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I. Introduction

The fields of medical imaging and medical imaging instrumentation are increasingly
important. The state-of-the-_u't continues to advance at a very rapid pace. In fact,
various medical imaging modalities are under development at the National Synchrotron
Light Source (such as MECT and Transvenous Angiography.) lt is important to
understand how these techniques compare with today's more conventional imaging
modalities. The purpose of this report is to provide some basic information about the
various medical imaging technologies currently in use and their potential developments
as a basis for this comparison. This report is by no means an in-depth study of the
physics and instrumentation of the various imaging modalities; instead, it is an attempt
te provide an explanation of the physical bases of these techniques and their principal
clinical and research capabilities.

The information presented on the various imaging modalities is based partly on
discussions with medical specialists who either work at a teaching hospital or at a
medical research facility. In consequence, the information thus compiled is reflective of
the current state of development of these techniques at the institutions visited.

tPresent Address" 84 Sunnyside Ave., Westmount, Quebec, H3Y 1C5, Canada.
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II. Imaging Modalities
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The Whole Body Counter

The term whole body counting (WBC) is in general used for in vivo neutron
activation (IVNA) measurements, in which the elemental composition of the body is
determined through measurement of the characteristic gamma rays emitted from neu-
tron activated radioisotopes of the elements. Whole body counting provides elemental
and consequently compartmental body composition through the analysis of the meas-
ured gamma ray spectra.

In these methods, the patient is exposed to a neutron source, which activates, or
excites, specific nuclides in the patient's body, depending on the particular WBC tech-
nique employed. There are three WBC techniques. The most mature, the delayed
gamma neutron activation (DGNA)method activates, among others, 48Ca in the body
to the unstable 49Ca nuclide. Total body potassium can be measured from gamma
emissions of the natural 4°K content of the body. The prompt gamma neutron activa-
tion (PGNA) method excites 14N to 15N. Finally, the most recently developed tech-
nique, the inelastic neutron scattering (INS) method, employs a deuteron-triton
accelerator to produce fast neutrons which excite 12C to its first excited state. All
three techniques work on the same principle; the excited nuclei produced by exposure
to a neutron source decay and emit gamma rays of a particular energy. The gamma
ray energies are analyzed and the resulting WBC spectrum provides information about
the elemental composition of the body.

- IVNA measurements are usually accompanied by tritiated-water dilution measure-
ment. The patient ingests a small amount (- 50 gCi) of tritiated water taken in a glass
of orange juice, for example. A small percentage of the hydrogen atoms in tritiated
water have been replaced by the tritium atom, which is an isotope of hydrogen con-
taining two neutrons: Several hours later, blood is drawn from the patient and the
amount of tritium per unit volume is assayed so the dilution of the tritium atoms in the
body of the patient can be determined. The method therefore provides the total body
water (TBW). The characteristic TBW of each patient is used to obtain total body
hydrogen (TBH). TBH is necessary for calculating total body nitrogen (TBN) from
the PGNA measurement method that measures only the relative yield of the nitrogen to
hydrogen gamma rays (rather than the absolute yield of the nitrogen gamma rays.)
The advantage of the relative measurement is that the errors due to variations in
patient body sizes and shapes are to a large extent eliminated.

The WBC technique is not overly risky. No surgical operations are required, and
the procedure is performed on an outpatient basis. During this procedure, the patient
is exposed to relatively low amounts of ionizing radiation. It is important to note that
the radiation produced by a neutron source has a much higher RBE (relative biological
effectiveness) than x-ray radiation. The RBE of neutrons is ten times more severe than
that of x-rays, and for this reason, the WBC technique is not performed on pregnant
women, and only rarely on women of childbearing age.
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The utility of the WBC is primarily confined to the field of research, lt is a use-
ful technique for studying the amounts of certain key elements in the body. In particu-
lar, the DGNA is an ideal technique for monitoring total body bone in postmenopausal
osteoperosis research, lt is also ideally suited for pharmaceutical companies' research
programs to determine the conditions under which dietary supplements, such as potas-
sium, are best absorbed,

In summation, the WBC is a technique that is not suited or practical for everyday
diagnosis. Relatively few facilities of this sort exist worldwide. Instead, it is best
suited to serve as a medical standard facility by which new medical treatments earl be
evaluated through studies, lt provides ,the only means of direct measurement of the
elemental makeup of the human body.
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Medical Imaging Technologies Survey

The Whole Body Counter
i) = Delayed Gamma method (DGNA)

ii) = Prompt Gamma method (PGNA)
iii) = Inelastic neutron scattering method (INS)

SYSTEMS IMAGED/MEASURED: Whole body (elemental analysis)

FORM OF INFORMATION: Spectrum of body's elemental composition
(not an actual image of body) - see Figure 1

QUALITY OF INFORMATION: Excellent (accurate analysis of chemical
composition of body)

RESOLUTION:

SPATIAL RESOLUTION: None

TEMPORAL RESOLUTION: Time exposed to neutron source
i) 15 rain ii) 30 rain iii) 30 rain

ELEMENTAL RESOLUTION: i) Na, P, C1, K, Ca ii) N iii) C

NON/INVASIVE: Noninvasive (tritiated water is ingested)

RADIATION EXPOSURE: i) 270 mRem
ii) 25 mRem
iii) 15 mRem

IN/OUTPATIENT: Outpatient

RISK:

MORTALITY: None

MORBIDITY" Low (nevertheless this technique is not performed
on pregnant women and only rarely on women of
childbearing age because of exposure to a
neutron source)

MATURITY: i) Mature (20 years)
ii) Mature (12 years)
iii) Experimental (6-7 years)

AVAILABILITY: Rare (few facilities worldwide)

COST:

WHOLE FACILITY: $ 2 million.

PER USE: $ 2400. (for use of ali three facilities)

UTILITY: Primarily research studies
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X-Ray Radiology

X-ray radiology is the oldest and most common imaging modality in use at
present. Even though the technology involved in x-ray radiology was first discovered
in the late l800s, it is a technology that is still of much value today.

X-rays are a form of ,'adiation that were first noted by the German physicist
Wilhelm Conrad Roentgen in 1895. He discovered them by accident while investigat-
ing the behavior of cathode rays, better known today as electrons. He found that this
heretofore unknown radiation was produced when the cathode ray tube was energized,
and that this radiation displayed a characteristic relationship with matter. These rays
were easily transmitted through certain substances but were absorbed by others, and
these x-ray transmissions (so named because Roentgen did not _n_rguand the nature of
this radiation) could leave images on a fluorescent screen.

Today the nature of this radiation is well known. X-rays are a form of elec-
tromagnetic radiation that is produced when a fast moving stream of electrons is
decelerated. They can be generated when a tungsten or tungsten alloy filament serving
as a cathode (negative electrode) is heated with an electric current. This causes a
stream of energized eiecuuns to separate from the cathode and be available for
acceleration toward the positively charged tungsten anode, a positive electrode. A
potential difference between the two electrodes will cause the electron stream to
accelerate towards the anode. When this strea_ strikes the anode, polychromatic x-ray
radiation is produced. This radiation, which is emitted in discrete pulses (due to the
rectification process of alternating current), can be directed toward any part of a
p,,uent s body that is to be imaged.

X-rays interact with matter in such a way that increasing the radiation energy by
increasing the acceleration potential will increase the transmission of x-rays through
matter. Increasing the atomic number, density, or electrons per gram of the irradiated
area will decrease the transmission of x-rays. In x-ray imaging, those x-rays that are
transmitted and continue straight through the patient's body strike a fluorescent screen
which transforms the x-ray radiation into visible light. This visible light is allowed to
expose a piece of photographic film, and so an image representative of the transmis-
sion of x-rays through the patient's body can be produced.

The resulting image is darker where there is more transmission and lighter in
areas where x-rays have been absorbed. As a result, dense structures such as bone
absorb much of the beam and appear light while less dense areas such as the air-filled
lungs produce very little absorption and appear quite dark. In conventional x-ray
imaging, shadows occur from overlapping organs because density information (as
revealed by the x-ray beam) is collected from only one direction. In consequence,
images of such soft tissue areas as the abdomen are characterized by the superposition
of the images of the different structures in the abdominal cavity, making an accurate
examination of these structures difficult.
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Contrast agents are sometimes used in x-ray radiology to improve the picture con-
trast during such soft tissue imaging studies. Soft tissues have similar densities and so
are not well differentiated during conventional x-ray studies. Barium and iodine salts
are used to improve this differentiation, since they strongly absorb the incoming x-
rays. Barium can be ingested to improve gastrointestinal examinations, and iodine can
be injected or internally administered by catheter to aid the results of vascular or uri-
nary system studies. In this way, the contrast-filled structures will appear well defined
in relation to the otherwise comparably dense structures in their vicinity.

In conventional x-ray imaging, it is possible that some rays passing through the
patient's body are deflected and not absorbed by the dense structures in the body. In
this case, the resulting image becomes blurred, and is not exactly representative of
bodily structures. To counteract this scattering effect, a fine grid made of lead and
wood strips can be placed between the patient and the fluorescent screen. This grid
absorbs the scattered x-rays and allows the undetected rays to continue straight
through and strike the screen.

Because conventionml x-ray imaging is the most mature _maging technique in
common use at present, this long standing, basic technology has contributed to many
advances in the field of human diagnostic imaging which have applications to other
more recent imaging technologies. In particular, x-ray radiology has formed the basis
for such technique: :..z _,,e:Jscopy and tomography, which are techniques that are
applicable to other imaging modalities.

Fluoroscopy is an imaging technique which allows the display of the human body
in real time on a television monitor. In this technique, a continuously generated x.t'ay
beam is directed at the patient's body. The continually transmitted x-rays are detected
by an image intensifier which is an instantaneous photon conversion and amplification
device, and the pattern of the x-rays is converted to an electronic signal which can be
displayed as a television image. The resulting fluoroscopic image can be recorded by
a cine camera or in digital format on magnetic tape. The fluoroscopic technique
allows the opportunity to monitor and record, in vivo, the progress of a contrast agent
injected into or ingested by the patient for a particular t_hnique such as conventional
arterial angiography.

Tomography is another imaging technique which has its ro6:s in x-ray radiology
but now has broad applications and plays apart in other imaging modalities. Tomog-
raphy is the process whereby a particular structure or plane of interect in the patient's
body can be imaged without the interference of overlying or underlying; structures, as
is the case in conventional x-ray imaging. This process, as developed in x-ray radiol-
ogy, involves an x-ray tube source and an x-ray film cassette detector (containing a
fluorescent screen and photographic film) which move about a pivot point in the body.
In consequence, tomography allows the clear definition of specific structures lying
deep within the human body.
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X-Ray 1_adiology

SYSTEMS IMAGED: Skeletal and organ systems (general diagnostic radiology)

FORM OF IMAGE: Planar projection (any axis) - see Figure 2

QUALITY OF IMAGE: Good to Excellent

RESOLUTION:

SPATIAL RESOLUTION: 0.2mm

TEMPORAL RESOLUTION: 1/120 sec per x-ray pulse
Exposure times vary from 1/60 sec for chest
area to 1/2 sec for a spinal study

ELEMENTAL RESOLUTION: None

NON/INV AS iVE: Noninvasi ve

RADIATION EXPOSURE: 8mR (for chest) - 300mR (for spinal study)
Exposure is strictly limited to area imaged

IN/OUTPATIENT: Outpatient

RISK:

MORTALITY: None

MORBIDITY: Low (nevertheless, this technique is not readily
performed on pregnant women because of potential
somatic and genetic effects of ionizing radiation)

MATURITY: Mature (technology is about 95 years old)

AVAILABILITY: Very common (found in all hospitals)

COST:

WHOLE FACILITY: $ 47,000.- $ 125,0'30.

PER USE: - $75.

UTILITY: Routine clinical diagnostic imaging.
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Figure 2: Conventional X-ray image of left hand (source: W. Lehman, BNL
Medical Department).
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Conventional (Arterial) Angiography

Heartdiseaseisoneofman'sprimarymedicalconcerns.Coronaryarterydisease
progressesasfattydeposits,knownasplaque,buildup inthearteriesoftheheart.If
morer.hanabout20 -30% ofthelumen(thecavityorchannelwithinatubeortubular
organsuchasa bloodvessel)ofa coronaryarteryisobstructed,theplaquesurface
may rapttn_,causinga bloodclottoformwhichcanrestrictorevenstoptheflowof
bloodintheartery.The resultinginjuryordeathtoheartmuscletissueduetolackof
oxygengivesrisetothecommon symptoms(suchaspainandshortnessofbreath)ofa
heart attack.

Conventional angiography is, at present, the most common way to accurately
image and consequently diagnose the state of the coronary arteries - up to 30% of ali
hospitals in the U.S. are equipped to perform this cinefluoroscopic technique. In this
procedure, a catheter is threaded into either the femoral artery (which is the faster
approach) or into the subclavian artery (an approach which is more tedious for the
doctor but ultimately safer for the patient) and is manipulated to the neck of the high
pressure aorta and into the specific coronary artery to be imaged. Once in piace, a
contrast agent (which is more opaque to x-rays than normal body tissues) such as
iodine is injected from the tip of the catheter into the artery, and any lesions or
plaque-induced blockages are clearly evidenced on the real time 35mm einefilm
recording of the resulting x-ray images.

,One advantage of this procedure is that, if necessary, balloon angioplasty can be
performed in conjunction with this imaging technique. In this case, a second, smaller
catheter is inserted and is threaded to the site of blockage. This second catheter has a
special 'balloon' attachment which can be inflatc_l to push aside plaque deposits and
effectively clear the passageway, allowing the blood to flow through freely. However,
it should be noted that plaque build-up recurs in - 40% of the cases on a time scale of
six monms.

Conventional angiography is not without risk. For instance, the catheter itself can
damage the arterial wall. Secondly, there exists the possibility that the catheter may
dislodge some plaque, allowing fragments of the fatty deposits to escape into the
bloodstream. These fragments can trigger cardiac arrest in the heart itself, or can cause
much damage to major organs if allowed to circulate in the body. For instance, bits of
plaque that reach the brain can induce stroke, and renal damage can occur if these

" fragments reach the kidneys. The patient may actually lose the use of a limb due to
nerve damage.

It is possible for this procedure to induce an _llergic reaction or cardiac arrest
when the dye momentarily replaces coronary artery blood during its injection for the
imaging. In addition, the patient is exposed to a fairly high radiation dose during this
fluoroscopic procedure since the patient is exposed to a continuously generated x-ray
source. Radiation dose varies from 15 to 30 rads, with the average dose being approx-
imately 22 rads.
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Thus, conventional angiography is not utilized for routine screening of patients or
research projects due to the significant risk involved in its application. Although con-
ventional angiography poses considerable risk to the patient, the images produced by
this technique are of such excellent quality and diagnostic value that in many cases,
the benefits far outweigh the risks.
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Conventional (Arterial) Angiography

i

SYSTEMS IMAGED: Heart (coronary arteries)

FORM OF IMAGE: Planar projection - see Figure 3

QUALITY OF IMAGE: Excellent (easy diagnosis)

RESOLUTION:

SPATIAL RESOLUTION: 0.5mm

TEMPOR/_L RESOLUTION: 45 frames/sec (-22 msec/frame)

ELEMENTAL RESOLUTION: None

NON/INVASIVE: Invasive (requires arterial catheter)

RADIATION EXPOSURE: Between 15-30 fads
Average: 22 rads

IN/OUTPATIENT: Inpatient (usually from 1 - 3 days' stay)

RISK:

MORTALITY: 0.01%

MORBIDITY: 0.1%- 1%

MATURITY: Mature (approximately 25 years)

Fairly common (30% of hospitals have such
AVAILABILITf: facilities)

COST:

WHOLE FACILITY: $1.5 million.

PER USE: $2200. for procedure
$5200. including hospital stay and
laboratory fees

UTILITY: Clinical use (diagnosis of state of
coronary arteries)
Angioplasty may be performed in conjunction
with this technique
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Figure 3: Conventional arterial coronary angiogram (left anterior oblique view
45°); single frame of cinefluoroscopic procedure (source: J, Morrison,
North Shore University Hospital).
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Transvenous Angiography

The Synchrotron Medical Research Facility (SMERF) at the National Synchrotron
Light Source (NSLS) is the first medical installation in the world to use electromag-
netic synchrotron radiation to image and diagnose the state of human coronary arteries.
The principle of this technique is similar to that of conventional arterial angiography,
in that a contrast agent is injected to enharlce visualization of the coronary system on
the resulting x-ray image. However, there are several fundamental differences between
the two techniques.

Polychromatic or bremsstrahlung x-ray radiation, which is produced by the
deceleration of electrons on a metal surface, is used in conventional angiography. The
x-rays thus produced are emitted in a broad band spectrum and are of relatively low
intensity. The broad spectrum of x-ray radiation to which the patient is exposed is not
ali necessary for imaging with the iodine contrast agent.

In contrast, the x-ray radiation used in transvenous angiography at SMERF is syn-
chrotron radiation, which is radiation emitted by a charged particle as it is accelerated
in a magnetic field. The synchrotron radiation produced at the NSLS is a high inten-q

sity broad energy spectrum which ranges continuously from the infrared to up.to 100
keV x-rays. The x-ray radiation produced at this facility is from 102 to 105 times
more intense than conventional x-rays at comparable x-ray energies. X-rays not neces-
sary for the imaging study being performed can be filtered out by monochromators.
The remaining x-rays are intense enough to allow fast data acquisition and the produc-
tion of images comparable in spatial resolution to those produced by conventional
angiography.

The k-edge of a particular element is defined as the energy of x-ray radiation to
which an atom of this element must be exposed for an electron in the innermost k-
shell to be ejected from the atom. In terms of x-ray imaging, the x-ray absorption of
the contrast agent increases significantly when exposed to x-rays of energies greater
than its k-edge compared to x-rays of lower energy. It should be noted, however, that
the absorption of soft tissues and bone remains roughly the same above and below the
k-edge of typical contrast agents.

This basic atomic property can be used in the imaging of coronary arteries. At
SMERF_ two monoenergetic, collimated fan beams of x-ray radiation (one beam with
energy below the k-edge of the iodinated contrast agent being used and one above) are
directed at the patient and converge at the heart. They diverge after the patient and
each beam is picked up by a separate detector array, resulting in the production of two
simultaneous images. The higher energy image displays the contrast from the iodine
dye in the coronary arteries, and the lower energy image does not. The lower energy
image is then digitally subtracted from the higher energy image so that the surrounding
soft tissues and bone can be eliminated from the final image. As a result, a clear dep-
iction of the contrast agent laden coronary arteries is produced.
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The complete two dimensional image of the heart produced in this technique is
made up of 256 stacked line images and is acquired in - 1 second. Each line image is
produced in 4 mil_liseconds,which is fast enough to effectively eliminate any motional
artifacts from the beating of the heart. The different phases of the patient's cardiac
cycle (as recorded by an electrocardiogram) can be correlated to the final image.

The 'tunability' of the x-ray radiation used in this technique also allows a variety
of contrast agents to be considered for the procedure, since beam energies suitable for
the k-edge of a desired contrast agent can be selected. Nevertheless, iodine, whose k-
edge is at 33.16 keV, is still the most commonly used agent.

The intensity of the synchrotron generated x-rays and the k-edge subtraction tech-
nique allow the injected contrast agent to be more dilute than in conventional angiog-
rapi_y. In consequence, the contrast agent is administered via a venous catheter, (as
opposed to the arterial catheter used in conventional angiography), so the contrast
agent is diluted 30-40 fold in the blood before it reaches the heart's arterial system.
The venous approach eliminates most of the risks associated with the arterial injection,
such as the risk of dislodging plaque in the high pressure coronary arteries, arterial
hemorrhage, and the displacement of blood from the arteries.

Finally,no hospitalstayisrequiredforthetransvenousmlgiographyprocedure.
Consequently,itishopedthatthetechnique,thoughstillinitsexperimentalstages,
willcontributetotheresearchanddevelopmentofdrugsforpatientsrecoveringfrom
heart attack, and may someday even become a viable alternative to comparatively high
risk conventional angiography.
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Transvenous Angiography at SMERF

SYSTEMS IMAGED: Heart (coronary arteries) "

FORM OF IMAGE: Planar projection - see Figure zt

QUALITY OF IMAGE: Excellent

RESOLUTION:

SPATIAL RESOLUTION: 0.5mm

TEMPORAL RESOLUTION: 4 msec/line

ELEMENTAL RESOLUTION: Iodinated contrast agents

NON/INVASIVE: Invasive (venous catheter)

RADIATION EXPOSURE: 20 rads

IN/OUTPATIENT: Outpatient

RISK:

MORT,M..ITY: Low

" MORBIDITY: Low (allergic reaction possible)

MATURITY: Ekperimental (- 5 years)

Research at NSLS, HASYLAB
AVAILABILITY" and Photon Factory

COST:

$ 2 million (for beamline at aWHOLE FACILITY:
synchrotron facility)

PER USE: Experimental only

UTILITY: Validation of imaging technique at present
Clinical research phase in 1 - 2 years
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Computed Tomography
and Multiple Energy Computed Tomography

Computed tomography (CT) is based on the same physical principlesas conven-
tional x-ray radiology, in that x-ray radiation is either absorbed or transmitted to
different degrees by bodily structures of different densities. However, CT scanning
has proven to be a far more advanced technique than conventional x-ray imagingsince
it can depict, to a much more precise degree, the radiographic density differences
between tissues, mainly due to the high-speed digital calculation capabilities of modern
computers as well as generating planar views through "slices" of the human anatomy.

A CT image is compiled by the digital integration of multiple x-ray projections
produced by an x-ray source and detector combination travelling in a circular path
about a patient. Because the cross-sectional portion of the body being examined is
imaged through 360°, no shadowing occurs in this technique and underlying and over-
lying tissues do not obscure the plane being imaged. The resulting axial tomographic
images are accurate representations of internal bodily structures with discernible con-
trast differences as low as 0.5%.

CT scanning has undergone much development and refinement during the 20
years of its existence, and both third and fourth generation scanners are primarily in
use at present. Third generation scanners (or "rotate-rotate" scanners) consist of an arc
of detectors mounted opposite from an x-ray tube. The detectors and the x-ray source
move simultaneously in a circle around the patient. Fourth generation scanners (or
"rotate-fixed" scanners) consist of an immobile ring of detectors around the patient and
an x-ray tube which rotates about the patient in a circle inside the ring of detectors.
Neither generation of scanner is inherently superior to the other, and both scanners
produce excellent images with short scan times.

The most common detectors currently employed in CT scanning are xenon high
pressure gas detectors. These detectors (used in third generation scanners only) consist
of the inert gas xenon sandwiched between an anode and a cathode. X-ray photons
entering the xenon gas chamber produce ionization in the gas. The collection of the
ion pairs produces a small current, and this current is the output signal from the detec-
tor. This current is directly proportional to the number of x-ray photons passing
through the chamber. However, xenon gas ionization detectors are quite inefficient
since not every x-ray photon encounters a gas atom. In consequence, many x-ray pho-
tons pass undetected. At present, more and more CT imaging facilities are converting
to solid state detectors, which can be used in third or fourth generation scanners.
These detectors are more efficient and more stable than xenon detectors.

The creation of an actual CT image requires that the cross-sectional tomographic
slice of the body being imaged be divided up into small blocks known as voxels.
Each voxel is represented on the final image by a small square called a pixel. The CT
image itself is made up of a matrix of these pixels. Each pixel is assigned a particular
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CT number depending on the average tissue density of the corresponding voxel in the
body. The CT number, in turn, relates to a certain level of brightness in the grey color
scale used in the depiction of a CT image. In this way, 3-D information about the
density characteristics of the body can be presented as a 2-D planar image.

Water is assigned a CT value of 0, while the CT values of air and bone range
from -1000 to 1000. However, CT images cannot be presented in terms of 2001
different shades of grey because the image would be too confusing. In consequence,
an enhanced grey scale (consisting of usually about 16 to 20 shades of grey) is used to
make the contrast understandable. The grey scale used in this technique can thus be

manipulated, so that the window level (the center of the grey scale used) and the win-
dow width (the range of the CT numbers above and below this center) are operator
selectable. During a typical CT scan, multiple window levels and window widths are
implemented so that maximum diagnostic information can be obtained from the exam.
Pathogenic or diseased tissues are often characterized by a change in the normal tissue
density, and so the CT technique is ideally suited to pinpoint abnormal tissue masses
and to reveal the nature of the tissue in these masses. Nevertheless, as in conventional

x-ray radiology, contrast media such as intravenously administered iodine and ingested
barium can be used to even further enhance contrast.

Patient movement is an important consideration in CT imaging. Although the CT
scan time is relatively short, (usually on the order of-- 2 seconds), cardiac studies are
not feasible with this technique. Images of the abdomen can also be considerably
blurred by the breathing of a patient, and so the patient must hold his/her breath during
an abdominal scan. Head studies, on the other hand, are consequently well suited to
this technique and thus typically produce extremely good results.

lt is worthy to note that the tomographic slices obtained from CT imaging can be
digitally 'stacked' so that three dimensional views of a particular organ or structure
can be obtained. CT imaging is thus not only one of the most common imaging
modalities in use at present (over 95% of hospitals have such facilities) but it has also
proven to be an invaluable and versatile diagnostic tool.

Multiple energy computed tomography (MECT) is another medical diagnostic CT
technique under development at SMERF. This technique will use the tunable x-rays
provided at a synchrotron facility to provide CT images of superior spatial resolution
(0.5 mm). These images also reveal the elemental composition of the tissues imaged.
The installation will consist of a fLxed,collimated, fan-shaped x-ray beam and a rotat-

ing patient chair. Brain tumors, the large blood vessels of the lower head and neck,
and arteriovenous malformations will be imaged using the k-edge subtraction technique
described previously. In addition, CT images representative of the concentrations of
either low- or intermediate-Z elements in the brain will be produced according to the

principles of dual photon absorptiometry (DPA). DPA uses two widely separated
energies to show the differences between the absorption coefficients of the low- and
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intermediate-Z elements found in the tomographic slice of the brain being imaged.
The high energy absorption is characterized by the Compton effect and the low energy
absorption is characterized by the photoelectric effect. From this information, two
images (each highlighting one of the two groups of elements specified) of the tomo-
graphic slice of the brain can be digitally compiled.

The MECT technique is yet another application of synchrotron radiation to the
field of medicine. Although this technique is still very much in its experimental
stages, it is anticipated that it will contribute much to the field of medical research and
may eventually be clinically useful.
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Medical Imaging Technologies Survey

Computed Tomography

i

SYSTEMS IMAGED: Whole body
i

Tomographic axial plane - see Figure 5
FORM OF IMAGE: (3-D imaging possible)

QUALITY OF IMAGE: Excellent
q

RESOLUTION:

SPATIAL RESOLUTION: 1 mm

TEMPORAL RESOLUTION: 2 seconds

ELEMENTAL RESOLUTION: None

NON/INVASIVE: Noninvasive

RADIATION EXPOSURE: Head studies: 5 rads
Body studies: 2 rads
(Single slice studies: 40% less than
multislice studies)

IN/OUTPATIENT: Outpatient

RISK:

MORTALITY: None

MORBIDITY: Low (allergic reaction to iodine
contrast agent is possible)

MATURITY: Mature (- 20 years)

Common (- 95% of hospitals have such
AVAILABILITY: facilities)

COST:

WHOLE FACILITY: $ 500,000.- $1.2 million.

PER USE: $ 425.

UTILITY: Common clinical use
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Ultrasound

Ultrasound imaging (or "sonography") is base_d on the premise that high fre-
quency sound waves can be transmitted through the tissues of the patient being
imaged. Some of this sonic energy is reflected back and is analyzed to reconstruct an
image of the internal body structure. Ultrasonic sound waves are defined as having
frequencies greater than 20,000 Hz or cycles per second. The sound waves used for
imaging generally have a frequency between 1 MHz and 10 MHz.

The sonic energy used in this technique is generated in a transducer which i_ held
in direct contact with the tissues to be imaged, A transducer can be defined as a dev-
ice which converts one form of energy to another. For ultrasound application, the
transducer serves as a converter of electrical signals to sound waves and converts the
reflected sound waves back to electrical signals. This is accomplished by means of an
array of ceramic piezoelectric crystals contained in the transducer. When a piezoelec-
tric crystal is subjected to a short voltage pulse, the crystal is distorted, In returning to
its original shape, the crystal produces a burst of mechanical vibration which generates
sound waves. These sound waves are then transmitted into the body and are either
reflected, deflected, or absorbed by the different components of the internal structure,
The amount of the initial sound wave that is reflected back to the transducer depends
on the differences in densities of the various anatomical features of the body. The
greater the difference in acoustic impedence (which is density multiplied by the speed
of sound) between two adjacent mater,s, the stronger the reflection.

Air and bone both strongly reflect the sonic signal and so are not good media for
the transmission of sound waves, but a fluid medium is ideal for these purposes. As a
consequence, ultrasound studies of body regions completely surrounded by bone (such
as the head) are difficult. Patients may be required to ingest much fluid prior to
abdominal studies so as to eliminate the interference of gas pockets in the bowel in the
resulting image.

The reflection or "echo" of the incident sound pulse is detected by the transducer.
This reflection also changes the shape of the piezoelectric crystal, This momentary
alteration of the crystal's structure is converted, in an exact reversal of the previous
process, into an electrical signal. Ali the electrical signals produced by the transducer
are recorded and the time delay of each echo serves as an indicator of depth. Ali the
information collected by the transducer is thus digitally compiled into an image
representative of the tissues examined.

The video image produced in this technique is expressed in a grey color scale,
with different shades of grey assigned to returning sound waves of varying intensities.
The tandem or axial resolution of the image (the ability to resolve two objects of
different depths) depends on the length of the sonic pulse. The lateral or horizontal
resolution (the ability to resolve between two adjacent objects) depends on the width
of the sonic pulse and, in general, decreases with increasing distance frnm the trans-
ducer because of the radial nature of the beam at large distances.
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A new ultrasound technique called color Doppler is currently being developed.
The Doppler effect is the perceived frequency shift when a sound source moves
towards or away from a specific point. This shift is created because the frequency of
sound from an approaching source has a shorter wavelength (and thus a higher pitch)
than a sound source moving away from the observer. This physical phenomenon can
be used to help calculate blood flow in specific parts of the body, because sound
waves beamed at a moving interface will reflect back with a different frequency.
From the change in frequency between the incident sound waves and the returning
echo, the velocity of the moving interface or medium can be calculated. The Doppler
information thus collected can be superimposed on a real-time ultrasonic image, with a
color scale assigned to indicate the rate at which blood is flowing in specific parts of
the area imaged. This particular technique has made possible ultrasonic studies of the
heart and vascular system.

Although the resolution of ultrasound imaging is rather poor, this technique is still
clinically quite useful. For instance, it is a modality ideally suited to the examination
of pregnant women (to monitor fetal development, in particular) as well as the exami-
nation of the abdomen because the sonic energy typically used in clinical application
has no known deleterious biological effects. In addition, the real time nature and
operator selectable field of view of these studies make this an extremely versatile tech-
xfique and can give an immediate understanding of the anatomical features under scru-
tiny. Finally, the imaging capabilities of this technique axe continually progressing.
At present, efforts are being made to produce three dimensional real time ultrasonic
images, although this particular application is still in its developmental stages.

211
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Medical Imaging Technologies Survey

Ultrasound

SYSTEMS IMAGED: Abdominal, fetal and vascular system studies

FORM OF IMAGE: Planar projection (axis is operator selectable)
3-D imaging is also possible - see Figure 3

QUALITY OF IMAGE: Fair

RESOLUTION:

SPATIAL RESOLUTION: Axial resolution: 1 - 2 mm
Lateral resolution: 1 - 10 mm

TEMPORAL RESOLUTION: Real time imaging
(15 frames/see)

ELEMENTAL RESOLUTION: None

NON/INVASIVE: Noninvasive (patient must drink large
amounts of water to eliminate gas pockets)

RADIATION EXPOSURE: None

IN/OUTPATIENT: Outpatient

RISK:

MORTALITY: None

MORBIDITY: None

MATURITY: Real-time ultrasound: Mature (10-15 years)

AVAILABILITY: Common (all hospitals)

COST:

WHOLE FACILITY: $ 80,000. - $ 220,000.

PER USE: $ 240.

UTILITY: Common clinical use - especially
used for obstetrics
Doppler ultrasound provides blood flow
information
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Figure 6: Ultrasound image of gall bladder and liver (source: T. Button, Univer-
sity Hospital of SUNY at Stony Brook).
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Nuclear Medicine: PETT, SPECT, and Radionuclide Ventriculography

Nuclear medicine has become an increasingly popular diagnostic tool. Unique in
its ability to image the functional activity of the organs or structures under scrutiny, it
ultimately provides the physician with a greater understanding of the function of the
organs imaged rather than detailing any of their anatomical features. At present,
nuclear m_dicine facilities are commonly found in most hospitals, and nuclear medi-
cine itself plays an integral part in the ever-developing field of diagnostic medicine.

Nuclear medicine is based on the premise that certain chemicals or biomolecules
that have an affinity for specific organs or structures in the body can be labelled with
radioactive atoms. After these radionuclide-tagged substances (or 'radiopharmaceuti-
cals') are injected intravenously or are ingested, they collect in their target area(s), and
the decay of the radioactive substance can be recorded by gamma or scintillation cam-
eras. These datacan be translated by a digital processing system into an image of the
concentration of the radiopharmaceutical in the tissues in question. In consequence,
the biochemical behavior of these specific structures can be monitored; unusually high
or low accumulations of the radiopharmaceuticals in the tissues imaged indicate areas
of pathology, as they indicate variations in the function of these tissues.

Nuclear medicine studies can be either static or dynamic. Static studies are
images taken of an area over an extended amount of time, showing the distribution of
the radiotracer and/or the overall function of the area. Dynamic studies are a compila-
tion of images taken at periodic intervals, and can show the actual movement of the
radioisotope through the vascular system and thus through the organs under observa-
ti,_a. Dynamic studies can provide quantitative data (such as the amount of blood the
heart pumps per second) and can thus provide functional information.

The principles of nuclear medicine can be applied to emission computed tomogra-
phy. Emission computed tomography allows depth information to be obtained, since
this digital image acquisition process allows overlying and underlying source activities
to be eliminated from the final tomographic image. As a result, multiple slices of an
organ or structure can be obtained and displayed.

Two major divisions of nuclear medicine, PETI' (Positron Emission Transaxial
Tomography) and SPECT (Single Photon Emission Computed Tomography), have
emerged. They differ in the way the internally administered radioisotopes employed in
each procedure decay, and in the way this decay is detected.

Positron emitters produce annihilation coincidence radiation, which is characteris-
tic gamma radiation given off when a positron emitted by the radioactive substance
encounters an electron and they annihilate each other. The result is the release of two
511 keV photons which travel in opposite directions simultaneously. These two pho-
tons are therefore distinguishable from ali other photons being emitted at this time, and



a line along which this decay took piace can be determined from the two points of
their detection on the circular bank of scintillation detectors employed in this tech-
nique. In consequence, an axial planar image of the distribution of the radionuclide in
the tissues or organs in question can be digitally reconstructed. This distribution
reveals the relative absorption and, ultimately, the metabolic activity of the tissues
being examined. In addition, PETI' scanners also perform three-dimensional (3-D)
imaging. For such imaging, the patient is moved and a series of tomographs is
recorded producing digitally compiled 3-D images.

The positron emitters used in PETT studies are radioactive isotopes of elements
commonly found in the body (such as 18F, a hydrogen substitute, 11C, 150, and 13N).
There is no chance that these isotopes will trigger an allergic reaction in the patient.
Since these isotopes have exactly the same chemical properties as their non-radioactive
counterparts, they can easily replace these elements in various biomolecules usually
found in the body. The chemical behavior or function of these biomolecules will not
be altered by this substitution, but their biochemical activity can now be easily
observed and monitored by the PETT technique.

Over 500 compounds have been labeled with the isotopes 18F, 150, 13N, and 11C.

They range from the most basic molecules such as 1SF-labeled D-Glucose (called 2-
Deoxy-2118F] Fluoro-D-Glucose, or simply FDG), ISO-labeled water, and 13N-labeled
ammonia to more complex molecules such as amino acids, fatty acids, catalytic sub-
strates, analogs, and drugs. Since the biochemical function of each of these substances
remains unchanged, researchers have a means to observe the metabolic activity of such
organs as the brain and heart and such structures as tumors, and to map the mechan-
isms of neuroreceptors. In effect, PETT grants researchers the unique opportunity to
monitor, in vivo, the progress of disease and theraputic response.

FDG is a particlarily important compound in both heart and brain imaging. In the
normal heart (and especially in the fasting state) fatty acid metabolism is the predom-
inant source of myocardial energy production. However, when the heart has been dam-
aged (if, for instance, cardiac ischemia has occured) the heart uses glucose as one of
its energy sources. Consequently, FDG can be used to assess the damage suffered by
the cardiac wall since it allows health professionals to observe the metabolic function
of these tissues. From such information, an appropriate course of treatment can be
devised. FDG is also a substance that can be used to monitor the brain's metabolic

activity because glucose is the brain's main energy source. In consequence, research-
ers have a means to study and differentiate between various neurological disorders by
identifying specific patterns of glucose metabolism imaged with the help of this tech-
nique. In particular, schizophrenia, Alzheimer's disease, cerebral malignancies (such
as glioblastoma), drug mechanisms, and the effects of substance abuse can be
researched with PETT imaging.

The positron-emitting isotopes used in PETT imaging require near-by cyclotron
production since they have extremely short half-lives - usually on the order of a few
minutes. The installation and upkeep of a cyclotron facility is expensive and demands
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the attention of qualified personnel. In consequence, positron tomography is not yet
practical for routine diagnostic imaging, but is, at present, better suited for clinical
research.

The single photon emitters used in SPECT, on the other hand, decay by emitting
gamma radiation. These gamma ray emissions can be picked up by a scintillation
gamma camera which may have a single or multiple head. These gamma emissions are
also digitally compiled and organized to produce a computer generated image of the
distribution of the radioisotope in the tissues. It must be noted, however that the
gamma ray scintillation cameras employed in SPECT imaging only detect and record
gamma rays that strike the camera at a specific angle so that an image representative
of the organ containing the radiopharmaceuticaI can be formed. In consequence, this
imaging technique depends on the collimation of the emitted gamma rays.

A collimator is a device which assures the alignment of the incoming gamma

rays, since it eliminates all rays not coming within a range of angles suitable for col-
lection by the gamma camera. Collimators are not necessary in PETT imaging, since
ali the coincident gamma rays given off within the slice of the body being imaged can
be recorded by the ring of detectors around the patient. For this reason, PETI' imag-
ing systems are more efficient, sensitive, and have better resolving capabilities than
SPECT imaging systems, whose collimators absorb or scatter 99% of the emitted
gamma rays. Therefore, in comparison, a greater portion of the radioisotope dose
given to the patient is used for imaging in PETI' studies than in SPECT studies. How-
ever, it is important to note that patient movement during PETI' imaging can cause a
significant loss of resolution, and so an effort must be made to avoid such movement.
In consequence, PETT requires immobilization procedures that are not as necessary in
SPECT imaging.

The SPECT imaging technique is an extremely adaptible and versatile technology.
The gamma cameras used in this technique can be kept stationary and allow an entire
organ to be viewed, or the cameras can be rotated (usually 180 ° or 360 °) around the
patient in order to obtain an axial tomographic slice of an area. SPECT studies,
which, like PETT imaging, can be static or dynamic, can also be gated. This means
that such studies can be calibrated to image the heart, for instance, at the same point in
the cardiac cycle over several heartbeats. Finally, the gamma camera can be moved
along the body's longitudinal axis so that a planar whole body image can be produced.
The movable head of the gamma camera used in SPECT imaging studies is thus easily
positioned wherever needed during each study, and so SPECT studies do not involve
as precise patient-positioning procedures as required by PETT. In conseqaence,
SPECT is an easily manipulated, handy diagnostic tool of routine clinical use. In
effect, the temporal resolution and radiation exposure involved in this technique vary
as required by each particular study and by the radiopharmaceutical employed in each

• procedure.

In addition, SPECT imaging has the advantage of employing single photon emit-
ting isotopes (such as 99rnTc, 2°lT1, and 123I, for example), which are practical for
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more routine use since they are commercially available from pharmaceutical companies
and have half-lives between six hours and several days. The half-lives of these single

photon emitters are thus long enough to permit good imaging results, but not so long
as to unnecessarily irradiate the patient. Although allergic reaction to these radiophar-
maceuticals is possible, the risk is quite low, and the reaction itself (usually expressed
as a rash) is not very severe.

At present, SPECT imaging is more clinically useful than PE'I_ imaging, thanks
to its versatile imaging capabilities and more readily accessible radioisotopes.
Nevertheless, PETT is proving to be an invaluable tool in the field of medical research
and will someday prove useful for clinical use.

Radionuclide ventriculography (RVG) is an example of a dynamic nuclear medi-

cine technique utilizing a single photon emitter. This particular technique images the
functional activity of the walls of the hear_, as the red blood cells are being pumped in
and out of the heart's ventricles. A cine mode display of the study shows a fair visual
result as to the extent of damage wrought by cardiac arrest. However, the calculation

of the ejection fraction (which is the amount of blood ejected from the ventricles for
every heart beat) from the digitized images gives an accurate measure of the health of
the ventricular walls.

When performing RVG, the patient is given an intravenous injection of stannous
pyrophosphate which attaches to the red blood cells. Fifteen minutes later, the patient
is injected with a 25 to 30 mCi dose of technetium-99m pertechnetate which has a
half-life of 6 hours and readily binds to the stannous pyrophosphate, thus transporting
the 99mTc to the heart. The decay of the technetium produces gamma rays. These

rays are picked up and recorded by a gamma camera with the patient positioned in the
modified left anterior oblique projection (for best separation of the left and right ventri-
cles). Image acquisition is performed in a gated mode with a camera linked to a com-

puter.

The resulting computer images can be viewed in a cine mode display where 32

digitized images are sequentially projected onto a viewing screen. This mode of
display allows health professionals to watch the heart expand and contract and monitor
the movement of the 99mTc tagged red blood cells within the cardiac walls during the
course of a heart beat°

Such RVG imaging is performed within 24 hours after the heart attack occurs. A

second study is performed immediately before d!scharge which could be 8-10 days
after the heart attack. A third study is also performed 6 weeks after the heart attack as

an outpatient procedure. Consequently, the magnitude of the damage experienced by
the heart in the wake of a heart attack and the degree to which the cardiac muscle has
healed in the period following the heart attack can be easily ascertained from a com-

parison of these images.
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Because this technique reveals the viability of the tissues of the heart, it is also an
ideal method to moniter the effects of drugs being developed to aid the recover3' of
heart attack victims. Another advantage is that this procedure is not at all taxing to
patients recovering from heart attack and is extremely low risk. For these reasons,
RVG is a technique well suited to the study of drug effectiveness in cardiac research,
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Medical Imaging Technologies Survey

Nuclear Medicine: Positron Emission Transax'!al Tomography (PETT)

SYSTEMS IMAGED: Brain, tumors, heart (metabolic mapping
and receptor imaging)

FORM OF IMAGE: Computer generated image of tomographic
axial plane - see Figures 7, 8
3-D imaging also possible

QUALITY OF IMAGE: Image in terms of anatomy: Fair to Good
Image in terms of substrate metabolism, regional
blood flow and receptors: Excellent

RESOLUTION:

SPATIAL RESOLUTION: 6,75 mm

TEMPORAL RESOLUTION: Static studies: - 20 min
Dynamic studies: 40 min to 3 hours (depending
on study)

ELEMENTAL RESOLUTION: None

NON/INVASIVE: Nontnvasive (radiolabelled biomolecules are
introduced intravenously)

RADIATION EXPOSURE: Whole body: 100 - 1000 mrads
Critical organ: 300 mrads - 1.8 fads

IN/OUTPATIENT: Outpatient

RISK:

MORTALITY: None

MORBIDITY: Low (no allergic reactions; ali radioisotopes are
natarally occuring elements of the body)

MATURITY: Developing (about 10- 15 years)

AVAILABILITY: Rare (only 50 such facilities in U,S.)

COST:

WHOLE FACILITY: $ 5 million.

PER USE: $ 1500,- $ 2000.

UTILITY: 80% of U.S, facilities are engaged in
research, and 20% are clinically operative
Eventually, this technique will become
a more common diagnostic: tool
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Medical Imaging Technologies Survey

Nuclear Medicine: Single Photon Emission Computed Tomography (SPECT)

SYSTEMS IMAGED: Whole body

FORM OF IMAGE: Tomographic axial images and planar
projections- see Figure 9

QUALITY OF IMAGE: Image in terms of anatomy: Fair
Image in terms of function: Excellent

RESOLUTION:

SPATIAL RESOLUTION: 1 cm

TEMPORAL RESOLUTION: Varies according to particular
application and isotope

ELEMENTAL RESOLUTION: None

NON/INVASIVE: Noninvasive (radioactive isotopes are
either injected or ingested)

RADIATION DOSE: Usually between 2 - 30 mCi

IN/OUTPATIENT: Outpatient (hospital stay required
for Iodine-131 because of 8 day half-life)

RISK:

MORTALITY: None

MORBIDITY: 0.004% chance of allergic reaction
(expressed as rash - nothing fatal)

MATURITY: Mature (30 - 40 years)

AVAILABILITY: Very common (most hospitals in U.S.
have SPECT facilities)

COST:

WHOLE FACILITY: $ 200,000. -$1 million.

PER USE: $100.- $1000, depending on particular
procedure

UTILITY: Clinical diagnostic use
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Medical Imaging Technologies Survey

Nuclear Medicine: Radionuclide Ventriculography (RNV)

SYSTEMS IMAGED: Heart (wall motion study)

FORM OF IMAGE: Computer generated planar projection
(left anterior oblique view)

QUALITY OF IMAGE: Image in terms of anatomy: Poor
Image in terms of organ function: Excellent

RESOLUTION:

SPATIAL RESOLUTIO;_: 6mm (64 x 64 pixels)

TEMPORAL RESOLUTION: 3 - 10 minutes (depending on attenuation of
patient; imaging is performed until 5
million counts are recorded)

ELEMENTAL RESOLIrI'ION: None

NON/INVASIVE: Noninvasive (but requires venous injections)

RADIATION EXPOSURE' 25 - 30 mCi

IN/OUTPATIENT: Inpatient (usually 8 - 10 days' stay)
Outpatient (6 weeks from day 1 of hospital stay)

RISK:

MORTALITY: None

" MORBIDITY: Low (although allergic reaction to radio-
pharmaceutical is possible)

MATURITY: Mature (approximately 20 years)

AVAILABILITY: Common (most hospitals have nuclear medicine
facilities)

COST:

WHOLE FACILITY: $ 300,000. - $ 400,000.

PER USE: $ 460.- $ 800.

UTILITY: Clinical use possible
Mostly research at present (ie. contributes
to the development of drugs for heart attack
patients)
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Figure 7" PEqq" axial tomographic images of normal brain activity using :SF-
labeled glucose, ie. FDG (source: G-J. Wang and N. Pappas, PETT VI
at BNL).
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Figure 8: PET/" axial tomographic images of schizophrenic brain activity using
lgF-labeled glucose, ie. FDG (source' G-J. Wang and N. Pappas, PE'I"F

VI at BNL).
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Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is one of the most versatile and rapidly
developing imaging technologies in use at present, The MRI technique is an extension
of Nuclear Magnetic Resonance (NMR) spectroscopy, in that an NMR spectrum of a
particular isotope (or more precisely, a group of identical nuclei) obtained in the pres-
ence of a magnetic field gradient is actually just a projection of an image of the con-
centration of these nuclei.

The MRI technique uses the basic physical properties of the atomic nucleus to
obtain a tomographic image of the human body, The concept of magnetic resonance is
founded on the premise that nuclei with uneven numbers of protons or neutrons
display magnetic properties and have a weak magnetic moment; that is, the nuclei
behave like tiny dipole magnets. Under normal circumstances, the nuclear magnetic
moments are randomly oriented. But when exposed to a strong external magnetic field
of the order of 1.5 Tesla or 30,000 times the magnetic field of the Earth, a magnitude
used for MRI, the nuclei will align themselves parallel to this external field, either
pointing with or against it. The number of nuclei pointing in each direction is nearly
the same, except that an additional one in a million nuclei will point with the magnetic
field, a state of slightly lower energy. It is these excess nuclei that give the net NMR
signal used in imaging.

While nuclei are aligned with an external magnetic field, the magnetic moment of
each individual nucleus precesses about the magnetic field direction at a specific rate
called the Larmor frequency. The Larmor frequency is proportional to the local mag-
netic field; as the magnetic field increases, the frequency at which the. nuclei precess
increases as weil. In consequence, a magnetic field gradient across a sample of nuclei
means that differen_ nuclei in the sample will precess at different frequencies. In,
effect, the resulting NMR spectrum produced by this sample can reveal spatial infor.,
mation about the state of individual nuclei.

The NMR spectrum of a particular sample can be acquired by subjecting the
nuclei in the sample to a radio frequency (RF) magnetic pulse, which is generated by
applying an alternating current to an RF coil. The coil serves as both a transmitter and
a receiver of RF. If the frequency of this RF pulse is comparable to the Larmor fre-
quency, the nuclei will be tipped relative to the DC field. The nuclear magnetization
is usually rotated through either 90° or 180°, depending upon the length of time the
nuclei are exposed to the RF pulse. When the RF signal is removed, the nuclei will
realign themselves along the original magnetic field direction and will precess about it.
This return motion induces the NMR signal from which an NMR spectrum can be
obtained and ultimately from which an image representative of the location of the par-
ticular nuclei in the sample under study can be created.

The nuclear realignment is characterized by two time constants (relaxation times)

called T1 and T_. The length of these relaxation times is dependant on the nature of
the tissue in whZxchthe nuclei are situated. In general, the lower the concentration of
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macromolecules (such as proteins) in the vicinity of the 'realigning' nuclei, the longer

the relaxation time. T 1 is the "spin-lattice" relaxation time, and is determined by how
quickly nuclei can transfer energy to their lattice or surroundings in their return to a
lower energy state, T_ is the "spin-spin" relaxation time, and is determined by the
speed at which the nuc_iei can transfer energy among themselves in order to achieve a
random distribution of the nuclei precessing about the direction of the original field.

The MRI installation consists of a superconducting solenoid large enough to

immerse the entire patient in a uniform magnetic field, Other coils installed inside this
solenoid provide magnetic field gradients in the x, y, and z directions. Finally, RF
coils are installed directly around the patient in such a way that the patient can be

exposed to RF pulses and so multiplanar images can be produced,

The actual images generated by MRI are produced by varying the magnetic field

gTadient sequentially in the three dimensions allowing a slice to be imaged according
to the NMR spectroscopy principles outlined above, A computer can digitally compile

the spectra produced with each gradient direction to produce an image representative
of the number of specific nuclei in the tomographic slice or their magnetic properties,
which are characteristic of the tissue in which they reside.

Most MRI studies are calibrated to image the concentration or properties of pro-

tons (the IH isotope of hydrogen) in the body. The proton has one of the largest mag-
netic moments of all nuclei that display magnetic properties, and is also very abundant

in the body. In consequence, proton-calibrated MRI studies est_entially show the distri-
bution of water in the tissues. Differences in tissue density or properties are thus very

clearly contrasted in MRI studies.

lt is also possible to calibrate the system (by tuning the RF to the appropriate fre-
quency) so that the concentrations of other stable nuclei with fairly strong magnetic
moments (such as 23Na, 31p or 13C) can be imaged. Phosphorus imaging, for example,
can reveal the absorption capability and thus the function and metabolic activity of
heart tissue.

Patient movement is of great concern during MRI studies, The resolution of the

resulting image is very much reduced if the patient moves during the long scan time
(often between 1/2 hour and 1 hour) of these studies, However, 'Ultrafast' MRI is
currently being developed, This MR technique can actually obta:m a single tomo-
graphic slice in less than a second.

It is also possible to gate the fast switching magnetic field gradients in MRI in a
procedure called gated MR acquisition. With this technique, it is possible to image the
heart at any specific point in the cardiac cycle by using an ECG (electrocardiogram)
signal to trigger the RF pulses.
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MRI is especially useful for the differentiation of the vascular system from sur-
rounding tissues, In fact, a new technique called Magnetic Resonance Angiography
(MRA) is being developed, lt is possible to differentiate hydrogen atoms that are
moving from those that aren't since they move through the field gradients, and their
resonant frequency changes as a function of time, In consequence, the protons moving
in the blood stream can be differentiated from those in the surrounding tissues, The
'stationary' protons can be subtracted from the MR image, and only an Image of the
blood will remain, MRA also allows blood flow to be measured, but as yet the tech-
nology only produces good results for the larger blood vessels,

Contrast agents can be used in MRI to even further improve the tissue contrast
resolution, These agents are not dyes, but are nondiamagnetic substances, The con-
trast agents function by disturbing the local magnetic field values in the body, How-
ever, MRA can be performed without the use of any contrast agents by simply taking
advantage of the blood motion,

Finally, the two relaxation time constants (Ta and T_,)can play a part in improv-
ing image resolution, MR images can be T 1- 6r T_-w_ighted by changing the RF
pulse sequencing parameters, In this way, the _ontrast-of the MR images can be mani-
pulated since contrast is controlled by the time response of the NMR signal from the
body, This contrast manipulation capability may aid the detection of cancerous tissue,
since malignant tissues have a longer T. relaxation time than normal tissues, Ulti-
mately, the MRI technique may help pinpoint diseased tissue at an earlier stage than is
currently possible,

In summation, MRI is a technique which has much to offer the diagnostic imag-
ing industry, Its many advantages include excellent spatial resolution, no harmful bio-
logical effects (because the technique involves no ionizing radiation), good tissue con-
trast, information on certain metabolic processes in the body, and operator selectable
plane image formation, Three dimensional images can also be digitally constructed
from multiplanar studies. In effect, MRI is one of the most rapidly developing and
versatile imaging modalities in use at present,
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Medical Imaging Technologies Survey

Magnetic Resonance Imaging (MRI)

SYSTEMS IMAGED: Whole body (anatomical structures)

FORM OF IMAGE: Planar projection (any axis possible)
See Figure 10 (3-D images also possible)

QUALITY OF IMAGE: Excellent

RESOLUTION:

SPATIAL RESOLUTION: 1 rrun

TEMPORAL RESOLUTION: Usually 0,5 - 1 hr
(Ultrafast MRI allows subsecond imaging)

ELEMENTAL RESOLUTION: Complete detection for specified elements
(eg. protons, phosphorus-31, or carbon-13,
depending upon the particular study)

NON/INVASIVE: Noninvasive (contrast agents are sometimes
injected to improve image contrast)

RADIATION EXPOSURE: None

IN/OUTPATIENT: Outpatient

RISK:

MORTALITY: None

None (10 - 15% of patients,experience
MORBIDITY: claustrophobia)

NMR Spectroscopy: Mature (-45 years)MATURITY:
MRI: Developing (- 10 years)

Relatively rare; between 1000 and 1500 suchAVAILABILITY:
facilities exist in the U.S.

COST:

WHOLE FACILITY: $ 2 million.

PER USE: $1000.

UTILITY: Primarily routine clinical use
Also aids in physiological and pathological
research studies
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brain stice superior offset from axial image of 1 7.3 mm

Figure 10: A very sli_htl}' T.-v,'ci_htcd magnetic resonance axial tomographic
image of th¢ uppcr'bntin. Those rc_ions containin_ proton spins with

shorter T., vt[lucs _uc dtukcr than those rc'gions containin_ proton spins
with longer T, ,,'aluc._ (source" L'. Spnn_cr, Ltnlvcrslty t-i()spitai uf

SLINY at Ston_; Brook.
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IH. Multi-Modality Image Manipulation and Storage System

Of ali the different imaging modalities in use at present, each has, by nature, its
own strong points and weak points. No one imaging technique (as yet) can provide ali
the information required to diagnose any ailment. For instance, nuclear medicine tech-
niques (such as PE'I_ and SPECT) can reveal much about the function and activity of
the structures imaged, while MRI and CT imaging techniques provide superior anatom-
ical detail. Each of these techniques has its own inherent advantages and limitations,
but no technique can provide all the answers.

The creation of a multi-modality information manipulation and storage system
could be, of great benefit to the field of diagnostic imaging. The ability to call up the
images of different diagnostic imaging techniques onto a single screen could permit the
coordination of the collected data to a degree not previously possible. Ultimately, this
system would be of great advantage to the field of medical diagnosis. This concept
would grant medical personnel the unique opportunity to correlate observed changes in
function (as depicted by nuclear imaging techniques, for instance) with corresponding
changes in structure (as shown by such techniques as CT or MRI). The potential clini-
cal applications and research capabilities of such a system are extensive.

At present, this integrated concept is still in its infancy. The images presented
here (see Figure 11) were compiled at the Medical Department of Brookhaven
National Laboratory. These images simply depict what sort of information could be

manipulated by such an image storage system. They are not presently useable due to
the fact that none of the individual images depict the same person. However, this
presentation gives an idea of the capabilities of such a system. The digitalization and
display of correlated images from different imaging techniques would be a powerful
diagnostic tool of great benefit to the medical community.
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Figure 11: The multi-modality image storage system (source: BNL Medical
Department).

m
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VI, Key to Imagtng Modalitles Tables

The following tables (see next section) are a "ready reference" compilation of the
survey sheets found after the description of each modality. These two tables should
provide a quick, comprehensive view of the imaging modalities covered in this report.
Please note that all answers are subject to the judgement of the health personnel inter-
viewed,

For the sake of space and convenience, some of the information presented on
these tables has been abbreviated. The following key should aid comprehension,

FORM OF IMAGE

SPECTRUM = A spectral representation of the chemical makeup
of the body.

PLANAR = A two-dimensional planar projection of an area,

TOMO = A longitudinal-axis tomographic planar "slice"
of the body,

J

3-D = A three dimensional image obtained by
the "stacking" of tomographic slices.

TEMPORAL RESOLUTION
The length of time needed to gather the information necessary to construct the image.

ELEMENTAL RESOLUTION

Indicates whether the technique provides any information about the elemental composi-
tion of the tissues being imaged.

INV ASIVE/N ONIN VASIVE
An invasive technique is, for our purposes, one which requires operative procedures or
penetration. Surgery and catheterization are, by this definition, invasive. On the other
hand, the ingestion or injection of foreign substances or exposure to ionizing radiation
are not considered invasive although these procedures are mentioned on the survey
sheets of each modality if applicable.

IN/OUTPATIENT
Indicates whether the procedure itself requirespatient hospitalization.

MORTALITY/MORBIDITY
Specific statistics are indicated wherever possible. If exact information is not readily
available, a general qu',dification, subjec! to the judgement of those persons inter-
viewed, has been supplied.
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MATURITY

Subject to qualification by the persons interviewed. More specific information has
been supplied on the survey sheets of each modality.

AVAILABILITY

Indicative of the general accessibility of the technique.

RARE = Very few such facilities are available for
clinical use (if any clinical use).

MODERATE = The technique is clinically available but
such facilities are not found in the majority of hospitals.

COMMON = The technique is both clinically available
and facilities are found in the majority of hospitals.

lvlo_e specific information reg_a'ding the availability of each technique has been sup-
plied on the survey sheets of each modality.

UTILITY

Each technique has been qualified as being either RESEARCH or CLINICAL. This is
indicative of the major use of the technique at present.
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VH. Tables
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