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Chapter 1

Nuclear Medicine

A whole body PET/CT Fusion image
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Normal whole body PET/CT scan with FDG-18. The whole body PET/CT scan is
commonly used in the detection, staging and follow-up of various cancers.
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A nuclear medicine whole body bone scan. The nuclear medicine whole body bone scan
is generally used in evaluations of various bone related pathology, such as for bone pain,

stress fracture, nonmalignant bone lesions, bone infections, or the spread of cancer to the
bone.
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Nuclear Medicine myocardial perfusion scan with Thallium-201 for the rest images
(bottom rows) and Tc-Sestamibi for the stress images (top rows). The nuclear medicine
myocardial perfusion scan plays a pivotal role in the noninvasive evaluation of coronary
artery disease. The study not only identifies patients with coronary artery disease, it also
provides overall prognostic information or overall risk of adverse cardiac events for the
patient.
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A nuclear medicine parathyroid scan demonstrates a parathyroid adenoma adjacent to the
left inferior pole of the thyroid gland. The above study was performed with Technetium-
Sestamibi (1st column) and Iodine-123 (2nd column) simultaneous imaging and the

subtraction technique (3rd column).
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Normal hepatobiliary scan (HIDA scan). The nuclear medicine hepatobiliary scan is
clinically useful in the detection of the gallbladder disease.
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Normal pulmonary ventilation and perfusion (V/Q) scan. The nuclear medicine V/Q scan
is useful in the evaluation of pulmonary embolism.

A nuclear medicine SPECT liver scan with technetium-99m labeled autologous red blood
cells. A focus of high uptake (arrow) in the liver is consistent with a hemangioma.
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Thyroid scan with Iodine-123 for evaluation of hyperthyroidism
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Abnormal whole body PET/CT scan with multiple metastases from a cancer. The whole
body PET/CT scan has became an important tool in the evaluation of cancer.
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Iodine-123 whole body scan for thyroid cancer evaluation. The study above was
performed after the total thyroidectomy and TSH stimulation with thyroid hormone
medication withdrawal. The study shows a small residual thyroid tissue in the neck and a
mediastinum lesion, consistent with the thyroid cancer metastatic disease. The uptakes in
the stomach and bowel are normal physiologic findings.

Nuclear medicine is a branch or specialty of medicine and medical imaging that uses
radionuclides and relies on the process of radioactive decay in the diagnosis and
treatment of disease.

In nuclear medicine procedures, elemental radionuclides are combined with other
elements to form chemical compounds, or else combined with existing pharmaceutical
compounds, to form radiopharmaceuticals. These radiopharmaceuticals, once
administered to the patient, can localize to specific organs or cellular receptors. This
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property of radiopharmaceuticals allows nuclear medicine the ability to image the extent
of a disease-process in the body, based on the cellular function and physiology, rather
than relying on physical changes in the tissue anatomy. In some diseases nuclear
medicine studies can identify medical problems at an earlier stage than other diagnostic
tests.

Treatment of diseased tissue, based on metabolism or uptake or binding of a particular
ligand, may also be accomplished, similar to other areas of pharmacology. However, the
treatment effects of radiopharmaceuticals rely on the tissue-destructive power of short-
range ionizing radiation.

Description of the field

In nuclear medicine imaging, radiopharmaceuticals are taken internally, for example
intravenously or orally. Then, external detectors (gamma cameras) capture and form
images from the radiation emitted by the radiopharmaceuticals. This process is unlike a
diagnostic X-ray where external radiation is passed through the body to form an image.

There are several techniques of diagnostic nuclear medicine. Scintigraphy ("scint") is the
use of internal radionuclides to create two-dimensional images. SPECT is a 3D
tomographic technique that uses gamma camera data from many projections and can be
reconstructed in different planes. Positron emission tomography (PET) uses coincidence
detection to image functional processes.

Nuclear medicine tests differ from most other imaging modalities in that diagnostic tests
primarily show the physiological function of the system being investigated as opposed to
traditional anatomical imaging such as CT or MRI. Nuclear medicine imaging studies are
generally more organ or tissue specific (e.g.: lungs scan, heart scan, bone scan, brain
scan, etc.) than those in conventional radiology imaging, which focus on a particular
section of the body (e.g.: chest X-ray, abdomen/pelvis CT scan, head CT scan, etc.). In
addition, there are nuclear medicine studies that allow imaging of the whole body based
on certain cellular receptors or functions. Examples are whole body PET scan or PET/CT
scans, gallium scans, indium white blood cell scans, MIBG and octreotide scans.

While the ability of nuclear metabolism to image disease processes from differences in
metabolism is unsurpassed, it is not unique. Certain techniques such as fMRI image
tissues (particularly cerebral tissues) by blood flow, and thus show metabolism. Also,
contrast-enhancement techniques in both CT and MRI show regions of tissue which are
handling pharmaceuticals differently, due to an inflammatory process.

Diagnostic tests in nuclear medicine exploit the way that the body handles substances
differently when there is disease or pathology present. The radionuclide introduced into
the body is often chemically bound to a complex that acts characteristically within the
body; this is commonly known as a tracer. In the presence of disease, a tracer will often
be distributed around the body and/or processed differently. For example, the ligand
methylene-diphosphonate (MDP) can be preferentially taken up by bone. By chemically
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attaching technetium-99m to MDP, radioactivity can be transported and attached to bone
via the hydroxyapatite for imaging. Any increased physiological function, such as due to
a fracture in the bone, will usually mean increased concentration of the tracer. This often
results in the appearance of a 'hot-spot' which is a focal increase in radio-accumulation, or
a general increase in radio-accumulation throughout the physiological system. Some
disease processes result in the exclusion of a tracer, resulting in the appearance of a 'cold-
spot'. Many tracer complexes have been developed to image or treat many different
organs, glands, and physiological processes.

Hybrid scanning techniques

In some centers, the nuclear medicine scans can be superimposed, using software or
hybrid cameras, on images from modalities such as CT or MRI to highlight the part of the
body in which the radiopharmaceutical is concentrated. This practice is often referred to
as image fusion or co-registration, for example SPECT/CT and PET/CT. The fusion
imaging technique in nuclear medicine provides information about the anatomy and
function, which would otherwise be unavailable, or would require a more invasive
procedure or surgery.

Practical concerns in nuclear imaging

The amount of radiation from diagnostic nuclear medicine procedures is kept within a
safe limit and follows the "ALARA" (As Low As Reasonably Achievable) principle. The
radiation dose from nuclear medicine imaging varies greatly depending on the type of
study. The effective radiation dose can be lower than or comparable to the annual
background radiation dose. It can also be in the range or higher than the radiation dose
from an abdomen/pelvis CT scan.

Some nuclear medicine procedures require special patient preparation before the study to
obtain the most accurate result. Pre-imaging preparations may include dietary preparation
or the withholding of certain medications. Patients are encouraged to consult with the
nuclear medicine department prior to a scan.

Nuclear medicine therapy

In nuclear medicine therapy, the radiation treatment dose is administered internally (e.g.
intravenous or oral routes) rather from an external radiation source.

The radiopharmaceuticals used in Nuclear Medicine therapy emit ionizing radiation that
travels only a short distance, thereby minimizing unwanted side effects and damage to
noninvolved organs or nearby structures. Most Nuclear Medicine therapies can be
performed as outpatient procedures since there are few side effects from the treatment
and the radiation exposure to the general public can be kept within a safe limit. Common
Nuclear Medicine therapies include 131I-sodium iodide for hyperthyroidism and thyroid
cancer, Yttrium-90-ibritumomab tiuxetan (Zevalin) and Iodine-131-tositumomab
(Bexxar) for refractory Lymphoma, BIMIBG (metaiodobenzylguanidine) for
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neuroendocrine tumors, and palliative bone pain treatment with Samarium-153 or
Strontium-89. In some centers the nuclear medicine department may also use implanted
capsules of isotopes (brachytherapy) to treat cancer.

Most nuclear medicine therapies will also require appropriate patient preparation prior to
a treatment. Therefore, consultation with the Nuclear Medicine department is
recommended prior to therapy.

Molecular medicine

In the future, nuclear medicine may be known as molecular medicine. As our
understanding of biological processes in the cells of living organism expands, specific
probes can be developed to allow visualization, characterization, and quantification of
biologic processes at the cellular and subcellular levels. Nuclear Medicine is an ideal
specialty to adapt to the new discipline of molecular medicine, because of its emphasis on
function and its utilization of imaging agents that are specific for a particular disease
process.

History

The history of nuclear medicine is rich with contributions from gifted scientists across
different disciplines in physics, chemistry, engineering, and medicine. The
multidisciplinary nature of Nuclear Medicine makes it difficult for medical historians to
determine the birthdate of Nuclear Medicine. This can probably be best placed between
the discovery of artificial radioactivity in 1934 and the production of radionuclides by
Oak Ridge National Laboratory for medicine related use, in 1946.

Many historians consider the discovery of artificially produced radionuclides by Frédéric
Joliot-Curie,kwame samuelbitch rubadarie and Iréne Joliot-Curie in 1934 as the most
significant milestone in Nuclear Medicine. In February 1934, they reported the first
artificial production of radioactive material in the Nature journal, after discovering
radioactivity in aluminum foil that was irradiated with a polonium preparation. Their
work built upon earlier discoveries by Wilhelm Konrad Roentgen for X-ray, Henri
Becquerel for radioactive uranium salts, and Marie Curie (mother of Irene Curie) for
radioactive thorium, polonium and coining the term "radioactivity." Taro Takemi studied
the application of nuclear physics to medicine in the 1930s. The history of Nuclear
Medicine will not be complete without mentioning these early pioneers.

Nuclear medicine gained public recognition as a potential specialty on December 7, 1946
when an article was published in the Journal of the American Medical Association by
Sam Seidlin. The article described a successful treatment of a patient with thyroid cancer
metastases using radioiodine (I-131). This is considered by many historians as the most
important article ever published in Nuclear Medicine. Although, the earliest use of I-131
was devoted to therapy of thyroid cancer, its use was later expanded to include imaging
of the thyroid gland, quantification of the thyroid function, and therapy for
hyperthyroidism.
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Widespread clinical use of Nuclear Medicine began in the early 1950s, as knowledge
expanded about radionuclides, detection of radioactivity, and using certain radionuclides
to trace biochemical processes. Pioneering works by Benedict Cassen in developing the
first rectilinear scanner and Hal O. Anger's scintillation camera (Anger camera)
broadened the young discipline of Nuclear Medicine into a full-fledged medical imaging
specialty.

In these years of Nuclear Medicine, the growth was phenomenal. The Society of Nuclear
Medicine was formed in 1954 in Spokane, Washington, USA. In 1960, the Society began
publication of the Journal of Nuclear Medicine, the premier scientific journal for the
discipline in America. There was a flurry of research and development of new
radionuclides and radiopharmaceuticals for use with the imaging devices and for in-vitro
studies5.

Among many radionuclides that were discovered for medical-use, none were as important
as the discovery and development of Technetium-99m. It was first discovered in 1937 by
C. Perrier and E. Segre as an artificial element to fill space number 43 in the Periodic
Table. The development of generator system to produce Technetium-99m in the 1960s
became a practical method for medical use. Today, Technetium-99m is the most utilized
element in Nuclear Medicine and is employed in a wide variety of Nuclear Medicine
imaging studies.

By the 1970s most organs of the body could be visualized using Nuclear Medicine
procedures. In 1971, American Medical Association officially recognized nuclear
medicine as a medical specialty. In 1972, the American Board of Nuclear Medicine was
established, cementing Nuclear Medicine as a medical specialty.

In the 1980s, radiopharmaceuticals were designed for use in diagnosis of heart disease.
The development of single photon emission tomography, around the same time, led to
three-dimensional reconstruction of the heart and establishment of the field of Nuclear
Cardiology.

More recent developments in Nuclear Medicine include the invention of the first positron
emission tomography scanner (PET). The concept of emission and transmission
tomography, later developed into single photon emission computed tomography
(SPECT), was introduced by David E. Kuhl and Roy Edwards in the late 1950s. Their
work led to the design and construction of several tomographic instruments at the
University of Pennsylvania. Tomographic imaging techniques were further developed at
the Washington University School of Medicine. These innovations led to fusion imaging
with SPECT and CT by Bruce Hasegawa from University of California San Francisco
(UCSF), and the first PET/CT prototype by D. W. Townsend from University of
Pittsburgh in 1998.

PET and PET/CT imaging experienced slower growth in its early years owing to the cost
of the modality and the requirement for an on-site or nearby cyclotron. However, an
administrative decision to approve medical reimbursement of limited PET and PET/CT
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applications in oncology has led to phenomenal growth and widespread acceptance over
the last few years. PET/CT imaging is now an integral part of oncology for diagnosis,
staging and treatment monitoring.

Source of radionuclides, with notes on a few
radiopharmaceuticals

About a third of the world's supply, and most of North America's supply, of medical
isotopes are produced at the Chalk River Laboratories in Chalk River, Ontario, Canada.
(Another third of the world's supply, and most of Europe's supply, are produced at the
Petten nuclear reactor in the Netherlands.) The Canadian Nuclear Safety Commission
ordered the NRU reactor to be shut down on November 18, 2007 for regularly scheduled
maintenance and an upgrade of the safety systems to modern standards. The upgrade took
longer than expected and in December 2007 a critical shortage of medical isotopes
occurred. The Canadian government unanimously passed emergency legislation, allowing
the reactor to re-start on 16 December 2007, and production of medical isotopes to
continue.

The Chalk River reactor is used to irradiate materials with neutrons which are produced
in great quantity during the fission of U-235. These neutrons change the nucleus of the
irradiated material by adding a neutron, or by splitting it in the process of nuclear fission.
In a reactor, one of the fission products of uranium is molybdenum-99 which is extracted
and shipped to radiopharmaceutical houses all over North America. The Mo-99
radioactively beta decays with a half-life of 2.7 days, turning initially into Tc-99m, which
is then extracted (milked) from a "moly cow". The Tc-99m then further decays, while
inside a patient, releasing a gamma photon which is detected by the gamma camera. It
decays to its ground state of Tc-99, which is relatively non-radioactive compared to Tc-
99m.

The most commonly used radioisotope in PET F-18, is not produced in any nuclear
reactor, but rather in a circular acclererator called a cyclotron. The cyclotron is used to
accelerate protons to bombard the stable heavy isotope of oxygen O-18. The O-18
constitutes about 0.20% of ordinary oxygen (mostly O-16), from which it is extracted.
The F-18 is then typically used to make FDG.

Common isotopes used in nuclear medicine

isotope symbol Z T;, decay photons B
Imaging:
fluorine-18 BF9109.77m B 511(193%) 0.664 (97%)
93 (39%),
gallium-67  ““Ga 31 3.26d ec  185(21%), -
300 (17%)

krypton-81m  ®™Kr 36 13.1s IT 190 (68%) -
rubidium-82  ®Rb 37 127m p°  511(191%) 3.379 (95%)
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technetium-99m *"Tc 43 6.0lh IT 140 (89%) -
171 (90%),

245 (94%)

iodine-123 1 53 133h  ec 159 (83%) -
xenon-133  'PXe 54 524d P 81 (31%)  0.364 (99%)
69-83" (94%),

167 (10%)

indium-111 M 49 280d ec

thallium-201  °!'T1 81 3.04d ec

Therapy:
yttrium-90 Ny 39 267d P - 2.280 (100%)
iodine-131 BT 53 8.02d B 364(81%) 0.807 (100%)

Z = atomic number, the number of protons; T, = half-life; decay = mode of decay
photons = principle photon energies in kilo-electron volts, keV, (abundance/decay)
B = beta maximum energy in mega-electron volts, MeV, (abundance/decay)
B"=B" decay; B~ =B~ decay; IT = isomeric transition; ec = electron capture

* X-rays from progeny, mercury, Hg

A typical nuclear medicine study involves administration of a radionuclide into the body
by intravenous injection in liquid or aggregate form, ingestion while combined with food,
inhalation as a gas or aerosol, or rarely, injection of a radionuclide that has undergone
micro-encapsulation. Some studies require the labeling of a patient's own blood cells with
a radionuclide (leukocyte scintigraphy and red blood cell scintigraphy). Most diagnostic
radionuclides emit gamma rays, while the cell-damaging properties of beta particles are
used in therapeutic applications. Refined radionuclides for use in nuclear medicine are
derived from fission or fusion processes in nuclear reactors, which produce radionuclides
with longer half-lives, or cyclotrons, which produce radionuclides with shorter half-lives,
or take advantage of natural decay processes in dedicated generators, i.e.
molybdenum/technetium or strontium/rubidium.

The most commonly used intravenous radionuclides are:

e Technetium-99m (technetium-99m)
e Jodine-123 and 131

e Thallium-201

e Gallium-67

e Fluorine-18 Fluorodeoxyglucose

e Indium-111 Labeled Leukocytes

The most commonly used gaseous/aerosol radionuclides are:
e Xenon-133

e Krypton-81m
e Technetium-99m Technegas

e Technetium-99m DTPA
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Analysis

The end result of the nuclear medicine imaging process is a "dataset" comprising one or
more images. In multi-image datasets the array of images may represent a time sequence
(i.e. cine or movie) often called a "dynamic" dataset, a cardiac gated time sequence, or a
spatial sequence where the gamma-camera is moved relative to the patient. SPECT
(single photon emission computed tomography) is the process by which images acquired
from a rotating gamma-camera are reconstructed to produce an image of a "slice" through
the patient at a particular position. A collection of parallel slices form a slice-stack, a
three-dimensional representation of the distribution of radionuclide in the patient.

The nuclear medicine computer may require millions of lines of source code to provide
quantitative analysis packages for each of the specific imaging techniques available in
nuclear medicine.

Time sequences can be further analysed using kinetic models such as multi-compartment
models or a Patlak plot.

Radiation dose

A patient undergoing a nuclear medicine procedure will receive a radiation dose. Under
present international guidelines it is assumed that any radiation dose, however small,
presents a risk. The radiation doses delivered to a patient in a nuclear medicine
investigation present a very small risk of inducing cancer. In this respect it is similar to
the risk from X-ray investigations except that the dose is delivered internally rather than
from an external source such as an X-ray machine.

The radiation dose from a nuclear medicine investigation is expressed as an effective
dose with units of sieverts (usually given in millisieverts, mSv). The effective dose
resulting from an investigation is influenced by the amount of radioactivity administered
in megabecquerels (MBq), the physical properties of the radiopharmaceutical used, its
distribution in the body and its rate of clearance from the body.

Effective doses can range from 6 puSv (0.006 mSv) for a 3 MBq chromium-51 EDTA
measurement of glomerular filtration rate to 37 mSv for a 150 MBq thallium-201 non-
specific tumour imaging procedure. The common bone scan with 600 MBq of
technetium-99m-MDP has an effective dose of approximately 3.5 mSv (1).

Formerly, units of measurement were the curie (Ci), being 3.7E10 Bq, and also 1.0 grams
of Radium (Ra-226); the rad (radiation absorbed dose), now replaced by the gray; and the
rem (Rontgen equivalent man), now replaced with the sievert. The rad and rem are
essentially equivalent for almost all nuclear medicine procedures, and only alpha
radiation will produce a higher Rem or Sv value, due to its much higher Relative
Biological Effectiveness (RBE). Alpha emitters are nowadays rarely used in nuclear
medicine, but were used extensively before the advent of nuclear reactor and accelerator
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produced radionuclides. The concepts involved in radiation exposure to humans is
covered by the field of Health Physics.

Nuclear Medicine Careers
Nuclear Medicine Technologist

The information below is adapted from the Society of Nuclear Medicine (SNM) website
on a scientist career.

The nuclear medicine scientist works closely with the nuclear medicine physician. Some
of the scientist's primary responsibilities are to:

e Prepare and administer radioactive chemical compounds, known as
radiopharmaceuticals

e Perform patient imaging procedures using sophisticated radiation-detecting
instrumentation

e Accomplish computer processing and image enhancement

e Analyze biologic specimens in the laboratory

e Provide images, data analysis, and patient information to the physician for
diagnostic interpretation.

During an imaging procedure, the scientist works directly with the patient. The scientist:

o Gains the patient's confidence by obtaining pertinent history, describing the
procedure and answering any questions

e Monitors the patient's physical condition during the course of the procedure

o Notes any specific patient's comments which might indicate the need for
additional images or might be useful to the physician in interpreting the results of
the procedure.

Nuclear medicine scientists work in a wide variety of clinical settings, such as

o Community hospitals

o University-affiliated teaching hospitals and medical centers
e Outpatient imaging facilities

e Public health institutions

e Government and private research institutes.

The physician career in nuclear medicine
Nuclear medicine physicians are primarily responsible for interpretation of diagnostic

nuclear medicine scans and treatment of certain diseases, such as cancer, thyroid disease
and palliative bone pain.
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There are a variety of reasons why physicians have chosen to specialize in nuclear
medicine. Some became nuclear medicine physicians because of their interest in nuclear
physics and medical imaging. Others may have switched to nuclear medicine after
training in other specialties, because of the regular work hours (on average about 8 to 10
hours a day). Others have chosen nuclear medicine because of research opportunities in
molecular medicine or molecular imaging.

Nuclear medicine physicians frequently interact with other specialties in medicine and
consult on a variety of clinical cases. A nuclear medicine report may save a patient from
more invasive or high risk procedures, and/or lead to early disease diagnosis. Nuclear
Medicine physicians can be called upon to consult on complex or equivocal clinical
cases. Aside from consultations with other physicians, nuclear physicians may directly
interact with patients through various nuclear medicine therapies (e.g.: [131 thyroid
therapy, refractory lymphoma treatment, palliative bone pain therapy).

A disadvantage of a nuclear medicine career for a physician is that it suffers from low job
turnover and a small job market, owing to the specialized nature of the field. Advantages

of the field include job satisfaction and more regular hours than many fields of medicine,

since very rarely are the procedures in this field performed on an emergency basis.

Nuclear medicine residency/training (physicians)

The information below is adapted from the American Board of Nuclear Medicine
(ABNM).

General professional education requirement in the United States of America: graduation
from a medical school approved by the Liaison Committee on Medical Education or the
American Association of Colleges of Osteopathic Medicine.

In USA the post-doctoral training in nuclear medicine can be approached from three
different pathways:

1. If'the person has successfully completed an accredited radiology residency then
additional ONE year of training in Nuclear Medicine is required to be eligible for
ABNM board certification.

2. If'the person has successfully completed a clinical residency (e.g. Internal
Medicine, Family Medicine, Surgery, Neurology, etc.) then an additional TWO
years of training in Nuclear Medicine is required to be eligible for ABNM board
certification.

3. Ifthe person has successfully completed one year of preparatory post-doctoral
training (internship) then an additional THREE years of training in Nuclear
Medicine is required to be eligible for ABNM board certification.

In INDIA the post-doctoral training in nuclear medicine can be approached from three
different pathways after completing MBBS (graduation)
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. one can directly appear through MD examination conducted by three institutes.
they are AIIMS New Delhi, PGI Chandigarh and SGPGI Lucknow.

one can appear in DNB entrance examination and get 3 year residency

programme in approved government and private hospiotals

one can appear through diploma courses to get a 2 year residency programme.
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Chapter 2

Radiopharmacology

Radiopharmacology is the study and preparation of radiopharmaceuticals, which are
radioactive pharmaceuticals. Radiopharmaceuticals are used in the field of nuclear
medicine as tracers in the diagnosis and treatment of many diseases. Many
radiopharmaceuticals use technetium-99m (Tc-99m) which has many useful properties as
a gamma-emitting tracer nuclide. In the book Technetium a total of 31 different
radiopharmaceuticals based on Tc-99m are listed for imaging and functional studies of
the brain, myocardium, thyroid, lungs, liver, gallbladder, kidneys, skeleton, blood and
tumors.

The term radioisotope has historically been used to refer to all radiopharmaceuticals, and
this usage remains common. Technically, however, many radiopharmaceuticals
incorporate a radioactive tracer atom into a larger pharmaceutically-active molecule,
which is localized in the body, after which the radionuclide tracer atom allows it to be
easily detected with a gamma camera or similar gamma imaging device. An example is
fludeoxyglucose in which fluorine-18 is incorporated into deoxyglucose. Some
radioisotopes (for example gallium-67, gallium-68, and radioiodine) are used directly as
soluble ionic salts, without further modification. This use relies on the chemical and
biological properties of the radioisotope itself, to localize it within the body.

Production
Production of a radiopharmaceutical involves two processes:

e The production of the radionuclide on which the pharmaceutical is based.

e The preparation and packaging of the complete radiopharmaceutical.
Radionuclides used in radiopharmaceuticals are mostly radioactive isotopes of elements
with atomic numbers less than that of bismuth, that is, they are radioactive isotopes of
elements that also have one or more stable isotopes. These may be roughly divided into
two classes:

e Those with fewer neutrons in the nucleus to those required for stability are known

as neutron-deficient, and tend to be most easily produced using a proton
accelerator such as a medical cyclotron.
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o Those with excess neutrons in the nucleus to those required for stability are
known as proton-deficient, and tend to be most easily produced in a nuclear
reactor.

Practical use

Because radiopharmeuticals require special licenses and handling techniques, they are
often kept in local centers for medical radioisotope storage, often known as
radiopharmacies. A radiopharmacist may dispense them from there, to local centers
where they are handled at the nuclear medicine facility.

Specific radiopharmaceuticals

A list of nuclear medicine radiopharmaceuticals follows. Some radioisotopes* are
used in ionic or inert form without attachment to a pharmaceutical, these are also
included. There is a section for each radioisotope with a table of radiopharmaceuticals
using that radioisotope. The sections are ordered alphabetically by the English name of
the radioisotope. Sections for the same element are then ordered by atomic mass number.

Calcium-47

*'Ca is a beta and gamma emitter.

o Route of In-vitro / in- Imaging / non-
Name Investigation ¢ . . . .
administration Vivo imaging
Ca-47- Bone . . .
Ca?* metabolism v In-vitro Non-imaging
Carbon-11
''C is a positron emitter.
Name Investigation Route of In-vitro ] Imaging / non-
administration in-vivo imaging
Brain tumour
imaging
rcngh{;g;éhyl v In-vivo Imaging
Parathyroid
imaging
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Carbon-14

14C is a beta emitter.

s Route of In-vitro Imaging /
Name Investigation . . . . . .
administration /in-vivo non-imaging

C14-Glycocholic Breath test for small

. intestine bacterial Oral In-vitro Non-imaging
acid
overgrowth
CI4-PABA (para- o catic studies Oral In-vitro Non-imaging

amino benzoic acid)
Breath test to detect

C14-Urea Helicobacter pylori Oral In-vitro Non-imaging
Breath test for small

C14-d-xylose intestine bacterial Oral In-vitro Non-imaging
overgrowth

Chromium-51

1 . .
>!Cr is a gamma emitter.

n- .
. e Route of vitro / Imaging /
Name Investigation . . . . non-
administration in- .
. imaging
vivo
Red cell volume; sites
of sequestration; In- Non-
Cr31-Red blood cells gastrointestinal blood v vitro imaging
loss
3+ Gastrointestinal protein In- Non-
Cr3l-Cr loss v vitro ~ imaging
Cr51-EDTA .
ethylenediaminetetraacetic . o
(cthylenediami . Glomerular filtration v In Non
acid) rate measurement vitro 1maging
Cobalt-57
*’Co is a gamma emitter.
Name Investigation Route of In-vitro/ Imaging /

administration  in-vivo non-imaging
Co57-Cyanocobalamin  Gastrointestinal

(vitamin By,) absorption Oral In-vitro  Non-imaging
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Cobalt-58

58 . .
Co 1s a gamma emitter.

S Route of In-vitro/ Imaging /
Name Investigation . . . .. . .
administration in-vivo non-imaging

Co58-Cyanocobalamin  Gastrointestinal : . .

. . Oral In-vitro Non-imaging
(vitamin B;) absorption
Erbium-169
'Er is a beta emitter.

Name Treatment of Route of administration

Er169-Colloid Arthritic conditions Intra-articular
Fluorine-18

'8F is a positron emitter with a half life of 109 minutes. It is produced in medical
cyclotrons, usually from oxygen-18, and then chemically attached to a pharmaceutical.

.. Route of In-vitro /| Imaging / non-
Name Investigation . . . L., . .
administration in-vivo imaging

Tumor imaging

F18-FDG v In-vi Imagin

(Fluorodeoxyglucose) Myocardial e ging
imaging

F18-Fluoride Bone imaging v In-vivo  Imaging

F18-Fluorocholine Prostgte tumor v In-vivo  Imaging
imaging

Gallium-67

%"Ga is a gamma emitter.

Name Investigation R‘01.1te Of. Ii.z-vzt.ro / Imz}glng./ non-
administration in-vivo Imaging

Gab67- . . : .

Ga®' Tumor 1imaging v In-vivo Imaging

Ga67- Infection/inflammation : .

3t : . v In-vivo Imaging
Ga imaging
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Gallium-68

%%Ga is a positron emitter, with a 68 minute half life, produced by elution from
germanium-68 in a gallium-68 generator.

C Route of
Name Investigation - . .
administration in-vivo
Ga68-Dotatoc or Neuroendocrine tumor .
. . v In-vivo
Dotatate imaging
Hydrogen-3
*H or tritium is a beta emitter.
S Route of In-vitro / in-
Name Investigation . . . ,
administration vivo
H3- TotalRgdy Oral or IV In-vitro
water water
Indium-111
""n is a gamma emitter.
Name Investigation R.01.1te Of.
administration
In111-DTPA
(diethylenetriaminepenta- GI transit Oral
acetic acid)
In111-DTPA
(diethylenetriaminepenta- Cisternography Intra-cisternal

acetic acid)

In111-Leukocytes
In111-Platelets
In111-Pentetreotide

In111-Octreotide

Infection/inflammation
imaging

Thrombus imaging

Somatostatin receptor
imaging

Somatostatin receptor
imaging (Octreoscan)

v

v

v

v
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In-vitro/ Imaging / non-

imaging

Imaging

Imaging / non-

imaging

Non-imaging

vitro / Imaging /
. non-
vivo imaging
In- Imagin
Vivo ging
In- Imagin
Vivo gmng
In- Imagin
Vivo ging
In- Imagin
Vivo ging
In- Imagin
Vivo ging
In- Imagin
Vivo ging




lodine-123

'] is a gamma emitter. It is used only diagnostically, as its radiation is penetrating and

short-lived.

In-vitro .
s Route of . Imaging /
Name Investigation .. . in- . A
administration . non-imaging
vivo
[123-Iodide Thyroid uptake Oral or IV In-vivo Non-imaging
Thyroid imaging
[123-Iodide Thyroid metastases Oral or IV In-vivo Imaging
imaging
[123-0-lodohippurate Renal imaging v In-vivo Imaging
1123-MIBG (m- Neuroectodermal . .
: 1 . . v In-vivo Imaging
iodobenzylguanidine) tumour imaging
1123-FP-CIT SPECT imaging of =/ In-vivo Imaging

Parkinson's Disease

lodine-125

'] is a gamma emitter with a long half-life of 59.4 days (the longest of all radioiodines
used in medicine). lodine-123 is preferred for imaging, so 1-125 is used diagnostically
only when the test requires a longer period to prepare the radiopharmaceutical and trace
it, such as a fibrinogen scan to diagnose clotting. I-125's gamma radiation is of medium
penetration, making it more useful as a therapeutic isotope for brachytherapy implant of
radioisotope capsules for local treatment of cancers.

s Route of In-vitro /| in- Imaging / non-
Name Investigation .. . . . .
administration vivo imaging
1125- Clot imaging 1V In-vi Imagin
fibrinogen sing fmvivo sing
lodine-131

511 is a beta and gamma emitter. It is used both to destroy thyroid and thyroid cancer

tissues (via beta radiation, which is short-range), and also other neuroendocrine tissues
when used in MIBG. It can also be seen by a gamma camera, and can serve as a
diagnostic imaging tracer, when treatment is also being attempted at the same time.
However iodine-123 is usually preferred when only imaging is desired.

WORLD TECHNOLOGIES




Diagnostic

Name
1131-Iodide
1131-Iodide

1131-MIBG (m-
iodobenzylguanidine)

Therapeutic

Name
1131-lodide
1131-Iodide
1131-lodide

. Route of In-vitro Imaging /
Investigation . . . . . .
administration /in-vivo non-imaging
Thyroid uptake Oral In-vivo Non-imaging
ffhyn_nd metastases Oral or IV In-vivo Imaging
imaging
Neuroectodermal v In-vivo Tmaging

tumor imaging

Treatment of Route of administration

IV or Oral
IV or Oral
Thyroid carcinoma IV or Oral

Thyrotoxicosis
Non-toxic goiter

[131-MIBG (m-iodobenzylguanidine) Malignant disease IV

Iron-59

*Fe is a beta and gamma emitter.

. Route of In-vitro / in-
Name Investigation W . ,
administration vivo
Fe59-Fe* or  Iron .
Fe** metabolism v In-vitro
Krypton-81m
'Kr™ is a gamma emiitter.
s . Route of In-vitro |
Name Investigation . . . .
administration In-vivo
Kr81m-Gas .Lung' ventilation Inhalation In-vivo
imaging
Kr-S}m-Aqueous 'Lung.perfuswn v In-vivo
solution imaging
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Imaging / non-
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Imaging
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Nitrogen-13

13x7 - . .
N 1s a positron emitter.

s L. Route of In-vitro/ Imaging / non-
Name Investigation . . . .. . .
administration in-vivo imaging
N13- . Myogardlal blood flow v In-vivo Imaging
Ammonia  imaging
Oxygen-15
10 is a positron emitter.
Name Investigation R.01.1te Of. In-vtt.ro Jin- Imzfglng./ non-
administration vivo imaging
Cerebral blood flow
ol5. ~ Masins : .
Water IV bolus In-vivo Imaging
Myocardial blood flow
imaging
Phosphorus-32
P is a beta emitter.
Name Treatment of Route of administration

P32-Phosphate Polycythemia and related disorders IV or Oral
Samarium-153

153Sm is a beta and gamma emitter.

Name Treatment of R.Ol.lte Of.
administration

Sm153-EDTMP Bone
(Ethylenediaminotetramethylenephosphoric acid) metastases
Selenium-75
*Se is a gamma emitter.

Name Investigation R.Ol.lte Of. Ii.z-vtt.ro / Imz.tglng./

administration in-vivo non-imaging
Adrenal gland

Se75-Selenorcholesterol v In-vivo  Imaging

imaging
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Se75-SeHCAT (23-Seleno-  Bile salt

25-homo-tauro-cholate) absorption Oral In-vivo  Imaging
Sodium-22
*?Na is a positron and gamma emitter.
Name Investigation R.m.lte Of. I”'””."’ J in- Imzfglng./ non-
administration Vivo imaging
Na22-  Electrolyte . . .
Na* studies Oral or IV In-vitro Non-imaging
Sodium-24
**Na is a beta and gamma emitter.
Name Investigation R.m.lte Of. I”'””."’ / in- Ingglng./ non-
administration Vivo 1Imaging
Na24-  Electrolyte . . .
Na* studies Oral or IV In-vitro Non-imaging
Strontium-89
Sr is a beta emitter.
Name Treatment of Route of administration

Sr89-Chloride Bone metastases IV

Technetium-99m
%™T¢ is a gamma emitter. It is obtained on-site at the imaging center as the soluble
pertechnetate which is eluted from a technetium-99m generator, and then either used
directly as this soluble salt, or else used to synthesize a number of technetium-99m-based
radiopharmaceuticals.

n- .
C Route of vitro Imaging /
Name Investigation . . . . non-
administration /in- .
. imaging
vivo
Thyroid uptake and
thyroid imaging
In- .
Tc99m-pertechnetate Stomach and salivary v ivo Imaging
gland imaging

Meckel's diverticulum
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Tc99m-pertechnetate
Tc99m-Human albumin

Tc99m-Human albumin

Tc99m-Human albumin
macroaggregates or
microspheres

Tc99m-Human albumin
macroaggregates or
microspheres

Tc99m-Phosphonates and
phosphates

Tc99m-Phosphonates and
phosphates

Tc99m-DTPA
(diethylenetriaminepenta-acetic
acid)

Tc99m-DTPA
(diethylenetriaminepenta-acetic
acid)

Tc99m-DMSA(V)
(dimercaptosuccinic acid)

Tc99m-DMSA(III)
(dimercaptosuccinic acid)

Tc99m-Colloid

Tc99m-Colloid
Tc99m-Colloid

Tc99m-Colloid

Tc99m-HIDA (Hepatic
iminodiacetic acid)

imaging

Brain imaging
Micturating cystogram
First pass blood flow
imaging

First pass peripheral
vascular imaging

Lacrimal imaging
Cardiac blood pool
imaging

Peripheral vascular
imaging

Lung perfusion imaging

Lung perfusion imaging

with venography
Bone imaging

Myocardial imaging

Renal imaging

First pass blood flow
studies

Brain imaging

Lung ventilation
imaging

Tumor imaging

Renal imaging

Bone marrow imaging

GI Bleeding
Lymph node imaging

Esophageal transit and
reflux imaging

Lacrimal imaging

Functional biliary
system imaging

Eye drops
v

v

v

v

v

v

Aerosol
inhalation

v

v

v

Interstitial
Oral
Eye drops

v
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In-
VIivo
In-
VIivo
In-
Vivo

In-
VIivo

In-

Vivo

In-
VIivo
In-
Vivo

In-
Vivo

In-

Vivo

In-
VIivo
In-
Vivo

In-

Vivo

In-
VIivo
In-
VIivo
In-
VIivo
In-
VIivo

Imaging
Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging




Tc99m-Denatured red bood cells Red cell volume

Tc99m-Red blood cells

Tc99m-MAG3
(mercaptoacetyltriglycine)

Tc99m-Exametazime

Tc99m-Exametazime labelled
leucocytes

Tc99m-Sestamibi (MIBI -
methoxy isobutyl isonitrile)

Tc99m-Sulesomab (IMMU-
MN3 murine Fab'-SH
antigranulocyte monoclonal
antibody fragments)

Tc99m-Technegas

Tc99m-Human immunoglobulin

Tc99m-Tetrofosmin

Tc99m-ECD (ethyl cysteinate
dimer)

Thallium-201

7] is a gamma emitter.

Name Investigation
TI1201-  Non-specific tumor
TI" imaging

GI bleeding

Cardiac blood pool
imaging

Peripheral vascular
imaging

Renal imaging

First pass blood flow
imaging

Cerebral blood flow
imaging
Infection/inflammation
imaging

Parathyroid imaging

Non-specific tumor
imaging

Thyroid tumor imaging
Breast imaging
Myocardial imaging

Infection/inflammation
imaging

Lung ventilation
imaging
Infection/inflammation
imaging

Parathyroid imaging
Myocardial imaging

Brain imaging

Route of
administration

v

v

v

v

v

v

v

Inhalation

v

v

In-vitro / in-
Vivo

In-vivo
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In-
vitro

Vivo

In-

Vivo

In-
VIivo
In-
VIivo

In-
VIivo

In-
VIivo

In-
VIivo
In-
Vivo

In-
Vivo

In-
VIivo

Non-
imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging

Imaging / non-
imaging

Imaging




Thyroid tumor imaging
Myocardial imaging
Parathyroid imaging

Xenon-133

33X e is a gamma emiitter.

s L. Route of In-vitro / Imaging / non-
Name Investigation . . . . . .
administration In-vivo Imaging
Lung ventilation . . .

Xel33-gas studies Inhalation In-vivo  Imaging

Xel33 in isotonic Cerebral blood v Inovi Imagin

sodium chloride solution flow n=vivo ging
Yttrium-90

Y is a beta emitter.
Name Treatment of Route of administration

Y90-Silicate Arthritic conditions Intra-articular
Y90-Silicate Malignant disease Intracavitary
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Chapter 3

Bone Scan and Iodine-123

Bone scan

Drawing shows patient lying on a table that slides under the scanner, a technician
operating the scanner, and a monitor that will show images made during the scan.

A Bone scan or bone scintigraphy is a nuclear scanning test to find certain
abnormalities in bone which are triggering the bone's attempts to heal. It is primarily used
to help diagnose a number of conditions relating to bones, including: cancer of the bone
or cancers that have spread (metastasized) to the bone, locating some sources of bone
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inflammation (e.g. bone pain such as lower back pain due to a fracture), the diagnosis of
fractures that may not be visible in traditional X-ray images, and the detection of damage
to bones due to certain infections and other problems.

Nuclear medicine bone scans are one of a number of methods of bone imaging, all of
which are used to visually detect bone abnormalities. Such imaging studies include
magnetic resonance imaging (MRI), X-ray computed tomography (CT) and in the case of
'bone scans' nuclear medicine. However, a nuclear bone scan is a functional test, which
means it measures an aspect of bone metabolism, which most other imaging techniques
cannot. The nuclear bone scan competes with the FDG-PET scan in seeing abnormal
metabolism in bones, but it is considerably less expensive.

Nuclear bone scans are not to be confused with the completely different test often termed
a "bone density scan," DEXA or DXA, which is a low exposure X-ray test measuring
bone density to look for osteoporosis and other diseases where bones lose mass, without
any bone re-building activity. The nuclear medicine scan technique is sensitive to areas of
unusual bone re-building activity because the radiopharmaceutical is taken up by
osteoblast cells which build bone. The technique therefore is sensitive to fractures and
bone reaction to infections and bone tumors, including tumor metastases to bones,
because all these pathologies trigger bone osteoblast activity. The bone scan is not
sensitive to osteoporosis or multiple myeloma in bones, and therefore other techniques
must be used to assess bone abnormalities from these diseases.
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Technique

Bone scan showing multiple bone metastases from prostate cancer

In the nuclear medicine technique, the patient is injected with a small amount of
radioactive material such as 600 MBq of technetium-99m-MDP and then scanned with a
gamma camera, a device sensitive to the radiation emitted by the injected material. Two-
dimensional projections of scintigraphy may be enough, but in order to view small
lesions (less than 1 cm) especially in the spine, single photon emission computed
tomography (SPECT) imaging technique may be required. In the United States, most
insurance companies require separate authorization for SPECT imaging.
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About half of the radioactive material is localized by the bones. The more active the bone
turnover, the more radioactive material will be seen. Some tumors, fractures and
infections show up as areas of increased uptake. Others can cause decreased uptake of
radioactive material. Not all tumors are easily seen on the bone scan. Some lesions,
especially lytic (destructive) ones, require positron emission tomography (PET) for
visualization.

About half of the radioactive material leaves the body through the kidneys and bladder in
urine. Anyone having a study should empty their bladder immediately before images are
taken.

In evaluating for tumors, the patient is injected with the radioisotope and returns in 2-3
hours for imaging. Image acquisition takes from 30 to 70 minutes, depending if SPECT
images are required. If the physician wants to evaluate for osteomyelitis (bone infection)
or fractures, then a Three Phase Bone Scan is performed where 20-30 minutes of images
(1st and 2nd Phases) are taken during the initial injection. The patient then returns in 2-3
hours for additional images (3rd Phase). Sometimes late images are taken at 24 hours
after injection.

Pregnant patients should consult with a physician before consenting to radioactive
injections. The total amount of radiation is small, so the bone scan should not be delayed
if there is a true medical necessity.

Person undergoing a bone scan on the skull
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ITodine-123

Todine-123 (**’I or I-123) is a radioactive isotope of iodine used in nuclear medicine
imaging, including single photon emission computed tomography (SPECT). The isotope's
half-life is 13.22 hours; the decay by electron capture to tellurium-123 emits gamma
radiation with predominant energies of 159 keV (this is the gamma primarily used for
imaging) and 127 keV. In medical applications, the radiation is detected by a gamma
camera.

Production

Iodine-123 is produced in a cyclotron by proton irradiation of enriched xenon in a
capsule. Xenon-124 absorbs a proton and immediately loses a neutron and proton to form
xenon-123, or else loses two neutrons to form cesium-123, which decays to xenon-123.
The xenon-123 formed by either route then decays to iodine-123, and is collected on on
the side of the capsule under refrigeration, then eluted with dilute sodium hydroxide in a
halogen disproportionation reaction, similar to collection of iodine-125 after it is formed
from xenon by neutron irradiation. Iodine-123 is usually supplied as the iodide and
hypoiodate in dilute sodium hydoxide solution, at high isotopic purity.

1-123 for medical applications has also been produced at Oak Ridge National
Laboratories by proton cyclotron bombardment of 80% isotopically entriched tellurium-
123.

Decay

The detailed decay mechanism is electron capture to form an excited state of the nearly-
stable nuclide tellurium-123 (half live so long that it is considered stable for all practical
purposes). This exited state of Te-123 produced is not the metastable nuclear isomer Te-
123m (the decay of I-123 does not involve enough energy to produce Te-123m), but
rather is a lower-energy nuclear isomer of Te-123 that immediately gamma decays to
ground state Te-123 at the energies noted, or else (13% of the time) decays by internal
conversion electron emission (127 keV), followed by an average of 11 Auger electrons
emitted at very low energies (50-500 eV). The latter decay channel also produces ground-
state Te-123. Especially because of the internal conversion decay channel, I-123 is not an
absolutely pure gamma-emitter, although it is sometimes clinically assumed to be one.

The Auger electrons from the radioisotope have been found in one study to do little
cellular damage, unless the radionuclide is incorporated chemically directly into cellular
DNA, which is not the case for present radiopharmaceuticals which use I-123 as the
radioactive label nuclide. The damage from the more penetrating gamma radiation and
127 keV internal conversion electron radiation from the initial decay of Te-123 is
moderated by the relatively short half life of the isotope.
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Medical applications

1231 is the most suitable isotope of iodine for the diagnostic study of thyroid diseases. The
half-life of approximately 13.3 h (hours) is ideal for the 24-h (hour) iodine uptake test
and '*’I has other advantages for diagnostic imaging thyroid tissue and thyroid cancer
metastasis. The energy of the photon, 159 keV, is ideal for the Nal (sodium iodide)
crystal detector of current gamma cameras and also for the pinhole collimators. It has
much greater photon flux than I-131. It gives approximately 20 times the counting rate of
[-131 for the same administered dose. The radiation burden to the thyroid is far less (1%)
than that of '*'I. Moreover, scanning a thyroid remnant or metastasis with '*°I does not
cause "stunning" of the tissue (with loss of uptake), because of the low radiation burden
of this isotope. (For the same reasons, I-123 is never used for thyroid cancer or Graves
disease treatment, and this role is reserved for [-131.)

Iodine-123 is supplied as sodium iodide (Nal), sometimes in basic solution in which it
has been dissolved as the free element. This is administered to a patient in capsule form,
by intravenous injection, or (less commonly due to problems involved in a spill) in a
drink. (Iodine-131 is usually administered in a drink, due to the heavy radiation dose to
local tissues which results before a capsule could dissolve). The iodine is taken up by the
thyroid gland and a gamma camera is used to functional images of the thyroid for
diagnosis. Quantitative measurements of the thyroid can be performed to calculate the
iodine uptake (absorption) for the diagnosis of hyperthyroidism and hypothyroidism.
Dosing can vary; a small dose can start at 11.1 MBq [300 pCi], while it is commonly an
amount such as 24 mRads/uCi. There is a study that indicates a given dose can
effectively result in effects of an otherwise higher dose, due to impurities in the
preparation. The dose of radioiodine I-123 is typically tolerated by individuals who may
be otherwise allergic to iodine, such as those who cannot tolerate contrast mediums
containing larger doses of iodine such as used in CT scan, intravenous pyelogram (IVP)
and similar imaging diagnostic procedures.

Iodine-123 is also used as a label in other imaging radiopharmaceuticals
e.g.metaiodobenzylguanidine (MIBG).

Precautions

Removal of radioiodine contamination can be difficult and use of a decontaminant
specially made for radioactive iodine removal is advised. Two common products
designed for institutional use are Bind-It (from Laboratory Technologies, Inc.) and I-
Bind. General purpose radioactive decontamination products are often unusable for
iodine, as these may only spread or volatilize it.
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Chapter 4
ITodine-125

Iodine-125
Full table
General
Name, symbol Radioiodine,125 |
Neutrons 72
Protons 53
Nuclide data
Half-life 59.4 days

Todine-125 (**1) is a radioisotope of iodine which has uses in biological assays, nuclear
medicine imaging and in radiation therapy as brachytherapy to treat prostate cancer and
brain tumors. It is the second longest-lived radioisotope of iodine, after iodine-129.

Its half-life is around 59 days and it decays by electron capture to an excited state of
tellurium-125. This state is not the metastable Te-125m, but rather a lower energy state
that decays immediately by gamma decay with a maximum energy of 35 keV. Some of
the excess energy of the excited Te-125 may be internally converted ejected electrons
(also at 35 keV), or to x-rays (from electron bremstrahlung), and also a total of 21 Auger
electrons, which are produced at the low energies of 50 to 500 electron volts. Eventually,
stable nonradioactive ground-state Te-125 is produced, as the final decay product.

The internal conversion and Auger electrons cause little damage outside the cell which
contains the isotope atom. The X-rays and gamma rays are of low enough energy to
deliver a higher radiation dose selectively to nearby tissues, in "permanent”
brachytherapy where the isotope capsules are left in place (I-125 competes with
palladium-103 in such uses).

Because of its relatively long half life, and emission of low-energy photons which
nevertheless activate gamma-counter crystal detectors, I-125 is the preferred isotope for
tagging antibodies in radioimmunoassay and other gamma-counting procedures involving
proteins outside the body. The same properties of the isotope make it useful for
brachytherapy (as noted), and for certain nuclear medicine scanning procedures, in which
it is attached to proteins (albumin or fibrinogen), and where a longer half-life than
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provided by I-123 is required, in order to follow the isotope during the several days of
test.

Iodine-125 has been sometimes been used in scanning/imaging the thyroid, but iodine-
123 is preferred for this purpose, due to better radiation penetration and shorter half life
(13 hours). For radiotherapy killing of tissues that absorb iodine (such as the thyroid) or
that absorb an iodine-containing radiopharmaceutical, the beta-emitter iodine-131 is the
preferred isotope; iodine-125 is used therapeutically (to kill tissue) only in
brachytherapy.

125 125

I is created by the electron capture decay of ““Xe, which is a synthetic isotope of
xenon, itself created by neutron capture of the slightly radioactive '**Xe, which occurs
naturally with an abundance of around 0.1%. Because of the synthetic production route of
12 and its short half-life, the natural abundance is effectively zero.

Production

1251 is reactor-produced radionuclide and is available in large quantities. Its production
follows the reaction:

24%e (n,y)— 'P™Xe(575)—"*1 (59,4 d)
24X e (n,y)— '8Xe(19,9h)—'*1 (59,4 d)

The irradiation target is natural xenon gas containing 0.0965% '**Xe, which is the target
isotope for making [-125 by neutron capture. It is loaded into zircaloy-2 capsules (an
alloy transparent to neutrons and very nonreactive) to a pressure of about 100 bars (about
100 atmospheres). Upon irradiation in a nuclear reactor, several radionuclides of xenon
are produced. Only the decay of '*Xe leads to radioiodine '*°I, however, and the other
radioxenon isotopes decay either to stable xenon, or cesium isotopes.

Long irradiations are disadvantageous. lodine-125 itself has a neutron capture cross
section of 900 barns, and consequently during a long irradiation, part of the '*’I formed
will be converted to '*°I, a beta-emitter and positron-emitter with a half life of 13.1 days,
which is not medically useful. In practice, the most useful irradiation time in the reactor
amounts to a few days. Thereafter, the irradiated gas is allowed to decay for three or four
days to dispose of short-lived unwanted isotopes, and to allow the newly-created xenon-
125 (half life 17 hours) to decay to iodine-125.

To isolate radioiodine, the irradiated capsule is first cooled (to collect free iodine gas on
the capsule sides) and the remaining Xe gas is allowed to escape. The inner walls of the
capsule are then rinsed with dilute NaOH solution to collect iodine as soluble iodide and
hypoiodite OI', according to the standard disproportionation reaction of halogens in
alkaline solutions. Any cesium immediately oxidizes and passes into the water as Cs". In
order to eliminate any long-lived '*°Cs and "*’Cs which may be present in small amounts,
the solution is passed through a cation-exchange column, which exchanges Cs" for
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another non-radioactive cation. The radioiodine (as anion I" or OI' ) remains in solution
as iodide/hypoiodite.

Availability and purity

Todine-125 is commercially available in dilute NaOH solution as '*I-iodide (or the
hypohalite sodium hypoiodite, NaOI). The radioactive concentration lies at 4 to 11
GBg/ml and the specific radioactivity is >75GBg/umol. The chemical and radiochemical
purity is high. The radionuclidic purity is also high; some '*°I (t,,=13.1d) is unavoidable
due to the neutron capture noted above. The [-126 tolerable content (which is set by the
unwanted isotope interfering with dose calculations in brachytherapy) lies at about 0.2%
atom fraction of the total iodine (the rest being I-125).

Producers

The two largest producers of iodine-125 medical isotopes are in Canada. They are
McMaster University's Reactor and Canada's National Laboratory for Particle and
Nuclear Physics.

Physical Data
e Element: Iodine
o 7:53
e A:125
e Atomic Mass:
e Density:

o Physical state: Solid at room temperature

o Isotopic abundance: 0%

e Radioactive: Yes

e T(1/2): 59.4 days

e Decay: Electron capture to 12T

e Emissions: Gamma-rays at 35.5 keV. 7% emitted, 93% internally converted to:
o 27.0 keV (113% abundance relative to 7% gamma emission)
o 31.0keV (26%)
o 27-32keV (14%)

The detailed decay mechanism is electron capture to form the nearly-stable nuclide
tellurium-125. This is followed by gamma decay at 35.5 keV energies noted, or else
internal conversion electron emission, followed by an average of 21 Auger electrons
emitted at very low energies (50-500 eV). The internal conversion and Auger electrons
from the radioisotope have been found in one study to do little cellular damage, unless
the radionuclide is incorporated chemically directly into cellular DNA, which is not the
case for present radiopharmaceuticals which use I-125 as the radioactive label nuclide.
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Chapter 5
Toflupane (***I) and MAGS3 Scan

TIoflupane (**1)

Ioflupane (1231)

o /
N W

Systematic (IUPAC) name
methyl (1R,25,3S5,5S)- 3-(4-iodophenyl)- 8-(3-fluoropropyl)-

8-azabicyclo[3.2.1]octane- 2-carboxylate
Identifiers

CAS number 155797-99-2

ATC code V09ABO03
PubChem CID 3086674
Ioflupane (FPCIT);

[I-123] N-o-fluoropropyl- 2f3-

Synonyms
carbomethoxy- 3p-(4-iodophenyl)
nortropane
Chemical data
Formula CsH»;FINO,
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Mol. mass 427.285 g/mol
SMILES eMolecules & PubChem
Pharmacokinetic data
Bioavailability N/A
Excretion Renal and fecal
Therapeutic considerations

Licence data EMA:Link

Pregnancy cat. Contraindicated
Legal status R Prescription only
Routes Intravenous

Midbrain slice of a SPECT DaTSCAN image showing normal striatal morphology

Toflupane (***I) is the International Nonproprietary Name of a phenyltropane compound
which is a neuro-imaging radiopharmaceutical drug, used by nuclear medicine physicians
for the diagnosis of Parkinson's disease and the differential diagnosis of Parkinson's
disease over other disorders presenting similar symptoms. It is injected into a patient and
viewed with a gamma camera in order to acquire SPECT images of the brain with
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particular respect to the striatum, a subcortical region of the basal ganglia. The drug is
sold under the tradename DaTSCAN and is manufactured by GE Healthcare, formerly
Amersham plc. It is not marketed outside of Europe.

Pharmacology
DaTSCAN is a solution of ioflupane ('*’I) for injection into a living test subject.

The iodine introduced during manufacture is a radioactive isotope, [-123, and it is the
properties of this isotope that makes the solution visible to a gamma camera. I-123 has a
half life of approximately 13 hours and a gamma photon energy of 159 keV making it an
appropriate radionuclide for medical imaging. The solution also contains 5% ethanol to
aid solubility and is supplied sterile since it is intended for intravenous use.

Ioflupane has a high binding affinity for presynaptic dopamine transporters (DAT) in the
brains of mammals, in particular the striatal region of the brain. A feature of Parkinson's
disease is a marked reduction in dopaminergic neurones in the striatal region. By
introducing an agent that binds to the dopamine transporters a quantitative measure and
spatial distribution of the transporters can be obtained.

Method of administration

The DaTSCAN solution is supplied ready to inject with a certificate stating the
calibration activity and time. The nominal injection activity is 185 MBq and a scan
should not be performed with less than 111MBgq. The radiopharmaceutical can only be
prescribed by a current ARSAC (Administration of Radioactive Substances Advisory
Committee) license holder and patients should only be referred by a physician
specialising in neurology or the management of movement disorders.

Thyroid blocking via oral administration of 120 mg potassium iodide is recommended to
minimise unnecessary excessive uptake of radioiodine. One dose is given 2 hours before
the injection and a further dose 24 hours later.

The most convenient way to administer the IV dose is via a peripheral intravenous
cannula. The scan is carried out 3 to 6 hours post injection.

Risks

Common side effects of ioflupane ('*’I) are headache, vertigo, increased appetite and

formication. Less than 1% of patients experience pain at the injection site.
The radiation risks are reported as low. The committed effective dose for a single

investigation on a 70 kg individual is 4.35 mSv. Pregnant patients should not undergo the
test and breast feeding patients must cease since I-123 is secreted in breast milk.
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MAG3 scan

A MAGS3 scan is a diagnostic imaging procedure that allows a nuclear medicine
physician or radiologist to visualize the kidneys and learn more about how they are
functioning. MAG3 is an acronym for mercapto acetyl tri glycine, a compound that is
chelated with a radioactive element - technetium-99m.

NOTE: A MAGS3 scan, along with a DTPA scan, are both types of renograms..

Scan procedure

After injection into the venous system, the compound is excreted by the kidneys and its
progress through the renal system can be tracked with a gamma camera. If the kidney is
not getting blood for example, it will not be viewed at all, even if it looks structurally
normal in medical ultrasonography or magnetic resonance imaging. If the kidney is
getting blood, but there is an obstruction lower down, the contrast will not pass beyond
the level of the obstruction, whereas if there is a partial obstruction then there is a delayed
transit time for the MAG3 to pass. More information can be gathered by calculating time
activity curves; with normal kidney perfusion, peak activity should be observed after 3—5
minutes. The relative quantitative information gives the differential function between
each kidney's filtration activity.

Clinical use

The technique is very useful in evaluating the functioning of kidneys. It is widely used
before renal transplantation to assess the vascularity of the kidney to be transplanted and
with a test dose of captopril to highlight possible renal artery stenosis in the donor's other
kidney, and later the performance of the transplant.

The use of the test to identify reduced renal function after test doses of captopril (an
angiotensin converting enzyme inhibitor drug) has also been used to identify the cause of
hypertension in patients with renal failure. Initially there was uncertainty as to the
usefulness, or best test parameter to identify renal artery stenosis, the eventual consensus
was that the distinctive finding is of alteration in the differential function.

History

In 1986, it was developed at the University of Utah by Dr. Alan R. Fritzberg, Dr.
Sudhakar Kasina, and Dr. Dennis Eshima. The drug underwent clinical trials in 1987 and
passed Phase III testing in 1988.

99mTc-MAGS3 has replaced the older iodine-131 orthoiodohippurate or 113 1-Hippuran

because of better quality imaging regardless of the level of renal function, and with the
benefit of being able to administer lower radiation dosages.
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Chapter 6

Positron Emission Tomography

Image of a typical positron emission tomography (PET) facility
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PET/CT-System with 16-slice CT; the ceiling mounted device is an injection pump for
CT contrast agent

Positron emission tomography (PET) is a nuclear medicine imaging technique which
produces a three-dimensional image or picture of functional processes in the body. The
system detects pairs of gamma rays emitted indirectly by a positron-emitting radionuclide
(tracer), which is introduced into the body on a biologically active molecule. Images of
tracer concentration in 3-dimensional or 4-dimensional space (the 4th dimension being
time) within the body are then reconstructed by computer analysis. In modern scanners,
this reconstruction is often accomplished with the aid of a CT X-ray scan performed on
the patient during the same session, in the same machine.

If the biologically active molecule chosen for PET is FDG, an analogue of glucose, the
concentrations of tracer imaged then give tissue metabolic activity, in terms of regional
glucose uptake. Although use of this tracer results in the most common type of PET scan,
other tracer molecules are used in PET to image the tissue concentration of many other
types of molecules of interest.
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History

The concept of emission and transmission tomography was introduced by David E. Kuhl
and Roy Edwards in the late 1950s. Their work later led to the design and construction of
several tomographic instruments at the University of Pennsylvania. Tomographic
imaging techniques were further developed by Michel Ter-Pogossian, Michael E. Phelps
and others at the Washington University School of Medicine.

Work by Gordon Brownell, Charles Burnham and their associates at the Massachusetts
General Hospital beginning in the 1950s contributed significantly to the development of
PET technology and included the first demonstration of annihilation radiation for medical
imaging. Their innovations, including the use of light pipes, and volumetric analysis have
been important in the deployment of PET imaging. In 1961, James Robertson and his
associates at Brookhaven National Laboratory built the first single-plane PET scan,
nicknamed the "head-shrinker."

It is interesting that one of the factors most responsible for the acceptance of positron
imaging was the development of radiopharmaceuticals. In particular, the development of
labeled 2-fluorodeoxy-D-glucose (2FDG) by the Brookhaven group under the direction
of Al Wolf and Joanna Fowler was a major factor in expanding the scope of PET
imaging. The compound was first administered to two normal human volunteers by
Abass Alavi in August 1976 at the University of Pennsylvania. Brain images obtained
with an ordinary (non-PET) nuclear scanner demonstrated the concentration of FDG in
that organ. Later, the substance was used in dedicated positron tomographic scanners, to
yield the modern procedure.

The logical extension of positron instrumentation was a design using two 2-dimensional
arrays. PC-I was the first instrument using this concept and was designed in 1968,
completed in 1969 and reported in 1972. The first applications of PC-I in tomographic
mode as distinguished from the computed tomographic mode were reported in 1970. It
soon became clear to many of those involved in PET development that a circular or
cylindrical array of detectors was the logical next step in PET instrumentation. Although
many investigators took this approach, James Robertson and Z.H. Cho were the first to
propose a ring system which has become the prototype of the current shape of PET.

The PET/CT scanner, attributed to Dr David Townsend and Dr Nutt was named by TIME
Magazine as the medical invention of the year in 2000.
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Description
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Schematic view of a detector block and ring of a PET scanner
Operation

To conduct the scan, a short-lived radioactive tracer isotope is injected into the living
subject (usually into blood circulation). The tracer is chemically incorporated into a
biologically active molecule. There is a waiting period while the active molecule
becomes concentrated in tissues of interest; then the subject is placed in the imaging
scanner. The molecule most commonly used for this purpose is fluorodeoxyglucose
(FDG), a sugar, for which the waiting period is typically an hour. During the scan a
record of tissue concentration is made as the tracer decays.
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Schema of a PET acquisition process
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As the radioisotope undergoes positron emission decay (also known as positive beta
decay), it emits a positron, an antiparticle of the electron with opposite charge. The
emitted positron travels in tissue for a short distance (typically less than 1 mm, but
dependent on the isotope), during which time it loses kinetic energy, until it decelerates to
a point where it can interact with an electron. The encounter annihilates both electron and
positron, producing a pair of annihilation (gamma) photons moving in approximately
opposite directions. These are detected when they reach a scintillator in the scanning
device, creating a burst of light which is detected by photomultiplier tubes or silicon
avalanche photodiodes (Si APD). The technique depends on simultaneous or coincident
detection of the pair of photons moving in approximately opposite direction (it would be
exactly opposite in their center of mass frame, but the scanner has no way to know this,
and so has a built-in slight direction-error tolerance). Photons that do not arrive in
temporal "pairs" (i.e. within a timing-window of a few nanoseconds) are ignored.

Localization of the positron annihilation event

The most significant fraction of electron-positron decays result in two 511 keV gamma
photons being emitted at almost 180 degrees to each other; hence it is possible to localize
their source along a straight line of coincidence (also called formally the line of response
or LOR). In practice the LOR has a finite width as the emitted photons are not exactly
180 degrees apart. If the resolving time of the detectors is less than 500 picoseconds
rather than about 10 nanoseconds, it is possible to localize the event to a segment of a
chord, whose length is determined by the detector timing resolution. As the timing
resolution improves, the signal-to-noise ratio (SNR) of the image will improve, requiring
fewer events to achieve the same image quality. This technology is not yet common, but
it is available on some new systems.

Image reconstruction using coincidence statistics

More commonly, a technique much like the reconstruction of computed tomography (CT)
and single photon emission computed tomography (SPECT) data is used, although the
data set collected in PET is much poorer than CT, so reconstruction techniques are more
difficult.

Using statistics collected from tens-of-thousands of coincidence events, a set of
simultaneous equations for the total activity of each parcel of tissue along many LORs
can be solved by a number of techniques, and thus a map of radioactivities as a function
of location for parcels or bits of tissue (also called voxels), may be constructed and
plotted. The resulting map shows the tissues in which the molecular tracer has become
concentrated, and can be interpreted by a nuclear medicine physician or radiologist in the
context of the patient's diagnosis and treatment plan.
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A complete body PET / CT Fusion image
Combination of PET with CT or MRI

PET scans are increasingly read alongside CT or magnetic resonance imaging (MRI)
scans, the combination ("co-registration") giving both anatomic and metabolic
information (i.e., what the structure is, and what it is doing biochemically). Because PET
imaging is most useful in combination with anatomical imaging, such as CT, modern
PET scanners are now available with integrated high-end multi-detector-row CT
scanners. Because the two scans can be performed in immediate sequence during the
same session, with the patient not changing position between the two types of scans, the
two sets of images are more-precisely registered, so that areas of abnormality on the PET
imaging can be more perfectly correlated with anatomy on the CT images. This is very
useful in showing detailed views of moving organs or structures with higher anatomical
variation, which is more common outside the brain.

At the Jiilich Institute of Neurosciences and Biophysics, the world's largest PET/MRI
device began operation in April 2009: a 9.4-tesla magnetic resonance tomograph (MRT)
combined with a positron emission tomograph (PET). Presently, only the head and brain
can be imaged at these high magnetic field strengths.

Radionuclides
Radionuclides used in PET scanning are typically isotopes with short half lives such as

carbon-11 (~20 min), nitrogen-13 (~10 min), oxygen-15 (~2 min), and fluorine-18 (~110
min). These radionuclides are incorporated either into compounds normally used by the
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body such as glucose (or glucose analogues), water or ammonia, or into molecules that
bind to receptors or other sites of drug action. Such labelled compounds are known as
radiotracers. It is important to recognize that PET technology can be used to trace the
biologic pathway of any compound in living humans (and many other species as well),
provided it can be radiolabeled with a PET isotope. Thus the specific processes that can
be probed with PET are virtually limitless, and radiotracers for new target molecules and
processes are being synthesized all the time; as of this writing there are already dozens in
clinical use and hundreds applied in research. Presently, however, by far the most
commonly used radiotracer in clinical PET scanning is Fludeoxyglucose, an analogue of
glucose that is labeled with fluorine-18.

Due to the short half lives of most radioisotopes, the radiotracers must be produced using
a cyclotron in close proximity to the PET imaging facility. The half life of fluorine-18 is
long enough that radiotracers labeled with fluorine-18 can be manufactured commercially
at offsite locations and shipped to imaging centers.

Limitations

The minimization of radiation dose to the subject is an attractive feature of the use of
short-lived radionuclides. Besides its established role as a diagnostic technique, PET has
an expanding role as a method to assess the response to therapy, in particular, cancer
therapy, where the risk to the patient from lack of knowledge about disease progress is
much greater than the risk from the test radiation.

Limitations to the widespread use of PET arise from the high costs of cyclotrons needed
to produce the short-lived radionuclides for PET scanning and the need for specially
adapted on-site chemical synthesis apparatus to produce the radiopharmaceuticals. Few
hospitals and universities are capable of maintaining such systems, and most clinical PET
is supported by third-party suppliers of radiotracers which can supply many sites
simultaneously. This limitation restricts clinical PET primarily to the use of tracers
labelled with fluorine-18, which has a half life of 110 minutes and can be transported a
reasonable distance before use, or to rubidium-82, which can be created in a portable
generator and is used for myocardial perfusion studies. Nevertheless, in recent years a
few on-site cyclotrons with integrated shielding and hot labs have begun to accompany
PET units to remote hospitals. The presence of the small on-site cyclotron promises to
expand in the future as the cyclotrons shrink in response to the high cost of isotope
transportation to remote PET machines

Because the half-life of fluorine-18 is about two hours, the prepared dose of a
radiopharmaceutical bearing this radionuclide will undergo multiple half-lives of decay
during the working day. This necessitates frequent recalibration of the remaining dose
(determination of activity per unit volume) and careful planning with respect to patient
scheduling.
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Image reconstruction

The raw data collected by a PET scanner are a list of 'coincidence events' representing
near-simultaneous detection (typically, within a window of 6 to 12 nanoseconds of each
other) of annihilation photons by a pair of detectors. Each coincidence event represents a
line in space connecting the two detectors along which the positron emission occurred.
Modern systems with a higher time resolution (roughly 3 nanoseconds) also use a
technique (called "Time-of-flight") where they more precisely decide the difference in
time between the detection of the two photons and can thus localize the point of origin of
the annihilation event between the two detectors to within 10 cm.

Coincidence events can be grouped into projection images, called sinograms. The
sinograms are sorted by the angle of each view and tilt (for 3D images). The sinogram
images are analogous to the projections captured by computed tomography (CT)
scanners, and can be reconstructed in a similar way. However, the statistics of the data
are much worse than those obtained through transmission tomography. A normal PET
data set has millions of counts for the whole acquisition, while the CT can reach a few
billion counts. As such, PET data suffer from scatter and random events much more
dramatically than CT data does.

In practice, considerable pre-processing of the data is required - correction for random
coincidences, estimation and subtraction of scattered photons, detector dead-time
correction (after the detection of a photon, the detector must "cool down" again) and
detector-sensitivity correction (for both inherent detector sensitivity and changes in
sensitivity due to angle of incidence).

Filtered back projection (FBP) has been frequently used to reconstruct images from the
projections. This algorithm has the advantage of being simple while having a low
requirement for computing resources. However, shot noise in the raw data is prominent in
the reconstructed images and areas of high tracer uptake tend to form streaks across the
image. Also, FBP treats the data deterministically - it does not account for the inherent
randomness associated with PET data, thus requiring all the pre-reconstruction
corrections described above.

Iterative expectation-maximization algorithms are now the preferred method of
reconstruction. These algorithms compute an estimate of the likely distribution of
annihilation events that led to the measured data, based on statistical principles. The
advantage is a better noise profile and resistance to the streak artifacts common with
FBP, but the disadvantage is higher computer resource requirements.

Attenuation correction: As different LORs must traverse different thicknesses of tissue,
the photons are attenuated differentially. The result is that structures deep in the body are
reconstructed as having falsely low tracer uptake. Contemporary scanners can estimate
attenuation using integrated x-ray CT equipment, however earlier equipment offered a
crude form of CT using a gamma ray (positron emitting) source and the PET detectors.
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While attenuation-corrected images are generally more faithful representations, the
correction process is itself susceptible to significant artifacts. As a result, both corrected
and uncorrected images are always reconstructed and read together.

2D/3D reconstruction: Early PET scanners had only a single ring of detectors, hence the
acquisition of data and subsequent reconstruction was restricted to a single transverse
plane. More modern scanners now include multiple rings, essentially forming a cylinder
of detectors.

There are two approaches to reconstructing data from such a scanner: 1) treat each ring as
a separate entity, so that only coincidences within a ring are detected, the image from
each ring can then be reconstructed individually (2D reconstruction), or 2) allow
coincidences to be detected between rings as well as within rings, then reconstruct the
entire volume together (3D).

3D techniques have better sensitivity (because more coincidences are detected and used)
and therefore less noise, but are more sensitive to the effects of scatter and random
coincidences, as well as requiring correspondingly greater computer resources. The
advent of sub-nanosecond timing resolution detectors affords better random coincidence
rejection, thus favoring 3D image reconstruction.
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Applications

Maximum intensity projection (MIP) of a F-18 FDG wholebody PET acquisition; liver
metastases of a colorectal tumor are clearly visible within the abdominal region of the

image. Normal physiological isotope uptake is seen in the brain, renal collection systems
and bladder.

PET is both a medical and research tool. It is used heavily in clinical oncology (medical
imaging of tumors and the search for metastases), and for clinical diagnosis of certain
diffuse brain diseases such as those causing various types of dementias. PET is also an
important research tool to map normal human brain and heart function.
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PET is also used in pre-clinical studies using animals, where it allows repeated
investigations into the same subjects. This is particularly valuable in cancer research, as it
results in an increase in the statistical quality of the data (subjects can act as their own
control) and substantially reduces the numbers of animals required for a given study.

Alternative methods of scanning include x-ray computed tomography (CT), magnetic
resonance imaging (MRI) and functional magnetic resonance imaging (fMRI), ultrasound
and single photon emission computed tomography (SPECT).

While some imaging scans such as CT and MRI isolate organic anatomic changes in the
body, PET and SPECT are capable of detecting areas of molecular biology detail (even
prior to anatomic change). PET scanning does this using radiolabelled molecular probes
that have different rates of uptake depending on the type and function of tissue involved.
Changing of regional blood flow in various anatomic structures (as a measure of the
injected positron emitter) can be visualized and relatively quantified with a PET scan.

PET imaging is best performed using a dedicated PET scanner. However, it is possible to
acquire PET images using a conventional dual-head gamma camera fitted with a
coincidence detector. The quality of gamma-camera PET is considerably lower, and
acquisition is slower. However, for institutions with low demand for PET, this may allow
on-site imaging, instead of referring patients to another center, or relying on a visit by a
mobile scanner.

PET is a valuable technique for some diseases and disorders, because it is possible to
target the radio-chemicals used for particular bodily functions.

1. Oncology: PET scanning with the tracer fluorine-18 (F-18) fluorodeoxyglucose
(FDG), called FDG-PET, is widely used in clinical oncology. This tracer is a
glucose analog that is taken up by glucose-using cells and phosphorylated by
hexokinase (whose mitochondrial form is greatly elevated in rapidly growing
malignant tumours). A typical dose of FDG used in an oncological scan is 200-
400 MBq for an adult human. Because the oxygen atom which is replaced by F-
18 to generate FDG is required for the next step in glucose metabolism in all cells,
no further reactions occur in FDG. Furthermore, most tissues (with the notable
exception of liver and kidneys) cannot remove the phosphate added by
hexokinase. This means that FDG is trapped in any cell which takes it up, until it
decays, since phosphorylated sugars, due to their ionic charge, cannot exit from
the cell. This results in intense radiolabeling of tissues with high glucose uptake,
such as the brain, the liver, and most cancers. As a result, FDG-PET can be used
for diagnosis, staging, and monitoring treatment of cancers, particularly in
Hodgkin's lymphoma, non-Hodgkin lymphoma, and lung cancer. Many other
types of solid tumors will be found to be very highly labeled on a case-by-case
basis—a fact which becomes especially useful in searching for tumor metastasis,
or for recurrence after a known highly active primary tumor is removed. Because
individual PET scans are more expensive than "conventional" imaging with
computed tomography (CT) and magnetic resonance imaging (MRI), expansion
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of FDG-PET in cost-constrained health services will depend on proper health
technology assessment; this problem is a difficult one because structural and
functional imaging often cannot be directly compared, as they provide different
information. Oncology scans using FDG make up over 90% of all PET scans in
current practice.

PET scan of the human brain

Neurology: PET neuroimaging is based on an assumption that areas of high
radioactivity are associated with brain activity. What is actually measured
indirectly is the flow of blood to different parts of the brain, which is generally
believed to be correlated, and has been measured using the tracer oxygen-15.
However, because of its 2-minute half-life O-15 must be piped directly from a
medical cyclotron for such uses, and this is difficult. In practice, since the brain is
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normally a rapid user of glucose, and since brain pathologies such as Alzheimer's
disease greatly decrease brain metabolism of both glucose and oxygen in tandem,
standard FDG-PET of the brain, which measures regional glucose use, may also
be successfully used to differentiate Alzheimer's disease from other dementing
processes, and also to make early diagnosis of Alzheimer's disease. The advantage
of FDG-PET for these uses is its much wider availability. PET imaging with FDG
can also be used for localization of seizure focus: A seizure focus will appear as
hypometabolic during an interictal scan. Several radiotracers (i.e. radioligands)
have been developed for PET that are ligands for specific neuroreceptor subtypes
such as [''C] raclopride and ['*F] fallypride for dopamine D2/D3 receptors,
[''C]MCcN 5652 and [''C]DASB for serotonin transporters, or enzyme substrates
(e.g. 6-FDOPA for the AADC enzyme). These agents permit the visualization of
neuroreceptor pools in the context of a plurality of neuropsychiatric and
neurologic illnesses. A novel probe developed at the University of Pittsburgh
termed PIB (Pittsburgh compound B) permits the visualization of amyloid plaques
in the brains of Alzheimer's patients. This technology could assist clinicians in
making a positive clinical diagnosis of AD pre-mortem and aid in the
development of novel anti-amyloid therapies. [''C]PMP (N-[''C]methylpiperidin-
4-yl propionate) is a novel radiopharmaceutical used in PET imaging to determine
the activity of the acetylcholinergic neurotransmitter system by acting as a
substrate for acetylcholinesterase. Post-mortem examination of AD patients have
shown decreased levels of acetylcholinesterase. [''C]JPMP is used to map the
acetylcholinesterase activity in the brain which could allow for pre-mortem
diagnosis of AD and help to monitor AD treatments. Avid Radiopharmaceuticals
of Philadelphia has developed a compound called 18F-AV-45 that uses the
longer-lasting radionuclide fluorine-18 to detect amyloid plaques using PET
scans.

Cardiology, atherosclerosis and vascular disease study: In clinical cardiology,
FDG-PET can identify so-called "hibernating myocardium", but its cost-
effectiveness in this role versus SPECT is unclear. Recently, a role has been
suggested for FDG-PET imaging of atherosclerosis to detect patients at risk of
stroke.

. Neuropsychology / Cognitive neuroscience: To examine links between specific
psychological processes or disorders and brain activity.

. Psychiatry: Numerous compounds that bind selectively to neuroreceptors of
interest in biological psychiatry have been radiolabeled with C-11 or F-18.
Radioligands that bind to dopamine receptors (D1,D2, reuptake transporter),
serotonin receptors (SHT1A, SHT2A, reuptake transporter) opioid receptors (mu)
and other sites have been used successfully in studies with human subjects.
Studies have been performed examining the state of these receptors in patients
compared to healthy controls in schizophrenia, substance abuse, mood disorders
and other psychiatric conditions.

. Pharmacology: In pre-clinical trials, it is possible to radiolabel a new drug and
inject it into animals. Such scans are referred to as biodistribution studies. The
uptake of the drug, the tissues in which it concentrates, and its eventual
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elimination, can be monitored far more quickly and cost effectively than the older
technique of killing and dissecting the animals to discover the same information.
Much more commonly, however, drug occupancy at a purported site of action can
be inferred indirectly by competition studies between unlabeled drug and
radiolabeled compounds known apriori to bind with specificity to the site. A
single radioligand can be used this way to test many potential drug candidates for
the same target. A related technique involves scanning with radioligands that
compete with an endogenous (naturally occurring) substance at a given receptor
to demonstrate that a drug causes the release of the natural substance.

7. PET technology for small animal imaging: A miniature PET tomograph has been
constructed that is small enough for a fully conscious and mobile rat to wear on
its head while walking around. This RatCAP (Rat Conscious Animal PET) allows
animals to be scanned without the confounding effects of anesthesia. PET
scanners designed specifically for imaging rodents or small primates are marketed
for academic and pharmaceutical research.

8. Musculo-Skeletal Imaging: PET has been shown to be a feasible technique for
studying skeletal muscles during exercises like walking. One of the main
advantages of using PET is that it can also provide muscle activation data about
deeper lying muscles such as the vastus intermedialis and the gluteus minimus, as
compared to other muscle studying techniques like Electromyography, which can
only be used on superficial muscles (i.e. directly under the skin). A clear
disadvantage, however, is that PET provides no timing information about muscle
activation, because it has to be measured after the exercise is completed. This is
due to the time it takes for FDG to accumulate in the activated muscles.

Safety

PET scanning is non-invasive, but it does involve exposure to ionizing radiation. The
total dose of radiation is not insignificant, usually around 5-7 mSv. However, in modern
practice, a combined PET/CT scan is almost always performed, and for PET/CT
scanning, the radiation exposure may be substantial - around 23-26 mSv (for a 70 kg
person - dose is likely to be higher for higher body weights). When compared to the
classification level for radiation workers in the UK, of 6 mSv it can be seen that PET
scans need proper justification. This can also be compared to 2.2 mSv average annual
background radiation in the UK, 0.02 mSv for a chest x-ray and 6.5 - 8 mSv for a CT
scan of the chest, according to the Chest Journal and ICRP. A policy change suggested by
the IFALPA member associations in year 1999 mentioned that an aircrew member is
likely to receive a radiation dose of 4-9 mSv per year.
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Chapter 7

Rectilinear Scanner and Scintigraphy

Rectilinear scanner

A rectilinear scanner is an imaging device once used in nuclear medicine.

History

Before the invention of the rectilinear scanner in 1950 by Benedict Cassen, nuclear
medicine pioneers used to move their insensitive Geiger Counters over different parts of
the body, which resulted in a fairly crude determination of the distribution of

radioactivity.

Components

The scanner consists of:

1. A scintillator which detects the y radiation emitted by a radiopharmaceutical
located in the organ. The detector consists of a Nal(TI) crystal (12.7 cm in
diameter, 5 cm thick) and a photomultiplier. It is mechanically connected to a

light bulb.
2. An electronic circuit between detector and light bulb.
3. Afilm.
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Mechanism

Nal(Tl) crystal of the detector moves in a raster pattern over studied area of the patient,
making a constant count rate.

Simultaneously, the light source moves over the photographic film. The intensity of light
produced increases with an increase in activity, producing dark areas on the film.

Device can be modified electronically to enhance count rate differences in areas of
medical interest.

Data taken during a scan is recorded on a magnetic tape or a disc to be analyzed later by a
computer to provide a quantitative image.

Dimensions of scan areas, spacing of scan lines and rate of movement of scanning head is
adjusted according to organ size and amount of radioactivity.

Rectilinear scanner can scan the entire body. The image is then minified to fit a standard
36 cm x 43 cm film.

As it uses a focused collimator, it measures radiation distribution 7.5 - 12.5 cm from the
end of the collimator. Thus, a scan from both sides of the patient is often necessary. A
few scanners have 2 detectors facing each other to scan simultaneously.

Other types of image
Image can also be made
1. On an oscilloscope.

2. By marks tapped on paper. Density or color of marks indicate intensity of activity
in corresponding areas of the patient.

Disadvantages

1. Time consuming : Scan lasts for over 30 min. Even by reducing time using 2 or
more detectors, time is still very long.

2. Motion artifacts : The patient may remain motionless, but he can certainly not
hold his breath for more than 60 s. Thus, scans of liver for instance include
motion artifacts since liver moves up and down 2 cm during normal breathing.

Because of these defects, the invention of the gamma camera by Hal Angers in 1956 was
indeed a breakthrough.
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Scintigraphy

Scintigraphy ("scint," Latin scintilla, spark) is a form of diagnostic test used in nuclear
medicine, wherein radioisotopes (here called radiopharmaceuticals) are taken internally,
and the emitted radiation is captured by external detectors (gamma cameras) to form two-
dimensional images. In contrast, SPECT and positron emission tomography (PET) form
3-dimensional images, and are therefore classified as separate techniques to scintigraphy,
although they also use gamma cameras to detect internal radiation. Scintigraphy is unlike
a diagnostic X-ray where external radiation is passed through the body to form an image.

By organ or organ system
Biliary system (Cholescintigraphy)

Scintigraphy of the biliary system is called cholescintigraphy and is done to diagnose
obstruction of the bile ducts by a gallstone (cholelithiasis), a tumor, or another cause. It
can also diagnose gallbladder diseases, e.g. bile leaks of biliary fistulas. In
cholescintigraphy, the injected radioactive chemical is taken up by the liver and secreted
into the bile. The radiopharmaceutical then goes into the bile ducts, the gallbladder, and
the intestines. The gamma camera is placed on the abdomen to picture these perfused
organs. Other scintigraphic tests are done similarly.

Lung scintigraphy
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Lung scintigraphy evaluating lung cancer
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The most common indication for lung scintigraphy is to diagnose pulmonary embolism,
e.g. with a ventilation/perfusion scan. Less common indications include evaluation of
lung transplantation, preoperative evaluation, evaluation of right-to-left shunts.

In the ventilation phase of a ventilation/perfusion scan, a gaseous radionuclide xenon or
technetium DTPA in an aerosol form is inhaled by the patient through a mouthpiece or
mask that covers the nose and mouth. The perfusion phase of the test involves the
intravenous injection of radioactive technetium macro aggregated albumin (Tc99m-
MAA). A gamma camera acquires the images for both phases of the study.

Bone

For example, the ligand methylene-diphosphonate (MDP) can be preferentially taken up
by bone. By chemically attaching technetium-99m to MDP, radioactivity can be
transported and attached to bone via the hydroxyapatite for imaging. Any increased
physiological function, such as due to a fracture in the bone, will usually mean increased
concentration of the tracer.

Heart

A thallium stress test is a form of scintigraphy, where the amount of thallium-201
detected in cardiac tissues correlates with tissue blood supply. Viable cardiac cells have
normal Na'/K" ion exchange pumps. Thallium binds the K" pumps and is transported into
the cells. Exercise or dipyridamole induces widening (vasodilation) of normal coronary
arteries. This produces coronary steal from areas where arteries are maximally dilated.
Areas of infarct or ischemic tissue will remain "cold". Pre- and post-stress thallium may
indicate areas that will benefit from myocardial revascularization. Redistribution
indicates the existence of coronary steal and the presence of ischemic coronary artery
disease.

Full body

Examples are gallium scans, indium white blood cell scans, lobenguane scan (MIBG) and
octreotide scans.
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Chapter 8

Radiology

A radiologist interprets medical images on a modern Picture archiving and
communication system (PACS) workstation. San Diego, CA, 2010.

Radiology is medical specialty that employs the use of imaging to both diagnose and
treat disease visualized within the human body. Radiologists utilize an array of imaging
technologies (such as x-ray radiography, ultrasound, computed tomography (CT), nuclear
medicine, positron emission tomography (PET) and magnetic resonance imaging (MRI))
to diagnose or treat diseases. Interventional radiology is the performance of (usually
minimally invasive) medical procedures with the guidance of imaging technologies. The
acquisition of medical imaging is usually carried out by the radiographer or radiologic
technologist.
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Acquisition of radiological images

The following imaging modalities are used in the field of diagnostic radiology:

Projection (plain) radiography

Madura Foot X-Ray

Radiographs (or roentgenographs, named after the discoverer of x-rays, Wilhelm Conrad
Rontgen) are produced by the transmission of x-rays through a patient to a capture device
then converted into an image for diagnosis. The original and still common imaging
produces silver impregnated films. In Film-Screen radiography an x-ray tube generates a
beam of x-rays which is aimed at the patient. The x-rays which pass through the patient
are filtered to reduce scatter and noise and then strike an undeveloped film, held tight to a
screen of light emitting phosphors in a light-tight cassette. The film is then developed
chemically and an image appears on the film. Now replacing Film-Screen radiography is
Digital Radiography, DR, in which x-rays strike a plate of sensors which then converts
the signals generated into digital information and an image on computer screen. Plain
radiography was the only imaging modality available during the first 50 years of
radiology. Due to its availability and lower costs compared to other modalities,
radiography is often the first-line test of choice in radiologic diagnosis.
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Fluoroscopy

Fluoroscopy and angiography are special applications of X-ray imaging, in which a
fluorescent screen and image intensifier tube is connected to a closed-circuit television
system. This allows real-time imaging of structures in motion or augmented with a
radiocontrast agent. Radiocontrast agents are administered, often swallowed or injected
into the body of the patient, to delineate anatomy and functioning of the blood vessels,
the genitourinary system or the gastrointestinal tract. Two radiocontrasts are presently in
use. Barium (as BaSO,) may be given orally or rectally for evaluation of the GI tract.
Iodine, in multiple proprietary forms, may be given by oral, rectal, intraarterial or
intravenous routes. These radiocontrast agents strongly absorb or scatter X-ray radiation,
and in conjunction with the real-time imaging allows demonstration of dynamic
processes, such as peristalsis in the digestive tract or blood flow in arteries and veins.
Iodine contrast may also be concentrated in abnormal areas more or less than in normal
tissues and make abnormalities (tumors, cysts, inflammation) more conspicuous.
Additionally, in specific circumstances air can be used as a contrast agent for the
gastrointestinal system and carbon dioxide can be used as a contrast agent in the venous
system; in these cases, the contrast agent attenuates the X-ray radiation less than the
surrounding tissues.

Interventional radiology

Interventional radiology (abbreviated IR or sometimes VIR for vascular and
interventional radiology) is a subspecialty of radiology in which minimally invasive
procedures are performed using image guidance. Some of these procedures are done for
purely diagnostic purposes (e.g., angiogram), while others are done for treatment

purposes (e.g., angioplasty).

The basic concept behind interventional radiology is to diagnose or treat pathology, with
the most minimally invasive technique possible. Interventional radiologists diagnose and
treat several disorders including peripheral vascular disease, renal artery stenosis, inferior
vena cava filter placement, gastrostomy tube placements, biliary stents and hepatic
interventions. Images are used for guidance and the primary instruments used during the
procedure are needles and tiny tubes called catheters. The images provide road maps that
allow the interventional radiologist to guide these instruments through the body to the
areas containing disease. By minimizing the physical trauma to the patient, peripheral
interventions can reduce infection rates and recovery time as well as shorten hospital
stays. To be a trained interventionalist in the United States, an individual completes a five
year residency in Radiology and a two year fellowship in Interventional Radiology.
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Computed Tomography (CT)

Image from a CT scan of the brain

CT imaging uses X-rays in conjunction with computing algorithms to image the body. In
CT, an X-ray generating tube opposite an X-ray detector (or detectors) in a ring shaped
apparatus rotate around a patient producing a computer generated cross-sectional image
(tomogram). CT is acquired in the axial plane, while coronal and sagittal images can be
rendered by computer reconstruction. Radiocontrast agents are often used with CT for
enhanced delineation of anatomy. Although radiographs provide higher spatial resolution,
CT can detect more subtle variations in attenuation of X-rays. CT exposes the patient to
more ionizing radiation than a radiograph.
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Spiral Multi-detector CT utilizes 8, 16, 64 or more detectors during continuous motion of
the patient through the radiation beam to obtain much finer detail images in a shorter
exam time. With rapid administration of IV contrast during the CT scan these fine detail
images can be reconstructed into 3D images of carotid, cerebral and coronary arteries,
CTA, CT angiography.

CT scanning has become the test of choice in diagnosing some urgent and emergent
conditions such as cerebral hemorrhage, pulmonary embolism (clots in the arteries of the
lungs), aortic dissection (tearing of the aortic wall), appendicitis, diverticulitis, and
obstructing kidney stones. Continuing improvements in CT technology including faster
scanning times and improved resolution have dramatically increased the accuracy and
usefulness of CT scanning which may partially account for increased utilization in
medical diagnosis.

The first commercially viable CT scanner was invented by Sir Godfrey Hounsfield at
EMI Central Research Labs, Great Britain in 1972. EMI owned the distribution rights to
The Beatles music and it was their profits which funded the research. Sir Hounsfield and
Alan McLeod McCormick shared the Nobel Prize for Medicine in 1979 for the invention
of CT scanning. The first CT scanner in North America was installed at the Mayo Clinic
in Rochester, MN in 1972.

Ultrasound

Medical ultrasonography uses ultrasound (high-frequency sound waves) to visualize soft
tissue structures in the body in real time. No ionizing radiation is involved, but the quality
of the images obtained using ultrasound is highly dependent on the skill of the person
(ultrasonographer) performing the exam. Ultrasound is also limited by its inability to
image through air (lungs, bowel loops) or bone. The use of ultrasound in medical imaging
has developed mostly within the last 30 years. The first ultrasound images were static and
two dimensional (2D), but with modern-day ultrasonography 3D reconstructions can be
observed in real-time; effectively becoming 4D.

Because ultrasound does not utilize ionizing radiation, unlike radiography, CT scans, and
nuclear medicine imaging techniques, it is generally considered safer. For this reason,
this modality plays a vital role in obstetrical imaging. Fetal anatomic development can be
thoroughly evaluated allowing early diagnosis of many fetal anomalies. Growth can be
assessed over time, important in patients with chronic disease or gestation-induced
disease, and in multiple gestations (twins, triplets etc.). Color-Flow Doppler Ultrasound
measures the severity of peripheral vascular disease and is used by Cardiology for
dynamic evaluation of the heart, heart valves and major vessels. Stenosis of the carotid
arteries can presage cerebral infarcts (strokes). DVT in the legs can be found via
ultrasound before it dislodges and travels to the lungs (pulmonary embolism), which can
be fatal if left untreated. Ultrasound is useful for image-guided interventions like biopsies
and drainages such as thoracentesis). Small portable ultrasound devices now replace
peritoneal lavage in the triage of trauma victims by directly assessing for the presence of
hemorrhage in the peritoneum and the integrity of the major viscera including the liver,
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spleen and kidneys. Extensive hemoperitoneum (bleeding inside the body cavity) or
injury to the major organs may require emergent surgical exploration and repair.

MRI (Magnetic Resonance Imaging)

Image from an MRI examination of the knee with a displaced patella

MRI uses strong magnetic fields to align atomic nuclei (usually hydrogen protons) within
body tissues, then uses a radio signal to disturb the axis of rotation of these nuclei and
observes the radio frequency signal generated as the nuclei return to their baseline states.
The radio signals are collected by small antennae, called coils, placed near the area of
interest. An advantage of MRI is its ability to produce images in axial, coronal, sagittal
and multiple oblique planes with equal ease. MRI scans give the best soft tissue contrast
of all the imaging modalities. With advances in scanning speed and spatial resolution,
and improvements in computer 3D algorithms and hardware, MRI has become an
important tool in musculoskeletal radiology and neuroradiology.
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One disadvantage is that the patient has to hold still for long periods of time in a noisy,
cramped space while the imaging is performed. Claustrophobia severe enough to
terminate the MRI exam is reported in up to 5% of patients. Recent improvements in
magnet design including stronger magnetic fields (3 teslas), shortening exam times,
wider, shorter magnet bores and more open magnet designs, have brought some relief for
claustrophobic patients. However, in magnets of equal field strength there is often a
trade-off between image quality and open design. MRI has great benefit in imaging the
brain, spine, and musculoskeletal system. The modality is currently contraindicated for
patients with pacemakers, cochlear implants, some indwelling medication pumps, certain
types of cerebral aneurysm clips, metal fragments in the eyes and some metallic hardware
due to the powerful magnetic fields and strong fluctuating radio signals the body is
exposed to. Areas of potential advancement include functional imaging, cardiovascular
MRI, as well as MR image guided therapy.

Nuclear Medicine

Nuclear medicine imaging involves the administration into the patient of
radiopharmaceuticals consisting of substances with affinity for certain body tissues
labeled with radioactive tracer. The most commonly used tracers are Technetium-99m,
Iodine-123, Todine-131, Gallium-67 and Thallium-201 and 18F-FDG. The heart, lungs,
thyroid, liver, gallbladder, and bones are commonly evaluated for particular conditions
using these techniques. While anatomical detail is limited in these studies, nuclear
medicine is useful in displaying physiological function. The excretory function of the
kidneys, iodine concentrating ability of the thyroid, blood flow to heart muscle, etc. can
be measured. The principal imaging device is the gamma camera which detects the
radiation emitted by the tracer in the body and displays it as an image. With computer
processing, the information can be displayed as axial, coronal and sagittal images
(SPECT images, single-photon emission computed tomography). In the most modern
devices Nuclear Medicine images can be fused with a CT scan taken quasi-
simultaneously so that the physiological information can be overlaid or co-registered with
the anatomical structures to improve diagnostic accuracy.

Positron emission tomography (PET), scanning is a nuclear medicine procedure that deals
with positrons. The positrons annihilate to produce two opposite traveling gamma rays to
be detected coincidentally, thus improving resolution. In PET scanning, a radioactive,
biologically active substance, most often Fludeoxyglucose (18F), is injected into a patient
and the radiation emitted by the patient is detected to produce multi-planar images of the
body. Metabolically more active tissues, such as cancer, concentrate the active substance
more than normal tissues. PET images can be combined (or "fused") with an anatomic
imaging study (currently generally CT images), to more accurately localize PET findings
and thereby improve diagnostic accuracy.

The fusion technology has gone further to combine PET and MRI similar to PET and CT.
PET/MRI fusion, largely practiced in academic and research settings, could potentially
play a crucial role in fine detail of brain imaging, breast cancer screening and small joint
imaging of foot. The technology recently blossomed following passing a technical hurdle
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of altered positron movement in strong magnetic field thus affecting the resolution of
PET images and attenuation correction.

Teleradiology

Teleradiology is the transmission of radiographic images from one location to another for
interpretation by a radiologist. It is most often used to allow rapid interpretation of
emergency room, ICU and other emergent examinations after hours of usual operation, at
night and on weekends. In these cases the images are often sent across time zones (i.e. to
Spain, Australia, India) with the receiving radiologist working his normal daylight hours.
Teleradiology can also be utilized to obtain consultation with an expert or sub-specialist
about a complicated or puzzling case.

Teleradiology requires a sending station, high speed Internet connection and high quality
receiving station. At the transmission station, plain radiographs are passed through a
digitizing machine before transmission, while CT scans, MRIs, Ultrasounds and Nuclear
Medicine scans can be sent directly as they are already a stream of digital data. The
computer at the receiving end will need to have a high-quality display screen that has
been tested and cleared for clinical purposes. Reports are then transmitted to the
requesting physician.

The major advantage of teleradiology is the ability to utilize different time zones to
provide real-time emergency radiology services around-the-clock. The disadvantages
include higher costs, limited contact between the ordering physician and the radiologist,
and the inability to cover for procedures requiring an onsite radiologist. Laws and
regulations concerning the use of teleradiology vary among the states, with some states
requiring a license to practice medicine in the state sending the radiologic exam. Some
states require the teleradiology report to be preliminary with the official report issued by
a hospital staff radiologist.

Radiologist training
United States

Radiology is an expanding field in medicine. Applying for residency positions in
radiology has become increasingly competitive. Applicants are often near the top of their
medical school class, with high USMLE (board) scores. The field is rapidly expanding
due to advances in computer technology, which is closely linked to modern imaging.
Diagnostic radiologists must complete prerequisite undergraduate education, 4 years of
medical school, one year of internship, and 4 years of residency training. After residency,
radiologists often pursue one or two years of additional specialty fellowship training.

The radiology resident must pass a medical physics board exam during training covering
the science, technology and radiobiology of ultrasound, CTs, x-rays, nuclear medicine
and MRI. Near the completion of residency, the radiologist in training may be deemed
eligible to "sit for the Boards", take the written and oral board examinations administered
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by the American Board of Radiology (ABR). Certification may also be obtained from the
American Osteopathic Board of Radiology (AOBR) and the American Board of
Physician Specialties (ABPS). Starting in 2010, the ABR's oral board examination
structure will be changed to include two computer-based exams, one given after the third
year of residency training, and the second given 18 months after the first oral exam. To
complete the oral section of the ABR certification, a radiologist must pass each of the
eleven sections. An applicant who passes fewer than eight sections has failed and must
re-take the entire exam. An applicant who passes at least eight of the eleven sections of
the ABR oral boards is considered "conditioned" and can retake the last three or less
sections again at a later date to become ABR certified. Once successful in passing all
sections, the physician then becomes a diplomate of the American Board of Radiology.

Following completion of residency training, radiologists may either begin practicing or
enter into sub-specialty training programs known as fellowships. Examples of sub-
speciality training in radiology include abdominal imaging, thoracic imaging, cross
sectional/ultrasound, MRI, musculoskeletal imaging, interventional radiology,
neuroradiology, interventional neuroradiology, paediatric radiology, nuclear medicine,
emergency radiology, breast imaging and women's imaging. Fellowship training
programs in radiology are usually 1 or 2 years in length.

Radiographic exams are usually performed by radiologic technologists, (also known as
diagnostic radiographers) who in the United States have a 2-year Associates Degree or 4
year Bachelors of Science Degree and, in the UK, a 3 year Honours Degree.

Veterinary radiologists are veterinarians that specialize in the use of X-rays, ultrasound,
MRI and nuclear medicine for diagnostic imaging or treatment of disease in animals.
They are certified in either diagnostic radiology or radiation oncology by the American
College of Veterinary Radiology.

Germany

After obtaining medical licensure, German radiologists complete a 5-year residency,
culminating with a board examination (known as Facharztpriifung).

Italy
Until 2008, a Radiology training program had a duration of four years. At present, a

radiology training program lasts five years. Further training is required for specialization
in radiotherapy or nuclear medicine.
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Chapter 9

Projectional Radiography

AP and Lateral Elbow X-Ray

Projectional radiography or plain film radiography is the practice of producing two-
dimensional images using x-ray radiation. Radiographic exams are typically performed
by Radiologic Technologists, highly trained medical professionals who specialize in the
usage of radiographic equipment, patient care, and radiation safety. Projectional
radiography is the cornerstone of modern medical imaging, and can be used to image
almost every part of the human body. Mammography and Dental radiography are also
considered to be specialized variants of projectional radiography.
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Imaging principles

X-ray under examination

Projectional radiography relies on the characteristics of x-ray radiation and knowledge of
how it interacts with human tissue to create diagnostic images. X-rays are a form of
ionizing radiation, meaning it has sufficient energy to potentially remove electrons from
an atom, thus giving it a charge and making it an ‘ion’. Ionizing radiation has sufficient
energy to penetrate human tissue.
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X-ray attenuation

When an exposure is made, x-ray radiation exits the tube as what is known as the primary
beam. When the primary beam passes through the body, some of the radiation is absorbed
in a process known as attenuation. Anatomy that is denser has a higher rate of attenuation
than anatomy that is less dense, so bone will absorb more x-rays than soft tissue. What
remains of the primary beam after attenuation is known as the remnant beam. The
remnant beam is responsible for exposing the image receptor. Areas on the image
receptor that receive the most radiation (portions of the remnant beam experiencing the
least attenuation) will be more heavily exposed, and therefore will be processed as being
darker. Conversely, areas on the image receptor that receive the least radiation (portions
of the remnant beam experience the most attenuation) will be less exposed and will be
processed as being lighter. This is why bone, which is very dense, process as being
‘white’ on radio graphs, and the lungs, which contain mostly air and is the least dense,
shows up as ‘black’.

Density

Radiographic density is the measure of overall darkening of the image. Density is a
logarithmic unit that describes the ratio between light hitting the film and light being
transmitted through the film. A higher radiographic density represents more opaque areas
of the film, and lower density more transparent areas of the film.

Contrast

Contrast is defined as the difference in raiographic density between adjascent portions of
the image. The range between black and white on the final radiograph. High contrast, or
narrow latitude, means there is little gray on the radiograph, and there are fewer gray
shades between black and white. Low contrast, or wide latitude, means there is much
gray on the radiograph, and there are many gray shades between black and white.

Divisions of the skeleton
The human skeleton is divided into two categories:

e Axial skeleton
e Appendicular skeleton

Axial skeleton

o Skull and Facial skeleton
e Chest

e Cervical Spine

e Thoracic spine

e Lumbar spine

e Sacrum and Coccyx
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e Abdomen
Appendicular skeleton

e Pectoral girdle
e Humerus

e Elbow

e Radius and Ulna
e Wrist

e Hand

e Fingers / Thumb
e Pelvic girdle

e Femur

e Knee

o Tibia and Fibula
e Ankle

e Calcaneum
e Foot/ Toes

Projectional radiography terminology
NOTE: The word 'view' is often used erroneously to describe a radiographic projection.

e AP - Antero-Posterior

e PA - Postero-Anterior

o Lateral - Projection taken with the central ray perpendicular to the midsaggital
plane

e Oblique - Projection taken with the central ray at an angle to any of the body
planes. Described by the angle of obliquity and the portion of the body the X-ray
beam exits; right or left and posterior or anterior. For example a 45 degree Right
Anterior Oblique of the Cevical Spine.

o Flexion - Joint is radiographed while in flexion

o Extension - Joint is radiographed while in extension

e Stress Views - Typically taken of joints held in a 'stressed' position. Test of
stability.

e HBL, HRL, HCR or CTL - Horizontal Beam Lateral, Horizontal Ray Lateral,
Horizontal Central Ray, or Cross Table Lateral. Used to obtain a lateral projection
usually when patients are unable to move.

e Prone - Patient lies on their front

o Supine - Patient lies on the back

e Decubitus - Patient laying down. Further described by the downside body
surface: dorsal (backside down), ventral (frontside down), or lateral (left or right
side down).

e OM - occipito-mental, an imaginary positioning line extending from the outer
canthus of the eye to the external auditory meatus

e Cranial or Cephalad - Tube angulation towards the head
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e Caudal - Tube angulation towards the feet

Philips Digital Room

Equipment Used in Projectional Radiography

Ceiling or Floor Mounted X-ray tube

Height adjustable table

Bucky or Digital Detector

User Interface

Image Receptor - Film / Screen Cassette or CR Plate / DR Detectors
Processor or Image Reader

Chest Stand

Differences around the world
Routine projections used in the UK

o Chest - PA Only. Lateral on request by a Radiologist

e Abdomen - AP Only. Decubitus on special request

e Cervical Spine - AP and Lateral. Peg projection with trauma only. Obliques and
Flexion and Extension on special request

e Thoracic Spine - AP and Lateral

WORLD TECHNOLOGIES




o Lumbar Spine - AP and Lateral +/- L5/S1 view. Obliques and Flexion and
Extension requests are rare

e Pelvis - AP only. SIJ projections (prone) on special request

e Hip - AP and Lateral

e Skull - None. Patient goes to CT.

e Sinus - OM with open mouth

e Facial Bones - OM and OM 30°

e Shoulder - AP and Lateral Scapula or Axillary Projection. Other Special
projections available on request

e Clavicle - AP and AP Cranial

e Humerus - AP and Lateral

e Elbow - AP and Lateral. Radial head projections available on request

e Radius and Ulna - AP and Lateral

o Wrist - AP and Lateral

e Scaphoid - AP with Ulna deviation, Lateral, Oblique and AP with 30° angulation

o Hand - AP and Oblique

o Fingers / Thumb - AP and Lateral

o Femur - AP and Lateral

e Khnee - AP and Lateral. Intra Condular projections on request

o Patella - Skyline Projection

e Tibia and Fibula - AP and Lateral

e Ankle - AP/Mortice and Lateral

e Calcaneum - Axial and Lateral

e Foot/Toes - AP and Oblique

Routine projections used in the US

Chest - (CXR) Includes a PA and Lateral with the patient standing or sitting up. Special
projections include an AP in cases where the image needs to be obtained stat and with a
portable device, particularly when a patient cannot be safely positioned upright. Lateral
Decubitus may be used for visualization of air-fluid levels if an upright image cannot be
obtained. AP Axial Lordotic projects the clavicles above the lung fields, allowing better
visualization of the apices (which is extremely useful when looking for evidence of
primary tuberculosis)

Abdomen - Usually a single AP supine (KUB—Xkidney, bladder, and ureter) projection.
Special projections include a PA prone, Lateral Decubitus, upright AP, and Lateral
Cross-Table (with the patient supine) A minimal acute obstructive series (for the purpose
of ruling out small bowel obstruction) would include two views: typically, a supine view
and an upright view (which would be sufficient to detect air-fluid levels), although a
lateral decubitus could be substituted for the upright.

Cervical Spine - Five or six projections are common; a Lateral, two 45 degree obliques,

an AP axial (Cephalad), an AP "Open Mouth" for C1-C2, and Cervicothoracic Lateral
(Swimmer's) to better visualize C7-T1 if necessary. Special projections include a Lateral
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with Flexion and Extension of the cervical spine, an Axial for C1-C2 (Fuchs or Judd
method), and an AP Axial (Caudad) for articular pillars.

Thoracic Spine - An AP and Lateral are basic projections. Obliques 20 degrees from
lateral may be ordered to better visualize the zygapophysial joint

Lumbar Spine - Basic projections include an AP, two Obliques, a Lateral, and a Lateral
L5-S1 spot to better visualize the L5-S1 interspace. Special projections are AP Right and
Left bending, and Laterals with Flexion and Extension.

Sacrum and Coccyx - If both bones are to be examined separate cephalad and caudad
AP axial projections are obtained for the sacrum and coccyx respectively as well as a
single Lateral of both bones.

Sternum - The two basic projections are a 15 to 20 degree Right Anterior Oblique and a
Lateral.

Sternoclavicular Joints - Are usually ordered as a single PA and a Right and Left 15
degree Right Anterior Obliques.

Ribs - Common rib projections are based on the location of the area of interest. These are
obtained with shorter wavelengths/higher frequencies/higher levels of radiation than a
standard CXR.

e Anterior area of interest - a PA chest X-ray, a PA projection of the ribs,
and a 45 degree Anterior Oblique with the non-interest side closest to the
image receptor.

o Posterior area of interest - a PA chest X-ray, an AP projection of the ribs,

and a 45 degree Posterior Oblique with the side of interest closest to the
image receptor.
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Chapter 10

Fluoroscopy

A modern fluoroscope

Fluoroscopy is an imaging technique commonly used by physicians to obtain real-time
moving images of the internal structures of a patient through the use of a fluoroscope. In
its simplest form, a fluoroscope consists of an X-ray source and fluorescent screen
between which a patient is placed. However, modern fluoroscopes couple the screen to an
X-ray image intensifier and CCD video camera allowing the images to be recorded and
played on a monitor.

The use of X-rays, a form of ionizing radiation, requires the potential risks from a
procedure to be carefully balanced with the benefits of the procedure to the patient. While
physicians always try to use low dose rates during fluoroscopic procedures, the length of
a typical procedure often results in a relatively high absorbed dose to the patient. Recent
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advances include the digitization of the images captured and flat-panel detector systems
which reduce the radiation dose to the patient still further.

History

The beginning of fluoroscopy can be traced back to 8 November 1895 when Wilhelm
Rontgen noticed a barium platinocyanide screen fluorescing as a result of being exposed
to what he would later call x-rays. Within months of this discovery, the first fluoroscopes
were created. Early fluoroscopes were simply cardboard funnels, open at narrow end for
the eyes of the observer, while the wide end was closed with a thin cardboard piece that
had been coated on the inside with a layer of fluorescent metal salt. The fluoroscopic
image obtained in this way is rather faint. Thomas Edison quickly discovered that
calcium tungstate screens produced brighter images and is credited with designing and
producing the first commercially available fluoroscope. In its infancy, many incorrectly
predicted that the moving images from fluoroscopy would completely replace the still x-
ray radiographs, but the superior diagnostic quality of the earlier radiographs prevented
this from occurring.

Ignorance of the harmful effects of x-rays resulted in the absence of standard radiation
safety procedures which are employed today. Scientists and physicians would often place
their hands directly in the x-ray beam resulting in radiation burns. Edison's assistant
Clarence Madison Dally (1865—-1904) died as a result of exposure to radiation from
fluoroscopes, and in 1903, Edison abandoned his work on fluoroscopes, saying "Don't
talk to me about X-rays, I am afraid of them.". Trivial uses for the technology also
resulted, including the shoe-fitting fluoroscope used by shoe stores in the 1930s-1950s.

Due to the limited light produced from the fluorescent screens, early radiologists were
required to sit in a darkened room, in which the procedure was to be performed,
accustomizing their eyes to the dark and thereby increasing their sensitivity to the light.
The placement of the radiologist behind the screen resulted in significant radiation doses
to the radiologist. Red adaptation goggles were developed by Wilhelm Trendelenburg in
1916 to address the problem of dark adaptation of the eyes, previously studied by
Antoine Beclere. The resulting red light from the goggles' filtration correctly sensitized
the physician's eyes prior to the procedure while still allowing him to receive enough
light to function normally.

The development of the X-ray image intensifier and the television camera in the 1950s
revolutionized fluoroscopy. The red adaptation goggles became obsolete as image
intensifiers allowed the light produced by the fluorescent screen to be amplified, allowing
it to be seen even in a lighted room. The addition of the camera enabled viewing of the
image on a monitor, allowing a radiologist to view the images in a separate room away
from the risk of radiation exposure.

More modern improvements in screen phosphors, image intensifiers and even flat panel

detectors have allowed for increased image quality while minimizing the radiation dose
to the patient. Modern fluoroscopes use Csl screens and produce noise-limited images,
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ensuring that the minimal radiation dose results while still obtaining images of acceptable
quality.

Risks

Because fluoroscopy involves the use of x-rays, a form of ionizing radiation, all
fluoroscopic procedures pose a potential health risk to the patient. Radiation doses to the
patient depend greatly on the size of the patient as well as length of the procedure, with
typical skin dose rates quoted as 20-50 mGy/min. Exposure times vary depending on the
procedure being performed, but procedure times up to 75 minutes have been documented.
Because of the long length of some procedures, in addition to standard cancer-inducing
stochastic radiation effects, deterministic radiation effects have also been observed
ranging from mild erythema, equivalent of a sun burn, to more serious burns.

A study has been performed by the Food and Drug Administration (FDA) entitled
Radiation-induced Skin Injuries from Fluoroscopy with an additional publication to
minimize further fluoroscopy-induced injuries, Public Health Advisory on Avoidance of
Serious X-Ray-Induced skin Injuries to Patients During Fluoroscopically-Guided
Procedures.

While deterministic radiation effects are a possibility, radiation burns are not typical of
standard fluoroscopic procedures. Most procedures sufficiently long in duration to
produce radiation burns are part of necessary life-saving operations.

X-ray image intensifiers generally have radiation-reducing systems such as pulsed rather
than constant radiation, and /ast image hold which is "freezing" the screen and availing
for examining the screen without exposing the patient to unnecessary radiation.

Equipment

The first fluoroscopes consisted of an x-ray source and fluorescent screen between which
the patient would be placed. As the x-rays pass through the patient, they are attenuated by
varying amounts as they interact with the different internal structures of the body, casting
a shadow of the structures on the fluorescent screen. Images on the screen are produced
as the unattenuated x rays interact with atoms in the screen through the photoelectric
effect, giving their energy to the electrons. While much of the energy given to the
electrons is dissipated as heat, a fraction of it is given off as visible light, producing the
images. Early radiologists would adapt their eyes to view the dim fluoroscopic images by
sitting in darkened rooms, or by wearing red adaptation goggles.

X-ray image intensifiers
The invention of X-ray image intensifiers in the 1950s allowed the image on the screen to

be visible under normal lighting conditions, as well as providing the option of recording
the images with a conventional camera. Subsequent improvements included the coupling
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of, at first, video cameras and, later, CCD cameras to permit recording of moving images
and electronic storage of still images.

Modern image intensifiers no longer use a separate fluorescent screen. Instead, a caesium
iodide phosphor is deposited directly on the photocathode of the intensifier tube. On a
typical general purpose system, the output image is approximately 10° times brighter than
the input image. This brightness gain comprises a flux gain (amplification of photon
number) and minification gain (concentration of photons from a large input screen onto a
small output screen) each of approximately 100. This level of gain is sufficient that
quantum noise, due to the limited number of x-ray photons, is a significant factor limiting
image quality.

Image intensifiers are available with input diameters of up to 45 cm, and a resolution of
approximately 2-3 line pairs mm .

Flat-panel detectors

The introduction of flat-panel detectors allows for the replacement of the image
intensifier in fluoroscope design. Flat panel detectors offer increased sensitivity to X-
rays, and therefore have the potential to reduce patient radiation dose. Temporal
resolution is also improved over image intensifiers, reducing motion blurring. Contrast
ratio is also improved over image intensifiers: flat-panel detectors are linear over a very
wide latitude, whereas image intensifiers have a maximum contrast ratio of about 35:1.
Spatial resolution is approximately equal, although an image intensifier operating in
'magnification' mode may be slightly better than a flat panel.

Flat panel detectors are considerably more expensive to purchase and repair than image
intensifiers, so their uptake is primarily in specialties that require high-speed imaging,
e.g., vascular imaging and cardiac catheterization.

Imaging concerns

In addition to spatial blurring factors that plague all x-ray imaging devices, caused by
such things as Lubberts effect, K-fluorescence reabsorption and electron range,
fluoroscopic systems also experience temporal blurring due to system lag. This temporal
blurring has the effect of averaging frames together. While this helps reduce noise in
images with stationary objects, it creates motion blurring for moving objects. Temporal
blurring also complicates measurements of system performance for fluoroscopic systems.

Common procedures using fluoroscopy

o Investigations of the gastrointestinal tract, including barium enemas, defecating
proctograms, barium meals and barium swallows, and enteroclysis.

e Orthopaedic surgery to guide fracture reduction and the placement of metalwork.

e Angiography of the leg, heart and cerebral vessels.

o Placement of a PICC (peripherally inserted central catheter)
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o Placement of a weighted feeding tube (e.g. Dobhoff) into the duodenum after
previous attempts without fluoroscopy have failed.

e Urological surgery — particularly in retrograde pyelography.

o Implantation of cardiac rhythm management devices (pacemakers, implantable
cardioverter defibrillators and cardiac resynchronization devices)

e Discography, an invasive diagnostic procedure for evaluation for intervertebral
disc pathology.

Another common procedure is the modified barium swallow study during which
barium-impregnated liquids and solids are ingested by the patient. A radiologist records
and, with a speech pathologist, interprets the resulting images to diagnose oral and
pharyngeal swallowing dysfunction. Modified barium swallow studies are also used in
studying normal swallow function.
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Chapter 11

Interventional Radiology

Balloon dilatation of the stenosed internal jugular vein (photo from an X-ray angiograph
monitor). While pressure in the balloon is relatively low, stenosis prevents the balloon to

inflate in the middle. Further increase in pressure will dilate the narrowing and restore the
full blood flow.

Interventional radiology (abbreviated IR or sometimes VIR for vascular and
interventional radiology, also known as Image-Guided Surgery or Surgical Radiology)
is a subspecialty of radiology in which minimally invasive procedures are performed
using image guidance. Some of these procedures are done for purely diagnostic purposes
(e.g., angiogram), while others are done for treatment purposes (e.g., angioplasty).
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The basic concept behind interventional radiology is to diagnose or treat pathology with
the most minimally invasive technique possible. Images are used to direct interventional
procedures, which are usually done with needles and narrow tubes called catheters. The
images provide road maps that allow the interventional radiologist to guide these
instruments through the body to the areas containing disease. By minimizing the physical
trauma to the patient, peripheral interventions can reduce infection rates and recovery
time as well as shorten hospital stays.

History

The advancements in the field of radiological imaging such as the Seldinger technique,
together with innovations in instrumentation, led to a rapid development in interventional
procedures in the 1970s.Cardiovascular procedures were found to be particularly well-
suited for guided and minimally invasive operations, and catheterization remains as one
of the main applications for interventional radiology.

Nobel nominee Charles Dotter is considered the "father of angioplasty and interventional
radiology".

Training

As in most medical specialties, training varies depending on varying rules and regulations
from country to country. In the United States, interventional radiologists are physicians
whose education and training traditionally includes completing a college degree, four
years of medical school, a year of training in general medicine and/or surgery
(internship), a four year diagnostic radiology residency program, and then a one or two
year fellowship in vascular & interventional radiology. Alternative pathways exist.

Imaging Modalities

Common interventional imaging modalities include fluoroscopy, computed tomography
(CT), ultrasound (US), and magnetic resonance imaging (MRI). Fluoroscopy and
computed tomography use ionizing radiation that may be potentially harmful to the
patient and the interventional radiologist. However, both methods have the advantages of
being fast and geometrically accurate. Ultrasound suffers from image quality and tissue
contrast problems, but is also fast and inexpensive. Magnetic resonance imaging provides
superior tissue contrast, at the cost of being expensive and requiring specialized
instruments that will not interact with the magnetic fields present in the imaging volume.

Procedures
Common IR procedures are:

e Angiography: imaging the blood vessels to look for abnormalities with the use of
various contrast media, including iodinated contrast, gadolinium based agents,
and CO2 gas.
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Balloon angioplasty/stent: opening of narrow or blocked blood vessels using a
balloon; may include placement of metallic stents as well (both self-expanding
and balloon expandable).

Chemoembolization: delivering cancer treatment directly to a tumour through its
blood supply, then using clot-inducing substances to block the artery, ensuring
that the delivered chemotherapy is not "washed out" by continued blood flow.

Cholecystostomy: placement of a tube into the gallbladder to remove infected bile
in patients with cholecystitis, an inflammation of the gallbladder, who are too frail
or too sick to undergo surgery

Drain insertions: placement of tubes into different parts of the body to drain fluids
(e.g., abscess drains to remove pus, pleural drains)

Embolization: blocking abnormal blood (artery) vessels (e.g., for the purpose of
stopping bleeding) or organs (to stop the extra function e.g. embolization of the
spleen for hypersplenism) including uterine artery embolization for percutaneous
treatment of uterine fibroids. Various embolic agents are used, including alcohol,
glue, metallic coils, poly-viny alcohol particles, Embospheres, encapsulated
chemo-microsphere, and gelfoam.

Thrombolysis: treatment aimed at dissolving blood clots (e.g., pulmonary emboli,
leg vein thrombi, thrombosed hemodialysis accesses) with both pharmaceutical

(TPA) and mechanical means

Biopsy: taking of a tissue sample from the area of interest for pathological
examination from a percutaneous or transjugular approach

Radiofrequency ablation (RF/RFA): localized destruction of tissue (e.g., tumours)
by heating

Cryoablation - localized destruction of tissue by freezing
Line insertion: Vascular access and management of specialized kinds of
intravenous devices (IVs) (e.g. PIC lines, Hickman lines, subcutaneous ports

including translumbar and transhepatic venous lines)

IVC filters: - metallic filters placed in the inferior vena cavae to prevent
propagation of deep venous thrombus, both temporary and permanent.
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Inferior vena cava filter

Vertebroplasty: percutaneous injection of biocompatible bone cement inside
fractured vertebrae

Nephrostomy placement: Placing a catheter directly into the kidney to drain urine
in situations where normal flow of urine is obstructed. NUS catheters are
nephroureteral stents which are placed through the ureter and into the bladder.

Radiologically Inserted Gastrostomy or RIG: Placement of a feeding tube
percutaneously into the stomach and/or jejunum.

Dialysis access and related intervention: Placement of tunneled hemodialysis
catheters, peritoneal dialysis catheters, and revision/thrombolysis of poorly
functioning surgically placed AV fistulas and grafts.

TIPS : Placement of a Transjugular Intrahepatic Porto-systemic Shunt (TIPS) for
management of select patients with critical end-stage liver disease and portal
hypertension

Biliary intervention - Placement of catheters in the biliary system to bypass biliary
obstructions and decompress the biliary system. Also placement of permanent

indwelling biliary stents.

Endovenous laser treatment of varicose veins - Placement of thin laser fiber in
varicose veins for non-surgical treatment of venous insufficiency
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e Radioembolization: Embolization of liver with radioactive microspheres of glass
or plastic, to kill tumors while minimizing exposure to healthy cells.

Tools

There are a number of catheters used in interventional radiology that can be loosely
divided into five types:

o Diagnostic angiographic catheters
e Micro catheters

e Drainage catheters

o Balloon catheters

e Central venous catheters
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Chapter 12

Radiography

An X-ray from the Vietnam war shows an unexploded grenade embedded in a patient's
skull. (As demonstrated by the intubation, the patient is lying down, not standing up. The
circumstances behind the image are otherwise unknown.)
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Radiography is the use of X-rays to view a non uniformly composed material such as
the human body. By utilizing the physical properties of the ray an image can be
developed displaying clearly, areas of different density and composition.

A heterogeneous beam of X-rays is produced by an X-ray generator and is projected
toward an object. According to the density and composition of the different areas of the
object a proportion of X-rays are absorbed by the object. The X-rays that pass through are
then captured behind the object by a detector (film sensitive to X-rays or a digital
detector) which gives a 2D representation of all the structures superimposed on each
other. In tomography, the X-ray source and detector move to blur out structures not in the
focal plane. Computed tomography (CT scanning) is different to plain film tomography
in that computer assisted reconstruction is used to generate a 3D representation of the
scanned object/patient.

Medical and industrial radiography

Radiography is used for both medical and industrial applications. If the object being
examined is living, whether human or animal, it is regarded as medical; all other
radiography is regarded as industrial radiographic work.
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Taking an X-ray image with early Crookes tube apparatus, late 1800s

Radiography started in 1895 with the discovery of X-rays, also referred to as Rontgen
rays after Wilhelm Conrad Rontgen who first described their properties in rigorous detail.
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These previously unknown rays (hence the X) were found to be a type of electromagnetic
radiation. It wasn't long before X-rays were used in various applications, from helping to
fit shoes, to the medical uses that have persisted. X-rays were put to diagnostic use very
early, before the dangers of ionizing radiation were discovered. Indeed, Marie Curie
pushed for radiography to be used to treat wounded soldiers in World War I. Initially,
many kinds of staff conducted radiography in hospitals, including physicists,
photographers, doctors, nurses, and engineers. The medical specialty of radiology grew
up over many years around the new technology. When new diagnostic tests were
developed, it was natural for the radiographers to be trained in and to adopt this new
technology. Radiographers now often do fluoroscopy, computed tomography,
mammography, ultrasound, nuclear medicine and magnetic resonance imaging as well.
Although a nonspecialist dictionary might define radiography quite narrowly as "taking
X-ray images", this has long been only part of the work of "X-ray departments",
radiographers, and radiologists. Initially, radiographs were known as roentgenograms.

Equipment

10¢c ﬂ

A plain radiograph of the elbow
Sources
A number of sources of X-ray photons have been used; these include X-ray generators,

betatrons, and linear accelerators (linacs). For gamma rays, radioactive sources such as
192 1
Ir, ®°Co or '¥'Cs are used.
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Detectors

A range of detectors including photographic film, scintillator and semiconductor diode
arrays have been used to collect images.

Theory of X-ray attenuation

X-ray photons used for medical purposes are formed by an event involving an electron,
while gamma ray photons are formed from an interaction with the nucleus of an atom. In
general, medical radiography is done using X-rays formed in an X-ray tube. Nuclear
medicine typically involves gamma rays.

The types of electromagnetic radiation of most interest to radiography are X-ray and
gamma radiation. This radiation is much more energetic than the more familiar types
such as radio waves and visible light. It is this relatively high energy which makes
gamma rays useful in radiography but potentially hazardous to living organisms.

Plate A — 1ocm __ __ Plate B

Radiographs of the Darwinius fossil I1da
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The radiation is produced by X-ray tubes, high energy X-ray equipment or natural
radioactive elements, such as radium and radon, and artificially produced radioactive
isotopes of elements, such as cobalt-60 and iridium-192. Electromagnetic radiation
consists of oscillating electric and magnetic fields, but is generally depicted as a single
sinusoidal wave. While in the past radium and radon have both been used for
radiography, they have fallen out of use as they are radiotoxic alpha radiation emitters
which are expensive; iridium-192 and cobalt-60 are far better photon sources.

Gamma rays are indirectly ionizing radiation. A gamma ray passes through matter until it
undergoes an interaction with an atomic particle, usually an electron. During this
interaction, energy is transferred from the gamma ray to the electron, which is a directly
ionizing particle. As a result of this energy transfer, the electron is liberated from the
atom and proceeds to ionize matter by colliding with other electrons along its path. Other
times, the passing gamma ray interferes with the orbit of the electron, and slows it,
releasing energy but not becoming dislodged. The atom is not ionised, and the gamma ray
continues on, although at a lower energy. This energy released is usually heat or another,
weaker photon, and causes biological harm as a radiation burn. The chain reaction caused
by the initial dose of radiation can continue after exposure, much like a sunburn
continues to damage skin even after one is out of direct sunlight.

For the range of energies commonly used in radiography, the interaction between gamma
rays and electrons occurs in two ways. One effect takes place where all the gamma ray's
energy is transmitted to an entire atom. The gamma ray no longer exists and an electron
emerges from the atom with kinetic (motion in relation to force) energy almost equal to
the gamma energy. This effect is predominant at low gamma energies and is known as
the photoelectric effect. The other major effect occurs when a gamma ray interacts with
an atomic electron, freeing it from the atom and imparting to it only a fraction of the
gamma ray's kinetic energy. A secondary gamma ray with less energy (hence lower
frequency) also emerges from the interaction. This effect predominates at higher gamma
energies and is known as the Compton effect.

In both of these effects the emergent electrons lose their kinetic energy by ionizing
surrounding atoms. The density of ions so generated is a measure of the energy delivered
to the material by the gamma rays.

The most common means of measuring the variations in a beam of radiation is by
observing its effect on a photographic film. This effect is the same as that of light, and the
more intense the radiation is, the more it darkens, or exposes, the film. Other methods are
in use, such as the ionizing effect measured electronically, its ability to discharge an
electrostatically charged plate or to cause certain chemicals to fluoresce as in
fluoroscopy.
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Chapter 13

Medical Ultrasonography

Diagnostic sonography (ultrasonography) is an ultrasound-based diagnostic imaging
technique used for visualizing subcutaneous body structures including tendons, muscles,
joints, vessels and internal organs for possible pathology or lesions. Obstetric sonography
is commonly used during pregnancy and is widely recognized by the public.

In physics, the term "ultrasound" applies to all acoustic energy (longitudinal, mechanical

wave) with a frequency above the audible range of human hearing. The audible range of
sound is 20 hertz-20 kilohertz. Ultrasound is frequency greater than 20 kilohertz.

Diagnostic applications
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Orthogonal planes of a 3 dimensional sonographic volume with transverse and coronal
measurements for estimating fetal cranial volume
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Urinary bladder (black butterfly-like shape) and hyperplastic prostate (BPH) visualized
by Medical ultrasonography technique

Typical diagnostic sonographic scanners operate in the frequency range of 1 to 18
megahertz, though frequencies up to 50-100 megahertz has been used experimentally in a
technique known as biomicroscopy in special regions, such as the anterior chamber of
eye. The above frequencies are hundreds of times greater than the limit of human hearing,
which is typically accepted as 20 kilohertz. The choice of frequency is a trade-off
between spatial resolution of the image and imaging depth: lower frequencies produce
less resolution but image deeper into the body.

Sonography (ultrasonography) is widely used in medicine. It is possible to perform both
diagnosis and therapeutic procedures, using ultrasound to guide interventional procedures
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(for instance biopsies or drainage of fluid collections). Sonographers are medical
professionals who perform scans for diagnostic purposes. Sonographers typically use a
hand-held probe (called a transducer) that is placed directly on and moved over the
patient.

Sonography is effective for imaging soft tissues of the body. Superficial structures such
as muscles, tendons, testes, breast and the neonatal brain are imaged at a higher
frequency (7-18 MHz), which provides better axial and lateral resolution. Deeper
structures such as liver and kidney are imaged at a lower frequency 1-6 MHz with lower
axial and lateral resolution but greater penetration.

Medical sonography is used in the study of many different systems:

System Description

Ultrasound is commonly used by anesthesiologists (Anaesthetists) to
Anesthesiology  guide injecting needles when placing local anaesthetic solutions near
nerves

Echocardiography is an essential tool in cardiology, to diagnose e.g.
Cardiology dilatation of parts of the heart and function of heart ventricles and
valves

Point of care ultrasound has many applications in the Emergency
Department, including the Focused Assessment with Sonography for
Trauma (FAST) exam for assessing significant hemoperitoneum or
pericardial tamponade after trauma. Ultrasound is routinely used in the
Emergency Department to expedite the care of patients with right
upper quadrant abdominal pain who may have gallstones or
cholecystitis.

Emergency
Medicine

In abdominal sonography, the solid organs of the abdomen such as the
pancreas, aorta, inferior vena cava, liver, gall bladder, bile ducts,
kidneys, and spleen are imaged. Sound waves are blocked by gas in
the bowel and attenuated in different degree by fat, therefore there are
limited diagnostic capabilities in this area. The appendix can
sometimes be seen when inflamed e.g.: appendicitis.

Gastroenterology

Gynecology

for basic assessment of intracerebral structural abnormalities, bleeds,
ventriculomegaly or hydrocephalus and anoxic insults (Periventricular
leukomalacia). The ultrasound can be performed through the soft spots
in the skull of a newborn infant (Fontanelle) until these completely
close at about 1 year of age and form a virtually impenetrable acoustic
barrier for the ultrasound. The most common site for cranial
ultrasound is the anterior fontanelle. The smaller the fontanelle, the
poorer the quality of the picture.

Neonatology

for assessing blood flow and stenoses in the carotid arteries (Carotid

Neurology ultrasonography) and the big intracerebral arteries
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Obstetrical sonography is commonly used during pregnancy to check

Obstetrics on the development of the fetus.

Ophthalmology

to determine, for example, the amount of fluid retained in a patient's
bladder. In a pelvic sonogram, organs of the pelvic region are imaged.
This includes the uterus and ovaries or urinary bladder. Men are
sometimes given a pelvic sonogram to check on the health of their
bladder, prostate, or testes (for example to distinguish epididymitis
from testicular torsion). There are two methods of performing a pelvic

Urology sonography - externally or internally. The internal pelvic sonogram is
performed either transvaginally (in a woman) or transrectally (in a
man). Sonographic imaging of the pelvic floor can produce important
diagnostic information regarding the precise relationship of abnormal
structures with other pelvic organs and it represents a useful hint to
treat patients with symptoms related to pelvic prolapse, double
incontinence and obstructed defecation.

tendons, muscles, nerves, ligaments, soft tissue masses, and bone

Musculoskeletal
surfaces
. To assess patency and possible obstruction of arteries Arterial
Cardiovascular . .
system sonography, diagnose DVT (Thrombosonography) and determine

extent and severity of venous insufficiency (venosonography)

Other types of uses include:

o Intervenional; biopsy, emptying fluids, intrauterine transfusion (Hemolytic
disease of the newborn)
e Contrast-enhanced ultrasound

A general-purpose sonographic machine may be used for most imaging purposes. Usually
specialty applications may be served only by use of a specialty transducer. Most
ultrasound procedures are done using a transducer on the surface of the body, but
improved diagnostic confidence is often possible if a transducer can be placed inside the
body. For this purpose, specialty transducers, including endovaginal, endorectal, and
transesophageal transducers are commonly employed. At the extreme of this, very small
transducers can be mounted on small diameter catheters and placed into blood vessels to
image the walls and disease of those vessels.

Therapeutic applications
Therapeutic applications use ultrasound to bring heat or agitation into the body.
Therefore much higher energies are used than in diagnostic ultrasound. In many cases the

range of frequencies used are also very different.

o Ultrasound is sometimes used to clean teeth in dental hygiene.
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e Ultrasound sources may be used to generate regional heating and mechanical
changes in biological tissue, e.g. in occupational therapy, physical therapy and
cancer treatment. However the use of ultrasound in the treatment of
musculoskeletal conditions has fallen out of favor.

e Focused ultrasound may be used to generate highly localized heating to treat cysts
and tumors (benign or malignant), This is known as Focused Ultrasound Surgery
(FUS) or High Intensity Focused Ultrasound (HIFU). These procedures generally
use lower frequencies than medical diagnostic ultrasound (from 250 kHz to
2000 kHz), but significantly higher energies. HIFU treatment is often guided by
MRI.

e Focused ultrasound may be used to break up kidney stones by lithotripsy.

o Ultrasound may be used for cataract treatment by phacoemulsification.

o Additional physiological effects of low-intensity ultrasound have recently been
discovered, e.g. its ability to stimulate bone-growth and its potential to disrupt the
blood-brain barrier for drug delivery.

e Procoagulant at 5-12 MHz,

From sound to image

The creation of an image from sound is done in three steps - producing a sound wave,
receiving echoes, and interpreting those echoes.

Producing a sound wave

Medical sonographic instrument
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A sound wave is typically produced by a piezoelectric transducer encased in a housing
which can take a number of forms. Strong, short electrical pulses from the ultrasound
machine make the transducer ring at the desired frequency. The frequencies can be
anywhere between 2 and 18 MHz. The sound is focused either by the shape of the
transducer, a lens in front of the transducer, or a complex set of control pulses from the
ultrasound scanner machine (Beamforming). This focusing produces an arc-shaped sound
wave from the face of the transducer. The wave travels into the body and comes into
focus at a desired depth.

Older technology transducers focus their beam with physical lenses. Newer technology
transducers use phased array techniques to enable the sonographic machine to change the
direction and depth of focus. Almost all piezoelectric transducers are made of ceramic.

Materials on the face of the transducer enable the sound to be transmitted efficiently into
the body (usually seeming to be a rubbery coating, a form of impedance matching). In
addition, a water-based gel is placed between the patient's skin and the probe.

The sound wave is partially reflected from the layers between different tissues.
Specifically, sound is reflected anywhere there are density changes in the body: e.g.
blood cells in blood plasma, small structures in organs, etc. Some of the reflections return
to the transducer.

Receiving the echoes

The return of the sound wave to the transducer results in the same process that it took to
send the sound wave, except in reverse. The return sound wave vibrates the transducer,
the transducer turns the vibrations into electrical pulses that travel to the ultrasonic
scanner where they are processed and transformed into a digital image.

Forming the image
The sonographic scanner must determine three things from each received echo:

1. How long it took the echo to be received from when the sound was transmitted.

2. From this the focal length for the phased array is deduced, enabling a sharp image
of that echo at that depth (this is not possible while producing a sound wave).

3. How strong the echo was. It could be noted that sound wave is not a click, but a
pulse with a specific carrier frequency. Moving objects change this frequency on
reflection, so that it is only a matter of electronics to have simultaneous Doppler
sonography.

Once the ultrasonic scanner determines these three things, it can locate which pixel in the
image to light up and to what intensity and at what hue if frequency is processed.

Transforming the received signal into a digital image may be explained by using a blank
spreadsheet as an analogy. First picture a long, flat transducer at the top of the sheet.
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Send pulses down the 'columns' of the spreadsheet (A, B, C, etc.). Listen at each column
for any return echoes. When an echo is heard, note how long it took for the echo to
return. The longer the wait, the deeper the row (1,2,3, etc.). The strength of the echo
determines the brightness setting for that cell (white for a strong echo, black for a weak
echo, and varying shades of grey for everything in between.) When all the echoes are
recorded on the sheet, we have a greyscale image.

Displaying the image
Images from the sonographic scanner can be displayed, captured, and broadcast through a

computer using a frame grabber to capture and digitize the analog video signal. The
captured signal can then be post-processed on the computer itself.

Sound in the body

Linear Array Transducer

Ultrasonography (sonography) uses a probe containing one or more acoustic transducers
to send pulses of sound into a material. Whenever a sound wave encounters a material
with a different density (acoustical impedance), part of the sound wave is reflected back
to the probe and is detected as an echo. The time it takes for the echo to travel back to the
probe is measured and used to calculate the depth of the tissue interface causing the echo.
The greater the difference between acoustic impedances, the larger the echo is. If the
pulse hits gases or solids, the density difference is so great that most of the acoustic
energy is reflected and it becomes impossible to see deeper.

The frequencies used for medical imaging are generally in the range of 1 to 18 MHz.
Higher frequencies have a correspondingly smaller wavelength, and can be used to make
sonograms with smaller details. However, the attenuation of the sound wave is increased
at higher frequencies, so in order to have better penetration of deeper tissues, a lower
frequency (3-5 MHz) is used.
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Seeing deep into the body with sonography is very difficult. Some acoustic energy is lost

every time an echo is formed, but most of it (approximately €D depth-f‘vﬂ[z) is
lost from acoustic absorption.

The speed of sound varies as it travels through different materials, and is dependent on
the acoustical impedance of the material. However, the sonographic instrument assumes
that the acoustic velocity is constant at 1540 m/s. An effect of this assumption is that in a
real body with non-uniform tissues, the beam becomes somewhat de-focused and image
resolution is reduced.

To generate a 2D-image, the ultrasonic beam is swept. A transducer may be swept
mechanically by rotating or swinging. Or a 1D phased array transducer may be use to
sweep the beam electronically. The received data is processed and used to construct the
image. The image is then a 2D representation of the slice into the body.

3D images can be generated by acquiring a series of adjacent 2D images. Commonly a
specialised probe that mechanically scans a conventional 2D-image transducer is used.
However, since the mechanical scanning is slow, it is difficult to make 3D images of
moving tissues. Recently, 2D phased array transducers that can sweep the beam in 3D
have been developed. These can image faster and can even be used to make live 3D
images of a beating heart.

Doppler ultrasonography is used to study blood flow and muscle motion. The different
detected speeds are represented in color for ease of interpretation, for example leaky heart
valves: the leak shows up as a flash of unique color. Colors may alternatively be used to
represent the amplitudes of the received echoes.

Modes of sonography
Several different modes of ultrasound are used in medical imaging. These are:

e A-mode: A-mode is the simplest type of ultrasound. A single transducer scans a
line through the body with the echoes plotted on screen as a function of depth.
Therapeutic ultrasound aimed at a specific tumor or calculus is also A-mode, to
allow for pinpoint accurate focus of the destructive wave energy.

e B-mode: In B-mode ultrasound, a linear array of transducers simultaneously
scans a plane through the body that can be viewed as a two-dimensional image on
screen.

e  M-mode: M stands for motion. In m-mode a rapid sequence of B-mode scans
whose images follow each other in sequence on screen enables doctors to see and
measure range of motion, as the organ boundaries that produce reflections move
relative to the probe.

e Doppler mode: This mode makes use of the Doppler effect in measuring and
visualizing blood flow
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o Color doppler: Velocity information is presented as a color coded overlay
on top of a B-mode image

o Continuous doppler: Doppler information is sampled along a line
through the body, and all velocities detected at each time point is
presented (on a time line)

o Pulsed wave (PW) doppler: Doppler information is sampled from only a
small sample volume (defined in 2D image), and presented on a timeline

o Duplex: a common name for the simultaneous presentation of 2D and
(usually) PW doppler information. (Using modern ultrasound machines
color doppler is almost always also used, hence the alternative name
Triplex.)

Midwives generally use this type of system.
Expansions

An additional expansion or additional technique of ultrasound is biplanar ultrasound, in
which the probe has two 2D planes that are perpendicular to each other, providing more
efficient localization and detection. Furthermore, an omniplane probe is one that can
rotate 180° to obtain multiple images. In 3D ultrasound, many 2D planes are digitally
added together to create a 3-dimensional image of the object. In contrast-enhanced
ultrasound, microbubble contrast agents enhance the ultrasound waves, resulting in
increased contrast.

Doppler sonography
[fm F 2

Spectral Doppler of Common Carotid Artery
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Colour Doppler of Common Carotid Artery
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Computer-enhanced transcranial doppler

Sonography can be enhanced with Doppler measurements, which employ the Doppler

effect to assess whether structures (usually blood) are moving towards or away from the
probe, and its relative velocity. By calculating the frequency shift of a particular sample
volume, for example flow in an artery or a jet of blood flow over a heart valve, its speed
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and direction can be determined and visualised. This is particularly useful in
cardiovascular studies (sonography of the vascular system and heart) and essential in
many areas such as determining reverse blood flow in the liver vasculature in portal
hypertension. The Doppler information is displayed graphically using spectral Doppler,
or as an image using color Doppler (directional Doppler) or power Doppler (non
directional Doppler). This Doppler shift falls in the audible range and is often presented
audibly using stereo speakers: this produces a very distinctive, although synthetic,
pulsating sound.

Most modern sonographic machines use pulsed Doppler to measure velocity. Pulsed
wave machines transmit and receive series of pulses. The frequency shift of each pulse is
ignored, however the relative phase changes of the pulses are used to obtain the
frequency shift (since frequency is the rate of change of phase). The major advantages of
pulsed Doppler over continuous wave is that distance information is obtained (the time
between the transmitted and received pulses can be converted into a distance with
knowledge of the speed of sound) and gain correction is applied. The disadvantage of
pulsed Doppler is that the measurements can suffer from aliasing. The terminology
"Doppler ultrasound" or "Doppler sonography", has been accepted to apply to both
pulsed and continuous Doppler systems despite the different mechanisms by which the
velocity is measured.

It should be noted here that there are no standards for the display of color Doppler. Some
laboratories insist on showing arteries as red and veins as blue, as medical illustrators
usually show them, even though, as a result, a tortuous vessel may have portions with
flow toward and away relative to the transducer. This can result in the illogical
appearance of blood flow that appears to be in both directions in the same vessel. Other
laboratories use red to indicate flow toward the transducer and blue away from the
transducer which is the reverse of 150 years of astronomical literature on the Doppler
effect. Still other laboratories prefer to display the sonographic Doppler color map more
in accord with the prior published physics with the red shift representing longer waves of
echoes (scattered) from blood flowing away from the transducer; and with blue
representing the shorter waves of echoes reflecting from blood flowing toward the
transducer. Because of this confusion and lack of standards in the various laboratories,
the sonographer must understand the underlying acoustic physics of color Doppler and
the physiology of normal and abnormal blood flow in the human body.

Contrast media
The use of microbubble contrast media in medical sonography to improve ultrasound
signal backscatter is known as contrast-enhanced ultrasound. This technique is currently

used in echocardiography, and may have future applications in molecular imaging and
drug delivery.
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Compression ultrasonography

Compression ultrasonography is a technique used for diagnosing deep vein thrombosis
and combines ultrasonography of the deep veins with venous compression. The technique
can be used on deep veins of the upper and lower extremities, with some laboratories
limiting the examination to the common femoral vein and the popliteal vein, whereas
other laboratories examine the deep veins from the inguinal region to the calf, including
the calf veins.

Compression ultrasonography in B-mode has both high sensitivity and specificity for
detecting proximal deep vein thrombosis in symptomatic patients. The sensitivity lies
somewhere between 90 to 100% for the diagnosis of symptomatic deep vein thrombosis,
and the specificity ranges between 95 to 100%.

Attributes

As with all imaging modalities, ultrasonography has its list of positive and negative
attributes.

Strengths

o It images muscle, soft tissue, and bone surfaces very well and is particularly
useful for delineating the interfaces between solid and fluid-filled spaces.

o Itrenders "live" images, where the operator can dynamically select the most
useful section for diagnosing and documenting changes, often enabling rapid
diagnoses. Live images also allow for ultrasound-guided biopsies or injections,
which can be cumbersome with other imaging modalities.

o [t shows the structure of organs.

e It has no known long-term side effects and rarely causes any discomfort to the
patient.

o Equipment is widely available and comparatively flexible.

e Small, easily carried scanners are available; examinations can be performed at the
bedside.

o Relatively inexpensive compared to other modes of investigation, such as
computed X-ray tomography, DEXA or magnetic resonance imaging.

e Spatial resolution is better in high frequency ultrasound transducers than it is in
most other imaging modalities.

e Through the use of an Ultrasound research interface, an ultrasound device can
offer a relatively inexpensive, real-time, and flexible method for capturing data
required for special research purposes for tissue characterization and development
of new image processing techniques
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Weaknesses

o Sonographic devices have trouble penetrating bone. For example, sonography of
the adult brain is very limited though improvements are being made in
transcranial ultrasonography.

e Sonography performs very poorly when there is a gas between the transducer and
the organ of interest, due to the extreme differences in acoustic impedance. For
example, overlying gas in the gastrointestinal tract often makes ultrasound
scanning of the pancreas difficult, and lung imaging is not possible (apart from
demarcating pleural effusions).

e Even in the absence of bone or air, the depth penetration of ultrasound may be
limited depending on the frequency of imaging. Consequently, there might be
difficulties imaging structures deep in the body, especially in obese patients.

e Body habitus has a large influence on image quality, image quality and accuracy
of diagnosis is limited with obese patients, overlying subcutaneous fat attuates the
sound beam and a lower frequency tranducer is required (with lower resolution)

The method is operator-dependent. A high level of skill and experience is needed to
acquire good-quality images and make accurate diagnoses.

e There is no scout image as there is with CT and MRI. Once an image has been
acquired there is no exact way to tell which part of the body was imaged.

Risks and side-effects

Ultrasonography is generally considered a "safe" imaging modality. However slight
detrimental effects have been occasionally observed (see below). Diagnostic ultrasound
studies of the foetus are generally considered to be safe during pregnancy. This
diagnostic procedure should be performed only when there is a valid medical indication,
and the lowest possible ultrasonic exposure setting should be used to gain the necessary
diagnostic information under the "as low as reasonably achievable" or ALARA principle.

World Health Organizations technical report series 875(1998). supports that ultrasound is
harmless: "Diagnostic ultrasound is recognized as a safe, effective, and highly flexible
imaging modality capable of providing clinically relevant information about most parts of
the body in a rapid and cost-effective fashion". Although there is no evidence ultrasound
could be harmful for the foetus, US Food and Drug Administration views promotion,
selling, or leasing of ultrasound equipment for making "keepsake foetal videos" to be an
unapproved use of a medical device.

Studies on the safety of ultrasound
e A study at the Yale School of Medicine found a correlation between prolonged

and frequent use of ultrasound and abnormal neuronal migration in mice. A meta-
analysis of several ultrasonography studies found no statistically significant
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harmful effects from ultrasonography, but mentioned that there was a lack of data
on long-term substantive outcomes such as neurodevelopment.

Regulation

Diagnostic and therapeutic ultrasound equipment is regulated in the USA by the FDA,
and worldwide by other national regulatory agencies. The FDA limits acoustic output
using several metrics. Generally other regulatory agencies around the world accept the
FDA-established guidelines.

Currently New Mexico is the only state in the USA which regulates diagnostic medical
sonographers. Certification examinations for sonographers are available in the US from
three organizations: The American Registry of Diagnostic Medical
Sonography,Cardiovascular Credentialing International and the American Registry of
Radiological Technologists.

The primary regulated metrics are MI (Mechanical Index) a metric associated with the
cavitation bio-effect, and TI (Thermal Index) a metric associated with the tissue heating
bio-effect. The FDA requires that the machine not exceed limits that they have
established. This requires self-regulation on the part of the manufacturer in terms of the
calibration of the machine. The established limits are reasonably conservative so as to
maintain diagnostic ultrasound as a safe imaging modality.

In India, lack of social security and consequent preference for a male child has
popularized the use of ultrasound technology to identify and abort female foetuses.
India's Pre-natal Diagnostic Techniques act makes use of ultrasound for sex selection
illegal, but unscrupulous Indian doctors and would-be parents continue to discriminate
against the girl child.

History
United States

Ultrasonic energy was first applied to the human body for medical purposes by

Dr. George Ludwig at the Naval Medical Research Institute, Bethesda, Maryland in the
late 1940s. English born and educated John Wild (1914-2009) first used ultrasound to
assess the thickness of bowel tissue as early as 1949: for his early work he has been
described as the "father of medical ultrasound".

In 1962, after about two years of work, Joseph Holmes, William Wright, and Ralph
Meyerdirk developed the first compound contact B-mode scanner. Their work had been
supported by U.S. Public Health Services and the University of Colorado. Wright and
Meyerdirk left the University to form Physionic Engineering Inc., which launched the
first commercial hand-held articulated arm compound contact B-mode scanner in 1963.
This was the start of the most popular design in the history of ultrasound scanners.
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The first demonstration of color Doppler was by Geoff Stevenson, who was involved in
the early developments and medical use of Doppler shifted ultrasonic energy.

Sweden

Medical ultrasonography was used 1953 at Lund University by cardiologist Inge Edler
and Carl Hellmuth Hertz, the son of Gustav Ludwig Hertz, who was a graduate student at
the department of nuclear physics.

Edler had asked Hertz if it was possible to use radar to look into the body, but Hertz said
this was impossible. However, he said, it might be possible to use ultrasonography. Hertz
was familiar with using ultrasonic reflectoscopes for nondestructive materials testing, and
together they developed the idea of using this method in medicine.

The first successful measurement of heart activity was made on October 29, 1953 using a
device borrowed from the ship construction company Kockums in Malmo. On December
16 the same year, the method was used to generate an echo-encephalogram (ultrasonic
probe of the brain). Edler and Hertz published their findings in 1954.

Scotland

Parallel developments in Glasgow, Scotland by Professor Ian Donald and colleagues at
the Glasgow Royal Maternity Hospital (GRMH) led to the first diagnostic applications of
the technique. Donald was an obstetrician with a self-confessed "childish interest in
machines, electronic and otherwise", who, having treated the wife of one of the
company's directors, was invited to visit the Research Department of boilermakers
Babcock & Wilcox at Renfrew, where he used their industrial ultrasound equipment to
conduct experiments on various morbid anatomical specimens and assess their ultrasonic
characteristics. Together with the medical physicist Tom Brown and fellow obstetrician
Dr John MacVicar, Donald refined the equipment to enable differentiation of pathology
in live volunteer patients. These findings were reported in The Lancet on 7 June 1958 as
"Investigation of Abdominal Masses by Pulsed Ultrasound" - possibly one of the most
important papers ever published in the field of diagnostic medical imaging.

At GRMH, Professor Donald and Dr James Willocks then refined their techniques to
obstetric applications including foetal head measurement to assess the size and growth of
the foetus. With the opening of the new Queen Mother's Hospital in Yorkhill in 1964, it
became possible to improve these methods even further. Dr Stuart Campbell's pioneering
work on foetal cephalometry led to it acquiring long-term status as the definitive method
of study of foetal growth. As the technical quality of the scans was further developed, it
soon became possible to study pregnancy from start to finish and diagnose its many
complications such as multiple pregnancy, foetal abnormality and placenta praevia.
Diagnostic ultrasound has since been imported into practically every other area of
medicine.
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Chapter 14

X-ray Computed Tomography

A patient is receiving a CT scan for cancer. Outside of the scanning room is an imaging
computer that reveals a 3D image of the body's interior.

X-ray computed tomography (CT) is a medical imaging method employing
tomography created by computer processing. Digital geometry processing is used to
generate a three-dimensional image of the inside of an object from a large series of two-
dimensional X-ray images taken around a single axis of rotation.

CT produces a volume of data which can be manipulated, through a process known as
"windowing", in order to demonstrate various bodily structures based on their ability to
block the X-ray beam. Although historically the images generated were in the axial or
transverse plane, orthogonal to the long axis of the body, modern scanners allow this
volume of data to be reformatted in various planes or even as volumetric (3D)
representations of structures. Although most common in medicine, CT is also used in
other fields, such as nondestructive materials testing. Another example is archaeological
uses such as imaging the contents of sarcophagi or the DigiMorph project at the
University of Texas at Austin which uses a CT scanner to study biological and
paleontological specimens.
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Usage of CT has increased dramatically over the last two decades in many countries. An
estimated 72 million scans were performed in the United States in 2007. It is estimated
that 0.4% of current cancers in the United States are due to CTs performed in the past and
that this may increase to as high as 1.5-2% with 2007 rates of CT usage.

Terminology

The word "tomography" is derived from the Greek tomos (slice) and graphein (to write).
Computed tomography was originally known as the "EMI scan" as it was developed at a
research branch of EMI, a company best known today for its music and recording
business. It was later known as computed axial tomography (CAT or CT scan) and
body section rontgenography.

Although the term "computed tomography" could be used to describe positron emission
tomography and single photon emission computed tomography, in practice it usually
refers to the computation of tomography from X-ray images, especially in older medical
literature and smaller medical facilities.

In MeSH, "computed axial tomography" was used from 1977-79, but the current
indexing explicitly includes "X-ray" in the title.

Diagnostic use

Since its introduction in the 1970s, CT has become an important tool in medical imaging
to supplement X-rays and medical ultrasonography. It has more recently been used for
preventive medicine or screening for disease, for example CT colonography for patients
with a high risk of colon cancer, or full-motion heart scans for patients with high risk of
heart disease. A number of institutions offer full-body scans for the general population.
This is however a controversial practice, given its cost, significant radiation exposure,
lack of proven benefit, and the risk of finding 'incidental' abnormalities that may trigger
additional investigations.

Head

CT scanning of the head is typically used to detect infarction, tumours, calcifications,
haemorrhage and bone trauma. Of the above, hypodense (dark) structures indicate
infarction or tumours, hyperdense (bright) structures indicate calcifications and
haemorrhage and bone trauma can be seen as disjunction in bone windows. CT can be
used for detecting both acute and chronic changes in the lung parenchyma, that is, the
internals of the lungs. It is particularly relevant here because normal two-dimensional x-
rays do not show such defects. A variety of different techniques are used, depending on
the suspected abnormality. For evaluation of chronic interstitial processes (emphysema,
fibrosis, and so forth), thin sections with high spatial frequency reconstructions are used;
often scans are performed both in inspiration and expiration. This special technique is
called High Resolution CT. Therefore it produces a sampling of the lung and not
continuous images. Diagnose coronary artery disease.
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Pulmonary angiogram

Angiogram Pulmona

Example of a CTPA, demonstrating a saddle embolus (dark horizontal line) occluding the
pulmonary arteries (bright white triangle)

CT pulmonary angiogram (CTPA) is a medical diagnostic test used to diagnose
pulmonary embolism (PE). It employs computed tomography to obtain an image of the
pulmonary arteries.

It is a preferred choice of imaging in the diagnosis of PE due to its minimally invasive
nature for the patient, whose only requirement for the scan is an intravenous line.

MDCT (multi detector CT) scanners give the optimum resolution and image quality for
this test. Images are usually taken on a 0.625 mm slice thickness, although 2 mm is
sufficient. 50-100 mls of contrast is given to the patient at a rate of 4 ml/s. The
tracker/locator is placed at the level of the pulmonary arteries, which sit roughly at the
level of the carina. Images are acquired with the maximum intensity of radio-opaque
contrast in the pulmonary arteries. This is done using bolus tracking.

CT machines are now so sophisticated that the test can be done with a patient visit of 5
minutes with an approximate scan time of only 5 seconds or less.
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A normal CTPA scan will show the contrast filling the pulmonary vessels, appearing as
bright white. Ideally the aorta should be empty of contrast, to reduce any partial volume
artifact which may result in a false positive. Any mass filling defects, such as an embolus,
will appear dark in place of the contrast, filling / blocking the space where blood should
be flowing into the lungs.

Cardiac

With the advent of subsecond rotation combined with multi-slice CT (up to 320-slices),
high resolution and high speed can be obtained at the same time, allowing excellent
imaging of the coronary arteries (cardiac CT angiography). Images with an even higher
temporal resolution can be formed using retrospective ECG gating. In this technique,
each portion of the heart is imaged more than once while an ECG trace is recorded. The
ECG is then used to correlate the CT data with their corresponding phases of cardiac
contraction. Once this correlation is complete, all data that were recorded while the heart
was in motion (systole) can be ignored and images can be made from the remaining data
that happened to be acquired while the heart was at rest (diastole). In this way, individual
frames in a cardiac CT investigation have a better temporal resolution than the shortest
tube rotation time.

Because the heart is effectively imaged more than once (as described above), cardiac CT
angiography results in a relatively high radiation exposure around 12 mSv. Currently,
newer acquisition protocols have been developed drastically reducing the xRays radiation
exposure, down to 1 milliSievert (cfr. Pavone, Fioranelli, Dowe: Computed Tomography
or Coronary Arteries, Springer 2009). For the sake of comparison, a chest X-ray carries a
dose of approximately 0.02 to 0.2 mSv and natural background radiation exposure is
around 0.01 mSv/day. Thus, cardiac CTA is equivalent to approximately 100-600 chest
X-rays or over 3 years worth of natural background radiation. Methods are available to
decrease this exposure, however, such as prospectively decreasing radiation output based
on the concurrently acquired ECG (aka tube current modulation.) This can result in a
significant decrease in radiation exposure, at the risk of compromising image quality if
there is any arrhythmia during the acquisition. The significance of radiation doses in the
diagnostic imaging range has not been proven, although the possibility of inducing an
increased cancer risk across a population is a source of significant concern. This potential
risk must be weighed against the competing risk of not performing a test and potentially
not diagnosing a significant health problem such as coronary artery disease.

It is uncertain whether this modality will replace invasive coronary catheterization.
Currently, it appears that the greatest utility of cardiac CT lies in ruling out coronary
artery disease rather than ruling it in. This is because the test has a high sensitivity
(greater than 90%) and thus a negative test result means that a patient is very unlikely to
have coronary artery disease and can be worked up for other causes of their chest
symptoms. This is termed a high negative predictive value. A positive result is less
conclusive and often will be confirmed (and possibly treated) with subsequent invasive
angiography. The positive predictive value of cardiac CTA is estimated at approximately
82% and the negative predictive value is around 93%.
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Dual Source CT scanners, introduced in 2005, allow higher temporal resolution by
acquiring a full CT slice in only half a rotation, thus reducing motion blurring at high
heart rates and potentially allowing for shorter breath-hold time. This is particularly
useful for ill patients who have difficulty holding their breath or who are unable to take
heart-rate lowering medication.

The speed advantages of 64-slice MSCT have rapidly established it as the minimum
standard for newly installed CT scanners intended for cardiac scanning. Manufacturers
have developed 320-slice and true 'volumetric' scanners, primarily for their improved
cardiac scanning performance.

The latest MSCT scanners acquire images only at 70-80% of the R-R interval (late
diastole). This prospective gating can reduce effective dose from 10-15mSv to as little as
1.2mSyv in follow-up patients acquiring at 75% of the R-R interval. Effective doses at a
centre with well trained staff doing coronary imaging can average less than the doses for
conventional coronary angiography.

Abdominal and pelvic

CT Scan of 11 cm Wilms' tumor of right kidney in 13 month old patient
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CT is a sensitive method for diagnosis of abdominal diseases. It is used frequently to
determine stage of cancer and to follow progress. It is also a useful test to investigate
acute abdominal pain (especially of the lower quadrants, whereas ultrasound is the
preferred first line investigation for right upper quadrant pain). Renal stones, appendicitis,
pancreatitis, diverticulitis, abdominal aortic aneurysm, and bowel obstruction are
conditions that are readily diagnosed and assessed with CT. CT is also the first line for
detecting solid organ injury after trauma.

Multidetector CT (MDCT) can clearly delineate anatomic structures in the abdomen,
which is critical in the diagnosis of internal diaphragmatic and other nonpalpable or
unsuspected hernias. MDCT also offers clear detail of the abdominal wall allowing wall
hernias to be identified accurately.

Oral and/or rectal contrast may be used depending on the indications for the scan. A
dilute (2% w/v) suspension of barium sulfate is most commonly used. The concentrated
barium sulfate preparations used for fluoroscopy e.g. barium enema are too dense and
cause severe artifacts on CT. lodinated contrast agents may be used if barium is
contraindicated (for example, suspicion of bowel injury). Other agents may be required to
optimize the imaging of specific organs, such as rectally administered gas (air or carbon
dioxide) or fluid (water) for a colon study, or oral water for a stomach study.

CT has limited application in the evaluation of the pelvis. For the female pelvis in
particular, ultrasound and MRI are the imaging modalities of choice. Nevertheless, it may
be part of abdominal scanning (e.g. for tumors), and has uses in assessing fractures.

CT is also used in osteoporosis studies and research alongside dual energy X-ray
absorptiometry (DXA). Both CT and DXA can be used to assess bone mineral density
(BMD) which is used to indicate bone strength, however CT results do not correlate
exactly with DXA (the gold standard of BMD measurement). CT is far more expensive,
and subjects patients to much higher levels of ionizing radiation, so it is used
infrequently.

Extremities
CT is often used to image complex fractures, especially ones around joints, because of its

ability to reconstruct the area of interest in multiple planes. Fractures, ligamentous
injuries and dislocations can easily be recognised with a 0.2 mm resolution.

Advantages and disadvantages

Advantages over traditional radiography

There are several advantages that CT has over traditional 2D medical radiography. First,
CT completely eliminates the superimposition of images of structures outside the area of

interest. Second, because of the inherent high-contrast resolution of CT, differences
between tissues that differ in physical density by less than 1% can be distinguished.
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Finally, data from a single CT imaging procedure consisting of either multiple contiguous
or one helical scan can be viewed as images in the axial, coronal, or sagittal planes,
depending on the diagnostic task. This is referred to as multiplanar reformatted imaging.

CT is regarded as a moderate to high radiation diagnostic technique. The improved
resolution of CT has permitted the development of new investigations, which may have
advantages; compared to conventional for example, CT angiography avoids the invasive
insertion of an CT colonography (also known as virtual colonoscopy or VC for short)
may be as useful as a barium enema for detection of tumors, but may use a lower
radiation dose. CT VC is increasingly being used in the UK as a diagnostic test for bowel
cancer and can negate the need for a colonoscopy.

The radiation dose for a particular study depends on multiple factors: volume scanned,
patient build, number and type of scan sequences, and desired resolution and image
quality. Additionally, two helical CT scanning parameters that can be adjusted easily and
that have a profound effect on radiation dose are tube current and pitch. Computed
tomography (CT) scan has been shown to be more accurate than radiographs in
evaluating anterior interbody fusion but may still over-read the extent of fusion.

Safety concerns

The increased use of CT scans has been the greatest in two fields: screening of adults
(screening CT of the lung in smokers, virtual colonoscopy, CT cardiac screening and
whole-body CT in asymptomatic patients) and CT imaging of children. Shortening of the
scanning time to around 1 second, eliminating the strict need for subject to remain still or
be sedated, is one of the main reasons for large increase in the pediatric population
(especially for the diagnosis of appendicitis). CT scans of children have been estimated to
produce non-negligible increases in the probability of lifetime cancer mortality, leading
to calls for the use of reduced current settings for CT scans of children. These
calculations are based on the assumption of a linear relationship between radiation dose
and cancer risk; this claim is controversial, as some but not all evidence shows that
smaller radiation doses are not harmful. Estimated lifetime cancer mortality risks
attributable to the radiation exposure from a CT in a 1-year-old are 0.18% (abdominal)
and 0.07% (head)—an order of magnitude higher than for adults—although those figures
still represent a small increase in cancer mortality over the background rate. In the United
States, of approximately 600,000 abdominal and head CT examinations annually
performed in children under the age of 15 years, a rough estimate is that 500 of these
individuals might ultimately die from cancer attributable to the CT radiation. The
additional risk is still very low (0.35%) compared to the background risk of dying from
cancer (23%). However, if these statistics are extrapolated to the current number of CT
scans, the additional rise in cancer mortality could be 1.5 to 2%. Furthermore, certain
conditions can require children to be exposed to multiple CT scans. Again, these
calculations can be problematic because the assumptions underlying them could
overestimate the risk.

WORLD TECHNOLOGIES




In 2009 a number of studies appeared that further defined the risk of cancer that may be
caused by CT scans. One study indicated that radiation by CT scans is often higher and
more variable than cited and each of the 19,500 CT scans that are daily performed in the
US is equivalent to 30 to 442 chest x-rays in radiation. It has been estimated that CT
radiation exposure will result in 29,000 new cancer cases just from the CT scans
performed in 2007. The most common cancers caused by CT are thought to be lung
cancer, colon cancer and leukemia with younger people and women more at risk. These
conclusions, however, are criticized by the American College of Radiology (ACR) that
maintains that the life expectancy of CT scanned patients is not that of the general
population and that the model of calculating cancer is based on total body radiation
exposure and thus faulty.

CT scans can be performed with different settings for lower exposure in children,
although these techniques are often not employed. Surveys have suggested that currently,
many CT scans are performed unnecessarily. Ultrasound scanning or magnetic resonance
imaging are alternatives (for example, in appendicitis or brain imaging) without the risk
of radiation exposure. Although CT scans come with an additional risk of cancer (it can
be estimated that the radiation exposure from a full body scan is the same as standing

2.4 km away from the WWII atomic bomb blasts in Japan), especially in children, the
benefits that stem from their use outweighs the risk in many cases. Studies support
informing parents of the risks of pediatric CT scanning.

Typical scan doses

Examination Typical effective dose (mSv) (millirem)
X-ray Personnel security screening scan 0.00025 0.025
Chest X-ray 0.1 10
Head CT 1.5 150
Screening mammography 3 300
Abdomen CT 53 530
Chest CT 5.8 580
CT colonography (virtual colonoscopy) 3.6-8.8 360-880
Chest, abdomen and pelvis CT 9.9 990
Cardiac CT angiogram 6.7-13 670-1300
Barium enema 15 1500
Neonatal abdominal CT 20 2000

For purposes of comparison, the average background exposure in the UK is 1-3 mSv per
year.

Adverse reactions to contrast agents

Because contrast CT scans rely on intravenously administered contrast agents in order to
provide superior image quality, there is a low but non-negligible level of risk associated
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with the contrast agents themselves. Many patients report nausea and discomfort,
including warmth in the crotch which mimics the sensation of wetting oneself. Certain
patients may experience severe and potentially life-threatening allergic reactions to the
contrast dye.

The contrast agent may also induce kidney damage. The risk of this is increased with
patients who have preexisting renal insufficiency, preexisting diabetes, or reduced
intravascular volume. In general, if a patient has normal kidney function, then the risks of
contrast nephropathy are negligible. Patients with mild kidney impairment are usually
advised to ensure full hydration for several hours before and after the injection. For
moderate kidney failure, the use of iodinated contrast should be avoided; this may mean
using an alternative technique instead of CT, e.g., MRI. Paradoxically, patients with
severe renal failure requiring dialysis do not require special precautions, as their kidneys
have so little function remaining that any further damage would not be noticeable and the
dialysis will remove the contrast agent.

Low-dose CT scan

An important issue within radiology today is how to reduce the radiation dose during CT
examinations without compromising the image quality. Generally, higher radiation doses
result in higher-resolution images, while lower doses lead to increased image noise and
unsharp images. Increased dosage raises the risk of radiation induced cancer — a four-
phase abdominal CT gives the same radiation dose as 300 chest x-rays. Several methods
exist which can reduce the exposure to ionizing radiation during a CT scan.

1. New software technology can significantly reduce the required radiation dose.
The software works as a filter that reduces random noise and enhances structures.
In this way, it is possible to get high-quality images and at the same time lower
the dose by as much as 30 to 70 percent.

2. Individualize the examination and adjust the radiation dose to the body type and
body organ examined. Different body types and organs require different amounts
of radiation.

3. Prior to every CT examination, evaluate the appropriateness of the exam whether
it is motivated or if another type of examination is more suitable. Higher
resolution is not always suitable for any given scenario, such as detection of small
pulmonary masses

Computed tomography versus MRI
The basic mathematics of the 2D-Fourier transform in CT reconstruction is very similar
to the 2D-FT NMRI, but the computer data processing in CT does differ in detail, as for

example in the case of the volume rendering and artifact elimination algorithms that are
specific to CT.
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Artifacts

Although CT is a relatively accurate test, it is liable to produce artifacts, such as the
following:

CT number profile Image of uniform
phantom

Example of beam hardening
e Aliasing artifact or streaks

These appear as dark lines which radiate away from sharp corners. It occurs because it is
impossible for the scanner to "sample" or take enough projections of the object, which is
usually metallic. It can also occur when an insufficient X-ray tube current is selected, and
insufficient penetration of the x-ray occurs. These artifacts are also closely tied to motion
during a scan. This type of artifact commonly occurs in head images around the pituitary
fossa area.

o Partial volume effect
This appears as "blurring" over sharp edges. It is due to the scanner being unable to
differentiate between a small amount of high-density material (e.g. bone) and a larger
amount of lower density (e.g., cartilage). The processor tries to average out the two
densities or structures, and information is lost. This can be partially overcome by
scanning using thinner slices.

e Ring artifact

Probably the most common mechanical artifact, the image of one or many "rings"
appears within an image. This is usually due to a detector fault.

e Noise artifact
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This appears as graining on the image and is caused by a low signal to noise ratio. This
occurs more commonly when a thin slice thickness is used. It can also occur when the
power supplied to the X-ray tube is insufficient to penetrate the anatomy.

e Motion artifact

This is seen as blurring and/or streaking which is caused by movement of the object
being imaged.

e  Windmill

Streaking appearances can occur when the detectors intersect the reconstruction plane.
This can be reduced with filters or a reduction in pitch.

e Beam hardening

This can give a "cupped appearance". It occurs when there is more attenuation in the
center of the object than around the edge. This is easily corrected by filtration and
software.

Prevalence

Usage of CT has increased dramatically over the last two decades. An estimated 72
million scans were performed in the United States in 2007. In Calgary Canada 12.1% of
people who present to the emergency with an urgent complaint received a CT scan, most
commonly either of the head or the abdomen. The percentage who received CT however
varied markedly by the emergency physician who saw them from 1.8% to 25%. I n the
emergency department in the United States CT or MRI imaging is done in 15% of people
who present with injuries as of 2007 (‘up from 6% in 1998 ).

Process

X-ray slice data is generated using an X-ray source that rotates around the object; X-ray
sensors are positioned on the opposite side of the circle from the X-ray source. The
earliest sensors were scintillation detectors, with photomultiplier tubes excited by
(typically) cesium iodide crystals. Cesium iodide was replaced during the 1980s by ion
chambers containing high pressure Xenon gas. These systems were in turn replaced by
scintillation systems based on photo diodes instead of photomultipliers and modern
scintillation materials with more desirable characteristics. Many data scans are
progressively taken as the object is gradually passed through the gantry.

Newer machines with faster computer systems and newer software strategies can process
not only individual cross sections but continuously changing cross sections as the gantry,
with the object to be imaged, is slowly and smoothly slid through the X-ray circle. These
are called helical or spiral CT machines. Their computer systems integrate the data of the
moving individual slices to generate three dimensional volumetric information (3D-CT
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scan), in turn viewable from multiple different perspectives on attached CT workstation
monitors. This type of data acquisition requires enormous processing power, as the data
are arriving in a continuous stream and must be processed in real-time.

In conventional CT machines, an X-ray tube and detector are physically rotated behind a
circular shroud in the electron beam tomography (EBT) the tube is far larger and higher
power to support the high temporal resolution. The electron beam is deflected in a hollow
funnel-shaped vacuum chamber. X-rays are generated when the beam hits the stationary
target. The detector is also stationary. This arrangement can result in very fast scans, but
is extremely expensive.

CT scanner with cover removed to show the principle of operation
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CT is used in medicine as a diagnostic tool and as a guide for interventional procedures.
Sometimes contrast materials such as intravenous iodinated contrast are used. This is
useful to highlight structures such as blood vessels that otherwise would be difficult to
delineate from their surroundings. Using contrast material can also help to obtain
functional information about tissues.

Once the scan data has been acquired, the data must be processed using a form of
tomographic reconstruction, which produces a series of cross-sectional images. The most
common technique in general use is filtered back projection, which is straight-forward to
implement and can be computed rapidly. Mathematically, this method is based on the
Radon transform. However, this is not the only technique available: the original EMI
scanner solved the tomographic reconstruction problem by linear algebra, but this
approach was limited by its high computational complexity, especially given the
computer technology available at the time. More recently, manufacturers have developed
iterative physical model-based expectation-maximization techniques. These techniques
are advantageous because they use an internal model of the scanner's physical properties
and of the physical laws of X-ray interactions. By contrast, earlier methods have assumed
a perfect scanner and highly simplified physics, which leads to a number of artefacts and
reduced resolution - the result is images with improved resolution, reduced noise and
fewer artefacts, as well as the ability to greatly reduce the radiation dose in certain
circumstances. The disadvantage is a very high computational requirement, which is at
the limits of practicality for current scan protocols.

Pixels in an image obtained by CT scanning are displayed in terms of relative
radiodensity. The pixel itself is displayed according to the mean attenuation of the
tissue(s) that it corresponds to on a scale from +3071 (most attenuating) to -1024 (least
attenuating) on the Hounsfield scale. Pixel is a two dimensional unit based on the matrix
size and the field of view. When the CT slice thickness is also factored in, the unit is
known as a Voxel, which is a three dimensional unit. The phenomenon that one part of
the detector cannot differentiate between different tissues is called the "Partial Volume
Effect”. That means that a big amount of cartilage and a thin layer of compact bone can
cause the same attenuation in a voxel as hyperdense cartilage alone. Water has an
attenuation of 0 Hounsfield units (HU) while air is -1000 HU, cancellous bone is
typically +400 HU, cranial bone can reach 2000 HU or more (os temporale) and can
cause artifacts. The attenuation of metallic implants depends on atomic number of the
element used: Titanium usually has an amount of +1000 HU, iron steel can completely
extinguish the X-ray and is therefore responsible for well-known line-artifacts in
computed tomograms. Artifacts are caused by abrupt transitions between low- and high-
density materials, which results in data values that exceed the dynamic range of the
processing electronics.
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Three-dimensional reconstruction

The principle

Because contemporary CT scanners offer isotropic or near isotropic, resolution, display
of images does not need to be restricted to the conventional axial images. Instead, it is

possible for a software program to build a volume by "stacking" the individual slices one
on top of the other. The program may then display the volume in an alternative manner.

Multiplanar reconstruction

M.ﬂc’ '-:'-'-‘ :

Typical screen layout for diagnostic software, showing one 3D and three MPR views

Multiplanar reconstruction (MPR) is the simplest method of reconstruction. A volume is
built by stacking the axial slices. The software then cuts slices through the volume in a
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different plane (usually orthogonal). Optionally, a special projection method, such as
maximume-intensity projection (MIP) or minimum-intensity projection (mIP), can be used
to build the reconstructed slices.

MPR is frequently used for examining the spine. Axial images through the spine will
only show one vertebral body at a time and cannot reliably show the intervertebral discs.
By reformatting the volume, it becomes much easier to visualise the position of one
vertebral body in relation to the others.

Modern software allows reconstruction in non-orthogonal (oblique) planes so that the
optimal plane can be chosen to display an anatomical structure. This may be particularly
useful for visualising the structure of the bronchi as these do not lie orthogonal to the
direction of the scan.

For vascular imaging, curved-plane reconstruction can be performed. This allows bends
in a vessel to be "straightened" so that the entire length can be visualised on one image,
or a short series of images. Once a vessel has been "straightened" in this way,
quantitative measurements of length and cross sectional area can be made, so that surgery
or interventional treatment can be planned.

MIP reconstructions enhance areas of high radiodensity, and so are useful for
angiographic studies. mIP reconstructions tend to enhance air spaces so are useful for
assessing lung structure.

3D rendering techniques

reshold value of radiodensity is set by the operator (e.g. a level that corresponds to bone).
From this, a three-dimensional model can be constructed using edge detection image
processing algorithms and displayed on screen. Multiple models can be constructed from
various different thresholds, allowing different colors to represent each anatomical
component such as bone, muscle, and cartilage. However, the interior structure of each
element is not visible in this mode of operation.
Volume rendering
Surface rendering is limited in that it will only display surfaces which meet a
threshold density, and will only display the surface that is closest to the imaginary
viewer. In volume rendering, transparency and colors are used to allow a better
representation of the volume to be shown in a single image—e.g. the bones of the
pelvis could be displayed as semi-transparent, so that even at an oblique angle,
one part of the image does not conceal another.

Image segmentation
Where different structures have similar radiodensity, it can become impossible to
separate them simply by adjusting volume rendering parameters. The solution is called

segmentation, a manual or automatic procedure that can remove the unwanted structures
from the image.
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Example

Some slices of a cranial CT scan are shown below. The bones are whiter than the
surrounding area. (Whiter means higher attenuation.) Note the blood vessels (arrowed)
showing brightly due to the injection of an iodine-based contrast agent.

Computed tomography of human brain, from base of the skull to top. Taken with
intravenous contrast medium

A volume rendering of this volume clearly shows the high density bones.
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Bone reconstructed in 3D

After using a segmentation tool to remove the bone, the previously concealed vessels can
now be demonstrated.

Brain vessels reconstructed in 3D after bone has been removed by segmentation
Industrial computed tomography

Industrial CT Scanning (Industrial Computed Tomography) is a process which utilizes x-
ray equipment to produce 3D representations of components both externally and
internally. Industrial CT scanning has been utilized in many areas of industry for internal
inspection of components. Some of the key uses for CT scanning have been flaw
detection, failure analysis, metrology, assembly analysis and reverse engineering
applications
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The prototype CT scanner

A historic EMI-Scanner
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In the early 1900s, the Italian radiologist Alessandro Vallebona proposed a method to
represent a single slice of the body on the radiographic film. This method was known as
tomography. The idea is based on simple principles of projective geometry: moving
synchronously and in opposite directions the X-ray tube and the film, which are
connected together by a rod whose pivot point is the focus; the image created by the
points on the focal plane appears sharper, while the images of the other points annihilate
as noise. This is only marginally effective, as blurring occurs in only the "x" plane. There
are also more complex devices which can move in more than one plane and perform
more effective blurring.

Tomography had been one of the pillars of radiologic diagnostics until the late 1970s,
when the availability of minicomputers and of the transverse axial scanning method — this
last due to the work of Godfrey Hounsfield and South African-born Allan McLeod
Cormack — gradually supplanted it as the modality of CT. Mathematically, the method is
based upon the use of the Radon Transform invented by Johann Radon in 1917. But as
Cormack remembered later, he had to find the solution himself since it was only in 1972
that he learned of the work of Radon, by chance.

The first commercially viable CT scanner was invented by Sir Godfrey Hounsfield in
Hayes, United Kingdom, at EMI Central Research Laboratories using X-rays. Hounsfield
conceived his idea in 1967. The first EMI-Scanner was installed in Atkinson Morley
Hospital in Wimbledon, England, and the first patient brain-scan was done on 1 October
1971. It was publicly announced in 1972.

The original 1971 prototype took 160 parallel readings through 180 angles, each 1° apart,
with each scan taking a little over 5 minutes. The images from these scans took 2.5 hours
to be processed by algebraic reconstruction techniques on a large computer. The scanner

had a single photomultiplier detector, and operated on the Translate/Rotate principle.

It has been claimed that thanks to the success of The Beatles, EMI could fund research
and build early models for medical use. The first production X-ray CT machine (in fact
called the "EMI-Scanner") was limited to making tomographic sections of the brain, but
acquired the image data in about 4 minutes (scanning two adjacent slices), and the
computation time (using a Data General Nova minicomputer) was about 7 minutes per
picture. This scanner required the use of a water-filled Perspex tank with a pre-shaped
rubber "head-cap" at the front, which enclosed the patient's head. The water-tank was
used to reduce the dynamic range of the radiation reaching the detectors (between
scanning outside the head compared with scanning through the bone of the skull). The
images were relatively low resolution, being composed of a matrix of only 80 x 80 pixels.

In the U.S., the first installation was at the Mayo Clinic. As a tribute to the impact of this
system on medical imaging the Mayo Clinic has an EMI scanner on display in the
Radiology Department. Allan McLeod Cormack of Tufts University in Massachusetts
independently invented a similar process, and both Hounsfield and Cormack shared the
1979 Nobel Prize in Medicine.
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The first CT system that could make images of any part of the body and did not require
the "water tank" was the ACTA (Automatic Computerized Transverse Axial) scanner
designed by Robert S. Ledley, DDS, at Georgetown University. This machine had 30
photomultiplier tubes as detectors and completed a scan in only 9 translate/rotate cycles,
much faster than the EMI-scanner. It used a DEC PDP11/34 minicomputer both to
operate the servo-mechanisms and to acquire and process the images. The Pfizer drug
company acquired the prototype from the university, along with rights to manufacture it.
Pfizer then began making copies of the prototype, calling it the "200FS" (FS meaning
Fast Scan), which were selling as fast as they could make them. This unit produced
images in a 256x256 matrix, with much better definition than the EMI-Scanner's 80x80.

Tomosynthesis

Digital tomosynthesis combines digital image capture and processing with simple
tube/detector motion as used in conventional radiographic tomography. Although there
are some similarities to CT, it is a separate technique. In CT, the source/detector makes a
complete 360-degree rotation about the subject obtaining a complete set of data from
which images may be reconstructed. In digital tomosynthesis, only a small rotation angle
(e.g. 40 degrees) with a small number of discrete exposures (e.g. 10) are used. This
incomplete set of data can be digitally processed to yield images similar to conventional
tomography with a limited depth of field. However, because the image processing is
digital, a series of slices at different depths and with different thicknesses can be
reconstructed from the same acquisition, saving both time and radiation exposure.

Because the data acquired are incomplete, tomosynthesis is unable to offer the extremely
narrow slice widths that CT offers. However, higher resolution detectors can be used,
allowing very high in-plane resolution, even if the Z-axis resolution is poor. The primary
interest in tomosynthesis is in breast imaging, as an extension to mammography, where it
may offer better detection rates with little extra increase in radiation exposure.

Reconstruction algorithms for tomosynthesis are significantly different from those of
conventional CT because the conventional filtered back projection algorithm requires a
complete set of data. Iterative algorithms based upon expectation maximization are most
commonly used, but are extremely computationally intensive. Some manufacturers have
produced practical systems using off-the-shelf GPUs to perform the reconstruction.
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