Assessment of
Preclinical Organ Damage
in Hypertension

Enrico Agabiti Rosei
Giuseppe Mancia
Editors

123

Assessment of Preclinical Organ Damage
in Hypertension

Enrico Agabiti Rosei • Giuseppe Mancia
Editors

Assessment of Preclinical
Organ Damage
in Hypertension

Editors
Enrico Agabiti Rosei
Department of Clinical
and Experimental Sciences
University of Brescia
Brescia
Italy

Giuseppe Mancia
IRCCS Istituto Auxologico Italiano
University of Milano-Bicocca
Milano
Italy

This book is endorsed by the European Society of Hypertension
ISBN 978-3-319-15602-6
ISBN 978-3-319-15603-3
DOI 10.1007/978-3-319-15603-3

(eBook)

Library of Congress Control Number: 2015940816
Springer Cham Heidelberg New York Dordrecht London
© Springer International Publishing Switzerland 2015
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made.
Printed on acid-free paper
Springer International Publishing AG Switzerland is part of Springer Science+Business Media
(www.springer.com)

Foreword

Primary prevention of cardiovascular events and complications in the modern management of hypertension requires precise methods of assessment of preclinical
organ damage. This excellent book provides a comprehensive know-how for all
clinical practitioners involved in the management of patients with hypertension.
There is an excellent coverage of traditional and modern techniques, with all
aspects of cardiac, arterial, renal and brain damage evaluation described and illustrated in detail. This book will facilitate practical management of hypertensive
patients according to the current guidelines. It will also allow us to be ready for the
future guidelines and recommendations through critical and detailed assessment of
new methods and techniques, which are not yet in routine clinical use. One could
ask an important question regarding genomics and other “omics”, which are not
covered in the text. We are aware that there is a large genetic component (30–50 %)
in individuals’ predisposition to hypertension, but further work is necessary to justify large-scale genetic screening for very early prediction of hypertension and cardiovascular disease risk. I believe that the next edition of this book will be able to
discuss precision medicine strategies as they develop and mature.
In the meantime, the book Assessment of Preclinical Organ Damage in
Hypertension will be used by specialist centres and primary care physicians now,
and for many years to come, to answer practical questions on management of
hypertension.
Anna F. Dominiczak, MD, FRCP
University of Glasgow, Glasgow, UK
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Part I
Heart

1

Evaluation of Cardiac Damage
in Hypertension: Electrocardiography
Anders M. Greve, Peter M. Okin, Michael Hecht Olsen,
and Kristian Wachtell

1.1

Pathophysiology of Cardiac Target-Organ Damage

In the pressure-loaded heart, changes in cardiac structure and function, such as left
ventricular (LV) hypertrophy, initially occur as adaptive responses to reduce wall
stress and maintain cardiac output. However, depending on a combination of known
and lesser understood factors, e.g., antihypertensive therapy, genes, and age, the
heart will at a varying pace transition towards increasing cardiac fibrosis, LV dilation, pump failure, and ultimately death [1]. Importantly, substantial evidence has
documented that early identification and therapy aimed at preventing or reversing
subclinical cardiac target-organ damage is associated with improved outcomes in
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hypertension [2]. In current practice, the treating physician is well equipped to
detect and monitor temporal changes in subclinical cardiac target-organ damage.
The purpose of this chapter is to give an introduction to the usefulness of electrocardiography in evaluating patients with hypertension. The first subchapter presents a
brief overview of the electrocardiogram in order for the main attention to be focused
on the clinical evidence pertaining to its use in assessing cardiac target-organ
damage.

1.2

The Electrocardiogram

In spite of its centenarian status, the electrocardiogram remains one of the most
ubiquitous tools in modern cardiology (>150,000,000 performed per year in the
USA and the European Union). Its advantages are clear: it is widely available, can
be interpreted without expert knowledge, and provides prognostic information at
low cost in patients with and without established cardiovascular disease [3]. The
basis for electrocardiography is the sequential depolarization of the heart, which
under physiologic conditions initiates in the sinoatrial node to move through the
cardiac conductive system and reach the ventricular cardiomyocytes via the Purkinje
fibers. The surface electrocardiographic signal is by definition positive if the vector
of electrical current points towards the electrode and negative if the net flux directs
away from the electrode. Today’s standard is to use 10 electrodes to construct 12
different leads. Each lead views the depolarization and repolarization of atrial
(P-wave) and ventricular (QRS-complex) cardiomyocytes from a different angle
and under many circumstances allows for prediction of the anatomic localization
underlying the observed electrocardiographic findings. By principle, cardiac cellular hypertrophy or a lean body stature will tend to increase QRS voltage amplitude
[4]. Conversely, a loss of cardiac cells, due to, for example, cardiac fibrosis, or an
increased distance from heart to the electrode, e.g., obesity or a posterior shift of
cardiac positioning within the thorax, will attenuate electrocardiographic voltage
[5]. Placement of the surface electrodes therefore also influences voltage-sensitive
criteria for LV hypertrophy [6]. QRS duration reflects the time it takes for the initial
depolarization of the LV. The latter is an integrated function of cardiac size and the
speed with which the electrical pulse is propagated through the heart. Longer QRS
duration may therefore be associated with intrinsic myocardial cell damage or slowing of propagation in specialized conduction tissue, perhaps due to aging in itself [7,
8]. The mechanisms underlying ST-segment deviation and T-wave inversion,
although not fully understood, appear to involve a repolarization disparity between
the endo- and epicardial layer induced by the effects of impaired myocardial blood
flow [9]. The consequent ST/T abnormalities are not specific for underlying pathology, as they could equally reflect insufficient blood flow due to epicardial disease or
an oxygen supply–demand mismatch in patients with concentric LV hypertrophy
and normal coronary arteries [10, 11]. Of note, unlike ST elevation and transmural
ischemia, ST depression and most instances of T-wave inversion do not localize the
anatomic region with insufficient subendocardial blood flow [12]. The following
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subchapters highlight the clinical correlates of specific electrocardiographic findings in patients with hypertension.

1.3

Electrocardiographic Left Ventricular Hypertrophy

The most common criteria for assessing electrocardiographic LV hypertrophy are
listed in Table 1.1 [13]. In general, the presence of electrocardiographic LV hypertrophy is regarded as highly predictive of anatomic LV hypertrophy (specificity
85–90 %), whereas the absence of electrocardiographic LV hypertrophy is considered less useful for ruling out cardiac hypertrophy (sensitivity less than 50 %) [13,
14]. As noted earlier, the latter may in part relate to the confounding effects of race,
age, gender, and obesity on the diagnostic accuracy of the various electrocardiographic criteria [15–17]. In spite of its modest sensitivity, numerous studies have
related electrocardiographic indices of cardiac hypertrophy to increased cardiovascular event rates in patients with hypertension [18]. It is therefore very important for
the clinician to be familiar with the evidence linking electrocardiographic LV hypertrophy to target-organ damage and an independent increase in the risk of adverse
outcomes including stroke, heart failure, myocardial infarction, and sudden cardiac
death [19, 20]. Of equal importance is the fact that regression of electrocardiographic LV hypertrophy during antihypertensive treatment is associated with
improved outcomes independent of changes in blood pressure per se [21, 22]. This
suggests that LV hypertrophy is a more sensitive marker of cellular damage than
brachial blood pressure. A mechanism may be that LV hypertrophy is closely associated with increased renin-angiotensin system activity and development of cardiac
fibrosis (Fig. 1.1) [23, 24]. In conclusion, there is low to moderate agreement
between the electrocardiographic LV hypertrophy and anatomic LV mass as determined by echocardiogram or magnetic resonance imaging (MRI) in patients with
hypertension. However, strong evidence links LV hypertrophy on the electrocardiogram to risk of adverse outcomes in the same patient population. The beneficial
effect of electrocardiographic LV hypertrophy regression during antihypertensive
treatment suggests that electrocardiographic LV hypertrophy is a potential therapeutic target in hypertension.

1.4

Electrocardiographic ST/T Abnormalities

Electrocardiographic repolarization abnormalities are often observed in conjunction
with electrocardiographic LV hypertrophy. It has been documented that adding
electrocardiographic repolarization patterns to electrocardiographic voltage and
QRS duration may improve the diagnostic accuracy for detection of anatomic LV
hypertrophy [13]. Specifically, the additional presence of LV repolarization abnormalities is believed to be a marker of severe concentric LV hypertrophy [25, 26]. In
turn, this may partly explain why the electrocardiographic “strain” pattern of lateral
ST depression and T-wave inversion has emerged as an independent risk attribute
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Table 1.1 Electrocardiographic criteria for assessing left ventricular hypertrophy
Amplitude
Limb lead voltage
(R I–S I) + (S III–R III)
>16 mm
R I + S III
>25 mm
RI
>15 mm
R aVL
>11 mm
R aVF
>20 mm
Q or S aVR
>19 mm
R + S in any limb lead
>19 mm
Precordial lead voltage
>23 mm
S V1
>25 mm
S V2
>35 mm
S V1 + R V5
>45 mm
S V2 + R V5,6
>35 mm
S V1,2 + R V5,6
>40 mm
S V1,2 + R V6
R + S any precordial lead
>35 mm
>1.0
R V5: R V6
R, any precordial lead
>26 mm
>45 mm
S V2 + R V4,5
>33 mm
R V5
>25 mm
R V6
Combinations of limb and precordial voltage
>59 mm
RS aVF + V2 + V6 (>30 years)
>93 mm
RS aVF + V2 + V6 (<30 years)
>28 mm
S V3 + R aVL (men)
>20 mm
S V3 + R aVL (women)
Total 12-lead voltage
>175 mm
Combinations of voltage and non-voltage
Voltage-STT-LAA-axis-QRS
Point score
duration
(R aVL + S V3) × QRS duration >2,436 mm/s
Total 12-lead voltage × QRS
>1,742 mm/s
duration
Criteria for use with left anterior fascicular block
>25
S V1 + R V5 + S V5
>25
S V1,2 + R V6 + S V6
S III + max R/S any lead (men) >30
S III + max R/S any lead
>28
(women)

First author of
study

Year of study
publication

Lewis
Gubner
Gubner
Sokolow
Goldberger
Schack
Romhilt

1914
1943
1943
1949
1949
1950
1968

Wilson
Mazzoleni
Sokolow
Romhilt
Murphy
Grant
Grant
Holt
McPhie
Wolff
Wilson
Wilson

1944
1964
1949
1969
1984
1957
1957
1962
1958
1956
1944
1944

Manning
Manning
Casale
Casale
Siegel

1964
1964
1985
1985
1982

Romhilt

1968

Molloy
Molloy

1992
1992

Bozzi
Bozzi
Gertsch
Gertsch

1976
1976
1988
1988
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Table 1.1 (continued)
Amplitude
Criteria for use with right bundle-branch block
Max R/S precordial lead (with
>29 mm
LAD)
S V1
>2 mm
>15 mm
R V5,6
S III + max R/S precordial
>40 mm
(with LAD)
RI
>11 mm

First author of
study

Year of study
publication

Vandenberg

1991

Vandenberg
Vandenberg
Vandenberg

1991
1991
1991

Vandenberg

1991

Reproduced with permission from [13]
Amplitudes are given in millimeters, where 1 mm = 0.1 mV
LAD left axis deviation

even when adjusting for the presence of electrocardiographic voltage criteria for LV
hypertrophy [27–29]. In the losartan intervention for endpoint reduction (LIFE)
study, new development of electrocardiographic strain was a strong predictor of
adverse outcome in the setting of electrocardiographic LV hypertrophy regression
[30].In conclusion, electrocardiographic strain patterns refine cardiovascular risk
prediction and may improve detection of anatomic LV hypertrophy when combined
with electrocardiographic LV hypertrophy. The mechanisms underlying regression
and development of electrocardiographic strain, at baseline and during antihypertensive therapy, require further study to fully unveil its prognostic potential.

1.5

QRS Duration

Longer QRS duration is an independent predictor of increased sudden cardiac death
in patients with hypertension [31]. Moreover, longitudinal changes in QRS duration
during follow-up in hypertensive patients are closely related to risk of incident heart
failure [32]. It is less evident if QRS duration should be considered a separate risk
marker as compared to electrocardiographic voltage in itself. This is further complicated by the fact that some electrocardiographic criteria for LV hypertrophy include
QRS duration in their calculation, whereas others rely entirely on electrocardiographic
voltage. Clearly, electrocardiographic voltage and QRS duration will be differently
affected by confounding factors such as obesity and age-related calcification of conduction tissue [33]. From a pathophysiological standpoint, there may also be important differences between QRS duration and voltage, as only viable cardiomyocytes
can produce electrocardiographic voltage. Conversely, longer QRS duration is in itself
associated with cardiac fibrosis and LV dilatation, both of which are regarded as hallmarks of end-stage LV failure [34]. Thus, while greater QRS voltage mirrors hypertrophy of viable cardiomyocytes, longer QRS duration may reflect greater cellular
hypertrophy or delayed cardiac activation due to regional or more widespread cardiac
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a

b

c

d

Fig. 1.1 (a) Short-axis T1-weighted image of the mid-left ventricle demonstrating left ventricular
hypertrophy with normal myocardial signal (arrow). (b) Corresponding midventricular MRI
image with delayed gadolinium enhancement shows extensive subendocardial enhancement consistent with diffuse fibrosis (arrows). (c) Gross examination of the explanted left ventricle fixed in
formalin shows extensive subendocardial fibrosis. Note the sharp demarcation from normal tancolored myocardium (arrows). (d) Masson’s trichrome stain confirms extensive subendocardial
fibrosis (S), stained blue with this stain (arrow) and sharply demarcated from normal myocardium
(M), staining red (original magnification, ×40). Asterisk denotes endocardial surface (Reproduced
with permission from Salvia et al. [23])

fibrosis, which may (reactive interstitial fibrosis) or may not be reversible (replacement fibrosis) [35]. Worsening fibrosis in the setting of increasing LV hypertrophy
may in part explain why electrocardiographic voltage is not linearly related to cardiac
mass and suggests that the current clinical standard of dichotomizing electrocardiographic criteria for LV hypertrophy may in itself lead to poor diagnostic performance
of the electrocardiogram [5]. In conclusion, QRS duration is an independent predictor
of heart failure and sudden cardiac death in hypertensive patients. QRS duration and
QRS voltage may reflect different stages or components of cardiac maladaptations to
increased LV afterload. Further studies are needed to elucidate the differential implications of longer QRS duration as compared increased QRS voltage.

1
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Atrial Fibrillation

Atrial fibrillation is an independent predictor of adverse outcomes including stroke,
heart failure, and cardiovascular mortality in hypertensive patients [36]. There is
mounting evidence to indicate that new-onset atrial fibrillation should be regarded
as target-organ damage [37]. One potential mechanism may involve increased LV
pressures that translate to a dilatation of the thin-walled left atria, thereby increasing
risk of atrial arrhythmia [38]. As such, regression of electrocardiographic indices of
LV hypertrophy is associated with a reduced incidence of new-onset atrial fibrillation [39]. Importantly, it has been well documented that prevention of new-onset
atrial fibrillation is associated with less fewer clinical endpoints, including stroke
and sudden cardiac death [40, 41]. In conclusion, atrial fibrillation is a wellestablished marker of cardiovascular risk in hypertensive patients. Preexisting atrial
fibrillation might relate to different factors than hypertension. However, there is
now clear evidence to suggest that new-onset atrial fibrillation during follow-up of
hypertensive patients is a sign of target-organ damage, which should elicit more
aggressive lowering of blood pressure and risk factors to prevent catastrophic events
like stroke and sudden cardiac death.

1.7

Electrocardiography vs. Echocardiography
and Magnetic Resonance Imaging

Historically, the electrocardiogram has been used to detect cardiac arrhythmias and as
a surrogate marker of anatomic LV hypertrophy. Based on the published evidence,
sensitivity of LV hypertrophy on the electrocardiogram is too low to serve as a discriminatory marker of anatomic LV hypertrophy in patients with hypertension. The
next question then becomes, is the electrocardiogram therefore a rudimentary tool that
will eventually be phased out as echocardiography and cardiac MRI becomes more
routine and cost is driven down. So far, the answer to that question seems to be both
yes and no. Favoring a continued important role of electrocardiography in hypertension is the fact that several studies have now shown that electrocardiographic LV
hypertrophy and anatomic LV hypertrophy, as determined by echocardiography or
MRI, are separately predictive of adverse cardiovascular outcomes [37, 42]. It has
therefore been proposed that anatomical and electrical hypertrophy might reflect different aspects of cardiac maladaptations to increased LV afterload [43]. Novel cardiac
MRI measures, such as extracellular volume mapping and pixel-wise quantification of
myocardial blood flow, are likely to provide further insight into the mechanisms
underlying electrocardiographic abnormalities in the hypertensive heart [44]. On the
other hand, there is now sufficient evidence to conclude that electrocardiogram is not
useful tool to screen for anatomic LV hypertrophy and that many electrocardiographic
changes overlap with changes in cardiac structure and function that are not specific to
cardiac organ damage induced by hypertension. Thus, the electrocardiogram cannot
stand alone in cardiovascular risk stratification of hypertensive patients, but it can
provide low-cost and very valuable prognostic information when ordered and
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interpreted in light of its strengths and limitations. There is no randomized comparison of antihypertensive management with and without guidance from the electrocardiographic findings. Thus, until new evidence becomes available, the clinician must
rely on observational evidence as presented in this chapter.
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Evaluation of Cardiac Damage
in Hypertension: Echocardiography
Enrico Agabiti Rosei and Maria Lorenza Muiesan

2.1

How to Assess

The presence of cardiac target organ damage, and in particular of left ventricular
hypertrophy (LVH), has prognostic relevance and may influence the choice of treatment options.
The recent guidelines of the European Society of Hypertension (ESH) and of the
European Society of Cardiology (ESC) [1] include echocardiography among the
recommended techniques to be considered in hypertensive patients.
Echocardiography is a relatively easy method, is repeatable, is specific, and is a
more sensitive measure of LVH than electrocardiography. It is more expensive than
electrocardiography but may provide additional information on the anatomy and
function of the heart and valves and can be performed before starting antihypertensive therapy but also during treatment (Table 2.1).

2.1.1

Cardiac Structure

In hypertensive patients, the main goal of echocardiography is the detection of
LVH, and to this regard, the calculation of left ventricular mass (LVM) is mandatory. Hypertrophy cannot be defined according to wall thickness only, and wall
thickness alone is not predictive of cardiovascular risk [3, 4].
Both mono-dimensional (M-mode) and two-dimensional (2D) echocardiography have been used in the measurement of LVM and have been anatomically validated [5, 6].
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Table 2.1 Parameters to be
included in the
echocardiographic report
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LV mass indexed to BSA, g/m2 < 96 in women,< 116 in men
(when BMI 30 kg/m2)
LV mass indexed to height 2.7, g/m 2.7 < 45 in women,<49 in
men (when BMI > 30 kg/m2)
LV relative wall thickness (RWT) < 0.43
Transmitral flow
Peak E velocity, cm/s
Peak A velocity, cm/s
E/A ratio, under quiet breathing and if necessary during
Valsalva maneuver
E wave deceleration time, ms
LV isovolumic relaxation time, ms
Tissue Doppler imaging
e′ septal, cm/s ≥ 8
e′ lateral, cm/s ≥ 10
E/e′ ratio (septal and lateral averaged) < 13
LV ejection fraction, % > 55
Left atrial diameter, cm < 3.9 in women,<4.1 in men
Left atrial volume indexed to BSA, ml/m2 < 34 (ESH ESC)
(mild, EAE, ASE < 29)
Aortic diameter at the sinuses of Valsalva, indexed to BSA,
cm/m2 < 2.1
Normality reference values are derived from the ASE committee
recommendations [2] and ESH/ESC guidelines [1], with
permission
BSA body surface area, BMI body mass index, RWT relative wall
thickness, LA left atrium, ESH/ESC European Society
Hypertension/European Society Cardiology, ASE American
Society Echocardiography

Linear measurements of interventricular septum wall thickness (IVST), as well
as of left ventricular internal diameter (LVID) and posterior wall thickness (PWT),
should be obtained with the beam perpendicular to the minor axis at the mitral valve
leaflet tips, in the left parasternal acoustic window, at end diastole, from 2D-targeted
M-mode, or directly from 2D images. Calculation of LVM is based on a mathematical formula assuming a prolate ellipsoid shape for the LV (LVM = 0.8 × (1.04 [(LVI
DD + PWTD + IVSTD)3 – (LVIDD)3]) + 0.6 g, where LVIDD is left ventricle internal dimension in diastole, PWTD is posterior wall thickness in diastole, and IVSTD
is intraventricular septal thickness in diastole [2].
LVM normalization for an anthropometric measure, such as height or body surface area, is needed to identify LVH. Weight and height should be measured simultaneously to the echocardiographic examination, avoiding the use of patients
self-reported data, that is a source of potential error in the indexation of LVM and
finally in the risk stratification [7]. The indexation of LVM to body surface area
underestimates the prevalence of LVH and the LVH attributable risk in populations
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with overweight or obese subjects [8]. In these patients indexation of LVM for
height (height to the allometric power of 1.7 or 2.7) can be considered. Indexation
by height 2.7 was derived from a cohort of Caucasian children and adults, and
indexation by height 1.7 was derived from a study including 1,035 Chinese and
Caucasian adults [9, 10]. Recent data from the Echocardiographic Normal Ranges
Meta-Analysis of the Left heart (EchoNoRMAL) project suggest that different allometric power for BSA and height should be applied according to gender and ethnic
group [11].
The evaluation of geometric adaptation of the left ventricle to the increased
hemodynamic load implies the calculation of the relative wall thickness (RWT or
wall to radius ratio, i.e., the ratio between LV end-diastolic wall thicknesses and
diameter) and may significantly differ among hypertensive patients [12]. A cutoff
value of 0.42 permits categorization of an increase in left ventricular mass as either
concentric (RWT = or > 0.42) or eccentric (RWT < 0.42) hypertrophy and also allows
the identification of concentric remodeling, defined as a normal left ventricular
mass with increased RWT > 0.42 [1].
These different LV geometric patterns are associated with different hemodynamic
characteristics, and peripheral resistances are greater in patients with concentric
geometry, while cardiac index is increased in those with eccentric hypertrophy [13].
In addition concentric remodeling, eccentric and concentric hypertrophy all predict
an increased incidence of cardiovascular disease, but concentric hypertrophy has
consistently been shown to be the condition that most markedly increases the risk,
even in very high-risk patients [14–16]. Very recently, a new reclassification of LVH,
based on LVM, relative wall thickness, and LV dilatation, has been proposed in
hypertensive patients [17]. The subclassification of hypertensive patients with eccentric LVH into groups with normal or increased LV chamber volume revealed that the
latter, but not the former, predicted increased risk for all-cause and cardiovascular
mortality and cardiovascular events. In contrast, the subclassification of patients with
concentric LVH into groups with normal or increased LV chamber volume revealed
the association of both dilated and non-dilated concentric LVH with poor outcome.
The low-risk group of patients with relatively mild LVH, no concentric geometry, or
dilatation among patients with eccentric LVH had a similar risk of all-cause mortality
or cardiovascular events as patients with normal LVM. The verification of the
enhanced prognostic power of the 4-group classification of LVH in other populations
is needed before recommending that this more refined approach replaces the established classification of LVH into eccentric and concentric subgroups.
Evaluating LVM increase by taking into account gender and cardiac loading conditions has been proposed in order to discriminate the amount of LVM adequate to
compensate the hemodynamic load (adequate or appropriate) from the amount in
excess to loading conditions (and therefore inappropriate or not compensatory)
[18]. LVM is inappropriate when the value of LVM measured in a single subject
exceeds the amount needed to adapt to the stroke work for that given gender and
body size.
Technical variability represents a potential limitation of echocardiographic measurement of LVM. An assessment of LVM reproducibility has shown that LVM
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changes of 10–15 % may have biological significance in individual patients [19].
When changes in LVM inappropriateness are evaluated, changes of 15–25 % may
reflect true changes [20]. Real-time 3D echocardiography permits a more reliable
measurement of LVM, and its accuracy has been shown to compare favorably with
that of cardiac magnetic resonance imaging [21]. Despite the relationship between
LVM and incidence of cardiovascular events is continuous [22], several criteria for
the diagnosis of echocardiographic LVH have been proposed. These criteria are
based on the distribution of LVM index in general population samples (average
LVM value plus one standard deviation in apparently healthy population-based
samples) or on the association between increased values of LVM and occurrence of
cardiovascular events in longitudinal studies. The presence of echocardiographic
LVH is associated with an incidence of cardiovascular events equal or greater than
20 % in 10 years [23].
The American Society of Echocardiography and the European Association of
Echocardiography (EAE/ASE) have published ranges for several echocardiographic
parameters derived from a population of about 500 multiethnic, normotensive, and
normal weight subjects, and the Pamela study has provided new reference limits in
an Italian population [2, 24]. A revision of previous diagnostic criteria will probably
come from new ethnic and gender-specific group reference values from the
Echocardiographic Normal Ranges Meta-Analysis of the Left heart (EchoNoRMAL)
project [11].

2.1.2

LV Diastolic Function

In hypertensive patients diastolic dysfunction is characterized by alterations of LV
relaxation and filling that may precede abnormalities of systolic function [25]; these
abnormalities should be interpreted according to the presence of LVH or concentric
geometry in order to give a correct interpretation of LV diastolic function and filling
pressure parameters. In fact, in patients with LV hypertrophy or concentric remodeling, LV relaxation is usually slowed, with a decrease in early diastolic filling; in the
presence of normal left atrial pressure, a greater proportion of LV filling is shifted
from early to late diastole after atrial contraction. Therefore, the presence of a predominant early filling in these patients should suggest the presence of increased LV
filling pressures [2, 26].
An improvement in the study of LV diastolic function has been provided by the
assessment of Doppler transmitral flow velocities and by pulsed Doppler tissue
imaging (DTI). LA size is a further parameter to be assessed in the evaluation of
diastolic function [27].
The influence of factors such as age, gender, body mass index, heart rate, and
blood pressure on Doppler flow velocities has been extensively evaluated. Normal
values for Doppler parameters according to age groups have been assessed in a relatively small sample of 117 subjects [28].
The analysis of myocardial velocities at the mitral annulus may reveal an increase
in left ventricular filling pressure; in respect to Doppler transmitral flow velocities,
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DTI velocities show no “pseudonormalization” pattern [29, 30]. The average value
of DTI velocities at the septal and lateral sides of the mitral annulus should be used
for the assessment of global LV diastolic function. The E/e′ ratio represents a reliable estimate of LV filling pressures, and different cutoff values have been proposed
for the definition of normal or progressively higher LV filling pressure. E/e′ ratio > 13
indicates a severe increase in LV filling pressure. In the Anglo-Scandinavian Cardiac
Outcomes Trial (ASCOT) echocardiographic sub-study, E/e′ ratio was the strongest
predictor of first cardiac events, independent of LVM and geometry [31]. The combination of transmitral flow velocities, mitral annulus DTI velocities, and left atrial
volume should be used for diastolic dysfunction diagnosis and stratification [26].
The grading suggested by the EAE/ASE recommendations is an important predictor
of all-cause mortality, as shown in the Olmsted County epidemiological study.
An accurate measurement of left atrial (LA) size should be an integral part of the
standard echocardiogram in hypertensive patients. LA enlargement may reflect the
increase in left ventricular filling pressure; in patients with preserved systolic function, it may be a marker of diastolic dysfunction and is predictive of an increased
risk of atrial fibrillation, stroke, heart failure, and mortality. This has been shown by
the measurement of LA anteroposterior linear dimension by M-mode from the parasternal long axis view and by the more accurate evaluation of LA volume from 2D
images. The measurement of LA volume is recommended both in clinical practice
and in research studies, and most guidelines recommend the biplane area-length
method. The recent 2013 ESH/ESC guidelines for the management of arterial
hypertension and the EAE/ASE guidelines recommend a cutoff value of >34 ml/m2
for left atrial enlargement [1].
Compared to the conventional two-dimensional approach, 3D echocardiography
appears superior in the assessment of LA volume; at present, however, this application is limited to research studies. The same consideration applies to several other
parameters of left atrial function, based on 2D or 3D measures, conventional and
tissue Doppler, or strain rate imaging [32, 33].

2.1.3

LV Systolic Function

LV dysfunction includes segmental and global alterations of LV that may differently
affect pump function and prognosis. In uncomplicated hypertensive patients, LV
shortening fraction (FS) and ejection fraction (EF) express endocardial fiber shortening and are usually preserved or even “supernormal,” mainly in the presence of
concentric geometry [2]. However, midwall myocardial fibers contribute to a greater
extent than subendocardial fibers to LV ejection, and the difference between the
conventional and midwall indexes of LV systolic function is more evident in the
presence of a concentric LV geometry; therefore, in the presence of a concentric LV
geometry, LV midwall fractional shortening is considered a more appropriate index
of LV systolic function than conventional FS [34–36].
LVEF, derived from two-dimensional calculation of the LV end-diastolic volume
(EDV) and the LV end-systolic volume (ESV) according to the modified Simpson
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method (average of apical four and two chamber views), is the most sensitive index of
systolic ventricular function with a high prognostic value. LVEF values >55 % define a
normal systolic function, while a slight or moderate reduction in systolic function is
present when EF values are between 45 % and 55 % and between 35 % and 45 %,
respectively; values below 35 % identify patients with severe LV systolic dysfunction.
In the absence of major structural abnormalities, a single-plane measurement of
the LV area is obtained from the apical four-chamber window. The longitudinal
myocardial systolic velocity (Sm), measured by TDI at the mitral annulus level, has
been proposed as a reliable and accurate index of myocardial fiber performance,
independent of LV preload and afterload. In normal conditions, its value is higher
than 8 cm/s and in severe pathological conditions is less than 5 cm/s [26].
More recently a 3D probe (multiplane) has become available and allows the calculation of LV volumes by the Simpson triplane method [32, 37]. The accuracy of
3D echocardiographic in the measurement of LV volumes has been confirmed by
the comparison with magnetic resonance imaging [38]. Speckle-tracking echocardiography, a technique based on the analysis of interference patterns and natural
acoustic reflections generated by tissue motion which are ultimately resolved into
angle-independent 2D and 3D strain-based sequences, may reveal early subclinical
abnormalities in regional systolic and diastolic LV myocardial function in hypertension and can also be used to evaluate left atrial mechanics [39, 40].

2.1.4

Aortic Root

Finally, the measurement of the aortic size provides useful information in hypertensive patients undergoing echocardiography. As hypertension exerts a relevant effect
on aortic size, an enlarged aorta has been associated with adverse cardiovascular
outcomes and mortality.
Most guidelines currently underline the importance of including measurements at
the aortic valve annulus (i.e., the hinge point of aortic leaflets) and at the sino-tubular
junction in addition to the standard approach of measurement of aorta diameter at the
sinuses of Valsalva from the 2D view in order to obtain the largest diameter.
Furthermore, the subcostal approach allows in a large majority of patients the evaluation of the abdominal aorta, and these measurements are therefore recommended in
clinical practice. Indexation for BSA is recommended for clinical purposes, a prognostically validated upper normal threshold for the diameter at the Valsalva sinus is
2.1 cm/m2, and nomograms taking into account the age of patients are also available.
In obese or overweight patients, indexation to body height should be considered [41].

2.2

Prevalence

Prevalence of left ventricular hypertrophy (LVH) in patients with hypertension
mostly derives from population-based studies and selected hypertensive cohorts,
with a quite large range according to demographic characteristics of subjects and to

2

Evaluation of Cardiac Damage in Hypertension: Echocardiography

19

cutoff criteria used for the diagnosis. This variability is also potentiated by the different criteria used in different studies to calculate LVH. Cuspidi et al. have analyzed the available studies in 2012 and found that LVH prevalence consistently
varied among studies from 9 % to 77 %, being lowest in population-based studies
(<10 %) and highest in high-risk hypertensive patients (58–77 %) [42].
In a multicenter Italian study conducted in several hypertension specialist outpatient clinic, the prevalence of LVH was 60 % according to sex-specific criteria of
LVM indexed by height to the 2.7 power and 37 % according to sex-specific criteria
for LVM indexed by BSA [7].

2.3

Change with Treatment

Antihypertensive treatment is associated with a significant reduction in LVM. The
magnitude of the decrease is related to the baseline LVM; according to variability in
LVM measurements, only changes >10–15 % can be considered of biological relevance. The correlation between changes of LVM and changes in clinic BP is modest
and increases when 24 h BP is considered [43].
Among all classes of antihypertensive drugs, ACE inhibitors, angiotensin receptor blockers, and calcium antagonists seem to be more effective as compared with
beta-blockers [44]. It should kept in mind, however, that in most studies patients
were receiving a combination of drugs (usually with a diuretic) and not monotherapy. Therefore, the efficacy of antihypertensive treatment in inducing adequate and
long-term blood pressure control seems more important than the choice of a specific
class.
A normalization of LVM is more difficult and cannot be always reached in
women [25], obese or diabetic patients [45], elderly subjects with isolated systolic
hypertension [46], or patients with coronary artery disease, despite adequate treatment. A normalization of LV geometry is also possible, and in the LIFE study, a
conversion of concentric to eccentric LVH was reported in 34 % of subjects, whereas
only 3 % of patients with eccentric LVH transitioned to concentric LVH [47]. In the
ASCOT study, a modest change in LVM and persistence of elevated relative wall
thickness were observed from the first to the third year of therapy [48].
Several studies have also noted an improvement of midwall FS [49] and of diastolic function parameters in response to antihypertensive therapy. However, two
studies have recently shown no favorable changes in diastolic filling or E/e′ ratio,
despite adequate BP control; in these studies, however, a limited, despite statistically significant, decrease of LVM and no change in RWT were noted.
It is possible that the partial dissociation between structural and functional
changes during antihypertensive treatment may reflect, at least in part, the effect of
treatment on several factors influencing diastolic function, including heart rate,
humoral changes, and extracellular matrix composition.
The deposition of perivascular and interstitial fibrosis has been noninvasively
evaluated by some ultrasound methods, showing that drugs interfering with the
renin-angiotensin-aldosterone system may be particularly effective in inducing
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changes that might reflect a decrease of myocardial tissue collagen content. Cardiac
magnetic resonance may provide accurate and noninvasive assessment of regional
myocardial fibrosis using late gadolinium enhancement, while diffuse interstitial
myocardial fibrosis is accurately assessed with post-contrast T1 mapping [38]. In
the future this technique will allow the assessment of the effects of different drugs
on interstitial fibrosis in hypertensive patients.

2.4

Prognostic Value of Change

In hypertensive patients LVH may predict the occurrence of cardiovascular events,
including myocardial infarction, stroke sudden death, and heart failure [50]. The
incidence of atrial fibrillation and of renal events, such as creatinine doubling, estimated glomerular filtration rate <30 ml/min/1.73 m2, or the need for end-stage renal
disease, are higher in the presence of LVH [51].
Changes of LVM index during treatment, and not only the baseline value of LVM,
may have prognostic relevance. In the prospective randomized clinical study Losartan
Intervention For Endpoint reduction in hypertension (LIFE), it was shown that in
patients with electrocardiographic LVH, the absence of LVH during treatment was
associated with a lower incidence of cardiovascular events, while the opposite was
true for patients with no regression of LVH induced by long-term antihypertensive
therapy [52]. Several other studies have confirmed the results of the LIFE study;
these studies were performed in cohorts of hypertensive patients with different
demographic and clinical characteristics, with and without LVH at baseline, treated
according to the decision of their general practitioner (Fig. 2.1) [50, 53, 54]. In addition a different statistical approach, evaluating the change of the echocardiographic
LVM from baseline to follow-up and not the “in-treatment” value, was used.
Regression of LVH may have a prognostic significance independently of blood
pressure values, even when measured by 24 h BP. Changes in LVM and in renal
function may independently predict the occurrence of cardiovascular events [55].
Study name

Statistics for each study

Events/Total

Odds ratio and 95 % CI

Odds
ratio

Lower
limit

Upper
limit

Z-Value p-Value

Muiesan, 1995

0.136

0.052

0.355

–4.074

0.000

8/110

15/41

23/151

Verdecchia, 1998

0.448

0.215

0.934

–2.142

0.032

15/285

16/145

31/430

Cipriano, 2001

0.219

0.098

0.487

–3.722

0.000

8/218

32/216

40/434

Koren, 2002

0.376

0.162

0.873

–2.278

0.023

17/130

12/42

29/172

Muiesan, 2007

LVH absence
or regression

LVH persistence
or development

Total

0.200

0.118

0.342

–5.907

0.000

31/321

40/115

71/436

Pierdomenico, 2008 0.150

0.080

0.281

–5.899

0.000

15/245

44/145

59/390

0.282

0.162

0.490

–4.483

0.000

19/202

63/234

82/436

0.236

0.182

0.305

–11.039 0.000

113/1511

222/938

335/2449

Gosse, 2012

0.1

0.2

0.5

Favours LVH absence/
regression

1

2

5

10

Favours LVH persistence/
development

Fig. 2.1 Update of studies evaluating the occurrence of CV events in hypertensive patients
according to changes in LV mass
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During antihypertensive treatment, the modifications of LV geometry, of left
atrial size, of midwall fractional shortening, and of diastolic dysfunction parameters
have been also shown to be associated with the incidence of cardiovascular events,
independently of LVM change [14, 27, 56].
Therefore, although it must not be considered an absolute indication, in a patient
with LVH at baseline, it is recommended to repeat an echocardiogram after 12
months of treatment, for the great amount of given information [1]. During this time
interval, it is greatest the probability that the degree of anatomic and/or functional
changes indicate a real biological modification.
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3.1

Three-Dimensional Echocardiography in Hypertension

Hypertension (HTN) is a leading cause of cardiovascular morbidity and mortality.
Asymptomatic organ disease (OD) is crucial in determining the cardiovascular
(CV) risk of hypertensive individuals, and the significance of OD in determining
calculation of overall risk depends on how carefully the damage is assessed, based
on available facilities.
Echocardiography represents a significant clinical tool in determining cardiac
structural and functional changes. Although it has some technical limitations, it
represent the gold standard in the assessment of cardiac function and structure.
Hypertension is associated with alterations in cardiac structure and function such as
left ventricular hypertrophy as well as alterations in left ventricular filling and relaxation [1, 2]. Left ventricular hypertrophy (LVH) can predict CV mortality independently of SCORE stratification, and this obviates the need of using echocardiographic
assessment of hypertensive patients in daily clinical practice [3–5].

3.1.1

Left Ventricular Systolic Function

A sine qua non in the assessment of left ventricular function is the estimation of left ventricular ejection fraction (LVEF). Traditional measurement of LVEF by two-dimensional
(2D) echocardiography using Simpson’s biplane technique relies on optimal visualization of the endocardial border. Additional limitations of 2D imaging include:
• The ‘missing third dimension’ that has been considered the main source of the
relatively wide interobserver variability of 2D diameters and volumes
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• The need for ‘foreshortened’ views of the ventricle, in order to improve endocardial visualization particularly of the apical-lateral segments of the left ventricle
resulting in less accurate and reproducible model-based measurements
Three-dimensional (3D) technology permits frame-by-frame detection of the
endocardial surface from real-time 3D datasets. Most studies that have directly
compared the accuracy of 3D measurements of left ventricular (LV) volumes and
LVEF have demonstrated the superiority of the 3D technique in comparison to
2D. This superiority was demonstrated in both accuracy and reproducibility when
compared against independent reference techniques, such as radionuclide ventriculography or cardiovascular magnetic resonance [6, 7].
Recently, real-time full-volume three-dimensional transthoracic echocardiography (3D RT-VTTE) has used a fully automated endocardial contouring algorithm to
identify and automatically correct the contours to obtain accurate LV volumes in
both patients with sinus rhythm and atrial fibrillation (Fig. 3.1). This fully automated technique, which decreases the time required to obtain measurements,
showed results which correlated well with CMR measurements of LV end-diastolic
volume, LV end-systolic volume and LVEF (r-values greater than 0.9) [8].
Importantly, reference values for 3D echocardiography-derived LV volumes and
LVEF have been published from a large cohort of subjects free of cardiovascular
disease, hypertension and diabetes mellitus [9].

Fig. 3.1 Assessment of global LV volume
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3.1.2

Assessment of Left Ventricular Mass

Echocardiography is more sensitive than electrocardiography in diagnosing LVH,
and this is more important in patients with moderate total CV risk, as it may refine
the risk evaluation by detecting LVH undetected by ECG [10].
It is well known that accurate assessment of LV mass in patients without major
distortions of LV geometry is performed with an anatomically validated formula
using primary measurement of left ventricular internal dimension [11], posterior
wall thickness and septal wall thickness at end diastole, respectively. In patients
with distorted LV geometry, LV mass can be assessed by the area-length formula
and the truncated ellipsoid formula, from short-axis and apical four-chamber 2D
echocardiographic views [11].
Measurement of LV mass relies on both endocardial and epicardial visualizations, with the latter being more difficult because of problems in identifying the
epicardial border. As with measurements of LV volumes, there are also other limitations such as difficult assessment due to foreshortening. Several studies have
reported significant improvement in the accuracy, inter- and intra-observer variability and reproducibility of estimation of LV mass with the use of 3D echocardiography compared to their traditional M-mode and 2D techniques [12, 13] (Fig. 3.2). It
can also be applied in patients with ischaemic cardiomyopathy (IC) in whom the
assessment of LV mass is challenging because it is based on geometric assumptions.

Fig. 3.2 Assessment of LV mass
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In IC patients 3D echocardiography is more accurate and reliable considering the
measurement of LV mass than 2D echocardiography [14].
Real-time 3DE has also been proved to be useful in detecting even a mild increase
of the LV mass in new-onset arterial hypertension where the patients are too young
to produce evidence of clear-cut LVH [15].
Accordingly, this has clinical implications for the serial assessments of the severity of LVH in patients with systemic hypertension.

3.1.3

Contrast-Enhanced Real-Time 3D Echocardiography

Recently, contrast-enhanced real-time 3D echocardiography (CE RT 3DE) has been
shown to have improved the accuracy of left ventricular volumes and EF measurements in patients with poor acoustic windows without significantly affecting those
in patients with optimal images. In addition, CE RT 3DE imaging improved the
reproducibility of the measurements, as reflected by a decrease in intermeasurement
variability [16]. This approach allows quantification of global as well as regional LV
function, when used with selective dual triggering at end systole and end diastole to
reduce the destructive effects of ultrasound on contrast-enhancing microbubble
agents (Fig. 3.3). Thus, this methodology may become the new standard for LV size
and function, which will be particularly important in patients with poor acoustic
windows or contraindications to CMR.

3.1.4

3D Speckle Tracking

Technological advancement of real-time 3D echocardiography has developed software that tracks the motion of speckles irrespective of their direction and allows to
obtain a homogeneous spatial distribution of all three components of the myocardial
displacement vector [17]. The main advantage of 3D speckle tracking echocardiography is the possibility of analysing the whole left ventricle from a single volume of
data obtained from the apical transducer position. In addition, its use considerably
reduces the time duration of analysis to one-third in comparison with 2D speckle
tracking echocardiography [18].
Global area 3D strain has recently been shown to be a comprehensive parameter
of myocardial systolic deformation and is very sensitive to both changes of afterload and LV mass. In a recent study that included native, untreated hypertensive
patients, global area 3D strain was precautiously reduced, and longitudinal and
radial strain impaired, while circumferential strain was still preserved, supporting a
normal LV chamber systolic function. Reduction of global area strain was independently associated with both pressure overload and magnitude of the LV mass [15].
Interestingly, global area 3D strain has been proven to be the only parameter which
was at the same time an independent predictor of LV mass, 2D LV ejection fraction
and LV global function. The 3D speckle tracking technique revealed that the subjects with high-normal blood pressure suffered subclinical impairment of LV
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Fig. 3.3 Contrast-enhanced real-time 3D echocardiography

mechanics similar as the hypertensive patients [19]. 3D global longitudinal, circumferential, radial and area strains were also demonstrated to be significantly impaired
in patients with uncontrolled and untreated hypertension in comparison with controls and well-controlled hypertensive patients, and functional capacity seems to be
independently associated with 3D global longitudinal strain [20].
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Diastolic Function

Hypertension predominantly affects diastolic LV function before altering systolic
function. Echocardiography is the most widely used technique for the evaluation of
LV filling, which mostly relies on Doppler evaluation of transmitral and pulmonic
flow patterns as well as mitral annular velocities. Currently, no real-time 3D echocardiographic indices are recommended by the guidelines for the assessment of
diastolic dysfunction.
Interestingly recently the following 3D indices have been used for the estimation of diastolic LV function [21]: volume at 25, 50 and 75 % of filling duration in
per cent of end-diastolic volume (volume index) and rapid filling volume fraction.
Temporal indices included filling duration in % of RR and rapid filling duration in
% of filling duration. Additionally, longitudinal, radial and circumferential strains
at 25, 50 and 75 % of filling duration were calculated. End-diastolic volume index
and rapid filling volume fraction showed a biphasic pattern with the severity of
diastolic dysfunction characterized by an initial decrease (grade 1), a pseudonormalization (grade 2) and then an increase above normal (grade 3). Filling duration progressively decreased with the severity of diastolic dysfunction. Rapid
filling duration was significantly increased in all 3 groups compared to normal.
After normalization by peak systolic values, all three strain components showed a
linear pattern with the severity of diastolic dysfunction, suggesting potential clinical usefulness.

3.1.6

Assessment of Left Atrial Structure and Function

Measurement of left atrial (LA) volume is an essential component of the comprehensive assessment of LV diastolic function [22]. Although LA volume by 2D
echocardiography provides prognostic information, the misalignment of the 2D
cutting plane of the left atrium could make the measurements inaccurate. LA
volumes can be easily obtained by 3D echocardiography, and improved accuracy
and reproducibility of the 3D approach have been demonstrated at the cost of
more elaborate offline analysis in studies that compared 2D and 3D echocardiographic measurements of atrial volumes against an independent gold standard
such as cardiovascular magnetic resonance imaging [23, 24] (Fig. 3.4). 3D echocardiography has been recently shown to classify LA dilatation more accurately
than 2D echocardiography, resulting in fewer patients with undetected atrial
enlargement and potentially undiagnosed diastolic dysfunction [25]. In another
recent study minimum LA volume at end diastole measured by real-time 3D
echocardiography has been shown to be more strongly correlated to LV diastolic
function and LV filling pressure than maximum LA volume, and LV longitudinal
systolic function has been demonstrated to be a strong determinant of the LA
reservoir function [26].
Apart from estimation of LA structure, estimation of LA function remains a
challenge. During the cardiac cycle, LA acts as a reservoir, receiving pulmonary
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Fig. 3.4 Assessment of LA volume

venous return during LV systole; as a conduit, passively transferring blood to the
LV during early diastole; and as a pump actively priming LV in late diastole. In
normal subjects, the reservoir, passive conduit and pumping phases account for
approximately 40, 35 and 25 % of the atrial contribution to stroke volume, respectively [27].
3D speckle tracking echocardiography has been used for quantitative evaluation
of LA function in essential hypertension patients with different patterns of left ventricular geometric models. Left atrial booster pump function is demonstrated to
decrease in patients with the eccentric hypertrophy pattern, while left atrial conduit
function is reported to be unchanged in the normal pattern and the concentric
remodelling pattern groups [28]. Additionally, 3D speckle tracking enables the measurement of both LA strain and synchrony with excellent reproducibility and
appears to be more accurate compared with 2D LA strain for identifying hypertensive patients with paroxysmal atrial fibrillation [29].
Conclusively, 3D echocardiography is a novel technique that permits accurate
and reproducible assessment of left ventricular mass and left ventricular volumes in
comparison to the gold standard technique—CMR. Further studies are necessary
for the implementation of 3D echocardiography in the evaluation of left atrial
structure and function and left ventricular diastolic function.
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Cardiac Computed Tomography in Hypertension

Cardiac computed tomography (CT) is not currently a first-line exam in the evaluation of hypertensive patients. Coronary CT angiography is considered to be its most
popular and fascinating application since it permits the visualization of coronary
anatomy in a non-invasive way.
According to the appropriateness criteria for cardiac computed tomography,
CT angiography of the coronary arteries is generally acceptable for the evaluation
of chest pain syndrome in patients with intermediate pretest probability of coronary artery disease who have either an inconclusive ECG or who cannot exercise
[30]. Moreover, CT angiography is suggested for patients with acute chest pain
with intermediate pretest probability of coronary artery disease with negative
enzymes and without ECG changes [30]. The use of 64-slice multi-detector computed tomography (MDCT) has a sensitivity of 93 % and a specificity of 96 % in
detecting coronary artery stenosis [31, 32]. In this regard, CT coronary angiography has an excellent negative predictive value, while positive predictive value is
low, and therefore an exam with normal findings can practically rule out coronary
artery disease [31].
Cardiac CT is additionally used for coronary plaque imaging. The straight relation between coronary arteries’ amount of calcium and atherosclerotic plaque burden has already been established [31, 33]. Coronary artery calcium (CAC) can be
observed with electron beam computed tomography (EBCT) as well as with MDCT,
and for its quantification, among the different methods suggested, ‘Agatston score’
is the most common [31]. According to the 2010 ACCF/AHA guidelines for assessment of cardiovascular risk in asymptomatic adults, CAC evaluation can be performed in asymptomatic adults at intermediate risk (class II a), while adults at low
risk have no benefit from this method [34].
Another application of cardiac CT is in the assessment of cardiac morphology and function; nevertheless, it is improbable to become the method of choice
for this purpose. This is mostly due to the radiation exposure and the contrast
material used [31]. As a matter of fact, myocardial mass, left and right endsystolic and end-diastolic volumes, ejection fraction and stroke volume can be
calculated in this way with great accuracy [30, 31]. As far as calculation of left
ventricular function is concerned, different studies have indicated the good correlation between CT and MRI as well as between CT and echocardiography in
this field [31, 35–37].
In patients with atrial fibrillation, MDCT has been used in the evaluation of
the pulmonary vein’s anatomy preceding ablation procedures along with the
assessment of pulmonary vein stenosis following the above procedure.
Furthermore, the appropriateness criteria for cardiac CT suggest its use prior to
ablation [30].
Moreover, the use of CT angiogram is appropriate for the estimation of a suspected thoracic aortic aneurysm or an aortic dissection, and CT can be also employed
in the diagnosis of the secondary causes of hypertension [30].
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3.3

Magnetic Resonance in Hypertension

The indications of cardiovascular magnetic resonance imaging (CMR) have been
greatly broadened. However, CMR is not among the first diagnostic procedures followed in patients with systemic hypertension. In these patients, the assessment of
target organ damage is without a doubt a very important objective. In this regard, the
2013 ESC/ESH guidelines for the management of arterial hypertension suggest that
cardiac magnetic resonance imaging should be considered for the assessment of left
ventricle size and mass when the image quality obtained by echocardiography is
poor and when imaging of delayed enhancement would have therapeutic consequences [38]. In the same guideline’s edition, stress cardiac magnetic resonance is
recommended in hypertensive patients when the exercise electrocardiogram (ECG)
results are inconclusive in order to achieve a valid identification of myocardial ischaemia [38]. The detection of identifiable causes of hypertension is also a major
objective in hypertensive patients. The same guidelines suggest as an additional or
confirmatory test for pheochromocytoma an MRI of the abdomen and pelvis as well
as an MR angiography for the detection of renal artery stenosis [38].
CMR appears to contribute to a global assessment of hypertensive cardiovascular
disease by the following means:
• It has been applied for the measurement of left and right ventricular dimensions,
volumes, mass and systolic function. Furthermore, CMR has been proposed as
the gold standard method for the assessment of ventricular volumes, mass and
function due to its accuracy and reproducibility [39–41]. The standardized cardiovascular magnetic resonance protocols used for this purpose have been
described in detail [42]. Additionally, reference ranges have been established
[43]. Emphasis must be given to the fact that CMR can determine the pattern of
LVH and provide an answer regarding its cause [39]. Moreover, focal myocardial
fibrosis encountered in hypertensive heart disease can be visualized by late gadolinium enhancement (LGE) CMR, while other sequences are being tested in
order to detect diffuse myocardial fibrosis [39].
• CMRI has also been proposed as the gold standard for the measurement of LA
volume although 3D echocardiography seems to gain ground [44, 45]. In addition, references regarding left atrial dimensions and volumes have been published [46]. Different CMR techniques have been employed in order to assess
diastolic function; nevertheless, in this field echocardiography remains the technique of choice [39].
• In addition CMRI offers an accurate evaluation of the hypertensive vascular disease. According to the clinical indications for CMR/Consensus Panel report,
CMRI can be used for the diagnosis and the follow-up of thoracic aortic aneurysms (class I), diagnosis and stent treatment for abdominal aortic aneurysms
(class II), diagnosis of acute aortic dissection (class I) and follow-up of the
chronic form (class II) as well as for the diagnosis of aortic intramural haemorrhage (class I) [47]. Furthermore CMR/gadolinium MRA has been applied in the
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evaluation of occlusive peripheral arterial disease. CMR is indicated for the
assessment of renal, iliac, femoral and lower leg arteries as well as of the thoracic
great vessel origins (class I) [47]. Extracranial carotid artery disease can also be
evaluated by means of CMR angiography that can detect internal carotid stenosis
similarly to X-ray angiography [47]. Arterial wall CMR offers the possibility to
identify the composition as well as the anatomy of the plaque [47, 48]. Different
studies have evaluated the regression of atherosclerotic plaques with lipidlowering therapy by MRI [47, 48].
• CMRI can be used in order to identify the presence of coronary artery disease in
hypertensive patients [47]. As mentioned previously, it is now the gold standard
for the assessment of ventricular volumes and systolic function. Dobutamine
stress CMR has shown superiority when compared to dobutamine stress echocardiography in detecting myocardial ischaemia [47]. LGE-CMR identifies myocardial scar with high accuracy and sensitivity [47].
• Moreover, with the use of CMR, some of the secondary causes of hypertension
can be excluded. Thus, MRA is a very sensitive technique for renal artery stenosis, and CMR detects aortic coarctation in hypertensive adults as well as recoarctation after surgery [39]. MRI is also considered for the detection of
adenomas in hypertensive patients with primary hyperaldosteronism, taking into
account the fact that it has comparable sensitivity to CT imaging [39]. When
pheochromocytoma is suspected, MRI can determine the localization of the
tumour [39]. Finally, in case of Cushing’s syndrome when an ACTH-independent
lesion is indicated, abdominal MRI can localize the site of the lesion [39].
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Ultrasound: Carotid Intima-Media
Thickness and Plaque (2D–3D)
Enrico Agabiti Rosei, Massimo Salvetti,
and Maria Lorenza Muiesan

4.1

How to Assess

High-resolution ultrasound of the carotid arteries allows the measurement of the
intima-media complex in the arterial wall, according to a validated method, and
carotid IMT (C-IMT) is the most widely accepted noninvasive marker of subclinical
atherosclerosis [1, 2]. Ultrasound methodology has manifest benefits, being real
time, noninvasive, low cost, reliable, and safe.
C-IMT represents the combined thickness of the intima and media layers of the
carotid artery wall, which are technically indistinguishable. IMT is defined as a double-line pattern visualized by ultrasound on both walls of the carotid arteries in a longaxis view. It consists of two parallel anatomical boundaries referred to as the
lumen-intima and media-adventitia interfaces. Ultrasound waves are reflected differently by blood (vessel lumen) and wall layers because of their differences in density
and elasticity; the lack of reflection of ultrasound waves by blood (vessel lumen) and
by the tunica media allows the detection of the lumen-intima (LI) interface and of the
media-adventitia (MA) interface. Intima-media thickness corresponds to the distance
between the lumen-intima and the media-adventitia interface.
The carotid ultrasound examination is performed in the patient supine, with the
neck in partial extension and turned to the side opposite to the measurement. The
carotid artery may be usually divided into three segments: the common carotid
(CCA), the carotid bifurcation, and the internal carotid artery (ICA). Each of these
segments has approximately a 1 cm length. The most proximal segment is the CCA
and may be identified as the 1 cm segment proximal to the divergence of the near
and far walls. The focal widening of carotid bifurcation (or bulb) extends over
approximately 1 cm, and then it bifurcates into its internal and external carotid
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arteries; the distal margin of the bifurcation is identified by the tip of the flow divider
separating the diverging internal and external carotid artery. The third final segment
is the proximal 1 cm of the ICA.
The CCA far wall is the easiest segment to be examined and can be measured in
almost all subjects. It is the most commonly used measurement in clinical studies
because of its greater feasibility and reproducibility, especially at the site of the far wall
[2]. However, measurements of C-IMT at multiple angles of both the near and far walls
may provide the best balance between reproducibility, evaluation of extent of subclinical atherosclerosis, and assessment of rate of C-IMT progression and of treatment
effect. The other most frequently used measurements in clinical trials are as follows:
(1) mean of the maximum IMT of the 4 far walls of the carotid bifurcations and distal
common carotid arteries (CBM max), (2) mean maximum thickness (M max) of up to
12 different sites (right and left, near and far walls, distal common, bifurcation, and
proximal internal carotid), and (3) overall single maximum IMT (T max).
The essential drawbacks of ultrasound are the B-mode image low signal-to-noise
ratio and the use of a manual cursor for measurements of IMT from the ultrasound scan
images, with a significant operator dependent methodology. Clinical and epidemiological studies have given useful informations on the reproducibility of IMT repeated
measurements. Salonen and Salonen have indicated that between observers and intraobservers variation coefficients resulted 10.5 and 8.3 %, respectively [3]. In the ACAPS
study [4], the mean replicate difference was 0.11 mm, and in the Multicenter Isradipine
Diuretic Atherosclerosis Study (MIDAS) [5] 0.12 mm. In the MIDAS, arithmetic difference in replicate scans mean max IMT was calculated as 0.003 ± 0.156 mm. More
recently, the ELSA (European Lacidipine Study of Atherosclerosis) included more
than 2,000 patients, in whom the cross-sectional reproducibility of ultrasound measurements at baseline was calculated: the overall coefficient of reliability (R) was 0.859
for CBM max, 0.872 for M max, and 0.794 for T max; intra- and inter-reader reliability
were 0.915 and 0.872, respectively [6].
Analysis of C-IMT may be performed now by automated computerized edge
detection, in order to optimize reproducibility; with this method, IMT measurement
is restricted to the far wall of the distal segment of the common carotid artery, thus
providing about 3 % of relative difference between two successive measurements.
A new echo-tracking technology based on up to 128 radio-frequency lines may
allow a more rapid and precise measurement of IMT [7]. By means of this technique, it is also possible to investigate the carotid wall mechanical properties; the
circumferential and longitudinal stress may exert a direct action on carotid plaque
stability and composition [8] (Fig. 4.1).
The normal IMT values are influenced by age and sex. IMT normal values may
be defined in terms of statistical distribution within a healthy population [9].
More recently, C-IMT reference values by echo-tracking were obtained in a
cohort of 24,871 individuals from 24 research centers worldwide [8] and allowed
estimation of C-IMT age- and sex-specific percentiles in a healthy population of the
4,234 individuals without CV disease, CV risk factors, and blood pressure-, lipid-,
and/or glucose-lowering medication. These reference values will favor the use of
C-IMT assessment in clinical practice, possibly for a better risk classification
particularly concerning C-IMT modifications over time.
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IMT: 778 µm

Fig. 4.1 Examples of ultrasound image (a) and of echo-tracking radio-frequency image (b) of the
carotid vessels

The increase in IMT may be better defined in terms of increased risk, and available data indicate that IMT > 0.9 mm, by the use of caliper measurements of B-mode
images, represents a risk of myocardial infarction and/or cerebrovascular disease
[10–16]. No data are presently available on IMT values obtained by the echotracking technique as related to the risk of CV events.
Ultrasound may also identify the presence of plaques, defined by the Manheim
consensus [2] as a focal structure encroaching into the arterial lumen of at least
0.5 mm or 50 % of the surrounding IMT value, or demonstrate a thickness >1.5 mm
as measured from the media-adventitia interface to the intima-lumen interface.
Ultrasonic plaque morphology may add useful information on plaque stability
and may correlate with symptoms. In addition to the visual judgment of plaque
echolucency and homogeneity, the use of noninvasive methods that may quantify
tissue composition of vascular wall (such as videodensitometry or the analysis of
integrated backscatter signal) has been proposed for the assessment of cellular composition of atherosclerotic plaque, particularly of earlier lesions [17, 18].
In addition, plaque volume assessment by three-dimensional reconstruction of
ultrasound or nuclear magnetic resonance images has been proposed to better evaluate atherosclerotic lesions changes and stratify patients’ risk [19, 20] (Fig. 4.2).

4.2

Prevalence

Population studies, such as the Rotterdam [10] and the Cardiovascular Health Study
[16] or the Vobarno study [21], have clearly demonstrated that systolic blood pressure is a major determinant of the increase of intima-media thickness in the carotid
arteries, particularly in hypertensive patients.
Data collected in the VHAS (Verapamil in Hypertension and Atherosclerosis
Study) [22] and the ELSA studies [23] have shown a high prevalence of carotid wall
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3D US assessment of plaque volume

Fig. 4.2 3D reconstruction of a carotid plaque

structural changes in hypertensive patients; in the VHAS study, 40 % of the patients
had a plaque (i.e., an intima-media thickness >1.5 mm) in at least 1 site along the
carotid arteries, and only 33 % of patients had normal carotid arteries walls. In the
ELSA study, 82 % of 2,259 essential hypertensives had a plaque (i.e., an intimamedia ≥ 1.3 mm). Moreover, in the RIS study (Risk Intervention Study), patients
with severe essential hypertension and high cardiovascular risk had a significantly
higher prevalence of atherosclerotic lesions in respect to control subjects [24]. In
patients with resistant hypertension, the presence of a carotid plaque has been identified in up to 97 % of subjects [25].

4.3

Change with Treatment (Criteria for Significant Change,
Incidence During Treatment)

Therapeutic double-blind trials have shown that antihypertensive drugs may have a
more or less marked effect on carotid IMT progression. A large meta-regression
analysis [26], including 22 randomized controlled trials, has evaluated the effects of
an antihypertensive drug versus placebo or another antihypertensive agent of a different class on carotid intima-media thickness. The results have shown that, compared with no treatment, diuretics/±beta-blockers, or ACE inhibitors, CCBs
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attenuate the rate of progression of carotid intima-media thickening. In the prevention of carotid intima-media thickening, calcium antagonists are more effective than
ACE inhibitors, which in turn are more effective than placebo or no treatment, but
not more active than diuretics/±beta-blockers. The odds ratio for all fatal and nonfatal cardiovascular events in trials comparing active treatment with placebo reached
statistical significance (P = 0.007).
Few studies, including a relatively small number of patients, have shown a lower
thickness of intima-media during treatment with angiotensin II antagonists in
respect with patients treated with beta-blockers [27].
Several randomized, comparative studies performed in the late 1990s have
shown an effect of statin treatment on IMT progression. A first meta-analysis published in 2004 [28], evaluating 10 trials with 3,443 individuals (age range from 30
to 70 years) and follow-up for 1–4 years, has shown that conventional statin treatment reduces IMT progression as compared to placebo (8 studies) and that aggressive cholesterol reduction with high-dose statin may be more effective than
conventional dosages.
A more recent meta-analysis [29] has examined 21 randomized controlled trials
involving 6,317 individuals. The pooled weighted mean difference between statin
therapy and placebo or usual care on CCA-IMT was −0.029 mm (95 % CI: −0.045,
−0.013), and subgroup analyses showed a greater decrease in mean CCA-IMT in
the setting of secondary prevention versus primary prevention, in younger patients
versus older patients, and in studies with a greater proportion of male patients .
In other recent studies (ENHANCE, RADIANCE1, and RADIANCE2), no
significant differences in IMT between treatment groups were observed in
patients with familial hypercholesterolemia, even while significant decreases in
LDL levels and increased HDL were observed, perhaps because patients had
been previously long-term and optimally treated with statins and no difference in
IMT occurred.
The results of the PHYLLIS study have reported that in hypertensive and hypercholesterolemic patients, the administration of pravastatin prevents the progression
of carotid intima-media thickness seen in patients treated with hydrochlorothiazide,
but the combination of pravastatin and the ACE-inhibitor fosinopril had no additive
effect [30].
The greater reduction of plaque volume with the angiotensin II blocker in
respect to the beta-blocker was demonstrated by a study (Multicenter Olmesartan
Atherosclerosis Regression Evaluation (MORE)) assessing the effect of longterm treatment with an AT1 receptor antagonist (olmesartan) and with a betablocker (atenolol) on carotid atherosclerosis, with the use of the noninvasive 3D
plaque measurement [31]. A significant change in 3D plaque volume was also
observed during short-term treatment with a high-dose statin in a small group of
20 patients [32].
No significant changes in plaque composition were observed after 4 years of
treatment with either lacidipine or atenolol in patients participating into the ELSA
study, suggesting that treatment with a calcium antagonist may slow IMT progression, without influencing the characteristics of plaque tissue [33].
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Prognostic Value of Baseline and of Changes of IMT
and Plaque

Traditional risk factors, including male sex, ageing, being overweight, elevated
blood pressure, diabetes, smoking, are all positively associated with carotid IMT in
observational and epidemiological studies. Hypertension, and particularly, high systolic BP values, seems to have the greatest effect on IMT [34].
Some new risk factors, including various lipoproteins, plasma viscosity, and
hyperhomocysteinemia, have demonstrated an association with increased
IMT. Patients with metabolic syndrome have higher IMT than patients with individual metabolic risk factors. Carotid IMT has also been found to be associated with
preclinical cardiovascular alterations in the heart, in the brain, in the kidney, and in
the lower limb arteries.
Several studies have demonstrated and confirmed the important prognostic significance of intima-media thickness, as measured by ultrasound. In their prospective
study, Salonen et al. [11] have observed, in 1,288 Finnish male subjects, that the risk
for coronary events was exponentially related to the increase of intima-media thickness in the common carotid and in the carotid bifurcation. In a larger sample of
middle-age subjects (13,780) enrolled into the ARIC (Atherosclerotic Risk in
Communities) study [12], intima-media thickness, measured by ultrasound, was
associated to an increased prevalence of cardiovascular and cerebrovascular diseases. In the Rotterdam study [13], the intima-media thickness was shown to predict
the risk of myocardial infarction and cerebrovascular events during a mean followup period of 2.7 years. The results of the CHS [16] have prospectively evaluated
4,400 subjects aged more than 65 years for a follow-up period of 6 years; the annual
incidence of myocardial infarction or stroke increased in the highest quintiles of
intima-media thickness measured in the common and the internal carotid arteries
even in this large group of elderly subjects.
A recent meta-analysis of data collected in eight studies in general populations,
including 37,197 subjects who were followed up for a mean of 5.5 years, has demonstrated that for an absolute carotid IMT difference of 0.1 mm, the future risk of
myocardial infarction increases by 10–15 % and the stroke risk increases by
13–18 % [14].
A second meta-analysis that evaluated CCA-IMT alone and excluded CCA or bulb
IMT or plaques in 45,828 patients from 14 population-based studies showed that the
addition of C-IMT does not add clinically meaningful information to the standard
prediction modalities [15]. The net reclassification index with the addition of CCAIMT was only 0.8 % for the overall cohort and 3.6 % for those at intermediate risk.
A high heterogeneity in the assessment of C-IMT in the different studies (number of carotid segments, type of measurements, number of imaging angles, inclusion of plaques in IM thickness, the use of adjusted or unadjusted models, and the
different arbitrary cutoff points for C-IMT and for plaque) may explain the different
results related to risk prediction. CCA-IMT measurement at sites not containing
plaque and IMT measurement in the carotid bulb and ICA, inclusive of plaque
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ELSA study:
CV event incidence according to baseline plaque number
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Fig. 4.3 Association of plaque number with cardiovascular events in the European Lacidipine
Study on Atherosclerosis (ELSA) (Data from [39])

(if present), represent two separate phenotypes, with different association to the risk
of cardiac and cerebrovascular events.
In fact, the assessment of carotid plaque appears to be a more powerful predictor
of CV events than C-IMT alone, as suggested by a meta-analysis of 11 populationbased studies including 54,336 patients [35]. The plaque number or the quantitative
measurement of plaque thickness, area, or 3D volume may parallel the sensitivity in
CV risk-predictive value [36] (Fig. 4.3).
The additional effect of C-IMT on CV risk stratification has been confirmed in
some, but not all studies. About 30 % of hypertensive subjects may be mistakenly
classified as at low or moderate added risk without ultrasound for carotid arteries
thickening or plaque, whereas vascular damage places them in the high added risk
group [21, 34, 37].
It has been therefore proposed that IMT may be proposed as a surrogate endpoint
for cardiovascular events [38]. However, available studies have not been conducted
to demonstrate whether a decrease of IMT progression may be associated with a
reduction of cardiovascular events and an improvement in prognosis; the retrospective analysis of some studies has given conflicting results [15, 39, 40]. It has to be
acknowledged that the estimation of C-IMT in the vast majority of the studies was
obtained manually by calipers, without the use of an automatic approach for the
measurement, suggesting that the accuracy of C-IMT and, particularly, of its changes
over time might have important consequences in the clinical setting. The use of RF
C-IMT measurements has been recently shown to have an additional stratification
power for coronary artery disease, in addition to the Framingham risk score [41].
Furthermore, changes in plaque composition characteristics seem to have additional prognostic significance [20].
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Conclusions

An ultrasound examination of the common bifurcation and internal carotid arteries should be performed in hypertensive patients with concomitant risk factors,
such as smoking, dyslipidemia, diabetes, and family history for cardiovascular
diseases. However, methodological standardization for IMT measurement needs
to be further implemented for the routine measurement of IMT in clinical practice for stratifying cardiovascular risk.
Quantitative B-mode ultrasound of carotid arteries requires appropriate
training.
In the presence of increased IMT or plaque in the carotid arteries, an aggressive approach to risk factor modifications should be considered.
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Echocardiographic Assessment
of the Aorta and Coronary Arteries
in Hypertensive Patients
Costas P. Tsioufis

5.1

Aorta

5.1.1

How to Assess

Ultrasound techniques for imaging of the aorta (aortic root, tubular ascending aorta,
aortic arch, descending thoracic aorta) in hypertensive patients include transthoracic
echocardiography (TTE), transesophageal echocardiography (TOE), and rarely
intravascular ultrasound (IVUS).

5.1.1.1 Transthoracic Echocardiographic
Evaluation of the aorta is a routine part of the standard echocardiographic examination. Using different acoustic windows, the proximal ascending aorta is visualized
in the left and right parasternal long-axis views and, to a lesser extent, in basal shortaxis views. The long-axis view affords the best opportunity for measuring aortic
root diameters in the following levels: outflow track, Valsalva sinuses, sinotubular
junction, and tubular ascending aorta, by taking advantage of the superior axial
image resolution. The ascending aorta is also visualized in the apical long-axis and
modified apical five-chamber views. However, in these views the aortic walls are
seen with suboptimal lateral resolution [1].
The suprasternal view is of paramount importance for evaluation of the thoracic
aorta. This view primarily depicts the aortic arch and the three major supra-aortic
vessels (innominate, left carotid and left subclavian arteries), as well as variable
lengths of the descending and, to a lesser degree, the ascending aorta. Although this
view may be obstructed, particularly in patients with emphysema or short wide
necks, it should be systematically sought when aortic disease is evaluated. The
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entire thoracic descending aorta is not well visualized by TTE. From the apical
window a short-axis cross section of the descending aorta is seen lateral to the left
atrium in the four-chamber view and a long-axis stretch in the two-chamber view.
By 90° transducer rotation, a long-axis view is obtained visualizing a mid part of the
descending aorta [2].

5.1.1.2 Transesophageal Echocardiography
The proximity of the esophagus and the thoracic aorta permits high-resolution
images from higher-frequency TOE. The indications for performing TOE are the
evaluation of native valve disease, prosthetic heart valve function, cardiac masses,
patients with hemodynamic instability, congenital heart disease, and the thromboembolic risk in patients with atrial fibrillation and inadequate anticoagulation. Other
indications are the detection of aortic dissection, endocarditis complications, and
potential etiologies of stroke, while it is also useful as an adjunct to percutaneous
cardiac procedures and cardiac surgical procedures. The most important transesophageal views of the ascending aorta, aortic root, and aortic valve are the high
transesophageal long-axis (at 120–150°) and short-axis (at 30–60°) views. The
descending aorta is easily visualized in short-axis (0°) and long-axis (90°) views
from the celiac trunk to the left subclavian artery. Further withdrawal of the probe
shows the aortic arch, where the inner curvature and anterior arch wall are usually
well seen all the way to the ascending aorta. In the distal part of the arch, the origin
of the subclavian artery is easily visualized [3].
5.1.1.3 Measurement of Aorta Dimensions
Measurements of the aortic diameter by echocardiography are accurate and reproducible when a true perpendicular dimension is obtained and gain settings are
appropriate. Two-dimensional (2D) aortic measurements are preferable to M-mode,
as the cyclic motion of the heart and the resultant changes in M-mode cursor location result in systematic underestimation by 1–2 mm of aortic diameter by M-mode
in comparison with the 2D aortic diameter. Standard diameter measurements are at
the level of the aortic annulus, of Valsalva sinuses, and of the sinotubular junction.
Aortic annular diameter is measured between the hinge points of the aortic valve
leaflets in the left parasternal long-axis view, during systole, which reveals the largest aortic annular diameter. In a normal ascending aorta, the diameter at sinus level
is the largest, followed by the sinotubular junction and the aortic annulus level [4].
The aorta size is related most strongly to body surface area (BSA) and age.
Therefore, BSA may be used to predict aortic root diameter in several age intervals.
Some groups have suggested indexing by height to avoid the influence of overweight on BSA [5]. Aortic root dilatation at the sinuses of Valsalva is defined as an
aortic root diameter above the upper limit of the 95 % confidence interval of the
distribution in a large reference population. In adults a diameter of 2.1 cm/m2 has
been considered to be the upper normal range in ascending aorta. TTE is satisfactory for the quantification of maximum aortic root and proximal ascending aorta
diameters, when the acoustic window is adequate. Nevertheless, the technique is
more limited for measuring the remaining aortic segments. TOE overcomes part of
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Aortic arch:
22−36 mm

PA
Tubular ascending aorta:
22−36 mm
Descending aorta:
20−30 mm

Sinotubular junction:
22−36 mm
Sinuses of Valsalva:
29−45 mm

Aortic annulus:
20–31 mm

Fig. 5.1 Normal size of thoracic aortic segments. The thoracic aorta can be divided into three
segments: the ascending aorta that extends from the aortic annulus to the innominate artery and is
typically measured at the level of the aortic annulus, the sinuses of Valsalva, the sinotubular junction, and the proximal ascending aorta; the aortic arch that extends from the innominate artery to
the ligamentum arteriosum; and the descending aorta that extends from the ligamentum arteriosum
to the level of the diaphragm. PA right pulmonary artery

these TTE limitations by affording better measurement of aortic arch and descending thoracic aorta size. The absolute and indexed normal values of the various aortic
segments are shown in Fig. 5.1 [6].

5.1.1.4 Aortic Pressure-Dimension Relationship
An increase in distending pressure during systole induces an increase in aortic
dimension which is directly related to the elastic properties of the aorta [7]. Diameter
or area changes can be determined using TTE or TOE, but the estimation of the
pressure changes at the same site may be unreliable because of the amplification of
the pulse pressure and the inaccuracy of all cuff sphygmomanometer systems, particularly in young subjects. However, studies have shown a good correlation between
aortic distensibility calculated using echocardiography and noninvasive brachial
artery blood pressure (BP) measurements and aortic distensibility calculated invasively using contrast aortography and direct aortic pressure recordings. Changes in
arterial diameter can be measured at the level of the ascending aorta ~3 cm above
the aortic valve in 2D-guided M-mode of parasternal long-axis view, with the diastolic aortic diameter measured at the peak of the QRS complex and systolic aorta
diameter measured at the maximal anterior motion of the aorta [8, 9].
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There are several indices derived from aortic or arterial dimensions and pressures, used for the estimation of the elastic properties of the aorta. The indices most
frequently used are the aortic/arterial distensibility (the relative change in a diameter or area for pressure change), the compliance (the absolute change in diameter or
area for pressure change), and the non-dimensional index of local arterial stiffness
named the β-index which is less affected by arterial pressure changes and is easily
measured using echo-tracking devices [10].

5.1.2

The Aorta and Blood Pressure

Although early case reports and pathological series suggest that hypertension might
directly contribute to the enlargement of the aorta, more recent pathological and
M-mode echocardiographic studies have not found an association between BP and
aortic size when the confounding influence of aging is considered. Thus, aortic
diameter is strongly related to age, and senescence may result in cystic medial
necrosis [11]. In contrast, other M-mode echocardiographic studies have noted significant relations of aortic diameter to systolic and diastolic BP.
As mentioned before, studies evaluating the relation of aortic root size to BP
have yielded conflicting results [12]. In the Framingham Heart Study, scientists
using two-dimensionally guided M-mode measurement of the sinuses of Valsalva
found that diastolic pressure was directly related to aortic diameter, whereas both
systolic and pulse pressures were inversely related to aortic diameter after adjustment for age, height, and weight [13]. In the Cardiovascular Health Study, a relation
was found between diastolic, but not systolic, BP and M-mode echocardiographic
aortic dimensions when the entire elderly cohort was analyzed. However, when the
healthier subgroup was examined (subjects not receiving antihypertensive therapy
or without coronary heart disease), aortic diameter was not associated with BP. Other
researchers have shown either no relation of BP to M-mode aortic measurements or
a relationship only to systolic BP [14].
There are few studies showing a correlation between aortic root diameter and
hemodynamic load. A progressive enlargement in aortic dimension was found only
at the supra-aortic ridge and ascending aorta according to the quartiles of casual
systolic blood pressure, while all aortic diameters were found to significantly
increase according to the quartiles of casual diastolic pressure, with the most significant increases occurring in the more distal segments [15].
Four previous studies have reported inverse associations between aortic diameter
and pulse pressure (PP). In the Framingham cohort an independent inverse association was found between aortic diameter and PP, and it was speculated that intimalmedial hypertrophy or reflex smooth muscle activation induced by an increased PP
may underlie this association [13]. Similarly, a substudy of the Losartan Intervention
for Endpoint Reduction Trial observed an inverse association between aortic diameter and PP and hypothesized that the higher compliance of the aortic root may
reduce the rise in systolic pressure and thus result in lower PP [16]. In a subgroup
of the stroke prevention, an inverse association between aortic diameter and PP was

5

Echocardiographic Assessment of the Aorta and Coronary Arteries

55

also found. Furthermore in a smaller study, it was shown that aortic dimensions
were inversely associated with carotid PP (but not brachial) in the healthy control
group but were positively associated with PP in subjects with Marfan syndrome
who have known alterations in their aortic wall properties. The authors speculated
that this inverse association between aortic diameter and carotid PP in the healthy
cohort was due to the reduced wave reflection, accruing from the higher aortic compliance of subjects with larger aortic diameters [17, 18].

5.1.3

Relationship Between 24-h Ambulatory Blood Pressure
and Aortic Dimensions

The impact of ambulatory BP and its circadian components on aortic diameter in
hypertensive patients has never been prospectively investigated in large studies. In
a small series of 48 hypertensive patients, it was shown that awake diastolic BP was
independently correlated with aortic diameter measured at four different locations
[19]. In a study of a larger sample, it was observed that nocturnal BP may have an
independent role in determining aortic dimension. This observation is further supported by the progressive reduction in the prevalence of a normal nocturnal BP
pattern with advancing aortic root size. This finding is also in line with the evidence
that nocturnal BP has superior prognostic value than awake BP in predicting cardiovascular morbidity and mortality in both normotensive and hypertensive individuals. The reasons of the prognostic superiority of nighttime over daytime BP are not
clear. However, there is a hypothesis suggesting that the excessive variability of
diurnal BP may reduce its prognostic value compared to that of nocturnal BP [20].
Individuals with obstructive sleep apnea (OSA) are usually non-dippers and have
aortic dilatation in echocardiography. During each apneic episode there is a marked
increase in transmural pressure of the aortic wall, resulting in aortic dilatation. An
animal study showed that the thoracic aorta can be distended during the diastolic
phase in the setting of negative intrathoracic pressure, probably due to diminished
antegrade flow out of the thorax. Furthermore, cyclical fluctuations in sympathetic
activity and BP, which have been shown to progressively increase during apneic
episodes in patients with OSA, may result in aortic dilatation [21, 22].

5.1.4

Modifications of the Aorta and Cardiovascular Events

Although anatomical changes of the aortic root are likely to reflect the effects of
hypertension and atherosclerosis, few data are available on the predictive value of
aortic root dimension for cardiovascular events. In the Cardiovascular Health Study,
it was shown that a large aortic root dimension is associated with an increased risk
for incident congestive heart failure, stroke, and cardiovascular mortality but not for
myocardial infarction. The lack of association between aortic root dimension and
incident myocardial infarction may suggest that an increased aortic root is not a
consequence of acute myocardial infarction, but of the interaction of age,
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hypertension, and atherosclerosis over time [23]. The Rotterdam Study observed
that the presence of atheromatous plaques in the aorta was strongly correlated with
decreased aortic distensibility. In contrast, other studies have found no relation
between arterial stiffness and aortic atherosclerosis. However, the elevation of systolic blood pressure, causing a rise in left ventricular afterload and myocardial
work, and the decrease in diastolic blood pressure, which reduces coronary perfusion, result in subendocardial ischemia [24, 25].

5.2

Coronary Arteries

5.2.1

Coronary Artery Remodeling in Hypertension

In essential hypertension remodeling of the small arteries (100–300 mm of diameter) is the most prevalent and earliest form of target organ damage. At the level of
the coronary artery tree, it causes increased vascular reactivity and a reduction in
coronary flow reserve (CFR) at maximal vasodilation [26–28]. Coronary remodeling in the form of media thickening is mainly caused by complex hemodynamic and
neurohumoral interactions [26, 28]. The dimensions of the epicardial coronary
arteries remain constant resulting in an elevated coronary flow velocity [29]. This
may increase longitudinal shear stress, causing premature atherosclerosis. It should
be noted that changes in microcirculation maintain the increase in vascular resistance that is common in hypertension [30]. However, it is still under investigation
whether these microcirculatory abnormalities are the cause or effect in the hypertensive setting [31].
Blood vessels react to physiologic or pathologic conditions with changes in their
size and structure [32]. Exposure of the large coronary arteries to high pulsatile
pressure and blood flow velocity can lead to an increase in endothelial shear stress,
resulting in endothelial dysfunction responsible for the increase in the endothelial
permeability and deposition of lipoproteins in the arterial wall and eventually the
formation of atherosclerotic plaques [33].
Coronary remodeling in hypertensive patients can be distinguished as positive
and negative. Compensatory or positive remodeling (described by Glagov) delays
the onset of luminal narrowing because the vessel expands with plaque enlargement
[34], while in the case of negative remodeling, the vessel’s cross-sectional area is
much less compared to the adjacent normal reference segment contributing to the
development of focal coronary artery stenosis [35]. Based on the presence or not of
stenosis, coronary remodeling may be also defined as adequate or inadequate,
respectively.
Arterial remodeling is considered to be initiated by the detection of signals
related to changes in hemodynamic conditions such as blood flow, wall stretch, and
shear stress as well as signals related to humoral factors that include cytokines and
vasoactive substances [32]. These signals which are relayed to the endothelium
and transmitted to adjacent cells can lead to the synthesis or the activation of substances that influence cell growth and apoptosis. The extracellular matrix also

5

Echocardiographic Assessment of the Aorta and Coronary Arteries

57

appears to have an important role in the remodeling response on account of a group
of enzymes (matrix metalloproteinases) that regulate the composition of the matrix
by selective degradation of its components. Inflammation plays a key role in coronary remodeling and the atherosclerotic process, contributing to the formation of
the vulnerable plaque prone to rupture leading to acute coronary syndromes
[32, 34]. In contrast, fibrotic changes could lead to a reduced risk of plaque rupture
and to plaque stabilization.

5.2.2

Methods for Assessment

Although contrast coronary angiography offers excellent visualization of the configuration of the long axes of the blood vessel lumen, it lags in information on the
structure, morphology, and consistence of the coronary arterial wall [35, 36].
Intravascular ultrasound (IVUS) can provide information on the arterial wall under
the endothelial surface and can help detect structural and functional changes of the
coronary vessels in hypertensive patients [37]. By using IVUS in the coronary arteries, we can evaluate the lumen area and geometry, the wall tissue characteristics and
thickness, the branch points, the degree of calcification, and the location and the
extent of atherosclerotic lesions [38, 39]. Occult plaques can be concealed in segments of an apparent and angiographically normal coronary artery, and only intravascular imaging modalities like IVUS can identify them [34].
Intravascular US consists of an ultrasound catheter that incorporates a polyethylene shaft and a phased array transducer tip. The multielement array yields an image
perpendicular to the axis of the catheter. The field of view is adjustable from 8 to
16 mm in diameter, and images may be acquired up to 10 frames/second [38].
Intravascular US studies have demonstrated that arterial remodeling could be
bidirectional and it is a plaque-specific rather than a patient-specific process. That
means that in the same coronary artery, the degree of the remodeling varies from
plaque to plaque [34]. The use of IVUS is valuable to understand the nature and the
characteristics of the coronary wall during the process of remodeling. Indeed IVUS
imaging has demonstrated an expansion or a shrinkage of the external elastic membrane area in the case of positive or negative remodeling, respectively [32].

5.2.3

Coronary Circulation: Functional Changes

In hypertensive patients, the structural alterations of the intramyocardial arteries of
the coronary tree contribute to the reduced coronary vasodilator capacity and to an
increased minimal coronary resistance independently of the presence of left ventricular hypertrophy [37]. Studies have documented a reduced coronary reserve in
most of the hypertensive patients even in the absence of coronary artery disease.
Responsible of this impaired coronary vasodilator reserve are considered mainly the
intramyocardial arterioles that largely contribute in the coronary vascular resistance
and the autoregulation of myocardial perfusion. Arterial hypertension increases the
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wall-to-lumen ratio of the intramyocardial arteries by inducing arterial medial
hypertrophy that in turn leads to wall thickening and lumen reduction. Moreover,
the coronary vasodilator capacity can be influenced by vascular tone, endothelial
dysfunction, increase of vascular collagen biosynthesis, interstitial and periarteriolar fibrosis, or/and noxious interactions between structural and functional components of a thickened arterial wall. In addition, studies have revealed that the lumen
size of the major coronary arteries of hypertensive patients do not match with the
increased coronary flow [40]. This mismatch can be influenced by the vascular tone,
but it is more related to the absence of structural enlargement.

5.2.4

How to Perform Coronary Flow Reserve Measurements

It is established that microvascular function can be accurately assessed by CFR
measured either invasively [41] or noninvasively [42].

5.2.4.1 Invasive
A 0.014 in. Doppler guidewire (FloWire, Cardiometrics) is advanced into the proximal part of the left anterior descending artery. ECG, coronary ostial pressure,
instantaneous spectral peak velocity, and time-averaged spectral peak flow velocity
are continuously and simultaneously recorded. Then an intracoronary bolus of
60 μg adenosine is administered into the left coronary artery, and further measurements are obtained under peak hyperemic conditions. CFR is calculated as the ratio
of hyperemic to baseline time-averaged spectral peak flow velocity. All measurements should be performed twice, and mean values should be calculated.
5.2.4.2 Noninvasive
Parts of coronary arteries can be visualized using TTE. The anatomy and pathophysiology of the coronary arteries can be rivaled based on two-dimensional evaluation, but the introduction of Doppler velocity measurements has allowed the
assessment of the function of the coronary arteries, and TTE has been introduced in
the detection of coronary flow velocity and coronary flow velocity reserve (CFVR)
[42]. CFR can be quantified using flow velocity-derived methods. Three types of
Doppler techniques can be applied to coronary flow measurement: pulse wave
Doppler in which intermittent bursts of ultrasound are transmitted, continuous
wave Doppler where ultrasounds are transmitted and received continuously, and
color flow mapping which uses simple sampling volumes to record shifts [42].
CFR can be quantificated by inducing maximal hyperemia with the use of pharmacological agents such as adenosine, ATP, and dipyridamole. CFR can be affected
by epicardial stenosis and microcirculation. In the absence of stenosis in the epicardial arteries, CFVR depicts the reactivity of the microcirculation. To level out the
effect of microcirculation on CFR measurements in stenosed vessels, the relative
flow reserve has been developed. It is calculated by comparing the flow velocity
reserve distal to the stenosis in the target vessel with the velocity reserve to a nonstenosed reference vessel [42].
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5.2.4.3 Changes of CFR in Hypertension
Notably, abnormal CFR often accompanies hypertension even in the absence of left
ventricular hypertrophy [43]. The observed reduction in CFR in hypertension is
attributed to remodeling of the coronary small arteries and arterioles as well as to
interstitial fibrosis [37]. This pathological alteration has been suggested to cause
angina-like chest pain in noncoronary artery disease patients with [43] or without
hypertension [44, 45] and is regarded as a microvascular disturbance. End-organ
damage in the form of left ventricular hypertrophy has a strong contribution to the
attenuation of CFR [46]. Carotid intima-media thickness (IMT) has been shown to
correlate with traditional risk factors for atherosclerosis and the presence and severity of coronary artery disease, as well as with left ventricular mass in patients with
hypertension [47, 48]. Interestingly, carotid atherosclerosis, measured by IMT, not
only reflects coronary morphological changes (coronary IMT measured by intravascular ultrasound) [49] but also coronary functional changes (reduced CFR) [50].
Using the more sensitive method of optical coherence tomography (OCT) in
never-treated hypertensive patients, it was again confirmed that reduced CFR was
not related to increased coronary IMT in the absence of echocardiographically evident left ventricular hypertrophy [46]. Moreover, no significant difference was
found between patients with low and normal CFR with respect to OCT-measured
IMT and IT with the values of the latter being in agreement with past works [51, 52].
Therefore, adverse functional microcirculatory changes occur independently from
and possibly precede vascular remodeling in hypertension.
5.2.4.4 Clinical Perspectives
Considering that the adverse functional microcirculatory changes could cause
insufficient coronary perfusion and impaired wall function during stress, the presence of attenuated CFR even in hypertensive patients without left ventricular
hypertrophy identifies a subgroup at greater risk. Moreover, repeated stress and
regional ischemia lead to fibrosis, which also impairs cardiac function leading to
heart failure in the absence of obstructive coronary disease. Interestingly, CFR
attenuation might constitute the earlier phase of the hypertensive insult to the arterial coronary tree.
Finally, from a therapeutical point of view, in selected patients with blunted
CFR, the use of specific drugs, such as candesartan and nebivolol, that exert
favorable effects on the microcirculation can induce not only BP reduction per
se, but it might also attenuate target organ progression and ameliorate overall
prognosis [53, 54].
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Pulse Wave Velocity and Central Blood
Pressure
Stéphane Laurent and Pierre Boutouyrie

6.1

Introduction

In hypertension, large arteries stiffen and central blood pressure increases, due to
wave reflections. A major reason for measuring pulse wave velocity (PWV) and
central blood pressure (cBP) ‘routinely’ in clinical practice in hypertensive patients
comes from the recent demonstration that they have predictive value for cardiovascular events [1, 2]. A large body of evidence has been published during the last
decade, concerning the epidemiology, pathophysiology and pharmacology of large
arteries in hypertension. In addition, although the gold standard for measuring blood
pressure (BP) and diagnosing hypertension is the brachial cuff that favours a distal
site accessible to non-invasive measurement, two concepts have gained an important audience these last years: pressure amplification between central and peripheral
arteries and higher damaging effect of central BP than brachial BP on target organs
in hypertensive patients.
The aims of this chapter are (1) to describe the various non-invasive methods
currently available to measure PWV and cBP in clinical practice (2), to detail the
normal values in a healthy population and the reference values in a population of
hypertensive patients with cardiovascular risk factors (3), to report the amplitude of
changes under antihypertensive treatment in clinical trials (4) and to detail the prognostic values of changes. Since PWV and cBP are two parameters strongly linked
by their interdependency for the haemodynamic status of hypertensive patients,
they will be addressed in parallel.

S. Laurent (*) • P. Boutouyrie
Department of Pharmacology and INSERM U 970, Hôpital Européen Georges Pompidou,
Assistance Publique – Hôpitaux de Paris, Université Paris-Descartes,
20, rue Leblanc, 75015 Paris, France
e-mail: stephane.laurent@egp.aphp.fr; pierre.boutouyrie@egp.aphp.fr
© Springer International Publishing Switzerland 2015
E. Agabiti Rosei, G. Mancia (eds.), Assessment of Preclinical Organ Damage
in Hypertension, DOI 10.1007/978-3-319-15603-3_6

63

64

S. Laurent and P. Boutouyrie

6.2

How to Assess Arterial Stiffness and Central Blood
Pressure

6.2.1

How to Assess Arterial Stiffness

Arterial stiffness can be evaluated at the systemic, regional and local levels. In contrast
to systemic arterial stiffness, which can only be estimated from models of the circulation,
regional and local arterial stiffness can be measured directly, and non-invasively, at various sites along the arterial tree. A major advantage of the regional and local evaluations
of arterial stiffness is that they are based on direct measurements of parameters strongly
linked to wall stiffness. Reviews have been published on methodological aspects
[3, 4]. Table 6.1 gives the main features of the various methods currently available.
Table 6.1 Device and methods used for determining regional, local and systemic arterial stiffness
and wave reflections
Year of first
publication
Regional stiffness
1984a
1990a
1991
1994
1997a
2002
2002
2002
2007
2008
2009
2009
2010
Local stiffness
1991
1992
2002
2009
Systemic stiffness
1989
1995
1997a

Device

Methods

Measurement site

Complior®
Sphygmocor®
WallTrack®
QKD
Cardiovascular Eng. Inc®
Artlab®
Ultrasound systems
Omron VP-1000®
CAVI-Vasera®
Arteriograph®
MRI, ArtFun®
Vicorder®
Mobil-O-Graph®

Mechanotransducer
Tonometer
Echo-tracking
ECG+
Tonometer
Echo-tracking
Doppler probes
Pressure cuffs
ECG + pressure cuffs
Arm pressure cuff
MRI
Cuffs
Arm pressure cuff

Aorta, cf PWVb
Aorta, cf PWVb
Aorta, cf PWVb
Aorta, cf PWVb
Aorta, cf PWVb
Aorta, cf PWVb
Aorta, cf PWVb
Aorta, ba PWVb
Aorta, ca PWVb
Aorta, aa PWVb
Aorta, aa PWVb
Aorta, cf PWVb
Aorta, cf PWVb

WallTrack®
NIUS®
Artlab®
Various ultrasound system
MRI, ArtFun®

Echo-tracking
Echo-tracking
Echo-tracking
Echography
Cine-MRI

CCAc, CFA, BA
RA
CCAc, CFA, BA
CCAc, CFA, BA
AA, DA

Area method
HDI PW CR-2000®
Cardiovascular Eng. Inc®

Diastolic decay
Modif. Windkessel
Tonometer/Doppler/echo

Adapted from [3], with permission
Apparatus used in pioneering epidemiological studies showing the predictive value of aortic stiffness for CV events; PWV pulse wave velocity
b
cf carotid-femoral, ba brachial-ankle, ca cardiac-ankle, aa aortic arch, ft finger-toe
c
All superficial arteries, including particularly those mentioned; Ao aorta, CCA common carotid artery, CFA
common femoral artery, BA brachial artery, RA radial artery, AA ascending aorta, DA descending aorta
a
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6.2.1.1 Regional Measurements of Arterial Stiffness
The measurement of pulse wave velocity (PWV) is generally accepted as the most
simple, non-invasive, robust and reproducible method with which to determine arterial stiffness [3]. It is recommended by the 2013 ESH-ESC Guidelines for the
Management of Hypertension [4]. Carotid-femoral PWV is a direct measurement,
and it corresponds to the widely accepted propagative model of the arterial system.
Measured along the aortic and aortoiliac pathway, it is the most clinically relevant,
since the aorta and its first branches are what the left ventricle ‘sees’ and are thus
responsible for most of the pathophysiological effects of arterial stiffness. Carotidfemoral PWV has been used in epidemiological studies demonstrating the predictive value of aortic stiffness for CV events [1, 2].
PWV is usually measured using the foot-to-foot velocity method from various
waveforms. These are usually obtained transcutaneously at the right common
carotid artery and the right femoral artery (i.e. ‘carotid-femoral’ PWV), and the time
delay (Δt, or transit time) is measured between the feet of the two waveforms. The
‘foot’ of the wave is defined at the end of diastole, when the steep rise of the wavefront begins. The transit time is the time of travel of the ‘foot’ of the wave over a
known distance. A variety of different waveforms can be used including pressure,
distension and Doppler [3, 5]. The distance (D) covered by the waves is usually
assimilated to the surface distance between the two recording sites, i.e. the common
carotid artery (CCA) and the common femoral artery (CFA). The direct distance DD
is (CFA to CCA). PWV is calculated as PWV = D (metres)/Δt (seconds). However,
since the descending thoracic aorta is reached by the pressure wave at the time
another pressure wave, originating from the same cardiac contraction, arrives at the
carotid site, it has been recommended to calculate the distance between the suprasternal notch (SSN) and the common femoral artery (CFA) and to subtract from this
distance the small length between carotid transducer and SSN. The so-called subtracted distance is (SSN to CFA) – (SSN to CCA). A recent consensus paper [6]
stated that investigator should either use the subtracted distance or, best, measure
the direct distance and apply a 0.8 coefficient, to take into account the different
pathways of the pressure wave described above.

6.2.1.2 Local Determination of Arterial Stiffness
Local arterial stiffness of superficial arteries can be determined using ultrasound
devices. Carotid stiffness may be of particular interest, since in that artery, atherosclerosis is frequent. All types of classical, bi-dimensional vascular ultrasound systems can be used in determining diameter at diastole and stroke changes in diameter,
but most of them are limited in the precision of measurements because they generally use a video-image analysis. Echo-tracking devices were developed to measure
diameter in end-diastole and stroke change in diameter with a very high precision.
The two first devices were the Wall Track System® and the NIUS 02® (Table 6.1).
These apparatus use the radio-frequency (RF) signal to obtain a precision six to ten
times higher than with video-image systems, which are limited by the spatial resolution of pixel analysis.
At present, some researchers also measure local arterial stiffness of deep arteries
like the aorta using cine magnetic resonance imaging (MRI). However, most of
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pathophysiological and pharmacological studies have used echo-tracking techniques. Most of these parameters required measurement of blood pressure. This
should be local pressure, which is usually obtained by applanation tonometry of the
vessel in question and calibration of the waveform to brachial mean and diastolic
pressures obtained by integration of the brachial or radial waveform or automatic
calculation using transfer function processing. All the superficial arteries are suitable for the geometrical investigation and particularly the common carotid, common femoral and brachial arteries.

6.2.1.3 Systemic Arterial Stiffness
Methods used for the non-invasive determination of systemic arterial stiffness are
based on analogies with electrical models combining capacitance and resistance in
series (Table 6.1). As such they rely on numerous theoretical approximations following direct measurement of one peripheral, and often distal, parameter. Their
theoretical, technical and practical limitations that impact on their widespread
application in the clinical setting have been discussed and compared with methods
used for the non-invasive determination of regional stiffness [3]. Until now, they did
not provide evidence, in a longitudinal study, that systemic arterial stiffness or systemic arterial compliance has independent predictive value for CV events.

6.2.2

How to Assess Central Blood Pressure

A large number of reviews have made recommendations for adequate measurements of central BP [3, 7–9]. Arterial pressure waveform should be analysed at the
central level, i.e. the ascending aorta, since it represents the true load imposed to the
heart, the brain and the kidney and more generally to central large artery walls.
Table 6.2 details the various methods currently used for determining central BP [8].
The pressure waveform can be recorded non-invasively with a pencil-type probe
incorporating a high-fidelity Millar strain gauge transducer (SPT-301, Millar
Instruments). The most widely used approach is to perform radial artery tonometry
and then apply a transfer function (Sphygmocor, AtCor, Sydney Australia) to calculate the aortic pressure waveform from the radial waveform (Table 6.2). Indeed, the
radial artery is well supported by bony tissue, making optimal applanation easier to
achieve. The algorithm used to apply the transfer function revealed to be robust for
accurately determining central BP even during haemodynamic perturbations,
including exercise, Valsalva manoeuvre, nitroglycerin, beta-adrenergic stimulation,
angiotensin II and noradrenaline [9]. However, this procedure may underestimate
central systolic BP at higher heart rates (e.g. above 100 bpm), and major error can
be created by using inaccurate upper arm cuff BP values to calibrate the pressure
waveforms. Careful attention to correctly measuring brachial cuff BP can help alleviate, but not entirely deal with this problem, particularly as there may be additional
systolic BP amplification from the brachial to radial arterial beds [8, 9]. Despite
these limitations, radial tonometry is popular since it is simple to perform and well
tolerated.
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Table 6.2 Device and methods used for determining central blood pressure and wave reflections
Year of first
Device
publication
Central pressure waveform
1984
Millar strain gauge®a

Method

Parameter

Tonometer, direct

cSBP, cPP,
cAIx
cSBP, cPP,
cAIx
cSBP, cPP,
cAIx, Zc,
fW, bW
cSBP, cPP,
cAIx

1990

Sphygmocor®a

1997

Cardiovascular Eng.
Inc®a

Tonometer, transfer
function
Tonometer, cardiac
echo, impedance

2004

Pulse Pen®

Tonometer, direct

Central SBP
2008

Arteriograph®

Oscillometric

2009
2010

Omron HEM-9001A I®
Mobil-O-Graph®

Tonometer
Oscillometric

cSBP, cPP,
cAIx
cSBP, rAIx
cSBP, cPP,
cAIx

Measurement
site
Radial, carotid
Radial, carotid
Radial, carotid

Carotid

Brachial
Radial
Brachial

Adapted from [8], with permission
Apparatus used in pioneering epidemiological studies showing the predictive value of central BP
for CV events; cSBP central systolic blood pressure, cPP central pulse pressure, cAIx central augmentation index, rAIx radial artery augmentation index, Zc characteristic impedance, fW forward
pressure wave, bW backward pressure wave
a

A part from methods determining the pressure waveform at the central site, novel
methods have been developed, which aim at determining the discrete value of central SBP instead of the whole pressure waveform at central site [3, 8] (Table 6.2).
Estimation of central BP without a transfer function is possible from the second
systolic peak (SBP2) on the radial or brachial pressure waveform. The radial method
relies on accurate calibration using brachial cuff BP.

6.3

Prevalence

A prerequisite to a wide implementation of pulse wave velocity and central blood
pressure measurements into clinical practice is the availability of normal and reference values based on a large population, established through standardisation of
methodology for measurement.

6.3.1

Normal and Reference Values of Pulse Wave Velocity

These values have been established by The Reference Values for Arterial
Measurements Collaboration in 16,867 subjects and patients originating from 13
different centres across eight European countries [10]. Of these, 11,092 individuals
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Table 6.3 Distribution
of pulse wave velocity (m/s)
according to the age category
in the normal values
population (1,455 subjects)

Age category (years)
<30
30–39
40–49
50–59
60–69
≥70

Mean (±2 SD)
6.2 (4.7–7.6)
6.5 (3.8–9.2)
7.2 (4.6–9.8)
8.3 (4.5–12.1)
10.3 (5.5–15.0)
10.9 (5.5–16.3)

Median (10–90 pc)
6.1 (5.3–7.1)
6.4 (5.2–8.0)
6.9 (5.9–8.6)
8.1 (6.3–10.0)
9.7 (7.9–13.1)
10.6 (8.0–14.6)

Adapted from [10], with permission
SD standard deviation, 10 pc the upper limit of the 10th percentile, 90 pc the lower limit of the 90th percentile

Table 6.4 Distribution of pulse wave velocity (PWV) values (m/s) in the reference value population (11,092 subjects) according to age and blood pressure category
Age category
PWC as
median
(10–90 pc)
<30
30–39
40–49
50–59
60–69
≥70

Blood pressure category

Optimal
6.0 (5.2–7.0)
6.5 (5.4–7.9)
6.8 (5.8–8.5)
7.5 (6.2–9.2)
8.7 (7.0–11.4)
10.1 (7.6–13.8)

Normal
6.4 (5.7–7.5)
6.7 (5.3–8.2)
7.4 (6.2–9.0)
8.1 (6.7–10.4)
9.3 (7.6–12.2)
11.1 (8.6–15.5)

High normal
6.7 (5.8–7.9)
7.0 (5.5–8.8)
7.7 (6.5–9.5)
8.4 (7.0–11.3)
9.8 (7.9–13.2)
11.2 (8.6–15.8)

Grade I HT
7.2 (5.7–9.3)
7.2 (5.5–9.3)
8.1 (6.8–10.8)
9.2 (7.2–12.5)
10.7 (8.4–14.1)
12.7 (9.3–16.7)

Grade II/III HT
7.6 (5.9–9.9)
7.6 (5.8–11.2)
9.2 (7.1–13.2)
9.7 (7.4–14.9)
12.0 (8.5–16.5)
13.5 (10.3–18.2)

Adapted from reference [10] with permission
SD standard deviation, 10 pc the upper limit of the 10th percentile, 90 pc the lower limit of the 90th
percentile, HT hypertension

were free from overt CV disease, nondiabetic, and untreated by either antihypertensive or lipid-lowering drugs and constituted the reference value population, of which
the subset with optimal/normal blood pressures (n = 1,455) is the normal value population. Subjects were categorised by age decade and further subdivided according
to BP categories. Pulse wave velocity increases with age and BP category, the
increase with age being more pronounced for higher BP categories and the increase
with BP being more important for older subjects (Tables 6.3 and 6.4).

6.3.2

Normal and Reference Values of Central Blood Pressure

These data have been established by The Reference Values for Arterial Measurements
Collaboration in 45,436 subjects out of 82,930 that were gathered from 77 studies
of 53 centres [11]. Of these, 27,253 individuals were free from overt CV disease,
nondiabetic, and untreated by either antihypertensive or lipid-lowering drugs and
constituted the reference value population, and another subset with optimal/normal
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Table 6.5 Central systolic blood pressure values according to age categories, for males and
females, in the normal and reference populations
Age category
<20 (n = 1,104)

20–29
(n = 4,157)
30–39
(n = 6,386)
40–49
(n = 9,595)
50–59
(n = 11,950)
60–69
(n = 7,779)
70+ (n = 4,445)

Normal population
Female
97 (86, 91, 102,
109)
n = 350
95 (80, 88, 102,
110)
n = 1,411
98 (84, 90, 108,
119)
n = 1,860
102 (87, 93, 113,
123)
n = 2,318
110 (93, 100,
119, 127)
n = 2,002
114 (97, 105,
122, 129)
n = 1,057
118 (100, 109,
126, 131)
n = 530

Male
105 (95, 99,
109, 113)
n = 290
103 (92, 97,
109, 115)
n = 880
103 (88, 95,
112, 120)
n = 1,259
106 (90, 97,
114, 123)
n = 2,068
110 (96, 102,
118, 126)
n = 1,997
114 (97, 105,
122, 128)
n = 1,410
116 (99, 107,
124, 130)
n = 747

Reference population
Female
Male
99 (88, 93, 105,
109 (96, 102,
120)
117, 127)
n = 182
n = 282
101 (88. 94, 110, 110 (95, 102,
124)
120, 130)
n = 888
n = 974
111 (92, 100,
114 (95, 103,
127, 141)
129, 144)
n = 1,373
n = 1,889
116 (95, 104,
118 (97, 106,
133, 146)
132, 144)
n = 2,196
n = 2,995
120 (100, 109,
123 (102, 111,
134, 148)
137, 150)
n = 4,251
n = 3,646
128 (105, 115,
128 (105, 115,
141, 154)
142, 155)
n = 2,656
n = 2,629
138 (113, 126,
135 (113, 124,
152, 164)
147, 160)
n = 1,567
n = 1,592

Adapted from [11], with permission
Values given here are referred, respectively, to the 50th (10th, 25th, 75th and 90th) percentiles

blood pressures (n = 18,133) was the normal value population. Values of cSBP were
stratified by brachial blood pressure categories and age decade in turn, both being
stratified by sex. Central SBP increases with ageing in healthy subjects. The ageinduced increase in PWV cSBP is exaggerated in patients with cardiovascular risk
factors (Table 6.5).

6.4

Changes with Treatment

6.4.1

Changes in Pulse Wave Velocity
with Antihypertensive Drugs

Numerous studies have been published on the effect of antihypertensive drugs on
arterial stiffness and are summarised in Table 6.6. Recent reviews [3, 12] underlined
important differences between the effects of various classes of antihypertensive
drugs. The general view is that drugs antagonising the renin-angiotensin system
(RAS) [i.e. angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin
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Table 6.6 Comparison of the effect on pulse wave velocity (PWV) and wave reflection by various
antihypertensive drug classes
ACE inhibitors
Captopril
Ramipril
Trandolapril
Quinapril
Lisinopril
Perindopril
Enalapril

Wave
PWV reflection
ൻ
ൻ
ൻ
ൻ
ൻ
ൻ/ർ
ൻ
ൻ
ർ
ർ
ൻ
ൻ
ൻ
ൻ

Aldosterone antagonists
Canrenoate
Spironolactone
Eplerenone

ർ
ർ/ൻ
ൻ

ൻ

α-Blockers
Doxazosin

ർ/ൻ

ൻ

Diuretics
Hydrochlorothiazide
Indapamide
Bendroflumethiazide
Nitrates
Nitroglycerin
Isosorbide mononitrate

ർ
ർ
ർ

ർ
ർ
ർ

ർ
ർ

ൻ
ൻ

Angiotensin
receptor blockers
Losartan
Telmisartan
Valsartan
Candesartan
Olmesartan

Wave
PWV reflection
ൻ
ൻ
ൻ
ൻ
ൻ
ൻ
ൻ
ൻ
ൻ

Calcium channel
blockers
Amlodipine
Nitrendipine
Nifedipine
Felodipine
Lacidipine
Verapamil

ൻ
ർ/ൻ
ൻ

β-Blockers
Atenolol
Metoprolol
Propranolol
Bisoprolol
Dilevalol
Nebivolol

ൻ
ർ
ൻ
ൻ
ൻ
ൻ

ർ
ൻ

ൻ
ൻ
ൻ
ൻ
ൻ

ർൻ/൹
൹
൹
ൻ
ർ/ൻ

Reproduced from [12], with permission

receptor blockers (ARBs)] are superior in reducing arterial stiffness than other
classes including calcium channel blockers (CCBs), diuretics and beta-blockers.
This may be because the RAS system is a potent pro-fibrotic system. While most
CCBs lower PWV and reduce wave reflection, their effect is far less than that of
drugs blocking the RAS. Diuretics have been shown in most studies to have no beneficial effect on arterial stiffness or wave reflection. The special case of β-blockers is
examined below.

6.4.2

Drugs and BP-Independent Destiffening of Large Artery

An increasing body of evidence suggests that only part of aortic stiffness could
be reduced through the normalisation of BP by pharmacological treatment, and
further reduction of aortic stiffness would require long-term arterial remodelling,
including reduction in collagen density and rearrangement of the wall materials.
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The demonstration has been given by a recent meta-analysis of double-blind randomised controlled trials [13], a long-term observational studies in humans [14] and
two pharmacological mechanistic studies [15, 16] which are detailed here. These
studies demonstrate that BP-independent large artery destiffening could be obtained
with most antihypertensive drugs, particularly with RAS blockers, and that these
BP-independent changes are amplified with a higher dose and long-term treatment.

6.4.3

Change in Central Blood Pressure
with Antihypertensive Drugs

Whether pharmacological classes, and specific molecules within a given pharmacological class, differ in their ability to lower central BP has been addressed in several
studies [7–9, 12]. Protogerou et al. [17] analysed the ability of drug treatment to
lower central BP beyond the reduction in peripheral (brachial) BP, by computing the
effects of drugs on BP amplification, according to either its absolute (peripheral PP
minus central PP, in mmHg) or relative (peripheral PP/central PP) expression. There
are several mechanisms by which drugs may differently alter central and peripheral
BP, thus BP amplification. They include large artery stiffness, vascular resistance,
stroke volume and heart rate.
The pharmacological classes which reduce wave reflection, thus central BP, and
increase amplification are ACEIs, ARBs and CCBs, whereas diuretics are less efficacious (Table 6.6). Non-vasodilating beta-blockers (such as propranolol and atenolol) are the least effective agents for reducing wave reflection and central BP. Nitrates,
which are not indicated for hypertension, reduce wave reflection, thus central BP
and increase SBP amplification (Table 6.6).

6.5

Prognostic Value of Change

6.5.1

Prognostic Value of the Changes in Pulse Wave Velocity

An important issue is whether the reduction in arterial stiffness translates into a
reduction in CV events. There is only very little indirect evidence. To our knowledge, only one study reported CV outcomes in patients having repeated measurements of PWV along several years [18]: 150 patients (aged 52 ± 16 years) with
end-stage renal disease (ESRD) were monitored for 51 ± 38 months for blood pressure and PWV. Fifty-nine deaths occurred, including 40 cardiovascular and 19 noncardiovascular events. Cox analyses demonstrated that the lack of PWV decrease in
response to BP reduction was a strong independent predictor of all-cause (RR 2.59
[1.51–4.43]) and cardiovascular mortality (RR 2.35[1.23–4.41]). However, this
study suffers several limitations: this was not a randomised clinical trial but rather a
post hoc retrospective analysis; baseline PWV was different in the two groups, and
there is no mention that statistical analysis was adjusted to it; finally this study
included patients at very high risk, and results cannot be extrapolated to other
(milder) clinical situations, as discussed thereafter.
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Thus, it remains to be shown in a population of hypertensive patients at lower CV
risk that a therapeutic strategy aiming at normalising arterial stiffness proves to be more
effective in preventing CV events than usual care. Such a study requires a large number
of patients, benefiting from a long-term follow-up. It has been started in France [19].

6.5.2

Prognostic Value of the Changes in Central Blood Pressure

Such randomised studies with the aim of targeting central BP reduction are needed
because a consistent limitation of all the above-mentioned central BP prognostic
studies is that they are observational and causality between elevated central BP
and CV risk cannot be inferred. The only randomised intervention trial with
recording of central BP and CV events was the Conduit Artery Function Evaluation
(CAFE) study, an ancillary study of the ASCOT study in 2,199 patients with
hypertension and multiple CV risk factors [3, 8]. The CAFE study showed that a
therapeutic regimen based on amlodipine was more effective than an atenololbased regimen to lower central BP, despite similar brachial SBP between treatment groups. Because the ASCOT study showed that the amlodipine-based
regimen prevented more major CV events than the atenolol-based regimen, it was
tempting to attribute, at least in part, this superiority to a higher efficacy on the
reduction in central BP. However, such a conclusion cannot be drawn since central
BP was not measured at baseline in the CAFE study; thus, no change in central BP
could be calculated [3, 8].
In a prospective, open-label, blinded-endpoint study in hypertensive patients randomised to treatment decisions guided by best-practice usual care or, in addition, by
central BP intervention, Sharman et al. [20] showed that central BP intervention
leads to less use of medication to achieve BP control. Such a clinical trial should
also take into account the cardiovascular complications.
Conclusion

In conclusion, the measurement of pulse wave velocity and central systolic pressure, which is recommended by the current guidelines for the management of
hypertension, benefits from well-established methodologies, using validated
apparatus. Measured values can be compared with normal and reference values
obtained in very large cohorts. Further studies should determine whether pulse
wave velocity and central systolic pressure are true surrogate endpoints.
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Ankle-Brachial Index (ABI)
Denis L. Clement

7.1

Introduction

Peripheral artery disease (PAD) has remained for a long time the most neglected
part in the domain of cardiovascular diseases. The fact that the disease can remain
completely asymptomatic for many years in a large number of patients plays an
important role in this respect. However, even when intermittent claudication of the
lower limbs which is the most common clinical manifestation of peripheral artery
disease is present, it is often considered by physicians as a minor problem. This is
surprising as in many patients, intermittent claudication profoundly affects the quality of their life. As a result of all of this, no efforts are made to clarify the diagnosis,
to look for confounding clinical states, and to elucidate the causes of the problem.
Therefore, quite often, PAD is only detected when complications arise or when,
sometimes by chance, a good clinical examination is performed implemented by
noninvasive tests such as measurement of the ankle-brachial pressure index (ABI).

7.2

How to Assess Ankle Blood Pressure and Calculating
the Ankle-Brachial Index?

Diagnosis of PAD can be made quite easily at the consultation by palpation and
auscultation of the arteries in the limbs. However, this needs time and expertise.
Measuring the ankle-brachial index (ABI) is an easy and cheap alternative, totally
noninvasive, that can elegantly be performed during the consultation. It is expressed
as the systolic blood pressure measured at the ankle divided by systolic pressure at
the arm. Although recently automated systems have been developed to get
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Table 7.1 ABI and severity
of arterial stenosis

Mild stenosis: 0.9–0.7
Moderate stenosis: 0.6–0.5
Severe stenosis: lower than 0.5

information from upper and lower extremities simultaneously, in general, a portable
Doppler device is sufficient to perform these measurements.
The technique has excellent records [1–3]: the actual sensitivity and specificity
have been estimated, respectively, at 79 and 96 %. For diagnosis in primary care, an
ABI <0.8 or the mean of three ABIs <0.90 had a positive predictive value of ≥95 %;
an ABI = 1.10 or the mean of three ABIs >1.00 had a negative predictive value of
≥99 %. Sensitivity can further be improved by making measurements after a short
exercise such as a brief walk on treadmill. The most confounding condition is that
of severe hardening of the arterial wall such as seen in diabetic patients or in the
elderly. If that occurs, ABI should be replaced by more complex techniques such as
pressure measurement or oscillation recordings at the toe.
Information obtained by ABI recordings is not like an all or none; increasing
severity of the vascular obstruction is accompanied by progressive decrease of the
index (Table 7.1). In case of the presence of an arterial ulcer, the chances for healing,
spontaneous or by medical means, can be estimated by measuring the systolic pressure at the ankle; below 50 mmHg, there rarely is spontaneous healing, also with
careful medical therapy; in diabetic patients, even higher figures (like 80 mmHg)
are needed to allow for a successful healing of the ulcers.
Measuring an ABI has also been used in large-scale studies to detect PAD in the
population or at the consultation of the general practitioner. In the PARTNERS
study [4], the diagnosis of PAD was missed in 86 % of the cases, as long as only
clinical history and symptoms were used; ABI was an excellent tool to improve on
the detection of PAD in this very large group of patients; however, in many cases,
physicians were totally unaware of the presence of PAD.

7.3

Epidemiology

According to the Rose questionnaire, the prevalence of PAD in males is approximately 1.5 % in men under the age of 50 and reaches 4–5 % in the age group of 50
and older. In females under the age of 50, the prevalence is lower than in men, but
contrary to common belief, it is as high and even higher as in males over the age of
60 [5]. Moreover, in women, the clinical picture of PAD is more peculiar and in
particular, the symptoms are more severe, more often leading to more profound
ischemia and ulceration.
Hypertension is a risk factor for vascular disorders such as PAD; follow-up data
from the Framingham study [6] demonstrated an almost doubling of intermittent
claudication in hypertensive men and women; in elderly patients, similar data have
been shown. Of hypertensives at presentation, about 2–5 % have intermittent claudication, with increasing prevalence with age [7–9]. Conversely, 35–55 % of patients
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with PAD at presentation also show hypertension, and this is particularly thru in
elderly patients. Thus, in patients with PAD there is a higher prevalence of hypertension [10]; among several possible mechanisms, the presence of associated renal
artery disease in many patients plays an important role.
When making up these figures, it is important to remember that the prevalence of
asymptomatic PAD is clearly higher than that of symptomatic PAD [7–9]. Remarkably,
as said above, at least half to two-thirds of individuals with PAD are asymptomatic or
have atypical limb exertional symptoms, especially in female patients; this will in any
way further increase the figures on prevalence published so far.

7.4

Changes of Ankle Pressure and of ABI with Treatment

Ankle-brachial pressure expressed as an index will not significantly change with the
treatment of arterial hypertension [7].
However, ankle pressure by itself is depending on the central blood pressure and
its changes besides the local hemodynamic conditions; as said above, it can change
in function of time with age, diabetes, etc. [9]. In all of these, the increase in stiffness of the arteries will increase the measured value of ankle pressure, while in
reality, local perfusion is not significantly altered; the higher value of ankle pressure
in such case is due to the lower compressibility of the arteries resulting in a false
higher number; this phenomenon, also seen at the brachial arteries but to a lesser
degree, can lead to very high figures of ankle pressure and consequently of ABI
what is most often encountered in diabetic patients. Real values can be obtained in
such cases by measurements at the toe by oscillography or pulse/volume recordings.
Because ABI in these conditions can become surprisingly high, the problem, in
most cases, is easily detected.
Much more misleading is when there is hardening of the arteries in patients with a
minor degree of obstruction in the arteries; this can increase the calculated index, for
example, from 0.8 to 1.1, and lead to a false “normal” value and in fact causing under
diagnosis or underestimation of an existing arterial stenosis. It is not well known how
frequently such a phenomenon misleads the physician in regular practice. Most likely,
it only plays a role in borderline cases. Other information, for example, coming from
palpation of the arteries, should help to correct such a “false normal” reading.
Another problem to be mentioned here is the situation of a severe stenosis in the
arterial tree of the lower limbs, in a patient with systemic hypertension; treatment of the
high blood pressure can in such condition bring the ankle perfusion pressure to lower
than 50 mmHg, what can lead to critical ischemia. This phenomenon needs to be
known by the physician and is by itself a good reason to measure ankle blood pressure
in every hypertensive patient, especially in elderly people and diabetic patients.
Finally, a significant improvement and even normalization of a low ABI due to
arterial stenosis is only realized by interventional treatment of the existing stenosis
by balloon dilatation (PTA) or by surgery. Therefore, measurement of ABI immediately after such interventions is an excellent tool to estimate the success of it and
also is most helpful in the further follow-up.
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7.5

Prognostic Value of ABI

Although, as said above, the prognostic value of the change in ABI is largely linked
to the local changes in the arterial circulation, several well-documented studies have
illustrated the long-term prognostic value of ABI as a single reading. There is a
surprising, well-fitting, and graded inverse correlation between the decrease in ABI
and the risk to develop a cardiovascular event (Fig. 7.1) [7–11]. Such correlation
holds true even after adjustment for the regular cardiovascular risk factors [11].
Statisticians have sometimes criticized the robustness of this correlation; still,
recently, its value was again clearly confirmed in a recent study on a large, wellcontrolled group of patients, followed over a long period of time [3].
Moreover, it was also shown that not only a low but also an elevated ABI (more
than 1.3) could predict a worsened prognosis [12]. The relationship between ABI and
cardiovascular events therefore is not rectilinear but rather U-shaped (see Fig. 7.1).
Such information is extremely useful in general but more especially during the
outpatient consultation at the cardiologist’s office [11]. It is fitting very well with
the present views as the actual approach and management of cardiovascular patients
largely is guided by the patient’s total cardiovascular risk [2]. PAD is carrying a
surprisingly elevated risk; at middle age, yearly mortality is around 5 % [10]. Such
impressive figure is further increased by the presence of other risk factors such as
hypertension and lipid disorders and by associated clinical conditions such as

ABI and cardiovascular risk
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Fig. 7.1 Inverse relationship of ABI and 5-year risk of developing cardiovascular events and
death. Schematic representation of information and data given in references [5–7, 10].
Cardiovascular risk increases when ABI moves from normal values to low and very low values.
Notice that risk also increases when ABI value is above normal (above 1.3)
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coronary artery disease; this holds true whatever the presentation as stable angina
pectoris or previous myocardial infarction. Finally, physicians should bear in mind
that PAD patients with no or atypical symptoms also carry this elevated risk; this
also explains why the risk of PAD often is strongly underestimated.
Conclusions

The prevalence of peripheral artery disease (PAD) is increased by hypertension.
Measurement of ankle pressure and calculating ankle-brachial blood pressure
index (ABI) is an excellent tool to diagnose the presence of peripheral arterial
disease and its severity. It also is very useful in the follow-up after vascular intervention like angioplasty with or without stent placement or vascular surgery.
However, it also provides the physician with an easy estimation of the existing
cardiovascular risk in a PAD patient. This totally noninvasive and cheap technique
has shown not only the large prevalence of PAD in the western population but
also, at the same time, the low detection rate of PAD and low awareness of the
medical community. Experts in hypertension and in vascular medicine should join
efforts to increase awareness toward this important clinical problem. Measurement
of ankle-brachial index is an excellent tool to help reaching this goal.
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Atherosclerosis and General Principles
of Arterial Imaging
Isabel Gonçalves, Nuno V. Dias, and Peter M. Nilsson

8.1

Early Stages of Atherosclerosis

The large arteries are frequent targets for disease development in patients with
hypertension. Atherosclerotic plaques develop along the years as focal thickenings
of the intima of the arterial wall. These thickenings are mainly present in the carotid,
iliac, femoral and coronary arteries as well as in the aorta. These thickenings consist
initially of lipid-rich macrophages and are often called fatty streaks. Fatty streaks
have mostly been assessed with ultrasound. In the early stage of the atherosclerotic
process, the intima and the media get thicker and can be seen with ultrasound as the
intima-media thickness.
The intima-media thickness (IMT) has been thoroughly studied and used in
numerous trials and related to a myriad of risk factors and interventions. IMT has
been considered one of the most common surrogate markers that predicts cardiovascular events [1]. However, the importance of the evaluation of change of IMT over
time and its biological meaning has been more controversial. Nevertheless, this
structure of the vessel wall has been easily measured, mostly non-invasively in
carotid or femoral arteries with ultrasound. The vessel wall thickness can actually
be measured by other techniques, as long as one can delineate the vessel wall layers,
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such as with magnetic resonance (MR) [2] or computed tomography (CT) [3]. It
may also be measured invasively with intravascular ultrasound (IVUS), but in that
case, the cheap cost, low risk and high comfort for the individual are lost.

8.2

Later Stages of Atherosclerosis

The early phase of the disease is, however, silent. What leads to clinical events such
as myocardial infarction or stroke is a much later phenomenon: thrombosis.
Thrombosis occurs when an atherosclerotic plaque ruptures or suffers surface
erosion, leading to platelet activation. The pathophysiology of the atherosclerosis is
complex and slow over many decades. Recently, we have shown in living humans
for the first time that turnover time of human plaque tissue is very long and may
explain why regression of atherosclerotic plaque size is difficult to attain [4].
So why do some plaques rupture and the others do not? The answer is unfortunately not known, but some of the characteristics of the plaques that are more prone to
rupture have been unveiled. These plaques that have higher risk for rupture - causing
events are often called vulnerable or high-risk plaques (VP) (Fig. 8.1). In 2003,
Naghavi et al. [5] summarized several of their characteristics:
1. Large inflammatory activity with agglomerates of macrophages. High macrophage content has been suggested with more than 25 cells per 0.3 mm diameter
of the plaque field [6].
2. Large lipid core, occupying more than 40 % of the total plaque volume, covered
by a thin fibrous cap [7]. In 95 % of the coronary plaque ruptures, the cap has
been thinner than 65 μm [8].

a

b

Fig. 8.1 Human carotid plaques stained histologically for neutral lipids (seen in red, Oil Red O).
(a) A stable plaque with a thick cap and low lipid content. (b) An unstable plaque, rich in lipids,
with thin cap and with luminal thrombi. Scale bars 500 μm (Courtesy of Dr. Andreas Edsfeldt)
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3. Superficial erosion with possible endothelial damage or dysfunction, leading to
increased attachment of inflammatory cells, deficient vasodilation and enhanced
platelet aggregation.
4. Fissured caps as lateral tears that lift a part of the intimal layer, exposing the
thrombogenic core. These may stand for 15 % of the acute coronary deaths [9].
5. High grade of stenosis. Even though most of the culprit lesions causing the
symptoms do not show a significant grade of stenosis, a high-grade stenosis is a
marker for advanced disease and for the presence of more plaques [10].
6. Calcified nodule located close to the lumen, as it is highly thrombogenic.
7. Intraplaque haemorrhage, often arising from friable neovessels that are quickly
formed as a response to the hypoxic and necrotic environment of the core. These
neovessels and haemorrhages are common in advanced plaques and are associated with the expansion of the core. Additionally, the erythrocyte debris increases
the oxidative burden and cholesterol crystal amount, further perpetuating inflammation [11]. Intraplaque haemorrhage has been considered an independent predictor for cardiovascular events [12].
8. Outward or positive remodelling, as the increase of size is towards the adventitia
of the vessel. It is an early sign of the disease, considering that only when more
than 40 % of the diameter is reduced does the lumen start to be affected by the
following negative remodelling [13]. Plaques with more inwards or negative
remodelling have more lipids and macrophages than those with positive
remodelling.
Besides these characteristics, there are certainly many more that have been tested
and are to be found. Nevertheless, it would be a major clinical gain if we could
detect at least some of these properties in plaques before they cause events. Several
approaches can be taken, using, for instance, circulating biomarkers, certainly a
cheaper approach, but demanding large amounts of individuals to be cost-effective,
or using imaging techniques, more expensive but potentially more specific, ideal for
subgroups of risk stratification.

8.3

How Can the Characteristics of the Vulnerable Plaques
Be Assessed?

We will focus initially on intravascular invasive methods and finally move on to the
three most common non-invasive methods used for plaque characterization:

8.3.1

Intravascular Ultrasound (IVUS), Optical Coherence
Tomography (OCT) and Near-Infrared Spectroscopy (NIRS)

IVUS uses a transducer on the end of a flexible, steerable catheter inside the arteries
allowing ultrasound of the vessels from the inside out. It is routinely used clinically
to delineate plaque morphology, lesion length and obstruction severity when
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coronary angiography and/or pressure data are ambiguous. Additionally, it may
help to guide percutaneous coronary interventions and detect in-stent restenosis.
IVUS allows the actual visualization of the plaques – which the angiography actually does not allow, as it is simply a lumenography.
The main pitfalls of IVUS are its invasiveness with its inherent risks, high costs
and being time-consuming and the fact that it demands particularly trained human
resources. Additionally, only a segment of the coronary tree is assessed at a time, and
there is no consensual direct evidence linking changes in the coronaries’ plaque and
clinical events. Studies to assess this would have to include large numbers of subjects
to be then followed up with a non-risk-free technique. Nevertheless, IVUS has been
widely used in smaller cohorts to test statin effects [14–16], as well as other therapies
[17], with particular focus on the volume and size of the atheroma [18, 19].
Deriving from IVUS, several applications have been developed from the different
manufacturers, such as virtual histology IVUS (Volcano Therapeutics), iMAP (Boston
Scientific), integrated backscatter IVUS and automated differential echogenicity.
Focusing again in plaque composition, tissue maps have been created that correspond to
four major components: fibrous (green), fibrofatty (light green), dense calcium (white)
and necrotic core (red) [20, 21]. Calcium appears as bright echoes with acoustic shadowing, as dense calcium obstructs the penetration of ultrasound. Therefore, IVUS
detects only the leading edge and not the thickness of the calcification. However, it is a
good technique to assess remodelling, both positive and negative. Thrombus, either
fresh or organized, is the ultimate pathological feature leading to acute events.
Unfortunately, none of the IVUS-based imaging modalities available can reliably identify thrombus as it varies largely in its aspect. Recently, there have been attempts to
create scores that would distinguish culprit lesions and plaques causing stable angina,
such as the Liverpool Active Plaque Score, which was based in a combination of plaque
characteristics, namely, core and calcium ratio, minimum lumen area, remodelling
index and thin-cap fibroatheroma [22].
More recently, the validation of some of these approaches has been questioned
[23], which together with the pitfalls mentioned above contributed to the partially
decreased interest in these approaches in many centres.
OCT is a fast-acquisition technique that has submicron resolution, at the expense
of reaching very small depths, such as 1–2 mm. It is based on an optical beam that is
directed at the tissue. A small part of this light reflects from features under the surface
and is collected back. The light is in the near-infrared range, not visible to the human
eye. No radiation is involved. Its major advantage is the very high resolution, ca ten
times better than IVUS. OCT does not allow visualization through blood so it has to
be flushed from the field of view, which in itself can cause complications. Just like
IVUS, it is an invasive, catheter-based technique, with the subsequent risks and cost.
In atherosclerosis, it became particularly popular to study the coronaries, providing images of the fibrous cap [24, 25], particularly if ruptured and for very detailed
assessment of stents [26]. OCT is quite good for assessing thrombus and even to
distinguish red (red blood cell-rich) thrombus from white (platelet-rich) thrombus
[26]. A thin cap and thrombosis are two important characteristics of VP. On the
other hand, other characteristics are more challenging to detect. Macrophages may
only be seen sometimes if in larger agglomerates. The lipid or necrotic core is a
signal-poor region within the plaque, with poorly delineated borders [25, 26].
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Potentially better to assess plaques with lipid-rich cores is NIRS. NIRS, as its name
reveals, is also an optical technique that uses the near-infrared region of the electromagnetic spectrum. NIRS is actually widely used to determine the chemical content of
substances. First tested in autopsies [27], NIRS could detect lipid pool, thin fibrous cap
and inflammatory cells in human aortic atherosclerotic plaques. Soon after, the catheter-based spectroscopy system was implemented further, using wavelengths that can
penetrate blood, fast enough to cope with cardiac motion. This system became particularly popular to identify lipid core coronary plaques in patients [28]. Results are usually
depicted as chemograms – coloured maps showing the probability of the presence of
lipid core plaques. Further studies are needed to establish the possible clinical role of
NIRS. Nevertheless, it is an invasive technique with its implicit risks and costs.

8.3.2

Ultrasound

Ultrasonography is based on the emission of ultrasound waves that have higher
frequency than 20 kHz (maximal frequency that can be heard by humans).
Ultrasounds generated by the transducer propagate through the tissues and, depending on the tissue composition, can be partly reflected in different structures. They
are then received back as vibratory mechanical energy, which is finally converted
into electric signals and presented as images on the screen. The different acoustic
impedance of tissues allows the detection of acoustic interfaces, allowing the definition of their echogenicity. The bigger the impedance differences between two tissues, the better the ultrasonographic discrimination between them. High emitted
frequency allows a better definition of the structures that are more superficial. With
ultrasound, distances can be quantified by measuring the time between transmission
and reception of the signal, as the velocity of propagation of ultrasound in soft tissue
can be considered constant (1,540 m/s) [29].
Ultrasonography, which is not intravascular, is a non-invasive method, without
known toxicity or radiation. It can be done quickly at the “bedside”, and it is cheap
when compared with other techniques. Moreover, it allows both functional and morphological evaluations of the whole vessel wall, in contrast to angiography where
only the lumen is outlined. It has become widely used as a standard diagnostic
modality for carotid stenosis evaluation. No technique is totally perfect, and carotid
ultrasonography may have limitations in discriminating subtotal from total occlusion in assessing plaques that have an acoustic shadow and in patients with short
neck, high carotid bifurcation or severe arterial kinking. Operator dependency has
been the most important limitation of ultrasonography.
Several subjective classifications for the ultrasonographic aspect of plaques have
been proposed along the years. Gray-Weale et al. [30] divided plaques in echolucent, predominantly echolucent, predominantly echogenic and echogenic ones,
inspiring other adaptations of this classification.
However, the need for objective criteria was more and more urged. Thus, standardization methods to process plaque images were created to overcome differences
in the evaluation of plaque echogenicity between the different equipments and
observers. One of the most used standardization methods was based on the greyscale
values of pixels in a scale of grey intensities (0 darkest and 255 brightest). They

86

I. Gonçalves et al.

*
Fig. 8.2 Human carotid plaque, longitudinal image, with B-mode ultrasound. The fibrous cap is
shown by the arrow. The white region marked with an * is calcified, causing a shadow cone

used the greyscale median (GSM) as a score of global echogenicity. The reference
values were the blood as 0 (the darkest structure in the image) and the adventitia as
190 (the brightest structure in the image). The whole plaque image outlined would
be processed by linear scaling, compressing the scale. Making the blood and adventitia of all the images have the same values allowed the comparison of different
plaques, assessed with different equipments, set-ups and observers. Intra- and
interobserver variabilities improved considerably [31].
Plaques with low GSM have been associated with higher incidence of cerebral
infarction [32, 33]. Gronholdt et al. [34] showed that echolucent plaques causing stenosis >50 % are associated with increased risk of stroke in symptomatic but not asymptomatic individuals. The association between echolucency and high risk for ipsilateral
symptoms has also been verified in other studies, though the influence of the degree of
stenosis was not always accepted [35, 36]. Whereas some suggested hypertension and
progressive lesions to be important additional determinants of risk [37], others proposed that echolucent plaques were associated with increased risk of neurological
events, even independently of degree of stenosis and cardiovascular risk factors [38].
Some other studies evaluated heterogeneity of the plaque image and found that
heterogenous and/or echolucent plaques are associated with higher risk of stroke [39–
44]. The ability of ultrasonography to study other characteristics that could be associated with the presence of symptoms has been intensively studied. The identification of
ulceration by ultrasonography in different studies showed large variation. Rubin et al.
[45], using ultrasonography, detected 93 % of the ulcerated lesion, whereas Comerota
et al. [46] argued that the possibility of detecting ulceration varied with different
degrees of stenosis, being particularly difficult in high-grade stenoses. Bassiouny
et al. [47] found that the proximity of plaque necrotic core to the lumen is associated
with clinical ischaemic events. Our group [48] showed that in heterogenous plaques,
juxtaluminal location of the echolucent region was associated with increased risk
(Fig. 8.2). On the contrary, in homogenous plaques, the absence of an echogenic cap
and disruption of the plaque surface correlated with symptoms. In an attempt to determine the relative importance of the ultrasonographic structural characteristic of the
plaques, besides GSM, an activity index was calculated. This activity index was

8

Atherosclerosis and General Principles of Arterial Imaging

87

associated with symptoms [49]. The parameters associated with the presence of ipsilateral symptoms were surface disruption, severe stenosis and low GSM and, in heterogenous plaques, the presence of a juxtaluminal echolucent area. Though all these
results are interesting, large-scale studies on different ultrasonographic aspects that
can reflect risk and on the natural history of the plaques are needed.
Although the association of echolucent plaques with higher neurological risk has
become accepted, no ultrasonographic characteristics have been associated with a
single type of symptom. The majority of the studies did not separate those end
points. TIA patients showed more hypoechoic carotid plaques with longitudinal
motion. The association between plaque radial and longitudinal motion and neurological events was demonstrated in other studies [50].
We [51, 52] and other groups [53–56] have characterized the composition of the
echolucent plaques by being richer in lipids, necrosis, haemorrhage and inflammatory
cells and poorer in calcification and fibrosis than the echogenic plaques. The presence
of neovessels in the plaque branches from the vasa vasorum, which may lead to intraplaque haemorrhage, may be seen with ultrasound, particularly if using contrast [57].

8.3.2.1 Effects of Drug Interventions
Besides the very common use in clinical trials of the intima-media thickness, plaque
ultrasound has also started to be used as a tool to monitor the effect of therapeutic
interventions, such as statins [58–60] and beta-blockers [61], or even risk for carotid
stenting [62]. Further studies on new algorithms for plaque characterization are
warranted and will be of great use in risk stratification and to follow up interventions in a cheap, non-invasive, contrast- and radiation-free approach in the future.

8.3.3

Computed Tomography (CT)

CT is a widely spread technique, available in most institutions, with a higher spatial
resolution than MR, freedom from flow-related artefacts and simple and fast acquisition, demanding less patient-dependent modifications. The newer machines with
multiple detectors and ECG triggering require very small timings of acquisition and
need only short injections of contrast.
CT major pitfalls besides radiation and contrast are metal artefacts and, which
concerns plaques in particular, calcifications. Calcifications, particularly if very
large, may provide blooming artefacts. Other issues that might hamper the quality
of the CT images are arrhythmias and fast heart rates, which motivate frequent use
of beta-blockers before the scan.
Coronary calcification increases with age and is considered a marker of atherosclerotic burden [63], even though it does not reflect the rupture risk of individual plaques.
There have been several approaches to quantify the calcium burden, but the one that
became more popular and used in the clinical routine is the Agatston calcium score [64] –
calculated by multiplying the lesion area by a weighted attenuation coefficient corresponding with the measured peak CT attenuation or by the volume and mass scores.
Nevertheless, it is now consensual in several position articles from the American
Heart Association that coronary artery calcium correlates with greater overall
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Fig. 8.3 Human coronary
plaque in the left anterior
descending artery, with a
non-calcified part (filled
arrow) and with a calcified
part (dashed arrow), assessed
with CT 64 detectors

severity of the atherosclerotic process and with the probability of coronary stenosis
somewhere within the coronary circulation. Simultaneously, higher calcium scores
are related to a higher overall risk for a future cardiac event. However, most interesting is the high negative predictive value for nonsignificant coronary disease of the
absence of coronary calcium [65]. This makes CT an excellent method to rule out
disease, particularly in patients with low to intermediate risk.
To evaluate the lumen as an angiography, CT is quite feasible, allowing good visualization of native vessels, coronary anomalies, chronic total occlusions, bypass grafts
and even stents particularly if larger (>3 mm) [66]. However, as mentioned above,
metallic clips and stent nets may cause artefacts creating interpretation difficulties.
CT may also be used for functional purposes, such as assessing the left ventricular function or even perfusion [67], but these aims can generally be obtained, at least
as well, with MRI or ultrasound with the beneficial aspect of no use of radiation.
More recently, it has become possible to assess the coronary flow reserve noninvasively with CT [68], which despite needing further validation is an extremely
promising approach for the future.
Using contrast, it is possible to see both calcified and non-calcified plaques in the
arterial tree (Fig. 8.3). More and more studies have tried to assess plaque composition with CT. Plaques in heart specimens with low densities consist mostly of lipids,
while those with high densities have more fibrous tissue [69]. Thrombus may look
like non-calcified lesions which may be a problem in the interpretation of plaque
composition [70]. Carotid plaque CT signal attenuation correlates with the amount
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of calcification histologically and not with the lipids or haemorrhage [71]. Calcium
scores in the carotids may represent an independent marker for luminal stenoses and
symptoms [72], with lower calcium content associated with a greater prevalence of
symptoms [73]. Hoffman et al. [74] showed that CT can detect non-invasively differences in lesion morphology and plaque composition between culprit lesions in
acute coronary syndrome and stable lesions. The culprit lesions giving rise to acute
coronary syndromes have larger areas, more remodelling and less calcified plaques
than the stable lesions. Another particularly interesting study conducted by
Motoyama et al. [75] demonstrated prospectively (follow-up of 27 months) that
patients with positively remodelled coronary segments with low-attenuation plaques
on CT angiography were at a higher risk for acute coronary syndrome.
A ringlike attenuation pattern of coronary plaques termed as napkin-ring sign
was described in the CT of patients who had acute coronary syndromes. This sign
was independently related to the size of the core and of the plaque and to the vessel
area, measured histologically in seven autopsy specimens [76]. This concept was
further reinforced by a recent longitudinal study [77] where the napkin-ring sign
could predict future acute coronary syndromes, independent of the presence of positive remodelling and obstructive or low-attenuation plaques.
Taken together, one can recognize several of the characteristics of the VP by
being now detected with CT.

8.3.4

Magnetic Resonance (MR)

MR has recently almost become the new gold standard for plaque composition,
even though it might overestimate the degree of stenosis. Several protocols in varied
field strengths and manufacturers have been implemented. For plaque characterization, dedicated coils have been developed.
The major pitfalls of MR are flow and motion artefacts as well as metal susceptibility artefacts. It is an expensive technique, both time-consuming and demanding
a good degree of technical expertise for plaque characterization using multiple
sequences. Many patients tend to feel claustrophobic and discomfort with the noise.
For MR, nephrotoxic contrast may be used, which makes it less attractive for renal
insufficiency or prior contrast reaction cases. Nevertheless, it may be slightly better
for renal insufficiency patients than CT.
MR differentiates plaque components on the basis of biophysical and biochemical parameters, such as chemical composition and concentration, water content,
physical state, molecular motion and diffusion. As it needs no ionizing radiation, it
can be repeated over time, which has made it very attractive for clinical intervention
trials where the imaging follow-up is of interest. Most of the in vivo studies have
used a multi-contrast approach, using different sequences, allowing the detection of
several components simultaneously.
In what concerns how MR can assess plaque composition, studies have been
blooming in the last decade, particularly in the carotid territory (Fig. 8.4), as it is
more accessible than the coronaries, but it has been tested at least for research
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Fig. 8.4 Human carotid plaque: (a) macroscopic image, (b) macrophage immune staining (CD68)
in dark red, (c) collagen staining (Masson) in green. The same plaque assessed in vivo with 3 T
MR (d) proton density-weighted, (e) T1-weighted and (f) T2-weighted images. The dark basal rim
(white arrow) corresponds to calcium marked with * in histology images. Fc fibrous cap

purposes in all of these arterial beds. MR allows the identification of fibrous caps
on carotid plaques, and their rupture has been related with recent stroke [78]. MR
identifies calcium, lipid core, haemorrhage and fibrotic tissue with high sensitivity
and specificity [79]. It has also been used to detect inflammation, correlating the
transfer of contrast into the extracellular space with macrophages and loose matrix
content [80]. Thrombus is a very important component related to plaque rupture
or erosion and is sometimes challenging to image. MR has been a good technique
to detect not only intraplaque haemorrhage but also juxtaluminal haemorrhage
and thrombus [81–83]. Differences between symptomatic and asymptomatic
plaques using MR have been found in the same patient [84]. As it is a very reproducible method, MR demands less patients in future clinical trials, being a promising technique to assess VP.
An interesting recent approach with MR has been the non-invasive measurement of temperature of the plaques in vivo, which may reflect plaque inflammatory activation [85]. The technical developments in MR are very fast and exciting
including new weightings, new external coils, spectroscopy, targeted molecular
imaging (using contrast agents linked to antibodies, peptides or iron oxide compounds, recombinant lipoproteins), higher fields of strength and wall stiffness,
just to name a few.
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Hybrid Techniques

In the last decades, the wish to combine modalities with good spatial resolution with
functional testing has led to the co-registration of images of CT or MR with positron
emission tomography (PET). PET detects gamma rays emitted indirectly by a positronemitting tracer, which is coupled to a biologically active molecule. Lots of molecules
could potentially be used, but the most common is fludeoxyglucose (18FDG), an analogue of glucose that is eagerly taken up by metabolically active tissue, in this case, the
VP. The VP is rich in inflammatory cells, namely, macrophages. The macrophage
uptake of glucose is high because of (a) their high basal glycolytic rate, (b) the further
increase in glucose uptake when they are activated and (c) the dependence on an external glucose source because of lack of glycogen storage. Several groups have now
shown that carotid plaque inflammation can be imaged with 18FDG-PET and that
unstable plaques accumulate more 18FDG than asymptomatic lesions [86, 87]. Even
though more challenging, this technique might even be feasible in the coronaries [88].
Some promising studies [89, 90] emphasize a role for CT-PET with 18FDG in the
identification of patients that have a higher risk for cardiovascular events.
The combined devices are more expensive as they are actually “two (machines)
in one”. The shorter the half-life of the radionuclides, used as tracers, the smaller the
radiation dose. On the other hand, the shorter the half-life of the tracers, the closer
one has to be to a cyclotron to prepare the tracer on time, which is a logistic and
economic burden. Despite CT-PET and MR-PET being non-invasive techniques,
their radiation dose is not negligible.
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and Large Arteries in the Lower
Extremity
Nuno V. Dias, Isabel Gonçalves, and Peter M. Nilsson

9.1

Introduction

Imaging of the aorta and lower extremity is highly dependent on the disease to be
studied, i.e. aneurysm, dissection or occlusive disease (peripheral artery disease,
PAD). Aortic aneurysm imaging has traditionally focused on the assessment of the
aneurysm size as a determinant of the rupture risk and, consequently, the indication
for elective aneurysm repair. The introduction of endovascular aneurysm repair
(EVAR) in the 1990s has led to the need of high-definition 3-D imaging. In these
cases, the imaging method of choice is currently contrast-enhanced CT scanning
with dedicated post-processing workstations that allow the planning of EVAR. Aortic
dissections pose the same imaging requirements as aneurysms, but dynamic information is also very useful. In PAD disease there is the need of obtaining imaging of
an extensive area of the peripheral arterial circulation, which poses technical challenges due to varying flow velocities caused by the disease itself.
This chapter will review the different imaging modalities available for imaging
of the aortic arch; the descending, thoraco-abdominal and abdominal aorta; and the
peripheral circulation in the aorto-iliac segment.
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Plain X-Ray

Plain X-ray was used for the diagnosis of aortic disease when no other methods
were available. It relies on indirect signs such as aortic wall calcifications and
changes in the mediastinal contour and demands always confirmation by the other
imaging methods. Their use has regained importance in the follow-up after EVAR
since it allows assessment of the integrity of the stent-graft skeleton, presence of
kinks and migration. Standardised X-ray acquisition protocols have been introduced
to optimise the evaluation of migration [1, 2], but this becomes unnecessary whenever CT is performed since the same information can be easily obtained from that
exam.

9.3

Ultrasound

Ultrasound is a non-invasive method that avoids ionising radiation, is inexpensive
and can be rapidly performed at the bedside. It has been the method of choice in
aneurysm screening programmes [3] especially in abdominal aortic aneurysms
(AAA). Ultrasound does not give the detailed anatomic information required for
EVAR and is, therefore, usually completed with other imaging methods in large
aneurysms requiring surgical treatment.
The sensitivity and specificity of ultrasound to diagnose and follow aneurysms
≥3 cm exceeds 90 % [4, 5]. However, there is a need for standardised measurement protocols and education to maintain the diagnostic value since ultrasound is
observer dependent [6–8]. Moreover, ultrasound underestimates slightly the aneurysm diameter when compared to computed tomography [9–11], but the reproducibility of ultrasound is very high which, combined with its non-invasiveness, makes
it the method of choice for the control of dilated aortas that do not reach surgical
indication. The frequency of the exams should increase with increasing aortic diameters [12].
Ultrasound can also be used for imaging of the ascending aorta. The inability to
perform ultrasound through airfields limits the use of the transthoracic approach in the
study of parts of the arch and descending aorta. For these segments, trans-oesophagic
ultrasound (TEE) can be used. TEE provides also higher-definition imaging of the
ascending aorta making it very useful when there are unclear findings in the ascending
aorta on other imaging methods (such as suspected localised type A dissections or
intramural haematoma). However, the higher invasiveness of TEE limits its use as a
first-line method, and therefore it has been mostly applied for the refinement of the
diagnosis or intraoperatively during endovascular repair of type B dissections.
Ultrasound is also increasingly used for the follow-up after EVAR of AAA with
different strategies. It has been proposed to be used focusing on diameter measurements with referral to contrast-enhanced CT scans whenever pathological findings
are suspected [13]. Other authors use duplex to identify possible endoleaks and flow
in target vessels [14, 15]. The diagnostic potential of endoleaks seems to be further
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potentiated by the use of contrast enhancement [16]. Moreover, ultrasound has also
been used to assess aneurysm pulsatility, especially in the follow-up after EVAR,
but the value of pulsatile wall motion seems to be limited [17, 18]. More recently
3-D ultrasound imaging has emerged as a promising technique for AAA imaging
[19, 20], being even suggested as a means of determining aortic wall strain through
speckle-tracking algorithms and finite element analysis [21, 22], and 3-D imaging
has also been integrated in robotic models that may have the potential of obtaining
imaging from the iliacs down to the popliteal arteries [23].
Ultrasound is widely used for the assessment of PAD. For this application,
duplex is very useful since the analysis of the waveform in the femoral artery provides a simple and fast way of excluding and identifying a significant aorto-iliac
disease [24–26]. The location, extent and frequent calcifications of the atherosclerotic plaques in the aorta and iliac arteries limit the high-quality ultrasonic analysis,
and little is known in this field. This has, however, been done in the femoral segment
where there seems to be parallel findings to the carotid arteries with echolucent
plaques being associated with higher risk [27, 28].

9.4

Intravascular Ultrasound (IVUS)

As previously described, IVUS relies on the use of an intraluminal high-frequency
ultrasound probe mounted on a catheter invasively placed at the point of interest.
The technique has been widely used in the coronary arteries with recent developments in the form of virtual histology [29, 30]. IVUS has, however, not gained the
same popularity in the PAD and aortic aneurysms mostly due to the costs involved,
the complexity of the technique compared and the limited benefit obtained. IVUSbased automated vessel analysis has been used in the preoperative assessment of the
sealing zones, but even these have not been widely accepted [31]. On the contrary
IVUS has shown some extra value during endovascular repair of type B dissections
extending into the abdominal aorta, where it allows a simple and contrast-free
assessment of the guide-wire position in the true lumen [32].

9.5

Computer Tomography (CT)

CT is based on the computer creation of 3-D imaging from 2-D X-ray data obtained
from rotation around an axis. Initial CT scans gave single axial imaging with poor
definition. The development of multidetector-row CT has increased the image resolution and the field of image and made the exam faster [33]. This allows the performance of CT scans also in the acute settings for the diagnosis of aneurysm rupture
when the patients are haemodynamically stable [34].
CT is the most commonly used method for the anatomic study of aortic aneurysms, while in occlusive disease, MR has been favoured due to its less dependency
on calcium artefacts and the reduced need of time-consuming imaging
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post-processing. In recent years, the use of dual-energy CT scanning with two X-ray
tubes scanning simultaneously at different energy levels (usually 80 and 140 kV)
has allowed CT scanning with less interference of calcium [35]. The remaining of
this subchapter will focus on aortic aneurysm imaging.
CT of the aorta is usually contrast enhanced, which is done by the peripheral
venous injection of a weight-adjusted dose of iodinated contrast medium followed
by a saline bolus injection. The scanning is triggered most often by the detection
of the contrast column passage at a region of interest (ROI) placed in the ascending
or aortic arch when the entire aorta is being studied or at the level of the diaphragm
if only the abdominal aorta is going to be studied. In patients with renal insufficiency, the dose of the nephrotoxic iodinated contrast may be reduced by the use of
intra-aortic injection through a transfemoral-placed catheter or low-dose CT protocols [36]. Non-contrast-enhanced CT of the aorta has had until recently limited
application being done for the diagnosis or follow-up of aneurysms when these
were nonaccessible by ultrasound. However, recent preliminary data suggest that
the CT texture analysis may reflect the metabolism and be related to aneurysm
expansion [37].

9.6

Preoperative Imaging

A preoperative assessment of the aorta should include contrast-enhanced scans in the
arterial phase with thin axial reconstructions (≤1 mm) from the skull base to the
lesser femoral trochanter. The imaging of the supra-aortic trunks and the circle of
Willis is important in deciding the need for revascularisation of the left subclavian
artery when the origin of this artery needs to be covered with a thoracic stent graft.
Moreover, CTs done for aortic pathology involving the ascending aorta and the arch
should be done with EKG-gated scans to avoid movement artefacts, which may also
allow triple rule-out diagnostic [38]. Retrospective EKG-gated CT scanning allows
also dynamic imaging of the aorta, identifying pulsatile changes in the thoracic and
abdominal aorta during the heart cycle [39, 40]. CT imaging with finite element
computational analysis has also been used in attempting the refinement of the rupture
risk assessment [41]. Another important advancement in recent years in aortic CT
imaging is post-processing of the contrast-enhanced images in dedicated workstations. This has become crucial for EVAR planning, especially in more advanced
procedures such as branched and fenestrated endografts. The workstation allows
simple and fast reconstructions of multiple MPRs (multi-planar reconstructions,
Fig. 9.1) and MIPs (maximum intensity projections) with free rotational ability at
different angles with assessment of different parts of the anatomy such as aortic
branch take-off [42]. Moreover, it enables centre line of flow (CLF) analysis with
length measurements and diameters on orthogonal reconstructions without the limitations caused by the tortuosity of the elongated arteries (Fig. 9.2). This is helpful in
deciding the length of the endografts [43] and the distance between target vessels in
complex cases. The accuracy of the CLF measurements is dependent on the way the
graft will follow the CLF upon deployment. This requires sometimes the correction
of the CLF in very tortuous cases.
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Fig. 9.1 Layout of post-processing of a contrast-enhanced CT with synchronised axial, 3-D rendering imaging, sagittal and coronal multi-planar reconstructions (clockwise)

Fig. 9.2 Post-processing of a contrast-enhanced CT scan of a patient with an aortic aneurysm.
A centre line of flow is obtained based on the contrast attenuation within the lumen of the aorta
(upper right). The workstation provides reconstructions orthogonal to the centre line of flow (bottom left) and allows length measurements along the centre line (upper left)
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Postoperative Imaging

As mentioned before, there has been a trend for replacing CT by ultrasound in the
follow-up after standard EVAR of AAA. However, CT is still the golden standard
for EVAR postoperative controls, especially in thoracic and more complex EVAR.
Postoperative CT aims at measuring aneurysm diameter and identifying endoleaks,
migrations, kinks and material fatigue. It should include plain, arterial phase and
delayed scans to allow the diagnosis type II endoleaks (from collaterals such as the
lumbar arteries) that could otherwise remain unnoticed [44]. Even during followup, low-dose and dual-energy CT can be used to reduce radiation, while maintaining the diagnostic outcome [36, 45–48]. Dual-energy CT is also able to produce
virtual non-contrast imaging which avoids one scan [49]. Post-processing workstations are also very useful in the follow-up after EVAR allowing the assessment of
stent-graft integrity and possible migration [50]. Of particular interest is the flythrough application with virtual angioscopy that provides detailed assessment of the
different branches and possible compression or kinking of stents [51]. Moreover,
workstations have different methods of measuring the aneurysm size besides the
axial diameter. Orthogonal diameters and aneurysm volume seem to increase accuracy in the identification of changes in aneurysm size [11, 52, 53] but demand timeconsuming post-processing.

9.8

Magnetic Resonance Imaging (MR)

MR is still used less frequently than CT in the study of aortic aneurysms due to its
cost, lower availability and longer time required for scanning. It is however a method
widely used for the PAD since it is less susceptible to calcium artefacts and allows
imaging of long segments without the same dependency on the varying perfusion as
CT (Fig. 9.3) [54, 55]. MR uses magnetic fields and takes advantage of the different
relaxation times of the different tissues. Gadolinium contrast agents are commonly
used to shorten the T1 (longitudinal) relaxation time and thereby enhance the contrast and shorten the examination time [56]. This contrast agent is also nephrotoxic,
but the doses needed for MR angiography are usually below the toxicity levels [57].
On the contrary, gadolinium-based contrast agents have been associated with nephrogenic systemic fibrosis (NSF) in patients with renal insufficiency, and they should
be avoided in patients with advanced renal insufficiency [58]. The risks seem nevertheless to be small and should be weighed against the clinical indication for the
MR [59]. Unenhanced MR is an upcoming imaging modality that has shown promising results in EVAR planning and diagnosis of PAD [60–64]. This technique may
become important in the future for patients with renal insufficiency.
MR angiography images are most commonly analysed as MIP since they are
similar to the conventional digital subtraction angiography, i.e. they depict only the
lumen. They are nevertheless sensitive to reconstruction artefacts and the raw
images should therefore be available. Moreover, raw images enable the identification of the presence of aneurysms and dissections and the measurement of the arterial diameters. Raw images may also identify pathology surrounding the aorta such
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Fig. 9.3 Anterior projections of maximal intensity projections (MIP) of MR angiography for the
diagnostic workup of PAD. (a) Aorto-iliac arteries without significant stenosis. (b) Right-sided
external iliac stenosis as opposed to the rest of the aorto-iliac segment that is open without significant stenosis. (c) Occluded external iliac artery and significant stenosis in the common femoral
artery on the right side. On the left side, there is a distal stenosis of the external iliac artery.
(d) Femoro-popliteal arteries without significant stenosis bilaterally. (e) Bilateral multi-segmental
stenosis of the superficial femoral arteries. (f) Short occlusion of the left distal superficial femoral
artery as opposed the remaining femoro-popliteal arteries

as inflammatory reactions. MR angiography images can also be post-processed in a
similar way as described for CT, enabling detailed morphological analysis and planning of EVAR [65]. MR has also good diagnostic accuracy in the follow-up after
EVAR, especially for the identification of type II endoleaks [66–68], in particular
when blood-pool contrast agents are used [69, 70]. However, MR use is limited
when endografts made of stainless steel or having ferromagnetic markers are used
since these cause signal void [71]. Dynamic MR has also shown promising diagnostic possibilities in aortic aneurysms [39, 72–75] and dissections, including assessment of flow dynamics and its implications in future aneurysmatic dilatation of the
aorta [76, 77] and false lumen thrombosis after endovascular treatment of aortic
dissections [78]. Another interesting application of MR imaging is the identification
of areas of increased biological activity in the aneurysm wall by the use of ultrasmall
superparamagnetic iron oxide contrast agents (USPIO) that are taken up by macrophages [79–82]. These applications together with the possibility of performing
MR-guided endovascular procedures can lead to an increased role of MR aortic
imaging in the future [83, 84].
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Digital Subtraction Angiography (DSA)

Angiography is the golden standard for the assessment of PAD but is inappropriate for the evaluation of aneurysms since it outlines only the arterial lumen and
is insensitive to the aneurysm diameter, especially if the aneurysm is partially
affected by thrombosis or the wall is not heavily calcified. DSA was used in the
past to complete the preoperative diagnosis of aortic aneurysms concerning the
concomitant presence of PAD in the access vessels and aortic branches, to
exclude anatomic variations before open surgical repair or to assist in length
measurement before EVAR. This has become obsolete with the advent of 3-D
dedicated workstations with rapid and detailed volume rendering of CT and MR
imaging [85, 86].
Angiography is therefore currently used during endovascular therapeutic procedures. DSA usually requires iodine intra-arterial contrast. This is nephrotoxic as
discussed above and modern angiographic equipment allow radiation adjustments
in order to be able to limit the amount of contrast used [87]. Moreover, carbon
dioxide can also be used as a contrast medium but has limited application when
imaging arteries with dorsal origin and should be avoided above the diaphragm
[88, 89].

9.10

Rotation Angiography, Cone Beam CT and Fusion

Modern angiographic equipment with flat digital panels has usually the capability
of obtaining high-definition volume-rendering imaging. This may be a digitally
subtracted rotational angiography that can be used as overlay reference into the
fluoroscopy but has limited diagnostic advantages when compared to the highdefinition non-invasive methods described above. The other volume-rendering
imaging that can be used is a cone beam CT (CB-CT), which has high spatial resolution, but the acquisition volume is limited by the size of the flat detector and
centred in its iso-centre. For these reasons, CB-CT is mainly used intraoperatively
and has shown good preliminary results in preoperative anatomic evaluation [90–
92] and assessment of the final result [92].
Another technical advancement available in modern angiographic systems is the
fusion of the preoperative volume-rendering imaging (usually CT) with the intraoperative fluoroscopy. This is achieved by matching the position of the bony structures
on the preoperative CT and intraoperatively. The angiographic software can then
use the preoperative CT angiography as an overlay reference in the fluoroscopy
screen (Fig. 9.4). The initial results of the application of this technique in EVAR are
very promising [93–95], and other applications are being developed with similar
outcome [96]. Attention should nevertheless be paid to the potential deviation of the
anatomy by the stiff wires and introducers in the aorta and movements related to
breathing, heart cycle and posture [97]. There is very recent data on the possibility
of gating preoperative MR data, which may allow the overcoming movement deviations [98].

9

Imaging and Ageing of the Aorta and Large Arteries in the Lower Extremity

a

d

b

e

105

c

f

Fig. 9.4 Overlay fusion: (a) rudimentary cone beam CT without contrast obtained with the intraoperative angiographic equipment. (b) Superimposed cone beam CT (whitish shadow within the
small circle) on the preoperative high-definition contrast-enhanced CT scan. (c) Superimposed
bony reconstructions of the intra- and preoperative CT scans. There is a slight misalignment of the
bony structures that will be corrected by the registration process. (d) Transparent 3-D reconstruction of the aortic lumen from the preoperative CT scan superimposed in the intraoperative fluoroscopy. The visceral arteries and the positions of interest in the aorta have been marked with colour
rings. (e) Live overlay of the preoperative 3-D information on the intraoperative fluoroscopy. The
3-D volume has been taken away leaving only the rings marking the positions of interest from the
preoperative CT (visceral arteries). (f) Example of catheterisation of the renal arteries using only
the fusion rings as landmarks and without the need of intraoperative iodine contrast

9.11

Integrated Positron Emission Tomography
and Computed Tomography (PET-CT) or Magnetic
(MR-PET)

Positron emission tomography (PET) uses fluorine-18 fluorodeoxyglucose (FDG)
that is taken up by metabolically active cells such as macrophages in the arterial
wall [96, 97] emitting positron and gamma rays upon disintegration that are detected
by the camera. CT (and more recently even MR) scanners can be integrated with
PET providing, therefore, combined imaging with morphological and functional
information. The experiences with PET-CT in pre- and postoperative imaging of

106

N.V. Dias et al.

aortic aneurysms have been contradictory, and further studies are needed [99–106].
More recent animal studies have shown promising results with the use of PET tracers targeting other components such as integrin, but the value is also awaiting more
studies [107].

9.12

Ageing of Arteries: The Role of Arterial Stiffness

Arterial ageing is a process that spans from normal ageing [108] to pathological
ageing and the changes described related to atherosclerosis.
In recent years, the interest has increased in arterial stiffness and the underlying
arteriosclerosis, as a precursor to the more well-known and well-studied atherosclerosis, with its pathology influenced by genetics, high LDL-cholesterol levels,
smoking, hypertension, inflammation and overt type 2 diabetes [109]. In many
cases, it is believed that early life programming may cause a susceptibility for this
increased tendency for arterial stiffening as well as other aspects of vascular tree,
for example, the development of capillaries and the microcirculation. As this process is also related to ageing, it has been proposed that a process of early vascular
ageing (EVA) is an early sign of arteriosclerosis (in the media) but linked also to
early changes in the endothelial function (intima), haemodynamic changes and the
influence of abnormal glucose metabolism and increased inflammation [110–112].
The difference between the concept of arterial ageing and EVA is that the latter also
encompasses the smaller arteriolae and the microcirculation, based on the crosstalk between the macro- and microcirculation [112]. EVA is now being extensively
studied in different population-based cohorts, both in Europe and in Latin America,
but still no general definition has been agreed upon. One way to define EVA could
be to use the outliers according to the normal range of c-f PWV, i.e. above the two
standard deviations (SD) of the normal distribution of c-f PWV in the European
reference group [113]. Another way to describe EVA is based on statistical methods
when arterial stiffness (c-f PWV), a central aspect of EVA, is used as the dependent
variable in multiple regression analyses and a number of risk markers are used as
independent variables, based on data from population-based studies. As the influence of haemodynamic changes and sympathetic nervous system (SNS) stimulation
on the arterial tone is substantial, the data are normally adjusted for mean arterial
pressure (MAP) and heart rate (HR), the latter as a marker of SNS activity. Such
investigations in a population-based study in Malmo, Sweden, have revealed that
markers of glucose metabolism and dyslipidaemia (elevated triglycerides, low HDLcholesterol levels), as well as waist circumference (a marker of active abdominal fat
tissue with inflammatory action), are significantly associated with arterial stiffness,
but not LDL cholesterol, smoking or cystatin C, a marker of impaired renal function [114]. The findings thus point to different clusters of cardiovascular risk factors
involved in development of arteriosclerosis and atherosclerosis, respectively.
Still there is a need to better define EVA in different age groups but also in relation to gender and ethnicity, as well as based on genetic studies for improved classification [115]. Some would argue that EVA is just a construct to cover one example
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of target organ damage (arterial stiffness) in subjects at high cardiovascular or metabolic risk, and primarily influenced by haemodynamic changes and blood pressure
levels. However, the modern genetics of hypertension and blood pressure regulation, based on a global study, could not show any marker on chromosome 13 [116],
but exactly on this chromosome, a genetic locus (for the COL4A1 gene, involved in
collagen metabolism) was found for arterial stiffness in a study from Sardinia, Italy,
with independent replication in another American cohort [117]. This shows that
even if arterial stiffness (and EVA) is strongly influenced by the blood pressure load
(MAP), HR and SNS activity, there could even exist some other important components (collagen protein synthesis, structure) and vascular risk factors (hyperglycaemia, dyslipidaemia, inflammation) independent of blood pressure regulation. If
true, this opens up new possibilities to target these mechanisms of protein/collagen
synthesis with new drugs to reduce arterial stiffness.
So far it has been shown that a prolonged control of hypertension will reverse
early changes and have a long-term beneficial influence on arterial stiffness with
decreasing c-f PWV levels over time, beyond the blood pressure control itself [118].
However, an ongoing randomised controlled study in France (SPARTE) aims to
compare a treatment strategy for reduction of arterial stiffness (c-f PWV) by different means, including drugs that specifically influence the renin-angiotensin system,
and another treatment strategy (control) to go for implementation of control of the
conventional risk factors including blood pressure, as suggested in guidelines [119].
SPARTE is supposed to continue for still a number of years until a sufficient number
of cardiovascular endpoints have accumulated to show potential differences in outcomes between the treatment arms. Recruitment is ongoing.
As increased c-f PWV has been documented to be an independent risk marker
for future cardiovascular events and total mortality in recent meta-analyses [120,
121], there is a need to target it with multiple risk factor control, aiming for c-f PWV
<10 m/s that is the current threshold for increased risk [122].
In summary, the knowledge about morphological changes (imaging) and physiological changes (imaging and haemodynamics) in the arterial wall will make it
possible to better understand the double process of arteriosclerosis and atherosclerosis leading to cardiovascular disease manifestations. Current medical and surgical
therapies will be expanded in the future for better control of these pathological
processes and even for the control of arterial ageing.
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10.1

Introduction

The microcirculation represents the district of the vascular bed in which the major
part of energy dissipation in order to overcome resistance occurs; it includes small
arteries (diameter ranging from 100 to 300 μm), arterioles (diameter less than
100 μm) and the capillary network (diameter around 7 μm) [1] (Fig. 10.1). Small
arteries probably contribute for about 30–50 % of pre-capillary blood pressure drop,
while an additional 30 % drop occurs at the arteriolar level (50–100 μm) with a
distribution of resistance that varies among different vascular beds and between
species [2]. Figure 10.1 represents a typical but generic example of blood pressure
drop in the vascular system, since pressure-diameter curves might differ in various
tissues/organs.
In the different forms of experimental hypertension, an increased resistance to
flow was actually observed at the microcirculatory level [3]. Structural, mechanical
and functional changes in small vessels may determine a reduction of the internal
lumen and, therefore, an increase in vascular resistance. This may directly induce an
increase of systemic blood pressure. There is general agreement on the fact that
essential hypertension is associated with the presence of structural alterations in the
microcirculation [1–5]. An increase in the vascular wall thickness, together with a
reduction in the internal diameter, may play a major role in the increased peripheral
resistance, being also a possible adaptive mechanism to the increased blood pressure load.
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Fig. 10.1 Blood pressure drop in the vascular bed, from large, conductance arteries to veins
(Redrawn from Ref. [1]). MAP mean arterial pressure, VP venous pressure

The mechanisms underlying the development of microvascular structural alterations are only partially elucidated [6–9]. However, if we recognise that structural
alterations might have hemodynamic consequences, then their evaluation represents
an important target, also in terms of cardiovascular risk stratification [8, 10].

10.2

Methods of Evaluation of Vascular Structural
Alterations

The methods for the evaluation of microvascular structural alterations available in
humans are relatively few (Table 10.1).
Histological approaches are charged with substantial pitfalls, due to the artefacts
introduced by fixation, staining and dehydration with possible coarctation of the
samples [1] (Table 10.1).
The methodological approach that has the widest application is represented by
the wire or pressure micromyography that allows a reliable evaluation of structural
changes within the vascular wall and of functional aspects as well (Table 10.1).
Wire micromyography (Fig. 10.2) was developed by Mulvany and Halpern [11,
12] in the 1970s, and it was subsequently applied to vascular segments (mesenteric,
cerebral, coronary, renal, femoral, etc.) obtained from several animal models of
hypertension. Interestingly enough, the wire micromyography technique was also
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Table 10.1 Advantages and disadvantages of the commonly used techniques for assessment of
functional and remodelling of small arteries
Technique
Histology

Advantage
Easy to analyse; sample can be stored;
inexpensive

Plethysmography

Easy access; inexpensive; evaluation of
minimum vascular resistance in the
forearm; drug challenge

Wire and pressure
micromyography

Well-standardised technique, evaluation
of vascular morphology and function;
evaluation of parameters with
prognostic significance (media to lumen
ratio) with high sensibility, specificity
and accuracy; reliable and reproducible
functional data (better evaluation with
pressure micromyography) and
morphological data (more precise with
wire micromyography)
Non-invasive; easy access to vascular
district; correlates with parameters
obtained with micromyography

Scanning laser
Doppler flowmetry
(retinal district)

Disadvantage
Microinvasive; artefacts
introduced by fixation, staining
and dehydration; possible
coarctation of the samples
Challenging to have good
performance; need for
standardisation, personnel
training and setup
Microinvasive; well-trained
personnel; bias related to
mechanical damage of the
vessel

Not extensively used; further
validation and standardisation
of the technique needed

used for the evaluation of morphology and function of small arteries obtained from
biopsies of the subcutaneous tissue from the gluteal or anterior abdominal region, in
normotensive subjects as well as in hypertensive patients [13, 14].
For this technique, small artery segments, diameter ranging from 100 to 300 μm,
few millimetres long are obtained by dissection and made free of periadventitial fat
tissue. Then the vessels are cannulated with stainless steel wires (40 micron of
diameter), resulting in a ring preparation that is mounted on a micromyograph. A
mechanical stretch may be applied through a micrometric screw while a force transducer records the passive tension developed, or the vessel may be maintained to a
constant stretch and stimulated to contract by adding various substances to the organ
bath, such as norepinephrine, potassium, serotonin, etc., thus allowing the measurements of the active tension developed. It is mandatory that the vessel is not damaged
during dissection, cannulation and mounting procedures, inasmuch even minimum
damage to the vessel’s wall may translate into alterations in the contractile responses
and in errors in the morphological evaluations as well.
Subsequently, the vessel, in a relaxed condition, is transferred on the stage of an
immersion lens microscope, and through a micrometric ocular (magnitude about
600×), the total wall thickness as well as the relative thicknesses of the adventitia,
media and intima tunica and the internal diameter are evaluated. Also cross-sectional
areas and volumes may be calculated, together with the thicknesses of the different
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Fig. 10.2 Wire micromyography: drawing (a) and photo of subcutaneous small resistance arteries
mounted on a wire micromyograph as a ring preparation (Mulvany’s technique) (b, c). (c) Small
artery of a normotensive subject. (b) Small artery of a hypertensive patient; the internal lumen is
smaller and the media thickness slightly greater. The arrow indicates the boundary between the
tunica media and the tunica adventitia. Vertical black areas: stainless steel wires used for
cannulation

tunicae in normalised conditions; that is to say these thicknesses would be present
in vivo with the vessels distended by a transmural pressure slightly less than
100 mmHg. It is therefore possible to obtain reliable and reproducible morphological data, overcoming many of the limitations related to histomorphological
approaches [1].
The most relevant and useful parameter obtained with micromyographic
approaches is represented by the tunica media to internal lumen ratio, since it
appears independent from the vessel’s dimensions [15, 16].
On the contrary, media thickness and internal diameters are obviously dependent
on the dimensions of the vascular segment [15]; therefore comparisons between
such parameters examined in different experiments may be problematic in the
absence of a rigorous selection of the sampling site, which is not feasible in humans
and sometimes difficult also in experimental animals.
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Possibly, small mesenteric arteries of the rats represent the vascular district
where it is possible to obtain vascular segments from anatomically well-defined
positions: here the branching pattern allows an easy identification of small arteries
of 1st, 2nd, 3rd and 4th level, until they enter the intestinal wall as arterioles with
diameters of around 80 μm.
A possible alternative to the wire micromyography is represented by perfusionpressure micromyography (Fig. 10.3). With this approach, isolated vessels are
mounted in a pressurised myograph chamber and slipped into two glass microcannulae, connected to a perfusion system that allows a constant intraluminal pressure
of 60 mmHg [17]. Morphology of the vessels is evaluated by computer-assisted
video analysers. In a previous study, no difference was observed between wire or
pressure micromyography in terms of morphological evaluations, provided that the
vessels are analysed in comparable conditions [15, 18–20]. Vessels may be analysed
at constant pressure or constant flow. It is likely that, when compared with wire
micromyography, pressure micromyography allows a better evaluation of functional responses, while the precision of the morphological assessment could be
slightly lower [15].
In a group of normotensive subjects and hypertensive patients, a close correlation between media to lumen ratio of subcutaneous small arteries, measured by wire
micromyography, and forearm minimum vascular resistance, measured by plethysmography [14], was observed (see dedicated chapter). Thus, although the two methods seem to possess different characteristics (a direct, invasive in vitro ex vivo
approach and an indirect, non-invasive in vivo technique), results obtained are in
reasonable agreement. In summary, micromyographic in vitro studies have the
advantage to allow a precise and accurate measurement of morphological features
of small vessels, without the fixation artefacts related to histological studies, but
have also the limitation of the relative invasiveness of the procedure. In fact, dissection and mounting of the single vessel on the pressure or wire micromyograph
require the availability of adequate tissue (in humans usually obtained during a
surgical procedure or by a biopsy of the subcutaneous fat tissue) [13, 14]. These
subcutaneous or skin biopsies are small, ethically acceptable interventions which
are tolerated well by patients and have been employed already for some time to
study the structure of small arteries from hypertensive patients [18]. Biopsies of the
gluteal region have been performed in two essentially equivalent ways [18]. After
local anaesthesia has been administered, the classical way to perform these biopsies
is to obtain a segment of skin from the upper external quadrant together with subcutaneous fat (Fig. 10.4). This allows vessels to be visualised from the inside of the
skin, isolated from the subcutis as well as from the underlying subcutaneous fat
[18]. An advantage is that the vessel diameter can be grossly evaluated and essentially equivalent vessels may be isolated from different patients, facilitating comparison of parameters since the arteries obtained are from essentially the same level
of the vasculature. Another technique, used by Schiffrin and coll. [18], is simply to
cut a horizontal incision 1 cm in length in the upper external gluteal quadrant. The
superficial subcutaneous tissue and immediately underlying fat are excised carefully with a scalpel. No skin is removed, facilitating repeat procedures and rendering the intervention a smaller, less invasive and better tolerated one, with very little
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Fig. 10.3 Pressure micromyography: drawing (a) and image of a mounted vessel during measurement of vessel wall thickness (b)

residual discomfort and practically no opportunity for complication [18]. A disadvantage of this approach is that it is not known whether exactly comparable vessels
have been dissected [18].
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Fig. 10.4 Biopsy of subcutaneous fat obtained from the gluteal region: surgical approach

In summary, no method of evaluation of microvascular structure is ideal under
all aspects (see also chapters on capillaroscopy and other methodological
approaches). As previously mentioned, in contrast to animal studies, in which
vessels can be chosen from equivalent levels of the vascular tree, in humans studies using subcutaneous biopsies, arteries may be sampled at slightly different
levels of the vasculature [15]. This results in dissection of vessels showing random variations in external and luminal diameters, which challenges a reliable
comparison of these parameters. However, if the measurement is restricted to the
ratio between wall thickness and lumen (or media thickness/lumen), there is general agreement that the ratio is increased in hypertension, and this is the best
available index of small resistance artery structure, being, in large part, as previously mentioned, independent from the vessels’ dimensions [15, 18], highly
reproducible and stable; it presents little drift over time, allowing reliable comparisons within subjects and between subjects [15, 18, 21]. Therefore, the wire
or pressure micromyographic measurement of the media to lumen ratio is presently considered, due to sensitivity, specificity and accuracy, the gold standard
for the evaluation of structural alterations of small resistance arteries in humans
[18, 22, 23] (Table 10.1).
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Vascular Structural Alterations as Evaluated by
Micromyography, Organ Damage and Prognosis

An important consequence of the presence of an increased media to lumen ratio
may be an impairment of vasodilator reserve. In fact, remodelling of small resistance arteries is characterised by a narrowing of the lumen, which leads to an
increase of flow resistance even at full dilatation, i.e. in the absence of vascular tone.
A significant correlation between coronary flow reserve and subcutaneous small
resistance artery remodelling has been detected in hypertensive patients [24], suggesting that structural alterations in small resistance arteries may be present at the
same time in different vascular districts, thus reflecting even clinically more important alterations in other vascular beds, including the coronary circulation. Therefore,
alterations in the microcirculation may play an important role in the development of
organ damage in hypertension.
The extent of structural alterations in subcutaneous small resistance arteries is
particularly pronounced in hypertensive patients with type 2 diabetes mellitus [25]
or obesity [17, 26, 27]. In particular, the administration of a selective angiotensin
receptor blocker, in addition to other antihypertensive medications, results in an
improvement of resistance artery remodelling in diabetic hypertensive patients but
not in a full normalisation [28].
It seems therefore that the association of several cardiovascular risk factors may
have a synergistic, deleterious effect on the microcirculation. Until a decade ago, no
direct demonstration of a prognostic role of microvascular structural alterations,
independently of blood pressure values, was available.
In a population of 150 normotensive subjects and hypertensive patients, some of
them with concomitant diabetes mellitus, an assessment of subcutaneous small artery
morphology by wire micromyography was performed [29]. The subjects were subdivided according to the presence of a media to lumen ratio of small arteries greater or
smaller than the mean and median value observed in the whole population. After an
average follow-up time of 6 years, a significant difference in event-free survival was
observed between the subgroups, being the incidence of cardiovascular events greater
in patients with greater media to lumen ratio. In fact, Cox’s proportional hazard
model, considering all known cardiovascular risk factors, indicated that only pulse
pressure and media to lumen ratio were significantly associated to the occurrence of
cardiovascular events [29]. These results strongly indicate a relevant prognostic significance of small resistance artery structural alterations in a high-risk population.
The results were confirmed in a larger population at lower global cardiovascular
risk (more than 300 subjects and patients) [30], and similar data were also obtained
by Mathiassen and coll. in a population of essential hypertensive patients [31].
More recently, Buus et al. [32] have demonstrated a prognostic role of changes
of small resistance artery structure during antihypertensive treatment. This demonstration of the prognostic role of changes in microvascular structure during treatment, independently of the extent of blood pressure reduction, could substantially
support the idea to consider microvascular structure as an intermediate end point in
the evaluation of the benefits of antihypertensive treatment [32, 33].
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Hypertension causes alterations in vascular structure and function. Structural
changes in small arterioles can be diverged to two different patterns: first eutrophic
remodeling characterized by a rearrangement of the smooth muscle cells around a
narrowed lumen but without growth response (meaning that media cross-sectional
area remains unchanged) and second hypertrophic remodeling, a growth response
with increment of media cross-sectional area observed in patients with long-standing
and/or severe hypertension [1]. Regardless of the pattern, both are characterized by
an increased wall-to-lumen ratio (WLR).
The analysis of retinal vessels offers the exceptional opportunity to assess
directly and noninvasively human microvasculature in vivo. In the last years several
methods have been introduced for the assessment of retinal changes. Since this book
is proposed as a practical approach guiding the reader in the assessment, the focus
is on the most established methods, namely, funduscopy and scanning laser Doppler
flowmetry (SLDF).

11.1

Assessment of the Retinal Arterioles

For a long time, direct ophthalmoscopic examination using the traditional fourgrade classification system with increasing severity (Table 11.1, Fig. 11.1) introduced by Keith, Wagener, and Barker [1], modified by Scheie [3], was regarded as
part of standard evaluation of patients suffering from hypertension [4]. Nowadays,
its clinical usefulness in current clinical practice has been questioned due to its
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Table 11.1 Keith-Wagener-Barker classification
Grade
1
2
3
4

Features
Mild generalized retinal arteriolar narrowing
Definite focal narrowing and arteriovenous nipping
Signs of grade 2 retinopathy plus retinal hemorrhages, exudates, and cotton wool spots
Severe grade 3 retinopathy plus papilledema

Fig. 11.1 Funduscopic changes (e.g., cotton wool) (Republished from Ott and Schmieder [2])

unreliable reproducibility [5], and hence routine funduscopic examination is no longer recommended [6]. Reliable assessment was only shown for advanced alterations
like hemorrhages and exudates referring to at least grade 3 [7].

11.1.1 Funduscopy
In the last decade several approaches have been developed, assessing more sensitive and quantitative alterations of retinal microvascular changes. Although protocols may differ in some minor points, the principles are similar. According to
standardized protocols, one (e.g., 45°) nonstereoscopic color retinal photograph
centered between the optic disk and the macula and approximately two disk diameters nasal to the optic disk has to be done in a darkened room. Hence, due to dark
adaption, mydriatic agents are no longer necessary. However, in some studies (e.g.,
Rotterdam Study), pharmacological mydriasis was routinely done. For quantitative assessment of retinal vessels, the photographs have to be converted to digital
pictures and analyzed by specific imaging software, e.g., the “Interactive Vessels
Analysis” (IVAN) (University of Wisconsin, Madison, WI, USA). This software
analysis provides semiautomated measurement of retinal arterioles and venules.
Using formulas (e.g., Parr and Spears [8] or Knudtson et al. [9]), a single “central
retinal artery equivalent (CRAE)” and a “central retinal vein equivalent (CRVE)”
are calculated. Subsequently, arteriole-to-venule ratio (AVR) can be computed; for
details see Hubbard et al. [10]. However, by this method, it is not possible to evaluate the retinal vascular wall thickness or vessel diameter directly.
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11.1.2 Scanning Laser Doppler Flowmetry
SLDF, introduced by our study group about 10 years ago, allows the dynamic
assessment of both functional (i.e., vascular tone) and structural parameters (i.e.,
wall and lumen diameter). In brief, SLDF is performed in the juxtapapillary area of
the right eye, 2–3 mm temporal superior of the optic nerve at 670 nm (Heidelberg
Retina Flowmeter, Heidelberg Engineering, Germany). A retinal sample of
2.56 × 0.64 × 0.30 nm is scanned within 2 s (at least one full systolic and one diastolic phase) and measured every 10 μm of this specific length of the retinal arteriole
(80–140 μm). The confocal technique of the device ensures that only capillary flow
of the superficial layer of 300 μm is measured. No pupil dilation is necessary (i.e.,
no constriction of patient daily routine) [11].
For assessment of functional parameters, mean retinal capillary flow (RCF) is
assessed in the area of interest, and for further dynamic analysis, non pharmacological and pharmacological tools can be applied. Flicker light increases RCF at least in
part via a nitric oxide (NO)-dependent mechanism and represents a non pharmacological tool to investigate vasodilatory capacity of retinal arterioles. It is noteworthy
to mention that flicker light exposure has no effects on systemic blood pressure
(BP), thereby minimizing potential systemic hemodynamic influences on
RCF. Moreover, basal NO activity can be assessed by administration of the NO
synthase inhibitor NG-monomethyl-l-arginine (l-NMMA).
For assessment of structural parameters, the outer arteriole diameter (AD) is
measured by reflection images, and the lumen diameter (LD) is measured by perfusion images. From the raw parameters, wall thickness (WT, [AD−LD]/2), WLR
([AD−LD]/LD) (Fig. 11.2), and wall cross-sectional area (WCSA, п/4 × [AD2–
LD2]) can be calculated.
Importantly, also individual pulsatile pattern of functional (RCF) and structural
(e.g., WT) parameters of retinal arterioles in systole and diastole can be reliably
assessed (Fig. 11.2).
All analyses are performed offline with automatic full-field perfusion imaging analysis (AFFPIA) (SLDF Version 4.0 by Welzenbach with improved resolution) [11].

11.2

Prevalence and Incidence (General Population,
Hypertension)

11.2.1 Funduscopy
Several population-based studies have provided data on prevalence of retinal signs
using standardized funduscopic photographs in the general population, partly with
subsequent categorization according to (among others) hypertension status. In general, retinal signs are common in people aged 40 years or older, even in those without arterial hypertension. However, these findings can only be respected with
caution, since different definitions of arterial hypertension have been used.
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Fig. 11.2 Scanning laser Doppler flowmetry (SLDF) (Republished from Ott and Schmieder [2]).
(a) Differentiation between retinal arteriole and venule (SLDF live image before measurement).
(b) Scanned area – reflection image. (c) Scanned area – perfusion image. (d) Scanned area – corrected and analyzed flow image. (e) Pulse curve run as mean retinal capillary flow (RCF) and time
plot. (f) Localization of systolic and diastolic RCF on the image (d). (g) Localization of systolic
and diastolic RCF on the image (c). (h) Calculation of wall-to-lumen ratio

Moreover, the reported prevalence of retinal signs depends also largely on the
assessed parameter, e.g., retinopathy per se, AV nicking, or focal/generalized arteriolar narrowing (for details see Table 11.2).
In the Cardiovascular Health Study (CHS) (aged ≥65 years), 16.6 % (men
19.7 %; women 14.3 %) of normotensive participants and 25.4 % (men 30.0 %;
women 23.0 %) of hypertensive patients (defined as BP ≥140/90 mmHg or history
of hypertension with use of antihypertensive drugs) were reported to have generalized arteriolar narrowing (defined as the lowest twentieth percentile of AVR). In
contrast, retinopathy was by far less frequently documented in this study, i.e., in
5.6 % (men 4.7 %; women 6.3 %) of normotensive participants and in 10.4 % (men
7.5 %; women 11.9 %) of hypertensive patients [16]. Confirmatory results were
found in the Beijing study (aged ≥ 40 years), which also used the accepted criteria
of hypertension (BP ≥140/90 mmHg or history of hypertension with use of antihypertensive drugs) [19]. Moreover, in the former study another important point was
found, namely, differences in the prevalence of retinal signs according gender [16].
Other influencing factors are age and ethnicity. In the Blue Mountains Eye Study
(BMES) [14] and the Atherosclerosis Risk in Communities (ARIC) Study [20], the
prevalence of retinopathy increased with advancing age, whereas in the CHS only
some retinal signs revealed an age-dependent relationship [16]. Regarding ethnicity,
an enhanced prevalence of retinopathy was suggested in Afro-Caribbeans compared
to Europeans, but in this study the use of standardized protocols was not clearly
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BP definition
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4.7/7.5 (men)
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6.7/15.0 (women)
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6.0/9.6 (women)
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Table 11.2 Prevalence/incidence of retinal signs in normotensive and hypertensive populations using funduscopy
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outlined [12]. In the ARIC study higher prevalence of retinopathy has been documented in blacks compared to whites [17]; however this difference was largely
explained by the severity of hypertension.
Much less data are available addressing the frequency of new retinal signs. In the
Beaver Dam Eye Study (BDES), the 5-year incidence of focal arteriolar narrowing
was 7.7 % and of retinopathy 4.6 %, respectively, in normotensive (BP
<160/95 mmHg) participants. Both incidences were about doubled in hypertensive
patients [13]. In contrast, in the BMES the 5-year incidence for retinopathy was
numerically higher in normotensive (BP <140/90 mmHg) subjects (8.2 %) but not
clearly increased in hypertensive subjects (10.4 %) [15]. On the other hand, there is
good evidence from several epidemiological studies that retinal alterations (i.e.,
generalized arteriolar narrowing) precedes the development of hypertension
(Table 11.3), as a preclinical marker of hypertension.

11.2.2 Scanning Laser Doppler Flowmetry
Large epidemiological studies addressing prevalence and incidence of functional
and structural microvascular alterations assessed with SLDF are lacking. Regarding
RCF, similar values were found in young hypertensive patients compared to normotensive controls, which was confirmed by findings of an unaltered RCF between
middle-aged patients with and without hypertension [49, 50]. Moreover, mean RCF
was found to be similar in patients with hypertension stage 1–2 compared to patients
with advanced stage of hypertensive disease, e.g., patients with treatment-resistant
hypertension (TRH). However, by analyzing the individual pulsatile pattern of RCF
in latter both groups, we were able to demonstrate a different pattern. RCF in systole
was higher, whereas RCF in diastole was lower, and hence an exaggerated pulsed
RCF (difference in RCF between systole and diastole) in patients with TRH was
observed compared to patients with hypertension stage 1–2 [51].
Regarding structural parameters, small (monocentric) studies point toward similar
findings as seen with funduscopy, namely, an increment of retinal alterations (e.g.,
WLR) with increased BP [52]. Moreover, a pooled analysis comprising ≥500 patients
suggests an increased WLR with aging (Schmieder RE, Ott C, unpublished data).
Prevalence and incidence rates of retinal alterations assessed by SLDF are difficult to
describe since no thresholds values for the parameters are yet established.

11.3

Change with Treatment (Criteria for Significant Change,
Incidence During Treatment)

11.3.1 Funduscopy
It was repeatedly shown that initiating effective antihypertensive therapy resulted in
disappearance of severe (grade III and IV) hypertensive retinopathy [53, 54]. In a
case report of a 34-year-old woman with a short history of hypertension, headache,

Beaver Dam Eye Study
(BDES)

Study
Atherosclerosis Risk in
Communities (ARIC)
Study

[29]
[30]

White

[27]
[28]

USA

White, black

[26]

Ethnicity
White, black

(Only) black

Country
USA

Ref.
[21]
[22]
[23]
[24]
[25]

2004
2007

2003
2003

2010

Year
1999
2001
2002
2004
2008

2,451
4,926

1,611
4,926

10,496

Sample
size
9,300
10,358
9,648
5,628
1,439

Retinal
vascular
AVR ↓
AVR ↓
AVR ↓
AVR ↓
CRAE ↓
AVR ↓
CRAE ↓
CRVE ↑
AVR ↓
CRAE ↓
AVR ↓
AVR ↓
CRAE ↓
CRVE ↑

Finding
Past and current blood pressure
Incident stroke
Incident CHD, acute MI (only in women)
Incident hypertension
Left ventricular hypertrophy
Left ventricular hypertrophy
Incident lacunar stroke
Incident lacunar stroke
CV mortality (43–74 years)
Current blood pressure
Current blood pressure
Incident hypertension
CHD death
CHD death
(continued)

Table 11.3 Large-scale, population-based studies (in alphabetical order) assessing associations between retinal vascular caliber (based on retinal photography) and blood pressure, target-organ damage, and cardiovascular risk (in chronological order)

11 Damage of Retinal Arterioles in Hypertension
133

Multi-Ethnic Study of
Atherosclerosis, (MESA)

Cardiovascular Health
Study (CHS)

[39]

2011

2006
2009

White,
Hispanics, black,
Chinese

[37]
[38]

USA

2006

[36]

2002

White, black

[35]

USA

2006

[34]

2003

2004

White

Year

[33]

Australia

Ethnicity

2004

[31]

Blue Mountains Eye
Study (BMES)

Country

[32]

Ref.

Study

Table 11.3 (continued)

4,594

5,979
2,583

1,992

2,405

3,654

1,319

2,335

3,654

Sample
size
Finding

Current blood pressure
Current blood pressure
Current blood pressure
Past and current systolic/diastolic blood pressure
Past diastolic and current systolic/diastolic blood pressure
Incident severe hypertension
Incident severe hypertension
CHD death (men and women, 49–75 years)
CHD death (women, 49–75 years)
CHD death (women, 49–75 years)
Past and current blood pressure
Current blood pressure
Incident CHD
Incident CHD and stroke
Incident CHD
Current blood pressure
Incident hypertension
Incident hypertension
Incident CKD stage 3 (only whites)

Retinal
vascular
CRAE ↓
CRVE ↓
AVR ↓
CRAE ↓
AVR ↓
CRAE ↓
AVR ↓
CRVE ↑
CRAE ↓
AVR ↓
CRAE ↓
AVR ↓
CRAE ↓
CRVE ↑
AVR ↓
CRAE ↓
CRAE ↓
CRVE ↑
CRAE ↓
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Australia

[47]
[48]
White, Chinese,
and others

Chinese, Malay,
Indian

Singapore

2009
2007

2008
2009
2009

Malay

Singapore

[44]
[45]
[46]

2006
2010

2004

[42]
[43]

White

2006

Netherlands

[41]

[40]

3,602
1,572

3,019
2,581
3,749

5,540
5,518

1,900

5,674

CRAE ↓
CRAE ↓
CRAE ↓
CRVE ↑
AVR ↓
CRAE ↓
CRAE ↓

CRAE ↓
CRVE ↓
AVR ↓
CRAE ↓
CRVE ↓
AVR ↓
CRVE ↑
CRVE ↑
Current blood pressure
Current blood pressure
Current blood pressure
Incident hypertension
Incident hypertension
Incident hypertension
Incident stroke, cerebral infarction
Incident stroke, cerebral infarction, intracerebral
hemorrhage
Current blood pressure
Prevalent CKD and micro-/macroalbuminuria
Current blood pressure
Current blood pressure
Current blood pressure
Prevalent CKD
Current blood pressure

Republished from Ott and Schmieder [2]
AVR arteriole-to-venule ratio, ratio of the summary indexes of the averaged arteriolar and venular width, CRAE central retinal artery equivalent, summary index
of the averaged arteriolar width, CRVE central retinal vein equivalent, summary index of the averaged venular width

Sydney Childhood Eye
Study

Singapore Prospective
Study Program (SP2)

Singapore Malay Eye
Study (SiMES)

Rotterdam Study
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and blurred vision, all indicative of malignant hypertension (her BP was
240/150 mmHg), funduscopic examination found swelling of the optic disk, widespread hemorrhages, and soft and hard exudates, consistent with grade IV or malignant hypertensive retinopathy, respectively. Antihypertensive treatment was
initiated, and 10 months follow-up revealed a good BP control (110/70 mmHg). In
accordance, funduscopy demonstrated an improvement of hypertensive retinopathy
[55]. In a small cohort (n = 28), comprising previously untreated men with hypertension stage 1–2, scored (0–4) funduscopic changes were evaluated before and after
26 weeks of treatment with enalapril or hydrochlorothiazide, respectively. Both
treatments resulted in a significant BP reduction but numerically higher after enalapril (−14.3 vs. −7.1 mmHg) compared to hydrochlorothiazide without reaching significant difference. Treatment with enalapril reduced numerically but nonsignificantly
the frequency of arteriolar narrowing and arteriovenous crossing, whereas no
changes were seen after treatment with hydrochlorothiazide [56].
Whether these observed changes are associated with improved cardiovascular
(CV) and cerebrovascular prognosis remains to be determined. Indirect evidence
comes from epidemiological studies. For example, in the BMES prevalence of hemorrhages and/or microaneurysm was comparable between normotensive and controlled (BP <160/95 mmHg) hypertensive men but not in women [14]. A subsequent
sub-analysis of BMES revealed that prevalence of focal arteriolar narrowing was
similar between normotensive (4.6 %) and controlled (BP <160/95 mmHg) hypertensive subjects (6.5 %), whereas its prevalence was more than doubled in treated
uncontrolled (14.5 %) and untreated (15.3 %) hypertensive patients. In contrast,
generalized arteriolar narrowing (narrowest quintile of AVR) was similarly prevalent in treated and controlled (22.0 %), treated and uncontrolled (22.5 %), and
untreated hypertensive (27.2 %) patients but significantly greater compared to normotensive subjects (17.0 %) [57].
Thus, in contrast to data on improvement or even disappearance of qualitative
hypertensive retinal abnormalities (e.g., papilledema, exudates), data are much less
clear for quantitative retinal signs (e.g., arteriolar narrowing). On the other hand,
generalized retinal arteriolar narrowing and AV nicking appear to be (irreversible)
markers of mild to moderate hypertension, related not only to current and past BP
levels but to cerebrovascular diseases as well [58].

11.3.2 Scanning Laser Doppler Flowmetry
Again data are limited with SLDF compared to funduscopy and are based on small
studies only. Data with SLDF revealed that endothelial function (basal NO activity)
was impaired in young hypertensive patients and improved after treatment with the
angiotensin receptor blocker (ARB) candesartan [49], whereas no improvement was
demonstrated in elderly hypertensive men after treatment with ARB valsartan [59].
Whether this discrepancy is related to the different ARB, different duration of therapy, or a potential irreversibility of vascular changes in the elderly patients is subject
of ongoing investigations. Moreover, we were able to demonstrate that vasodilatory
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capacity (magnitude of vasodilation to flicker light) was lower in untreated hypertensive patients compared to normotensive controls, and systolic BP was inversely
related to the percent increase of RCF due to flicker light exposure, independently
of other CV risk factors [60]. Another study of our group suggests that BP and
hence pulse pressure (PP) changes have an impact on pulsed RCF. In hypertensive
patients with TRH, we observed a decrease of systolic and pulsed RCF 6 and 12
months after renal denervation (RDN), in parallel to decreases of BP and heart rate
(HR). The reduction of pulsed RCF after RDN transfers into less shear stress on the
vascular wall and, thereby, suggests an improvement of retinal (and potentially
cerebral) microcirculation [61].
In a cross-sectional study, we observed that in treated hypertensive patients with
BP control <140/90 mmHg, WLR was at the same level as observed in normotensive subjects but significantly lower than in treated hypertensive subjects with BP
>140/90 mmHg [62]. Previously, two small prospective studies assessed the effect
of antihypertensive treatment on retinal structural parameters using SLDF. In one
study, hypertensive patients with non-insulin-dependent diabetes mellitus were
treated with either aliskiren (n = 9) or ramipril (n = 7) for one year. To achieve equivalent BP control, open-label hydrochlorothiazide could be added, and hence only
one patient in each group had BP ≥140/90 mmHg. Both treatment regimes resulted
in a significant regression of retinal WLR after 1-year treatment without a difference between the groups [63]. In a second small unblinded study, hypertensive
patients were treated with lercanidipine for 4 weeks and thereafter randomized to
additional antihypertensive therapy with either enalapril (n = 10) or hydrochlorothiazide (n = 10) for 24 weeks. There was an improvement of WLR already after 4
weeks of treatment with lercanidipine alone, and only enalapril on top further
reduced WLR (but not hydrochlorothiazide) [64]. Of note, both studies had small
sample sizes, and surprisingly high values of WLR (>0.5) at baseline were reported.
The reduction of WLR of about 50 % in both studies is very high in comparison to
changes observed after treatment in analyses relying on the assessment in vascular
remodeling of subcutaneous small arteries [65]. In a double-blind randomized study
comprising in total of 40 patients with mild to moderate hypertension, treatment
with manidipine or amlodipine for 4 weeks resulted not in any significant changes
in WLR compared to baseline values (Ott et al., unpublished data). Overall data are
sparse, and to clarify the effects of various antihypertensive agents on reversal of
WLR, multicenter double-blind randomized studies with large number of patients
are required.

11.4

Prognostic Value of Change

11.4.1 Funduscopy
No data are available whether treatment-induced regression of retinal alterations is
related with reduction of other target-organ damages (e.g., left ventricular hypertrophy) or incident CV outcomes. So far, only epidemiological studies uniformly
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found that qualitative retinal signs of hypertensive retinopathy are related with incidence of CV disease. In accordance, quantitative retinal vascular caliber was associated with BP, target-organ damage, and CV disease (Table 11.2). Cross-sectional
studies also indicated that the prevalence in retinal signs differs between normotensive, treated and controlled, treated and uncontrolled, and never-treated hypertensive patients. Thus, in addition to our pathophysiological understanding of vascular
remodeling and its consequences, there seems to be a strong rationale that treatmentinduced changes may also result in an improved CV outcome.

11.4.2 Scanning Laser Doppler Flowmetry
No prospective study analyzing the effects of treatment changes of retinal alterations assessed by SLDF, and hence its prognostic significance, is available. Again,
at least indirect evidence exists that is based on findings of media-to-lumen ratio of
subcutaneous small arterioles (measured with a myograph ex vivo) and crosssectional studies.
In an Italian study (n = 126) with an averaged follow-up of 5.4 years including
both patients with primary and secondary hypertension (e.g., pheochromocytoma)
as well as normotensive subjects, an increment of subcutaneous media-to-lumen
ratio was predictive of a diminished event-free survival [66]. Subsequent analysis,
with an increased study population (n = 303) and a mean follow-up of 6.9 years,
revealed that increased media-to-lumen ratio was of prognostic significance with
regard to adverse CV and cerebrovascular outcome [67]. Accordingly, a Danish
study comprising 159 patients with primary hypertension and moderate CV risk
reported that media-to-lumen ratio was an independent predictor for the incidence
of CV outcome even after adjustment of the Heart Score level over the follow-up
of 4.6 years [68]. Recently, it was shown in a long-term follow-up survey (comprising 124 hypertensive patients) that after 9–12 months of antihypertensive treatment, SBP was reduced from 164 ± 15 to 134 ± 14 mmHg, which was accompanied
by an regression of media-to-lumen ratio of subcutaneous small arteries
(0.084 ± 0.03 vs. 0.075 ± 0.02, p < 0.01). Importantly, in the subsequent follow-up
period of 15 years, the extent of the reduction in the media-to-lumen ratio of subcutaneous small arteries was demonstrated to be an independent predictor of CV
events [69].
The relevance of these data on subcutaneous small arteries for retinal arteriolar
changes comes from the nowadays recognized concept that changes seen in the
small subcutaneous small arterioles are reflecting alterations seen also in other vascular beds. Indeed, Rizzoni et al. have previously demonstrated that WLR assessed
by SLDF (retinal arterioles in vivo) and media-to-lumen ratio measured with myograph (subcutaneous small arteries taken from a biopsy) showed close correlation in
hypertensive subjects (r = 0.80, p < 0.001), suggesting that SLDF may provide similar information about microcirculation alterations compared to subcutaneous small
arteries [68].
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Capillaroscopy
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Enrico Agabiti Rosei, Carolina De Ciuceis,
and Damiano Rizzoni

Capillaroscopy or intravital videomicroscopy is a noninvasive imaging technique
that is used for in vivo assessment of the microcirculation [1] providing a 2-D projection of a 3-D capillary network. It generates high-contrast images, videotapes, or
photographs of skin capillaries by means of television, video, and/or informatic
systems. It allows the assessment of capillary morphology and capillary density
(traditional capillaroscopy), capillary flow velocity (dynamic capillaroscopy), and
capillary red cell column width [2]. It can also be employed in combination with
sophisticated methods in order to measure red blood cell velocity, capillary pressure
(i.e., cannulated capillaries using micropipettes and micropressure devices) [2, 3],
and transcapillary diffusion (capillary permeability) in combination with intravenous administration of fluorescent dyes, such as sodium fluorescein or indocyanine
green (fluorescence videomicroscopy or fluorescence angiography) in order to evaluate the heterogeneity of capillary flow distribution or to disclose structures that
cannot be seen with traditional capillaroscopy (such as capillary aneurisms) [2],
thus allowing comprehensive physiological and pharmacological studies in humans.

12.1

How to Perform

Capillaroscopy is often applied to the nail fold area of the fingers, where the capillaries run parallel to the skin surface and can be evaluated in their entire architecture; different microscope design may be used to study other areas of the body,
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including lips, tongue, and mouth [4]. Depending on the underlying investigated
area, the capillaries will appear as black (or red in color imaging systems) dots
(if they are perpendicular to the surface), lines (if the capillaries are lying on an
oblique surface), or both. Red blood cells look black in capillaroscopy as the emission spectrum of the mercury lamp is similar to the absorption spectrum of hemoglobin (i.e., 370–450 nm) [2].
Capillaroscopy can be performed with various optical instruments, and it needs
the correct magnification lens (usually from 40× to 300×) to enable wide or narrow
field views. In clinical practice, skin capillaries are generally observed through an
incident light microscope or videocapillaroscopic microcamera [5] (Fig. 12.1).
Immersion oil is needed for better visibility of the capillaries. Once captured,
images can be post-processed to enhance quality, quantitatively analyzed to calculate loop size and density, printed in a patient report, and archived.
It is performed at room temperature after 15–20 min of acclimatization of the
patient in a sitting position on both hands from the second to the fifth finger [5]. The
best examination conditions are usually found on the fourth finger. The nail folds at
the toes can also be studied, albeit it does not provide equivalent diagnostic information compared to the other fingers [4].
From a structural point of view, the most interesting parameter to be analyzed by
capillaroscopy is capillary density. Capillary density is defined as the number of
capillaries per unit of skin area. It is measured recording images from the capillary
microscope and counting the capillaries in a known skin area.

12.2

Clinical Application of Capillaroscopy

Capillaroscopy is conceptually a simple technique, but nevertheless it can provide
valuable diagnostic information in the clinical microvascular setting. Indeed, capillaries play a critical role in cardiovascular function being responsible for nutrients
and waste products exchange between the tissues and circulation [2]. Understanding
their structure and physiology in health and disease is therefore very important.
The physiologic pattern of finger capillaries consists of homogeneous distribution
of hairpin-like, parallel capillary loops with a mean length of 200–300 μm and a
density of 9–14 capillaries/mm (average 10) [5]. However, capillaroscopic pattern in

Fig. 12.1 Representative
image of videocapillaroscope
(Courtesy of DS Medica)
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healthy subjects is characterized by a great inter- and intra-variability of findings
[5, 6]. Irregularity in their capillary morphology and lower loop density than in adults
have been observed in children, whereas old adults can progressively develop mild,
nonspecific morphological changes including tortuosity and microaneurysms [7].
The main clinical application of capillaroscopy is in the rheumatologic field
where it is of outstanding importance in patients with Raynaud’s phenomenon and
connective tissue diseases as well as in the early diagnosis and monitoring of systemic sclerosis. Systemic sclerosis is a multi-organ disease characterized by tissue
fibrosis and immune/microvascular abnormalities. The most specific finding in this
pathological condition is the so-called scleroderma pattern, characterized by the
presence of dilated capillaries, hemorrhages, avascular areas, and neoangiogenesis [8]. In particular, the presence of giant capillaries and micro-hemorrhages on nail
fold capillaries is sufficient to identify the “early” scleroderma pattern, and an
increase in these features along with the progressive loss of capillaries (active pattern) is followed by neoangiogenesis, fibrosis, and “desertification” (late pattern) [5].
These different stages reflect the development of the disease processes and correlate
with visceral involvement [9, 10]. In addition, capillaroscopy has been suggested to
possess prognostic value in evaluation of the risk of developing systemic sclerosis in
patients with Raynaud’s phenomenon or digital ulcers in patients with systemic
sclerosis [11].
Significant microangiopathy is also often present in patients with dermatomyositis, Sjogren’s syndrome, systemic lupus erythematosus, and undifferentiated connective tissue disease, albeit the changes observed are often not specific [11].
Apart from rheumatologic diseases, changes in nail fold capillary morphology,
including microaneurysms, apical dilatations, branching, and hemorrhagic extravasations, may be detected also in diabetes mellitus. The presence of a dilatation at the
apex of loops is quite commonly observed in diabetes, but these changes do not
seem to be related to disease duration [11].
Nonspecific nail fold microangiopathy has been also identified in several other
conditions such as glaucoma, wound healing, including venous ulcer healing and
critical limb ischemia [11].
In essential hypertension, many abnormalities are known to occur in the capillary
circulation. These include capillary hypertension, increased looping, increased
transcapillary filtration, and reduced capillary density [12–15]. Particularly,
decreased capillary density, or rarefaction, is a consistent finding in patients with
essential hypertension [15–18].

12.3

Microvascular Rarefaction in Hypertension

Vascular rarefaction may be defined either as a functional rarefaction, when the
vessels are temporarily not perfused or “recruited,” or an anatomical rarefaction,
when vessels are actually missing. Many studies have reported microvascular rarefaction in some, but not all vascular beds in hypertensive animals; data available
for humans are relatively scanty. A reduction of arteriolar (vessels smaller than
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100 μm) and capillary number in skeletal muscle and other vascular beds of
spontaneously hypertensive rats has been observed, together with a rarefaction of
small vessels in the cremasteric muscle of renal hypertensive rats [19, 20]. A reduction of arteriolar and capillary density in conjunctival microcirculation of hypertensive patients has been also detected by direct visualization in vivo [14]. Similarly,
a 20 % reduction of capillary density in the nail fold capillaries using capillary
microscopy was observed [16].
Using the same technique, Antonios and other groups [15, 21–23] have demonstrated the presence of capillary rarefaction in the skin of fingers of patients with
essential hypertension or borderline hypertension and also of normotensive offspring of patients with essential hypertension, suggesting that structural rarefaction
seems to be due to a primary abnormality that antedates the onset of sustained
hypertension, rather than being secondary to the elevation of blood pressure.
From a pathophysiological point of view, microvascular rarefaction increases
peripheral vascular resistance, thereby increasing blood pressure and aggravating
blood pressure-related target organ damage [24]. Indeed, not only the diameter of
individual vessels but also the absolute number of perfused vessels contributes to
total vascular resistance. A rarefaction of about 42 % of third order arterioles would
increase tissue flow resistance by 21 % [25]. Moreover, a reduction in the microvascular network may decrease tissue perfusion [26] inducing a nonuniform distribution of microvascular flow among exchange vessels [25] and alterations of skeletal
muscle perfusion and metabolism (i.e., oxygen uptake and insulin-mediated glucose
uptake) [27].
In the last decades, direct intravital videomicroscopy has been widely used to
investigate whether capillary rarefaction in essential hypertension is caused by a
structural (anatomic) absence of capillaries or by functional non-perfusion secondary to severe vasoconstriction upstream [15]. As the visualization of capillaries, without using specific dyes, depends on the presence of red blood cells
inside, standard capillaroscopy cannot directly show capillaries that are not perfused at resting conditions. Indeed, different methods have been assessed, such
as venous congestion and postocclusive reactive hyperemia, in order to maximize the number of visible perfused capillaries during intravital capillary microscopy [15, 17, 28, 29].
In venous congestion, a miniature blood pressure cuff is applied to the base of
the fourth finger of the nondominant hand, and the cuff is then inflated and maintained at 60 mmHg for 2 min. The consequent increase in venous back pressure
allows to passively open up, and therefore to visualize, non-perfused and intermittently perfused capillaries. In reactive hyperemia, arterial blood flow in the forearm and hand is stopped for 3 min by inflating a sphygmomanometer cuff applied
to the upper arm at 200 mmHg. The cuff is then deflated abruptly, and subsequent
capillaroscopic images are obtained continuously usually for 15 s (up to 2 min).
Differently from venous congestion, reactive hyperemia induces a vasodilator
response possibly mediated by both myogenic and/or local chemical factors [30,
31]. Therefore, capillary density during venous congestion depends mainly on the
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anatomic number of capillaries [15, 29], whereas postocclusive reactive hyperemia
may detect functional recruitment of initially non-perfused capillaries (microvascular reactivity) [28, 29, 32], thus reflecting both functional and structural factors
[33]. In particular, it has been suggested [15, 23] that venous congestion allows to
visualize a greater number of capillaries compared to postocclusive reactive
hyperemia, making this technique probably the best method to maximize capillary number [29].
A reduction of capillary density at rest and after venous congestion [15] has
been shown in hypertensive patients suggesting that much of the reduction in capillary density in these patients is due to the structural (anatomical) absence of capillaries, rather than to functional non-perfusion. However, no differences in capillary
density at rest between normotensive and hypertensive subjects have been observed
in other studies [17, 28]. In addition, hypertensive patients, as compared to normotensive subjects, show a decreased capillary recruitment after arterial occlusion
[28] albeit this is not confirmed by all the studies [17]. Discrepancy of findings
from different studies may be possibly due by the different definitions of capillary
density in the resting condition and during postocclusive reactive hyperemia
(capillary recruitment) depending on different periods for acquisition of images
used in these studies [33].
Importantly, structural capillary rarefaction in the nail fold may suggest a generalized microvascular abnormality that may play a role in the pathogenesis of cardiovascular diseases. Indeed, patients with anginal chest pain and normal coronary
arteriograms have significantly lower skin capillary density both at baseline and
after maximization with venous congestion than matched healthy volunteers, independently on the presence of hypertension [34]. Accordingly, Pedrinelli and other
groups [35–38] have demonstrated a significant higher minimal forearm vascular
resistance during maximal postischemic vasodilation in patients with syndrome X
compared to controls, indicating structural vasodilatory abnormalities. However,
the pathophysiological importance of capillary rarefaction in these patients remains
still unknown since a similar reduction of capillary density is present also in asymptomatic hypertensive patients.
Interestingly, also obese subjects show structural and functional alterations in
skin microcirculation that are proportional to the degree of global and central obesity [39]. In addition, in obese subjects with metabolic syndrome, the cutaneous
capillaries at rest are already maximally recruited, indicating an absence of functional capillary reserve. This may be related to the insulin resistance observed in
obese individuals with metabolic syndrome [39]. Recently, the presence of microvascular rarefaction has been also detected in obese patients with or without concomitant increase of blood pressure values [40].
It is not presently known whether capillary rarefaction may possess a prognostic
significance. Since a preliminary study suggests that microvascular rarefaction
might be correlated with media/lumen ratio of small arteries [41], it is also possible
that vascular changes at a more distal level might contribute to the higher incidence
of cardiovascular events observed in hypertensive and/or diabetic patients.
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13.1

Plethysmography

The evaluation of minimum vascular resistance in the forearm with a plethysmographic technique is one of the earliest methods employed for the assessment of the
microcirculation. Maximum postischemic flow is indeed correlated with the ratio
between wall thickness and internal lumen in resistance arterioles [1]. For such an
evaluation, it is therefore mandatory that the vascular district investigated is at a real
maximum vasodilatation. In humans, this may be obtained by a combination of
ischemia, muscular effort and, possibly, heat. It is not possible to obtain maximal
flow with pharmacological approaches, such as the administration of acetylcholine,
isoproterenol, adenosine, or sodium nitroprusside [2, 3]. From the maximum postischemic blood flow, it is possible to calculate minimum vascular resistance, which
represents an indirect index of microvascular structural alterations, with the additional advantage of an in vivo evaluation [2, 3]. The plethysmographic technique
requires the occlusion of the brachial artery of the dominant arm, through the inflation of a sphygmomanometric bladder up to 300 mmHg for 13 min and then a
dynamic exercise (20–30 handgrips against the resistance offered by a rubber ball).
The arterial occlusion is rapidly removed, while venous occlusion is maintained
(around 60 mmHg of pressure in the sphygmomanometric bladder). Arterial flow is
measured every 10 s for 3 min by a mercury strain gauge, which evaluates the
increased volume of the forearm. In the absence of venous backward flow, the
increased forearm volume is proportional to the arterial flow. The mean blood pressure, evaluated with an invasive or noninvasive method, divided by maximum arterial flow, allows the calculation of minimum vascular resistance.
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New Techniques of Evaluation of Microcirculation

Although the prognostic value of structural alterations in small subcutaneous arteries has been confirmed by two independent studies [4–6], according to the guidelines for the management of arterial hypertension of the European Society of
Hypertension and of the European Society of Cardiology, “an increase in the walllumen ratio of small arteries can be measured in subcutaneous tissues obtained
through gluteal biopsies. These measurements can demonstrate early alterations in
diabetes and hypertension and have a predictive value for CV morbidity and mortality, but the invasiveness of the method makes this approach unsuitable for general
use” [7].
Therefore, the development of new, noninvasive approaches for the evaluation of
microvascular damage is needed. The interest of researchers was focused, in the last
decade, on the retinal vascular district, since it represents the only microvascular
bed that may be directly viewed with relatively simple approaches, such as an ophthalmoscope or a slit lamp [8]. Cerebral and retinal circulation share anatomic,
physiological, and embryological features [9]. The same kind of structural alterations previously observed in subcutaneous small resistance arteries are also present
in cerebral small arteries of hypertensive patients [10].
One of the first attempt to precisely quantify structural alterations of retinal
microcirculation was made by Wong et al. [11]. By means of an automated computerized method, the authors have calculated the ratio between the arteriolar and venular external diameters (arteriolar to venular ratio (AVR)) in circular segments of the
retina. Such a ratio resulted smaller in hypertensive patients compared with normotensive controls [11].
However, the prognostic significance of AVR is still controversial, since a correlation between AVR and incidence of cardiovascular events was detected only in women
[11]. Furthermore, some studies have challenged the ability of the AVR to correctly
stratify hypertensive patients according to the extent of target organ damage. Indeed,
no relationship between quartiles of AVR and left ventricular mass, carotid artery
intima-media thickness, or urinary albumin excretion was observed [12, 13].
An additional approach was proposed by Hughes et al. [14]. They demonstrated
the possibility to quantify morphological changes in retinal vascular architecture by
means of a dedicated software. In their study, essential hypertension was associated
with an increase in the arteriolar length-to-diameter ratio [14]. There were also
alterations in arteriolar morphology indicative of rarefaction, including a marked
reduction in the number of terminal branches in essential hypertensive patients
compared with normotensive subjects. These changes in the arteriolar network were
exaggerated in patients with malignant hypertension [14]. The authors’ conclusion
was that “hypertension is associated with marked topological alterations in the retinal vasculature, and quantification of these changes may be a useful novel approach
to the assessment of target organ damage in hypertension” [14]. The same authors
have demonstrated that antihypertensive drugs might beneficially affect some of
these parameters [15]. Presently, however, there are no data about relationships
between these topological parameters and target organ damage or with structural
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Fig. 13.1 Evaluation of small retinal artery morphology by scanning laser Doppler flowmetry and
automatic full-field perfusion imaging analysis: example of the program output (Clinica Medica,
University of Brescia; Reproduced from Rizzoni et al. [21], with permission)

alterations in other vascular beds; thus this approach, although stimulating and
promising, needs further application and confirm.
More recently, Harazny et al. proposed a further, interesting and promising
approach [16]. The method is based on the association between a confocal measurement of the external diameter of retinal arteriole and an evaluation of the internal
diameter with a laser Doppler technique. The comparison between the two images,
defined as “reflection image” and “perfusion image,” is made by a dedicated software [16] (Fig. 13.1). From these two measurements, it is relatively easy to calculate the ratio between wall thickness and internal lumen (WL) [16]. The same
authors, using this approach, based on a scanning laser Doppler flowmetry
(Heidelberg Retinal Flowmeter, Heidelberg Engineering, Germany), could observe
that WL is increased in untreated essential hypertensive patients compared with
normotensive controls [17] and that an even more marked increase is present in
hypertensive patients with a history of cerebrovascular event [16]. WL of retinal
arterioles was closely related with blood pressure values [16], included those
recorded on treatment [17]. Finally, a close relationship was observed between WL
and urinary albumin excretion, a marker of the microvascular damage at the kidney
level [18]. When WL and AVR of retinal vessels were evaluated in the same patients,
only the first parameter was progressively higher comparing normotensives, treated
hypertensives, and hypertensives with a history of a cerebrovascular event, and
these differences closely paralleled those observed for carotid artery intima-media
thickness [19]. Intraobserver and interobserved variation coefficients were quite
satisfactory, being below 10 % [20].
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A recent study compared in the same subjects WL of retinal arterioles evaluated
with scanning laser Doppler flowmetry and media/lumen ratio of subcutaneous
small resistance arteries evaluated by wire micromyography, which is commonly
considered the reference approach for the measurement of structural alterations in
the small vessels. A rather good agreement between the two techniques, with a
Pearson’s correlation index above 0.76, was observed [21].
Recent evidence, obtained by both micromyographic approaches [22], as well as
by the evaluation of retinal arteriolar morphology by scanning laser Doppler flowmetry [23, 24], suggests that presence of structural alterations of small resistance
arteries may be associated with the increase in large arteries stiffness and possibly
contribute to an increase in central pressure by increasing the magnitude of wave
reflections.
Conclusions

In experimental hypertension, the increase in peripheral resistance occurs at the
microvascular level. It was clearly demonstrated that wall thickness is increased
in relation to internal lumen and that this alteration contributes to peripheral
resistance. The increased media/lumen ratio may impair organ flow reserve
[25]. This may be important in the maintenance and, probably, also in the progressive worsening of hypertensive disease. The evaluation of microvascular
structure is not an easy task. The techniques with highest accuracy, such as wire
or pressure micromyography, have the limitation of requiring biological samples, obtained by surgical approaches (e.g., gluteal biopsies). However, the
presence of structural alterations evaluated by such approaches represents a
prognostically relevant factor, in terms of development of target organ damage
or cardiovascular events, thus allowing the prediction of hypertension complications [26, 27].
New, noninvasive techniques are needed before suggesting extensive application of the evaluation of microvascular morphology for the cardiovascular risk
stratification in hypertensive patients. Some new techniques for evaluation of
microvascular morphology in the retina, presently under clinical investigation,
seem to represent a promising and interesting future perspective.
Presently, we may safely state that the evaluation of microvascular structure
is progressively moving from bench to bedside [28], and it could represent, in the
immediate future, an evaluation to be performed in all hypertensive patients, in
order to obtain a better stratification of cardiovascular risk, and perhaps, it might
be considered as an intermediate end point in the evaluation of the effects of
antihypertensive therapy [29, 30].
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14.1

Introduction

Proteinuria (P) usually results from an insult in the glomerular and/or tubular
structures of the kidney. It has been considered a marker of risk not only to develop
renal insufficiency but also to suffer cardiovascular events, based on prospective
studies carried out in the general population as well as in diabetic and hypertensive
patients [1]. In fact, proteinuria has been considered a strong marker of risk and an
intermediate endpoint during treatment [2, 3].
Proteinuria, however, is a blend of molecules that are excreted in the urine with
different origins and also from different mechanisms [4]. The large fraction of urine
protein is albumin, a molecule with a size of around 60 kd. Loss in the permselectivity of the glomerular barrier largely increases its presence in urine. Although partially
reabsorbed in the proximal tubule by a mechanism that involves specific carriers,
megalin and cubilin, a significant increment in urinary albumin excretion depends
mainly on abnormal filtration. If the permselectivity loss is greater, other molecules
with a larger size are also filtered and excreted, such as immunoglobulins. In cases
with an important component of interstitial and tubular damage, tubular proteinuria
can be present. “Tubular proteinuria” is due to a failure in protein reabsorption by the
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proximal tubule and is characterized by increased excretion of several low molecular
weight (LMW) proteins, as well as albumin and β2-glycoprotein I (molecular weight
50 kd). These LMW proteins include β2-microglobulin, α1-microglobulin, retinolbinding protein, neutrophil gelatinase-associated lipocalin (NGAL), and liver-type
fatty-acid-binding protein (L-FABP) [5, 6].
In the following section, we will focus on P and on urinary albumin excretion
(UAE), since tubular proteinuria is less relevant in the assessment of cardiovascular
and renal risk.

14.2

How to Assess

At the time to assess P and/or UAE, some main issues should be considered to properly assess the excretion and to reduce intraindividual variability, especially relevant
for UAE since quantification requires more precision.

14.2.1 Urine Sample
In this regard the ideal would be 24-h collection with simultaneous assessment of
total creatinine excretion to be sure that the collection is well performed. This is not
practical due to the difficulties when collecting the urine, and alternative methods
are more frequently used such as spot urine measuring the UAE/creatinine ratio
(UAER) to control for urine dilution. Timed overnight was also used in the past
although today it has been replaced by the spot urine [7].
The time for collection should also be taken into account since a circadian
variability of UAE excretion and exercise can modify the values. Then, the first
voiding urine in the morning is the most used to reduce intraindividual
variability.

14.2.2 Method
Dipsticks for both P and UAE are available nowadays. Their use as a screening test
provides a rapid assessment but quantification is necessary if the result is positive.
A dipstick for UAE also provides creatinine urine concentration at the same time,
which gives a rapid assessment of UAER. Considering the large intraindividual
variability of UAE excretion, it is recommended to assess two separate samples,
obtained on different days.
Quantification of total protein excretion can be performed using different methods, turbidimetry or dye binding, and this depends on the preferences of the different laboratories, although the capacity to detect different molecules differs. For
UAE, after the initial radioimmunoassays, immunological methods by enzyme
immune assay (ELISA) have the most widespread use [8].
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14.2.3 Definitions
Proteinuria is defined when the total protein excretion is >300 mg/dl, is given clinical relevance in values >1 g/24 h, and receives the name of nephrotic range in
>3 g/24 h [9].
Microalbuminuria is defined as UAE from 30 to 300 mg/24 h or equivalent
amounts of UAER using spot urine samples in mg/g (mg of albumin and g of creatinine). Taking into account the differences by sex, the threshold for women is higher
than for men, ≥31 mg/g and ≥22 mg/g, respectively. The definition comes from
studies, which have established its value as a marker of risk to develop nephropathy
in diabetic subjects. However, when the potential prognostic value of microalbuminuria in cardiovascular disease is being assessed, the threshold value pointing to
an increment of risk is largely below the UAE values outlined, regardless of the
population included: adult or elderly population, postmenopausal women, or highcardiovascular-risk subjects. A potential consideration used by the KDIGO is to
subdivide the UAER below 30 mg/g into two: normal 0–15 mg/g and high normal
15–30 mg/g.

14.3

Prevalence

Prevalence of both proteinuria and microalbuminuria depends on the population being
studied. It is obvious that the prevalence is higher in hypertensive subjects and even
higher in diabetics since in the absence of a renal disease, both P and UAE increase by
BP elevation and abnormalities in the glucose metabolism. In hypertension, the prevalence of proteinuria is about 3–5 %, while for microalbuminuria it is around 15 %,
being a little bit higher in women as compared to men. The prevalence of P and UAE
in diabetes is practically twice that observed in hypertensives with the same BP values. In Fig. 14.1, factors that influence the prevalence of microalbuminuria are displayed. In the absence of insulin resistance, prevalence of microalbuminuria is mainly
60
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dependent on the BP values and the time duration of hypertension: the higher the
values and the longer the duration, the higher the prevalence. However, if insulin resistance exists, with or without diabetes, microalbuminuria is present even around normal BP values. Once nephrosclerosis develops, the increment is frequently observed.

14.4

Change with Treatment

Considering the large intraindividual variability of UAE excretion, assessment of
significant changes should be performed carefully. One recommended way to evaluate changes over time is to define regression when UAE drops more than 50 % from
the initial values, along with a reduction of UAE to <30 mg/24 h for microalbuminurics and <300 mg/24 h for proteinurics.
Despite their relevance as a marker of developing organ damage and cardiovascular risk, changes in UAE over time, other than short-term ones induced by antihypertensive treatment, have received little attention. One study has analyzed factors
related to the occurrence of new microalbuminuria during antihypertensive treatment [10]. In mild hypertensives, development of microalbuminuria was linked to
insufficient BP control and to a progressive increment of glucose values. However
there is less information about the long-term changes in initially increased
UAE. According to our data, antihypertensive treatment is able to normalize microalbuminuria in half of the patients, although 10 % progress to overt proteinuria
despite treatment. Glomerular filtration rate lower than 60 mL/min/1.73 m2 decreases
the probability to reduce UAE [11].

14.5

Prognostic Value of Change

A significant reduction in proteinuria is a marker of treatment success and is followed by a reduction in the risk to develop end-stage renal disease and cardiovascular events. Whether or not changes in UAE overtime have prognostic value and can
be used as an intermediate objective, it is a matter of discussion. Post hoc analyses
from the Losartan Intervention for Endpoint Reduction in Hypertension (LIFE)
[12], Action in Diabetes and Vascular Disease (ADVANCE) [13–15], Ongoing
Telmisartan Alone and in Combination with Ramipril Global Endpoint Trial
(ONTARGET), and Telmisartan Randomized Assessment Study In ACE-Intolerant
Subjects with Cardiovascular Disease (TRASCEND) have reported positive results
in terms of a reduction in UAE being followed by risk reduction [16]. However,
Avoiding Cardiovascular Events through Combination Therapy in Patients Living
with Systolic Hypertension (ACCOMPLISH) [17] does not confirm the potential
prognostic value. Likewise, a prospective study, Olmesartan for the Delay or
Prevention of Microalbuminuria in Type 2 Diabetes (ROADMAP) [18], also
reported no association between changes in microalbuminuria and cardiovascular
events during the double-blind period, although an observational follow-up concluded that the development of microalbuminuria was a marker of cardiovascular
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events [19]. These studies, which were heterogeneous in terms of patients and
analysis of data, did not contribute to the clarification of the potential role of microalbuminuria during antihypertensive treatment. A recent study [20] carried out in a
hypertensive clinic demonstrated for first time that, in hypertension, an increment of
UAE at any time is a marker of cardiovascular risk. The study also confirms previous observations regarding the prognostic value of microalbuminuria in the risk to
develop cardiovascular events and the worse prognosis of persistent or progression
to microalbuminuria during treatment.
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Glomerular Filtration Rate
in Renal Damage
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15.1

Introduction

Renal function is mainly represented by the glomerular filtration (GF), which is
dependent on the number and function of the nephrons. Glomerular filtration
declines progressively after the third decade with a progressive loss of 1 % per year.
In addition to diseases producing direct damage in the glomerular structures, high
blood pressure values, diabetes, and dyslipidemia are the main factors increasing
the rate of GF decline over the years. Other functional parameters of the kidney such
as renal plasma flow or tubular functions are not measured in daily practice in
hypertension and are not related to risk for cardiovascular disease (CVD).
The relationship between decreased glomerular filtration rate (GFR) and CVD
has been examined in numerous studies with the majority of them involving highrisk populations (individuals with hypertension, heart failure, coronary artery disease, acute coronary syndrome, coronary artery bypass surgery, and diabetes or age
>65 years) or low-risk populations demonstrating increased CVD risk with
decreased GFR [1, 2]. In a study with more than one million subjects, a graded and
inverse association was noted between GFR and CVD events, hospitalizations, and
mortality. Data was supported by a collaborative meta-analysis that pooled
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information from 21 general population cohort studies to assess the relationship
between CKD measures and CVD mortality [3]. The increased CVD risk associated
with CKD may simply reflect a longer duration or severity of traditional CVD risk
factors such as hypertension, diabetes, and dyslipidemia, although nontraditional
risk factors consequential to chronic kidney disease (CKD) such as anemia, hyperphosphatemia, increased fibroblast growth factor-23 levels, inflammation, and
unmeasured uremic factors account for at least some of the excess cardiovascular
risks [4].

15.2

How to Assess

Assessment of glomerular filtration was initially performed by the measurement in
serum of an endogenous substance which is filtered in the glomerulus, creatinine.
Indirect glomerular filtration can be measured by assessing the clearance of substances
that are free filtered in the glomerulus and are not reabsorbed in the tubules. This is the
case of endogenous creatinine or administered inulin, 51Cr-EDTA or iodo-thalamate.
The former has been used for many years as the routine method despite limitations,
and the latter is used for research. The use of creatinine not only has potential for inaccuracies derived from muscle mass, protein intake, exercise, and some drugs (cimetidine, fibrates) but is also misleading (Fig. 15.1). In the range of normal values, small
changes in creatinine are related to large changes in GFR. However, in lower values,
large changes in creatinine imply small modifications of GFR [5].
Recently, serum levels of cystatin C, a free housekeeping protein ubiquitous in
many cellular systems, seem to be superior in reflecting not only the GF but also the
CVD risk, mainly in the elderly [6]. Its utility in estimating kidney function derives
from the fact that after being freely filtered in the glomerulus, it is then absorbed in
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the kidney tubules where it is fully degraded locally. There is no active tubular
secretion or significant extrarenal elimination, making it an excellent marker of
GFR. Cystatin C may also be superior to creatinine as a better predictor of cardiovascular mortality while providing a more accurate estimation of GFR. The serum
cystatin C concentration is independent of muscle mass, nutritional status, and sex,
although it may be altered in patients with derangements in thyroid function and
certain cancers and with glucocorticoid therapy.
The widespread use of equations to calculate GFR has enabled the influence of
renal function in cardiovascular risk to be assessed. The calculation was initially
performed by the Cockcroft-Gault formula, which includes data on serum creatinine, age, sex, and weight, providing an estimation of creatinine clearance. The
MDRD formula, which only needs serum creatinine, age, and sex, estimates the
GFR. Both methods provide GF referred to mL/min/1.73 m2. Several studies have
examined the difference between these methods compared to the corresponding
gold standard – i.e., GFR calculated by isotopic techniques. In the range of normal
values, with true GFR >60 ml/min, the GFR may be underestimated by up to 28 %
when applying the formula [7]. As true glomerular filtration decreases, the differences between the methods become smaller – reaching an underestimation of 6 %
when the true GFR is <30 ml/min [7]. The original equation to estimate GFR, which
was published in 1996, has been constantly refined to improve its use in the general
population. A recent updated equation, the CKD-EPI equation, corrects for much of
the overestimation of CKD especially among those with GFRs between 60 and
89 mL/min/1.73 m2, mainly in female and black populations. The formula has also
been adapted for other ethnicities, in particular of Asian origin (formulas and automatic calculators are available at www.kidney.org/professionals/kdoqi/gfr_calculator.cfm). It is worthy to remember that these equations should not be used in
situations in which renal function is changing rapidly, such as in acute kidney injury.
Likewise, they should be used with caution in subjects with extreme body mass
since they underestimate in vey muscular patients and overestimate in very small
patients.

15.2.1 Definitions
According to the estimated GFR (eGFR), five different stages of chronic kidney
disease (CKD) have been defined (see Fig. 15.2) [8]. Stages 3 and higher are those
in which CV risk is most pronounced, and within that stage, the risk is particularly
elevated in those patients with stage 3b, i.e., eGFR < 45 mL/min/1.73 m2. This fact
does not impede the recognition that in less advanced degrees of CKD, an elevated
CV mortality has been described. Potential sources of bias include ascertainment
problems, intra-patient variation in renal function, single eGFR which is likely to
overestimate prevalence, and intra-laboratory variation: the use of raw creatinine to
calculate eGFR does not take into account calibration issues between labs.
It is worthy to remember that in evaluating CVD using renal parameters,
GFR should be assessed simultaneously with urinary albumin excretion (UAE).
The presence of eGFR stage 3 or more and the presence of or an increase in urinary
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Fig. 15.2 Cardiovascular and renal risk based on eGFR and UAE

albumin or protein excretion are criteria for CKD. Chronic kidney disease (CKD) is
frequently observed in arterial hypertension and is accompanied by a significant
enhancement in CV risk that reinforces the need for simultaneous protection of both
the renal and the CV system.

15.3

Prevalence

Prevalence of eGFR in levels of 60 or lower is frequent, but it is difficult to estimate
since age is an important determinant, as well as sex, hypertension, obesity, and
abnormalities in the glucose metabolism. In the general population, several studies
have found that around 5 % of the subjects have GFR <60 ml/min/1.73 m2. In hypertension, one study conducted by our group including 6,227 hypertensive subjects
from primary care and using the MDRD equation, renal insufficiency (GFR <60 ml/
min/1.73 m2) was present in 21.8 % of the subjects, and 4.8 % subjects had a
GFR ≤ 45 ml/min/1.73 m2 [9]. Subjects with the lowest GFR were more frequently
older patients, women, and diabetics [10].

15.4

Change with Treatment (Criteria for Significant Change,
Incidence During Treatment)

Changes in GFR can result from loss of nephrons, which is not reversible and is
usually progressive, or from rapid functional changes induced by clinical events,
such as acute heart failure and physiological phenomena, or more frequently from
drugs used in the treatment of CVD diseases. It is well recognized that at the
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beginning of antihypertensive treatment, BP reduction can induce a drop in the
GFR, which is more evident if drugs that block the renin-angiotensin-aldosterone
system (RAAS) are used. The initial reduction induced by the treatment reflects the
degree of RAAS activation, and it has been hypothesized that it produces long-term
protection. What is demonstrated is that drug withdrawal restores the previous
GFR. An important point is the following: when does the change in GFR become
clinically significant? Usually a 10 % drop is considered relevant, although a reduction close to or higher than 25 % is a strong recommendation to withdraw
treatment.
In the absence of acute events or pharmacological treatment, GFR declines
slowly. In the worst cases, in which a diabetic nephropathy exists, the yearly decline
is around 10 ml/min/1.73 m2. Therefore the utility of GFR in the follow-up of
hypertensive subjects is limited by the slow rate of changes [11].

15.5

Prognostic Value of Change

Some studies have demonstrated that development of CKD in the hypertensive population is followed by an increase in cardiovascular risk. However, studies looking
at the changes in GFR and the prognostic value in hypertension are scarce. In fact,
despite the wide availability of GFR, there are few clinical trials for development of
chronic kidney disease or for the impact on CV disease of the changes in renal function. This may be because changes in GFR are slow, and the most used criterion,
doubling of serum creatinine, corresponds to a 57 % change in GFR, which is a late
event requiring long follow-up periods and large sample size. Shorter time changes
even in 1 year have been strongly related to risk of ESRD in one study, and some
others have estimated the risk for CV events, a situation much more common than
ESRD.
Recently a large cooperative study analyzed the impact of GFR changes at 1, 2,
and 3 years on the risk to develop ESRD and mortality. Using a CKD-EPI equation,
a decrease in estimated GFR smaller than a doubling of serum creatinine occurred
more commonly and was consistently associated with the risk of ESRD and mortality, supporting the consideration of lesser declines in estimated GFR as an alternative end point for CKD progression. Although there is a continuous relationship
between reduction in GFR and risk, a 30 % reduction over 2 years could be used as
a reliable outcome in future trials, since it also predicts long-term mortality [12].
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16.1

Introduction

Although glomerular filtration rate (GFR) and proteinuria remain gold standard in the
evaluation of renal target organ damage, imaging techniques and image-derived
parameters allow for both assessment of renal function and estimation of cardiovascular risk. Enhancement in digital image processing permits dynamic measurement of
renal vascular and intraparenchymal processes in real time. The most relevant in terms
of clinical use to assess hypertension-induced organ damage are the renal resistive
index (RRI), renal calcium score, and functional magnetic resonance imaging.

16.2

Ultrasound and Doppler-Derived Renal Resistive Index

Ultrasound and Doppler-derived indexes of renal blood flow are standard procedures in the evaluation of acute and chronic kidney disease (CKD), regardless of the
underlying cause. Doppler ultrasonography allows for detection of both macrovascular and microvascular abnormalities, together with structural or functional
changes of the renal parenchyma, deduced from vascular impedance patterns [1].
The ESH recommends performing renal ultrasound and renal duplex Doppler
ultrasonography in hypertensives when a secondary form of hypertension is
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suspected. However, current evidence suggests that ultrasound Doppler-derived
RRI might be a good predictor of subclinical renal, vascular, and target organ damage as well as cardiovascular risk [2, 3].
The RRI is calculated by dividing the difference of the peak systolic velocity and
the end diastolic velocity by the peak systolic velocity derived from intrarenal arteries, considering a range of 0.47–0.7, with a difference between the two kidneys of
<8 % as normal in the adult population. Vascular compliance and resistance are the
main determinants of RRI, and its usefulness has been demonstrated in a broad
clinical spectrum, including renal artery stenosis, obstructive renal disease, chronic
renal allograft rejection, and prediction of progression risk in CKD and critically ill
patients, among others [4].
In the hypertensive population, the relationship between RRI and kidney injury
is well established. Alteration of the vascular resistance at the renal parenchymal
level is associated with a decline in glomerular filtration rate. Furthermore, RRI has
shown to maintain a positive direct relationship with the quantity of UAE, reflecting
its potential as a marker of cardiovascular risk. The interaction between renal
impedance and vascular hemodynamics in the presence of hypertension has been
further investigated. RRI is associated with age, blood pressure including abnormal
circadian patterns, pulse pressure, and arterial stiffness. Taking the current evidence
together, RRI may be considered as a monitor of the hemodynamic properties in
hypertensive subjects [5–8].
Hypertension-induced target organ damage in other territories is also closely
related to renal vascular patterns. Patients with a RRI beyond the threshold of 0.7
have higher pulse wave velocity, left ventricular mass, coronary artery calcification, and intima-media thickness than subjects with normal values of RRI.
Interestingly, these observations are independent of the degree of renal functional impairment and therefore permit the usage of RRI in both hypertensives
without apparent target organ damage and subjects with high cardiovascular risk
[9, 10].
Renal impedance expressed by RRI is closely related to central and peripheral
hemodynamics. In addition, RRI has shown to be a predictor of the development
of diabetes mellitus and hyperuricemia in the hypertensive population. These
findings suggest that RRI might be a useful tool for the prediction of cardiovascular events. Up to now, only a few prospective studies have addressed this question. However, recent evidence shows that high RRI values independently predict
all-cause mortality and cardiovascular events (ischemic cardiomyopathy,
congestive heart failure, stroke, and transient ischemic attack) in hypertensive
subjects [11, 12].
The impact of treatment reducing RRI and consecutive changes on the prognosis
of cardiovascular events remains uncertain. Blood pressure-lowering treatment has
shown to reduce RRI and parallel urine albumin excretion, but long-term studies are
necessary to determine whether the decline in RRI is followed by a significant
reduction of cardiovascular risk [13, 14].
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Computed Tomography and Renal Artery Calcium

Multidetector computed tomography has gained importance in vascular medicine due to its ability to measure arterial wall properties and to detect vessel
alterations. The presence of vascular calcium in coronary and peripheral arteries
has shown to maintain a direct relationship with systemic atherosclerosis.
Among others, coronary artery calcium is a well-established marker of asymptomatic organ damage and has been validated as a predictor of cardiovascular
disease.
Renal artery calcium (RAC) can be assessed noninvasively using the multidetector or the electron beam computed tomography. To determine and quantify the arterial calcium, regions of interest are identified as having a density of more than 130
Hounsfield units (HU) in an area larger than or equal to 1 mm2. Detectable RAC is
commonly classified with the Agatston scoring method adjusted by slice thickness.
The established threshold for the presence of RAC is defined as a density of more
than 130HU in a given vascular area [15].
The prevalence of RAC differs among the reported data and depends on the
studied subpopulation. While RAC is identified in about one third of the general
population, the prevalence rises up to 80 % in diabetic patients [16]. However, the
presence of RAC is closely related to hypertension, cardiovascular risk factors,
systemic atherosclerosis, and end-organ damage of the kidney. Recent evident
shows that the presence of RAC results in twofold higher odds of microalbuminuria and hypertension compared to subjects without renal artery alterations. The
risk of progression to end-stage renal disease is greater in patients with RAC, independent of other risk factors, favoring the role as a prognostic tool of CKD. Also,
RAC has shown to be associated with coronary artery calcium and, more importantly, an increased risk of cardiovascular mortality. Interestingly, there is no independent association between RAC and patients with diabetes mellitus, despite
the greater burden of vascular calcium in this subpopulation group. Therefore,
the detection of RAC in diabetics might serve as a predictor of systemic vascular
calcium [17–20].
Despite the promising properties of RAC in the assessment of cardiovascular
disease, there are currently no studies available considering RAC as a treatment
target. The question of whether specific treatment is able to reduce RAC and
consecutively the cardiovascular risk remains unanswered.

16.4

Functional Magnetic Resonance Imaging

Functional magnetic resonance imaging (MRI) of the kidneys has gained ground in
the past several years. MRI permits in vivo measurement of renal perfusion, filtration, diffusion, and oxygenation and provides several benefits compared to other
(imaging) techniques to assess renal function: no exposure to ionizing radiation,
avoidance of iodinated contrast agents, noninvasiveness, and ability to determine
renal function for each kidney separately [21].
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There is a lack of current evidence on long-term prospective studies to assess the
impact of cardiovascular risk factors and the corresponding treatment on MRIbased determination of renal function. However, various techniques available to
assess GFR are described as followed.

16.4.1 Dynamic Contrast-Enhanced MRI
Dynamic contrast-enhanced (DCE) MRI, also termed MR renography, is based on
the acquisition of dynamic images before, during, and after administration of
gadolinium chelate. The signal intensity of the renal tissue is converted to gadolinium concentration and plotted versus the time to generate various functional
parameter curves. With this method, it is possible to resolve the renal cortex from
the medulla and collecting system, and it offers the potential to measure renal
properties in vivo that previously could only be assessed by biopsy. Current applications of DCE MRI include estimation of GFR as well as diagnostics of renovascular hypertension, functional urinary obstruction, and renal allograft dysfunction
[22–24].

16.4.2 Diffusion-Weighted MRI
Diffusion-weighted MRI (DWI) detects random motion, or diffusion, of water
molecules in tissue. As renal function decreases, physiologic water reabsorption in
the kidneys decreases and reduces diffusion. DWI allows for the calculation of the
so-called apparent diffusion coefficient (ADC), which can be used for in vivo quantification of the combined effects of capillary perfusion and diffusion. DWI has
shown good linear correlation with serum creatinine both in acute and chronic renal
failure and is currently applied to the evaluation of renal fibrosis, renovascular
hypertension, and allograft dysfunction [25–27].

16.4.3 Blood-Oxygen-Level-Dependent MRI
Blood-oxygen-level-dependent (BOLD) MRI is a tool for indirect assessment of
renal oxygenation. The renal medulla physiologically functions in a state of hypoxia
due to low oxygen delivery (low vascular density) and high oxygen consumption
(active transcellular transport mechanisms). BOLD MRI is based on the perturbance of the magnetic field caused by the paramagnetic effect of deoxyhemoglobin,
which depends on local oxygen concentration.
The high sensitivity of BOLD MRI to subtle changes of oxygen concentration converts this method into a promising tool to detect renal impairment in an
early stage. Current applications include evaluation of diabetic nephropathy,
renovascular hypertension, unilateral ureteral obstruction, and allograft dysfunction [28–30].
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Part V
Brain

MRI/CT: Evaluation of Brain Damage
in Hypertension
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Peter Wohlfahrt and Renata Cifkova

Hypertension is the main modifiable risk factor for ischemic and hemorrhagic stroke
and vascular brain injury (VBI). Brain imaging in hypertension may be used to
detect VBI, which is considered a sign of cerebral small vessel disease (SVD) and
an important mediator of the relationship between hypertension and brain aging.
SVD leads to substantial cognitive, psychiatric, and physical disabilities; contributes to about a fifth of all strokes, more than doubles the future risk of stroke, and
contributes up to 45 % of dementias. VBI can be found in 44 % of middle-aged
hypertensive patients without a history of cardiovascular and cerebrovascular disease [1]. Identifying hypertensive subjects with VBI could be helpful in preventive
strategies. However, performing brain imaging in all hypertensive patients is unrealistic for economic and practical reasons. Thus, only a selected group of hypertensive patients at high risk of accelerated brain aging may be considered for VBI
screening. In the future, screening tools for selection of patients who may profit
from VBI screening will have to be developed.

17.1

Types of Vascular Brain Injury

The terminology and definitions used to describe VBI on conventional MRI (magnetic resonance imaging) vary substantially between studies. This precludes comparison between studies and hampers progress in identifying the mechanisms
leading to VBI. To overcome this problem, STandards for ReportIng Vascular
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Table 17.1 MRI terminology and findings of lesions related to vascular brain injury as recommended by STRIVE (STandards for ReportIng Vascular changes on nEuroimaging)
White matter Cerebral
hyperintensity microbleeds
Usual
diameter
Comment

DWI
FLAIR
T2
T1
T2-weighted
GRE

Recent small
subcortical
infarct
Lacunes

Dilated
perivascular
space
≤2 mm

Variable

≤10 mm

≤20 mm

Located in the
white matter

Detected on
GRE, round or
ovoid,
blooming
↔
↔
↔
↔
↓↓

Best
Usually
Mostly linear
identified on hyperintense without
DWI
rim
hyperintense rim

↔
↑
↑
↔/(↓)
↑

↑
↑
↑
↓
↔

3–15 mm

↔/(↓)
↓
↑
↓
↔/↓ if
hemorrhage

↔
↓
↑
↓
↔

DWI diffusion-weighted imaging, FLAIR fluid-attenuated inversion recovery, SWI susceptibilityweighted imaging, GRE gradient-recalled echo
↑ increased signal, ↓ decreased signal, ↔ isointense signal

changes on nEuroimaging (STRIVE) were recently published [2]. These standards
should be used in research studies and in the clinical setting in order to standardize
image interpretation, acquisition, and reporting. The following signs of VBI can be
recognized on brain imaging: white matter hyperintensity (WMH), cerebral microbleeds (MBs), recent small subcortical infarct (SSI), lacunes, dilated perivascular
space, and atrophy. MRI terminology and findings of lesions related to VBI as recommended by STRIVE are summarized in Table 17.1.

17.1.1 White Matter Hyperintensity
17.1.1.1 Definition
WMHs of presumed vascular origin are bilateral, mostly symmetrical hyperintense
lesions on T2-weighted sequences of variable size in the white matter. On T1
sequences, WMH can appear as isointense or hypointense (Fig. 17.1, panel a).
Lesions in the subcortical gray matter or brainstem are not included in this category.
When using CT, white matter hypoattenuation or white matter hypodensities can be
detected. CT and MRI rating scales for WMH have been suggested [3].
17.1.1.2 Epidemiology
Among all subtypes of VBI, WMHs are the most prevalent lesions in the general
population, and both the frequency and size increase substantially with age. In subjects in their 40s, 50 % have WMH [4], while more than 90 % of individuals aged
>80 years have WMH [5].
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Fig. 17.1 Panel (a) Periventricular white matter hyperintensity – fluid-attenuated inversion recovery (FLAIR) MRI. Panel (b) Microbleeds – susceptibility-weighted imaging (SWI) MRI. Panel (c)
Lacunes – fluid-attenuated inversion recovery (FLAIR) MRI. Panel (d) Perivascular space –
T2-weighted turbo spin-echo MRI. Lesions are shown by arrows (MRI scans are courtesy of Dr.
Zuzana Ryznarova, Dept of Radiology, Thomayer Hospital, Prague, Czech Republic)

17.1.1.3 Association with Hypertension
Hypertension is currently considered the most important modifiable risk factor for
WMH volume and progression [6]. Midlife BP and cumulative systolic blood pressure (BP) and cumulative systolic BP measured over a period of several years seem
to be better predictors of WMH than single late-life measurements. Hypertension or
a history of hypertension has been associated with a greater WMH volume in the
frontal lobe, indicating greater susceptibility of the frontal lobe to the hypertensionrelated white matter degradation. An association between systolic BP and injury to
the white matter microstructure was described already in young adults in their 30s,
suggesting that these lesions develop insidiously during life [7].
There is mounting evidence that BP control may reduce the course of WMH
progression. In the 3C-Dijon MRI study, baseline BP and BP control over a 4-year
follow-up were strong predictors of WMH volume progression [8]. However, the
association with BP was only present for total and periventricular WMH. In the
PROGRESS MRI substudy, a combination of perindopril plus indapamide was able
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to reduce WMH progression over a period of 3 years as compared to placebo [9].
The rate of WMH progression is lower in controlled treated hypertensives than in
uncontrolled treated or untreated hypertensives [10].

17.1.1.4 Prognostic Value
According to a meta-analysis of 22 longitudinal studies, WMH is an independent
indicator of future risk, which triples the risk of stroke and doubles the risk of dementia and death [5]. Extensive WMHs predispose to both ischemic (especially SSI) and
hemorrhagic strokes. Moreover, WMHs are associated with covert neurological and
cognitive symptoms and physical difficulties such as gait disturbance [11].

17.1.2 Cerebral Microbleeds (MBs)
17.1.2.1 Definition
Cerebral MBs are small (generally 2–5 mm but, occasionally, up to 10 mm in diameter) areas of signal void with associated blooming seen on T2* gradient-recalled
echo (GRE) and susceptibility-weighted (SWI) MRI sequences and correspond to
areas of hemosiderin breakdown from prior microscopic hemorrhage (Fig. 17.1,
panel b). These are commonly caused by hypertensive vasculopathy or cerebral
amyloid angiopathy. MRI is able to detect bleeding from vessels as small as 200 μm
in diameter. The patterns of MB distribution differ by etiology. MBs in deep subcortical or infratentorial areas are usually associated with the presence of hypertension
or vascular risk factors, with lipohyalinosis being the predominant finding. MBs in
lobar and cortico-subcortical areas are associated with apolipoprotein E carrier status (ε4), β-amyloid burden, and evidence of cerebral amyloid angiopathy. Low total
cholesterol and statin use have been found to be associated with increased risk of
lobar MBs. Lacunes and WMH are associated with the deep or infratentorial MBs,
but not with those in a lobar region.
17.1.2.2 Epidemiology
MB prevalence gradually increases with age, from 6.5 % in persons aged 45–50 years
to 36 % in individuals ≥80 years of age [12]. In patients after stroke, MBs are present more often in patients with hemorrhagic stroke as compared with ischemic
stroke. Of ischemic stroke subtypes, MBs occur more often in SSI than in other
stroke subtypes. MBs are also more prevalent in subjects with mild cognitive impairment, Alzheimer’s disease, and vascular dementia, as compared with subjects with
cognitive normal controls. Lovelock et al. demonstrated an excess of MB in warfarin users compared with no antithrombotic users and in warfarin-related intracranial
hemorrhage versus spontaneous intracranial hemorrhage, suggesting that MB may
increase the risk of warfarin-associated intracranial hemorrhage [13].
17.1.2.3 Association with Hypertension
Hypertension is independently associated with cerebral MBs both in otherwise
healthy adults and in adults with cerebrovascular diseases [14]. Among patients
with hypertension, 24-h systolic, diastolic, and pulse pressure are independent
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predictors of MB progression. In subjects after lacunar stroke, higher BP is associated with the development of a new MB; however, a decrease in BP during followup does not halt MB progression [15]. Thus, it is not clear whether optimal BP
control can slow down progression of MB.

17.1.2.4 Prognostic Value
The presence of MBs is associated with increased risk of incident intracerebral
hemorrhage, particularly in patients on anticoagulation therapy. Among patients
after ischemic stroke, the presence of MBs significantly increases the risk of recurrent hemorrhagic and ischemic stroke [16]. In the PROSPER study over 7-year
follow-up, MBs were associated with a sixfold increased risk of stroke-related
death. Those with non-lobar MBs had double the risk of cardiovascular diseaserelated death independently of other vascular risk factors, whereas those with lobar
MBs had a sevenfold increase in the risk of stroke-related death, but not cardiovascular death [17]. In the Rotterdam study, the presence of MBs, and particularly deep
or infratentorial MBs, was independently associated with an increased risk of allcause and cardiovascular mortality [18].

17.1.3 Recent Small Subcortical Infarct
17.1.3.1 Definition
Recent small subcortical infarct (SSI) is defined as a neuroimaging evidence of
recent infarction in the territory of one perforating arteriole, with imaging features
or clinical symptoms consistent with a lesion occurring in the previous few weeks.
The size of the lesion should be ≤20 mm in its maximal diameter in the axial plane.
Acute lesions can shrink to leave lacunes, WMH, or completely disappear. A recent
study has shown 97 % cavitation of SSI at 90 days [19]. Historically, SSI is commonly called as lacunar stroke or lacunar syndrome. This nomenclature is derived
from the French expression for a small fluid-filled cavity (lacuna) that was thought
to mark the healed stage of an SSI. Thus, the pre-cavitary stage became the lacunar
infarct. As noted above, not all SSIs transform into lacunes, making the term lacunar stroke inaccurate. That is why STRIVE recommend to use the term SSI instead.
The primary location of SSI in the primary motor or sensory pathways explains
why these lesions are clinically symptomatic despite their size, while other VBI
lesions accumulate silently. An incidentally asymptomatic SSI can be found by
chance and is referred to as a silent cerebral infarction.
17.1.3.2 Epidemiology
Clinically evident recent SSI is responsible for about 25 % of all ischemic strokes.
Only about 50 % of recent SSIs are visible on CT, while at least 70 % can be found
on DWI MRI. The incidence of lacunar strokes increases with age.
17.1.3.3 Association with Hypertension
Hypertension is the most prevalent risk factor for stroke, particularly for SSI. The
prevalence of hypertension in patients with SSIs is higher as compared with other
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ischemic stroke subtypes [20, 21]. However, the mechanisms by which hypertension leads to SSI and other forms of cerebral SVD are largely unknown. Increased
pressure pulsatility, impaired autoregulation of cerebral blood flow, and pulse wave
encephalopathy (all of which emphasize the central hemodynamic role of aortic
stiffness) have been suggested as possible mechanisms. Ischemic SSIs are caused
mostly by cerebral arteriolar occlusive disease (e.g., arteriolosclerosis, lipohyalinosis, fibrinoid necrosis, and arteritis), while, in approximately 10 % of cases, occlusion of the perforating arteriole is caused by an embolus from a proximal source. A
minority of SSIs are caused by hemorrhage due to amyloid angiopathy, fibrinoid
necrosis, and arteritis.
Many clinical trials and meta-analyses have confirmed that BP lowering reduces
the risk of stroke in primary and secondary prevention [22]. In the PROGRESS trial
with patients after a previous cerebrovascular event, antihypertensive treatment
reduced the risk of lacunar stroke by 23 %. In the recent SPS3 trial [23], lowering
of systolic BP to a target of <130 mmHg in patients with a recent SSI resulted in
nonsignificant reductions in all stroke, disabling or fatal stroke, and major vascular
events and a significant reduction in intracerebral stroke, as compared with the treatment target of systolic BP 130–140 mmHg. This suggests that patients after SSI
may benefit from lower BP targets.

17.1.3.4 Prognostic Value
Due to its size, SSI is commonly perceived to be associated with lower risk as compared with other ischemic stroke subtypes. While the early mortality and stroke
recurrence risk are higher among patients with other stroke subtypes, the long-term
risks and the risks of cardiac outcomes are similar [24]. This may be explained by
the associated VBI. Furthermore, SSI is associated with increased risk of cognitive
impairment and dementia. In a recent meta-analysis, approximately 30 % of patients
were cognitively impaired at 4 years following an SSI, a similar proportion to nonSSI stroke.

17.1.4 Lacunes of Presumed Vascular Origin
17.1.4.1 Definition
A lacuna of presumed vascular origin is a round or ovoid, subcortical, fluid-filled
cavity of between 3 and 15 mm in diameter. On fluid-attenuated inversion recovery
(FLAIR) images, lacunes have a central cerebrospinal fluidlike hypointensity with a
surrounding rim of hyperintensity (Fig. 17.1, panel c). However, the rim is not always
present. Lacunes can be caused by a previous SSI (symptomatic), silent brain infarction (asymptomatic), or hemorrhage in the territory of one perforating arteriole. Old
striato-capsular strokes, which are caused by atherosclerotic or embolic occlusion of
several penetrating arteries and are >20 mm in the acute phase, can shrink to form a
lacunar-like cavity. This may preclude discrimination of the etiology of old lesions.
As SSIs are described above, silent brain infarction (SBI) will be further discussed. While SBIs are by definition asymptomatic, these infarcts are often
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accompanied by subtle focal neurological and cognitive deficits, such as a decrease
in reaction time and executive deficits. Some authors propose to replace the designation silent with the term covert.

17.1.4.2 Epidemiology
The incidence of SBI is five times that of symptomatic stroke. The prevalence of
SBI in the general population ranges from 10 to 20 %, with a higher prevalence in
the older age groups and groups with a higher cardiovascular risk profile [25]. The
annual incidence of SBI is 3–4 %. According to the population-based Rotterdam
Scan Study, 90 % of SBIs are lacunes in the basal ganglia (74 %) or subcortical
lacunes (15 %), while only 10 % are cortical, cerebellar, or brainstem infarcts.
However, not all SBIs form lacunes, with 30–80 % of infarcts remaining as T2
hyper/T1 hypointense lesions. Recently, criteria to standardize SBI definitions were
published [26].
17.1.4.3 Association with Hypertension
In cross-sectional studies, hypertension has consistently been implicated as a risk
factor for SBI. It increases the risk of SBI two- to threefold. In the Rotterdam study,
associations between BP and incident lacunes on MRI were strongest in the youngest age stratum (60–69 years) and in people without severe WMH at baseline, while,
in the oldest people and in those with severe WMH or lacunes at baseline, increased
BP was not associated with lesion progression [27]. This may be so because, in the
stage of impaired brain autoregulation, increased BP may be essential to maintain
adequate cerebral perfusion. This warrants early BP control to prevent changes in
brain microcirculation and autoregulation. There are limited longitudinal data
assessing the association between BP control and SBI. In a small Japanese study,
BP control reduced the risk of incident SBI in hypertensive patients [28]. In the
PROGRESS CT substudy, antihypertensive treatment decreased the risk of incident
SBI as compared with placebo only in subjects with large artery ischemic stroke,
but not in the overall study sample [29].
17.1.4.4 Prognostic Value
Among subjects without stroke, SBI increases the risk of the first-ever stroke fourto fivefold, and the annual risk of stroke is as high as 10 %. Among subjects after
stroke, the presence of multiple SBIs increases the risk of recurrent stroke 2.5 times.
Elderly people with SBIs are at an increased risk of dementia and show a steeper
decline in cognitive function. Also, the odds of death are increased three to four
times among those with SBI.

17.1.5 Dilated Perivascular Space (dPVS)
17.1.5.1 Definition
Perivascular space, also known as the Virchow-Robin space, is a fluid-filled space
that follows the typical course of a vessel as it goes through the gray or white matter.
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The space has signal intensity similar to cerebrospinal fluid on all sequences. As it
follows the course of penetrating vessels, it appears linear when imaged parallel to
the course of the vessel and round or ovoid, with a diameter generally smaller than
3 mm, when imaged perpendicular to the course of the vessel (Fig. 17.1, panel d). A
rating scale for perivascular space was described [30].

17.1.5.2 Epidemiology
The presence and severity of dPVS increase with age. In a population-based study,
dPVS in the basal ganglia and white matter was found in all elderly individuals,
while 46 % had dPVS within the hippocampus. Status cribrosum can be found in
1.3 % of elderly subjects. dPVS is also found in children, in whom their presence
has been associated with behavioral and neurological symptoms. Nonetheless, the
etiology of dPVS in children with neuropsychiatric abnormalities is most likely of
an etiology different from those of middle-aged and older individuals with cardiovascular risk factors.
17.1.5.3 Association with Hypertension
Hypertension is associated with dPVS in the white matter and basal ganglia,
although the association with basal ganglia dPVS seems stronger. Although some
risk factors are shared, it is suggested the mechanisms underlying the development
of dPVS may differ in different areas of the brain. The presence of dPVS is associated with other forms of VBI such as WMH and lacunes. In the Northern Manhattan
Study, antihypertensive therapy was associated with a lower dPVS score; however,
longitudinal data on the effect of antihypertensive therapy on dPVS progression are
lacking.

17.1.5.4 Prognostic Value
Data assessing the predictive value of dPVS in cardiovascular risk prediction are
lacking.

17.1.6 Brain Atrophy
17.1.6.1 Definition
Brain atrophy is defined as a lower brain volume that is not relevant to a specific
macroscopic focal injury such as trauma or infarction.

17.1.6.2 Epidemiology
Aging has a significant, but disparate, effect on volume change in brain structure.
The volume of the precentral and postcentral cortices decreases linearly with aging,
while that of the temporal and occipital cortices and subcortical structures (thalamus, caudate, pallidum, and amygdala) decreases exponentially with aging, with
accelerated changes after 60 years of age. Volume reduction in men has steeper
trajectories than those of women, especially after age 60 years [31].
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17.1.6.3 Association with Hypertension
High BP leads to global and regional brain volume reduction, specifically in the
hippocampus and prefrontal cortex [32]. However, the association between BP and
brain volume is inconsistent across studies. Most studies have shown an association
between higher BP/hypertension and regional brain volume reduction, while other
studies reported an association between lower BP and brain volume reduction. These
differences may be explained by a confounding effect of age, cerebral blood flow, and
differences in methodology. In support of this superposition is the observation that
low BP by itself is not sufficient to induce brain atrophy; however, lower BP in combination with lower cerebral blood flow does increase the risk for cortical atrophy [33].
The effect of pharmacological treatment of hypertension on brain volume in longitudinal follow-up is complex and dependent on the timing of treatment initiation
and magnitude of BP reduction [34]. Higher diastolic BP in midlife predicts more
brain volume loss late in life when antihypertensive therapy is not used. However,
when antihypertensive therapy is initiated late in life, it is associated with more
profound brain volume loss, particularly when there is a steep decrease in
diastolic BP.

17.1.6.4 Prognostic Value
A smaller total brain volume is an independent predictor of total mortality, cardiovascular mortality, and ischemic stroke among patients with manifest cardiovascular disease [35]. Among the elderly, brain atrophy increases the risk of total mortality
[36, 37]. Furthermore, brain atrophy is a strong predictor of cognitive decline,
dementia, and function disabilities.
Acknowledgment Development of this chapter was supported by grant NT 12102–4 awarded by
the Internal Grant Agency of the Ministry of Health of the Czech Republic.

References
1. Henskens LH, van Oostenbrugge RJ, Kroon AA, Hofman PA, Lodder J, de Leeuw
PW. Detection of silent cerebrovascular disease refines risk stratification of hypertensive
patients. J Hypertens. 2009;27(4):846–53.
2. Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, Frayne R, Lindley RI, O’Brien
JT, Barkhof F, Benavente OR, Black SE, Brayne C, Breteler M, Chabriat H, Decarli C, de
Leeuw FE, Doubal F, Duering M, Fox NC, Greenberg S, Hachinski V, Kilimann I, Mok V,
Oostenbrugge R, Pantoni L, Speck O, Stephan BC, Teipel S, Viswanathan A, Werring D, Chen
C, Smith C, van Buchem M, Norrving B, Gorelick PB, Dichgans M. Neuroimaging standards
for research into small vessel disease and its contribution to ageing and neurodegeneration.
Lancet Neurol. 2013;12(8):822–38.
3. Wahlund LO, Barkhof F, Fazekas F, Bronge L, Augustin M, Sjogren M, Wallin A, Ader H,
Leys D, Pantoni L, Pasquier F, Erkinjuntti T, Scheltens P. A new rating scale for age-related
white matter changes applicable to MRI and CT. Stroke. 2001;32(6):1318–22.
4. Wen W, Sachdev PS, Li JJ, Chen X, Anstey KJ. White matter hyperintensities in the forties:
their prevalence and topography in an epidemiological sample aged 44–48. Hum Brain Mapp.
2009;30(4):1155–67.

188

P. Wohlfahrt and R. Cifkova

5. Debette S, Markus HS. The clinical importance of white matter hyperintensities on brain magnetic resonance imaging: systematic review and meta-analysis. BMJ (Clinical Research ed).
2010;341:c3666. doi:10.1136/bmj.c3666.
6. Debette S, Seshadri S, Beiser A, Au R, Himali JJ, Palumbo C, Wolf PA, DeCarli C. Midlife
vascular risk factor exposure accelerates structural brain aging and cognitive decline.
Neurology. 2011;77(5):461–8.
7. Maillard P, Seshadri S, Beiser A, Himali JJ, Au R, Fletcher E, Carmichael O, Wolf PA, DeCarli
C. Effects of systolic blood pressure on white-matter integrity in young adults in the
Framingham Heart Study: a cross-sectional study. Lancet Neurol. 2012;11(12):1039–47.
8. Godin O, Tzourio C, Maillard P, Mazoyer B, Dufouil C. Antihypertensive treatment and
change in blood pressure are associated with the progression of white matter lesion volumes:
the Three-City (3C)-Dijon Magnetic Resonance Imaging Study. Circulation. 2011;123(3):
266–73.
9. Dufouil C, Chalmers J, Coskun O, Besancon V, Bousser MG, Guillon P, MacMahon S,
Mazoyer B, Neal B, Woodward M, Tzourio-Mazoyer N, Tzourio C. Effects of blood pressure
lowering on cerebral white matter hyperintensities in patients with stroke: the PROGRESS
(Perindopril Protection Against Recurrent Stroke Study) Magnetic Resonance Imaging
Substudy. Circulation. 2005;112(11):1644–50.
10. Verhaaren BF, Vernooij MW, de Boer R, Hofman A, Niessen WJ, van der Lugt A, Ikram
MA. High blood pressure and cerebral white matter lesion progression in the general population. Hypertension. 2013;61(6):1354–9.
11. Inzitari D, Pracucci G, Poggesi A, Carlucci G, Barkhof F, Chabriat H, Erkinjuntti T, Fazekas
F, Ferro JM, Hennerici M, Langhorne P, O’Brien J, Scheltens P, Visser MC, Wahlund LO,
Waldemar G, Wallin A, Pantoni L. Changes in white matter as determinant of global functional
decline in older independent outpatients: three year follow-up of LADIS (leukoaraiosis and
disability) study cohort. BMJ (Clinical research ed). 2009;339:b2477. doi:10.1136/bmj.b2477.
12. Poels MM, Vernooij MW, Ikram MA, Hofman A, Krestin GP, van der Lugt A, Breteler
MM. Prevalence and risk factors of cerebral microbleeds: an update of the Rotterdam scan
study. Stroke. 2010;41(10 Suppl):S103–6.
13. Lovelock CE, Cordonnier C, Naka H, Al-Shahi Salman R, Sudlow CL, Sorimachi T, Werring
DJ, Gregoire SM, Imaizumi T, Lee SH, Briley D, Rothwell PM. Antithrombotic drug use,
cerebral microbleeds, and intracerebral hemorrhage: a systematic review of published and
unpublished studies. Stroke. 2010;41(6):1222–8.
14. Cordonnier C, Al-Shahi Salman R, Wardlaw J. Spontaneous brain microbleeds: systematic
review, subgroup analyses and standards for study design and reporting. Brain. 2007;130(Pt
8):1988–2003.
15. Klarenbeek P, van Oostenbrugge RJ, Rouhl RP, Knottnerus IL, Staals J. Higher ambulatory
blood pressure relates to new cerebral microbleeds: 2-year follow-up study in lacunar stroke
patients. Stroke. 2013;44(4):978–83.
16. Charidimou A, Kakar P, Fox Z, Werring DJ. Cerebral microbleeds and recurrent stroke risk:
systematic review and meta-analysis of prospective ischemic stroke and transient ischemic
attack cohorts. Stroke. 2013;44(4):995–1001.
17. Altmann-Schneider I, Trompet S, de Craen AJ, van Es AC, Jukema JW, Stott DJ, Sattar N,
Westendorp RG, van Buchem MA, van der Grond J. Cerebral microbleeds are predictive of
mortality in the elderly. Stroke. 2011;42(3):638–44.
18. Akoudad S, Ikram MA, Koudstaal PJ, Hofman A, van der Lugt A, Vernooij MW. Cerebral
microbleeds and the risk of mortality in the general population. Eur J Epidemiol. 2013;28(10):
815–21.
19. Moreau F, Patel S, Lauzon ML, McCreary CR, Goyal M, Frayne R, Demchuk AM, Coutts SB,
Smith EE. Cavitation after acute symptomatic lacunar stroke depends on time, location, and
MRI sequence. Stroke. 2012;43(7):1837–42.
20. Vemmos KN, Takis CE, Georgilis K, Zakopoulos NA, Lekakis JP, Papamichael CM, Zis VP,
Stamatelopoulos S. The Athens stroke registry: results of a five-year hospital-based study.
Cerebrovasc Dis. 2000;10(2):133–41.

17

MRI/CT: Evaluation of Brain Damage in Hypertension

189

21. Marti-Vilalta JL, Arboix A. The Barcelona Stroke Registry. Eur Neurol. 1999;41(3):135–42.
22. Law MR, Morris JK, Wald NJ. Use of blood pressure lowering drugs in the prevention of
cardiovascular disease: meta-analysis of 147 randomised trials in the context of expectations
from prospective epidemiological studies. BMJ (Clinical research ed). 2009;338:b1665.
23. SPS3 Study Group, Benavente OR, Coffey CS, Conwit R, Hart RG, McClure LA, Pearce LA,
Pergola PE, Szychowski JM. Blood-pressure targets in patients with recent lacunar stroke: the
SPS3 randomised trial. Lancet. 2013;382(9891):507–15.
24. Jackson C, Sudlow C. Comparing risks of death and recurrent vascular events between lacunar
and non-lacunar infarction. Brain. 2005;128(Pt 11):2507–17.
25. Fanning JP, Wong AA, Fraser JF. The epidemiology of silent brain infarction: a systematic
review of population-based cohorts. BMC Med. 2014;12(1):119.
26. Fanning JP, Wesley AJ, Wong AA, Fraser JF. Emerging spectra of silent brain infarction.
Stroke. 2014;45(11):3461–71.
27. van Dijk EJ, Prins ND, Vrooman HA, Hofman A, Koudstaal PJ, Breteler MM. Progression of
cerebral small vessel disease in relation to risk factors and cognitive consequences: Rotterdam
Scan study. Stroke. 2008;39(10):2712–9.
28. Sugiyama T, Lee JD, Shimizu H, Abe S, Ueda T. Influence of treated blood pressure on progression of silent cerebral infarction. J Hypertens. 1999;17(5):679–84.
29. Hasegawa Y, Yamaguchi T, Omae T, Woodward M, Chalmers J. Effects of perindopril-based
blood pressure lowering and of patient characteristics on the progression of silent brain infarct:
the Perindopril Protection against Recurrent Stroke Study (PROGRESS) CT Substudy in
Japan. Hypertens Res. 2004;27(3):147–56.
30. Adams HH, Cavalieri M, Verhaaren BF, Bos D, van der Lugt A, Enzinger C, Vernooij MW,
Schmidt R, Ikram MA. Rating method for dilated Virchow-Robin spaces on magnetic resonance imaging. Stroke. 2013;44(6):1732–5.
31. Pfefferbaum A, Rohlfing T, Rosenbloom MJ, Chu W, Colrain IM, Sullivan EV. Variation in
longitudinal trajectories of regional brain volumes of healthy men and women (ages 10 to 85
years) measured with atlas-based parcellation of MRI. Neuroimage. 2013;65:176–93.
32. Beauchet O, Celle S, Roche F, Bartha R, Montero-Odasso M, Allali G, Annweiler C. Blood
pressure levels and brain volume reduction: a systematic review and meta-analysis. J Hypertens.
2013;31(8):1502–16.
33. Muller M, van der Graaf Y, Visseren FL, Vlek AL, Mali WP, Geerlings MI. Blood pressure,
cerebral blood flow, and brain volumes. The SMART-MR study. J Hypertens.
2010;28(7):1498–505.
34. Friedman JI, Tang CY, de Haas HJ, Changchien L, Goliasch G, Dabas P, Wang V, Fayad ZA,
Fuster V, Narula J. Brain imaging changes associated with risk factors for cardiovascular and
cerebrovascular disease in asymptomatic patients. JACC Cardiovasc Imaging.
2014;7(10):1039–53.
35. van der Veen PH, Muller M, Vincken KL, Mali WP, van der Graaf Y, Geerlings MI. Brain
volumes and risk of cardiovascular events and mortality. The SMART-MR study. Neurobiol
Aging. 2014;35(7):1624–31. doi:10.1016/j.neurobiolaging.2014.02.003.
36. Ikram MA, Vernooij MW, Vrooman HA, Hofman A, Breteler MM. Brain tissue volumes and
small vessel disease in relation to the risk of mortality. Neurobiol Aging. 2009;30(3):450–6.
37. Kuller LH, Arnold AM, Longstreth Jr WT, Manolio TA, O’Leary DH, Burke GL, Fried LP,
Newman AB. White matter grade and ventricular volume on brain MRI as markers of longevity
in the cardiovascular health study. Neurobiol Aging. 2007;28(9):1307–15.

Questionnaires for Cognitive Function
Evaluation

18

Mónica Doménech, Cristina Sierra, and Antonio Coca

Microvascular brain damage may be the result of age-associated alterations in the
large arteries (primarily arterial stiffening) and the progressive mismatch of their
cross talk with the small cerebral arteries. The limited, but growing, literature indicates that microvascular brain damage is a potent risk factor for cognitive decline in
older individuals and for the onset of dementia [1]. Therefore, neuropsychological
evaluation and neuroimaging are required for assessment of the clinical consequences. Clinicians should be aware of the high prevalence of microvascular brain
damage and make efforts to screen for cognitive function and follow-up for cognitive deterioration.
Patients with hypertension should be asked during the routine clinical examination whether they have recently experienced changes in memory or mood, speed of
thinking and acting, or slowness or unsteadiness during walking [1]. European
Guidelines do not recommend any standardized cognitive assessment instrument as
routine for hypertensive patients, but it seems reasonable that in people at high risk
for vascular cognition impairment (VCI) or for those who have suspected cognitive
impairment based on clinician observation, self- (or informant) reported concerns,
the use of instruments designed to assess cognitive impairment should be part of the
routine examination [2]. The most common screening instruments used to detect
mild cognitive impairment (MCI) are, from most to least common, the Mini-Mental
State Examination (MMSE) (studies = 15; n = 5,758); the Informant Questionnaire
on Cognitive Decline in the Elderly (IQCODE) (studies = 4; n = 975); the Clock
Drawing test (CDT) (studies = 4; n = 4,191), the Mini-Cog (studies = 3; n = 1,092),
the Telephone Interview for Cognitive Status (TICS) (studies = 3; n = 568), and the
Montreal Cognitive Assessment (MoCA ) (studies = 2; n = 251) [2].
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The most widely used cognitive screening test is the MMSE, developed by
Folstein et al. [3]. It includes five sections: orientation (10 points), registration
(3 points), attention and calculation (5 points), recall (3 points), and language
(9 points), for a total of 30 points. However, there are a number of limitations,
including advanced age, limited education, foreign culture, and sensory impairment, which may easily lead to false-positives. In a limited subset of studies that
reported sensitivity and specificity, a cut point of 27 or 28 had a low (and wide ranging) sensitivity to detect MCI, and a cut point of 23 or 24 appears to have a better
sensitivity and specificity to detect MCI and dementia than most other screening
instruments, albeit still less than optimal [2]. Therefore, even though the MMSE is
the most widely used cognitive assessment test, it is being used less and less.
It has been hypothesized that microvascular brain damage electively and predominantly affects executive function, with slower information processing, impairments in the ability to shift from one task to another, and deficits in the ability to
hold and manipulate information (i.e., working memory) [4–6]. Executive functions
cannot be explored by the MMSE, and it has a low sensitivity for VCI. The National
Institute of Neurological Disorders and Stroke-Canadian Stroke Network harmonization standard has proposed the use of the Montreal Cognitive Assessment (MoCA)
[7]. This newly designed screening test incorporates subtests assessing executive
functions and psychomotor speed [7], which are frequently impaired in VCI. Ideally,
neuropsychological evaluation should include tests exploring multiple cognitive
domains, particularly in middle-aged patients with hypertension: executive function
and activation, language, visuospatial ability, and memory (Fig. 18.1). The MoCA
was specifically designed to detect MCI. One fair-quality [8] and one good-quality
study [9] assessed the test performance of the MoCA in detecting MCI (excluding
people with dementia). Both studies used the Petersen criteria for MCI. One study
was conducted in South Korea, with a mean age of 70 years, and found a prevalence
of MCI of 24 %. The other study was conducted in an older population (mean age,
76 years) in the United Kingdom and found a prevalence of MCI of 20 %. Using a
cut-off point of 25/26, sensitivity and specificity ranged from 80 to 100 % (95 % CI,
56.3–100) and 50 to 76 % (95 % CI, 41–84.9), respectively [2].
The MoCA test showed excellent sensitivity and specificity in identifying VCI
and MCI compared to the MMSE (90 % vs 18 %) [10]. It is recommended that
patients who present cognitive complaints and functional decline should first be
screened with the MMSE and, if this is normal (>25), with the MoCA test [10]. For
patients with cognitive complaints without functional impairment, the MoCA
should be administered first, as these patients are either normal or have MCI and
may not be identified by the MMSE. A recent study in patients with acute transient
ischemic attack and minor stroke found that the MoCA is more sensitive than the
MMSE in detecting cognitive impairment at 7, 30 and 90 days after the cerebrovascular event, even when other neurological deficits were not evident [11].
The Clock Drawing Test (CDT) is another cognitive screening instrument which
requires a wide range of intellectual and perceptual skills and provides a wide net in
capturing cognitive dysfunction [11]. The cognitive domain includes comprehension, planning, visual memory, visuospatial ability, motor programming and
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Fig. 18.1 Montreal Cognitive Assessment (MoCA) (Copyright Z. Nasreddine MD. Reproduced
with permission. Copies are available at www.mocatest.org)

execution, abstraction, concentration, and response inhibition [11]. The CDT
provides a user-friendly visual record of cognitive function and takes less than
1 min to conduct, which is ideal for busy clinicians. Therefore, the CDT could be
used as a complement to the widely used and validated MMSE and should provide
a significance advance in the early detection of dementia and in monitoring cognitive change in a few minutes [12] (Fig. 18.2).
A recent study evaluating the cognitive executive function in adult treated hypertensive patients has shown that poor BP control, confirmed by ambulatory blood
pressure monitoring, is associated to impaired global cognitive function and
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Fig. 18.2 Clock Drawing Test. Example of severity scores progressing from 5 (minimum) to 0

especially executive/attention functions [13]. Prose Memory Immediate and
Delayed Recall (DR) [14] and Digit Span (DS) Forwards [15] tests were used to
investigate verbal long-term memory and verbal short-term memory, respectively.
The cognitive domains of attention and executive functions were measured by the
DS Backwards test that examines verbal working memory [15], specially affected
in patients with white coat effect. This study showed accelerated deterioration of
cognitive performances in adult treated hypertensive with an insufficient BP
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control, mainly in the functions regulated by frontal-subcortical circuits and DR and
DS seems to be more specific test in these situations.
In conclusion, screening tests in all or targeted older adults may help identify
patients with dementia or MCI who are otherwise missed. Early identification of
cognitive impairment would ideally allow patients and their families to receive care
at an earlier stage in the disease process, leading to improved prognosis and
decreased morbidity. Knowledge of the patient’s cognitive status is important for
the management of comorbid conditions, especially in older hypertensive patients,
a population in which further specific research is necessary.

18.1

Summary

Microvascular brain damage is a potent risk factor for cognitive decline in elderly
hypertensive individuals and for the onset of dementia [1]. In addition to elderly
patients, cognitive decline has also been detected in asymptomatic middle-aged
hypertensive patients. Therefore, neuropsychological evaluation and neuroimaging
are required to assess silent brain damage induced by hypertension and the associated cardiovascular risk factors. With respect to cognitive decline, clinicians should
be aware of the high prevalence of microvascular brain damage and make an effort
to screen for cognitive function very early in the natural history of the disease and
follow-up for cognitive deterioration. Patients with hypertension should be asked
during the routine clinical examination whether they have recently experienced
changes in memory or mood, speed of thinking and acting, or slowness or unsteadiness during walking. The use of some of the different instruments designed to assess
cognitive function and impairment, such as the Mini-Mental State Examination
(MMSE), the Informant Questionnaire on Cognitive Decline in the Elderly
(IQCODE), the Clock Drawing test (CDT), the Mini-Cog, the Telephone Interview
for Cognitive Status (TICS), the Montreal Cognitive Assessment (MoCA), and the
more sensitive Prose Memory Immediate and Delayed Recall (DR) and Digit
Span (DS) Forwards tests, should be part of the routine clinical examination in
hypertension.
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It is known that high blood pressure (BP) is a major risk factor for ischemic and
hemorrhagic stroke in men and women [1] and for small vessel disease predisposing
to lacunar infarction, white matter lesions (WML), and cerebral microbleeds, which
are frequently silent [1, 2]. Functional and structural abnormalities due to hypertension may be detected in neurologically asymptomatic individuals by computerized
tomography (CT), magnetic resonance imaging (MRI), transcranial Doppler (TCD)
ultrasound, positron emission tomography (PET), and single-photon emission computed tomography (SPECT). Neuropsychological tests may also provide useful
information, as mentioned in the previous chapter.
However, availability and cost considerations do not allow the widespread use of
MRI in the evaluation of middle-aged and elderly hypertensives in order to search
for asymptomatic structural organ damage. Likewise, availability, cost, and radiation hazards are disadvantages of techniques investigating hemodynamic abnormalities (PET, SPECT). TCD ultrasound may be useful in investigating cerebral
hemodynamics in hypertensive individuals, although its predictive value has not
been evaluated in longitudinal studies.

19.1

Cerebral Autoregulation and High Blood Pressure

Autoregulation of the cerebral circulation system enables the cerebral blood flow
(CBF) to remain constant despite changes in arterial BP. Under normal conditions, autoregulation is effective between 60 and 150 mmHg. High BP influences
the cerebral circulation, causing adaptive vascular changes. Thus, hypertension
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influences the autoregulation of CBF by shifting both the lower and upper limits
of autoregulatory capacity toward higher BP. For this reason, hypertensive patients
may be especially vulnerable to episodes of hypotension [3], which may play a
role in the development of silent cerebrovascular damage. Increased cerebral vascular resistance may be due to narrowing of the small vessels by lipohyalinosis
and microatherosclerosis. The effect of high BP on small vessels is known, with
vascular remodeling occurring in cerebral blood vessels during chronic hypertension. It has been suggested that this structural alteration impairs autoregulation,
exposing the white matter to fluctuations in BP. For this reason, it has been
hypothesized that changes in cerebral hemodynamics may play a role in the development of WML [3].
The perfusion pressure of the brain cannot be measured directly in humans.
Parameters indirectly reflecting cerebral perfusion pressure are (a) the regional
CBF/regional cerebral blood volume ratio, evaluated by PET or SPECT and (b) the
reactivity of the cerebral vasculature to various vasodilating stimuli (CO2, acetazolamide), evaluated by regional CBF techniques or TCD.

19.2

Transcranial Doppler and Cerebral Hemodynamics

TCD has been used extensively in various clinical situations and in the last two
decades has established a role in the management of patients with cerebrovascular
disease and stroke. Based on the Doppler principle, it uses ultrasound waves to
insonate the blood vessels supplying the brain in order to obtain hemodynamic
information. Anatomic abnormalities due to vascular occlusion, stenosis, and spasm
can be indirectly detected. TCD ultrasonography is noninvasive and relatively inexpensive, can be performed at the bedside, and is simpler than other complex methods (SPECT, PET, xenon-computed tomography) for the investigation of cerebral
hemodynamics.
The Doppler principle, in physics, is a wave theory that describes the relationship between the velocity of objects and transmitted or received wave frequencies. TCD provides continuous recordings of the instantaneous flow velocity in
cerebral arteries and veins. The human brain receives blood through defined
cerebral artery systems; each system consists of a cerebral artery with its branches
extending down to the capillaries. When investigating the cerebral circulation,
we thus examine the behavior of the blood flow at certain points along these
transmission lines. TCD records blood velocities in the precerebral neck arteries
and in the basal cerebral arteries and their branches. Velocity recordings from the
mainstem middle cerebral artery (MCA) are the first choice (insonating through
the temporal bone) in order to relate cerebral artery blood velocity to hemispheric
blood flow.
The mechanics of flow in a vascular bed are usually simplified in three concepts:
(a) perfusion pressure, the pressure differential between the inflow side and the
outflow side, (b) the resistance to flow, and (c) the resultant flow volume.
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The pulsatility index measured by TCD is postulated to reflect the degree of downstream vascular resistance [4]. An increase in cerebral vascular resistance could be
due to narrowing of the small vessels by lipohyalinosis and microatherosclerosis.
An association has been found between the presence of silent WML and the
pulsatility index, assessed by TCD ultrasonography, in middle-aged patients with
uncomplicated, never-treated, essential hypertension [5].
TCD has become widely used to assess cerebral vasomotor reactivity, which
provides information on cerebral autoregulation and collateral circulation. Cerebral
vasomotor reactivity is defined as a shift between cerebral blood flow and cerebral
blood velocity before and after administration of a potent vasodilatory stimulus test.
Three such tests are currently used for this purpose: the apnea test (breath-holding
index), CO2 inhalation, and the Diamox test (i.v. acetazolamide), all of which are
based on the dilatatory response of cerebral blood flow to hypercapnia. Certain
advantages of the Diamox test have been described, but each of the three tests has
advantages and disadvantages.
Early investigators of cerebrovascular reactivity used CO2 as the cerebral vasodilating stimuli. However, patients with chronic lung disease or those with coronary
heart disease and congestive heart failure cannot undergo this test. In contrast, acetazolamide testing is influenced less by the patient’s cooperation. Acetazolamide is
a selective inhibitor of carbonic anhydrase. One gram of this drug given intravenously increases CBF by more than 50 % in 10–20 min. Both techniques are comparable in their potential to identify patients with severely reduced cerebral perfusion
pressure.
The cerebral vasomotor reactivity (VMR) (or vasodilatory capacity or cerebrovascular reserve capacity) of cerebral vessels is usually evaluated 10 min after the
intravenous injection of 1 g of acetazolamide (Diamox test), and the response is
calculated using the following formula:

(

)

VMR =  MCA velocityacetazolamide − MCA velocitybaseline / MCA velocity baseline  ×100.





The measurement of VMR by TCD has been shown to be a valuable noninvasive
instrument for both practical clinical work and pathophysiological research in the
field of stroke and cerebrovascular disease. Cerebral VMR reflects the compensatory dilatory capacity of cerebral arterioles to a dilatory stimulus. In the absence of
major stenosis, an impaired cerebral VMR may reflect increased rigidity of the arteriolar walls. Decreased cerebral VMR has been observed in patients with hypertension and those with insulin-dependent diabetes mellitus [6]. Moreover, impaired
cerebral VMR in young hypertensive subjects appears to improve after the initiation
of antihypertensive treatment, suggesting that hypertensive microangiopathic
changes could be, at least initially, reversible [7].
Tzourio et al. [8] using TCD in 628 individuals (39 % treated hypertensives)
found that the degree of WML was associated with a reduction in CBF velocity.
However, until now, most studies have been performed in elderly people or
have included treated hypertensive patients or patients with a history of
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cardiovascular disease, carotid stenosis, previous stroke, or diabetes, which could
act as confounding factors. In order to establish cutoff values for cerebral hemodynamic parameters to define silent cerebral organ damage, longitudinal studies
in homogeneous samples of middle-aged hypertensive patients will be necessary.

19.3

Cerebral SPECT

Cerebral SPECT with 99mTc-HMPAO allows semiquantitative evaluation of brain
perfusion in humans. HMPAO (hexamethyl-propylene amine oxime) is a lipophilic molecule that crosses the blood–brain barrier and is converted within the
brain cell into a hydrophilic form that remains stable for many hours and displays
areas of increased or decreased perfusion. The striatum and thalamus are the
brain areas most susceptible to lacunar thrombotic infarction, particularly in
hypertensive patients, due to the vessel anatomy and vascular supply in these
areas. Cerebral blood flow in hypertensive patients is maintained at the same
level as in normotensive individuals by cerebral autoregulation, until significant
arteriosclerosis and hypertensive vascular disease develop [9].
Cerebral SPECT is an accurate examination for the evaluation of regional
CBF. The disadvantages are radiation hazard (not optimal for screening), poor spatial
resolution, and the fact that the technique does not permit continuous registration.
The possible relationship between CBF and the existence of target organ damage
at other levels in essential hypertensive patients is unclear. A relationship between
left ventricular hypertrophy and a reduction in regional CBF–SPECT, especially in
the striatum region, has been shown in asymptomatic middle-aged untreated essential hypertensive patients [10].

19.4

Summary

It remains unclear whether early functional cerebral alterations in hypertension are
related to a higher risk of stroke or not. Optimal techniques for the detection of early
silent brain damage should (a) be simple, relatively cheap, noninvasive, and easy to
perform; (b) have excellent topographical resolution for the detection of regional
abnormalities; and (c) have the capacity to assess therapeutic efficacy. The measurement of VMR by transcranial Doppler is a valuable noninvasive examination for
both practical clinical work and pathophysiological research in the field of stroke
and cerebrovascular disease. Cerebral VMR reflects increased rigidity of the arteriolar walls, and this abnormality has been observed in patients with hypertension.
In addition, impaired cerebral VMR in young hypertensive subjects improves with
antihypertensive treatment, suggesting that hypertensive microangiopathic changes
could be, at least initially, reversible. Cerebral SPECT is an excellent technique for
the evaluation of regional CBF, but the radiation hazard and poor spatial resolution
means it is not recommended for the detection of early silent cerebral damage in
hypertension in routine clinical practice.
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Part VI
Relationships Between Target Organ
Damage and Blood Pressure Changes

Organ Damage and Blood Pressure
in Untreated and Treated Hypertensives
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20.1

Introduction

A large number of studies in experimental animals and man show that angiotensin
II, catecholamines and many other substances with cardiovascular and/or metabolic
effects can favour alterations of organ function and structure independently on their
ability to modify blood pressure (BP). There is, however, also a large body of evidence that these alterations are related to BP levels “per se” both in untreated and
treated hypertensive patients. This chapter will offer some examples of this relationship mainly based on past work by the authors. The examples will largely focus on
organ damages of more common assessment in clinical practice as well as of a more
clear prognostic value, i.e. left ventricular hypertrophy, increased urinary protein
excretion or reduction of glomerular filtration rate and carotid intima-media thickening or plaques. However, other types of organ damage will be also mentioned,
albeit more briefly.

G. Mancia (*)
University of Milano Bicocca–IRCCS Istituto Auxologico,
Italiano, Milan Italy
C. Cuspidi
University of Milano-Bicocca - Dept. of Health Sciences-IRCCS
Istituto Auxologico Italiano Centro Ricerche Cliniche,
Italiano, Milan Italy
S.E. Kjeldsen
University of Oslo, Faculty of Medicine, Ullevaal Hospital,
Department of Cardiology, Oslo, Norway
University of Michigan Health System, Division of Cardiovascular
Medicine, Ann Arbor, Michigan, Norway
© Springer International Publishing Switzerland 2015
E. Agabiti Rosei, G. Mancia (eds.), Assessment of Preclinical Organ Damage
in Hypertension, DOI 10.1007/978-3-319-15603-3_20

205

Decrease in Sokolow-Lyon

Decrease in Cornell voltage

206

G. Mancia et al.

300

300

200

200

100

100

0

0

3

3

2

2

1

1

0

0
NC/Incr 1−5

6−10 11−15 16−20 21−25 26−30 > 30

NC/Incr

Decrease SBP (mmHg)

1−5

6−10

11−15 16−20

> 20

Decrease DBP (mmHg)

Fig. 20.1 Reduction in the incidence of left ventricular hypertension as a function of the
treatment-induced reduction of systolic (S) and diastolic (D) blood pressure (BP) in the patients of
the LIFE study. Left ventricular hypertrophy was assessed by electrocardiographic criteria, and the
graphs show average values after 12 months of treatment (Kjeldsen)

20.1.1 BP and Cardiac Damage
20.1.1.1 Left Ventricular Hypertrophy (LVH)
Both when assessed by echocardiography and when determined by electrocardiographic criteria, the prevalence of LVH increases progressively with the increase in
office systolic or diastolic BP [1–4]. Evidence is also available that in hypertensive
patients a BP reduction is associated with LVH regression regardless of the drug
used to obtain BP-lowering effect [5], a greater BP fall being accompanied by a
greater and more spread-out reduction in the markers of the abnormally elevated
values of left ventricular volume, thickness and mass [6]. This is exemplified in
Fig. 20.1, which refers to the large number of hypertensive patients recruited for the
Losartan Intervention For Endpoint reduction (LIFE) trial. Both when the increase
of left ventricular mass was assessed by Cornell voltage and when it was assessed
by Sokolow-Lyon electrocardiographic criteria, the percentage of patients undergoing a LVH regression 12 months into the study became progressively greater as the
treatment-reduced systolic or diastolic BP fall increased. Similar observations have
been made for echocardiographic estimations of LVH regression and for treatments
different from those (losartan or atenolol) used in the LIFE trial [7].

20.1.1.2 Other Measures of Cardiac Damage
Although many more studies have focused on LVH, evidence is also available that
other measures of cardiac damage exhibit a relationship with BP. One, observational
studies have consistently shown that the diameter of the left atrium, the prevalence
and the severity of systolic left ventricular dysfunction and the prevalence or the
severity of diastolic dysfunction are both related to BP values [8, 9]. Furthermore, a
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Fig. 20.2 Regression of left ventricular hypertrophy and improvement of left ventricular systolic
function (midwall fractional shortening) with 24 h BP reduction over 1 year antihypertensive treatment in patients with hypertension and left ventricular hypertrophy. The left ventricular systolic
function improvement was maintained when BP increased towards the initial baseline values after
a final month of administration of placebo. From left to right histograms show baseline, 1 year
treatment and final placebo data, respectively (From [14], with permission)

treatment-induced BP reduction has been repeatedly shown to improve these measures of cardiac damage, irrespectively of the antihypertensive drugs used and independently on the concomitant modifications of other biomarkers with potential
cardiac effects [10, 11]. A pertinent example is offered by the Study on Ambulatory
Monitoring of Pressure and Lisinopril Evaluation (SAMPLE), in which hypertensive
patients with echocardiographic LVH exhibited not only a LVH regression but also a
distinct improvement of LV contractile performance, assessed by a sensitive marker
such as fractional midwall shortening [12], after 1 year reduction of office and outof-office BP reduction by treatment (Fig. 20.2) [13]. Interestingly, the improvement
was entirely maintained after BP returned to the initially elevated values over a final
month of placebo administration, indicating that the contractile function had not
improved because of the favourable effect of a reduced afterload on cardiac performance but it had a persistent structural and/or functional basis (Fig. 20.2) [14].

20.1.2 BP and Renal Damage
20.1.2.1 Microalbuminuria and Proteinuria
A huge number of studies have provided conclusive evidence that the prevalence of
microalbuminuria or proteinuria is closely related to BP values, this being the case
both in the general population and in diabetic or hypertensive nondiabetic patients
[15, 16]. The evidence is also conclusive that a BP reduction by treatment is accompanied by a reduction of urinary protein excretion, regardless of the type of treatment employed, including that based on drug classes which also have a
BP-independent antiproteinuric effect [17]. This is shown in Fig. 20.3 which refers
to patients under treatment with drugs capable or not capable (irbesartan and amlodipine, respectively) to lower urinary protein excretion independently on BP
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Fig. 20.3 Change in proteinuria associated with change of systolic BP after 1 year treatment in
control patients as well as in patients treated with irbesartan or amlodipine. Regression lines
between changes in proteinuria and BP are also shown (From [18], with permission)

changes. In both instances, the amount of urinary protein decreased progressively
with the BP decrease, a similar phenomenon being apparent in the control group
[18]. A further example is provided by the patients of the Ongoing Telmisartan
Alone and in Combination with Ramipril Global Endpoint Trial (ONTARGET) in
whom treatment consisted of an ACE inhibitor, an angiotensin receptor antagonist
or a combination of the two drugs. In the patients pooled, the incidence of newonset microalbuminuria or proteinuria was closely related to systolic BP down to
very low on-treatment values, whose achievement was conversely associated with a
more frequent return to normo-albuminuria in patients in whom an increased urinary protein excretion was detected at baseline (Fig. 20.4) [19].

20.1.2.2 Reduction of Glomerular Filtration Rate
Observational studies have shown that in the general population, in diabetic
patients and in patients with chronic kidney disease, glomerular filtration rate
(GFR) as estimated (e) by conventional formulae [20] becomes progressively
less as BP progressively increases [21]. It has further been shown that although
the reduction of renal perfusion pressure may raise serum creatinine in the first
few weeks after initiation of antihypertensive treatment, in the long term lower
on-treatment BP values favour preservation of renal function and delay progression to end-stage renal disease in hypertensive patients with or without chronic
nephropathy. This is again shown in Fig. 20.4 again for the normotensive and
hypertensive patients recruited for the ONTARGET trial [19]. It has further been
documented for the patients with hypertension and diabetic nephropathy addressed
in a variety of studies in which the time-related loss of eGFR was plotted vs the
achieved BP values [22]. As shown in Fig. 20.5, the lower was the on-treatment
BP, the lesser was the decline of renal function as assessed by a reduction in GFR,
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Fig. 20.4 Incidence of renal endpoints according to the % of on-treatment visits before the renal
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Fig. 20.5 Decline in glomerular filtration rate (GFR) according to on-treatment mean arterial
pressure values in studies on diabetic nephropathy. Compared to untreated hypertension, antihypertensive treatment was associated with lower degrees of GFR decline. The smallest decline
occurred at on-treatment mean arterial BP around 100 mg (From [22], with permission)

the most effective renal protection being observed for mean arterial pressures
(diastolic + one third of systolic) of about 100 mmHg, i.e. a value approximately
corresponding to 120 mmHg systolic and 75 mmHg diastolic BP.
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Fig. 20.6 Relationship between carotid artery far wall thickness and systolic blood pressure
(SBP) in 1006 normotensive and hypertensive subjects (From [23] with permission)

20.1.3 BP and Vascular Damage
20.1.3.1 Carotid Intima-Media Thickness
As exemplified in Fig. 20.6, thickening of the common or internal carotid artery
walls increases progressively as BP increases [23]. Furthermore, evidence has been
obtained that when BP is reduced by treatment, the progressive increase of carotid
wall thickness that occurs with ageing and type 2 diabetes can be delayed and that
some reduction may sometimes occur [24, 25]. Although the amount of evidence is
not comparable with that available for LVH and renal damage, this justifies the conclusion that vascular structural alterations that reflect atherosclerosis are also in
direct relationship with BP values. This is strengthened by the evidence obtained
with the use of more direct measures of atherosclerotic lesions such as that obtainable by intravascular quantification of the volume of an atherosclerotic plaque
(IVUS). The intravascular measured coronary plaque volume showed a continuous
relationship with the BP changes induced by antihypertensive treatment supporting
the notion of a direct antiatherogenic effect of BP-lowering interventions [26].

20.2

Office or Out-of-Office BP?

Several studies have shown that in hypertensive patients cardiac, renal and vascular
damages are more closely related to ambulatory than to office BP values. To quote
some examples, both the prevalence of LVH and the echocardiographic left ventricular mass index value have been repeatedly found to have a higher correlation
coefficient with the 24 h mean BP than with office BP values (Table 20.1) [27].
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Table 20.1 Relationship
of left ventricular mass
index with office (or
clinic) and 24 h mean
systolic blood pressure
(SBP)

Study
Rowlands
Drayer
Devereux
Lattuada
Palatini
Gosse
White
Gosse
Prisant
Verdecchia
Ravoglib

N

Clinic SBP

50
12
100
50
42
61
30
23
55
150
45

0.45
0.55
0.24
0.07
0.52
0.40
0.13
0.60
0.33
0.44
0.38
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24 h SBP
0.60
0.81
0.38
0.40
0.62
0.49
0.54
0.72a
0.50
0.57
0.47

From Mancia et al. [27]
Data refer to coefficients of variation
a
Daytime mean
b
N with familiar H

The prevalence of microalbuminuria and proteinuria has been reported to have a
better association with 24 h mean than to office BP [28, 29], the correlation being
closer for the night than for the daytime values [30]. Closer relationships with
ambulatory than office BP values have finally been reported for carotid intimamedia thickness [31, 32], the superior organ damage-ambulatory BP association
extending in other studies to additional types of vascular-dependant organ damage,
including those reflecting (1) small-artery functional or structural abnormalities
[33] and (2) functional or structural brain alterations such as decline of cognitive
function or white matter lesions [34, 35].
Its closer association with organ damage has strongly contributed to the current
notion that ambulatory BP is prognostically superior to the BP derived from measurement in the physician’s office, presumably because ambulatory values reflect
more accurately the BP regimen existing in daily life. Limited information exists,
however, on the ability of out-of-office BP to predict progression or regression of
organ damage over long-term longitudinal studies, although the available data also
speak in favour of a greater ability of out-of-office BP, or of the treatment-induced
out-of-office BP changes, to predict patients’ cardiovascular risk. In the hypertensive patients of the SAMPLE study, for example, the regression of LVH that
occurred over 1 year antihypertensive treatment was more closely related to the
reduction of 24 h mean than to office BP, the home BP reduction lying approximately in between (Fig. 20.7) [13]. Similarly, in the hypertensive patients of the
European Lacidipine Study on Atherosclerosis (ELSA) and the Plaque Hypertension
Lipid-Lowering Italian Study (PHYLLIS), the changes in left ventricular mass and
carotid intima-media thickness, respectively, were significantly predicted by
changes in ambulatory but not by changes in office BP [36, 37]. Finally, in the type
I diabetic patients studied by the Valencia group, not only was the presence of proteinuria associated with a higher ambulatory BP value (Fig. 20.8), but a higher
ambulatory BP value predicted the progression to microalbuminuria and
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Fig. 20.7 Reduction from entry values of clinic (or office) self-measured home and 24 h (h) mean
systolic blood pressure as well as of echocardiographic left ventricular mass index (LVMI) after 3
and 12 months of antihypertensive treatment in hypertensive patients with left ventricular hypertrophy. Data are also shown after a final month of placebo (P). Correlations between different BP and
LVMI changes are shown at right BP blood pressure; A ambulatory (From [13] with permission)

nephropathy in individuals who did not have renal abnormalities at the start, independently on the office BP values [38].

20.3

Organ Damage and BP Phenomena
Other than Mean Values

In the last few years, attention has been reserved also to the clinical importance of
BP phenomena that occur within the 24 h, in particular the morning BP rise and the
BP variations that characterize the day- and to a lesser extent the night-time. While
recent studies have not confirmed [39, 40] the initial suggestion that morning arousal
has an independent prognostic value [41], evidence is available that 24 h BP variability may adversely affect patients’ prognosis over and above the role played by
24 h mean BP values. Many years ago evidence was obtained that for any given 24 h
mean BP elevation (1), BP variability, as quantified by the standard deviation of the
mean, was associated with an increased prevalence of a comprehensive score of
organ damage [42] and (2) over several years of follow-up, hypertensive patients
exhibited a greater increase of echocardiographic left ventricular mass as well as a
more frequent progression to LVH if 24 h BP variability was greater [43]. There
have also been several cross-sectional reports of an independent association between
24 h BP variability and other types of organ damage, including brain lesions and
carotid intima-media thickness (Fig. 20.9) [32]. Finally, the regression of echocardiographic left ventricular hypertrophy seen after 1 year of successful
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Fig. 20.9 Increase of carotid intima-media thickness (T max) according to quintiles of mean 24 h
(h) systolic blood pressure (SBP) and, within each quintile, to the 24 h SBP standard deviation
(SD) above and below the median value. Baseline data from the ELSA trial (From [32], with
permission)
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with permission)

antihypertensive treatment has been shown to relate to the smoothness index
(Fig. 20.10), i.e. a measure of the “homogeneity” of the BP reduction induced by
treatment between different day and night hours that reflects the magnitude of ontreatment BP variations [44]. This favours the conclusion that BP variability may
have a causative role in the development of organ damage, for which it serves as a
long-term independent predictor, in line with the observation that greater 24 h BP
variations independently predict cardiovascular and all cause mortality [45].
BP undergoes marked variations not only within the 24 h but also between days,
weeks, months and seasons [46, 47]. Day-to-day BP variability has been related to
cardiovascular risk in one study [48], and an adverse prognostic role has been
repeatedly ascribed to the BP variations that occur between visits spaced by several
months. In post hoc analyses of trials on hypertensive patients at high cardiovascular risk, visit-to-visit BP variability has been related to cardiovascular or renal outcomes, independently on the mean BP levels achieved over the same period [49, 50].
However, although similar evidence has been reported for the general population
[51] (suggesting an adverse role of long-term BP variations not only at high but also
at normal BP values) [51, 52], it is still not clear whether an inconsistent BP control
between visits may have the same adverse consequences in individuals with a mild
hypertensive condition, and an overall low added risk in which lack of control may
mean BP values only few mmHg above target. In the patients with mild hypertension and a low-to-moderate risk of the ELSA trial, cardiovascular events were predicted by on-treatment mean but not by visit-to-visit variability [53]. As shown in
Fig. 20.11, this was the case also for the end-of-treatment carotid intima-media
thickness value which increased progressively from the quartile with the lowest to
that with the highest on-treatment office systolic BP, while showing no relationship
with the quartile values of on-treatment office systolic BP coefficient of variation,
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Fig. 20.11 Relationship between end-of-treatment carotid intima-media thickness (IMT) and ontreatment clinic (or office) or 24 h (h) systolic blood pressure (SBP) mean or between visit variability.
Between-visit variability is shown as coefficient of variation (CV) of mean on-treatment values. Data
are shown as quintiles. Adjustments were made for baseline confounders and for SBP CV (quintiles
of mean SBP) or SBP mean (quintiles of visit-to-visit SBP CV) (From [53], with permission)

i.e. a measure of visit-to-visit BP variability independent on the mean BP value. The
same was true for the visit-to-visit variability of 24 h mean systolic BP vs the 24 h
average on-treatment value, strengthening the conclusion that under this circumstance BP variation may matter less than the achieved mean.
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