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ABSTRACT

The complex topic of short- and long-term blood pressure (BP)
variability confounds the diagnosis, classification, and management of
hypertension. True pathophysiologic BP variation (systematic and non-
systematic deviations between- and within-individuals) is related to
heart rate, respiration, complex responses of the sympathetic nervous
system, vascular reactivity, and arterial stiffness. Measurement errors
(systematic biases and random error) further compound the analysis.
Most studies use serial clinic BP values, 24-hour ambulatory BP
recordings, or home BP values with standard statistical indicators
(standard deviation, variance, or coefficient of variation) or absolute
real variability (mean difference of successive values). Clinical impact
in retrospective secondary analyses includes a modest increase in
cardiovascular disease (CVD) risk (equivalent to a few mmHg in mean
systolic BP) yet questions remain whether adjustment for mean BP is
needed. BP variability is reduced to a small degree by calcium
antagonists and increased by ACE inhibitors, beta-blockers, and
alpha-blockers but no interventional trial has addressed the question
of whether reducing BP variability confers CVD risk protection. BP
variability is not specifically discussed in practice guidelines but it is
tacitly acknowledged by recommendations to repeat BP
measurements, standardize technique, and confirm the hypertension
diagnosis by home or ambulatory BP measurements to account for the
“white coat effect.” There is no formal consensus on how to quantitate
or manage BP variability despite a real-world need for better
diagnostic and therapeutic guidance. Practitioners should thus focus on
control of (mean) BP using combinations of agents that improve CVD
outcomes. Future consensus guidance should directly address BP
variability and should include educational materials for physicians,
patient-contact staff, and patients.
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INTRODUCTION

Within individuals, intrinsic variation in blood
pressure (BP) is beneficial in allowing vigorous
responses to acute physiologic stressors while
conserving energy and limiting unnecessary strain
on target organs during rest. At the same time, BP
variability poses a significant challenge to the
accurate diagnosis, classification, and management
of hypertension. Between individuals in the general
population, traditional office systolic BP values are
distributed almost normally over a roughly 3-fold
range and within an individual during 24-hour
ambulatory BP monitoring (ABPM), the range often
reaches 2-fold. BP variability can be divided
broadly into 2 categories: 1) true pathophysiologic
variability (between- and within-subjects) and 2) BP
measurement uncertainties due to technique biases
and random measurement error. CVD risk is
modestly elevated when BP variability is high but it
is not yet clear that BP variability should be added
to risk stratification algorithms or that it can or
should be treated. Clinical uncertainty is further
amplified by divergence among international
guidelines about recommended measurement
techniques, hypertension classifications, and
therapeutic goals. This review will discuss major
factors contributing to BP variability and the
resulting clinical uncertainties it causes. It also offers
limited commentary regarding practical
approaches to BP variation in everyday medical
practice.

MECHANISMS OF BP REACTIVITY AND
VARIABILITY

The pathophysiology and temporal classifications
of BP variability patterns have been covered in
previous expert reviews'.2 but critical factors in the
underlying pathophysiology are briefly
recapitulated here to provide relevant scientific
background.

Heart rate and respiration

Systolic BP varies by heartbeat in resting individuals
but this form of BP variability may not have the
same impact as other forms of BP variability that
will be discussed subsequently.3” Beat-to-beat
variation in systolic BP or pulse pressure (PP) is
principally reflective of the underlying variation in
cardiac stroke volume and its dependence on
cardiac preload (cardiac filling time and central
venous pressure). When heart rate is low (and RR
interval is high), greater atrial filling allows cardiac
Starling forces to increase stroke volume; systolic BP
increases immediately for that heartbeat. Neither
stroke volume nor heart rate variation is the
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dominant component of overall BP variability,
accounting for about 10% and 30% of total 24-
hour BP variability, respectively.8 In more extreme
conditions such as atrial fibrillation, PP and systolic
BP can vary from nil (a pulseless beat) to 100 mmHg
depending on the prior RR interval (lzzo,
unpublished observations). Obligatory systolic BP
variation is also linked to respiration and breathing
patterns (rate and depth) via changes in
intrathoracic pressure and cardiac preload. The
clinical manifestation of respiratory variation in BP
is “pulsus pardoxus,” which is always present to
some degree but systolic BP can easily vary by 20
mmHg or more if there are extreme fluctuations in
intrapleural pressure. All of this can occur without
any changes in sympathetic nervous activity or
systemic vascular resistance. Respiration-linked
changes in BP typically lag by a few heartbeats (2-
3 seconds) because of the time it takes to transfer
the preload-dependent changes in right heart
output to the left heart.?10

Sympathetic nervous system (SNS)

Most aspects of BP variability, from moment-to-
moment BP fluctuation (a few seconds) to long-term
BP changes (decades) are dependent on the
underlying activity of the SNS."" The SNS is
activated by various external and internal stressors
but also plays a role in homeostasis.'' The basal
“firing rate” of peripheral SNS neurons is about 0.1
Hz (every 6 seconds) but under major stress, the
neuronal firing rate and amplitude can increase
dramatically, along with the amount of
norepinephrine released per nerve burst. The SNS
control centers in the ventrolateral medulla
oblongata regulate the constriction of peripheral
arteries and veins via neurons in the
intermediolateral columns in the spinal cord and
post-ganglionic peripheral sympathetic nerves.
Separately, the SNS regulates heart rate via vagal
cardiac efferent neurons to the sino-atrial node.
Variation of BP during normal daily activities is a
reflection of activation and deactivation of the SNS;
this includes sleep-waking cycles, ambient
temperature and postural adaptation, cognitive
and emotional responses, and physical exertion.
SNS activity can be organ-specific or generalized.
SNS control centers are modulated by complex
afferent and neuro-modulatory signals from cortical
nuclei, the hypothalamus, basal ganglia,
circumventricular control centers, baroreflexes, and
excitatory metaboreceptors in muscle and kidney.
Negative feedback via aorto-carotid baroreflexes
is familiar to most physicians but less well known is
the role of cardiopulmonary baroreflexes, where
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stretch fibers in the atria and central veins sense
changes in cardiac preload and central blood
volume and relay this information to the SNS control
centers.1?

From a hemodynamic perspective, peripheral
sympathetic nerves control central blood volume
and cardiac preload via peripheral
venoconstriction; they also modulate cardiac
afterload via arteriolar constriction. Within an
individual, variations in cardiac stroke volume and
HR contribute about 40% of the observed BP
variability throughout the day, while 60% is
attributable to the underlying variation in systemic
vascular resistance.8 In population studies, however,
24-hour mean HR and BP are almost completely
decoupled in both normotensive and hypertensive
populations.’3 Aorto-carotid and cardiopulmonary
baroreflexes are subject to resetting and blunting,
allowing SNS activity and BP to increase with
aging.1415

Vasoreactivity

The contractile response of a peripheral artery or
vein to a given stimulus (e.g. sympathetic nerve
discharge) is modulated by local factors,
particularly vascular structure and endothelial
function. The impact of an SNS discharge on the
percentage decrease in lumenal cross-sectional
area and the corresponding percentage increase in
systemic vascular resistance and BP is highly
dependent on caliber of the arteriole and its wall-
to-lumen ratio. Thus, smaller arterial diameter (as
occurs in people with shorter stature and women) or
the presence of arteriolar smooth muscle
hypertrophy (as occurs with long-standing
hypertension) will cause a greater increase in
systemic vascular resistance and BP in response to a
“standard” SNS discharge.’® Another aspect of
vasoreactivity is the role of the endothelium and
local nitric oxide production in blunting
vasoconstrictive responses.'”” Substances such as
angiotensin Il contribute to endothelial dysfunction
by promoting local superoxide radical generation;
enhanced vasoreactivity and atherogenesis are
also promoted by cholesterol oxidation
products.’819 We have found that individuals with
high cholesterol exhibit enhanced BP reactivity to
mental stress and demonstrated improvement
following cholesterol-lowering medication.20 We
identified the same pattern in individuals with insulin
resistance, whose BP hyper-reactivity was
ameliorated by an insulin-sensitizing agent.2! In a
similar vein, a higher healthy lifestyle composite
score (1 point each for never smoking, adhering to
a healthy diet, performing moderate or intense
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physical activity, keeping body mass index <25
kg/m2, maintaining total cholesterol <200 mg/dl,
a glycated hemoglobin <5.7%, and conventional
BP <120/80 mm Hg) has been associated with
lower BP variability.22 Participation in a cardiac
rehabilitation program has been reported to
decrease BP variability but exercise training alone
does not.23.24

Arterial stiffness

Pulse pressure and systolic BP increase inexorably
as arteries stiffen with age. Arterial stiffness is
directly correlated with higher pulse pressure and
systolic BP but there is ongoing debate whether
systolic hypertension precedes or results from
arterial stiffening.(19-22) The most useful model is
that aging, arterial stiffening, and systolic
hypertension are inter-related components of a
long-term ‘“vicious cycle”.25  Arterial stiffening
universally increases the variability of systolic BP;
this can be described mathematically as an increase
in the exponent (B) of the non-linear pressure-
volume relationship within an arterial region;25 f3
actually represents the curvature of an artery’s
pressure-volume curve. Said differently, there is
greater sensitivity of PP and systolic BP to any
change in pulse volume, hence greater BP
variability. Based on this relationship, we proposed
use of the “pulse stiffening ratio” (PSR), which is
simply [standard deviation of systolic BP] /
[standard deviation of diastolic BP].25 Because
arterial stiffness always depends to a degree on
arterial pressure, effective long-term
antihypertensive therapy will passively reduce
arterial stiffness to a small degree (probably<
10%). Any reduction in stiffness that is attributable
fo true arterial remodeling, however, will require
several months owing to the slow turnover of
collagen in vascular walls. Accordingly, effective
antihypertensive therapy may reduce BP variation
but to a very limited degree. There is no true “anti-
stiffness” medication at this time.26:27

MEASURING BP VARIABILITY

Methods

The most common approach to the quantitation of
BP variability is to analyze a sample of several BP
readings using traditional statistical indicators such
as range, variance, standard deviation (SD), and
standard error. All reflect the dispersion of
measurements around the mean and although they
are mathematically independent of the mean, their
interpretation is not. Range is biased toward the
most extreme values, while the other statistical
variables more closely reflect the central tendencies
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of the distribution and are strongly affected by the
number of measurements. Other approaches,
including using coefficient of variation (standard
deviation/mean), inter-quartile range, or “average
real variability” (ARV, the mean of the absolute
changes in BP between consecutive readings over a
period of time) 28 have been used; the last is least
dependent on the number of measurements used.
Short-term BP variability is most often studied using
24-hour ambulatory BP monitoring (ABPM), with BP
values obtained every 20-30 minutes throughout
the day. In a normal day, BP is subject to a wide
variety of physiological changes, including sleep-
waking cycles (“nocturnal dipping”), supine and
upright posture, arm position, physical activity,
emotional responses, environmental temperature
changes, and meals as well as drug
pharmacodynamics.

Multiple time intervals and detection techniques
have been used, including visit-to-visit clinic BP
variability (VVV) and home BP monitoring
(HBPM).29-32 33 These methods use relatively few
individual measurements and often differ greatly in
the time period studied. HBPM is usually performed
twice a day for 5 days but VVV data represent
variable numbers of observations over months to
years. There are few studies that compare
techniques; one suggested that beat-to-beat and
day-to-day SBP variability were similar in their
correlations with a variety of vascular function
indicators but 24-hour ABPM were not.4 In a very
small series, between-subjects variance of mean BP
was 1/3 greater with clinic readings than ABPM,
except in isolated systolic hypertension (ISH); this
finding has direct implications for sample sizes in
clinical trials.34

BP reactivity vs BP variability

BP reactivity (maximum response — baseline) is
relatively convenient to measure in a clinical
laboratory but reactivity is not synonymous with
variability and reactivity can be misleading as an
indicator of SNS activity. For example, SNS and BP
responses to exercise stress vary widely between
individuals and peak responses or % change are
not automatically proportional to the pre-stress SNS
output or BP level but the magnitude of the systolic
BP response to exercise is linked to future
hypertension and hypertensive target-organ
damage, including ventricular hypertrophy and
arterial stiffness.35-37 Cardiovascular fitness can
reduce the magnitude of the BP response to
exercise and to mental stress but cardiovascular
fitness is not correlated with BP variability and BP
variability is not reduced by exercise

Medical Research Archives |https:

Blood Pressure Variability

conditioning.37-40 Responses to cold stress are similar
to patterns observed for exercise in that basal
conditions and stress responses are not necessarily
proportional; chronic exposure to low temperatures
correlates with higher resting BP but in these
individuals, BP reactivity to a cold pressor test is
reduced.4! Responsiveness to mental stress varies
widely within and between individuals and studies
are not always reproducible within-individuals due
to learning and habituation and to difficulties in
achieving and  maintaining  baseline  and
background conditions. The actual strength of
stimulus is particularly hard to quantitate and
extraneous emotional and cognitive factors often
influence responses to stress.42

SUBTYPES OF BP VARIABILITY

BP variability can be divided into 2 broad
categories: 1) measurement error, both random and
systematic, and 2) true pathophysiologic variation,
both within and between individuals. Each can
contribute substantially to apparent BP variability.

Measurement uncertainties

Random measurement error. BP variability statistics
always depend to a degree on the accuracy and
repeatability of the measurement itself. Accuracy
standards for BP measurement devices are
remarkably loose, in part because typical
validation studies and device comparisons conflate
random measurement error with true physiologic
variability. The current AAMI/ESH/ISO guideline
states that a BP measurement device is considered
acceptably accurate if there is at least an 85%
probability that the measurement error is <10
mmHg. In practice, two criteria must be met: (1) the
mean difference between the test device and the
reference standard must be <5 mmHg and (2) the
standard deviation for systolic and diastolic BP
measurements must be < 8 mmHg. Despite the
minimal nature of these standards, they have not
been applied to all available devices.43 Error
attributable to observer and technique is another
major factor that diminishes the accuracy and
repeatability of traditional cuff BP measurements.
Most of these errors arise because the observer has
not followed recommended protocols, including
failure to allow time for patient equilibration (at
least 5 minutes undisturbed), wrong cuff size, cuff
looseness, excessive rates of cuff deflation, and
inability of the observer to match pulse sounds to
the BP scale on the device.#4 In a small study, there
was greater variability with nurse readings than
physician readings, likely due in part to reporting
BP values to the nearest 10 rather than 2 mmHg.645
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There is also excessive random error with BP
watches and other cuffless devices and they should
not be used clinically.4¢-48

Systematic (device and technique) measurement
error. Systematic biases are introduced by
differences intrinsic to the technique or device
employed. For example, cuff systolic BP taken at
the wrist will be higher than that of the upper arm
due to the phenomenon of pulse pressure
amplification, which is variable between
individuals.4Z  Thus, wrist devices are not
recommended in current guidelines. Failure to
regularly calibrate a BP cuff can also lead to a
substantial systematic error. Poor measurement
technique may also represent systematic error. For
example, some health professionals still take BP
with the arm elevated, while others leave the arm
dangling; the differences attributable to arm
position can easily change BP by 10 mmHg due to
differences in hydrostatic pressure. More complex
measurement inaccuracy (within-individual and
between-individual error and bias) occurs when BP
is obtained with legs dangling and back
unsupported (about 6 mmHg higher on average).

True BP variation

Within-individual BP variability. BP varies widely
throughout the day in response to the physiologic
needs of the organisms. Many different
physiological stressors cause short-term SNS-
mediated increases in BP as already discussed. A
well-recognized subtype of stress-response is the
“white coat effect (WCE),” which confounds
hypertension diagnosis and management based on
clinic BP readings. WCE is triggered by the
presence of an observer in close proximity to a
patient (“in their space”) during the measurement of
BP. WCE has been called an “alerting reaction”
similar fo a Pavlovian conditioned stress response. It
is also a situation-specific conditioned response. The
presence of WCE is not an indicator of generalized
hyperresponsiveness to all stressors or situations
and if present, the magnitude of the response varies
widely within and between individuals.4® There are
varying numerical cutoffs for WCE but in practice,
the term has been applied to a consistent difference
between average clinic and non-clinic systolic BP
(variably 10-20 mmHg).509-53 Technically, the term
white coat hypertension refers to a much narrower
population, individuals with clinic systolic BP >140
mmHg and non-clinic (daytime ABPM or HBPM) <
135 mmHg.5%5153  In common parlance, the
distinction between WCE and white coat
hypertension is often lost, however.
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Alternative BP office measurement methods have
been developed to minimize WCE, the most
important being avtomated office BP measurement
(AOBP).5455 AOBP devices operate with no
observer in the room; the patient activates the
recording BP cuff, which takes several BP
measurements (often 4 at 1 minute intervals); the
mean of the last 2 readings is taken as the BP for
that determination. The bias between standard
clinic BP and AOBP varies with the individual clinic
but seems to range from 5-10 mmHg. AOBP is
significantly but variably lower than daytime ABPM
(by as much as 12+14 mmHg, p<0.001 yet major
guidelines suggest that daytime ABPM, HBPM, and
AOBP values are equal and that the diagnosis of
hypertension can be confirmed by a systolic BP of
at least 135 mmHg from either HBPM or daytime
ABPM.50-53 More recent data suggest that the first
AOBP measurement is closest to ABPM daytime
mean systolic BP.55

The opposite pattern of variability to WCE is
masked  hypertension. Those  with  masked
hypertension have higher daytime mean
ambulatory BP than the BP values observed while
sitting in a medical office.5¢ Relatively little is known
about the cause of masked hypertension. One
explanation is that people with masked
hypertension have higher physical activity and
emotional stress levels in routine daily life than in a
medical office but people with increased systolic BP
reactivity to low-level bicycle exercise are more
likely to have masked hypertension.5”

BP variability over a longer period also exists. For
example, there is seasonal variation in BP (up to
about 10 mmHg), especially in rural areas in
northern latitudes, associated with winter-time
systemic vasoconstriction, activation of the SNS and
renin-angiotensin systems, and increased plasma
aldosterone.58-¢0 Other long-term BP trends are
associated with comorbidities such as weight gain
and insulin resistance, which further exacerbate SNS
overactivity and increase BP.61.62 The longest-term
increase in SNS activity and BP is that related to
age, as already discussed.!1.14

Between-individual (population) BP variability.
Population variation in BP is, in essence, the
epidemiology of essential hypertension. BP is
relatively normally distributed in the general
population with some rightward skew. This shape is
not consistent with a single genetic cause and
worldwide collaborative efforts have now defined
535 genetic loci associated with BP.¢3 The sheer
number of these candidate genes far exceeds the
number of possible contributing pathophysiologic
mechanisms for hypertension and even more
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problematic is the fact all of these loci account for
only 5.7% of the population distribution of systolic
BP.¢3 Random error in the form of within-subjects BP
variability and poorly representative and
inaccurate  BP  measurements almost certainly
contribute to this limited association but there are
also systematic biases, such as those between
individual clinics and even between countries.®4:6>
Overwhelmingly, it is more likely that population
variation in BP is more closely related to
environmental and  acquired characteristics,
including systematic biases such as age and
individual characteristics such as obesity.

ANTIHYPERTENSIVE DRUGS

Within-individual variability.

Drug pharmacodynamic differences contribute to
within- (and between-) individuals BP variability.
Peak-to-trough ratio has been a standard measure
of duration of an antihypertensive drug effect and
trough values are important in establishing drug
dosing frequencies and labelling. In general, long-
acting agents such as dihydropyridine calcium
antagonists and non-loop diuretics (thiazide-type or
aldosterone antagonists) have a peak-to-trough
ratio close to 1. Another way to measure
homogeneity of effect is the smoothness index,
which relates the 24 hour mean BP and SD to the
weighted hourly BP mean and SD).%¢ The smoothest
and most consistent effects are observed with
thiazide diuretics and dihydropyridine calcium
antagonists.®” Short duration of acting is one reason
why oral clonidine, labetalol, and hydralazine are
not considered to be preferred first-line
antihypertensive drugs.’%-53 These drugs also have
no major studies demonstrating positive CVD
outcomes but this is not surprising given the era in
which they were developed. Another solution to a
short pharmacodynamic half-life is the development
of a timed-release formulation of the short-acting
agent, as has been done for drugs such as
metoprolol, nifedipine and clonidine.

Preferred long-acting antihypertensive drugs have
minimal effects on within-subjects BP variability
(generally <10%)% but there are modest
divergences among different drug classes: ACE
inhibitors, alpha blockers, and beta-blockers tend
to increase BP variability slightly, while
dihydropyridine calcium antagonists tend to reduce
it.6:68.69 The effects of diuretics on BP variability is
not clear. In one meta-analysis, thiazides (and beta
blockers) increased VVV and the risk of
atherosclerotic endpoints’® while in another study,
“non-loop diuretics” improved BP variance and
stroke risk.® We have reported that the within-
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subjects 24-hour ambulatory SD of heart rate is
lower with equi-depressor doses of beta blocker
(carvedilol) compared to angiotensin receptor
blocker (valsartan) but there were no differences
between these drugs in the SD or coefficient of
variation of systolic or diastolic BP.”!

Similarly, BP reactivity is generally not affected
substantially by antihypertensive agents, which are
more powerful in lowering baseline BP than the BP
response to physical or mental stress. For example,
we have found that the BP response to low-level
bicycle exercise is not reduced by standard
antihypertensive drugs, including beta-blockers.”2-
75 We have also demonstrated this principle for
mental stress’2. These observations have led to a
model that fully separates baseline BP from BP
stress responses; in this model, the highest tier of
CVD risk is represented by individuals with both
high baseline BP and high BP reactivity.”¢77

Between-individual variability.

As a heterogeneous syndrome with multiple
interacting contributory factors within and between
individuals, no single mechanism is sufficient to
explain essential hypertension, which has been
described in the past as a “mosaic.” It follows that
no single antihypertensive drug class, each of which
is relatively specific for a given mechanism, can
control BP in the entire population. Clinical including
neurohormonal assessment (e.g. stratification by
plasma renin activity) is expensive and not useful
clinically in part because the mechanisms that
control BP counter-regulate each other continuously
(e.g. diuretics reduce extracellular fluid volume,
which causes a reflex increase in plasma renin
activity). BP responses to antihypertensive drug
classes are quite heterogeneous; each class of
antihypertensive drugs causes a clinically significant
drop in BP in about half the population. With certain
classes, the antihypertensive effect is highly
complementary to certain other drug classes;”8 This
is the rationale for preferred combinations such as
a renin-angiotensin  blocker (ACE inhibitor or
angiotensin receptor blocker or beta-blocker) plus
a diuretic or calcium antagonist.50.51.53.79,

BP VARIABILITY AND CARDIOVASCULAR
DISEASE RISK

There is a relatively large observational
experience from secondary analyses of clinical
trials that reveals a general trend toward modestly
increased cardiovascular disease (CVD) risk in
individuals with high BP variability.28:30,33,80-84 Rjsk
attendant to exaggerated VVV has been found to
persist whether or not patients remain adherent to
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antihypertensive therapy.30.49.85 Studies using VVV
seem to demonstrate more robust associations with
CVD risk than those based on 24-hour ABPM30.82 byt
this statement may be confounded in part by the
use of ARV rather than SD. There have also been
negative studies.8¢8” The absence of a standard
definition of exaggerated BP variability,
divergences among measurement and statistical
methods, and variations in results suggest that the
association of CVD risk with exaggerated BP
variability is not extremely robust, at least as
defined by current methods. Assessment methods
also strongly affect the associations of variability
and risk. For example, when populations are
dichotomized into low and high variability groups,
the apparent risk appears to be relatively modest.
One “low resolution” meta-analysis dichotomized
BP variability (low vs. high) and found that high BP
variability was associated with a 15% increase in
all-cause mortality, 18% in CVD mortality, 10% in
ischemic heart disease, and 15% for stroke.84 This
study is problematic for several reasons, including
co-mingling of VVV with ABPM methods, use of
varying time periods and numbers of readings, and
reporting data outside of strict inclusion criteria.
Another meta-analysis of dichotomized BP
variability found modest increases in total and
cardiovascular  mortality (11 and  16%,
respectively) with high ARV on ABPM but in this
study, adjustment for mean 24-hour BP diminished
the contribution of BP variability to <1% of the
overall predictive power.82 The risk of high BP
variability appears to be much higher when the
highest decile of BP variability is compared to the
lowest; in the Australian National BP Study, after
adjusting for sex, age, treatment, and average on-
treatment SBP, CVD event rates in the highest decile
of BP variability were: first fatal/nonfatal
cardiovascular event 218%, stroke 278%,
myocardial infarction 411% and heart failure
479% higher.83 In the SHEP program, higher VVV
was associated with a higher CVD mortality but
these investigators did not adjust for mean BP.8¢ An
ABPM study reported that each 5 mmHg increase in
night-time (but not daytime) BP variability was
associated with an 80% increase in stroke incidence
but not other CVD events.80 A secondary analysis of
the SPRINT study found no significant association
between VVV and combined fatal and non-fatal
CVD events.8” They reported coefficient of
variation of systolic BP over 4 visits (12 months) and
observed 324 events in 7879 participants (a 4%
event rate). The hazard ratio for high BP variability
was not significant (HR 1.20; 95% Cl 0.85,1.69) but
had they studied a higher risk population, increased
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the observation period, used a more robust
indicator of variability, or increased the sample
size, statistical significance might well have been
achieved.

It is difficult to directly compare the risks
attributable to BP variation to those attributable to
chronic BP elevation. Current data strongly suggest
that the risk associated with persistent BP elevation
(i.e. the BP burden or lifetime mean BP or area
under the lifetime BP curve) remains paramount.87.88
The robustness of the relationship between BP
burden and risk is most persuasively demonstrated
by the work of the Prospective Study Collaborators,
who constructed a worldwide meta-regression
based on age and mean BP in nearly 1 million
adults studied for 12 years.88 They found an
extremely precise relationship of weighted 12-year
mean systolic BP (12-year systolic BP burden) and
cardiovascular mortality, where each 20 mmHg
increment in mean systolic BP increased the CVD
mortality risk by 100% over the range of 115-185
mmHg. In comparison, in the largest meta-analysis
of BP variability, high relative systolic BP variability
increased relative CVD mortality risk by about
18%.84 This would be the equivalent of an increase
in systolic BP of about 4.5 mmHg but it must also be
remembered that adjustment for systolic BP burden
may largely eliminate the risk attributed to systolic
BP variability. 8288

CLINICAL IMPLICATIONS

BP variability exerts a subtle but important
influence on all aspects of hypertension care, from
diagnosis to classification, risk assessment, and
treatment. At present, the potential role of BP
variability in the pathogenesis of CVD remains
unresolved, as are questions regarding clinical
impact and appropriate clinical care and patient
education. The lack of a clear definition and
classification scheme and standardized methods for
assessing BP variability are barriers to further
progress.

The clinical classification of hypertension is clearly
impacted by true BP variability and BP
measurement  uncertainties. Because the BP
distribution is continuous in the population, the
definitions of essential hypertension and its
subcategories (stages or grades) are intrinsically
arbitrary. Current guidelines make accommodations
for BP variability in their requirements for multiple
BP measurements and the confirmation of the
diagnosis of hypertension with non-office BP
readings. Yet the current classifications schemes
include categories whose “band widths” are 10/5
mmHg. The most recent U.S. hypertension guideline
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identifies normal BP as <120/80, elevated 120-
129/80, stage 1 hypertension 130-139/80-89,
and stage 2 hypertension as > 140/90 mmHg. The
most recent European guideline lists optimal BP as
<120/80 mmHg, normal 120-129/80-84,
elevated 130-139/85-84, Grade 1 hypertension
140-159/90-99, Grade 2 hypertension 160-
179/100-109, and Grade 3 hypertension as
>180/110 mmHg) and the International Society of
Hypertension identifies normal BP (<130/85
mmHg), high normal (130-139/85-89 mmHg),
Grade 1 hypertension (140-159/90-99 mmHg)
and Grade 2 hypertension (>160/100 mmHg).5%
53 Within each of these current guidelines, all of
which use different terminology and thresholds,
there is at least one category where the range of
values is 10/5 mmHg. This makes little sense for
patients with exaggerated BP variability who may
have BP readings that span 2 or 3 categories within
a single visit. For example, a patient with high BP
variability and a mean systolic BP in the mid-130s
(“high-normal BP” 130-139/85-89 mmHg in the
International Hypertension Society classification
system)33 may easily have normal, high-normal, and
hypertensive BP readings within the same visit.
These narrow categories and arbitrary thresholds
tend to obfuscate common degrees of BP
variability, sometimes causing unnecessary anguish
among caregivers and patients. Further confusion is
caused by the divergent categories apparent in
current guidelines. For reference, a calculated
feature of the JNC7 guideline was a classification
system with band widths of at least 20/10 mmHg.8?
This was not accidental; not only did this system
minimize unnecessary category shifts, it allowed
simple risk stratification consistent with the “20/10
mmHg rule” of risk doubling identified in the
Prospective studies analysis.88

The principal justification for hypertension treatment
is to reduce cardiovascular morbidity and
mortality.50-53 In general practice and in regulatory
policies, hypertension is considered a true surrogate
for CVD risk. As such, no outcome studies are
required to market an antihypertensive drug, simply
the demonstration of safety and efficacy, generally
a significant reduction in BP (about 5 mmHg more
than placebo) in two competent ftrials or an
approved matrix design. Hypertension differs from
conditions such as heart failure, where approval is
based on safety and efficacy in 2 or more
favorable outcome ftrials. In contrast, the trend
toward increased CVD risk associated with
exaggerated BP variability is still not unequivocal
and there are no prospective interventional studies
designed to answer the question of whether
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reducing BP variability proportionally reduces
adverse CVD outcomes; if there were such trials, it
is conceivable that BP variability could be used as
an independent CVD risk factor in a multiple-factor
algorithm or even as a treatment target. It is highly
unlikely, however, that the robustness of BP
variability as a risk factor is more than a fraction of
that attributable to BP burden. Given the
improbability of funding for a long-term outcome
trial, it is unrealistic to think that BP variability will
be widely adopted in clinical guidelines or clinical
practice in the foreseeable future.

Problems caused by BP variability are very much a
reality of everyday clinical practice. Patients and
clinical staff routinely experience anguish and
uncertainty regarding whether a BP “spike” is
meaningful or dangerous. All too often, patients are
sent to emergency facilities for elevated BP values
that do not require immediate treatment. One area
of reasonably close agreement among guidelines is
the approach to hypertensive urgencies and
emergencies: relatively sudden but sustained
increases in BP over weeks to months in the clinic or
home setting. An “urgency” is a markedly elevated
BP (generally >180/110 mmHg) that is
asymptomatic or accompanied by relatively mild
symptoms such as headache but without acute
target organ damage. In this setting, combinations
of 2 or 3 antihypertensive drugs should be started
(or restarted for patients with poor medication
adherence) in the ambulatory setting, with follow-
up within a few days. A hypertensive crisis or
emergency signifies the presence of a high BP plus
acute target organ damage, which necessitates
hospitalization and immediate BP-lowering (minutes
to hours).

At present, there is no educational guidance for
practitioners or patients. As such, it remains the
responsibility of individual practitioners to educate
themselves, their staffs, and their patients on the
available facts about BP variability. It is hoped that
the information provided in this review will offer
sufficient perspective for the interested clinician to
formulate a practical but science-based approach
to BP variability. All practitioners responsible for BP
care should be able to provide accurate and useful
information on BP variability to patients, including
guidance on what can and cannot be treated.
Perhaps even more important is the responsibility of
the physician to educate nursing and office staff so
that popular myths and misconceptions can be
minimized.

SUMMARY AND CONCLUSIONS
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BP variability is caused by true pathophysiologic BP
variation (systematic and non-systematic between-
and within-individuals) and measurement errors
(systematic biases and random error). Clinical
impact in retrospective secondary analyses includes
an apparent, modest increase in cardiovascular
disease (CVD) risk equivalent to a few mmHg in
mean systolic BP. Antihypertensive drugs have
relatively little impact on BP variability but it is
decreased slightly by dihydropyridine calcium
antagonists and increased slightly by ACE inhibitors,
beta-blockers, and alpha-blockers. No
interventional trial has addressed the question of
whether reducing BP variability confers CVD risk

Blood Pressure Variability

protection. There is no formal consensus on how to
quantitate or manage BP variability. Practitioners
should focus on control of (mean) BP using
combinations of agents that improve CVD outcomes.
Future consensus guidance should directly address
BP variability and should include educational
materials for physicians, patient-contact staff, and
patients.
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