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Introduction

In 1988, Peter Sterling and Joseph Eyre (1988)
physiological
literally means
through change” to describe the behavior of
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Variability is a normative property of blood pressure necessary for sur-
vival which likely contributes to morbidity and mortality through
allostatic load. Because of its allostatic and adaptive properties blood
pressure responses to peculiar situations like the visit to the clinic can
lead to the misdiagnosis of hypertension. Cuff methods of blood pressure
measurement can also create blood pressure variation when there really is
none. There are also physiological differences between populations
related to their evolutionary history that likely further affect the extent
of population differences in 24-h blood pressure variability. Quantifying
the sources and extent of blood pressure variability can be done using
natural experimental models and through the evaluation of ecological
momentary data. It is very likely that the results of population studies of
blood pressure variability and morbidity and mortality risk are inconclu-
sive because the parameters used to assess blood pressure variability do
not reflect the actual nature of blood pressure allostasis.
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dynamic physiological functions. The idea is
that variation in physiological parameters occurs
as a means of adaptation, so that there is a nexus
of between external conditions and the body’s abil-
ity to meet the demands imposed by them which
is all regulated by the brain. Thus, there is no
“dynamic steady state” or setpoint in these
functions meaning that they do not maintain

concept
“stability
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homeostasis, but rather there is a multitude of
stable states that occur as responses to
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continuously changing environmental demands.
In introducing this concept, Sterling and Eyre
used blood pressure as an exemplar, because of
its inherent variability. In fact, variation is what
gives blood pressure its adaptive value (James
1991, 2013), and is perhaps its single most
important normative property, since without it
human beings would not survive (James 2013).

The inherent variability in blood pressure was
first recognized by Stephen Hales in his
pioneering experiments in the horse that were
reported in 1733, in which he endeavored to
evaluate the nature of the arterial pulse using a
cannula inserted into the crural artery (O’Rourke
1990; Pickering 1991). The oscillations he
observed in the blood pulses where such that he
concluded that any instantaneous measure of the
blood pressure would never be exactly the same
over the lifetime of the animal (Parati
et al. 1992). Through the nineteenth century
anecdotal evidence regarding blood pressure var-
iation in humans accumulated, and in 1897 Riva-
Rocci in his description of sphygmomanometry
reported that the actual procedure of making a
blood pressure measurement could induce an
increase in pressure so large as to affect the
process of obtaining valid data (Parati
et al. 1992). Seen from the perspective of
allostasis, what this observation meant is that
the mere occluding of the artery is enough of a
stressor to initiate a physiological response
which will change blood pressure.

Nikolai Korotkoff, a field surgeon during the
Russo-Japanese war discovered the auscultatory
technique of blood pressure measurement using
the sphygommanometric method of Riva-Rocci
and a stethoscope, reporting on the sounds that
bear his name to the Imperial Military Medical
Academy in St. Petersburg, Russia in 1905
(Paskalev et al. 2005). Since the sounds could
be coupled to the cuff pressure registered on the
mercury column of the sphygmomanometer,
numeric values could be assigned to both the
blood pulse maxima and minima (systole and
diastole) based upon the appearance and disap-
pearance of sound. With this important insight,
blood pressure level, as well as variation over
time could be quantified.
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Through the first half of the twentieth century,
a variety of observations regarding blood pres-
sure variation using auscultatory and intra-
arterial techniques both outside and inside the
clinic were made. First, numerous laboratory
studies demonstrated that typically occurring
variation in physiological habitus and the envi-
ronment such as postural change, respiration,
exercise, and external temperature all profoundly
affected the variability of blood pressure
(e.g. James 1991; Pickering 1991; Rowell
1986). There were also studies indicating that
there was substantial variability in “resting
blood pressure” by venue and over time. One of
particular note was the report by Ayman and
Goldshine (1940) who trained hypertensive
patients or their family members in how to take
blood pressures at home. They found that these
measurements differed from clinic
measurements by as much as 70/36 mmHg, a
difference which persisted over 6 months. Other
studies around that time suggested that the emo-
tional or psychological state of the person could
affect the reliability of resting ausculted blood
pressure measurements (e.g. Levy et al. 1944;
Rogers and Palmer 1944), and there were also
data to suggest that variation in a person’s pres-
sure could be influenced by the familiarity
between the patient and the person taking the
pressure (Shapiro et al. 1954) as well as the
gender of the person taking the pressure
(Comstock 1957). During this time, the variation
in resting blood pressure in and out of the office
that was related to the patient’s response to the
procedure or circumstances (which from an
allostatic perspective is an adaptive adjustment
to the perceived stressfulness of the situation)
was seen medically as something that con-
founded accurate clinical assessment and thus
needed to be minimalized.

In the 1960s there was an increasing number
of studies examining blood pressure variability
outside the laboratory and clinic. These studies
emerged with the technical development of the
Remler® ambulatory blood pressure recorder
which required that subjects manually inflate
the cuff (see Hinman et al. 1962; Kain
et al. 1964; Sokolow et al. 1966), and with the
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development of intra-arterial devices that
measured pressure continuously (Richardson
et al. 1964). A classic study by Bevan
et al. (1969) employing an intra-arterial device
provided data that showed just how variable
blood pressure could be over the course of a
typical day. This case study and others like it
unambiguously showed that blood pressure
levels were tied directly to what someone was
feeling and doing as well as the circumstances.
These data clearly indicated that blood pressure
did not maintain a homeostatic “steady state” but
rather allostatically changed to meet the demands
of the circumstance.

As ambulatory blood pressure monitoring
technology improved from the 1970’ through
the 2000s, the effects of various typical behaviors
on blood pressures were evaluated, first using
intra-arterial devices and later using automatic
ambulatory blood pressure monitors that
employed either auscultatory or oscillometric
technology (James 2013; Pickering 1991).
These studies, often undertaken by non-medical
researchers, were designed to quantify the
amount of intraindividual blood pressure varia-
tion over the course of a day associated with
psychological, sociological, and environmental
sources using data from larger scale population
samples. Their purpose was to evaluate how the
things that people do, think and experience as
part of their lifestyle relate to the development
of sustained high blood pressure and subsequent
cardiovascular pathology (James 2013). The
upshot of the results of these studies is that the
extent of out of office blood pressure variation
and its relation to pathology may not only be
determined by both the mix and psychological
appraisal of the activities and relationships that
are experienced by a subject during the course of
a day, but also by the duration and frequency of
the experience of these factors over a lifetime
(James 2007, 2013).

Over the past decade, there has been interest
in evaluating the morbidity and mortality risk of
circadian, diurnal or nocturnal blood pressure
variation and the question has been raised as to
whether variability should be treated (Asayama
et al. 2015; Flores 2013; Palatini et al. 2014;
Parati et al. 2015). The purpose of this brief

overview is to critically examine blood pressure
variability and variation both within and outside
the office, separating its adaptive function from
possible pathology using the perspective of the
allostasis paradigm.

2 Are There Multiple Intrinsic
Biological Rhythms That
Contribute to Blood Pressure
Variability?

From an allostatic perspective, all the measurable
variation in blood pressure is related to beat-to-
beat changes in the actions of the heart which in
turn, are triggered by the actions of the brain
(Sterling 2004). There are factors that acutely
(very short time frame) influence the pulse
wave of blood as it is ejected from the heart,
such as respiration (Pickering 1991). Other than
the acute metabolically interactive processes that
are related to the maintenance of life (e.g. the
need for tissue oxygen exchange and the release
of carbon dioxide and other metabolic
byproducts through exhaling), all other blood
pressure variation occurs to adapt people to
their circumstance, largely through the effects
of numerous humoral and hormonal inputs that
are regulated by the brain’s response to external
and internal stimuli (Sterling 2004).

Circadian blood pressure variation, most nota-
bly that related to the biobehavioral changes
from waking to sleep reflect adaptive responses
to habitual activity and postural variation
associated with everyday life processes and
sleep (James 2013; James et al. 2015). Other
potential rhythms such as seasonal variation
(Parati et al. 1992; Pickering 1991) likely arise
from beat to beat adjustments to ambient temper-
ature (transitions from heat to cold) and the vari-
ous seasonal behavioral and social changes that
are tied to culturally relevant seasonal traditions
(James 1991, 2013; James and Baker 1995;
James et al. 1990Db).

Since blood pressure change is an adaptive
process, changes in seated clinic auscultatory
blood pressures over longer time frames such as
monthly or yearly, must reflect either (1) changed
social or psychological conditions experienced



by the patient that are influencing the patients
perceptions of the circumstance in the clinic;
(2) changes in the underlying cardiovascular
structure so that the system that is generating
the pressure is itself changed or changing; or
(3) perhaps both (Gerin and James 2010; Jhalani
et al. 2005; Kleinert et al. 1984; Pickering 1991).

There is also a difference in evaluating blood
pressure variability from invasive beat-to-beat
assessments (based on continuous intraarterial
or plethysmographic —measurements) and
non-invasive techniques, where a cuff occlusion
method is employed and systolic and diastolic
pressures are determined over a 20-30 s time
frame using the appearance and disappearance
of audible sound, high frequency signal
components, or by examining a reflective wave-
form generated inside the blood pressure cuff
(Pickering and Blank 1995) (see Fig. 1). In
evaluating beat to beat pulse tracings, the
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diastolic (nadir) and systolic (zenith) pressures
of the pulse are directly connected and influence
one another whereas auscultatory or
oscillometric systolic and diastolic pressures
are estimates not tied to a particular pulse.
Beat-to  beat  systolic and  diastolic
measurements will change in tandem with
externally driven stimuli, however, the time it
takes for the bladder-cuff assembly to deflate
and re-establish blood flow is long enough to
miss the effects of hormonal inputs as they hap-
pen, so that the factors affecting systolic pres-
sure may be different than those affecting
diastolic pressure (Blank et al. 1995). This dif-
ference will give a false impression of the
amplitude of the blood pulse, possibly creating
variation where there really is none. This varia-
tion is an artifact of the measurement technique.

In addition to the time frame issue that affects
the variation of pulse pressure, added variability

Cuff
pressure

Systolic
pressure

Systolic pressure

Diastolic pressure

Fig. 1 Differences between the recorded systolic and
diastolic pressures from intraarterial or plethysmographic
measurements (depicted in the circular insert) and a cuff

measured pressure where systolic and diastolic pressure
are tied to the Korotkoff phase I and phase V sounds
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can be created using cuff-based measurement
methods by simply changing the position of the
cuff relative to the heart when cuff deflation
occurs (Pickering 1991; James et al. 2015). For
example, blood pressure during sleep can appear
to be quite variable, but that variation may be due
to simple factors such as changes in sleep posi-
tion, so that depending upon whether the pressure
is taken while a subject is on their left or right
side, or on their back or stomach, it can appear
to change by 15 mmHg or more (James
et al. 2015). Cuff position could also increase
waking pressure variation during an ambulatory
monitoring as well, also depending upon the
position of the arm during cuff deflation
(Pickering 1991).

So, are there different types of blood pressure
variability that need to be considered clinically?
It seems unlikely, because if blood pressure
change is adaptive, meaning it changes to meet
the circumstance, then all blood pressure
variability must be beat-to-beat and what gives
the impression of shorter and longer term varia-
tion patterns is the general patterning of life
experiences, momentary reactions, and the

intermittency of clinic or ambulatory
measurements.
3 White Coat Hypertension,

Masked Hypertension
and the Life Experience
of Visiting the Clinic

Seen from the perspective of the patient, going to
the doctor is an event! The environment of the
clinic, office, or hospital is uniquely different
from every other place that the patient goes.
Allostatically, a blood pressure taken during the
event (being in the clinic) will reflect the
patient’s adaptive response to it. As Riva-Rocci
noted (see above), arterial occlusion is enough of
a stimulus to initiate an increase in blood pres-
sure, but because the taking of a blood pressure is
also an entirely unique social interaction involv-
ing a physician, nurse, or other medical profes-
sional and the patient, there will also be effects
related to the perceptions of the patient
connected to that interaction. Even if the pressure

is taken by an automatic device with no one
present, that situation still requires an adaptive
response from the patient. When the blood pres-
sure response to this peculiar environment
exceeds the average response to all other daily
environments, the patient is said to exhibit a
white coat effect, but if that effect leads to
ausculted blood pressure measurements that
exceed 140/90 (hypertension Rubicon) the
patient is diagnosed with white coat hyperten-
sion. Whether blood pressure responds with an
acute heightened response in the clinic may
largely depend on prior patient experiences with
the setting and prior relationships with the people
within it.

That a blood pressure measurement can be
profoundly influenced by the perceptions of the
patient was dramatically demonstrated by
Mancia and colleagues (1987) in their classic
study in which blood pressure readings were
continuously taken intra-arterially on one arm
while a nurse or physician took an ausculted
blood pressure from the other. The intra-arterial
measurements showed that relative to the pres-
sure prior to the ausculted measurement interac-
tion with the physician, there was an increase of
some 23/18 mmHg when the physician took the
ausculted pressure. Further, the increase in pres-
sure by the physician was about twice the effect
seen when a nurse took the pressure.

What did the patient perceive that lead to the
increase in pressure? A more recent study by
Jhalani et al. (2005) provides some answers.
They examined the acute effects of anxiety and
expectancy on clinic measured pressures and
found that when assessed as a specific office
related effect, anxiety had a substantial influence
on increasing pressure in the office. In their
study, they measured anxiety before, during,
and after blood pressure was measured. They
also showed that there is an effect related to the
patients’ expectations about what their blood
pressure measurement will be. Their findings
suggest that prior experience can trigger anxiety
regarding this peculiar environment and the
relationships within it, so that the blood pressure
response is elevated. These psychological factors
will lead to a diagnosis of hypertension if the
ausculted numbers exceed 140/90.



Masked hypertension is defined by the precise
opposite effect seen with white coat hyperten-
sion. Specifically in these patients, adaptation to
the peculiar clinical environment requires less of
aresponse than an average of the responses to all
other events outside the clinic. Rather than being
made anxious, they may be calmed by the setting
and interpersonal interactions. Interestingly,
masked hypertension is seen not so much a
relaxed adaptation as it is an absence of high
risk behaviors which elevate pressure outside
the clinic such as alcohol consumption, smoking,
or contraceptive use (see Longo et al. 2005 for
example).

Studies have been done which have evaluated
the morbidity and mortality risk associated with
the diagnosed conditions of white coat and
masked hypertension which are defined from
the average blood pressure in the clinic and the
average blood pressure response to all other
conditions during the day (e.g. everything not in
the clinic). Pierdomenico and Cuccurullo (2011)
did a metaanalysis comparing the risk for cardiac
and cerebral events among patients who were
diagnosed as normotensive, white coat hyperten-
sive, masked hypertensive and essential hyper-
tensive based on the out of clinic-inside clinic
blood pressure difference and found that white
coat and normotensive patients had similar risk
as did the masked hypertensives and essential
hypertensives. This kind of finding suggests that
inside clinic-outside clinic variation may not be
important to cardiovascular health, and that in
fact, the determination of who really has hyper-
tension should be made from average pressure
experienced across many different situations and
not from the peculiar setting of the clinic or
office.

4 Ambulatory Blood Pressure
Variability as a Risk Factor

Given that blood pressure is a response to ambi-
ent conditions, it would stand to reason that an
evaluation of the relationship between its circa-
dian variation and morbidity or mortality would
necessarily involve assessing the appropriateness
of the pressure responses to the various external
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and internal conditions that drive the continuous
changes (see Zanstra and Johnston 2011 for
example). However, virtually every study that
examines blood pressure variation as a risk factor
for cardiac or cerebral events ignores the
dynamic interplay between blood pressure and
the specific environmental demands an individ-
ual confronts during daily life. Instead, studies of
blood pressure variation and vascular risk focus
on the event predictability of some measure of
the statistical dispersion or cumulative
differences of the sample of blood pressures
taken with a non-invasive ambulatory blood
pressure monitor over the course of one 24-h
period (a day) or the average waking-sleep
blood pressure transitions (either “dipping”-the
difference between average waking pressure and
average sleep pressure, or the “morning surge”-
the difference between various pressures prior to
and just after morning awakening), (see for
example Asayama et al. 2015; Hansen
et al. 2010; Palatini et al. 2014; Parati
et al. 2015; Taylor et al. 2015). These measures
are examined only with regard to a possible lin-
ear relationship; that is, the studies only address
the question of whether risk is related to being
too low or too high on the various parameter
scales. The inconsistent results from these stud-
ies, where some suggest variability is an impor-
tant risk factor and others find little or no effect
has spurred a controversy as to whether blood
pressure variation should be a target for treat-
ment (e.g. Asayama et al. 2015). Before this
type of issue can be addressed, it is useful to
examine what each indicator of the variability,
or variation in these risk related studies is mea-
suring. Are the indexes and parameters that are
employed in these studies suitable and meaning-
ful indicators of blood pressure variability?
Standard deviations (SD) or coefficients of
variation (CV) are measures of the dispersion
around a mean of a variable that is normally
distributed. These are calculated from presum-
ably random samples of a population of
measurements. However, if the distribution of
the overall population is not normal and the sam-
pling is unrepresentative and small, these
measures will be biased, inaccurate, and uninfor-
mative (Cochran 1977). Given that 100,000 or
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more systolic and diastolic pressures are
generated over a 24-h period, and non-invasive
ambulatory monitors sample perhaps 50 of those
(5/100ths of 1 % of all those generated) which
vary with time and conditions in a systematic
way (pressures change to adapt the person to
continuously changing circumstances) what is
the value of the SD or CV of that sample in
predicting risk? Parati et al. (1992) some
25 years ago noted that these kinds of measures
don’t tell you anything about how single values,
as collected, are distributed around the mean. Do
the pressures spread out or is there perhaps a
bimodal shape? Many odd distributions could
provide the same calculated SD or CV. These
measures do not provide any information about
the pattern and extent of individual pressure
responses, and because as noted above, what
needs to be evaluated in an assessment of how
variability affects pathology is the appropriate-
ness of the variation, they really are unsuitable
variability indicators for examining morbidity
and mortality risk.

Furthermore, the SD and CV as indicators of
24-h blood pressure variation are poorly repro-
ducible over 24-h (see for example, James
et al. 1990a; and the review by Asayama
et al. 2015). In our study, we compared 24-h
variability in normotensive and hypertensive
patients over 2 weeks. Figure 3 shows the timing
and spacing of each measurement on each day
for both groups of subjects. Note how different
the days are. This disparity is actually typical
when comparing daily non-invasive ambulatory
monitoring data. What we found is that people
did different things on different days, and while
there were enough pressures to provide a
reasonably stable average over time, the varying
mix of conditions and times when pressures were
taken, were poorly matched day to day. This
mismatch profoundly affected the distribution
of the pressures around the mean, rendering the
distributionally tied measures of variation (SD,
CV) irreproducible (James et al. 1990a).

The “average real variability” (ARV24) has
also been used as an indicator of blood pressure
variability and is defined as the mean of the
absolute differences of consecutive
non-invasive ambulatory measurements. The

effects of this parameter on the predictability of
events are small or inconclusive (e.g. Asayama
et al. 2015; Hansen et al. 2010). Bearing in mind
that each of the sequential blood pressures taken
by non-invasive ambulatory monitors are a
response to the ambient condition in which they
are taken, the ARV24 can go up or down
depending upon what the person confronts and
is doing during the day. What this quantity really
represents is a summary score of the differences
between peak blood pressure responses to some
indeterminate number of sequential unknown
stressors. Ultimately, the magnitude of this
parameter depends solely upon the variability of
the environments experienced and the behavior/
emotional responses of the patient (James 1991,
2013). Thus, a patient who is monitored on a day
where they are inactive, remain at home and are
emotionally stable will have low ARV24,
whereas one that performs multiple varying
tasks, transitions through many daily
microenvironments (goes to work, out to dinner,
etc.) and experiences an array of emotions will
have a high ARV24. Since the blood pressure
changes are adaptive and are a normative
response to the tribulations of everyday life, it
is not clear from the studies that have used this
parameter why high (or low) values of ARV24
would be indicative of pathology or health.

The other variation measures used in risk
studies are “dipping” and the “morning surge.”
These are measures of blood pressure change
between the state of waking and the state of
sleep. Conceptually, dipping refers to the blood
pressure transition from waking to sleep, whereas
the morning surge refers to the transition from
sleep to waking. Operationally, there is no con-
sistent definition for either measure across stud-
ies, although with dipping, a Rubicon of 10 %
decline, particularly for systolic pressure seems
to be the popular demarcation line for normalcy
and pathology, although there is no definitive
reason why this value is the clinically relevant
cut-point (Asayama et al. 2015; Flores 2013;
Taylor et al. 2015). Again, seeing blood pressure
as an adaptive response, the waking average that
is used to determine dipping is based on a mean
of values that are tied to the conditions experi-
enced on the day of study. So depending upon
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whether a person had a difficult day or an easy
day, the waking average could be higher or
lower. There are ample data showing that exces-
sive psychological stress during the day can also
carry over and increase sleep pressure (see James
et al. 1989 for example), so non-dipping may
occur on a given night simply because it was a
stressful waking day. Another problem with the
concept of dipping is that it assumes that all
people experience just the two distinctive periods
(waking and sleep) over the day, so that
“waking” and “sleep” happen during the day
and night. This presumption is demonstrably
false as there are plentiful data showing that
waking-sleep patterns can change with age and
that this affects the circadian patterns of adaptive
blood pressure responses in ways that confound
the determination of dippers and non-dippers
(see Ice et al. 2003). Likewise, whatever pres-
sure(s) chosen to define the post- awakening
point and the low pre-awakening point in defin-
ing the morning surge are also adaptive
responses to the conditions when they are
measured, so that its relative magnitude may be
related to any number of factors affecting both
sets of measurements. And, as previously noted,
there are also other issues with “sleep” pressures
taken by a cuff occlusion method that have to do
with the position of the cuff relative to the heart
that will influence the level and variability of
“sleep” blood pressures (James et al. 2015).

It is not surprising that waking-sleep transi-
tion measures are often found to have poor repro-
ducibility as well as differential effects in
different populations (Asayama et al. 2015;
Taylor et al. 2015). Patterns of behavior, stress,
and sleep quality vary from day to day, and all
these are factors that may be influenced by the
cultural background and occupation of the
patient (James 2007). While there may be theo-
retical reasons to believe that the variability in
blood pressure associated with wakefulness and
sleep ought to have health implications, the
operationalization of the concepts using
non-invasive ambulatory measurements are inad-
equate because they don’t embrace the adaptive
nature of blood pressure which makes it impossi-
ble to define what normative transitions ought to
be. Without a clear definition of normalcy, there
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is no way to coherently use these measures for
treatment purposes (Flores 2013).

So, after evaluating the nature of the
parameters that have been employed to assess
the morbidity and mortality risk of blood pres-
sure variability in large international and com-
munity based populations, it appears that none of
them are meaningful indicators of what is or is
not appropriate variability, and therefore can’t
really address the question of whether blood
pressure variability ought to be treated.

5 Ambulatory Blood Pressure
Variation: How Do You
Measure It?

To understand why blood pressure varies during
the day, you need to have information regarding
the ambient conditions when measurements are
made. If blood pressure is responding to these
conditions during everyday life, you need to be
able to show that as they change, so does blood
pressure.

Several means have been used to classify the
conditions of ambulatory blood pressure
measurements. While direct observation of
subjects wearing the monitor has been used
(e.g. Ice et al. 2003), for most studies of blood
pressure variation, subjects have self-reported
the ambient conditions of each blood pressure
measurement in a diary, which have taken on a
variety of forms, from pencil and paper to hand
held computers as has been discussed (see James
2007, 2013). Most behavioral studies of blood
pressure variation have not been conducted with
a focus toward allostasis, or even understanding
cardiovascular adaptation. Rather, studies have
simply defined the sources of diurnal blood pres-
sure variation, or evaluated whether people with
specific characteristics differ in their responses to
similar lifestyle related stimuli (Gerin and James
2010; James 2013).

Studies designed to evaluate what affects
blood pressure variation and by how much have
generally taken two forms. As has been noted
(James 2007, 2013), the first approach is one
where each blood pressure measurement is
assessed with regard to simultaneously recorded
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circumstances reported in a diary (often called
ecological momentary data) using inferential sta-
tistical models (see for example Brondolo
et al. 1999; Gump et al. 2001; James
et al. 1986; Kamarck et al. 2002; Kamarck
etal. 1998; Schwartz et al. 1994). In this analysis,
the sources of blood pressure variation are
separated based on the reported diary entries
(such as the posture of the subject, the location
of the subject, etc.). The proportion of variation
associated with each is quantified, as is the num-
ber of mmHg the alternative levels of each (such
as posture-standing, sitting, reclining) contribute
to either increasing or decreasing the values of
individual blood pressure measurements. In
evaluating blood pressure variation this way,
the choice of diary reporting alternatives is criti-
cal. The potential sources of variation chosen to
have reported in the diary and how they get
recorded will dictate how the variation in blood
pressure gets analyzed (James 2007, 2013).
Analysis of ecological momentary blood pres-
sure data has been undertaken using raw
(e.g. Brondolo et al. 1999; Kamarck et al. 2003;
Schwartz et al. 1994) and standardized
e.g. (Brown et al. 1998; Ice et al. 2003; James
et al. 1986) data. The estimated effect sizes from
different studies using these approaches vary
considerably, due in part to the fact that there is
no consensus as to what ought to be the standard
value against which sources of variation should
be measured, but also because of the demo-
graphic and cultural diversity of the groups stud-
ied (James 2007, 2013).

The second form employs what might
be termed a “natural experiment” which has
been discussed at length elsewhere (see James
1991, 2007, 2013). However in brief, natural
experiments are studies in which there are a
priori design elements that define predictable
dynamically changing behaviors or situations
that occur during a typical day (James 2013).
This kind of study is done by anthropologists
and human population biologists, and it is an
approach that has its roots in psychological and
psychophysiological paradigms in which blood
pressure reactivity to various stressful tasks are
evaluated in the laboratory, (see for example,
Pickering and Gerin 1990; Linden et al. 2003;

Kamarck et al. 2003). In these laboratory
experiments, a baseline condition is established
and then the subject undertakes a series of
predefined tasks that will elicit a response. The
difference between the baseline measurements
and those during the tasks define the magnitude
of blood pressure reactivity (James 2013).
Because they are conducted in a laboratory,
there are controls in the experiment such that
specific effects can be isolated, measurements
can be taken in a systematic way, and all the
participants experience the same protocol. Con-
trol groups can also be included in the experi-
ment. Moving this experimental paradigm to a
“natural” setting (e.g. into real life and outside
the laboratory) requires modification because no
true baseline can be established. But, a “natural
experiment” can be designed where blood pres-
sure changes can be evaluated as people move
from situation to situation (such as their work and
home situations) during the course of their every-
day lives. For example, a person who lives in a
suburb and commutes to an urban workplace
every day likely has a structured, urban work
environment where economic related activities
occur, where social interactions take place with
non-relative co-workers, and where a specific
occupational hierarchy dictates the nature of
social relationships (James 2013). The
characteristics of this situation diverge sharply
with that of the suburban home, where domestic
tasks and leisure activity happen in a social con-
text where interactions are with relatives and
neighbors (James 2013). The variation in blood
pressure required to adapt to these relatively pre-
dictable situations can be assessed by comparing
the average blood pressure while in them with
that during overnight sleep, or more specifically,
while the person is quietly recumbent in a dark
room acting as a pseudo-baseline.

In assessing blood pressure variability, it is
important to realize that the blood pressure distri-
butional parameters that come from an array of
measurements will be related since they are deter-
mined from a single vascular system that has
specific structural and functional properties. That
is, the mean and variance of the population of
pressures measured over the course of 24-h on
the same person will be related. This is called
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heteroscadasticity and it is well known (Pickering
1991). Thus, people with lower 24 h average
blood pressure will tend to have a narrower
range of blood pressures diurnally than those
with higher average pressures. Pickering (1991)
has noted that this heteroscadasticity is probably
related to underlying arterial structural differences
such as stiffness and/or other functional factors
such as differences in vasoactive hormone recep-
tor density or sensitivity (see for example, van
Berge-Landry and James (2008).

Over the past 30 years numerous studies have
been conducted that have identified various psy-
chological, social and behavioral parameters that
are associated with increased ambulatory blood
pressure variation. These effects have been
summarized in a number of reviews (see for
example, Gerin and James 2010; James 2007,

Sitting Systolic

T

.A/"J'd—
¢ ’;
: /
i : r
mm
9 3
Egewnere
" ome
wWorn
M9 Anxious
Standing Systolic
_ﬂ/__l-"'———j
20 il
18
-E_
mmHg 10
8
€
= Eiseunere
2 =ome
Hapo wWor
MEF paxioss

Fig. 2 The amount of diurnal blood pressure variation
associated with variation in posture (sitting, standing),
situation (work, home, and elsewhere) and reported emo-
tional state (happy, angry, anxious) on daily blood pres-
sure (Data from James et al. 1988). The variation is

2013; Zanstra and Johnston 2011). In brief,
mood variation, postural variation, situational
variation, and activity variation all contribute
significantly to diurnal blood pressure variation.
These effects are further modified by seasonal
(temperature) effects, dietary effects
(e.g. sodium intake), alcohol consumption,
smoking, specific social interactions (such as
with spouses) and among employed people, the
appraisal of job strain (Gerin and James 2010;
James 2013; Zanstra and Johnston 2011). Any
given effect can be small, but a blood pressure
measurement is a response to all that are relevant
when the measurement occurs, so that the impact
of each of the factors is additive and can lead to
substantial circadian blood pressure variation.
An example of how this variation is additive is
shown in Fig. 2.
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defined as mmHg from the 24-h mean, and is based on
the assumption that the measure of dispersion around the

24-h mean (standard deviation) is 10 (Modified from
James 2013)
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Note the different numbers of pressures taken each time et al. 1990a)



In the example, note that the size of the
estimated blood pressure adjustments associated
with the mix of ecological momentary factors
varies considerably. A closer examination of the
effects shows that they are more or less additive
with regard to blood pressure variation. Each set
of factor alternatives defines a momentary state
typically experienced by a person. From the fig-
ure it is easy to see that the allostatic change in
blood pressure from one state to another can be
substantial. Because a change in habitus from
sitting to standing, or a mood change from
happy to angry could happen almost instantly, it
is clear that the process of allostasis, as reflected
in blood pressure variation, is also instantaneous.

6 The Effects of Human
Evolution on Blood Pressure
Variation

As has been previously discussed (James 1991,
2010, 2013; James and Baker 1995), there has
been physiological evolution in our species,
some of which has been driven by climate and
diet, so that there are various population or ethnic
group physiological differences that can affect
how an individual’s blood pressure varies
(James and Baker 1995; Young et al. 2005;
James 2010, 2013). The influences of these
genetic differences are the result of natural selec-
tion and are reflected in populational variation in
blood pressure responses to environmental
stressors such as prolonged cold temperature
and dietary salt.

Current evolutionary evidence suggests that
all modern human populations are descended
from tropical “heat adapted” ancestors in Africa,
somewhere between 100,000 and 200,000 years
ago (Smith 2010), and it is also true that modern
sub-Saharan African populations retain that heat
adapted physiology, or more precisely a physiol-
ogy adapted to a mostly hot, wet environment
(Hanna and Brown 1979; James 2010, 2013;
Young et al. 2005). However, many present day
populations currently live in and have survived in
temperate and freezing climates for millennia.
When cold or freezing conditions are
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experienced in the unprotected human, there is
a sympathetically driven constriction of periph-
eral arteries, particularly in the hands and feet
that is designed to conserve body heat, which, if
left unchecked, will lead to significant tissue
damage in theses appendages (e.g. frostbite)
(James and Baker 1995). To combat the tissue
damage, ancestral human populations who
migrated out of Africa over the past
100,000 years or so to ecosystems characterized
by temperate and cold climates evolved a periph-
eral cold induced vasodilatory (CIVD) response
through natural selection (Steegmann 1975).
CIVD is a periodic release of the arterial con-
striction which suffuses the cold peripheral
tissues with blood, rewarming them so that they
are protected from frostbite for a time (James and
Baker 1995). However, what this also means is
that populations who did not migrate to these
colder ecosystems (those remaining in Africa)
did not develop this form of cold adaptation
since such a response was unnecessary in tropical
climates (James and Baker 1995). Numerous
studies have found that African-American
populations (whose migration to colder climate
environments is very recent evolutionarily) show
a generally more intense vasoconstrictive
response to peripheral cold stress, with either
inadequate or no CIVD (James and Baker 1995;
Steegmann 1975). The increased cold pressor
response among African-Americans is most
often noted in studies of hand emersion in freez-
ing water, however, research has also shown that
cold to the face also elicits the accentuated pres-
sor response among  African-Americans
(Anderson et al. 1988; Treiber et al. 1990) and
that African-Americans may further exhibit
heightened myocardial and vasoconstrictive
reactivity during passive exposure to ambient
temperatures from 8 to 10 °C (Kelsey
et al. 2000). What these findings mean is that
the typical outside exposure of the face during
the cold of winter is probably sufficient to elicit
the enhanced pressor and vasoconstrictive
responses among African-Americans.

Why this is significant from the perspective of
blood pressure variation is that the sympatheti-
cally driven peripheral vasoconstriction that is
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induced by cold stress increases blood pressure
(Pickering and Gerin 1990). It is thus possible
that African Americans living in the temperate
and freezing climates of North America or
Europe experience chronic cold stress through
the winter months, potentially experiencing
more chronic vasoconstriction due the their
enhanced cold pressor response and inadequate
CIVD which in turn will increase the overall
variability of their circadian pressure relative to
other population groups (James 2013; James and
Baker 1995). This possibility is supported by
studies which suggest that sympathetic hormone
receptors among African-Americans may be
more sensitive than those of FEuropean-
Americans (Mills et al. 1995), and that the diur-
nal variation in blood pressure of African-
Americans is more accentuated than that of
European-Americans in relation to diurnal
changes in catecholamines (Van Berge-Landry
et al. 2008).

There are also two salient aspects of heat
adapted physiology, or more precisely a physiol-
ogy adapted to the mostly hot, wet environment
in which Homo sapiens evolved: the ability to
(1) profusely sweat and (2) retain salt (sodium).
The latter is important because salt availability is
limited in tropical ecosystems (James 2010;
James and Baker 1995; Young et al. 2005). A
geographic cline from the equator to the poles of
“heat adapted” allelic variants from 5 functional
genetic sites that affect salt retention and blood
vessel tone has been reported by Young
et al. (2005). Specifically, in their study, DNA
samples from 53 geographically dispersed
populations from the equator to the poles suggest
that native populations living within 10° of the
equator (hot, salt poor environments) have an
average 74 % “heat adapted” allelic variants,
while populations within 10° of the arctic (cold,
salt rich environments) have only 43 % ‘“heat
adapted” variants. Based on this distribution,
the authors hypothesized that the frequency of
“heat adapted” alleles declined as our African
ancestors colonized ecosystems that were cooler
and salt rich and then rose again among groups
that migrated from those areas back to more salt
poor tropical climates (Young et al. 2005; James

2010, 2013). They further argued that since the
“heat adapted” alleles facilitate salt retention and
excessive dietary salt intake can contribute to the
development of hypertension, populations with
an increased numbers of “heat adapted” alleles
are more susceptible to hypertension, particularly
if they have migrated in more recent times to
cooler salt rich ecosystems or who have had salt
substantially increased in their diets (Young
et al. 2005). It has been suggested that these
genetic findings may partially explain the higher
prevalence of hypertension and cardiovascular
morbidity in African-American populations, at
least as it may relate to variation of salt in the
diet (James 2010, 2013). What this also means,
however, is that blood pressure variation related
to salt intake may be different depending upon
the evolutionary history of the population being
evaluated.

To summarize, evolutionarily developed
differences in peripheral cold responses and salt
and fluid retention likely affect allostatic blood
pressure responses. However, in a broader con-
text, what these studies suggest is that the extent
to which blood pressure may vary, or move to
presumptively adaptive states in response to
challenges may depend upon how natural selec-
tion has shaped an individual’s physiology. That
is, the same set of conditions may lead to
completely different blood pressure responses
due to the fact that their physiologies differ as a
consequence of natural selective processes that
occurred in their ancestral populations. These
underlying physiological differences should
thus be considered when evaluating allostatic
blood pressure variation in studies that examine
ethnically diverse groups.

7 Rethinking Blood Pressure
Variability and Morbidity
and Mortality Risk

In a more recent discussion, Sterling (2004)
contrasted the basis of allostasis with that of
homeostasis, which defines physiological pro-
cesses in terms of maintaining a stable internal
environment. That is, in the homeostatic



16

paradigm, the purpose of physiological regula-
tion is to restrict internal parameters to specific
“setpoints” so that substantial variation or devia-
tion from that value is seen as pathology,
indicating some mechanism is “broken” and
needs correcting. In many ways, the current med-
ical evaluation of blood pressure in this manner
dramatically affects how blood pressure
variability and morbidity/mortality risk studies
are carried out. Essentially, studies are designed
to assess the impact of too much or too little
variability, so that if the amount is extreme, it
must mean that that there is underlying pathology
in the pressure maintenance feedback loops. I
think it is not an unreasonable observation these
studies have not provided the kind of results that
would be clinically helpful. In fact, some
researchers have concluded from the results that
blood pressure variability is simply not an impor-
tant clinical issue (see Asayama et al. 2015).
However, if blood pressure is treated as some-
thing that is normatively variable as would be the
case in the allostasis paradigm, then the relation-
ship between blood variability and pathology
takes on a completely different dimension. In
1998, McEwen (1998) introduced the term
“allostatic load” to describe the long term patho-
logical effects of systems that undergo allostasis,
or adaptation through change. “Allostatic load”
can be defined as the wear and tear that the body
experiences due to repeated cycles of allostasis
as well as the inefficient turning on or shutting
off of the regulatory responses. Morbidity and
mortality can ensue from the effects of four
types of allostatic load. The first type is the
“repeated hits” to the system that result from
long term normative continuous changes from
minimal to maximal values. The second type is
a lack of adaptation or habituation, where an
accentuated initial response to acute stressors
that should attenuate over time does not. The
third type would emerge from prolonged
accentuated responses where a maximal response
is attained but then never attenuates after the
stressor is removed and the fourth type would
result from an inadequate response to stressors
where substantial changes would be the appro-
priate adaptation, but instead there is minimal
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response. While these types are described as
separate possibilities, any or all types of
allostatic load might contribute to physiological
decline of an individual’s cardiovascular system
over time. Thus, following the principles of
allostatic load, the variability of blood pressure
that would contribute to morbidity and mortality
is an intrinsic inevitable property of the cardio-
vascular system, but inappropriate variability in
the form of lack of habituation, and prolonged
excessive or prolonged inadequate responses to
typical daily conditions and stressors could
accelerate the pathological process. Thus,
variability might not be something that you
would treat, but it would be a marker indicating
there is something else wrong. Appropriate
variability to daily life events could be defined
from studies of the sources of variability (see
above). What one might then look for clinically
is change in the extent of variability associated
with events over time, and if there is change, find
out what caused the change and if possible,
treat it.

8 Conclusions

Variability is a normative property of blood pres-
sure necessary for survival which likely
contributes to morbidity and mortality through
allostatic load. Because of its allostatic and adap-
tive properties blood pressure responses to pecu-
liar situations like a visit to the clinic can lead to
the misdiagnosis of hypertension. Cuff methods
of blood pressure measurement can also create
blood pressure variation when none exists. There
are also physiological differences between
populations related to their evolutionary history
that likely further affect the extent of population
differences in 24-h blood pressure variability.
Quantifying the sources and extent of blood pres-
sure variability can be done using natural experi-
mental models and through the evaluation of
ecological momentary data. Finally it is very
likely that the results of population studies of
blood pressure variability and morbidity and
mortality risk are inconclusive because the
parameters used to assess blood pressure
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variability do not reflect the actual nature of
blood pressure allostasis.
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