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Ultrasound

Medical imaging modality based 

d Imaging

on high-frequency sound waves



Ultrasound

• Ultrasound imaging is b
principles
• Short-duration sound p

the body
• Received echoes are us

of tissue

d Imaging

based on echo-ranging 

pulses are transmitted into 

sed to construct 2D images 



Ultrasound I

• Key advantages  
• No ionizing radiation
• Real-time display
• Anatomy and physiology 

(Doppler)
• Relatively inexpensive
• Portable

Instruments



Ultrasound I

iU22  (Philips Ultrasound, Bothell)

Instruments

180PLUS 
(SonoSite, Bothell)

- Late 1990s



Ultrasound I

• GE LogiqBook 

Instruments

• GE Vscan, 2009 



Ultrasound I

• Cell phone imager (2009)p g ( )

• Richard and Zar, Wa

Instruments

))

ashington U, St. Louis



Ultrasound I

• MobiSante, Redmond, WA (2010)

Instruments



Ultrasound

• Limitations  
• Operator dependent

• Strong angle depende
• Complex spatial reso
• No record of image l
• Artifacts

d Imaging

ence
olution parameters
locations (in general)



Ultrasound

Overview

• Sound is transmitted 
piezoelectric transducpiezoelectric transduc

R d h• Returned echoes vary
characteristics

• Timing is used to detg

d Imaging

w: Sound

and received by a 
cercer

d di iy depending on tissue 

ermine echo depthp



Sou

Vibration of particlesp
in a medium

OR– OR –

A mechanical 
pressure wave 

Sound is a longitudinal wave: 
particle motion is parallel to the 
direction of propagation

und

Vibration of 
an individual 
air molecule

Physics, Cutnell & Johnson, 1992



Sou

Compression a

CompressionCompression

und

and Rarefaction

Compression

Physics, Cutnell & Johnson, 1992
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Spectrum

Infrasound Audible Sound

0 1 10 102 103 104 1

Music and speech

20 - 20,000 Hz

m of Sound

Ultrasound

Hz105 106 107 108 109 1010

Medical 
i iimaging

1 – 100 MHz



Ultrasound

Properties of 
sound propagationsound propagation 

that affect the 
imageimage

d Imaging



Piezoelect

• Transducers constructed fr
• converts electrical energy togy
• converts mechanical energy
• the material, shape and size

frequency it can generate

tric Effect

from piezoelectric materials
o mechanical energygy
y to electrical energy
e of the transducer influence the 



Beam P
Fresnel Zone

λr > 

• Characteristic beam pattern for sin
• Near field (Fresnel Zone): non-
• Far field (Fraunhofer Zone): u
• Natural focus at transition betw

Pattern
Fraunhofer Zone

ngle-element circular transducer
-uniform intensity, non-divergent

uniform intensity, divergent
ween zones

Univ of Notre Dame



Beam P

Diameter

larger diameter

Diameter

B di t d

Deeper near fie
Less divergent

• Beam diameter d
• distance from
• transducer di• transducer di
• frequency

Pattern

Freq encFrequency

d t i d b

eld
t far field

determined by:
m transducer
iameteriameter



Propertiesp

Reflection
• Production of echoes

with different physic
• sound waves that do

interface are redirec
from which they orig

s of Sound

s at interfaces of tissues 
cal properties
o not transmit across an 
cted back into the medium 
ginated



Types of R

S l

Types of R

• Specular  
• Structures larger th

• Angle of reflection =

• Scattering
• Structures smaller 

• Multi-directional

ReflectionReflection

han the wavelength
= Angle of incidence

than the wavelengthg



Types of RTypes of R

Specular reflection

ReflectionReflection

Scattering

Halliwell



Refle

Angle d

ction

ependence



Refle

Angle d

ction

ependence



Amount of 

• Depends on the diffeDepends on the diffe
Impedance (Z) of the

h h d i- how much sound i
proportional to the 

Z = ρρ

ρ = density = m
c = propagat

f Reflection

erence in Acousticerence in Acoustic 
e media
i fl t d i di tlis reflected is directly 
impedance mismatch

ρ cρ

mass/volume 
tion speed



Acoustic Impp

Medium

AirAir
Fat
W tWater
Soft tissue
Muscle
Bone

pedance (Z)p ( )

Z (Rayls)

0 0004 x 1060.0004 x 10
1.38 x 106

1 48 1061.48 x 106

1.63 x 106

61.70 x 106

7.80 x 106

Rayl: kg/m2/s



How fast sound trave

Speed of Sound
How fast sound trave
depends on the struct

• Density of part
• StiffnessS ess

• Bulk Modulus: 

els in a given mediumels in a given medium 
ture of the medium

icles

resistance to compression



Medium

Air
F tFat
Water
S f iSoft tissue
Blood
M lMuscle
Bone
S lSteel 

m/sec/

331
14501450
1482
15401540
1570
15851585
4080
59605960



Distance

Convert time to distan
anatomic images 

D =D =

c = sound propagat

t = time (sec)t  time (sec)

Equation

nce to create accurate 

= c t= c t

ion speed (m/s)



Distance

Example 1

c = 1540

p

c = 1540

How long does it 
travel 1cm in

0 01m = 1540.01m = 154

t = 0.0000065se

Equation

D = c t

0m/sec0m/sec

take for sound to 
to the body?

40m/sec x t40m/sec  x  t

ec  or  6.5µsec



Distance

Example 2

c = 1540

p

How long does 
transducer to recetransducer to rece

deep

It takes 6.5µsec fo

6 5 sec x 4cm6.5µsec  x  4cm 

Equation

D = c t

0m/sec

it take for the 
eive a signal 4cmeive a signal 4cm 
p?

or 1cm of travel

x 2 = 52 sec x  2 = 52µsec Round-trip 
travel



Properties

Attenuation

p

The decrease in the inte
through a medium (lossthrough a medium (loss

- Absorptionp
- Reflection

• Proportional to dista
• Longer path: increased atg p
• Higher frequency: increa

s of Sound

ensity of sound as it travels 
s of energy)s of energy)

ance and frequency
ttenuation

ased attenuation



Attenuation C

Tissue

• Liver

Tissue

• Liver

• Fat

B i• Brain

• Kidney

• Muscle

• Heart

0.8 dB/cm/MHz averag

Coefficients

Attenuation Coefficient

0 5

Attenuation Coefficient
(dB/cm/MHz)

0.5

0.6

0 60.6

0.9

1 01.0

1.1

e value for soft tissue



AttenuAttenu

• To calculate attenuation,To calculate attenuation,
Coefficient by round trip

• 3.5 MHz sound, 4 cm 
• attenuation = 0 5 dB/cm/MHz• attenuation = 0.5 dB/cm/MHz

5 MH d 10• 5 MHz sound, 10 cm s
• attenuation = 0.5 dB/cm/MHz

uationuation

, multiply the Attenuation, multiply the Attenuation 
p distance and frequency:

sound travel
z x 4 cm x 3 5 MHz = 7 dBz x 4 cm x 3.5 MHz = 7 dB

d t lsound travel
z x 10 cm x 5 MHz = 25 dB



Ultrasound

Converting the 
sound wave intosound wave into 

a 2D image

d Imaging



Ultrasound

Overview: I

• Transmit short pulse in
• Receive echoes
• Perform amplitude dem• Perform amplitude dem
• Maintain time record ti
• Repeat to create 2D ma

d Imaging

Instrument

nto tissue

modulationmodulation
ime for depth calculation
ap of echo amplitude



Components
Gain Con

of an Ultrasound 
Scanner

RF 
Amplifi

TGC 
Generat2D gray scale imaging

TGC Cont

• Transmitter
uc

er
Tr

an
sd

ntrol Pre- and Post-
Processing

ier Demodulator

Echo 
Amplitude

tor Clock
Scan 

Con erter

Echo 
Depth

trols

Converter

Output 
P

Pulse 
G t

Display

Power 
Control

Generator 
(Transmitter)

Beam 
Tracking Beam 

Location



Pulse-Wave 
P r m t r

T

PD
Parameters

time T

ddistance λ

SPLSPL

PRPPRP

PRF = 
#pulses/sec



• PRF = Pulse Repetitio

• PRP = Pulse Repetitio
= 1/PRF 1/PRF
= time until pulse

• PD = Pulse Duration

• DF = Duty Factor =

• SPL = Spatial Pulse L
= length of pulse length of pulse 
= (#cycles/pulse)

on Frequency Pulse-Wave 
Parameters

on Period
Parameters

Related to 

e repeats itself temporal 
resolution

n = time pulse lasts

=  PD    =   active time
PRP total time

Length
in space Related to in space

) x (  )λ
spatial 

resolution



PRP

PD

For 3-cycle 3 MHz pu

Typical pulse times

y p

For 10 cm depth: PRP

ulse: PD = 1 microsecond

P = 130 microsecond



Components
Gain Con

of an Ultrasound 
Scanner

RF 
Amplifi

TGC 
Generat2D gray scale imaging

TGC Cont

• Master clock 
for pulse and 
echo timing

uc
er

Tr
an

sd

ntrol Pre- and Post-
Processing

ier Demodulator

Echo 
Amplitude

tor Scan 
Con erter

Echo 
Depth

Clock

trols

Converter

Pulse 
G t

Output 
P

Display

Generator 
(Transmitter)

Power 
Control

Beam 
Tracking Beam 

Location



Components
Gain Con

of an Ultrasound 
Scanner

RF 
Amplifi

TGC 
Generat2D gray scale imaging

TGC Cont

• Short pulse transmitted
• Echoes received and 
amplified

uc
er

Tr
an

sd

ntrol Pre- and Post-
Processing

Demodulator

Echo 
Amplitude

ier

tor Scan 
Con erter

Echo 
Depth

Clock

trols

Converter

Output 
P

Pulse 
G t

Display

Power 
Control

Generator 
(Transmitter)

Beam 
Tracking Beam 

Location



Components
Gain Con

of an Ultrasound 
Scanner

RF 
Amplifi

TGC 
Generat2D gray scale imaging

TGC Cont

• Echo ‘detection’
uc

er
Tr

an
sd

ntrol Pre- and Post-
Processing

Echo 
Amplitude

ier Demodulator

tor Scan 
Con erter

Echo 
Depth

Clock

trols

Converter

Output 
P

Pulse 
G t

Display

Power 
Control

Generator 
(Transmitter)

Beam 
Tracking Beam 

Location



Signal Pr

• Amplitude modulati
• Changes in amplitude of r• Changes in amplitude of r

information about tissue c
– Low-frequency amplitude v

frequency signal

• ‘Detection’ or ‘Demodula
the returned echoes

• Frequency modulatiq y
• Changes in frequency of r

information about tissue m
• Doppler ultrasound

rocessing

ion
received energy providereceived energy provide 
characteristics
variations superimposed on high-

ation’ extracts the information from 

ion
received energy provide 
motion



Signal Pr

A short pulse is 
t itt d dtransmitted and a 
series of echoes is 
received

Electromag

The ultrasound echo is 
referred to as a ‘Radio 

Region
Radio
Microwave

Electromag

Frequency’ signal because 
it is in the frequency range 
of radio waves in the 

Microwave
Infrared
Visible
Ultraviolet

electromagnetic spectrum.  X-Ray
Gamma Ray

rocessing

gnetic Spectrum

Modulated RF signal

Frequency
106 - 109

3 x 1012

gnetic Spectrum

Medical ultrasound 
frequencies ≈ 2-20 MHz

3 x 1012

4 x 1014

7 x 1014

3 x 1017

3 x 1019

y > 3 x 1019



VV

• Amplitude p
Demodulation
• Separation of 

i d

V

carrier and 
modulating 
waveform
• Rectification

• Absolute value
• Envelope

V
Envelope 
detection
• Low-pass filter

Rectification

Envelope detection



A-M

Short pulses are transmitte
dmeasured

- A-Mode scan (Amplitude m

Mode

ed and the echo times are 

ode)



Components
Gain Con

of an Ultrasound 
Scanner

RF 
Amplifi

TGC 
Generat2D gray scale imaging

TGC Cont

• Beam location saved 
in scan converter 
memory 

i

uc
er

• Echo amplitude 
mapped to gray scale
• 2D image displayed 

Tr
an

sdon screen

ntrol Pre- and Post-
Processing

Echo 
Amplitude

ier Demodulator

tor

Echo 
Depth

Clock
Scan 

Con erter

trols

Output 
P

Pulse 
G t

Converter

Display

Power 
Control

Generator 
(Transmitter)

Beam 
Location

Beam 
Tracking



B-M

Pulses are transmitted in m
echoes are mapped to brighechoes are mapped to brigh

- B-Mode scan (Brightness m

B-Mode Imaging 
System

Mode

multiple directions and the 
htness on a 2D displayhtness on a 2D display
ode)

Computer 
display



B-M

Pulses are transmitted in m
echoes are mapped to brighechoes are mapped to brigh

- B-Mode scan (Brightness m

B-Mode Imaging 
System

Mode

multiple directions and the 
htness on a 2D displayhtness on a 2D display
ode)

Computer 
display



Processing Examp

Images of test 
phantom with 

Terason portableTerason portable 
ultrasound 

scanner

Bitmap image

ple: RF to B-Mode



RF to B

Single 

B-Mode

Amplitude DemodulationAmplitude Demodulation

RF line



RF to B

Rectifie

B-Mode

Amplitude DemodulationAmplitude Demodulation

ed RF



RF to B

Envelope

B-Mode

Amplitude DemodulationAmplitude Demodulation

e (A-Mode)



RF to B

RF Line

A-Mode t

B-Mode

o B-Mode



RF to B

RF Line A-

A-Mode t

B-Mode

-Line Brightness

o B-Mode



RF to B

RF Line A-Line

A-Mode t

B-Mode

B-Line B-Mode Image

o B-Mode
128 Lines



Components
Gain Con

of an Ultrasound 
Scanner

RF 
Amplifi

2D gray scale imaging
TGC 

Generat

TGC Cont

• Time-Gain Compensation: 
adjust gain as a function of 
time (depth) to compensate 
for attenuation

uc
er

for attenuation

Tr
an

sd

ntrol Pre- and Post-
Processing

Echo 
Amplitude

ier Demodulator

Echo 
Depth

Clock
Scan 

Con erter
tor

trols

Output 
P

Pulse 
G t

Converter

Display

Power 
Control

Generator 
(Transmitter)

Beam 
Location

Beam 
Tracking



Ti G iTime-Gain
Compensation

(TGC)

Compensate for 
signal attenuation 
as a function of 
depth

UW Radiology



Time-Gain C

• Average attenuation rate: 
0 8 dB/ /MH0.8 dB/cm/MHz

• Variable TGC allows gain 
dj t t t diff tadjustment at different 

depths
• Multiple slider controls• Multiple slider controls

Compensation



TGC: ccorrect



TGC: inncorrect



Ultrasound

• Scanhead construction a
the format and character
scan plane 
• Scanhead design affe

• Spatial and tempo
• Range of designs avaRange of designs ava

imaging applications

d Scanheads

and operation determine 
ristics of the ultrasound 

ects resolution
ral

ailable for specificailable for specific 



Ultrasound

(a) Rotating 
mechanical device 

(b) Linear array: scans 
an area the same 
width as the scanhead 

Direction
of sweep

(c) Curved linear 
array: sweeps a sector

(

(d) Phased array: 
variable timing of the 

i iexcitation across 
elements steers the 
beam so that a small 
transducer sweeps a

Direction
of sweep

transducer sweeps a 
large area (

d Scanheads

Transducers

Beam

Beam axis
Direction
of sweep

axis

Pulses to

(b)(a)

individual
elements

Beam
i

Direction
f

axis

of sweep

(d)(c)



MechanicalMechanicall Scanheadl Scanhead

• Single-element 
transducer is swepttransducer is swept 
across the image plane 
by a motor
• Prone to wear and 

damage over time
• Fixed focus• Fixed focus



Focusing

Curved 
transducer face

Len

Only electronic focusing a
all other methods have fix

g Methods

ns Electronic 
focusing (phasing)

allows for variable focus; 
xed focus



Ultrasound

(a) Rotating 
mechanical device 

Direction
of sweep

(b) Linear array: scans 
an area the same 
width as the scanhead

((c) Curved linear 
array: sweeps a sector

(d) Phased array: 
variable timing of the 

i i

Direction
of sweep

excitation across 
elements steers the 
beam so that a small 
transducer sweeps a

(

transducer sweeps a 
large area

d Scanheads

Transducers

Beam

Beam axis
Direction
of sweep

axis

Pulses to

(b)(a)

individual
elements

Beam
i

Direction
f

axis

of sweep

(d)(c)



Array ScArray Scanheadsanheads



Arra

Zagzebski

ays

• Ultrasound waves 
from different 
elements sumelements sum

• Adjust timing of 
excitation across the 
elements to steer and 
focus the beam



PULSER

Arrays

Electronic arrays control the excitation y
time of multiple transducer elements to 
steer and focus the ultrasound beam

Steered

Focused

Sector scan

Steered and Focused



Resol

• Detail (geometriDetail (geometri

• Temporal (frame

lution

ic) resolutionic) resolution

e-rate) resolution



Arra

• TransducerTransducer 
elements in 
linear electronic 
arrays are not 
symmetric
– Beam pattern 

is not 
symmetricy

ays

Klein



Detail Re

• Axial: along the scan lin
• Axial Resolution = 1/2 x/
• Constant with depth
• Improves with increaseImproves with increase

L t l di l• Lateral: perpendicular 
image plane
• Lateral Resolution = Be
• Varies with depth
• Improves with focusing

esolution

ne (depth)
x (Spatial Pulse Length)(Sp g )

ed frequencyed frequency

t th li ithi thto the scan line within the 

eam width

g and with increased frequency



Axial Reesolution



Axial Re

• Axial Resolution = (

• SPL = (# cycles/puls• SPL = (# cycles/puls

• Improve axial resol
• reduced number of cycle

i d f• increased frequency

λ /fλ = c/f
c = propagation speed
f = transmit frequency 

• Wavelength is
• Ultrasound w

esolution

(Spatial Pulse Length) / 2

se) x λse) x λ

lution by 
es

s affected by frequency and the medium
wavelengths in tissue are less than 1 mm



Axial Re

Example: 3-c

5 MHz transducer

λ = c/f  

= (1540 m/s) / (5 x 106 Hz)

= 0.308 mm

A i l l i (3 λ) / 2Axial resolution = (3 x λ) / 2

= 0.462 mm  

esolution

cycle pulse

10 MHz transducer

λ = c/f  

= (1540 m/s) / (10 x 106 Hz)

= 0.154 mm

A i l l i (3 λ) / 2Axial resolution = (3 x λ) / 2

= 0.231 mm  



Wavelengths

UW Radiology



Lateral R

NOT RES

Resolution

SOLVED



UW Radiology



Axial and Lateeral Resolution



d

A

Axial and Lateral
Resolution

Plot of image brightness 
from a string target

Imaging depth: 4.8 cm

Target depth: 2.3 cm

Focal depth: 3 5 cmFocal depth: 3.5 cm

Beam 
direction

ATL L10-5 on HDI 3000 Leotta 1998



Focus 
Depth



Focus 
Depth



Detail Re

Increased frequen
Increased frequen

Tradeoff:

esolution

ncy Improved resolution
ncy Increased attenuation



FrequencyFrequency

Increased frequency Improve
Increased frequency Increase

• Use lower frequencies for deeper str

• Use highest frequency that can pene
depth of interest

y Tradeoffsy Tradeoffs

Transcranial
1.5 - 2.0 MHz

Cardiac

ed resolution
ed attenuation

Abdominal

2.0 - 5.0 MHzructures

etrate to the 

Musculoskeletal

2.0 - 5.0 MHz

5.0 - 12.0 MHz

Peripheral VascularPeripheral Vascular
7.0 - 15.0 MHz



Beam Th

• Beam pattern perpendicular to 2

• Beam thickness (elevation) gener

• Fixed focus set by acoustic lens

hickness

2D image plane

rally larger than lateral beam width

Zagzebski



Beam Th

UW Radiology

hickness

‘Beam Thickness’



Array Reesolution

Beam from an array is not symmetric

‘anisotropic’ voxels‘anisotropic’  voxels

axial < lateral < elevation

Beam pattern varies with depth

Zagzebski



Resol

• Detail (geometriDetail (geometri

• Temporal (frame

lution

ic) resolutionic) resolution

e-rate) resolution



Temporal R

Frame Rate: the numbeFrame Rate: the numbe
be produced per second

• Decreases with increa

• Decreases with increa
lines   

Resolution

er of 2D images that caner of 2D images that can 
d

asing imaging depth

asing number of  scan 



Temporal R

Pulse Repetiti

If h i f f• If echoes can arrive from as far as
least until t = 2R/c to transmit the n

• Therefore the Pulse Repetition Fr• Therefore the Pulse Repetition Fr

Frame

• Each pulse echo is used to constr

• If the B-mode image is made upIf the B mode image is made up 
2D frame is n(2R/c) = n/PRF

• Therefore the maximum Frame R

FRmax =  PRF

Resolution

on Frequency

d th R th t it ts depth R, then we must wait at 
next pulse

requency (PRF) must be ≤ c/2Rrequency (PRF) must be ≤ c/2R

e Rate

ruct one line of a 2D B-mode image

of n lines then the time to scan oneof n lines, then the time to scan one 

Rate is

F/n = c/2Rn R = range = maximum depth
n = number of scan lines per frame



Frame

Example
1 p
8-c

a p e

12

maximum PRF = c/2

maximum Frame Ra

e Rate

pulse per scan line 
cm imaging depth (R)
8 scan lines per frame (n) 

2R = 9625 Hz

ate = PRF/n = 75 frames/sec





DopDop
UltrasUltras

pplerppler
soundsound



Doppler Imaging

Amersham Medical



The Dopp

Th D l hift i th• The Doppler shift is the 
change in the frequency of 
sound due to motion of the 
source of the sound or the 
observer (or both) 

• It equals 2 times the transmit 
frequency multiplied by the q y p y
velocity and the cosine of the 
angle of incidence, all divided 
by the propagation speed ofby the propagation speed of 
sound in human soft tissue

pler Shift

∆f f θ∆f  = 2 v ft cosθ
c

v = velocity

f = t it fft = transmit frequency

θ = angle of  insonation

c = speed of  sound in 
human soft tissue



Doppler 

Vi li ti f t• Visualization of anato
• Frequency shifts due to m

cells) are measured and dcells) are measured and d

• Color Doppler
• 2D image showing presen• 2D image showing presen

character of blood flow

• Spectral DopplerSpectral Doppler
• Detailed flow measureme

Imaging

d bl d flomy and blood flow
moving scatterers (red blood 
displayeddisplayed

nce speed direction andnce, speed, direction, and 

ent at a single location



Basic Doppler 
Instrument

Continuous WaveContinuous Wave

f0 = transmit frequency
fe = echo frequency

Adapted from Amersham Medical

fD = Doppler frequency



Detect changesDetect changes 
in frequency of 
the reflected 
signal

Transmit 
frequency isfrequency is 

used as a 
reference

f0 = transmit frequency
fe = echo frequency

Adapted from Amersham Medical

fD = Doppler frequency



Demod

f0 = transmit frequency
fe = echo frequency (recei
fD = Doppler frequency

dulation

Sum
MHz

kH

Difference

kHz

Amersham Medical

ived)



Demod

Input wave
transmit

Input wave

receive
Output wave

multiply

Mixer

Low-pass
filter

Doppler shift

dulation

Kerwin / UW



Doppler 

Vi li ti f t• Visualization of anato
• Frequency shifts due to m

cells) are measured and dcells) are measured and d

• Color Doppler
• 2D image showing presen• 2D image showing presen

character of blood flow

• Spectral DopplerSpectral Doppler
• Detailed flow measureme

Imaging

d bl d flomy and blood flow
moving scatterers (red blood 
displayeddisplayed

nce speed direction andnce, speed, direction, and 

ent at a single location



Color DDoppler



Spectraal Doppler



Dopplepp

• Angle between sound 
travel & flow

• 0 degrees
• flow in direction of 

sound travel

• 90 degrees• 90 degrees
• flow perpendicular to 

sound travel
• no Doppler shift

∆f  = 2 v ft cosθ
c

r Angleg



Dopplepp

∆f  = 2 v ft cosθ
c

r Angleg

Doppler Angle = 0Doppler Angle = 0



Dopplepp

• Flow vector can be separated 

∆f  = 2 v ft cosθ

Flow parallel 

c

p
to beam

r Angleg

into two vectors

Doppler Angle > 0Doppler Angle > 0

Flow 
perpendicular p p

to beam



Dopplepp

• Flow vector can be separated 

∆f  = 2 v ft cosθ

Instrument 

c

can only 
measure the 
flow parallel 
to the beam

r Angleg

into two vectors

Doppler Angle > 0Doppler Angle > 0



Dopplepp

• Flow vector can be separated 

∆f  = 2 v ft cosθ
c

v  =     c ∆f
2 ft cosθ

r Angleg

into two vectors

Doppler Angle > 0Doppler Angle > 0

• Sensed flow always 

θ

≤ actual flow

• Cosine corrects for 
l i h l iangle in the velocity 

calculation



Color Doppler

Color flow systems represent the ve
t d b l l t d frepresented by a color selected from

locity in each pixel as a single value 
l lm a color scale 

Note: velocity estimate changes with angle



Pulse Wave (Spectral) Doppler

Pulse wave systems measure the Do
depth and display the calculated velo

oppler frequency spectrum at a specified 
ocities as a function of time

Angle estimate provided by operator 



Color Doppler guidance to sites of interest for Spectral Doppler



Three-Dim
Ultras

IImag

mensional
sound

iging



3D Ultr

• Limitations of 2D ultrasou
• 2D slices through a 3D structur2D slices through a 3D structur
• spatial relationships (between i

• Benefits of 3D ultrasoundBenefits of 3D ultrasound
• robust displays enhance interpr
• measurements require fewer geq g

• Acquisition methods
• relate multiple 2D images in arelate multiple 2D images in a 
• capture data in a 3D volume

rasound

und
rere
images and studies) are not preserved

dd
retation
eometric assumptionsp

3D coordinate system3D coordinate system



3D Ultrasound Me

MedisonMedison

thods: Mechanical

Mechanical 
scansscans 

GE



3D Ultrasound M

Freehand 
systemssystems

Opticalp
Image Guided Technologies

ethods: Freehand

Magnetic
Ascension Technologygy

Articulated arm
FARO



3D Ultrasound Met

2D array
transducer 

• N x N arrays are used to steer the 
ultrasound beam in both the 
azimuth and elevation directions

• Interrogate a pyramidal-shaped 
region and produce a volumetric 
image at high speeds without moving 
the transducer

• Recently-developed transducers 
include a 64 x 64 = 4096 elementinclude a 64 x 64  4096 element 
array operating at 3.5 MHz

thods: Volume Scan

Stennet, von Ramm
Carnegie Mellon / Duke 



3D Ultrasound Met

2D array
transducer 

• N x N arrays are used to steer the 
ultrasound beam in both the 
azimuth and elevation directions

• Interrogate a pyramidal-shaped 
region and produce a volumetric 
image at high speeds without moving 
the transducer

• Recently-developed transducers 
include a 64 x 64 = 4096 elementinclude a 64 x 64  4096 element 
array operating at 3.5 MHz A

thods: Volume Scan

Tricuspid / Mitral 

Philips Sonos 7500 
Aortic / Tricuspid / Mitral 



3D Ultrasound:
UW Research Lab

Personal 
computer

A sta
multipl

Arbitrary image position and orientation

Magnetic
3D tracker
electronics

transmitter
electronics

Transmitter
stand

Ultrasound 
scanner standscanner

Ultrasound 
scanhead with 

magnetic receiver

andard ultrasound system is modified to relate 
le 2D images in a 3D reference coordinate system



3D Ultrasound: Sccanhead Tracking

Relate pi el locations in• Relate pixel locations in 
ultrasound image with 
points in the 3D reference 
coordinate system

• R: tracking output• R: tracking output
• S: calibration
• I: in-plane pixel location
• P: 3D pixel location



Volume Rec

• Insert 2D image data
• No manual interactio
• Variety of display op

Image acquisition Image sta

construction

a into a regular 3D grid
on required 
ptions

ack 3D volume



Image-to-Volu
Image pla

V l
c

Voxel r

z i j

k
(i,j,k) = (1,1,1)

Volume space

x

y

(x,y,z): magnetic tra

Magnetic
transmitter

( ,y,z) g
(r,c):    image
(i,j,k):  reconstructed

Coordinate systems

ume Processing
ane

• Calculate volume bounds in

Pixel

Calculate volume bounds in 
transmitter coordinate 
system based on all images

• Specify voxel size in mmSpecify voxel size in mm
• Calculate 3D location of 

pixel
• Calculate voxel number• Calculate voxel number 

corresponding to pixel’s 3D 
location

• Insert pixel value in voxel

nsmitter

• Insert pixel value in voxel

d volume



Shoulder RShoulder R

acromion
process

clavicle supraspinatus
tendon

scapula humerus

biceps
tendon

subscapularis
tendon

I i d f lti l i dImages acquired from multiple windows

Rotator CuffRotator Cuff

3D l t ti3D volume reconstruction



Rotator Cuff 
Thi knThickness

• Tendon thickness measurements 
show changes in morphology in a

nor
ten

show changes in morphology in a 
subject with an acute tear of the 
left supraspinatus tendon.  In 
particular noteparticular note

– the nearly uniform thickness 
of the normal tendon (≈ 7 mm)

– the absence of the tendon on 
the anterior side of the bone in 
the injured shoulder

– a pronounced bulge of the 
retracted end of the torn 
tendon (thickness ≈ 14 mm)tendon (thickness 14 mm)

Leotta and Martin
UMB, 26:509, 2000 

torn 
tendon

rmal
ndon



Surface Rec

• The vessel is traced o
• manual or semi-autmanual or semi aut

• Outline points are co
surface for visualiza

Image acquisition Image stack

construction

on each image
tomatedtomated

onnected to create a 
ation and measurement

3D mesh/surfaceOutlines



Surface Rec

Cardiovascular Research Training Center, U

construction

• Image outlining forImage outlining for 
structure measurement

• Segment multiple 
structures of intereststructures of interest

• 3D viewing window 
helps assess /guide 
tracingtracing

UW



Surface Recconstruction

Leotta et al.
J Am Soc Echocard, 1997 



Cardiac

Normal Aortic stenosis

c Shape

• Compare C p
individual 
reconstructed 
surfaces to a 
normal model 
derived from 
imaging of a 

irepresentative 
population

Cardiomyopathy Munt et al.
J Am Soc Echocard, 1998 



AAA with Endo

Anterior view of an aneurysm repaired 

ovascular Graft

Abdominal 
AorticAortic 

Aneurysm

by placement of an endovascular graft
Leotta et al., J Vasc Surg,, 2001



AAA Seri

Repaired aneurysm imaged 2 w
and 1 year (right) af

ial Study

weeks (left), 6 months (center) 
fter graft placement 



Computational Flow Modeling for 

3D surface model

Dialysis Access Arter

Dialysis Access Surgical Planning

Computational flow model

riovenous Fistula



Serial Study: Vein

• Vein graft with progressing stenog p g g
angioplasty repair

• Femoral to above-knee popl
• Original graft: November 19Original graft: November 19
• Revision: November 2003

n Graft Revision

osis at site proximal to a PTFE patch 

6 months post-revision

p p

iteal reversed saphenous vein graft
996996



Serial Study: Vein

Stenosis

PTFE Patch Angioplas

n Graft Revision

sty

PTFE Interposition Graft

6 months post-revision



Serial Study: Vein

• Vein graft with progressing steno

1 month 6 mo

g p g g
angioplasty repair

• Femoral to above-knee popl
• Revision: November 2003Revision: November 2003

n Graft Revision

osis at site proximal to a PTFE patch 

onths 16 months

p p

iteal reversed saphenous vein graft



Serial Study: Vein

6 months

Axial Velocity over th

• Turbulent jet impinging on vesse

n Graft Revision

16 months

he Cardiac Cycle

l wall leads to dilation over time

McGah et al., J Biomech Eng, 2011



Serial Study: Vein

1 month

16 months

Wall Shear Stress (Pascals)

Wall Shear Stress time-averaged over 
one cardiac cycle

Wall Shear Stress: stress (force p
parallel or tangential to a face of

n Graft Revision

16 th

Wall Shear Stress over the cardiac cycle

16 months

per unit area) that is applied 
f a material

McGah et al., J Biomech Eng, 2011


