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Foreword

It has been barely 50 years since Inge Edler and 
Helmut Hertz fi rst used an ultrasound trans-
ducer—purloined from a Malmo shipyard where it 
was used to examine the hulls of ships—to record 
the motion of structures in their hearts, not know-
ing whether the ultrasonic energy might rupture 
their ventricles. In the relatively brief interim, we 
have seen staggering technical progress: A-mode, 
M-mode, B-mode, PW, CW, color Doppler, TEE, 
digital echo, stress echo, contrast perfusion, tis-
sue harmonics, 3D, and on and on. Over the past 
10 years, however, perhaps the most important 
advance has been the development of techniques 
to quantify tissue motion and deformation. These 
techniques—tissue Doppler and speckle track-
ing imaging—have fundamentally altered the way 
echocardiography approaches the characteriza-
tion of global and regional myocardial function. 
The notion that tissue motion—as opposed to 
endocardial excursion—is useful in the assess-
ment of ventricular function is hardly new: Derek 
Gibson utilized M-mode over 30 years ago to relate 
myocardial velocity to ventricular function. What 
these new methods provide is an unprecedented 
view of tissue motion on a region-by-region basis. 
Exploiting the revolution in image quality, paral-
lel processing, and digital storage and analysis that 
has also occurred in this time period, giving us 2D 
and color Doppler frame rates exceeding 100 Hz, 
these methods have literally launched a thousand 
(at least) research papers describing applications in 
ventricular physiology, heart failure management, 
ischemia and viability assessment, ventricular syn-
chrony, and valvular heart disease.

What has been lacking in much of this work 
has been practical instruction in how to apply 
these new methods in routine clinical practice. 

So many times I have been addressing audiences of 
advanced echocardiographers in the United States 
and abroad only to fi nd that TDI and speckle track-
ing, while unquestioned in their utility, are rarely 
used in routine clinical assessment. This is the gap 
that I believe this book will help fi ll. Drawing on 
the expertise of many of the individuals who devel-
oped and validated these techniques in the fi rst 
place, these chapters describe not just the techni-
cal background and research validation of these 
methods but also provide practical outlines of how 
to integrate them into routine clinical practice in a 
busy echo lab. All the brilliant research in the world 
is of little value if a new technique is rarely used.

On a personal level, I am especially pleased to 
see this book coming from these particular editors. 
Not only has CM Yu combined his renaissance-man 
skills in heart failure management, electrophysiol-
ogy, and echocardiography to defi ne the tissue 
Doppler criteria for LV synchrony, but he is also a 
dear friend with whom I fondly remember shar-
ing oysters at the top of the Hong Kong Sheraton 
among many other good times. Jing Ping Sun 
worked with me at the Cleveland Clinic for over 
a decade, validating the clinical utility of many of 
the new technologies to emerge during this period. 
Calling herself my “Chinese mother” she has taught 
me much about the role of dedication and perse-
verance in succeeding, which in her case included 
overcoming two years of “reeducation” during the 
Cultural Revolution in China, completely separated 
from her family and work. I’ve likened her tenacity 
on any project to a “pit-bull on a porkchop”, and 
I have no doubt that this book refl ects this same 
determination. Finally, Tom Marwick is simply one 
of the most focused and organized researchers in 
the world, investigating the role of new imaging 
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technologies in real-world problems like ischemia, 
viability, cardiomyopathies, and the impact of sys-
temic diseases like diabetes on the heart. Beyond 
this he is also a close friend who spent several years 
with me in Cleveland where his brilliance, dry wit, 
and remarkable ability to cut through excreta won 
me over forever. Most of all, though, I owe Tom 
an unending debt of gratitude: you see, it was he 
who fi rst introduced me to my wife, Yngvil. It just 
doesn’t get better than that!

In closing I wish to commend the authors for 
their brilliant work and clear, practical writing, 
and the editors for their organizational talents and 
foresight. Finally, to you, the reader, I highly rec-
ommend this book. Drink deeply of it, read and 
reread the chapters, and you will come away with 
the practical knowledge you need to apply these 

important new techniques for the betterment of 
your patients.

James D. Thomas, MD, FACC, FAHA, FESC
Charles and Lorraine Moore Chair of 
Cardiovascular Imaging
Department of Cardiovascular Medicine 
Cleveland Clinic Foundation

Professor of Medicine and Biomedical 
Engineering
The Ohio State University
and
Case Western Research University

Lead Scientist for Ultrasound
National Aeronautics and Space Administration
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Introduction

Tissue velocity imaging (TVI) is an ultrasound tech-
nique that provides quantitative information on the 
velocity of the tissue. Traditionally, Doppler tech-
niques have mainly been used to measure blood fl ow, 
and the signal component from tissue was considered 
noise that needed to be removed. There were early 
studies in the 1960s and 1970s using the pulsed-wave 
(PW) Doppler method to detect myocardial motion 
[1,2]. However, the method has had widespread use 
only since the late 1980s [3]. In the 1990s, color-coded 
TVI was introduced, allowing simultaneous veloc-
ity samples from an entire fi eld of view [4–6]. This 
color TVI provides the possibility of extracting other 
parameters through spatial and temporal processing 
of the velocity data. Displacement, strain, and strain 
rate are examples of such parameters [7–9].

This chapter describes the technical aspects of TVI, 
including the acquisition technique, how the veloc-
ity is estimated, and how it may be presented and 
analyzed. The chapter also defi nes the parameters 
displacement, strain, and strain rate and explains how 
they can be derived from the tissue velocity data.

Tissue velocity imaging

TVI is a technique where the velocity of the myocar-
dium toward or away from the transducer is meas-
ured and displayed. The velocities can be calculated 
and displayed as a PW spectrogram or as a color 
coding of the image. Both methods calculate the 
velocity based on the echoes of several ultrasound 
pulses fi red in the same direction. The pulses are 

fi red at a certain pulse repetition frequency (PRF). 
Each echo is sampled at a fi xed depth, and the sam-
ples are collected into a new signal representing a 
certain position in the image. This signal is called 
the Doppler signal. The frequency of the Doppler 
signal is related to the velocity of the tissue in the 
sample region through the Doppler equation:

fd =
c

2f0v

In this equation, f0 is the central frequency of the 
transmitted ultrasound pulse, c is the speed of sound, 
and v is the tissue velocity component in the ultra-
sound beam direction*.

Note that the Doppler equation also describes 
the frequency shift in a received pulse relative to 
the transmitted pulse. However, due to the short 
pulse length or, equivalently, the large bandwidth 
normally used for TVI, it is not feasible to estimate 
the frequency shift from one pulse only.

A consequence of using pulsed imaging is that 
there is a limit on the maximum velocity that can be 
measured. This limit is called the Nyquist velocity:

4f0

c . PRF
vNyq =

If the actual velocity is higher than this limit, there 
will be frequency aliasing, resulting in misrepresen-
tation of the velocity. The Nyquist velocity can be 

CHAPTER 1

Technical principles of tissue 
velocity and strain imaging 
methods

Andreas Heimdal

1

*If second-harmonic Doppler imaging is used, the Doppler 
equations is fd  = (4f0v)/c.
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modifi ed by adjusting the PRF or the ultrasound 
frequency f0.

The combination of frequency, pulse length, and 
beam width that gives the optimal Doppler acqui-
sition is not the same as that which gives good 
gray-scale image quality. Typically, lower frequen-
cies, longer pulses, and wider beams are used for 
the Doppler acquisition. Therefore, the gray-scale 
image and the Doppler data are usually based on 
different acquisitions and may have different frame 
rates and spatial resolutions.

Pulsed-wave tissue velocity imaging
In PW TVI, the Doppler signal from only one sam-
ple region is collected. The signal is fi rst split into 
overlapping windows, and then the frequency con-
tent of each window is calculated using the Fourier 
transform. Other, more advanced processing meth-
ods involving data from several sample regions 
may also be used. The result is a signal spectrum for 
each window, representing the frequency content 
at a certain time, as illustrated in Figure 1.1.

The spectral amplitude is next coded as gray-scale 
intensity, and the collection of signal spectra is visual-
ized with Doppler frequency on the vertical axis and 
time on the horizontal axis. Because the Doppler fre-
quency is linearly related to the tissue velocity, the 
vertical axis can also be a velocity axis. An example 
of PW TVI from the basal segment of a healthy 
interventricular septum is shown in Figure 1.2.

Note that the peak of each spectrum, representing 
the tissue velocity, is typically found in the middle

Doppler signal

Time

Time variable spectrum
D

op
pl

er
 fr

eq
ue

nc
y

Figure 1.1 Generation of PW TVI. The Doppler signal is 
split into overlapping windows, and the frequency content 
of each window is calculated. Each circle in the illustration 
of the Doppler signal represents a sampled value.

of the spectral signal. The spectrum bandwidth, 
represented as the vertical thickness of the spectral 
signal, is related to the duration of the estimation 
windows. Using longer windows will typically give 
a smaller bandwidth, but at the same time, the tem-
poral resolution will be reduced; therefore, there is 
a trade-off between accuracy and temporal resolu-
tion. Other factors that infl uence the bandwidth 
are acceleration in the tissue and acoustical noise.

Color tissue velocity imaging
In color TVI, a Doppler signal is collected for each 
depth and each ultrasound beam. This process 
normally requires more time, so each Doppler sig-
nal consists of fewer samples per time unit than in 
the PW case. This requirement normally limits the 
ability to calculate full-signal spectra for each posi-
tion in the image. Instead, only the mean Doppler 
frequency is estimated for each position.

The most common way to estimate this mean 
frequency is to calculate the phase shift relative to 
the transmitted ultrasound pulse for each sample 
in the Doppler signal*. If the tissue is not moving, 
the phase shift is the same for all the samples. If the 
tissue is moving relative to the transducer, the phase 
shift increases or decreases from sample to sample 
according to the velocity of the tissue, as illustrated 
in Figure 1.3. The difference in phase shift from 
sample to sample in the Doppler signal can thus be 

Figure 1.2 Example of PW TVI from the basal part of a 
healthy interventricular septum. The velocity variations 
over one full cardiac cycle are shown, as indicated by the 
electrocardiogram trace below the spectrum.

*A common way to calculate the phase shift is through the 
autocorrelation technique [10].
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used to calculate the velocity. The sign of the phase 
corresponds to the sign of the estimated velocity.

When the velocity has been estimated for all parts 
of the ultrasound image, each pixel is color coded 
according to the velocity. As mentioned earlier, 
the Doppler acquisition is usually separate from 
the image acquisition; therefore, for each gray-scale 
image, there is at least one corresponding velocity 
image. The velocity image may have a lower reso-
lution than the gray-scale image, but is normally 
interpolated to match the resolution of the gray-scale 
image. This fi nding means that neighboring pixels 
in the color-coded image may represent strongly 
correlated velocity values. The color code ranges 
from dark red for low velocities to bright yellow 
for high velocities toward the transducer, and from 

Transmitted pulse

Received pulses

0°

22.5°

45°

67.5°

90°

Figure 1.3 Illustration of echo pulses with increasing phase 
shifts relative to the transmitted pulse. A phase shift of 
90° corresponds to half the Nyquist velocity.

dark blue for low velocities to bright cyan for high 
velocities away from the transducer.

Quantitative analysis

One of the major advantages of TVI is that it allows 
quantitative analysis of the motion pattern of the car-
diac walls. In PW TVI, accurate timing and velocity 
measurements may be performed from the spectro-
gram. In color TVI, each pixel in the image represents 
a velocity measurement, and the quantitative value 
can be presented in various ways, as described in the 
following sections. The quantitative velocity values 
have been validated in vitro [11] and in vivo [12].

Time-traces
By picking one region of interest (ROI) in each frame 
of a color TVI cine-loop, the corresponding veloci-
ties can be presented as a time-trace, as illustrated 
in Figure 1.4. The time-trace represents the velocity 
pattern of the tissue within the ROI, similar to PW 
TVI. One of the differences between the two meth-
ods is that the PW TVI only can be acquired from 
one position at a time, whereas with color TVI, mul-
tiple time-traces from various regions can be gener-
ated from a single cine-loop. The PW TVI usually 
allows higher temporal resolution. The PW TVI in 
Figure 1.2 is taken from the same position and the 
same heart as the TVI time-trace in Figure 1.4.

The ROI used to generate the time-trace can be 
fi xed to the same position in all the frames, or it can 
be moved to follow a certain anatomical structure. 

Figure 1.4 Example of a TVI time-trace 
from an ROI in the basal part of the 
interventricular septum of a healthy 
volunteer. The ROI is shown as a yellow 
circle in each of the left panels. An 
electrocardiogram trace is shown below 
the velocity trace. AVO, aortic valve 
opening; AVC, aortic valve closure; 
MVO, mitral valve opening; MVC, mitral 
valve closure.



6 PART 1 Methodology

To avoid having to adjust the position of the ROI in 
every single frame, it is recommended to reposition 
the ROI only in the extreme positions, and let the 
software perform a linear translation between these 
positions for the intervening frames. For a cardiac 
cycle, it is usually enough to anchor the ROI at 
three time instances: the onset of systole, the end of 
systole, and at the end of the early fi lling period.

Curved anatomical M-mode
Another way to visualize the color TVI data is to 
make an anatomical M-mode. The M-mode line 
may be a straight line in any direction through the 
two-dimensional (2-D) image. Alternatively, a curve 
may be manually drawn to an arbitrary shape, usually 
along the mid-myocardium. The resulting image is 
then called a curved anatomical M-mode (CAMM). 
Figure 1.5 shows an example of a TVI CAMM from 
the left ventricle of a healthy volunteer.

For apical views, the CAMM curve may be drawn 
separately in the two visible walls, or, as illustrated 
in Figure 1.5, the curve may be drawn from the base 
of one wall to the apex and down to the base of 
the other wall in one operation. The latter method 
produces a still CAMM image that represents the 
velocities of all the segments in all the 2-D frames.

Displacement imaging

When the velocity of the tissue is known, several 
other parameters can be derived. One of the simplest 

to calculate is displacement, which is the integral of 
the velocity over time:

T

T0
d =∫ v(t) dt

In this equation, T0 and T are the start and 
end integration times, respectively, and v (t) is the 
velocity at a given position at the time t. Typically 
T0 is set to the beginning of systole and T to the end 
of systole to calculate the systolic displacement.

Displacement may be estimated from PW TVI 
recordings [13], but the calculation is more commonly 
based on color TVI data [7,14,15]. The method has 
been validated in vitro using a balloon phantom [11].

The displacement can be presented as a time-trace 
from an ROI, as a CAMM, or as a 2-D color-coded 
image. The latter is also known as a “Tissue Tracking” 
image, and an example is shown in Figure 1.6. 
A stepwise constant color coding, as opposed to 
a continuous color coding, is used for the Tissue 
Tracking image. With this method of color coding, 
it is possible to determine the strain, in addition to 
the displacement itself. Regions with narrow color 
bands have high strain, and regions with wide color 
bands have low strain. This concept will be described 
in more detail in the next section.

Figure 1.7 shows a velocity time-trace and the cor-
responding displacement time-trace from the basal 
part of the interventricular septum in a normal heart. 

Figure 1.5 Example of a TVI CAMM over 
two cardiac cycles. The CAMM shows a 
map of the velocities at the locations 
indicated by the CAMM curve in the 
left panels. In this example, the upper, 
middle, and lower parts of the CAMM 
correspond to the septum, the apex, 
and the lateral wall, respectively. AVO, 
aortic valve opening; AVC, aortic valve 
closure; MVO, mitral valve opening; 
MVC, mitral valve closure.
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As seen in these plots, the velocity is the slope of the 
displacement trace. When the velocity is positive, 
the displacement increases, and when the velocity 
is negative, the displacement decreases. When the 
velocity crosses zero, the displacement has a posi-
tive or negative peak, depending on the direction of 
the zero crossing.

When reporting displacement values, both the 
start and end integration times should be specifi ed, 
for example: “The end-diastolic to end-systolic 
displacement was 10 mm.” It is also important to 
specify in what direction the displacement was 
measured, that is, longitudinal or radial.

Figure 1.6 Example of a Tissue Tracking image of the heart 
of a normal volunteer, showing the end-systolic displace-
ment. The start and end integration times are shown as 
red markers on the ECG trace. In this example, the basal 
part of the septum (arrow) is colored cyan, indicating a 
displacement of more than 10 mm. Similarly, the tissue in 
region A has moved 2 mm and the tissue in region B has 
moved 4 mm.

Velocity

Displacement

Time

Time

Figure 1.7 Comparison of velocity (top panel) and dis-
placement (lower panel). The horizontal lines represent 
zero velocity or displacement, whereas the vertical dotted 
lines indicate when the velocity trace crosses zero.

*This strain measure has been named Lagrangian strain in 
the echocardiographic literature, but use of this term is not 
advised, because Lagrangian only means that the reference 
state is fi xed, which is true for many strain measures. It is 
also known as longitudinal strain, but use of this term is not 
advised for cardiac applications, because it can be confused 
with the longitudinal direction of the ventricle.
†Natural strain is also termed logarithmic or true strain in 
the literature.

Concepts of strain and strain rate

Strain and strain rate are measures of changes in 
shape, that is, deformations. The use of these meas-
ures to describe mechanics of the heart muscle was 
introduced by Mirsky and Parmley in 1973 [16]. 
The strain and strain rate measures can be defi ned 
and estimated in various ways, as will be described 
in the following sections.

Definition of strain
Strain is a mechanical characteristic that describes 
the deformation of objects. There are several different 
ways to measure strain. For 1-D deformations, that 
is, shortening or lengthening, perhaps the simplest 
measurement is conventional or engineering strain *. 
It describes the relative change in length between 
two states. For an object of initial length L0 that is 
being stretched or compressed to a new length L,
the conventional strain is defi ned as:

L0

L − L0
� =

The Greek letter epsilon ( ) is commonly used as a 
symbol for conventional strain. The strain value is 
dimensionless and can be presented as a fractional 
number or as a percentage (by multiplying with 100). 
For instance, a fractional strain of −0.2 corresponds 
to a percentage strain of −20%. The strain is posi-
tive if L is larger than L0, meaning that the object has 
lengthened, and negative if L is smaller than L0, mean-
ing that the object has shortened. If L equals L0, there 
has been no change in length, and the strain is zero.

Other measures for 1-D strain include natural 
strain†, which is defi ned as:

L0

L
�′ = ln
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The name refl ects the use of the natural logarithm 
function ln. Natural strain has the same properties 
as conventional strain regarding the sign: it is posi-
tive for lengthening, negative for shortening, and zero 
for no change in length. The actual strain, however, is 
slightly different for each method. Compared to that
of conventional strain, the natural strain amplitude 
is smaller for positive strains and larger for nega-
tive strains. For instance, a conventional strain of 
20% corresponds to a natural strain of 18.2%, and 
a conventional strain of −20% corresponds to a 
natural strain of −22.3%.

The conventional and natural strains have a fi xed 
nonlinear relationship:

� ′ = ln(� + 1)
� = exp(�′) − 1

Note that, in these formulas, the strains are rep-
resented as fractional numbers. For percentage 
strains, the corresponding formulas are:

�′% = 100 ln +1
100

�%

�% = 100  exp −1
100

�′%

When reporting strain values, it should be speci-
fi ed whether conventional or natural strain is used. 
In addition, both the initial and the fi nal reference 
states should be specifi ed, for example: “The end-
diastolic to end-systolic conventional strain was 
−20%.” When measuring 1-D strains in a 2- or 3-D 
object, it is also important to specify in what direc-
tion the 1-D strains were measured.

Two- or three-dimensional strain
For 2- or 3-D deformations, the concept of strain 
becomes more complex. In the given coordinate 
system, one can use the 1-D strain in any spatial 
direction using the same defi nitions as presented 
earlier in this section. This type of strain is termed 
normal strain, because the deformation is normal 
to an imaginary plane. In addition, there might be 
shear strains, measuring changes in angle, as illus-
trated in Figure 1.8. The maximal and minimal 

strains might not occur in any of the coordinate 
directions; therefore, it is common to specify the 
directions and magnitudes of the maximal and 
minimal strains. These specifi cations are termed 
the principal strains and principal strain directions. 
Note that, if one aligns the coordinate system to the 
principal strain directions, there will be no shear 
strains.

Definition of strain rate
The strain rate is the temporal derivative of the 
strain:

dt

d�
� =

This defi nition means that, whereas strain indi-
cates the amount of deformation, strain rate indicates 
the rate of the deformation. The relation between 
strain rate and strain can be compared to the rela-
tion between velocity and displacement. Assuming 
the velocity is constant, displacement equals time 
multiplied by velocity. Similarly, assuming the 
strain rate is constant, strain equals time multiplied 
by strain rate. A positive strain rate means that the 
length of the object is increasing, whereas a nega-
tive strain rate means that the length is decreasing. 
If the length is constant, the strain rate is zero.

The notation for strain rate is an epsilon with 
a dot above it ( ), indicating the temporal deriva-
tive. Because this notation is cumbersome in many 

Normal strains Shear strains

Figure 1.8 Illustration of normal strains (left) and shear 
strains (right).



CHAPTER 1 Technical principles of tissue velocity and strain imaging methods 9

instances, the acronym SR is commonly used to 
represent the strain rate. The unit of the strain rate 
is normally 1/sec or sec−1, which may be read as 
“per second.”* In other applications, the unit Hertz 
(Hz) is used for sec−1, but this method is not rec-
ommended for strain rate. Hertz means number of 
oscillations per second, whereas for strain rate, it is 
more correct to speak of amount of deformation 
per second. A strain rate of −2 sec−1 applied over 
1 sec would result in a relative strain of −2, and a 
corresponding percentage strain of −200%.

Note that, whereas the strain is a measurement of 
deformation relative to a reference state, the strain 
rate is an instantaneous measurement. There is no 
need to specify a reference state for strain rate, only 
the time of the measurement, for example: “The 
mid-systolic strain rate was −1.0 sec−1.”

Because there are several defi nitions of strain, 
there are a corresponding number of similar defi -
nitions for strain rate. In particular, the derivative 
of natural strain is†:

dt

dL

dt

d�′

L

1
�′= =

Estimation of strain and strain 
rate from ultrasound data

One way to measure strain is by M-mode through 
any of the cardiac walls [17,18]. By measuring 
the wall thickness before (L0) and after (L) con-
traction, the transmural conventional strain can be 
calculated as:

L0

L − L0
� =

Another method is to use the displacement map 
provided by the Tissue Tracking modality. Consider 
the two regions marked A and B in Figure 1.6, and 

the distance between them L, which in this exam-
ple is measured to 15 mm. Because region A is 
on the red–yellow color transition, it has moved 
2 mm toward the transducer since the beginning 
of systole. Similarly, region B has moved 4 mm. 
This fi nding means that the length of the segment 
between A and B has been reduced by 2 mm. The 
original distance L0 was thus 15  2  17 mm. By 
inserting these values into the equation for strain, 
one can calculate the strain to −12%. Generally, 
the closer together two color transitions are, the 
higher is the strain on the segment between them. 
A similar calculation may be performed based on 
PW TVI data [13]. 

Although accurate, these methods are relatively 
cumbersome to perform, especially for multiple 
cardiac segments. A faster method is to use TVI and 
calculate the strain rate and strain from the velocity 
data, as described in the following section.

Strain rate and velocity gradient
The spatial velocity gradient was one of the fi rst 
parameters to be derived from TVI recordings 
[19–22]. With the assumption that the spatial 
velocity distribution within the estimation area is 
linear, the 1-D natural strain rate in an object is 
equivalent to the spatial velocity gradient [9]:

dx

dv
�′ =

This relation can be illustrated by considering 
the small object in Figure 1.9, which is being 
deformed. The instantaneous length is defi ned 
by the positions of the endpoints as L xb − xa.
Because the temporal derivative of spatial position 

L

va vb

xa xb

Figure 1.9 Illustration of a tissue segment of length L that 
is being deformed. The velocities of the endpoints xa and 
xb are va and vb, respectively.

*In rare instances, the notation %/sec is seen for strain rate, 
meaning that the strain rate is multiplied by 100. A strain 
rate of −1 sec−1 corresponds to −100%/sec.
†The formula is derived using the relation d(ln(u))/dt
(du/dt)/u.
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is velocity, the natural strain rate of the object can 
be written as:

dx

dv

L

vb − va

dt

dxa

dt

dxb

Ldt

dL

L

1
= = =

1
−�′=

Here, va and vb are the instantaneous velocities of 
the endpoints of the segment.

In practice, it is rarely feasible to accurately 
track the endpoints of such a segment, and a fi xed 
“strain length” x may be used instead. As long as 
the velocities are linearly increasing or decreasing 

V
el

oc
ity

v1

v2

Δv

Δx
Depth

Figure 1.10 Illustration of the two methods to estimate 
strain rate from velocity data. The velocities v1 and v2 are 
the actual velocities of the endpoints, whereas v is the 
velocity difference of the endpoints of the regression line. 
See text for an explanation of the estimation methods.

Figure 1.11 Mid-systolic strain rate 
images (left) and an extracted strain 
rate trace (right). The yellow ellipse in 
each strain rate image indicates the 
sample region for the trace. In healthy 
segments, the strain rate is typically 
negative in systole, indicating shorten-
ing, and positive in diastole, indicating 
lengthening. AVO, aortic valve opening; 
AVC, aortic valve closure; MVO, mitral 
valve opening; MVC, mitral valve 
closure.

*In ultrasound, velocities have been defi ned as positive for motion toward the transducer, whereas in the equations here, the 
velocities are defi ned as positive for increasing depth. This discrepancy may be accounted for by negating the velocity values 
before calculating the velocity gradient.

within the region, this method will give exactly the 
same answer.

As illustrated in Figure 1.10, the velocity gradi-
ent may be estimated using only the two velocity 
estimates v1 and v2 from the endpoints of the esti-
mation area as:

Δx

v2 − v1
�′ =

or a linear regression of all the velocity samples 
within the area may be performed*:

Δx

Δv
�′ =

This method of measuring strain rate has been 
validated in vitro using tissue-mimicking phantoms 
[23,24] and in vivo versus wall motion scoring with 
standard echocardiography [25].

Note that the strain rate estimation is performed 
separately for each frame in a cine-loop and that 
the ROI may be moved from frame to frame to 
follow the motion of the myocardium, as explained 
earlier. Figure 1.11 shows an example of a color-
coded strain rate image and an extracted strain rate 
trace.
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The color coding of strain rate typically ranges 
from yellow for low negative strain rates to red for 
high negative strain rates, and from light cyan for 
low positive strain rates to dark blue for high posi-
tive strain rates. A green color is sometimes used 
for the near zero strain rates.

Integrating strain rate to get strain
When the strain rate has been calculated for each 
time point during the deformation, the strain can 
be found as the temporal integral of the strain rate:

T

T0
�′ = ∫ �′(t)dt

Here, T0 and T are the time points of the start and 
end of the deformation. Note that it is the natural 
strain that is found through this integral. To fi nd 
the more commonly used conventional strain, one 
might use the conversion formula:

� = exp(�′) − 1

Note also that, in commercially available post-
processing tools, this function is normally performed 
automatically, so that it is the conventional strain 
that is presented to the user. The strain imaging 
method has been validated in vivo versus sonomi-
crometry [26] and tagged magnetic resonance 
imaging [27]. The color coding for strain is typically 

red for negative strain and blue for positive strain, 
as illustrated in Figure 1.12.

Artifacts and methods to improve 
signal quality

As are all ultrasound modalities, tissue velocity and 
strain imaging are also affected by noise compo-
nents such as random thermal noise and rever-
berations. These noise components may degrade 
the quality of the velocity and strain rate meas-
urements. In addition, angle mismatches between 
the ultrasound beams and the examined structure 
may cause errors. The artifacts, and suggestions of 
how to reduce them, are reviewed in the following 
sections.

Reverberation artifacts
Reverberations are false echoes resulting from mul-
tiple refl ections within the body. In the gray-scale 
image they are seen as false echoes or reduced con-
trast. The reverberations are often caused by tissue 
layers close to the body surface. These layers are rel-
atively motionless, and the reverberation artifacts 
are, therefore, often seen as immobile structures 
mixed with the true signal.

In PW TVI, reverberations can be seen as an 
increased intensity at zero velocity, as shown in 
Figure 1.13. In many cases, it is still relatively easy 
to identify the true velocity signal. PW TVI may, 

Figure 1.12 End-systolic strain images 
(left) and an extracted strain rate trace 
(right). The yellow ellipse in each strain 
rate image indicates the sample region 
for the trace. In healthy segments, the 
strain is typically negative at end-
systole, indicating shortening, and 
returns to zero at end-diastole. AVO, 
aortic valve opening; AVC, aortic valve 
closure; MVO, mitral valve opening; 
MVC, mitral valve closure.
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therefore, be a preferred method for velocity meas-
urements in patients with poor acoustic windows.

For color TVI, strong reverberations may cause 
a bias in the mean velocity estimate, as shown by 
the trace in Figure 1.13. Typically the bias is toward 
zero velocity. The amount of bias depends on the 
intensity of the reverberation signal relative to 
the tissue velocity signal. However, the sign of the 
velocity is seldom affected, so it might be diffi cult 
to detect reverberations from the TVI color display, 
as illustrated in the central part of Figure 1.14.

In strain rate imaging, reverberations may cause 
large errors, as illustrated in Figure 1.14. A small 
local bias in the velocity will cause large changes 
in the spatial velocity gradient and, thus, the strain 
rate. A typical reverberation artifact in strain rate 
is a strong blue and red stripe next to each other. 
Figure 1.15 shows an example of how a strain rate 
artifact may be detected by using CAMM.

Displacement and strain are calculated from 
velocity and strain rate; therefore, reverberation 
errors in velocity and strain rate will also cause 
errors in displacement and strain. Because strain 
rate is most affected by reverberation errors, strain 
will be more affected than displacement.

Unfortunately, there is little the user can do when 
there is reverberation noise, other than trying to 
get the best scanning window when performing the 
imaging. When analyzing the strain rate data, it is 
important to recognize the reverberation artifacts 
and to avoid the regions affected. CAMM may, as 
illustrated in Figure 1.15, be a good tool to get an 
overview of the amount of reverberation artifacts 
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Figure 1.13 PW TVI from a region 
with strong reverberations. The upper 
arrow shows the true signal, and the 
lower arrow shows the reverberation 
artifact centered around zero Doppler 
frequency. The black trace shows the 
corresponding TVI trace based on color 
TVI. As one can see, the TVI trace under-
estimates the correct velocity value.

TVI SR

DepthDepth

Rever-
beration

Figure 1.14 Illustration of effect of a local reverberation in 
the mid-septum on the tissue velocity and strain rate (SR). 
The color bars indicate the coloring of the septum in 
mid-systole, whereas the plots show the actual velocities 
and strain rates at different depths along the septum. 
The dashed lines indicate the region affected by the 
reverberation.

in the strain rate and may be used prior to detailed 
analysis.

Angle dependence
All basic Doppler methods are angle dependent. It 
is only the velocity component in the ultrasound 
beam direction that is picked up. If the true velocity 
direction is known – or assumed – the true veloc-
ity may be calculated by dividing the measured 
velocity component by cos( ), where   is the angle 
between the ultrasound beam and the true velocity 
direction [20]. This explanation means that, as the 
angle increases, the measured velocity component 
decreases from 100% of the true velocity at zero 
angle to 0% at a 90º, as illustrated in Figure 1.16.

For strain rate, the angle dependence is more 
complex. Assuming, for simplicity, that the beam 
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is perpendicular to the circumferential direction, 
which usually is the case for apical imaging, a rela-
tion can be formulated. Assuming also no shear, the 
measured strain rate is a component of both the 
longitudinal (l ) and the radial (r) strain rates [28]:

� = �l cos2 � + �r sin2 �

Figure 1.16 shows the angle dependence of 
the measured strain rate as the percentage of the 

Figure 1.15 Strain rate image (top left) 
and a derived CAMM image (right) 
showing an artifact region covering the 
basal part of the interventricular sep-
tum (white ellipses). Artifacts can often 
more easily be detected in the CAMM 
display than in the 2-D strain rate 
image. AVO, aortic valve opening; AVC, 
aortic valve closure; MVO, mitral valve 
opening; MVC, mitral valve closure.
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Figure 1.16 Angle dependence of TVI and strain rate 
imaging (SRI) for three different assumptions of the 
radial–longitudinal relationship (k). The graphs show 
how many percent of the true value is picked up 
when the angle between the ultrasound beam and the 
desired direction increases. For TVI, it is assumed that 
the true velocity is in the direction of the ultrasound 
beam. Notice that, whereas the measured velocity 
component drops to 0% at 90°, the strain rate becomes 
zero at 45° or lower.

longitudinal strain rate for various values of the 
assumed linear relation:

 �r

 �l

k = −

Since the value of k is generally unknown, it is not 
possible to angle-correct the measured strain rate. 
Also, the assumptions of no shear and linear rela-
tion between radial and longitudinal strain rates are 
in general not fulfi lled; therefore, the model is some-
what inaccurate. However, the model may give some 
indications of the angle dependence of the estimate.

Note that strain rate is more angle dependent 
than tissue velocity. For example, assuming k  3, 
the measured strain rate is reduced to 50% of the 
true value at 20°, whereas the measured tissue veloc-
ity is still 94% of the true value at the same angle. 
It is, therefore, important to align the ultrasound 
beams with the muscle when measuring longitudi-
nal strain rates and strains. To be able to accomplish 
this alignment, it might be necessary to image the 
different walls and segments of the heart with dif-
ferent probe positions.

Uematsu et al. [20] have suggested using angle-
corrected velocities as a basis for the strain rate 
estimation. The method relies on user input to 
defi ne the true direction of the motion. With this 
method, the strain and strain rate in any spatial 
direction may be calculated, except in the regions 
where the assumed motion directions are perpen-
dicular to the ultrasound beams. In these regions, it 
is not possible to angle-correct the velocities.
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Drift and drift compensation
Ideally, for displacement and strain traces, the curve 
should return to the same value, normally zero, at 
the start of each heartbeat. Artifacts such as those 
mentioned earlier may result in a drift from beat to 
beat, meaning that the curve does not return to the 
same value.

This drift may be compensated in two ways: 
by forcing the curve to start at the same value in 
every heartbeat, or through linear compensation 
of the values in all the time points. Figure 1.17 
shows examples of the two methods on a strain 
trace. Note that the peak strain value is changed 
when using linear compensation. For the reset-at-
zero method, the difference between start and end 
within a heartbeat is not changed. For example, in 
the second heartbeat in Figure 1.17, the peak strain 
in the trace reset at QRS is −16%. By subtracting 
the starting value for the uncompensated trace 
(−6%) from the peak value (−22%), the exact same 
peak strain of −16% is found.

Noise reduction by averaging
Spatial and temporal averaging may be helpful to 
reduce random noise. Note that reverberation 

Figure 1.17 Drift compensation of a strain trace. The dash- 
dotted trace is the original uncompensated strain trace, 
while the dashed and dotted traces are drift compensated. 
The dashed trace is reset at every QRS but does not 

necessarily return to zero at the end of each heart beat. 
The dotted brace is forced to end at zero at each beat 
through linear compensation. ECG, electrocardiogram 
trace.
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artifacts and errors caused by angle mismatch are 
generally not of random nature, so averaging will 
generally not improve these artifacts.

All averaging techniques may be performed 
using a “sliding window” technique as illustrated 
in Figure 1.18. Every sample in the averaged data is 
based on a set of samples in the original data. The set 
can be a collection of spatial and/or temporal sam-
ples. Spatial averaging is usually performed along 
the ultrasound beams (axial averaging), perpendic-
ular to them (lateral averaging), or a combination 
of the two. Temporal averaging may be performed 
by combining data from a set of frames.

Note that the sample resolution in the averaged 
data is the same as in the original data, but that 

Original data

Averaged data

Figure 1.18 Illustration of the “sliding window” technique 
that can be used in the averaging process. The averaged 
data may have the same sample resolution as the original 
data, but neighboring samples will be correlated.
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neighboring samples in the averaged data will be 
correlated. This fi nding means that averaging should 
not be performed in the directions where the user 
wants to measure differences. For example, if the 
user wants to study differences between subendo-
cardial and subepicardial longitudinal strain rate, 
no averaging should be performed between the 
beams in apical views.

A special form of temporal averaging can be per-
formed by averaging only samples from the same 
time after QRS in several heartbeats. This type of 
averaging is termed cine-compound.
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