependent decline in mitochondrial function, listed
among the ‘“antagonistic” hallmarks of aging, is considered to be a compensatory response to
damages but whose chronic activation turns into deleterious effects(Lépez-Otin et al., 2013).
Mitochondrial overproduction of ROS, which is associated with BPV, contributes to cellular
senescence. Indeed, according to a unifying hypothesis several age-dependent damages can activate
ROS-dependent, beneficial, stress-response pathways. Nevertheless, these protective mechanisms
do not prevent the gradual accumulation of ROS-independent age-related alterations, whose
increase induces hyperstimulation of ROS production as cell reaction to stress. With aging, ROS
generation escapes control and its toxicity concurs to cellular damage, typical of the second half of
the lifespan(Hekimi et al., 2011). Age-dependent alteration of the mitochondrial adaptor p66Shc
signalling, whose pivotal role in ROS generation is well-known, strongly affects CV homeostasis.
Interestingly, deletion of p66Shc in mice protects from age-dependent endothelial dysfunction
through decreased ROS production and conserved NO bioavailability(Paneni et al., 2017). Given
the importance of NO in regulating BP fluctuations, an association between BPV and mitochondrial
dysfunction is likely and needs further investigations.

4.3 Integrative hallmarks

Stem cell exhaustion and impaired intercellular communication constitute the final phenomena
leading to clinical ageing, but these changes represent intrinsic alterations of late life not directly
studied from the perspective of BPV. Nevertheless the pathophysiological mechanisms of
inflammaging described as directly connected to the alterations of the variability patterns of BP are
also consequences of the reduced regenerative capacity of the tissues and of the molecular
alterations observed over time(Lopez-Otin et al., 2013). Indeed, inflammatory pathways
mechanisms are critical for blood pressure regulation, and immunosenescence also exert a crucial
role since hypertension has been associated with activation of immune cells in the renal and

cerebrovascular systems. Accordingly, accumulation of immune cells in target organs due to



angiotensin II activation and other pro-hypertensive stimuli, provides oxidative stress, vascular
dysfunction which in turn concur to BP alteration(Kirabo et al., 2014). In particular, the role of
several inflammatory chemokines has emerged in the context of hypertension and further evidence
is expected in the next years for developing chemokine-targeted treatments and implementing the
use of anti-inflammatory therapies in cardiovascular diseases(Mikolajczyk et al., 2021).

Finally, in the field of altered cellular pathways occurring with aging, T cell senescence has been
detected to exert a pivotal role in several cardiovascular conditions including arterial hypertension
and increased arterial stiffness, which constitutes one of the key contributors to increased BPV(Yu

and Shin, 2014).

5. BPV and therapeutic implications

Given the evidence supporting the contribution of BPV to organ damage and clinical outcomes, the
reduction of BP fluctuations through specific drug classes in the short-, mid- and long-term has
been investigated in several studies, which highlighted differences in the efficacy of targeting this
emerging risk factor(Hocht, 2013). It is worth mentioning that poor patient compliance and non-
adherence with the dosage of the suggested prescriptions may also lead to higher BPV, especially in
the elderly, whose management is further burdened by polypharmacotherapy and numerous
comorbidities(Bencivenga et al., 2017).

Almost all the antihypertensive agents contribute to reduce BPV, with Calcium Channels Blockers
(CCBs) possibly being the most effective class, either in combination or as monotherapy, probably
due to their vasodilatory effects on arteries, leading to attenuated stiffness, improved arterial
compliance, and autonomic nervous system function and reduced baroreceptor
dysregulation(Nardin et al., 2019). Indeed, a metanalysis on 47,558 patients from 5 randomized
controlled trials reported that amlodipine was more effective in minimizing BPV with a treatment
difference of -1.23 (SE, 0.46) mmHg through SD and -0.86 (0.31) by CV vs. all active
comparators(Wang et al., 2014). Accordingly, the effect of different antihypertensive drug classes
on short-term BPV has been studied in 2,780 hypertensive patients, taking into account major
confounders including mean BP, age, gender, heart rate and other factors impacting on the choice of
therapeutic agent prescription. The authors found that CCBs and diuretics significantly reduced SD
of 24-h systolic and diastolic BP (mean differences: -0.50+0.50 mmHg, -0.17+0.15 mmHg,
respectively)(Levi-Marpillat et al., 2014). Conversely, B-blockers have been demonstrated inferior
in reducing BPV compared to other classes(Rothwell et al., 2010a).

The reduced systolic BPV determined by CCBs and diuretics as monotherapy is also maintained

when these agents are combined with other classes. Furthermore, higher doses of CCBs are more



effective in reducing BPV, which in reverse is increased by higher doses of BBs(Webb and
Rothwell, 2011).

Notably, sub analysis from the Combination of OLMesartan (COLM) trial showed higher BPV in
the very elderly Japanese hypertensive patients (75—-84 years) compared to the younger ones (65-74
years), and reported CCBs superiority in reducing BPV over diuretics, both associated with
olmesartan(Rakugi et al., 2015). Moreover, a wide meta-analysis exploring the differential effect of
antihypertensive drugs on risk of stroke, showed that CCBs could be the most effective class
compared to ACE inhibitors, angiotensin II receptor blockers, B-blockers and diuretics in reducing
interindividual BPV(Webb et al., 2010).

Nevertheless, to the best of current knowledge, it is not yet possible to establish the effectiveness of

antihypertensive therapeutic interventions in preventing age-related health outcomes.

6. Perspectives

In conclusion, accumulating evidence from basic and clinical sciences suggest that BPV could be a
potential candidate marker of aging. Although repeated reports showed independent associations
between higher BPV and health-related outcomes, BPV variability still constitutes a research issue
with no tangible effect in daily practice(Stergiou et al., 2021). Accordingly, despite the growing
interest of the scientific community towards aging and Geroscience, knowledge is still limited, and
further research is needed to clarify the pathophysiological mechanisms of increased BPV in the
elderly and to investigate whether it could be an independent marker of the aging process. On the
other hand, following the reported evidence on the close relationship with age-related clinical
outcomes and shared pathophysiological mechanisms, in addition to the emerging relationship with
hallmarks of aging, the potential of BPV as a marker of aging represents a concrete perspective
rather than just speculation. Further work is certainly required to assess whether controlling BP
instability could also be a promising interventional target to promote healthy aging. Aging is an
extremely heterogeneous process, and its experimental study is further complicated by the use of
animal models with homogeneous characteristics. As typical in geriatric medicine, clinical research
in the elderly is limited by the specific features of older patients, in particular those with frailty and
multimorbidity Thus, in order to broaden the knowledge in the field of Gerosciences, a translational
approach is critical to fully understand the mechanisms linking BPV and aging. It is likely that in
the next few years there will be many innovative results from the research on the mechanisms that
regulate the patterns of variability in humans and further evidence on the less explored hallmarks of
aging. The multidirectional integration of clinical and biological data might constitute the best

strategy to fill the gap in the field of BPV and aging, moving from bench to bedside up to



community. Further support can also derive from the assessment of BPV in large populations with
the possibility to evaluate the most relevant biomarkers of aging. Given the association between
BPV and several health outcomes related to aging, from a preventive standpoint, BP values should
be recorded as accurately as possible to analyze short and long-term fluctuations, and to also clarify
the therapeutic impact of the different classes of antihypertensive drugs and the non-
pharmacological interventions. Converting multidisciplinary knowledge and discoveries of basic
research into results that directly benefit humans could help researchers test new hypotheses and

ascertain the potential role of BPV as a clinical marker of aging.
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Figure 1. Mechanisms linking BPV and aging
The pathophysiological mechanisms implicated in aging and BPV. (Created with BioRender.com)

Figure 2. The relationship between BPV and the hallmarks of aging
The interplay between BPV and molecular mechanisms that underlie the hallmarks of aging.

(Created with BioRender.com)



References

Abellan-Huerta, J., Prieto-Valiente, L., Montoro-Garcia, S., Abellan-Aleman, J., Soria-Arcos, F.,
2018. Correlation of Blood Pressure Variability as Measured By Clinic, Self-measurement at
Home, and Ambulatory Blood Pressure Monitoring. Am. J. Hypertens. 31, 305-312.
https://doi.org/10.1093/AJH/HPX183

Alpérovitch, A., Blachier, M., Soumaré, A., Ritchie, K., Dartigues, J.F., Richard-Harston, S.,
Tzourio, C., 2014. Blood pressure variability and risk of dementia in an elderly cohort, the
Three-City Study. Alzheimer’s Dement. 10, S330-S337.
https://doi.org/10.1016/}.jalz.2013.05.1777

Aunan, J.R., Watson, M.M., Hagland, H.R., Sgreide, K., 2016. Molecular and biological hallmarks
of ageing. Br. J. Surg. 103, €29—e46. https://doi.org/10.1002/BJS.10053

Bao, M., Song, Y., Cai, J., Wu, S., Yang, X., 2019. Blood Pressure Variability Is Associated with
Hearing and Hearing Loss: A Population-Based Study in Males. Int. J. Hypertens. 2019.
https://doi.org/10.1155/2019/9891025

Bencivenga, L., Grieco, F. V., Femminella, G.D., de Lucia, C., Komici, K., Rengo, C., Ferrara, N.,
Rengo, G., 2017. Management and Treatment of Cardiovascular Diseases in the Elderly. Curr.
Pharmacogenomics Person. Med. 15, 1-9.
https://doi.org/10.2174/1875692115666170508152820

Cecchi, E., Giglioli, C., Valente, S., Lazzeri, C., Gensini, G.F., Abbate, R., Mannini, L., 2011. Role
of hemodynamic shear stress in cardiovascular disease. Atherosclerosis.
https://doi.org/10.1016/j.atherosclerosis.2010.09.008

Chowdhury, E.K., Owen, A., Krum, H., Wing, L.M.H., Nelson, M.R., Reid, C.M., 2014. Systolic
blood pressure variability is an important predictor of cardiovascular outcomes in elderly
hypertensive patients. J. Hypertens. 32, 525-533.
https://doi.org/10.1097/HJH.0000000000000028

Clegg, A., Young, J., lliffe, S., Rikkert, M.O., Rockwood, K., 2013. Frailty in elderly people, in:
The Lancet. Lancet Publishing Group, pp. 752—-762. https://doi.org/10.1016/S0140-
6736(12)62167-9

Cremer, A., Boutouyrie, P., Laurent, S., Gosse, P., Tzourio, C., 2020. Orthostatic hypotension: a
marker of blood pressure variability and arterial stiffness: a cross-sectional study on an elderly
population: the 3-City study. J. Hypertens. 38, 1103-11009.
https://doi.org/10.1097/HJH.0000000000002374

De Heus, R.A.A., Tzourio, C., Lee, E.J.L., Opozda, M., Vincent, A.D., Anstey, K.J., Hofman, A.,
Kario, K., Lattanzi, S., Launer, L.J., Ma, Y., Mahajan, R., Mooijaart, S.P., Nagai, M., Peters,
R., Turnbull, D., Yano, Y., Claassen, J.A.H.R., Tully, P.J., 2021. Association Between Blood
Pressure Variability With Dementia and Cognitive Impairment: A Systematic Review and
Meta-Analysis. Hypertens. (Dallas, Tex. 1979) 78, 1478—1489.
https://doi.org/10.1161/HYPERTENSIONAHA.121.17797

Del Giorno, R., Balestra, L., Heiniger, P.S., Gabutti, L., 2019. Blood pressure variability with
different measurement methods: Reliability and predictors. A proof of concept cross sectional
study in elderly hypertensive hospitalized patients. Medicine (Baltimore). 98.
https://doi.org/10.1097/MD.0000000000016347

Diaz, K.M., Veerabhadrappa, P., Kashem, M.A., Thakkar, S.R., Feairheller, D.L., Sturgeon, K.M.,
Ling, C., Williamson, S.T., Kretzschmar, J., Lee, H., Grimm, H., Babbitt, D.M., Vin, C., Fan,



X., Crabbe, D.L., Brown, M.D., 2013. Visit-to-visit and 24-h blood pressure variability:
Association with endothelial and smooth muscle function in African Americans. J. Hum.
Hypertens. 27, 671-677. https://doi.org/10.1038/jhh.2013.33

Dikalov, S.I., Nazarewicz, R.R., 2013. Angiotensin II-induced production of mitochondrial reactive
oxygen species: Potential mechanisms and relevance for cardiovascular disease. Antioxidants
Redox Signal. https://doi.org/10.1089/ars.2012.4604

Donato, A.J., Eskurza, L., Silver, A.E., Levy, A.S., Pierce, G.L., Gates, P.E., Seals, D.R., 2007.
Direct evidence of endothelial oxidative stress with aging in humans: Relation to impaired
endothelium-dependent dilation and upregulation of nuclear factor-xB. Circ. Res. 100, 1659—
1666. https://doi.org/10.1161/01.RES.0000269183.13937.e8

Donato, A.J., Machin, D.R., Lesniewski, L.A., 2018. Mechanisms of dysfunction in the aging
vasculature and role in age-related disease. Circ. Res. 123, 825-848.
https://doi.org/10.1161/CIRCRESAHA.118.312563

Fischer, U., Webb, A.J.S., Howard, S.C., Rothwell, P.M., 2012. Reporting of consistency of blood
pressure control in randomized controlled trials of antihypertensive drugs: A systematic review
of 1372 trial reports. J. Hypertens. https://doi.org/10.1097/HJH.0b013e328352e121

Franceschi, C., Garagnani, P., Parini, P., Giuliani, C., Santoro, A., 2018. Inflammaging: a new
immune—metabolic viewpoint for age-related diseases. Nat. Rev. Endocrinol.
https://doi.org/10.1038/s41574-018-0059-4

Hashimoto, Y., Kaji, A., Sakai, R., Hamaguchi, M., Okada, H., Ushigome, E., Asano, M.,
Yamazaki, M., Fukui, M., 2018. Sarcopenia is associated with blood pressure variability in
older patients with type 2 diabetes: A cross-sectional study of the KAMOGAWA-DM cohort
study. Geriatr. Gerontol. Int. 18, 1345-1349. https://doi.org/10.1111/ggi.13487

Hata, Y., Muratani, H., Kimura, Y., Fukiyama, K., Kawano, Y., Ashida, T., Yokouchi, M., Imai, Y.,
Ozawa, T., Fujii, J., Omae, T., 2002. Office blood pressure variability as a predictor of acute
myocardial infarction in elderly patients receiving antihypertensive therapy. J. Hum.
Hypertens. 16, 141-146. https://doi.org/10.1038/sj.jhh.1001301

Havlik, R.J., Foley, D.J., Sayer, B., Masaki, K., White, L., Launer, L.J., 2002. Variability in midlife
systolic blood pressure is related to late-life brain white matter lesions: The Honolulu-Asia
aging study. Stroke 33, 26-30. https://doi.org/10.1161/hs0102.101890

Hekimi, S., Lapointe, J., Wen, Y., 2011. Taking a “good” look at free radicals in the aging process.
Trends Cell Biol. https://doi.org/10.1016/j.tcb.2011.06.008

Hocht, C., 2013. Blood Pressure Variability: Prognostic Value and Therapeutic Implications. ISRN
Hypertens. 2013, 1-16. https://doi.org/10.5402/2013/398485

Honkonen, M., Viirdniemi, K., Saijonmaa, O., Nyman, A., Tikkakoski, A.J., Koskela, J.,
Lehtimiki, T., Kdhonen, M., Mustonen, J., Fyhrquist, F., Porsti, 1., 2020. Leukocyte telomere
length is inversely associated with arterial wave reflection in 566 normotensive and never-
treated hypertensive subjects. Aging (Albany. NY). 12, 12376-12392.
https://doi.org/10.18632/aging.103459

Irigoyen, M.C., De Angelis, K., dos Santos, F., Dartora, D.R., Rodrigues, B., Consolim-Colombo,
F.M., 2016. Hypertension, Blood Pressure Variability, and Target Organ Lesion. Curr.
Hypertens. Rep. https://doi.org/10.1007/s11906-016-0642-9

Joshipura, K.J., Mufioz-Torres, F.J., Campos, M., Rivera-Diaz, A.D., Zevallos, J.C., 2018.
Association between within-visit systolic blood pressure variability and development of pre-



diabetes and diabetes among overweight/obese individuals. J. Hum. Hypertens. 32.
https://doi.org/10.1038/s41371-017-0009-y

Kawai, T., Ohishi, M., Kamide, K., Onishi, M., Takeya, Y., Tatara, Y., Oguro, R., Yamamoto, K.,
Sugimoto, K., Rakugi, H., 2012. The impact of visit-to-visit variability in blood pressure on
renal function. Hypertens. Res. 35, 239-243. https://doi.org/10.1038/hr.2011.170

Kim, K. il, Kang, M.G., Yoon, S.J., Choi, J.Y., Kim, S.W., Kim, C.H., 2019. Relationship between
Within-Visit Blood Pressure Variability and Skeletal Muscle Mass. J. Nutr. Heal. Aging 23,
79-83. https://doi.org/10.1007/s12603-018-1115-4

Kirabo, A., Fontana, V., De Faria, A.P.C., Loperena, R., Galindo, C.L., Wu, J., Bikineyeva, A.T.,
Dikalov, S., Xiao, L., Chen, W., Saleh, M. A., Trott, D.W., Itani, H.A., Vinh, A., Amarnath, V.,
Amarnath, K., Guzik, T.J., Bernstein, K.E., Shen, X.Z., Shyr, Y., Chen, S.C., Mernaugh, R.L.,
Lafer, C.L., Elijovich, F., Davies, S.S., Moreno, H., Madhur, M.S., Roberts, J., Harrison, D.G.,
2014. DC isoketal-modified proteins activate T cells and promote hypertension. J. Clin. Invest.
124, 4642-4656. https://doi.org/10.1172/JC174084

Lattanzi, S., Vernieri, F., Silvestrini, M., 2018. Blood pressure variability and neurocognitive
functioning. J. Clin. Hypertens. https://doi.org/10.1111/jch.13232

Laurent, S., Boutouyrie, P., 2020. Arterial Stiffness and Hypertension in the Elderly. Front.
Cardiovasc. Med. 7, 544302. https://doi.org/10.3389/FCVM.2020.544302

Laurent, S., Boutouyrie, P., 2018. Visit-to-visit blood pressure variability: added ‘VALUE’ as a risk
marker in low- and high-risk patients. Eur. Heart J. 39, 2252-2254.
https://doi.org/10.1093/EURHEARTIJ/EHYO011

Levi-Marpillat, N., MacQuin-Mavier, 1., Tropeano, A.I., Parati, G., Maison, P., 2014.
Antihypertensive drug classes have different effects on short-term blood pressure variability in
essential hypertension. Hypertens. Res. 37, 585-590. https://doi.org/10.1038/HR.2014.33

Li, H., Xue, J., Dai, W., Chen, Y., Zhou, Q., Chen, W., 2020. Visit-to-visit blood pressure
variability and risk of chronic kidney disease: A systematic review and meta-analyses. PLoS
One 15, €0233233. https://doi.org/10.1371/JOURNAL.PONE.0233233

Li, T.C,, Li, C.L, Liu, C.S., Lin, W.Y., Lin, C.H., Yang, S.Y., Chiang, J.H., Lin, C.C., 2019. Visit-
to-visit blood pressure variability and hip fracture risk in older persons. Osteoporos. Int. 30,
763-770. https://doi.org/10.1007/s00198-019-04899-7

Libby, P., Ridker, P.M., Maseri, A., 2002. Inflammation and atherosclerosis. Circulation 105,
1135-1143. https://doi.org/10.1161/hc0902.104353

Lipsitz, L.A., Goldberger, A.L., 1992. Loss of ‘Complexity’ and Aging: Potential Applications of
Fractals and Chaos Theory to Senescence. JAMA J. Am. Med. Assoc. 267, 1806—1809.
https://doi.org/10.1001/jama.1992.03480130122036

Loépez-Otin, C., Blasco, M.A., Partridge, L., Serrano, M., Kroemer, G., 2013. The hallmarks of
aging. Cell. https://doi.org/10.1016/j.cell.2013.05.039

Ma, Y., Blacker, D., Viswanathan, A., van Veluw, S.J., Bos, D., Vernooij, M.W., Hyman, B.T.,
Tzourio, C., Das, S., Hofman, A., 2021. Visit-to-Visit Blood Pressure Variability,
Neuropathology, and Cognitive Decline. Neurology 96, e2812—-e2823.
https://doi.org/10.1212/WNL.0000000000012065

Mancia, G., Parati, G., Pomidossi, G., Casadei, R., Di Rienzo, M., Zanchetti, A., 1986. Arterial
baroreflexes and blood pressure and heart rate variabilities in humans. Hypertension 8, 147—



153. https://doi.org/10.1161/01.HYP.8.2.147

Maseli, A., Aeschbacher, S., Schoen, T., Fischer, A., Jung, M., Risch, M., Risch, L., Conen, D.,
2017. Healthy lifestyle and blood pressure variability in young adults. Am. J. Hypertens. 30,
690-699. https://doi.org/10.1093/ajh/hpx034

Masi, S., D’ Aiuto, F., Martin-Ruiz, C., Kahn, T., Wong, A., Ghosh, A.K., Whincup, P., Kuh, D.,
Hughes, A., Von Zglinicki, T., Hardy, R., Deanfield, J.E., 2014. Rate of telomere shortening
and cardiovascular damage: A longitudinal study in the 1946 British Birth Cohort. Eur. Heart
J. 35, 3296-3303. https://doi.org/10.1093/eurheartj/ehu226

Mehlum, M.H., Liestgl, K., Kjeldsen, S.E., Julius, S., Hua, T.A., Rothwell, P.M., Mancia, G.,
Parati, G., Weber, M.A., Berge, E., 2018. Blood pressure variability and risk of cardiovascular
events and death in patients with hypertension and different baseline risks. Eur. Heart J. 39,
2243-2251. https://doi.org/10.1093/eurheartj/ehx760

Mikolajczyk, T.P., Szczepaniak, P., Vidler, F., Maffia, P., Graham, G.J., Guzik, T.J., 2021. Role of
inflammatory chemokines in hypertension. Pharmacol. Ther. 223, 107799.
https://doi.org/10.1016/J.PHARMTHERA.2020.107799

Nardin, C., Rattazzi, M., Pauletto, P., 2019. Blood Pressure Variability and Therapeutic
Implications in Hypertension and Cardiovascular Diseases. High Blood Press. Cardiovasc.
Prev. 26, 353-359. https://doi.org/10.1007/S40292-019-00339-Z

Nations, U., 2019. World Population Prospects, The 2019 Revision - Volume I: Comprehensive
Tables. World Popul. Prospect. 2019 Revis. - Vol. I Compr. Tables.
https://doi.org/10.18356/15994A82-EN

Ogliari, G., Smit, R.A.J., Westendorp, R.G.J., Jukema, J.W., De Craen, A.J.M., Sabayan, B., 2016.
Visit-to-visit blood pressure variability and future functional decline in old age. J. Hypertens.
34, 1544-1550. https://doi.org/10.1097/HJH.0000000000000979

Palatini, P., 2018. Short-termblood pressure variability: Does its prognostic value increase with
ageing? J. Hypertens. https://doi.org/10.1097/HJH.0000000000001799

Paneni, F., Diaz Caiestro, C., Libby, P., Liischer, T.F., Camici, G.G., 2017. The Aging
Cardiovascular System: Understanding It at the Cellular and Clinical Levels. J. Am. Coll.
Cardiol. https://doi.org/10.1016/j.jacc.2017.01.064

Parati, G., Ochoa, J.E., Lombardi, C., Bilo, G., 2013. Assessment and management of blood-
pressure variability. Nat. Rev. Cardiol. https://doi.org/10.1038/nrcardio.2013.1

Proietti, M., Romiti, G.F., Olshansky, B., Lip, G.Y.H., 2017. Systolic Blood Pressure Visit-to-Visit
Variability and Major Adverse Outcomes in Atrial Fibrillation: The AFFIRM Study (Atrial
Fibrillation Follow-Up Investigation of Rhythm Management). Hypertension 70, 949-958.
https://doi.org/10.1161/HYPERTENSIONAHA.117.10106

Rakugi, H., Ogihara, T., Saruta, T., Kawai, T., Saito, L., Teramukai, S., Shimada, K., Katayama, S.,
Higaki, J., Odawara, M., Tanahashi, N., Kimura, G., 2015. Preferable effects of
olmesartan/calcium channel blocker to olmesartan/diuretic on blood pressure variability in
very elderly hypertension: COLM study subanalysis. J. Hypertens. 33, 2165.
https://doi.org/10.1097/HJH.0000000000000668

Rangasamy, V., Henriques, T.S., Xu, X., Subramaniam, B., 2020. Preoperative Blood Pressure
Complexity Indices as a Marker for Frailty in Patients Undergoing Cardiac Surgery. J.
Cardiothorac. Vasc. Anesth. 34, 616—-621. https://doi.org/10.1053/j.jvca.2019.09.035



Rodriguez-Maias, L., Féart, C., Mann, G., Viiia, J., Chatterji, S., Chodzko-Zajko, W., Gonzalez-
Colago Harmand, M., Bergman, H., Carcaillon, L., Nicholson, C., Scuteri, A., Sinclair, A.,
Pelaez, M., Van Der Cammen, T., Beland, F., Bickenbach, J., Delamarche, P., Ferrucci, L.,
Fried, L.P., Gutiérrez-Robledo, L.M., Rockwood, K., Rodriguez Artalejo, F., Serviddio, G.,
Vega, E., 2013. Searching for an operational definition of frailty: A delphi method based
consensus statement. the frailty operative definition-consensus conference project. Journals
Gerontol. - Ser. A Biol. Sci. Med. Sci. 68, 62-67. https://doi.org/10.1093/gerona/gls119

Rothwell, P.M., 2010. Limitations of the usual blood-pressure hypothesis and importance of
variability, instability, and episodic hypertension. Lancet. https://doi.org/10.1016/S0140-
6736(10)60309-1

Rothwell, P.M., Howard, S.C., Dolan, E., O’Brien, E., Dobson, J.E., Dahlof, B., Poulter, N.R.,
Sever, P.S., 2010a. Effects of beta blockers and calcium-channel blockers on within-individual

variability in blood pressure and risk of stroke. Lancet. Neurol. 9, 469-480.
https://doi.org/10.1016/S1474-4422(10)70066-1

Rothwell, P.M., Howard, S.C., Dolan, E., O’Brien, E., Dobson, J.E., Dahlof, B., Sever, P.S.,
Poulter, N.R., 2010b. Prognostic significance of visit-to-visit variability, maximum systolic
blood pressure, and episodic hypertension. Lancet 375, 895-905.
https://doi.org/10.1016/S0140-6736(10)60308-X

Rouch, L., Cestac, P., Sallerin, B., Piccoli, M., Benattar-Zibi, L., Bertin, P., Berrut, G., Corruble, E.,
Derumeaux, G., Falissard, B., Forette, F., Pasquier, F., Pinget, M., Ourabah, R., Danchin, N.,
Hanon, O., Vidal, J.-S., investigators, for the S.A., 2020a. Visit-to-Visit Blood Pressure
Variability Is Associated With Cognitive Decline and Incident Dementia. Hypertension 76,
1280-1288. https://doi.org/10.1161/HYPERTENSIONAHA.119.14553

Rouch, L., De Souto Barreto, P., Hanon, O., Vidal, J.S., Amar, J., Andrieu, S., Cestac, P., Rolland,
Y., Vellas, B., 2021. Visit-to-Visit Blood Pressure Variability and Incident Frailty in Older
Adults. Journals Gerontol. - Ser. A Biol. Sci. Med. Sci. 76, 1369-1375.
https://doi.org/10.1093/gerona/glab112

Rouch, L., Vidal, J.S., Hoang, T., Cestac, P., Hanon, O., Yaffe, K., 2020b. Systolic blood pressure
postural changes variability is associated with greater dementia risk. Neurology 95, e1932—
€1940. https://doi.org/10.1212/WNL.0000000000010420

Sabayan, B., Wijsman, L.W., Foster-Dingley, J.C., Stott, D.J., Ford, L., Buckley, B.M., Sattar, N.,
Jukema, J.W., Osch, M.J.P. van, Grond, J. van der, Buchem, M.A. van, Westendorp, R.G.J.,
Craen, A.J.M. de, Mooijaart, S.P., 2013. Association of visit-to-visit variability in blood
pressure with cognitive function in old age: prospective cohort study. BMJ 347.
https://doi.org/10.1136/BMJ.F4600

Sleimen-Malkoun, R., Temprado, J.J., Hong, S.L., 2014. Aging induced loss of complexity and
dedifferentiation: Consequences for coordination dynamics within and between brain,
muscular and behavioral levels. Front. Aging Neurosci. 6, 1-1.
https://doi.org/10.3389/fnagi.2014.00140

Stauss, H.M., Nafz, B., Mrowka, R., Persson, P.B., 2000. Blood pressure control in eNOS knock-
out mice: Comparison with other species under NO blockade, in: Acta Physiologica
Scandinavica. John Wiley & Sons, Ltd, pp. 155-160. https://doi.org/10.1046/j.1365-
201X.2000.00639.x

Stergiou, G.S., Palatini, P., Parati, G., O’Brien, E., Januszewicz, A., Lurbe, E., Persu, A., Mancia,
G., Kreutz, R., 2021. 2021 European Society of Hypertension practice guidelines for office and



out-of-office blood pressure measurement. J. Hypertens. 39, 1293-1302.
https://doi.org/10.1097/HJH.0000000000002843

Stevens, S.L., Wood, S., Koshiaris, C., Law, K., Glasziou, P., Stevens, R.J., McManus, R.J., 2016.
Blood pressure variability and cardiovascular disease: systematic review and meta-analysis.
BMJ 354. https://doi.org/10.1136/BMJ.14098

Su, D.F., 2006. Treatment of hypertension based on measurement of blood pressure variability:
Lessons from animal studies, Current Opinion in Cardiology.
https://doi.org/10.1097/01.hco.0000240587.14463.58

Tai, C., Sun, Y., Dai, N., Xu, D., Chen, W., Wang, J., Protogerou, A., van Sloten, T.T., Blacher, J.,
Safar, M.E., Zhang, Y., Xu, Y., 2015a. Prognostic Significance of Visit-to-Visit Systolic Blood
Pressure Variability: A Meta-Analysis of 77,299 Patients. J. Clin. Hypertens. 17, 107-115.
https://doi.org/10.1111/JCH.12484/FORMAT/PDF

Tai, C., Sun, Y., Dai, N., Xu, D., Chen, W., Wang, J., Protogerou, A., van Sloten, T.T., Blacher, J.,
Safar, M.E., Zhang, Y., Xu, Y., 2015b. Prognostic Significance of Visit-to-Visit Systolic
Blood Pressure Variability: A Meta-Analysis of 77,299 Patients. J. Clin. Hypertens. 17, 107-
115. https://doi.org/10.1111/jch.12484

Tatasciore, A., Renda, G., Zimarino, M., Soccio, M., Bilo, G., Parati, G., Schillaci, G., De Caterina,
R., 2007. Awake systolic blood pressure variability correlates with target-organ damage in
hypertensive subjects. Hypertension 50, 325-332.
https://doi.org/10.1161/HYPERTENSIONAHA.107.090084

Tedla, Y.G., Yano, Y., Carnethon, M., Greenland, P., 2017. Association between Long-Term Blood
Pressure Variability and 10-Year Progression in Arterial Stiffness. Hypertension 69, 118—127.
https://doi.org/10.1161/HYPERTENSIONAHA.116.08427

Tellechea, M.L., Pirola, C.J., 2017. The impact of hypertension on leukocyte telomere length: A
systematic review and meta-analysis of human studies. J. Hum. Hypertens. 31, 99-105.
https://doi.org/10.1038/jhh.2016.45

Tully, P.J., Yano, Y., Launer, L.J., Kario, K., Nagai, M., Mooijaart, S.P., Claassen, J.A.H.R.,
Lattanzi, S., Vincent, A.D., Tzourio, C., Anstey, K.J., Beckett, N., Beiser, A.S., Birns, J.,
Brickman, A.M., Burns, N.R., Cengiz, M., Cosh, S., de Heus, R.A.A., de Leeuw, P.W.,
Dorstyn, D., Elias, M.F., Jukema, J.W., Kikuya, M., Kroon, A.A., Mahajan, R., McGrath,
E.R., Moll van Charante, E.P., Ninomiya, T., Ohara, T., Ohkubo, T., Oishi, E., Peters, R.,
Richard, E., Satoh, M., Selvayanagam, J., Seshadri, S., Stott, D.J., Trompet, S., van Gool,
W.A., van Middelaar, T., Turnbull, D.A., 2020. Association Between Blood Pressure
Variability and Cerebral Small-Vessel Disease: A Systematic Review and Meta-Analysis. J.
Am. Heart Assoc. 9. https://doi.org/10.1161/JAHA.119.013841

Ungvari, Z., Tarantini, S., Donato, A.J., Galvan, V., Csiszar, A., 2018. Mechanisms of vascular
aging. Circ. Res. 123, 849-867. https://doi.org/10.1161/CIRCRESAHA.118.311378

van Middelaar, T., Richard, E., Moll van Charante, E.P., van Gool, W.A., van Dalen, J.W., 2019.
Visit-to-Visit Blood Pressure Variability and Progression of White Matter Hyperintensities
Among Older People With Hypertension. J. Am. Med. Dir. Assoc. 20, 1175-1177.el.
https://doi.org/10.1016/j.jamda.2019.04.003

Veerman, D.P., Imholz, B.P.M., Wieling, W., Karemaker, J.M., Van Montfrans, G.A., 1994. Effects
of aging on blood pressure variability in resting conditions. Hypertension 24, 120-130.
https://doi.org/10.1161/01.HYP.24.1.120



Wang, J.G., Yan, P., Jeffers, B.W., 2014. Effects of amlodipine and other classes of
antihypertensive drugs on long-term blood pressure variability: Evidence from randomized
controlled trials. J. Am. Soc. Hypertens. 8, 340-349.
https://doi.org/10.1016/J.JASH.2014.02.004

Webb, A.J., Fischer, U., Mehta, Z., Rothwell, P.M., 2010. Effects of antihypertensive-drug class on
interindividual variation in blood pressure and risk of stroke: a systematic review and meta-
analysis. Lancet (London, England) 375, 906-915. https://doi.org/10.1016/S0140-
6736(10)60235-8

Webb, A.J.S., Rothwell, P.M., 2011. Effect of dose and combination of antihypertensives on
interindividual blood pressure variability: A systematic review. Stroke 42, 2860-2865.
https://doi.org/10.1161/STROKEAHA.110.611566

Widlansky, M.E., Gokce, N., Keaney, J.F., Vita, J.A., 2003. The clinical implications of endothelial
dysfunction. J. Am. Coll. Cardiol. https://doi.org/10.1016/S0735-1097(03)00994-X

Woo, J., Yu, R., Tsoi, K., Meng, H., 2018. Variability in Repeated Blood Pressure Measurements as
a Marker of Frailty. J. Nutr. Heal. Aging 22. https://doi.org/10.1007/s12603-018-1082-9

Yoo, J.LE., Yoon, J.W., Park, H.E., Han, K., Shin, D.W., 2021. Blood pressure variability and the
risk of fracture: a nationwide cohort study. J. Clin. Endocrinol. Metab.
https://doi.org/10.1210/CLINEM/DGAB856

Yu, H.T., Shin, E.-C., 2014. T cell immunosenescence, hypertension, and arterial stiffness.
Epidemiol. Health 36, €2014005. https://doi.org/10.4178/EPIH/E2014005

Zhang, J., Rane, G., Dai, X., Shanmugam, M.K., Arfuso, F., Samy, R.P., Lai, M.K.P., Kappei, D.,
Kumar, A.P., Sethi, G., 2016. Ageing and the telomere connection: An intimate relationship
with inflammation. Ageing Res. Rev. https://doi.org/10.1016/j.arr.2015.11.006

Zhang, W., Song, M., Qu, J., Liu, G.H., 2018. Epigenetic modifications in cardiovascular aging and
diseases. Circ. Res. https://doi.org/10.1161/CIRCRESAHA.118.312497

Zhou, T.L., Henry, RM.A., Stehouwer, C.D.A., Van Sloten, T.T., Reesink, K.D., Kroon, A.A.,
2018. Blood pressure variability, arterial stiffness, and arterial remodeling the Maastricht
study. Hypertension 72, 1002-1010.
https://doi.org/10.1161/HYPERTENSIONAHA.118.11325



reserve capacity
shear stress l response to stressors
T hemodynamic instability autonomic regulation
baroreflex impairment TR

of &

Atherosclerosis and arterial
stiffness

F 3
v

Increased
BPV

rng OO

Endothelial dysfunction
and sarcopenia

l NO bioavailability

vasorelaxation pro-inflammatory pathways
peripheral blood supply T RAAS activity
tissue hypoxia-ischemia




Instability modification

DNA Histone Nucleosome
Ag";::ﬂ.':go (methylation] maodification) | occupancy

A

Endothelial .
Arterial . Transcription . Cardiovascular
cell ; Hypertension ik Inflammation ;
T stiffness dysregulation homeostasis

Mitochondrial ) Cells
oxidative damage senescence
Telomere
attrition
. - ,__“ . v
(b____ _9 -

Endothelial NO Cardiovascular Endothelial . Oxidative
dysfunction Inflammation stress

dysfunction | | bioavailability | | homeostasis

| ]




Table 1. Associations between BPV and age-related health outcomes

Health References | Study population BPV assessment Main findings
Outcome
Neurological | Mehlum et | 13803 patients with | Systolic visit-to-visit | Patients in the highest quintile of SD had an
and al., 2018 hypertension and at | BP variability (SD) | increased risk of cardiovascular events (HR
cardiovascular least one additional | from all visits from 6 | 2.1, 95% CI 1.7-2.4)
events risk  factor  for | to 60 months
cardiovascular
events, from the
VALUE trial
Proietti et | 3843 patients with | Systolic visit-to-visit | Patients in the 4th quartile of systolic BP
al., 2017 atrial fibrillation | BP variability (SD) , | variability (SD) had the highest risk for stroke
from AFFIRM trial | median follow-up of | (HR 2.33, 95% CI 1.30-4.16,), major bleeding
3.6 years (HR 2.88, 95% CI 1.79-4.61) and all-cause
death (HR 1.38,95% CI1.00-1.91)
Tai et al,| A meta-analysis of | Systolic visit-to-visit | Adjusted HR for all-cause mortality and
2015b 13 prospective | BP  variability (SD | cardiovascular mortality: 1.03 (95% CI 1.02—
studies with total of | and CV), mean | 1.04) and 1.10 (1.02-1.17) per 1-mmHg
77299 patients follow-up of 6.3 |increase in systolic BP variability (SD),
years respectively
Structural Tully et al., | A meta-analysis of | Systolic and diastolic | Higher systolic (OR, 1.27; 95% CI, 1.14-1.42)
brain changes | 2020 12309 brain scans | visit-to-visit BP | and diastolic BPV (OR, 1.30; 95% CI, 1.14—
from 27 studies variability (SD, CV, | 1.48) were associated with CSVD, independent
VIM, ARV, SV) of mean BP
van Post-hoc analysis in | Systolic visit-to-visit | One point increase in CV of systolic BPV was
Middelaar et | 122 community- | BP variability (CV) | significantly associated with 0.043 mL/y (95%
al., 2019 dwelling people | (baseline and after 2, | CI 0.015-0.072, unadjusted model) White

aged 70-78 years
with  hypertension
from the prevention
of dementia by

intensive  vascular
care (preDIVA)

4,6, and 7 to 8 years)

Matter Hyperintensities progression




magnetic resonance
imaging substudy

Cognitive
Impairment
and Dementia

Alpérovitch | 6506 non- | Systolic visit-to-visit | The risk of dementia (HR) for patients in the
etal., 2014 | institutionalized BPV  from three | highest decile of the systolic BP variability
subjects aged 65 | measures (baseline | (CV) was 1.77 (95% CI 1.17-2.69)
years, without | and 2- and 4-year
dementia from the | visits)
Three-City Study
De Heus et | A meta-analysis on | Systolic and diastolic | Higher systolic (OR 1.25, 95% CI 1.16-1.35)
al., 2021 7,899,697 24-hour, day-to-day, | and diastolic BPV (OR 1.20, 95% CI, 1.12—
observations from | and visit-to-visit | 1.29) were associated with a combined end
20 studies BPV, through all | point of dementia or cognitive impairment
parameters
Ma et al, | 13284 participants | Visit-to-visit SBP Higher visit-to-visit SBP variability was
2021 aged >50 years | variability was associated  with  cognitive  deterioration
without dementia quantified from (conversion from normal cognition to mild
repeated annual SBP | cognitive impairment MCI or dementia, or
measurements, over a | from MCI to dementia) (adjusted odds ratio in
median follow-up of | the highest quintile 2.64, 95% CI2.29-3.04)
5.0 years
Rouch et al., | 3319 non | Systolic and diastolic | Higher BPV was associated with greater
2020a institutionalized visit-to-visit BP | dementia risk (adjusted 1-SD increase of CV:

subjects from the
S.AGES cohort
aged >65 years

variability (SD, CV,
VIM, ARV, 8SV),
based on every 6
months BP
measurements during
3 years

HR=1.23, 95% CI 1.01-1.50 for systolic BPV;
1.28, 1.05-1.56 for diastolic BPV)

Metabolic
disorders

Joshipura et
al., 2018

950 Hispanics with

no diabetes
mellitus, from the
San Juan

Overweight Adults

Within-visit systolic
BPV, the maximum
difference among
three measures

Systolic BPV accelerates development of pre-
diabetes/diabetes in overweight or obese adults
(RR=1.77,95% CI: 1.30-2.42)




Longitudinal Study

Kidney
disease

Li et al,
2020

A meta-analysis of
14 studies with a
total of 11407535
participants

Visit-to-visit systolic
and diastolic BPV
using SD, CV and
VIM

CKD onset is significantly higher in patients
with greater baseline systolic BPV consistent
through several indicators: RR of 1.69 (95%
CIl, 1.38-2.08) for SD, 1.23 (95% CI, 1.12-
1.36) for CV, 1.40 (95% CI, 1.15-1.71) for
VIM. Similar results obtained for diastolic BPV

Sarcopenia

Hashimoto
et al., 2018

146 patients aged
>65 years with
diabetes from the
KAMOGAWA-DM
cohort study,
without  physical
inactivity

Systolic visit-to-visit
BP variability (CV)
from at least four BP
readings in 1 year

CV of systolic BP, rather than average systolic
BP, is associated with sarcopenia in older
patients with diabetes (f = 0.20, p = 0.024)

Hip fracture

Li et al,
2019

21160 patients aged
>50 years with
diabetes
retrospectively
enrolled from the
National Diabetes
Care Management
Program

Systolic and diastolic
visit-to-visit BP
variability (CV), with
average  follow-up
period of 8.16 years

CV of systolic and diastolic BP constitute a
predictor of hip fracture (HR 1.18, CI 95%
1.00-1.40; and 1.21, 95% CI 1.03, 1.43, in the
third tertile, respectively)

Yoo et al.,
2021

3256070 aged >50
years  participants
from the Korean
National Health
Insurance  System
database

Systolic and diastolic
visit-to-visit BP
variability (VIM),
with median follow-
up of 7.0 years

Systolic and diastolic BP variability (VIM) are
independently  associated  with  fracture
incidence (respectively, HR 1.07, 95% CI 1.06-
1.08; HR 1.06, 95% CI 1.05-1.07, in the higher
quartile)

Frailty

Rouch et al.,
2021

1394  non  frail
community-
dwelling
participants ~ aged

>70 years from the

Visit-to-visit systolic
and diastolic BPV
using SD, CV, VIM,
ARV, SV. Systolic
and diastolic BP

Higher systolic visit-to-visit BPV is associated
with risk of incident frailty (1-SD increase of
CV:HR =1.17,95% CI: 1.01-1.35)




MAPT study were assessed
regularly over a 5-
year follow-up period

ARV, Average Real Variability; BPV, Blood Pressure Variability; CI, Confidence Interval; CKD, Chronic Kidney Disease; CV,
Coefficient of Variation;, HR, Hazard Ratio; OR, Odds Ratio; RSD, Residual Standard Deviation; RR, Risk Ratio; SD, Standard
Deviation; SV, Successive Variation; VIM, Variability Independent of the Mean





