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The first edition of Practical Urological Ultrasound was an outgrowth of a cam-
paign to teach practicing urologists the basic techniques for performing and docu-
menting ultrasound examinations on urologic patients. An emphasis on an 
organ-based approach was intended to mimic what was encountered in daily 
practice and to extend the principles learned to intraoperative applications.

The more pervasive use of MRI in conjunction with radionuclide studies 
and, more recently, for MRI-guided prostate biopsy would seem to render a 
fundamental understanding of ultrasound less vital. To the contrary, the skillful 
use of ultrasound is critical to the co-registration of images for MRI-TRUS 
fusion biopsy of the prostate, for identification of lesions for focal therapy of 
the prostate, and for intraoperative guidance during complex renal surgery.

In fact, multi-parametric ultrasound (gray scale, Doppler, contrast-
enhanced, and elastography) may function as well as MRI-based procedures 
in a variety of clinical situations at a fraction of the cost. In the short time 
since our first edition, improvements in transducers and overall image quality 
have made ultrasound a fundamental part of daily urologic practice and have 
the potential to replace axial imaging for some applications and procedures.

Central to urologist-performed imaging and imaging-based procedures is 
a thorough understanding of the physics underlying ultrasound imaging. We 
hope this edition will continue to enlighten urologists and encourage them to 
personally perform these procedures on behalf of their patients.

Dallas, TX, USA� Pat F. Fulgham

Preface
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          Introduction 

 Ultrasound is the portion of the acoustic spectrum 
characterized by sonic waves that emanate at fre-
quencies greater than that of the upper limit of 
sound audible to humans, 20 kHz. A phenomenon 
of physics that is found throughout nature, ultra-
sound is utilized by rodents, dogs, moths, dolphins, 
whales, frogs, and bats for a variety of purposes, 
including communication, evading predators, and 
locating prey [ 1 – 4 ]. Lorenzo Spallanzani, an eigh-
teenth century Italian Biologist and physiologist, 
was the fi rst to provide experimental evidence that 
non-audible sound exists. Moreover, he hypothe-
sized the utility of ultrasound in his work with bats 

by demonstrating that bats use sound rather than 
sight to locate insects and avoid obstacles during 
fl ight; this was proven in an experiment where 
blind-folded bats were able to fl y without naviga-
tional diffi culty while bats with their mouths cov-
ered were not. He later determined through operant 
conditioning that the Eptesicus fuscus bat can per-
ceive tones between 2.5 and 100 kHz [ 5 ,  6 ]. 

 The human application of ultrasound began in 
1880 with the work of brothers Pierre and Jacques 
Curie, who discovered that when pressure is 
applied to certain crystals, they generate electric 
voltage [ 7 ]. The following year, Gabriel Lippmann 
demonstrated the reciprocal effect that crystals 
placed in an electric fi eld become compressed [ 8 ]. 
The Curies demonstrated that when placed in an 
alternating electric current, the crystals under-
went either expansion or contraction and pro-
duced high frequency sound waves, thus creating 
the foundation for further work on piezoelectric-
ity. Pierre Curie met his future wife Marie—with 
whom he later shared the Nobel Prize for their 
work on radioactivity [ 9 ]—in 1894 when Marie 
was searching for a way to measure the radioac-
tive emission of uranium salts. She turned to the 
piezoelectric quartz crystal as a solution, combin-
ing it with an ionization chamber and quadrant 
electrometer; this marked the fi rst time piezoelec-
tricity was used as an investigative tool [ 10 ]. 

 The sinking of the RMS Titanic in 1912 drove 
the public’s desire for a device capable of echolo-
cation, or the use of sound waves to locate hidden 
objects. This was intensifi ed 2 years later with the 
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beginning of World War I, as submarine warfare 
became a vital part of both the Central and Allied 
Powers’ strategies. Canadian inventor Reginald 
Aubrey Fessenden—perhaps most famous for his 
work in pioneering radio broadcasting and devel-
oping the Niagara Falls power plant—volun-
teered during World War I to help create an 
acoustic-based system for echolocation. Within 3 
months he developed a high-power oscillator 
consisting of a 20 cm copper tube placed in a pat-
tern of perpendicularly oriented magnetic fi elds 
that was capable of detecting an iceberg 2 miles 
away, and being detected underwater by a receiver 
placed 50 miles away [ 11 ]. 

 A contemporary of Fessenden and student of 
Pierre Curie, Paul Langevin was similarly inter-
ested in using acoustic technology for the detection 
of submarines in World War I. Using piezo-
electricity, he developed an ultrasound generator in 
which the frequency of the alternating fi eld was 
matched to the resonant frequency of the quartz 
crystals. This resonance evoked by the crystal pro-
duced mechanical waves that were transmitted 
through the surrounding medium in ultrasonic fre-
quency, and were subsequently detected by the 
same crystals [ 12 ,  13 ]. Dubbed the “hydrophone,” 
this represented the fi rst model of what we know 
today as sound navigation and ranging, or SONAR.  
Although there were only sporadic reports on the 
use of SONAR in sinking German U-boats, 
SONAR was vital to both the Allied and Axis 
Powers during World War II [ 14 ]. 

 In 1928, Russian scientist Sergei  Sokolov   fur-
ther advanced the applicability of ultrasound in 
his experiments at Ulyanov Electrotechnical Insti-
tute. Using a “refl ectoscope,” Sokolov directed 
sound waves through metal objects, which were 
refl ected at the opposite side of the object and 
traveled back to the refl ectoscope. He determined 
that fl aws within the metals would alter the other-
wise predictable course of the sound waves. 
Sokolov also proposed the fi rst “sonic camera,” in 
which a metal’s fl aw could be imaged in high 
resolution. The actual output, however, was not 
adequate for practical usage. These early experi-
ments describe what we now know as through 
transmission [ 15 ]. Sokolov is regarded by many 
as the “Father of Ultrasonics,” and was awarded 
the Stalin prize for his work [ 13 ]. 

 In 1936, German scientist Raimar Pohlman 
described an ultrasonic imaging method based on 
transmission via acoustic lenses, with conversion 
of the acoustic image into a visual entity. Two 
years later, Pohlman became the fi rst to describe 
the use of ultrasound as a treatment modality 
when he observed its therapeutic effect when 
introduced into human tissues [ 16 ]. Austrian neu-
rologist Karl Dussik is credited with being the fi rst 
to use ultrasound as a diagnostic tool. In 1940 in a 
series of experiments attempting to map the 
human brain and potentially locate brain tumors, 
transducers were placed on each side of a patient’s 
head, which along with the transducers, was par-
tially immersed in water. At a frequency of 
1.2 MHz, Dussik’s “hyperphonography” was able 
to produce low resolution “ventriculograms” [ 17 ]. 
Other investigators were unable to reproduce the 
same images as Dussik, sparking controversy that 
this may have not been true images of the cerebral 
ventricles, but rather, acoustic artifact. Dussik’s 
work led MIT physician HT Ballantyne to con-
duct similar experiments, where they demon-
strated that an empty skull produces the same 
images obtained by Dussik. They concluded that 
attenuation patterns produced by the skull were 
contributing to the patterns that Dussik had previ-
ously thought resulted from changes in acoustic 
transmission caused by the ventricles. These fi nd-
ings led the United States Atomic Energy 
Commission to conclude that ultrasound had no 
role in the diagnosis of brain pathology [ 18 ,  19 ]. 

 In 1949, John  Wild  , a surgeon who had spent 
time in World War II treating numerous soldiers 
with abdominal distention following explosions, 
used military aviation-grade ultrasonic equip-
ment to measure bowel thickness as a noninvasive 
tool to determine the need for surgical interven-
tion. He later used A-mode comparisons of nor-
mal and cancerous tissue to demonstrate that 
ultrasound could be useful in the detection of can-
cer growth. Wild teamed up with engineer John 
Reid to build the fi rst portable “ echograph  ” for 
use in hospitals (see Fig.  1.1 ) and also to develop 
a scanner that was capable of detecting breast and 
colon cancer by using pulsed waves to allow dis-
play the location and refl ectivity of an object, a 
mode that would later be described as “brightness 
mode,” or simply B-mode [ 13 ,  20 ,  21 ].

V. Vasudevan et al.
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   Following the post-World War II resurgence of 
interest in cardiac surgery, Inge Edler and 
Hellmuth Hertz began to investigate noninvasive 
methods of detecting mitral stenosis, a disease 
with relatively poor results at the time. Using an 
ultrasonic refl ectoscope with tracings recorded on 
slowly moving photographic fi lm designed by 
Hertz (see Fig.  1.2 ), they were able to capture 
moving structures within the heart. Dubbed 
“Ultrasound Cardiography,” this represented the 
fi rst echocardiogram, which was capable of differ-
entiating mitral stenosis from mitral regurgitation, 
and detecting atrial thrombi, myxomas, and 
 pericardial effusions [ 23 ,  24 ].

   With the support of the Veterans Administration 
and United States Public Health Service, Holmes 

et al. described the use of ultrasound to detect soft 
tissue structures with an ultrasonic “sonascope.” 
This consisted of a large water bath in which the 
patient would sit, a sound generator mounted on 
the tub, and an oscilloscope which would display 
the images. The sonascope was capable of iden-
tifying a cirrhotic liver, renal cyst, and differen-
tiating veins, arteries, and nerves in the neck. 
Con sistent with the results of their predecessors, 
however. 

 The use of ultrasound in obstetrics and gynecol-
ogy began in 1954 when Ian Donald became inter-
ested in the use of A-mode, or amplitude-  mode  , 
which uses a single transducer to plot echoes on a 
screen as a function of depth; one of the early uses 
of this was to differentiate solid from cystic masses. 

  Fig. 1.1    An example of one 
of Wild and Reid’s original 
echographs, pictured above, 
was used to measure skin 
thickness as compared to 
breast cancer tissue thickness 
to determine a diagnosis of 
breast cancer [ 22 ].  Reproduced 
with permission from Hill CR, 
Early days of scanning: 
Pioneers and Sleepwalkers, in 
Radiography. 2009 (15): 
p. 15–22, courtesy of Elsevier        
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Using a borrowed fl aw- detector, he initially found 
that the patterns of the two masses were sonically 
unique. Working with the research department of 
an atomic boilermaker company, he led a team that 
developed the fi rst contact scanner. Obviating the 
need for a large water bath, this device was hand-
operated and kept in contact with skin and coupled 
with olive oil. Captured on Polaroid ®  fi lm with an 
open shutter, abdominal masses could be reliably 
and reproducibly differentiated using ultrasound. 
Three years later, Donald collaborated with his 
team of engineers to develop a means to measure 
distances on the output on a cathode ray tube, which 
was subsequently used to determine fetal head size 
[ 13 ,  25 – 27 ].  

    History of Doppler Ultrasound 

 In 1842, Christian Johann Doppler theorized that the 
frequency of light received at a distance from a fi xed 
source is different than the frequency emitted if the 
source is in motion [ 28 ]. More than 100 years later, 
this principle was applied to sound by Satomura in 
his study on  cardiac valvular motion   and  peripheral 
blood vessel pulsation   [ 29 ]. In 1958, Seattle pediatri-

cian Rushmer and his team of engineers further 
advanced the technology with their development of 
transcutaneous continuous-wave fl ow measurements 
and spectral analysis in peripheral and extracranial 
brain vessels [ 30 ]. Real-time imaging—developed 
in 1962 by Homes—was born out of the principal of 
“compounding,” which allowed the sonographer to 
sweep the transducer across the target to continu-
ously add information to the scan; the phosphorde-
cay display left residual images from the prior 
transducer position on the screen, allowing the entire 
target to be visualized [ 13 ]. The fi rst commercially 
available real-time scanner was produced by 
Siemens, and its fi rst published use was in the diag-
nosis of hydrops fetalis [ 31 ,  32 ]. 

 Bernstine and Callagan were the fi rst to report 
the obstetric utility of Doppler in their 1964 report 
on ultrasonic detection of fetal heart movement, 
thus laying the foundation for continuous fetal 
monitoring [ 33 ]. The same year, Buschmann was 
the fi rst report “ carotid echography     ” for the diag-
nosis of carotid artery thrombosis [ 34 ], al though 
debate ensued as to whether ultrasound was capa-
ble of identifying the carotid bifurcation or its 
branches into the internal and external carotid 
arteries [ 35 – 37 ]. 

  Fig. 1.2    The fi rst echocardiographic recording is dis-
played as a “motion-mode,” or M-mode, tracing display-
ing ultrasonic tracings of the left ventricular posterior wall 
[ 24 ].  Reproduced with permission from Fraser, A.G., Inge 

Edler and the origins of clinical echocardiography. Eur J 
Echocardiogr, 2001. 2(1): p. 3–5, courtesy of Oxford 
University Press        
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 In 1966, Kato and Izumi developed directional 
Doppler that was capable of determining direction 
of fl ow [ 32 ,  38 ]. The following year, McLeod 
reported similar fi ndings using phase shift in the 
United States [ 30 ,  39 ,  40 ]. By 1967, the use of 
Doppler ultrasound had spread to Europe, where 
continuous-wave ultrasound (which does not allow 
precise spatial localization) was being used to diag-
nose occlusive disease of neck and limb arteries, 
venous thrombosis, and valvular insuffi ciency with 
accuracy [ 41 ]. Pulsed Doppler soon provided the 
capability of sampling specifi c Dop pler signals in 
target tissues, a function that quickly became clini-
cally applicable in the detection of valvular motion 
and differential fl ow rates within the heart [ 42 ]. 

 The addition of color fl ow mapping to Doppler 
ultrasound allowed real-time mapping of blood 
fl ow patterns [ 43 ]. The limitations of color fl ow, 
including angle dependence and diffi culty assess-
ing fl ow in slow-fl ow states, were soon appreci-
ated. These were overcome with the advent of an 
alternative form of Doppler, termed “Power Doppler.” 
This alternative to routine color fl ow was found to 
be useful in confi rming or excluding diffi cult cases 
of  testicula  r or ovarian  torsion      and  vascular throm-
bosis      [ 44 ]. 

 Researchers next turned their attention to tech-
niques to improve the clarity and reduce artifact 
within ultrasound-guided images. In 1980,  real-
time compound sonography      was developed by 
using the probe to obtain multiple images from 

different viewing angles. Computed beam steer-
ing technology is then used to combine multi-
planar images into one compound image in real 
time. Summation of these images reduced artifact 
and improved delineation of surfaces. This tech-
nique was expanded from linear array to curved 
array transducers, making it more accessible for 
abdominal and pelvic imaging. Now, compound 
sonography is used for musculoskeletal, vascular, 
hepatobiliary, and pelvic imaging [ 45 ]. 

 In 1989, Baba and colleagues reported on the 
fi rst production of a three-dimensional ultrasonic 
image. Using a real-time straight or curved trans-
ducer, they were able to obtain positional informa-
tion with an ultrasound device that was connected 
to a microcomputer, which reconstructed the data 
into a three-dimensional output. The authors hypoth-
esized that this system would be ideal for the 
screening of fetal anomalies and abnormalities in 
intrauterine growth [ 44 ]. Following the develop-
ment of von Ramm’s  three- dimensional ultra-
sound   device, Sheikh et al. published the fi rst use 
of real-time three-dimensional acquisition and 
presentation of data in the United States in 1991. 
This proved to be useful in cardiology for assess-
ment of perfusion and ventricular function [ 46 ]. 

 In 1996, several authors including Burns et al. 
began exploring the realm of  tissue harmonic 
sonography      (see Fig.  1.3 ) as a means to overcome 
image degradation [ 45 ,  47 ]. During the initial 
investigation, the authors explored microbubble 

  Fig. 1.3    Here, a fundamental mode image of the kidney 
reveals a focal contour of an abnormality seen in the lower 
pole, while the harmonic mode image, to the  right , reveals 
that the lesion is solid in nature [ 47 ].  Reproduced with 

permission from Desser, T.S., et al., Tissue Harmonic 
Imaging Techniques: Physical Principles and Clinical 
Applications. Seminars in Ultrasound, CT, and MRI. 
2001.   22  (1): 1–10, courtesy of Elsevier        
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ultrasound contrast media to improve contrast 
agent-specifi c images, with the result that the har-
monic signal was stronger from the microbubbles 
than the signal from tissue. Now, harmonic mode 
has developed as a gray scale ultrasound mode 
that employs echoes at twice the transmitted fre-
quency. This technique has resulted in improved 
image clarity and decreased artifact, and has 
proven invaluable in diagnosis of pathology in the 
hepatobiliary tree and genitourinary tract, most 
importantly in determining distinguishing charac-
teristics of cystic and solid lesions.

   Electronic steering of the ultrasound beam is 
the process of using parallel beams oriented along 
multiple directions from an array transducer along 
different directions. This is also referred to as mul-
tibeam imaging. The arrays obtained from each 
direction are compounded into a single image, 
which increases the lateral resolution and reduces 
the noise levels [ 48 ].  

    History of Ultrasound in Urology 

    Prostate 

 In 1963, Japanese Urologists Takahashi and Ouchi 
became the fi rst to attempt ultrasonic examination 
of the prostate. However, the image quality that 
resulted was not interpretable and thus carried little 
medical utility [ 49 ].  Wild   and Reid also attempted 
transrectal ultrasound, but were met with the same 
result. Progress was not made until Watanabe et al. 
demonstrated radial scanning that could adequately 
identify prostate and bladder pathology. Using a 
purpose-built device modeled after a museum 
sculpture entitled “Magician’s Chair,” Watanabe 
 seated   his patients on a chair with a hole cut in the 
center such that the transducer tube could be passed 
through the hole and into the rectum of the seated 
patient [ 50 ]. Images from Watanabe’s seated probe 
are displayed in Fig.  1.4a ; it is evident in Fig.  1.4b  

  Fig. 1.4    ( a ) Images from  Watanabe’s seated probe   are 
displayed [ 50 ], revealing ( b ) an area of circumscribed 
symmetric echogenicity, representing BPH, ( c ) an asym-
metric area of hyperechogenicity, representing prostate 
cancer. In these images, note that resolution was poor, and 

images displayed extreme contrast.  Reproduced with per-
mission from Watanabe, H., et al., Development and 
application of new equipment for transrectal ultrasonog-
raphy. J Clin Ultrasound, 1974. 2(2): p. 91–8, courtesy of 
John Wiley and Sons        
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(demonstrating an area of circumscribed symmet-
ric echogenicity, representing BPH) and Fig.  1.4c  
(demonstrating an asymmetric area of hyperecho-
genicity, representing prostate cancer) that resolu-
tion was poor and images displayed extreme 
contrast. Subsequent development of biplane, high 
frequency probes has created increased resolution 
and has allowed for transrectal ultrasound to become 
the standard for diagnosis of prostatic disease.

   In 1974, Holm and Northeved introduced a 
 transurethral    ultrasonic   device that would be 
interchangeable with conventional optics during 
cystoscopy for the purpose of imaging the pros-
tate and bladder. Their other goals for this device 
included the ability to determine depth of bladder 
tumor penetration, prostatic volume, evaluation 
of prostatic tumor progression, and to assist with 
transurethral resection of prostate [ 51 ]. 

 More recently, several other techniques have 
come to light in the diagnosis of prostate cancer. 

 The concept of  multiparametric    MRI  , in which 
MRI images are electronically superimposed in 
real time on transrectal ultrasound (see Fig.  1.5 ), 
has further revolutionized the ability to detect 
high-risk prostate cancer [ 52 ].

    Histoscanning   has also been used to more 
accurately defi ne prostatic lesions. This involves 
three steps: a motorized transrectal ultrasound, a 
software analysis to defi ne the region of concern, 
and a color-coded analysis of tissue detailing all 
region suspicion [ 54 ]. 

 Finally,  sonoelastography  , a technique for 
assessing tissue elasticity to distinguish cancer tis-
sue from prostate parenchyma, has been shown to 
improve detection rates when ultrasound- guided 
biopsies alone are insuffi cient to defi ne the target 

  Fig. 1.5    In this example, a multiparametric MRI, T2 
weighted, was obtained and outlines a suspicious lesion. 
( a ) A hypointense lesion in the right peripheral zone of the 
prostate is noted with extracapsular extension. The lesion 
is hyperintense on DWI imaging. ( b ) A TRUS-guided 
biopsy, performed with the ADC map shown here ( c ), 

revealed Gleason grade 9 (4 + 5) disease in this patient 
[ 53 ].  Reproduced with permission from Oliveira Neto JA, 
Parente DB. Multiparametric Magnetic Resonance 
Imaging of the Prostate. Magnetic Resonance Imaging 
Clinics of North America. 2013 (21): p. 409–26, courtesy 
of Elsevier        
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[ 55 ]. A sensitivity of 0.81, specifi city of 0.69, and 
accuracy of 0.74 for detection of prostate cancer 
were found by Boehm et al. [ 56 ], which is similar 
to that of MRI.  

     Kidney   

 In 1971, Goldberg and Pollack, frustrated with 
the inability of IVP to differentiate benign from 
malignant lesions, turned to A-mode ultrasound. 
In their report on “nephrosonography,” they dem-
onstrated in a series of 150 patients the capability 
of ultrasound to discern solid, cystic, and com-
plex masses with an accuracy of 96 %. The dia-
grammatic representation of the three ultrasound 
patterns they found is depicted in Fig.  1.6  [ 57 ]. In 
cystic lesions, the fi rst spike represents the strik-
ing of the front wall of the cyst and the second 
spike represents the striking of the back wall. 
More complex lesions therefore have return of 
more spikes.

        Scrotum   

 Perri et al. were the fi rst to use Doppler as a 
sonic “stethoscope” in their workup of patients 
with an acute scrotum. While they were able to 

identify patients with epididymitis and torsion of 
the appendix testis as having increased fl ow, and 
patients with spermatic cord torsion as having no 
blood fl ow, they also reported that false nega-
tives in cases of torsion could result from 
increased fl ow secondary to reactive hyperemia 
[ 58 ,  59 ].   

    Further Advancements 

 Watanabe and colleagues demonstrated that Dop-
pler could be used to identify the renal  arteries in a 
noninvasive way in 1976 [ 60 ], and 5 years after-
ward, Greene and colleagues documented that 
Doppler could adequately differentiate stenotic 
from normal renal arteries [ 61 ]. In 1982, Arima et al. 
used Doppler to differentiate acute from chronic 
rejection in renal transplant patients, noting that acute 
rejection is characterized by the disappearance of 
diastolic phase, with reappearance being indicative 
of recovery from rejection. The authors concluded 
that Doppler could guide the management of rejec-
tion as an index for steroid therapy [ 62 ]. 

 In the early 1990s, a number of authors inves-
tigated the therapeutic uses of high-intensity 
fo cused ultrasound, or HIFU. Following prior 
reports of histologic changes following HIFU 
[ 63 ], Marberger and colleagues were the fi rst to 

  Fig. 1.6    This is a diagrammatic representation of the 
three types of ultrasound patterns obtained from masses. 
In this way, ultrasound has been able to distinguish the 
differences between the solid, cystic, and necrotic masses 

(a mixture of solid and cystic masses) [ 57 ].  Reproduced 
with permission from Goldberg, B.B. and H.M. Pollack, 
Differentiation of renal masses using A-mode ultrasound. 
J Urol, 1971. 105(6): p. 765–71, courtesy of Elsevier        
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report the safety and effi cacy of HIFU in symp-
tomatic BPH patients [ 64 ]. Its utilities in the 
treatments of testicular cancer [ 65 ], early  pros-
tate cancer   [ 66 ], recurrent prostate cancer [ 67 ], 
and renal  cell   cancer (transcutaneously [ 68 ] and 
laparoscopically [ 69 ]) were soon explored as 
well. 

 The fi eld of urology continues to demand and 
discover novel uses for ultrasound technology. 
Chen et al. used transrectal ultrasound guidance 
to inject botulinum toxin into the external ure-
thral sphincters of a series of patients with detru-
sor external sphincter dyssynergia [ 70 ]. Ozawa 
and colleagues used perineal ultrasound videou-
rodynamics to accurately diagnose bladder outlet 
obstruction in a new, noninvasive method [ 71 ]. 
The possibilities for the application of ultrasound 
in diagnosing or treating urologic patients remain 
endless.  

    Conclusion 

 Ultrasound is a cost-effective, accurate, and 
nearly ubiquitous easy to use diagnostic tool that 
produces meaningful results instantly. As a stan-
dard in the urologist’s offi ce armamentarium, it 
can be applied to the workup of pathology of the 
genitalia, pelvic fl oor, bladder, prostate, and kid-
neys. Specifi c uses within each organ system will 
be detailed throughout this book. 

 The history of ultrasound is quite extensive 
and has involved a number of groundbreaking 
discoveries and new applications of basic phys-
ical  principles   (see Fig.  1.7 ). In the future, multi-
parametric imaging and multidimensional 
real-time ultrasound will allow for enhanced 
diagnostic and therapeutic utility of ultrasound 
in multiple different clinical settings. This hom-
age to the innovators of the past serves both to 
recognize prior achievements and to acknowl-
edge that future work in the development of new 
applications for ultrasound will always be 
needed.

A History of Ultrasound

18th

century

Spallanzani explores
non-audible sounds in
nature (bats)

Curie
discovers
pizoelectricity

Doppler describes the
Doppler effect

Fessenden
explores
echolocation

Langevin discovers
SONAR

Sokolov invents
the reflectoscope

Donald explores A
mode and dimension

Homes develops real-
time imaging

Kato and Izumi
describe color-flow
doppler

Emerging
techniques/future
directions:
Multiparametric imaging
Histoscanning
Sonoelastography

Other techniques:
Compound sonography
3D Ultrasound
Harmonic Sonography 

19th

century

20th

century

21st

century

  Fig. 1.7    A timeline detailing the history of important 
contributions to the fi eld of  ultrasonography         
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�Introduction

The use of ultrasound is fundamental to the prac-
tice of urology. In order for urologists to best use 
this technology on behalf of their patients, they 
must have a thorough understanding of the physi-
cal principles of ultrasound. Understanding how 
to tune the equipment and to manipulate the 
transducer to achieve the best-quality image is 
crucial to the effective use of ultrasound. The 
technical skills required to perform and interpret 
urologic ultrasound represent a combination of 
practical scanning ability and knowledge of the 
underlying disease processes of the organs being 
imaged. Urologists must understand how ultra-
sound affects biological tissues in order to use 
this modality safely and appropriately. When the 
physical principles of ultrasound are fully under-
stood, urologists will recognize both the advan-
tages and limitations of ultrasound.

�The Mechanics of Ultrasound Waves

The image produced by ultrasound is the result of 
the interaction of mechanical ultrasound waves 
with biologic tissues and materials. Because ultra-
sound waves are transmitted at frequent intervals 
and the reflected waves received by the transducer, 
the images can be reconstructed and refreshed rap-
idly, providing a real-time image of the organs 
being evaluated. Ultrasound waves are mechani-
cal waves which require a physical medium (such 
as tissue or fluid) to be transmitted. Medical ultra-
sound imaging utilizes frequencies in the one mil-
lion cycles per second (or MHz) range. Most 
transducers used in urology vary from 2.5 to 
18 MHz, depending on the application.

Ultrasound waves are created by applying 
alternating current to piezoelectric crystals within 
the transducer. Alternating expansion and contrac-
tion of the piezoelectric crystals creates a mechan-
ical wave which is transmitted through a coupling 
medium (usually gel) to the skin and then into the 
body. The waves that are produced are longitudi-
nal waves. This means that the particle motion is 
in the same direction as the propagation of the 
wave (Fig. 2.1). This longitudinal wave produces 
areas of rarefaction and compression of tissue in 
the direction of travel of the ultrasound wave.

The compression and rarefaction of molecules 
is represented graphically as a sine wave 
alternating between a positive and negative 

The original version of this chapter was revised.  
An erratum to this chapter can be found at  
DOI 10.1007/978-3-319-43868-9_18
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deflection from the baseline. A wavelength is 
described as the distance between one peak of the 
wave and the next peak. One complete path trav-
eled by the wave is called a cycle. One cycle per 
second is known as 1 Hz (Hertz). The amplitude 
of a wave is the maximal excursion in the positive 
or negative direction from the baseline, and the 
period is the time it takes for one complete cycle 
of the wave (Fig. 2.2).

The velocity with which a sound wave travels 
through tissue is a product of its frequency and 

its wavelength. The velocity of sound in tissues 
is constant. Therefore, as the frequency of the 
sound wave changes, the wavelength must also 
change. The average velocity of sound in human 
tissues is 1540 m/s. Wavelength and frequency 
vary in an inverse relationship. Velocity equals 
frequency times wavelength (Fig.  2.3). As the 
frequency diminishes from 10 to 1  MHz, the 
wavelength increases from 0.15 to 1.5 mm. This 
has important consequences for the choice of 
transducer depending on the indication for 
imaging.

�Ultrasound Image Generation

The image produced by an ultrasound machine 
begins with the transducer. Transducer comes 
from the Latin transducere, which means to con-
vert. In this case, electrical impulses are con-
verted to mechanical sound waves via the 
piezoelectric effect.

In ultrasound imaging the transducer has a 
dual function as a sender and a receiver. Sound 
waves are transmitted into the body where they 
are at least partially reflected. The piezoelectric 
effect occurs when alternating current is applied 
to a crystal containing dipoles [1]. Areas of charge 
within a piezoelectric element are distributed in 
patterns which yield a “net” positive and negative 
orientation. When alternating charge is applied to 
the two element faces, a relative contraction or 
elongation of the charged areas occurs resulting in 

a mechanical expansion and then a contraction of 
the element. This results in a mechanical wave 
which is transmitted to the patient (Fig. 2.4).

Reflected mechanical sound waves are 
received by the transducer and converted back 
into electrical energy via the piezoelectric effect. 
The electrical energy is interpreted within the 
ultrasound instrument to generate an image 
which is displayed upon the screen.

For most modes of ultrasound, the transducer 
emits a limited number of wave cycles (usually two 
to four) called a pulse. The frequency of the two to 

Compression

Rarefaction

Fig. 2.1  Longitudinal waves. The 
expansion and contraction of 
piezoelectric crystals caused by the 
application of alternating current to 
the crystals causes compression and 
rarefaction of molecules in the body
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Fig. 2.2  Characteristics of a sound wave: the amplitude 
of the wave is a function of the acoustical power used to 
generate the mechanical compression wave and the 
medium through which it is transmitted

velocity = frequency x wavelength

u=¶l

Fig. 2.3  Since the velocity of sound in tissue is a con-
stant, the frequency and wavelength of sound must vary 
inversely
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four waves within each cycle is usually in the 2.5–
14 MHz range. The transducer is then “silent” as it 
awaits the return of the reflected waves from within 
the body (Fig.  2.5). The transducer serves as a 
receiver more than 99 % of the time.

Pulses are sent out at regular intervals usually 
between 1 and 10  kHz which is known as the 
pulse repetition frequency (PRF). By timing 
the pulse from transmission to reception, it is 
possible to calculate the distance from the trans-
ducer to the object reflecting the wave. This is 
known as ultrasound ranging (Fig.  2.6). This 
sequence is known as pulsed-wave ultrasound.

The amplitude of the returning waves determines 
the brightness of the pixel assigned to the reflector in 
an ultrasound image. The greater the amplitude of 
the returning wave, the brighter the pixel assigned. 
Thus, an ultrasound unit produces an “image” by 
first causing a transducer to emit a series of ultra-
sound waves at specific frequencies and intervals 

and then interpreting the returning echoes for 
duration of transit and amplitude. This “image” is 
rapidly refreshed on a monitor to give the impres-
sion of continuous motion. Frame refresh rates 
are typically 12–30 per second. The sequence of 
events depicted in Fig.  2.7 is the basis for all 
“scanned” modes of ultrasound including the 
familiar gray-scale ultrasound.

�Interaction of Ultrasound 
with Biological Tissue

As ultrasound waves are transmitted through 
human tissue, they are altered in a variety of 
ways including loss of energy, change of direc-
tion, and change of frequency. An understand-
ing of these interactions is necessary to 
maximize image quality and correctly interpret 
the resultant images.

Fig. 2.4  Piezoelectric effect. 
Areas of “net” charge within a 
crystal expand or contract 
when current is applied to the 
surface, creating a mechanical 
wave. When the returning 
wave strikes the crystal, an 
electrical current is generated

Fig. 2.5  The pulsed-wave ultrasound 
mode depends on an emitted pulse of 
2–4 wave cycles followed by a period 
of “silence” as the transducer awaits 
the return of the emitted pulse

2  Physical Principles of Ultrasound
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Attenuation refers to a loss of kinetic energy 
as a sound wave interacts with tissues and fluids 
within the body [2]. Specific tissues have differ-
ent potentials for attenuation. For example, water 
has an attenuation of 0.0 whereas kidney has an 
attenuation of 1.0 and muscle an attenuation of 
3.3. Therefore, sound waves are much more 

rapidly attenuated as they pass through muscle 
than as they pass through water (Fig.  2.8). 
(Attenuation is measured in dB/cm/MHz.)

The three most important mechanisms of 
attenuation are absorption, reflection, and scat-
tering. Absorption occurs when the mechanical 
kinetic energy of a sound wave is converted to 

Fig. 2.6  Ultrasound ranging depends 
on assumptions about the average 
velocity of ultrasound in human tissue 
to locate reflectors in the ultrasound 
field. The elapsed time from pulse 
transmission to reception of the same 
pulse by the transducer allows for 
determining the location of a reflector 
in the ultrasound field

Object

Transducer

Clock

Time-gain
compensation

Amplifier

Image memory/
scan convertor

Monitor

generator
Pulse

/Receiver

Fig. 2.7  Schematic depiction of the 
sequence of image production by an 
ultrasound device
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heat within the tissue. Absorption is dependent 
on the frequency of the sound wave and the 
characteristics of the attenuating tissue. Higher 
frequency waves are more rapidly attenuated by 
absorption than lower frequency waves.

Since sound waves are progressively attenu-
ated with distance traveled, deep structures in the 
body (e.g., kidney) are more difficult to image. 
Compensation for loss of acoustic energy by 
attenuation can be accomplished by the appropriate 

use of gain settings (increasing the sensitivity of 
the transducer to returning sound waves) and 
selection of a lower frequency.

Refraction occurs when a sound wave encoun-
ters an interface between two tissues at any angle 
other than 90°. When the wave strikes the inter-
face at an angle, a portion of the wave is reflected 
and a portion transmitted into the adjacent media. 
The direction of the transmitted wave is altered 
(refracted). This results in a loss of some informa-
tion because the wave is not completely reflected 
back to the transducer, but also causes potential 
errors in registration of object location because of 
the refraction (change in direction) of the wave. 
The optimum angle of insonation to minimize 
attenuation by refraction is 90° (Fig. 2.9).

Reflection occurs when sound waves strike an 
object or an interface between unlike tissues or 
structures. If the object has a relatively large flat 
surface, it is called a specular reflector, and sound 
waves are reflected in a predictable way based on 
the angle of insonation. If a reflector is small or 
irregular, it is called a diffuse reflector. Diffuse 
reflectors produce scattering in a pattern which 
produces interference with waves from adjacent 
diffuse reflectors. The resulting pattern is called 
“speckle” and is characteristic of solid organs 
such as the testes and liver (Fig. 2.10).

When a sound wave travels from one tissue to 
another, a certain amount of energy is reflected at 
the interface between the tissues. The percentage 

5Bone

Kidney

Liver

Soft
tissue

Fat

Water

Blood
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0.94
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Fig. 2.8  Attenuation of tissue.) 
(Adapted from Diagnostic 
Ultrasound, Third Ed., Vol 1). 
The attenuation of a tissue is a 
measure of how the energy of 
an ultrasound wave is 
dissipated by that tissue. The 
higher the attenuation value of 
a tissue, the more the sound 
wave is attenuated by passing 
through that tissue

Incident wave

Tissue 1

Tissue 2

Transmitted and
refracted wave

Reflected wave

qt

qi qr

Fig. 2.9  A wave which strikes the interface between two 
tissues of differing impedance is usually partially reflected 
and partially transmitted with refraction. A portion of the 
wave is reflected at an angle (θR) equal to the angle of 
insonation (θi); a portion of the wave is transmitted at a 
refracted angle (θt) into the second tissue

2  Physical Principles of Ultrasound



18

of energy reflected is a function of the difference 
in the impedance of the tissues. Impedance is a 
property of tissue related to its “stiffness” and the 
speed at which sound travels through the tissue 
[3]. If two adjacent tissues have a small differ-
ence in tissue impedance, very little energy will 
be reflected. The impedance difference between 
kidney (1.63) and liver (1.64) is very small so 
that if these tissues are immediately adjacent, it 
may be difficult to distinguish the interface 
between the two by ultrasound (Table 2.1).

Fat has a sufficient impedance difference from 
both kidney and liver that the borders of the two 
organs can be distinguished from the intervening 
fat (Fig. 2.11).

If the impedance differences between tissues 
are very high, complete reflection of sound waves 
may occur, resulting in acoustic shadowing 
(Fig. 2.12).

�Artifacts

Sound waves are emitted from the transducer 
with a known amplitude, direction, and fre-
quency. Interactions with tissues in the body 
result in alterations of these parameters. 
Returning sound waves are presumed to have 
undergone alterations according to the expected 
physical principles such as attenuation with dis-
tance and frequency shift based on the velocity 
and direction of objects they encountered. The 
timing of the returning echoes is based on the 
expected velocity of sound in human tissue. 
When these expectations are not met, it may lead 
to image representations and measurements 
which do not reflect actual physical conditions. 
These misrepresentations are known as “arti-
facts.” Artifacts, if correctly identified, can be 
used to aid in diagnosis.

Increased through transmission occurs 
when sound waves pass through tissue with less 
attenuation than occurs in the surrounding tis-
sues. For example, when sound waves pass 
through a fluid-filled structure such as a renal 
cyst, the waves experience relatively little 
attenuation compared to that experienced in the 

Fig. 2.10  (a) Demonstrates a diffuse reflector. In this 
image of the testis, small parenchymal structures scatter 
sound waves. The pattern of interference resulting from 
this scattering provides the familiar “speckled” pattern of 
testicular echo architecture. (b) Demonstrates a specular 

reflector. A specular reflector reflects sound waves at an 
angle equal to the incident angle without producing a pat-
tern of interference caused by scattering. In this image of 
the kidney, the capsule of the kidney serves as a specular 
reflector

Table 2.1  Impedance of tissue

Tissue
Density (kg/

m3)
Impedance 
(Rayles)

Air and other gases 1.2 0.0004

Fat tissue 952 1.38

Water and other clear 
liquids

1000 1.48

Kidney (average of 
soft tissue)

1060 1.63

Liver 1060 1.64

Muscle 1080 1.70

Bone and other 
calcified objects

1912 7.8

Adapted from Diagnostic Ultrasound, 3rd Ed, Vol. 1
Impedance (Z) is a product of tissue density (p) and the 
velocity of that tissue (c). Impedance is defined by the for-

mula: Z (Rayles) = p (kg/m3) × c (m/s)

P.F. Fulgham
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surrounding renal parenchyma. Thus when the 
waves reach the posterior wall of the cyst and 
the renal tissue beyond it, they are more ener-
getic (have greater amplitude) than the adjacent 
waves. The returning echoes have significantly 
greater amplitude than waves returning through 
the renal parenchyma from the same region of 
the kidney. Therefore, the pixels associated 
with the region distal to the cyst are assigned a 

greater “brightness.” The tissue appears 
hyperechoic compared to the adjacent renal tis-
sue even though it is histologically identical 
(Fig.  2.13). This artifact can be overcome by 
changing the angle of insonation or adjusting 
the time-gain compensation settings.

Acoustic shadowing occurs when there is 
significant attenuation of sound waves at a tissue 
interface causing loss of information about other 
structures distal to that interface. This attenuation 
may occur on the basis of reflection or absorp-
tion, resulting in an “anechoic” or “hypoechoic” 
shadow. The significant attenuation or loss of the 
returning echoes from tissues distal to the inter-
face may lead to incorrect conclusions about tis-
sue in that region. For instance, when sound 
waves strike the interface between testicular tis-
sue and a testicular calcification, there is a large 
impedance difference and significant attenuation 
and reflection occur. Information about the region 
distal to the interface is therefore lost or severely 
diminished (Fig.  2.14). Thus, in some cases 
spherical objects may appear as crescenteric 
objects, and it may be difficult to obtain accurate 
measurements of such three-dimensional objects. 
Furthermore, fine detail in the region of the 
acoustic shadow may be obscured. The problems 
with acoustic shadowing are most appropriately 
overcome by changing the angle of insonation.

Fig. 2.11  Image (a) demonstrates that when kidney and 
liver are directly adjacent to each other, it is difficult to 
appreciate the boundary (arrow) between the capsules of 
the kidney and liver. Image (b) demonstrates that when fat 

(which has a significantly lower impedance) is interposed, 
it is far easier to appreciate the boundary between liver 
capsule (arrow) and fat

Fig. 2.12  In the urinary bladder, reflection of sound 
waves as the result of large impedance differences 
between urine and the bladder calculus (thin arrow). 
Acoustic shadowing results from nearly complete reflec-
tion of sound waves (arrows)

2  Physical Principles of Ultrasound
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Edging artifact occurs when sound waves 
strike a curved surface or an interface at a critical 
angle. A critical angle of insonation is one which 
results in propagation of the sound wave along 
the interface without significant reflection of the 
wave to the transducer. Thus, information distal 
to the interface is lost or severely diminished. 
This very common artifact in urology must be 
recognized and can, at times, be helpful. It is seen 
in many clinical situations but very commonly 
seen when imaging the testis. Edging artifacts 
often occur at the upper and lower pole of the 

testis as the sound waves strike the rounded 
testicular poles at the critical angle. This artifact 
may help differentiate between the head of the 
epididymis and the upper pole of the testis. The 
edging artifact is also prominently seen on tran-
srectal ultrasound, where the two rounded lobes 
of the prostate come together in the midline. This 
produces an artifact that appears to arise in the 
vicinity of the urethra and extend distally. Edging 
artifact may be seen in any situation where the 
incident wave strikes an interface at the critical 
angle (Fig.  2.15). Edging artifact may be over-
come by changing the angle of insonation.

A reverberation artifact results when an 
ultrasound wave bounces back and forth (rever-
berates) between two or more reflective inter-
faces. When the sound wave strikes a reflector 
and returns to the transducer, an object is regis-
tered at that location. With the second transit of 
the sound wave, the ultrasound equipment inter-
prets a second object that is twice as far away as 
the first. There is ongoing attenuation of the 
sound wave with each successive reverberation 
resulting in a slightly less intense image dis-
played on the screen. Therefore, echoes are pro-
duced which are spaced at equal intervals from 
the transducer but are progressively less intense 
(Fig. 2.16).

The reverberation artifact can also be seen in 
cases where the incident sound wave strikes a 
series of smaller reflective objects (such as the 

Fig. 2.13  Increased through 
transmission with hyperechogenicity 
(arrow) as the result of decreased 
attenuation by the fluid-filled cyst. 
This is an example of artifactual 
misrepresentation of tissue 
characteristics and must be recognized 
to avoid incorrect clinical conclusions

Fig. 2.14  Acoustic shadowing occurs distal to a calcifi-
cation in the testis (large arrows). Information about tes-
ticular parenchymal architecture distal to the area of 
calcification is lost
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