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            Principles of Ultrasound 

 Ultrasound is a type of mechanical energy that produces 
vibrations as it traverses any given medium. These vibrations 
create varying areas of pressure. The alternations between 
areas of high and low pressure are measurable against time 
and termed the  wave frequency  with Hertz used as the unit of 
measurement. By convention, it is generally accepted that 
the speed of sound propagation is 1540 m/s, which repre-
sents the average speed at which sound travels in soft tissues. 
The unit of time of a cycle of the wave is called the  period , 
and the distance between wave crests is termed  wavelength  
[ 1 – 3 ]. 

    Ultrasound in Tissue 

 In order to compose an ultrasound image, pulses of sound are 
sent into the target tissue. These pulses are very short, 
approximately 1 ms or less, and as they move through tissue, 
echo signals are produced and refl ected back toward the 
source, termed a  transducer . Different tissues interact differ-
ently with these sound waves. They are refl ected, refracted, 
and/or absorbed by the tissue structures and then captured by 
the transducer, which then formulates an image. It is these 
differences in tissue interaction, the  echotexture , that allow 
for anatomical imaging to be formulated. Structures that 

appear bright are termed  hyperechoic , while structures that 
are dark are referred to as  hypoechoic  [ 1 – 3 ]. 

 The amplitude of the echo signal of imaged tissues is depen-
dent on the number of scatterers per unit volume, the acoustic 
impedance, the sizes of the scatterers, and the ultrasonic fre-
quency. The term  hyperechoic  refers to tissue which yields higher 
scatter amplitude, and hypoechoic refers to  tissue with lower 
scatter amplitude. Thus both are used to describe the scatter char-
acteristics of tissue relative to the average background signal. 
Areas that appear hyperechoic are generally composed of greater 
numbers of scatterers and possess larger acoustic impedance dif-
ferences as well as overall larger-sized scatterers. Acoustic scat-
tering from  nonspecular (diffuse) refl ectors increases with 
frequency. Specular refl ectors are largely independent of fre-
quency. It is therefore usually possible to enhance the scattered 
echo  signals by using higher ultrasound frequencies [ 1 – 3 ]:

    Bright (hyperechoic):  renal sinus fat and renal calculi  
   Dark (hypoechoic):  renal pyramids  
   Uniform, midlevel echogenicity:  renal cortex  
   Notable refl ective surfaces:  anterior surface of the kidney [ 3 ].    

 Smooth surfaces of tissue refl ect sound waves in a rather 
predictable way, and when the angle of refl ection is perpendicu-
lar to the tissue surface, a large proportion of the sound is 
refl ected back to the transducer. This angle of refl ection, termed 
the angle of incidence, is a key component of ultrasound imag-
ing. When sound waves refl ect off an irregular surface, a smaller 
proportion of the waves are refl ected back to the transducer and 
often the strength of these waves is diminished. Thus these sur-
faces are termed diffuse  (nonspecular) refl ectors [ 1 ,  3 ,  4 ].  

    Impedance 

  Impedance  is another factor in determining the strength of 
sound refl ected by tissue surfaces or echoes. It describes dif-
ferences in tissue density (denser and stiffer tissues having 
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greater impedance compared with those less dense tissues) 
and how sound is refl ected differently at tissue interfaces. For 
example, the lung is much less dense than the liver, and thus, 
the liver has a higher impedance to sound waves than the 
lung. Sound is refl ected differently at different tissue inter-
faces, and the sound that is not refl ected is transmitted or 
absorbed. The echo strength is dependent on the amount of 
refl ection and thus dependent on tissue interfaces with regard 
to their differences in impedance. Soft tissue adjacent to air- 
fi lled lungs provides a large difference in acoustic impedance. 
The sound waves incident on the soft tissue of the lungs are 
almost entirely refl ected and appear very hyperechoic. In fact, 
so much of the beam is refl ected that structures posterior to 
the air are not visualized. When adjacent tissues have similar 
acoustic impedances, only minor refl ections of the incident 
energy will occur. Acoustic impedance gives rise to differ-
ences in transmission and refl ection of ultrasound energy, 
which provides the foundation of pulse echo imaging [ 1 ,  3 ,  4 ]. 

  Impedance values  of biological tissue (unit = Z (rayl)):

   Air-muscle—0.98  
  Fat-muscle—0.015  
  Liver-muscle—0.0003  
  Bone-muscle—0.41  
  Liver-kidney—0.00003 [ 3 ,  4 ]     

    Refraction 

 Similar to the behavior of waves of light energy, sound is 
refracted when it enters an interface at an angle which is non-
perpendicular and when the densities of the mediums on both 
sides of the interface differ. The latter alters the speed at which 
the wave propagates and helps to create a change in the angle 
of propagation of the sound wave, termed the  refraction angle . 
This angle increases with greater differences in tissue density 
and yields larger differences in the wave’s speed as it travels 
through the two mediums. Refraction at interfaces between dif-
ferent tissues thus bends the sound wave beam and its refl ected 
echoes. This is seen routinely at soft tissue-fl uid as well as fat-
muscle interfaces. A clinical example is demonstrated as  edge  
( refraction )  artifact  encountered in the imaging of a simple 
cyst which demonstrates posterior acoustic enhancement with 
shadowing at the lateral edges (Fig.  2.1 ) [ 2 – 5 ].

       Attenuation 

  Attenuation  refers to decreases in sound beam strength as it 
travels through tissue. Frequency is a determining factor of 
attenuation, and the higher the frequency of the sound wave, 
the greater the attenuation. The penetrating power of sound 
is therefore limited at higher frequencies. Tissue density is 
another determining factor of attenuation. Refl ections and 

refractions are some of the reasons for this phenomenon. 
Another is the conversion of the sound energy to heat. 

  Acoustic shadowing  is an example of attenuation differ-
ences in action. The term refers to lost through transmission 
of the sound beam. An example is seen in renal calculi which 
both absorb and refl ect the sound beam, resulting in acoustic 
shadows posterior to the calculus, due to marked attenuation 
of the sound beam (Fig.  2.2 ). In contrast, posterior acoustic 
enhancement is a phenomenon produced when attenuation 
of a structure is less than that of surrounding tissue, resulting 
in greater amplitude of the beam posterior to the structure. 

  Fig. 2.1    Renal cyst .  Sagittal sonographic image of the left kidney 
demonstrates a well-circumscribed, anechoic, thinly walled lesion with 
posterior acoustic enhancement ( black arrows ), a fi nding which is often 
used to defi nitively characterize a lesion as cystic. At the lateral edges 
of the enhanced echoes, there is a faint shadow representing  edge  
( refraction artifact ) which results from bending of the sound wave from 
its expected path       

  Fig. 2.2    Renal calculus .  Sagittal sonographic image of the right kid-
ney demonstrates a calcifi ed renal stone ( large white arrow ) with the 
classic appearance of an echogenic lesion causing posterior acoustic 
shadowing ( small white arrows )       
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This is falsely displayed as an increase in echogenicity of the 
tissue posterior to the weakly attenuating structure. In 
 clinical practice, this is commonly seen in the setting of a 
simple renal cyst (Fig.  2.1 ) or any other fl uid-containing 
structure, such as the urinary bladder [ 2 – 5 ]:

    Attenuation coeffi cients for selected tissues at 1 MHz  
  Material attenuation coeffi cient (dB/cm)  
  Water 0.0002  
  Soft tissue 0.3–0.8  
  Fat 0.5–1.8  
  Bone 13–26  
  Air 40 [ 4 ]      

    Pulse-Echo Imaging Modes 

    Amplitude Mode (A-Mode) 

 A-mode is no longer utilized in the clinical setting. A short 
ultrasound pulse propagates into tissue and creates an echo, 
and this echo is received, amplifi ed, and displayed as ampli-
tude vs. distance [ 2 ,  3 ,  5 ].  

    Motion Mode (M-Mode) 

 Echo signal amplitudes are modulated according to levels of 
brightness and are displayed in a variety of shades of gray. 
The ultrasound beam is fi xed at one position yet is observed 
in real time while scanning, allowing for the imaging of the 
motion of moving structures. A clinical example of M-mode 
use is in echocardiography, in which real-time evaluation of 
myocardial motion is performed [ 2 ,  3 ,  5 ].  

    Brightness Mode (B-Mode) 

 This mode produces a 2D image via modulating the echo 
signal amplitudes to various levels of brightness. This allows 
echoes to be displayed as lines with the imaged composed of 
“point-by-point variations in brightness level aka various 
shades of gray.” In practice, structures that are more sound 
wave refl ective appear more hyperechoic than those that are 
less refl ective. Furthermore, the pulse line can be swept 
across tissue planes and produce cross-sectional imaging in 
the 2D plane [ 2 ,  3 ,  5 ].   

    Transducers 

 The sound beam is created by the transducer which makes 
use of a phenomenon called the piezoelectric effect to con-
vert electrical energy into vibrational energy. This is accom-

plished by alternating electric current to the transducers 
crystal which causes expansion and contraction. Thus this 
produces vibrations and therefore sound waves. In addition 
to producing the sound beam, the transducer is also capable 
of receiving the refl ected sound waves, referred to as echoes. 
Upon receipt, the crystal vibrates at the received echoes’ fre-
quency and converts that frequency into electrical current 
which is processed and converted into the ultrasound image 
[ 2 ,  3 ,  5 ]. 

 Array technology allows for electronic focusing to a 
variety of depths with multiple focal zones from the same 
transducer. These capabilities yield better image quality/
resolution/sharpness. Older transducers, in contrast, gener-
ated the sound beam with one element, causing the beam to 
converge at a focal zone, proximal to which was termed the 
 near fi eld  and distal to which was termed the  far fi eld , 
where the sound waves diverged. The depth of the focal 
zone was determined by the characteristics of this single 
element [ 2 ,  3 ,  5 ]. 

    Linear Array 

 Linear array transducers are composed of parallel scan lines 
which are perpendicular to the surface of the transducer. 
These utilize higher frequencies and provide high-resolu-
tion imaging of fascial planes that lay parallel to the skin 
surface. Linear arrays are most commonly used for imaging 
superfi cial and small parts and for musculoskeletal and vas-
cular imaging where there is a need for highly detailed 
images [ 3 ,  5 ].  

    Curvilinear Array 

 These transducers are composed of crystals aligned in a con-
vex arrangement, and thus, the scan lines diverge as the 
sound beam travels deeper into the scanned tissue. They typi-
cally utilize lower frequencies, allowing for deeper tissue 
penetration compared to linear high-frequency imaging. 
Interpolation is often required to fi ll in the gaps in the image 
produced by the diverging sound waves. The advantage of 
the curved array is that it produces a larger fi eld of view for 
deeper tissue structures. It is often used for abdominal and 
obstetric imaging [ 3 ,  5 ].  

    Phased Array 

 These specialized transducers are composed of many more, 
often approximately 100, elements. They produce pulsed 
beams for each scan line, and thus, the beam can be steered 
in a different fashion than, for example, the linear array. The 
transducer also has a rather narrow face and the end result of 
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its image formation is one with a large lateral view of deeper 
tissue [ 3 ,  5 ]. 

 A variety of modifi ed transducer arrays are available for 
specialized imaging tasks by taking advantage of different 
focus strategies for specifi c anatomic regions. For example, 
endorectal probes are utilized for transrectal prostate biopsy, 
and endoesophageal probes are utilized for transesophageal 
echocardiography.  

    Types of Transducer Probes 

    Endorectal  
  Endoesophageal  
  Endovaginal  
  Endourethral  
  Endovascular [ 3 ,  5 ]      

    Image Resolution 

    Lateral Resolution 

 Lateral resolution refers to the minimum measurable sepa-
ration of objects that lay parallel to the face of the trans-
ducer. Objects appear separated if their separation is in 
fact greater than the width of the sound beam. Higher-
frequency transducers produce a longer near fi eld, which is 
the narrowest portion of the beam. The near fi eld is the 
region at which lateral resolution is the greatest. Higher-
frequency transducers produce a narrow beam width, 
which decreases the amount of beam dispersion, which 
occurs in the far fi eld. This thus allows for better lateral 
resolution [ 3 ,  5 ]. Focusing the beam further enhances lat-
eral resolution by narrowing the beam width at a selected 
area of tissue.  

    Axial Resolution 

 Axial resolution refers to the minimum measurable separa-
tion of objects along the axis of the beam. The beam pulse 
length is the principal factor. A pulse length longer than 
twice the object separation will not generate resolvable 
echoes. Two basic techniques in which short pulses are gen-
erated are through broad bandwidth pulses and high- 
frequency beams. Therefore, broad bandwidth and 
high-frequency transducers are capable of producing short 
pulses and thus higher-resolution imaging [ 3 ,  5 ].  

    Elevational Resolution 

 Elevational resolution refers to slice thickness and is the 
same entity as lateral resolution but refers to the plane 

orthogonal to the image plane. The major contributing factor 
is beam width in this plane. Electronic control of transducers 
allows for other features that optimize image resolution. In 
modern ultrasound machines, the majority of these are auto-
mated upon selection of specifi c imaging protocols. These 
have the potential to improve image quality through the 
focus and fi lter of an echo upon its return to the transducer 
and help to enhance lateral resolution of the image by 
decreasing noise from the outer edges of the beam. Examples 
include:

    Receive focus : received echoes from single pulse are elec-
tronically focused to account for location in the beam.  

   Dynamic aperture : aperture or sensitive area of the trans-
ducer is modifi ed on reception to help eliminate side lobe 
or scattered signals from the edge of the beam.  

   Apodization : the sensitivity of individual transducer ele-
ments in an array is varied to help defi ne the beam on 
transmit or reception [ 3 ,  5 ].     

    Transmit Power Control 

 The modulation of transmit power affects the pulse ampli-
tude from the transducer. Stronger, greater amplitude pulses 
produce stronger returned echoes. This improves signal to 
noise ratio and increases the maximum depth of imaging. 
There is a potential risk of adverse bioeffects with prolonged 
exposure to high transmit power pulses in diagnostic ultraso-
nography; however, there are no reported confi rmed cases. 
Nevertheless, “prudent and conservative” use of diagnostic 
sonography under the ALARA principle encourages the use 
of the lowest possible transmit power to produce diagnostic 
quality images [ 1 ,  5 ].  

    Frequency Selection 

 The ultrasound transducer has a broad frequency bandwidth 
which corresponds to the emitted pulse. The “nominal” fre-
quency of a transducer is usually the center frequency of the 
bandwidth. As the frequency is increased, spatial resolution 
improves; however, the penetration of the beam decreases. 
Conversely, lower frequencies allow for greater penetration 
albeit with poorer spatial resolution. Thus the selection of 
transducer frequency is dependent on the clinical situation 
and requires a balance between the desired depth of penetra-
tion and spatial resolution [ 1 ,  5 ].  

    Doppler 

 Doppler ultrasound allows for clinical assessment of the 
presence or absence of fl ow within a vessel or tissue and 
can give information on blood fl ow direction, pulsatility, 
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and velocity. Doppler ultrasound processes frequencies of 
returning echoes from the imaged tissue to compose an 
image, as opposed to gray-scale sonography that utilizes 
the amplitude of the returning echoes. The foundation of 
Doppler ultrasound is the so-called Doppler effect. This 
refers to the change in frequency of a sound wave that 
occurs due to the relative motion of either the source, the 
observer (transducer), or the tissue medium. A commonly 
used example is the way in which the sound pitch of a 
moving train’s whistle changes as it passes an observer. 
Clinically, blood cells act as moving refl ectors of the 
ultrasound beam, and thus, blood fl owing toward the 
transducer refl ects the beam at a relatively higher fre-
quency than blood fl owing away [ 1 ,  6 ,  7 ]. The same trans-
ducers utilized for gray-scale imaging are capable of 
Doppler imaging. Three major Doppler imaging tech-
niques are utilized clinically and discussed in the follow-
ing sections. 

    Pulsed Wave (Spectral) Doppler 
 This is based on the velocity of a selected sample volume of 
blood fl ow and generates a waveform based upon direction-
ality of fl ow: Flow toward the transducer is plotted above 
the baseline, and fl ow away from the transducer is plotted 
below. The velocity of the blood fl ow is demonstrated as the 
wave amplitude, and the characteristics of the waveform 
shape allow clinical inferences to be made about the type of 
fl ow. Spectral Doppler allows for the analysis of multiple 
different vessels at different depths and provides a high 
range of resolution and specifi city due to the sampling com-
ponent [ 1 ,  5 ,  7 ].  

    Color Doppler 
 This is a 2D depiction of blood fl ow which is superim-
posed on a gray-scale image of the tissue imaged. Relative 
direction of fl ow is depicted and based upon the average 
velocity of the blood. By convention, red typically is used 
for blood fl owing toward the transducer and blue used for 
blood fl owing away, although these settings can be easily 
switched. Color Doppler allows for the characterization of 
the quality of the blood fl ow, for example, turbulent vs. 
laminar fl ow. The intensity of the color display also varies 
as a depiction of the fl ow intensity (i.e., lighter shades 
depicting higher- frequency shifts). Objects that are sta-
tionary are depicted in gray scale only. Color Doppler 
therefore yields important clinical information about the 
overall fl ow to the imaged region and can help one choose 
where to place a spectral Doppler sampling window. The 
advantage of color Doppler is that it is a relatively easy 
technique for confi rming the presence or absence of fl ow 
and visualizing small vessels, such as in the testes. 
Limitations include lower spatial resolution vs. gray-scale 
imaging as well as its relative insensitivity to slow fl ow or 
fl ow in small-caliber vessels for which spectral Doppler is 
superior [ 1 ,  5 ,  7 ].  

    Power Doppler 
 Power Doppler provides a display of the strength of the 
Doppler signal in contrast to the average shift of frequency. 
The color and shade displayed on the image are dependent 
upon the volume of the fl owing blood. The primary advan-
tage of power Doppler is a high sensitivity for detecting 
fl owing blood. It is especially useful for the detection of slow 
fl ow or blood within very small vessels. Power Doppler is 
not susceptible to aliasing, in contrast to spectral and color 
Doppler. Unlike color and spectral Doppler, there is no reli-
ance upon the Doppler angle, and thus, images of vessels in 
the perpendicular plane are possible to obtain. The disadvan-
tages are that power Doppler does not provide any informa-
tion about the directionality or velocity of blood fl ow. Power 
Doppler is vulnerable to motion, either of the transducer or 
of the tissue which manifests as an intense fl ash of color on 
the monitor, termed  fl ash artifact  [ 1 ,  5 ,  7 ].    

    Ultrasound Applications 
for the Genitourinary System 

    Normal Renal Anatomy 

 The normal ultrasound appearance of the kidneys is one of 
paired retroperitoneal structures. Each kidney is enclosed by 
a dense capsule, which itself is then surrounded by perineph-
ric fat enclosed in Gerota’s fascia. Sonographically, the kid-
ney is conventionally imaged in the transverse and sagittal 
planes. Normal renal parenchyma in the longitudinal image 
is homogeneous with the normal cortex appearing more 
hyperechoic relative to the medulla. The medullary pyra-
mids are thus hypoechoic in appearance relative to the cor-
tex. They abut the renal sinus fat, which appears relatively 
hyperechoic. The center of the longitudinally displayed kid-
ney is a complex of rather dense-appearing structures which 
include the peripelvic fat, renal vessels, lymphatic vessels, 
and normal collecting system. The normal vascular pedicle 
and the small intrarenal vasculature and renal perfusion are 
often well visualized and interrogated with the use of 
Doppler imaging to demonstrate the quality and quantity of 
fl ow [ 2 ,  8 ].  

    Renal Masses 

 Simple cysts (Fig.  2.1 ) are the most common benign adult 
renal mass, and ultrasound has proven an effective tool in 
evaluating renal cysts, allowing for differentiation from other 
cystic and solid renal masses. Simple cysts are commonly 
round, demonstrate a clearly defi ned thin wall, and lack 
internal echoes. The latter of these produce a characteristic 
feature known as  posterior acoustic enhancement . The pres-
ence of internal septations, nodular components, internal 
echoes, and calcifi cations are more worrisome features. 
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Complex or septated cystic renal masses as well as solid 
masses raise suspicion of neoplasm (vs. abscess or hema-
toma) [ 2 ,  9 ,  10 ]. 

 Sonographic characteristics of solid lesions include delin-
eation of the posterior wall, lack of through transmission, 
and internal echoes. In the past, color fl ow and Doppler 
imaging were utilized to help differentiate different types of 
solid renal neoplasms. Ultrasound characterization of solid 
renal masses is more limited compared to cystic lesions, and 
more advanced imaging modalities such as CT and MR are 
indicated for further evaluation [ 2 ]. 

 Angiomyolipoma (Fig.  2.3 ) is a benign, fat-containing 
renal mass that has a characteristic sonographic appearance. 
Lipid-rich lesions will demonstrate a characteristic homoge-
neous hyperechoic appearance and allow for a presumptive 
diagnosis, although infrequently this appearance can overlap 
with renal cell carcinoma. Therefore, additional imaging 
with CT is necessary to confi rm the presence of macroscopic 
fat [ 9 ,  10 ].

   Ultrasound can offer useful evaluation of mass lesions of 
the renal collecting system. Commonly, calcifi ed calculi 
(Fig.  2.2 ) demonstrate the classic appearance of an  echogenic 
focus with  posterior acoustic shadowing . Even poorly or 
noncalcifi ed calculi tend to demonstrate a hyperechoic 
echotexture and often shadow. Other lesions such as hema-
toma and neoplasm are often distinguishable from calculi, 
but their defi nitive diagnosis is better obtained via urologic 
procedures or additional imaging [ 2 ]. 

 Overall, sonography is limited in its ability to stage the 
extent of malignant disease, which is better accomplished 
with CT and/or MRI.  

    Renal Failure 

 Ultrasound is commonly employed in the evaluation of renal 
failure as obstructive uropathy is an easily identifi able cause. 
Hydronephrosis (Fig.  2.4 ) is the hallmark of renal failure 

a

c

b

  Fig. 2.3    Renal angiomyolipoma .  Sagittal gray-scale sonographic 
image of the right kidney ( a ) demonstrates a rounded, hyperechoic, and 
nonshadowing solid mass at the upper pole of the kidney ( arrow ), con-
sistent with angiomyolipoma. Accompanying non-contrast axial T1 in- 

phase ( b ) and T1 fat-saturated images ( c ) demonstrate the same mass to 
have high signal on the T1-weighted image ( b ) and diffuse signal loss 
( c ) on the fat-suppressed image, confi rming the diagnosis       
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due to obstruction and is characterized by the loss of the 
normally echogenic renal sinus which is replaced by a 
dilated hypoechoic collecting system. The level of dilatation 
of the calyces, infundibula, renal pelvis, and proximal ureter 
as well as the degree of parenchymal thinning can aid in 
inferring the degree and chronicity of the obstruction. 
Differential diagnostic considerations include parapelvic 
cysts, megacalyces, calyceal diverticula, and extrarenal pel-
vises. Post- intervention, ultrasound serves as an inexpensive 
and rapidly performed imaging study to assess for residual 
collecting system dilatation [ 2 ,  8 ].

       Renal Transplant 

 The pelvic and superfi cial location of the transplanted kidney 
allows for it to be interrogated well by sonography. 
Postoperative perinephric collections, such as lymphoceles, 
urinomas, and hematomas, are usually identifi able. With 
decreased urine output, changes in renal volume and perfu-
sion can be evaluated with sonography and allow for 
 distinguishing obstruction from other transplant-related 
pathologies [ 2 ,  11 ]. 

 Assessment of renal function is best accomplished with 
radionuclide imaging as the gray-scale ultrasound appear-
ance in renal failure is rather nonspecifi c. Such fi ndings 
include renal enlargement, increased cortical thickness, 
increased/decreased cortical echogenicity and loss of corti-
comedullary differentiation, prominent pyramids, thickness 
of the collecting system, and central sinus effacement. 
Ultrasound does however serve as an important tool in evalu-
ating vascular complications of transplantation. Although 
conventional angiography remains the gold standard for the 
diagnosis of vascular complications, spectral and color 
Doppler ultrasound provide an excellent and noninvasive 

assessment of affected vessels. Pathologies typically encoun-
tered include renal arterial or venous occlusion or stenosis 
and pseudoaneurysms and arteriovenous fi stulae [ 11 ]. 

 Renal artery stenosis (Fig.  2.5 ) is the most common vas-
cular complication of transplantation, reported in up to 10 % 
of patients. Color Doppler interrogation of a stenotic seg-
ment will demonstrate areas of focal aliasing. These regions 
can then be selected for spectral Doppler evaluation to quan-
tify the degree of stenosis, which can then be evaluated with 
duplex Doppler techniques to characterize and grade the 
abnormality. Spectral Doppler criteria for signifi cant steno-
ses include (a) velocities greater than 2 m/s or focal fre-
quency shift greater than 7.5 kHz (when a 3-MHz transducer 
is used), (b) a velocity gradient between stenotic and pre- 
stenotic segments of more than 2:1, and (c) marked distal 
turbulence ( spectral broadening ). The presence of the classi-
cally described “ tardus parvus ” (“late, small” in Latin) 
waveforms may further support the diagnosis; however, they 
are not always present. If there is no signifi cant fl ow 
 abnormality demonstrated, renal arterial stenosis can be 
excluded [ 10 – 12 ].

       Urinary Bladder 

 The normal sonographic appearance of the urinary bladder is 
a globular, hypoechoic structure whose shape is variable, 
depending on the level of distension and the patient’s posi-
tion at the time of examination. The wall appears hyper-
echoic, smooth, and diffusely symmetric in thickness. When 
the normal bladder is distended, the lumen should be 
anechoic [ 2 ]. 

 Bladder tumors can sometimes be visualized sonographi-
cally. Polypoid lesions (Fig.  2.6 ) appear as intraluminal soft 
tissue projections which are fi xed to the bladder wall and are 

a b

  Fig. 2.4    Hydronephrosis .  Sagittal ( a ) and transverse ( b ) sonographic images of the right kidney. The renal collecting system is symmetrically 
dilated, including dilatation of the renal calyces and central collecting system       
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  Fig. 2.5    Renal artery stenosis .  Spectral Doppler sonographic images 
of the right renal artery, ( a ) at the level of a high-grade stenosis in the 
distal renal artery and ( b ) at the level of the segmental arteries, distal to 
the stenosis. ( a ,  b ) Abnormally high velocity is demonstrated at the 
level of the renal artery stenosis, while the arterial waveforms distal to 
the stenosis ( b ) show an abnormally delayed systolic upstroke with low 
amplitude (“tardus parvus”) with corresponding low velocity. ( c )  

Digitally subtracted image from renal arteriogram in the same patient 
shows a high grade mid-arterial stenosis ( arrow ).  Normal renal arterial 
waveform.  ( d ) A normal low- resistance waveform and velocity are 
demonstrated in the left renal artery in a different patient. Note the rapid 
systolic upstroke, with peak <150 cm/s and continuous low-resistance 
fl ow throughout diastole         

a

b
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c d

Fig. 2.5 (continued)

nonmobile with patient change in position, in contrast to 
mass-like lesions such as hematoma and calculi. Tumors are 
solid lesions in contrast to ureteroceles which, although they 
are also fi xed to the bladder wall, have a distinct sonographic 
appearance with a thin echogenic wall and anechoic (cyst- 
like) center. Calculi within the bladder behave sonographi-
cally as in other areas of the GU tract with hyperechoic 
echotexture and posterior acoustic shadowing. Calculi will 
move as the patient changes position unless lodged at the 
ureterovesical junction [ 2 ].

       Prostate 

 The normal sonographic appearance of the prostate is a 
symmetric triangular ellipsoid gland circumscribed by a 
fi brous capsule. The capsule itself appears as a continuous 
thin and hyperechoic layer of tissue. Internally the prostate 
demonstrates multiple fi ne diffuse homogeneous echoes 
which likely result from the interfaces of the myriad of small 
glands within. The posterior peripheral zone systolic veloc-
ity can typically be differentiated from the more anterior 

a b

  Fig. 2.6    Urinary bladder neoplasm .  Transverse gray-scale ( a ) and 
color Doppler ( b ) sonographic images of the urinary bladder demon-
strate a solid, exophytic mass within the urinary bladder lumen ( arrow  

( a )) without any posterior acoustic shadowing and ( b ) with internal vas-
cular color Doppler signal, indicative of a solid, vascularized lesion, 
rather than blood clot, adherent debris, or non-shadowing calculus       
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 peripheral zone, the central and transition zones, and the 
fi bromuscular stroma [ 2 ]. 

 Transrectal ultrasound has been shown to be useful in 
evaluating benign and malignant prostatic disease and plays 
a valuable role in biopsy and assessment of treatment of 
patients with prostate carcinoma (Fig.  2.7c ). Note, however, 
that transrectal ultrasound is useful only to localize the pros-
tate and not for the identifi cation of lesions [ 2 ,  12 – 15 ].

   Commonly used transrectal transducers used for prostate 
imaging range in frequency from 6.0 to 7.5 MHz. The higher 

frequency allows for detailed images; however, penetration 
of the beam is limited and thus the anterior prostate is often 
incompletely visualized. Most transducers are biplanar and 
provide images in the transverse and sagittal planes. The 
transverse plane allows for better visualization of the lateral 
margins, while the sagittal plane provides better images of 
the gland’s apex and base [ 2 ,  12 ,  14 ,  15 ]. 

 Currently, sonographic diagnostic evaluation of the pros-
tate has a limited role in comparison with MRI (Fig.  2.7a, b ). 
The anterior prostate is often insuffi ciently visualized, and 

a

c

b

  Fig. 2.7    Prostate carcinoma .  ( a ) Axial T2- and ( b ) diffusion-weighted 
images of a right central prostate gland carcinoma ( arrows  ( a ,  b )). ( c ) 
Transverse transrectal sonographic image of the prostate obtained dur-

ing transrectal fusion biopsy demonstrates the lesion as a heteroge-
neous hypoechoic mass ( arrow )       
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thus lesions in this region can go undetected. Additionally, 
many benign lesions as well as normal structures have simi-
lar sonographic appearances to small malignant lesions. 
Some carcinomas, in fact, are completely isoechoic and 
therefore the utility for diagnostic prostatic ultrasound is 
quite limited. It is becoming increasingly evident that 
 supplementing the work-up of prostate cancer with prostate 
MRI when used in conjunction with transrectal 
 ultrasound- guided biopsy will result in much higher yield for 
tissue diagnosis of malignancy [ 2 ,  12 – 15 ].  

    Penis 

 Sonographic evaluation of the penis is ideally conducted 
with a high-frequency linear transducer. This provides good 
visualization of the two corpora cavernosa, which are dem-
onstrated as symmetric structures of homogenous mixed 
echogenicity which is due to the many interfaces of the vas-
cular sinusoids. In contrast to the two corpus cavernosa, the 
corpus spongiosum normally appears mildly hypoechoic in 
comparison. The fi brous tunica albuginea appears as a hyper-
echoic line forming the intercavernous septum and provides 
a region of posterior acoustic shadowing between the cor-
pora. Color and spectral Doppler sonography can evaluate 
penile vessel patency and characterize blood fl ow [ 2 ,  16 ]. 

 Most applications of penile sonography occur in the 
acute setting. Acute conditions of the penis lend themselves 
to evaluation with ultrasound due to its wide availability and 
the real-time assessment it provides. Penile fracture results 
from tearing of the tunica albuginea leading to rupture of 
the corpora. Ultrasound is capable of demonstrating tears 
and the extent of the associated injury. The tear is visualized 
as a segmental discontinuity of the tunica albuginea, and 
 associated hematoma may be visualized deep to the Buck 
fascia or subcutaneously. A secondary sign suggesting asso-
ciated urethral injury is the presence of echogenic air in the 
cavernosa. The evaluation of the urethra with ultrasound is 
however limited, and when there is clinical concern of ure-
thral injury, retrograde urethrography is indicated [ 2 ,  16 ]. 

 Mondor disease of the penis, thrombophlebitis, or throm-
bosis occurs in the dorsal vein. Color Doppler evaluation 
serves in diagnosis and in monitoring patients. Sonographic 
fi ndings include a lack of blood fl ow and noncompressibility 
of the dorsal vein, characteristic of thrombosis [ 2 ,  16 ].  

    Scrotal Ultrasound 

 The scrotum and its contents are superfi cial structures and 
thus well visualized with sonography. Scrotal pain and 

swelling prompt evaluation and sonography allows for dif-
ferentiation between tumors, orchitis/epididymitis, torsion 
of the spermatic cord, and traumatic lesions such as frac-
ture. Testicular and paratesticular malignant tumors are 
typically hypoechoic in appearance, and identifi cation of 
such a mass demands surgical intervention in most scenar-
ios. Nonseminomatous tumors can demonstrate increased 
vascular fl ow on Doppler imaging, while seminomas char-
acteristically demonstrate homogeneous echotexture in con-
trast to embryonal tumors. Epididymitis is typically 
characterized by an enlarged and hypoechoic epididymis 
due to edema with hypervascularity on color Doppler imag-
ing. Often, there is a reactive hydrocele accompanying the 
lesion. Epididymo-orchitis can have similar fi ndings, as 
well as an enlarged and hypervascular testis [ 2 ,  17 ]. 

 Clinically, distinguishing between testicular torsion 
(Fig.  2.8 ) and epididymo-orchitis can be diffi cult, and ultra-
sound has been found to be quite useful. In early torsion 
(approximately 1–3 h), echogenicity of the testes appears 
normal. As time goes on, there is enlargement of the torsed 
testis, and it will appear increasingly heterogeneous in 
echotexture. Evaluating the spermatic cord in suspected tor-
sion is critical as a torsed cord can be visualized in the exter-
nal inguinal orifi ce and aid in making the diagnosis. The 
intrascrotal portion of the torsed and edematous cord can 
appear as a rounded echogenic extratesticular mass. The ori-
entation of the cord, testis, and epididymis can be inverted. 
The diagnosis is further strengthened with the evaluation of 
testicular blood fl ow, with the affected side demonstrating 
abnormal or absent fl ow compared to the normal testis. 
Comparative imaging with transverse views, including 
pulsed Doppler imaging can yield important information 
regarding decreased or reversed diastolic blood fl ow to the 
affected testis when compared to the normal side [ 17 ].

   Traumatic injury to the scrotum lends itself to sono-
graphic evaluation as the pain and swelling often limit 
physical examination. Findings include extratesticular 
hematoma and testicular rupture, the latter of which should 
be suspected in the case of poorly defi ned testicular mar-
gins and/or disruption of capsular blood fl ow. The echotex-
ture of extratesticular/scrotal hematoma evolves over time 
with a more echogenic acute appearance transitioning to a 
more hypoechoic appearance in the subacute and later 
stages [ 17 ].  

    Varicocele 

 A varicocele (Fig.  2.9 ) will appear as a series of tortuous 
anechoic tubular structures either around, above, or below 
the testis. There is some variation in the caliber of the ves-
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  Fig. 2.8    Testicular torsion .  Gray-scale and color Doppler images of 
the testes and gray-scale image of the spermatic cord in a young man 
presenting with acute right scrotal pain. ( a ) Color Doppler side-by- side 
transverse image demonstrates the absence of vascular fl ow to the right  

testicle compared the normal left testicle as manifested by the lack of 
color signal. ( b ) Transverse image demonstrating twisting of the sper-
matic cord ( arrow )       

a b

  Fig. 2.9    Varicocele .  Gray-scale ( a ) and color Doppler ( b ) sonographic 
images of the left testicle and an adjacent hydrocele. An extratesticular 
plexus of tortuous vessels ( arrows  ( a ,  b )) is demonstrated with dilata-

tion of the individual vessels upon Valsalva maneuver. Incidentally 
noted testicular microlithiasis can also be seen, manifested by scattered 
echogenic intratesticular foci       

sels used by different authors, ranging typically from 2 to 
3 mm. When utilizing color Doppler sonography at rest, 
blood fl ow within a suspected varicocele may be too slow 
for detection. With utilization of the Valsalva maneuver, 
the varicocele will enlarge and demonstrate reversal of 
fl ow. Color Doppler sonography is the accepted gold-stan-
dard technique for varicocele assessment as it provides 
accurate diagnosis and can also be used to stage lesions 
[ 18 ].

        Computed Tomography (CT): Physical 
Principles and Genitourinary Applications 

    Physical Principles 

 The fi rst CT scanner was developed by Sir Godfrey 
Hounsfi eld in Middlesex, Great Britain. In 1973, the fi rst 
CT scanners were used clinically. Houndsfi eld and Allan 
Cormak were awarded the Nobel Prize in Medicine in 1979 
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for the development of CT technology [ 1 ,  19 ]. In the fol-
lowing decades, with constant advances in technology and 
computational power, cross-sectional imaging has revolu-
tionized the practice of medicine, due to its capability to 
evaluate disease processes throughout the body in a nonin-
vasive manner. 

 There are many urologic applications of CT, including, 
but not limited to, detection and characterization of renal 
stone disease; obstructive uropathy; benign and malignant 
tumors of the adrenals, kidneys, and upper and lower uri-
nary tracts; traumatic injury; infection and its complica-
tions; and assessment of renal artery disease. Technologic 
advances over the years have greatly increased the capabili-
ties of CT and have resulted in markedly greater speed of 
acquisition, anatomic coverage, and the ability to obtain 
dynamic contrast- enhanced images, all of which have 
worked to increase its diagnostic accuracy and image qual-
ity. This has also led to the development of newer applica-
tions, such as dual-energy CT, CT angiography, and CT 
urography. A drawback to the use of CT is its use of ioniz-
ing radiation, which results in a relatively large radiation 
dose. In recent years, however, dose reduction techniques 
have been implemented on a wide-scale basis, which have 
the potential to signifi cantly reduce the dose from routine 
CT imaging. 

 A fundamental limiting factor of plain fi lm radiogra-
phy is that a three-dimensional object is reduced to a two- 
dimensional image, with the potential for multiple 
structures of varying radiodensity to be superimposed on 
one another, with the potential for the anatomy of interest 
to be obscured. Two distinct and extremely important 
advantages of CT over plain fi lm radiography are (1) 
acquisition of a cross-sectional image with removal of any 
superimposed structures and (2) almost complete elimina-
tion of radiation scatter, which results in much greater 
sensitivity to differences in x-ray attenuation, thereby 
allowing excellent contrast between soft tissue structures. 
A CT examination is made up of multiple images, each 
one containing visual information from narrow anatomic 
sections through the imaged section of the body. The pen-
etrating x-ray beam is collimated (shaped) into a very pre-
cise width [ 1 ,  19 ]. 

 CT scanners are made up of two major components: the 
scanning component and computer components. The gantry 
consists of the scanning components, which surround the 
central aperture through which the patient is scanned. The 
computer components are located in the CT scanner control 
room. The scanning component includes the generator or 

power source, x-ray tube, collimators, detectors, data acqui-
sition system computer components, image reconstruction, 
and scanner console. 

 Each detector, along with the focal spot of the x-ray tube, 
defi nes a ray. The detector measures the intensity of the 
x-rays within its ray. The intensity of the beam within each 
ray depends on the amount that x-rays are attenuated in the 
tissue through which it passes. Attenuation is a measurement 
of the fraction of radiation removed in passing through tis-
sue. The attenuation of each boxlike element, or voxel, in the 
plane being scanned is measured by using many different 
rays acquired from many different angles over the course of 
the scan. The linear attenuation coeffi cient of a material indi-
cates how strongly it absorbs or scatters (attenuates) x-ray 
photons. The linear attenuation coeffi cient depends on three 
properties: atomic number, physical density, and photon 
energy. The creation of a CT image is reliant upon the differ-
ent attenuation characteristics of various tissues in the body 
[ 1 ,  19 ]. 

 Once image detectors have assembled the data from each 
ray, images are reconstructed via analytical and iterative 
methods. The most commonly used reconstruction method is 
fi ltered backprojection, which has been used in the earliest 
CT scanners and is still used today. Filtered backprojection 
essentially determines the average density of each pixel by 
collecting sets of rays called projections, which are made 
across the patient in a particular direction in a section plane. 
Multiple projections are needed to determine average attenu-
ation at each point, using rotational intervals of less than 1° 
[ 1 ,  19 ]. 

 CT images are composed of gray-scale values, with each 
element of the image (pixel) assigned a gray-scale value 
dependent upon its average attenuation. Denser materials 
will cause greater attenuation of photons and will be brighter 
(whiter) on the CT image, while images that are less dense 
will be darker (blacker). Density measurements are stan-
dardized using the Hounsfi eld scale, in which water has a 
Hounsfi eld unit of zero, with other tissues ranging from 
−1000 (air) to +2000 (bone). Any voxel that has attenuation 
greater than water will have a positive HU value, and voxels 
which have attenuation less than water will have a negative 
HU. An attenuation value of specifi c tissue can be easily 
obtained by placing a cursor over the region of interest (ROI) 
at the workstation, for which the computer can average the 
attenuation of the voxels within the cursor. Attenuation val-
ues play great importance in tissue characterization and 
diagnosis and must be precisely calibrated on a regular basis 
[ 1 ,  19 ]. 
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 Detector arrays in multislice scanners are two dimen-
sional. The number of detectors in the z-direction (in the 
head-to-toe direction of the patient) determines the maxi-
mum number of slices which can be simultaneously 
acquired. In a single-slice scanner, the slice width is deter-
mined by the width of the collimator. In multislice scan-
ners, the slice width is determined by the width of the 
individual detectors. For instance, in a system with 64 
detectors which are 0.625 mm in width, the slice thickness 
is 0.625 mm [ 19 ]. In actual practice, thicker slices are usu-
ally reconstructed for routine interpretation; however, thin 
sections are stored at the CT workstation and are available 
for review, if necessary. 

 Many imaging acquisition parameters determine image 
quality and patient dose. Two important acquisition param-
eters that affect radiation dose and image quality are peak 
tube voltage (kVp) and effective mAs. The effective mAs is 
the tube current (milliamperes) multiplied by the length of 
time that a given point in the patient is in the beam (sec-
onds). The energy of the most energetic x-ray photon in the 
beam is always equal to the kVp. Pitch is another important 
acquisition parameter: this refers to the table movement per 
tube revolution divided by the beam width. Adjustments in 
pitch affect scan time, z-axis resolution, and radiation dose 
[ 1 ,  19 ]. 

 Prior to the introduction of helical CT technology, scan-
ners operated in axial or incremental mode. In axial CT scan-
ners, the CT table is stationary during image acquisition, 
with the tube and detectors making one complete rotation. 
The x-ray beam is then turned off and the table repositioned 
[ 1 ,  19 ]. 

 The design of modern CT scanner has been modifi ed so 
that there are no hardwired connections between the gen-
erator and x-ray source and between the detector array and 
computer. This is achieved by slip-ring technology. Slip-
ring technology, as well as advances in x-ray tube design 
and computer speed, made the development of helical scan-
ning possible. Helical CT allows for uninterrupted motion 
of the x-ray source and the detector array, which rotate in a 
complete 360° arc around the patient. Simultaneously, the 
CT table (and patient) is moving in a continuous manner 
and at a predetermined speed [ 1 ,  19 ]. The result of these 
two different movements is that the beam takes a helical 
path through the patient. Helical scanners are capable of 
much faster scanning times and thinner slice acquisition 
than incremental CT scanners [ 19 ]. This improved temporal 
resolution has enabled dynamic studies after the adminis-
tration of a bolus of intravenous iodinated contrast, whereby 
the entire abdomen and pelvis can be scanned on the order 
of seconds and images can be obtained in various phases of 
interest for a particular indication. For example, a typical 
examination for the evaluation of a renal mass would 

include arterial, nephrographic phases and sometimes 
excretory (pyelographic) phases as well as an unenhanced 
acquisition.  

    Dual-Energy CT 

 Dual-energy CT (DECT) scanners are built with two x-ray 
source/detector arrays. The tube voltage (kVp) settings for 
the two sources differ, resulting in two separate attenuation 
maps for the same object, one at a high energy level and 
one at a low energy level. As mentioned above, the linear 
attenuation coeffi cient of a specifi c material is dependent 
upon three properties: atomic number, density, and photon 
energy. DECT uses information obtained from both the 
high and low energy arrays to assess the rate of change in 
the linear attenuation coeffi cient of the structure being ana-
lyzed. As various elements and compounds commonly 
found in the human body have unique linear attenuation 
curves over a spectrum of energy, DECT is capable of pro-
viding information regarding specifi c chemical composi-
tion [ 20 ]. 

 There are several ways in which the data obtained from 
DECT can be exploited to provide useful clinical and diag-
nostic information. Material-specifi c images can be formed 
by targeting a specifi c material’s linear attenuation curves 
and removing it from the image. Common base materials tar-
geted by DECT include water, iodine, and calcium. As 
enhancement on CT is produced from the effects of iodin-
ated contrast medium, subtracting iodine results in a “vir-
tual” non-contrast image, so that a single dual-energy scan 
could potentially replace two single-energy scans (pre- and 
post-contrast) [ 20 ]. This could have application in the evalu-
ation of renal masses, calculous disease, adrenal nodules, 
and any other scenario where non-contrast images are neces-
sary for lesion characterization or visualization. An addi-
tional benefi t of virtual non- contrast images would be 
radiation dose reduction, due to elimination of a separate 
unenhanced acquisition. 

 Conversely, iodine-specifi c data sets (iodine maps) can be 
obtained. These are composed exclusively of the contribu-
tion of iodine to the image and may also be effi cacious in 
renal mass characterization and other scenarios [ 21 ]. By 
enabling better visualization of iodine signal, enhancement 
within a mass may be more easily diagnosed on iodine- 
specifi c images. Studies have so far shown promising results 
for the use of virtual non-contrast and iodine-specifi c images 
in differentiating cystic from solid renal masses [ 21 – 23 ]; 
however, these techniques will require further study and vali-
dation. Future advances and refi nements in dual-energy tech-
nology may even surpass the diagnostic capabilities of 
conventional, single-source CT. 

J. Hines et al.



27

 Virtual non-contrast images have also shown promise in 
characterizing adrenal nodules [ 24 ,  25 ]. This is a promising 
development given the high frequency of adrenal nodules found 
on contrast-enhanced CT scans, which often need repeat CT 
examination with unenhanced images to better characterize. 

 Another active area of investigation of DECT is in renal 
stone characterization. DECT makes use of the distinctive 
absorption patterns of various stone components at both high 
and low energy levels to identify specifi c chemical composi-
tion [ 20 ]. This can expedite the work-up of renal stone dis-
ease, which can often involve lengthy laboratory and imaging 
investigation. Knowledge of stone composition can help 
improve treatment, as management of different stone types 
differs. DECT has shown to be reliable in differentiating uric 
acid stones from non-uric acid stones [ 20 ] and shows promise 
in the differentiation of other calculi (cystine, struvite, cal-
cium oxalate monohydrate/calcium oxalate dihydrate/brush-
ite, and hydroxyapatite/carbonate apatite calculi) [ 26 ,  27 ].   

    Applications of CT in the Urinary Tract 

    Kidneys 

 There are numerous indications for the use of CT in the eval-
uation of renal pathology. Some of the more common rea-
sons include renal mass characterization, renal cancer 
staging, stone disease, trauma, infl ammatory/infectious pro-
cesses, obstructive uropathy, vascular disease, congenital 
urinary tract anomalies, and postoperative evaluation. 

 CT is a highly accurate modality for renal mass evalua-
tion. Since the differential diagnosis often revolves around 
differentiating between a cystic and solid mass, the key ele-
ment of such evaluation is the presence or absence of con-
trast enhancement [ 28 ]. Benign renal cysts are typically 
uniformly low in density (at or near the attenuation of water) 
on CT, with an imperceptible wall and no septations or mural 
nodules; however a signifi cant minority will appear as high-
attenuation lesions on CT due to the presence of  hemorrhagic 
or proteinaceous debris. Because the density of these lesions 
(greater than 20 HU) overlaps with solid nodules, they can-
not be differentiated by unenhanced or contrast- enhanced CT 
alone. Rather, both unenhanced and enhanced images must 
be acquired in the same sitting, with HU measurements 
obtained from both series. At this time, there is no true con-
sensus on what constitutes signifi cant enhancement; how-
ever, a threshold of >20 HU is used by some experts, with a 
10–20 HU difference considered to be equivocal [ 28 ]. In the 
case of an enhancing soft tissue mass with no visible fat, 
there are no reliable CT fi ndings to help differentiate a benign 
soft tissue mass, such as an oncocytoma or lipid-poor angio-
myolipoma, from a renal cell carcinoma (RCC). Lymphoma 

and metastatic disease can also have a similar appearance to 
RCC, and attention to medical history and extrarenal fi nd-
ings must be made in order to make an accurate diagnosis. 
Nonneoplastic mimics of renal cell carcinoma include focal 
pyelonephritis, “pseudotumor” arising from congenital lobu-
lation of the renal contour or from normal parenchyma adja-
cent to scarred cortex, and IgG-4 disease [ 29 ]. 

 Artifacts, such as beam hardening from a patient who 
is unable to position his/her arms away from their sides 
or from pseudoenhancement, can give spurious results. 
Pseudoenhancement is a well-known artifact on CT, which 
causes increase in attenuation measurements in renal lesions 
on intravenous contrast-enhanced CT. This is due to an 
incorrect image reconstruction algorithm in areas adja-
cent to high-attenuation structures (in this case, the avidly 
enhancing renal parenchyma), with small, intraparenchymal 
lesions most likely to be affected [ 30 ,  31 ]. 

 Cystic renal lesions are ubiquitous in the adult population, 
with simple cysts comprising the overwhelming majority of 
these masses. Cystic neoplasms do, however, arise in the kid-
ney; therefore, the density (HU) measurement and internal 
composition of all cystic renal masses must be carefully 
assessed. The presence of enhancing septations and nodules 
increases the likelihood of a cystic neoplasm. The Bosniak 
classifi cation of cystic renal masses categorizes lesions based 
on their morphology. Bosniak criteria include density, num-
ber, and thickness of septations; wall thickness; and soft tissue 
nodules (Fig.  2.10 ). The presence or absence of enhancement 
must be carefully assessed, as benign hemorrhagic cysts can 
have many of the features of a cystic neoplasm; however, any 
internal components should not enhance [ 28 ].

   Angiomyolipomas are well assessed on CT and can be 
diagnosed when a renal mass contains macroscopic fat. This is 
a key element of renal mass characterization, as it is extremely 
rare for a renal cell carcinoma to contain fat. An unenhanced 
thin-section CT is the most sensitive test for fat detection and 
should be performed if fat is suspected in an enhancing renal 
mass. A small minority of angiomyolipomas will either con-
tain no fat or an insuffi cient amount of fat to be detected at 
CT. Although these lesions often have features on CT that may 
suggest the diagnosis, they cannot be reliably distinguished 
from renal cell carcinoma without biopsy or surgery [ 28 ]. 

 In cases of known renal malignancy, CT is an accurate 
modality for staging. The renal vein and IVC can be assessed 
for the presence and extent of tumor invasion. Tumor throm-
bus can often be distinguished from bland thrombus by 
enhancement in the former; however, there are limitations of 
both CT and MRI in assessing for invasion of the IVC wall, 
which can signifi cantly impact prognosis [ 32 ]. Lymph node 
status is assessed based primarily on node size, with a cutoff 
of 1 cm in short axis diameter. This inevitably results in some 
false- positive (enlarged but benign nodes) and false-negative 
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(small but malignant nodes) cases. Johnson et al. reported a 
sensitivity of 83 % and specifi city of 88 % for nodal assess-
ment in the setting of renal cell carcinoma [ 33 ]. Distant 
metastases to the lung, liver, bone, and other sites are well 
depicted on CT. 

 In most cases of acute pyelonephritis, imaging is not nec-
essary for diagnosis or management; however, CT does have 
a role in select subgroups of patients. These include those at 
high risk of complications, such as the immunocompro-
mised, including diabetics, patients in whom there is poor 
response to standard treatment regimens, and in patients 
where there is clinical suspicion for complications, such as 
renal abscess, pyonephrosis, or emphysematous pyelone-
phritis (Fig.  2.11 ) [ 34 ,  35 ]. The typical fi nding on intrave-
nous contrast-enhanced CT is one or multiple wedge-shaped 
areas of cortical hypoenhancement, refl ecting involved areas 
of renal parenchyma (Fig.  2.12 ). Radiating linear bands of 
alternating decreased and normal enhancement, likely due to 
obstructed tubules with intervening normal tubules, can give 
rise to a “striated nephrogram.” Secondary fi ndings include 
global renal enlargement, thickening of Gerota’s fascia, and 
urothelial thickening of the renal pelvis and ureter [ 34 ,  35 ]. 
CT can also demonstrate renal manifestations of less com-
mon infections, such as tuberculosis, fungal organisms, echi-
nococcus, and xanthogranulomatous pyelonephritis 
(Fig.  2.13 ) [ 35 ].

     Because of its availability, rapid patient throughput, and 
accuracy for diagnosing renal injury, CT is the fi rst-line 
modality for the evaluation of blunt or penetrating renal 
trauma, including iatrogenic injury from surgical and percu-
taneous renal procedures. CT fi ndings can be graded in con-
junction with a renal trauma grading system, such as the 
American Association for the Surgery of Trauma (AAST) 

[ 36 – 38 ]. Intravenous contrast is essential when CT is used 
for renal trauma evaluation, in order to accurately demon-
strate injuries to the kidney parenchyma and vasculature as 
well as perirenal and retroperitoneal hemorrhage (Fig.  2.14 ) 
and fl uid collections. Excretory (delayed) phase images are 
necessary to evaluate for collecting system injury (AAST 
grade IV or V), which is diagnosed by extravasation of 
contrast- opacifi ed urine from the damaged segment of the 
collecting system (Fig.  2.15 ) [ 38 ].

    CT has become the gold standard for the evaluation of 
renal stone disease, replacing excretory urography and 
plain radiographs in most centers. CT has been shown to be 
highly sensitive (95–98 %) and specifi c (96–100 %) for 
diagnosing urolithiasis [ 39 – 41 ]. It is also readily available 
in most emergency departments, rapidly performed, does 
not require oral or intravenous contrast, and can detect 
stones of all sizes. CT can also help provide alternative 
diagnoses to stone disease either within (infection, neo-
plasm, congenital anomalies) or outside (e.g., pancreatitis, 
appendicitis, etc.) the urinary tract. The most direct sign of 
ureterolithiasis is the identifi cation of a stone in the ureter. 
Secondary signs of an obstructing stone commonly seen on 
CT include hydroureteronephrosis and perinephric and 
periureteral fat stranding [ 42 ]. 

 CT can provide essential information in patients undergo-
ing stone removal procedures such as percutaneous nephroli-
thotomy (PCNL), ureteroscopy, or extracorporeal shock 
wave lithotripsy (ESWL). The preprocedure scan can help 
ascertain a safe route for needle access and the most appro-
priate calix to puncture in a patient undergoing PCNL and 
provide a stone to skin (SSD) distance prior to ESWL. Post- 
intervention CT can be used to assess for any residual calculi 
or obstruction [ 43 ]. 

a b

  Fig. 2.10    Cystic renal cell carcinoma .  Axial unenhanced ( a ,  b ) 
contrast- enhanced CT images demonstrates a large cystic left renal 
mass with nodular enhancing components ( black arrows ). Enhancement 

within a renal mass must be confi rmed by comparison with unenhanced 
CT images. Also note two small fat density right renal lesions repre-
senting angiomyolipomas ( white arrows )       
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  Fig. 2.11    Emphysematous pyelonephritis .  Coronal unenhanced CT 
image demonstrates a wedge-shaped focus of gas ( arrows ) within the 
parenchyma of the left kidney       

  Fig. 2.12    Pyelonephritis .  Coronal reformatted image from CT per-
formed with intravenous contrast demonstrates multiple wedge-shaped 
areas ( black arrows ) of parenchymal hypoenhancement and perinephric 
stranding ( white arrows )       

a

c

b

  Fig. 2.13    Xanthogranulomatous pyelonephritis .  Scout CT view ( a ) 
shows a large left staghorn calculus. Axial images from contrast- 
enhanced CT ( b ,  c ) demonstrate a nonfunctioning, hydronephrotic 

 kidney ( white arrows ). Note abscess ( black arrows ) with drainage cath-
eter in the posterior retroperitoneum       
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 Congenital urinary tract anomalies are well evaluated 
with CT and often detected incidentally in the adult popula-
tion; however, MRI is the preferred modality for the assess-
ment of a known or suspected anomaly in a child due to the 
lack of ionizing radiation and the ability to perform a multi-
parametric examination.  

    Adrenal Glands 

 CT can be used to both characterize adrenal lesions and as a 
tool for surveillance of stability of an indeterminate nodule. 
The most common adrenal nodule is the adenoma. Due to 
their high frequency in the general population, these are often 
discovered as incidental fi ndings on CT performed for other 
indications [ 44 – 46 ]. CT can be used to characterize a lesion 
as a benign adenoma in two manners. The fi rst and simplest is 
by performing unenhanced CT. The majority of adenomas 
will contain intracellular lipid, which will reduce the attenua-
tion of the nodule. Adrenal nodules measuring less than 10 
HU on unenhanced CT can be diagnosed as adenomas with a 
71 % sensitivity and 98 % specifi city as reported in a meta- 
analysis by Boland et al. [ 47 ]. Unfortunately, about 30 % of 
adenomas will not meet this criterion. These so-called “lipid- 
poor” adenomas can be evaluated with a combined unen-
hanced and contrast-enhanced CT examination with washout 
analysis. Adenomas will usually have more rapid contrast 
washout than malignant nodules. The histopathologic basis 
for this is thought to be disorganized angiogenesis and vascu-
lar permeability in malignant nodules, leading to extravascu-
lar contrast leakage. Washout is calculated by comparing 
density measurements made on all three phases of the exami-
nation (unenhanced, dynamic contrast-enhanced, and delayed 
images obtained 15 min after contrast administration.) 
Established washout thresholds for the diagnosis of an ade-
noma are greater than 60 % absolute percentage washout 
(([HUcontrast - HUdelayed]/[HUcontrast- HUunenhanced]) 
× 100) or greater than 40 % relative percentage washout 
(([HUcontrast-HUdelayed]/[HUcontrast]) × 100). Using these 

  Fig. 2.14    Renal injury with active bleeding .  Contrast-enhanced coro-
nal reformatted CT image demonstrates a full-thickness laceration of 
the left kidney. There is a large retroperitoneal hematoma ( arrows ) con-
taining high-attenuation foci, representing vascular contrast extravasa-
tion ( arrowheads )       

a b

  Fig. 2.15    Grade IV renal trauma .  Axial contrast-enhanced images obtained in the nephrographic ( a ) and excretory ( b ) phases show a large paren-
chymal laceration ( arrows ,  a ) and extravasation of excreted contrast ( arrows ,  b ) diagnostic of collecting system injury       
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criteria, Caioli et al. successfully diagnosed 160/166 adeno-
mas with 98 % sensitivity and 92 % specifi city [ 48 ]. One 
important caveat to remember in adrenal washout imaging is 
that a pheochromocytoma can demonstrate washout levels 
similar to that of an adenoma. Such a lesion may be suspected 
if its absolute enhancement exceeds 110–120 HU after con-
trast administration [ 49 ]. 

 Adrenal myelolipomas can be easily diagnosed in most 
cases due to the presence of macroscopic fat. Adrenal cysts 
are uncommon lesions, most often pseudocysts due to 
chronic hematoma. These lesions often demonstrate low 
attenuation and may contain wall calcifi cation [ 44 ]. 

 Other adrenal masses include hemorrhage, ganglioneu-
roma, metastatic disease, pheochromocytoma, adrenal corti-
cal carcinoma, lymphoma, and collision tumor, as well as 
neuroblastoma in the pediatric population. Signifi cant over-
lap exists in the CT features of these lesions, and further 
investigation with laboratory tests and possibly biopsy may 
be necessary to make an accurate diagnosis. Contrary to 
prior literature suggesting that ionic intravenous contrast 
administration may provoke a hypertensive crisis in patients 
with a pheochromocytoma [ 50 ], more recent studies have 
shown no adverse effects to nonionic intravenous contrast in 
patients with pheochromocytoma [ 51 ,  52 ]. 

 Adrenal cortical carcinoma has a propensity for venous 
invasion, the extent of which can be characterized on 
contrast- enhanced CT scan. An adrenal mass with invasion 
of the inferior vena cava is highly suggestive of adrenal corti-
cal carcinoma [ 53 ]. There are numerous causes of nontrau-
matic adrenal hemorrhage, which can mimic an adrenal 
tumor on imaging studies. Hemorrhage may be suspected in 
an adrenal mass with high attenuation on unenhanced imag-
ing, with or without stranding of the periadrenal fat. The pos-
sibility of an underlying hemorrhagic neoplasm must also be 
entertained and can be further investigated using contrast- 
enhanced MRI with subtraction imaging [ 44 ].  

    Ureters and Bladder 

 With the exception of stone disease as discussed above, CT 
evaluation of the ureter usually necessitates IV contrast 
administration. Common indications for imaging of ureteral 
disease include hematuria, suspected tumor, known lower 
tract or previously treated upper or lower tract transitional 
cell carcinoma, investigation of ureteral obstruction, and 
after urinary diversion surgery. Comprehensive assessment 
of both the upper and lower tracts with CT is performed 
with CT urography. CT urography is usually performed as a 
triphasic study, with acquisition of unenhanced, nephro-
graphic, and excretory phase series. Diuretic administration, 

typically low-dose intravenous furosemide, aids in the visu-
alization of the upper and lower tracts by diluting the 
excreted contrast and increasing ureteral distention [ 54 ]. A 
biphasic study can be performed in younger patients to 
decrease radiation dose by using a “split bolus” technique, 
whereby a combined nephrographic and excretory series is 
obtained. This is accomplished by dividing the contrast vol-
ume into two doses: a smaller dose of 30 and 50 cc of con-
trast administered 8–10 min prior to scan initiation, with the 
remainder (approximately 100 cc) given 2 min prior to the 
scan (this technique allows time for the earlier dose to circu-
late and become excreted by the kidneys), while the second 
dose serves to provide a nephrographic phase [ 55 ]. Properly 
performed CT urography allows for detailed evaluation of 
the kidneys, collecting systems, ureters, and bladder and has 
been shown to be superior for the detection of transitional 
cell carcinoma as compared with excretory urography, with 
a meta-analysis fi nding a pooled sensitivity of 96 % and 
pooled specifi city of 99 % [ 56 ]. Tumors will appear as a fi ll-
ing defect or wall thickening (either eccentric or circumfer-
ential) in the contrast-opacifi ed collecting system (Fig.  2.16 ), 
with or without hydroureteronephrosis. In positive cases, 
CT allows for tumor staging to be performed simultane-
ously [ 54 ].

   Other indications for CT urography of the ureters include 
trauma, including iatrogenic trauma from surgery or endo-
scopic urologic procedures, and infectious and infl ammatory 
disorders (Fig.  2.17 ). CT urography can depict congenital 
anomalies, such as ureteropelvic junction obstruction, ure-
teric webs, duplicated collecting system, and megaureter, 
with excellent detail [ 54 ], although, as mentioned above, 
MRI, if available, is the preferred modality for such indica-
tions in the pediatric population.

   Cystoscopy is typically the fi rst-line method for the diag-
nosis of bladder tumor. When CT is performed for bladder 
tumor assessment, CT urography is indicated, in order to 
evaluate both the upper and lower urinary tracts, due to the 
tendency of urothelial neoplasms to be multicentric, with 
both synchronous and metachronous urinary tract involve-
ments. There is the potential for some bladder tumors to be 
better visualized on the dynamic contrast-enhanced phase of 
the CT urogram rather than the excretory phase because (a) 
bladder cancers have been shown to have robust enhance-
ment in the early phase of contrast administration [ 57 ] and 
(b) nonuniform opacifi cation of the bladder due to mixing of 
contrast and urine can obscure or mimic a bladder nodule 
[ 58 ]. Sadow et al. reported a sensitivity of 79 % and specifi c-
ity of 94 % for bladder cancer detection utilizing CT urogra-
phy technique [ 59 ]. Limitations include underdistention of 
the bladder obscuring or potentially mimicking a tumor and 
fl attening of the tumor from an overdistended bladder. CT 
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may help visualize cancer within a bladder diverticulum, 
especially when the diverticulum is not accessible by 
 cystoscopy (Fig.  2.18 ) [ 60 ].

   CT is useful for detecting macroscopic extravesical 
tumor spread (T3b disease) from organ-confi ned tumor, 
although it will not detect microscopic perivesical fat inva-
sion (T3a disease). CT can also be used to detect pelvic and 
retroperitoneal lymphadenopathy and distant metastatic 
deposits. Invasion of local organs, such as the prostate and 
rectum, can also be evaluated, although the lack of clear fat 
planes in the inferior pelvis can be a limiting factor in this 
regard. The inability of CT (and MRI) to resolve specifi c 
layers of the bladder wall signifi cantly limits its overall 
accuracy in staging, especially between T1, T2, and T3 
 disease [ 29 ]. 

 In addition to tumor detection and staging, other indica-
tions for CT of the bladder include trauma, fi stulous disease, 
and assessment for rupture after biopsy, surgical procedure, 
or other instrumentation. Defi nitive evidence of bladder 
injury can be obtained with CT cystography which will show 
extravesical contrast extravasation in cases of bladder perfo-
ration and can also demonstrate whether the perforation is 
intra- or extraperitoneal, depending on the anatomic location 
of the extravasated contrast (Fig.  2.19 ). In the setting of blunt 
trauma, CT cystography has been shown to be accurate in 
demonstrating bladder rupture, with both sensitivity and 
specifi city approaching 100 % [ 61 ,  62 ].

        Magnetic Resonance Imaging: Basic Physics 
and Genitourinary Applications 

 Magnetism is an invisible force in nature, associated with the 
Earth, as well as many natural materials. Moving charges in 
an electric current fl owing through a wire can produce a 
magnetic fi eld. The unit of strength of a magnetic fi eld is the 
tesla, with magnetic fi eld strengths used in clinical MRI of 
approximately 0.5–3 T. 

 Protons also have a tiny associated magnetic fi eld as a 
result of a spinning charge. This tiny magnetic fi eld, called 
the magnetic dipole moment, can experience a force from an 
externally applied magnetic fi eld. Biologic tissues are mostly 
composed of water molecules, which contain two hydrogen 
ions each consisting of a single proton. Clinical MRI applies 
to magnetism resulting from the proton, although electrons 
and neutrons have associated magnetism as well. In atomic 
nuclei with greater than one proton, protons will align with 
one another with opposite poles attracting. Pairs of protons 
with their unlike magnetic poles attracting lower the net 
magnetization of the pair. Thus, atoms with even atomic 
numbers will have no net magnetization. 

 Normally, the magnetic dipoles of hydrogen protons in 
tissue are randomly oriented. When exposed to an exter-
nally applied static magnetic fi eld, such as in a clinical MRI 
magnet, the magnetic dipole will experience a force. The 
North pole of the hydrogen proton will be forced to align 

a b

  Fig. 2.16    Renal pelvis mass .  Axial ( a ) and coronal ( b ) excretory phase 
images from CT urogram demonstrates a polypoid mass in the left renal 
pelvis ( arrows  ( a ,  b )), outlined by opacifi ed urine. This fi nding is suspi-

cious for  transitional cell carcinoma; however, tissue confi rmation was 
not obtained due to the advanced age and comorbidities of the patient       
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with the South pole of the external magnetic fi eld. The pro-
ton is also forced into a spinning, precessional motion 
around the lines of the force of the external magnetic fi eld, 
similar to that of a spinning top. The speed of proton pre-
cession, or precessional angular frequency (w), is infl u-
enced by the strength of the magnetic fi eld and is known as 
the Larmor frequency. The relationship between proton 
precessional frequency and the external magnetic fi eld is 
governed by the Larmor equation:

  
w y B=( )×( )0    

where (w) refers to the precessional angular frequency, (y) is 
the gyromagnetic ratio of the particular atom, and B0 is the 
strength of the external magnetic fi eld. 

 When placed in a strong external magnetic fi eld, protons 
are forced into parallel alignment, either with or against the 
direction of the magnetic fi eld. A very slight majority of pro-
tons will align with the fi eld, and it is this small excess which 
gives rise to MR signal, producing a vector (Mz) along the 
z-axis. This is known as the longitudinal vector. 

 In clinical MRI, a radiofrequency (RF) pulse in the same 
frequency range as the precessing protons is applied long 

a

c

b

  Fig. 2.17    Ureteritis cystica .  Coronal images ( a ,  b ) from CT urogram 
demonstrate numerous tiny ureteral fi lling defects ( arrows ). 
Intraoperative fl uoroscopic image obtained during retrograde pyelo-

gram ( c ) better demonstrates the extent of ureteral involvement, with 
countless small intraluminal fi lling defects now visible       
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enough to deviate the protons to a prescribed angle from the 
external magnetic fi eld, which varies but is often 90 or 180°. 
This angle is known as the fl ip angle. Once the pulse is turned 
off, protons will return to their original state, a process 
known as relaxation, which has two components. The fi rst is 
termed T1 relaxation and is defi ned as the time for the longi-
tudinal magnetization to regain 63 % of its maximum value. 
Different tissues have different values of T1 and relax at dif-
ferent rates, with a short T1 relaxation time for adipose tissue 
and long T1 relaxation time for CSF. 

 The second effect of the applied RF pulse is that protons 
will synchronously precess, creating net transverse (Mxy) 
magnetization. Once net transverse magnetization is estab-
lished and the RF pulse is turned off, protons will gradually 
precess in a more random fashion. Some protons will precess 

faster and others slower, a process called dephasing, result-
ing in decay of the Mxy vector, termed T2 relaxation. T2 
relaxation time of tissue is the time it takes for the Mxy vec-
tor to decay to 37 % of its maximum value. Different tissues 
have different values of T2 and dephase at different rates, 
with short T2 relaxation time for the liver, muscle, and myo-
cardium and long T2 relaxation time for CSF [ 63 ]. 

    Image Formation 

 In addition to a static external magnetic fi eld, the process of 
image formation requires the introduction of magnetic fi eld 
gradients (slopes of magnetic strength), which are changes in 
the magnetic fi eld strength as a function of location in the 
patient. Under the infl uence of a magnetic fi eld gradient, 
resonant frequency of protons affected by the gradient varies 
according to location. Three different gradients are applied 
during image formation: slice-selection, phase-encoding, 
and frequency-encoding gradients, each of which is applied 
in one of the three spatial planes, with the information from 
each used to assign signal to a precise point on the image, or 
pixel, which is the term for the smallest resolvable unit of 
area on an image. 

 Assuming the patient is lying supine on the MRI table, 
gradient direction can be applied anterior to posterior, 
 superior to inferior, or left to right to create sagittal, axial, 
and coronal spatial information. Initially, a slice-selection 
gradient is turned on, and an RF pulse with a specifi c 
 bandwidth is administered to the patient, and tissue with a 
resonant frequency within this bandwidth is excited. 
The thickness of the section of tissue excited by the pulse 
determines the actual slice thickness and is inversely propor-
tional to the strength of the gradient. 

 Subsequently, in the excited slice, a gradient is applied 
along the phase-encoding axis. Protons in the excited slice 
will be precessing at different speeds along the direction of 
the gradient. Protons precessing faster gain phase. After the 
phase-encoding gradient is turned off, the frequency- 
encoding gradient is applied along an axis perpendicular to 
the phase-encoding axis. The phase- and frequency- encoding 
gradients encode proton magnetic moments spatially, essen-
tially labeling each pixel. During readout, the RF coil then 
detects the magnetization signal as a summation of all voxels 
which have each been uniquely labeled. Signal from each set 
of ensembles fi lls in one data point in k-space, which is then 
in turn processed into an image through Fourier transforma-
tion [ 63 ].  

    Pulse Sequences 

 An MRI pulse sequence diagram outlines the basic execution 
of an MRI scanner as follows: RF excitation, slice-selection 

  Fig. 2.18    Urinary bladder diverticulum with tumor .  Axial contrast- 
enhanced CT image shows a left-sided urinary bladder diverticulum 
with nodular wall thickening suspicious for cancer ( arrows )       

  Fig. 2.19    Urinary bladder perforation .  Sagittal reformatted image 
from CT cystogram shows a defect in the wall of the bladder at the 
anterior dome and intraperitoneal contrast extravasation ( arrow ). The 
bladder was injured during cesarean section       
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gradient, phase-encoding gradient, frequency-encoding gra-
dient, data acquisition. These pulses are repeated many times 
during MRI imaging. The time between repetitions of pulse 
sequences is the repetition time (TR). The time between the 
RF pulse and the greatest MRI signal from transverse mag-
netization is the echo time or TE. The TR and TE are impor-
tant tissue-related parameters having impact on image 
contrast. The TR is selected by the MRI operator and impacts 
the level of T1 contrast between tissues. If the TR is long, T1 
relaxation differences between tissues are minimized. A 
short TR allows for greatest T1 contrast between tissues; 
therefore, T1-weighted images employ short TRs. 
T2-weighted sequences utilize a long TR in order to decrease 
T1 contrast and a long TE to optimize T2 contrast between 
tissues. Tissues with short T1 times will be brighter on 
T1-weighted images, while tissues with long T2 times will 
have higher signal on T2-weighted sequences [ 64 – 66 ]. 

    Spin Echo 
 Spin-echo and fast spin-echo sequences are the mainstay of 
conventional MR imaging. This sequence begins with a 90° 
RF pulse followed by a 180° refocusing pulse at time TE/2. 
The signal produced at time TE fi lls one row of k-space. At 
time interval TR, the whole process is repeated to fi ll subse-
quent rows of k-space. TR and TE affect weighting as 
described above and can be tailored to provide either T1- or 
T2-weighted sequences. Spin-echo sequences have low sen-
sitivity to magnetic fi eld inhomogeneities and magnetic 
 susceptibilities due to the application of the above-described 
180° refocusing pulse [ 64 – 66 ]. 

 Due to the very long imaging times of spin-echo 
sequences, they have largely been replaced by fast spin-echo 
(FSE). FSE is a variation on spin echo, whereby multiple 
rows of k-space are fi lled in a single TR interval. This results 
in much faster imaging times, with similar image quality, 
signal, and resolution to conventional spin-echo sequences 
[ 65 ,  66 ].  

    Gradient-Recalled Echo (GRE) 
 These sequences, of which there are numerous variations, 
begin with a small (<90° fl ip angle) which tips longitudinal 
magnetization and creates some transverse magnetization. 
Unlike spin-echo imaging, a 180° refocusing pulse is not 
applied in GRE. A negative frequency gradient pulse causes 
rapid dephasing of transverse magnetization followed by a 
positive frequency gradient pulse which rephases transverse 
magnetization and produces a gradient echo at TE. 

 Due to the use of small fl ip angles and the lack of a refocus-
ing pulse, GRE images can be obtained with extremely short 
TR and TE values, allowing for rapid acquisition times. GRE 
sequence times are measured in seconds, as opposed to spin-
echo sequences, which take minutes to complete, thus allow-
ing breath-hold imaging to be performed. GRE sequences are 
vital for imaging the upper abdomen and to a lesser degree the 

pelvis, where fast sequences are necessary to minimize degra-
dation from respiratory movements. GRE techniques also 
allow for volumetric imaging, including 3D magnetic reso-
nance angiography and volumetric acquisitions [ 65 ,  67 ].  

    Inversion Recovery 
 This sequence begins with a 180° RF pulse causing inversion 
of the initial longitudinal tissue magnetization. A standard 
spin-echo sequence is then performed. During TI or inver-
sion time, T1 relaxation causes different tissues to regain 
their longitudinal magnetization at different rates, which is 
the basis for T1 contrast. An inversion time (TI) can be cho-
sen such that when a 90° spin-echo excitation occurs, a par-
ticular tissue magnetic moment will be at its “null point” and 
thus contribute very little to the overall signal. This property 
is utilized in short inversion time inversion-recovery (STIR) 
sequences for fat saturation and in fl uid attenuated-inversion- 
recovery (FLAIR) sequences for saturation of water signal 
[ 64 ,  68 ,  69 ].  

    Diffusion-Weighted Imaging (DWI) 
 This is essentially a spin-echo T2-weighted sequence with 
a dephasing or diffusion-sensitizing gradient applied 
between the initial 90° RF pulse and the subsequent 180 
pulse and a symmetric rephasing gradient applied after the 
180° pulse. The basic idea behind DWI is to measure the 
degree of molecular motion during the time between these 
two gradients. DWI sequences can be performed with a 
range of B values. The B value refers to the strength of the 
diffusion- sensitizing gradient and is proportional to 
 gradient amplitude, duration, and time interval between 
paired gradients. 

 The motion of water molecules in an environment of 
tightly packed cells or infl ammatory debris will be restricted. 
Any change in phase acquired by the dephasing gradient is 
canceled by the rephasing gradient; thus signal from these 
tissues will be mostly preserved. Conversely, water mole-
cules which are not restricted by their local environment can 
move relatively long distances after the initial gradient, and 
the effect of the fi rst gradient will not be completely canceled 
out by the second gradient, resulting in net loss in signal 
intensity. In practice, this means that tissues with restricted 
diffusion will have higher signal than tissues with free diffu-
sion. This difference in signal becomes more pronounced as 
the B value is increased. For instance, at a B value of 0, free 
water molecules have high signal intensity; signal and con-
trast from a B 0  image mirror that of a T2-weighted image. As 
the B value is increased, water molecules in a nonrestricted 
environment will lose their signal, while restricted tissues 
retain their signal. 

 Quantitative analysis of diffusion properties can be per-
formed by the generation of apparent diffusion coeffi cient 
(ADC) maps, which are routinely obtained in clinical prac-
tice. Note that signal on the ADC maps is the opposite of 
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what is on the actual diffusion images described above: areas 
of restricted diffusion will be dark, while tissues with free 
diffusion will have bright signal [ 70 ,  71 ].  

    Fat Suppression 
 Due to differences in their local molecular environment, pro-
tons in fat have a slightly different resonant frequency than 
do protons in water. Fat suppression refers to the application 
of an RF pulse at the resonant frequency of fat protons, 
which selectively suppresses fat signal. Removal of high- 
signal fat has two important benefi ts in abdominal MR imag-
ing. The fi rst, more general benefi t, is that fat suppression 
results in an image which is more sensitive to signal intensity 
differences, either from innate tissue properties or from con-
trast enhancement. This results in increased conspicuity of 
pathologic processes and enhancement. For these reasons, 
frequency- selective fat-suppressed imaging has become an 
essential element of the abdominal MRI exam. 

 A second and more specifi c benefi t of fat suppression is 
the characterization of lesions containing macroscopic fat; 
such lesions will lose signal on fat-suppressed sequences as 
compared with the same sequence performed without fat 
suppression. Renal angiomyolipomas, adrenal myelolipo-
mas, and retroperitoneal liposarcomas are examples of some 
of the more commonly encountered lesions in the urinary 
tract/retroperitoneum which contain macroscopic fat 
[ 67 – 69 ].  

    In- and Opposed-Phase (Chemical Shift) Imaging 
 This is a T1-weighted gradient echo sequence. Due to slight 
differences in their local chemical environment, water and 
fat protons will precess at slightly different frequencies. 
Over time, they will periodically resonate in phase and out of 
phase with each other at regular, predictable intervals, which 
is dependent on the magnetic fi eld strength. This property is 
exploited with in- and opposed-phase imaging. Signal inten-
sity on sequences obtained when water and fat protons are in 
phase with each other refl ects the sum of the magnitude of 
water and fat signals. Conversely, opposed-phase imaging 
refl ects the difference in magnitude of the opposed-phase 
water and fat vectors, as these vectors are opposed in direc-
tion and cancel each other out. Thus, tissues composed of 
50 % fat and 50 % water will, in theory, have maximal signal 
loss (complete dropout) [ 67 – 69 ]. Conversely, tissues com-
posed entirely or almost entirely of fat, such as some renal 
angiomyolipomas or adrenal myelolipomas, will have no 
change in signal as compared to the in-phase sequence (no 
dropout). Such lesions are best characterized on frequency-
selective fat-suppressed sequences. 

 In- and opposed-phase imaging is routinely employed in 
urologic MR applications and plays a fundamental role in 
characterizing lesions containing microscopic fat. Examples 
of applications include fat detection in adrenal adenomas and 

clear-cell renal cell carcinoma. Opposed-phase images can 
be readily identifi ed by a well-demarcated black line at any 
fat-water interface, the so-called India-ink artifact.   

    MR Urography 

 MR urography is an excellent method for noninvasive imag-
ing of the urinary tract. Indications include evaluation of uri-
nary tract obstruction, hematuria, congenital anomalies, and 
pre- and postsurgical anatomy. MR urography avoids the use 
of ionizing radiation and thus is of great benefi t in evaluating 
pregnant patients and the pediatric population. MR urogra-
phy is composed of two components: static-fl uid MR urogra-
phy and excretory MR urography. 

 In static-fl uid MR urography, heavily T2-weighted 
sequences of the urinary tract are acquired, typically consist-
ing of both high-resolution images and fast images acquired 
in rapid succession to create a cine series. Together, these can 
visualize the collecting systems, ureters, and bladder in their 
entirety. As visualization does not depend on excretion of 
contrast, static-fl uid techniques are especially helpful in 
patients with dilated collecting systems and/or decreased 
renal function, in whom there may be poor contrast excretion 
and urinary tract opacifi cation. Static-fl uid techniques are 
also benefi cial in subgroups of patients who are unable to 
receive intravenous contrast, including pregnancy, renal fail-
ure, and allergy. 

 Excretory MR urography, as its name implies, is 
 performed in the excretory phase of contrast enhancement 
and can aid in the detection of mass lesions and assessment 
of renal function. Diuretic administration, usually low-dose 
furosemide, improves image quality in nondilated systems 
by enhancing urine fl ow, diluting the excreted contrast, and 
mildly distending the urinary tract. 

 Limitations of MR urography include long examination 
times, lower spatial resolution as compared with CT, and 
relative insensitivity to urinary tract calculi [ 72 – 74 ].  

    Basic Examination 

 The MRI exam begins with the patient being placed on a 
gantry which passes through the bore of the magnet. When 
exposed to a magnetic fi eld, free water protons within atoms 
orient along the z-axis (head-to-toe axis) of the magnetic 
fi eld. A radiofrequency coil is placed over the body part of 
interest. This typically consists of a coil which is placed out-
side the patient, positioned over the front and back of the 
patient; however, internal coils, such as endorectal coils, can 
be used for specifi c indications. The coil transmits the RF 
pulse through the patient. The effects of the RF pulse on the 
protons are expressed as a signal to obtain the magnetic 
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 resonance image. Common generic sequences utilized in 
MR imaging of the GU tract include fast spin echo, single-
shot fast spin echo with half-Fourier acquisition, 2D spoiled 
gradient echo, 3D spoiled gradient echo, and balanced 
steady- state gradient echo. Unfortunately, each MRI vendor 
has created unique trade names for these sequences, which 
often leads to undue confusion in trying to understand the 
properties, benefi ts, and limitations of each sequence [ 75 ]. 

 Weighting of the image depends on TR and TE values as 
mentioned earlier in the general physics section. On 
T1-weighted images, fl uid is low in signal, while on 
T2-weighted images, fl uid is bright.  

    Relative and Absolute Contraindications 

 As there are many potential risks due to the strong magnetic 
fi eld of MRI scanners, and previous adverse events and inju-
ries have occurred involving patients, personnel, and equip-
ment, the American College of Radiology recommends that 
all clinical and research MRI sites have a restricted zone, 
which includes the actual scanner room and an adjoining 
area, in which access is allowed only after careful MR safety 
screening. Any implantable device or potential foreign object 
must be carefully investigated for MR compatibility prior to 
the patient entering the restricted zone. These include, but 
are not limited to, vascular stents, stapes implant, implanted 
drug infusion device, neural growth stimulator, surgical 
clips, wire sutures, ocular prosthesis, joint replacement or 
prosthesis, bullets, and other foreign objects. 

 Contraindications to MRI include metal-containing 
implants which have the ability to heat or move when under 
the infl uence of a strong magnetic fi eld or electronic implants 
which may be interrupted or permanently altered. These 
include pacemakers and defi brillators, metallic foreign body 
in the eye, deep brain stimulator, Swan-Ganz catheter, bullets 
or gunshot pellets, cerebral aneurysm clips, cochlear implants, 
magnetic dental implants, and drug infusion devices. 

 Other obstacles to MR examination include large patients 
that may be diffi cult to accommodate in the MRI bore, claus-
trophobic patients requiring sedation, signifi cant pain limit-
ing the patient’s ability to lie still, and surgery in the previous 
6 weeks [ 76 ].   

    Applications of MRI in the Urinary Tract 

 While CT is often the initial imaging modality for investigat-
ing genitourinary tract disease, advances in MRI, especially 
in terms of speed of image acquisition, have greatly improved 
the capabilities of MR imaging. MRI is superior to CT with 
regard to contrast resolution of soft tissue, often being able to 
further characterize equivocal CT or ultrasound fi ndings. 

MRI can frequently provide substantial information when 
iodinated contrast for CT cannot be administered, even in 
situations where contrast cannot be administered for the MR 
examination. One important limitation of MRI with regard to 
CT is inferior spatial resolution. Below we will explore the 
specifi c applications of MR imaging of the genitourinary 
tract by organ. 

    Kidney 

 CT is usually the fi rst-line modality for renal mass evalua-
tion; however, contrast-enhanced MRI has been shown to be 
a highly accurate modality for both detection and character-
ization of renal lesions [ 77 ,  78 ]. MRI is often useful for more 
defi nitive characterization of indeterminate lesions seen on 
CT. Weakly enhancing neoplasms such as papillary renal cell 
carcinoma may demonstrate equivocal levels of enhancement 
on CT [ 79 – 81 ]. Detection of enhancement within small 
(<1.5 cm) lesions is frequently confounded on CT due to 
pseudoenhancement artifact [ 30 ,  31 ]. Intralesional high 
attenuation within hemorrhagic cysts or tumors can make 
detection of enhancement diffi cult on CT. In all of these sce-
narios, MRI can provide more defi nitive evidence of enhance-
ment and thus guide management [ 28 ,  77 ,  78 ,  82 ]. When 
evaluating cystic renal lesions, MRI can readily detect a pro-
teinaceous or hemorrhagic cyst as a nonenhancing lesion 
with high T1 signal and can accurately evaluate the presence 
or absence of septal enhancement (Fig.  2.20 ) [ 28 ]. 
Calcifi cations within a complex cyst may cause artifact on 
CT, however calcifi cations do not interfere with the detection 
of enhancement on MRI. Therefore, MRI can more accu-
rately detect enhancement within the wall of a complex cyst 
than will CT. Subtraction images, obtained by electronically 
subtracting the pre-contrast sequence from the post-contrast 
sequence, generate images composed exclusively of contrast 
signal and are useful in assessing enhancement (Fig.  2.21 ) 
[ 78 ,  82 ].

    MRI can be used for staging renal cell carcinoma, with 
several studies showing similar accuracies of CT and 
MRI in staging based on the TNM system, including 
detection of renal vein and inferior vena cava invasion 
(Fig.  2.22 ) [ 83 ].

   MRI is also useful in detecting fat within angiomyolipo-
mas (AMLs). T1 fat-suppressed images are virtually diag-
nostic for AML if there is signal loss in the lesion when 
compared with a similar sequence performed without fat 
suppression (Fig.  2.23 ). 4–5 % of AMLs are lipid poor and 
either contain no fat or insuffi cient fat to be detected on 
imaging; these lesions cannot be reliably differentiated from 
renal cell cancer with any imaging modality [ 84 ]. 
Some AMLs may also lose signal (dropout) on opposed-
phase imaging due to the presence of microscopic amounts 
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of fat within the tumor; however, caution should be exercised 
with this fi nding, as clear-cell renal cell carcinoma can also 
contain intracellular lipid and thus dropout on opposed-
phase images (Fig.  2.24 ) [ 84 ,  85 ].

        Adrenal 

 CT is the primary imaging modality for evaluating the 
adrenal glands; however, MRI plays a role in characterizing 
an adrenal mass in the setting of an equivocal CT and in 
patients who cannot receive iodinated contrast for CT. MRI 

is  particularly useful in differentiating adrenal adenoma 
from metastasis. 

 Adrenal metastases and adenomas are differentiated on the 
basis of chemical shift imaging. Adrenal adenomas contain 
intracellular lipid, whereas metastases do not. If the lesion in 
question demonstrates signal dropout on opposed-phase imag-
ing, then it likely represents an adenoma (Fig.  2.25 ), except in 
rare instances, such as metastatic disease from a clear-cell 
renal cell carcinoma. Lesions with no change in signal on out-
of-phase imaging either do not contain lipid or contain insuf-
fi cient quantities of lipid to be detected on MRI and are thus 
indeterminate. Such a lesion could represent a lipid-poor 

a b

  Fig. 2.20    Complex cystic renal mass .  Axial T2-weighted ( a ) MRI 
image demonstrates a cystic right renal mass with numerous septations 
of varying thickness ( orange arrow  ( a )). Contrast-enhanced subtraction 
image ( b ) shows the lack of enhancement within the wall of the mass or 
any of the septations ( arrow  ( b )). The numerous septations in this mass 

raise suspicion for cystic renal cell carcinoma; however, the complete 
lack of enhancement suggests benignity: the septations may be sequelae 
of prior intracystic hemorrhage. This mass was stable for several years 
and thus likely benign       

  Fig. 2.21    Papillary renal cell carcinoma .  Axial T1 post-contrast sub-
traction image at 100 s after contrast administration demonstrates mild 
heterogeneous enhancement of a left renal mass ( arrow ). Most papil-
lary renal cell carcinomas demonstrate weak enhancement as compared 
with renal parenchyma. Subtraction images aid in evaluation of 
enhancement within a lesion. This fi nding was confi rmed surgically       

  Fig. 2.22    Renal cell carcinoma with renal vein invasion .  Axial “bright- 
blood” balanced gradient echo image demonstrates a large mass involv-
ing the left kidney ( yellow arrow ) with expansion of the left renal vein 
compatible with tumor thrombus ( purple arrow ). Note the difference in 
signal between the tumor-infi ltrated left renal vein and the patent inferior 
vena cava. In patients who cannot receive intravenous contrast for MRI 
due to renal insuffi ciency, non-contrast imaging, including conventional, 
diffusion- weighted, gradient echo, and even MRA sequences, can often 
provide substantial information as compared to unenhanced CT scan       
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a b

  Fig. 2.23    Renal angiomyolipoma .  Axial T1-weighted images obtained 
without ( a ) and with ( b ) fat suppression demonstrate a large, exophytic 
left renal mass ( arrows ) with areas of bulk fat which is bright on ( a ) and 

loses signal on the fat-suppressed image ( b ), compatible with an 
angiomyolipoma       

a b

  Fig. 2.24    Clear-cell renal cell carcinoma. Axial T1 in-phase ( a ) and 
opposed-phase ( b ) images demonstrate signal dropout within a large 
right renal mass ( arrows ) on opposed-phase imaging, confi rming the 
presence of intracellular lipid. Dropout can also be seen in angiomyoli-

pomas; however, in a lesion without macroscopic fat, this fi nding raises 
suspicion for clear-cell renal cell carcinoma, which was surgically 
confi rmed       

a b

  Fig. 2.25    Adrenal adenoma .  Axial T1 in-phase ( a ) and opposed-phase ( b ) images demonstrate signal dropout of a right adrenal nodule ( arrows ) 
on opposed-phase imaging, confi rming the presence of intracellular lipid and the diagnosis of an adrenal adenoma       
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a b

  Fig. 2.26    Congenital duplicated renal collecting system with obstruc-
tion .  Coronal ( a ) and sagittal ( b ) heavily T2-weighted images from an 
MR urogram demonstrate a right duplex collecting system with 
 obstruction of the upper pole collecting moiety ( orange arrow ) and a 

low ectopic insertion of the ureter draining the upper pole ( b ). There is 
also dilatation of the lower pole collecting system ( green arrows ), pos-
sibly due to refl ux       

 adenoma or a non-adenomatous lesion. The sensitivity for 
adenoma detection with chemical shift imaging is approxi-
mately 80 % [ 86 ], which is similar to unenhanced CT.

   Other adrenal lesions that can be specifi cally character-
ized by MRI include cyst and myelolipoma. However, the 
differential diagnosis of a non-cystic adrenal nodule devoid 
of fat is wide and must be correlated with a thorough bio-
chemical and hormonal work-up for accurate diagnosis. 

 Approximately 65 % of pheochromocytomas are “light- 
bulb” bright on T2-weighted sequences; however, this is not 
a particularly sensitive or specifi c fi nding. A pheochromocy-
toma cannot be excluded on the basis of low T2 signal inten-
sity, and other adrenal lesions, both benign and malignant, 
may have bright T2 signal [ 87 ,  88 ]. MRI, however, is an 
excellent modality for identifying extra-adrenal sites of 
pheochromocytoma, including the organ of Zuckerkandl, 
retroperitoneum, or carotid bulb.  

    Ureter and Bladder 

 MR urography is a useful method to evaluate the ureter 
and the bladder, especially in the pediatric age group and 
pregnant patients and in the setting of a contraindication 
to iodinated contrast. Congenital anomalies (Fig.  2.26 ), 
stenoses, obstruction, and fi lling defects due to stricture 
or neoplasm can be readily identifi ed. MRI is signifi cantly 
inferior to CT in the detection of ureteral calculi. The 
diagnosis of an obstructing ureteral stone on MRI is often 
made based on secondary fi ndings, such as perirenal 
edema, ureteral dilatation, and perirenal fl uid (Fig.  2.27 ) 
[ 72 – 74 ]. The role of MRI in bladder disease is not well 
established, although MRI has been used to detect tumors 
within diverticula, characterize intravesical pheochromo-
cytoma, detect urachal tumors, and stage bladder cancer 
[ 89 ].
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        Prostate 

 MRI of the prostate offers accurate detection and local 
 staging of prostate cancer. The advent of high-strength (3 T) 
magnetic fi elds and endorectal surface coils has led to signal 
to noise ratio increases, providing higher-resolution imaging 

of the prostatic surface and internal anatomy. A complete 
MRI exam of the prostate should include conventional T1- 
and T2-weighted spin-echo sequences, DWI with correlative 
ADC maps, and dynamic contrast-enhanced sequences. 
Prostate cancer typically appears as a region of hypointense 
T2 signal. The majority of cancers are located in the nor-
mally T2-hyperintense peripheral zone and often demon-
strate diffusion restriction. Approximately 30 % of cancers 
occur in the central zone. Detection of these cancers may be 
more problematic due to the frequent presence of hyperpla-
sia, resulting in a background of heterogeneous T2 signal 
and enhancement. 

 DWI now plays an important role in prostate cancer 
detection on MRI [ 90 – 92 ]. The use of high B values (1000 or 
greater) may increase sensitivity and specifi city for lesion 
detection (Fig.  2.28 ) [ 93 ].

   Contrast-enhanced imaging is typically performed with 
repeated ultrafast acquisitions after contrast injection, 
which provide high temporal resolution and the ability to 
assess contrast enhancement as a function of time. Prostate 
cancer generally demonstrates earlier and higher peak 
enhancement and early washout as compared with normal 
prostatic tissue [ 93 ]. 

 MR spectroscopy is a technique which can separate out 
compounds in tissue based on their Larmor frequency (see 
discussion above). Citrate is found in relatively high con-
centrations in normal prostate and decreased amounts in 
prostate cancer (and other conditions such as prostatitis 
and hemorrhage). Choline can be detected on MRI spec-
troscopy as an aggregate peak of choline-containing cell 
membrane compounds. Choline is found in high amounts 
in prostate cancer due to rapid cell membrane turnover 
and relatively increased cell surface ratio. Increased cho-
line concentration is the hallmark of prostate cancer, 
although it can be found in benign conditions such as 
prostatitis [ 93 ]. 

 MRI is the most accurate imaging modality for differenti-
ating between organ-confi ned (T1 or T2) and extracapsular 
(T3) diseases, although there are a wide range of sensitivities 
and specifi cities reported in the literature [ 93 ]. 

 MRI is also playing a larger role in obtaining tissue diag-
nosis of prostate cancer. MR images can be coregistered 
with real-time ultrasound (US) imaging (MRI/US fusion 
biopsy), providing a target for US-guided biopsy. This has 
been shown to increase cancer detection rates compared 
with traditional transrectal US-guided biopsy, which is typ-
ically performed in blind fashion, by obtaining 12 core 
samples, without visualization of a target lesion. MRI/US 
fusion biopsy appears to be especially suited for patients 
with high suspicion for prostate cancer and negative 
US-guided biopsy [ 94 ].  

a

b

  Fig. 2.27    Obstructing right ureteral calculus in a pregnant patient. 
Axial ( a ) and sagittal ( b ) T2-weighted images demonstrate mild right 
hydronephrosis ( orange arrow ) and hydroureter ( green arrow ) second-
ary to a low-signal distal right ureteral calculus ( blue arrow ). A gravid 
uterus is noted. In hydronephrosis of pregnancy, the ureter usually 
shows gradual tapering at the level of the pelvic brim, as opposed to this 
example, where the ureter remains dilated down to the ureterovesical 
junction       
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    Scrotum 

 Ultrasound is the primary imaging modality for the evalua-
tion of the scrotum and testicles. MRI evaluation of the scro-
tum is limited by long examination times and lack of 
portability and availability, especially after hours. On MR, 
normal testes have homogeneous intermediate intensity on 
T1-weighted images and high signal on T2-weighted images. 
The testicles are surrounded by the fi brous tunica albuginea, 
which is low in signal intensity on T2-weighted images. The 
role of MRI in imaging the scrotum often revolves around 
adding additional information in cases where ultrasound 
fi ndings are equivocal. For example, MRI can help defi ne the 
pattern of injury in the setting of testicular trauma. An area 
of heterogeneous signal intensity on T2-weighted images 
should raise the possibility of testicular injury. Disruption in 
the normal low-signal tunica albuginea is diagnostic of tes-
ticular rupture; therefore, the tunica should be carefully 
assessed in all three planes [ 16 ,  95 ]. Another emerging appli-
cation for scrotal MRI is in the differentiation of segmental 
testicular infarction versus small neoplasm. An avascular 
area on contrast-enhanced images with an enhancing rim is 
typically seen with infarction [ 16 ,  96 ]. Although not typi-
cally used in diagnosing and staging testicular cancer, MRI 
has been shown to be quite sensitive and specifi c in detecting 

testicular tumors, differentiating benign from malignant 
lesions (Fig.  2.29 ), and diagnosing local invasion [ 97 ].

       Penis 

 Ultrasound is the primary modality in the evaluation of 
penile disease; however, MRI does have a role in the evalua-
tion of blunt penile trauma. MR is able to depict the fascial 
layers of the penis in exquisite detail, demonstrating the 
presence and site of disruption of the normal low-signal 
tunica albuginea surrounding the corpus cavernosa (Fig.  2.30 ) 
and directing surgical repair [ 16 ,  98 – 100 ]. Other potential 
applications of MRI in evaluating penile disease include can-
cer staging, mass characterization, detection of plaques in 
Peyronie’s disease, and localization of periurethral abscesses 
[ 16 ,  100 ].

       Female Urethra 

 MRI plays a signifi cant role in the diagnosis of urethral and 
periurethral disease in women, particularly in the evaluation 
of ureteral diverticula. The examination can be performed 
with a torso phased-array coil or an endoluminal coil 

a b

  Fig. 2.28    Prostate cancer .  b2000 diffusion-weighted image ( a ) and 
corresponding ADC map ( b ) demonstrate a large region of diffusion 
restriction within the peripheral zone of the prostate on the right, 

 manifested by high signal on the diffusion image ( green arrow , ( a )) and 
low signal on the ADC map ( red arrow  ( b )). Such markedly restricted 
diffusion is a highly suspicious fi nding for malignancy       
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 (endovaginal, endorectal, endourethral) to improve resolu-
tion and signal to noise ratio. Normally, on T2-weighted 
images, the urethral mucosa and muscle are hypointense, 
while the submucosa is hyperintense. A urethral diverticulum 
can be identifi ed as single or multiple, unilocular, or multi-
locular on T2-weighted images. Circumferential involvement 
of the urethra, in a “saddle bag” confi guration, is a common 

appearance of a urethral diverticulum. Post-contrast adminis-
tration aids in the detection of diverticular infl ammation or 
adenocarcinoma, depicted as a small enhancing soft tissue 
mass within the diverticulum. MRI is more sensitive than 
urethrography and urethroscopy for the diagnosis of urethral 
diverticulum and is indicated when clinical suspicion is 
strong and other modalities are inconclusive [ 101 ].      

a

b

  Fig. 2.29    Epididymal head cyst and dilatation of the rete testes .  
Sagittal T2-weighted ( a ) and axial T1-weighted gadolinium-enhanced 
images ( b ) demonstrate a large mass ( arrowheads ) above the right 
testicle (“T” in ( b )). This is uniformly hyperintense on the 
T2-weighted and does not enhance, compatible with an epididymal 
head cyst. The patient had been referred to MRI for the evaluation of 
an indeterminate testicular lesion seen on ultrasound. The lesion 
( arrows ) is bright on the T2-weighted sequence and does not enhance, 
compatible with a benign lesion, most likely dilatation of the rete 
testes       

a

b

  Fig. 2.30    Coronal ( a ) and sagittal ( b ) T2-weighted, fat-saturated MRI 
sequences demonstrate a mixed-signal collection inferior to the penile 
shaft ( orange arrow  in ( a ),  purple arrow  in ( b )) compatible with a 
hematoma. The low-signal tunica albuginea is well visualized and is 
intact ( red arrow  in ( a ),  green arrow  in ( b ))       
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