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3

C h a p t e r 1

Introduction to Medical Imaging

Medical imaging of the human body requires some form of energy. In the medical 
imaging techniques used in radiology, the energy used to produce the image must 
be capable of penetrating tissues. Visible light, which has limited ability to penetrate 
tissues at depth, is used mostly outside of the radiology department for medical 
imaging. Visible light images are used in dermatology (skin photography), gastroen-
terology and obstetrics (endoscopy), and pathology (light microscopy). Of course, 
all disciplines in medicine use direct visual observation, which also utilizes visible 
light. In diagnostic radiology, the electromagnetic spectrum outside the visible light 
region is used for medical imaging, including x-rays in mammography and computed 
tomography (CT); radiofrequency (RF) in magnetic resonance imaging (MRI), and 
gamma rays in nuclear medicine. Mechanical energy, in the form of high-frequency 
sound waves, is used in ultrasound imaging.

With the exception of nuclear medicine, all medical imaging requires that the 
energy used to penetrate the body’s tissues also interacts with those tissues. If 
energy were to pass through the body and not experience some type of interac-
tion (e.g., absorption or scattering), then the detected energy would not contain 
any useful information regarding the internal anatomy, and thus it would not be 
possible to construct an image of the anatomy using that information. In nuclear 
medicine imaging, radioactive substances are injected or ingested, and it is the 
physiological interactions of the agent that give rise to the information in the 
images.

While medical images can have an aesthetic appearance, the diagnostic util-
ity of a medical image relates both to the technical quality of the image and the 
conditions of its acquisition. Consequently, the assessment of image quality in 
medical imaging involves very little artistic appraisal and a great deal of techni-
cal evaluation. In most cases, the image quality that is obtained from medical 
imaging devices involves compromise—better x-ray images can be made when 
the radiation dose to the patient is high, better magnetic resonance images can 
be made when the image acquisition time is long, and better ultrasound images 
result when the ultrasound power levels are large. Of course, patient safety and 
comfort must be considered when acquiring medical images; thus, excessive 
patient dose in the pursuit of a perfect image is not acceptable. Rather, the power 
and energy used to make medical images require a balance between patient safety 
and image quality.

	 1.1	 The Modalities

Different types of medical images can be made by varying the types of energies and 
the acquisition technology used. The different modes of making images are referred 
to as modalities. Each modality has its own applications in medicine.
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4	 Section I • Basic Concepts

Radiography

Radiography was the first medical imaging technology, made possible when the 
physicist Wilhelm Roentgen discovered x-rays on November 8, 1895. Roentgen also 
made the first radiographic images of human anatomy (Fig. 1-1). Radiography (also 
called roentgenography) defined the field of radiology and gave rise to radiologists, 
physicians who specialize in the interpretation of medical images. Radiography is 
performed with an x-ray source on one side of the patient and a (typically flat) x-ray 
detector on the other side. A short-duration (typically less than ½ second) pulse 
of x-rays is emitted by the x-ray tube, a large fraction of the x-rays interact in the 
patient, and some of the x-rays pass through the patient and reach the detector, 
where a radiographic image is formed. The homogeneous distribution of x-rays that 
enters the patient is modified by the degree to which the x-rays are removed from the 
beam (i.e., attenuated) by scattering and absorption within the tissues. The attenua-
tion properties of tissues such as bone, soft tissue, and air inside the patient are very 
different, resulting in a heterogeneous distribution of x-rays that emerges from the 
patient. The radiographic image is a picture of this x-ray distribution. The detector 
used in radiography can be photographic film (e.g., screen-film radiography) or an 
electronic detector system (i.e., digital radiography).

FIGURE 1-1 ■■ Wilhelm Conrad Roentgen (1845–1923) in 1896 (A). Roentgen received the first Nobel Prize 
in Physics in 1901 for his discovery of x-rays on November 8, 1895. The beginning of diagnostic radiology is 
represented by this famous radiographic image, made by Roentgen on December 22, 1895 of his wife’s hand 
(B). The bones of her hand as well as two rings on her finger are clearly visible. Within a few months, Roentgen 
had determined the basic physical properties of x-rays. Roentgen published his findings in a preliminary report 
entitled “On a New Kind of Rays” on December 28, 1895 in the Proceedings of the Physico-Medical Society 
of Wurzburg. An English translation was published in the journal Nature on January 23, 1896. Almost simul-
taneously, as word of the discovery spread around the world, medical applications of this “new kind of ray” 
rapidly made radiological imaging an essential component of medical care. In keeping with mathematical 
conventions, Roentgen assigned the letter “x” to represent the unknown nature of the ray and thus the term 
“x-rays” was born.
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Chapter 1 • Introduction to Medical Imaging	 5

Transmission imaging refers to imaging in which the energy source is outside the body 
on one side, and the energy passes through the body and is detected on the other side 
of the body. Radiography is a transmission imaging modality. Projection imaging refers 
to the case when each point on the image corresponds to information along a straight-
line trajectory through the patient. Radiography is also a projection imaging modality. 
Radiographic images are useful for a very wide range of medical indications, including 
the diagnosis of broken bones, lung cancer, cardiovascular disorders, etc. (Fig. 1-2).

Fluoroscopy

Fluoroscopy refers to the continuous acquisition of a sequence of x-ray images over 
time, essentially a real-time x-ray movie of the patient. It is a transmission projection 
imaging modality, and is, in essence, just real-time radiography. Fluoroscopic systems 
use x-ray detector systems capable of producing images in rapid temporal sequence. 
Fluoroscopy is used for positioning catheters in arteries, visualizing contrast agents 
in the GI tract, and for other medical applications such as invasive therapeutic proce-
dures where real-time image feedback is necessary. It is also used to make x-ray movies 
of anatomic motion, such as of the heart or the esophagus.

Mammography

Mammography is radiography of the breast, and is thus a transmission projection 
type of imaging. To accentuate contrast in the breast, mammography makes use of 

FIGURE 1-2 ■■ Chest radiography is the most common imaging procedure in diagnostic radiology, often 
acquired as orthogonal posterior-anterior (A) and lateral (B) projections to provide information regarding 
depth and position of the anatomy. High-energy x-rays are used to reduce the conspicuity of the ribs and other 
bones to permit better visualization of air spaces and soft tissue structures in the thorax. The image is a map of 
the attenuation of the x-rays: dark areas (high film optical density) correspond to low attenuation, and bright 
areas (low film optical density) correspond to high attenuation. C. Lateral cervical spine radiographs are com-
monly performed to assess suspected neck injury after trauma, and extremity images of the (D) wrist, (E) ankle, 
and (F) knee provide low-dose, cost-effective diagnostic information. G. Metal objects, such as this orthopedic 
implant designed for fixation of certain types of femoral fractures, are well seen on radiographs.
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6	 Section I • Basic Concepts

much lower x-ray energies than general purpose radiography, and consequently the 
x-ray and detector systems are designed specifically for breast imaging. Mammog-
raphy is used to screen asymptomatic women for breast cancer (screening mam-
mography) and is also used to aid in the diagnosis of women with breast symptoms 
such as the presence of a lump (diagnostic mammography) (Fig. 1-3A). Digital mam-
mography has eclipsed the use of screen-film mammography in the United States, 
and the use of computer-aided detection is widespread in digital mammography. 
Some digital mammography systems are now capable of tomosynthesis, whereby the 
x-ray tube (and in some cases the detector) moves in an arc from approximately 7 to 
40 degrees around the breast. This limited angle tomographic method leads to the 
reconstruction of tomosynthesis images (Fig. 1-3B), which are parallel to the plane 
of the detector, and can reduce the superimposition of anatomy above and below the 
in-focus plane.

Computed Tomography

Computed tomography (CT) became clinically available in the early 1970s, and is 
the first medical imaging modality made possible by the computer. CT images are 
produced by passing x-rays through the body at a large number of angles, by rotating 
the x-ray tube around the body. A detector array, opposite the x-ray source, collects 
the transmission projection data. The numerous data points collected in this manner 

FIGURE 1-3 ■■ Mammography is a specialized x-ray projection imaging technique useful for detecting breast 
anomalies such as masses and calcifications. Dedicated mammography equipment uses low x-ray energies, 
K-edge filters, compression, screen/film or digital detectors, antiscatter grids and automatic exposure control 
to produce breast images of high quality and low x-ray dose. The digital mammogram in (A) shows glandular 
and fatty tissues, the skin line of the breast, and a possibly cancerous mass (arrow). In projection mammog-
raphy, superposition of tissues at different depths can mask the features of malignancy or cause artifacts that 
mimic tumors. The digital tomosynthesis image in (B) shows a mid-depth synthesized tomogram. By reducing 
overlying and underlying anatomy with the tomosynthesis, the suspected mass in the breast is clearly depicted 
with a spiculated appearance, indicative of cancer. X-ray mammography currently is the procedure of choice 
for screening and early detection of breast cancer because of high sensitivity, excellent benefit-to-risk ratio, 
and low cost.
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Chapter 1 • Introduction to Medical Imaging	 7

are synthesized by a computer into tomographic images of the patient. The term 
tomography refers to a picture (graph) of a slice (tomo). CT is a transmission tech-
nique that results in images of individual slabs of tissue in the patient. The advan-
tage of CT over radiography is its ability to display three-dimensional (3D) slices of 
the anatomy of interest, eliminating the superposition of anatomical structures and 
thereby presenting an unobstructed view of detailed anatomy to the physician.

CT changed the practice of medicine by substantially reducing the need for 
exploratory surgery. Modern CT scanners can acquire 0.50- to 0.62-mm-thick tomo-
graphic images along a 50-cm length of the patient (i.e., 800 images) in 5 seconds, 
and reveal the presence of cancer, ruptured disks, subdural hematomas, aneurysms, 
and many other pathologies (Fig. 1-4). The CT volume data set is essentially isotro-
pic, which has led to the increased use of coronal and sagittal CT images, in addition 
to traditional axial images in CT. There are a number of different acquisition modes 
available on modern CT scanners, including dual-energy imaging, organ perfusion 
imaging, and prospectively gated cardiac CT. While CT is usually used for anatomic 
imaging, the use of iodinated contrast injected intravenously allows the functional 
assessment of various organs as well.

Because of the speed of acquisition, the high-quality diagnostic images, and the 
widespread availability of CT in the United States, CT has replaced a number of imag-
ing procedures that were previously performed radiographically. This trend continues. 
However, the wide-scale incorporation of CT into diagnostic medicine has led to more 
than 60 million CT scans being performed annually in the United States. This large 
number has led to an increase in the radiation burden in the United States, such that 
now about half of medical radiation is due to CT. Radiation levels from medical imaging 
are now equivalent to background radiation levels in the United States, (NCRP 2009).

FIGURE 1-4 ■■ CT reveals superb anatomical detail, as seen in (A) sagittal, (B) coronal, and (C) axial images 
from an abdomen-pelvis CT scan. With the injection of iodinated contrast material, CT angiography (CTA) 
can be performed, here (D) showing CTA of the head. Analysis of a sequence of temporal images allows 
assessment of perfusion; (E) demonstrates a color coded map corresponding to blood volume in this patient 
undergoing evaluation for a suspected cerebrovascular accident (“stroke”). F. Image processing can produce 
pseudocolored 3D representations of the anatomy from the CT data.
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8	 Section I • Basic Concepts

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) scanners use magnetic fields that are about 
10,000 to 60,000 times stronger than the earth’s magnetic field. Most MRI utilizes 
the nuclear magnetic resonance properties of the proton—that is, the nucleus of the 
hydrogen atom, which is very abundant in biological tissues (each cubic millimeter 
of tissue contains about 1018 protons). The proton has a magnetic moment and, 
when placed in a 1.5 T magnetic field, the proton precesses (wobbles) about its axis 
and preferentially absorbs radio wave energy at the resonance frequency of about  
64 million cycles per second (megahertz—MHz).

In MRI, the patient is placed in the magnetic field, and a pulse of radio waves 
is generated by antennas (“coils”) positioned around the patient. The protons in 
the patient absorb the radio waves, and subsequently reemit this radio wave energy 
after a period of time that depends upon the spatially dependent magnetic proper-
ties of the tissue. The radio waves emitted by the protons in the patient are detected 
by the antennas that surround the patient. By slightly changing the strength of the 
magnetic field as a function of position in the patient using magnetic field gradients, 
the proton resonance frequency varies as a function of position, since frequency is 
proportional to magnetic field strength. The MRI system uses the frequency and 
phase of the returning radio waves to determine the position of each signal from the 
patient. One frequently used mode of operation of MRI systems is referred to as spin 
echo imaging.

MRI produces a set of tomographic images depicting slices through the patient, in 
which each point in an image depends on the micromagnetic properties of the tissue 
corresponding to that point. Because different types of tissue such as fat, white and 
gray matter in the brain, cerebral spinal fluid, and cancer all have different local mag-
netic properties, images made using MRI demonstrate high sensitivity to anatomical 
variations and therefore are high in contrast. MRI has demonstrated exceptional util-
ity in neurological imaging (head and spine) and for musculoskeletal applications 
such as imaging the knee after athletic injury (Fig. 1-5A–D).

MRI is a tomographic imaging modality, and competes with x-ray CT in many 
clinical applications. The acquisition of the highest quality images using MRI requires 
tens of minutes, whereas a CT scan of the entire head requires seconds. Thus, for 
patients where motion cannot be controlled (pediatric patients) or in anatomical 
areas where involuntary patient motion occurs (the beating heart and churning intes-
tines), CT is often used instead of MRI. Also, because of the large magnetic field used 
in MRI, only specialized electronic monitoring equipment can be used while the 
patient is being scanned. Thus, for most trauma, CT is preferred. MRI should not 
be performed on patients who have cardiac pacemakers or internal ferromagnetic 
objects such as surgical aneurysm clips, metal plate or rod implants, or metal shards 
near critical anatomy such as the eye.

Despite some indications for which MRI should not be used, fast image acquisi-
tion techniques using special coils have made it possible to produce images in much 
shorter periods of time, and this has opened up the potential of using MRI for imag-
ing of the motion-prone thorax and abdomen (Fig. 1-5E). MRI scanners can also 
detect the presence of motion, which is useful for monitoring blood flow through 
arteries (MR angiography—Figure 1-5F), as well as blood flow in the brain (functional 
MR), which leads to the ability to measure brain function correlated to a task  
(e.g., finger tapping, response to various stimuli, etc.).

An area of MR data collection that allows for analysis of metabolic products in the 
tissue is MR spectroscopy, whereby a single voxel or multiple voxels may be analyzed 
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Chapter 1 • Introduction to Medical Imaging	 9

using specialized MRI sequences to evaluate the biochemical composition of tissues 
in a precisely defined volume. The spectroscopic signal can act as a signature for 
tumors and other maladies.

Ultrasound Imaging

When a book is dropped on a table, the impact causes pressure waves (called sound) 
to propagate through the air such that they can be heard at a distance. Mechanical 
energy in the form of high-frequency (“ultra”) sound can be used to generate images 
of the anatomy of a patient. A short-duration pulse of sound is generated by an 

FIGURE 1-5 ■■ MRI provides excellent and selectable tissue contrast, determined by acquisition pulse 
sequences and data acquisition methods. Tomographic images can be acquired and displayed in any plane 
including conventional axial, sagittal and coronal planes. (A) Sagittal T1-weighted contrast image of the brain; 
(B) axial fluid-attenuated inversion recovery (FLAIR) image showing an area of brain infarct; sagittal image 
of the knee, with (C) T1-weighted contrast and (D) T1-weighted contrast with “fat saturation” (fat signal is 
selectively reduced) to visualize structures and signals otherwise overwhelmed by the large fat signal; (E) maxi-
mum intensity projection generated from the axial tomographic images of a time-of-flight MR angiogram; (F) 
gadolinium contrast-enhanced abdominal image, acquired with a fast imaging employing steady-state acqui-
sition sequence, which allows very short acquisition times to provide high signal-to-noise ratio of fluid-filled 
structures and reduce the effects of patient motion.
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10	 Section I • Basic Concepts

ultrasound transducer that is in direct physical contact with the tissues being imaged. 
The sound waves travel into the tissue, and are reflected by internal structures in the 
body, creating echoes. The reflected sound waves then reach the transducer, which 
records the returning sound. This mode of operation of an ultrasound device is 
called pulse echo imaging. The sound beam is swept over a slice of the patient line by 
line using a linear array multielement transducer to produce a rectangular scanned 
area, or through incremental angles with a phased array multielement transducer to 
produce a sector scanned area. The echo amplitudes from each line of ultrasound 
are recorded and used to compute a brightness mode image with grayscale-encoded 
acoustic signals representing a tomographic slice of the tissues of interest.

Ultrasound is reflected strongly by interfaces, such as the surfaces and internal 
structures of abdominal organs. Because ultrasound is thought to be less harmful 
than ionizing radiation to a growing fetus, ultrasound imaging is preferred in obstet-
rical patients (Fig. 1-6A,B). An interface between tissue and air is highly echoic, and 
thus, very little sound can penetrate from tissue into an air-filled cavity. Therefore, 
ultrasound imaging has less utility in the thorax where the air in the lungs presents a 

FIGURE 1-6 ■■ The ultrasound image is a map of the echoes from tissue boundaries of high-frequency sound 
wave pulses. A. A phased-array transducer operating at 3.5 MHz produced the normal obstetrical ultrasound 
image (sagittal profile) of Jennifer Lauren Bushberg at 5½ months before her “first birthday.” Variations in 
the image brightness are due to acoustic characteristics of the tissues; for example, the fluid in the placenta is 
echo free, whereas most fetal tissues are echogenic and produce larger returned signals. Acoustic shadowing 
is caused by highly attenuating or scattering tissues, such as bone or air, producing the corresponding low 
intensity streaks distal to the transducer. B. Distance measurements (e.g., fetal head diameter assessment for 
age estimation) are part of the diagnostic evaluation of a cross-sectional brain ultrasound image of a fetus. C. 
From a stack of tomographic images acquired with known geometry and image locations, 3D image rendering 
of the acoustic image data can show anatomic findings, such as a cleft palate of the fetus. D. Vascular assess-
ment using Doppler color-flow imaging can be performed by many ultrasound systems. A color-flow image of 
the internal carotid artery superimposed on the grayscale image demonstrates an aneurysm in the left internal 
carotid artery of this patient.
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	 Chapter 1 • Introduction to Medical Imaging	 11

barrier that the sound beam cannot penetrate. Similarly, an interface between tissue 
and bone is also highly echoic, thus making brain imaging, for example, impracti-
cal in most cases. Because each ultrasound image represents a tomographic slice, 
multiple images spaced a known distance apart represent a volume of tissue, and 
with specialized algorithms, anatomy can be reconstructed with volume rendering 
methods as shown in Figure 1-6C.

Doppler Ultrasound

Doppler ultrasound makes use of a phenomenon familiar to train enthusiasts. 
For the observer standing beside railroad tracks as a rapidly moving train goes 
by blowing its whistle, the pitch of the whistle is higher as the train approaches 
and becomes lower as the train passes by the observer and speeds off into the 
distance. The change in the pitch of the whistle, which is an apparent change in 
the frequency of the sound, is a result of the Doppler effect. The same phenom-
enon occurs at ultrasound frequencies, and the change in frequency (the Doppler 
shift) is used to measure the motion of blood. Both the speed and direction of 
blood flow can be measured, and within a subarea of the grayscale image, a color 
flow display typically shows blood flow in one direction as red, and in the other 
direction as blue. In Figure 1-6D, a color-flow map reveals arterial flow of the left 
internal carotid artery superimposed upon the grayscale image; the small, mul-
ticolored nub on the vessel demonstrates complex flow patterns of an ulcerated 
aneurysm.

Nuclear Medicine Imaging

Nuclear medicine is the branch of radiology in which a chemical or other substance 
containing a radioactive isotope is given to the patient orally, by injection or by 
inhalation. Once the material has distributed itself according to the physiological 
status of the patient, a radiation detector is used to make projection images from 
the x- and/or gamma rays emitted during radioactive decay of the agent. Nuclear 
medicine produces emission images (as opposed to transmission images), because 
the radioisotopes emit their energy from inside the patient.

Nuclear medicine imaging is a form of functional imaging. Rather than yielding 
information about just the anatomy of the patient, nuclear medicine images pro-
vide information regarding the physiological conditions in the patient. For example, 
thallium tends to concentrate in normal heart muscle, but in areas that are infarcted 
or are ischemic, thallium does not concentrate as well. These areas appear as “cold 
spots” on a nuclear medicine image, and are indicative of the functional status of 
the heart. Thyroid tissue has a great affinity for iodine, and by administering radio-
active iodine (or its analogues), the thyroid can be imaged. If thyroid cancer has 
metastasized in the patient, then “hot spots” indicating their location may be pres-
ent on the nuclear medicine images. Thus functional imaging is the forte of nuclear 
medicine.

Nuclear Medicine Planar Imaging

Nuclear medicine planar images are projection images, since each point on the 
image is representative of the radioisotope activity along a line projected through the 
patient. Planar nuclear images are essentially 2D maps of the 3D radioisotope distri-
bution, and are helpful in the evaluation of a large number of disorders (Fig. 1-7).
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12	 Section I • Basic Concepts

Single Photon Emission Computed Tomography

Single photon emission computed tomography (SPECT) is the tomographic counter-
part of nuclear medicine planar imaging, just like CT is the tomographic counterpart 
of radiography. In SPECT, a nuclear camera records x- or gamma-ray emissions from 
the patient from a series of different angles around the patient. These projection data 
are used to reconstruct a series of tomographic emission images. SPECT images pro-
vide diagnostic functional information similar to nuclear planar examinations; how-
ever, their tomographic nature allows physicians to better understand the precise 
distribution of the radioactive agent, and to make a better assessment of the function 
of specific organs or tissues within the body (Fig. 1-8). The same radioactive isotopes 
are used in both planar nuclear imaging and SPECT.

Positron Emission Tomography

Positrons are positively charged electrons, and are emitted by some radioactive 
isotopes such as fluorine-18 and oxygen-15. These radioisotopes are incorporated 
into metabolically relevant compounds, such as 18F-fluorodeoxyglucose (18FDG), 
which localize in the body after administration. The decay of the isotope produces 
a positron, which rapidly undergoes a very unique interaction: the positron (e) 
combines with an electron (e) from the surrounding tissue, and the mass of both 
the e and the e is converted by annihilation into pure energy, following Einstein’s 
famous equation E  mc2. The energy that is emitted is called annihilation radiation. 
Annihilation radiation production is similar to gamma ray emission, except that 
two photons are produced, and they are emitted simultaneously in almost exactly 
opposite directions, that is, 180 degrees from each other. A positron emission 
tomography (PET) scanner utilizes rings of detectors that surround the patient, and 
has special circuitry that is capable of identifying the photon pairs produced during 

FIGURE 1-7 ■■ Anterior and posterior whole-body bone 
scan images of a 64-year-old male with prostate can-
cer. This patient was injected with 925 MBq (25 mCi) of 
99mTc methylenediphosphonate (MDP) and was imaged 
3 hours later with a dual-head scintillation camera. The 
images demonstrate multiple metastatic lesions. Lesions 
are readily seen in ribs, sternum, spine, pelvis, femurs 
and left tibia. Planar imaging is still the standard for 
many nuclear medicine examinations (e.g., whole-body 
bone scans and hepatobiliary thyroid, renal and pulmo-
nary studies). (Image courtesy of DK Shelton.)

R L L R
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Chapter 1 • Introduction to Medical Imaging	 13

annihilation. When a photon pair is detected by two detectors on the scanner, it 
is assumed that the annihilation event took place somewhere along a straight line 
between those two detectors. This information is used to mathematically compute 
the 3D distribution of the PET agent, resulting in a set of tomographic emission 
images.

Although more expensive than SPECT, PET has clinical advantages in certain diag-
nostic areas. The PET detector system is more sensitive to the presence of radioisotopes 
than SPECT cameras, and thus can detect very subtle pathologies. Furthermore, many 
of the elements that emit positrons (carbon, oxygen, fluorine) are quite physiologically 
relevant (fluorine is a good substitute for a hydroxyl group), and can be incorporated 
into a large number of biochemicals. The most important of these is 18FDG, which is 
concentrated in tissues of high glucose metabolism such as primary tumors and their 
metastases. PET scans of cancer patients have the ability in many cases to assess the 
extent of disease, which may be underestimated by CT alone, and to serve as a base-
line against which the effectiveness of chemotherapy can be evaluated. PET studies are 
often combined with CT images acquired immediately before or after the PET scan.

FIGURE 1-8 ■■ Two-day stress-rest myocardial perfusion imaging with SPECT/CT was performed on an 
89-year-old, obese male with a history of prior CABG, bradycardia, and syncope. This patient had pharmaco-
logical stress with regadenoson and was injected with 1.11 GBq (30 mCi) of 99mTc-tetrofosmin at peak stress. 
Stress imaging followed 30 minutes later, on a variable-angle two-headed SPECT camera. Image data were 
acquired over 180 degrees at 20 seconds per stop. The rest imaging was done 24 hours later with a 1.11 GBq 
(30 mCi) injection of 99mTc-tetrofosmin. Stress and rest perfusion tomographic images are shown on the left 
side in the short axis, horizontal long axis, and vertical long axis views. “Bullseye” and 3D tomographic images 
are shown in the right panel. Stress and rest images on the bottom (IRNC) demonstrate count reduction in the 
inferior wall due to diaphragmatic attenuation. The same images corrected for attenuation by CT (IRAC) on the 
top better demonstrate the inferior wall perfusion reduction on stress, which is normal on rest. This is referred 
to as a “reversible perfusion defect” which is due to coronary disease or ischemia in the distribution of the 
posterior descending artery. SPECT/CT is becoming the standard for a number of nuclear medicine examina-
tions, including myocardial perfusion imaging. (Image courtesy of DK Shelton.)
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PET/CT combined imaging has applications in oncology, cardiology, neurology, 
and infection and has become a routine diagnostic tool for cancer staging. Its role 
in the early assessment of the effectiveness of cancer treatment reduces the time, 
expense, and morbidity from failed therapy (Fig. 1-9).

Combined Imaging Modalities

Each of the imaging modalities has strengths (e.g., very high spatial resolution in 
radiography) and limitations (e.g., anatomical superposition in radiography). In 
particular, nuclear medicine imaging, whether with a scintillation camera or PET, 
often shows abnormalities with high contrast, but with insufficient anatomic 
detail to permit identification of the organ or tissue with the lesion. Furthermore, 
in nuclear medicine, attenuation by the patient of emitted radiation degrades 
the information in the images. Combining a nuclear medicine imaging system 
(SPECT or PET) with another imaging system providing good definition of anat-
omy (CT or MRI) permits the creation of fused images, enabling anatomic local-
ization of abnormalities, and correction of the emission images for attenuation  
(Fig. 1-10).

FIGURE 1-9 ■■ Two whole-body PET/CT studies of a 68-year-old male undergoing treatment for small cell lung 
cancer. Maximal intensity projection images are shown before (A) and after (B) chemotherapy. For each study, 
the patient was injected intravenously with 740 MBq (20 mCi) of 18FDG. The CT acquisition was immediately 
followed by the PET study, which was acquired for 30 minutes, beginning 60 minutes after injection of the 
FDG. The bottom panel shows the colorized PET/CT fusion axial images before (C) and after (D) chemotherapy. 
The primary tumor in the right hilum (C) is very FDG avid (i.e., hypermetabolic). The corresponding axial slice 
(D) was acquired 3 months later, showing dramatic metabolic response to the chemotherapy. The metastatic 
foci in the right scapula and left posterior rib have also resolved. The unique abilities of the PET/CT scan in this 
case were to assess the extent of disease, which was underestimated by CT alone, and to assess the effective-
ness of chemotherapy. (Images courtesy of DK Shelton.)
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	 1.2	 Image Properties

Contrast

Contrast in an image manifests as differences in the grayscale values in the image.  
A uniformly gray image has no contrast, whereas an image with sharp transitions between 
dark gray and light gray demonstrates high contrast. The various imaging modalities 
introduced above generate contrast using a number of different forms of energy, which 
interact within the patient’s tissues based upon different physical properties.

The contrast in x-ray transmission imaging (radiography, fluoroscopy, mammog-
raphy, and CT) is produced by differences in tissue composition, which determine 
the local x-ray absorption coefficient, which in turn is dependent upon the density 
(g/cm3) and the effective atomic number. The energies of the x-ray photons in the 
beam (adjusted by the operator) also affect contrast in x-ray images. Because bone 
has a markedly different effective atomic number (Z

eff
 < 13) than soft tissue (Z

eff
 < 7),  

due to its high concentration of calcium (Z  20) and phosphorus (Z  15), bones 

FIGURE 1-10 ■■ A planar and SPECT/CT bone scan done 3 hours after injection of 925 MBq (25 mCi) Tc-MDP. 
A. Anterior (left) and posterior (right) spot views of the spine in this 54-year-old female with back pain. The 
posterior view shows a faintly seen focus over a lower, right facet of the lumbar spine. B. Coronal views of the 
subsequent SPECT bone scan (left) better demonstrate the focus on the right lumbar spine at L4. The color-
ized image of the SPECT bone scan with CT fusion is shown on right. C. The axial views of the SPECT bone 
scan (left) and the colorized SPECT/CT fusion image (right) best localizes the abnormality in the right L4 facet, 
consistent with active facet arthropathy. (Images courtesy of DK Shelton.)

MIM Software Inc. v. Progenics Pharmaceuticals, Inc. 
IPR2025-00726 

Progenics EX2027

Page 15


	Preface to the Third Edition
	Foreword
	Acknowledgments
	Contents
	SECTION Basic Concepts
	Introduction to Medical Imaging
	The Modalities
	Image Properties

	Radiation and the Atom
	Radiation
	Structure of the Atom

	Interaction of Radiation with Matter
	Particle Interactions
	X-ray and Gamma-Ray Interactions
	Attenuation of x-rays and Gamma Rays
	Absorption of Energy from X-rays and Gamma Rays
	Imparted Energy, Equivalent Dose, and Effective Dose

	Image Quality
	Spatial Resolution
	Convolution
	Physical Mechanisms of Blurring
	The Frequency Domain
	Contrast Resolution
	Noise Texture: The Noise Power Spectrum
	Contrast
	Contrast-to-Noise Ratio
	Signal-to-Noise Ratio
	Contrast-Detail Diagrams
	Detective Quantum Efficiency
	Receiver Operating Characteristic Curves

	Medical Imaging Informatics
	Analog and Digital Representation of Data
	Digital Radiological Images
	Digital Computers
	Information Storage Devices
	Display of Digital Images
	Computer Networks
	PACS and Teleradiology
	Image Processing
	Security, Including Availablility


	SECTION Diagnostic Radiology
	x-ray Production, X-ray Tubes, and x-ray Generators
	Production of x-rays
	x-ray Tubes
	x-ray Generators
	Power Ratings and Heat Loading and Cooling
	Factors Affecting x-ray Emission

	Radiography
	Geometry of Projection Radiography
	Screen-Film Radiography
	Computed Radiography
	Charge-Coupled Device and Complementary Metal-Oxide Semiconductor detectors
	Flat Panel Thin-Film-Transistor Array Detectors
	Technique Factors in Radiography
	Scintillators and Intensifying Screens
	Absorption Efficiency and Conversion Efficiency
	Other Considerations
	Radiographic Detectors, Patient Dose, and Exposure Index
	Dual-Energy Radiography
	Scattered Radiation in Projection Radiographic Imaging

	Mammography
	x-ray Tube and Beam Filtration
	x-ray Generator and Phototimer System
	Compression, Scattered Radiation, and Magnification
	Screen-Film Cassettes and Film Processing
	Digital Mammography
	Radiation Dosimetry
	Regulatory Requirements

	Fluoroscopy
	Functionality
	Fluoroscopic Imaging Chain Components
	Fluoroscopic Detector Systems
	Automatic Exposure Rate Control
	Fluoroscopy Modes of Operation
	Image Quality in Fluoroscopy
	Fluoroscopy Suites
	Radiation Dose

	Computed Tomography
	Clinical Use
	CT System Designs
	Modes of CT Acquisition
	CT Reconstruction
	Image Quality in CT
	CT Image Artifacts
	CT Generations

	X-ray Dosimetry in Projection Imaging and Computed Tomography
	Attenuation of X-rays in Tissue
	Dose-Related Metrics in Radiography and Fluoroscopy
	Monte Carlo Dose Computation
	Equivalent Dose
	Organ Doses from X-ray Procedures
	Effective Dose
	Absorbed Dose in Radiography and Fluoroscopy
	CT Dosimetry and Organ Doses
	Computation of Radiation Risk to the Generic Patient
	Computation of Patient-Specific Radiation Risk Estimates
	Diagnostic Reference Levels
	Increasing Radiation Burden from Medical Imaging
	Summary: Dose Estimation in Patients

	Magnetic Resonance Basics: Magnetic Fields, Nuclear Magnetic Characteristics, Tissue Contrast, Image Acquisition
	Magnetism, Magnetic Fields, and Magnets
	The Magnetic Resonance Signal
	Magnetization Properties of Tissues
	Basic Acquisition Parameters
	Basic Pulse Sequences
	MR Signal Localization
	“K-Space” Data Acquisition and Image Reconstruction
	Summary

	Magnetic Resonance Imaging: Advanced Image Acquisition Methods, Artifacts, Spectroscopy, Quality Control, Siting, Bioeffects, and Safety
	Image Acquisition Time
	MR Image Characteristics
	Signal from Flow
	Perfusion and Diffusion Contrast Imaging
	Magnetization Transfer Contrast
	MR Artifacts
	Magnetic Resonance Spectroscopy
	Ancillary Components
	Magnet Siting, Quality Control
	MR Bioeffects and Safety
	Summary

	Ultrasound
	Characteristics of Sound
	Interactions of Ultrasound with Matter
	Ultrasound Transducers
	Ultrasound Beam Properties
	Image Data Acquisition
	Two-Dimensional Image Display and Storage
	Doppler Ultrasound
	Miscellaneous Ultrasound Capabilities
	Ultrasound Image Quality and Artifacts
	Ultrasound System Performance and Quality Assurance
	Acoustic Power and Bioeffects
	Summary


	SECTION Nuclear Medicine
	Radioactivity and Nuclear Transformation
	Radionuclide Decay Terms and Relationships
	Nuclear Transformation

	Radionuclide Production, Radiopharmaceuticals, and Internal Dosimetry
	Radionuclide Production
	Radiopharmaceuticals
	Internal Dosimetry
	Regulatory Issues

	Radiation Detection and Measurement
	Types of Detectors and Basic Principles
	Gas-Filled Detectors
	Scintillation Detectors
	Semiconductor Detectors
	Pulse Height Spectroscopy
	Nonimaging Detector Applications
	Counting Statistics

	Nuclear Imaging—The Scintillation Camera
	Planar Nuclear Imaging: The Anger Scintillation Camera
	Computers in Nuclear Imaging

	Nuclear Imaging—Emission Tomography
	Focal Plane Tomography in Nuclear Medicine
	Single Photon Emission Computed Tomography
	Positron Emission Tomography
	Dual Modality Imaging—SPECT/CT, PET/CT, and PET/MRI
	Clinical Aspects, Comparison of PET and SPECT, and Dose


	SECTION Radiation Biology and Protection
	Radiation Biology
	Overview
	Interaction of Radiation with Tissue
	Molecular and Cellular Response to Radiation
	Organ System Response to Radiation
	Whole Body Response to Radiation: The Acute Radiation Syndrome
	Radiation-Induced Carcinogenesis
	Hereditary Effects of Radiation Exposure
	Radiation Effects

	Radiation Protection
	Sources of Exposure to Ionizing Radiation
	Personnel Dosimetry
	Radiation Detection Equipment in Radiation Safety
	Fundamental Principles and Methods of Exposure Control
	Structural Shielding of Imaging Facilities
	Radiation Protection in Diagnostic and Interventional X-ray Imaging
	Radiation Protection in Nuclear Medicine
	Regulatory Agencies and Radiation Exposure Limits
	Prevention of Errors
	Management of Radiation Safety Programs
	IMAGING OF PREGNANT AND POTENTIALLY PREGNANT PATIENTS
	Medical Emergencies Involving Ionizing Radiation


	SECTION Appendices
	Fundamental Principles of Physics
	Physics Laws, Quantities, and Units
	Classical Physics
	Electricity and Magnetism

	Digital Computers
	Components and Operation of Computers
	Performance of Computers
	Computer Software

	Physical Constants, Prefixes, Geometry, Conversion Factors, and Radiologic Data
	Mass Attenuation Coefficients
	Mass Attenuation Coefficients for Selected Elements
	Mass Attenuation Coefficients for Selected Compounds
	Mass Energy Attenuation Coefficients for Selected Detector Compounds

	Effective Doses, Organ Doses, and Fetal Doses from Medical Imaging Procedures
	Radiopharmaceutical Characteristics and Dosimetry
	Convolution and Fourier Transforms
	Convolution
	The Fourier Transform
	The Fourier Transform in Filtered Backprojection
	The Fourier Transform and the Modulation Transfer Function
	Fourier Analysis of Noise: The Noise Power Spectrum

	Radiation Dose: Perspectives and Comparisons
	Radionuclide Therapy Home Care Guidelines
	General Safety Guide for Outpatients Receiving Radioiodine Therapy: Less Than 10 mci
	General Safety Guide for Outpatients Receiving Radioiodine Therapy: More Than 10 mci

	Index

	Index



