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Chapter 11

Raw Doppler data is ultrasonic information that is detected by a piezoelectric
transducer, just like echo information. The significant difference, from a
sonographer’s perspective, between echo information and Doppler information is that
echo data is used to create a two-dimensional B-mode image, while Doppler data is
used to provide information about blood flow. Doppler information can be presented
in a variety of formats from simple audio sound to highly sophisticated and complex
color and spectral visual display formats. All Doppler display formats, however,
present the same type of information, that is, information about blood flow. Doppler
displays provide information on the following general characteristics of blood flow:

PRESENCE OF FLOW: Is the structure being imaged a blood vessel or not?

DIRECTION OF FLOW: Is the blood flowing toward or away from the transducer?

FLOW PATTERNS: Is the vessel being imaged an artery or a vein? Is it pulsatile
or phasic? Is arterial flow highly or lowly resistive?

QUANTIFICATION OF Peak systolic and end diastolic velocities
ARTERIAL FLOW : Ratios: A/B ratio,. S/S ratio, ICA:CCA ratio, etc.

Indices: Resistivity index, pulsatility index, etc.

Correctly and accurately obtaining, identifying and analyzing Doppler blood flow
information forms the basis of all non-invasive vascular and cardiac diagnostic
imaging modalities currently in use in most clinical applications. A mastery of these
fundamental concepts is essential for competent practice in medical sonography and
is requisite for future studies in vascular or cardiac imaging.

Continuous-Wave Doppler

In a continuous-wave Doppler transducer, a transmitter continuously excites one
crystal while a second crystal continuously receives scattered echo information.
Reflectors and scatterers positioned anywhere within the overlapping area between
the two crystals (sensitivity zone) of the transducer contribute to the Doppler signal
and the Doppler signal represents the combined velocity of all RBC's within the entire
sampled area. The sensitivity zone, as demonstrated in the schematic below, is the
region common to the ultrasonic field sent out by the transmitting transducer and the
sensitive area of the receiving transducer.

Doppler
Instrumentation
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SIGNAL PROCESSING AND DISPLAY
CW Doppler ultrasound may be analyzed by one of three principal techniques,

most of which are seldom employed in contemporary ultrasound or noninvasive
vascular laboratories. The widespread use of color Doppler imaging and frequency
spectral analysis has obviated the need for less direct investigative tools such as
continuous-wave Doppler in most imaging environments. Continuous-wave Doppler
does, however, provide quick and accurate information about blood movement within
the body in many obstetrics and cooked in vascular surgical practices. The three
principle display techniques are:

The CW Doppler signal may be interpreted through the use of stethoscope-type
earpieces, earphones, or a loudspeaker. An experienced observer learns to
distinguish the audible Doppler signal
characteristics that detect not only differences in
arterial and venous signals but also the presence
or absence of disease through disturbances in
blood flow velocity. With experience a technician or
physician can learn to audibly recognize the flow
perturbations that permit an accurate diagnosis of
the presence or absence of arterial or venous
disease with an accuracy exceeding 90%.
However, the audible interpretation of CW Doppler
signals requires considerable experience for

Sensitivity Zone
(overlapping area)

1. Audible interpretation of the Doppler waveform
2. Analog recording of the average velocity signal
3. Sound spectrum analysis

1. Audible Interpretation
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maximal accuracy. The extent of this commitment is similar to that necessary to
achieve maximal accuracy of the use of a stethoscope for diagnosing heart disease
from abnormalities of heart sounds and murmurs. It is for this reason that other, more
objective, graphic Doppler display methods have been devised.

The most common device to translate Doppler frequency shifts into voltage
changes for analog recording is the zero-crossing meter. With this device the average
frequency shift is determined and converted to a proportional electric signal for

recording on a strip chart recorder. The
zero-crossing circuitry does not measure
the true mean frequency shift (and thus
the velocity) and, but a close
approximation to the root mean square,
which is slightly greater than the mean.
Although such analog recordings are
relatively inexpensive, several limitations
of the technique must be recognized.

The recordings may be significantly altered by changes in probe vessel angle;
misalignment of the probe and vessel; presence of a broad frequency spectrum,
which is particularly common with disturbed or turbulent blood flow; mixture of arterial
and venous signals; vessel wall motion; and varying velocity profiles. In addition, the
zero-crossing circuit may lead to inaccurate readings at the high flow velocities often
seen in arteries with stenotic lesions. Although other modifications of frequency
analysis, such as the maximum frequency follower, have been developed, most
investigators currently use real-time sound spectrum analysis for the most accurate
recording and display of Doppler frequency shifts.

Graphic display of the entire range of frequencies and amplitudes of the Doppler
spectrum may be carried out with a sound
spectrum analyzer. Such analysis can be carried
out with offline or real-time techniques. Most
investigators use real-time sound spectrum
analyzers, which portray varying frequencies
and amplitudes of the Doppler spectrum with
respect to time.

CW Doppler signals may be sound-spectrum
analyzed for the evaluation of peripheral arterial
or cerebral vascular disease. The Doppler frequency spectrum from a CW Doppler

2. Analog Recording

3. Sound Spectrum Analysis
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Clinical Applications

system is broader than that of a pulsed Doppler system because of the sample
volume that encompasses the cross-section of the interrogated vessel. Thus, the
backscattered CW Doppler spectrum will include the high frequency associated with
centerline blood flow velocity as well as the lower frequencies associated with slower
moving blood cells near the vessel wall. In addition, the frequency shifts associated
with vessel wall motion may also be included in the Doppler spectrum unless such
unwanted signals are specifically rejected by appropriate band-pass filter techniques.

Although CW Doppler spectra are broader, diagnostic information is still available
within the displayed spectrum. The normal Doppler arterial spectra reveal pulsatile
waveforms with most of the Doppler signal amplitude along the upper border of the
velocity waveform. The resultant clear area beneath peak systole is relatively smaller
than the corresponding window beneath the peak systolic waveform of a pulsed
Doppler spectrum from the same vessel. Nevertheless, qualitative or quantitative
analysis of spectral broadening in the detection of peripheral arterial or cerebral
vascular disease is possible with CW Doppler ultrasound. In addition, arterial
occlusive disease is detectable not only by Doppler spectral broadening but also by
the resulting increased peak velocity at an arterial stenosis. The diagnostic accuracy
of Doppler spectrum analysis using either CW or pulsed Doppler techniques is
relatively similar in results reported from independent investigators.

CW Doppler ultrasound forms the basis of many of the noninvasive techniques
used in simple clinical applications. Some applications of these commonly used
versatile instruments include:

PERIPHERAL ARTERIAL DISEASE
An audible assessment of peripheral arterial blood velocity signals permit

qualitative screening of peripheral arterial disease. An experienced technician or
physician may use the Doppler instrument as a sensitive electronic stethoscope to
detect and localize arterial stenoses or occlusions.

CW Doppler ultrasound is often used to measure systolic blood pressures at
various segmental levels along the limb. Such segmental blood pressures permit
quantification and localization of peripheral arterial occlusive disease. Recent use of
analog or sound spectrum recordings of Doppler velocity signals from the common
femoral artery permits rapid assessment of aorto-iliac stenosis in patients who may
have normal segmental limb blood pressures. The absence of the normal reversed
blood flow velocity in early diastole in the common femoral artery signal is a useful
guide to the presence of significant aortoiliac stenosis.

The Doppler detector permits assessment of acute and chronic arterial occlusive
disease, vasospastic or occlusive digital artery occlusive disease, and, in selected
cases, the presence of visceral artery obstructions. In addition, Doppler probes may
be sterilized (non-autoclave methods) and used for intraoperative monitoring and for
evaluating arterial reconstructions. After treatment, the efficacy of medical or surgical
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therapy may be evaluated by defining the incidence of disease progression or the
development of complications in reconstructed arterial segments.

CEREBROVASCULAR DISEASE
CW Doppler ultrasound is one of the most versatile methods of evaluating

extracranial cerebral vascular occlusive disease. The technique may be used not
only to assess the direction of blood flow in branches of the ophthalmic artery but
also to detect abnormal flow velocity signals in the carotid artery and its branches in
the neck. Although audible signal analysis has formed the basis of many previous
studies, current investigators are improving the diagnostic accuracy of Doppler
ultrasonic evaluation of cerebral vascular disease through use of real-time sound
spectrum analysis techniques. With such indirect and direct carotid screening
techniques, CW Doppler ultrasound permits identification of arterial stenosis or
occlusion of the extracranial carotid arteries with an accuracy exceeding 90%. In
addition to interpretation of CW Doppler signals, CW Doppler ultrasonic arteriographs
permit visualization of the extracranial carotid arteries for more precise signal
sampling and sound spectrum analysis.

VENOUS DISEASE
CW Doppler ultrasound is frequently the most rapid and versatile method to

evaluate the venous system. Although the Doppler technique is sensitive to deep
vein thrombosis in more than 95% of cases, this accuracy can only be achieved with
longterm experience with the technique. The advantages of Doppler ultrasound
include its ability to distinguish deep from superficial venous disease and to evaluate
patients in plaster casts or traction devices. The technique can also be applied to the
upper extremity. Despite its accuracy and versatility in experienced hands, the
subjective nature of this technique has limited its widespread applications.

CW Doppler velocity detectors are electronically simpler and less expensive than
pulsed Doppler devices. CW devices are rapid, and for most clinical purposes the
diagnostic information is as accurate, as that provided by pulsed Doppler instru-
ments. CW Doppler devices have a greater Doppler bandwidth than that of pulsed
units. This characteristic increases the maximum blood velocity detectable with the
instrument. Because of the larger sample volume, a CW Doppler device is capable of
rapid localization of blood flow, facilitating the examination.

The disadvantages of CW Doppler ultrasound include the following: all blood flow
within the range of the Doppler probe is detected by the instrument, leading to
confusion of arterial and venous flow signals. The diameter of the vessel cannot be
ascertained, and thus quantification of blood flow is generally not feasible with CW
Doppler devices. Vessel wall motion artifacts are sometimes difficult to eliminate
without losing information from low blood flow velocities. Flow velocity profiles within
the vessel lumen cannot be detected with CW Doppler ultrasound

Advantages and Limitations
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Pulsed Doppler

Pulsed Doppler is an ultrasound application that allows the acquisition of Doppler
signals from specific depths within the human body. Utilizing the pulse-echo
technique described in Chapter 4, an ultrasound pulse is emitted from the transducer;
an onboard clock controls the time elapsed before listening for returning information;
and, using the range formula, codes this returned information with a depth dimension.
The engineering principle that allows this selective acquisition of Doppler data from a
given depth is called gating and it involves controlling the timing of both the
transmitted pulse and the received echo information.

Gating introduces a slight variation in the pulse-echo imaging sequence. In image
formation, the timing begins when the pulse is emitted by the transducer. The crystal
then remains in “listen mode” until a returning echo is detected and, based on the 
time elapsed from transmission and the known velocity of ultrasound in soft tissue,
the depth of the echo can be calculated (D=VT) and mapped on the image scan
converter. In Doppler range gating, the operator determines the exact depth from
which echo information is obtained by placing a cursor in that location on the two-
dimensional grayscale image. A simple permutation of the range formula allows the
transducer to be set into “listen mode” at that point in time at which information will
be returning from the selected depth (T = D/V), again, knowing the velocity of
ultrasound in soft tissue.

The onscreen cursor that indicates the chosen depth can usually be placed any-
where along the axis of the ultrasound beam and is usually referred to as the “range 
gate” or “pulse volume”.  On most duplex ultrasound systems, this gate appears as a 
crosshatch cursor on a long cursor line that can be adjusted using a joystick or track-
ball.

An internal clock controls the pulse excitation time of the transducer element. The
shorter the time duration, the smaller size of the volume occupied by the pulse.
Shorter pulse size, as in imaging applications, will result in better range resolution.
By gating (turning on) the receiver for a few microseconds at a specified time after
the pulse is transmitted, Doppler signals from a given depth can be obtained. Here,
again, the range equation, which correlates time and distance, comes into
consideration. The depth, or range, in tissue from which Doppler signals are
obtained can be controlled by changing the length of time the system waits for a
returning echo.

Range resolution: Axial length of the sensitive volume is a function of gate "open"
time. Lateral resolution is a result of beamwidth. Therefore, Doppler range
resolution is similar to factors affecting image resolution

Nyquist Limit: With a pulsed Doppler instrument, the transmitted pulse must travel
through human soft tissue, scatter and be detected and processed before the second
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pulse is generated. (This is the same concept found in the relationship between
imaging depth and pulse repetition frequency). This relationship limits the rate at
which pulses can be transmitted. When the peak Doppler shift is twice (or more)
than the PRF, the frequency calculated by the instrument will be less than expected
and artifactually displayed below the baseline. The maximum detectable Doppler
frequency is called the Nyquist limit and is defined as one half the incident frequency
(which is also frequently the same as the PRF).

Doppler frequencies exceeding the Nyquist limit are displayed anomalously as
reverse flow. This artifactual display is known as ALIASING.

The Doppler signal contains frequency components that represent a broad
spectrum of blood flow velocities. RBCs move at different velocities within a given
vessel based on their proximity to the wall, the pulsatility of the arterial wall, the
"straightness" of the vessel and the different times in the cardiac cycle. Also, the
incident frequency of the vessel has a bandwidth, so that the subsequent Doppler
shift will vary. A spectrum analyzer takes a signal and breaks it down into its basic
frequency components. The technique used to perform this operation is known as
the FAST FOURIER TRANSFORM (FFT). This computer-driven mathematical
algorithm calculates all velocity and amplitude components present in the signal. The
information is usually displayed as a real time "graph" moving from left to right across
the screen.

In the FFT method of signal analysis, short periods of the signal are digitized and
analyzed for their frequency components. Dedicated arithmetic processors can
perform the necessary calculations at speeds fast enough to allow real-time display
of spectral information. The information obtained at a given point in time (x-axis) is
displayed as a single vertical line. The y-axis (vertical) represents frequency and the
brightness is modulated to display amplitude. As in B-mode imaging, the brighter the
spot on the line, the higher the amplitude of the returning echo information. In
frequency spectral display, the amplitude represents the relative number of
frequencies obtained at the point in time.  The more RBC’s moving at a given 
velocity, the brighter the spot on the vertical axis.

Frequency Spectral Display
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Time: plotted on the horizontal (x)
axis

Frequency: plotted on the vertical (y) axis

Amplitude: displayed as a shade of gray.
Higher amplitude = brighter
shade of gray

The simultaneous display of a B-mode real time image and a Doppler frequency
spectrum is referred to as duplex imaging. This application of ultrasound technology
allows examination of both vessel morphology (anatomy) and hemodynamic flow
(physiology) patterns within a blood vessel. Most contemporary ultrasound imaging
systems also incorporate real time color Doppler that provides a global hemodynamic
display and permits more accurate acquisition of Doppler information. The operator
can more accurately select the exact location for the acquisition of spectral
information.

GENERAL APPLICATION OF DUPLEX/COLOR IMAGING
 To aid in identification of structure by identifying (or failure to identify)

typical flow characteristics. e.g., common bile duct vs. hepatic artery;
 To document flow in a vessel (R/O occlusion);
 To ascertain direction of flow;
 To document and quantify flow disturbances associated with disease;
 To estimate absolute flow in selected vessels;
 To analyze time-velocity waveform shape;
 To characterize tissue by means of its blood flow, i.e. characteristic

malignant signals associated with neovascularization.

Spectral Display

Duplex Imaging Systems



Chapter 11. Doppler Instrumentation

Physical Principles of General and Vascular Sonography Jim Baun
127

Color Doppler Imaging

The superimposition of a real-time color image demonstrating hemodynamic
activity on a two-dimensional B-mode anatomical image is referred to as color
Doppler imaging, or color blood flow mapping. Frequency and/or phase changes are
used to calculate a Doppler shift, providing information on velocity and direction of
blood flow at a particular site, or within an area on the image defined by a “color box”.  
When phase change is detected using a multigate configuration, a color is assigned
to the corresponding pixel within each scan line at the appropriate depth. Color
Doppler displays provide two fundamental types of information about blood flow
within the site being interrogated: direction and relative velocity (not quantitated
velocity).

Direction of flow is mapped on a color Doppler display as a hue, or color, such as
red or blue. It is critical in correctly interpreting a color Doppler image to understand
that direction of flow is related to the transducer and not to some internal anatomical
situation. Therefore, in looking at the color bar on the side of a color Doppler image,
the hue at the top of the bar indicates flow toward the transducer; the hue at the
bottom of the color map indicates flow away from the transducer. Since the hue is
assigned based on the positive or negative value of the Doppler shift, it is always
related to the transducer and the angle between blood flow and the ultrasound beam
(Doppler angle).

Intensity, or saturation of color, is used to show relative velocities. In a typical
color bar, the level of saturation at the top and bottom of the bar represents the
fastest velocity along a given direction. For example, in many assigned color maps,
deep, dark, highly saturated color represents slow flow states; lowly saturated whites
or yellows represent high velocity states. It is important to note that velocity
displayed with color Doppler is relative to other velocities plotted on the same image.
Absolute, or real, velocities cannot be obtained with color Doppler images; frequency
spectral display must be used if quantification, or measurements, of velocities is
required.

TECHNICAL EFFICIENCY
Perhaps the greatest advantage of color Doppler imaging is technical efficiency.

When moving blood is encountered, the vessel lights up like a neon light, even if the
vessel is too small to be resolved on the grayscale image. Because vessels stand
out in vivid color, they may be located and followed more easily than with non-color
duplex instruments. Improved ease of vessel identification has expanded the
capabilities of duplex sonography. For example, with color Doppler-directed duplex

Advantages of Color Doppler Imaging
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imaging, it is possible to examine a large vascular territory, such as the entire lower
extremity arterial tree, with greater ease than with standard duplex. Furthermore,
color duplex facilitates the examination of vessels such as the calf veins and renal
arteries, which traditionally have been difficult to study. Finally, the basic judgment of
whether flow is present in a vessel is made relatively easily with color-duplex. For
example, when Budd-Chiari syndrome is a diagnostic consideration, the confirmation
of blood flow in the hepatic veins is much easier and quicker with color duplex
imaging.

SORTING OUT ABDOMINAL ANATOMY
Because blood flow can be visualized directly with
color-duplex imaging, differentiating between vascular
and nonvascular structures is simplified. The most
obvious application (from a radiologist’s perspective) is 
sorting out porta hepatis anatomy. The bile ducts,
which do not exhibit flow, may be differentiated from
the hepatic artery and portal vein, in which flow is
visible.

GLOBAL DUSPLAY OF HEMODYNAMICS IN A VESSEL
A major advantage of color duplex imaging is the

depiction of blood flow throughout a large segment
of a vessel rather than in an isolated location.
Because the flow characteristics throughout the
lumen are displayed continually, localized
abnormalities are readily apparent and are less
likely to be overlooked than with standard duplex in-
struments. The sonographer is immediately made
aware of the location of any flow abnormality, and
can accurately place the Doppler sample volume at
that location for quantitative flow assessment.
Visualization of flow throughout the entire lumen
may also facilitate the detection of small,
intraluminal filling defects, such as small arterial
plaques or non-occlusive venous thrombi.

Transverse section
through upper abdomen.

CDI allows easy
differentiation of pre-
vertebral vasculature.

Sagittal image of neck vessels.
A small atheromatous plaque

impinges on the carotid arterial
color column.

See Appendix D –Color Plates (p. 205)

See Appendix D –Color Plates (p.205)
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Retrograde flow in a perforator
vein with valvular damage.

DIFFERENTIATION BETWEEN SEVERE STENOSIS AND OCCLUSION
The ability of color duplex imaging to detect low-velocity flow in a tiny residual

lumen may facilitate the differentiation of arterial occlusion from near occlusion with a
“trickle” of residual flow. Identification and recording of “string-sign” flow patterns in 
tight, pre-occlusive arterial lesions requires conscientious work and a good bit of
experience.

VISUAL DETERMINATION OF FLOW DIRECTION
The ability to determine the direction of blood flow visually is of considerable

value, particularly in the portal and lower extremity venous systems. In the latter
case, venous reflux caused by valvular incompetence can be seen as flow in the
“wrong” direction in the leg veins.

Tight stenosis in internal
carotid artery demonstrated
by power Doppler imaging.

Occlusion of the internal
carotid artery as seen with CDI

See Appendix D –Color Plates (p. 206)

See Appendix D –Color Plates (p.206)
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FLOW INFORMATION IS QUALITATIVE
It is important to recognize that the flow information illustrated by color Doppler in-

strumentation is qualitative, not quantitative. The flow image is based on the average
Doppler shift at each point in the vessel, rather than on the peak Doppler shift. Peak
Doppler shifts are the mainstay of quantitative Doppler spectrum analysis. Also, the
Doppler information represented in the color image is not corrected for the Doppler
angle. Finally, the shades of color are only a coarse representation of velocity
differences within the flow stream. Because of these limitations, color Doppler flow
information may be misleading, particularly when vessels are tortuous. Furthermore,
quantitative information cannot be derived directly from the color Doppler image.
Spectral analysis must be used to derive quantitative flow data from sampled sites.

FLOW DETECTION IS ANGLE DEPENDENT
With any Doppler device, blood flow is not detected in vessels that are

perpendicular to the transducer’s line of sight. Color duplex instruments are similar to 
other Doppler devices in this respect. Therefore, a false-positive diagnosis of
vascular occlusion may occur if an adequate Doppler angle cannot be obtained.

FLOW DIRECTION IS ARBITRARY
The color of the vessel on the CDI image is not an absolute indication of flow

direction. Instead, the color is based on whether flow is relatively toward or away
from the transducer. The operator may reverse the color scheme (arteries blue,
veins red) simply by reversing the orientation of the transducer or by pushing a button
on the system. The true direction of flow may be ascertained only by observing the
orientation of the vessel relative to the transducer closely or by referring to a vessel in
which the flow direction is known, such as the aorta.

COLOR MAY OBSCURE VASCULAR PATHOLOGY
If the instrument controls are improperly adjusted, the color Doppler information

tends to “bleed” intothe surrounding gray scale image, possibly obscuring vascular
pathology. This problem is particularly apparent in the venous system, in which flow
artifacts may obscure a non-occlusive thrombus In the carotid arteries, excess color
flow information may obscure soft plaque on the walls of the vessels.

Limitations of Color Doppler Imaging
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COLOR FLASH
With color Doppler imaging, anything within the field of view that moves relative to

the transducer is represented in color. In the abdomen, peristaltic motion, cardiac
motion, or transmitted pulsations from the great vessels may add spurious color to
the image, and this can obscure structures of interest. This phenomenon is known
as color flash. Similarly, movement of the transducer by the operator may cause color
flash. The problem is particularly apparent during examination of extremity veins and
upper abdominal vessels

CONFLICT BETWEEN B-MODE AND COLOR DOPPLER IMAGES
Blood vessel anatomy and pathology are most clearly seen when the ultrasound

beam is perpendicular to the vessel wall, but blood flow cannot be detected with a
perpendicular beam. Hence, a basic conflict exists between the B-mode and flow
components of the color Doppler image. To ameliorate this problem, a beam angle
must be chosen which is sufficient to detect flow but which is not large enough to
degrade image quality significantly.

Exercises

1. What is the Doppler shift between an incident frequency of 5MHz and a reflected
frequency of 3.5MHz?

2. Explain the significance of the angle of insonation (cos θ) in the production of 
Doppler frequency.

3. What are the four factors influencing the Doppler shift?
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