
Critical Observations in Radiology for Medical Students, First Edition. Katherine R. Birchard, Kiran Reddy Busireddy, and Richard C. Semelka.  
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.  
Companion website: www.wiley.com/go/birchard

1

Chapter 1

Introduction
In this chapter, we will describe the features and basic imaging 
principles of the various modalities employed in radiology. Since 
many specialties perform these types of studies, “radiology” is often 
also referred to generically as “imaging.” A basic feature of all 
imaging is that pictures are generated, and the quality of the pic­
tures oftentimes depends on how pathologies stand out compared 
to normal tissues.

Each of the different modalities uses their own terms to describe 
pathology, which relate back to how the images themselves are cre­
ated. In this chapter, brief technical descriptions of each modality 
will be discussed with special emphasis on image production, image 
description, factors that influence image quality, and associated 
imaging artifacts with each modality.

X‐ray‐based imaging modalities
Plain radiography, mammography, fluoroscopy, and computed 
tomography (CT) all use X‐rays as the source of generating images. 
All these modalities employ an X‐ray tube to generate the images. 
The controllable factors are tube voltage, measured in kVp; tube 
current, measured in mA; and total exposure time, measured in 
seconds.

The X‐ray tubes produce X‐rays by accelerating electrons to 
high energies from a filament (cathode) to a tungsten target 
(anode) by heating the filaments to a very high temperature, 
which then emits electrons. The flow of electrons from the fila­
ment to the target constitutes the tube current (mA). X‐rays are 
produced when energetic electrons strike the target material; 
electron kinetic energy is transformed into heat and X‐rays, 
which are then filtrated at the X‐ray tube window to achieve 
higher beam quality. The term mAs refers to the product of tube 
current and time duration.

These X‐rays are then directed to the imaged subject (the 
patient). The number of X‐rays produced by the X‐ray beam is 
related to the X‐ray beam intensity, measured in terms of air kerma 
(mGy). X‐ray beam intensity (mA) is proportional to the X‐ray tube 

current. X‐ray beam intensity is also proportional to the exposure 
time, which is the total time during which a beam current flows 
across the X‐ray tube. Doubling the tube current, the number of 
X‐rays or the exposure time will double the X‐ray beam intensity, 
but will not affect the average energy of the beam. KVp affects the 
penetrating power of X‐rays and hence tissue contrast.

Image production can be achieved using analog or digital sys­
tems. Analog radiography uses films to capture, display, and store 
radiographic images. Digital systems can be classified as cassette 
and noncassette systems.

Plain radiography (X‐rays)

Image production
X‐ray tube voltage varies according to imaged body part. Exposure 
times range between tens and hundreds of milliseconds.

The typical settings to obtain an erect posteroanterior chest radio­
graph are a kVp of 100 and mAs of 4. The typical settings to obtain 
an erect anteroposterior abdominal radiograph are a kVp of 80 and 
mAs of 40. The typical kVp and mAs settings for imaging the appen­
dicular skeleton are 52–60 and 2.5–8, respectively. Note that there 
are slight variations between the kVp and mAs for these different 
regions. This reflects that more current is needed to penetrate 
regions with more tissue (abdomen compared to chest), and optimal 
contrast is different to study the disease processes of these different 
regions as well (abdomen compared to skeleton).

Image descriptors
The most common projections in plain radiography are frontal 
(anteroposterior or posteroanterior), lateral, oblique, or cross‐table, 
based on the direction of X‐ray beam in relation to the patient. 
Special positions and projections are used in musculoskeletal 
(MSK) imaging.

Frontal projection images are interpreted as if the patient is 
sitting in front of the reader; where the left side of the image 
corresponds to the right side of the patient.
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2      Chapter 1

The brightness of a structure on plain radiography is related 
to its atomic number; structures containing material with higher 
atomic number absorb more photons before they reach the 
detector or film. In plain radiography, bright areas are described 
as radiopaque or radiopacity, and dark areas are described as 
radiolucent. Metals, bones, some stones, contrast materials, and 
various pathologies appear as radiopaque. Air/gas appears as 
radiolucent.

Image performance
X‐ray‐based imaging modalities including plain radiography, 
mammography, fluoroscopy, and CT share the same parameters 
that can influence image quality. Combinations of tube voltage, 
tube current, and exposure time, and focal spot size govern the final 
image quality.

Optimization of these parameters to achieve a diagnostic 
quality image with minimum radiation is the principal goal. Plain 
radiographic studies generally offer the highest spatial resolution, 
with the subcategory of mammography having the very highest, 
followed by CT, magnetic resonance imaging (MRI), and then 
nuclear medicine.

Mammography
Mammography is an X‐ray‐based imaging modality that uses low‐
energy X‐rays to image the breasts as a diagnostic and screening tool.

Image production
X‐ray tubes in mammography units used molybdenum as a target 
and a much smaller focal spots. The tube voltage in mammography 
ranges from 25 to 34 kV. The heel effect, described as higher X‐ray 
intensity on the cathode side, is utilized in mammography to 
increase the intensity, that is, penetration, of radiation near the 
chest wall where tissue thickness is relatively greater.

Compression is used in mammography to reduce the breast 
parenchymal thickness, which achieves immobilization and 
reduction in radiation dose, thereby decreasing blurring and 
increasing sharpness.

Digital tomosynthesis mammography is a newer form of 
mammography that offers high resolution and is performed using 
limited‐angle tomography (multiple projections at different angles) 
at mammographic dose levels. The acquired data set is reconstructed 
using iterative algorithms.

Stereotaxic localization is achieved by acquiring two images, 
each 15° from the normal projection. This technique provides good 
localization of masses and is used to perform core needle biopsies.

Image descriptors
The two routinely used mammography views are craniocaudal 
(CC) and mediolateral oblique (MLO). Other additional views 
include true lateral, exaggerated, axillary, and cleavage views. 
Compression views can also be acquired in cases of where the 
presence of a tumor is uncertain and to resolve any possible paren­
chymal overlap.

Images are usually reviewed in pairs to help assess for any 
asymmetry. Mammographic findings are usually described using 
the terminology of Breast Imaging Reporting and Data System 
(BI‐RADS) lexicon, which includes the description of breast 
parenchyma, masses, calcifications, and distortion, followed by 
the  assignment of a BI‐RADS score, which is used for patient 
management and to determine follow‐up intervals.

Fluoroscopy
Fluoroscopy is an X‐ray‐based imaging technique commonly used 
to obtain real‐time images of the internal structures of a patient 
through the use of a fluoroscope.

Image production
Fluoroscopy units are composed of X‐ray generator, X‐ray tube, 
collimator, filters, patient table, grid, image intensifier, optical 
coupling, television system, and image recording. Fluoroscopy 
units operate using low tube currents (1–6 mA) and tube voltages 
(70–125 kV). When the X‐ray beam is switched off, last image 
hold (LIH) software permits the visualization of the last image. 
Newer fluoroscopy systems use pulsed fluoroscopy to reduce 
dose by acquiring frames that are less than real time (quarter to 
half the number of frames per second).

Fluoroscopy systems use a television camera to view the image 
output of the image intensifiers by converting light images into 
electric (video) signals that can be recorded or viewed on a monitor. 
Fluoroscopy allows real‐time observation and imaging of dynamic 
activities. It has many applications in radiology, including gastroin­
testinal (GI), genitourinary, cardiovascular, neuromuscular, and 
MSK procedures. It can be used for diagnostic and interventional 
procedures, whether in the fluoroscopy, cardiology, endoscopy, and 
interventional suites as well as in the operating room.

Cineradiography refers to real‐time visualization of motion with 
fluoroscopy, and frame rate varies from very fast (30 frames/s) in 
vascular studies during injection of contrast injection to slower to 
observe motility of the GI tract.

Digital subtraction angiography (DSA) is a fluoroscopic tech­
nique used for imaging the vascular system following intravascular 
contrast injection. In this technique, subtracting the acquired non­
contrast mask image, from subsequent frames following contrast 
administration, allows the removal of static nonenhancing vascular 
structures that augments visualization of even the smallest contrast 
differences. This permits using a much lower intravenous (IV) con­
trast dose. The mean rate of flow of iodine contrast through a vessel 
can be determined; the extent of vessel stenosis and the pressure 
gradients may also be estimated.

Road mapping permits an image to be captured and displayed on 
a monitor while a second monitor shows live images, which is pri­
marily utilized in vascular applications.

Image descriptors
Fluoroscopy uses the same projections and image descriptions used 
in plain radiography. Oblique views are extensively used in real time 
fluoroscopy to detect structures or abnormalities, and the position is 
described in relation of the beam to the patient and patient orientation 
to the imaging table. Examples of these views include right anterior 
oblique, left anterior oblique, and right posterior oblique.

CT
CT is a modality that uses computer‐processed X‐rays to produce 
axial, cross‐sectional “tomographic” images, allowing for excellent 
imaging with great anatomical details.

Image production
A CT X‐ray tube produces a fan‐shaped X‐ray beam, which passes 
through the patient, and is measured by the array of detectors on the 
opposite side of the patient, the sum of which is referred to as a 
projection. A number of projections are used for each tube rotation.
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The sum of projections is plotted as a sinogram, which is then 
converted to CT images by a mathematical analysis process 
using filtered back‐projection image reconstruction algorithms 
and applying different types of filters depending on the clinical 
indication and structure of interest. The factors adjusted by the 
CT scan operators are the X‐ray tube voltage, current, field of 
view, collimation, slice thickness, and pitch.

CT scanners have gone through revolutionary changes in the last 
four decades. The generation of systems that is the most common in 
current use is the third‐generation CT machines. These utilize a 
wide fan beam and a large array of detectors, which rotate around 
the patient.

Most modern CT scanners also have multiple rows of detectors, 
typically between 4 and 64, with the more current systems having a 
greater number of rows. These multidetector CT (MDCT) systems 
permit larger anatomical coverage in a shorter time frame.

In helical acquisition mode (also known as spiral CT), the table 
continuously moves while the X‐ray tube rotates around the patient 
until the desired anatomic area is scanned. This is the most common 
form of CT acquisition in CT studies.

CT fluoroscopy utilizes continuous X‐ray tube rotation with very 
low tube currents (15–60 mA) to obtain a near‐real‐time image recon­
struction. This technique is primarily used to aid interventional pro­
cedures, like fine needle aspiration, biopsies, or drainage procedures.

Dual‐energy CT (DECT) employs utilization of two different 
energies (80 and 140 kVp). This optimizes the detection of substances 
that have greatly different X‐ray absorptions (densities). This tech­
nique offers various advantages including improved temporal resolu­
tion (as short as 83 ms), improved tissue characterization, ability to 
generate virtual nonenhanced data sets, improved subtraction of 
bones, pulmonary ventilation and perfusion imaging, and improved 
detection of iodine‐containing substances on low‐energy images.

Image descriptors
All CT examinations begin with acquisition of two projection radio­
graph (frontal and lateral), referred to as topographic or scout images.

Newer MDCT scanners use volumetric data acquisition in the 
axial plane with slice thickness of 0.625 mm, which can then be 
reconstructed into slice thickness of 3–5 mm, which are then sub­
mitted to PACS or printed on films (hard copies).

The original data set can be reformatted into coronal or sagittal 
reformats. They can also be postprocessed on dedicated worksta­
tion for multiplanar reformation (MPR), maximal intensity projec­
tion (MIP) imaging, minimal intensity projection (MinIP) imaging, 
and volume rendering (VR) imaging.

CT images are composed of maps of the relative attenuation 
values of the imaged tissues (4096 gray levels), expressed as CT 
numbers or Hounsfield units (HU). HU value of zero is by default 
assigned to water. These values are approximate values that can be 
used to characterize tissues.

CT images are viewed as if the patient is being looked at from 
below, where the left side of the image corresponds to the right side 
of the patient and vice versa. The terms “density” and “attenuation” 
are used to semiquantify tissues where bright structures are 
described as hyperdense or high attenuating and darker structures 
are described as hypodense or low attenuating.

Artifacts
Artifacts in CT imaging can be related to mechanical malfunction 
or related to patients. The most common artifact is motion artifact 
that is generally secondary to bulk patient motion or organ motion 

(e.g., heartbeat, breathing). Motion artifact is becoming less of a 
problem with the advent of newer MDCT machines that acquire 
images with faster acquisition.

One of the most important artifacts is streak artifact, which is 
encountered when imaging high‐density structures, such as 
metallic implants, dental fillings, surgical clips, or dense contrasts 
within the GI tract. This creates a starburst effect of radiating bright 
lines, which can lead to significant image degradation.

Another common artifact is volume averaging, which arises 
when structures that are adjacent to each other along the long 
axis of the patient appear as if they are of the same entity or that 
they arise from the same entity. This occurs as a function of slice 
thickness; the thicker the slices, the more likely this effect will be 
observed.

Ultrasound
Ultrasound (US) is a nonionizing imaging modality that utilizes US 
waves to provide imaging of anatomical structures with excellent 
spatial resolution and to study vascular flow dynamics.

Image production
US is a widely available, compact, portable, and relatively inexpensive 
modality capable of providing real‐time imaging. It does not use 
any  ionizing radiation and has no known long‐term side effects. 
Additionally, US Doppler/duplex allows for quantitative measurement 
of absolute blood velocity. US can be used for diagnostic and inter­
ventional procedures.

US probes contain a specific type of crystals, made from special­
ized materials, which convert voltage oscillations to US waves by 
changing shape and pressure (piezoelectric effect). Gel is always 
applied between the transducer and skin to displace air, permitting 
better transducer–skin contact to minimize interference with US 
transmission into the patient. After the US beam interacts with soft 
tissue, the reflected beam is received by the probe crystals, and the 
crystals record the change in pressure of the reflected beam. This is 
then converted back to electrical current, which is then processed 
by the computer board to produce an image.

There are different types of transducers, including linear, curved, 
and sector transducers, which also have variable frequencies. US 
transducers are commonly used on the skin surface for scanning. 
However, endoluminal techniques obviate many of the problems of 
surface scanning and include endovaginal, endorectal, endointesti­
nal, and endovascular.

US images can be displayed by a variety of methods. The most 
commonly used mode is the brightness (B) mode, which can be 
seen as shades of gray, which offers real‐time imaging with a high 
frame rate.

Color Doppler is used to display moving red blood cells (RBCs) 
according to their direction of flow in reference to the US probe. 
Power Doppler is a variation of this method, which has better 
sensitivity for detecting moving objects, but without the ability to 
assess the direction of flow.

Duplex scanning combines real‐time B mode imaging with Doppler 
imaging. Spectral analysis displays frequency shift as a function of 
time that can provide information regarding blood flow pulsatility, 
direction, and absolute flow velocity (quantitative evaluation).

US can also be used intraoperatively by applying a transducer with 
a sterile probe cover or sheath in direct contact with the organ being 
examined. It can also be used to guide interventional procedures, 
such as biopsy, drainages, or tube placement.
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High‐intensity focused ultrasound (HIFU) is used as a hyper­
thermia therapy, a class of clinical therapies that use temperature to 
treat diseases. Clinical HIFU procedures are typically performed in 
conjunction with an imaging study, an example of which is HIFU 
treatment of uterine fibroids localized with MRI.

Image descriptors
The interpretation of US images relies on recognizing anatomical 
relationships and level of pixel brightness, the latter referred to as 
echogenicity.

Structures are described according to their echogenicity compared 
to adjacent structures as hypoechoic (low), hyperechoic (high), 
isoechoic (similar), or anechoic (almost no reflection).

The direction of flow is described according to the direction of 
the flow as toward (red) or away (blue) from the US probe on color 
Doppler and as toward (above) or away (below) from the baseline 
on spectral Doppler images. Images are described based on the ori­
entation of the probe in relation to the human body as longitudinal, 
when the axis of the probe is parallel to the body, or axial, when the 
axis of the probe is perpendicular to the body.

Image performance
The quality of the US image is based on resolution, which can be 
divided into axial, lateral, and elevational resolution. Axial resolution 
is the ability to separate two objects lying along the axis of the beam 
and is determined by the US probe frequency. Lateral resolution 
is  approximately four times worse than axial resolution, and it 
decreases at a longer distance from the probe. Elevational resolution 
is equivalent to slice thickness and is proportional to US probe width.

Artifacts
Artifacts in US imaging are very common and should be recog­
nized to avoid diagnostic errors. Some artifacts can be utilized to 
enhance diagnostic performance such as acoustic shadowing, 
acoustic enhancement, aliasing, twinkle, and ring‐down artifacts. 
Some artifacts however negatively impact diagnostic performance 
such as mirror image and side‐lobe artifact.

MRI
MRI is a nonionizing imaging modality that uses the body’s natural 
magnetic properties (imaging of protons) to produce detailed 
images with excellent anatomical details and exquisite, unmatched 
soft tissue contrast images from any part of the body.

Image production
Hydrogen nuclei have the largest nuclear magnetization, and these 
occur abundantly in humans in the form of water, which contains 
two hydrogen molecules (protons), and fat, which contains multiple 
protons. In the absence of an applied magnetic field, these hydrogen 
protons are randomly aligned with no net magnetization.

MRI machines are based on powerful magnets, which can 
generate a strong and stable magnetic field. The magnetic field 
strength is measured in tesla (T). The magnets used may be resis­
tive, permanent, or superconducting. The vast majority of current 
magnetic resonance (MR) scanners use superconducting magnets, 
which contain a wire‐wrapped cylinder and a constantly circulating 
electric current of hundreds of amps to generate the uniform 
magnetic field. The encircling wire that forms the magnetic core is 
composed of specialized material that must be kept very cold (using 
liquid helium as a refrigerant), in order that the electrons flowing in 

the wire experience extremely low friction or impedance. This 
permits creation of a very powerful current that generates a strong 
magnetic field strength, a process termed superconduction.

Unlike most other imaging modalities (such as CT and US) that 
are only “on” when the patient is being imaged, the MR system 
magnet is always “on.” This explains why with MRI health‐care 
professionals have to be very careful not to bring ferromagnetic 
(iron‐containing) objects into the MR room that can be drawn into 
the magnet at high velocity giving a missile effect, which can lead 
to injury of the patients and personnel, as well as cause unneces­
sary downtime of the MR system.

Other essential components of an MRI system are three gradient 
coils, which are used to code the spatial location of the MR signal 
by superimposing a linear gradient on the main magnetic field 
(this causes protons at different locations to have different 
precession frequencies), and the radiofrequency (RF) coils, which 
consist of various configurations of radio wave antenna and are 
used to transmit and receive electromagnetic radio waves. There 
are different coils including volume coils, specialized coils, and 
surface coils. Phased array coils are a combination of many surface 
coils (elements) and are required for parallel imaging, which is 
most commonly employed for imaging most regions on modern 
MR systems.

When a person is placed inside the powerful magnetic field of 
the scanner, the magnetized protons (spins) align with the 
external magnetic field either along (spin up) or opposite (spin 
down) the direction of the magnetic field, a phenomenon referred 
to as the Zeeman effect. The spin‐down position has higher 
energy than the spin‐up. The principle of MRI depends on this 
small difference between the spins, which is influenced by the 
main magnetic field strength and estimated to be around 3 spins/
million protons at 1 T.

When applying a 90° RF pulse, the net magnetization vector 
will produce longitudinal and transverse components. The time it 
takes the longitudinal magnetization to go exponentially from 0% to 
63% of full magnetization (equilibrium value) is referred to as T1 
relaxation time or spin–lattice relaxation. When the RF pulse is 
switched off, the longitudinal magnetization will return exponen­
tially to zero in a time equal to T1. Different tissues have different T1 
relaxation times (long for fluids, with the result that they appear dark 
on T1‐weighted images, and short for fat, with the result that they 
appear bright on these images). Gadolinium‐based contrast agents 
(GBCAs) cause T1 shortening, which renders tissues brighter.

When the RF pulse is switched off, the transverse magnetization 
will exponentially decay; when it reaches 37% of its original value, 
the time duration is referred to as T2 relaxation time or spin–spin 
relaxation. Different tissues have different T2 relaxation times (long 
for fluids, bright on T2‐weighted images, and short for solid tissues, 
darker on T2‐weighted images). Tissue T2 values, unlike T1 values, 
are not affected significantly by magnetic field strength.

The acquisition of the image requires the execution of a 
preselected predefined set of RF and gradient pulses at certain time 
intervals, known as pulse sequences, to generate an MR image 
of  certain characteristics. These pulse sequences are computer 
commands that control all hardware aspects of the MRI mea­
surement process.

The time required between each pulse is termed the time to repeat 
(TR). The time between the start of a pulse sequence and maximum 
signal is termed the echo time (TE). The time between a 180° 
inversion pulse and 90° excitation pulse in inversion recovery pulse 
sequences is termed inversion time (TI). TR and TE are always 
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employed in MR sequences (and TI, if utilized), are used to describe 
basic MR pulse sequences, and are all measured in milliseconds.

A combination of TR and TE is used to generate different image 
weighting. Short TR and TE provide T1 weighting, long TR and TE 
provide T2 weighting, and long TR and short TE provide proton 
density (PD) weighting.

The basic pulse sequences include conventional spin echo, fast 
spin echo, gradient‐recalled echo, and inversion recovery sequences. 
More advanced MRI sequences include MRA sequences, echo‐
planar imaging/diffusion‐weighted imaging sequences, magnetiza­
tion transfer sequences, MR spectroscopy, and functional imaging.

Fat suppression applied to some acquisitions is an integral part 
of nearly all routine MR examinations, and this function is 
employed for tissue characterization and for emphasizing contrast 
agent enhancement. There are many fat‐suppression techniques 
used in routine MRI, each with its own advantages and disadvan­
tages. These include Dixon techniques, spectral fat saturation, 
water excitation, and fast suppression with inversion recovery 
(SPAIR and STIR).

The principle of parallel imaging is that different coils detect the 
signal from the same body part with different signal strengths due 
to their locations in space by applying the sensitivity maps of 
individual elements. Acceleration factor is a term used to denote the 
speed improvement achieved by combining the signal reception 
from imaging coils, where an acceleration factor of 2 represents a 
decrease in time of study of approximately 50%. Parallel imaging 
leads to significant reduction of scan time at acceleration factors of 
2–3 while still achieving acceptable image quality with good signal‐
to‐noise ratio (SNR) and minimal artifacts.

Image descriptors
MR images can be acquired in different planes: axial, coronal, and 
sagittal. Additionally, obliques planes can be planned based on 
these basic planes including long‐axis and short‐axis images. 
Similar to CT, three‐dimensional (3D) MR data sets can be postpro­
cessed on dedicated workstation to reformat the images in different 
planes termed MPR, MIP, and VR images.

Axial MR images are also interpreted as if the patient is being 
viewed from below, and coronal images are interpreted as if standing 
in front of the patient, where the left side of the image corresponds 
to the right side of the patient, and vice versa.

The appearance of structures on MR is described based on their 
intensities: hypo‐, iso‐, or hyperintense on T1‐ or T2‐weighted 
images and hypo‐, iso‐, or hyperenhancing on postcontrast images, 
based on their level of enhancement compared to the background 
tissues/organs.

T1‐weighted images can be recognized by the signal of different 
normal body tissues. Fluids show low T1 signal and high T2 signal 
intensities. Fat shows high T1 and intermediately high T2 signal 
intensities and suppresses on fat‐suppression sequences, but not on 
opposed‐phase T1‐weighted images. Opposed‐phase T1‐weighted 
images can be used to detect intracellular, microscopic, intravoxel 
fat. Other common substances that can give high T1 signal (T1 
relaxation time shortening) include gadolinium, protein, and 
methemoglobin.

Gray matter demonstrates lower T1 and higher T2 signal inten­
sities compared to white matter. CSF demonstrates low signal on 
T1‐ and FLAIR‐weighted images and high signal on T2‐weighted 
images. T2 gradient‐weighted images are very sensitive to suscepti­
bility and are used to detect subtle blood degradation products and 
superparamagnetic substances, that is, iron.

Image performance
Contrast resolution
Contrast resolution depends on variations between the different 
tissues and is dependent on T1 and T2 times of these tissues. Flow also 
affects image contrast, and this property can be utilized in noncon­
trast‐enhanced MR angiography. Gadolinium can also alter tissue 
contrast through T1 time shortening. PD imaging shows little intrinsic 
contrast because of the small variations in PD for most tissues.

Spatial resolution
Spatial resolution describes how sharp the image looks and is a 
product of pixel size. Pixel size equals the field of view divided by 
the data acquisition matrix size. In routine imaging, the spatial res­
olution is half that of CT. Higher‐resolution imaging can be 
achieved in MRI, but at the expense of SNR.

SNR
SNR is the critical determinant for MR image quality. General 
factors like higher magnetic field and use of small‐diameter surface 
coils (which are often aligned into a matrix of multiple coils, termed 
phased array) increase the SNR. SNR is also increased by increasing 
the slice thickness and/or decreasing the matrix size. Increasing the 
number of excitations, signal averages, or acquisitions increases the 
SNR but at the expense of increased scanning time.

Artifacts
Imaging artifacts in MRI can be divided into equipment‐related or 
patient‐related artifacts. One of the most important artifacts in MRI 
is motion related.

Motion appears as ghosting and blurring of the image along the 
phase‐encoding direction, which is one of the directions of data 
acquisition in the XY plane (the other is frequency encoding). 
Motion artifacts can be the result of gross patient movement 
(nonperiodic) or secondary to respiratory or cardiac motion 
(periodic) motion. Nonperiodic movement is the most problematic, 
and it causes smearing across the image, and these types of 
artifacts may render studies uninterpretable. Periodic movement 
causes coherent ghosting, which are generally not so challenging.

Other artifacts include zipper, susceptibility, chemical shift, aliasing 
(wraparound), standing‐wave, magic angel, cross‐talk, and truncation 
artifacts.

Nuclear medicine
Nuclear medicine is a medical specialty that involves the applica­
tion of radioactive material to either diagnose or treat diseases. 
Nuclear medicine primarily reflects physiological information, 
which on occasion can precede anatomical changes that are seen by 
other modalities.

Image production
Very heavy nuclei tend to be unstable. Unstable nuclides are called 
radionuclides. The transformation of a parent unstable nuclide into 
daughter nuclides is called radioactive decay. During that transfor­
mation, the mass number, electric charge, and total energy are 
unchanged.

Gamma rays (photons) are form of high‐energy electromagnetic 
radiation that is emitted during radioactive decay and occasionally 
accompany the emission of alpha or beta particles. They have no 
mass or charge and interact less intensively with matter compared 
to ionizing particles. Gamma rays are comparable to X‐rays both 
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in  their imaging capabilities, and also in their potential to cause 
biologic radiation damage.

Image acquisition usually takes several minutes for full acquisi­
tion. Images can be viewed in real time on a display monitor during 
the acquisition, to monitor for gross motion, in addition to viewing 
the static images after the completion of a study data acquisition. 
Analog‐to‐digital converters (ADCs) are used to generate the 
digital information.

Nuclear medicine can be used for diagnostic (gamma rays) and 
interventional (beta particles) applications. Beta particles have higher 
energy but shorter traveling distances compared to gamma rays.

Most noncardiac applications in nuclear medicine utilize planar 
imaging. The exception is single‐photon emission computed tomog­
raphy (SPECT) imaging that provides computed tomographic views 
of the 3D distribution of radioisotopes in the body. SPECT imaging 
can be combined with CT (SPECT/CT). Low‐dose CT scans are 
used for coregistration and attenuation correction only. Higher‐dose 
CT scans can be acquired for diagnostic imaging.

In PET imaging, a ring of detectors (scintillators) surrounding the 
patient is used coupled with photomultiplier tubes to detect light 
produced in each detector. The detectors are thicker to allow the 
registration of incidence gamma photons. The positron travels for a 
distance of 0.4 mm and then collides with an adjacent electron, result­
ing in annihilation and emission of two 511 keV gamma ray photons 
at nearly opposite directions (coinciding photons). The simultaneous 
detection of coinciding photons allows for the identification of line of 
response and creation of a sinogram, which may be reconstructed 
using iterative reconstruction algorithms. The most commonly used 
agent in PET imaging is fluorine‐18 fluorodeoxyglucose (18F‐FDG), 
which has a half‐life of 110 min. 18F undergoes beta minus decay 
with the emission of a positron.

PET/CT uses a hybrid of PET and CT imaging. The principle is 
similar to SPECT/CT. Most recently, systems have been developed 
in which PET can be simultaneously acquired in combination with 
MRI (MR/PET).

Image descriptors
Nuclear medicine images are divided into planar, SPECT, or PET 
images. Most applications require the acquisition of whole‐body 
images from two cameras while the patient is lying supine on the 
imaging table, which results in two images (anterior and posterior 
projections).

Planar images are usually displayed in pairs with two different 
windows and sent to PACS or printed on films. Additionally, spot 
images can be acquired as part of routine imaging or as a problem‐
solving addition. Spot images can have different projections. On the 
anterior projection images, the left side of the image corresponds 
anatomically to the right side of the patient. On the posterior pro­
jection images, the left side of the image corresponds anatomically 
to the left side of the patient.

SPECT and PET images are obtained in axial plane and can be 
reconstructed into coronal and sagittal plane images. SPECT and 
PET images are displayed in the same fashion as CT and MRI 
where the left side of the image corresponds to the right side of 
the patient.

Terms used to describe imaging findings in nuclear medicine 
are different from those used to describe other radiologic studies. 
Areas of increased activity are described as areas of increased 
uptake. Areas with decreased activity are referred to as areas of 
decreased uptake. Areas with no activity are often referred to as 
photopenic areas.

Image performance
Spatial resolution in nuclear medicine is the ability to distinguish 
two adjacent radioactive sources. The most common method to 
measure resolution is to measure the full width half maximum 
of the imaged line source of activity. It depends on the width of 
the  camera and the collimators. SPECT has the lowest spatial 
resolution.

Image contrast is the difference in intensity (counts) between 
a  specific tissue or organ and background and depends on the 
concentration of the radiopharmaceutical in the targeted tissue 
(target‐to‐background ratio). The background count is proportional 
to collimator septal penetration and scatter.

Noise, also called quantum mottle, is much higher in nuclear 
medicine compared to X‐ray imaging because the number of photons 
used to generate an image is low. SPECT imaging has the highest noise 
due to the low number of photons used to reconstruct each voxel.

Artifacts
Motion artifact, as in all radiological modalities, is the most common 
artifact in nuclear medicine. The most problematic, as with other 
modalities, is gross patient motion.

Image defects can be of different appearances. The appearance 
of the defect can be characteristic for malfunction of a specific 
component within the imaging system. Common defects related 
to  external effects include metallic implants or dense contrast 
material (e.g., barium).

Contrast agents
A radiological contrast agent (or contrast media) is a substance 
used to emphasize the appearance of structures within the body and 
is commonly used to enhance the visibility of blood vessels, GI 
tract, or disease process.

Radiographic contrast agents
Radiographic contrast agents may be used with all imaging tech­
niques to enhance the differences between body tissues. Ideally, 
contrast agents should achieve a high concentration in the body 
without producing any adverse effects. Unfortunately, this target 
has not yet been  achieved, and all contrast agents have potential 
adverse effects.

They are classified into positive and negative agents. Positive 
contrast agents can be divided into water  and nonwater soluble. Air 
is often referred to as a negative contrast agent, which can be used 
alone or in addition to other positive contrasts to achieve a double 
contrast effect.

Non water‐soluble agents consist of a suspension of insoluble 
barium. These agents are only used for GI tract imaging and are not 
absorbed.

Iodine‐based contrast agents are water soluble and are based on a 
molecular structure of three‐iodine atom attached to a benzene ring 
(tri‐iodinated benzene ring). Based on the number of tri‐iodinated 
benzene rings, these agents are classified into monomers and dimers.

Iodine‐based contrast agents can be classified into ionic and 
nonionic based on their electrical structure. They can be further 
classified based on their osmolality into hypo‐, iso‐, and hyperosmolar 
agents. They can be given intravenously or orally or injected into 
different abdominopelvic cavities.

Iodine‐based contrast agents have different viscosities, which 
is  a  function of solution concentration, molecular structure, and 
interactions with water molecules.
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Iodine‐based contrast agents are distributed throughout the 
extracellular space when administered intravenously. They enhance 
the diagnostic performance of CT and conventional diagnostic 
angiographic procedures. They can also be administered directly into 
the body cavities, for example, the GI tract and the urinary tract.

Ultrasonographic contrast agents
Contrast agent can also be used to enhance the diagnostic value of 
US. These agents are composed of microbubbles that persist in the 
bloodstream for several minutes, which in combination with special­
ized US techniques (harmonics) allow a definite improvement in the 
contrast resolution and suppression of signal from stationary tissues.

These agents are commonly used to enhance the conspicuity of 
solid organ lesions, either for diagnostic or interventional purposes, 
and to offer enhancement characterization of these lesions. They 
can also be used to augment the diagnostic value of Doppler US to 
assess solid organ perfusion, especially following transplantation.

MR contrast agents
Contrast agents in MRI are divided into positive (paramagnetic) 
and negative (superparamagnetic) contrasts.

Negative agents are iron based and cause significant T2/T2* short­
ening; these agents can cause significant T1 shortening during their 
vascular phase, but once internalized within the reticuloendothelial 
system, they have negligible effect on T1 relaxation time. Currently, 
none of these agents are commercially available, apart from an oral 
preparation.

Positive agents are gadolinium based (the great majority), and they 
cause T1 and T2 shortening, with the most prominent effect, which is 
employed in most clinical applications, being the T1‐shortening 
effect. T1 enhancement is best shown on T1‐weighted images, with 
the appearance of tissue brightening. Gadolinium is a heavy metal 
and is very toxic in its free form. In Gadolinium-based contrast 
agents (GBCAs), the gadolinium ion is bound to ligand forming a 
chelate to minimize toxicity.

There are a variety of ways to classify GBCAs based on various 
properties that they possess. One common classification is based on 
the molecular structure of the agent, where more stable (hence often 
“safer”) structures are macrocyclic and less stable structures are linear 
and as an independent property ionic (more stable) and nonionic 
(less stable). GBCAs can also be classified into extracellular agents or 
mixed extracellular/organ‐specific (hepatocyte) agents.

Extracellular GBCAs do not show appreciable binding to protein 
and are solely excreted by the kidneys, while agents with protein‐
binding property are excreted to a varying extent through the bile as 
well as the kidneys.

The following GBCAs in clinical usage are described with their 
structure: gadoterate meglumine (Dotarem) is an ionic macrocyclic 
agent, gadoteridol (ProHance) and gadobutrol (Gadavist) are non­
ionic macrocyclic agents, and gadopentetate dimeglumine (Magnevist) 
and gadobenate dimeglumine (MultiHance) are ionic linear agents.

Ionic linear GBCAs with dual elimination are gadobenate 
dimeglumine (MultiHance) and gadoxetate disodium (Eovist/
Primovist), which also exhibit high relaxivity (greater tissue 
brightening).

Different GBCAs have different r1 and r2 relaxivities, also termed 
T1 and T2 relaxivity. Protein binding often results in heightened 
relaxivity, with the net effect that enhancement is more intense on 
T1‐weighted images.

Immediately after IV injection, extracellular and protein‐bound 
agents behave the same and exhibit the same extracellular distribution 

and excretion as iodine‐based agents. However, protein‐binding 
agents are taken up by hepatocytes and excreted into the bile in 
addition to their renal excretion. Protein binding also allows for longer 
intravascular dwell time in some of these agents.

Nuclear medicine radiopharmaceuticals
Radionuclides are combined with existing pharmaceutical compounds 
to form radiopharmaceuticals. They are designed to mimic a natural 
physiologic process and localize in the organ or tissue of interest 
by  different mechanisms including compartmentalization, active 
transport, simple exchange, phagocytosis, or capillary blockage.

Technetium (99mTc) is a radiotracer used in approximately 80% of all 
nuclear medicine examinations. It is considered an ideal radiotracer 
because it has gamma ray energy of 140 keV and a convenient t half‐
life of 6 h. Pertechnetate (99mTcO4) is produced directly from a shielded 
generator containing 99Mo using a saline eluant. A 99mTc generator is 
normally eluted daily over the course of a week and then replaced.

There are many radiopharmaceuticals used for different clinical 
applications with different chemical properties.

Biological effects

Ionizing radiation modalities
Ionizing radiation results in ejection of an electron from a neutral 
atom, which becomes positively charged. X‐rays, gamma rays, 
and ultraviolet radiation are all considered ionizing radiations. 
Table 1.1 demonstrates the effective dose of common radiological 
examinations.

X‐ray‐based modalities
Although large doses of ionizing radiation are known to cause can­
cer, there has been controversy whether lower doses, in the range 
observed with CT scans (5–50 mSv), pose a risk.

Sponsored by several federal agencies, the seventh Biological 
Effects of Ionizing Radiation (BEIR) report [1] updated the health 
risks from low linear energy transfer radiation (≤100 mSv), which 
deposits little energy in a cell and thus tends to cause little damage. 
It was stated that there is no threshold below which there is no 
risk, and that as exposure increases, so does the health risk (linear‐
no‐threshold model).

Table 1.1  Radiation dose estimates for common radiological techniques in mSv.

Diagnostic examination Effective dose (mSv)†,‡

Chest X‐ray (PA film) 0.02
Lumbar spine X‐ray 1.8
Extremity X‐ray 0.001
Mammogram (two views) 0.36
CT head 2
CT coronary angiography 5–32
Cardiac CT for calcium scoring 3
CT chest 10
CT abdomen 10
18F‐FDG PET/CT 25
Cardiac 201Tl chloride 41
Coronary angiography (therapeutic) 15
Transjugular intrahepatic portosystemic shunt (TIPS) 
placement

70

†The effective doses are typical values for an average‐sized adult. The actual dose can 
vary substantially, depending on a person’s size as well as on differences in imaging 
practices.
‡The use of effective dose for assessing the exposure of patients has severe limitations 
that must be considered when quantifying medical exposure.
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The linear‐no‐threshold model predicts that any dose, no matter 
how small, may produce health effects based on the hypothesis that 
a single ionizing event can result in DNA damage. From a practical 
standpoint, low‐dose procedures such as chest X‐rays (0.10 mSv) 
are treated differently from high‐dose procedures such as CT 
(2–20 mSv), as risk related to individual low‐dose procedures is 
likely largely nonexistent.

Much of the data for radiation risk has been derived from atomic 
bomb survivors from Japan, and until relatively recently, reliable 
data on the risks related to CT imaging have been lacking.

In 2012, two important studies were published describing more 
direct evidence of risk of malignancy development. Pearce et al. [2] 
reported a study on pediatric patients who underwent CT examination 
in Great Britain. They showed that the use of CT scans in children that 
delivered cumulative doses in the range of 50 mGy might almost triple 
the risk of leukemia and doses of about 60 mGy might triple the risk of 
brain cancer. Mathews et al. [3] reported on 680,000 Australians who 
underwent a CT scan when aged 0–19 years and showed that malig­
nancy incidence was increased by 24% (95% CI: 0.20–0.29) compared 
with the incidence in over 10 million unexposed people. Their study 
also showed that the proportional increase in risk was evident at short 
intervals after exposure and was greater for persons exposed at younger 
ages. They reported that absolute excess cancer incidence rate was 9.38 
per 100,000 person‐years at risk and that the incidence rates were 
increased for most individual types of solid cancer and for leukemias, 
myelodysplasias, and some other lymphoid tumors.

A third large‐scale study, reported by Eisenberg et al. [4] involving 
82,861 patients who had an acute myocardial infarction and no his­
tory of cancer, described 64,000 patients who underwent at least one 
cardiac imaging or therapeutic procedure in the first year after acute 
myocardial infarction. They reported that for every 10 mSv of low‐
dose ionizing radiation, there was a 3% increase in the risk of age‐ 
and sex‐adjusted cancer over a mean follow‐up period of 5 years.

Nuclear medicine
Radiation exposure is extremely high with a number of nuclear 
medicine studies, notably thallium studies and CT/PET. CT/PET is 
reported to have an exposure of 25 mSv, but much of that radiation 
is attributable to the CT part of the study, and approximately 5 mSv 
from PET.

Nonionizing radiation modalities
US and MRI
Present data have not conclusively documented any deleterious effects 
of cancer induction or fetal defects secondary to either US or MRI.

Contrast‐related adverse events
Contrast reactions are classified into acute, subacute, and chronic 
reactions based on the interval between contrast administration 
and development of side effects.

Acute adverse reactions are defined as reactions occurring within 
an hour up to 48 h following contrast medium injection. There is 
increased risk for developing acute adverse events in patients with 
history of asthma or history of allergy to other contrast agents.

Allergic acute reactions have been classified as mild, moderate, or 
severe. Mild reactions usually do not need treatment and include 
nausea, vomiting, urticaria, and itching. Moderate reactions include 
severe vomiting, marked urticaria, bronchospasm, facial or laryngeal 
edema, and vasovagal reactions. Severe reactions include hypotensive 
shock, pulmonary edema, cardiopulmonary arrest, and convulsion.

The management of acute adverse reactions is identical whether 
they are caused by iodine‐ or gadolinium‐based agents or by US 
agents. Nausea, vomiting, hives, and pruritus are usually self‐
limited. However, patients should be observed closely for systemic 
symptoms while IV access is maintained. If the urticaria is extensive 
or bothersome to the patient, antihistamines, such as Benadryl, 
may be given.

Bronchospasm without coexisting cardiovascular problems 
should be treated with high rate oxygen (6–10 L/min) and inhaled 
beta-2 agonist bronchodilators (two to three deep inhalations).

Isolated hypotension is best managed initially by rapid IV fluid 
replacement rather than vasopressor drugs. Large volumes may 
be required to reverse the hypotension. Vagal reactions are char­
acterized by the combination of prominent sinus bradycardia 
and  hypotension. Treatment includes patient leg elevation and 
rapid infusion of IV fluids. The bradycardia is treated by IV 
administration of atropine to block vagal stimulation of the 
cardiac conduction system.

Anaphylactoid reactions are acute, rapidly progressing, systemic 
reactions characterized by multisystem involvement. Initial treatment 
includes maintenance of the airway, administration of oxygen, rapid 
infusion of IV fluids, intramuscular adrenaline (0.3–0.5 mL of 1:1000), 
electrocardiogram (ECG) monitoring, and slow administration of 
adrenaline.

Iodine‐based contrast agents
Acute adverse events
Acute adverse reactions (as described in the section “Contrast‐
related adverse events”) to iodine‐based contrast media are almost 
always associated with intravascular administration. Prompt recog­
nition and treatment are essential.

Contrast medium‐induced nephropathy
Contrast medium‐induced nephropathy (CIN) is defined as an 
onset of diminished renal function that occurs shortly after contrast 
agent administration without other predisposing causes. Current 
practice for preventing CIN still relies on identifying patients at 
increased risk.

Preexisting renal impairment, defined as an effective glomerular 
filtration rate (eGFR) of less than 60, is the most important risk 
factor for CIN. CIN has been seen with all stages of chronic renal 
disease, but most often with stages 3–5. CIN has been reported in 
patients with normal renal function in 0.6–2.3%, but this is most 
often a transient effect on renal function.

The risk of developing CIN in patients with renal impairment is 
about 3–21% when contrast is administered intravenously and 
3–50% when given intra‐arterially. The risk of CIN is greater if 
renal impairment is associated with diabetes mellitus, hyperten­
sion, and concurrent use of metformin or nephrotoxic medications. 
The risk of requiring dialysis in patients developing CIN is 3%, with 
a 1‐year mortality rate of 45% for these patients.

A number of measures have been proposed to reduce the inci­
dence of CIN, but the most important, and consistently observed as 
beneficial, patient preparation is to ensure good hydration, which 
may require IV administration of fluid.

Dialysis is effective for eliminating iodine‐based contrast media.

Contrast extravasation
Extravasation of contrast medium during injection is a common 
problem. The mechanism of injury is related to chemical and tissue 
compression effects. The clinical picture varies from trivial pain 
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and redness at the site of injection to (rarely) skin ulceration and 
compartment syndrome.

When extravasation is identified, the injection should be imme­
diately terminated. The injection site should be carefully inspected. 
The patient should be advised to elevate the involved limb. 
Alternating hot (to induce vasodilatation and promote absorption 
of the extravasated material) and cold (to induce vasoconstriction 
and limit inflammation) compresses, performed a few times per 
day for the first few days, is recommended.

Gadolinium-based contrast agents (GBCAs)
Acute adverse events
Acute adverse reactions may occur after administration of GBCAs; 
however, their rate is much lower compared to iodine‐based 
agents. There may be no difference in the rate of acute adverse 
events between the different GBCAs. Acute adverse event and 
their medical management are similar to those of iodine‐based 
contrast agents.

Nephrogenic systemic fibrosis
Nephrogenic systemic fibrosis (NSF) is an important subacute 
adverse reaction to nonchelated gadolinium, with onset typically 
occurring between 2 months and 2 years after GBCA administration.

Patients who are at high risk to develop NSF are those with stage 
4–5 chronic kidney disease (CKD), in particular stage 5, and those 
with severe acute renal failure. The type of GBCA used also plays an 
extremely important role in NSF, with linear nonionic agents 
having the highest causal association.

Agents with low risk include MultiHance, Eovist/Primovist, and 
Ablavar/Vasovist (which are ionic linear agents that possess 
additional hepatobiliary elimination), and ProHance, Dotarem, and 
Gadavist (which are macrocyclic agents).

In efforts to avoid causing NSF, guidelines for the utilization of 
GBCAs have been developed and generally employed at all 
institutions. The bases of these guidelines include avoiding the use 
of nonionic linear agents in patients with renal impairment and 
avoiding repeated doses of GBCAs in patients with poor renal 
function. Routine determination of eGFR is generally advised in 
patients at risk of having poor renal function.

Summary
Remarkable advances in radiology have been achieved in the last 
three decades. In addition to the strengths, it is imperative to under­
stand associated risks and biological effects. It is the responsibility 
of the radiologist and requesting physician to consider the risk 
and  benefit of each radiological investigation and to choose the 
appropriate, yet sufficiently safe, technique based on the available 
data of probabilistic risk assessments (Table 1.2).

The use of nonionizing radiation modalities should always be 
considered, especially in more radiosensitive populations. Physicians 
should also avoid requesting redundant examinations and unnec­
essary short‐term follow‐ups. Specific considerations have been 
provided in this chapter that allow the understanding of basic 
imaging principles and safety practices.
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Table 1.2  Probabilistic risk estimates of contrast agents’ adverse effects.

Event Incidence

CIN in patients with renal impairment 1 in 5
NSF from Omniscan in patients with renal impairment 1 in 25
CIN in patients with normal renal function 1 in 50
Cancer from 10 mSv of radiation (1 body CT) 1 in 1,000
NSF from Omniscan 1 in 2,500
NSF from Magnevist 1 in 40,000
Death from anaphylactoid reaction to nonionic  
iodine‐based contrast

1 in 130,000

Death from anaphylactoid reaction to  
gadolinium‐based agents

1 in 280,000

NSF from MultiHance, ProHance, Gadavist, and Dotarem <1 in 10,000,000 for each
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