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load in an individual. Optimal BP values at all 
times (both in the hospital and home setting) 
are associated with the best prognosis.10,11 In 
addition to these advantages, there is another 
field of research that focuses on obtaining use‑
ful data from serial BP measurements in an indi‑
vidual by information processing of BP readings 
other than simply calculating the average val‑
ue. This yields 2 measures derived from ABPM: 
BP variability and BP‑derived arterial stiffness 
(Table 1). In this review, we provide an overview 
of these indices.

Periodic changes in blood pressure  Persis‑
tent efforts have been made to identify period‑
ic variations in data from serial BP measure‑
ments in an individual.12‑16 Among beat‑to‑beat 
BP readings obtained by a direct measurement 
of intra‑arterial BP, the Meyer wave has been 
known since the 19th century.12 It is a short‑term 

Introduction  There is a considerable amount 
of research data to support the prognostic signif‑
icance of blood pressure (BP).1‑3 Even a single set 
of BP measurements predicts future cardiovas‑
cular mortality and morbidity.1‑3 A BP‑lowering 
intervention prevents cardiovascular disease.4 
Multiple BP measurements definitely provide 
also other benefits. Home BP measurement, for 
example, enhances the reproducibility of an av‑
erage BP value,5 improves the prognostic value by 
acquiring the reliable point estimates of an av‑
erage BP,6 facilitates titration of antihyperten‑
sive drugs in clinical practice,7 improves adher‑
ence to antihypertensive treatment,8,9 and pro‑
motes lifestyle modification and personal health 
management. In relation to ambulatory BP mon‑
itoring (ABPM), obtaining multiple BP readings 
is also beneficial. Blood pressure measurement 
within a short time frame of the hospital set‑
ting does not necessarily represent the total BP 
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Abstract
Multiple blood pressure (BP) measurements allow an evaluation of BP variability and BP‑derived arterial 
stiffness indices. Periodic variations in BP are well known, from beat‑to‑beat BP readings in intra‑arterial 
measurement to seasonal variations in BP. Diurnal BP variation has been investigated in relation to its 
prognostic value. People with night‑to‑day BP ratio of 1 or higher, that is, those with a higher nocturnal 
than daytime BP, were older than those with normal dipping status at baseline and had a greater risk of 
cardiovascular mortality and morbidity. Short‑term BP variability was evaluated using an intraindividual 
standard deviation or average real variability without any assumption of a  periodic fluctuation. 
The ambulatory arterial stiffness index (AASI), which is derived from ambulatory BP monitoring, is 
a surrogate measure of arterial stiffness. An increased short‑term BP variability and the AASI have been 
linked to target organ damage and poor prognosis, while short‑term BP variability added only 1% or less 
to the prediction of a cardiovascular event. Although strict BP control at any time of the day is essential, 
studies are required to clarify how much additional benefit is derived from a treatment considering BP 
variability or the AASI in patients with hypertension.
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the degree of nocturnal BP reduction and night
‑to‑day BP ratio.20

These parameters are calculated using the fol‑
lowing equations: 1) degree of nocturnal BP re‑
duction (%) = [average daytime BP – average 
nighttime BP] / average daytime BP × 100; and 
2) night‑to‑day BP ratio = average nighttime 
BP / average daytime BP. The degree of noctur‑
nal BP reduction can be also calculated using 
the following formula: degree of nocturnal BP 
reduction (%) = (1 – night‑to‑day BP ratio) × 100.

The dipping status20 is a dichotomized indi‑
cator of the above indices. Classically, patients 
with a nocturnal BP reduction of 10% or more (ie, 
night‑to‑day BP ratio of less than 0.9) are clas‑
sified as “dippers.” Similarly, individuals with 
a nocturnal BP reduction of less than 10% (0.9 
or more) are considered “nondippers.”21 The key 
concept is that it is normal for an individual to 
have lower BP during sleep at night than dur‑
ing daytime, and that a blunted nocturnal de‑
cline in BP is an abnormal state.20 The nondip‑
per status, which is an abnormal circadian BP 
variation, is observed in patients with second‑
ary hypertension, such as Cushing syndrome.22 
It is also seen in patients on exogenous gluco‑
corticoid therapy.23 The aldosterone‑to‑renin ra‑
tio as a marker of abnormal aldosterone activ‑
ity and salt sensitivity was shown to be relat‑
ed to a nondipping pattern of BP, especially in 
individuals with high sodium intake.24 Abnor‑
mal diurnal variation in BP was associated not 
only with secondary hypertension or exogenous 
glucocorticoid therapy but also with more com‑
mon pathological conditions such as heart or re‑
nal failure, autonomic neuropathy, sleep apnea 
syndrome,25 anxiety disorder,26 and cerebrovas‑
cular disorders.7 Shift work and race or ethnic‑
ity were reported to be associated with the di‑
urnal rhythm of BP.27 A diminished nocturnal 
decline in BP was also associated with arterial 
stiffness,28 hypertensive target organ damage,29 
and cardiovascular mortality.30 In a population

‑based cohort study in Ohasama, Japan, a high‑
er decline in nocturnal BP was correlated with 
a greater risk of cardiovascular mortality.30,31 
Among the 7458 patients (mean age, 56.8 years) 
from Europe, Asia, and Latin America included 
in the IDACO study (International Database on 
Ambulatory BP monitoring in relation to Car‑
diovascular Outcomes),32 which encompassed 
prospective cohort studies of a random popu‑
lation sample, the night‑to‑day BP ratio was 
associated with cardiovascular death and fa‑
tal events combined with nonfatal ones, dur‑
ing a median follow‑up of 9.6 years, after ad‑
justment for sex, age, body mass index, smok‑
ing and drinking, serum cholesterol levels, his‑
tory of cardiovascular disease, diabetes mellitus, 
and antihypertensive treatment. However, after 
further adjustment for 24‑hour BP, the night‑to

‑day BP ratio lost its predictive power for these 

periodic variation in BP, lasting about 10 seconds 
(0.1 Hz). It is derived from breath and the oscilla‑
tion of the sympathetic vasomotor tone of arte‑
rial blood vessels.13 There have also been studies 
on longer‑term periodic changes in BP, such as 
diurnal or seasonal variations in BP.14,15‑17

Diurnal blood pressure variation  Circadian 
rhythms are observed in various biological ac‑
tivities, and they are related to sleep and feed‑
ing patterns. It is also well established that cir‑
cadian rhythms are present in BP. To investigate 
the circadian rhythm in BP, a simple model has 
been developed, known as the cosinor meth‑
od.14 It has been used, for example, for a com‑
parison of circadian BP change in a target indi‑
vidual or population18 or for evaluation of drug 
efficacy.19 In the cosinor method, BP readings 
obtained during 24 or 48 hours are fitted to 
a cosine curve as follows: BP = MESOR + ampli‑
tude × cos {π/12 × (hour of the day – acrophase)}, 
where MESOR stands for the midline‑estimating 
statistic of rhythm. Thus, the circadian circle of 
BP can be easily expressed by using 3 parame‑
ters: MESOR, amplitude, and acrophase.14 Then, 
along with the widespread use of ABPM, which 
is a noninvasive and intermittent method for BP 
measurement, more easy‑to‑use and practical 
parameters of BP circadian rhythm have been 
developed and have become standard indices: 

Table 1  Blood pressure variability and blood pressure–derived arterial stiffness 
indices by blood pressure measurement (based on Asayama et al31; reproduced 
with permission)

Intra‑arterial 
BPa

ABPM Home BPb Office BPc

Blood pressure variability

Beat‑to‑beat Yes No No No

Mayer wave Yes No No No

15- to 30‑minute changes Yes Yes No No

Morning–evening difference Yes Yes Yes No

Diurnal blood pressure variation Yes Yes Possible No

Morning hypertension Yes Yes Yes No

Weekly cycle No No Yes No

Monthly change No No Yes Possible

Visit‑to‑visit variability No No Yes Yes

Seasonal variation No No Yes Yes

Blood pressure–derived arterial stiffness indices

Pulse pressure Yes Yes Yes Yes

AASI and derivatives Yes Yes Yes No

a  Intra‑arterial direct blood pressure measurement;     b  Self‑measurement of blood 
pressure at home;     c  Office blood pressure measured in a clinic or examination center

Abbreviations: AASI, ambulatory arterial stiffness index; ABPM, ambulatory blood pressure 
monitoring; BP, blood pressure
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of daytime) + (nighttime SD × hour of night‑
time)} / (hour of daytime + hour of nighttime). 
This correction is nessesary because durnal 
change in BP explains most of the interindi‑
vidual variation in the SD.37 Daytime and night‑
time SDs are also independent from a durnal 
change in short‑term BP variability.

Blood pressure variability was also described 
by another indicator. While the SD does not con‑
sider the temporal order of BP readings, the av‑
erage real variability considers consecutive BP 
readings.38 The average real variability is the av‑
erage of the absolute differences between con‑
secutive measurements, as calculated by the fol‑
lowing equation:   

1 × ∑ n – 1  w × |BPk+1 – BPk|,∑w k = 1

where w is the time interval between BPk and 
BPk+1, n is the number of BP readings, and k rang‑
es from 1 to n–1.38

Several observational studies have report‑
ed large SD in relation to target organ damage 
and poor prognosis. The Ohasama study group 
revealed that nighttime SD was associated with 
carotid plaque after correction by nighttime 
BP.29 An SD of systolic BP was shown to be asso‑
ciated with chronic kidney disease progression 
from stage 1 to stage 5 in 16 546 patients from 
the Spanish Ambulatory Blood Pressure Mon‑
itoring Registry.39 An increased daytime SD of 
BP and a reduced daytime SD of heart rate in‑
dependently predicted cardiovascular mortali‑
ty.40 Pringle et al41 reported that a 5‑mm Hg in‑
crease in nighttime SD of systolic BP correspond‑
ed to an increase of 80% in the risk of stroke in 
the placebo group of the Systolic Hypertension 
in Europe (Syst‑Eur) trial. Nighttime SD was 
also reported to be an independent predictor of 
cardiovascular disease in elderly patients with 
type 2 diabetes.42 Palatini et al43 showed that 
nighttime SD was an independent predictor of 
all‑cause mortality, cardiovascular mortality, 
and cardiovascular events in 7112 participants 
with untreated hypertension from 6 prospective 
cohort studies. The Second Australian Nation‑
al Blood Pressure Study reported that weighted 
24‑hour SD of systolic and diastolic BP was sig‑
nificantly associated with increased all‑cause 
and cardiovascular mortality.44

Generally, the  larger the  average value, 
the larger the variance of the biological variables. 
This principle applies to BP as well. The correla‑
tion coefficient between the BP level and SD of 
BP is considerably strong. Therefore, in studies 
investigating the association between BP vari‑
ability and prognosis, BP levels were recognized 
as a strong confounding factor. In all the above 
studies,29,39‑44 the average value of BP was ad‑
justed as an independent variable in a multi‑
variate analysis. After adjustment for the BP 
level, the associations of BP variability with 

outcomes.32 The IDACO investigators conclud‑
ed that 24‑hour BP rather than the dipping pat‑
tern should continue to inform clinical deci‑
sions.33 The night‑to‑day BP ratio should be in‑
terpreted with caution because the ratio is com‑
posed of and affected by both nighttime and day‑
time BP. A high night‑to‑day ratio is observed 
not only in patients with high nocturnal BP but 
also in those with lower BP during the day than 
at nighttime. This could be caused by physical 
inactivity during daytime. A short‑acting anti‑
hypertensive drug taken in the morning could 
also result in an insufficient duration of the BP

‑lowering effect and a relatively high nocturnal 
BP compared with daytime BP.

It should be noted that the high night‑to
‑day BP ratio is not necessarily associated with 
a shorter life expectancy.32 In the IDACO study, 
patients with a night‑to‑day BP ratio of 1 or high‑
er were about 4 years older and also died at an 
older age than those with the normal dipping 
status at baseline.32

In summary, the night‑to‑day BP ratio should 
be interpreted with caution. Clinical decisions 
should be made on the basis of 24‑hour BP rath‑
er than the dipping pattern.31,33

Short‑term blood pressure variability  In 
the previous section, we focused on periodic 
changes in BP, namely, abnormalities in diur‑
nal biological rhythm. However, there are also 
different types of variability that do not show 
periodic fluctuations. Short‑term BP variabili‑
ty usually refers to a BP fluctuation of every few 
minutes to 30 minutes. It is not characterized 
by periodic fluctuations, but it also has physio‑
logical or pathological implications. Large vari‑
ability in BP can cause cerebral hypoperfusion 
via increased shear stress in small vessels. More‑
over, it could be a marker of an underlying co‑
morbidity and poor prognosis. Increased vari‑
ability could result from atherosclerotic lesions 
in a large artery, damage of medullary vasomo‑
tor center, cardiovascular autonomic dysfunc‑
tion, impaired baroreflex function, exaggerated 
sympathetic activation, and poor adherence to 
antihypertensive treatment.34 In rats, BP vari‑
ability is a marker of cardiac damage, renal le‑
sions, and aortic hypertrophy independent of 
BP levels.35 In rats after sinoaortic denervation, 
high BP variability was observed compared with 
sham operation rats, which led to aortic and left 
ventricular hypertrophy.36

To evaluate BP variability, a standard devia‑
tion (SD) of BP in an individual is used. Specif‑
ically, 48 readings are obtained from 24‑hour 
measurement of ABPM at intervals of 30 min‑
utes. Then, the index of BP variability can be cal‑
cualted as the SD of the 48 readings for an in‑
dividual. However, in practice, the 24‑hour SD 
is usually corrected by the following equation: 
weighted 24‑hour SD = {(daytime SD × hour 
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diastolic BP occur in parallel with those in sys‑
tolic BP. The lack of parallelism between diastolic 
and systolic BP variability is the key concept of 
the AASI. When the mean arterial pressure in‑
creases, arterial stiffness increases exponential‑
ly.50 The lack of parallelism was connected with 
a nonlinear relation between the mean arterial 
pressure and arterial stiffness. Dolan et al48 fo‑
cused on this nonlinear relation with the mean 
arterial pressure and explained the concept of 
the AASI as follows: “In subjects with elastic 
arteries, with variation in mean arterial pres‑
sure, changes in systolic and diastolic BPs oc‑
cur in parallel throughout the BP range. In sub‑
jects with less compliant arteries, increases in 
the distending pressure, above a certain thresh‑
old, are associated with a greater increase in sys‑
tolic pressure than diastolic pressure. In those 
with very stiff vessels, although systolic pressure 
sharply rises with each increase in mean arterial 
pressure, diastolic pressure may even decline.”48

The AASI correlated with 24‑hour pulse pres‑
sure,51 carotid‑femoral pulse wave velocity,51 
central and peripheral augmentation index‑
es,52 the aortic collagen content, and the ratio 
of collagen to elastin.53 The AASI predicted car‑
diovascular mortality48,49 over and above pulse 
pressure. It is a better predictor of stroke than 
of cardiac disease.48,54,55 A recent study demon‑
strated a direct relationship between the AASI 
and the lower limit of cerebral autoregulation of 
brain perfusion detected by transcranial Dop‑
pler ultrasonography in patients during cardi‑
ac surgery.56

The suggestion that the AASI may be used as 
a noninvasive measure of arterial stiffness has 
raised some controversy. Schillaci et al57 argued 
that it was not a specific marker of reduced ar‑
terial compliance based on their observation 
that it was related to left ventricular mass in‑
dex and carotid‑femoral pulse wave velocity 
only in a univariate alalysis but not in a multi‑
vatiate analysis in patients with untreated hy‑
pertension.57 This inconsistency could be part‑
ly explained by differences in methodology and 
characteristics of the study group. In particu‑
lar, the night to day ratio of the number of BP 
readings affects the AASI, because it depends on 
nocturnal BP dipping.57‑60 Therefore, in studies 
of the AASI, it is necessary to report the num‑
ber of readings at daytime and nighttime and to 
adjust for the degree of nocturnal BP reduction. 
Furthermore, standardization of ABPM proto‑
cols is desirable.

Recently, Gavish et al61,62 proposed a similar 
index, namely, the pulse stiffening ratio (PSR), 
which is the ratio of systolic BP variability to 
diastolic BP variability, calculated as follows: 
PSR = (SD of systolic BP/SD of diastolic BP).

However, it remains unclear whether the PSR 
and AASI are useful in clinical practice,62 and 
strict BP control still remains the standard of care.

the outcome were attenuated despite being sig‑
nificant in most of those studies. For a long time, 
it was unclear whether BP variability can offer 
an independent and clinically relevant prognos‑
tic value, as studies reported only its statistical 
significance, increased by a large sample size. 
The clinical significance of BP variability was 
first studied by IDACO investigators.45 Among 
the 8938 people (mean age, 53 years) from Den‑
mark, Belgium, Sweden, Russian Federation, Ja‑
pan, China, Uruguay, Czech Republic, Ireland, 
Italy, and Poland, 1242 deaths and 1049 cardio‑
vascular events were observed during a mean 
follow‑up of 11 years. The average real variabil‑
ity of systolic and diastolic BP was an indepen‑
dent predictor of all‑cause mortality and cardio‑
vascular events after adjustment for 24‑hour BP 
levels. However, when the generalized R2 sta‑
tistic was applied to assess the risks accounted 
for by the average real variability in Cox regres‑
sion,45 the average real variability added only 1% 
to the prediction of a cardiovascular event.46

Blood pressure fluctuation is a hetero param‑
eter, affected by various external and internal 
stimuli, including elastic properties of blood 
vessels, postprandial hypotension, orthostat‑
ic hypotension, morning surge,47 stress hyper‑
tension, and noise. Although the independent 
prognostic significance of BP variability above 
the 24‑hour BP level is small in terms of the gen‑
eralized R2 statistic from the results of the ID‑
ACO database,46 after a careful separation of 
those various factors, there could be a possi‑
bility of undiscovered prognostic significance 
of BP variability. Only a profound understand‑
ing of the mechanisms of BP fluctuation in each 
stimulus can reveal the hidden prognostic po‑
tential of BP variability.

Ambulatory arterial stiffness index  In 2006, 
the AASI was projected as a surrogate measure 
of arterial stiffness. The index was derived from 
ABPM and defined as one minus regression co‑
efficient of diastolic BP against systolic BP in 
an individual.48,49 Mathematically, the regres‑
sion coefficient is a product of the correlation 
coefficient and the ratio of an SD of a depen‑
dent variable to that of an independent variable. 
The AASI can be calculated from the following 
equation: AASI = 1 – r × [(SD of diastolic BP)/(SD 
of systolic BP)], where r is the correlation coeffi‑
cient of diastolic BP and systolic BP. This index 
can be computed from 24‑hour BP recordings 
in an individual and is used to express the dy‑
namic relationship between diastolic and sys‑
tolic BP. The ratio of the SD of BP indicates that 
the AASI is linked with BP variability, suggest‑
ing that not only a certain number of BP read‑
ings but also a wide variability or range of BP 
is necessary to calculate the AASI. The ratio of 
diastolic to systolic BP variability is the main 
component of the AASI. Generally, changes in 

AASI = 1 – r ×
SD of diastolic BP

,
SD of systolic BP
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Perspectives  Literature on BP fluctuations 
and the AASI has reported their prognostic im‑
plications as well as a relationship with other 
arterial stiffness indices and target organ dam‑
age. However, at the moment, the application 
of BP variability and the AASI in clinical prac‑
tice is limited, and they have not been proved 
useful enough to be included in standard care, 
with the exception of diurnal BP change. Strict 
BP control is still a routine strategy in antihy‑
pertensive treatment, and it should be applied 
at any time of the day.5,7,10,11,30,32 Further studies 
are needed to clarify how much additional ben‑
efit is derived from a treatment considering BP 
variability or the AASI in hypertensive patients 
after strict BP control.
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