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Abstract

The chapter considers the possibilities for using ultrasound to increase the efficiency
and safety of the intravascular access in patients during cardiac arrest, cardiopulmonary
resuscitation, and advanced life support. It provides the grounds for the real-time use of
ultrasound for ensuring satisfactory central vascular access; the main principles of this
methodology and current recommendations are described as well. In addition, the article
presents special aspects of visualization of ultrasound vessels in cardiopulmonary resus-
citation, as well as puncture and catheterization techniques. It is crucial that resuscitators,
who are often at the forefront of patient resuscitation, understand how to properly use
this potentially life-saving procedure.

Keywords: cardiopulmonary resuscitation, advanced life support, ultrasound,
vascular access, vascular visualization

1. Introduction

Providing satisfactory vascular access is still a critical part of resuscitation. Timely administra-
tion of drugs through intravenous access can improve the survival rate of patients after circula-
tory arrest. The time passed from the arrest to drug administration is an independent predictor
of return to the spontaneous circulation [1]. In this regard, it is difficult to overestimate the
importance of providing satisfactory vascular access for the patient with circulatory arrest. It is
important to remember that the benefits of early vascular access must be considered together
with the importance of uninterrupted cardiopulmonary resuscitation (CPR) [2]. When choosing
vascular access, it is a common practice firstly to focus on visualization and palpation of the
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subcutaneous veins in the accessible parts of the body, as well as on the anatomical landmark
(landmark technique). Subcutaneous veins in the extremities and the external jugular veins com-
pletely satisfy these requirements. The insertion of the catheter into visualized subcutaneous
vein is considered to be quick and safe. It should be remembered that visualization and palpation
of the subcutaneous veins can be difficult in patients in critical condition (bleeding, hypovolemic
shock, burns of limbs, or hypothermia). In this case, infrared thermography [3] and near-infrared
vein visualization [4] can be applied. If the catheterization of the subcutaneous veins is difficult
or impossible, then intraosseous access (IO) is recommended by current clinical guidelines [5].
Nowadays, IO route is proved to be quite effective in adults and children with out-of-hospital
cardiac arrest [6]. It is assumed that insertion of a central venous catheter requires the interrup-
tion of CPR and can be technically challenging and associated with complications. However,
the introduction of real-time ultrasound-guided central venous catheter (CVC) insertion into
clinical practice significantly increased its safety, accuracy, and effectiveness compared to the
conventional landmark technique [7, 8]. It is known that central venous access is required for
administering drug solutions, monitoring venous pressure, and for performing extracorporeal
oxygenation and detoxification, which cannot be achieved by other types of access. In addition,
ultrasound-guided catheterization of the internal jugular (IJV) and femoral veins (FV) may not
require the cessation of chest compression and placing a patient in a forced position (head-down
tilt positions) during CPR. It is critical that resuscitators, who are often at the forefront of patient
resuscitation, understand how to properly use this potentially life-saving procedure.

2. History

The use of ultrasound imaging support for IJV location was first described in 1978 [9]. The
use of ultrasound for real-time CVC insertion was reported in 1984. Legler and Nugent [10]
showed that Doppler localization of the IJV facilitates central venous cannulation. Later, the
results of studies showing the advantage of using ultrasound for catheterization of subcla-
vian (SV) and FV were published [11]. The first results of studies on the use of ultrasound
for catheterization of the central vein during CPR were published in 1997. Hilty et al. [12]
showed that real-time ultrasound-guided FV catheterization was faster and produced a lower
rate of inadvertent arterial catheterization and a higher rate of success during CPR than the
standard landmark-oriented approach. Benassi et al. [13] showed the benefits of the real-time
ultrasound cannulation of the femoral vessels for establishing venoarterial extracorporeal
membrane oxygenation in acute cardiopulmonary failure.

3. Principles of vessel visualization using ultrasound

Two-dimensional (2D) gray-scale imaging (Figure 1), color (Figure 2), and spectral Doppler
(Figure 3) ultrasonography are used for ultrasonic visualization of vascular structures, sur-
rounding tissues, and anatomical formations [14]. The best resolution of surface structures
in the immediate vicinity of the skin surface is provided by high-frequency (>7 MHz) linear
ultrasonic sensors. The operator must have an idea of the probe orientation, the image on
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Figure 1. Ultrasound 2D image of the right internal jugular vein (IJV) and carotid artery (CA).

Figure 2. Ultrasound color Doppler imaging of the right internal jugular vein (IJV) and carotid artery (CA).

the display, the physics of ultrasound, the mechanism of image generation, and the artifacts,
and be able to interpret 2D images of the vessel lumen and surrounding structures. A two-
dimensional image of a blood vessel is usually displayed either along the long axis (Figure 4),
the short axis (Figure 5) or the oblique short axis (Figure 6).

3.1. Ultrasonic visualization of blood vessels in people with spontaneous circulation

The basic differences between a vein and an artery in an ultrasound 2D image are the irregular
form of the vein (the artery is generally round) and the wall thickness (the arterial walls are
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Figure 3. Ultrasound color Doppler and spectral Doppler imaging of the right femoral artery (FA) and femoral vein (FV).

Figure 4. A two-dimensional image of the right internal jugular vein (IJV) along the long axis view.

thicker), but the major difference is vein compressibility under a slight external surface pressure
(Figures 7 and 8). The lack of vein compressibility may indicate the presence of a thrombus.
Using Doppler also helps to distinguish a vein from an artery. Respiratory-based vein excur-
sion may also allow us to distinguish it from the artery [15]. Respiratory-based vein excursion
is a change in its diameter based on the respiration phase. It is known that, in contrast to the
arteries, the IJV, SV, and FV diameter decreases during inhalation and increases during exha-
lation [16]. In patients with hypovolemia, the IJV may completely collapse during inhalation
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Figure 5. A two-dimensional image of the right internal jugular vein (IJV) and carotid artery (CA) along the short axis
view.

Figure 6. A two-dimensional image of the right internal jugular vein (IJV) and carotid artery (CA) along the oblique
short view.

(Figure 9). It must be remembered that the color does not determine the nature of the blood
flow (venous or arterial), but depends on the flow direction (from the probe or to the probe).
By default, the device marks the blood flow directed toward the probe as red, and the blood
flowing away from the probe is marked as blue. The change in the inclination of the probe can
lead to the change in the vessel color on the screen of the ultrasonic device.

3.2. Special aspects of ultrasound imaging of vessels during cardiac arrest and CPR

During circulatory arrest, the blood pressure on the walls of arteries decreases; they lose elas-
ticity and are compressed together with veins when external surface pressure is applied by
the ultrasonic probe. In this regard, compressibility during cardiac arrest is characteristic of
both the vein and the artery. When performing chest compression, the blood pressure on the
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Figure 7. Ultrasound color Doppler imaging of the right internal jugular vein (IJV) and carotid artery (CA) before
external surface pressure.

Figure 8. Ultrasound color Doppler imaging of the right internal jugular vein (IJV) and carotid artery (CA) after external
surface pressure.

walls in the arteries increases. An increase in blood pressure (more than 60 mmHg) leads to an
increase in the elasticity of the arteries walls, which again makes them noncompressible when
pressed [17]. During CPR rhythmic change in diameter is typical for both veins and arteries
due to compression and decompression of the chest with a frequency of 100-120 per minute
(diameter of the CA may change by 30-40% and IJV by 50-60%). Using a Doppler is a reliable
way to distinguish the artery from the vein by the flow direction.
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Figure 9. Measuring right internal jugular vein (IJV) diameter in healthy volunteer using M-mode ultrasonography.

The ratio of the sizes (diameters) of IJV, SV, and FV veins in patients with cardiac arrest may
vary. If the cause of cardiac arrest is hypovolemia (blood loss), then the ratio of the veins
diameter will be as follows: IJV <SV > FV. If the cause of cardiac arrest was thromboembolism,
acute myocardial infarction or tamponade, the ratio of the veins diameter will be different:
FV<SV>TIJV.

4.IJV anatomy, access, and catheterization technique

IJV emerges from the outer jugular opening at the base of the skull posterior to the inter-
nal carotid artery (CA), then proceeds caudally, and shifts, taking anterolateral position
in regards to CA. Denys and Uretsky [18] showed that the IJ] was located anterolateral in
regards to CA in 92% (Figure 7), >1 cm lateral to the carotid in 1%, medial to the carotid
in 2%, and outside of the path predicted by landmarks in 5.5% of patients. Preliminary
ultrasound evaluation of the vein patency, size, location, and possible anomalies is manda-
tory, it ensures avoiding futile attempts as in patients whose IJV is absent or thrombosed
or who have congenital anomalies. Surrounding structures (subcutaneous tissue, carotid
artery, thyroid, and lymph nodes) must also be analyzed. The properly trained clinicians
use real-time ultrasound during IJV cannulation whenever possible to improve cannulation
success and reduce the incidence of complications associated with the insertion of large bore
catheters. Before the procedure, a patient should be placed in position on his back. The head
can be turned to the contralateral side from 0 to 40°. The head-down tilt position should be
used, when possible, for increasing the vein size, eliminating the vein respiratory excursion,
reducing the risk of air embolism during IJV cannulation, and consequently improving the
success of CVC insertion. For more than 65% of patients requiring CVC, the 10° head-down
tilt position is sufficient to increase the size of IJV. In certain clinical situations, the head-
down tilt position may not be applied.
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4.1. Approach to vein puncture

Currently, three types of approach for real-time ultrasound-guided IJV catheterization are
described: central (classical), lateral, and lateral oblique.

For classical IJV approach, one can use short or long axis vein visualization and in-plane
(when included in the plane of the ultrasound beam) or out-of-plane (only a very limited
part of the needle can be visualized by the ultrasound beam) needle visualization [14]. The
long axis view of the IJV can be obtained by positioning the ultrasound probe in longitudinal
orientation on the patient’s neck. This view shows the course of the IJV, and with this probe
positioning, the needle is inserted in-plane at the level of the cranial edge of the ultrasound
probe; this allows the operator to visualize the entire length of the needle through the soft
tissue and into the IJV [19]. With this type of technique, the information of the carotid artery,
lymph nodes, and thyroid may be lost. In addition, the IJV access will be at least 3 cm cranial
from the upper margin of the clavicle, for the limitation imposed by the ultrasound probe
length. This fact makes it difficult to apply this kind of approach in patients with a short
neck. The short axis view of the vein can be obtained by positioning the ultrasound probe in
a transverse orientation (90° rotation from the long axis) on the patient’s neck (the ultrasound
probe is perpendicular to the course of the IJV). This view allows the visualization of the
carotid artery, lymph nodes, and thyroid. With this position of the ultrasound probe, the
needle is usually inserted vertically (vertical out-of-plane technique) above the middle part of
the ultrasound probe in a position 1-1.5 cm cranial from the upper margin of the clavicle. This
allows the operator to simultaneously visualize the IJV and all surrounding structures and
ensures a caudal vein access [20]. With this type of technique, the operator has a very limited
view of the needle (Figure 10).

The lateral short axis in-plane technique is a combination of the advantages of both previously
mentioned conventional techniques, but without their limitations [21]. The ultrasound probe
is positioned in a transverse orientation (short axis), with a good view of the IJV and its sur-
rounding structures. The needle is inserted at the level of the lateral edge of the ultrasound
probe [22]. This guarantees the visualization of the entire length of the needle during vein
access (Figure 11).

This allows the operator to avoid iatrogenic puncture complications, such as arterial puncture
and pneumothorax. The ultrasound-guided lateral short axis in-plane technique for percuta-
neous IJV cannulation can be successfully applied in patients without hypovolemia. Using
this method for patients with hypovolemia and veins with a small diameter (less than 7 mm)
may result in vein perforation [23].

The real-time ultrasound-guided lateral oblique short axis in-plane technique may be suc-
cessfully applied in patients with hypovolemia and a small IJV size. The lateral oblique short
axis view of the vein can be obtained by positioning the ultrasound probe rotated in 10-50°
from the short axis. This method can be applied as follows: set the sensor so that the vein
image in the transverse axis is located in the middle of the screen of the ultrasound scan-
ner and measure the maximum distance between the lateral and medial walls at the time of
inspiration of the patient. If this distance is less than 7 mm, the sensor is rotated by moving



Ultrasound-Guided Vascular Access during Cardiopulmonary Resuscitation
http://dx.doi.org/10.5772/intechopen.79400

Figure 10. Short axis vertical out-of-plane technique ultrasound image of the right neck area showing the internal jugular
vein (IJV), carotid artery (CA), lymph nodes (LN), sternocleidomastoid muscle (SM), and the thyroid (T). The needle is
visible in a limited fashion into the internal jugular vein as a bright dot (arrow). From J Vasc Access [22].

Figure 11. Short axis, lateral in-plane technique ultrasound image of the right neck area showing the internal jugular
vein (IJV), carotid artery (CA), lymph nodes (LN), and the sternocleidomastoid muscle (SM). The needle is visible in its
entire length with the full tip into the internal jugular vein (arrow). From ] Vasc Access [22].

its lateral part upwards and the medial part downwards, and the rotation of the sensor is
stopped when the distance between the walls of the vein is more than 7 mm. Fix the sensor in
this position. Puncture needle is then inserted, and the vein is punctured in the sensor plane.
[24]. This maneuver allows us to increase the size of the vein compared to the size in short
axis (Figure 12).
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Figure 12. Lateral oblique short axis in-plane technique ultrasound image of the internal jugular vein (IJV), carotid artery
(CA), and needle is visible in its entire length with the full tip into the internal jugular vein.

5. FV and FA anatomy, access, and catheterization techniques

Common femoral vein and common femoral artery (FA) lie within the femoral triangle formed
by the inguinal ligament, the long adductor muscle, and the sartorius muscle. An important
landmark for determining the location of the femoral vein in patients with spontaneous circu-
lation is the femoral artery pulsation, since the vein is usually located medial to the artery in
the vascular lacuna of the femoral triangle. This vascular interposition is constant only under
the inguinal ligament (Figure 13). Change in the relative location of the vessels occurs in the
caudal direction. In particular, the FA may overlap the femoral vein at a level of 1 cm below
the inguinal ligament. In this regard, ultrasound imaging will accurately localize the FV and
differentiate it from the femoral artery (Figure 14).

During CPR, it is possible to reliably distinguish the artery from the vein during the chest
compression in the direction of the flow with the help of the Doppler. The advantages of
choosing a femoral vein are the possibility to perform its catheterization without disrupting
the CPR, lack of control devices in this area, and the ability for the resuscitator to access the
patient’s chest and airways. In addition, this access prevents pneumo- and hemothorax. Well-
known complications of catheterization are vascular damage, bleeding, and arteriovenous
fistulas.

Before the catheterization, the patient should be placed on his back, with his thigh slightly
retracted, and rotated outwards. This technique allows us to increase the accessibility of the
common femoral vein in 70-80% of adults [25]. It is possible to increase the cross-sectional
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Figure 13. Ultrasound color Doppler imaging of the right femoral artery (FA) and femoral vein (FV). The US probe is
installed under the inguinal ligament.

Figure 14. Ultrasound color Doppler imaging of the right femoral artery (FA) and femoral vein (FV). The US probe is
installed at a level of 1 cm below the inguinal ligament.

area of the common femoral vein by more than 50% by using head-elevation tilt positions
[26]. However, no data on the safety of this maneuver in patients with cardiac arrest and
CPR are currently available. First, the femoral vessels in the transverse plane are visu-
alized using a real-time 2D ultrasound, placing an ultrasonic probe under the inguinal
ligament. The differentiation between the vein and artery during CPR is performed with
a Doppler. The short axis out-of-plane technique is often used for the catheterization of
the FV and FA. The long axis in-plane technique is preferable when longitudinal scanning
of the femoral vessels is possible. The real-time ultrasound-guided lateral oblique short
axis in-plane technique can also be applied. At the same time, no evidence of its preference
is available.
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Nowadays, femoral vessels are chosen for inserting venoarterial extracorporeal membrane
oxygenator devices for extracorporeal CPR and extracorporeal life support [27]. The research
results reveal promising outlook of this area of research aimed at saving human life.

6. SV catheterization techniques

The use of a subclavian vein for central venous access during CPR surgery cannot be recommended
due to certain limitations. Providing access to the vein may require CPR interruption, and in partic-
ular, thorax compression. Besides, a defibrillation electrode may be located in the subclavian area.
During CPR, there is a risk of post-puncture pneumo- and hemothorax during SV catheterization.
Compared to IJV and FV, the SV anatomical location and its course under the clavicle bone may
challenge ultrasound imaging and are accompanied by various artifacts (Figure 15).

Figure 15. Ultrasound color Doppler imaging of the right subclavian vein (SV) with mirror image artifact.

7. Advantages of ultrasound-guided vascular access during CPR

It can be argued that the use of ultrasound facilitates the identification of the insertion site
anatomy, localization of the vessels and their sizes, and differentiating between veins and
arteries. Real-time US guidance for puncture allows us to confirm patency of the vessel, as
well as needle, wire, and catheter position in the vessel. In addition, ultrasound can be used to
determine the change in the filling, and thus, the cross-sectional lumen of the patient, depend-
ing on the change in the patient’s position (head-down or head-elevation tilt position). In
the clinical setting, these advantages allow us to choose the most secure access for puncture
and the catheterization of the targeted vessel without interrupting the CPR, reduce the time
of intravascular access, minimize the number of unsuccessful catheterization attempts, and
reduce the risk of post-puncture complications.
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8. Limitations of ultrasound-guided vascular access during CPR

The operator performing ultrasound-guided vascular access is certainly required to have
special knowledge and practical skills in visualization of anatomical structures, in particular,
blood vessels, during CPR. We assume that anesthesiologists, intensivists, and emergency
physicians must be educated about it. To ensure this, special training of operators involved
in CVC insertion should be organized. In addition, an intensive care unit must be equipped
with US machines to exclude procedural delays. Ultrasound-guided vascular cannulation
proved to be effective for cardiopulmonary resuscitation during in-hospital cardiac arrest.
This method, however, is not to be recommended during out-of-hospital cardiac arrest, since
nowadays there are no data proving its safety and efficiency.

9. Conclusions

Providing satisfactory intravascular access remains an important component of the CPR.
Taking into account the advantages of ultrasound-guided central vascular access, it should
be consid-ered along with other types of access (peripheral and intraosseous) in patients
with in-hospital cardiac arrest.
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1. Introduction

Vascular access is an important procedure for clinicians to master. Chronic medical
conditions, intravenous drug use, and obesity can all make placements of vascular catheters
in central and peripheral veins challenging and time-consuming. External landmarks have
traditionally guided the placement of the needle for the performance of central venous
catheterization. The proximity of such structures as the large arteries of the chest and neck
as well as the apex of the lung results in a 6.2-11.3% rate of immediate mechanical
complications when performing subclavian or internal jugular catheterization.! In recent
years there have been significant improvements in portable ultrasound technology
including the development of relatively inexpensive ultrasound machines with sufficient
resolution to guide needle placement through tissues. These machines are now found
throughout the house of medicine by the bedside of patients. Multiple studies have been
performed demonstrating the benefits of ultrasound guidance of central venous catheter
placement by multiple specialties, and the same technique has been extended to the
placement of peripheral intravenous catheters.23456 In this chapter, we describe the use of
ultrasound for guidance of vascular access.

2. Use of ultrasound for vascular access
2.1 Transducer selection

Transducer characteristics, such as frequency and shape, determine ultrasound image
quality. For the purpose of vascular access, it is ideal to use high frequency and small
footprint transducers. The high-frequency linear array transducer provides higher resolution
of the superficial areas of soft tissue including artery and veins. The flat and small footprint
shape of the linear array transducer is less prone to slip off of the vessel of interest. Modern
transducers are designed to generate a range of frequencies. For example, linear 5-12 MHz
transducer can be used to adequately scan deeper targets if it used in lower range of
frequencies. In general, transducers in the range of 5-12 MHz are preferred as the depths of
target vessels for accesses are often limited to 2-4 cm below the skin surface.”

2.2 Modes

B-Mode and color Doppler are the main ultrasound modes used for the purpose of venous
access. B-mode ultrasound produces recognizable two dimensional (2D) gray scale images.
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Color Doppler is an application to characterize blood flow. The doppler effect occurs when
blood flow of red blood cells move toward or away the ultrasound transducer. If the flow in
a vessel is moving towards the transducer, the color displayed in the vessel is RED and
when the flow is moving away from the transducer, the perceived frequency display is
BLUE (BART - Blue Away and Red Toward). (Figure 1A, B) To clearly display the presence
of a flow in an artery or vein, it is necessary to create an angle between the transducer and
the direction of the flow. The color Doppler detection of flow is optimal when the transducer
is parallel (0 degrees) to the flow and it is worst when the transducer is perpendicular (90
degrees) to the vessel, so in clinical practice, some angulations of the transducer are
necessary to optimize color Doppler signal.

Fig. 1. (A) Transverse view, the brachial artery without compression with color flow
TOWARD the transducer, (B) Transverse view, the brachial artery without compression
with color flow AWAY from the transducer

2.3 Optimizing image quality

Best visualization of target vessels with ultrasound requires an optimal machine setting. In
general, proper transducer selection and the selection of pre-programmed vascular
ultrasound settings provide acceptable quality images. Additional controls that can further
improve the image quality include gain, depth, focus and frequency.

Depth: Proper depth adjustment provides better target vessel imaging and facilitates
tracking the needle through the tissues. By increasing the depth setting, the target vessel
gets smaller and smaller. With too shallow a depth setting, important structures in the
vicinity of the target vessel (such as a neighboring artery) may be lost off the far edge of the
screen. It is therefore important to select the appropriate depth setting according to the
target vessel location.

Gain: The brightness of the image on the screen is controlled by the gain setting of the
ultrasound machine, and the quality of images displayed on monitor also depends on the
selected gain. Increasing the gain makes the image brighter, while decreasing the gain
makes the image darker. In addition to the overall gain, selected regions of the screen can be
adjusted by selecting gain controls for the near field or far field. Inappropriately increased
gain will add "noise" artifact to the image that adversely impact the quality of images.
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Focus: The highest resolution of the displayed image is at the focal zone. Some machines
automatically adjust the focal zone to the center of the screen, however, in systems with a
manually adjustable focus, it is important to place the ‘focus” at the level of the target vessel
of interest.

3. Image orientation

Proper transducer orientation is an important step to accomplish a successful procedure.
Most transducers have an indicator of some sort on one side of the probe that corresponds
to a mark displayed on one side of the displayed image on the screen. (Figure 2A and 2B)

Fig. 2. (A) A high frequency linear transducer for vascular procedure, with orientation
indicator (B) Localization and matching orientation indicator with ultrasound indicator on
screen (green dot)

The aim is to keep the indicator on the side of the probe oriented in the same direction as the
orientation mark side of the monitor. By default, the orientation mark is usually displayed at
the left side of the image and keeping the indicator toward the left side of provider will
largely prevent further confusion about the orientation. If there is any confusion about the
orientation of the probe, a finger can be rubbed on one side of the transducer surface after
gel application to produce an image on the screen and confirm the orientation.

3.1 Preparing a sterile transducer

Central venous access is a sterile procedure. In order to use ultrasound, the probe needs to
become part of the sterile field. When preparing for the procedure a sterile ultrasound
sheath should be placed on the sterile field. Ask your assistant to apply ample sterile or non-
sterile gel into the sterile sheath. Place the ultrasound transducer inside the sterile sheath
and ensure that gel is applied generously between the transducer and inside of the sheath
covering. Smooth the sheath covering over the transducer surface to avoid any wrinkles or
trapped air that could impede full contact. Wrap the sterile rubber band supplied with most
commercially available probe covers around the transducer to avoid transducer movement
inside the sheath during ultrasound scanning.8?

Alternatively, if a sterile probe cover is not available, a sterile glove can be used to cover the
transducer surface, although this does not cover the cable of the ultrasound probe and care
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must be taken during the procedure to prevent contamination of the sterile field by the
cable. Applying generous amount of gel into the sterile glove and sliding the transducer into
the glove’s thumb may prevent air trapping or wrinkle on the contact surface. (Figure 3)

Sterilize the skin surface thoroughly with an antiseptic solution
Surround the CVC placement location with full body sterile fenestrated drape
Using sterile technique, open the probe cover packet onto the sterile work field

L

The gowned and gloved provider places 2 of the contents of the sterile gel inside the
sheath

Place the transducer inside the sheath, taking care to displace any air bubbles
between the probe face and the probe cover

6. Extend the sterile sheath to cover the cord completely

7. Hold the sheath in place with a rubber band around the transducer head
8

9

o1

Place the transducer on the sterile field
Use a package of sterile acoustic gel
10. Apply sufficient amount of sterile gel over the site of scanning

11. Place the transducer over the procedure site, identify target vessel, and proceed with
cannulation

Table 1. Preparing the ultrasound transducer for central venous catheterization

i
Fig. 3. Probe position and needle insertion to approach internal jugular Central line access
by using a sterile glove as an alternative to sterile probe cover

4. Planes and views

Transverse and longitudinal views are two main planes used for the purpose of vascular
access. In transverse view, the transducer plane is in cross section of the target vessel and
the vessel is displayed on the screen as a circle. In longitudinal view, transducer plane and
vessel plane are parallel and the vessel is displayed on the screen as a long tube running
across the screen. A longitudinal view allows visualization of entire vessel of interest, but it
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requires that transducer beam, needle and target vessel be held parallel, which can be
challenging for the novice user.10.11

In general, we recommend starting with transverse view as it allows visualizing adjacent
structures including artery and nerve in the area and is easier to visualize the tip of needle
and its insertion. The provider can switch between the two views during the procedure as
needed to track the progress of the needle moving toward the target vessel.

4.1 Differentiating artery and vein

Differentiating between artery and vein is essential to safely perform ultrasound guided
vascular access. Compressibility of veins is the simplest way to distinguish artery from vein.
Veins typically compress with minimal pressure applied from the probe, while arteries
retain much of their original shape and appearance. When performing internal jugular vein
placement one may visualize the influence of respiratory variation on the vein diameter.
Valsalva maneuvers and trendelenberg positioning make the vein larger but have minimal
affect on the carotid artery. The application of color Doppler is also very useful in
differentiating artery from vein. Arteries have pulsatile flow visualized on color Doppler,
while the vein has minimal flow. (Figure 4A and 4B)

Fig. 4. (A) Transverse view of right internal jugular vein (with mild compression) and
adjacent carotid artery (B) Transverse view of a distended right internal jugular vein during
Valsalva maneuver and adjacent carotid artery

4.2 Scanning techniques

Static vs. Dynamic: The guidance of vascular access using ultrasound can be categorized as
static or dynamic. In the static use of ultrasound, the provider would apply ultrasound to
localize the vein and mark the site of needle insertion on the skin; after that the procedure
will be performed much like a traditional landmark-based approach.

In dynamic guidance, the provider uses the ultrasound in “real time,” with continuous
visualization of the needle insertion throughout the procedure. The authors highly
recommend the dynamic approach on performing central venous access considering the
possibility of changes due to patient movement in the time interval between marking and
needle insertion in the static approach. The success rates for dynamic guidance as compared
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with the static technique is significantly higher. Direct ultrasound guidance gives the
opportunity of visualizing the needle in real time to puncture the vein and avoid puncturing
adjacent artery and nerves but it is more technically demanding because it requires
significant eye-hand coordination and it requires a sterile probe cover throughout the
procedure.

One-provider vs. Two-provider: The dynamic use of ultrasound can be conducted by a provider
operating alone, or by two providers. In the one-provider method, the provider holds the
ultrasound transducer with the non-dominant hand and the needle with the dominant
hand. In the two-provider method, a sterile assistant will hold and control the probe while
the provider performs the needle insertion under real-time ultrasound guidance. We
recommend the one-provider method, as it not only allows for more flexibility and the
ability to perform the procedure independently, but also enables the provider to make very
small movements of the ultrasound probe in conjunction with the needle to enhance
localization of the needle tip. In a small study among 44 cases focusing on the specific
question of whether single- vs. two-provider technique was advantageous revealed no
significant differences.1213

Out-of-Plane vs. In-Plane Approach: Needle insertion can be performed in either in- plane
(longitudinal) or out-of- plane (transverse) in relation to the ultrasound transducer. During
the in-plane insertion, the needle is placed parallel to the transducer and the full length of
the needle shaft and tip are visualized. In the out-of plane approach, the needle is placed
perpendicular to the transducer and either the needle shaft or the tip is visualized as a
hyperechoic dot on monitor. In this method, needle, vein, adjacent artery or vein and tissue
movements are observed. The choice of these two methods depends on the location of the
vessel, provider experience, and anatomic relationships. In a study by Blaivas et al. they
reported that the technique utilizing a transverse, short-axis view of the needle in vascular
access was easier for novices to learn than a technique using longitudinal scan.!!

5. Ultrasound - guided catheter insertion techniques
5.1 Internal jugular vein

Anatomy and ultrasound technique: The internal jugular vein (IJ) is typically located anterior
and lateral to the carotid artery; however, there is a significant anatomic variation where the
vein can overly the artery and even be medial to the artery. As described above, the IJ vein
and carotid artery can be differentiated by the fact that the vein is compressible, non-
pulsatile, and distensible by the Trendelenberg position or the Valsalva maneuver.14 (Figure
4A and 4B)

Contralateral rotation of the head significantly affects the relative anatomy of the IJ vein and
carotid artery. Extreme contralateral head rotation can decrease IJ vein diameter and
increase overlap on the carotid artery.814

In longitudinal view, the IJ vein can be followed inferiorly, down to the level of the
sternoclavicular joint where it joins the subclavian vein on each side and drains into the
superior vena cava.8

Positioning and preparation: Proper positioning of the patient significantly affects the
likelihood of a successful procedure. For the IJ cannulation, patient’s head should be rotated
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slightly contralaterally, with the neck extended. Extreme rotation of the neck may increase
the amount of overlap of the carotid artery and IJ vein. The patient should be placed in
Trendelenburg position in order to maximally distend the IJ vein. The ultrasound machine
should be placed by the same side of the bed and directly in front of the provider to provide
a direct line of vision that is ergonomic and efficient.

An initial examination of the surrounding areas and the target vessels should be
performed to confirm the patency of the IJ vein and absence of thrombosis prior to
applying the sterile probe cover and prepping the patient. Following this important step,
the procedural areas of the neck and upper chest should then be prepared in the usual
manner, and full barrier precautions should be used to maintain sterility of the
procedure.289 A sterile probe cover should be applied as discussed in Table 1. The CVC
catheter should be set up per normal routine. The catheter ports should be flushed to
remove air and to check for their patency. The equipment needed for catheter insertion,
including the CVC kit should be set and place within an easy reach. Local anesthetic
should be applied at the site of puncture.

Catheter Insertion: Provider should use the dominant hand to handle the needle and the non-
dominant hand to hold and handle the transducer. If prefer to start with transverse view,
the needle is placed perpendicular to the transducer directly underneath the middle of the
transducer while jugular vein placed in the center of the screen. The needle insertion site
should be 0.5-1 cm proximal to the transducer. In this approach, the needle tip and the shaft
are visualized as a hyperechoic dot on monitor. If the needle tip cannot be visualized,
indenting the tissue overlying the vein or moving the transducer along the axis of the vein
while “agitating” the needle may enhance the image of the needle and tip. If consider
longitudinal plane, the needle is placed inline with and parallel to the transducer in which
the entire length of the needle and the tip are visualized as puncture the vein. Once the
vessel has been successfully punctured, the transducer can be set aside and the procedure
can proceed normally with wire and catheter placement. The wire should be advanced
slowly with no pressure at the length of the needle plus 5-6 cm. considering the short
distance of the puncture site and superior vena cava to the right jugular vein extreme
precaution should be used not to advance the catheter too far to prevent right atrial or
ventricular wire insertion. After wire placement, the needle is removed and a small incision
is made around the wire insertion to facilitate dilator insertion. After removal of the dilator,
the catheter is then advanced to the desired distance that is 4-5 cm shorter in the right
jugular vein compare to the left IJ vein.89 Once the line is in place, it should be properly
flushed in all ports, secured, and dressed. Post procedure chest X ray is required to confirm
proper catheter placement and the lack of complications including pneumothorax to start
using the central catheter.

5.2 Subclavian vein

Anatomy and ultrasound technique: Subclavian vein is a continuation of the axillary vein at the
lateral border of the first rib that crosses over the first rib and passes in front of the anterior
scalene muscle that separates the vein from subclavian artery. The subclavian vein (SC)
continues in main length behind the medial third of clavicle which makes it less available
for ultrasound scanning. At the junction of Sternoclavicular joint in each side SC veins join
to the IJ veins and form the innominate vein to the left and brachiocephalic vein to the right
side.15
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To visualize the Subclavian vein, the ultrasound transducer is placed at the supraclavicular
space posterior to the long axis of clavicle to obtain a longitudinal view of the SC vein. At
this level it is critical to differentiate SC vein from the SC artery as they pass in parallel along
side of each other. The SC vein can be distinguished from the artery by the fact that the SC
vein is in a more medial and superficial than artery and by following its path medially it can
be traced to IJ vein. The SC vein is not pulsating and affected by Valsalva maneuver similar
to IJ vein.

SC vein can be visualized at the infraclavicular region by placing transducer at the mid third
of clavicle while the half of the footprint covering the cross section of the clavicle and the
lower half investigating the infraclavicular region.

Catheter insertion: The SC vein access with ultrasound guidance can be performed through
either supraclavicular or infraclavicular approach. In supraclavicular approach while the
vein is visualized the probe will be adjusted toward the medial end of the vein near the
junction of IJ vein to provide sufficient space for the needle placement under real time
ultrasound guidance. Following the puncture site identification, the area is prepped and
draped sterilely and the ultrasound transducer sterile cover should applied as described
previously. Furthermore, the ipsilateral IJV area should be prepped in case of possible
catheter misplacement required proper ultrasound guided repositioning. While the needle
gains access to the SC vein the guide wire would advance and the transducer can be set
aside and proceed with a normal procedural steps according to the Seldinger’s technique.

Typically, the subclavian vein is more difficult to visualize by ultrasound due to its position
under the clavicle, which requires significant angulations and manipulation of the
transducer to acquire and maintain sufficient imaging during real time procedure.
Therefore, it is less ideal procedure compare to ultrasound guided IJ CVC access.

5.3 Femoral vein

The proximal femoral vein is medial to the femoral artery, deep to the fascia iliaca and
superficial to the iliopsoas muscle. At the lower level the vein gradually descend posterior
to the femoral artery that would be deeper in ultrasound scanning. For the purpose of CVC
placement provider should consider more proximal (cephalad) puncture site where the vein
is medial to the artery. Minimal pressure on the vein can totally compress the vein
confirming the lack of thrombosis. Often, inguinal lymph nodes also appear as hyperechoic
structure in the region that need to be distinguished by scanning proximally and distally in
this region. The femoral vein should be distinguished from the artery by the fact that the
vein is in a more medial and deeper than artery and by examining its compressibility and
lack of pulsatile doppler.

Catheter insertion: Before applying sterile procedures, we recommend to perform a
systematic anatomical survey from medial to lateral and superficial to deep, distinguishing
vein from artery and investigating the presence of thrombi. The groin area should be
exposed while patient is in supine and the leg is in natural position. After area and
transducer preparation in a sterile manner (table 1), transducer should be placed along the
inguinal crease. If the femoral artery and nerve are deep, the machine imaging capability
should be adjusted appropriately by increasing the depth and adjusting the gain. Starting
with a short axis view will provide a sufficient image of adjacent structure and facilitate a

www.intechopen.com



Ultrasound Guided Vascular Access 167

proper needle insertion. However, transducer can be rotated 90 degree while the femoral
vein image keep in the center of screen and it provide a longitudinal view of the vein. While
the venous puncture confirmed, the procedure should be proceed identical to the SC and IJ
vein access considering the Seldinger’s technique.

6. Ultrasound - guided peripheral venous access

Intravenous (IV) access is a basic and critical procedure, which routinely performs, in
medical community. IV access usually uses to administer medication, IV fluid, obtaining
blood sample and it is one of the necessary actions for patients who need to be admitted in
hospital. This procedure usually performs by medical technician or nurses, but sometimes
they are unable to obtain access and this could delay patients” care. This section will discuss
important key features regarding peripheral IV access and pitfalls to enhance success rate to
insert IV access without any invasive procedure.

s

Fig. 5. Transverse probe position to approach peripheral IV access with orientation indicator
toward to right side of patient

6.1 Anatomy

The upper extremity consists of two types of veins, superficial and deep. These 2 sets of
veins have several communications, known as anastomose. The deep veins accompany the
arteries. They are connected to the superficial system by perforating veins. The depth of vein
is measured by distance from skin. The superficial veins start on the back of the hand as a
dorsal arch. Cephalic and Basilic veins are example of superficial veins. Dorsal veins of the
hand empty into the cephalic vein on the lateral aspect and into the basilic vein on the
medial aspect of the forearm. The cephalic vein ascends in the radial (lateral) aspect of wrist
and courses laterally upward around the anterior surface of the forearm. Under the front of
the elbow it divides to some branches, which receives a communicating branch from the
deep veins of the forearm and passes across to join the basilic vein. In the upper arm, the
cephalic vein terminates in the infraclavicular fossa, and empty into the axillary vein. The
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basilic vein runs medially along the ulnar part of the forearm and penetrates the deep fascia
as it courses past the elbow in the upper arm. It then joins with the deep brachial veins to
become the axillary vein. The median cubital vein joins the cephalic and the basilic veins on
the ventral surface of the elbow. The axillary vein becomes the subclavian vein at the lateral
border of the first rib. At the medial border of the scalenus anterior muscle, the subclavian
vein joins with the internal jugular vein to become the brachiocephalic vein, with the
subclavian vein coursing anterior to the scalenus anterior muscle. The left and right
brachiocephalic veins join to become the superior vena cava, which empties into the right
atrium.1617

6.2 Preparation

The ability to obtain US guided IV access is a skill that combines knowledge of peripheral IV
access and US. Provider should collect necessary equipment prior to start the procedure at
the bedside. Provider should consider contraindication to start IV access in upper
extremities such as burn, cellulitis, end stage renal disease access, scar from previous trauma
or surgery, and breast cancer on dependent arm. Provider should explain the procedure to
patient and request permission to start IV access. Basic equipment at bedside should consist
of appropriate angiocatheter size, tourniquet, skin cleaning instrument (alcohol or betadine
swab), 2x2 gauze, tape, band-aid, sterile transparent dressing, blood tube, iv tubing and
extensor, vaccutainer, normal saline flush, sharp container, biohazard bag, gloves, sterile
lubricant and of course ultrasound machine.

6.3 Procedure

This procedure can be done as one or two person procedure. Usually one-person
procedure is a routine and acceptable procedure. In this procedure provider can have a
control of probe and can change angle, depth or approach instead of asking the second
person to manage probe. The high frequency, linear probe is appropriate for peripheral IV
access. Using high frequency probe will show superficial structure. The vascular structure
consists of vein and artery. Veins will be anechoic structures and easily compressible with
probe pressure. Arteries are anechoic structures, which they could be compressible but
they have a pulse and will pulsate under probe pressure. There is another way to
distinguish between veins and arteries using color Doppler flow. In this scenario, arteries
will have central red color flow pulsating compare with veins that there is a blue non-
pulsating color.

After having equipment ready for IV access and explain procedure to patient, skin needs
to be clean with cleansing agents, and then tourniquet should be applied to upper arm.
Ultrasound probe with orientation marker should be facing to right side of patient this
will correlate with an indicator on the left side of US monitor and left side of probe.
The next step is to use sterile gel to locate vascular structure. As mentioned above, veins
are easily compressible with transducer pressure and should be located in the middle
of screen. The depth key should be adjusted to make sure veins are in an approachable
depth. Vascular structure on short axis should be circular versus long axis. Using
short axis approach, the vein should be in the middle of screen. In this situation, middle
of transducer is compatible with middle of US screen. Appropriate angiocatheter size
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should be use and clean 3cm above the antecubital area, then introduce angiocath with
45 degree and cannulate skin. You should see the tip of needle as a hyperechoic structure
and you should approach the vein. You will stop advancing your needle as soon as you
get blood flush back. Now remove introducer and advance plastic angiocatheter all the
way in. You need to attach extensor and apply sterile dressing to accomplish your
procedure. (Figure 5)

6.4 Complication

There are several complication related to peripheral IV access. These complications are
divided to vascular, infectious, and neurological. Vascular complication include arterial
puncture and formation of hematoma, local infiltration or extravasations of fluid,
superficial or deep vein thrombosis. The most common infectious complications with US
guided IV access are phlebitis and cellulitis. Soft tissue swelling and superficial vein
thrombosis can mimic the infection at IV site. Paresthesia due to nerve irritation and local
infiltration is the most common complication. There is no long-term nerve damage was
reported.

7. US guided arterial line

The radial artery is the extension of the brachial artery. It is originating inferior to elbow
along the lateral side of forearm along the radius bone. The main part of focus is radial
artery in wrist.

Arterial line placement is an invasive procedure, which it requires skill and expertise to
perform it. It is painful procedure and needs a lot of preparation. Preparation is already
discussed in aforementioned section, but arterial line kit is additional equipment that we
need for this procedure.

7.1 Indication

There are several indications for arterial line placement. Reliable and frequent blood
pressure measurements in patients who are hemodynamically unstable, access to arterial
blood for frequent acid-base, or blood gas sampling.18

7.2 Procedure

US guided arterial line requires fewer attempts and more success rate. After prep and
drape in sterile fashion, and cover US probe with sterile cover, arterial line should be
located. The characteristic of artery as mentioned above is pulsating in nature with special
color Doppler and non compressible. US probe should be in radial side of wrist with
orientation indicator facing to right side of patient. After anterior surface of the artery is
punctured with the bevel of the angiocatheter facing up and pulsatile blood return, this
indicates an intra-arterial position. The rest of procedure is the same as described in
peripheral IV access.

The arterial line complications include arterial puncture and hematoma, thrombosis, and
infection.
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Non-Coronary Vessel
Exploration Under Intravascular
Ultrasound: Principles and Applicability
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1. Introduction

Intravascular Ultrasound (IVUS) has become rapidly one of the gold technologies for the
endovascular exploration. Next to angiography, which only gives information about the
lumen of the investigated vessels, IVUS describes both the luminal and trans-mural
anatomy of vascular structures. Actual devices offer several configurations and transducers
mounted at the end of an intra-luminal catheter to produce real-time grayscale or color
images of blood vessels and cardiac structures. The ultrasound probes miniaturization has
permitted closer imaging and magnified details of the vessel wall and plaque. Recent IVUS
catheters use phased array imaging where the micro-transducers are enveloped around a
catheter tip. Typically, IVUS images show the vessel wall in histological detail: the intima
reflects ultrasound brightly and is white, the media is echolucent and dark, and the
surrounding adventitia is white.

IVUS has thus become a safe and valuable tool in exploring the disease severity and the
treatment completeness during surgical endovascular procedures (Jinzaki et al., 1993;
Nishanian et al., 1999), such as assessing the severity of an arterial disease before treatment
(Scoccianti et al., 1994), determining the plaque morphology and localization or checking the
completeness of stent deployment (Diethrich, 1993; Laskey et al., 1993). Very recently, color
flow IVUS and three-dimensional (3D) reconstruction have both introduced significant
advances in the understanding of IVUS images (Irshad et al., 2001; Reid et al., 1995; White et
al., 1994). The very latest advance, called virtual histology IVUS, provides a color-coded
map of the plaque components, thus providing a better understanding of the arterial plaque
structure and morphology (Nair et al., 2001; Vince & Davies, 2004).

2. IVUS principle

IVUS gives series of tomographic images of the explored vessel wall. During acquisition, an
IVUS catheter is entered into a vessel and then withdrawn through a given vessel segment
during simultaneous and continuous imaging, resulting in series of cross section images.
Current catheters have frequencies from 30 to 40 MHz, planar resolutions from 50 to 150
pum, and a typical sampling rate of 30 images per second (Di Mario et al., 1995).
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2.1 Acquisition using pullback devices

The current methods used to quantify a volumetric IVUS analysis are usually achieved by a
simple summation of a targeted subsample of the 2-D images into a volumetric dataset
(Chandrasekaran et al., 1994; Rosenfield et al., 1992; Rosenfield et al., 1991). In that case, the
accurate volume calculations need the precise localization of each 2-D cross-sectional image
used in the longitudinal axis of the vessel segment (Di Mario et al., 1995; Roelandt et al.,
1994). To do so, a manual pullback was firstly performed, with recording of the time and
length of the acquisition, and the image location was estimated from the pullback start point
and the average pullback velocity. Alternatively, displacement sensors were used to record
the IVUS catheter translation during the manual pullback procedure (Hagenaars et al.,
2000). Since it is obviously difficult to maintain a consistent speed during manual pullback,
most current systems have introduced a motorized pullback device with a constant speed
(usually around 0.5 mm/s) (Cavaye et al., 1992; Liu et al., 1999; Matar et al., 1994).

2.2 Cardiac synchronization and frame selection

Since images are recorded at 30 frames per second, with a pullback speed of 0.5 mm/s, 60
frames are recorded for each 1-mm vessel segment. Since, a coronary segment of 3 to 10 cm
is typically explored, 1800 to 6000 individual frames are usually recorded. Therefore, these
large datasets are often sub-sampled using constant intervals (0.5 - 1.0 mm) or using an
electrocardiogram gating: the 1-mm interval without respect to the cardiac cycle is often
used for manual analysis, whereas computerized algorithms require different sampling
intervals (Klingensmith et al.,, 2000a; von Birgelen et al., 1996a). Therefore, consecutive
frames sub-sampled with a 1-mm interval are corresponding to changes in the lumen and
vessel areas during the different phases of the cardiac cycle.

A typical “sawtooth” artifact can be seen on longitudinal 2-D pullback displays when the
sub-sampling is performed without synchronization to the cardiac cycle. This sawtooth
artifact is less marked when the explored vessel exhibit a reduced compliance (such as
stented vessels or stenotic vessels). Nevertheless, it is recommended to get the cardiac cycle
synchronization since it allows the cyclic cycle artifacts to be eliminated (von Birgelen et al.,
1996b; von Birgelen et al., 1997b). In fact, different physiologic, cyclic signals are commonly
used to synchronize the IVUS images to the cardiac cycle, including the arterial blood
pressure and the electrocardiogram signals (Allan et al., 1998; Sonka et al., 1998).

When operating a retrospective gating, IVUS images and electrocardiogram signals are
acquired continuously, since the electrocardiogram signals are required to sort the images
and to perform the analysis of the volumetric dataset (Klingensmith et al., 2000a; Kovalski et
al., 2000). On the other hand, when operating a prospective gating, the IVUS images are only
acquired at a given times of the cardiac cycle and the catheter is then moved to acquire the
next gated image (Bruining et al., 1998; von Birgelen et al., 1997a; von Birgelen et al., 1995).
This last gating method presents the advantage to not requiring additional steps to perform
the analysis of the dataset, and a volumetric dataset is available immediately after the
acquisition pullback.

2.3 Transferring the IVUS dataset to an analysis system

The whole raw IVUS data, composed of the reflected acoustic signals, are displayed on IVUS
consoles. This dataset could also be stored on S-VHS videotape, on CD-ROM or magneto-
optical disks. Recent IVUS consoles have digital output capabilities that allow direct data
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transfer in digital format, and may provide radiofrequency outputs composed of raw IVUS
acoustic signals. This signal processing approach is particularly adapted for a computerized
image analysis, since it allows traditional measurements but also radiofrequency-based
tissue characterization (Nair et al., 2001; Nair et al., 2002).

3. Devices, recording methods and techniques

3.1 Devices

Typical mechanical IVUS transducers produce cross-sectional images by rotating at the tip
of the catheter using a flexible, high-torque cable. These transducers are creating a cone-
shaped ultrasound beam that allows the vessel to be imaged slightly forward or in front of
the transducer assembly.

An optimized visualization is obtained when using IVUS catheter having appropriate size
and frequency. Thus, the clinician has to make a compromise between the highest frequency
vs. depth of penetration vs. catheter size. He also has to consider the wire guide diameter
and the guide-wire exchanges utility. IVUS catheters used for most aortic and iliac
procedures can be advanced over a 0.035-inch guide wire and range in size and frequency
from 6 to 8 Fr and 8 to 20 MHz, respectively. An IVUS probe, ranging between 8 to 15 MHz
is commonly used for aortic procedures, allowing an adequate circumferential imaging. The
following Table 1 is presenting the current available catheters applicable for peripheral
vascular and coronary interventions.

Intravascular Ultrasound Catheters Size Guide Frequency  Target vessel
(Fr) Wire (in) (MHz)

Volcano Corporation catheters (phase array)

Eagle Eye Gold IVUS Imaging 3.5 0.014 20 Carotid renal iliac

(color-flow and virtual histology) Femoral

Visions PV 0.018 F/X IVUS Imaging 3.5 0.018 20 Femoral popliteal

(color-flow) tibial

Visions PV 8.2F IVUS Imaging 8.2 0.038 8.3 Aorta iliac

Boston Scientific catheters (rotating crystal)

Atlantis SR Pro 3.2 0.014 40 Femoral popliteal
tibial

Atlantis SR Plus 3 0.014 40 Femoral popliteal
tibial

Atlantis SR 3.2 0.014 40 Femoral popliteal
tibial

Atlantis PV Peripheral Imaging 8 0.035 15 Aorta iliac

Sonicath Ultra Ultrasound 9 0.035 9 Aorta iliac

Sonicath Ultra Ultrasound 3.2 0.018 20 Femoral popliteal
tibial

Sonicath Ultra Ultrasound 6 0.035 12.5 Iliac femoral

Sonicath Ultra Ultrasound 6 0.035 20 Femoral popliteal
tibial

Table 1. Specifications of commonly used intravascular ultrasound (IVUS) catheters in
peripheral occlusive interventions.
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3.2 Access to vessels

Depending on the size of the considered vessel (see Table 1), IVUS catheters can be
introduced percutaneously through a standard vascular access sheath (5 to 9 Fr). The 8.2 Fr,
10-MHz catheter is one of the most commonly used catheter for aorta-iliac intervention,
since it requires a 0.035-inch guide wire and thus can be quickly prepared, introduced,
and/or exchanged with other catheters. However, this specific catheter requires a 9 Fr
sheath that can be disproportionate for lower extremity interventions.

Most current percutaneous trans-luminal angioplasty balloons and stents targeted for infra-
inguinal regions require only 6 Fr sheaths. The 3.4 Fr, 3.2 Fr, or 2.9 Fr catheters, using 0.018-
inch and 0.014-inch guide wires, are more suitable for the typical retrograde common femoral
artery puncture and access to the contra-lateral femoral-popliteal segments (Hiro et al., 1998;
Saketkhoo et al., 2004). In some case, especially with tortuous vessels and when antegrade
puncture of the common femoral vessel is required, the 3 Fr catheters are also useful.

Lengths of IVUS catheters are vary from 90 to 150 cm, thus allowing imaging of small tibial
vessels from a contra-lateral up-and-over approach. The smaller catheters require 0.018-inch
or 0.014-inch guide wires and are commonly used for infra-inguinal interventions, whereas
the larger IVUS catheters need 0.035-inch guide wires and used for larger vessel
interventions (Hiro et al., 1998).

3.3 Image acquisition and quality

An optimal visualization requires a careful positioning of the catheter tip within the vessel
and an appropriate size matching of the device to the artery caliber, meaning that an IVUS
intervention necessitates a pre-procedural estimation the target vessel diameters (Figure 1).
The best image quality is obtained when the IVUS catheter is parallel to the vessel wall and
when the ultrasound beam is perpendicular to the luminal surface. Some artificial
differences in the wall thickness measurement may be obtained when the IVUS catheter has
an eccentric position, leading to the vessel wall to appear more hyperechoic than the distant
wall. Angulations may promote an elliptical image of the vessel lumen, especially when

A. B.

Fig. 1. Illustration of quantitative measurements with IVUS. Examples show an in vivo IVUS
image digitized from video (A) and the detected borders overlaid (B).
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considering tortuous aortas and the thoracic arch. In such cases, the minimal diameter
(minor axis) is the best accurate measurement to measure the vessel diameter in angled
images and/or tortuous vessels (Roelandt et al., 1994). At last, withdrawing the catheter
through the lumen, rather than advancing it, promotes the acquisition of the best-quality
images (Danilouchkine et al., 2009).

During the procedure, real-time images of the investigated vessel are displayed on a
monitor and are usually recorded digitally. The IVUS devices also allow the on-line and/or
off-line measurements of vessel dimensions, luminal diameters, and cross-sectional areas.
Recent IVUS units, comprising a motorized and/or automated withdrawing the catheter
through the vessel at a controlled rate, may display a longitudinal gray-scale image of the
investigated vessel with accurate reconstructed views (Hagenaars et al., 2000). These two-
dimensional longitudinal reconstructions allow distances to be measured from one point to
another (Liu et al., 1999) and cross-sectional trans-mural wall morphology to be visualized
(Di Mario et al., 1995). In fact, the discrimination of plaque, normal tissue, thrombus,
dissections, and flaps is often much better appreciated on the two-dimensional longitudinal
IVUS reconstructions than on traditional angiographic images (Reid et al., 1995).

4. Data processing and analysis

The dataset for volumetric analysis is represented by image series composed of two-
dimensional sections from the investigated vessels. Typically, images are selected at 1-mm
inter-slice spacing. Then, to perform a quantitative 3-D reconstruction, the first and most
critical step is to precisely identify and trace the anatomical structures of the studied vessel.
In fact, identifying the luminal border is essential to discriminate the blood-intima interface,
whereas recognizing the external elastic membrane border is important to precisely
distinguish the boundary between the media and the adventitia (Kovalski et al., 2000). The
space between these 2 borders is the plaque-media complex and is classically used as the
measurement for plaque cross-sectional area (Prati et al., 2002).

In stented vessel segments, the lumen/intimal interface and the stent borders are both
measured, and the area between these borders is representing the neointimal tissue. In these
stented vessel segments, the external elastic membrane border is frequently not distinguished
because of signal drop-out behind the stent. In current atherosclerosis research trials, the
assessment of stent, luminal and external elastic membrane borders is often performed with
manual planimetry using commercially or freely available computer programs. This provides
the accurate discrimination of image artifacts and true border locations but this analysis
requires the border detection in hundreds of images. Therefore, the use of automated image-
processing techniques allows fast online analysis (Sanz-Requena et al., 2007).

4.1 Automated 2-D/3-D border-detection methods

Different approaches have been described to detect the luminal and external elastic
membrane borders from 2-D IVUS images, including texture-based methods
(Papadogiorgaki et al., 2007), knowledge-based graph searching (Bovenkamp et al., 2009),
region growing (Sanz-Requena et al., 2007), radial gradient searching (Luo et al., 2003), and
active contours (Sanz-Requena et al., 2007; Takagi et al., 2000). These 2-D border-detection
techniques are now used online in newer IVUS imaging consoles, allowing the quantitative
evaluation of lumen and plaque measurements. Because the user provides his expertise to
augment the algorithm or correct results, the semi-automated techniques typically require
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more time but are have a better accuracy. These 2-D border-detection methods are
particularly used when the analysis of only a small number of images is required, e.g.
during the guidance of interventional procedures (Sarno et al., 2011).

When a fast analysis of many images is required, highly automated techniques for border
detection are used and do not require significant user intervention. For example, 3-D
border-detection methods using the inter-slice information can provide fast border detection
from a large number of images (Cardinal et al., 2010). A graph-searching approach
researching the globally optimal contour path through the image data has been developed
on the basis of associated cost values (Zhang et al., 1998). Furthermore, this 2-D frame
analysis method allows the results to be propagated down the sequence by using the
identified 2-D contours in order to limit the search region. Another 2-D border-detection
method uses cost values to find longitudinal contours along the volumetric data. Then, these
contours guide the cost function minimization in the transverse 2-D images (Koning et al.,
2002). Alternatively, several useful approaches use deformable models to perform an active
contour detection (Klingensmith et al., 2000a; Kovalski et al., 2000) (Shekhar et al., 1999).
One of them uses a balloon force to inflate a model from the catheter outward toward the
luminal and medial-adventitial borders (Kovalski et al., 2000). Another deformable model
uses a cylindrical model to manually or automatically approximate the structure of the
luminal or medial-adventitial surface, and a deformable model algorithm is then used in a 3-
D process to attach the defined structure to the surface of interest (Klingensmith et al.,
2000a; Shekhar et al., 1999). All these methods allowing the 3-D border-detection have
clearly established their overall usefulness for fast border identification in a large sequence
of images (Klingensmith et al., 2000a; Kovalski et al., 2000; Shekhar et al., 1999; von Birgelen
et al., 1996a; Zhang et al., 1998).

A major limitation of all these 3-D border-detection methods is the lack of a true gold
standard for comparison. Histology sections might represent the more powerful gold
standard, but they are only available at autopsy, and the required fixation always induces
the tissue to shrink (Siegel et al., 1985). Some researchers have tried to evaluate the accuracy
of their methods using cylindrical phantoms, but they did not test accuracy in clinical IVUS
images (von Birgelen et al., 1996a). Other studies have compared the detected borders with
borders traced manually by a single expert, but the obtained inter-observer variability in
manual identification of the luminal and medial-adventitial borders might greatly limit the
value of these comparisons in IVUS images (Haas et al., 2000; Zhang et al., 1998). At last,
some studies have used multiple expert observers for validation, but the number of
analyzed images is seriously limited and not sufficient to assess the ability and accuracy of
these algorithms (Klingensmith et al., 2000a; Kovalski et al., 2000; Shekhar et al., 1999).
Therefore, there is a need of validation of these techniques in large datasets.

4.2 3-D reconstructions of vessel segments

All measurements and evaluations made in 2-D tomographic slices are useful for stent
sizing or comparisons of lesions to a reference site, but fail to provide a volumetric
perspective. To do such volumetric calculations, the border measurements obtained in
consecutive 2-D slices of a vessel segment are integrated, the area enclosed by the luminal
border and external elastic membrane border is considered for each slice, and the atheroma
area is calculated. The 3-D measurement of lumen, plaque, and vessel volumes are usually
calculated with Simpson’s rule or trapezoidal integration by the multiplying 2-D area and
slice thickness (Finet et al., 2003; von Birgelen et al., 1997a). This last method is suitable for
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short and straight vessel segments, such as coronary stented lesions, but it does not allow
the precise measurement of a longer and curved segment.

The volumetric approach using 3-D border-detection techniques is currently applied in
serial IVUS studies examining atherosclerotic disease progression or regression, allowing
the assessment of plaque burden in an entire vessel segment through fast analysis of large
image sequences. New interventional approaches also use a volumetric IVUS imaging
approach to provide new mechanistic insights, such as innovative techniques aimed at the
prevention and treatment of in-stent restenosis correlated with histomorphometry
measurements (Mehran et al., 1998; Murata et al., 2002); approaches in understanding the
effects of radiation therapy and the arterial remodeling on a stented segment
(brachytherapy) (Lekston et al, 2008; Weichert et al., 2003; Zimarino et al.,, 2002;
Zimmermann et al., 2005); or using drug-eluting stents on the neointimal hyperplasia
development (Jensen et al., 2008; Min et al., 2007; Sano et al., 2006).

4.3 Geometrically correct 3-D IVUS and advanced data processing

Since the curvature of vessels is not taken into account with these straight 3-D IVUS
methods, this limitation can be overcome by fusing the curvature information provided by
biplane angiography or other techniques with the IVUS border information (Schuurbiers et
al., 2009; Sherknies et al., 2005; Tu et al., 2010; Wahle et al., 2006). To do so, one common
method is to acquire two separate angiographic images from different angles at the
beginning of the ultrasound scanning imaging procedure and to use the catheter outline
reconstructed from these images as a template for placement of the IVUS-derived contours
(Bourantas et al., 2005; Klingensmith et al., 2000b; Sherknies et al., 2005; von Birgelen et al.,
1995; Weichert et al., 2003). Another method consists in following the IVUS transducer in
time and space throughout the IVUS pullback using biplane angiography, thus the precise
locations of IVUS image acquisitions are recorded in sequence and are used as a
reconstruction template (Klingensmith et al., 2000b; Miyazaki et al., 2010; Wallace et al.,
2005). However, this method might be difficult because of the cardiac and respiratory
motion and the higher radiation exposure during the whole procedure.

Next to the precise location in 3-D space, other geometric considerations of the IVUS probe
during image acquisition are important to be taken in account for an accurate 3-D
reconstruction (Roelandt et al., 1994; Thrush et al., 1997). For example, the geometry of the
reconstructed vessel can be distorted by a rotation of the catheter during pullback. These
changes in the angular orientation of the catheter can be corrected by using analytical
calculation based on the Frenet-Serret rules and optimizing the fit after projecting the
reconstructed lumen from different rotational angles onto the angiogram images (Briguori et
al., 2001; Wahle et al., 1999). Axial movements of the catheter due to the cardiac contraction
are another cause for 3-D reconstruction inaccuracies. This geometric artifact can be reduced
using a cardiac-gating and spatiotemporal location of the IVUS transducer throughout the
pullback (Arbab-Zadeh et al., 1999). However, even if some errors in generating 3-D images
can potentially surround withy these geometric assumptions, these corrections help
improve the interpretability, usefulness and accuracy of the 3-D reconstructions.
Repeatability is also a really important consideration in the accuracy and usefulness of 3-D
reconstruction techniques. This aspect is however closely related to the reproducibility of
the 3-D border-detection process (von Birgelen et al., 1996a).

Offline digitization of IVUS images and retrieval of biplane angiographic images, but also
digitization and intense computer processing are both required to obtain a correct
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geometrically 3-D reconstruction (Prati et al., 1998). Therefore, all these factors, in addition
to the artifacts induced by the respiratory and cardiac motions, limit the in vivo applicability
of the techniques. Other developments of real-time transducer tracking and online
radiofrequency IVUS data acquisition can be integrated into the IVUS console to provide
accurate 3-D models of investigated vessels within a few minutes after the acquisition (Nair
et al., 2002). These add-ons seem really powerful since they could provide an interactive tool
for assessing the diagnostic of the pathology, giving an assessment of luminal dimensions,
but also vessel and plaque size from any viewing angle and position. Furthermore, these
interactive models could allow rotation and manipulation of these virtual 3-D models on the
console computer, authorizing the placement of a virtual stent inside the reconstructed
artery, thus permitting a stent with the length and size to be appropriately chosen (Atary et
al., 2009; Hong et al., 2010).

Other addendum could be integrated into the geometrically correct 3-D models, including
analysis of hemodynamic forces, radiofrequency-derived histology, and 3-D stress maps.
Therefore, a more precise morphologic plaque classification is possible with the analysis of
radiofrequency data. In fact, the back-scattered radiofrequency IVUS data seems to permit
the precise characterization of plaque composition, distinguishing the regions of calcified
plaque vs. calcified necrosis vs. collagen (Nair et al., 2001). Another complement might
consist on adding the mechanical properties of the investigated tissue. In fact, elastography
represents the way a given tissue is responding to an applied force, as a function of its
mechanical properties. Thus, the local mechanical properties of the tissue can be determined
by comparing the images of a vessel acquired at 2 different levels of static compression (e.g.
during systole and diastole steps of the cardiac cycle). This strain image (elastogram) may
allow a better understanding of the relation between the progression of a disease and the in
vivo mechanical properties of the vessel (Baldewsing et al., 2007; Cespedes et al., 1997; de
Korte & van der Steen, 2002; Liang et al., 2008).

4.4 Comparison of IVUS with other imaging modalities

Even if IVUS might represent the most clinically established technique, other methodologies
for vessel investigation are also available, such as angiography or tomographic imaging
with magnetic resonance imaging (MRI) and computed tomography (CT). The current IVUS
imaging plane resolution achieved in vessel cross sections is of 50 to 150 um, whereas
current frame rates (typically 30 frames/s), pullback speeds (usually 0.5 mm/s), and an
ECG-gating or sub-sampling yield images at approximately 0.5- to 1.0-mm intervals (Gatta
et al., 2009). On the other hand, the in-plane resolution of magnetic resonance imaging is
around 1 mm and the through-plane resolution is between 3 to 5 mm with 2-D techniques
(Escolar et al., 2006; Schaar et al., 2007), but the magnetic resonance imaging may allow,
under several limitation in spatial resolution and signal-to-noise ratios, the atherosclerotic
plaque components to be distinguished (Karmonik et al.,, 2006). At last, the in-plane
resolution of computed tomography is less than 1 mm and the minimum through-plane
resolution is approximately 1.25 to 1.50 mm. Some contrast-enhanced protocols are
sometimes used to differentiate calcified and non-calcified plaque using contrast agents
during computed tomography imaging of vessels (Nasir et al., 2010; Pundziute et al., 2008).
Another important difference between IVUS and the other imaging modalities concerns the
orientation of the imaging plane. In fact, since the IVUS probe is inside the vessel during the
acquisition, the IVUS imaging plane is oriented perpendicular to the vessel axis, which is
optimal for assessing cross-sectional dimensions. On the other hand, magnetic resonance
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images can be acquired along some body axes (e.g. axial, sagittal, or coronal planes or in a
plane oblique to these orthogonal planes) and computed tomography images are typically
only acquired in the axial plane, but these images can be reformatted to another orthogonal
plane or an oblique plane with image processing techniques (McPherson et al., 2005).
Therefore, these plane or oblique images allow only the measurement of relatively short
portions of a vessel (only for images that are perpendicular to the vessel axis) and the
curvature of the vessel introduces angulation errors in parameter measurement such as the
wall thickness (Sherknies et al., 2005).

4.5 Color IVUS and virtual histology IVUS

Color flow IVUS is produced by computer software that detects a difference between the
movements of echogenic blood particles from two sequential adjacent frames. Then the blood
flow is colored by the software in a red or bleu and is displayed as axial and 3D longitudinal
renderings with a very high image resolution (McLeod et al., 2004; Nair et al.,, 2002). The
rendering color of the flow may change from red to orange when there is very fast blood flow
(e.g., a tight stenosis). However, the flow velocities cannot be calculated with this technique,
image resolution is very high. The color flow IVUS is available on Eagle Eye Gold and the
Visions PV 018 catheters (Volcano Corporation, Rancho Cordova, CA) (see Table 1 for
specifications). During a color flow IVUS pull-back, the blood flow is displayed in the vessel
lumen, pulsing with each cardiac cycle. Unfortunately, the color flow is not gated with the
heart rate and cannot be performed when virtual histology images are being acquired. These
color flow IVUS are the helpful in distinguishing echolucent disease from luminal blood flow
and can also be used to perform peripheral interventions in patients with renal failure or
allergy, avoiding the use of contrast media (Goderie et al., 2010; Irshad et al., 2001).

Whereas conventional grayscale ultrasound images are generated from the intensity of the
reflected signals that are collected by the probe, virtual histology IVUS images are obtained
from the frequency and intensity of the returning signals and frequency varies depending
on the tissues (Vince & Davies, 2004). An histological classification has then be realized by
comparing the reflected virtual histology data with true histological sections of diseased
vessels, and a color-coded map of the different components of the arterial disease has been
established (dark green, fibrous; yellow/green, fibro-fatty; white, calcified; red, necrotic
lipid core plaque) (McLeod et al., 2004; Nair et al., 2002). This color-coded map is of major
importance since it allows the operator to have detailed information about the constituents
and the nature of the plaque (Sarno et al., 2011). The virtual histology IVUS is available on
Eagle Eye Gold catheter (Volcano Corporation, Rancho Cordova, CA) (see Table 1 for
specifications) and is gated with the heartbeat. During the procedure using the “Volcano”
setting, the segment length of the vessel to be examined is determined and the luminal
border and the external elastic lamina border of the artery are automatically detected by the
edge-tracking computer software but might require some manual adjustments. Then, virtual
histology images of the delineated plaque can then be processed online with a few minutes,

thus allowing clinical decisions to be made promptly, whereas some additional processing
can be done offline (Vince & Davies, 2004).

5. Therapeutic interventions

5.1 Percutaneous trans-luminal angioplasty
The accurate measurement of the true luminal diameter, the assessment of the calcific nature
of the plaque, the precise delineation of wall morphology, and the ability to carefully
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visualize the post-balloon result are both required for a successful percutaneous trans-
luminal angioplasty of peripheral arterial lesions. In that purpose, IVUS images can
delineate the luminal and adventitial surfaces of vessel segments, can discriminate between
normal and diseased components, can accurately localization and measurement of the
thickness of plaque, and can also differentiate calcified and non-calcified vascular lesions
(Pundziute et al., 2008; Rodriguez-Granillo et al., 2006). In fact, since the ultrasound energy
is strongly reflected by calcified plaque, it appears as a very bright image with dense
acoustic shadowing behind it. Not only luminal dimensions and wall thickness determined
by IVUS are accurate to within 0.05 mm (Rodriguez-Granillo et al., 2006), the luminal cross-
sectional areas measured from IVUS correlate well with calculated from biplanar
angiograms (Cooper et al.,, 2001; Irshad et al., 2001). Therefore, IVUS allows the sized
balloon or stent to be appropriately chosen can whereas conventional angiography is
somewhat limited in its ability to provide sensitive data regarding the effects of
percutaneous trans-luminal angioplasty. The IVUS advantage is also to provide a precise
evaluation of the lesion morphology, such as the luminal dimensions, the trans-mural lesion
characteristics and the area of blood flow. Furthermore, the IVUS determination of plaque
volume before and after the procedure offers a real quantitative method to estimate the
amount of lesion debulking or displacement and a reference point from which to assess the
lesion recurrence/restenosis (Kim et al., 2004; Takeda et al., 2003).

The adjunctive use of IVUS during percutaneous trans-luminal angioplasty has been
reported on several studies. For example, in patients with lesions of the superficial femoral
artery treated with percutaneous trans-luminal angioplasty, IVUS has been reported to
accurately detect the presence of dissections, plaque fractures, internal elastic lamina
ruptures, and thinning of the media that occurred during the balloon angioplasty (Oshima
et al., 1998; Tang et al., 2010). IVUS has also showed that, after a percutaneous trans-luminal
angioplasty, the luminal enlargement is mainly produced by stretching of the arterial wall
while the volume of the lesion remains relatively constant (Tang et al., 2010).

After a percutaneous trans-luminal angioplasty the restenosis risk has also been correlated to
IVUS findings during the initial procedure, providing important information regarding the
post-procedural follow-up and surveillance (Montorsi et al, 2004; Xu et al., 1995). The
percutaneous trans-luminal angioplasty of a calcific plaque leads to a higher incidence of
dissection than a fibrous lesion, whereas fibrous plaques or concentric lesions without signs of
fracture or dissection are prone to have late restenosis after a percutaneous trans-luminal
angioplasty (Garcia-Garcia et al., 2009; Su et al., 2009). In the same way, IVUS is also able to
readily identify that early restenosis following interventions is associated with luminal
thrombus, extensive dissection, and oversized balloon dilatation, while late restenosis
correlates with residual stenosis, lower residual lumen surface, undersized balloon use,
concentric fibrous plaque, absence of dissection, and absence of calcification (Irshad et al.,
2001). IVUS is thus able to enhance percutaneous trans-luminal angioplasty procedures by
allowing peri-procedural decisions to be made regarding the need for additional interventions.

5.2 Intravascular stents

Dissections, elastic recoil, residual stenosis, a significant residual pressure gradient across
the lesion, or plaque ulceration with local thrombus accumulation are common indications
for an intravascular stent placement after percutaneous trans-luminal angioplasty. Primary
stenting is also commonly used in the treatment of certain lesions, especially common iliac
or renal disease (Moise et al., 2009). These intravascular stents are used to increase the
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patency of arterial occlusive lesions that have undergone angioplasty by reducing technical
failure and restenosis rates. However, placing stents is not without risk since ineffective
stent expansion can lead to early thrombosis or a stent migration, whereas overexpansion
can result in vessel perforation or excessive intimal hyperplasia (Adlakha et al., 2010).
Establishing the need for stenting as well as the guiding of a stent deployment has been
clearly helped by IVUS. Furthermore, defining the appropriate angioplasty diameter
endpoint and confirming adequacy of stent deployment have been reported to clearly
improve the long-term patency of a vessel undergoing balloon angioplasty and stenting
(Waksman et al., 2009).

5.3 Venous interventions

The requirement of IVUS in endovascular interventions of venous disease is not as well
described as for arterial lesions, while there are many useful indications for IVUS use in
venous obstructive lesions (Raju et al., 2010; Raju & Neglen, 2006). In fact, traditional
venography for iliac vein obstruction has numerous limitations, and IVUS imaging yields
findings not obvious on venography . In fact, intra-luminal webs or external compression and
subsequent deformity represent abnormalities that might disturb the diagnostic. Thus, IVUS
can provide an accurate assessment of the degree of vein stenosis whereas the venography can
sometimes underestimates this stenosis degree by 30% (Nair et al., 2002). In the same way,
IVUS allows more appropriately sized venous stents to be placed after venoplasty. Since more
and more venous interventions are being performed for acute deep venous thromboses, effort
thromboses, or congenital stenosis, the requirement IVUS might represent a powerful adjunct
to delineate the often unclear anatomy related to the venous system (Raju et al., 2010).

6. Conclusion

IVUS requirement has moved rapidly from a purely diagnostic imaging modality to a useful
adjunct for vessel endografting to playing an ever-increasing role in peripheral occlusive
interventions. This shift has been mainly supported by the miniaturization of the elements,
allowing the device and catheter to be as small-profile as the latest stents or balloons, and by
the powerful helped that can give IVUS for the most optimal outcomes. While vascular
interventions are becoming more and more complex and venture into smaller target vessels,
success will be related to the degree of accuracy of the guidance system employed during
the procedure. Thus, IVUS is representing an important component of current and future
endovascular interventions and should be integrated into the routine practice of the
advanced endovascular surgeon and training programs.
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Integrated Backscatter Intravascular Ultrasound
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1. Introduction

About 30 years ago, a pathological study by Horie et al. demonstrated that plaque rupture
into the lumen of a coronary artery may precede and cause thrombus formation leading to
acute myocardial infarction (Horie et al., 1978). In an angioscopic study, Mizuno et al.
demonstrated that disruption or erosion of vulnerable plaques and subsequent thromboses
are the most frequent cause of acute coronary syndrome (Mizuno et al., 1992). The stability
of atherosclerotic plaques is related to the histological composition of plaques and the
thickness of fibrous caps. Therefore, recognition of the tissue characteristics of coronary
plaques is important to understand and prevent acute coronary syndrome. Accurate
identification of the tissue characteristics of coronary plaques in vivo may allow the
identification of vulnerable plaques before the development of acute coronary syndrome.

In the 1990’s, a new technique was developed that could characterize myocardial tissues by
integrated backscatter (IB) analysis of ultrasound images. This technique is capable of
providing both conventional two-dimensional echocardiographic images and IB images.
Ultrasound backscatter power is proportional to the difference of acoustic characteristic
impedance that is determined by the density of tissue multiplied by the speed of sound. In
studies of the myocardium, calibrated myocardial IB values were significantly correlated with
the relative volume of interstitial fibrosis (Picano, 1990 et al.; Naito et al., 1996). In preliminary
studies in wvitro, IB values reflected the structural and biochemical composition of
atherosclerotic lesion and could differentiate fibrofatty, fatty and calcification of arterial walls
(Barziliai et al., 1987; Urbani et al., 1993; Picano et al., 1988). It was also reported that
anisotropy of the direction and backscatter power is related to plaque type (De Kroon et al.,
1991). Takiuchi et al. found that quantitative tissue characterization using IB ultrasound could
identify lipid pool and fibrosis in human carotid and/or femoral arteries (Takiuchi et al., 2000).
However, these studies were done ex vivo and different plaque types were measured in only a
few local lesions. In the early 2000s, it was reported that IB values measured in vivo in human
carotid arteries correlated well with postmortem histological classification (Kawasaki et al.,
2001). This new non-invasive technique using IB values could characterize the two-
dimensional structures of arterial plaques in vivo. With this technique, plaque tissues were
classified based on histopathology into 6 types, i.e. intraplaque hemorrhage, lipid pool, intimal
hyperplasia, fibrosis, dense fibrosis, and calcification. This technique was applied in the
clinical setting to predict cerebral ischemic lesions after carotid artery stenting. From the
analysis of receiver operating characteristic (ROC) curves, a relative intraplaque hemorrhage +
lipid pool area of 50% measured by IB ultrasound imaging was the most reliable cutoff value
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for predicting cerebral ischemic lesions evaluated by diffusion-weighted magnetic resonance
imaging after carotid artery stenting (Yamada et al., 2010).

Since it was difficult to differentiate lipid pool from intimal hyperplasia using IB values, the
anatomical features of the lesion were used for this purpose. Because lipid pool is generally
located under a fibrous cap, a region of interest (ROI) that was either lipid pool or intimal
hyperplasia was classified as lipid pool only when that region was located underneath a
ROI with fibrosis. Intimal hyperplasia was identified when a ROI that was either lipid pool
or intimal hyperplasia was not covered by a fibrous cap. Most of these two lesion types
could be differentiated using this method.

2. IB-IVUS equipment and data acquisition

In the next generation, this ultrasound IB technique was applied to coronary arteries by use
of intravascular ultrasound (IVUS) (Kawasaki et al., 2002). A personal computer (Windows
XP Professional, CPU: 3.4 GHz) equipped with newly developed custom software was
connected to an IVUS imaging system (VISIWAVE, Terumo, Japan) to obtain the radio
frequency signal, signal trigger and video image outputs. An analog-to-digital converter
digitized the signals at 400 MHz with 8-bit resolution, and the digitized data were stored on
the hard drive of the PC for later analysis. In the IVUS analysis, 512 vector lines of
ultrasound signal around the circumference were analyzed to calculate the IB values. The IB
values for each tissue component were calculated using a fast Fourier transform, and
expressed as the average power, measured in decibels (dB), of the frequency component of
the backscattered signal from a small volume of tissue. Ultrasound backscattered signals
were acquired using a 38 or 43 MHz mechanically-rotating IVUS catheter (ViewIT, Terumo,
Tokyo, Japan), digitized and subjected to spectral analysis. The tissue IB values were
calibrated by subtracting the IB values from the IB value of a stainless steel needle placed at
a distance of 1.5 mm from the catheter. IB-IVUS color-coded maps were constructed based
on the IB values by use of custom software written by our group. Conventional IVUS
images and IB-IVUS color-coded maps were immediately displayed side-by-side on a
monitor. Color-coded maps of the coronary arteries were finally constructed after excluding
the vessel lumen and area outside of the external elastic membrane by manually tracing the
vessel lumen and external elastic membrane on the conventional IVUS images. With a
transducer frequency of 38 or 43 MHz, the wavelength was calculated as 36 or 41 pm,
respectively, assuming a tissue sound speed of approximately 1,560 m/sec.

3. Correlation between IB-IVUS and histological images

To compare IB-IVUS images with histological images, coronary cross-sections obtained at
autopsy were stained with hematoxylin-eosin, elastic van Gieson and Masson’s trichrome.
In the training study, three pathologic subsets were identified in each ROI: lipid pool
(extracellular lipid, macrophages, microcalcification and/or foam cells), fibrosis and
calcification. Necrotic core that consisted of lipid pool, microcalcification and remnants of
foam cells and/or dead lymphocytes were classified as lipid pool in the IB-IVUS analysis. In
the validation study, coronary arterial cross-sections were classified into three categories:
fibrocalcific, fibrous and lipid-rich.

To evaluate overall ultrasound signal attenuation, IB values of the same lesions (n = 10)
were measured after moving the lesions 2.5 - 4.0 mm from the IVUS catheter. Including the
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attenuation by flowing blood, an overall attenuation of 4.0 dB/mm was determined to be
the most appropriate, and this value was used to correct for ultrasound signal attenuation.
Therefore, when color-coded maps were constructed, each IB value was corrected by adding
4.0 dB/mm when the ROI was located 1.5 mm further away from the catheter and
subtracting 4.0 dB/mm when the ROI was located 1.5 mm closer to the catheter. Color-
coded maps consisted of four major components: fibrous (green), dense fibrosis (yellow),
lipid pool (blue), calcification (red).

The histological analysis of each ROI showed the presence of typical tissue components
including calcification (n = 41), fibrosis (n = 102) and lipid pool (n = 99). With the 38 MHz
ultrasound mode, the average IB values in each ROI of these tissue components were -7.3 £
6.5, -27.0 £ 5.3 and -51.2 + 3.3 dB, respectively; however, with the 43 MHz ultrasound mode,
the average IB values were -10.6 * 6.1, -30.4 + 4.9 and -54.0 £ 3.9 dB, respectively. The
differences among IB values of lipid pool, fibrosis or calcification were significant (p<0.001).
IB values were highest in calcification and lowest in lipid pool. There was no overlap
between the IB values of lipid pool and calcification. According to the analysis of ROC
curves, an IB value of < -39 dB (area under curve = 0.98) was the most reliable cutoff point
for discriminating lipid pool (90% sensitivity, 92% specificity) and fibrosis (94% sensitivity,
93% specificity), and an IB value of > -17 dB (area under curve = 0.99) was the most reliable
cutoff point for discriminating calcification and fibrosis with the 38 MHz mode. An IB value
of < -42 dB (area under curve = 0.98) was the most reliable cutoff point for discriminating
lipid pool and fibrosis and an IB value of > -20 dB (area under curve = 0.99) was the most
reliable cutoff point for discriminating calcification and fibrosis with the 43 MHz mode.
Based on the above cutoff points, two-dimensional color-coded maps of tissue
characteristics were constructed. A total of 95 cross-sections were diagnosed as fibrocalcific,
fibrous or lipid-rich by the IB-IVUS reader, who was blinded to the histological diagnoses.
There was no difference in the diagnosis of the images obtained using either the 38 MHz or
43 MHz ultrasound signal. The overall agreement between the classifications made by IB-
IVUS and histology (lipid-rich: n = 35, fibrous: n = 33 and fibrocalcific: n = 27) was excellent
(Cohen’s x = 0.83, 95% CI: 0.73 - 0.92).

4. Comparison between IB-IVUS and virtual hostology IVUS

Virtual histology IVUS (Virtual Histology Version 1.4, Volcano Corp., CA, USA) images
were acquired by a VH-IVUS console with a 20 MHz phased-array catheter and stored on
CD-ROM for offline analysis. To clarify the rotational and cross-sectional position of the
included segment, multiple surgical needles were carefully inserted into the coronary
arteries before IB-IVUS and VH-IVUS imaging to serve as reference points to compare the
two imaging modalities.

In qualitative comparison, small (0.3mm x 0.3mm) region-of-interest (ROI)s were set on the
same sites of histological and IVUS images. In quantitative comparison, histological images
from cross-sections that were stained with Masson’s trichrome were digitized, and the areas
that were stained blue were automatically selected by a multipurpose image processor
(LUZEX F, Nireco Co., Tokyo, Japan). Then the relative fibrous area (fibrous area / plaque
area) was automatically calculated by the LUZEX F system.

In the direct qualitative comparison, the overall agreement between the histological and IB-
IVUS diagnoses was higher (Cohen’s x = 0.81, 95% CI: 0.74-0.90) than between the
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histological and VH-IVUS diagnoses (Cohen’s x = 0.30, 95% CI: 0.14-0.41) (Okubo et al., 2008
(a); Okubo et al., 2008 (b)).

In the direct quantitative comparison, the % fibrosis area determined by IB-IVUS was
significantly correlated with the relative area of fibrosis based on histology (r=0.67, p<0.001),
whereas the % fibrous area and % fibrous area + % fibro-fatty area determined by VH-IVUS
were not correlated with the relative area of fibrosis based on histology (Figure 1) (Okubo et
al., 2008).

Fig. 1. Representative lesion used in the direct comparison study. A: histological images
stained with Masson’s trichrome. Bar = 1 mm. B: Images after quantification by the image
processor. Areas that were stained blue by Masson’s trichrome were automatically selected
(green area) by the multipurpose image processor (LUZEX F) and the relative fibrous area
(fibrous area / plaque area) was automatically calculated by the system. C: IB-IVUS images
corresponding to sections analyzed by histology. D: IVUS-VH images corresponding to
sections analyzed by histology. Percentages indicate the relative fibrous areas determined
by each method.

5. Comparison of the thickness of the fibrous cap measured by IB-IVUS and
optical coherence tomography in vivo

During routine selective percutaneous coronary intervention in 42 consecutive patients, a
total of 28 cross-sections that consisted of lipid overlaid by a fibrous cap were imaged by
both IVUS and optical coherence tomography in 24 patients with stable angina pectoris. A
0.016-inch optical coherence tomography catheter (Imagewire, LightLab Imaging, Inc.,
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Westford, MA) was advanced into the coronary arteries. IB-IVUS and optical coherence
tomography (M2 OCT Imaging system, LightLab Imaging, Inc., Westford, MA) were
performed in each patient at the same site without significant stenosis as described below.
IB-IVUS images were obtained every one second using an automatic pullback device at a
rate of 0.5 mm/sec. optical coherence tomography images were obtained using an automatic
pullback system at a rate of 0.5 mm/sec. IB-IVUS images were obtained at 0.5 mm intervals,
whereas optical coherence tomography images were obtained at 0.03 mm intervals.
Therefore, the segments of coronary artery to compare between the two methods were
selected based on the IB-IVUS images. Then, these same coronary segments were identified
in optical coherence tomography using the distance from easily-definable side branches and
calcification as reference markers to ensure that IB-IVUS and optical coherence tomography
were compared at the same site. The cross-sections that did not have sufficient imaging
quality to analyze tissue characteristics were excluded from the comparison. In the IB-IVUS
analysis, images were processed by a smoothing method that averaged nine IB values in
nine pixels located in a square field of the color-coded maps to reduce uneven surfaces of
tissue components produced by signal noise.

Fig. 2. The same coronary segments were selected for imaging using the distance from
easily-identifiable side branches and calcification as reference markers to ensure that
integrated backscatter intravascular ultrasound (IB-IVUS) and optical coherence
tomography (OCT) were compared at the same site. (A) Conventional IVUS image. (B)
Corresponding OCT image. (C) IB-IVUS image. (D) Corresponding OCT image. (E) Fibrous
caps that overlaid lipid pool were divided into regions-of-interest (ROIs) (every 10° from the
center of the vessel) and the thickness of fibrous caps was measured as an average. The
average thickness of fibrous cap was measured by averaging the thickness of fibrous cap
every 2° within ROIs. *: septal branch.
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Fibrous caps that overlaid lipid pool were divided into ROI (every 10° rotation from the
center of the vessel lumen) and the average thickness was determined. The average
thickness of fibrous cap was determined by averaging the thickness of fibrous cap every 2°
within the ROIs (Figure 2). The areas where the radial axis from the center of the vessel
lumen crossed the tangential line of the vessel surface with an angle less than a 80° were
excluded from the comparison.

The thickness of fibrous cap measured by IB-IVUS was significantly correlated with that
measured by optical coherence tomography (y = 0.99x - 0.19, r = 0.74, p<0.001) (Figure 3)
(Kawasaki et al., 2010).

Fig. 3. (A) Representative integrated backscatter intravascular ultrasound (IB-IVUS) images
processed by a smoothing method. (B) Original IB-IVUS images (C) Corresponding optical
coherence tomography. *: attenuation by guide wire. Bar = Tmm.

A Bland-Altman plot showed that the mean difference between the thickness of fibrous cap
measured by IB-IVUS and optical coherence tomography (IB-IVUS - optical coherence
tomography) was -2 + 147 pm (Figure 4). The difference between the two methods appeared
to increase as the thickness of the fibrous cap increased. Optical coherence tomography has
a better potential for characterizing tissue components located on the near side of the vessel
lumen, whereas IB-IVUS has a better potential for characterizing tissue components of entire
plaques (Kawasaki et al., 2006).
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Fig. 4. Left: Correlation between the thickness of fibrous cap measured by integrated backscatter
intravascular ultrasound and optical coherence tomography. Right: Bland-Altman plot.

6. Clinical studies conducted by use of IB-IVUS

There have been many clinical studies performed using IB-IVUS. In a prospective study, IB-
IVUS was performed in 140 patients with stable angina pectoris in one or two arterial
segments without significant stenosis (Sano et al., 2006). The % lipid area was greater in
plaques that caused acute coronary syndrome than in plaques that did not cause acute
coronary syndrome (72 + 10 versus 50 * 16%, p<0.001). The % fibrous area was smaller in
plaques that caused acute coronary syndrome than in plaques that did not cause acute
coronary syndrome (23 + 6 versus 47 + 14%, p<0.001) (Figure 5).

Fig. 5. Images of lesion in patients with (right) and without (left) acute coronary syndrome.
(*) indicates the guidewire artifact.

www.intechopen.com



48 Intravascular Ultrasound

The optimum cutoffs for the calculation of diagnostic accuracy to classify plaques that
caused acute coronary syndrome were obtained from the ROC curve. The optimal cutoffs of
% fibrous area and % lipid area were 25% and 65% respectively. Regarding remodeling
index, Takeuchi et al. reported that % lipid volume in the positive remodeling plaques was
greater than the non-positive remodeling plaques (40.5 + 14.8 versus 26.4 + 15.9%, p<0.001)
and they concluded that positive remodeling lesions contain more lipid-rich components
compared with non-positive remodeling lesions, which may account for the higher
incidence of acute coronary syndrome and plaque vulnerability (Takeuchi et al., 2009).
During percutaneous coronary intervention, 107 non-culprit intermediate plaques in left
anterior descending coronary arteries were analyzed by IB-IVUS (Komura et al., 2010).
Plaques in the proximal segment had a higher % lipid content than did plaques in the distal
segment (36.1 + 12.3 versus 18.6 = 13.1%, p<0.01). A total of 155 consecutive patients who
underwent percutaneous coronary intervention were investigated by IB-IVUS. Lipid-rich
plaques measured by IB-IVUS proved to be an independent morphologic predictor of non-
target ischemic events after percutaneous coronary intervention, and the risk was
particularly increased in patients with elevated serum C-reactive protein levels (Amano et
at., 2011). Amano et al. reported that patients with metabolic syndrome showed a significant
increase in % lipid area (38 + 19% versus 30 + 19%, p=0.02) and metabolic syndrome was
associated with lipid-rich plaques, contributing to an increase of plaque vulnerability
(Amano et al., 2007). Kimura et al. demonstrated that the ratio of LDL to HDL cholesterol
was an independent predictor of lipid area / non- lipid area (Kimura et al., 2010).

A substantial reduction of acute cardiac events has been shown in most lipid-lowering trials,
despite only a minimal geometric regression of plaque (Brown BG et al., 1993; Fernandez-Ortiz
A et al,, 1994). These findings suggest that plaque stability was increased by the removal of
lipids from lipid-rich plaques. Three-dimensional IB-IVUS demonstrated that statin therapy
for 6 months reduced the lipid volume in patients with stable angina (pravastatin: 25.5 + 5.7 to
21.9 £5.3%, p<0.05; atorvastatin: 26.5 + 5.2 to 19.9 + 5.5%, p<0.01) without reducing the degree
of stenosis. To improve the accuracy of the volumetric analysis, polar coordinates in the two-
dimensional color-coded maps were transformed into Cartesian coordinates (64 x 64 pixels)
using computer software, because the size of each ROI was different in the polar coordinates.
Three-dimensional IB-IVUS offers the potential for quantitative volumetric tissue
characterization of coronary atherosclerosis (Kawasaki et al., 2005) (Figure 6).

Otagiri et al. investigated the effectiveness of rosuvastatin in patients with acute coronary
syndrome using IB-IVUS. They demonstrated that reduction rate of % lipid volume after 6
months of rosuvastatin therapy was significantly correlated with the baseline values (r = -
0.498, p=0.024) (Otagiri et al., 2011). Early intervention with rosuvastatin in acute coronary
syndrome patients caused significant reduction of the non-culprit plaque during 6 months.
This regression was mainly due to the decrease in the lipid component measured by IB-IVUS.

7. Technical consideration

The fixation and processing of arterial samples for histopathology decreases the total vessel
and luminal cross-sectional area, but the absolute wall area (total vessel cross-sectional area
minus luminal cross-sectional area) does not change in vessels with minimal atherosclerotic
narrowing (Lockwood et al., 1991; Siegel et al., 1985). Several studies have documented that
formalin fixation does not significantly affect the morphology and quantitative echo
characteristic of plaque tissue from human aortic walls (Kawasaki et al., 2001; Picano et al.,
1983).
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Fig. 6. A: Three-dimensional color-coded maps of coronary arterial plaques constructed by
three-dimensional IB-IVUS. B: Three-dimensional color-coded maps of each characteristic.
The number of voxels of each tissue characteristic was automatically calculated.

IB-IVUS occasionally underestimates calcified lesions and overestimates lipid pool behind
calcification due to the acoustic shadow derived from calcification. Acoustic shadow caused
by calcification hinders the precise determination of the tissue characteristics of coronary
plaques. However, there were many cases in which lesions that were classified as lipid pool
by IB-IVUS due to the acoustic shadow behind calcification actually included lipid core in
the same lesion analyzed by histology (n = 16/21, 76%). Our results are consistent with
previous results that showed that necrotic core and fibrofatty components were located
behind calcification (83 - 89%) (Kume et al., 2007). Since calcification usually originates in
lesions with lipid accumulation, the diagnosis of lipid pool by IB-IVUS in lesions behind
calcification was usually accurate.

8. Limitations

There were a few limitations of the ultrasound method. First, the angle-dependence of the
ultrasound signal makes tissue characterization unstable when lesions are not perpendicular
to the ultrasound axis. Picano et al. reported that angular scattering behavior is large in
calcified and fibrous tissues, whereas it is slight to nonexistent in normal and fatty plaques
(Picano et al., 1985). According to that report, although there was no crossover of IB values
between fibrous and fibrofatty within an angle span of 10°, or between fibrous and fatty within
an angle span of 14°, this angle-dependence of the ultrasound signal might be partially
responsible for the variation of IB values obtained from each tissue component. There was also
a report that demonstrated the degree of angle-dependence of 30 MHz ultrasound in detail
(Courtney et al., 2002). In that report, the angle-dependence of 30 MHz ultrasound in the
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arterial intima and media was 1.11dB/10°. When the 40 MHz catheter was used, the angle
dependence increased in arterial tissue. This angle-dependence of the ultrasound signal may
decrease the diagnostic accuracy for differentiating tissue components.

Second, the guidewire was not used in the process of imaging because the present studies
were performed ex vivo. Imaging artifacts in vivo due to the guidewire may decrease the
diagnostic accuracy. However, removal of the guidewire during imaging after completing
the intervention procedure and/or excluding the area behind calcification from the analysis
may be necessary in the clinical setting to eliminate this problem. Finally, detecting
thrombus from a single IVUS cross-section was not possible because we usually look at
multiple IVUS images over time for speckling, scintillation, motion and blood flow in the
“microchannel” (Mintz et al., 2001). The analysis of IB values in multiple cross-sections over
time is required for the detection of thrombus.
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Clinical Applications of
Intravascular Ultrasound

Dermot Phelan, Sajjad Matiullah and Faisal Sharif
University College Hospital Galway
Ireland

1. Introduction

Intravascular Ultrasound (IVUS) is an invasive grey scale tomographic imaging modality
providing cross-sectional images of the vessel wall. The reflected or scattered ultrasound
signal received at the transducer is converted to a voltage. This voltage is known as
radiofrequency data or backscattered signal. The time delay and amplitude of these emitting
pulses provides 256 such backscattered signals or A-scans to produce one image. For IVUS
imaging, high ultrasound frequencies typically centred between 25-50 MHz are used. The
size of conventional IVUS catheter is 2.9 and 3.5 Fr and has a typical pullback speed of 0.5
mm/s and a frame rate of 30 images per second. At 30 MHz the wavelength is 50 um, which
yields a spatial resolution of >150pm allowing detail evaluation of the blood vessel wall.

IVUS imaging is complementary to coronary angiography and allows the simultaneous
assessment of lumen and components of the vessel wall. In the IVUS image the catheter is in
the centre of the image surrounded by vessel lumen, the three layers of the vessel and
surrounding structures (Figure 1). It can assess plaque geometry including plaque burden
and size, luminal area, longitudinal extent of the disease, circumferential extent of the

Fig. 1. IVUS of normal coronary artery
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plaque, arterial remodelling and plaque vulnerability. Therefore IVUS provides detailed
insight to the anatomy of plaque burden and allows the interventional cardiologist to adapt
an optimal strategy for percutaneous coronary intervention (PCI) and subsequently assess
the success of this strategy. In this chapter we will describe the potential applications of
IVUS for every day use in the catheterization laboratory.

2. Clinical applications of IVUS

2.1 Assessment of vessel size for stent selection and ischemia evaluation

Standard coronary angiography is intrinsically limited to evaluate three-dimensional
anatomical coronary cross sectional area due to planar silhoutte imaging. In addition, the
plaque burden, its delineation and constituents cannot be assessed by coronary
angiography. With angiography, the severity of stenosis is assessed by minimal lumen
diameter at the lesion site, in comparison with an adjacent normal appearing reference.
However, it is well documented that atherosclerosis is diffuse in nature and may appear
normal in a small calibre coronary artery with concentric plaque (Figure 2)(Grondin, Dyrda
et al. 1974; Roberts and Jones 1979). IVUS provides a complete 360 degrees tomographic
view that allows accurate lumen measurements. In fact direct comparison of atherosclerotic
disease by angiography and IVUS are frequently discrepant often as a result of eccentric
plaque.(Figure 2) IVUS studies have clearly demonstrated that there is no correlation
between the size of the atheroma and the size of the lumen(Topol and Nissen 1995) . This
difference can be explained by positive (expansive) remodelling where lumen size is
maintained due to plaque accumulation within in the vessel wall and resulting vessel wall
expansion. It is claimed that these positive plaques are more unstable and vulnerable to
rupture than negative (constrictive) plaques and also responsible for in-stent restenosis (ISR)
following coronary intervention.(Schoenhagen, Ziada et al. 2000).

Fig. 2. IVUS images of A) concentric plaque and B) eccentric plaque
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In addition to accurate stent sizing, IVUS can be used to evaluate lesion lumen area to
predict the presence or absence of myocardial ischemia and/or significant coronary
stenosis. There was strong correlation between lesion lumen area of < 4.0 mm2 on IVUS
and positive stress myocardial perfusion SPECT in seventy native coronary lesions
(Nishioka, Amanullah et al. 1999). In another study, IVUS guided deferral of coronary
intervention of 248 lesions with luminal area of >4 mm? resulted in clinical rates of 4.4%
and target lesion revascularisation (TLR) of 2.8% at 12 month follow up. (Abizaid, Mintz
et al. 1998).

2.2 Assessment of restenosis

Following coronary intervention, the formation of neointimal hyperplasia is mainly
responsible for ISR (Figure 3). There is strong correlation with between late lumen loss and
the degree of in-stent neointimal growth (r=0.98) (de Jaegere, Mudra et al. 1998; Hoffmann,
Mintz et al. 1998). Although drug eluting stents (DES) has significantly reduced the
incidence of neointimal proliferation, the rate of ISR still remains around 10-15%.

Fig. 3. IVUS image of in-stent restenosis

One of the main factors for ISR is stent underexpansion (Figure 4). IVUS can detect vessel
stent subtleties not apparent by coronary angiography. In addition to assessing plaque
geometry, IVUS can be used to achieve complete stent apposition and adequate geometric
expansion within the stented segment. IVUS studies have demonstrated that incomplete
stent and vessel wall apposition, residual stenosis and irregular eccentric lumen in the
stented segment was present in almost 88% of the patients despite achieving an optimal
angiographic result (Nakamura, Colombo et al. 1994) . Clinical trials have shown that
patients who have their coronary intervention guided by IVUS have larger post procedure
stent areas and significant reductions in TLR as compared to angiography-guided PCI alone
(de Jaegere, Mudra et al. 1998; Schiele, Meneveau et al. 1998; Fitzgerald, Oshima et al. 2000;
Sonoda, Morino et al. 2004; Hong, Mintz et al. 2006) In addition to detecting stent
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underexpansion, IVUS can also assist in achieving optimal stent expansion, exclude stent
edge dissections and plaque protrusion (Hong, Jeong et al. 2008).

=]

Fig. 4. IVUS demonstrating A) stent well apposed to vessel wall and B) stent mal-apposition

2.3 Guidance for left main stem intervention

Coronary interventions of unprotected left main coronary artery (UPLM) with bare metal
stents in the 1990s were associated with high rates of revascularization (25% to 30%) due to
restenosis (Black, Cortina et al. 2001; Park, Hong et al. 2001; Takagi, Stankovic et al. 2002).
Although the use of DES for UPLM PCI have significantly reduced the rate of
revascularization as compared with bare metal stents (BMS), the long term outcomes remain
less favourable. Most of the poor outcomes following UPLM PCI relates to distal bifurcation
intervention, which is a technically complex procedure. The current American College of
Cardiology (ACC)/American Heart association (AHA) practice guidelines for PCI
categorize UPLM stenting as a class IIb indication or Ila indication in selected patients
without co-existing multivessel disease. At present there is a paucity of randomized control
trial data comparing Coronary artery bypass grafting (CABG) to PCI in patients with UPLM.
The best available evidence comes from the SYNTAX trial (SYNergy between Percutaneous
Coronary Intervention with TAXus and Cardiac Surgery), which randomly assigned 1800
patients with either UPLM (n=705) or multivessel CAD not involving the left main stem
(n=1095) (Ong, Serruys et al. 2006) . The major adverse cardiac or cerebrovascular events
were not significantly different between the CABG and PCI groups (13.7 vs 15.8%).
However, the rate of revascularization was significantly higher in those treated with PCI
(11.8 vs 6.5 %). One of the main limitations of the SYNTAX trial was felt to be the lack of use
of IVUS for UPLM in the PCI group.

While the European Society of Cardiology guidelines give IVUS-guided stenting of the
UPLM a Class IIb recommendation we feel IVUS interrogation of the UPLM pre and post
intervention should be used in all cases. Not least because IVUS interrogation has been
demonstrated to, frequently prove angiographic assessment of the UPLM as inaccurate. This
obviously may have significant impact on patient management resulting in either erroneous
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treatment of a lesion which may appear severe angiographically but in fact has minimal
plaque burden or failure to treat lesions which are mis-labelled as mild-to-moderate (Mintz
and Maehara 2009).

Moreover, IVUS is an ideal method for confirming the presence of significant left main
disease and also for guiding selection of stent size, assessing the presence and extent of
calcification and especially evaluating the distal left main vessel and its branches. IVUS
assessment pre and post left main intervention is very important to evaluate larger lumen
area of the ostial and midshaft left main and adequate post dilatation post stenting. In
comparison to native coronary vessels, a minimal luminal area of <6.0 mm?2 is a commonly
used threshold for significant left main disease (Sano, Mintz et al. 2007). While there are no
randomized trials to inform practice in this area, registry data has shown a trend toward
reduced mortality in IVUS guided UPLM PCI.(Park, Kim et al. 2009)

2.4 Guidance for Chronic Total Occlusion (CTO) intervention

CTOs are the most complex lesions that are considered for percutaneous coronary
revascularization. PCI of CTO results in symptomatic improvement, improved left ventricle
function and reduction in adverse remodelling. In addition recanalization of CTO leads to
long-term survival benefit and avoidance of bypass surgery (Melchior, Doriot et al. 1987;
Ivanhoe, Weintraub et al. 1992; Chung, Nakamura et al. 2003; Cheng, Selvanayagam et al.
2008). The number of CTO interventions has risen gradually due to better operator experience,
technical improvements, and newer procedural techniques (these include contra-lateral
coronary injection, “parallel” wire techniques, subintimal tracking and re-entry (STAR),
retrograde approach with control antegrade retrograde tracking (CART), reverse CART).
Despite these advances, the success rate of CTO interventions remains low (<60%)(Di Mario,
Werner et al. 2007), largely due to difficulty crossing the occlusion with the guidewire and
entering the true distal lumen beyond the occlusion (Safian, McCabe et al. 1988; Kinoshita,
Katoh et al. 1995). In most instances of failed CTO intervention, the guidewire enters the false
lumen (subintimal space) at the site of occlusion, often making it impossible to re-enter the
true lumen (Figure 5). CTO interventions can be performed via an antegrade approach or
retrograde approach using septal collaterals (Surmely, Tsuchikane et al. 2006).

IVUS studies provide insights into the anatomy of the CTO lesion. In one report IVUS
demonstrated presence of calcium mostly across the side branch take-off, especially in
abrupt-origin CTOs (Fujii, Mintz et al. 2006). This anatomical variance can explain the
preferential entry of the guidewire into the side branch at the point of occlusion. The use of
IVUS for CTO interventions can be extremely useful especially in ensuring that the
guidewire is positioned within the coronary lumen (true or false), and also helps to identify
the optimal entry point within the CTO cap(Ochiai, Ogata et al. 2006). IVUS can help to
avoid subintimal stenting during CTO intervention as this has been reported to result in
stent thrombosis and stent mal-apposition due to the formation of multiple aneurysms
(Erlich, Strauss et al. 2006; Tsujita, Maehara et al. 2009). IVUS imaging for CTO can also
detect vessel wall haematoma, dissection and small perforations that are not detected by
routine coronary angiography. Further advances in IVUS technology especially the
development of ‘forward facing IVUS will significantly improve our anatomical
understanding of the chronically occluded lumen. Although IVUS guided intervention of
chronic occlusions may enhance procedural outcome, the current use of this technology for
CTO intervention is limited only to experienced operators.
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Fig. 5. IVUS image of false lumen

2.5 Guidance for bifurcation lesion intervention

PCI of bifurcation lesions have been associated with lower procedural success rate and
worse clinical outcome than when used to treated non-bifurcation lesions. This is largely
related to the complexity of the bifurcation lesions, significant anatomical variation of the
bifurcation lesion, and lack of standard guidelines for the treatment of bifurcation lesions.
The current therapeutic strategies for bifurcation lesions have mainly stemmed from
personal clinical experience of the operators. (Suzuki, Angiolillo et al. 2007). In recent years
there has been better understanding of bifurcation lesions especially with use of DES,
acceptance of provisional stenting (acceptance of a suboptimal result in a small side branch
SB), specific treatment of bifurcation lesions with a two-stent strategy and increasing use of
final kissing balloon. The use of IVUS for bifurcation lesions can provide valuable
information especially in anatomical evaluation of plaque burden, plaque location, angle
assessment, lumen size of main branch [MB] and [SB]. In addition post PCI, IVUS can assist
in evaluation of plaque shift, change in carina angle, dissection, and above all optimal stent
deployment (Costa, Mintz et al. 2005). We feel that IVUS guided optimization of the
bifurcation lesion post intervention, especially the ostium of a large side branch will
enhance long term outcome of these technically challenging subset of lesions.

2.6 Vulnerable plague assessment

The composition of atherosclerotic plaque is heterogeneous by nature and contains 1)
fibrocellular components (extracellular matrix and smooth muscle cells), 2) lipid-cellular
components (crystalline cholesterol and cholesterol esters mixed with macrophages), 3)
thrombotic components (platelets and fibrin) and 4) calcium (Figure 6) (Fuster, Badimon et
al. 1992; Fuster, Badimon et al. 1992; Stary 2000; Virmani, Kolodgie et al. 2000). Vulnerable
plaques that result in rupture have been now well described as thin cap fibroatheroma
(TCFA).
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Fig. 6. IVUS image of atherosclerotic plaque

Ultrasound provides some information about the morphological features of atherosclerotic
plaque. The American College of Cardiology Clinical Expert Consensus Document for IVUS
imaging has described that a vulnerable plaque can appear as an ‘echolucent’ plaque (Mintz,
Nissen et al. 2001). Frequently these echolucent plaques have a prominent echogenic border
at the lumen-intima interface. This may correspond to the TCFA. However, it should be
emphasized that the fibrous cap of TCFA is <65 um and therefore could not be detected
using this modality. Imaging IVUS provides limited insight into the chemical composition of
the plaque and is dependent on simple interpretation of acoustic reflections. Lipid-laden
echolucent plaques can be detected with a sensitivity of between 78% and 95% and
specificity of 30% (Mallery, Tobis et al. 1990; Potkin, Bartorelli et al. 1990). Furthermore,
reduced echogenicity may also be observed in large necrotic zones, intramural hemorrhage
or a thrombus.

Echodense plaques have an intermediate echogenicity between echolucent and highly
echogenic calcified plaques. The echodensity of plaques correlate well with plaque fibrosis
in histological studies. The identification of echolucent plaques is subjective and no
prospective clinical trials are available. In an IVUS based study, echolucent plaque was
identified in 31 patients from a total of 144 patients. Of these 31 patients, 23 patients (74%)
presented with unstable angina. Plaque rupture was confirmed by injecting contrast with
subsequent filling of the plaque cavity on IVUS (Ge, Haude et al. 1995). In another study,
IVUS images of 114 coronary lesions with <50% stenosis were recorded and followed up for
two years.(Yamagishi, Terashima et al. 2000). The patients who developed Acute coronary
syndrome during the follow up were identified and events correlated with large echolucent
zones in the eccentric plaques at the time of their first IVUS study. These plaques had
histological features similar to vulnerable plaques and were associated with increased risk
of instability. In addition, IVUS can also identify vulnerable plaques at high risk of rupture
in vessels with adaptive remodelling (von Birgelen, Klinkhart et al. 2001).

IVUS has excellent blood penetration and in the absence of calcium is able to visualize and
calculate plaque area, volume and eccentricity. The use of IVUS to identify TCFA and lipid
pool is at present limited. It suffers from signal attenuation and geometric effects that result
in different backscatter signal properties from similar tissues due to differences in tissue

www.intechopen.com



102 Intravascular Ultrasound

orientation and position relative to the imaging transducer. Ultra- high frequency catheters
can be employed to achieve high resolution and visualize subluminal fibrous cap, while
low-resolution components can be used for better penetration of the plaque to assess plaque
components.

The conventional IVUS image undergoes considerable processing such as envelope
detection, time-gain compensation, and logarithmic compression to create real time
imaging. However, this processing significantly reduces the ability to characterize the
imaged tissue, the echogenicity of the imaged tissue is difficult to repeat and interpret
quantitatively. The reflected unprocessed ultrasound signal in the form of A-scan or
individual backscattered signals (256 A scans for an image) is called the radiofrequency data
and it is the analysis of these individual A-scans that holds potential for tissue
characterization. This imaging modality is known as IVUS virtual histology (IVUS -VH) or
IVUS radiofrequency (IVUS-RF).

Ex-vivo studies have demonstrated that raw backscattered ultrasound signal allows a more
detailed analysis of the vessel components with scope to identify different tissue
morphology (Moore, Spencer et al. 1998). IVUS-VH uses spectral analysis of radiofrequency
data to construct tissue maps that classify plaque into four major components (fibrous
[labeled green], fibrolipidic [labeled greenish-yellow], necrotic core [labeled red] and
calcium [labeled white]) which were correlated with a specific spectrum of the
radiofrequency signal and assigned color codes (Nair, Kuban et al. 2001). In a clinical study,
IVUS-VH was used to investigate the presence of IVUS-derived thin cap fibroatheroma
(IDTCFA) in non-culprit, non-obstructive (<50%) lesions in 55 patients who presented with
acute coronary syndrome (Rodriguez-Granillo, Garcia-Garcia et al. 2005). The axial
resolution of the IVUS-VH is between 100 to 150 pm and therefore in this study the authors
assumed that the absence of visible atheroma tissue overlying a necrotic core would suggest
a cap thickness of below 100 to 150 um and used the absence of such tissue to define a thin
fibrous cap. In this study, IDTCFA was defined and identified as a lesion with a necrotic
core 210% without evident overlying fibrous tissue and percent atheroma volume (PAV)
240%. In this study significantly higher prevalence of IDTCFA was observed in patients
with Acute coronary syndrome in comparison with controls [(3.0 IQR 0.0 to 5.0 vs. 1.0 IQR
1.0 to 2.8) p=0.018]. The large multicenter PROSPECT trial (700 patients with Acute coronary
syndrome) looked at long-term outcomes of non-culprit lesions (based on IVUS-VH) at the
time of Percutaneous coronary intervention of the culprit lesions. The investigators reported
that only 11 percent of the patients had high event rate (i.e. 17%) in association with thin-
capped fibroatheromas with minimal luminal area (MLA) <4 mm?2 and plaque burden
>70%. Although high-risk focal sites can be detected with IVUS-VH, the predictive power
(significantly higher numbers of vulnerable plaques than clinical events) of vulnerable
plaque to cause a clinical event remains low.

IVUS-RF data acquisition and real time processing with three dimensional imaging and
spectral analysis is a potential tool to assess vulnerable plaque in vivo. This imaging tool
provides detailed volumetric assessment of the histological components of the plaque in vivo
and therefore may represent a unique technique to identify the vulnerable plaque in future.

3. Conclusion

Over the past decade there has been a significant technological advance in cardiovascular
imaging that has changed the way we assess coronary atherosclerosis and approach
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coronary intervention. IVUS is a validated clinical tool that allows precise evaluation of
angiographically stenotic lesions helping guide the cardiologist's approach to
revascualisation and assess complications and sub-optimal results post-procedure. In
addition it provides important information regarding non-critical but vulnerable plaque
which is not appreciable by traditional coronary angiography. In an era of more complex
and ambitious coronary intervention IVUS is a vitally important addition to the
interventionalist’s armamentarium. In this chapter we have briefly described the various
potential uses of IVUS and their clinical application.
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1. Introduction

Hypertension is the most frequently treated disease in internal medicine. More than 1 billion
people worldwide suffer from hypertension. Hypertension leads to cardiovascular end-organ
damage increasing morbidity and mortality and is related with high costs to society, making
this disease an important public health challenge. Sonography is a crucial diagnostic tool in
the evaluation of a hypertensive patient. It is used both for the search of secondary forms of
hypertension and for the identification of hypertensive end organ damage. There are several
ultrasound examinations that may be warranted in hypertension. Abdominal ultrasound is
recommended by several guidelines for the basic diagnostic workup in every newly diagnosed
hypertensive patient. Doppler sonography of the renal arteries is reasonable only in a subset of
hypertensives that are at increased risk of renal artery stenosis. Echocardiography is able to
reveal cardiac end organ damage in terms of hypertensive heart disease. Ultrasound of the carotid
arteries is frequently used to detect and evaluate in the case of hypertension-induced vascular
end organ damage. The assessment of the intima-media thickness allows the detection of early
stages of atherosclerotic wall changes. Prior to any structural vascular damage that may be
visualized by ultrasound techniques, hypertension leads to functional changes of the endo-
thelium, called endothelial dysfunction. Endothelial dysfunction encompasses a variety of
changes in vascular function including a reduced endothelium-dependent vasodilation. This
can be diagnosed by sonography measuring the diameter changes of the brachial artery in
response to predefined endothelial stimuli. Flow-mediated dilation in response to hyperemia is
regarded as the gold-standard in the non-invasive assessment of endothelial dysfunction. To
date, it is rather used scientifically than in daily clinical practice. The present chapter provides
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an overview on the practical performance of all of these ultrasound techniques in the approach
to hypertension.

2. Abdominal ultrasound

The use of abdominal ultrasound in the evaluation of hypertension is twofold.
* In the detection of a secondary forms of hypertension.
* In the evaluation of subclinical organ damage induced by hypertension.

In the current European Society of Cardiology/European Society of Hypertension (ESC/ESH )
guidelines for hypertension the use of abdominal ultrasound is recommended as a part of the
evaluation of hypertensive individuals. The abdominal ultrasound supplies information about
the etiology of hypertension as well as possible end organ damages.

The main interest is the morphology of the kidneys, the adrenal glands and of the aorta. Due
to their retroperitoneal position, kidneys are completely and easily detectable. A 3.5-5 MHz
probe is typically used to scan the kidney. The examination from dorsolateral allows the
evasion of the intestinal loops and thus allows for a non-overlapping imaging in the supine
position. The formerly widely spread examination in the lateral recumbent position is
nowadays used only in exceptional cases. Renal ultrasound has now almost completely
replaced intravenous urography in the anatomical exploration of the kidney. While the latter
requires the injection of potentially nephrotoxic contrast medium, ultrasound is non-invasive
and provides the necessary anatomic data about kidney size and shape, cortical thickness,
urinary tract obstruction and renal masses [1]. Renal parenchymal disease is one of the most
common causes of secondary hypertension which leads to a wide spectrum of morphologic
alterations. The finding of bilateral upper abdominal masses at physical examination is
consistent with polycystic kidney disease and should warrant an abdominal ultrasound
examination. Acute parenchymal inflammatory processes like crescentic glomerulonephritis
or acute interstitial nephritis sometimes predisposes individuals to measurable organ swelling.
The cortical and medullary pyramids have in this case an anechoic profile. However, the
morphological alterations seen via ultrasound in the acute kidney processes are less prominent
than those seen in chronic kidney damage. Thus, the diagnostic performance in acute inflam-
matory renal disease is less effective. Chronic parenchymal diseases, such as chronic interstitial
nephritis, glomerulonephritis or nephrosclerosis contribute to a progressive decrease in organ
size. A kidney size below 90 mm should be interpreted as pathological. Over the course of the
organ decrease, small scarring cortical retractions develop, which give the kidney surface a
humped aspect. The renal parenchyma develops a hyperechoic pattern through progressive
scarring. The border between parenchyma and pyelon becomes progressively nondescript. A
variety of chronic parenchymal diseases can lead to the morphological end stage of a shrunken
kidney. Sonographically, it is not possible to differentiate whether small kidneys are the cause
or the result of hypertension. A unilateral small kidney as a possible indicator for a hemody-
namic relevant renal artery stenosis should always lead to a further evaluation of the renal
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arteries. Renal cell carcinomas as a rare cause of hypertension are depicted as a well delimitable
structure from the surrounding tissue. Usually they can be depicted via ultrasound when they
exceed 1 cm. With increasingly size there is an increase in their inhomogeneity, so that it is
possible to detect areas of liquefied necrosis for example.

In the screening of secondary forms of hypertension abdominal ultrasound plays also a role
in the depiction of the adrenal glands. For this purpose a detailed knowledge of the local
anatomy is required. The adrenal glands are located within the retroperitoneum. The left
adrenal gland, lacking the acoustic window of the liver and being obscured by air in the
stomach, is inherently more difficult to scan than the right adrenal gland. On the right side,
the right kidney and the inferior vena cava are landmarks for the examination of adrenal
glands, whereas on the left side the aorta, the lower pole of the spleen and the upper pole of
the kidney are points of orientation. The right adrenal gland is usually scanned with a right
transcostal scan or a subcostal flank scan or oblique subcostal scan. On the left side it is better
to use an intercostal flank scan through the spleen. The normal sized adrenal glands are only
visible with trained examination techniques and by using high resolution technology, whereas
enlarged adrenal glands are detectable in a high percentage of cases. Thirty percent of cases
of primary aldosteronism are caused by adrenal adenomas. Seventy percent of cases are caused
by adrenal hyperplasia. There are rare cases of adrenal carcinoma and the autosomal dominant
condition of glucocorticoid remediable aldosteronism [2]. The micronodular hyperplasia is not
possible to be detected via sonography. Adrenal adenomas have a round to oval shape and
are uniformly hypoechoic with smooth margins, although some lesions have scalloped borders
(polycyclic). Adenomas occasionally have an inhomogeneous appearance. Autopsy statistics
indicate that they are quite common (10-20%), but most adenomas (90%) produce no endocrine
symptoms, they are silent and too small to be detected by ultrasound. In one study the average
size of adenomas was reported to be 1.5 cm, although they may exceed 5 cm in diameter. In a
small percentage of patients adenomas are bilateral. Functioning and nonfunctioning adeno-
mas are indistinguishable by their sonographic features [3]. Thus, ultrasound is not a sufficient
test in the morphologic diagnosis of Conn syndrome. Upon the detection of a high aldosterone-
to-renin ratio and after a confirmation test (e.g. suppression after administration of sodium
chloride) the use of a CT or MRT scan is indicated. On the other hand, the detection of a
unilateral adrenal mass seen in the ultrasound should be followed by a laboratory evaluation
for the evaluation of Conn-Syndrome.

Phaeochromocytoma, a tumor of the adrenal medulla, is a rare secondary cause of hyperten-
sion (0.2 — 0.4% of all cases of elevated blood pressure) with an estimated annual incidence of
2 — 8 per million population.[4]. It can be inherited or acquired. Hypertension occurs in about
70% of all cases of phaeochromocytoma, being stable or paroxysmal in approximately equal
proportions. The diagnosis is based on establishing an increase in plasma or urinary catechol-
amines or their metabolites (e.g. (nor-) metanephrines). Following the appearance of clinical
symptoms (hypertension and tachycardia caused by increased catecholamine secretion),
pheochromocytoma can be detected in 80-90% of cases via abdominal ultrasound. Most
pheochromocytomas are already several centimeters in diameter when diagnosed. They have
smooth margins, a round shape, and an inhomogeneous or complex echo structure. Hypoe-
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choic liquid components may also be observed. A spectrum of appearances is possible.
Pheochromocytomas are bilateral in approximately 10% of cases and extra-adrenal in 10-20%.
The organ of Zuckerkandl should be looked for at the level of the origin of the inferior
mesenteric artery, anterior to the aorta. Other extra-adrenal sites are the renal hilum, bladder
wall, and thorax. Pheochromocytoma is occasionally seen posterior to the renal vein in
transverse scans. Rarely, pheochromocytoma is diagnosed in the setting of multiple endocrine
neoplasia (MEN). About 2% to 5% of pheochromocytomas are malignant. In recent years
endosopic sonography is being used to obtain an adrenal gland biopsy [5-7].

Abdominal ultrasound is also being used in the evaluation of hypertension induced end-organ
damage. Vascular end-organ damage may be visualized as atherosclerotic as well as aneur-
ysmatic wall alterations, e.g. of the aorta. In the elderly (> 65 years) approximately 60% of the
patients with hypertension have an isolated systolic hypertension. This is a result of the
diminished elasticity of the large arterial vessels. Ultrasound can indicate a morphological
correlate in form of a manifest aortosclerosis. Besides vascular end-organ damage abdominal
ultrasound detects renal end organ damage. The correlate of hypertensive end-organ damage
of the kidney is (benign) nephrosclerosis. The sonographic features include a reduced size,
hyperechoic parenchyma, indefinite margin of parenchyma and pyelon, and scarring cortical
retractions. As stated above, this unspecific sonographic appearance does unfortunately not
allow a differentiation between cause and result of hypertension.

3. Echocardiography

Hypertension is one of the most important risk factors for heart failure with increasing risk in
all age groups. The lifetime risk for developing heart failure is doubled for subjects with blood
pressure >160/100mm Hg compared to those with blood pressure <140/90 mm Hg [8]. Systolic
and diastolic heart failure are both associated with hypertension. There are several mecha-
nisms, alone or in combination, leading to development of heart failure in the presence of
hypertension: left ventricular hypertrophy (LVH), chamber remodeling, hemodynamic load
and coronary microvascular disease with impaired coronary hemodynamics. To assess
subclinical organ damage, such as ventricular hypertrophy, echocardiography is more
sensitive than electrocardiography [9], which is a routine examination in all subjects with high
blood pressure. However, the ESC/ESH guidelines suggest that in patients with low and
intermediate cardiovascular risk an echocardiography should be performed for better global
cardiovascular risk stratification which may implicate the appropriate pharmacological
treatment [10]. The role of echocardiography is not limited to identification of (sub-) clinical
organ damage in the pre-treatment phase. Since changes of the left ventricular hypertrophy in
response to treatment are associated to cardiovascular fatal and non-fatal events [11], echo-
cardiography can also be used to monitor treatment’s success and re-assess overall risk.

Left ventricular hypertrophy is the first step toward the development of hypertensive heart
disease. The echocardiographic evaluation of LVH includes measurements of the interven-
tricular septum, left ventricular posterior wall thickness and end-diastolic diameter. Upon
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these parameters obtained by M-Mode at the end of diastole (under two-dimensional control),
the left ventricular mass is calculated according to the proposed formula [12]. Since LV mass
is depended on gender and obesity, the thresholds for presence of LVH mass are indexed to
body surface area and estimated for men (above 125g/m?) and for women (above 110g/m?) [10].
The adaptation of the left ventricle to hypertension is heterogenic and can be classified in three
geometric patterns based on the LV mass and on the index of relative wall thickness (LV wall
thickness / chamber radius). An increased ratio >0.42 combined with increased mass is referred
to as concentric hypertrophy. The term eccentric hypertrophy refers to subjects with normal
wall to radius ratio (< 0.42) but increased LV mass. The last pattern, the concentric remodeling,
refers to subjects with normal ventricular mass but increased ratio (> 0.42). All three types of
chamber remodeling in response to hypertension are related to increased cardiovascular risk.
Interestingly, the incidence of cardiovascular events correlates with changes in geometric
adaptation, independent of changes of the LV mass. The development or the persistence of a
concentric geometry during treatment has been found to be associated with a greater incidence
of cardiovascular events [13]. In the Losartan Intervention For Endpoint reduction in hyper-
tension (LIFE) study [11] a regression of the left ventricular mass of about 25g/m?* was associ-
ated with a 20% reduction in the incidence of the primary endpoint (cardiovascular mortality,
myocardial infarction, stroke). Recent data have furthermore reinforced the predictive value
of echocardiography in hypertensive patients. 35.000 normotensive and hypertensive partic-
ipants with normal left ventricular ejection fraction were studied retrospectively. An abnormal
left ventricular geometric pattern was found in 46% of the patients (35% with left ventricular
concentric remodeling and 11% with LVH) and was associated with a double-risk of all-cause
mortality compared to the patients with normal left ventricular geometry [14]. A prospective
trial showed that hypertensive patients with echocardiographic LVH had significantly higher
all-cause mortality and cardiovascular events [15]. Beyond the lower incidence of cardiovas-
cular events, including sudden death, in patients with regression of echocardiographic left
ventricular hypertrophy or a delayed increase in left ventricular mass [11], treatment-induced
changes of left atrium dimension and ventricular geometry are also correlated with cardio-
vascular event rates [16, 17].

Even before evidence of left ventricular hypertrophy is present and before hypertension in
young normotensive male offspring of hypertensive parents has developed, diastolic dys-
function may develop as an early end organ damage due to hypertension [18]. Patients with
diastolic heart failure (also referred as heart failure with preserved ejection fraction) show
similar long term impairments as patients with systolic heart failure [19]. The importance of
an early recognition of diastolic dysfunction is imperative. Arterial hypertension with or
without hypertrophy is the main cause of diastolic dysfunction, namely the inability of the
heart to adequately fill with blood during diastole. There are several factors which lead to
diastolic dysfunction in hypertension by impeding the active or passive phases of diastole. Of
these, contractile alterations in myocytes, structural ventricular hypertrophy, extracellular and
perivascular fibrosis, and myocardial ischemia are most often implicated. The European
Society of Cardiology has recognized diastolic dysfunction diagnosed by echocardiography
as criterion for the diagnosis of diastolic heart failure [20]. There are a number of specific
echocardiographic indicators of diastolic dysfunction obtained during the examination. The
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major four parameters include transmitral Doppler inflow velocity patterns, pulmonary
venous Doppler flow patterns, tissue Doppler velocities and color M-mode flow propagation
velocity (Vp). Transmitral Doppler flow is acquired by placing a pulsed wave (PW) sample
volume at the level of the tips of the mitral leaflets in the apical four-chamber view. Normally,
the ventricular inflow consists of an early (E) and a late filling peak (A). Respectively, the early
filling peak velocity (E) and the late (atrial) peak velocity (A) should be recorded. In normal
young individuals, more forward flow occurs during the early diastole largely due to the rapid
decline in left ventricular pressure during the isovolumetric relaxation time (IVRT). Conse-
quently, the E/A ratio is > 1 correlating with a normal relaxation. An E/A ratio <1 together with
prolonged IVRT and deceleration time (DT, rapid decline of the E) indicate an abnormal
relaxation. By considering these three parameters two more patterns of impaired diastolic
function are known: the “pseudonormal” pattern which turns to an impaired relaxation
pattern when a Valsalva maneuver is performed and the restrictive pattern. The last one,
occurring mostly in patients with restrictive cardiomyopathies (e.g., infiltrative sarcoidosis,
endomyocardial fibrosis) and dilated cardiomyopathies with poor systolic function which is
associated with increased mortality [21]. Unfortunately, mitral flow is influenced not only by
the diastolic properties of the LV but also by other factors, including preload, afterload, heart
rate and the presence of arrhythmias. Another indicator, the pulmonary venous flow can be
used to assess diastolic function but it is also limited in case of mitral valve disease, heart block
and tachycardia. A more precise assessment of the diastolic function can be made by using the
tissue Doppler imaging (TDI). This enables the measurement of frequency Doppler shifts
caused by myocardial motion as the mitral annulus recoils back toward the base in early (e')
and late (a') diastole. The peak waves (e and a”) are obtained in analogy to those recorded by
the mitral flow. TDI enables, depending of the placement of the sample volume, assessment
of global or regional diastolic function. In patients with hypertension and hypertrophy,
diastolic dysfunction is more evident at the basal septal segments [22]. The E/e' ratio (with e'
assessed at a lateral segment) has been identified as the best parameter for diagnosis of diastolic
heart failure [23]. An E/e' ratio below 8 is associated with normal filling pressures and a ratio
>12 to 15 is associated with elevated filling pressures. For values between 8 and 12 additional
echocardiographic parameters (e.g., use of Valsalva with transmitral Doppler, pulmonary
venous flow) are recommended to correctly classify diastolic function. By using the Doppler
color M-mode another index of diastolic dysfunction, the propagation velocity of early
diastolic flow (Vp) into the ventricle has been proposed. This index seems to be independent
of the load conditions and can be useful to unmask diastolic dysfunction in hypertensive
patients with pseudonormal mitral flow. However, in patients with normal left ventricular
function the Vp may be normal despite an impaired left ventricular relaxation indicating a
major limitation of the index. Beside diastolic dysfunction, an enlarged left atrium was found
in patients with hypertension and preserved ejection fraction and is associated with elevated
tilling pressures of the left ventricle leading to clinical heart failure [24].

As described earlier, echocardiography assesses two main features of the hypertensive heart
disease, left ventricular hypertrophy and diastolic dysfunction. Systolic dysfunction occurring
in the presence or not of the aforementioned changes is assessed in the clinical practice by
echocardiography. Assessment of the ejection fraction can be made visually, it requires
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however a high level of expertise and is limited by subjectivity. Quantified, objective meas-
urements of the LV systolic function have become standard practice in echocardiography. One
parameters of the systolic function is fractional shortening obtained from M-Mode tracings in
the parasternal long axis (method according to Teichmann). Though it is a simple and quick
method, it is limited by the fact that it provides information about contractility along a single
line. If regional wall motion abnormalities occur (e.g. in the presence of coronary artery disease)
the severity of the dysfunction may be under - or overestimated, depending if the region of an
abnormal wall motion is interrogated or not. As long as this method is only valid in symmet-
rically contracting hearts, it is inappropriate for the remodeled ventricles of patients with heart
failure. The European and American guidelines recommended the biplane method of discs
(modified Simpson’s rule) as the echocardiographic method of choice for volume measure-
ments and estimation of ejection fraction [25, 26]. The principle underlying this method is that
the total LV volume is calculated from the summation of a stack of elliptical discs. The height
of each disc is calculated as a fraction of the LV long axis based on the longer of the two lengths
from the two and four-chamber views. The cross-sectional area of the disk is based on the two
diameters obtained from the two- and four-chamber views. The method can also be used with
one single plane, when two orthogonal views are not available. In this case, the presence of
any extensive wall motion abnormalities may limit the results [25]. Practically, the endocardial
borders in the apical 4- and 2-chamber views in end-diastole and end-systole are traced
manually or automatically. The end-diastolic and end-systolic volumes (EDV, ESV) are
calculated and the ejection fraction is estimated as follows: Ejection fraction = (EDV — ESV) /
EDV. The reference values for the ejection fraction do not differ between men und women. An
EF > 55% indicates a normal systolic function. An EF between 45-54% suggests a mildly
abnormal function and an EF between 30-44% a moderately abnormal systolic function. A
severely abnormal left ventricular function is indicated by an EF <30%. This 2-D approach to
assess EF is based on geometric assumptions, which are invalid in a nonsymmetrical contract-
ing, remodeled ventricle. Over the last decade, several three-dimensional (3-D) echocardio-
graphic techniques became available to measure LV volumes and mass. 3-D echocardiography
does not rely on geometric assumptions for volume/mass calculations and is not subject to
plane positioning errors, which can lead to chamber foreshortening. Compared to the gold-
standard for assessment of left ventricular volumes and EF, the cardiac magnetic resonance,
3-D echocardiography showed significantly better agreement (smaller bias), lower scatter and
lower intra- and inter-observer variability than 2-D echocardiography [27, 28]. Furthermore,
3-D echocardiography is also used in the assessment of diastolic function, as it is independent
of load conditions.

In summary, echocardiography is a necessary diagnostic tool for risk stratification of pa-
tients with hypertension before treatment but also for follow-up assessment of end-organ
damages during treatment. In 25-30% of hypertensive patients with low or moderate car-
diovascular risk (based on risk factor evaluation and ECG), an increase of the LV mass
may be identified by echocardiography leading to higher risk stratification and changes of
therapeutic strategy [29, 30].
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4. Doppler ultrasound of renal arteries

Renovascular hypertension is the second most common cause of secondary hypertension in
approximately 2% of adult patients who present with blood pressure elevation when assessed
in specialized centres [31]. This is caused by one or more stenoses of the extrarenal arteries,
which in the elderly population have frequently an atherosclerotic nature. Fibromuscular
dysplasia accounts for up to 25% of total cases and is the most common variety in young adults.
Unfortunately there is not any optimal screening test available for the time. A screening test
should have a high sensitivity in order to keep the false negative results in the lowest possible
level. The Doppler ultrasound of renal arteries allows an analysis of the renal perfusion.
According to various studies the sensitivity and specificity of Doppler ultrasound in the
diagnosis of renal artery stenosis lies approximately at 90% [32, 33]. Due to the fact that
renovascular hypertension in individuals with mild and medium hypertension has a preva-
lence below 1%, an unselective examination of all individuals with hypertension would lead
to a high rate of false positive results. That would result to a high rate of unnecessary angiog-
raphies. On the other hand in a preselected population of hypertensives with clinical impli-
cations of increased probability of renal artery stenosis the Doppler ultrasound of the renal
arteries is a very appropriate screening examination, due to the fact that the prevalence of
renovascular hypertension in acute, severe and resistant hypertension is significantly higher
(10-45%). In other words, the use of Doppler ultrasound as a diagnostic tool in a selected
population, has a significantly higher positive predictive value with a still acceptable negative
predictive value.

Clinical signs for a renovascular hypertension include the following:

* Hypertension in individuals younger than 30 years of age

* A unilateral small kidney or a difference in renal size more than 1.5cm
* Generalized atherosclerosis

* Abdominal bruit with lateralization,

* Resistant hypertension, defined as hypertension refractory to treatment with at least three
antihypertensive drugs (including a diuretic agent)

* An elevation of the serum creatinine level > 30% under the treatment with an ACE inhibitor
or an AT1-receptor antagonist

It should be mentioned, that a difference of more than 1.5 cm in length between the two
kidneys, which is usually considered as being diagnostic for renal artery stenosis is only found
in 60 — 70% of the patients with renovascular hypertension [34].

The examination itself can be limited by factors such as bowel gas, obesity, cooperation of the
patient and from the fact thatitis a highly operator dependent examination. The atherosclerotic
induced renal artery stenosis is easily detectable, because it usually involves the ostium and
the proximal 1/3 of the renal artery. On the other hand fibromuscular dysplasia involves the
distal 2/3 of renal artery and their segmental branches and is thus difficult to depict. With
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today’s ultrasound technology it is possible to visualize approximately 88% of all main and
accessory renal arteries [35]. In every renal artery angle corrected flow velocity measurements
should be performed in at least 5 points. A velocity of 60-100cm/s is considered as normal,
whereas a 70% stenosis leads to velocities of at least 180-200cm/s. Stenoses proximal to the
ostium are easily obtainable with an epigastric transverse scan and distal stenoses or stenoses
of segmental branches are better seen with a longitudinal flank scan (lateral position).

Additional intrarenal scanning permits the diagnosis of renal artery stenosis without direct
imaging of the main renal artery. In 1994, Schwerk et al. introduced the Resistive Index (RI)
obtained in the interlobar arteries as a reliable indirect parameter for detecting renal artery
stenosis. The Rl is a ratio of peak systolic and end diastolic velocity, derived from the Doppler
spectrum of any vessel. The authors calculated the side-to-side difference of intrarenal RI>5%
with the lower Rl in the post-stenotic kidney. Sensitivity and specificity were 100% and 94%,
respectively, for moderate and severe RAS [36]. In the meantime, intrarenal RI has been
frequently evaluated for different nephrological issues [37, 38]. In a single prospective study
a high intrarenal RI was found to be negatively correlated with the outcome of intervention in
patients with atherosclerotic renal artery stenosis [39]. A high RI (RI>80) was felt to reflect
advanced renal damage, which would explain the interventional treatment failure. Rader-
macher et al. [39] investigated the efficacy of angioplasty of a renal artery stenosis in depend-
ence of the RI. They concluded that an increased renal resistance index > 0.8 is associated with
a poor prognosis despite correction of the stenosis. To date, the clinical impacts of these
findings are discussed controversially.

5. Ultrasound of carotid arteries

The carotid wall thickening is an early marker of atherosclerosis and subclinical organ damage.
It precedes the evolution of arteriosclerotic plaques. Ultrasound of the carotid arteries
constitutes a very good opportunity to evaluate hypertension-induced vascular end organ
damage. Several cardiovascular risk factors including male sex, ageing, elevated blood
pressure, diabetes, smoking and obesity are positively associated with increased carotid
intima-media thickness (IMT) in observational and epidemiological studies. Above these
factors, high systolic blood pressures have the greatest effect on IMT [40]. An IMT > 0.9 mm
in the common carotid artery is generally seen as abnormal; however there is a continuous
relationship between IMT and cardiovascular events. An intima-media thickness (IMT) > 0.9
mm or the presence of a carotid plaque predict the occurrence of stroke and myocardial
infarction [2, 41]. Particularly, in a meta-analysis of data from 8 studies in general populations,
including about 37,000 subjects who were followed up for a mean of 5.5 years, the risk for a
myocardial infarction increases by 10-15% and the stroke risk by 13-18% for every 0.1 mm
increase of the IMT [42]. For the assessment of CVD risk, the carotid artery wall, rather than
the degree of luminal narrowing, is examined to identify areas of increased thickness and non-
occlusive atherosclerotic plaque, which represent early stages of arterial injury and athero-
sclerosis. Furthermore, the detection of early signs of vascular damage has to include
ultrasound not only of the common carotid arteries, but of bifurcations and/or internal carotids
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where atherosclerosis progresses more rapidly and plaques are more frequent [43]. Ultrasound
imaging of the far wall of the carotid artery produces two echogenic lines, which correspond
to the lumen-intima interface and the media-adventitia interface. The current ultrasound
technology enables in the clinical practice the combined measurement of the thickness of the
intimal and medial layers of the arterial wall which constitute the IMT. Carotid plaque is
defined as the presence of focal wall thickening that is at least 50% greater than that of the
surrounding vessel wall or as a focal region with IMT greater than 1.5 mm that protrudes into
the lumen. Both near and far walls can be used for assessment of the IMT. However, IMT of
the near wall is less accurate because the ultrasound beam is traveling from more to less
echogenic layers at the adventitia-media and intima-lumen interfaces of the near wall [44].
Histological data suggest an underestimation of the IMT around 20% when the near wall is
used [45]. A linear-array transducer operating at a frequency of at least 7 MHz [44]. Three
methods most frequently used to measure the IMT by using B -Mode are the following: 1.
Averaging the maximum IMT of the four far walls of the carotid bifurcations and of the distal
common carotid arteries. 2. Assessing the 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). 3. The maximum measured IMT of a single measurement is taken into
account. The last method provides more reproducible results when IMT measurement is
restricted to the far wall of the distal segment of the common carotid artery, providing only a
3% of relative difference between two successive measurements [46]. Analysis may be
performed by manual cursor placement or by automated computerized edge detection. As we
mentioned above, B-mode imaging is preferred over M-mode imaging. M-mode, in spite of a
superior temporal resolution, provides measurement of one single point of thickness, rather
than a segmental value as it is enabled by B-mode. However, carotid wall thickening is not
uniform and a singe point measurement may not represent accurately the arterial status and
is less reproducible for follow-up measurements. A novel noninvasive echo-tracking system
measuring the IMT and other mechanical properties of the carotid wall has been proposed [47].
This method enables an additional evaluation of the carotid plaque stability and composition.

The normal IMT values are influenced by age and sex and IMT normal values may be defined
in terms of statistical distribution within a healthy population. IMT values greater than the
75th percentile are considered high and indicate an increased cardiovascular risk. Values in
the 25th to 75th percentile are considered average and indicative of unchanged CVD risk.
Values less than or equal to 25th percentile are associated with a low CVD risk [44]. However,
available data indicate that IMT > 0.9 mm represents a risk of myocardial infarction and/or
cerebrovascular disease and in the clinical practice this cut-off value may better defined in
terms of increased risk [48]. Recent data have further strengthened the relationship of carotid
IMT and plaques with cardiovascular events. A new report from the European Lacidipine
Study on Atherosclerosis (ELSA) trial suggests that baseline carotid IMT predicts cardiovas-
cular events independent of blood pressure and this occurs both for the IMT value at the carotid
bifurcations and for the IMT value at the level of the common carotid artery [49]. The adverse
prognostic significance of carotid plaques has also been reported in patients with high normal
blood pressure prospectively followed for about 13 years [50]. In the Risk Intervention Study
(RIS) study patients with severe essential hypertension and high cardiovascular risk had a
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significantly higher prevalence of atherosclerotic lesions compared to control subjects [51].
Assessment of IMT plays an important role in the risk stratification. Interestingly, about 30%
of hypertensive subjects classified as at low or moderate added risk without ultrasound for
carotid artery thickening or plaque were placed in the high added risk group after detecting
of vascular damages [29].

The predictive value of the carotid ultrasound and its role in risk stratification has been
demonstrated in a lot of trials as aforementioned. Whether a decrease of IMT progression is
associated with a reduction of cardiovascular events and an improvement in prognosis
remains at the time elusive. Therapeutic double blind trials have shown that antihypertensive
drugs may have a more or less marked effect on carotid IMT progression. A recent meta-
analysis of 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, ACE inhibitors and calcium antagonists attenuate the rate of progression of carotid
intima-media thickening, in some trials even in the absence of any significant reduction of the
blood pressure [52]. In patients with hypertension and hypercholesterolemia the administra-
tion of pravastatin prevents the progression of carotid intima-media thickness [53]. In the ELSA
trial the treatment-induced changes of the IMT did not predict cardiovascular events as was
the case by the baseline values. However, these results are not conclusive due to the smallness
of the IMT changes and the large individual differences in baseline IMT [49].

Beyond the identification of subclinical organ damage of the carotid arteries, ultrasound is a
useful tool for identification of carotid stenoses in progressive atherosclerosis. High blood
pressure is a major risk factor for stroke with a correlation between elevated BP and occurrence
of stroke. This correlation holds over a wide BP range, from systolic levels as low as 115 mm/
Hg and diastoliclevels as low as 70 mm/Hg [54], with systolic BP having a stronger association
with higher stroke risk. Elevated BP is positively associated with both ischemic and hemor-
rhagic stroke, with a higher association appearing in hemorrhagic stroke and secondary
prevention [56]. Large vessel disease of the extracranial arteries accounts for half of the
ischemic strokes.

Doppler sonography is the most common imaging study performed for the diagnosis of carotid
disease. It is part of the imaging tests taking place early after a transient ischemic attack (TIA)
or stroke in order to identify patients with tight symptomatic arterial stenosis who could
benefit from endarterectomy or angioplasty. Carotid Doppler-studies are fast, non-invasive
and easily applicable however provide limited information, require skilled operators and are
investigator-dependent. Doppler ultrasound has a similar specificity and sensitivity for carotid
artery stenosis with computed tomography angiography (CTA) but both are inferior to
contrast-magnetic resonance angiography (MRA) [57]. For asymptomatic patients with
hypertension, assessment for carotid artery stenosis is also useful as part of risk stratification
and is recommended for patients with two or more risk factors for atherosclerosis. Evidence
of an internal carotid artery stenosis (ICA) supports recommendation of antiplatelet therapy
and more strict control of risk factors to prevent stroke [58].

107



108 Advancements and Breakthroughs in Ultrasound Imaging

The first step of a carotid ultrasound test is to identify plaques via B-mode as referred above.
Addition of color Doppler enables identification of origin and course of the internal carotid
artery and a differentiation between severe stenosis and occlusion. Stenotic areas are identified
in the presence of the “aliasing” phenomenon occurring due to high velocities in the center of
the stenotic lumen and post-stenotic flow disturbances. Flow velocities in the spectral analysis
are the main parameters used for evaluating the severity of carotid stenosis. Flow velocity must
be sampled through the whole area of presumed stenosis until the distal end of the plaque is
seen to ensure that the site of the highest velocity has been detected. Compared to angiographic
data, a wide range of flow velocities was recorded for any given degree of angiographic
stenosis so that the sensitivity and specificity of the method may vary [59]. A better correlation
to angiographic determined stenoses is achieved by assessing the peak systolic velocity in the
internal carotid artery and the ratio of the peak systolic velocity in the internal carotid artery
to that in the ipsilateral common carotid artery as proposed by the current guidelines [60].
Based on Doppler sonography, carotid stenoses are classified into two grades: Grade 1- with
the rate of stenosis measuring between 50% to 69% and Grade 2 measuring 70-99%, which also
represents a severe non-occlusive disease. In equivocal cases, further imaging methods may
be additionally used. In Table 1 the sonographic criteria for grading of carotid artery stenosis
are summarized.

An ultrasound examination for detection of carotid stenoses and plaques and evaluation of
the intima-media thickness should be performed in hypertensive patients with concomitant
risk factors such as smoking, dyslipidemia, diabetes, obesity and family history of cardiovas-
cular disease. The results can be useful for re-assessing CVD risk in some asymptomatic
patients and consequently re-assessing therapeutic strategies. For accurate results, strict
attention to quality control in image acquisition, measurement and interpretation are neces-

sary.

Grade of Stenosis Peak systolic velocity and visible criteria

no stenosis <125 cm/s and no visible plaque or IMT

<50% < 125cm/s with visible plaque or IMT

50-69% 125 - 230 cm/s with visible plaque

>70% to near occlusion > 230cm/s with visible plaque and lumen narrowing
100% No detectable patent lumen and flow is seen

Table 1. Grading of internal carotid artery stenosis upon Doppler velocities and B-mode

6. Flow mediated dilation

Endothelial function is linked to cardiovascular risk factors and provides prognostic informa-
tion for cardiovascular diseases [61]. Endothelial dysfunction is regarded as the initial step of
atherosclerosis and therefore as the earliest detectable manifestation of vascular end-organ
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damage. It can be assessed using several methods, with flow-mediated dilation (FMD) being
currently the gold-standard in non-invasive evaluation of endothelial dysfunction. In this
ultrasound-based method brachial artery diameter is measured before and after an increase
in shear stress that is induced by reactive hyperemia. When a sphygmomanometer cuff placed
on the forearm or upper-arm and is inflated at 50 mm/Hg above systolic pressure, arterial
inflow is occluded causing a local ischemia and dilation of downstream arteries. Cuff deflation
induces a high-flow state through the brachial artery (reactive hyperemia) to accommodate
the dilated resistance vessels. The increased shear stress leads to endothelium dependent
dilation of the brachial artery. FMD occurs predominantly as a result of local endothelial
release of nitric oxide. Figure 1 shows the B-mode and Doppler flow images of the brachial
artery of a patient with hypertension at baseline and after deflation of the cuff (hyperemia).
The FMD was calculated by the equation: FMD = (diameter hyperemia — diameter baseline) *
100 / diameter baseline. A value of 8.1% suggesting a near normal value (>8%) was found.

By using invasive and non-invasive methods impaired endothelial function has been found in
uncomplicated hypertensive patients [62, 63]. In one prospective trial a reduction of blood
pressure in response to antihypertensive treatment leads to improvement of the FMD sug-
gesting a beneficial effect of antihypertensive treatment on endothelial function [64]. Several
other large trials have found relationships between endothelial dysfunction assessed by FMD
and prognostic markers of cardiovascular disease and atherosclerosis [65, 66]. Although the
FMD test has opened a new field in the clinical research of conduit artery endothelial biology,
some practical challenges of this technique have prevented its broad use in daily clinical
practice so far. The most important of these are the need for highly trained operators, the time-
consuming analysis of results and the care required to minimize environmental or physiolog-
ical influences such as eating, caffeine ingestion and variations of temperature [67].

Figure 1. Ultrasound images during testing of the flow mediated dilation. A slightly increase of the brachial diameter
from 5.44mm at baseline to 5.88mm under hyperemia was recorded. The Doppler flow shows an increase of the
blood flow after deflation of the cuff (hyperemia).

109



110 Advancements and Breakthroughs in Ultrasound Imaging

7. Conclusions

In summary, sonography is essential in the workup of a hypertensive patient. Abdominal
sonography should be performed in the evaluation of hypertension. The last European
guidelines have emphasized that treatment-induced changes of organ damage affect the
incidence of cardiovascular events, thereby recommending performance of organ damage
examinations including sonography during treatment. When a search for secondary hyper-
tension is indicated, abdominal sonography and Doppler ultrasound of the renal arteries are
also recommended. Table 2 summarizes the use of ultrasound in the evaluation of hyperten-
sion.

Ultrasound examination Use in diagnostic workup of hypertension

Abdominal ultrasound Identification of subclinical and end-organ damage (recommended)
e Aortosclerosis
e Aortic aneurysm
e Nephrosclerosis
Screening for secondary causes of hypertension
e Renal parenchymal disease
¢ Renal vascular disease
e Adrenal adenomas

e Phaeochromocytoma

Echocardiography Identification of subclinical and end organ damage (recommended)
e Left ventricular hypertrophy (LVH)
e Systolic and diastolic dysfunction

e | eft atrium dimension and geomertry

Doppler ultrasound of the renal arteries Screening for secondary causes of hypertension

® Renovascular hypertension

Ultrasound of the carotid arteries Identification of subclinical and end-organ damage (recommended)
¢ [ntima — media thickness (IMT)
e Carotid plaques

e Carotid artery stenosis

Assessment of flow-mediated dilation of Identification of subclinical organ damage (not in clinical use)

brachial artery e Endothelial dysfunction

Table 2. Ultrasound examinations in hypertension

In summary, sonography is essential in the workup of a hypertensive patient. Abdominal
sonography should be performed in every newly diagnosed case of hypertension. Performance
of further ultrasound techniques depends on age, concomitant diseases, symptoms, and
overall cardiovascular risk. Table 2 summarizes the use of ultrasound in the evaluation of
hypertension.
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1. Introduction

Color-coded duplex sonography is a well established non-invasive method for vascular and
parenchymal examination in a wide range of neurological disorders including stroke, cerebral
venous thrombosis and degenerative diseases, amongst others. Considering development,
cell types and vascular structures as well as pathology and pathophysiology, high
similarities and interactions exist between the central nervous system (CNS) and the eye.

When applied to the eye and the orbit, high-resolution color-coded duplex sonography
(OCCS) may depict a variety of pathologic alterations such as papilledema or central retinal
artery occlusion, that represent manifestation of CNS disorders (i.e. raised intracranial
pressure) or systemic diseases (i.e. atherothrombotic/ thrombembolic occlusions), respectively.
Although easily accessible, OCCS has not yet gained widespread use in daily neurological
practice despite the fact that most modern ultrasound systems are capable of performing
such an endeavor. However, this technique may be a very helpful, fast and powerful
diagnostic procedure in addition to the diagnostic battery needed for unraveling specific
CNS or systemic diseases.

In this book chapter article we highlight different aspects of OCCS and concentrate on
methods and diseases relevant for neurologists. The differential diagnosis of orbital tumors
(e.g. lymphoma, optic sheath meningeoma, pseudotumor orbitae, myositis, and others) or
vascular abnormalities (e.g. varicosis, superior orbital venous dilatation in arterio-venous-
fistula) will not be discussed. The first part introduces the reader to the technical
requirements, restraints and safety for performing sonography of the eye. Normal relevant
anatomy as well as normal values will be given. The second part focuses on common
vascular pathologies such as central retinal artery occlusion in the context of suspected giant
cell arteritis as well as swelling of the optic nerve and papilledema linked to raised
intracranial pressure. Being a fairly young technique, few studies employing OCCS exist, yet
a large variety of interesting pathology and variations may be found as exemplified in the
third and final part of the chapter.

Ocular color-coded duplex sonography is a fascinating technique with high potential for
neurologists in differential diagnosis and therapy of an expanding variety of acute and
chronic CNS disease.
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204 Sonography

2. Technique and safety considerations

Orbital sonography can be easily performed using most color duplex ultrasound systems
equipped with high frequency linear array transducers. Since the optic lens as well as the
vitreous do not absorb significant ultrasound energy and make near field artifacts virtually
impossible, commonly used transmit frequencies in neurology from 7 to 15 MHz may be
used. According to the physics of wave propagation in tissue and the resulting axial and
lateral resolutions, the general aim is to apply high frequencies up to 14 MHz or more. The
acoustic output of the ultrasound systems needs to be adjusted to the requirements of orbital
sonography according to the ALARA principle (,as low as reasonable achievable’) in order
to avoid damage to the lens and retina (Toms 2006). The main biological effects would be
cavitation and temperature increase, the latter being dependent from the insonation time. In
animal experiments harmful effects of ultrasound acoustic power to ocular structures (esp.
lens and choroid) could be demonstrated (Lizzi et al. 1978). Therefore, current guidelines
released by the FDA limit the acoustic output to temporal average intensities of up to
50mW/em? and a mechanical index (MI) of up to 0.23 (Food and Drug Administration
2008). An on-screen indicator of ultrasonic output, the MI is a measure of the likelihood that
a clinically important non-thermal biological effect may occur during a diagnostic
examination (American Institute of Ultrasound in Medicine 2000). However, most
examinations last less than 5 minutes for each eye, hereby limiting the possibility of thermal
damage. In order to prevent cavitation effects, the settings for orbital sonography may be as
follows:

- B-mode - transmit frequency 14 MHz, mechanical index (MI) = 0.23, single focal zone at
2.5 cm, bandwidth 74 dB;

- C-mode - transmit frequency 10 MHz, MI = 0.23, color scale optimized for low
velocities, no wall filter;

- pw-Mode - transmit frequency 2 MHz, MI = <0.23 (<0.44*) (Tab. 1).

B-mode C-mode pw-mode
transmit frequency 14MHz 10MHz 2MHz
mechanical index (MI) | <0.23 <0.23 0.23 (<0.44*)
single focal zone 2.5cm
bandwidth 74dB
Special color scale
recommendations optimized for low

velocities
no wall filter

Table 1. Machine parameters in B-mode, C-mode and pw-mode, *often the lowest output
value

It needs to be kept in mind that most color-duplex machines require reduction of the
acoustic output in each mode, that is the B-mode, color-mode and spectral Doppler-mode
(the latter might not display values below 0.44).

During the examination the patient lies in supine position with the eyes closed (Fig. 1a). A
layer of acoustic gel is applied to the closed lids, the transducer is placed on the upper and
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slightly lateral eye-lids with the examiner’s hand resting on the orbital margin to minimize
pressure on the globe (Fig. 1b/c). To optimize the display of anatomical stuctures, esp. the
optic nerve, the transducer is positioned a little on the temporal side and the patient is asked
to try to look straight even with the eyes closed. Pressure on the globe should be as low as
possible as this might result in a decrease in blood flow velocity of retro-orbital vessels
(Tranquart et al. 2003). The optic nerve presents as a hypoechogenic structure beyond the
globe in this horizontal scanning plane and the optic disc and provides an anatomical
landmark for the ultrasound examination (Fig. 2).

@ (b)
Fig. 1. Standard examination parameters. (a) Patient lies in supine position with the eyes
closed. (b) The transducer is placed on the upper eye-lids (slightly lateral) with the
examiner’s hand resting on the orbital margin. (c) Illustration of correct transducer
positioning and anatomical overview. Copyright ® M.Ertl, with permission

Fig. 2. Anatomical landmarks for ultrasound examination (a) Ocular coherence tomography
(Spectralis ®, Heidelberg Engineering, Germany) excellently demonstrating the retinal
vasculature and layers of the retina. However, inlay demonstrates limited penetration
beyond the level of the retina. (b) High resolution B-mode sonography in the horizontal and
lateral scanning plane presenting the optic nerve as a hypoechogenic structure beyond the
retina surrounded by the hyperechoic subarachnoid space and the hypoechoic dura mater.
The optic nerve provides an anatomical landmark for the ultrasound examination. For
anatomical correlates see Figure 3. (c) In a strictly axial horizontal image plane, the optic
nerve appears curved limiting the diagnostic accuracy of optic nerve diameter
measurements
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In order to enable side-to-side comparison, the left side on the monitor pictures the nasal
orbit.

3. Vascular diagnostics

The central retinal artery (CRA), a distal branch of the ophthalmic artery, enters the optic
nerve approximately 1-1,5 cm distal from the globe coming from the dorsolateral direction
(Fig. 3). It supplies the retina and can be identified together with its parallel running central
retinal vein (CRV) using the color-mode.

Fig. 3. Anatomy of retrobulbar structures: vascular supply of the retina and the optic nerve
and sorrounding structures. Copyright ® M.Ertl, with permission

Normal values were first established by Lieb et al. 1991 and are summarized in Table 2 (Lieb
et al. 1991). For best visualization, the probe should be positioned as described above with a
good view of the optic nerve in the axial plane. The focus zone should be set in at the level
of the optic disc. In color-mode the pulse-repetition-frequency should be adjusted to register
low-flow signals of the central retinal artery and the central retinal vein. Color gain has to be
adapted according to the flow velocities as well as to reduce background noise and color
signals generated by minimal eye movements (movement artifacts) (Fig. 4).

Orbital vessel Mean * SD Blood Flow, cm/s (Range)
Central retinal artery 10.3 £2.1 (6.4-17.2)

Central retinal vein 29+0.73 (1.9-54)

Ophthalmic artery 31.4 £4.2 (23.5-39.8)

Posterior ciliary artery 124 +4.8(14-22.7)

Table 2. Maximum systolic blood flow velocities in orbital vessels
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Fig. 4. Normal retrobulbar findings using high-resolution ultrasound in B-mode, Color-mode
and spectral Doppler: B-mode: (a) The optic nerve presents as a hypoechogenic structure
beyond the retina and the optic disc (b) Color-coded Duplex mode: central retinal artery
(CRA) accompanying the optic nerve; section of retinal vessels from the posterior ciliary
artery and the Circle of Zinn and Haller (c) Spectral-Doppler with Duplex-mode: normal
spectrum of the CRA with peak-systolic velocity of 10.3 + 2.1 cm/s and the underlying
central retinal vein with peak-systolic velocity of 2.9 + 0.73 cm/s (see also Table 2)

Alterations of flow in the CRA can occur in a variety of circumstances causing decreased
visual acuity. In elderly patients this is mainly due to hypoperfusion or occlusion of the
CRA caused by thrombo-embolic events (Brown and Magargal 1982; Gold 1977) or as CRA
involvement in temporal arteritis (TA) (McFadzean 1998). In case of a central retinal artery
occlusion (CRAO) a hyperechoic structure might be depicted in the optic nerve head,
representing a fresh cholesterol embolus (Pfaffenbach and Hollenhorst 1972), which was
termed “spot sign” by Schlachetzki and colleagues (Schlachetzki et al. 2010) (Fig. 5a). This
finding is accompanied by absent flow in the CRA, whereas flow in the CRV is still
detectable (Fig. 5b). The incidence of this phenomenon was first investigated by Foroozan et
al. (Foroozan et al. 2002). In their retrospective study a “spot sign” occurred in 31% of cases
of sudden ocular blindness. However, in an ongoing prospective study we found an
incidence of up to 90% in patients with CRAO (Ertl et al., submitted).

In patients with TA, either reduced (Fig. 6a) or absent flow in CRA (Fig. 6¢c) was evident.
The diagnosis of TA can by firmly supported by hypoechoic vasculitic vessel wall changes
in the temporal arteries (so called “halo”-sign) (Arida et al. 2010), but the negative predictive
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Fig. 5. Ultrasound findings in a patient with embolic central retinal artery occlusion.

(a) B-mode: Hyperechogenic ,spot sign” in the optic nerve head (arrow), representing an
embolus in the distal CRA. (b) Color-Duplex- and spectral Doppler-mode: absent flow in the
CRA with persistant perfusion of the central retinal vein

Fig. 6. Ultrasound and funduscopic findings in patients with central retinal artery occlusion
due to temporal arteritis. (a) Patient 1: Color-Duplex- and spectral Doppler-mode:
Pseudovenous flow in the affected CRA. (b) Patient 1: Color-Duplex- and spectral Doppler-
mode: normal flow in the unaffected contralateral CRA. (c) Patient 2: Color-Duplex- and
spectral Doppler-mode: zero-flow in the affected CRA. (d) Patient 2: fundoscopy: blurred
rim of optic disc, optic disc edema and hyperemia, small splinter hemorrhage
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value is only 68% and thus far not sufficient to rule out that disease. In patients with sudden
retinal blindness and borderline symptoms for TA (only 2-3 positive ACR-criteria), a visible
“spot sign” could be very helpful to rule out vasculitis, as could be demonstrated in the
above-mentioned prospective study (Ertl et al., submitted).

Quick and sound differentiation of both etiologies is important for the initiation of specific
treatments: thrombo-embolic occlusions need to be treated with platelet-inhibitors and high
doses of cholesterol-lowering drugs, among control of additional cerebrovascular risk
factors, whereas TA requires a sufficient and long-lasting steroid therapy to prevent
secondary blindness of the unaffected eye.

Absent or reduced flow in the central retinal artery should lead to detailed workup
looking for sources of cardiac emboli (ECG, cardiac echo, long term ECG, holter
monitoring) and artherosclerosis (IMT wusing carotid ultrasound, presence of
hemodynamically relevant carotid stenoses, etc.). Muller et al. found that in the majority
of patients with ocular syndromes and ICA-stenosis greater than 50% (according to the
NASCET-classification (Arning et al. 2010)), the ICA-stenosis was located on the
ipsilateral side (Muller et al. 1993). Reversely, other studies could show a significant flow
reduction in the ophthalmic artery and the central retinal artery in patients with ICA-
stenosis of 70% or more (NASCET-classification) (Paivansalo et al. 1999). Consequently
peak systolic velocity in the CRA and the posterior ciliary artery improved after carotid
endarterectomy (Mawn et al. 1997).

A major advantage of OCCS is the visualization of structures lying behind the retina.
Indirect fundoscopy and photodocumentation, common tools for ophthalmic investigations,
are excellent methods to display pathologies up to the level of the retina or the choroid.
Unfortunately, these techniques lack sensitivity or depth penetration beyond the choroid,
and thus cannot elicitate the underlying cause of CRAO. Conventional A- and B-mode
ultrasound systems for visualization of the globe and orbit used in opthmalmology have
transmit frequencies between 10 to 20MHz. The last mentioned very high frequency has
difficulties to penetrate beyond the choroid, and often these equipment lack Doppler or
color-coded Doppler capabilities.

4. Assessment of intracranial pressure

Elevation of intracranial pressure (ICP) is a common phenomenon caused by a variety of
neurological disorders as brain tumors, intracranial bleedings, or head trauma. Elevated ICP
can be associated with life threatening conditions, e. g. brainstem herniation. Therefore these
critically ill patients need to be monitored regularly to an extend of several times a day.
Neuroimaging techniques as computed tomography (CT) and magnet resonance imaging
(MRI) can help to assess raised ICP but have their diagnostic limitations as well (Hiler et al.
2006; Winkler et al. 2002) and require a potentially harmful patient transport. The gold
standard for ICP measurement remain to be invasive intracranial devices: in addition to the
need for neurosurgical operation and contraindications (e.g. thrombocytopenia) these
methods are associated with certain complications as hemmorhage, infections and shunt
malfunction (Brain Trauma Foundation 2000).

OCCS might be an interesting bedside alternative for follow-up examination of these
critically ill patients. Several studies investigated the utility of measurements of the optic
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nerve sheath diameter (ONSD) as an indicator for ICP measurement and management
(Antonelli et al. 2009; Galetta et al. 1989; Hansen and Helmke 1997). The optic nerve as part
of the central nervous system (CNS) is surrounded by cerebrospinal fluid (CSF), and thus
communicates with the inner and outer subarachnoid space. Therefore, elevation of ICP can
be assessed by measuring the ONSD, but also the intraocular prominence of the papilla.

The transducer is positioned as described in the technical segment, the beam is focused on
the area behind the papilla and the optic nerve should be depicted in the axial plane. The
optic nerve sheath is demonstrated as a thin bilateral hyperechogenic line surrounding the
hypoechogenic optic nerve (Fig. 7). Due to trabecular structures in this compartment the
optic nerve sheat (ONS) reflects a high fraction of ultrasonic energy, while the optic nerve
runs in line with the ultrasound beam without reflection. The ONSD is measured 3 mm
behind the optic disc by measuring the distance between the hyperechogenic borders of the
ONS (Fig. 7). Most authors suggest normal values < 5,0 mm for patients > 1 year (Ballantyne
et al. 2002; Blaivas et al. 2003; Girisgin et al. 2007; Helmke and Hansen 1996; Newman et al.
2002; Tayal et al. 2007; Tsung et al. 2005). A reliable cut-off value to predict an ICP >
20cmH»O seems to be 5,7-6,0 mm with a sensitivity of 87-95% and a specificity of 79-100%
(Geeraerts et al. 2007; Geeraerts et al. 2008; Soldatos et al. 2008; Watanabe et al. 2008). A
meta-analysis of six studies having compared the reliability ONSD-measurements with
classical invasive ICP monitoring in patients with intracranial hemorrhage and traumatic

Fig. 7. Measurement of optic nerve sheath diameter using ultrasound: the optic nerve sheath
is demonstrated as a thin bilateral hyperechogenic line surrounding the hypoechogenic
optic nerve. The diameter is calculated by the distance of the two cursors named “2”.
Normal values range from 5,7-6,0 mm with a definitely pathologic diameter in this patient

www.intechopen.com



Application of Orbital Sonography in Neurology 211

brain injury also showed a good accuracy of the ultrasound technique. The pooled
sensitivity for the detection of raised ICP was 90% (Dubourg et al. 2011). In the hands of
experienced sonographers and standardized examination procedures several studies
demonstrated a high intra- and interoberserver reliability (Ballantyne et al. 2002; Helmke
and Hansen 1996).

Apart from the above mentioned symptomatic causes of raised ICP in idiopathic intracranial
hypertension (IIH), also often referred to as pseudotumor cerebri, the mechanism of ICP
increase are still not well understood. Classically patients, often obese women during
childbearing age, present with headache and loss of visual acuity or visual field deficits
(Degnan and Levy 2011). Though not being a life threatening condition it is still associated
with permanent, and partly severe, visual deficits (Friedman 2001; Lueck and Mcllwaine
2002; Rowe and Sarkies 1998; Wall 2010). Visual symptoms are thought to be due to
transient or permanent ischemic damage to the optic nerve caused by pressure (Jaggi et al.
2010; Wall 2010). Regular ophthalmologic follow-up examinations with visual acuity tests
and fundoscopy are recommended, and patients often need to reduce weight and need to be
treated with diuretic drugs (esp. acetazolamide), regular lumbar punctures or even
operative shunt techniques.

Béuerle et al. performed a prospective study to evaluate the immediate correlation of optic
nerve diameter (OND), ONSD and papilledema with CSF-pressure reduction caused by
therapeutic lumbar puncture in patients with IIH. Patients with ITH showed a significantly
enlarged ONSD (6.4 = 0.6 mm bilaterally) compared with healthy individuals (5.4 = 0.5 mm)
and a significant decrease in ONSD (right ONSD 5.8 + 0.7 mm, p < 0.004; left ONSD 5.9 + 0.7
mm, p < 0.043) 24 hours after lumbar puncture (Bauerle and Nedelmann 2011). In some
patients with IIH, though, the ONSD did not change at all after lumbar puncture. This could
be an effect of a postulated optic nerve compartment syndrome, an idea which first came up
with persistent papilledema and visual disturbance in IIH-patients despite a functioning
lumbo-peritoneal shunt (Kelman et al. 1991). Pathologic changes in trabecular structures of
the ONS might interfere with the physiologic bidirectional flow of the CSF to the basal
cisterns leading to persistent optic disc swelling (Killer et al. 2007). Years ago, Ossoinig
suggested the use of the stretch-test (originally called the "30 degrees-test"): in widened
optic nerve patterns due to fluid around the optic nerve parenchyma, a decreased optic
nerve thickness was observed after performing the stretch-test (positive test result), whereas
in solid lesions of the optic nerve no change of optic nerve thickness was found (negative
test result) (Haritoglou et al. 2002). In patients with increased ICP due to any cause, either
ophthalmoscopic evaluation or bilateral retrobulbar ultrasound is mandatory, as
asymmetric and unilateral papilledemae in patients with ITH are well described (Seggia and
De Menezes 1993). In addition, Bduerle et al. did not find any correlation of papilledema and
OND with CSF reduction in the short-term follow-up. Due to anatomic reasons the anterior
segment of the ONSD responds quickly to changes of CSF pressure. This is a particular
advantage of retrobulbar ultrasound compared to funduscopic re-evaluations, as changes
behind the level of the optic disc cannot be visualized by the latter technique.

Although papilledema does not quickly respond to changes in CSF-pressure it is a
manifestation of chronic ICP-increase (Villa et al. 1997) and other diseases as optic neuritis
(Ashurst et al. 2010) for example.
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To find a proper scanning plane, the probe is set as described above, with a good view on
the optic nerve in the axial plane. The plane with the maximum disc elevation or excavation
is selected, the measurements are performed in the “freeze” mode: disc elevation is
quantified by putting the first caliper on the uppermost part of the swollen disc, the second
caliper is positioned on the strongly reflecting line representing the lamina cribrosa (Fig. 8).

Fig. 8. Measurement of papilledema using ultrasound: disc elevation is quantified by
putting the first caliper on the uppermost part of the swollen disc, the second caliper is
positioned on the strongly reflecting line representing the lamina cribrosa

In patients with IIH the severity of disc swelling seems to have prognostic implications as
well: in a combined retrospective and prospective study Wall et al. found a significant
correlation of the severity of papilledema in patients with asymmetric papilledema and IIH,
and their visual deficits (Wall and White 1998). This underlies the importance of regular
follow-up quantification of optic disc swelling in these patients. Quantification of optic disc
swelling is a reliable and reproducible technique, which was demonstrated by Tamburelli et
al (Tamburrelli et al. 2000). In their study, data from patients with ITH taken by a confocal
scanning laser ophthalmoscope were compared to ultrasound measurements demonstrating
a good correlation. The mean depth measurements ranged from 0.68 to 2.01 mm (1.17 +/-
0.38 mm) and were comparable to those quantified by a confocal scanning laser
ophthalmoscope (0.45 to 1.23 mm (0.93 +/- 0.24 mm)) (Tambuzrrelli et al. 2000).

Retrobulbar sonography is an inexpensive, quick, safe and reliable tool to monitor ICP
changes. It is relatively easy to learn compared to transcranial duplex sonography, which
improves inter-observer reliability. Still, in critically ill patients, invasive ICP measurement
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techniques remain the gold standard but can be complemented by using orbital ultrasound.
In IIH ONSD measurements are a suitable alternative to funduscopy for non-
ophthalmologists in the long-term follow up.

5. Miscellaneous

In clinical practice the neurologist is sometimes faced with the problem to discriminate
between papilledema and pseudopapilledema. Papilledema is a correlate for raised ICP. A
complete diagnostic workup to find the underlying cause is mandatory.

A common cause for pseudopapilledema are optic disc drusen. They can be an incidental
finding in routine ophthalmologic exams. Most optic disc drusen remain asymptomatic
(Davis and Jay 2003), but upon thorough investigation visual field defects can be detected in
up to 90% (Gaynes and Towle 1967; Savino et al. 1979). The funduscopic discrimination
between papilledema and pseudopapilledema is not trivial, as the term
“pseudopapilledema” already indicates. Typical signs of true papilledema in funduscopy
are cotton wool spots, multiple hemorrhages around the disc, hyperemia, venous
congestion, and exudates.

Drusen consist of calcific dispositions in the optic nerve head and can be depicted as high-
reflectance spots in the anterior optic nerve, especially after lowering the gain. Therefore
retrobulbar b-mode-sonography can help to confirm the diagnosis of optic disc drusen if the
fundoscopy is not decisive (Fig. 9).

Fig. 9. Optic disc drusen seen in funduscopy and high-resolution ultrasound: (a) B-mode
sonography: calcific dispositions in the optic nerve head representing optic disc drusen.
(b) Fundoscopy: nasally located superficial drusen, blurred rim of optic disc, optic disc
edema and hyperemia
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1. Introduction

The pathological complications of atherosclerosis, namely heart attacks and strokes, remain
the leading cause of mortality in the Western world (Lloyd-Jones & Adams et al. 2010).
Preceding atherosclerosis is endothelial dysfunction (Ross 1993; Cohn 1999; Quyyumi 2003).
The endothelium comprises a continuous monolayer of cells which separate the vascular
wall from the circulation (Lerman & Zeiher 2005). Disruption of this essential monolayer is
thought to occur early in the pathogenesis of cardiovascular disease (CVD). There is,
therefore, interest in the application of non-invasive clinical tools to assess the function and
health of this essential monolayer.

The flow-mediated dilation (FMD) test is the standard tool used to assess endothelial function
(Celermajer & Sorensen et al. 1992). Reduced FMD is an early marker of atherosclerosis
(Celermajer & Sorensen et al. 1992), has been noted for its capacity to predict future CVD
events (Schroeder & Enderle et al. 1999; Neunteufl & Heher et al. 2000; Heitzer & Schlinzig et al.
2001; Murakami & Arai 2001; Yoshida & Kawano et al. 2006; Inaba & Chen et al. 2010), and an
impaired vascular response has also been demonstrated in children as young as 7 years old
with familial hypercholesterolemia (Sorensen & Celermajer ef al. 1994). This review discusses
the measurement of endothelial function, with a focus on the FMD technique.

2. The vascular endothelium

From the lumen to the outer wall all arteries are composed of an intima, media, and
adventitia (see Fig. 1). The adventitia is the outer most layer, and is mainly composed of
connective tissue that maintains vessel shape and limits distention. The media is comprised
mainly of vascular smooth muscle cells that regulate blood flow by vasoconstriction or
vasodilation. The intima is the inner most lining of the vessel, and consists of the
endothelium and underlying connective tissue.

Vascular endothelial cells essentially have the same characteristics as all the cells of the
human body: cytoplasm and organelles surrounding a nucleus and contained by the cellular
membrane. Endothelial cells form a continuous flat mono-layer that cover the vascular
lumina throughout the arterial tree. The endothelium is mechanically and metabolically
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strategically located, separating the vascular wall from the circulation and the blood
components (Lerman & Zeiher 2005).

The vascular endothelium utilizes autocrine, paracrine, and classical endocrine signaling to
promote vascular homeostasis (Luscher & Barton 1997). These cells are capable of producing
a variety of agonistic and antagonistic molecules, including vasodilators and
vasoconstrictors, pro-coagulants and anti-coagulants, inflammatory and anti-inflammatory,
fibrinolytics and anti-fibrinolytics, oxidizing and anti-oxidizing, and many others (Luscher
& Barton 1997).

Fig. 1. Anatomy of the arterial wall. (A) A conduit artery imaged in the longitudinal plane
using ultrasound. (B) The layers comprising the wall of an artery. Endothelial cells form a
continuous layer lining the intima throughout the arterial tree.

2.1 Endothelial dysfunction and atherosclerosis

Upsetting the delicate balance of functions performed by the endothelium initiates a number
of events that promote atherosclerosis, the precursor to CVD. Although atherosclerosis is
commonly described as the presence of plaques that obstruct the lumen of the conduit
arteries, endothelial dysfunction precedes plaque formation (Gibbons & Dzau 1994; Ross
1999; Nissen & Yock 2001). Reduced endothelial responses can be observed early in the
course of atherogenesis, preceding angiographic or ultrasonic evidence of atherosclerotic
plaque (Luscher & Barton 1997).

Disruption of the functional integrity of the vascular endothelium plays an integral role in
all stages of atherogenesis, ranging from lesion initiation to plaque rupture. Endothelial
dysfunction leads to increased permeability to lipoproteins, foam cell formation, T-cell
activation, and smooth muscle migration into the arterial wall (Ross 1999). The first step in
the formation of the plaque occurs when the inflammatory response is incited and fatty
streaks appear. If these conditions persist, fatty streaks progress and the plaques become
vulnerable to rupture.
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Parameter Recommendations
Subject Fast overnight prior to testing, and avoid exercise during the preceding 24 hrs.
preparation  Refrain from taking drugs with known vascular effects.

Probe selection

Probe
placement
Ultrasound
Settings

Artery
Diameters
(general)
Baseline

diameters

Peak diameters
Blood wvelocity

Shear
Stimulus

Analysis

Rest supine for 20 mins in a quiet, temperature controlled room at 21 oC.
Test conducted with subjects in the supine position.

Artery segment of interest must remain at or below heart level.

Women should be tested during the early follicular phase of the ovarian
cycle (i.e., day 7-14 of the ovarian cycle).

For successive tests, subjects should report at the same time of day to reduce
error associated with circadian variation.

A higher frequency probe (12MHz) should be used for superficial arteries
(e.g., brachial, radial or posterior tibialis).

A lower frequency probe (7.5MHz) should be used for deeper arteries (e.g.,
common femoral).

The same transducer should be used for all subjects in a given study.

Mark anatomical placement for studies with repeated measurements.

Use a probe holding device to maintain image focus.

Standardize ultrasound global (acoustic output, gain, dynamic range,
gamma, rejection) and probe-dependent (zoom factor, edge enhancement,
frame averaging, target frame rate) settings.

Artery selection should be made based on the population of interest, e.g.,
lower limb arteries should be measured in patients with SCI.

Extend across the entire imaging plane to minimize skewing prior to
focusing.

Use automated or semi-automated image analysis software.

Use mean or end-diastolic diameters.

Collect prior to cuff inflation.

Subject should hold breath during measurement.

Collect and average 3 * 10 sec measurements.

Capture diameters continuously to ensure true peak diameter.

The beam-vessel angle must be <60°.

Measure continuously.

Time-averaged maximum velocities are more accurate and reproducible than
time-averaged mean velocities.

Shear rate is a suitable substitute for shear stress.

Diameters and velocities must be captured continuously to estimate shear.
Shear rates should be presented as an integral, we recommend 40 secs post-
ischemia.

Attention should be paid to secondary flow phenomena, e.g., turbulence and
velocity acceleration.

Present FMD in absolute (mm) and relative (%) terms.

The shear rate stimuli should be presented for each research setting.

Do not normalize FMD to shear rate as ratio or using ANCOVA.

HLM can be used to statistically account for shear rate in the evaluation of FMD.

Table 1. Recommendations for FMD Testing
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2.2 Stimuli regulating endothelial function

The haemodynamic conditions inside blood vessels lead to the development of superficial
stress near the vessel walls which can be divided into two categories: 1) circumferential
stress due to pulse pressure variation inside the vessel, and 2) shear stress (Nerem 1992;
Papaioannou & Stefanadis 2005; Papaioannou & Karatzis et al. 2006). Circumferential stress
acts perpendicular to the vessel wall, whereas shear stress acts at a tangent to the wall to
create a frictional force at the surface of the endothelium. Circumferential stress applies
stress to all layers of the vessel wall (intima, media and adventia), while shear stress is
applied principally at the endothelial surface. Shear stress is considered to be the primary
stimulus regulating endothelial cell function.

Shear Stress

Endothelial Cell

Smoaoth Muscle Cell

Fig. 2. Endothelium-dependent dilation. (1) Blood flowing through an artery creates a
shearing stress at the endothelial surface. A composite of superimposed concentric circles
is shown in 1a (i.e., transverse plane) to correspond with the gradient of increasing RBC
velocity from the periphery to the center of the lumen. RBC velocity is represented as a
parabola (i.e., longitudinal plane) in 1b using the same color coding as in 1a. The
magnitude of the parabola (left to right) corresponds with the gradient of increasing RBC
velocity from the periphery to the center of the lumen. (2) Shear stress-induced
deformation of the endothelial cells is detected by mechanoreceptors on the cell
membrane. (3) In response to mechanotransduced shear stress, a signaling cascade results
in the production of NO, PGI; and EDHF . (4) The vasodilators diffuse cross the
interstitial space and enter the vascular smooth muscle cells. (5) A signaling cascade is
initiated which lowers Ca2?* concentration and results in smooth muscle cell relaxation
(i.e., vasodilation). Ca2* = calcium; eNOS = endothelial NO synthase; COX-2 =
cyclooxygenase; EDHF = endothelial-derived hyperpolarizing factor; NO = nitric oxide;
PGI; = prostaglandins; RBC = red blood cell.
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Shear stress is primarily related to movement of red blood cells close to the endothelial
layer (represented by bottom and top-most arrows in Fig. 2.1b). As fluid particles “travel”
parallel to the vessel wall, their average velocity increases from a minimum at the wall to
a maximum value at some distance from the wall, resulting in a gradient of velocities that
form concentric circles in the lumen of the vessel (Fig. 2.1a). This shearing stress therefore
acts at a tangent to the wall to create a frictional force at the surface of the endothelium.
Although shear stress has a very small magnitude in comparison to circumferential stress,
the endothelial cells are equipped with numerous mechanosensors to detect this stress
(Olesen & Clapham et al. 1988; Davies 1995; Barakat & Leaver et al. 1999; Shyy & Chien
2002; Fleming & Busse 2003; Labrador & Chen et al. 2003). To maintain physiological
levels of vessel wall shear stress, vascular tissues respond to changes in shear stress with
acute adjustments in vascular tone (through vasodilation) (Langille & O'Donnell 1986).
Vasodilation reflects alterations in the rate of production of endothelial-derived
mediators, including nitric oxide (NO), prostacyclin (PGl;) and endothelium derived
hyperpolarizing factor (EHRF), which act locally to modulate vascular smooth muscle
tone (see Fig. 2).

3. Flow-mediated dilation testing

In 1970, Rodbard (Rodbard 1970) proposed that the endothelium may sense and respond to
shear stress generated by flowing blood. In 1980, Furchgott and Zawadski (Furchgott &
Zawadzki 1980) discovered that agonist-mediated vasodilation requires participation by the
endothelium. The dependence of FMD on an intact endothelium was subsequently shown to
occur in large-conduit arteries as well as in resistance-sized vessels (Rubanyi & Romero et al.
1986). More recent studies have demonstrated that vasodilation is directly proportional to
increases in shear stress (Koller & Sun et al. 1993; Moncada & Higgs 1993).

2000 1 % o Shear R 434

] 2% &‘&) o Diameter| |
3
Q

-1)

1600

1200

800

Shear Rate (s
Diameter (mm)

400

0
20 0 20 40 60 80 100 120 140 160 180
Time (secs)
Fig. 3. Shear rate and diameter responses to 5 minutes ischemia. The horizontal line represents
resting diameter. Flow-mediated dilation (FMD) is typically represented as the peak

percentage increase in diameter above rest. Note that the peak diameter occurs ~40 sec
whereas the bulk of the hyperemic (shear) response occurs within the initial 20 sec.
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Endothelium-dependent agonists, such as acetylcholine, can be used to induce a dilatory
response (Furchgott & Zawadzki 1980). However, such practice is invasive and often
unpractical, especially for use within clinical settings. Alternatively, the FMD test is a non-
invasive method (Fig. 3). Typically, a pneumatic tourniquet will be placed around the
forearm approximately 5cm below the olecranon process and inflated to a super-systolic
blood pressure for 5 minutes. Rapid deflation of the tourniquet instigates increased blood
flow (reactive hyperemia) to the oxygen starved forearm muscles, with a subsequent
increase in flow through the upstream brachial artery. The flow-induced increase in shear
stress results in vasodilation. FMD is typically expressed as the percentage increase in the
artery diameter above baseline. Table 1 provides a list of recommendations to consider
when conducting this test.

4. Ultrasound

Arndt (Arndt & Klauske et al. 1968), in 1968, was the first to apply ultrasound to [carotid]
arterial measurements. Since then, the advancement of ultrasound technology has had a
profound impact on the capacity of researchers and clinicians alike to non-invasively assess
endothelial function and health. Most commercial ultrasound machines now provide duplex
Doppler functionality; that is, they can simultaneously image and measure blood velocity in
conduit arteries in real-time. Duplex Doppler functionality offers immense potential for
tracking vascular mechanical and functional changes.

4.1 Arterial diameter measurements

Conventionally, two-dimensional brightness mode (B-mode) is used to visualize, in real-time,
the ultrasound echo amplitude distribution in a tomographic plane. The arteries of interest,
except for the aorta, are typically within a depth range of 30 mm; a high carrier frequency
(typically 7-13 MHz) is used to provide detailed images of peripheral arteries, in both
longitudinal and cross-sectional views (Hoeks & Brands et al. 1999). Ultrasound wave
reflections will only have a prominent amplitude if they originate from acoustic interfaces with
a substantial change in acoustic impedance and, are oriented perpendicular (i.e., at a 90 degree
angle) to the ultrasound beam direction. Therefore, in the cross-sectional view the lateral
segments of the artery wall are blurred, with relatively low amplitude for the anterior and
posterior lumen-wall transitions. In the longitudinal view, both walls will show up distinctly
over a certain range, provided that the arterial segment considered is straight and without
branches (Fig. 1). The transition of the inner layer of the wall, the intima to the lumen, induces
a weak signal while the outer layer, the adventitia, results in reflections with high amplitude.
The layer in between, the media, has a relatively low reflectivity and appears as a hypo-echoic
band in images obtained with ultrasound systems with sufficient resolution.

A number of laboratories, using commercial or custom edge-detection software, are now able
to make semi-automated diameter measurements (Woodman & Playford et al. 2001; Craiem &
Chironi et al. 2007; Peretz & Leotta et al. 2007; Padilla & Johnson et al. 2008; Pyke & Jazuli 2011;
Thijssen & Tinken et al. 2011). The authors of this chapter, using custom edge-detection
software, are able to make thirty diameter measurements per second. A video capture device is
used to make recordings at a rate of 30 frames / second. These video files are broken down
and converted into JPEG (Joint Photographic Experts Group) images, which provides
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comparable accuracy for ultrasound image measurements compared to the DICOM (Digital
Image and Communications in Medicine) standard (Hangiandreou & James et al. 2002). The
images are analyzed offline using semi-automated edge-detection software (Fig. 4) custom
written to interface with National Instruments LabVIEW software (National Instruments,
Austin, TX, USA) (Sabatier & Stoner et al. 2006; Stoner & Sabatier et al. 2006). Custom-written
Visual Basic Code is used to fit peaks and troughs to diameter waveforms in order to calculate
diastolic, systolic, and mean diameters. The authors use mean diameters for analysis.
Traditionally, end-diastolic diameters were used to calculate FMD, owing to: 1) FMD
measurements that incorporate non-end-diastolic diameters may introduce measurement
errors due to fixed vessel structural issues, and 2) prior to the advent of automated image
analysis software, mean diameter measurements were beyond the technical capabilities of
most research units. A recent study indicates that calculating FMD based on mean diameters
yields comparable results to calculations based on end-diastolic diameters (Kizhakekuttu &
Gutterman et al. 2010). The within-session SEMs;1 for the described set-up is 0.046 mm;
between-day coefficients of variation are 2.4-2.7% (Stoner & Sabatier et al. 2004).

Fig. 4. Semi-automated diameter analysis. (A) B-mode image of the brachial artery with a
region of interest (ROI) denoted by a selection box. The histogram (B) corresponds with the
average pixel brightness of rows in the ROl in (A). The peaks (stars) correspond with the
vessel walls. (C) Diameter waveforms from three cardiac cycles. Triangles represent diastole
and diamonds represent systole.”)
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4.1.1 Measurement protocol

When imaging a vessel care should be taken to ensure that the vessel clearly extends across
the entire [un-zoomed] plane to minimize likelihood of skewing the vessel walls. The
ultrasound transducer should then be adjusted until the vessel walls appear thickest.
Ultrasound global (acoustic output, gain, dynamic range, gamma, rejection) and probe-
dependent (zoom factor, edge enhancement, frame averaging, target frame rate) settings
should be standardized, especially for a given study. Alterations to probe selection and
optimization settings - particularly probe selection - can have a significant impact on
measurement precision (Stoner, in press). Figure 5 shows two diameter waveforms, both
measured on the same subject within 10 minutes, albeit with different probes (11MHz and
6.6MHz); despite all other global and probe-dependent settings being equal, the 6.6mhz
resulted in bias for smaller diameters. To ensure image focus is maintained and that
diameter waveforms are stable, the ultrasound probe needs to be fixed in place using a
probe holding device. The stability of diameter waveforms is also affected by rhythmic
breathing patterns; to ensure optimal quality of diameter waveforms, the subject should
ideally hold their breath during image acquisition.
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Fig. 5. Brachial artery diameter waveforms using a GE 11MHz (A) and 6.6MHz (B) probe.
Measurements were taken from the same subjects within 10 minutes of one another.
Note the bias towards smaller diameters using the 6.6Mhz probe.

4.1.2 Probe selection

Selection of the appropriate ultrasound probe is dependent on the vessel being imaged. The
higher the probe frequency the greater the axial resolution, but this comes at the cost of
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tissue penetration (Roelandt & van Dorp et al. 1976; Lieu 2010). The operator should use the
highest frequency that has adequate tissue penetration to clearly resolve the structure of
interest. For superficial arteries, e.g., brachial, radial and posterior tibialis, a 12Mhz probe
will allow adequate penetration and will provide optimal axial resolution. When imaging
deeper arteries, e.g., common femoral, a 12MHz probe will not provide sufficient
penetration, and a lower frequency probe (e.g., 7.5MHz) is recommended. However, the use
of a lower frequency probe will yield a lower axial resolution, and will limit the capacity to
discern small changes in vessel diameter. The same transducer should be used across
subjects for a given study to maximize statistical power (see Fig. 5).

4.2 Blood velocity measurements

Ultrasound assessments of blood velocity have been favorably compared to magnetic
resonance imaging, which is capable of higher resolution but is much more costly (Nesbitt &
Schmidt-Trucksass et al. 2000). With ultrasound, blood velocity is calculated by measuring
the Doppler shift, which results from a change in the frequency of a wave due to the motion
of the wave source or receiver, or in the case of a reflected wave, motion of the reflector. The
Doppler shift is dependent on the insonating frequency, the velocity of moving blood, and
the angle between the sound beam and direction of moving blood, as expressed in the
Doppler equation:

2 -f-v- cosq

Df 1)

c

where: Df is the Doppler shift frequency (the difference between transmitted and received
frequencies), fis the transmitted frequency, v is the blood velocity, g is the angle between the
sound beam and the direction of moving blood, and c is the speed of sound. The equation
can be rearranged to solve for blood velocity, and this is the value calculated by the
ultrasound machine:

. Df-c

v =
2-f- cosq

(2)

Since red blood cells travel at different speeds, even for a small measuring volume, there
will be a range of blood velocities for a given unit of time. Per cardiac cycle, Doppler
ultrasound systems measure minimum, maximum, and mean blood velocities. The
maximum velocities represent the fastest moving blood cells flowing through the center of
the vessel, whereas mean-velocities represent the average speed of blood cells from across
the vessel. Mean velocities tend to be limited by incomplete sampling of Doppler shifts
across the full width of the artery (Thrush & Hartshorne 2004). Time-averaged maximum
velocities are more accurate and reproducible, even though they may lead to
overestimations of blood flow by approximately 40% (Olive & Slade et al. 2003).

4.2.1 Measurement protocol

Most commercial ultrasound units come equipped with software to automatically calculate
blood velocities. These automated calculations are typically limited to each heart beat. When
making simultaneous diameter and blood velocity measurements, a compromise has to be
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made. An optimal B-Mode image is obtained when the ultrasound probe is perpendicular
(90 degrees) to the imaged vessel, whereas an optimal velocity signal is obtained with a
beam-vessel angel <60°. Error associated with incorrect estimation of insonation angle
increases exponentially with angles >60° (Thrush & Hartshorne 2004). For further discussion
on this topic see Thijssen et al. 2011 (Thijssen & Black et al. 2011).

4.3 Measurement location

For two decades brachial artery FMD has been widely used as a global endothelial health
index (Celermajer & Sorensen et al. 1992). However, the brachial artery may not adequately
characterize global endothelial health for all populations. For instance, given the incidence
of CVD following spinal cord injury (SCI), it may be surprising that normal brachial artery
FMD has been reported (De Groot & Poelkens et al. 2004). The current authors previously
reported decreased FMD in the legs (posterior tibialis) compared to the arms (radial) for
patients with SCI (Stoner & Sabatier et al. 2006). The retention of upper-extremity function
likely explains the lack of deterioration for SCI radial arteries. Patients with paraplegia
mostly rely on upper-body function for performing daily activities. Since individuals with
SCI actively use their upper extremities, blood flow patterns may be such that the blood
vessels retain their functional status due to normal shear stressor activity (Zarins & Zatina et
al. 1987; Gnasso & Carallo et al. 1996). Notably, we subsequently found that 18 weeks of self-
administered neuromuscular electrical stimulation-induced resistance exercise therapy
significantly increased FMD and arterial range of the posterior tibial artery in male patients
with chronic, complete SCI (Stoner & Sabatier et al. 2007).

5. Limitations of the FMD test

Despite its potential, validity of the FMD test has been questioned due to lack of
normalization to the primary stimulus (Mitchell & Parise et al. 2004; Pyke & Tschakovsky
2005; Stoner & McCully 2011). Despite the term flow-mediated dilatation, shear stress is
the established stimulus for FMD (Koller & Sun et al. 1993). The magnitude of the shear
stimulus created with reactive hyperemia is influenced by several factors; subsequently,
the shear stimulus may differ significantly between individuals. Therefore, in order to
efficaciously compare groups of individuals the shear stimulus should be considered (see
below for further discussion). For instance, Mitchell et al. (Mitchell & Parise et al. 2004)
demonstrated that reduced FMD may be attributable not only to impaired endothelial
release of dilatory molecules, but also as a result of a lesser shear stimulus. Fortunately,
the ultrasound technology used to conduct the FMD test can also provide estimates of
shear stress.

6. Shear stress estimation

Clinical studies in humans, including FMD studies, typically estimate shear stress by
employing a simplified mathematical model based on Poiseuille’s law. More sophisticated
approaches are available, but are beyond the reach of most clinical studies since such
approaches are not readily available, too expensive, technically challenging and time-
consuming (Oyre & Pedersen et al. 1997; Gatehouse & Keegan et al. 2005; Reneman & Arts et

www.intechopen.com



Assessment of Endothelial Function Using Ultrasound 99

al. 2006). Based on Poiseuille’s law shear stress is calculated as the product of shear rate and
blood viscosity, where shear rate equals:

Shear rate (y)= M (3)

where d is the internal arterial diameter, v is the time-averaged mean blood velocity, and n
represents the shape of the velocity profile. For a fully developed parabolic profile, n is 2;
this is the normal assumption when estimating shear rate.

Poiseuille’s law assumes that: 1) the fluid (blood) is Newtonian, 2) blood flows through a
rigid tube, 3) whole blood viscosity represents viscosity at the vessel wall and is linearly
proportional to shear rate, 4) the velocity profile is parabolic, and 5) mean blood velocity
adequately defines the shear stimulus. First, although blood is a non-Newtonian fluid at low
shear rates (smaller than approx 100 reciprocal seconds (s1)) (Chien & Usami et al. 1966) in
vivo, shear rates in large arteries, particularly at the endothelial surface, are generally
considerably larger than this threshold value so that the effect of the non-Newtonian
behavior does not appear to be pronounced. Second, blood vessels are distensible, meaning
that increases in arterial cross-section occur during the cardiac cycle. Wall shear rate may be
~ 30% less in a distensible artery as compared to a rigid tube (Duncan & Bargeron et al.
1990).

Third, to estimate shear stress from shear rate, invasive measures of blood viscosity are
required. This potentially adds an additional source of error (Tangelder & Teirlinck et al.
1985). Human in vivo studies are usually limited to whole blood measurements of viscosity.
These measurements overestimate the viscosity at the wall of the vessel. Less red blood cells
travel along the artery wall, where, in addition to a thin layer of plasma, blood platelets are
traveling (Tangelder & Teirlinck et al. 1985). Red blood cells tend to stream in the center of
the vessel. The result is higher viscosity in the center of the vessel, thereby reducing the
shear stress gradients at the vessel wall. It is worth noting that shear stress assessments do
not seem to result in conclusions different from shear rate assessments alone (Padilla &
Johnson et al. 2008). This may be explained by two factors: 1) sources of error from whole
blood viscosity estimates, and 2) for a given population, viscosity changes little. Shear rate
can therefore be used as an adequate surrogate measure (Gnasso & Carallo et al. 1996;
Joannides & Bakkali el et al. 1997; Betik & Luckham et al. 2004; Pyke & Dwyer et al. 2004;
Padilla & Johnson et al. 2008).

Fourth, in arteries, the velocity profile will not form a well-defined parabola as a
consequence of flow unsteadiness and short vessel entrance lengths. In both arteries and
arterioles, the velocity profiles are actually flattened parabolas (Reneman & Arts et al. 2006).
In the common carotid artery, mean wall shear stress is underestimated by a factor of two
when assuming a parabolic velocity profile since the velocity difference is smaller between
the innermost column of flow and the outermost circumferential layer (Dammers & Stifft et
al. 2003). However, in the brachial artery - at least under baseline conditions - the
underestimation is less pronounced - likely due to a more parabolic velocity profile in this
artery (Dammers & Stifft et al. 2003).
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Despite the aforementioned limitations, shear rate assessments can be reliably made using
ultrasound (Samijo & Willigers et al. 1997). However, little attention has been given to the
most appropriate blood velocity parameter(s) for calculating shear rate (see below).

6.1 Peak or integrated shear rates?

Recently, we conducted a study to determine which shear rate expression explained the
most variation in FMD. Seven shear rate expressions were calculated: peak, change (peak
hyperemia minus baseline), integrated over 10, 20, 30, and 40 seconds after tourniquet
deflation, and integrated to peak diameter time (Stoner & McCully). Shear rates integrated
for 40 seconds after tourniquet deflation (i.e., post-ischemia) explained the greatest portion
of variation for change in diameter. However, the addition of peak shear rate to time-
integrated shear rate was significant. This suggests that peak shear rate may be an additional
important independent predictor of FMD. It is worth noting that while peak shear positively
correlated with peak diameter when regressed independently, the addition of 40 seconds
integrated shear rate led to a negative relationship between peak shear rate and peak
diameter. A greater peak shear rate for a given integrated shear rate is indicative of a more
transitory hyperemic response. A less sustained increase in shear rate may result in a lower
stimulus mechanotransduced to the endothelial cells. This study was conducted on young,
healthy males. Therefore, further study is warranted to confirm these findings on other
cohorts.

6.2 Importance of the velocity profile

The earliest studies investigating the implications of shear stress on endothelial function did
so by assessing endothelial cell responses to high versus low shear stress. This was until
Davies et al. (Davies & Remuzzi et al. 1986), in 1986, provided evidence that the time-
averaged shear stress alone could not explain the pathological behavior of endothelial cells
exposed to complex flow patterns. Subsequent studies (Helmlinger & Geiger et al. 1991;
Waters & Chang et al. 1997; Lum & Wiley et al. 2000; McAllister & Du et al. 2000; Peng &
Recchia et al. 2000; Apodaca 2002; Blackman & Garcia-Cardena et al. 2002; Cullen & Sayeed
et al. 2002; Barakat & Lieu 2003) have shown that vascular endothelial cells respond not only
to the time-averaged shear stress, but respond differently to different patterns of flow.

The cyclic nature of the beating heart creates pulsatile flow conditions in all arteries. The
heart ejects blood during systole, and fills during diastole. These cyclic conditions create
relatively simple mono-phasic flow pulses in the upper region of the aorta (Wootton & Ku
1999). However, pressure and flow characteristics are substantially altered as blood
circulates through the arterial tree. Figure 6 shows an example of a typical brachial artery
blood velocity profile. The normal brachial arterial signal is tri-phasic, corresponding to 1)
rapid blood flow during systole, 2) initial reversal of blood flow in diastole, and 3) gradual
return of forward flow during late diastole.

The blood flow profile in the aorta is predominately governed by the force of blood ejected
from the heart (Wang & Parker 2004). However, in the periphery the blood flow profile
becomes more complex as a result of the energy transfer between the heart and arteries. The
heart generates forward-traveling wave energy that propagates through the arteries to
maintain tissue and organ perfusion for metabolic homeostasis. An individual forward-
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traveling waveform, generated by the heart at the beginning of systole, initiates flow and
increases pressure in the arteries. Although most of the wave energy in this initial
compression wave travels distally into smaller arteries, some is reflected back towards the
heart at sites of impedance mismatch. Interactions between forward- and backward-
traveling waves result in complex blood flow patterns. Wave reflections result from arterial
geometry, arterial wall compliance, and downstream resistance created by resistance
arteries (Perktold & Rappitsch 1995; Barakat & Lieu 2003).

Complex flow characteristics have a profound impact on the shear stress distribution to
which vascular endothelial cells are exposed. While human in vivo studies typically describe
shear stress as a mean construct, numerous secondary phenomena associated with flow,
including pulsatile flow, reversing flow, and flow turbulence, can influence the regulation of
endothelial cells.
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Fig. 6. Acceleration and steady shear components. The normal brachial arterial signal is tri-
phasic, corresponding to the: 1) rapid blood flow during systole, resulting in velocity

acceleration, 2) initial reversal of blood flow in diastole, and 3) gradual return of forward
flow during late diastole, resulting in steady shear component.

6.2.1 Velocity acceleration and endothelial function

The pulsatile nature of blood flow exposes the endothelial cells to two distinct shear stimuli
during the cardiac cycle: a large rate of change in shear at the onset of flow (velocity
acceleration), followed by a steady shear component (Fig. 6). In vitro studies suggest that
these two distinct fluid stimuli (velocity acceleration vs. steady shear) regulate short- and
long-term endothelial function via independent biomechanical pathways (Ojha 1994; Bao &
Lu et al. 1999; White & Haidekker et al. 2001; Hsiai & Cho et al. 2002 DePaola, 1992). Studies
have shown that the rate of velocity acceleration can affect the progression of atherosclerosis
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(Ojha 1994; Bao & Lu et al. 1999; Hsiai & Cho et al. 2001), endothelial cell function (White &
Haidekker et al. 2001 ; Hsiai & Cho et al. 2002), mechanotransduction (Hsieh & Li ef al. 1993;
Bao & Clark et al. 2000), calcium kinetics (Helmlinger & Berk et al. 1995; Blackman & Barbee
et al. 2000), and vascular tone (Frangos & Eskin et al. 1985; Noris & Morigi et al. 1995 ).
Conditions which affect velocity acceleration include ventricular ischemia (Sabbah &
Przybylski et al. 1987), acute myocardial infarction (Kezdi & Stanley et al. 1969), stenosis
(Bassini & Gatti et al. 1982), hypertension (Sainz & Cabau et al. 1995), and hyperthyroidism
(Chemla & Levenson et al. 1990). Velocity acceleration is also influenced by aging (Sainz &
Cabau et al. 1995) and physical activity (Bonetti & Barsness et al. 2003; Shechter & Matetzky
et al. 2003).

Recently, we studied the effect of velocity acceleration on FMD in a group of 14 healthy,
young, male subjects (Stoner & McCully). FMD was measured prior to, and following,
increases in velocity acceleration. Velocity acceleration (see Fig. 6) was increased by inflating
a tourniquet around the forearm to 40 mmHg. We found that a 14% increase in velocity
acceleration attenuated FMD by 11%. This finding suggests that mean blood velocity alone
may not adequately characterize the shear stimulus. Attention to secondary flow
phenomena may be particularly important when comparing groups with known secondary
flow abnormalities.

6.3 Statistical analysis

Studies using the FMD test (i.e., using 5 minutes ischemia) should consider both time
integrated- and peak-shear parameters, particularly when attempting to detect differences
between experimental groups. Emphasis is placed on consider since the FMD test should
not be normalized to shear rate using conventional approaches. A number of studies have
attempted to account for the effect of shear stimulus on FMD by evaluating the quotient of
FMD and shear, rather than FMD alone, or by using an analysis of covariance (ANCOVA),
with shear stimulus as the cofactor (De Groot & Poelkens et al. 2004; Parker & Ridout et al.
2006; Padilla & Johnson et al. 2008; Atkinson & Batterham et al. 2009; Thijssen & Bullens et
al. 2009; Pyke & Jazuli 2011). The techniques described above require use of the General
Linear Model (GLM) for determining statistical probabilities associated with the
differences found between groups or experimental treatments. However, when using a
GLM the following assumptions must hold true: 1) there must be at least a moderate
correlation between the two variables (i.e., shear and FMD), 2) the relationship between
shear and diameter must be linear, 3) the intercept for the regression slope must be zero,
4) variance must be similar between groups, and 5) data must be normally distributed
(Allison & Paultre et al. 1995; Atkinson & Batterham et al. 2009). A recent study found that
all assumptions for reliable use of shear-diameter ratios were violated (Atkinson &
Batterham et al. 2009).

Another alternative is to normalize the FMD response (i.e., change in diameter) to shear
using hierarchical linear modeling (HLM) (Raudenbush & Bryk 2001). HLM is a more
advanced form of multiple linear regression that accounts for hierarchical (i.e., successive
inter-related levels) effects on the outcome variable. This is accomplished in HLM by
including a complex random subject effect which can appropriately account for correlations
among the data. This approach models different patterns in the data by allowing for the
intercepts (initial diameter) and slopes (shear rate-diameter) to randomly vary. A third level
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may also be specified; this may be the specification of groups (e.g., to delineate differences
in endothelial function), an intervention or a modifiable risk factor such as smoking. This
approach has been used to compare upper vs. lower extremity arterial health in persons
with spinal cord injury (SCI) (Stoner & Sabatier et al. 2006), to assess improvements in
arterial health following electrical stimulation-evoked resistance exercise therapy in persons
with SCI (Stoner & Sabatier et al. 2007), and to assess the effects of occasional cigarette
smoking on arterial health (Stoner & Sabatier et al. 2008). The disadvantage of this approach
is that multiple stimuli (preferably ranging from minimal to maximal shear stimuli) are
required to generate a reliable shear-diameter relationship.

7. Improving reliability of the FMD test

The within-subject variability of FMD has been reported to be as low as approximately 50%
(De Roos & Bots et al. 2003), which helps to explain why FMD is related to low but not
medium or high CVD risk (Witte & Westerink ef al. 2005). Within any given study, FMD
tests can consistently demonstrate a smaller degree of dilation in subjects with
atherosclerotic/risk factors versus controls. However, subtle changes in FMD are more
difficult to detect. Patients with only one CVD risk factor report FMD values of
approximately 7% (Accini & Sotomayor et al.). For a typical brachial artery with a 4 mm
diameter at baseline, this translates to a 0.28 mm increase in diameter. The pixel resolution
of a typical ultrasound unit is 0.04 * 0.04 mm. Measurements of 0.28 mm are within the
standard error of measurement. To compound the issue maximal diameters in response to
reactive hyperemia are short lived and, therefore, hard to capture. Aside from standardizing
measurement protocols, measurement reproducibility can be improved by considering the
following suggestions.

7.1 Automate diameter measurements

Studies using edge detection software to automate diameter measurement when calculating
FMD have reported intersession coefficients of variation of approximately 14-18%
(Hijmering & Stroes et al. 2001; Woodman & Playford et al. 2001).

7.2 Use ANCOVA to account for measurable covariates

FMD can be calculated as: 1) post-only score, 2) change score, 3) fraction, or 4) co-varied
for resting diameter. A simulation study found the greatest statistical power for the
ANCOVA approach out of the four methods listed above, with fraction scores resulting in
the lowest power (Vickers 2001). Expressing FMD as a percentage effectively squares the
variation due to resting diameter, and may result in a non-normally distributed statistic
from normally distributed data. Using resting diameters as a covariate is most likely to
adjust for the bias due to baseline values (Vickers 2001; Twisk & Proper 2004; Tu & Blance
et al. 2005)

7.3 Normalize to the stimulus

While FMD is certainly attenuated in a number of disease states, FMD may also be
“attenuated” if the magnitude of hyperemia (Mitchell & Parise et al. 2004) or the blood
velocity profile is altered, including the rate of velocity acceleration (Stoner & McCully).
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Further study is required to comprehensively quantify the appropriate expression of the
shear stimulus. At present, shear rate can be calculated as described above and used to
normalize to FMD through HLM, but not by using ANCOVA or presenting as a ratio.

7.4 Use multiple FMD measurements when possible

The peak diameter in response to reactive hyperemia is short lived and, therefore, hard to
capture (see Fig. 3). Variance in peak diameter measurements may be attributable to
differences in the stimulus (i.e.,, shear stress) or to measurement error (see see Fig. 7).
Variance due to change in the stimulus can be accounted for by normalizing FMD to shear
stress. To account for measurement error, according to laws governing regression to the
mean (Shephard 2003), the FMD test would need to be repeated multiple times in order to
obtain a “true” response. Alternatively, a more accurate assessment of endothelial function
can be achieved by estimating shear rate-diameter dose-response curves (see Fig. 8).
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Fig. 7. Flow-mediated dilation (FMD) measurement variance. Open circles represent multiple
FMD measurements. The closed circle represents mean FMD. Variance due to change in
stimuli (shear rate) can be accounted for by normalizing to shear rate. Variance due to
measurement error can be minimized by multiple FMD measurements (or by calculating a
shear rate : diameter dose response curve).

7.5 Shear rate: Diameter dose response curves

Capturing shear rate-diameter dose-response curves (Stoner & Sabatier et al. 2004; Stoner &
Sabatier et al. 2006; Stoner & Sabatier et al. 2007; Stoner & Sabatier et al. 2008) will decrease
the likelihood of making erroneous conclusions. A standard dose-response curve (Fig. 8) is
defined by three parameters: the baseline response (Bottom), the maximum response (Top),
and the slope. The slope (i.e., change in diameter per one unit change in shear rate) would
most accurately reflect endothelial function. The maximum response reflects the degree of
arterial stiffness (Harris & Faggioli et al. 1995; Black & Vickerson et al. 2003; Sabatier &
Stoner et al. 2006; Stoner & Sabatier et al. 2006).
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There are a number of advantages to this approach, namely: 1) the stimulus (shear) is
directly accounted for in a manner that does not violate statistical assumptions, 2) improved
sensitivity, i.e., the slope (endothelial function) can be clearly identified (with the standard
FMD test it cannot be ascertained at which point on the slope endothelial function is being
estimated), 3) improved reliability, i.e.,, the dose-response slope is more resistant to
measurement error when compared to a single measurement (Shephard 2003), and 4) more
information is provided, i.e., the slope isolates endothelial function whereas the maximum
response more likely reflects the degree of arterial stiffness (Harris & Faggioli et al. 1995;
Black & Vickerson et al. 2003; Sabatier & Stoner et al. 2006; Stoner & Sabatier et al. 2006).
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Fig. 8. Theoretical shear rate-diameter dose-response curve. Six data points are shown: baseline,
and the responses to 5 durations of ischemia.

7.6 Transient versus steady-state shear stress

To overcome the short lived reactive hyperemia response, and hence short lived change in
diameter, endothelial function can be evaluated by using sustained increases in shear stress,
e.g., through local hand warming and low-intensity handgrip exercise (Mullen & Kharbanda
et al. 2001; Joannides & Costentin et al. 2002; Pyke & Dwyer et al. 2004; Stoner & Sabatier et al.
2004). This approach would also allow for more accurate assessment of shear rate since the
assumptions of Poiseuille’s law are less likely to be violated (full description provided
above).

Recently, we found that the relationship between shear rate and vasodilatation is
comparable when shear rate is increased transiently (ischemia-induced) or in a sustained
manner (local hand warming- and handgrip exercise-induced) (Stoner & McCully). This is
consistent with a recent study by Pyke et al. (Pyke & Jazuli 2011), who similarly found a
significant relationship between ischemia-induced FMD and handgrip exercise-induced
FMD when the FMD responses were normalized to shear rate. Consideration has to be given
to the mechanism(s) inducing FMD; the mechanisms regulating vascular tone may be
dependent on the duration of the shear stimulus (Frangos & Eskin et al. 1985; Macarthur &
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Hecker et al. 1993; Kuchan & Jo et al. 1994; Frangos & Huang et al. 1996; Mullen & Kharbanda
et al. 2001), with FMD in response to sustained shear rate likely being less NO-dependent
(Doshi & Naka et al. 2001). Nonetheless, the endothelium is still thought to primarily govern
vasodilation under steady-state shear rate conditions. For instance, studies have shown that
hand warming has no effect on brachial artery diameter when flow is not allowed to rise
(Joannides & Bakkali el et al. 1997; Mullen & Kharbanda et al. 2001; Pyke & Dwyer et al.
2004). Furthermore, pharmacological blockade of the autonomic nervous system has no
effect on radial artery FMD in response to hand warming (Mullen & Kharbanda et al. 2001),
consistent with animal studies showing that FMD is preserved after surgical or
pharmacological denervation (Hilton 1959; Lie & Sejersted et al. 1970).

A recent meta-analysis by Inaba et al. (Inaba & Chen et al. 2010), which was subsequently re-
analyzed by Green et al. (Green & Jones et al. 2011), assessed the CVD prognostic strength of
FMD by conducting a meta-analysis of observational studies which examined the
association between brachial artery FMD and future cardiovascular events. Green et al.
found that FMD resulting from more intense and prolonged shear stimuli using proximal
cuff placement, which has been demonstrated to be less NO-dependent (Doshi & Naka et al.
2001), provides a better prognosis for CVD risk. Further study is needed to confirm these
findings and determine whether FMD in response to sustained increases in shear rate
provides greater prognostic strength for detecting future CVD events.

8. Conclusions

Assessments of endothelial function offer the potential to predict and track individuals at
risk for CVD complications. However, despite the obvious potential, the reliability of this
test has been questioned. Recently, a range of practices has been adopted to improve test
reliability, including consideration of the shear stimulus and automated diameter
measurements. However, the standard approach for inducing the shear stimuli, i.e., reactive
hyperemia following ischemia, has inherent limitations, namely: 1) the peak diameter in
response to reactive hyperemia is short lived and, therefore, hard to capture, and, 2) there is
no consensus on the appropriate calculation of shear stress/rate. These limitations can be
overcome with the following strategies: 1) repeat the FMD test multiple times to obtain a
more reliable estimate of the “true” response, 2) calculate the shear rate-diameter dose-
response to decrease the likelihood of erroneous conclusions, and, 3) use sustained increases
in shear stress. Further study is required to determine: 1) whether shear-rate diameter dose-
response curves offer greater statistical power, 2) whether FMD in response to sustained
increases in shear rate provides greater prognostic strength, and, 3) the importance of
secondary flow phenomena to estimations of shear rate.
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1. Introduction

The structure and function of the human vasculature is integral to the efficacy of the
cardiovascular system. In particular, arteries function as both a reservoir to dampen
oscillations from the pumping heart, as well as a conduit to transport blood to the periphery.
With age and disease, alterations in the composition of the arterial wall can occur. This can
result in arteries becoming more resistant to wall deformation, referred to as arterial
stiffness, which can have significant implications for the development of cardiovascular
disease. Due to the emergence of arterial stiffness as a measure of cardiovascular disease
risk, a number of non-invasive techniques have been developed, which include the use of
ultrasonic assessment. These techniques are highly effective, reliable, and well validated,
and consider stiffness both locally (most commonly measured at the carotid artery) as well
as regionally (most commonly measured through the aorta) in the arterial tree. The
assessment of arterial stiffness is critical to our understanding of the overall vascular health,
and is the focus of this chapter.

2. Anatomy and physiology of the blood vessel
2.1 Anatomy of the artery

The human artery is comprised of a lumen surrounded by a series of concentric layers,
which work together cohesively to assist in propagating blood from the heart to the
periphery. The arterial wall itself is divided into 3 major regions: the tunica intima, media,
and adventitia (Figure 1). The intima is comprised in part by the vascular endothelium,
which lines the interface with the lumen. The vascular endothelium is a single layer of
simple squamous epithelial cells that play a critical role in the regulation of smooth muscle
tone through the release of several vasoactive substances. Adjacent to the endothelium lies a
thin layer of elastin and collagen fibers, which attach to the internal elastic lamina, an elastic
tissue that forms the outermost layer of the intima region. The tunica media is a more
complex structure, and contains smooth muscle amidst a structure of elastin and collagen,
which together act as a homogenous unit (Dobrin, 1999). A surrounding structure of thicker
elastin bands wraps circumferentially with finer bands of elastin connecting them, and
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collagen dispersed in the intervening spaces with some inherent slack. The collagen also
attaches to the smooth muscle, which lies internal to the surrounding structure. This
latticework provides a flexible “safety net” for the blood vessels to prevent damage to the
wall of the artery, especially at high transmural pressures. Finally the outermost region, the
tunica adventitia, is separated from the tunica media by the outer elastic lamina, and is a
layer of elastin and collagen that merges with the surrounding tissues.

Fig. 1. Anatomy of a blood vessel

2.2 Functions of the arterial system

Arteries act as a conduit system to transport blood through the body, and dampen
oscillations from the pulsatile ejection of blood to provide steady flow throughout the
arterial tree. There are 3 separate anatomical arterial regions addressing these functions
(Nichols & O'Rourke, 2005). First, large elastic arteries such as the aorta provide the
predominant cushioning reservoir for blood flow. Second, large muscular arteries act as the
conduit for blood to the periphery and actively modify wave propagation through smooth
muscle tone regulation. Finally, arterioles function to alter peripheral artery resistance, and
subsequently aid in the maintenance of mean arterial pressure and delivery of a continual
flow to required systems and subsequent capillary beds.

Several models have been proposed for the functioning of the arterial system, with the
propagative/distensible tube model considered superior (Laurent et al., 2006; O'Rourke et
al., 2002). The propagative/distensible tube model consists of a single distensible tube with
one end representing peripheral resistance, and the other receiving blood in pulses from the
left ventricle (Nichols & O'Rourke, 2005). The pressure wave generated from the heart
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travels down the tube and is propagated and dampened by the viscoelastic wall of the
vessel. When applying this theory to the entire arterial tree several phenomena need to be
considered. As the pulse travels down the arterial tree it becomes amplified. This
amplification is caused by the progressive increase in stiffness of the arteries distally from
the heart (Learoyd & Taylor, 1966) and the branching, bifurcations, and non-linearity in the
vascular tree that produce sites where the pressure wave can be reflected. These reflections
return in the opposite direction and amplify the pressure signal. Reflection sites are closer to
the pulse wave in the periphery (greater branching) than in the central arteries, and
amplification is therefore greater (known as the ‘amplification phenomena’) (Laurent et al.,
2006). Thus, the pressure wave at any given location is the result of the summation of the
incident and reflected wave (Figure 2) (Davies & Struthers, 2003; O'Rourke et al., 2002), and
depending on the elasticity of the vasculature, can create various pressure waveforms.

Fig. 2. The pressure waveform is a result of the summation (right) of the incident wave (left)
travelling toward the periphery and combining with the reflected wave (middle) returning
from the periphery.

The composition of the arterial wall, in particular the elastin and collagen content, changes
from central to peripheral arteries. Starting in the proximal aorta, elastin is the dominant
component. At the abdominal aorta the content of collagen and elastin appears similar, and
by the periphery collagen becomes dominant (Harkness et al., 1957). As collagen is 300 times
stiffer than elastin (elastic modulus 1000 x 106 dyne/cm?2 vs. 5 x 10¢) (Armentano et al., 1991),
the altering arterial wall composition causes an increasing ‘stiffness gradient” down the
arterial tree. For example, in the central arteries, up to 50% of the stroke volume ejected from
the heart is momentarily stored in the aorta and large elastic arteries. Approximately 10% of
the energy produced by the heart is used to distend the arteries during systole. The elastic
walls of the artery store the energy, and subsequently use it to recoil the vessel wall during
diastole (London & Pannier, 2010), thus ensuring continuous flow to the stiffer, more
collagen based, peripheral arteries. For this dampening in the central arteries to be most
efficient, the energy needed to distend the wall needs to be as low as possible (London &
Pannier, 2010), which not only depends on elasticity (and high elastin content), but also the
geometry of the vessel walls.

Elastin and collagen cause the pressure-diameter relationship at any specific area on the
arterial tree to be non linear (Figure 3) (Armentano et al., 1991). At low distensions, pressure
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is mainly governed by elastin fibers, which are quite compliant and the resulting curve is
more linear, where at higher tensions it is governed by the supporting latticework of
collagen content, which is much stiffer, resulting in a steeper slope (a greater required
pressure for a given diameter change) (Lanne et al., 1992).
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Fig. 3. Pressure-diameter relationship of the abdominal aorta in (A) young (mean 25 yrs), (B)
middle aged (mean 51 yrs) and (C) elderly (mean 70 yrs) humans. Reprinted with
permission (Lanne et al., 1992)

3. Arterial stiffness
3.1 Development of arterial stiffness

Considerable research supports the measurement of arterial stiffness as a highly relevant
tool in the assessment of vascular structure. Degenerative stiffness of the arterial wall is
considered arteriosclerosis, and is distinguishable from atherosclerosis, which is the
occlusive result of endovascular inflammatory disease, lipid oxidation and plaque formation
(Cavalcante et al, 2011). Even in healthy, young individuals, arterial stiffness is
heterogeneous throughout the arterial tree, as amplification and the natural stiffness
gradient result in more elastic central and stiffer peripheral arteries (London & Pannier,
2010). Arteries in humans, however, also stiffen with healthy ageing and disease (discussed
later in the chapter), affecting predominately the aorta and proximal elastic arteries, and to a
lesser degree the peripheral arteries (O'Rourke et al.,, 2002), and can even result in a
minimization or reversing of the stiffness gradient (Benetos et al., 1993; Boutouyrie et al.,
1992; Laurent et al.,, 2006). This regional age associated stiffening has been attributed to
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longstanding pulsation that induces greater cycles of stress in the central arteries (Adji et al.,
2011; Lee & Oh, 2010).

With age and disease, degeneration of the media in the central arteries appears to be the
primary structural change associated with chronic increases in arterial stiffness. Fatigue
and fracture of elastin and collagen fibers occur. These structural changes to the elastin
and collagen functional unit are determined by the extent of circumferential strain, which
is greater centrally, and length of strain exposure (number of cardiac cycles) (McEniery et
al., 2010). The orderly arrangement of elastic lamellae disappears, and is replaced by
thinning, fragmented elastin, greater foundations of collagen (Laurent & Boutouyrie, 2007;
Najjar et al.,, 2005; Zieman et al., 2005) and medial calcification (elastocalcinosis)
(Atkinson, 2008). Other age and disease associated changes in the arterial wall include
specific changes in the smooth muscle cell connections (Laurent et al., 2005), and
inflammation in the form of acute systemic (Vlachopoulos et al.,, 2005) and chronic
(Roman et al., 2005) inflammatory disease.

A stiffer artery propagates a pulse wave faster than a more compliant vessel. This leads to
earlier return of the reflected wave, which amplifies systolic pressure and decreases diastolic
pressure (Figure 4). Increased systolic pressure places a greater stress (distending pressure)
on the wall of the vessel, which over time can accelerate the stiffening and remodeling
process. A decrease in diastolic pressure can reduce coronary perfusion pressure, reducing
coronary blood flow reserve, which may be a possible link to increase cardiac event risk in

A. Decreased arterial compliance B. Increased (normal) arterial compliance
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Fig. 4. Effect of decreased (A) and normal (B) arterial compliance on the pulse waveform.

Po: end-diastolic pressure; P1: early systolic peak; P»: late systolic peak (from reflected wave);
At: time from onset of pressure wave (to) to return of reflected wave (t;); PP: pulse pressure.
Reprinted and modified with permission AP: augmentation of systolic aortic pressure
(Papaioannou et al., 2004)
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subjects with elevated arterial stiffness (Saito et al., 2008). Increased arterial stiffness also
results in failure to suppress the pulse oscillations downstream from the central arteries.
Decreased pulse suppression potentially increases the risk for damage to micro vascular
beds in highly perfused organs such as the brain and kidneys (O'Rourke & Safar, 2005), and
has important implications for risk of stroke and renal failure.

Increased arterial stiffness with age and disease is partially compensated for by remodeling
of the arteries, through luminal enlargement (Boutouyrie et al., 1992) and wall thickening
(Cheng et al., 2002; Zieman et al., 2005). It appears that endothelial dysfunction, which can
occur from a decrease in nitric oxide (NO) release, increase in oxidative stress, and/or a
decrease in antioxidant capacity with age or disease, is the earliest change in the vasculature
that can lead to advancing vascular disease (Taddei et al., 2001; Widlansky et al., 2003).
Decreased NO leads to increasing vascular tone of the small arteries responsible for major
changes in total peripheral resistance (arterioles). Increasing vascular tone leads to structural
and functional changes upstream in the larger arteries, resulting in stiffening and
remodeling, increasing blood pressure (in particular pulse pressure), as well as
atherosclerotic plaque development and additional functional abnormalities (Folkow, 1995).
However, this temporal sequence in the manifestation of arterial disease is not always
present, as structural changes can present without obvious functional changes, and these
structural changes are not always homogenous across the vascular tree (Naghavi, 2009).

Arterial stiffness is emerging as one of the most important determinants of increased systolic
blood pressure and pulse pressure in ageing and disease. It is the root cause of a number of
cardiovascular complications including left ventricular hypertrophy, left ventricular failure,
aneurism formation and rupture, and is a major contributor to atherosclerotic and small
vessel disease, which can lead to stroke, myocardial infarction and renal failure (Nichols &
O'Rourke, 2005). Central artery stiffening, in particular aortic stiffening, is strongly related
to cardiovascular events, independent of age, arterial pressure, and conventional risk factors
for cardiovascular disease (Adji et al., 2011), as well as future hypertension risk after
correcting for systolic blood pressure, age, sex, body mass index, heart rate, total cholesterol,
diabetes, smoking, alcohol and physical activity (Dernellis & Panaretou, 2005). In fact,
stiffening of the aorta rather than left ventricular myocardial abnormalities appears to be the
predominant cause of cardiac failure with age (Levy & Brink, 2005) as it produces higher
systolic pressures in the aorta and left ventricle. These elevated systolic pressures present a
high load on the ventricle, predisposing it to increased systolic wall stress and remodeling,
which can progress to dysfunction and failure (Adji et al., 2011).

A variety of techniques for measuring arterial stiffness have been developed. In particular,
with the use of ultrasonography, two techniques have been utilized extensively and have
been validated for measuring central arterial stiffness non-invasively. In the measurement of
regional arterial stiffness, pulse wave velocity has emerged as the gold standard (Laurent et
al., 2006) for the noninvasive assessment of arterial stiffness, while local arterial stiffness
measures, specifically at the carotid artery, have emerged as an important tool for the
mechanistic study of vascular structure and function. Although researchers and clinicians
extensively use arterial stiffness measures, a number of potential limitations to these
techniques have been identified (Laurent et al., 2006; O'Rourke et al., 2002). Assumption of a
homogenous vascular wall when it is heterogeneous in nature, the use of different locations
for measures of pressure and arterial diameter, and failing to account for the altering effects
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of heart rate (which affects the rate that pulse pressure amplifies) (Wilkinson et al., 2002)
and cardiac contractility (O'Rourke et al., 2002) are common oversights in measurement.
Furthermore, nervous system activity, fluctuations in autonomic control, vasoactive
substances such as nitric oxide, and hormones influence vascular smooth muscle, which can
also influence arterial stiffness. Muscular arteries, particularly smaller arteries (O'Rourke et
al., 2002), are also subject to spontaneous vasomotor changes that affect both diameter and
stiffness (Hayoz et al., 1993). Despite these limitations, measures of arterial stiffness are
considered an integral tool in the noninvasive assessment of vascular structure and function,
and are an important determinant for cardiovascular risk.

3.2 Local arterial stiffness and measurement
3.2.1 Viscoelastic properties of the arterial wall

The arterial wall is considered to be viscoelastic, as it contains both elastic and viscous
properties (Nichols & O'Rourke, 2005). When a stress is applied (a force that produces
deformation) to a perfectly elastic material, it will regain its original form when the stress is
removed. In an artery, however, wall viscosity is present, which leads to the wall retaining
part of the deformation (London & Pannier, 2010). This is partially responsible for hysteresis
seen in the pressure-diameter loop (Figure 5). Unfortunately the viscosity of the wall is
difficult to measure in humans, and therefore the elasticity component of the arterial wall is
what has been extensively evaluated.

Fig. 5. Diameter-pressure curve (middle) derived from the diameter (left) and local pressure
(right) of the common carotid artery. Differences in systole and diastole represent the energy
dissipation due to viscous properties of the arterial wall. The red line is the averaged
pressure-diameter curve. Reprinted and modified with permission (London & Pannier,
2010)
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3.2.2 Calculations of local arterial stiffness

The elasticity of the arterial wall can be gauged by understanding the stress/strain
relationship. While stress is the force producing deformation, strain is the resulting
deformation incurred as a percentage change in length (Cavalcante et al., 2011). Strain
therefore is dimensionless, and the stress/strain ratio is known as the elastic modulus, or
Young's modulus (O'Rourke et al., 2002). In an artery, assuming the segment is a cylindrical
tube with a circular luminal cross-section (Pannier et al.,, 2002; Reneman et al., 2005),
compliance is considered the absolute change in volume (strain) due to a change in pressure
(stress). Distensibility takes into account the initial dimensions of the artery, and is
considered the relative change in volume for a given pressure. The equations are as follows:

d max 2 dmin 2
2 o 1 -II (1)
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where dmax is the maximum systolic diameter, dmin is the minimum diastolic diameter,
and PP is the carotid pulse pressure. Compliance and distensibility can both be estimated as
a change in radius, diameter, flow, or cross sectional area for a given change in pulse
pressure, measured at the same site (Nichols & O'Rourke, 2005). The resistance to
deformation is known as stiffness, which in turn is the reciprocal of compliance.

Local arterial stiffness of the central arteries is directly determined, as denoted from a
change in pressure producing a given change in volume (Laurent et al., 2006) (Figure 6). In
the large elastic arteries (i.e. the carotid artery or aorta) the relationship between lumen cross
sectional area and change in pressure is linear (Meinders & Hoeks, 2004) and the error from
this assumption is quite small (Reneman et al., 2005). In stiffer peripheral muscular arteries
this error can be large (Reneman et al., 2005), therefore direct measures done at the carotid
artery and aorta for determining local stiffness have been extensively explored.

Young’s modulus, or the incremental elastic modulus (Ein), outlined in equation [3], has
been used extensively (Nichols & O'Rourke, 2005). It estimates the elastic properties of the
arterial wall by taking into account it's thickness. Current measuring techniques
unfortunately cannot differentiate the load bearing section of the wall (media/adventitia)
from the non-load bearing portion (intima). Intima-media thickness (IMT) is used as a
surrogate for wall thickness, as the adventitia is indistinguishable from surrounding
structures with ultrasound imaging techniques. The assumptions are that the IMT is load
bearing, and that the arterial wall is homogeneous (Adji et al., 2011; O'Rourke et al., 2002).
Thus caution should be exercised in using Young’s modulus as current measurements can
be imprecise and unrealistic (O'Rourke et al., 2002).
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Fig. 6. Measurement of local arterial stiffness: change in luminal cross sectional area (A A)

for a given change in pressure (diastole to systole). Reprinted and modified with permission
(Laurent et al., 2006)
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where de is the external diameter and di is the internal diameter, measured in diastole.

Peterson’s elastic modulus (Peterson et al., 1960), outlined in equation [4], is different from
Young's elastic modulus. It assumes a linear stress strain relationship, is inversely related to
arterial distensibility, and needs to be specified at a given blood pressure (Cheng et al.,
2002). In turn, an equation that provides an index of arterial compliance independent of
distending pressure is the f stiffness index (Hirai et al., 1989), outlined in equation [5],
where SBP is systolic blood pressure, and DBP is diastolic blood pressure.
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3.2.3 Measurement of local arterial stiffness with ultrasound and tonometry

Ultrasound is a common tool used in the non-invasive assessment of the elastic properties
of the arterial wall. Many devices have been developed to determine vascular diameters
and IMT. These include echo tracking software (Hoeks et al., 1990; Tardy et al., 1991),
which use radiofrequency signals to obtain a high precision image, as well as B-mode
ultrasound equipped with a high-resolution linear array transducer (Currie et al., 2010;
Nualnim et al., 2011; Redheuil et al., 2010; Tanaka et al., 2000) in combination with various
edge detection and image analysis software. Both methods have been shown to have high
agreement for assessing vessel diameter (A. S. Kelly et al., 2004). Measurement of IMT
using non-invasive ultrasound systems is also an important tool and is used as a
surrogate measure for wall thickness in measures of elasticity of the arterial wall such as
Young’s modulus. IMT is also often used as an indicator for cardiovascular disease
(O'Leary et al., 1999) and has been employed in clinical studies (Molinari et al., 2010;
Simon et al., 2002).

Most commonly, B-mode ultrasound images are collected at a minimum of 10 frames/sec
with a 7.5-11 MHz linear array transducer positioned longitudinally to the common carotid
artery with collection ~1-2 cm below the bifurcation of the external and internal carotid
arteries. Analysis of time points associated with the maximal diameter in systole and the
minimum diameter in diastole are selected and diameters are determined by measurement
of the far wall from the interface of the lumen and intima to the near wall interface of the
adventitia and media (Tanaka et al., 2000). Imaging of media-adventitia interface of the near
wall is used, as the intima-lumen interface can be difficult to obtain. Determination of
arterial diameters can be made manually using calipers, or with edge-detection software.
Most edge-detection software determines the arterial diameter by identifying the arterial
wall within a selected region of interest, based on the contrasting intensity of brightness
between the arterial wall boundary and the lumen (Currie et al., 2010; Peters et al., 2011).
Measurements are made at numerous points within the region of interest (typically =100
points), thereby increasing the precision of the measurement. Other software uses the
radiofrequency signals generated from the tissue echo reflections to detect boundaries in
tissue density. The radiofrequency detection has the added advantage of not being
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dependent on the post-processing of the B-mode images but is less commonly available
(Woodman et al., 2001).

Local arterial measures also require measurement of local blood pressure. Applanation
tonometry has been shown to produce near-identical pulse waveforms as those performed
invasively (R. Kelly et al., 1989). Applanation tonometry uses a probe that incorporates a
high fidelity strain gauge transducer which records continuous pressure waveforms in an
artery. It is placed over the greatest area of pulsation, and requires support from solid
structures (bone, bone plus ligaments) to flatten the artery slightly to produce a consistent
and reproducible signal (R. Kelly et al., 1989). Based on the assumption that diastolic and
mean blood pressure are constant through the arterial tree (Nichols & O'Rourke, 2005), Kelly
and Fitchett developed a system of approximation of local arterial pressure using a
tonometer (R. Kelly & Fitchett, 1992), which has been shown to provide the highest accuracy
compared to invasive methods (Van Bortel et al., 2001). As baseline levels acquired by the
tonometer are subject to hold down pressure, diastolic and mean blood pressures are
equated to brachial blood pressures. Local systolic blood pressure is then determined by the
extrapolation of the maximal tonometer signal and calibrated pressures, due to the
amplification in systolic blood pressure (Nichols & O'Rourke, 2005). An example of this is
provided in Figure 7. Ideally carotid artery pressures should be calibrated to concurrent
brachial blood pressures measured continuously using various automated oscillometric
blood pressure devices (Ex. Finometer (Finapres Medical Systems B.V.; Amsterdam, The
Netherlands), Nexfin (BMEYE; Amsterdam, The Netherlands), CMB-700 (Colin Medical
Instruments; San Antonio, TX, USA)), which correct to brachial blood pressure from either
finger or radial artery waveforms. When this is not possible, carotid artery pressures can

Systolic

Mean

Diastolic

Brachial Blood Pressure (mm

Min Mean Max

Carotid Signal (Volts)

Fig. 7. Approximation of carotid systolic pressure. Minimum and mean carotid artery
tonometry values are equated to the diastolic and mean brachial artery blood pressures (red
squares), and the equation of the line connecting the points is generated. The pressure
(y-axis) at which the maximum carotid artery tonometry value intersects with this line is
identified as the predicted carotid artery systolic blood pressure.
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also be calibrated to discrete brachial blood pressures collected using a manual
sphygmomanometer or an automated oscillometric device. It should be mentioned that
previous investigations (Barenbrock et al., 2002; Dijk et al., 2005; Tsivgoulis et al., 2006) have
used brachial pulse pressures in the calculation of arterial stiffness measurements when the
collection of localized pulse pressure is not available; however, this is not recommended.

Common carotid artery diameter and simultaneous carotid artery blood pressures are
collected for 10 cardiac cycles (Currie et al., 2010) in the supine position following at least 10
minutes of quiet rest. Assessments should be performed in a temperature-controlled room,
at the same time of day (for repeated measures), and individuals should abstain from
caffeine, food consumption, and smoking for at least 3 hours, and alcohol consumption for
at least 10 hours prior to testing (Laurent et al., 2006). Section 4 will discuss the association
between local measures of carotid artery stiffness and disease; however; it has been
suggested that local measures of arterial stiffness be used in mechanistic studies in
pathophysiology, pharmacology, and therapeutics, rather than epidemiological studies
moving forward (Laurent et al., 2006).

3.2.4 Validity, reliability, and reproducibility of local arterial measurements

Carotid measurements have been validated in clinical studies (Boutouyrie et al., 1999), as
both ultrasound imaging for detection of lumen diameter and IMT (Gamble et al., 1994;
Hoeks et al., 1990; Hoeks et al., 1997; A. S. Kelly et al.,, 2004) and use of applanation
tonometry (R. Kelly et al., 1989) has been shown to be accurate and reproducible. Between
visit coefficient of variation for distensibility measures using B-mode ultrasound imaging
techniques is approximately 10% (Kanters et al., 1998; Liang et al., 1998), whereas IMT
measures have a coefficient of variation of 2.6-2.8% (Currie et al., 2010; Liang et al., 1998).

3.2.5 Limitations of local arterial measurements

There are several limitations when measuring local arterial stiffness. Applanation of an
artery requires a firm background surface to flatten the artery and low levels of
subcutaneous fat to avoid dampening of the pulse (Reneman et al., 2005), therefore
acquiring a pulse can be an issue in obese individuals. Local stiffness measures using
ultrasound are also less sensitive than MRI measures of age-related ascending aortic
stiffness in individuals free of cardiovascular disease (Redheuil et al., 2010). However,
ultrasound is still a highly accessible clinical tool, and its use for determination of stiffness in
the carotid artery is an accepted technique in the assessment of central artery stiffening.
Finally, the predictive capacity of carotid stiffness measures for vascular events in patients
with manifest arterial disease has been shown to be limited (Dijk et al., 2005). Although,
brachial pressures were used in this study as a surrogate of local carotid pressure, therefore
caution should be used when considering this result (see Figure 7).

3.3 Regional arterial stiffness and measurement

Regional arterial stiffness can be assessed using pulse wave velocity (PWYV), which is
commonly defined as the speed of the arterial pulse wave throughout the vasculature
(O'Rourke et al., 2002). As previously described, ventricular ejection produces an incident
pressure wave, which moves away from the heart and towards the peripheral vasculature at
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a finite speed. The assessment of how fast the incident wave travels, or its PWV, can provide
information about the stiffness of different arterial segments. The faster the PWV, the stiffer
the artery, which is addressed by the Moens-Korteweg equation (O'Rourke, 2006):

PWV = _Eh (6)

2Rp

where E represents the intrinsic elastic properties of the vessel (Young's modulus in the
circumferential direction), p is the blood density, and (h/2R) is the ratio of arterial wall
thickness to vessel diameter. However, PWV can be determined practically and non-
invasively using a variety of pulse detection tools including continuous wave or pulsed
wave Doppler ultrasound.

3.3.1 Measurement of regional arterial stiffness

The assessment of PWYV involves recording pulse waves at two different arterial sites, for a
minimum of 10-15 seconds, to ensure measurement across at least one respiratory cycle (Van
Bortel et al, 2002). Traditionally PWYV is separated into central and peripheral
measurements to account for differences in vascular composition of different portions of the
vascular tree. Central PWYV, also referred to as aortic PWV, provides an index of stiffness of
the large elastic arteries, and is commonly measured as the PWV between the carotid and
femoral arterial sites. Peripheral pulse wave velocity provides an index of stiffness of the
medium sized muscular arteries, and can be separated into upper limb and lower limb
measures. Upper limb assessments typically involve pulse detection at the carotid and
brachial or radial arterial sites, where as lower limb PWV can be measured from the femoral
artery to either the dorsalis pedis or posterior tibial arterial sites. Doppler ultrasound can be
used to collect blood velocity signals at any of the sites listed above. However, aortic PWV
can also be determined by collecting blood velocity signals at the suprasternal notch (root of
the left subclavian artery), and the umbilicus (near the bifurcation of the abdominal aorta)
(Lehmann et al., 1998).

3.3.2 Calculations of regional arterial stiffness

PWYV is calculated using the following equation:

PWV = b 7)
At

where D is the distance between measurement sites, and At is the pulse transit time.

Distance is measured along the surface of the body with anthropometric measuring tape,
using specific anatomical landmarks. Central PWV measurements can be made using one of
the following pathways: 1) total distance between carotid (carotid artery site to sternal
notch) and femoral (sternal notch to inferior border of the umbilicus + inferior border of the
umbilicus to the femoral artery site) arterial sites, 2) subtracting the distance of the carotid
artery site from the total distance, or 3) subtracting the distance of the carotid artery site
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from the femoral artery site, which has recently been shown to have the best agreement with
invasive measures (Weber et al., 2009). When standardization between distance
measurement pathways is needed, central distance values can be converted to the total
distance between carotid and femoral arterial sites (The Reference Values for Arterial
Stiffness” Collaboration, 2010). PWV can then be multiplied by 0.8 to correct for the
overestimation (The Reference Values for Arterial Stiffness” Collaboration, 2010). For upper
limb PWYV, the distance between the carotid artery site to the sternal notch is subtracted
from the distance between the sternal notch and the upper limb site (brachial or radial artery
site), which is measured when the arm is abducted 90 degrees. Lower limb measurements
are made from the femoral artery site along the leg to either the dorsalis pedis or posterior
tibial artery site.

The pulse transit time is determined as the time delay between the arrival of the pulse wave
at the two arterial sites, and is calculated using the following equation:

At=Tr-T1 (8)

where T is the pulse arrival time at the distal site, and T is the pulse arrival time at the
proximal site. Time at each site can be determined online or offline. Online analysis uses the
ECG trace and manual calipers to determine the time at the R-spike and at the arrival of the
blood velocity waveform, which is commonly identified as the foot of the waveform. By
subtracting the two values, you can determine time for that arterial site (either T; or T>). To
perform offline analysis, the raw audio signal from the color wave or pulsed wave Doppler
ultrasound is outsourced to an external data collection system. The most reliable techniques
include identifying, 1) the intersecting point between the tangent to the initial systolic
upstroke of the blood velocity signal, and the horizontal line through the minimum point,
and 2) the second derivative of the blood velocity signal, where the arrival of the waveform
is identified as the maximum value (Figure 8) (Chiu et al., 1991). However, identification of
the arrival of the pulse wave using derivatives has been criticized, since the shape of the
waveform changes with heart rate fluctuations (Nichols & O’Rourke, 2005), altering where
the peak of the derivative identifies. The arrival of the waveform can also be identified
based on the phase velocity theory, which suggests the foot of the waveform is primarily
composed of frequencies between 5 and 30 Hz, near the 30 Hz value (McDonald, 1968;
Munakata et al., 2003). By filtering out the lower and higher frequencies from the signal
using a band-pass filter (<5Hz, >30Hz), the foot of the waveform can be identified as the
minimum value of the filtered signal. Unlike the derivative method, fluctuations in heart
rate do not influence analysis since the frequencies are unaffected (Nichols & O’Rourke,
2005). When blood velocity signals are collected simultaneously using more than one
Doppler probe, time at each site can easily be identified using the maximum or minimum
value. When signals are collected sequentially, time at each site is determined using an ECG
trace, similar to the online analysis.

3.3.3 Additional devices for the assessment of regional arterial stiffness

The assessment of PWV using Doppler ultrasound has been shown to be valid and reliable
(Jiang et al., 2008; Sutton-Tyrrell et al., 2001). However, there are several other techniques
available for the detection of the pulse wave in the determination of PWV including

www.intechopen.com



Ultrasonography and Tonometry for the Assessment of Human Arterial Stiffness 129

applanation tonometry (as previously described), photoplethysmographic sensors, and
magnetic resonance imaging (MRI). Photoplethysmographic sensors contain an infrared
emitting diode (peak wavelength 880nm), and a phototransistor detector. The infrared light
is either absorbed by the blood and vascular tissue, scattered by other tissues, or reflected
back to the detector. The arterial waveform in generated based on how much infrared light
is reflected back to the detector (Loukogeorgakis et al., 2002). Flow measurements can also
be made using MRI. This technique is capable of providing accurate PWV assessments since
distance can be measured along the anatomical segment (Mohiaddin et al., 1993).

Fig. 8. Various analysis methods for identifying pulse transit time. The arrival of the mean
blood velocity waveform (A) is identified with a red arrow. The intersecting tangent

(B) analysis locates the point of intersection between the tangent to the initial systolic
upstroke of the signal (dotted line), and the horizontal line through the minimum point
(closed line). Pulse arrival can also be identified as the maximum value of the second
derivative (C), or the minimum value of the band-pass filter (D).

3.3.4 Limitations of regional arterial stiffness measurements

PWYV does have its limitations. The measurement of distance along the surface of the body is
not a true anatomical representative of the arterial segment and therefore can introduce
error into the PWV calculation. Pulse wave measurements at the two arterial sites should be
collected simultaneously; however, equipment limitations may not permit this. While the
collection of sequential measurements is sufficient, caution should be exercised when
interpreting results. While MRI assessments of PWV are not subjective to these limitations,
the technique is not that widely used given the lack of available equipment and high cost
per use.
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3.3.5 Local versus regional assessment of arterial stiffness

Aortic stiffness measures (via carotid-femoral PWV) and local carotid measures of
distensibility have been compared (Paini et al., 2006). Strong correlations exist between the
two measures in healthy subjects, but decrease with an increasing number of comorbidities
(hypertension; hypertension and type 2 diabetes), as the aorta stiffens disproportionately to
the carotid artery with age and other cardiovascular risk factors (Paini et al., 2006). Stiffness
measures at the carotid artery, therefore, seem to provide a strong estimation for aortic
stiffness in less diseased individuals, but aortic and carotid stiffness measures should not be
used synonymously in higher risk populations.

4. Arterial stiffness in health and disease

Indices of arterial stiffness provide a non-invasive assessment of the health of the
vasculature, and can provide relevant information about an individual’s future risk of
morbidity and mortality. While arterial stiffening is primarily attributed to modifications to
the intrinsic structure of the vessel, several lifestyle factors can transiently augment or
attenuate arterial stiffness. Caffeine consumption (Mahmud & Feely, 2001), smoking
(Mahmud & Feely, 2003), and resistance exercise (DeVan et al., 2005) have been shown to
temporarily increase arterial stiffness, whereas alcohol consumption (Mahmud & Feely,
2002), food consumption (Ahuja et al., 2009), and aerobic exercise (Kingwell et al., 1997)
transiently decrease arterial stiffness. Chronic exposure to these factors, however, can lead
to more permanent changes in arterial stiffness. Elevated resting arterial stiffness is
observed in habitual smokers and individuals who consume excess caffeine and alcohol.
Conversely, individuals who are habitually active, or who undergo an exercise training
program are capable of attenuating or reversing age associated increases in arterial stiffness
(Tanaka et al., 2000). Resting arterial stiffness is also affected by time of day, with larger
arterial diameters and lower blood pressures reported at night (Kool et al., 1992).

Arterial stiffness increases naturally with age (O'Rourke & Hashimoto, 2007), and the rate of
arterial stiffening is often associated with lifestyle factors (discussed above) and disease.
Arterial stiffness is present in individuals with congenital diseases such as Marfan
syndrome (Hirata et al., 1991), congenital heart diseases including coarctation of the aorta
(de Divitiis et al., 2001) and tetralogy of Fallot (Cheung et al., 2006), as well as non-
congenital conditions including but not limited to Kawasaki disease (Senzaki et al., 2005)
and end-stage renal disease (Blacher et al., 1999). Traditional risk factors for cardiovascular
disease are associated with increased arterial stiffening in adults, including obesity (Danias
et al., 2003), type 2 diabetes (Henry et al., 2003), hypertension (Ting et al., 1986), and
hypercholesterolemia (Wilkinson et al., 2002). Additionally, the presence of atherosclerosis
is associated with arterial stiffening at various sites within the vascular tree (van Popele et
al., 2001; van Popele et al., 2006). Not surprisingly, elevated arterial stiffness is present in
individuals with cardiovascular diseases including coronary artery disease (Weber et al.,
2004), heart failure (Kawaguchi et al., 2003), and stroke (Mattace-Raso et al., 2006).

Adolescents and children with cardiovascular disease risk factors including familial
hypercholesterolemia (Aggoun et al., 2000), obesity (Tounian et al., 2001), and type 1
diabetes (Heilman et al., 2009) demonstrate greater arterial stiffness than their age and
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gender matched peers. While these studies are cross-sectional in design, and provide no
information about their future outcomes, the research suggests children and adolescents
with impaired arterial compliance are at a greater risk for disease development in
adulthood.

Several investigations have examined the association between indices of arterial stiffness
and future risk of cardiovascular morbidity and mortality and all-cause mortality. Aortic
(carotid to femoral) PWYV is considered the non-invasive gold standard measure of arterial
stiffness. In apparently healthy men and women, higher aortic PWV (= 11.8 m/s) is
associated with a 48% increased risk of first major cardiovascular disease event including
myocardial infarction, unstable angina, heart failure and/or stroke (Mitchell et al., 2010).
According to a meta-analysis on aortic PWV, an increase of 1 m/s corresponds to an age,
gender, and risk factor adjusted risk increase of 15% for cardiovascular and all-cause
mortality (Vlachopoulos et al, 2010). This systematic review included a variety of
populations and measurement techniques and therefore provides a comprehensive
examination of the risk associated with elevated aortic stiffness. However, there are
numerous other studies demonstrating increased risk of mortality in clinical populations
with elevated aortic PWV including but not limited to end-stage renal disease (Blacher et al.,
1999), hypertension (Laurent et al., 2001), and type 2 diabetes (Cruickshank et al., 2002).

The literature on the relationship between other indices of arterial stiffness and future risk of
morbidity and mortality is not as well defined. Some investigations demonstrate no
association between decreased carotid artery compliance and distensibility and future risk
(Leone et al., 2008; van Dijk et al., 2001), whereas other studies demonstrate elevated risk in
individuals with carotid artery stiffness (Barenbrock et al., 2002; Tsivgoulis et al., 2006).
Additionally, not all of these investigations used local carotid pulse pressure in the
calculation of arterial stiffness; therefore the findings should be interpreted with caution.

5. Future directions and conclusions

Efforts have recently been made to establish reference values of arterial stiffness for carotid-
femoral PWV (The Reference Values for Arterial Stiffness’” Collaboration, 2010). This is an
important first step in understanding the baseline changes that occur with arterial stiffness
in the healthy person as they age. Furthering these attempts will continue to elucidate the
role of stiffness in aging, and will significantly contribute to understanding the role of
stiffness in disease. Furthermore, even though stiffness measures have been shown to be
strong prognostic indicators for the occurrence of cardiovascular events, work has yet to be
done to show if the reduction or attenuation of arterial stiffness is associated with a
reduction of cardiovascular events, independent of other risk factors (Laurent & Boutouyrie,
2007). Indeed, more immediate changes such as reductions in blood pressure,
hyperglycemia, and lipids do show reductions in cardiovascular risk scores. However,
improvements in the wall of the vessel (stiffness) may in fact suggest more long lasting
reductions in cardiovascular risk, but this remains to be seen (Laurent & Boutouyrie, 2007).

Despite these future considerations, measurement of arterial stiffness is critical in
understanding changes in the vascular tree, as its indices can be transiently and chronically
altered by aging, disease, and lifestyle factors. Aortic PWV is considered the gold standard
for non-invasive assessments of arterial stiffness, and can provide the most relevant
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information about an individual’s future risk of cardiovascular morbidity and mortality,
and all-cause mortality. Measurement of local arterial stiffness, while requiring more
expertise and time, has also emerged as an important tool for the mechanistic study of
vascular structure and function, especially in less diseased populations. In combination,
these ultrasonic techniques provide a simple, comprehensive, and non-invasive approach to
understand arterial structure and function. They should therefore be considered in the study
of overall vascular health.
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The Role of Ultrasonography in the
Assessment of Arterial Baroreflex Function

Yu-Chieh Tzeng
Cardiovascular Systems Laboratory
University of Otago

New Zealand

1. Introduction

Cardiovascular disease is the leading cause of mortality in the developed world .
Experimental research indicates that in addition to traditional risk factors such as
hypertension and dyslipidemia, dysfunction of the autonomic nervous system is also a
powerful independent risk factor for death from cardiovascular disease. Although not yet
routinely assessed in clinical practice, depressed baroreflex function increases the risk of
death following myocardial infarction 2, in chronic heart failure 3, and recent trials also
clearly indicate an increased risk for both ischemic and hemorrhagic stroke 4 5. In the context
of these morbid epidemiological correlations, it is not difficult to justify the need for a better
understanding of the mechanisms and factors involved in normal human baroreflex
regulation.

Ultrasonography has played a vital role over the past decades not only in clinical medicine
but also in advancing our understanding of fundamental biological processes. This
proposition is certainly true for human cardiovascular research, where the non-invasive
nature of ultrasonography has enabled physiologists and clinicians to study regulatory
mechanisms that could otherwise only be examined in animal models under sedation or
anaesthesia. The aim of this chapter is to review the pivotal role that ultrasonography has
played in advancing our understanding of human baroreflex function. The chapter will
begin with an overview of the human baroreflex in section 2 with particular emphasis on
cardio-vagal regulation of the heart, and vascular sympathetic regulation of peripheral
vascular resistance. Section 3 will introduce the technical application of ultrasonography in
baroreflex research with emphasis on the use of B-mode imaging in the evaluation of the
mechanical and neural components of the baroreflex arc. Important practical, analytical, and
physiological considerations will be discussed. Finally, the literature will be reviewed in
section 4 to illustrate how the practical application of vascular ultrasound imaging has lead
to deeper insights into the workings of the human baroreflex not otherwise possible.

2. Physiology of the baroreflex

The arterial baroreflex is critical to both short and long term regulation of blood pressure.
The sensory components of this reflex comprise of stretch sensitive nerve endings situated
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in vessel walls of some arteries, particularly in the carotid sinus and the aortic arch that
respond to changes in vascular distention pressure by altering afferent discharge activity in
the carotid sinus nerve (a branch of the glossopharyngeal nerve) and the aortic nerves.

Afferent baroreceptor inputs project to regions of the nucleus tractus solitarius, which
extends almost over the entire length of the medulla and is the exclusive first relay station
and integration area for afferent baroreceptor information ¢. Numerous inter-connections
exist between the nucleus tractus solitarius and other structures important in the baroreflex,
including the hypothalamus, amygdala, parabrachial nuclei, subfornical organ, cerebellum,
and rostral ventrolateral medulla 7. However, the precise central interneuronal connections
that drive parasympathetic and sympathetic motoneurons, and the locations of vagal-
cardiac motoneurons have not been located in humans. In animals they are found in
variable locations, including the nucleus ambigus in the cat 8, and dorsal motor nucleus of
the vagus in dogs and monkeys °. Sympathetic pre-ganglionic motoneurons are located in
the intermediolateral column of the spinal cord 0. Irrespective of the precise central
neuronal connections mediating the baroreflex, it is clear that the end effector response to
arterial baroreflex stimulation is an increase in efferent vagal activity, and a decrease in
efferent sympathetic activity 11.

The efferent limbs of the baroreflex can be functionally considered as consisting of a
cardiac component and a vascular component. The cardiac baroreflex refers to the prompt
adjustment of heart rate, stroke volume (and therefore cardiac output) in response to
changes in blood pressure. These responses are mediated primarily via the vagus nerve
because they are markedly attenuated following surgical vagotomy and muscarinic
cholinergic 12. In healthy humans at rest, and during exercise, the cardiac baroreflex can
respond rapidly with cardiac period intervals beginning to adjust within 0.5 sec following
baroreceptor loading with neck suction 13. Although maximal responses increase with
advancing age, in the young, they generally takes place within 3-4 seconds following
baroreceptor loading, and 2-3 sec following baroreceptor unloading respectively in the
young 4. Reflex alterations in heart rate can also arise due to the action of the sympathetic
nervous system. Increased sympathetic activity can increase heart rate via the release of
noradrenalin in postganglionic nerve terminals, or the release of adrenaline into the
systemic circulation from the adrenal medulla. It is important to recognize that whereas
the chronotropic response of the heart to baroreflex stimulation is dominated by vagal
activity (via the release of acetylcholine), the inotropic responses to baroreflex stimulation
responsible for changes in stroke volume are mediated via the sympathetic nervous
systems.

In contrast, the vascular baroreflex refers to regulation of peripheral vascular smooth
muscle tone. The major site of vascular resistance is thought to reside in the arterioles and
capillaries, which in the systemic circulation are densely innervated with post-ganglionic
sympathetic fibers. Although sympathetic regulation of venous tone is not a key
determinant of peripheral vascular resistance, venous constriction influences blood
volume distribution. The reaction times of the vascular sympathetic baroreflex are slower
compared to cardiac responses. Even though changes in sympathetic nerve activity can
occur with latencies of ~200ms after changes of afferent nervous activity to the central
nervous system, the lag times associated with sympathetic neurovascular transduction at
the level of the neuromuscular junction are substantially longer such that the first changes
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in end organ response are seen only after 2-3 seconds. The maintenance of blood pressure
therefore requires the effective regulation and integration of both the cardiac and vascular
baroreflex arc.

Fig. 1. Schematic showing the major mechanistic pathways involved with short-term
systemic blood pressure control. Note that in vivo the baroreflex arc is a closed-loop system.
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3. Assessment of the mechanical and neural components of the cardiac
baroreflex

3.1 Overview

Baroreflex gain has traditionally been quantified as the relation between changes in arterial
blood pressure and cardiac period (R-R intervals), heart rate, or sympathetic nerve activity.
This analysis assumes that blood pressure is the input that drives reflex autonomic changes.
However, baroreceptors respond to mechanical deformation and not the pressure per se.
Therefore, the transduction of blood pressure into barosensory stretch, and the consequent
transduction of barosensory stretch into efferent parasympathetic and sympathetic neural
outflow are critical steps that determine the integrated baroreflex response. The major
contribution of vascular ultrasound imaging to baroreflex research has been the enabling of
these critical components of the integrated baroreflex arc to be studied separately and non-
invasively in humans through the use of B and M-mode imaging processes 15.

In principal, the imaging analysis can be combined with any baroreflex assessment
technique provided adequate ultrasound images can be obtained. In practice, however,
apart from the modified Oxford method, the approach has only been successfully applied in
subjects performing the Valsalva maneuver !¢ and under steady state resting conditions
using linear transfer function analysis 17. Therefore, considering the relative novelty of the
approach, and the fact that no method can be considered the gold standard, investigators
wishing to undertake this form of analysis should choose their approach based on their
unique experimental requirements, and an understanding of the analytical and theoretical
shortcomings of each method. In this section, methods that are technically suitable for this
form of analysis from an imaging perspective will be presented in context of some of these
considerations. Beyond the scope are methods that do not permit the accurate acquisition of
carotid images (e.g. neck suction/pressure, dynamic squat-stand maneuvers) and
techniques based on highly controversial physiological assumptions (e.g. spontaneous
sequence method, high frequency transfer function gain) 1819,

3.2 Carotid ultrasound scanning protocol

The assessment begins with the identification of wall boundaries, which appear as parallel
echogenic lines separated by a hypoechonic space in longitudinal B-mode image (figure 2).
Although the internal carotid, bulb, and common carotid arteries can all be imaged (figure
3), the latter generally yields the best image quality because the vessel course is parallel to
the surface of the skin and is positioned at right angles to the ultrasound beam. The first
echo along the far wall corresponds to the lumen-intima interface whilst the second and
normally brighter echo corresponds to the media-adventitia interface. The echolucent zone
in between corresponds to the media. It is important to recognize that interfaces may be
difficult to discern when the near and far walls of the vessels are curvilinear and not at right
angels to the ultrasound beam. Therefore, within the carotid bulb where the walls flare and
dilate, or along the proximal internal carotid where the walls do not lie in parallel, only
short segments of wall may be seen on a single frame. For these reasons, vascular distention
waveforms are generally acquired 1-2cm of the bifurcation even though baroreceptor
density is greatest at the carotid bulb. Other causes for the loss of wall interface that are
unrelated to scanning technique include the presence of atherosclerotic plaques or the
presence of fat in the arterial wall.
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Fig. 2. Sample screen shot showing the custom edge tracking of the carotid luminal
diameter.

Studies are conducted using linear array probes (7.5-13 Mhz) with the subjects head tilted
~45° away from the side of the study to capture a longitudinal section of the common
carotid artery ~1 cm proximal to the bifurcation. This usually requires an initial cursory scan
to orient the sonographer to the subject’s carotid anatomy to establish the site of the
bifurcation and to differentiate between the internal and the external the external carotid
artery. Upon identifying the distance common carotid immediately proximal to the bulb, the
probe should be manipulated to optimize the view of the arterial wall such that the lumen-
intima and media-adventitia interfaces over a 1-cm length can be clearly displayed. Images
should be captured as close to a 45 degrees angle as possible and both the near and far walls
should be clearly visible for robust analysis.

The continuous digital video screen shot of the optimized B-mode images are then recorded
and saved for offline analysis using custom written edge-tracking software (figure 2). The
region of interest is calibrated for length, and using a pixel-density algorithm the vessel walls
are tracked and diameter measured at 30 Hz resolution for the entire video that encompassed
the Oxford trial. In contrast to methods originally described by Hunt et al., where hardware
limitations meant that image sets could only be acquired on approximately every other cardiac
cycle, our technique enables the carotid diameter data to be acquired for every cardiac cycle
throughout the duration of the baroreflex test (~3 minutes). High resolution tracking of carotid
distension waveforms can also be obtained using a number of commercially available systems
that employ interlaced M-mode and B-mode imaging, such as the ART.Lab system (Esaote,
Maastrict) or the QFM-21 (Haedco, Japan). However, the use of A-mode imaging with the
QFM-21 limits the utility of this device given there is no visual feedback in B-mode to guide
the accurate placement of the probe relative to the length of the carotid artery.
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Method Strength Weaknesses
Modified Oxford | Partial open loop analysis of Invasive procedure require
method baroreflex gain venous cannulation
Not confounded by differences in | Potential influence of drugs on
respiration rate vascular transduction
Enables the assessment of Does not permit evaluation of
baroreflex hysteresis sympathetic neurovascular
Evaluate cardiac baroreflex gain | transduction given the use of
as well as the neural arc of the vasoactive drugs
smpathetic baroreflex Subjectivity of analysis
Valsalva Non-invasive Need for subject compliance
manuever Non-pharmacological Poor consistency across subjects

Partial open loop analysis of
baroreflex gain

Enables the assessment of
baroreflex hysteresis

Evaluate both cardiac and
symaptethic baroreflex function

Spectral methods | Non-invasive Liable to confounding by non-
Non-pharmacological baroreflex mediated
Does not permit assessment of fluctuations in vagal outflow
baroreflex hysteresis (e.g. respiration)
Prone to confounding by changes | Controversial physiological
in respiration assumptions

Closed-loop analysis

Table 1. Comparison of methods for the assessment of baroreflex function

3.3 Overview of techniques and data analysis

The following overview summaries the data analysis that is involved in the quantification of
integrated, mechanical and neural baroreflex gains. Only methods involving general linear
regression and linear transfer function analysis will be outlined. Higher order mathematical
models of baroreflex function fall outside the scope of this chapter.

The modified Oxford method

In 1969 Smyth et al., proposed a method for assessing arterial baroreflex gain that involved
regressing reflex cardiac interval responses to systolic blood pressure changes induced with
vasoactive drugs 20. Commonly referred to as the ‘Oxford method’, this technique has
become widely regarded as the gold standard measure of baroreflex function. Although the
assessment was originally carried out using bolus injections of angiotensin, the method has
undergone many incremental modifications since its introduction. These include, for
example, the use of drugs with minimal direct cardiac chronotropic effects, and the
administration of vasodilator and vasoconstriction drugs in sequence to enable the complete

characterization of both the cardiac and sympathetic baroreflex function (modified ‘Oxford
method”).
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Fig. 3. Schematic showing the common, internal and external carotid arteries. The carotid
bulb can be recognized in most subjects as the site where common carotid dilates slightly
and the vessel walls flare out such that they’re no longer parallel to each other. The
elliptically shaped bulb is geometrically complex in the longitudinal view and therefore can
be difficult to image in its entirety within a single frame. The external carotid artery lies
anterior and medial to the internal carotid in 90% of subjects but is reversed in the
remaining 10%. The internal carotid artery is generally larger than the external carotid, and
has no braches as it ascends into the skull to supply the brain, whereas the external carotid
has branches that supply the neck and face.
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A key advantage of the method is that blood pressure can be perturbed across a wide range
within a sufficiently short time frame to clearly engage the baroreflex. This is a critical
consideration given the baroreflex is a closed-loop system (figure 1) and accurate
quantification of input-output relations in theory requires the loop to be opened. Whilst the
open-loop condition cannot be meet under the majority of human experimental settings, the
active perturbation of blood pressure does allow the loop to be partial-opened to yield
robust estimates of baroreflex gain 21. The key objection to the Oxford method relates to the
use of vaso-active agents, which may exert unquantifiable effects on baroreceptor
transduction, cardiopulmonary afferent activity and sinus node activity. However, the
practical significance of these concerns remains unclear. Other strengths and weaknesses of
the method are summarized in Table 1.

Technically the modified Oxford method involves sequential intravenous bolus injections
sodium nitroprusside (SNP) and phenylephrine hydrochloride (PE). Once recordings of
hemodynamic measurements have begun, blood pressure should be carefully monitored
and allowed to stabilize, after which the injection of SNP can be administered. This should
be followed ~60 seconds later by the injection of PE. Recording can cease when systolic
blood pressure began to plateau after the rise after the PE injection. Oxford trials,
therefore, typically last 120 to 180 seconds. Doses given for SNP and PE are typically 150
and 200g, respectively, although this should be adjusted on an individual basis if an
insufficient blood pressure perturbation is achieved (systolic blood pressure change <15
mm Hg). It is common practice to account for known baroreflex delays, which can be
done by matching systolic blood pressure values to either the concurrent heartbeat for R-R
intervals >800 ms or a 1 beat delay for shorter heart periods (typically between 500 and
800 ms). Due to baroreflex hysteresis, baroreflex sensitivities should be calculated
separately for SNP and PE injections to identify the gain (or sensitivity) against falling
and rising blood pressure.

Figure 4 shows a representative tracing of heart rate, carotid artery lumen diameter, and
finger blood pressure during a modified Oxford baroreflex test sequence. For the assessment
of cardio-vagal BRS, the pressure to R-R interval relation for falling pressures are examined
at the onset of the systolic blood pressure decrease, which typically occur ~30 sec after the
bolus injection of SNP, and ends when systolic blood pressure reached its nadir. For rising
pressures, data selection begins at the nadir in systolic blood pressure and end when
pressure peaks after the bolus injection of PE.

It is common for the identification and elimination of the saturation and threshold regions to
be done via visual data inspection 22 23. However, mathematical modeling procedures can be
applied for more objective analysis. For example, a piecewise linear regression can be
applied to the raw data points to statistically identify breakpoints that occur at the upper
and lower ends of the data set (Figure 5) 24 25. Other approaches for the objective
identification of cardiac-vagal BRS have been reported in the literature including the use
sigmoid 26, logistic 27 and elliptical functions 2.

Typically, an arbitrary threshold for the correlation coefficient of the linear segment is set at
0.6 to justify the use of a linear regression model. It is also conventional to account for
respiratory-related fluctuations in R-R interval and systolic blood pressure by averaging R-R
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intervals or heart rate across 2 or 3 mm Hg bins. However, although data binning improves
the correlation coefficients, neither respiratory rate 2 nor data binning 26 materially
influence the magnitude of the gain estimates.

Fig. 4. Representative recording of a modified Oxford baroreflex test sequence. Intravenous
bolus injections of sodium nitroprusside were followed ~60 s later by phenylephrine
hydrochloride. The grey scale areas indicate the data segments typically taken for the
determination of baroreflex gain.
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Fig. 5. Piecewise regression model for elimination of threshold and saturation regions of the
integrated baroreflex response to rising pressures. Open circles (©) represent the threshold
and saturation regions and the closed circles (®) represent the linear portion of the
baroreflex gain. Arrows indicate breakpoints that separate the threshold, saturation, and
linear region (Adapted from Taylor et al., 2011).

The gain of the mechanical and neural components can be calculated separately for both
rising and falling pressures, with exclusion of the threshold and saturation regions as done
for the assessment of integrated gain. For the mechanical component, systolic carotid lumen
diameter measurements within a cardiac cycle should be plotted against systolic blood
pressure, and for the neural component, R-R intervals or heart rate should be plotted against
systolic carotid lumen diameter (figure 6).

SVSLONC DHOO DEESSUTE (T SVNTONC OO D ESSUEE CInmo AT OIS e (i

Fig. 6. Integrated, mechanical and neural gains for rising pressures in the morning (e) and
afternoon (o) for one subject. (adapted from Taylor et a., 2011).

www.intechopen.com



The Role of Ultrasonography in the Assessment of Arterial Baroreflex Function 151

For assessment of integrated, mechanical, and neural components of the sympathetic
baroreflex, simple linear regression procedures are generally applied but with few
modifications. First, instead of systolic lumen diameters and systolic pressures, integrated
and mechanical gains for the sympathetic arc are derived using diastolic lumen diameters
and diastolic blood pressure. This is because diastolic pressure correlates more strongly to
sympathetic activity, which in humans are generally recordings of muscle sympathetic
nerve activity (MSNA) made in the peroneal nerve 2°. Second, sympathetic activity has a
bursting pattern that rarely maintains a 1:1 relation with cardiac cycles even at low blood
pressures where baroreflex-mediated  sympatho-inhibition is low. Therefore,
pharmacological baroreflex testing across a wide range of blood pressures invariably results
in an over-representation of cardiac cycles with zero sympathetic activity. To account for
this error, cardiac cycles can be weighted according to the presence or absence of observable
sympathetic bursts. For example, cardiac cycles with zero’s below the lowest pressure
associated with a sympathetic burst are assigned a weight of 0 (‘false” zero) whereas zeros
above the highest pressure associated with a sympathetic burst were assigned a weight of 1
(‘true” zero) 30. Some groups employ data binning (e.g. across 3mmHg blood pressure
increments) to reduce the statistical impact of inherent beat-to-beat variability in nerve
activity 31, which are generally represented as total integrated sympathetic activity (i.e. the
product of burst frequency and average burst area in arbitrary units).

The Valsalva maneuver

The Valsalva maneuver was first described by Antonia Maria Valsalva in the 17th century as
a method for testing the patency of the Eustachian tube. However, the maneuver has gained
subsequent acceptance as a means of stressing the baroreflex due to its well-characterized
effects on cardiac output, venous return, and blood pressure. Essentially the maneuver
involves forced expiration against a closed glottis, or a short tube to enhance expiratory
resistance. Mouth pressure is measured and maintained at a constant level (e.g. 40 mmHg)
for 15 seconds. Figure 7 shows the typical response in blood pressure and heart rate (MSNA
not shown), which have been characterized into four phases. Phase one is the initial blood
pressure rise and heart rate and MSNA reduction (via the baroreflex) due to a mild rise in
stroke volume secondary to elevated intrathoracic pressure forcing blood out of the
pulmonary circulation into the left atrium. The sustained elevation in introthoracic pressure

Fig. 7. Blood pressure and heart rate changes during the Valsalva manuver.
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during phase two impedes venous return and consequently reduces cardiac output. This
phase triggers a baroreflex mediated increase in heart rate and MSNA. Phase three
commences with the pressure release and resumption of normal breathing. During this
phase blood pressure decreases briefly as the external compression on the aorta is released
and heart rate increases. This is followed by phase four as blood pressure starts to rise due
to an increased in cardiac output secondary to a rapid increase in venous return, and the
background of elevated sympathetic vascular resistance that occurred during phase two.
During phase four, heart rate decreases and MSNA falls.

The regression approaches described for the modified Oxford method are also applicable to
the Valsalva maneuver. In general, estimates of cardia-vagal baroreflex gain can be
determined from both phase two or four of the response. However, satisfactory sympathetic
baroreflex slopes may only be obtainable during phase two, given the relative paucity of
sympathetic bursts during phase four 32.

Transfer function analysis

Integrated, neural, and mechanical baroreflex gains can be quantified using transfer-
function analysis of spontaneously occurring low frequency (0.14-0.15 Hz) blood pressure,
carotid lumen diameter, R-R interval, and normalized MSNA fluctuations. The data
processing typically begins with interpolation (e.g. linear, spline) and re-sampling (1-4 Hz)
of beat-to-beat systolic pressure, carotid lumen diameter, and R-R intervals to provide
equidistant time series that are required for Fourier analysis. Due to noise inherent in finite
data series, its common to apply the Welch averaging technique to minimize data variance
in exchange for reduced frequency resolution. Welch averaging involves the subdivision of
the entire data epoch into successive overlapping segments of equal lengths. The data
within each window should be de-trended and passed through a Hanning window before
spectral analysis. The frequency-domain transforms can be computed with a fast Fourier
transformation algorithm. The transfer function H (f) between the two signals was
calculated as:

H (f) = Sxy (f)/Sxx(f)

where Sy (f) is the autospectrum of input signal and S,y (f) is the cross-spectrum between the
two signals. The transfer function gain |H(f) | and phase spectrum |© (N | were obtained
from the real part Hr (f) and imaginary part Hj (f) of the complex transfer function:

[H(f) | = {[HR (]2 +[HI (]2}
@ (f) = tan-1[HI (f)/HR (f)]
The squared coherence function MSC (f) was estimated as:
MSC (f) = | Sxy (f) |2/ [Sxx(H)Syy(H)],

where Syy(f) is the autospectrum of changes in output signal. Given that transfer function
analysis is a linear methodology that is yields only valid gain estimates if the cross-spectral
coherence is sufficiently high. This threshold is conventionally set at 0.5 although lower
thresholds have been applied.
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According to this approach, the integrated cardiac baroreflex gain corresponds to the
average systolic pressure to R-R interval transfer function gain within the low frequency
range (0.04-0.15) 3. The mechanical component is the average transfer function gain
between systolic blood pressure and systolic carotid diameter fluctuations whereas the
neural gain is the average systolic carotid diameter to R-R interval transfer function gain
within the same frequency range. In theory the transduction of carotid diameter fluctuations
to changes in MSNA can also be assessed although details of these transfer function
characteristics in humans have not yet been reported in the literature.

The major advantage of the spontaneous spectral approach is that the assessment can be
made non-invasively without the use of drugs or special provocation maneuvers (the
procedure becomes invasive if MSNA recordings are made). However, there are
important potential shortcomings with this technique. First, because input and output
relationships between the various haemodynamics parameters are assessed under
spontaneous conditions, the derived transfer function parameters reflect close-loop
relations that may not accurately reflex open-loop gains 34. Furthermore, the technique is
highly liable to confounding from respiratory influences. For example, fluctuations in
R-R intervals associated with respiratory activity (respiratory sinus arrhythmia) can
merge, accentuate, and confound the magnitude of low frequency fluctuations if
breathing rate falls within the low frequency range (i.e.<0.15Hz) 23. Such respiratory
influences need to be carefully controlled for and may be minimized with the use of pace
respiration.

4. New insights into baroreflex physiology gain through the application of
vascular ultrasound

The technical advances described in section 3 offer the potential for more detailed
understanding of mechanisms underlying changes in baroreflex function not previously
attainable in health and disease 35. The following is a summary of new insights into
baroreflex physiology that have been gained with the aid of ultrasonography.

4.1 Baroreflex hysteresis

It is well recognised that cardiac baroreflex function exhibits hysteresis; baroreflex responses
are greater for rising vs. falling blood pressures. Hysteresis is an intrinsic feature to the
cardiac baroreflex, and is observable with both pharmacologically induced changes in blood
pressure (Pickering et al. 1972; Bonyhay et al. 1997; Rudas et al. 1999) and direct neck
pressure stimulation (Eckberg & Sleight, 1992). This pattern of hysteresis has classically been
attributed solely to the visoelastic properties of barosensory vessels such that, for a given
blood pressure, vessel diameters are greater if the pressure was on the ascent. However,
Studinger et al., showed that hysteresis derives not only from barosensory vessel mechanics,
but also from complex interactions with neural resetting which often offset the changes in
mechanical gain 24 These findings further reinforce the concept that the integrated
baroreflex gain derives from the combined influences of mechanical transduction of
pressure into baroreceptor stretch, and neural transduction of baroreceptor stretch into
vagal outflow.
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4.2 Baroreflex changes with aerobic exercise

Although baroreflex impairment is a strong predictor of adverse cardiac and
cerebrovascular outcomes, very few interventions have been shown to successful ameliorate
the decline in baroreflex function associated with aging and cardiovascular disease. Some
data suggest that aerobic exercise training may enhance cardiac baroreflex function
although the mechanisms underpinning these changes are poorly understood. Using the
valsalva technique, Komine et al., showed that in young men who had engaged in regular
running exercise for ~80 min/day, 5 days/week for 6-7 years showed increases in arterial
baroreflex gain through changes in the neural component of the baroreflex arc and not
through alterations in carotid artery compliance 1¢. Similarly, Deley showed that among
previously sedentary elderly men and women, participation in a regular aerobic training
program involving treadmill, elliptical training, and bicycle exercise at 70-80% heart rate
reserve for six months enhanced baroreflex gain by 26%. The improvement in baroreflex
gain was directly related to the amount of exercise performed and was derived primarily
from changes in the neural component 3¢.

4.3 Effects of posture

Baroreflex function testing is generally conducted in the supine position. However, there are
many activities in day-to-day living that produce physiological challenges and that have
been associated with changes in baroreflex function, such as the assumption of an upright
posture.’” The risk of vasovagal syncope is greatly increased in the morning,? which may be
associated with insufficient baroreflex function to maintain adequate blood pressure during
orthostatic stress.® A number of studies have been performed to investigate the effects of
orthostatic stress on integrated baroreflex function. The current consensus is that orthostatic
stress augments vascular sympathetic gainand reduces cardio-vagal.37. 40 Saeed et al., have
provided further insight by showing that the differences in observed integrated BRS
primarily arise from reduced mechanical transduction. These studies suggest that the
propensity to orthostatic intolerance may be greater in those with structural vascular disease
that affect the mechanical transduction properties of the integrated baroreflex arc.4!

4.4 Stress response and baroreceptor function

Greater blood pressor responses to mental stress have been associated with greater risk of
cardiovascular events, including the development of hypertension, stroke, coronary artery
disease (CAD). Although blunting of baroreceptor function may underpin the exaggerated
pressure responses associated with mental stress, the mechanisms underpinning the
baroreceptor dysfunction are poorly understood. Deley et al., recently studied the
mechanical and neural component of the baroreflex among healthy individuals and patients
with documented coronary artery disease during the performance of a mental arithmetic
and speaking task 42. However, whilst patients with CAD showed exaggerated heart rate
and blood pressure responses to the tasks, there were no differences in integrated,
mechanical or neural baroreflex gains between healthy and CAD patients, which suggests
that the augmented pressure response does not result from generalised baroreflex
dysfunction.
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4.5 Post exercise depression of baroreflex function

A single bout of moderate to high intensity exercise is associated with a period of post-
exercise hypotension. Although the underlying cause of the hypotension remains unclear,
studies have shown that following exercise in borderline hypertensive and young healthy
subjects the integrated cardiac baroreflex gain changes dynamically. This change is
characterised by an initial reduction 4 or no change 4 shortly after exercise (10-30 minutes),
followed by elevation above baseline levels 40-55 minutes post exercise cessation. However,
although these results clearly indicate that cardiac baroreflex function is altered during the
post-exercise period, details regarding the sites and mechanisms underlying the changes
remain entirely unknown.

Recently we examined for the first time the changes in cardiac baroreflex function before
and at 10, 30, and 60 minutes after 40 minutes of cycling at 60% estimated maximal oxygen
consumption.#5 We found that following aerobic exercise baroreflex gain is reduced and
hysteresis manifests. The reduction in baroreflex gain to falling blood pressure is mediated
by decreased mechanical and neural gains, whereas the decreased baroreflex gain to rising
blood pressure is mediated by a reduced mechanical gain only. These findings indicate that
impaired neural transduction of the cardiac baroreflex plays an important role in transient
autonomic dysfunction after exercise that account for the increased propensity for syncope
in the period immediately post exercise.

4.6 Diurnal variations in baroreflex function

We applied the technique to further understand the mechanisms underlying circadian
variation in blood pressure, which exhibit a characteristic ‘morning surge’ following waking
that has been linked to higher incidence of cardiac and cerebrovascular events 4. We have
shown that 1) the morning rise in blood pressure is related to overall reductions in
integrated baroreflex gain, 2) that for falling pressures the lower integrated gain in the
morning was caused by reduced neural gain compared with the afternoon, and 3) for rising
pressures the lower integrated gain in the morning was caused by reduced mechanical gain
compared with the afternoon 25. These unique findings hold the prospect of guiding the
development of future treatment strategies aimed at lowering cardio- and cerebrovascular
events that occur more frequently in the morning. For example, given increases in blood
pressure such as those that occur in the morning, may predispose to cerebral haemorrhage
47, hypertensive patients may benefit most from clinical interventions that focus augmenting
the mechanical component by enhancing vascular properties. Conversely, individuals
suffering from orthostatic intolerance, for which the risk is also greatest in the morning 45,
may benefit from interventions aimed at enhancing the neural component 4°.
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