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Abstract: This review describes the use of central blood pressure (BP) measurements during
ambulatory monitoring, using noninvasive devices. The principles of measuring central BP
by applanation tonometry and by oscillometry are reported, and information on device validation
studies is described. The pathophysiological basis for the differences between brachial and aortic
pressure is discussed. The currently available methods for central aortic pressure measurement
are relatively accurate, and their use has important clinical implications, such as improving
diagnostic and prognostic stratification of hypertension and providing a more accurate assess-
ment of the effect of treatment on BP.
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Introduction

Since 1898, blood pressure (BP) has been conventionally measured over the brachial
artery by the Riva-Rocci sphygmomanometer.! BP, always measured by sphygmoma-
nometry, has been shown to predict cardiovascular (CV) morbidity and mortality. In
more recent years, new devices for automatic BP measurement have become available,
both for 24-hour recording and for home self-assessment of BP. These devices have
become quite popular for a wider out-of-office BP assessment, but they still give a
measure of brachial BP.

About 30 years ago, the potential clinical importance of central aortic BP evaluation
was proposed by a group of researchers.” ¢ Invasive hemodynamic studies have shown
that systolic BP (SBP) is considerably different when measured in the brachial artery
versus in the aorta, emphasizing the need for central BP recognition.” In addition, there
is increasing evidence that central SBP may be a greater predictor of future CV events
than brachial pressure.®’ The non-invasive assessment of central aortic BP has become
available, and the estimation of central BP by these noninvasive, accurate devices has
enabled a better understanding of waveforms and of their changes resulting from the
onset of physiological and pathological conditions.'

Usefulness of central BP measurements

Normally, aortic or carotid (central) systolic and pulse pressures are lower than peripheral
(brachial) systolic and pulse pressures, while mean and diastolic pressures vary little
from the aorta to the brachial artery due to the absence of significant resistance at the
level of the large conduit arteries.? The difference in SBP (and pulse) may vary from 1
up to 30 mmHg, and different values have been observed among individuals.?
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The phenomenon is due to the pulsatile component of
BP, whereas the steady component (usually represented by
mean BP) does not change significantly along the arterial
tree when the subject is lying down.'" The increase of BP
from the aorta to the peripheral (brachial or radial) arteries,
named the amplification pressure, may be calculated as the
ratio of brachial to central pulse pressure, and progressively
decreases from young to older subjects (Figure 1). The
amplification pressure is a physiological phenomenon, and
it depends on hemodynamic and pathophysiological char-
acteristics of each subject. Among all these characteristics,
advancing age, reduced heart rate, aortic stiffening (largely
influenced by age), reduced body height (reflecting reduced
aortic length and volume), female sex (reflecting the impact
of a reduced average body height versus male sex), and
increased BP are the most important factors that account for
areduction of the difference between central aortic pressure
and brachial BP, and for a reduction of the pulse pressure
amplification.

For these reasons, it may be difficult to extrapolate central
BP from brachial BP in a single subject, and this aspect may
have important clinical implications. The difference between

brachial and central pressure is usually greater in younger
male subjects, when brachial BP values are elevated; as
a consequence, some younger people could be classified
as hypertensive despite their central BP being normal or
low. In these cases, the classification of normotensive or
hypertensive on the basis of brachial BP may not reflect
the true risk related to central BP, with the potential risk of
over-treatment.

The central aortic pressure reflects the pressure in the
large conduit arteries, and is representative of the real
hemodynamic stress imposed on the heart, the coronary
circulation, the cerebral vessels, and the renal microcircu-
lation.'>"® Several studies have addressed this point, and
have found a relationship between central aortic systolic
or pulse pressure and left ventricular (LV) hypertrophy,
concentric geometry of the left ventricle,'* extent of coro-
nary atherosclerosis, and intima-media thickness.'*" Very
recently, the closer relationship of central BP with retinal
abnormalities (wall-to-lumen ratio or retinal arterioles)
was reported.?’?!

However, the real clinical importance of central mea-
sures of BP is based on the evidence of a strong prediction
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Figure | Change of peripheral (upper arm) and central (ascending aorta) pressure wave form with age.
Notes: The pulse pressure difference between the young and the old subject increases more in the aorta than in the peripheral artery.
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of adverse events in both general population samples and in
large groups of patients with several CV risk factors or dis-
eases. In 2010, Vlachopoulos et al’ published a meta-analysis
of eleven longitudinal studies of 5,648 subjects and showed
a 9% increase in the risk of a CV event for every 10 mmHg
increase in central BP? In the same review, an increase of
central pulse pressure by 10 mmHg was associated with
a 14% increase in the risk of a CV event, and an increase
in augmentation index of 10% was associated with a 32%
increase in the risk of a CV event and a 38% increased risk
of death from all causes.

Five papers!*?2 have looked at the predictive power of
central pressures versus that of peripheral pressures, and the
meta-analysis’ has shown a trend for central pulse pressure
(PP) to be more predictive than peripheral PP (P=0.057),
while no difference for SBP was observed.

Noninvasive measurement

of central aortic pressure

Invasive measurement of central BP cannot be routinely
applied in asymptomatic patients; therefore, we must rely
on noninvasive methods. The noninvasive measurement of
central aortic pressure relates to the analysis of an arterial
waveform by different methods, and usually is calibrated
with brachial BP (Table 1).

The methods described for the arterial waveform
analysis at the level of the carotid or radial arteries are
applanation tonometry and oscillometric methods using a
standard brachial BP cuff. Tonometry of the carotid or radial
artery is performed directly with a hand-held piezoelectric
probe or a tonometer, requiring some skill and reasonable
training for good quality pressure waveform recordings.
More recently, new devices have been developed allowing
an operator-independent recording of the arterial pressure

Table | Validation studies

waveform, based on applanation tonometry (using the
Omron HEM-9000AI, Vicorder®, or Complior) and oscil-
lometry (using the Arteriograph™; TensioMed Kft, Budapest,
Hungary).

When using radial tonometry, brachial BP is measured
using a conventional cuff-based device before proceeding
with tonometry and while the patient is seated or supine, and
a minimal amplification between brachial and radial arter-
ies is assumed. When the cuff-based oscillometric method
is performed (for example, with the Arteriograph™ or the
Mobil-O-Graph [IEM GmbH, Stolberg, Germany]), the bra-
chial BP is measured simultaneously to the brachial arterial
waveform acquisition, and in this case the brachial-radial
amplification may be overcome.

For the analysis of the arterial (carotid, radial, or brachial)
waveform, three different approaches have been proposed:
1) the use of a generalized transfer function; 2) the deriva-
tion of the inflection point on the descending slope of the
systolic pressure wave, called the secondary systolic wave
(SBP2) method; and 3) the N-point moving average (NPMA)
method. The oscillometric method with a generalized transfer
function, and the NPMA method allow for 24-hour central
systolic pressure monitoring.?

Several generalized transfer functions describing the
relationship between central and brachial BP in the frequency
domain have been developed to derive aortic waveform from
the peripheral artery waveform. The peak of the aortic wave
represents the central aortic systolic SBP, and the foot of the
wave represents the central aortic diastolic BP (DBP). From
the aortic wave, the augmented pressure (ie, the difference
between central SBP and the peak of the outgoing pressure
wave [inflection point]) may be calculated.”*’°

A transfer function encodes the alterations intro-
duced by a system (the arterial tree) on the original signal

Study

Subjects

Device

Results

Weiss et al*®

Luzardo et al**

Weber et al®'

Williams et al*

Ott et al*’

34 normotensives

56 hypertensive

35 normotensives at rest

83 normotensives at rest and during daytime
30 subjects

15 subjects for the invasive study
217 volunteers for the comparison study

52 patients

Mobil-O-Graph (IEM GmbH,
Stolberg, Germany)
Mobil-O-Graph

Oscillometric/ARCSolver algorithm
Tonometry/transfer function
A-Pulse tonometer (N-point moving
average)

SphygmoCor (generalized transfer
function)

BPro® device with A-Pulse
SphygmoCor

Comeparison of central BP measurement vs
radial tonometry (SphygmoCor)
Comparison of central BP measurement vs
radial tonometry (SphygmoCor)

Validation vs invasive measurement

Validation vs invasive measurement
Comparison of central systolic BP
measurement with A-Pulse and
SphygmoCor

Validation vs invasive measurement

Abbreviations: BP, blood pressure; vs, versus.
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(the radial waveform), which generates the output (the aortic
waveform), and assumes that the properties of the upper limb
arteries are virtually identical between individuals. Most of
the validation studies to date have been carried out in men
undergoing diagnostic cardiac catheterization,?’**¢ and the
accuracy of the transfer function in women,*” in individuals
without coronary disease,’® after exercise,* or in supine rather
than sitting positions*® has been a matter of debate.

A recent meta-analysis*! was performed in order to system-
atically examine the accuracy of non-invasive methods based
on applanation tonometry proposed to estimate central BP.
The meta-analysis examined 22 available studies (including
857 subjects and 1,167 measurements). When the acquired arte-
rial pressure waveforms were calibrated to match invasive mea-
surements of aortic mean BP and DBP, the errors of estimated
central BP were small, with a mean and standard deviation of
difference of —1.1+4.1 mmHg (95% limits of agreement; —9.1
to—6.9 mmHg) for central SBP; —0.5+2.1 mmHg (95% limits of
agreement; —4.6 to —3.6 mmHg) for central DBP; and —0.845.1
mmHg (95% limits of agreement; —10.8 to —9.2 mmHg) for
central PP. In contrast, when acquired arterial pressure wave-
forms were calibrated to match the brachial BP measured with a
sphygmomanometer, the errors were higher: —8.2+10.3 mmHg
(—28.4 to 12.0 mmHg) for central SBP; 7.6+8.7 mmHg (9.5 to
24.6 mmHg) for central DBP; and —12.2+10.4 mmHg (-32.5
to 8.1 mmHg) for central pulse pressure. The results of this
meta-analysis suggest the need for improvement in measure-
ment accuracy of central BP when cuff BP is used to calibrate
the peripheral waveforms.

The identification of the inflection point, termed SBP2, has
been used to derive central aortic SBP. This second peak of the
pressure waveform, also defined as the late systolic shoulder of
the peripheral pressure waveform, was shown to approximate
to central SBP.#** Mean BP may be calculated from systolic
and diastolic brachial BP, and as it is assumed that peripheral
mean BP is substantially similar to the mean BP in the aortic
root, central DBP may be calculated after derivation of central
SBP at the SBP2. However, the identification of the second
peak of aortic pressure may be not easy, especially in elderly
subjects with stiff arteries or in young people with early peak
systolic pressure in the absence of augmentation, thus repre-
senting an important limitation to its clinical use. The correct
identification of the second peak may also be influenced by
the acquisition of the arterial pressure waveform.*

Finally, the capability of the NPMA method to estimate
central SBP was demonstrated.** The NPMA is a mathematical
low-pass filter that can smooth the high-frequency components,
resulting primarily from arterial wave reflections of

noninvasively acquired radial pressure waveforms, and thereby
reveals the underlying peak of the central aortic pressure
waveform, or central SBP. Each single point in the signal is
summed up with its neighbors and divided by the number of
considered data points. The more data points are taken in the
original formula, the smoother is the signal. Therefore, the
common denominator of the filter is critical and is related to
sample frequency; the NPMA method with a common denomi-
nator of 4 (a quarter of the acquisition sampling frequency)
has been shown to define central SBP accurately.*

Very recently, the application of the NPMA method
to a cuff-based technique, introduced into current oscil-
lometric BP monitors, was developed and validated.**
A disadvantage of this method is represented by the lack
of information of central pressure waveform because of
its filtering characteristics, which remove all pulse wave
features >4 Hz, a frequency range primarily represented
by wave reflections.

Despite the widespread use of these techniques, there are
still some methodological problems. For example, some differ-
ence was observed in a study comparing central SBP measured
with the SphygmoCor device and with the Omron, possibly due
to the use of a different algorithm.*3! In fact, with any of these
methods, the central BP value is calibrated on the brachial BP
measured in the same session, and may introduce a systematic
error. This point was clearly addressed by Soender et al,*
who examined if different calibrations with brachial SBP and
DBP, or with DBP and calculated mean BP, had an impact on
estimates of central BPs using the SphygmoCor device. The
results of the study have shown that calibration with DBP and
mean arterial pressure produces higher estimates of central
BPs than recommended, and most importantly, has an impact
on the interpretation of clinical results.™

Considering the problems relative to feasibility and
reproducibility of different methods proposed for central
BP evaluation, the issue of reference values for central BP
seems to be of one of great importance. A large reference
value project for central pressures, involving more than
85,000 individuals, has been conducted in Europe, and will
provide normal reference values.>® The results provided by
this project will add useful information to a recent study
performed in Taiwan, deriving central BP thresholds by their
predictive value of CV outcomes (2,501 individuals with
median follow-up of 10 years).>*

Ambulatory central BP monitoring
Most studies on central BP have collected measurements
in resting conditions, comparing central and brachial BP
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measurements at rest. These studies have shown that cen-
tral BP has a greater prognostic significance as compared
with office BP. However, when central BP was compared to
24-hour mean BP in predicting the risk for CV events, both
measurements had similar effect.?"-3>¢

The clinical importance of 24-hour ambulatory BP
measurement has been recently underlined by the European
Society of Hypertension (ESH) recommendations for the
use of 24-hour ambulatory BP devices.’” The use of 24-hour
ambulatory BP monitoring (ABPM) is not only related to
the detection of hypertension, but also to the identification
of circadian BP profiles and BP variability, both in untreated
subjects and during antihypertensive treatment.

In the last 10 years, technological progress has allowed the
development of some ABPM devices for the measurement of
central aortic pressure or pulse wave velocity, continuously
or intermittently, and a few studies have been performed,
making an important step forward by evaluating 24-hour
ambulatory central aortic BP (Tables 1 and 2).

Twenty-four hour central systolic pressure monitoring
may be performed by the recording of the brachial artery
waveform by the oscillometric method, and by using a gener-
alized transfer function,?® or the NPMA method for central BP
estimation.’® One of the first studies aimed to assess 24-hour
ambulatory central BP was conducted with the Mobil-O-
Graph, an automated self-measurement 24-hour BP monitor-
ing device. The device offers fully automated programmable
oscillometric BP obtained at the upper arm, and has been
validated by the BHS (British Hypertension Society)* and
the ESH.® This device was implemented with a novel method,
ARCSolver (Austrian Institute of Technology, Vienna, Aus-
tria), and assessed for the measurement of derived arterial
and central hemodynamic parameters in invasive®-*> and
noninvasive studies.” The central BP measurements obtained
with the device have also been compared with those recorded

Table 2 Clinical studies using 24-hour central BP recordings

with the SphygmoCor device, which is widely known as the
most commonly used approach to noninvasive assessment of
aortic BP** The comparison of BP values measured by the two
devices showed a statistically significant linear correlation
(=0.91), and Bland—Altman analysis showed a mean differ-
ence between replicate measurements of 1.89 mmHg.*

In a study by Luzardo et al,* 115 volunteers aged 18 to
64 years were enrolled in their working place, and therefore
were considered as representative of a general population
sample. All subjects underwent arterial tonometry and osc-
illometric evaluation of central BP at rest, and 83 subjects
were further evaluated with daytime ambulatory monitoring.
The results of the study have shown that central SBP values
and central augmentation index, assessed by Mobil-O-Graph
24-hour pulse wave analysis monitor and by SphygmoCor,
were similar, while the use of the oscillometric technique
yielded to higher DBP and, as a consequence, lower PP, sug-
gesting that ambulatory assessment of central hemodynamic
variables is feasible. Protogerou et al®® investigated further
the feasibility and reproducibility of 24-hour aortic ABPM
in 30 consecutive subjects, performing a 24-hour ABPM
twice, one week apart for each subject. The data have shown
no differences between the two types of ambulatory monitor-
ing for all measures of central BP; the intra-class correlation
coefficient was 0.80 and 0.92 for SBP and DBP, respectively,
indicating an acceptable reproducibility.® More recently,
Jankowski et al* assessed the circadian central BP profile
with the simultaneously measured peripheral BP in addition
to central SBP short-term variability, and 24-hour systolic
pressure amplification profile in 50 hypertensive subjects and
50 normotensive subjects. During both daytime and night,
peripheral pressure was higher than central BP, with a lower
nocturnal decline in central BP as compared with peripheral
BP. Systolic pressure amplification was similar in normoten-
sives and in hypertensive patients, and in both groups it was

Study Subjects Device

Aim of the study

Jankowski et al*®* 50 normotensives

50 hypertensives

Theilade et al® 629 patients with diabetes type |  BPro®
86 controls
Freercks et al”® 74 prevalent dialysis patients BPro®

Protogerou et al®® 30 hypertensive consecutive
subjects

171 patients (AmCAP) study
229 (75% hypertensive)

consecutive subjects

BPro®
Mobil-O-Graph

Williams et al*®
Protogerou et al”'

BPro® (HealthSTATS, Singapore)

Mobil-O-Graph (IEM GmbH,
Stolberg, Germany)

Measurements of 24-hour peripheral and central pressure

Assessment of the correlation between central BP and
diabetes-related complications

Correlation of central BP values with vascular calcification
Assessment of reproducibility of 24-hour BP recordings

Effect of antihypertensive treatment
Correlation between LVH, and central and peripheral
24-hour BP recordings

Abbreviations: BP, blood pressure; AmCAP, the Ambulatory Central Aortic Pressure study; LVH, left ventricular hypertrophy.
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significantly lower during the night than during the day. In
addition, a significant correlation was found between the fall
in systolic pressure amplification during nighttime and the
day—night difference in heart rate (»=0.70; P<<0.001).

Similar results were reported by the measurement of
24-hour ambulatory central BP within a randomized controlled
trial ASSERTIVE (AliSkiren Study of profound antihypER-
tensive efficacy in hyperTensIVE patients).*® Twenty-four-
hour ambulatory brachial and central BP measurements were
acquired using a tonometer mounted into the articulating strap
of a wristwatch-like device (BPro®; HealthSTATS, Singapore)
worn by 171 participants in the study. A typical circadian
pattern was observed for both brachial and central BP, with
lower pressures at night, although smaller reductions in central
relative to brachial pressure, and decreased pulse pressure
amplification were shown during the night. In this study, these
differences remained significant after adjusting for heart rate
and for daytime and nighttime BP. Antihypertensive treatment
with either aliskiren or telmisartan did not affect the different
diurnal patterns of brachial and central pressure, but reduced
both day and night BP values to a lower BP level.*® All these
data indicate that nighttime central BP is higher than brachial
pressure and warrants further investigation.

Another interesting aspect that has been only partially
addressed is the relationship between 24 hour ambula-
tory central versus brachial BP and target organ damage.
Ambulatory peripheral BP is highly related to the develop-
ment and progression of target organ damage. At the same
time, it has been shown that central BP may exert a stronger
influence on LV mass increase, on the impairment of LV
systolic and diastolic dysfunction, myocardial ischemia, but
also carotid intima-media thickening and plaque,® or retinal
arterioles’ wall-to-lumen ratio.??!

The BP Guide study aimed to obtain the best BP control
in about 300 hypertensive patients by giving treatment guided
by best-practice usual care (ie, using office, home, and
24-hour ambulatory BP) or, in addition, by central BP
intervention as measured by the SphygmoCor;®’ the results,
recently published,®® have shown that hypertension manage-
ment with central BP may result in the use of less medica-
tion and no adverse effects on LV mass, aortic stiffness, or
quality of life.

In a large study including 715 individuals, three groups
of patients with diabetes mellitus type 1 (69 patients with
diabetes duration of less than 10 years, normoalbuminuria,
and not receiving antihypertensive treatment; 211 with
longstanding diabetes and normoalbuminuria; 163 with
microalbuminuria; and 186 with macroalbuminuria) were

compared to 86 controls.®” In all subjects, 24-hour central BP
and brachial BP monitoring was performed using a tonometric
wrist-watch-like device (BPro®), and central BP values were
derived using NPMA. The results showed that 24-hour mean
central SBP and pulse pressure were higher in patients with
diabetes type 1, previous CV disease, retinopathy, and auto-
nomic dysfunction, and paralleled the degree of albuminuria.
The correlation between BP and diabetic complications was
stronger for 24-hour central BP than peripheral BP. In contrast,
in a cohort of 74 African hypertensive patients with end-stage
kidney disease and on dialysis treatment, the presence of
coronary or aortic vascular calcification was not associated
with changes in ambulatory central aortic systolic pres-
sure.®”7° Few preliminary data seem to indicate that 24-hour
central SBP is more closely related to LV mass index than
other measures (peripheral 24-hour BP, office central BP, and
office brachial BP), as assessed by the Mobil-O-Graph and
SphygmoCor devices. A study, performed in 229 individuals
(75% hypertensive patients) has recently confirmed that the
24-hour average aortic SBP was significantly better associ-
ated with left ventricular mass index than the 24-hour average
brachial, office (brachial or aortic) SBP, independently of age,
sex, obesity, or treatment.”' Another prospective multicenter
study is currently ongoing in order to assess the relationship
between LV mass and function, and central aortic BP mea-
sured throughout the 24-hour period.”

The availability of ambulatory central BP measurements
will open a new field of research, and a large number of
issues will be matter of interest. The prognostic importance
attributed to brachial nighttime BP needs to be reassessed by
the evaluation of central aortic measurements. Ambulatory
central BP measurements will offer an additional important
tool to mechanistic and clinical studies on BP variability,
and obviously will be a tool for investigating the effect of
antihypertensive treatment. Ultimately, it will be necessary to
evaluate the prognostic value of 24-hour ambulatory central
pressure: reasonably, it can be hypothesized that 24-hour cen-
tral BP is superior, in this regard, to brachial 24-hour BP.

Conclusion

Taking into account all the available evidence, it is prema-
ture to recommend the use of ambulatory central BP in the
place of peripheral BP in everyday clinical practice. The
accuracy and reproducibility of all available devices need to
be evaluated, with simultaneous recording of peripheral and
central BP, and the cost of devices should be affordable. The
prognostic role for CV events of central pressure measure-
ments as compared with brachial pressure measurements
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should be demonstrated in the general population and with

different subsets of patients.
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