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Preface

This ATextbook of Nuclear Medicineodo is an En
i Text bo ok-Radiblogi€al Tiechmology, thed2 di t i ono, whi ch was pub
(Editors; Drs. Takahir&ozuka, Seiya Inamura, Kazuya Yamashita, and Akimune Hayami) in
2010 by Nankodo, Toky, Japan.

Nuclear Medicine utilizes atomic energy for human health and welfare. Based on the nuclear
physics and nuclear chemistry, radionuclides are produced by mfeandear reactor and particle
accelerator. Organ/tissue specific molecules are labeled with radionuclides as externally
measurable radiopharmaceuticals. Radiopharmaceuticals are given to patients for guiding
medical/surgical treatment and for radionucliderapy. Specificity of tracer molecules and
sensitivity of the imaging modalities are essential. Data analysis method is a key of modern nuclear
medicine. Nuclear Medicine should be safe and beneficial for patients, public, and future
generation.

ATdwtok of Nuclear Medicineo (The first versi
and safety controls of Nuclear Medicir@&hapter 13 of original version was completely renewed
by adding clinical nuclear medicine. The contents were supervisduldgyeditorial superiss
(Prof. H Bom, Prof. Durre &ih, and ProfTeofilo O. L.San Luis).The content will beevised
depending on the future research and development. The Editgrervisersand Contributors of
the first edition hope further matdi@n of this field and contribution to human health and welfare.

March 7, 2013
Jun Hatazawa
Koichi Fujino
Eku Shimosegawa
Yukio Nakamura
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Chapter 1 Basics of Nuclear Medicine

|. Generdoutline of nuclearmedicine

Nuclear medicine is a field of medicine that derives its name from the utilization of radioactive
rays emitted from the atomic dei of nonsealed radionuclidfor the diagnosis and treatment
of diseases. The field is dividaedto diagnosis and therapy. Diagnostic Nuclear medicine is
broadly divided into diagnostic imaging, in which biological functions are evaluated based on
images obtained by external counting of radionuelédeled agents, and in vitro testing, in
which trace substances in biological samples such as blood and urine collected from living
subjects are measured by radioimmunoassay techniques. Intervention using radionuclide is
called fAradi onucl i NaB'igubed forate yreatmentod hgyhyromdism a n c e |
and thyroid cancer’’SrCh is used for relieving pain in patients with bone metastasis from
malignant tumors, an®Y is used for labeling monoclonal antibodies directed against cancer
antigens. Safe and efficient implementation of nucleadicee practice requires a good
understanding of a broad range of issues, including those related to radionuclides,
radiopharmaceuticals, external imaging devices, image processing techniques, safety control of
patients and nuclear medicine professionaiscessing of radioactive wastes, etc. (Fid).1

The origin of nuclear medicine can be traced back to the discovery-rafy X
(Roentgen, 1895) and radionuclide (Becquerel, 1896). Three months after the discovery of
X-ray, Becquerel discovered that raatitive rays were emitted from uranium. Thereafter,
natural radionuclides such as polonium and radium were found successively by Pierre and

Marie Curie. By 1902, it was found that the radioactive rays emitted from radionuclides were



a rays (He nuclei)b rays (electrons), andrays (electromagnetic waves) (Rutherford, Villard).

In addition, in 1932, positrons were detected from cosmic rays (Anderson). Construction of the
cyclotron (Lawrence, 1932) and the nuclear reactor (Fermi, 1942) enabled production of
radionuclides efficiently. Production and provision of radionuclides were initially begun for the
purpose of biological and medical res#grand later for nuclear medie practice. In the
1940s, radionuclide therapy with!l first began to treat thyroidiseases. Development of
scintillation scanners and scintillation cameras in the 1950s facilitated easier external imaging
and measurement of radionuclides distributed within the body. In the latter part of the 20th
century, equipments for computed tormeygjnic examinations (SPECT, PET) and for combined
imaging examinations such as SPECT and PEICT were developed, and a new era of
diagnostic imaging based on integration of morphology and function was introduced. Recently,
PETMR was introduced for furthreaccurate diagnosis. Tablellshows a summary of the

important discoveries and developments in the history of nuclear medicine.

A. Diagnostic Nuclear Medicine

In diagnostic nuclear medicine, a suitable molecule that reflects a particular function in the
body is administered to a living subject, and the pathological condition is analyzed based on
the information obtained by tracing temporal and spatial distribution of the molecule. This
procedure is called the tracer technique. In 1923, Hevesy injeab'#b)containing water

into leguminous plants, and observed the migratiof'*®b in stalks, which revealed the
dynamics of water in plants. In 1935P-containing food was given to rats, and the intestinal
absorption, deposition in the bone, anctrekion into urine and feces of the tracer were

clarified. In the field of clinical mediciné>! uptake by the thyroid gland was first recognized



in the 1940s. External counting gfays emitted front*!i revealed that accumulation bf1 in

the thyrod gland was markedly increased in patients with hyperthyroidism, whereas it was
decreased in patients with hypothyroidism. Thereafter, various physiological functions and
metabolic processes have been visualized using the tracer technique. For exarghleptiee
analogue, 2leoxy2-[*®F]fluoro-D-glucose {FDG), is specifically incorporated in
glucosemetabolizing cells. As glucose metabolism is enhanced in malignant tumor cells,
malignancies can be detected 'BlyDG-PET based on accumulation of the laokeglucose in

the tumor cells. In addition, becaus&"Tc-MDP and N&F accumulate specifically in
boneforming cells, these agents are used for diagnosing bone metastases and bone fractures.
Because metabolic changes often precede morphological chahgespassible to detect
abnormalities before they become apparent on CT or MR. Medical science and medical care in
the future would involve treatment of diseases based on the abnormalities at the molecular
level. Nuclear medicine is expected to play a k#g in diagnosing molecular pathology of the

diseases.

B. Radionucliden Nuclear Medicine

Y, 2907 and ®8Ga, as well as

Single photoremitting radionuclides such &&%, *°Tc,
positroremitting radionuclides such 3%, *°0, **C, and™N are usd for diagnostic nuclear
medicine.

Single photoremitting radionuclides emgrays from the nuclei (Fig.-2), which can
be detected by scintillation cameras and single photon emission computed tomography

(SPECT). Because use afray andb-ray-emitting radionuclides is associated with high

exposure doses and short ranges that do not allow external counting, these radionuclides are



not used for diagnostic imaging. Among the variguay-emitting radionuclides, those having

an energy of 200 keV or lowend a physical halfife of 1 week or lesser, that readily allow
labeling of chemical compounds are used for imaging. Among the single pdoitimg
radionuclides®™Tc is collected from &°Mo-*"Tc generator that contains a column filled
with ®Mo, in which **Mo (half-life 67 h,b disintegration) is converted 6™Tc (haltlife 6 h,
nuclear isomer transition). When physiological saline is passed through the column,
Na®™cO, is eluted. Purchase of this generator would enable preparation of
radiopharmaeutical agents labeled witi™Tc, as needed in the hospital.

Positroremitting radionuclides emit positrons from the nuclei with specific maximum
energy. Positrons emitted froffC and'®F have maximum energy of 0.96MeV and 0.64MeV,
and maximum travelingange of 3.9mm and 2.3mm in water (positron range), respectively.
When they bind to electron, positrons perish, at the same time emitting a pair of annipilation
rays (Fig. 32). Positron emission tomography (PET) detects this pair of annihilgtiaps
Because positrermitting radionuclides have short physical Halés (2min for'*0, 10min
for **N, 20min for*'C, and 110min fot®F), it is necessary to produce these radionuclides used
for labeling purposes in a cyclotron placed within the hospetidiing). Specific equipments are
necessary for synthesizing labeled radioactive pharmaceutical agents, and such synthesis of
radionuclides requires strict quality control by pharmacists having a thorough knowledge about

radiopharmaceutical agents.

C. Radipharmaceutical Agents
A radiopharmaceutical agent consists of a chemical compound designed for tracing a particular

physiological function or metabolic process labeled with a radionuclide that g@nays for



external counting (Fig.-B). Because such ags are administered in extremely low doses and
the radiation dose is not more than 10mSyv, they practically exert no pharmacological effects
and do not pose a health hazard. Nonetheless, it would still not be desirable to administer

radiopharmaceutical agts to pregnant or lactating women.

D. Equipment of Nuclear Medicine

An equipment of nuclear medicine includes 1) an imaging apparatus for external counting of
radionuclides in the body, 2) sample measurement apparatus that measures the radioactive
contens in the blood, tissue, urine, etc., and 3) a survey meter used for radiation safety control
and human counter for measurement of internal radiation.

A equipment of imaging is composed of a gantry with a {nuitietector system, an
e X ami ne e 0sn opemiibn comsoled Imaging modalities include static (whole body,
specific organs), dynamic, respirataygited, electrocardiograpigated, SPECT, SPEAIT,

PET, and PELCT techniques, and different techniques are used according to the desired
purposes.

Sample measurement apparatuses include curie meterstympeelliscintillation
counters, and liquid scintillation counters. Curie meters are used for confirming the level of
radioactivity of radiopharmaceutical agents dispensed in syringes:-tyfellscintilation
counters have a welike hole at the center of a Nal (TI) scintillator crystal, and meagtags
emitted from the sample placed in the wells. Liquid scintillation counters are used for
measurement of radioactivity in samples contaitimgy-emitting nuclides such d4C and®H.

Samples are dissolved in the liquid scintillator for measurement.



E. Imaging Equipment

The major imaging equipments used for diagnostic nuclear medicine are gamma camera,
SPECT and PET. Integrated SPECT and PEICT arealso available. Development of MRI
combined with PET has also been attempted. Fig.shows scintillation camera (gamma
camera), SPECT, and PET, in outline.

[1] Scintillation Camera and SPECT

Scintillation cameras are used for imaging of single phetuoitting radionuclides. The
detection system is composed of a collimator, scintillator, photomultiplier tube, electronic
circuit (energy discrimination circuit, AD converter, position arithmetic circuit) positioned in
the order of nearest to farthest from bHuely (Fig. 14a). SPECT provides tomographic images
by collecting multidirectional data from the rotating gamma camera (F¢g)1

The collimator is made of elements that have a high shielding effect, such as lead and
tungsten, and enhances the spatisblution by leading  rays parallel to their holes to the
scintillator. Highsensitivity and lowresolution type, generglurpose type, lovsensitivity and
high-resolution type, and pinhole type collimators are available, which may be chosen
according ¢ the purpose of use.

The scintillator converts incoming rays to light. Materials used as scintillators
include Nal, BGO, and semiconductors. The photomultiplier tube converts light to
photoelectrons and further amplifies them. The energy discrimineiticuit sets up an energy
range centered on the energy peak ofgheys emitted from the target nuclide, and measures
only signals having energy in this range.

Attenuation correction of SPECT is carried out hypothetically with the absorption

coefficiert of water, on the assumption that the body is composed of water. SPE€CArries



out attenuation correction based on CT data. Filtered back projection (FBP) and iterative
maximum likelihood (ML) method are used for image reconstruction.

[2] PET

A positran emitted from the atomic nucleus travels a certain distance, before it produces a pair
of annihilationgrays through interaction with an electron. Because the energy of agnagle
corresponds to the mass of the annihilated electron, it is calctteled511 keV according to

the law of conservation of mass (E =4nmass of electron m: 9.139103%g, velocity of

light c: 2.998% 10°m/s, 1eV: 1.602 10*°J). One of the pair of annihilatiagrays travels in a
direction about 180 degrees from théest and enters the opposing PET detector. The PET
part has a composition basically similar to that of the SPECT detector, but has no collimator
(Fig. 1-4b). BGO, GSO and LSO are used as the scintillators. PET has the following specific
structures.

[A] Coincidence Circuit

PET detects pairs of annihilatiog rays. If any of the rindgype detectors placed
circumferentially to patients detectgyaay, the other of the pairagirays will be detected by

any one of the opposed detectors within several nanose¢ime to travel in the gantry of 60

cm diameter is 2 nanoseconds, assuming that the velocity of light is 300,000 km/sec). At this
time, the nuclide is present in line between the opposing detectors. The coincidence circuit is a
circuit that identifies th location of the nuclide based on the reported time vgrays are
detected.

[B] 3-Dimensional Acquisition

Collection of annihilationg rays by a singkeing detector orthogonal to the body axis

represents -Zlimensional collection. In contrast,-déimensonal collection refers to data



collected by all the ring detectors (Figh)L Because -8imensional collection is associated
with a markedly improved sensitivity, the dose of the radiopharmaceutical agent can be
reduced.

[C] Attenuation Correction

PET uss external radionuclide sourcé&Ga®°Ge, »*'Cs) to correct for absorption of the test
subject. In PETICT, absorption correction is based on the CT values of the CT images.
External radiation sources are also used for blank scanning to correct foiomariait the
sensitivity among different detectors.

[D] Correction for Scattered coincidence and random coincidence

Coincidence counting is associated with noises from scattered coincidence and random
coincidence, and therefore requires elimination of tmesees. Scattered coincidence counting
occurs when annihilatiog rays change their course because of Compton scattering. These
annihilation g rays are eliminated by the shield placed between the detectors. Random
coincidence counting occurs when eaclhef annihilatiorg rays produced by the annihilation

of different positrons is detected by the opposed detector within the time window-@ig. 1

[3] PET-CT, SPECTCT

Hot spots of'®DG uptake useful in the diagnosis of malignant tumors must be identified
based omanatomical information. In such cases, superimposition of CT images is useful for

evaluating the location and extent of the tuntag.(1-7).

F. ImageReconstruction
Because the signal sources in nuclear medical imagingrase emitted by thdisintegration

of radionuclides, they can be detected and processed as digital signals. SPECT and PET



images are reconstructed by computer processing to provide axial, coronal and sagittal
tomographic views. Image processing procedures, such as scatemtion and attenuation
correction, are required to improve the image quality and quantitative capability. Composite
apparatuses such as SPECT and PETCT display superimposed images. With the spread of
DICOM image processing, delivery of images to PASGE electronic medical charts has also

been started.

G. Radionuclide Therapy

Radionuclide therapy is a form of radiation therapy utilizmgys emitted from radionuclides
that accumulate selectively in the target organ. At present, radionuclide thetapy for

the treatment of thyroid cancer and hyperthyroidi&isr for relieving pain associated with
bone metastases from malignant tumors, dhdlabelled monoclonal antibodies directed
against cancer antigens are covered by the national healtinaice in Japan. At the
investigational level*-MIBG is being attempted for the treatment of neuroblastoma and

pheochromocytoma.

H. In vitro Examination
In vitro examination allows simple and accurate measurement of trace substances such as
tumor makers, hormones, enzymes, and drugs in blood samplesehevgyg ray-emitting

radionuclides such &§’ are used, with a liquid scintillation counter (see Tablei2 detail).

I. Safety Control

The level of radiation exposure of patients on diagnostatear medicine is generally 10 mSv



or less, which does not pose a health hazard. Doctors, technicians and nurses engaged in
nuclear medicine practice are obliged to register as workers with potential risk of radiation
exposure, and to subject themselv@smonitoring of the exposure dose by means of film
badges, regular health checkups, and safety education. Radioactive wastes produced by nuclear
medicine practice are controlled by legal regulations. Because the capacity of storage and
wasteprocessing falllities is limited, it is important to reduce the amount of radioactive
waste.

Nuclear medicine is becoming widespread in daily clinical practice, with the advances
in the development of radionuclides, radiopharmaceutical agents and imaging equipneénts,
verification of their clinical usefulness. Nuclear medicine allows molecular diagnosis that
reflects physiological and metabolic abnormality of diseases, and enables us to detect
pathologies in the early stage. Nuclear medicine is now progressing edmbolidating
advances in the basic sciences including nuclear physics, material engineering, medical

engineering, pharmaceuticals, and computer sciences.

II. Physics and Chemistry in Nuclear Medicine

A. Radiopharmaceutical agents

Radiopharmaceutical ages used in the field of nuclear medicine have the properties of both
radionuclides and pharmaceutical agents. To be useful radionuclides, they should be readily
detectable by -camera, SPECT, and PET. They also need to be associated with low radiation
exposure. They should reflect the physiological functions and metabolism of particular target
organs. They should be safe and cause few adverse effects. Radiopharmaceutical agents

encompass the following.



1) They should be readily available. Single phetomtting radionuclideabeled

radiopharmaceutical agents are produced by manufacturers and delivered to medical

institutions. In addition, thé€°Mo-"°"Tc generator is available to synthesiZ&Tc-labeled

agents. Positreemitting radionuclides for hospitake are produced by-tmouse cyclotrons

placed within hospitals, and labeled by a synthesis system.

2) The nuclides should have short effective Hia#s. The effective halfife is expressed as

1/Tp = 1/T, + 1/T,, where T is the physical haifife, and T, is the biological halife. Nuclides

having short effective halfves are associated with low radiation exposure levels.

3) The radionuclides should not emit particle rays. alrays ando rays cause great damage

to tissues.

4) The radionuclides shalilemit g rays through orbital electron capture or nuclear isomer

transition. The desirablgray energy level is 3800 keV.

5) The accumulation ratio in the target organ to that in the surrounding tissue should be high.

High accumulation in the backgrouretluces the clarity of visualization of the target organ.
Radiopharmaceutical agents are roughly divided into those administered to patients

for diagnostic imaging or treatment, and those that are used in vitro for the measurement of

collected biologicasamples such as blood and urine. Radium needles and cobalt tubes are

classified as medical radiation devices, and are excluded from the -category of

radiopharmaceutical agents.

Handling of radiopharmaceuti cal \erdgient s i
of Radi ati on Di sease Due t o Radionuclides,
APhar maceuti cal Law, 0 and fAMedical Care Lawo

Formulations of radiopharmaceutical agents are classified into liquids, capsules,



tablets or injections byhe general rules for manufacturing of radiopharmaceutical agents.
Other formulations include generators and gases. In the case of radiopharmaceutical agents
used for PET, the radionuclides produced in
respective facilities before being used in the hospital.

Tables 12 and 13 show the major radiopharmaceutical agents used for nuclear

medicine.

B. Characteristics of &liopharmaceuticals
Radiopharmaceutical agents have the following characteristic featoreontrast to general
pharmaceutical agents.
1) Because radionuclides disintegrate according to their peculiar physicdivés|ftheir
effectiveness as radiopharmaceutical agents attenuates over time. The validity period of
radiopharmaceutical agens considerably shorter than that of general pharmaceutical agents.
2) Radiopharmaceutical substances are used in extremely small quantities, and therefore hardly
exert any pharmacological actions.
3) Radiopharmaceutical agents may show-dsihtegraton due to the radioactive rays
emitted from the radionuclides.
4) Patients and doctors, technologists, and nurses engaged in nuclear medicine practice are
subject to radiation exposure.

It is necessary to sufficiently understand the physical propertiesha@mical features

of radiopharmaceutical agents in order to deal with those effectively and safely.

C. Physics of Radiopharmaceutical Agents



[1] Radioactive Decay

The stability of an atomic nucleus depends on the ratio of the number of protons totier nu

of neutrons. Unstable nuclei emit excessive energy outward in the form of  particle,

particle, and  -ray to become stable. This process is called radioactive decay. Naatron

nuclei emit electrons outward from neutrons (lecay), thereby cauginconversion of

neutrons to protons and becoming stable. Netdefitient nuclei become stable by emitting

positrons outward from their protoris’ (decay) or incorporating extranuclear orbital electrons

(orbital electron capture) to cause conversion aftgms to neutrons. Nuclei having large

atomic mass numbers may emit helium nuckedécay). If there is any remaining energy in

the nucleus even aftardecay oib decay, the nucleus emgsays ¢ decay) to become stable.

[A] a Decay

A helium nucleus amposed of 2 protons and 2 neutroasrdys) is emitted from the atomic

nucleus.

Example®®R a  %fRn +*He

[B] b Decay

This type of decay may be caused by emission of electbodg¢ay), emission of positrons (
decay), or incorporation of orbital ekeons (orbital electron capture).

a) b Decay

When there is an excess neutron, it is converted to a proton, emitting a electron and a neutrino.

The element undergoiny decay changes to an element with one higher atomic number after

the radioactive decay

Example™1 ¥Xe +¢€



b)b Decay

When a proton is converted to a neutron, a positron and a neutrino are emitted. The element
becomes an element with one lower atomic number after the decay.

Example® Yo +¢

c) Electron Capture (EC)

If there is an excess#v proton, the nucleus incorporates an extranuclear orbital electron
(usually in the K shell) to produce a neutron and a neutrino. The element becomes an element
with a one lower atomic number after the decay. When there is a vacancy in the K shell, the
vaancy is filled with an outer shell electron. During this process, excess energy is emitted in
the form of characteristic-Xays and orbital electrons (Auger electrons), because any electrons
in an outer shell have greater energy than those in an innker shel

Example®Ga ®&n

[C] gDecay

The energy state of an atomic nucleus can vary from the ground energy state to various higher
energy states (excited state). Nuclei may be in an excited state immediatedy@ftedecay,

and transfer to the groundagt by emittingg rays; this process is callgglecay. The energy of

g rays during this process is equal to the difference in the energy of the nucleus between the
excited state and the ground state. In some cases, the nucleus remains in an exdibed state
prolonged period afteat decay orb decay (metastable state), and then, may adopt the ground
state by emittingy rays. This phenomenon is called nuclear isomer transition (IT). An example

is °™Tc. The atomic nucleus in an excited state sometimes mimeemitg rays, but gives its
energy to an orbit electron to emit it outside. This is called internal conversion (IC). The

vacancy created by the emitted orbit electron is filled up by an outer shell electron,



accompanied by emission of characteristicas or Auger electrons.

Example®™c Y *Tc

[2] Decay Scheme

The disintegration mode of each radionuclide is expressed by a decay sélgune.18

shows the decay schemes fTc (left) and*®F (right). b™ decay is represented by right
downward oblique linesa decay,b” decay and electronapture by left downward oblique
lines, and emission afrays by perpendicular downward lines. The endeggl spacing ofj

rays is proportional to the energy. If disintegration occurs in 2 or more pathways, the ratio of
the pathways is specified. Atdhbottom, there is the ground state with zero energy, and the
other horizontal lines denote excited states, with the distance from the ground state
representing the energy difference.

[3] Half-life

The physical haffife of a radionuclide is defined as theriod of time required to reduce the
radioactivity level of the radionuclide to exactly one half of its original value. Thelifealf
varies among different radionuclides. If the number of radionuclides present at a given time (t)
is N, and they disintegte over a given period of time (dt), the number of disintegrated
radionuclides (dN) is expressed as follows:

dN/dt=-I N (I is the decay constant) Q)

When t= 0, the number of radionuclides {Ns:

N = Noe'" (2)

When E is substitutedf the base of the natural logarithm, and T for-htdf N is half Ny

(1/2) at t="T. Therefore, the following equations are obtained:

N/Ng=1/2=¢T (3)



T =log2l =0.693f 4)
Table 4 shows an outline of the physical hiles of majorradionuclides used for SPECT

and PET. Table-b shows residual fraction of major radionuclides for SPECT.

[4] Intensity ofRadioactivity
The intensity of radioactivity is expressed in unitde€querel Namely, 1 decay (emission of
radioactive rays) oeoring over 1 second is equivalent to 1 becquerel (Bq) or 1 dps (decay per
second).

If N is the number of atomic particles, and dN is the number of decays occurring over
a period of time Adt, o0 the following equatioa

-dN =1 n Nn dt,

Wherel is the decay constant representing the proportion of atoms disintegrating per second.
fNoi s the number of atomic el ements at ti me
dt seconds is:

N = Non €'

Then, the intensity of radioactivity can be expresagl n Non €',

[5] RadiationEquilibrium

If 1 ; andl , are the disintegration constants, andaNd N are the numbers of atoms at time

Aito of the parent radionuclide and daughter
expressed as& | NNz and A =1 2 Ny, respectively. The changes in the number of atoms per

unit time are:



dNa/dt =-1 1N,
dNo/dt =11 1N3-I 52N>
If N1p and Ny represent the number of atoms of the parent nuclide and daughter nuclide at the
initial time, respectively,
N; = Nyon €'
No =1 /(1 21 )N Nyo(e' e’ ?) + Nygn €' 2

When the haHife of the parent nuclide is longer than that of the daughter nuclide, the
ratio of the number of atoms of the parent nuclide to that of the daughter nuclide becomes
constant after the passageaosufficient length of time. This phenomenon is called radiation
equilibrium.
In cases of 1<l ,, we can assume' & = 0, and the ratio of the radioactivity of the daughter
nuclide to that of the parent nuclide becomes constant, which can be exprdsfied/sis
No/N1=11/(l 2+l 1)
This is called transient equilibrium.
In cases of 1<<l ,, we can assumé' & = 0 andl 1 = 0, and the ratio of the radioactivity of the
daughter nuclide to that of the parent nuclide becomes constant, which can be expressed as
follows:
No/Ny =14/l 5
This is called secular equilibriunigure 9 shows examples of transient equilibrium and

secular equilibrium.

[6] Binding Energy

If Mp and Mn are the mass of the proton and neutron, respectively, of an element with atomic



numb Do and at omi c mas s number inA, O t he ma s
expressed as:

M = Z ¢Mp + (A-Z) ¢Mn - Dm

Dn i s the mass defect. When this mass is tra
E =Dm &7,
where fAco denotes the velocity of 1ight.

[7] Nuclear Reatton (reaction energy, nuclear reaction cross section)
An atomic nucleus is transformed to a different atomic nucleus when it reacts with another
atomic nucleus. This is called nuclear reaction. For instance, when nitrogen atoms are exposed
to a rays emited from uranium, oxygen atoms and hydrogen atoms are produced (Rutherford).
Whena rays are applied to aluminum atoms, radioactive phospidi®} and neutrons are
produced (Frederic Jolig@urie and Inere Jolie€urie). Cyclotrons are apparatuses that
accelerate charged patrticles (protons, deuteranparticles, etc.) to facilitate their collision
with the target atom. In the nuclear reactor, neutrons are formed, and new elements are
produced by nuclear reaction between neutrons and the target atoms.

fAX0 is the target nucl eus, flad is the i
nuclei, of a nuclear reaction, withyyIM,, My, and M, supposed as the respective masses, and
Ex, Es, Ey and E as the respective kinetic energies, the following equateme obtained
because energy is conserved before and after a nuclear reaction:
(Mx + Mg) &+ Ex + Es= (My + Mp) &+ Ey + B
Q = (Ev+Ep) - (Ex + Ea) = (Mx + M) ¢ - (My + Mp) ¢

where AQ0 is the reacti on eneisgxpthermicfwhdrdase v al



if it is negative, the reaction is endothermic.

When an incident particle approaches the target nucleus, nuclear reaction occurs in
proportion to the density of the target nucleus, thickness of the target, and the number of
incidert particles. This proportional constant is the reaction cross seotfnThe greater the
reaction cross section, the more readily nuclear reaction occurs. The unit of reaction cross

section isbarn, b (parn: 13 10%m?).

[8] Characteristic Feature$ a ray, b ray, andgray
Radioactive rays emitted by radionuclides are roughly divided into particle rays, suchyss
(He nucleus) and rays (electrons, positrons), and electromagnetic waves (photons) sgich as
rays and characteristic-pays. Becauselectromagnetic waves have a high ability to penetrate
tissues, they render themselves easily to external counting. The suitable energy rgraysfor
is 106200 keV. Radionuclides with monoenergetic emission are desirable-ehewgy
nuclides are notwsted to external counting, because of their substantial attenuation in the body.
High-energy nuclides penetrate the scintillator, resulting in decreased detection efficiency.
9mre and®™Kr disintegrate in the form of nuclear isomer transition, whet&s™in, and
20471 disintegrate in the form of orbital electron capture.

Because the range @ rays andb rays is short, they are not suited to external
counting. The range @& rays in the body is about 0@W616 mm, and the corresponding range
of b rays is several millimeters. Becauseay-emitting nuclides have large atomic numbers,
longer halflives, and higher toxicities, they are not used for the living bodways (electrons)
are emitted front*C, ®H, etc., and are used for measurement ofpdesrin a liquid scintillation

counter.b” rays (positrons) are emitted with energy peculiar to the atomic nucleus, and their



travel range (positron range) depends on the magnitude of the energy (the maximum range in
water is 4 mm fof'C, 6 mm for®O, ard 2 mm for'®F). Because positrons with greater energy
have a longer positron range, disagreement takes place between the position of the atomic
nucleus and the position where annihilation radiation occurs, which causes deterioration of the
spatial resolubn. Table 16 shows the magnitudes of energy and the maximum traveling

length (positron range) of major radionuclides.

[9] Interaction betweegrays and Substances
Photoelectric absorption and Compton scattering occur in the energy raggaysfemited
from radionuclides use in nuclear medicine.

Wheng rays enter, electrons bound by atoms absorb the energy gtalge and fly
out of the nucleus, causing theays disappear. This is called the photoelectric effect. Vijhen
rays collide with electrasy they give a part of their energy to the electrons, and scatter by
changing their direction of travel. This is called Compton scattering. Because of the
photoelectric effect and Compton scattering, incidgalys do not penetrate any substance in a
straght line; this is called absorption gfrays. When | is the number gfrays that penetrate
through a substance, is the number of incideng rays, and x (cm) is the thickness of the
substance, the relation of the linear absorption coefficie(the rate ofg ray absorption per
cm of travel) can be expressed as follows:
[=1lon e™
The absorption coefficient is also expressed as the-amsssption coefficientp,, When |

the density of the substance, the following equation is obtained:



m= nymy

D. Production of Rdionuclide

Radionuclides used in nuclear medicine are manufactured in cyclotrons or nuclear reactors.
Generators are used for radionuclides suci"™s used in hospitals.

[1] Cyclotron

The cyclotron accelerates charged particles suclpramns (hydrogen nuclei), deuterons
(deuterium nuclei), ané particles (helium nuclei), giving them energy to facilitate their
collision with target molecules and producing a new element through nuclear reaction.
Charged particles are accelerated wiik tise of the difference in potential between the D
electrodes. All D electrodes are in the static magnetic field, and charged particles are
accelerated while making a circular orbit, eventually ending on the target. Single
photonemitting nuclides producein cyclotrons includé’Ga, *23, ™in, and ?°*TI, while
positroremitting nuclides produced in cyclotrons inclulfe, *°0, **C, and**N. Table 17

shows the nuclear reactions, targets, and primary products of various nuclides.

[2] Nuclea Reactors

If a thermal neutron hits a heavy element placed in the center of a nuclear reactor, atomic
fission occurs to create two elements of almost the same mass. Because neutrons have no
charge, their nuclear reaction cross section is large (namely, they aretdikebflide with

atomic nuclei). Among the radionuclides used in nuclear medicie?*Mo, **3xe, and®*'Cs

are produced by nuclear fission?dU in an atomic reactor.

[3] Generators

When the halife of the parent nuclide is long and that of the glgar nuclide is short, the



two nuclides adopt a state of radiation equilibrium. If the chemical properties of the parent
nuclide are markedly different from those of the daughter nuclide, the daughter nuclide alone
can be chemically isolated, and be ulmdabeling. A generator is an apparatus that elutes the
daughter nuclide from the parent nuclide having a longlfi@lfParent nuclides are produced

in cyclotrons or nuclear reactors, and loaded on generators. Because generators can be
transported, the may be transported to medical institutions where dhat daughter
radionuclides are used. Tabléhows a generator used in the field of nuclear medicine.

The basic structure and overview of a generator are shokig.id-10. The generator
consiss of a part for loading vials containing physiological saline for elution, columns
containing the parent and daughter nuclides, lead blocks that shield the column portion, and a
part for loading vacuum vials for yielding the eluate (collection vials)thi case of a
Mo-*"Tc generator, the parent nuclidlo has a haffife of 66 h, and causes decay,
whereas 87% of the daughter nuclide¥€Tc (with a halflife of 6 h) in a metastable state,
emitting g rays of 140 keV and turning int8Tc. The rée of production of*Tc is 13%.%Tc
with a halflife of 2.13 10° years disintegrates infSRu. Columns are filled with alumina, and
%Mo is absorbed on to the alumina in the form of Mo®™Tc is produced by disintegration
of ®Mo, and this disintegtion continues until the maximum radioactivity reaches about
4-fold the halflife of %°™c. **™c is eluted into the sodium salt Bf'TcOy". In the column, the
decreased®™Tc is compensated for by newly producgdTc for radiation equilibrium to be
acheved.

The yield Ay of *°™Tc eluted from &°Mo-°°"Tc generator in a given period of time is:
ATC — 0956(A/|o)0 (e—0.01034£e—0.1150) + (ATC)O e—O.llSOt

Initially, (ATc)o is 0. Because the quantity of (A§ay as low as about 1 after 24 h in cases



whereelution is carried out once a day, there are no concerns about the yield on the following
day. However, if elution is repeated every several hours, the influencerdf iGAgreat, and
should be taken into consideration. If{{J is negligible, the maxnum radioactivity is
reached in 24 h, i.e., aboutfdld the halflife of *™Tc. Therefore, the following equation is
obtained:

Atc = 0.956(Auo)o 0.01034t

Both ®“Mo and *™c disintegrate into’Tc, and therefore the eluate from the generator
contains bth **™Tc and®*Tc. Because disintegration 8f"Tc occurs more rapidly than that of
9Tc, the proportion of°™Tc in the eluate decreases over time, while the contefiTofather
increases®Tc and**™Tc have the same chemical properties, therefoee pthsence of’Tc
causes the labeling rate to decrease. Use of the generator at interv@sday< leads to a
decrease in the labeling rate of the eluate, necessitating particular caution. -Babl®ws

some of the generators used in nuclear medicine

E. Chemistry of Radiopharmaceutical Agents

To produce radiopharmaceutical agents, labeling of chemical compounds with radionuclides is
necessary. The following methods are available for carrying out such labeling.

[1] Isotope Echange

This method is uskfor I-labeling of chemical compounds containing iodine.

[2] Introduction of external radionuclide

Radionuclides are incorporated into chemical compounds by means of covalent bond and
covalent coordinate bond formation. The radionuclide that is to bepm@ated is one that is

absent in the target chemical compoutiliTc-albumin and®*™Tc-DTPA are major examples.



[3] Use of bifunctional chelating agents

Proteins are labeled with the use of bifunctional chelating agents such asaBD DV PA.

[4] Biological production

Organisms in culture containing radionuclides are used. Radionuclides are incorporated by
metabolism. The metabolic product is isolated chemically.

[5] Use of excitation

Highly reactive daughter radionuclides that are produced in the protessntegration are

used. Highenergy ions that are produced durtngecay or electron capture reaction are used

in this labeling method.

[F] Evaluation of product

It is indispensable that the labeled radiopharmaceutical agents retain the same prapertie
those before labeling. The following conditions should also be considered:

a) Labeling rate: The proportion of the total target number of pharmaceutical agent molecules
labeled with the radionuclide represents the labeling rate. Higher labelingmassirable.

b) Chemical stability: Chemical stability depends on the binding state of the radionuclide and
the chemical compound. Covalent bonds are the most stable.

c) Degeneration: Heat treatment or strong acidic or strong alkaline reaction durprgdhss

of labeling causes changes in the conformation of chemical compounds, and thereby changes
in the biological properties. Particular caution is necessary when labeling proteins or peptides.
d) Isotopic effect: Influences derived from differencesha mass. Radionuclides of smaller
mass exert a greater isotopic effect; the reaction velocity varies among hydrogen, deuterium,
and tritium.

e) Specific radioactivity: Specific radioactivity is the quantity of radioactivity per unit weight



of the radiophamaceutical agentMBg/mmol). Pharmaceutical agents used for nuclear medical
examination must have a high specific radioactivity. Administration of smaller doses of
pharmaceutical agents is desirable, and they are required to be measured by an imaging syst
within a short period of time. Labeling synthesis in the cafre state (presence of
radionuclides alone, without commingling with stable isotopes) allows the production of
radioactive compounds having high specific radioactivities. On the othdr égimemely high
specific radioactivity causes the yield to decrease, inducing the occurrence of radiolysis
(labeled compounds are degenerated by radioactive rays emitted from the radionuclides).

f) Purity of radiopharmaceutical agents: The purity is @rathin terms of the radionuclidic
purity and radiochemical purity. Radionuclidic purity is expressed as the proportion of the
overall radioactivity derived from the target radionuclide. If radionuclides other'ffaare
commingled with*®FDG, the physial halflife is not 109.8 h. The radionuclidic purity can be
estimated by measuring the physical Hiéf. Radiochemical purity is expressed by the
proportion of the overall radioactivity derived from the target chemical compound. When using
a generatordr labeling synthesis, errors in preparation or procedures can cause a decrease in

the radiochemical purity of the labeled compound.

[2] Labeling method of radiopharmaceutical agents for SPECT
[A] lodine
lodine is an element with atomic number 53 thabbg$ to the halogen family. Its stable

127123 129 and **4 are used for nuclear medical purpostdl disintegrates

isotope is
through electron capture, with a kafé of 13.2 h and gray energy of 159 keV. This isotope

is suited to external cating with ag camera®X disintegrates through electron capture, with



a halflife of 59.4 days and gray energy of 27.4 keV. Althougi’ is not suited to external
counting, it is used as an in vitro diagnostic product for the measurement of @bkagiples.
134 disintegrates through™ decay, with a halfife of 8.0 days, & ray energy of 606 keV, and a
gray energy of 364 keV. This isotope is used for therapeutic purposes.

lodine cannot be used for labeling if it is not in an oxidized stateen\Nabeling with
iodine, iodine ion () is converted to*Iby an appropriate oxidizing reagent, and theis|
substituted for Hfor labeling. When labeling proteins, iodine is bound to, e.g., the phenolic
group of tyrosine or the imidazole group oftldme.
(1) Triiodo method: The target chemical compound is labeled by adding to a mixture of iodine
nuclides, 4, and KI.
I, + KI + ¥+ 2RH = R* + K™Y + Rl + 2HI
Degeneration is less frequent in protein labeling, however, the yield is 168000
(2) Monochloride method: lodine nuclides and a stable iodine isotope are equilibrated in dilute
hydrochloric acid, and this mixture is added to the target chemical compound. Stable 12 and Icl
are mixed, and the specific radioactivity is low, providinguastable yield (580%).
(3) Chloramine T method: FirstNa'®i, and then, chloramine T (sodium salt of
N-monochlorep-toluensulfonamide) are added to the target compound. Chloramine T oxidizes
I” to more reactive I+. Although both the specific radioatsti and the yield are high,
coexisting proteins are likely to degenerate, because chloramine T is a highly reactive
substance.
(4) lonization method: lodine nuclides and the target compound are mixed and electrolyzed for
labeling. Electrolysis leads to éhproduction of 1. Because 'l is generated slowly and

therefore is stable, uniform labeling can be achieved. There is no involvement of a carrier.



(5) Enzyme method: Enzyme (lacroperoxidase, chloroperoxidase, etc.), hydrogen peroxide
solution, iodine nudtles, and the target compound are mixed. Hydrogen peroxide reacts with
iodine nuclides to produce’ lions. Because the amount of hydrogen peroxide is small,
degeneration is minimal. This method is suitable for labeling proteins and hormones.
(6) Bridge mehhod: N-succinimidyt3(4-hydroxyphenyBpropionate (NSHPP) is iodized by
the chloramine T method (the compound labeled vHs called the BoltosHunter reagent).
lodized NSHPP binds to lysine residues of proteins, which can therefore be labeledtwitho
causing degeneration.
(7) lodogen method: lodogen is dissolved in ethylene chloride, and the wall of the test tube is
preliminarily subjected to coating processing. lodine nuclides and protein are placed in this test
tube and allowed to react for-1® min. Degeneration of protein is minimal.
(8) lodine beads method: The oxidizing agenthbrobenzen sulfonamide, which is in
solid-phase in polystyrene beads measurirg) i2m in diameter is used. Five or 6 of these
beads are added to the mixture of pro&nd iodine nuclides, and reaction is allowed to occur
for 15 min at room temperature.

After labeling, free and unlabeled iodine is removed by precipitation, anion exchange,
gel filtration, or dialysis.
[B] #™Tc
9mre can be readily extracted fron?"Mo-"""Tc generator. This radionuclide has a Hidéf of
6 h, and emitgrays of 140 keV. This nuclide is the most commonly used in SPECT because it
provides highresolution images. Tc is a transition metal belonging to the VIIB family, and has
a long halflife of 2.13 10° years. It is obtained as a sodium salt’8tTcO4 from the

generator. Because this form (heptavaf@fitc) is poorly reactive, conversion to 99MTes



carried out by reduction using a reducing agent such as tin chloridetSRE4O). *°"Tc*" is

highly reactive, and can potentially produce various labeled compounds incltiBindd TPA,
9MTe-HIDA, *™Tc-MDP, #™Tc-PYP, and®™c-HEDP. If oxygen is present in the kit vial, the
stannous ions in the kit cannot redd@8TcO4 sufficiently, resulting in increased production
of ®*™cO4 and a low labeling rate. If exce8¥"TcO, is present in the kit, it reacts with
oxygen to produce radicals, which act on tR&Tc-labeled compound, causing increased
9mreQ, production and a decreaseddiibg rate. Depending on the pH value of the solution,
9mre** produces hydroxides (e.g2™TcO,, °"TcO?*, and **"TcOOH). If hydroxide
production is increased, the labeling rate decreases. In such cases, the t&fetatieled
radiopharmaceutical agt, **™TcO, (free **™Tc that is not reduced), arld™Tc hydroxide are
present in thé°™Tc labeling kit.

9mrc-labeled compound produces a stable labeled compound through ligand
exchange, by which a weak ligand complex is exchanged with a strong digaupdiex.
Mot artrat e “Pc-NWGE Btarivate
PM-EDTA + ERTBECD + EDTA
¥Meci tric acT"dc-MBI MitriBdcid Y

Labeled compounds contain stabilizers to prevent radiation decomposition,
antibacterial agents to prevent batlegrowth, and preservatives (ascorbic acid, citric acid,

acetic acid, etc.).

[2] Labeling of radiopharmaceutical agents for PET
Because the positreemitting radionuclide$'C, **N and*0O areradionuclides of elements that

are constituents of the livgnbody, they can be used to label such organic compounds as water,



carbon dioxide, oxygen, carbon monoxide, glucose and amino acids. Alth&ugs not
originally contained in biologically active molecules, it is equivalent in biological acti@ity
hydragen and the hydroxyl group, and remains stable in the body. Hydrogen or the hydroxyl
group is substituted for'®F to synthesize'®F-labeled compounds. Positremitting
radionuclides have a short hiife, therefore, it is necessary to finish the entirecess from
the production of nuclides in the cyclotron to synthesis of the labeled compauadisy
testing, administration, and imaging within a short period of time. At present, use of
2-deoxy[*®F]fluoro-D-glucose {FDG) and™0-labeled gas (€02, C°0, °02) for imaging
are covered by insurancelowever, a number of radiopharmaceutical agents, sulfNak
and C-methionine are also being used fadvanced medical technology or in clinical
research.

[A] 18F

'8¢ can be produced in two waysy obaining**F, or H'%F.

8F, procedure:'®F is obtained bynuclear reaction of°Ne @, a) **F, in which the target
encapsulatingneon gas. For removal of tHé&F, gas produced from the target box, 0.2%
fluorine gas is added as a carrier, which reducespieific radioactivity. Passage 8, gas
through the column encapsulatisgdium acetate yield$F-acetylhypofluorite ¥FDOPA and
other labeled compounds are synthesized utilizingniingeophilic substitution reaction of
8r_acetylhypofluorite.

18E_ procedureThis technique is used for the synthesid®BDG. After encapsulating O in
the targetprotons are appliedd*F is produced by nuclear reaction’8® (p,n)}°F. Because
no carrier is needed for this procedure, extremely high specific ctighdacan be obtained.

The water containing ¥F in the target is passed through the ion exchange resin column to



allow adsorption of®F. The adsorbed®- is thencollected as KF by passingpotassium
carbonate solution through this column. After iaddKryptofix and sufficient drying, triflate is
added, and the obtained fluetetraacetyl glucopyranose is hydrolyzed by hydrochloric acid.
After removing impurities with a column, the technique of producing injectable solutions is
used for the synthesiAlthoughH2150 is expensive, it can betrieved and used repeatedly.

[B] 150

0.52.0% oxygen gas is added to highrity nitrogen gas, and deuterons are applied to
produce’0, by nuclear reaction of*N(d,n)**0. *°0, with hydrogen is passed througheth
column filled with Pt or Pand allowed to react, to obtdify'*0. By passind”O, through the
active charcoal column heated to 400 degree8 @), is obtained°0, is passed through the
active charcoal column heated to 900 degreean@d unreacte@0, is removed with soda
lime.

[C]*'C

¢ is produced by encapsulating higtrity nitrogen gas in the target and applying deuterons
to cause nuclear reaction 9(d,a)*'C. When oxygen gas coexists in the target during this
process,*CO, is obtained ashe primary product. On the other hand, when hydrogen gas
coexists in the target’CH, is yielded as the primary productCHsl (methyl iodide) that is
used for labeling of the methyl group is produced ffd80, and used as a labeling synthesis
reagent’CO, is used for the production &fC-labeled carboxy compounds, making use of the
Grignard reaction. Labeling synthesis reagents such*#®N\Hhydrogen cyanide) to be used
for labeling amino acids andCOCI (phosgene), which is highly reactive, carsiethesized
from 'CH,. Representative labeled compounds obtained with various labeling synthesis

reagents are tabulated (Tab®)1



F. Use of radiopharmaceutical agents (in Japan)
[1] Reporting of Use
As legal formalities prior to the use of radiophageutical agents, it is necessary to establish a
facility in compliance with the rules of practice of the Medical Care Law and report to the
prefectural governor to obtain approval. Items to be reported are prescribed in Section 28,
Chapter 4 of the Medit&are Law; the list of the items is as follows.
(1) Name and location of the medical institution
(2) Type, configuration, and quantity of the radiopharmaceutical agent to be used
(3) Maximum inventory quantity by the type of radiopharmaceutical agents
(4) Maximum quantity of the radiopharmaceutical agent to be used per day
(5) Outline of preventive measures against radiation hazards (facility, equipment, containers,
etc.)
(6) Name and history in radiology practice of the doctor who will use the radiopteutical
agent

If the use of radiopharmaceutical agents is continued after the initial approval, the
type, configuration and quantity of the radiopharmaceutical agent to be used in the following
year should be reported by the 20th of December every year.
[2] Purchase
All radiopharmaceutical agents are sold via the Japan Radioisotope Association (JRA). Users
should place an order with the JRA. The JRA requests the delivery to the manufacture of
radiopharmaceutical agents, and the radiopharmaceutical ageunlelivered from the

manufacturer directly to the user. Invoice is sent from the JRA to the user, and the user pays



the bill to the JRA.

[3] Specifications

The following specifications are necessary for placing an order for a radiopharmaceutical
agent.

1. Names of the chemical including the radionuclide (generic name and trade name)

2. Date and time of verification (date and time when the indicated radioactivity is present in
the agent)

3. Total radioactivity (MBq), volume (ml), radioactivity concentratiMBg/ml), specific
radioactivity (MBg/mg), drug concentration (mg/ml)

4. Expiration date

In addition, the type of solution, the type and concentration of the stabilizer, preservative or
antimicrobial agent, and the shape of the container, etc., mustelspebified, as needed.
There are established criteria for the process of manufacture, properties, confirmation test,
purity test, quantitative procedure, etc., for radiopharmaceutical agents.

[4] Storage

The purchased radiopharmaceutical agent shouldtdredsin the storage installation in
compliance with the regulations of the rules of practice of the Medical Care Law. For the
storage installation, the maximum scheduled quantity of storage that is reported in advance for
each radionuclide must not be erded and the incomings and outgoings must be recorded.
The storage conditions of the radiopharmaceutical agents are designated as frozen storage,
refrigerated storage or normal temperature storage according to the chemical properties and the
nature of thdormulation.

The expiration date is decided taking into consideration the stability of the drug,



decrease in specific radioactivity, decrease in the purity of the radionuclide, decrease in the
radioactive chemical purity, etc., as well as radioactiveenatition. Therefore,
radiopharmaceutical agents cannot be used after the expiration date, even if there is some
remaining radioactivity.

[5] Quality control of hospital formulations

As for the quality control of positreamitting radiopharmaceutical agenpsoduced in
in-house cyclotron facility within a hospital, Guidelines for Standards of Hospital Cyclotron
Formulations have been developed by the Subcommittee for Cyclotron for Nuclear Medicine
Use of the JRA Medical and Pharmaceutical Committee. Thi®fsgtidelines authorizes
clinically safe and effective tests as mature technologies, and prescribes the process of
manufacture, properties, quality and rules of clinical use, etc., for radiopharmaceutical agents

accredited as part of the mature techn@sgi

[ll. Measurement Equipment

A. Measurement of Radioactivity

[1] Radiation Detector

To detect radioactive rays emitted by the disintegration of atoms, phenomena (ionization,
luminescence, heat generation, chemical changes) occurring along with taetionebetween
radioactive rays and substances are measured. In the field of nuclear medicine, scintillation
detectors utilizing the luminescence phenomenon are often used.

[A] Scintillation detector

A scintillation detector is composed of a substancedhats fluorescence (scintillation) after

absorbing the energy of radioactive rays, and a photomultiplier tube that converts the light into



electric signals.

1. Scintillator

A substance that emits scintillation is called a scintillator. Scintillators eativitled into two
types, organic and inorganic scintillators. From the physical viewpoint, scintillators can be
classified into solid, liquid, and gas scintillators (Tabl&0land Table 11).

The luminescence of inorganic scintillators is attributedh&® luminescent center
caused by the intracrystalline lattice defect. To create the lattice defect, impurities, called
activators, are added. In organic scintillators, luminescence is produced when the molecules
excited by the absorbed radiation energy r@stored to the ground state. Organic scintillators
are more advantageous than inorganic scintillators in that they have shorter attenuation times,
have hygroscopic properties, have lower specific gravity values allowing for the measurement
of b rays, ad allow measurement of fast neutrons; however, organic scintillators have lower
luminescence intensities than inorganic scintillators.
a.Nal (TI) scintillator
Nal (TI) crystal is a representative scintillator for the detection of X rayg eaybs. They hve
the following characteristic features: they show large luminescence intensities; the wavelength
of the luminescence is consistent with the distribution of the wavelength sensitivities of the
photomultiplier tube; they provide a high degree of clearnessl can produce large
crystallization. Nal (Tl) is used for survey meters, well countecameras, SPECT detectors.

Na (T1) scintillators are disadvantageous in that they have a long fluorescence decay
time and hence a long dead time, are deliquesaemtassociated with great loss of the quantity
of incident rays into the photomultiplier tube because of the large refractive index, and the

luminous efficiency varies with the temperature. Precautions are necessary because of these



disadvantages. PET t@etors use new scintillators such as BGQ@E#&0;,), GSO (Ceadded
Gd,SiOs) and LSO (Ceadded Luy(SiO4)0O), which have the following characteristic features:

high blocking capability because of the high density, shorter fluorescence decay time, absence
of deliquescence, and high resistance to radiation.

Well counters or flatype scintillation counters are used for measuring the
radioactivity of the sample placed in the test tube. Nal (T1) is used for these counters, because
it shows high count efficiency
b. Liquid Scintillator

In cases of lowenergy b ray-emitting radionuclides such a4 and C, the
radioactivity of the sample is determined by dissolving or suspending the sample in the liquid
organic scintillator and by measuring the luminescencéqudd scintillator is composed of an
organic solvent such as toluene or xylene, the primary solute (fluorescent material, PPO, etc.),
and the secondary solute (wavelength shifting material, POPOP, etc.). The general
requirements of liquid scintillators aas follows: they should be chemically stable and easy to
prepare, provide high dissolution of the sample, and bepinsive. In a liquid scintillator,
solvent molecules absorb energy to cause ex
restored from the excited state to the ground state, photons are emitted, and act on the
fluorescent material in the solute ¢tause luminescence. This luminescence is converted to
electric signals for counting.

Liquid scintillators are subject to decreases in counting efficiency due to the
guenching phenomenon, which necessitates particular caution. This phenomenon has been

classified as chemical quenching, color quenching, etc., according to the cause.



2. Photomultiplier tube (PMT)
Photomultiplier tubes are vacuum tubes composed of theqghttode (photoelectric surface),
focusing electrode, accelerating electrode, seconel@gtron multiplier dynode, and anode
(Fig. 1-11). The photons emitted by the scintillator reach the photoelectric surface of the
photomultiplier tube, and are converted to photoelectrons. Photoelectrons are congregated at
the secondary electron emissisurface of the first dynode by the focusing electrode and the
accelerating electrode, where they emit secondary electrons. The secondary electrons produced
are multiplied continuously every time they reach the dynode (to abbnidip

When using a phommultiplier tube, the following precautions are necessary: higher
voltage than the stipulated voltage should not be applied, apkeigbrmance, higivoltage
stabilization circuit should be used, the photomultiplier tube should be protected with magnetic
field shielding material, sufficient time should be allowed until performance becomes stable,
attention should be paid to minute dark currents, even if there is no incoming fluorescence;
damage may occur due to high current if a high voltage is applidteipresence of usual
daylight.
[B] Semiconductor Radiation Detector
Semiconductor radiation detectors using cadmium telluride (CdTe) or cadmium zinc telluride
(CdTezn) as the elemental device have several advantages. More specifically, they have high
enegy resolution and high position resolution, and allow downsizing and wsdylrig
because they do not involve the use of a photomultiplier tube (#ig).1

In the pn junctiontype semiconductor, electron holes spread from the p type to the n
type, andelectrons spread from the n type to the p type. At this time, negative ions remain in

the ptype region, whereas positive ions remain in tiigpe region, creating an electric field



at the boundary of the-p junction and hampering the flow of spreadidgctonelectron
holes (carriers). This spacial electrification area is called the depletion layer, because there is
no carrier in this area. If ionizing radiation enters the depletion layer, carrier pairs are produced.
These carrier pairs move toward thiype and Aype elemental devices under bias voltage,
causing pulse currents to pass. Because electrons and electron holes céce¥athé energy
resolution of the radiation is high, which is advantageous for energy analysis. In addition, there
are p-i-n junctiontype semiconductor detectors (for measuremerg rafys and higkenergy
charged particles), surface barrier detectors (for measurement-ehkngy charged particles),
and a higkpurity Ge detector.

Commercially availableg cameras basednathe semiconductor detector mechanism
are lightweight and portable, and therefore usable for exploration of lesions during surgery.
Detector element devices €22 mm) are arranged in an array of 16 x 16 rows, with an
effective visual field of 32 32 mm. Intrinsic energy resolution is 5.7% FWHM, and the
spatial resolution is 2.0 mm.
[C] Detection using the ionization effect of gas
The characteristic features of the relationship between the interelectrode voltage and the output
pulse of the gas ionizatiaetector vary according to the nature and pressure of the gas or the
structure of the detector. The relationship between the interelectrode voltage applied and the
magnitude of the pulse current derived framays and rays is shown in Fig.-13. When tle
voltage applied is extremely low, the election pairs produced by the ionization of gas
molecules are recombined and restored to their previous state. The voltage range at this time is
called the recombination region. When a voltage exceeding ancéetal is applied, the

recombination of ions is disregarded, and almost all ions generated by radioactive rays are



congregated at the electrodes. The voltage range at this time is called the ionization chamber
region. If the applied voltage is increasedtlier, the primary product ions generated by the
radioactive rays gain sufficient energy to ionize neutral gas molecules, eventually causing
ionization of the gas molecules secondarily. This phenomenon is called gas multiplication. The
voltage range in wibh the secondary electron number is proportional to the primary electron
number is called the proportional region. If the voltage applied is increased further, the kinetic
energy of the electrons increases accordingly, resulting in the generation aigpfiota the
positive electrode. When N is the secondary electron number produced by gas amplification of
1 electron, and r is the probability that 1 electron creates photons and hence produces
photoelectrons through the photoelectric effect, 1 electramdified to N electrons, and N x

r x N photoelectrons are generated along with such amplification. Because this amplification is
continued as a chained event, a single electron generated by radioactive rays will be amplified
to obtain M electrons, accorgj to the following equation:

M=N+rN°+PN3+PN*+nnnn

M is the gas amplication factor. Detectors that utilize the ionization effect of gas
include pulse ionization chambers making use of the characteristic features of the applied
voltage range, proportional counter tubes, and GM counter thlgpsl{(14).

a. Pulse ionization chamber

A pulse ionization chamber is a detector that operates based on the interelectrode voltage
within the ionization chamber region, and counts the output pulse from primary electrons
produced by radioactive rays. The pulse heighthe output pulse is proportional to the
incoming radioactive rays, but is not associated with the gas amplification. Therefore, pulse

ionization chambers are used for measuremeat 1@ays that have a large specific ionization



power, protons, atomsdhare produced by nuclear fission, and heavy ions.
b. Proportional counter
In the case of an applied voltage with relatively small gas amplification, i.e., in cades<df,
where generation of photoelectrons is negligible, we can havé/iNand the pude height is
proportional to the logarithm of the generated primary ions. The type and energy of the
incoming radioactive rays can be determined.
c. GeigerMueller counter
When the interelectrode voltage becomes high, and rN approximates 1, the gasaioplifi
factor increases rapidly, and the amplification phenomenon of electrons caused in an area near
the center electrode extends to the entire center electrode (electron avalanche). Counters that
utilize this kind of discharge phenomenon are called Givhtars.
[D] Major radiation detectors used in nuclear medicine

Radiation detectors are widely used in the field of nuclear medicine for the purpose of
external counting, sample measurement, radiation control, and radiation protection. The
commonly used iation detectors are listed in Tabld 2.
[2] Basic electronic circuit for radiation counting
[A] Power source stabilization circuit
Excluding special devices such as nuclear emulsions and cloud chambers, all radiation
detectors require a high voltages#veral hundred to several thousand volts. Because it has a
direct influence on the electric signal obtained from the detector, and the connection is on the
input side of the amplifier, a stabilized highltage power supply circuit is necessary.
[B] Pulse amplifier

The output pulse from the radiation detector has amplitudes varying over a very wide range. It



is necessary that the output pulse proportional to the pulse height of the input pulse be obtained
over the entire amplitude range. It is also regplithat a stable gain is maintained for a long
period of time through stable negative feedback. In a ckegsitive amplifier, the amplifier
circuit is an integration circuit, and the sum total of the electric charges from the detector is
proportional tothe sum total of the electric charges. Differentiation of the electric charges
allows wave clipping. This part of the circuit, so far, is called the preamplifier. The signal from
the preamplifier is directed into the main amplifier, the signal is fudhgplified, and at the

same time, noise is removed by narrowing of the bandpass width.

[C] Pulse height analyzer

The pulse height analyzer can discriminate a specific pulse height of the output pulse from the
main amplifier, and thereby eliminate noise.

a) Pulse discriminator

Among all counts, scattered rays and noise of the photomultiplier tube have high pulse heights.
The pulse discriminator differentiates between signals from the radiation source and noise to
remove noiseHig. 1-15).

b) Coincidence couirig circuit

Coincidence counting circuit is used for signal counting in PET. Annihilagioays are
emitted in about 18@degree opposite directions. When opposed detectors detect signals within
a certain period of time (time window), there is a pulse wWutReciprocal coincidence
counting circuit is a circuit that does not output signals if signals are simultaneously input into
all input terminals. This circuit is incorporated in a sirgh@nnel pulsdeight analyzer.

c) Singlechannel pulséeight analyer

This is a circuit that discriminates signals of certain pulse heights alone, and consists of a pulse



discriminator and a reciprocal coincidence counting circuit.
d) Multi-channel pulséeight analyzer

Pulse height values of input signals are convettedhannels, and the histogram of each

channel is recorded. This device allows measurement of the energy distribution of radioactive

rays fig. 1-16, Fig. 17).
[D] Counter and standard deviation of counts

a) Scaler (Fig. 18)

When a pulse makes flifpop c i r cui t Aono, next p -fldp €ieuit ma k e s

out puts single pulse for one set of-mddeno
binary-coded decimal system is employed for displaying measured counts.
b) Display unit
Liquid crysgl display (LCD) is utilized. The merits of LCD are low electricity, high resolution
and colors, and flat shape.
c) Mean value and standard deviation
When m count is detected during t min data acquisition, count and standard deviation is,
n° Om
count ratglcpm) m/t and standard deviation is;
m/t° (Cm)/t (cpm)

Coefficient of variation (c.v.) (%) is;

m/t° 100 / Gm) (cpmt %)
When count rates and standard deviation aramal i, and 5 and |, respectively, the
calculation of count rate and standard deviation are as follows;

M A+(n° =) ° (o )°°

an



e A-(° =) °( o+ )
(Na”  a)(M®  b) = Malp® Nl o/ 1)+ o/No)*)>°

(nao a)/( Ny’ b) = na/nb ° na/nb( a/na)2+ b/nb)2)0.5

[E] Count rate meter and time constant
a) Count rate meter
Count rate meter is useful when count rate is always displayed in survey meter and monitoring
dosimeter. The basic circuit of count rate meter consistiooe (D1 nad D2), condenser
(C1 and C), and resistance (R). When pulse height E, charge g, and pulse frequency is n/sec,
V=ngR
Vis proportional to n. Count rate is indicated by voltad€&ig. 18).
b) Time constant
The product of condenser capadityand resistancR is time constant.
= 2T) °° (cps)
Coefficient of variation is expressed by T as follows;
c.v. = 100/(2nT§? (%)
[3] Energy Spectrum of gray
[A] Energy Resolution
The pulse distribution obtained when almost all #heay energy has contributed to
luminescence is defined as the photo peak. The width at the position of the height half of the
photo peak is called the full width at half maximum. WIREir isthe half width, and Er is the
energy of maximum count rate at the photo peak, we have the ifajj@guation:

R =qEr/Er x100 (%),



whereR is the energy resolution. When comparing the energy resolutions of detectors, the R
value ofgrays of**'Cs (0.662 MeV) is used as the benchmark.
[B] Count Efficiency of Photo Peak
To eliminate scattered rays, a certain energitlwis set centering around the photo peak, and
signals in it are counted.

WhenNq is the total count rate excluding noisg,islthe count rate of the photo peak,
and N is the rate of photon emission from the radiation source, the detection effigighey f

peak total ratio P, and the photo peak count efficiepayef expressed as follows:

P= N)/Nt
fo= NN

B. Sample Measurement Apparatus

[1] Auto Well Scintillation Counter

An auto well scintillation counter consists of an automatic samideger, wettype or side
holetype Nal (TI) scintillator, photomultiplier tube, preamplifier, main amplifier, pulse height
analyzer, scaler, and printer. This apparatus measures the radioactivity of several hundred
samples while automatically exchangsamples.

[2] Liquid Scintillation Counter

In the detector unit, a device that automatically exchanges containers of samples and a
photomultiplier tube are incorporated. Radioactive rays from samples dissolved in the liquid
scintillator are measure®ig. 1-19).

[3] Curie Meter

The apparatus that measures the radioactivity of known radionuclides engittangs in



syringes, ampules or vials is called a curie meter or dose calibrator.

C. Imaging Devices

Imaging devices provide the distribution of radioacyiwit the body. Scintillation cameras and
PET devices are available.

[1] Scintillation camera

The scintillation camera was devised by H. O. Anger in 1956, and is also known as a gamma
camera. Genergdurpose scintillation cameras that have multiple detectiaits with a
rectangular field of view are commonly available. Devices that allow whole body
collection/SPECT collection (as described later) and PET collection (as described later) using
an opposed scintillation camera and coincidence counting ciesuityell as conventional
static/dynamic images, have also been developed.

[A] Composition of the device

The imaging device is composed of the detector unit consisting of a collimator, scintillator,
light guide, photomultiplier tube, and analog/digital catee supporting detector
stand/patient bed, the processing part that deals with correctigmagfincoming position
calculation/energy discrimination/uniformity and linearity, console for the collecting operation
and image display, and an image progegsvorkstation. Image signals are output to the
imager or PACS for the purpose of recording and storing the imaigesl{20).

The composition of a detector is shown in Figgll Gamma rays that have passed
through the holes of the collimator are conedrto light by the scintillator, and enter the
photomultiplier tube via the glass light guide. This light guide disperses and leads the
luminescence generated by the scintillator appropriately into the photomultiplier tubes. The

glass window that seals tiseintillator is also used as the light guide to omit a-sske light



guide in many types of detectors. The light signals of the scintillator are converted to current
signals by the multiple photomultiplier tubes.

Then, the current signals are convertsdthe preamplifier to voltage signals, and
subsequently to digital signals by the analog/digital converter. With the digital signals, the
incident position of thgrays is calculated through the position signal circuit. At the same time,
the targetedyray signals are retrieved through the energy discrimination circuit. To improve
the precision of the signals, data are subjected to correction for the uniformity of the field,
spatial linearity, etc., and displayed on the CPU or the liquid crystal dismaitanthrough
the image display circuit. A series of these collection operations and image display are
controlled by the console part including the CPU. The obtained image data are analyzed by the
image processing workstation and displayed on the colortaroComposition of the detector
of the scintillation camera is shown in Figur@1L
[B] Collimator
A collimator is a mechanical filter attached to the front face of the detector to allow passing of
only g rays coming from a given angle to the detegitame. If the collimator is not used,
obliquely incidentg rays are also detected, making it impossible to detect information about
the emission location of thg rays. Collimators can be broadly classified in terms of the
geometric configuration, incidegtray energy, and performance characteristics, including the
high-resolution type or the higbensitivity type.

From the viewpoint of the geometric configuration, collimators can be divided into
the singlehole type or multhole type. In singkole colimators, the principle of the stalled
optical pinhole cameras is applied. The scale of enlargement varies according to the distance to

the subject, and the image is flipped horizontally and vertically. Formerly, this type of



collimators was used frequiiyn for examination of small organs, such as the thyroid. As an
applied form of singléole collimators, multpinhole collimators which have multiple
pinholes were developed. Muftinhole collimators allow collection of data of the subject
simultaneouslyfrom various directions, and provide excellent dynamic tomographic images,
enabling the acquisition of tomographic views without rotation of detectors. However, multiple
pinhole collimators have limitations in terms of the spatial resolution and aredessonly
used currently.

In general, multihole collimators, which have several thousand to several dozen
thousand hexagonal holes in a lead plate, are used. As shown irR2Rigvdrious collimators
are available; some have holes that allow incongingys perpendicular to the detector plane,
and others have angulated holes. In the usual examination, parallel multihole collimators that
have holes perpendicular to the detector are used. The fantiyearmollimators have a focus
in the direction of the ration axis of the camera, and are used for the purpose of improving
the sensitivity and spatial resolution of SPECT. Diverging collimators have holes to expand the
field of view from the detector side. This type of collimator was used for imaging of entire
large organs in past years, when detectors had only a small field of vision. Currently, diverging
collimators are rarely used because of the spread of-dggeure field of vision cameras.
Converging collimators can provide magnified images, but theynar longer necessary
because of the availability currently of enlarging techniques by digital processing. Bilateral
collimators are designed to obtain data from the subject simultaneously from two directions,
and used to be employed for dynamic imageectibn of the heart. Slaihtole collimators
were used for SPECT of the head when the object was hardly reachable, because the detector

touches the shoulder. Both types have little use currently.



In regard to the classification of collimators by the enelepel of the g rays,
collimators having long holes with a thick septal wall are used for-émgingy (359 keVp
rays from™!, etc., whereas collimators with many holes are used foreloevgy (140 keVy
rays from?°*Tl, *MTc, etc. As for 159 keV engy of %3, recently available collimators deal
with this level of energy as low energy with a shielding function. Intermetipgecollimators
are used for mediumanergyg rays from®'Ga, *in, etc. In addition, collimators that can be
used for 51%keV positron nuclides are available, but are rarely used because of the insufficient
sensitivity and poor spatial resolution. Collimators classified by the energy levels are shown in
Table 113.

Because sensitivity and geometric resolution contradict each, dtiggresolution,
generalpurpose, and higkensitivity collimators are available, and exchanged for use
according to the purpose of the examination. A collimator is made of lead and weighs as much
as 20100 kg, including the surrounding shielding conéasi Therefore, caution is necessary
when exchanging collimators. In addition, because collimators are leaden and soft and likely to
easily become deformed and uneven by external forces, careful handling is always required.

Because the collimator exerts great influence on the overall sensitivity and
resolution of the scintillation camera, caution is necessary in selecting the appropriate
collimator and the distance to the subject during clinical examination. The overall resolution
shown in Table 413 isobtained for a distance of 10 cm from the collimator surface; the closer
to the subject, the higher the overall resolution.

[C] Scintillator
A scintillator convertsg rays passing through the collimator into light, and improves the

sensitivity of the cama. Gammaay energy from radionuclides used in nuclear medicine



induces the scintillation phenomenon due to the photoelectric effect and the Compton effect.
Therefore, the scintillator requires a chemical compound of high effective atomic humber and
densty (Table 114).

Nal (T1) is the representative compound used for the scintillation camera, and has the
following advantages: (1) it has a good luminous efficacy; (2) the wavelength distribution of
the luminescence is consistent with the sensitivity idigtion of the photomultiplier tube; (3)

it has a high degree of transparency; (4) it allows preparation of large crystals.

[D] Photomultiplier Tube (PMT)

The photomultiplier tube is a vacuum tube composed of a photoelectron cathode, focusing
electrode, ecelerating electrode, accelerating dynode, and anode. As shown in-Hg. 1
scintillation produced by the scintillator enters the photoelectric surface of the PMT, and is
converted to photoelectrons. Subsequently, the photoelectrons are gatheredeatrtdarg
electron emitting surface of the first dynode by the focusing electrode and the accelerating
electrode. If there are 10 layers of dynodes, the multiplication factor becomes abg¢ut 10
million)-fold at 4°°, assuming that 4 secondary electronseanétted per layer.

A scintillation camera has 580 PMTs measuring about 5 cm in diameter each,
arranged at even intervals to cover the entire scintillator. The output characteristics of the
vacuum tube PMT vary according to the applied voltage to tradretle and individual aging
degradation. Therefore, uniformity correction and maintenance management, as described later,

are important.

[E] Position Calculation Circuit



The scintillation light produced by the incomiggays causes the generation ofcarput pulse
toward multiple PMTSs, corresponding to the distance from the site of the light generation. The
output pulse is then converted to position signals in X and Y directions through the position
calculation circuit, and is displayed as luminesceguts on the monitor. The conventional
analog scintillation cameras use the delay line matrix circuit or resistance matrix for the
position calculation circuit. In the currently available digital scintillation camera, the output
pulse of the PMT is subjeateto the analog/digital (A/D) conversion, and the scintillation
position is calculated from the dispersive power of the intensity of the luminescence separately
for the X coordinate and Y coordinate. The rationale of the basic position calculation is shown
in Fig. 1:xx. Figure 123 shows the digital calculation after A/D conversion of the PMT output,
based on the same rationale as that for the analog calculation.

To facilitate better understanding, an example of the actual calculation is shown in Fig.
1-23. It is assumed that 19 PMT (No. 1~19) is aligned on the circular scintillator and linear
weight is given according to the position of the centeaxi is X (=0), Y axis is % (=0).
Interval in Y axis is 1, and X axis interval @8. It is assumed thdhe output of PMT No.2
(position coordinates are X&:5 and Y=(8/2) is 0.5 and that of surrounding PMT No. 1, 3, 7,
8, 9, 10 is 0.25. In each column of X axis, integration of the outp8Kis0.25, SX,=0.5,
SX3=0.5, SX4=0.5, SX5=0.25, SX=0, andSX;=0. In each row of Y axis, that iSY,=0.5,
SX»=1.0,SX3=0.5,SX4=0, andSXs=0. Next, X, and Y, is multiplied by the weight (\W, and
Wy, respectively) corresponding to the position of the center of each PMT, and added for each
row (Y) and column (X), toobtai t he pr o ckif&Mx,) s a me.EB¢)CC Then, |
(Cxn3 Wxn) aneg2Byv,X Cshoul d b ex,adn dvyj,HESpectivelyy to dstablish

the incident position of thg rays €0.5, -C8/2). Thus, the incidence @frays into the PMT



No.2 can b calculated.

[F] Energy Discrimination

Because the photo peak energygofays varies according to the radionuclide used, it is
necessary to count trgerays from the administered radionuclide alone when collecting the
data. In energy discrimination, tle@ergy window is applied to the energy spectrum, and only
thegrays restricted to the window are measuf&d.(1-24).

Because energy signals are proportional to the sum of all the PMT outputs, they are
exactly equal td h e s ) of al(tH& Qigitally added signals of the A/D converted outputs.
Correction of energy signals is carried out using a radiation source of known energy (keV) (e.qg.
>’Co). Because the energy resolution of the usual scintillation camera isl@i86uscattered
radiation components are contained in 10% of the width of the photo peak. This causes blurred
images. Therefore, a method has been proposed in which a subwindow is set on one side or
both sides of the peak energy window and the estimatetbrszhradiation components are
removed, and has come into practical use. However, in view of the rationale, devices with a
good energy resolution are more likely to be free of contamination from scattered radiation
components and are therefore good device
[G] Various Correction Mechanisms
In regard to the uniformity of the sensitivity within the field of view and the linearity of the
image, scintillation cameras have potential uncertainties. In order to correct these defects and
improve their performangevarious correction mechanisms are available. In particular,
high-precision correction has been realized by the recent advances in digital methods.
Differences from the true values are detected in advance to prepare tabulated data for

correction. At theiime of the actual data collection, the correction data will be used to carry



out correction for every incidence gfrays. Highprecision correction has been realized, as
digital methods have enabled precise detection of differences from the true valsterage
of correction data on memory devices.
a) Energy Correction
There are slight variations in the output of each PMT even after adjustment, because there is
unevenness in the sensitivity of the scintillator and variations in the output of the RT its
Therefore, variations in the peak energy occur according to the position of the imgpidgst
These variations in the peak energy can be measured preliminarily to prepare the correction
table. Then, energy signals can be kept uniform by carryihgalculations for correction for
every incidence of rays, using the retrieved correction data of the energy at the position of
incidence. Instead of correcting the energy signals themselves to keep the peak energy constant,
correction can be made by aslfing the energy window to the pe&lg. 1-25 shows the block
diagram of the latter correction method. Although the field of viewpaded to simplify the
explanation, the actual correction table has the precision-p&dd or higher. Data to cocte
the quantity of shift of the peak energy of the PMT output from the window are contained in
the correction table. For every incidence gpfays, the correction data designated by the
position signal are retrieved, and the energy window is subjectedortection shift.
Consequently, the energy window accurately agrees with the photo peak.

In any case, the PMT output decreases gradually over time. Therefore, if variations
that cannot be corrected increase to a degree-802€) gain adjustment is neceagsaAs for
the rationale, the more uniform the energy signal, the better the spatial linearity and uniformity
of the field of view. Therefore, this energy correction improves the spatial linearity and

uniformity of the field of view on the order of sevepalrcentage points.



b) Correction for Spatial Linearity

Spatial linearity is the degree of distortion of the position signal, and corresponds to the shift
from the true position obtained by position calculation. According to the rationale of the Anger
postion calculation, if the output signal from each PMT is constant, a good spatial linearity
can be obtained. However, because of the-urdformity of the quantum efficiency of the
photoelectric surface of the PMT and the sumiform amplification degree#he output signals

can never be completely uniform. In addition, because PMTs having a diameter of -&bout 2
inches are arranged on the scintillator, it is easily conceivable why the sizes of the output
signals at the incidence gfrays in the center ohe PMT differ from those obtained at the
incidence ofgrays between the PMTs.

Analog cameras have the mechanism to achieve a maximum degree of uniform PMT
outputs by dispersion of light, based on an appropriate reflective material inserted onto the
light guide. This mechanism, however, has limitations, providing a distortior2omin in
spatial linearity. The recent advent of digital systems has allowed highly precise correction,
with the possibility of realizing a distortion of only 1 mm or less.

A block diagram of the correction circuit is shown in Fig2@. Images of the
grid-pattern phantom with an evident geometric form are taken in advance to detect the
distortion of the image and to prepare a table for the quantity of correction. For each mcidenc
of g rays, the correction data of the position of incidence are retrieved, and more accurate
position signals are calculated by incorporating the quantity of correction to the original data.
In many devices, an interpolating arithmetic operation is ezhraut for relatively rough
correction data, and more precise correction is achieved in the interpolation circuit, in order to

improve the precision of the correction data. Because correction of the spatial linearity causes



a decrease in the distortion thfe position, the uniformity of the field of view will improve.

This is because the presence of spatial distortion causes irregularity of the detection of the
incident position of thgrays. Although the spacial linearity can be corrected to 1 mm or less,

it never becomes zero, therefore, the field uniformity still remains at several percentage points.
As the final step, the remaining distortion is subjected to correction of the uniformity of field
of view.

c¢) Uniformity Correction in the Field of View

Thefield uniformity is an index of the uniformity of detection whgrays are applied evenly

to the detector. Field uniformity correction is carried out for distortion remaining after energy
correction and spatial linearity correction. Uniformity evaluatioages are collected without

the collimator to prepare the correction table, to obtain an appropriate pixel count. The
composition of the circuit is the same as that of the spatial linearity correction circuit.
Correction data contain the correction cmét to amend deviations from the mean values of
uniformity that have preliminarily been incorporated. For each incidenggayfs, the count

will be adjusted according to the correction coefficient corresponding to the incident position
of thegrays.By this correction, the field uniformity becomes 2% or less. Of course, correction
data should be updated regularly because the PMT output decreases over time. In addition,
because PMT is a higipeed vacuum tube having a gain of ®® more, it is structally
inevitable that the output varies according to the temperature. Therefore, applying a current for
30 min or more is required prior to use.

[H] Ancillary Equipment

Ancillary equipments to improve the performance of the scintillation camera and te enab

high-level testing with simple manipulation are available. It should be noted that ancillary



equipments may be included in the standard equipment or may be optional, according to the
manufacturer.

1. Collimator exchange cart: carriage to transport heallynators

2. Absorption correction auxiliary device: a device to carry out absorption correction by
obtaining transmission images from the line source

3. ECGgated device: a device to simultaneously record the pulse height values of the ECG at
the timeof data collection and to analyze the data in relation to the cardiac phase

4. Coincidence counting auxiliary device: a device to carry out emission collection of positron
nuclides through the coincidence counting circuit

5. Image processing workstatioronsputer and software to analyze the collected data and to
perform various image processing operations

6. Performance assessment phantom: various phantoms to maintain and manage the

performance of the scintillation camera

[2] Bendertype scintillation camma

The bendetype scintillation camera was developed by M. A. Bender and M. Blau in 1962.
This is a multicrystal scintillation camera having Nal (T1) scintillators arranged in a matrix
state. This type of scintillation camera has scintillators divided afiout 400 detection
elements (20 row% 20 columns), and is therefore associated with little distortion of position
information and a high count rate performance. However, because a large number of small Nal
(T1) scintillators and small PMTs are necegsiar obtain a wide effective field and a high
spatial resolution, this scintillation camera was used for cardiac function analysis by the

first-transit function method. However, currently, its use is not very common. The current



uncommon use of the Bendgpe scintillation camera arises from the advent of {sigbed
circuits and digital systems with improvements of the count rate performance of scintillation
cameras using a plate of singlg/stal Nal (T1) and improvement of the position distortion by
various correction techniques, cancelling the advantages of this type of scintillation camera
(Fig. 1:27).
[3] Semiconductor Camera
In recent years, semiconductor cameras have become available along with rapid progress in the
manufacturing technology of semiwiuctor elements. As detection elements, th&/1ll
compound semiconductors CdZnTe and CdTe are used. Ysags enter the semiconductor,
electrons and holes are produced as the result of mutual actions. These electrons and holes can
be detected as eledrsignals by directing them to electrodes with direct voltage application.
CdznTe is associated with a low mobility of holes, and this is a major factor in causing
deterioration of energy resolution. However, cancelling the information of holes by devising
the electrode structure has led to successful collection of accurate energy information with
electrons alone. With CdTe, the electrode of the Schottky structure was improved using indium,
making high voltage supply possible, and reduction of leakagentuoebe realized. With
these advances, energy resolution and the response time were improved. Although CdTe is
associated with high energy resolution and spatial resolution, thereygelwagesolved issues
such as the development of latfidd detectos, mass production, and price reduction.

A photograph of an example device is showikig 1-28 (Anzai eZScope AN). The
semiconductor element is CdZnTe, with a tip@ttern arrangement of 256 elements arranged
in a 2mm square to achieve an effectiied of 323 32 mm. The field can be enlarged with a

diverging collimator to extend the application to small organs such as the thyroid. For further



extension of clinical application and increasing the versatility, larger detectors are desirable.
Semicaductor cameras have the potential to exceed the limits of performance of
current scintillation cameras. In particular, it is expected that their energy resolution will
improve to more than double that of Nal (T1) scintillators (currently 9%), providing a
dramatically improved quantitative capability. Thus, much is expected from future technology
development, including on the aspect of prices.
[4] Single Photon Emission Computed Tomography (SPECT)
By SPECT, the distribution of the radionuclide in the body determined from the
surroundings of the body axis, and the projection data obtained are calculated to reconstruct
crosssectional images. By discriminating fromray CT that uses the transmission of X rays,
this type of CT using radionuclides is callegission CT (ECT).
ECT is broadly divided into two types according to the type of target radioactive rays.
One is SPECT, that uses single phajoay-emitting radionuclidest™Tc, *23, 2°*Tl, etc.), and
the other is positron emission computed tomogyafiRET), that uses positreamitting
radionuclides{C, *N, *°0, **F).
[A] Overview and types of equipments
The SPECT equipment basically consists of a scintillation camera having rotatory
imagetaking mechanisms. SPECT apparatuses are classified iose $pecialized in SPECT
collection and genergdurpose apparatuses applicable to conventional planar collection. In
view of the number of detectors, SPECT apparatuses may be of the single detector type having
1 detector, the muHietector type having-2 detectors, or the ring type with a large number of
detectors arranged around the subjEd.(1-29).

Although an increase in the number of detectors leads to shortening of the collection



time, some demerits may arise; e.g., performance tuning and namnoge of individual
detectors may become complicated, and the price of the apparatus may be high. At present,
generalpurpose apparatuses equipped with 2 detectors are most commonly used.

Fig. 1-30 shows the external appearance of the most commonly yped of
scintillation camera with 2 opposed detectors. This apparatus has high general versatility,
allowing not only usual static and dynamic testing, but also cardiadd@@e testing with the
detectors rotated from the opposed position to thde@feeposition, as well as opposed total
body scanning (Fig.-30).

[B] Data Collection of SPECT

Gamma rays emitted from the patients are collected from various directions to the body axis to
prepare transverse cressctional images by the image reconstructiparation. Although the

method of filtered back projection (FBP), which was developed for thrayXCT, has

generally been used for image reconstruction, various other reconstruction methods have been
developed more recently, and have been used for inmgrélve image quality. To improve the
quantitative capability, various filtering and data correction techniques have also been

i ntroduced. (See the section of AE: Data Ana

Data collection methods are classified in terms of thangement of the detectors,
angle of collection, rotatory mode, and presence/absence of gated collection. Although
detectors arranged in opposed positions are often usedshapked arrangement is used for
cardiac testing. This is because more informapinggection data from the left anterior part of
the body contour should be collected effectively to cope with the anatomical positional
deviation of the heart. As shown kig. 1-29, static, dynamic, or whole body data are usually

collected via detectorspposed to each other. In contrast, in the case of cardiac testing,



detector 2 is rotated as shown in the figure to obtain-ahaped arrangement of the detectors
1 and 2. By this arrangement of-88gree rotation of 4shaped detectors, 1&@gree range
cdlection of data from the heart can be achieved, reducing the collection time by half.

The rotatory mode includes continuous rotation and step rotation, arded88e or
360-degree rotation can be designated. SPECT apparatuses with 2 opposed detadtias pr
360-degree data by 18@egree rotation. Apparatuses with 3 detectors or 4 detectors provide
360-degree data by 12@egree rotation or 9@egree rotation, respectively. Therefore, the
greater the number of surrounding detectors, the shorter the équered for the data
collection. Although apparatuses with ring arrangement of the detectors enclosing the subject
have the highest sensitivity, they cannot provide planar images, and therefore are not in wide
use because of their poor versatility. In gahethe step rotation mode is the most frequently
used. However, the continuous rotation mode characterized by good temporal resolution is
selected when analyzing dynamic information, such as blood flow data. The continuous
rotation mode is applied to dgmic studies, because data collection by rotating detectors is
free from time loss.

Gated collection may be EC@ated or respiratorgated. The former gated mode is
used for suppressing the positional deviation associated with respiratory variatiomom fus
imaging in myocardial scintigraphy. The latter is used for the same purpose in pulmonary
scintigraphy.

To increase the resolution of SPECT images, detectors should be as close as possible
to the subject. As one method to achieve this, the orbit afioatis made elliptical close to the
body contour rather than circular. Another method is to collect data by continuously

monitoring the body contour with the surface sensor. Improvement of the image quality is



attempted by the synergistic effect of thechnique mentioned below for collecting the
collimator aperture width.

[C] SPECT/CT

Absorption correction is necessary for improving the quantitative capability in nuclear medical
imaging. Gamma rays emitted inside of body may be absorbed by the sudijgcbdfore
reaching the detectors. Absorption correction is a procedure to correct the deterioration of the
images caused by such absorptiorg cdys. Absorption correction requires preparation of the
bodybs attenuati on c o e é&dgrayenergynottheisatqpe usedrTheees p o n
are two methods used for absorption correction: (1) calculation from the transmission data
using an external radiation source, and (2) preparation of the attenuation coefficient map based
on CT values obtained by-bay CT. The former method provides limited data because no
strong external radiation source can be used, and the precision of the correction is not
sufficiently high despite the correction procedure requiring much time. The latter method using
X-ray CT ca provide attenuation coefficient correction data in a short period of time.
Although the image data of diagnostic CT were formerly input in a workstation for SPECT to
process calculations, correction sometimes failed because of differences in the dest dat
differences in the body position or shape of the bed, or differences in the phase of respiration.
Adding morphological information from Xay CT to nuclear medical images poor in
anatomical positional information was attempted to improve the diagmpestfarmance. This

also increased the necessity of CT and MRI imaging. In this connection, SPECT/CT
apparatuses in which SPECT andgay CT are combined have been developed and introduced
for use in the clinical setting.

Figure 131 shows the outline viewf a SPECT/CT equipment. This equipment



consists of a 2 detecttype SPECT equipment with 6 rows of multislice CT devices. Various
correction calculations and image processing after data collection are automated to provide
high-quality nuclear medical inges in short periods of time. In reality, becauseaX energy

is different formgray energy, conversion to correction data correspondigdg energy is
carried out. For fusing images, precise fusion by means of-§4i€l or respiratorgated
procedues is required.

At present, development of an equipment combining SPECT with MRI is underway. It is

expected that coordination with other modalities will be accelerated in the future.

[5] Positron Emission Tomography (PET)

Most of the radionuclides used PET, such a5'C, *N, *°0 and'®F are constituent elements

of the living body, allowing direct observation of the body metabolism. The PET apparatus
converts annihilation radiation with 511 keV energy from positronitting radionuclides to
images by th coincidence counting method, and its spacial resolution (FWHM) is high, i.e., 4
mm or less in the planar direction. Therefore, the radioactivity distribution in the living body
can be accurately quantified by using absorption correction and scattetioarre

[A] Structure of the PET equipment

The detector unit of the PET equipment consists of crystals, a photomultiplier tube (PMT), and
breeder. Figure -B2 shows an example of a PET equipment. In this figure, 4 PMTs
differentiate positions against 48 BGx®ystals. The structure of the planar direction (ring) has

a ring arrangement of boxes consisting of several detector units, where there are several
hundred crystals (Fig.-23). The PET equipment secures an effective field of view €2(L4

cm in the bodyaxis direction by setting several dozen rings. There are two methods of



collection of data by the PET equipment., i.edi@ensional and -8imensional. The PET
equipment.is designed to allow switching between the two collection methods. In the case of
2-dimensional collection, a shield with a slit is loaded inside the detector box {&4g. 1
[B] Detector (crystal)
Currently, crystals used in PET apparatuses (PET/CT apparatuses) include B&£DBi
bismuth germanium oxide), GSO (§5i0s: Ce: gadolinim silicon oxide) and LSO (L4$iOs:
Ce: lutetium silicon oxide). The type of crystal used represents the factor exerting the greatest
influence on the image quality (TablelZ).

As the characteristic features required of crystals used for PET, the npustamnt
factors are higlgrray absorption count, large luminescence intensity, and short attenuation time
of the luminescence. BGO is the most commonly used crystal in conventional PET apparatuses.
Although it is advantageous in that it has a high derssity stability, its low luminescence
intensity is a disadvantage. Therefore, there are limitations in the number of pixels
discriminable per PMT. GSO possesses great advantages in that its luminescence intensity is
2-fold higher and the attenuation timetbé luminescence is 1/5 or less in comparison with the
values for BGO. In addition, the energy resolution is higher than that of other crystals, and
both the energy resolution and luminescence intensity of GSO have recently been further
improved by improvments of the additive agents. LSO has the highest density and highest
luminescence intensity, and its attenuation time of luminescence is the shortest, proving its
superior quality in every aspect. However, LSO crystal is expensive, and requires the
introduction of a watecooling system in the PET apparatus because it is greatly affected by
temperature.

[C] Structure of a slice



Figure 135 shows the relationship between the structure and slice in the body axis direction in
2-dimensional image collection. Alice formulated between opposed rings in the planar
direction is called a direct slice (direct plane), and a slice formulated between adjacent rings is
called a cross slice (cross plane). Figw@&slshows the relationship between the number of
rings andthe number of slices. When N denotes the number of rings, the number of direct
slices is also N, the same as the number of rings, whereas the number of cross slites is N
resulting in a total slice number of 2N The slice sensitivity is higher for @®slices, which

are associated with a greater number of lines of response (LOR). Tying of each slice is carried
out to increase the slice sensitivity. Figur8@.shows the concept of rebinning. Although the
LOR is 1 (LOR = 1) for the third direct sliceoin the left, the LOR becomes 3 (LOR = 3) if it

is tied to the ring on either side. Similarly, although we find LOR = 2 for the 4th cross slice
from the left, LOR = 4 if the slice is tied to the ring on either side, achieving increased
sensitivity. In theclinical setting, 56 slices are usually tied, and the number of direct slices +
number of cross slices is called span. For instance, when the LOR = 5 for direct slices, and
LOR = 6 for cross slices, the span is 11. FiguB6khows the slice sensitivity the body axis
direction in the case of span = 11. The sensitivity between slices is also subjected to sensitivity
correction to obtain uniform sensitivity in the body axis direction at the time of carrying out
the cross calibration. However, there issleéebinning of slices at both ends, and therefore the
S/N becomes lower (Fig-36).

[D] Counting Positroremitting Radionuclide

When positroremitting radionuclides causg decay, positrons and neutrinos are emitted. The
emitted positrons incorporate igkboring electrons and emit annihilatiop rays in a

180-degree direction. The PET apparatus conducts coincidence counting of the annigilation



rays with a pair of opposed detectors. At that time, the range and angle fluctuation trigger
deterioration othe resolution (Fig.-B7). Although coincidence counting is usually carried out

in a time window of 4.5 nsec to 15 nsec, its width is largely related to the attenuation time of
the luminescence for the crystal. As shown in Fig, Toincidence countingicludes true
coincidence counting, scatter coincidence counting, and random coincidence counting. In cases
of scatter and random coincidence countings, lines of coincidence counting are recognized
erroneously, resulting in recognition of a site differeotrf the true site where the annihilation
grays are generated, and eventually causing deterioration of the image quality. In particular, as
shown in Fig. 138, the proportion of random coincidence counting is closely related to the
radioactivity concentran. If the radioactivity concentration is too high, the proportion of
random coincidence counting increases dramatically to cause deterioration of the images. As
prescribed in the NEMA NU2001 Image Quality, when higduality images are desired, it is
necessary to determine the noise equivalent count rate (NECR) of the equipment and to know
the radioactivity concentration that allows effective true coincidence counting.

[E] PET/CT equipment.

Recently introduced PET equipments have higher resolution litwese tused previously, and

their detection accuracy of functional and metabolic information has improved dramatically. To
make this higkguality detection information beneficial, morphological information from CT
images is indispensable. The PET/CT equipmena complex machine having the PET
function and CT function integrated at the shared bed. This type of equipment provides PET
images, CT images, and fusion images (FigOL At present PET/CT equipment are broadly
classified into 2 groups by the modé¢ attenuation correction. One of the two modes is

attenuation correction using an external radiation source (cesii@®s, halflife: 30 vy,



667keV), and the other is attenuation correction by using CT (CT attenuation correction:
CTAC). The advantage ohé external radiation source system is that the longlifealas
compared with that of the conventiofi&Ba (halflife: 271 d, 511 keV) eliminates the need to
exchange the radiation source. The advantages of CTAC include the lack of any need to notify
the use of the external radiation source and improved throughput. In any case, implementation
of attenuation correction (absorption correction) requires energy conversion to 511 keV. In the
case of CTAC, resolution is adjusted by performing matrix conveedten energy conversion.

In addition, to preclude influences of variations in the HU value due to artifacts, procedures of
segmentation and HU vahagtenuation coefficient conversion have been devised. Most
PET/CT equipments adopt the CTAC based attéoruabrrection.

[F] Various types of correction in PET/CT equipments.

a) Projection correction

Data collected by PET include blank data, normalization data, transmission data, and emission
data. Blank data are intended for correcting the efficiency otuese whereas normalization

data are used to normalize differences in geometric influences in addition to the detector
efficiency. Transmission data collected to obtain an attenuation are subjected to correction
between detectors by means of blank data.tl& other hand, emission data, which convey
metabolic information, are corrected by normalization data.

b) Attenuation correction

In PET imaging that collects data by the coincidence counting methedmagnitude of
absorption attenuation in the subjed¢pends on the length (I) of the subject and the
distribution of the attenuation coefficients alone, regardless of the depth (la or Ib) of the

radiation sourceln the case of 2{PET, the degree of attenuation can be expressed by



blank/transmission. In PE equipments and some PET/CT equipments using an external
radiation sourcethe technique of segmented attenuation correction (SAC) can be applied to
reduce the time of transmission collection and improve the test efficiency.

c) Scatter Correction

There ae various techniques of scatter correction for PET, as shown in Table 5

a. Energy Window Method

1) Dual Energy Window Method

Energy windows are set at 2 sites, i.e., a region containing the photo peak and a lower region,
and the scatter component of tiegion containing the photo peak is estimated from the count

of the lower region. LE denotes the count of the-&vergy region, and UE denotes the count

of the highenergy region. When sc is the scatter component, and unsc is the unscattered
component, tie lowenergy and higlenergy counts can be expressetlBs= UEensc + UEsc

and LE = LEunsc + LEsc, respectively. At this time, when the proportion of scatter events is
expressed as Rsc = LEsc/UEsc, and the proportion of unscattered aseRtsisc =
LEuns/UEunsc, each component can be obtained from the following equation: UEsc =
(1/(RscRunsc)*LE}(Runsc/(RseRunsc)*UE)

2) Estimation of Trues Method (ETM)

Energy windows are set at 2 sites, i.e., a region containing the photo peak and an upper region,
andthe unscattered component of the region containing the photo peak is estimated from the
unscattered events of the highergy region. By subtracting the unscattered events, the
sinogram of scatter coincidence counting is prepared for the region contéi@ipgoto peak.

This sinogram is subtracted again from the original energy region after the smoothing process.

By this procedure, the scatter correctmocessed sinogram can be obtained. This method is



also called the true value estimation method.

3) Triple energy window (TEW) method

Scattered rays are estimated in subwindows set above and below the main window, and
subtracted from the main window.

b. Convolutionsubtraction method

The distribution, including the scatter component, is subjected to adgiorolintegration to
2-dimentional projection data, followed by scaling with the scattered ray fraction. The scatter
component thus estimated will be subtracted.

c. BG Fitting Method

Fitting of the radioactivity outside of the subject using the Gaussidunig carried out to
interpolate the fit inside the subject, and the scatter is subtracted from the measured
radioactivity distribution.

d. Scatter Distribution

The distribution of events in which 1 annihilation radioactive ray undergoes the Compton
interaction once is obtained by calculation. @mee scatter accounts for about 75% of the
total scatter events. The distribution of multiple scatters is calculated by various procedures,
such as simulation from the distribution of eitee scatter accordingptthe Monte Carlo
method, to estimate the scattered rays component.

d) Random Correction

Signals of the pair of detectors that perform coincidence counting are delayed, and coincident
collection data are obtained. By subtracting these data from the @ineiccount that is
obtained by the usual collection, the coincidence count (accidental coincidence count) that has

been counted accidentally can be subtradtegl (-40).



e) Decay Correction

Because the halives of radiopharmaceutical agents are stanfiected data are corrected for

the time of beginning of the test and subjected to reconstruction processing, with the aim of
quantitative evaluation. In addition, data are corrected for time of administration (standard
time) to reflect the dose giveRif. 1-41).

6. Dead time correction

Correction is necessary in higlounting rate regions, where counting loss occurs naturally
(Fig. 1-41).

[G] Cyclotron

Because positrermitting radionuclides have short hiitfes, e.g.*C = 20 min,**N = 10 min,

%0 = 2 min, and*® = 109 min, they have to be produced and the radiopharmaceutical
agents should be synthesizedthe respective institutions. Delivery is possible only for the
F.FDG formulation. However, there arestrictions in the delivery time, assalyquantity of
radioactivity, etc. Therefore, institutions generally have their own cyclotron facility. Cyclotron

is a device that accelerates charged particles such as protons and deuterons, by using direct
current electromagnetic and hiflequency elecic fields. In terms of the structure, the
cyclotron system consists of the main unit of the cyclotfag. (1-42) plus the ion source, RF,

an electric source box such as an electromagnet, control cabinet, chiller, and compressed gas
cylinder (Fig. 343). Recent models of cyclotrons accelerate negative ions, and the accelerated
particles are emitted as charged particlesofj from the ion source (Fig-44). Targets are

located next to the ion source. The unit is designed to load 4 targets. Targets afahee

open system type or the closed system type. The former is intended for gases and produces

nuclides continuously, whereas the latter is for liquids. As shown in 4§, the acceleration



principle of charged particles is as follows: Hifyjpquencyelectric fields having the same
frequency as the rotational period of the charged particles is applied to both electrodes, and
change of the phase is repeated at a constant frequency. For this purpose, the rotational period
of the charged particles shouldways be constant. This is called isochronism, the basic
principle of the cyclotron.

D. Whole Body Counter

[1] UptakeCounter

This device has the structure of a scintillation detector attached to a holding stand, and
provides the numeric data of isotopecumulation in a particular organ. The components of
the device include the fldield collimator on the anterior surface of the Nal (T1) scintillator
measuring 2 inches in diameter, and the guide part for keeping the measuring distance constant,
the phobmultiplier tube and proportional amplifier for processing output signals on the
posterior surface, the spectrometer, and the personal computer for control and calculation of
the uptake rate. The device is mainly used for measuring the uptake rate ef hgdihe

thyroid (Photo: Uptake rate measuring device, Fg6)L

[2] Wholebody counter

Whole body counters are devices that quantify or determine thedimese changes of the
radioactivity in the living body from outside the body. Various modes aaiasle according

to the purpose. Lovevel counters are also called human counters and used for measuring
internal irradiation. The detector is a higénsitive Nal (T1) scintillation counter or plastic
scintillator, and is designed to provide uniform s@wity in any part of the body. Some
devices allow measurement 8%, but they are of large size because shielding of the

surroundings with lead or iron is necessary.



Middle- or highlevel counters are useful for imaging. They are usually used for
metaolic testing with radiopharmaceutical agents such?da and examination for distant
metastasis after unsealed radionuclide therapy for thyroid cancer.

[3] Gamma probe

This is a portable radiation counter with a hggnsitive, higkdirectional thimble dtector part.

The detection element is a semiconductor such as CdTe or CdZnTe, and has a pencil form that
allows onehand operation. At present, this device is mainly used in the operating room to
identify the position of the sentinel lymph node for biopsypatients with breast cancer

undergoing surgery.

E. Data Analysis

[1] Image Reconstruction

Image reconstruction is performed by transform methods that use direct calculation or
interactive methods that lead to the solution repeatedly by incorporh@ngdtistical model.

The former type is represented by the filtered barjection (FBP) method. The FBP used in
nuclear medicine, in particular, is called the convolution integral method because filtering is
performed for the projection data by convaatintegral in the real space. This method allows
high-speed image reconstruction, and uses the simple back projection operation. Therefore, the
quantitative results of this method are highly reliable. An interactive method was first proposed
by the maxinum likelihood expectation maximization (MEM) algorithm developed by
Shepp et al., in 1982. This method is characterized by preservation of the summation of pixel
values and the lack of negative values. It has the advantage that reconstructed images with

high S/N ratio can be obtained from the data of low photon density that is common in the



setting of nuclear medicine. It is also possible to incorporate corrections for scatter, attenuation,
opening width, etc., into the process of image reconstrucBgnthis method, arithmetic
iteration leads to convergence, but the disadvantage is that excessive iteration may cause
amplification of statistic noise. Thereafter, the method of image reconstruction by the
maximum a posterior probability (MAP) (Bayes imageconstruction method) that
incorporates the prior probability information as the expected value to deal with noise was
developed, and by this method it became possible to suppress the amplification (emanation) of
noise components while maintaining thentast of signals. The iterative method currently
used most frequently is the ordered subsets expectation maximizatiecEMP&ethod
developed by Hudson et al. in 1994. This method, involving parallel processing of the
projection data divided into subseisiproved the convergence rate spectacularly. One of the
characteristic features of this method is that practically equivalent image quality can be
obtained if the product of the number of subsets multiplied by the number of iterations is the
same. At prsent, most PET (PET/CT) equipments areRBBT (3DPET/CT) equipments.
Therefore, the initial }/limensional oblique projection data are converted-tbngnsional
projection data parallel to the detector ring (rebinning). The conventional rebinning teshniqu
include single slice rebinning (SSRB) developed by Daube et al. in 1987, aneslalti
rebinning (MSRB) developed by Lewitt et al. in 1994. However, these techniques did not
allow a large acceptance angle to be achieved (the angle of line of reHoOR§E because

the longer the distance from the central axis of the detector, the greater the distortion and lower
the resolution. Currently, the Fourier rebinning (FORE) method developed by Defrise et al. in
1995 is employed. This method is based omgenious application of the frequendigtance

relation (FDR), and has favorable accuracy and stability even when the acceptance angle is



about 35 degrees.

[2] Data Rocessing

Data processing in nuclear medicine involves various aspects. For exampléa Retated

by nuclear medical equipments, such as scintillation cameras, may be displayed as useful
diagnostic images or curves on the computer in online connections, or may be quantitatively
analyzed. Analysis of sample measurement data fromveeitacounters, etc., can be carried

out. For these purposes, suitable software (program) is required. Basic softwares for nuclear
medical testing are roughly classified as those for data collection, for data processing, or for
management programs. Software systé¢hat allow program creation by users themselves are
also available.

[3] Data Collection

There are two methods of data collection. One is the frame mode collection by which data
measured by the scintillation camera are-édhverted and recorded directly the memory
matrix (frame)corresponding to the screen, and the other is the list mode collection by which
the incidence position signals of teays are recorded as a pair ofYXnumeric information

in memory in a sequential manner. Although both Hthe& own merits and demerits, frame
mode collection is more frequently used because of its superiority in terms of the simplicity of
data handling and processing.

[A] Frame Mode Collection

Frame mode collection can be static image collection or dynami& seage collection. The

latter also includes the biosigrghted frame mode, in which data collection is synchronized
with biosignals.

a) Static and dynamic serial image collection



With frame mode collection, a memory matrix of%84 or 256 256 coresponding

to 1 screen is preliminarily set in the main memory of the computer. Counts are serially added
and accumulated in the memory of the corresponding address at the time when the scintillation
camera detects radioactive rays, and thereby imageeamestructed (Fig.-47). The number
of pixels in 1 frame mode is usually 44, 128 128, or 256 256. As the number of pixels
increases, the resolution of the image becomes higher, but the counts per pixel decrease.
Dynamic serial frame mode collémt enables observation of the tiroeurse changes of the
Rl in organs.
b) Gated Frame Mode Collection

Using R waves of the ECG as synchronization signals, the synchronized phenomenon
such as cardiac contraction is divided into several time phases aactexlas serial images.
Because counting of 1 cycle provides only a little information, it is necessary that images of
the same time phase from several different cycles are superimposed and accumulated (Fig.
1-47). In dynamic studies of the heart, the eytcbm an R wave to the subsequent R wave is
divided equally into 182 segments, as shown in Fig48. At this time, irregular cycles, such
as arrhythmias, are eliminated by certain processing. By this method, dynamic display of
cardiac beating motionsnd analysis of the cardiac ejection fraction can be performed
immediately after the collection. Thus, this collection method is frequently used in nuclear
cardiologic testing.
[B] List Mode Collection
List mode collection is a method by which the digitatadof X and Y signals from the AD
converter are recorded in memory sequentially, together with temporal signals. This method is

suitable for signals of dynamic data of rapid changes that should be processed within a short



sampling time. This method cancoed signals from ECG, etc. simultaneously, which can be
applied to subsequent physiological analysis. Unlike frame mode collection, the changeover of
the memory is done when the memory is full. Therefore, in cases of data collection with a high
count rateit may happen that, before the transfer of data in one memory is complete, the other
memory for collection may become full. Thus, there are limitations in the collectable count
rate. Unlike the advantages of the frame mode collection mentioned abdvepolie
collection provides sequential memory of the time series of data without formation of the
screen. Therefore, it is necessary to convert the data to the screen on the basis of time signals,
etc., after the collection.

[4] Data Processing Program

Theprograms for data processing are classified into the following categories: image processing
programs, clinical programs, ECT image collection programs, and image reconstruction

processing programs, etc. There are various processing programs in eacly.categor

F. Performance Assessment and Maintenance Management

When using scintillation cameras and SPECT or Rgldipmentsdaily checkups and regular
maintenance and adjustment activities are very important. It is possible that the performance of
the equipmentat the time of purchase deteriorates with use because of the aging of various
circuits, deterioration of the mechanism, or other reasons. Steady implementation of
maintenance management activities secures the reliability of diagnostic information gr nucle
medicine. It is unacceptable in the field of nuclear medicine, as in any other, for neglected
maintenance and inspection activities to result in overlooked device failure, which may result

in image artifacts and lead to misdiagnosis.



[1] Performancdevauation
The Japan Medical Imaging and Radiological Systems Industries Association prescribes the
following items concerning the performance of single crystal scintillation cameras and the
methods of measurement and display:
Items particularly important implementing performance evaluation are described herein.
[A] Intrinsic Uniformity and Total Uniformity
The uniformity refers to the property of count density per unit area (pixel) when a uniform
gray flux is input into the detector. There is intrinsiciformity and total uniformity,
classified by the presence/absence of the attached collimator.
a) Intrinsic uniformity
In the deployment shown in Fig-4B, data are obtained using®4Tc point radiation source,
with the collimator detached. Data are colézl to obtain 20000 or more counts per pixel, and
the data obtained are subjected to one procedurgoii® weighted averaging.
1) Integral uniformity
The integral uniformity is calculated for each of the useful fields of view (UFOV) and the
central fied of view (CFOV) according to the following equation.

Integral uniformity = (Maximum value- Minimum value)/(Maximum value +
Minimum value)® 100 (%)
b. Differential uniformity
High and low values for the X and Y directions are obtained by 5 pixelaébr@& UFOV and
CFQV, and applied to the following equation.

Differential uniformity = (High value Low value)/(High value + Low value®) 100

(%)



This procedure is repeated with shifting by 1 pixel, and the maximum value is regarded as the
differential wiformity of the coordinate axis. This process is repeated for all slices, and the
maximum value is obtained as the differential uniformity.

b) Total Uniformity

In the deployment shown in Fig-8D, data are obtained using*4Tc planar source, with the
collimator attached. Measurement is carried out for each collimator, and results are obtained
visually.

[B] Intrinsic spatial resolution and total spatial resolution

a) Intrinsic spatial resolution

The resolution intrinsic to the detector should be detexdchior the X and Y directions, with

the collimator detached. By using®d"Tc point source, a phantom having parallel slits of
1-mm width arranged at 3@m intervals is attached in the UFOV. The collection count should

be 10000 or more at the site of ttie aperture.

Calculation is made to obtain the full width at half maximum (FWHM) and the full
width at tenth maximum (FWTM) for the line spread function (LSF) of the count vertical to
the slit. For each of the UFOV and CFOV, the mean values of FWHM &vidMF are
expressed in mm and specified for the@Xs and Yaxis.

b) Total spatial resolution

With the collimators for the respective energy regions attached, the resolution is measured for
the X and Y directions in the presence and absence of scatféf@csis used as the radiation
source for lowenergy collimators’’Ga (293 keV) for mediurenergy collimators, antf}i for
high-energy collimators. The shape of the radiation source is linear with an inside diameter of

1 mm or less. One source is sethe tenter of the UFOV at a distance of 100 mm from the



collimator surface, and another is set in parallel at a site 50 mm distant from the other one.

For each of the cases with and without scatterers, the mean values of the FWHM and
FWTM in the CFOV are xpressed in mm and specified for theaXis and Yaxis. The
collimators and radionuclides used should also be specified.
[C] Intrinsic Spatial Linearity
The measurement deployment is the same as that for intrinsic spatial resolution.
1. Spacial differentidinearity
The deviation (in mm) of adjacent LSF peaks in the UFOV or CFOV should be specified for
the X-axis and Yaxis.
2. Absolute spacial linearity
Based on a comparison with the ideal slit patterns by fitting according to the least square of
peak pogions based on the data obtained with the UFOV and CFOV, the maximum deviation
(in mm) should be specified for theakis and Y axis.
[D] Intrinsic Energy Resolution
The measurement deployment is the same as that for intrinsic uniformity. The photo peak
energy (keV) of the energy spectrum measured USITE as the radiation source, as well as
the peak FWHM (keV) are obtained and applied to the following equation.

Intrinsic energy resolution = (Photo peak FWHM)/(Photo peak en&rg@p (%)
[E] Intrinsic Count Rate Characteristics
There are two measurement methods, i.e., the source attenuation method and copper plate
absorption method. The copper plate absorption method, which allows simpler measurement,
will be described below.

Measurement is carried pwithout the collimators attached. The radiation source



should be &™Tc point source with an intensity of radiation that produces the input count rate,
allowing the observed input count rate to show a tendency to decrease after exceeding the
maximum valle. Ten or more copper absorption plates of known attenuation rate and
measuring 2.5 mm in thickness are prepared and superimposed at the source aperture to
produce an observed count rate of about 2.5 kcps at a distance of 1.5 m. The plates are
removed ondy one while measuring the count rate, and the measurement is continued until
the count rate becomes 90% or less the maximum after reaching the maximum. The obtained
input count rates and observed count rates are plotted on a graph, and the countease cur
prepared after approximation. The maximum count rate and the observed count rate with a
20% count loss obtained from the graph should also be specified.

[F] Overall Sensitivity

9Mre, /Ga, and™®!l are used as radiation sources. In the cas€GH, the 300 keV energy

level is used. As for the source intensity, the radioactivity should be counted accurately with a
corrected radiation counter, and the background should be subtracted. Data are corrected for
temporal attenuation if necessary. The radmtsource is filled into an acrylic phantom
measuring 100 mm in diameter, with the concentration adjusted to give a source depth of about
3 mm. Measurement is carried out with the collimator attached. The count rate at this time
should be 20 kcps or less.

a)Absolute sensitivity

The absolute sensitivity should be expressed in cps/MBq by the types of the detector and the
collimator, measurement distance, and radionuclides.

b) Relative sensitivity

The relative sensitivity should be expressed as the vakieveeto the reference collimator.



[G] Deviation of Center of Rotation
To eliminate errors in image reconstruction by the SPECT apparatus, it is necessary to know
the position of the center of rotation (COR) in the Xp and Yp coordination system for the
proection data of each projection angle. If the rotation of the detector has a perfect circular
or bit, the COR is |l ocated in the same posi't
1-51).

Three point sources are used for data collection. Thegegrleyed at a-&m distance
from the COR in a radial direction to allow the sinogram to be recognized in the shape of a
sine function. Projection data should be obtained at 32 steps or more, with equal divisions of
360 degrees. The radius of rotation skdag 20 cm.

By fitting the projection data in the following sine function, the offset value of each
source is obtained.
Xpd) = Asin (d+0G) +X6,

where A: amplitude (depends on the distance from the COR of the deployed source)

d: phase shifting of the sin function
X6: variation of Xo6p produced by deviatio
The maximumvaluefo X0 i s expressed in pixels.

Simple and useful methods of daily checkup include visual observation of the shape of the
sinogram of the projection data and the use of the COR evaluation software attached to the
SPECT equipment.

[2] Performance Evaluation &fET

The performance evaluation of PEGuipmentss described in detail in the NEMA Standards

NU2-2001 @300 N. 17th Street, Suite 1847, Rosslyn, VA 22209).



The items to be targeted in the performance evaluation comprise the spatial resolution
(Section 3, scatter fraction, count loss, random measurement (scatter fraction, overall count
rate, true coincidence count rate, random coincidence count rate, scatter coincidence count rate,
noise equivalent count rate [NECR]) (Section 4), sensitivity (Sectioprégjsion: count loss
and random correction (Section 6), image quality, absorption correction, and precision of the
scatter correction (Section 7). Among these items, measurement procedures for the particularly
i mportant i tems off cfiosupnatc iraalt eroe saorleu tdi eosncor iabnedd
[A] Spatial Resolution
The spatial resolution is the ability to distinguish between two closely spaced objects on a
reconstructed image. The spatial resolution is determined in transverse section in two
directions (radialand tangential) as well as in the body axis direction, with the spot source
deployed in the air.

a) Notation:

Resolution (RES)The resolution is measured by means of the reconstructed image size of a
point source, and expressed as the full width at hakkimum (FWHM) or the full width at

tenth maximum (FWTM)

b) Radionuclide:

% is used.The radiation intensity is set at a count loss of 5% or less, or at a random
coincidence count rate of 5% or less of the total count rate.

c¢) Sourcedistribution:

Each pint source is enclosed in a capillary measuring 1 mm or less in inside diameter and 2
mm or less in outside diameter. The length of the source in the capillary is 1 mm or less. The

point sources are fixed in parallel with the major axis of the tomogram@ng source is



located at the center point of the axial FOV, and 2) the other is located at a site 1/4 of the axial
FOV away from the center of the FOV. For each of these points, 1) one source perpendicularly
at a Xcm distance from the center, 2) anotbeurce at the site of x =0 cm and y = 10 cm, and

3) another source at the site of x = 10 cm and y = 0 cm are arranged. Thus, a total of 6 points
are used for the measurements. An example is shown in-b). 1

d) Data collection:

Data are collected atlab points. Counting conditions are prepared to allow 100 kcounts or
more at each point. The pixel size is set to correspond to 1/3 or less of the expected FWHM.

5. Data processing:

Images are reconstructed by the filtered baikection (FBP) method, wibut smoothing
processing.

6. Analysis:

The spatial resolution (FWHM and FWTM) in all directions is determined for 3 directions
orthogonal from the highest point of the image. The FWHM (or FWTM) of each resolution is
determined by linear interpolation befen adjacent pixels at half (or 1/10) the maximum of

the response function. The maximum is determined by parabolic approximation with the peak
point and 2 adjacent points. The value obtained is converted to a distance expressed in mm. An
example of this meesurement is shown in Fig:5B.

[B] Count Rate Characteristics

The relation between the sensitivity and scattering rate of the annihiatiays counted
simultaneously and between the count loss for a high radioactive source and the accidental
coinciderte count rate (random) vary according to the design of the éftiipment To

maximize the performance of the apparatus, it is important to formulate the noise equivalent



count rate (NECR) based on the assessment of the influences of these factors.

a) Notaion:

Scatter fraction (SF): The ratio of the scatter coincidence count defined by the ROI to the sum
of scatter coincidence count and true coincidence counts.

b) Radionuclide:

¢ is desirable. Theadiation intensity should be high enough to allow troéncidence
counting and measurement of the maximum of the noise equivalent count rate.

c) Source distribution:

A polyethylene phantom with a specific gravity@®6° 0.01 having a cylindrical form with

anouter diameter 0203° 3 mm (8 inches and lengthof 70.0° 5 mm should be usedhe
phantom has a penetrating hole with a diameté.4f 0.2 mm (1/4 inches parallel to the

central axis of the cylindrical bods line source, which is a plastic tube filled with a solution

of a known radioactivity commtration, is inserted into the hole of the phantom. The phantom

is so placed as to make its center align with the center of the axial FOV and also as to make the
line source be closest to the bed.

d) Data collection:

For counting, the collection time sHdwbe less than 1/4 of the hdilfe, and the time between
measurements less than 1/2 of the-htdf Measurement should be continued until the true
count loss becomes 1.0% or less, and until the proportion of the accidental coincidence count
rate to therue coincidence count rate becomes 1.0% or less. It is necessary to set the prompt at
500 kcounts or higher at every data collection.

e) Data processing:

In an apparatus having a field of view of less than 65 cm in the body axis direction, sinograms



areproduced for collection j in slice I. In an apparatus with a field of view of more than 65 cm
in the body axis direction, sinograms corresponding to the cent@hg3ortion in the body
axis direction are produced. Correction for variation in the seitgitdf detectors, scatter
correction, count loss correction, attenuation correction, and realtime accidental coincidence
counting correction are not performed. Oblique sinograms are reordered to parallel sinograms
by singleslice rebinning.
f) Analysis:
In the sinogram of slice i and collection j, the value of every pixel 12 cm or more distant from
the center should be 0. In each projection direction, the maximum value of the pixel is detected
and defined as the center of the radiation source. For thefded&h direction, the maximum
pixel is moved to the center of the sinogram. The pixel values of all projection data are
summed up by adding the projection data from the sinograms of each slice.

Linear interpolation is carried out by multiplying the pixelunt by the mean pixel
value Cr,ij, C.;j) at the position of +20 mm20 mm from thepixel of the maximum value
obtained from the combined projection data (Figh4). At this time, the value of the
proportion should be taken into consideration farltiplication in the®20 mm edgesThe
value thus obtained should be added to the values outsid@@ham edges, and the result is
defined as the total count.g;;of the accidental coincidence count and scatter count in slice i
and collection j. Theverall count Gor,; for slice i and collection j is obtained #g e sum of
all total values of the sinograms in slice i and collection j. An example of this measurement is

shown in Fig. 155.

The calculation formulas for the count rate characteriateshown below.
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[3] Maintenance and Management

The aforementioned Japan Medical Imaging and Radiological Systems Industries Association
has prescribed the maintewwa standards to promote the use of scintillation cameras in good
condition for usual testing.

Measurement environment control is particularly important for checkup and
maintenance of the detecting portion of the scintillation camera. Because thé&atmirtédn be
damaged by rapid changes in temperature, constant ventilation of the area in which the
equipments installed is necessary to restrict the temperature change to within 3 degrees C per
hour. Because the uniformity and linearity of the sengjtiaf the scintillation camera is
greatly deteriorated by variations in the output of the PMT (photomultiplier tube), careful

checkups and adjustments are required for this part.
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Chapter Il Clinical Nuclear Medicine

|. Diagnostic Nuclear Medicine

A. Principles

Diagnostic imaging of nuclear medieirconsists of two categories; one for the diagnosis of
pathological conditions by extracorporeal counting of signals from radionuclides to analyze the
distribution, transfer, metabolism and excretion of particular molecules in the body, and the
other for dagnosis by sample counts that deals with quantification of trace amounts of
molecules contained in fluid components such as blood, body fluid, urine, etc. Extracorporeal
counting has enabled functional diagnosis of all organs of the body in terms @dtthrition

of radiopharmaceutical agents in organs, including the intake, excretion and hemodynamics of
radiopharmaceutical agents, energy metabolism, amino acid metabolism, fatty acid metabolism
in tissues, distribution and density of receptors, regioaedbral function based on inhibition

of excitement of neurons, changes in the physiological functions of organs associated with
drug load, and evaluation of the therapeutic efficacy. Currently, the mainstream of diagnostic
nuclear medicine includes statimaging using ag camera (bone scintigraphy, thyroid
scintigraphy, adrenal scintigraphy, gallium scintigraphy, etc.), gated imaging (myocardial
scintigraphy), static imaging by PET (diagnosis of malignant tumors by FDG, myocardial
scintigraphy), dynamiémaging using a camera (renogram, cardiac pool scintigraphy, lung
ventilation scintigraphy, gastrointestinal bleeding scintigraphy, hepatobiliary scintigraphy,
salivary gland scintigraphy, radionuclide cisternography, etc.), and functional imaging by PET

or SPECT (cerebral blood flow, cerebral blood volume, oxygen consumption, cerebral



metabolic rate of oxygen and glucose, neuronal receptor density).

On the other hand, sample counting covers a wide range of substances including
hormones, gastrointestih peptides, enzymes, tumor markers, drugs, viral antigens and
antibodies, immunoglobulins, allergens and cytokines, and plays an important role in daily
clinical practice.

B. Image Analysis

[1] Region of Interest

When assessing the quantity of an accutedldabeled agent, a certain region is set in the
nuclear medical image, and the radioactivity in the region is counted. This region is called the
region of interest (ROI) (Figure-R). In general, the number of pixels, total count, mean count

per pixel, naximum count, minimum count, and standard deviation are calculated and
displayed for a single ROI. For example, in cerebral blood flow (CBF) imaging, the ROl is set

in the brain structure, and CBF is exl®0 essed
ml / mi n . 6PET siudyFtBe@ROI is set in hot spots of tumors, and the results may be
expressed as foll ows: ATh ge)0feha tumosis a0pah@dthed u pt
maximum SUV (SUVWay i s 7. 0. 0 Compari son hdobatelimeand pat
posttherapy status is based on variations in the count in the ROI. In dynamic imaging, the ROI

is set at the same site, and changes in the quantity of radioactivity are determined over time to
obtain a timeactivity curve.

Where the ROI iset affects the results of counting. To eliminate the involvement of
subjectivity of setting the ROI, software products that allow automatic setting of the ROI are
generally used. For instance, for cerebral blood flow imaginedien@nsional stereotaxiROIl

template (3D SRT) has been developed.



[2] Static Image Analysis

Static imaging provides images of the body distribution of radioactivity taken a certain period
of time after the administration of a radiopharmaceutical agent. In bone scintigraphygahe a

of abnormal accumulation is inspected visually. In thyroid scintigraphy, the proportion of the
total quantity of radioactivity taken up by the thyroid to the total dose administered (thyroid
uptake rate) is calculated. To obtain the thyroid uptake iate necessary to preliminarily
determine the mutual correction coefficient for the curie meteigaagnera. After setting the
reference area, the count ratio of the reference area to the target area can be obtained as an
index of accumulation; this dex is also used in gallium scintigraphy and myocardial blood
flow testing. When examining pulmonary blood flow, the ratio of the count for areas other than
the lung field to the count for the whole body is obtained, and thetogbft shunt rate is
calculated.

[3] Gated Image Analysis

In cardiac pool imaging studies and myocardial blood flow studies, each cycle of the diastolic
or systolic phase on the ECG can be divided into 8 or 16 segments by synchronizing data
collection and electrocardiography tdtain images of each phase. The cardiac ejection
fraction can be determined from the images captured during the maximum diastolic phase and
maximum systolic phase. For myocardial blood flow imaging WithTc-tetrofosmin or
9mre-sestamibi, the QGS softwears available to allow automatic detection of the shape of the
myocardial wall and to display myocardial wall motion is available.

[4] Dynamic Image Analysis

In dynamic image analysis, images are obtained at 2 or more time points after administration

of aradiopharmaceutical agent, and the changes (dynamics) in the distribution of radioactivity



in the body during that period are analyzed. Accumulation of the radiopharmaceutical agent in
a particular organ and its excretion from the organ are determirddgioose the function of

the organ. This type of imaging analysis includes renography, hepatobiliary function testing,
RN cisternography, salivary gland scintigraphy, and pulmonaryventilation scintigraphy. In
renography, the radioactivity in the kidney determined continuously from the time of
administration to obtain a tirrectivity curve of the kidney. Based on this curve, the renal
blood flow, glomerular filtration rate and tubular clearance can be calculated. In lower limb
venous scintigraphy also,dlflow of a radiopharmaceutical agent is examined from the time of
administration. Hepatic asialoscintigraphy allows continuous observation of accumulation in
the liver and excretion from the biliary system into the duodenum. In RN cisternography for
cerelvospinal fluid circulation, the time course over which the radiopharmaceutical agent
administered into the lumbar spinal canal is transferred from the cerebral basal cisternae into
the subarachnoid space, and then eventually excreted into the bladtserised.

[5] Loading Test

The functions of organs and tissues can be estimated by comparing the data obtained in
patients at rest and upon loading. The load can be physiological load (e.g., exercise), or
pharmacological load (e.g., use of vasodilatorsmyocardial scintigraphy, exercise loading

and administration of coronary dilators are carried out. In cerebral blood flow imaging,
administration of vasodilators (diamox, inhalation of carbon dioxide) is carried out to analyze
cerebral vasodilating cap#gi Visual/auditory stimulation is given to test local brain function.

In renography, data are obtained before and after administration of the renal arterial dilator,
captopril.

[6] Statistical Image Analysis



In cerebral blood flow imaging, the interpreferforms visual assessment, and a diagnosis is
made based on increased or decreased blood flow in a particular ROI that has been set
preliminarily. Therefore, the experience of the interpreter and setting of the ROI may affect the
diagnosis. Under this m@umstance, the technique of statistical image analysis has been
introduced to increase the objectivity of the testing (Fige2. 2

A representative method of statistical image analysis is statistical parametric mapping
(SPM). This software is open to eh public on Internet URL http://www.
filion.ucl.ac.uk/spm/), and runs on the higbeed computing software, MATLAB. For
cerebral images of individual subjects, this software carries out processings such as position
adjustmentanatomical normalization, and smoothing, and statisticaltgsf) compares the
counts of obtained images with those of the preliminarily prepared standard images pixel by
pixel, and detects statistically significant variations in the pixels. Abnormadlspiare
displayed on the MRI standard image (Fig2)2 This method was originally developed for
studying the localization of brain activities in normal subjects, on the premise that the electric
activity of neuron is positively correlated with cerebralda flow. The cerebral blood flow is
measured in a certain state (e.g., at rest with eye closure and sound isolation) and after a
physiological load (e.g., during exercise), and regions that show changes in blood flow, i.e.,
changes in brain function, astudied. This method requires statistical processing to eliminate
the influences of differences among individuals, random changes in cerebral blood flow at rest
and upon loading, and errors produced during the process of position adjustment or anatomical
normalization. The region shown in red color in the brain surfaceinf2g.2 s fAa r egi or
bl ood flow is |ikely to be increased by exe

definitely increased dur i ng vaue) eanbde feeay.sétinT h e


http://www/

SPM. When the set p value is low, the only region that shows a statistically significant increase
is shown in red color. On the contrary, when the p value is high, regions unrelated to the area
showing changes in brain functiomay also be shown in red color.

Statistical image analysis is used as a method for increasing the objectivity of
diagnostic imaging for central nervous system disease. In order to carry out statistical image
analysis, standard CBF images prepared frdarge number of healthy subjects are required.
The 3DSSP (2dimensional stereotactic surface projection) atfiS (easy Zscore imaging
system) have been also developed for statistic image analysis.

[7] Functional Image Analysis
This procedure enables asirement of tissue concentrations of radiopharmaceutical agents,
their temporal variations (measured by gamma camera, SPECT, PET) and blood concentrations,
and physiological parameters based on the temporal variations (e.g., systemic circulating blood
volume, mean circulation time, blood flow, metabolic rate, pulmonary ventilation volume,
neuronal receptor density, etc.).
[A] Whole body Plasma Volume af@irculating ErythrocyteVolume
Assuming that a tracer of a known radioactivity concentration and voluatkoactivity
concentration ¢£Bg/ml, Voml) that is not distributed outside the plasma (or erythrocytes) is
administered and distributed evenly throughout the whole blood pool (V ml), and that C Bg/ml
is the radioactivity concentration of the plasma €oythrocytes), we obtain the following
equation:

Con Vo=Cn (V + Vo)
WhenV is sufficiently smaller than V, the following equation is obtained:

V = C,JCn Vo



[B] Mean Transit Time (Figure-2)
The mean transit time (MTT), which is the mean time requiretrdossit of the tracer through
various pathways in tissues, can be calculated using the following equation, where V (ml/ml) is
the volume of the pathway (blood vessel), and F (ml/ml/min) is the flow volume:
MTT (min) = V/F

When the blood volume and bloddw are unclear, the radioactivity concentration C
(t) is measured continuously at the outlet, after a radioactive tracer has been administered by
bolus injection into a certain tissue. The time is plotted on the abscissa, and the radioactive
concentrationon the ordinate, to construct a tiaetivity curve. The curve thus obtained
shows that the number of tracer particles that pass over the time petjosl Gft). The time

required for all t pnacwhere xdanotesithe fintxt0dotpa ss |1 S

when the timeactivity curve returns to 0). The mean transit time is then calculated as:
MTT =)n0L( ot t
[C] Blood Flow
It is supposed that F ml of arterial blood per min flows in, and F ml of venous blood per min
flows out of tissue (ml). When radioactive tracer particles in the arterial blood flow into a
tissue, with some particles being incorporated in the tissue and others flowing out into the
venous blood, the amount of change in the radioactive concentration irstlee@gt) per unit
time is expressed as follows:
dCi(t)/dt = 1 Ca(t)- Fn Cv(t)
Ca(t): Radioactivity concentration in the arterial blood
Cv(t): Radioactivity concentration in the venous blood

This is called Fickods | aw.



If all the radioactive tracer particles administered into the arterial blood are
incorporated intahe tissue, we have the following equation:
Fn Ca(t) = dCi(t)/dt
When both sides are integrated, the equation becomes:
F = Cingntd) / UCa
The blood flow F can be determined by dividing the radioactive concentration Ci(t) at time t
(obtained by SPECT or PHmaging) byU @& dt, i.e.,the total radioactivity concentration in

the arterial blood that has flown into the tissue by time t. If not all the radioactive tracer
particles are incorporated into the dtiossue,
quantify cerebral blood flow.

On the other hand, outflow from the tissue may be determined in a simple manner in
systems where Fickés | aw is valid (e.g., e X ¢
tracer is directly injected into the sige, tracer particles are mingled in the tissue and flow out
of the tissue.

At this time, Ca(t) = 0, and we obtain the following equation:
Fn Cv(t) = dCi(t)/dt
When both sides are integrated, the result is:
F = Cinttdy / UCv
This is the secalled StewartHamilton Law, which is used for measurement of the glomerular
filtration rate and renal plasma flow.

When the radioactive tracer concentratin the tissue is related to the radioactive

tracer concentration in the venous blood at the constant ratp (ke relation can be

expressed as follows:



dCi(t)/dt = l Ca(t)- Fn Ci(t)n 1/r
r is called the tissublood partitioncoefficient. Supposing ththe input from the artery can be
completed instantaneously, the following equations can be obtained:
dCi(t)/dt = lx Ci(t)n 1/r
Ci(t) = e
The blood flow can be determined by measuring the tissue concentration Ci(t) at time t. This is
a method of blooflow measurement using the clearance model.
[D] Compartment Analysis
By the compartment analysis, the behavior of the tracer in the body is simplified, and transfer
of the tracer from one compartment to another is analyzed by thaldgste differential
equation. A rate constant is assumed for transfer between compartments. When the glucose
metabolism is quantified usingFDG, the blood compartmenEiqoq), the tissue compartment
where®FDG is transferred from the blood#G.d, and the tissue comparent wheré®DG is
metabolized to'®FDG-6-phospahate (Gumboii) are presupposed. The proportion of tracer
particles that are transferred fromideyto Gissueper min is defined as the rate constapttkat
from Gissueto Goioog @S the rate constak,, and that from Gsueto Gretanoite@S the rate constant
ks, that from GuetanoitetO Gissue @S the rate constanj.kKChanges in the tracer concentration in

each compartment are expressed as follows:

dCtissue(t)/ dt = k1Cblood (t) - (kz + k3)Ctissue(t) +k4CmetaboIite(t)

dChetabolite(t)/dt = ksCiissue (t) -KaCretabolite(t)



The radioactivity concentration determined by PET is the radioactivity concentration in the
entire tissue, i.e Ciotal (FCiissue () + Cretanoiite (t)). When this equatiorsisolved, Gyq is the
convolution integral of the function of kky, ks, and k. Gy is determined by PET, and,eq
is determined by collecting arterial blood for measurement. When the optinkal ks, and I
are obtained by leasguares methgodhe cerebral glucose consumption CM&seper unit
area and per unit time can be expressed as follows:
CMRgiucose= (BS/LCI (ki ka/(K2 + k3))

where BS is blood glucose concentration (mg/dl), and LC (lumped constant) denotes
correction coefficient fortte difference in behavior between glucose 4R6G

The compartment analysis has been used for the determination of cerebral blood flow,
cerebral oxygen consumption, amino acid metabolism, and receptor density in the neural
transmission system.
C. Procedtes
[1] Pretreatment
Pretreatment prior to the test is important to obtain images of better quality and to reduce the
subjectsdéd exposure to radiation. Foddl,thenst an
uptake rate of?3 by the thyroid can bentreased by restricting iodine ingestion before'tfie
administration. When usint§l labeling agents such a81-IMP, preliminary administration of
nonradioactive iodine prevents the frid of the labeled agent from accumulating in the
thyroid.

In cases of imaging by PET witiFDG, ®FDG is given to the subject after several
hours of fasting, because incorporation®DG is decreased in the presence of high levels of

blood glucose.



[2] Administration ofRadiopharmaceutic@lgent

Although cleareiimages can be obtained with higher doses, higher doses are also associated
with increased exposure to radiation. Therefore, the dose should be restricted to the minimum
necessary, taking into consideration the sensitivity of the detector, the time aflowibe
measurement, and the age and body weight of the submirding to the IAEA guidelines,

the diagnostic reference | evel I's formul at ec
achievable (ALARA). 0 When ainisteaed intapehcusiymea c e u t
independent administration route should be secured, avoiding administration from the side tube
of a drip infusion system. This is because contact of a radiopharmaceutical agent with other
drugs may cause changes in the propertif the radiopharmaceutical agent that may result in

loss of usability of the agent as a tracer.

In *®FDG PET study, imaging should be begun about 1 hour after administration of the
radiopharmaceutical agent, and patients should remain at rest as snpokséle until the
imaging begins. Walking, exercise, conversation, watching TV or listening to a radio, and
reading should be avoided. These actions may cause physiological accumulation of the tracer
in muscles, which may be difficult to distinguishrix@ccumulation in lesions.

[3] Treatment beforémaging

Subjects must be asked to evacuate their bladder before bone scintigrapfiy®dPET
imaging, as the accumulated radiopharmaceutical agent in the bladder urine may hinder
diagnosis. Urination befer imaging also reduces radiation exposure of a patient and
professionals performing the examination.

In cases of tumor scintigraphy wiffiGacitric acid, images are taken several days

after administration of the radiopharmaceutical agent. In order tovefiGa from the



intestinal tract, the subjects must be asked to empty their bowel before imaging. If necessary, a
special diet or laxative may be given to a patient on the day before the imaging.

[4] Timing of Imaging

Imaging should be started when thlamanistered radiopharmaceutical agent has accumulated
sufficiently in the target organ, while at the same time that the agent is sufficiently eliminated
from the blood or organs other than the target organ. Physical decay of the radionuclide should
also betaken into consideration.

[5] Collection Counting and Data Acquisition Time

The desirable collection coefficient is more than 1000 counts/and upto 3000 counts/cfn

if possible, in the normal portion of the target organ. When the whole body is inraged
fractions, or when the same organ is imaged from multiple views, the imaging conditions
should be kept constant.

[6] Body Position and Immobilization

When imaging requires a prolonged period of time, it is necessary to avoid unstable body
postures andin some cases, to use restraining tools. If the subject has dementia, particular
caution is necessary to keep the subject stable. Imaging in children may call for the use of a
hypnotic.

[7] Confirmation of Imaging Site

To understand the anatomical areavtoch the accumulation of the radiopharmaceutical agent
corresponds, the point source may be placed at the anatomical point of reference before the

imaging.

D. In vitro testing



This is a form to quantifying trace amounts of drugs or other substancesinRadnoassay

(RIA) is a typical example of this form of testing (Figur&)2 Substances measurable with
RIA are listed in Table-2.

[1] Competitive reaction

Radioimmunoassay utilizes competition between a labeled hormone and nonlabeled hormone
in the samle in binding to the antibody. Competitive protein binding assay (CPBA) uses a
protein instead of antibody that specifically binds to a hormone. Radioreceptor assay (RRA)
uses cell membrane receptors. Because all these methods use competitive reaction and
radionuclides, they are collectively referred to competitive radioassay methods.

[A] Radioimmunoassay (RIA)

Radioimmunoassay is carried out as follows (Fig).2

(1) The target hormone is injected into animals to generate antibody.

(2) The®3-labeled ompound of the target hormone is prepared.

(3) A mixture of the 3 materials, i.e., the sampfd;labeled hormone, and the antibody to the
hormone, is prepared.

(4) The **3-labeled hormone and ndabeled hormone bind to the antibody competitively
during incubation.

(5) The higher the quantity of the ntabeled hormone in the sample, the lower the quantity of
antibodybound labeled hormone (B) and higher the quantity of free labeled hormone (F),
resulting in a decreased B/F ratio.

(6) The standard curvdepicting the relationship between the B/F ratio and the hormone
concentration is preliminarily prepared, using various known concentrations of the hormone

solution. The hormone concentration in the sample is determined from the standard curve,



based onfte obtained B/F ratio of the sample.

In order for RIA to be effective, the following conditions are necessary: pure target
substance should be available; the target substance can be labeled by a radionuclide; the target
substance should have the abilityelicit antibody production; free labeled hormone (F) and
bound labeled hormone (B) can be separated from each other. Althougioleaularweight
hormones (steroid hormones, thyroid hormone) and drugs on their own are unlikely to serve as
antigens, anliodies to these agents can be prepared if complex compounds in the form of
haptens are produced by chemical binding to albumin.

The methods for separation between F and B are as follows:

(1) Solidphase techniques: This category includes the test tuldbpdrise method using
polyethylene tubes with antibody adsorbed on the bottom surface and other methods using
antibodycoated plastic, glass or beads (Figu®) 2

(2) Double antibody assay: If the reaction product of the target hormone and its antibody is
unlikely to precipitate, a second antibody, i.e., antibody to the first antdpgliypulin, may be
added to increase the likelihood of precipitation of the reaction product, thereby allowing B
and F to be separated from each other.

(3) Adsorption methodB and F are separated from each other based on the fact that charcoal
powder, dextran, and ieexchange resin can adsorb F, but not B.

(4) PEG method: Because polyethylene glycol (PEG) specifically causes antibodies to
precipitate according to their comteation and pH, B and F are separated from each other
using this property of PEG.

[B] Radioreceptor assay (RRA)

This assay method involves the use of the cell membrane, cytoplasm, and nuclear receptors.



TSH receptors are used for measurement of TSH kgridhibitory antibody.

[C] Competitive protein binding assay (CPBA)

Certain hormones and vitamins are bound to specific proteins in the living body. Trace
substances can be quantified based on competitive binding to specific proteins instead of to
antibodes or receptors.

[2] Non-competitiveReaction

[A] Immunoradiometric assay (IRMA)

In this assay, the antibody in the sample is bound to excesspbals@ antibody. Then, labeled
antibody is added, to let it bind to the antibdmyund antigen. After removalf the free
labeled antibody, the radioactivity of the antibeatigenlabeled antibody is measured. This
method is also called the sandwich technique (Figt6k 2

[B] Radioallergosorbent test (RAST)

The target allergen is adsorbed onto a filter pajr, @nd allowed to react with the sample
serum. If IgE specific to this allergen is present in the serum, the allergen in the filter paper
binds to the IgE in the serum. Whéfrl-labeled IgE antibody is added, it binds to the
allergenrbound IgE. By measing the radioactivity of this compound, serum IgE specific to
the particular allergen can be measured.

[C] Direct saturation analysis (DSA)

When a certain substance is present in the body bound to a particular protein, the quantity of
the proteirbound sbstance can be estimated indirectly by measuring the quantity of unbound
protein. *?3-triiodothyronine (T3) is added to the serum, and the ratio of the radioactivity of
the radionuclide bound to thyroxiiending globulin (TBG) and that of the unbound

radonuclide is measured, to determine the T3 upta¥ee is added to the serum, and the



quantity of *®Fe bound to transferrin is determined, thereby allowing the quantity of
unsaturated transferrin to be determined (unsaturated serum iron binding castcity t

[3] Radiopharmaceutical agents

Microassay of pituitary hormones, thyroid hormones, parathyroid hormones, insulin,
adrenocortical hormones, renin, tumor markers, viral antigens and antibodies and drugs is
feasible. The radiopharmaceutical agents atéel for in vitro use in these determinations are
tabulated.

[4] Practical aspects of testing

[A] Incubation

The radioactive reagent, sample, antigen or antibody, etc., are mixed in the test tube, and
incubated at a certain temperature for a certain pefitiche.

[B] B/F separation

The radioactive compourabund substance (B) is separated from thelmmd substance (F).
The double antibody method or the sqidase technique is usually employed.

[C] Measurement

The radioactivity concentration of the galen after B/F separation is measured by the well
counter or liquid scintillation counter. The concentration of the sample is obtained, referring to
the standard curve.

[5] MeasuremenbDevices

129.labeled compounds play a major rol&l is disintegratedy orbital electron capture, and

has a physical halife of 69.4 days, with ayray energy of 27.5 keV. The radioactivity is

measured by the wetype scintillation counter or liquid scintillation counter.



[I. ClinicalNuclear Medicine

In in vivo nuclearmedicine imaging, it is more significant to understand the pathological
condition by imaging the biological functions, including blood flow and metabolism, than to
obtain morphological information. Although it is necessary to use radiopharmaceutical agents
that show specific distribution for different functions in the respective organs and tissues, tests
should be carried out on the basis of an understanding of physiological accumulation and
changes in the accumulation associated with disease. Becausegrmobguclear medicine are
relatively timeconsuming, it is desirable to set the optimal dose, method of imaging, and
method of image reconstruction for individual patients based on a full knowledge of the testing
devices. In addition, diagnostic nucleaeditine has become more diverse in recent years,
along with advances in the clinical application of PET and fusion of PET and SPECT with
morphological imaging by CT.

This section describes the basic rationales, test procedures, typical findings, and
clinical significance of various techniques of scintigraphy used invo imaging of nuclear
medicine
A. SPECT, Scintigraphy
[1] Central Nervous System
[A] CerebraBlood Flow
a) Radioplarmaceutical agent
12.IMP  (N-isopropytiodoamphetamine), **™Tc-HMPAO (hexamethyl prophyleneamine

oxine), ®™c-ECD (ethyl cysteinate dimer}?*Xe gas,®* Kr gas are available for clinical

practice.Table 22 shows the characteristic features and doses of these radiopharmaceutical

agents.



1) 3 IMP

This substance is a lipisbluble compound that possesses the ability to cross the-lnawd
barrier. Afte intravenous administration, this agent is first incorporated in the lung and then
distributed to the brain, eventually being eliminated via the circulation. Because the extraction
rate by the brain of*3-IMP at the first transit is more tha&0%, surpasing that of other
lipid-soluble compounds, good images consistent with the cerebral blood flow can be obtained
with proper timing of the imaging; this test is suitable for quantitative evaluation (Figire 2

It is generally considered that diffusioncacding to the intravasculaerebral tissue pH
gradient and binding to amine receptors present in the capillary tunica intima are involved in
the intracerebral distribution of this agent.

2) #°*™c-HMPAO

Once this lipidsoluble compound crosses the bldwdin barrier, it is rapidly metabolized to a
watersoluble compound, whereby it loses its ability to cross the Hboaish barrier, resulting

in unchangeable intracerebral distribution (chemical trapping). Glutathione is involved in the
intracerebral metadlism of this substance. Because its intracerebral distribution is fixed,
depending on the cerebral blood flow at the time of its administration, it is suitable for
emergency tests or tests that require sedation. However, itgdimsit extraction rates only

about 70%, slightly lower than that df3-IMP, because its metabolic conversion to a
watersoluble compound is delayed megions of high blood flow immediately after its
administration, which causes back diffusion into the blood.

3) *°™Tc-ECD

Like **™Tc-HMPAO, this lipid-soluble compound is also distributed to the brain, and is subject

to hydrolysis of its ester group by esterase. Simildf"toc-HMPAO, this agent is converted to



a watersoluble compound and its distribution in the brain isdikg chemical trapping. The
first-transit extraction rate of this substance is about 60%, therefore, its linearity with the
cerebral blood flow is inferior to that &%1-IMP or **™Tc-HMPAO, because of back diffusion,

as described above. Because theibigtion of this agent is affected by tissue metabolism that

is involved in intracerebral distribution, it may be associated with decreased accumulation or
defect as a result of the metabolic status, if there is dissociation between blood flow and
metabolisn, such as in the subacute phase of cerebral infarction or encephalitis (1).

4) 133%¢e gas®' Kr gas

These agents are radioactive inert gases. When they are inhaled or when solutions of these
gases in physiological saline are administered, they cross the-livaodbarrier and are
distributed in the brain by diffusion. Because these agents armetabolized after being

distributed in the tissue, they are eliminated via the circulafforKr solution is given by

arterial bolus infusion.

b) Testing methods

1) Imaging and image reconstruction

Axial tomographic views based on the orbmeatal lineare obtained by SPECT imaging.
When diagnosing lesions in the skull base or in the hippocampal region, coronal views and
hippocampal long axis views are added at the time of image reconstruction. Dynamic imaging
may require long data acquisition time, lcohtor and correction method settings different
from those of static imaging, because eqiiyase images are subject to changes within short
periods of time, depending on the cerebral blood flow. Noise fromfhégluency components
should be removed baf®the image reconstruction, by using a pretreatment filter according to

the Butterworth method or other techniques. FediBensional image reconstruction of



2-dimentionally collected data, filtered back projection (FBP) is generally employed, with
guarateed quantitative capability. In cases of image reconstruction by the method of ordered
subsets expectation maximization (OSEM), a type of successive approximation, streak artifacts
from the high radioactivity can be eliminated to improve the sigoale ratio, but the
guantitative capability remains to be verified. It is desirable to carry out attenuation correction
and scatter correction after image reconstruction. Although attenuation correction by CT is
feasible with SPECTCT apparatuses that allow sittaneous CT imaging, there are influences

of metal inclusion bodies, and verification of the quantitative capability is an issue for study in
the future.

2) Testing methods using radionuclides

When using*?1-IMP, thyroid block is carried out before thest by administration of
potassium iodide powder at 100 mg/day or Lu
123 exposure of the thyroid. Inges are taken for a period of about 30 min, starting fro20L5

min after the radionuclide administratioBecause the intracerebral distribution varies over
time through the washout process, the imaging should end within 1 h after administration. The
microsphere technique using continuous arterial blood collection and autoradiography using
singlepoint arterid blood collection and standard input function (IMIRG) are used for the
quantitative measurement (2, 3).

Because the prepared solution8fTc-HMPAO becomes unstable as time elapses, it
should be administered within 30 min after labeling. No pretra@tnsenecessary. Images
should be taken for a period of about 30 min beginning from 5 min after administration. This is
a ™c generator preparation, and its intracerebral accumulatiomamtained after

administration. Therefore, comparison of the cekblood flow values at rest and under



various loads, such as in the measurement of cerebrovascular responses under acetazolamide
(Diamo>3q) loading,can be carried out on the same day. However, because overestimation can
occur due to back diffusion in Hgblood flow regions and underestimation in low blood flow
regions, linearity correction of the intracerebral radioactivity is necessary to improve the image
contrast (4). For quantitative measurement of the cerebral blood flow, the Patlak plot method,
by which the radiation value of the aortic arch is measured as the input function by a large
field-of-view gamma camera, is clinically used (5) (Figw&)2

9Mre-ECD requires 30 min for stabilization of the labeling reaction, however, it
remains stable forseveral hours thereafteherefore, ®*"Tc-ECD can be stored after
preparation, and labeled preparations are also commercially avallallges are taken for
about 30 min beginning from 5 min after administration. Similar *¥Tc-HMPAO,
measurement unddoading can be carried out. The Patlak plot method is usually used for
guantitative measurement.

133e shows anendexpiratory curve similar in shape to the arterial blood
concentration curve, allowing use of the input function. Therefore, quantitairebral blood
flow measurement without blood collection is possible by monitoring* @ concentration
in the expired gas. Regional cerebral blood flow images can be obtainediimer3sional
image reconstruction ofomographic views of the brain olted by SPECT imaging
simultaneously with expiratory air monitorintf>Xe imaging is associated with large statistic
noise of the images due to the low count.rdtee energy of the emitteglays is as low as 81
keV, therefore, this agent is inferior inres of the spatial resolution obtained, to other agents
used for measuring the cerebral blood flow. Measurement of its input function depends on the

pulmonaryfunction. Because of these disadvantage$3se, *>3-IMP, **"Tc-HMPAO and



9Mre-ECD are the may, more commonly used agents used for cerebral blood flow imaging.
However, it allows simple and repeated measurements, and is suitable for emergency tests and
comparison of quantitative values of the cerebral blood flow before and after loading tests.

Kr gas to be used for blood testing is obtained by elution with a 5% glucose sélotiothe

81Rb-2! Kr generator Its halflife is as short as 13 seXe is infused continuously into the

carotid artery, and tomographic images are obtained by SPE@IE istate of equilibrium of
the intracerebral distribution. Because ofutgsashort haHife, contamination by exposure is
negligible. However, it is no longer in use because of the invasiveness associated with its
administration into the carotid arje
3) LoadingTest
Cerebral blood flow imaging may be combined with various loading tests, such as evaluation
of the cerebral circulatory reserve by cerebrovascular reactivity measurement in cases of
ischemic cerebrovascular disease. In epileptic patiepiteptic seizurénducing test by the
recall method is carried out.

Measurement of cerebrovascular reactivity can be conducted under carbon dioxide
inhalation load or acetazolamide load. WH&ATc-HMPAO, *™Tc-ECD, or'#-IMP is used,
the acetazolarde loading test is carried out because of longer data acquisition (Fi§lre 2
Acetazolamide is aarbonic anhydrase inhibitor. The carbon dioxide produced in erythrocytes
by inhibition of carbonic anhydrase decreases the pH of smooth muscle, leadilagatmd
of the cerebral blood vessels and increased blood flow. In adults, maximum vasodilation is
achieved within 20 min after intravenous administration of 1 g acetazolamide (20 mg/kg in
children).?*™c-agents and®1-IMP are administered 10 min aBdl0 min, respectively, after

acetazolamide administratiorfollowed by imaging. Adverse reactions to acetazolamide



administration include transient numbness of the limbs, taste disorder, and diuresis related to
inhibition of carbonic anhydrase. Thus, azetilamide should be used cautiously according to
the severity of renal dysfunction or prostatichyperplasia. In addition, in cases of obstructive
cerebrovascular disorder, temporary worsening of the paralysis may occur after the test
because of the steal @momenon.

4) Quantitative Imaging

As the methods of evaluation and comparison of changes in cerebral blood flow, there are
relative quantitative methods by which standardization is carried out with the radioactive
values of reference regions free of thiéuance of the lesion, absolute quantitative methods by
which input function is determined with arterial blood collection, and method of image
statistical analysis by which the brain of the patient is converted to the standard brain and
analyzed pixel byigel.

Relative quantitative assays are used for localized lesions in emergency tests or when
arterial blood sampling is difficult. Unaffected area of the contralateral cerebral hemisphere or
unaffected cerebellum is usually adopted as the reference remimhthe ratio of the
radioactivity of the lesion to that of the reference region is calculated.

Absolute quantitative assays are required in cases where cerebral blood flow changes
bilaterally or globally or where reperfusion therapy needs to be coedidé/hen using
123.)IMP or **™c preparations, which are highly lipeluble and are distributed and
accumulated predominantly in the brain tissue by the first trahsitadioactivity levels in the
arterial blood is used as the input function, and ititegral value of the intracerebral
radioactivity distribution is determined, in accordance with the distribution model of embolic

microspheres. By this procedure, the temporal and voluminal distribution in the brain tissue



can be quantitatively determithémicrosphere model). In particuldf3-IMP shows a high
first-transit extraction rate, and is therefore suitable for the microsphere model. Data obtained
by continuous arterial blood collection over a period of 5 min after administration and the
intracerebral radioactivity distribution determined by SPECT a#i@0nin after administration

are used for the integral calculation (2). The HstRoradiography (ARG) method simplifies
arterial blood collection to once at 10 min aft€t-IMP administration, ad estimates values

by applying the values obtained thus to the standard input function preliminarily prépaned
multiplepatients. Washout 6f1-IMP on SPECT imaging is also corrected (3).

Because ®™c-HMPAO and ®™c-ECD provide fixed intracerebratlistribution
immediately after administration, the input function of arterial blood should be determined by
continuous measurement over a short period of time beginning immediately after intravenous
administration. However, when the intracerebral radioaty distribution is determined
simultaneously, a linear relation exists between the-tiouese of change in the intracerebral
radioactivity concentration against the arterial blood radioactivity and the time course of
change of the integral value of tlaterial blood radioactivity concentration (Patlak Plot
method). Regional cerebral blood flow can be determined without collecting blood if SPECT
imaging of the head is carried out after simultaneous continuous dynamic imaging of the head
and aortic arcloy Rl angiography using a large fietd-view gamma camera. By this method,
the brain perfusion index (BPI), an index of the mean blood flow in the cerebral hemisphere, is
calculated. Conversion by a constant coefficient is necessary for calculationfiofithelue
of the cerebral blood flow. The above methods have been widely used in the clinical setting
along with the spread of use 6fi-IMP and**™Tc-agents (5).

Image statistical analysis was developed to rectify the disadvantage associated with



visual diagnosis and setting of the region of interest being influenced by the subjective view of
the interpreter. Statistical parametric mapping (SPM), a fundamental method, uses rotation,
parallel translation, and linear transformation for position adjestnof homogeneous or
heterogeneous images (6). In addition, when the brain of the test subject after position
adjustment is anatomically normalized by linear or nonlinear transformation against the
standard brain prepared from the data of healthy persmussmoothed to eliminate noise,
pixels showing significant changes in the radioactivity values can be extracted through
intergroup comparison by a t test for each pixel. Analysis is also possible with qualitative
images alone, and can be applied to SPEHEHT and MRI. In Japan, wethown software
products of this kind include$SP, based on the NEUROSTAT developed by the University

of Michigan (7), and €IS, developed by Matsuda et al. (8). These software products are
provided mainly by radiopharmaces! companies, along with a database of healthy controls.
This technique is widely used as a method for noninvasive and objective evaluation of minor
changes of the cerebral bl ood flow early in
global decreases in cerebral blood flow in comparison with that in healthy controls. Because
analysis is possible using qualitative images alone, this method is useful for-@glow
observation of patients who are difficult to put under sedation at outpatielss clnch as

those with dementia or mental illnesses. However, there still remain some problems that need
to be resolved. More specifically, the database of healthy controls obtained by different
collection methods or image processing methods is shareaultiple institutions, and there

are the issues of accuracy of correction for brain atrophy and accuracy of analysis of the deeper
brain structures. Therefore, it is recommended that this technique be used only as an auxiliary

diagnosis method and for irstegational analysis.



c¢) Clinical Significance andApplication
1) Cerebrovascular disease

In regard to the brain, the type and grade of neurological dysfunction occurring along
with a decrease in the cerebral perfusion pressure have been studied. Byl tdoelrflow
measurement, cerebral ischemia derived from obstructive cerebrovascular disorder or space
occupying lesions can be detected prior to the appearance of morphological abnormalities on
imaging. This makes it possible to provide treatment togmiethe disorder and predict the
prognosis. In cases of acute cerebral infarction, relative cerebral blood flow measurement
enables us to predict the occurrence of cerebral infraction corresponding to the ischemic
threshold. Fig. D shows CBF within 6 hoa of onset in patients with left middle cerebral
artery. Ipsilateral to contralateral CBF ration 0.30 resulted in complete infarction. The CBF
ratio Of 0.80 or higher showed no infarction. The CBF ratio of 1.30 (hyperperfusion) showed
complete infarctionThe CBF ratio between 0.40 and 0.70 resulted in either evolving infarct or
escaping from infarct. Thus, the target of reperfusion therapy in acute ischemis stroke is
residual CBF ratio of 0.40 to 0.70. Figurel@a shows a patient with left middle cerdbra
artery embolic occlusion. Residual CBF ratio was 0.50. Therefore, acute thrombolytic therapy
was carried out with use of recombinant tissue plasminogen activat®yA)(rtAfter
recanalization of occluded artery, the CBF was normalized resulting in acctioh (Fig.
2-10b). Hyperperfusion in acute ischemic stroke may be induced by recanalization of occluded
artery before the study. Hemorrhagic infarction is sometimes found after spontaneous
recanalization or after thrombolytic therapy.

In cases of obstative cerebrovascular disorder in the chronic phase, the cerebral blood

flow on the affected side with a mild decrease in the cerebral perfusion pressure is maintained



by the opening up of collateral vessels. In these regions, further cerebrovascudtoulitdter
acetazolamide loading is limited in comparison with that in normal brains (9, 10, 11). The rate
of cerebral blood flow increase after loading against the resting cerebral blood flow is defined
as the cerebrovascular responsiveness. Becauss thipaired in a manner dependent on the
decrease in perfusion pressure, the cerebrovascular responsiveness serves as a useful index of
the cerebral circulatory reserve against blood pressure variations, when selecting candidates for
preventive hemodynamireconstruction. Figure-21 shows a patient with chronic right
internal carotid artery occlusion. This patient showed slight decrease in rest CBF and limited
increase of CBF after acetazolamide load at initial study. Two years later in the-éplow
study, rest CBF is decreased and vasodilating capacity is clearly impaired indicating low
perfusion pressure. This patient is a good candidate of surgical recanalization.
2) Degenerative Disease

In cases of various degenerative diseases and mental diseelsesng dementia, the
presence of diseaspecific cerebral hypoperfusion patterns corresponding to the site of
cerebral dysfunction is known, and used for differential diagnosis of various diseases. In
patients with Al zhei melowis fouhd is the lsilateral tengparal e a s e
regions to the parietal association area or in the posterior cingulate gyrus (12, 13) (Higure 2
The statistic analysis with 3BSP indicated that bilateral temporal and parietal association
cortices and posteriaingulate gyrus showed decreased CBF compared with normal controls
(Fig. 213). In diffuse Lewy body disease, medial occipital cortex showed CBF reduction in
addition to temporal, parietal, and posterior cingulated gyrus CBF reduction {E&). h
Pick Disease, decreased blood flow is found in the bilateral frontal lobes, the anterior temporal

lobe, and anterior cingulated gyrus (Fig:12). Among other dementizlated diseases



showing cerebral blood flow abnormalities, decreased blood flow is obserttesl ipsilateral
cerebral cortex and basal ganglia in patients with corticobasal ganglionic degeneration, and the
bilateral frontal lobes and the basal ganglia in those with progressive supranuclear palsy.
Uneven blood flow decrease in the cerebralecors also observed in patients with vascular
dementia. Cerebral blood flow SPECT is used as an auxiliary diagnostic method in patients
with these diseases. Statistic analysis is also used to differentiate, in the early stage, between
pathological and noral agerelated changes by detecting the site of decreased blood flow
peculiar to the disease.
3) Epilepsy
Epilepsy is one of the typical diseases associated with abnormal increase of the

cerebral blood flow. During an epileptic attack, increase of thebcalr blood flow is seen in
the area consistent with the epileptic focus indicating abnormally increased neural activity (Fig.
2-16). During interictal state, this increase is not found or even the reduction is observed.
d. Inflammation

In addition, in te acute phase of encephalitis also, increased blood flow is seen,
according to the site of the active inflammatory lesions. Imaging is useful for determining the

extent of the lesions (Fig-27).

[B] Central Benzodiazepine Receptor Imaging

a) Type of radbpharmaceutical agents and ftrénciples oftheiraccumulation

123 lomazenil is used. This agent forms a complex with GABA receptors and the chlorine ion
channel and binds specifically tentral benzodiazepine receptors that are distributed on the

neuon membrane over the cerebral cortex.



b) Testing method

123 lomazenil is administered intravenously at the dose of 167 or 222 MBq, and SPECT
imaging is carried out for about 30 min beginning 3 h after the administration -ffee
images immediately &dr intravenous administration may also be obtained for quantitative
evaluation or blood flow imaging.

c) Clinical significance

GABA is an inhibitory neurotransmitter of cortical neurons. Decreased accumulation of
123 lomazenil reflects decreased inhibitonerve function, and is useful for detection of
epileptic foci This agent is advantageous in that it can detect the focus even in the interval
between attacks, in contrast to cerebral blood flow SPECT. In particular it is useful for
detecting the foci fotemporal lobe epilepsy, in which morphological imaging examinations,
such as MR, often fail to reveal the site of abnormality (14). Two patients showed decreased
accumulation of‘*3-lomazenil in left medial temporal lobe indicating epileptic foci iis th
region (Fig. 218). Accumulation is low in the central gray matter, brainstem area, and medial
part of the temporal lobe, necessitating caution in interpretation.

[C] Dopaminergic Neural transmission

a) Radiopharmaceutica#igent

123. _CIT is specifically bound to presynaptic dopamine transporter and thus used for
presynaptic nerve ending imaging’-IBF is specifically bound to Dopamine receptor on the
postsynaptic membrane. Therefore, a magnitude of accumulation is a markersghaotst
dopamine receptor density.

b) Clinical Significance

I n early stage of Parkinsondés disease, dopart



substantia nigra is decreased while postsynaptic dopamine receptor is stable or upregulated.
2. CI'T brain SPECT can diagnose Parkinsonods
123IBF may indicate that {IDOPA medication is effective because of residual dopamine
receptors. Figure-29 shows normal distribution df3- -CIT and **3-IBF. Figure 2-20
shows'®- -CIT and*-l BF i mages in a patietft -@®Fth Pz
SPECT shows a reduction of accumulation in the striatum whildBF accumulation is
normal.

[D] RN angiography

The radiopharmaceutical agents used for this exatioin are **™Tc-pertechnetate and
9MTe-DTPA, which do not cross the blodmiain barrier This examination with dynamic
imaging had been used for diagnosing carotid artery or cerebral basal main artery obstruction
until recently. It is now hardly in useebause of advances in MRA, 3DI angiography and

DSA techniques.

[E] Cisternography

a) Type of radiopharmaceutical agents used angtineiples oftheir accumulation

n-DTPA is administered by intrathecal injection at the dose of 37 .MRgebrospinafluid

(CSF) is produced in the choroid plexus of the lateral cerebral ventricle, and flows via the
foramen of Monro into the third ventricle, mesencephalic aqueduct, fourth ventricle, and the
foramen of Luschka and Magendie, to reach the subarachnaié. Sifeen, CSF ascends from

the basal cistern of the brain towards the cerebral surface, is absorbed by the arachnoid villi in
the parasagittal sinus, and returns to the venous blood.

b) Testing method

"n-DTPA is administered aseptically by lumbar pumetuThe administered™in-DTPA



ascends through the spinal cavity to the basal cistern, and reaches the parasagittal sinus, along
the path of flow of the CSF circulation. This process is observed over time. Frontal and lateral
images, and SPECT imagesnécessary, are obtained at 1, 3, 5, 24, and 48 h after infusion. If
n-DTPA enters the venous system at the time of lumbar puncture, the urinary system alone
is visualized in the earlier phase, making the test incomplete. Thus, careful attention to this
issue is necessary. This test is contraindicated in patients with symptoms of elevated
intracranial pressure accompanied by papilledema due to brain tumor or cerebral hemorrhage,
because of the risk of brain herniation.
c) Clinical significance
In normal subjects, ™in-DTPA reaches the basal cistern iR31h after administration.
n-DTPA particles are distributed over the cerebrum in 24 h, and most are absorbed in 48 h.
The lateral cerebral ventricle may be visualized within 24 h because of temporary
intraventricular regurgitation.

In cases with normagbressure hydrocephalus, intraventricular regurgitation occurs in
an earlier phase after administration, and the count reaches its peak at or after 4 h, showing
retention of 50% of more of the tracer pads even after 48 h. In cases of CSF leakage,
common after surgery or trauma of the head, accumulation is observed in areas consistent with
the leakage, e.g., in the paranasal sinuses or basal cisterns. If cotton is plugged in the nose or
ears before th@maging, and the radioactivity is measured by the well counter, leakage can
sometimes be found even when it cannot be detected on the images. CSF leakage in idiopathic
low spinal fluid pressure syndrome commonly occurs in the cetthioahcic cord transbn,

often accompanied by a meningeal diverticulum (15).



[2] EndocrineSystem

[A] Thyroid scintigraphy and the uptake rate of iodine

1. Radiopharmaceutical agents used and the principtegiohccumulation

Na'?¥, Na®4, *™cO, are used for thyrdi imaging.lodine ions [) transferred from the
gastrointestinal tract into the blood are actively transported to the thyroid, where they are
organified and synthesized into thyroid hormoné¢a:*% and Na&*Yi are also incorporated by

the thyroid by the ame mechanism. Because the thyroid also takes up other monovalent
anions in addition to iodine ion¥™TcOy is accumulated by active transport and concentrated

in the thyroid. However, becau$¥'TcO, does not render itself to organification, it is esed

into the blood again.

Na'?¥ and *°™TcOy, are used for measurement of the thyroid uptake rate and thyroid
scintigraphy in patients with thyroid dysfunction. 'Rfis not suitable for imaging by the
gamma camera because of the highy energy of 36 keV from**4, and has a long physical
half-life of 8 days that results in a high radiation dose to the thyroid. Therefore, its use is
restricted to such cases as determination of the therapeutic dd4dafhyperthyroidism and
detection of metastatfoci after surgery for thyroid cancer.

2. Testing method

a. Thyroid scintigraphy

When N&%3 or Na4 is used, ingestion and use of iodic@ntaining compounds is prohibited

for 1-2 weeks prior to the test. The following are prohibited: ingestion afveeds and
seaweed broth, use of iodientaining contrast agents or tincture of iodine, and use of thyroid
hormones or antithyroid drugs, except for the loading tests. For detection of metastatic foci

from thyroid cancer using N&l, elevated blood TSHk necessary to detect the foci clearly,



even though the metastatic foci exhibit the same ability for iodine uptake as the normal thyroid.
Therefore, it is necessary that the testing in a patient is carried out 4 weeks or later after
surgery. In addition4-week and 2veek withdrawal periods are necessary for thyroxing (T
preparations and triiodothyroninesfTpreparations, respectively. No pretreatment is required
prior to the use o’™TcOy.

For thyroid scintigraphy, the cervical region of the patisnextended with a pillow
placed under the shoulders. Images are taken with a closely approaching camera using a
mediumenergy or lowenergy higkresolution or pirhole collimator. When using N&l, a
capsule of 3.47.4 MBq is administered orally, and ages are taken at@h. When using
9mreQy, an intravenous dose of 241 MBq is given, and measurement of the uptake rate and
scintigraphy are carried out 30 min after the administration. If scintigraphy alone is intended,
MOy is used at the dosé B85 MBq. If N&>!l is used to determine the uptake rate and the
effective halflife for calculation of the therapeutic dose dfY in patients with
hyperthyroidism, 3.7 MBq of N&'l should be given orally, and the uptake rate is determined
at 24 h. Subequently, the radioactivity of the thyroid should be measured every day for 1 week
to calculate the effective hdife. For the purpose of visualizing the remaining thyroid or
detecting metastatic foci after surgery for thyroid cancet>’N& adminisered orally at the
dose of 74185 MBq, and wholdody imaging is performed at 72 h.
b. Determination of the uptake rate of iodine

When determining the uptake rate’6%, a N&? capsule, as the standard radiation
source, is placed in thghantom for cevical measurement, and the radioactivity is measured
by the scintillation counter (P). Then, the lead shield is placed in front of the phantom, and the

background radioactivity is determined (B). The anterior cervical region of the patient is



evaluated uder the same conditions of distance from the detector, detection time, etc., (T), and
subsequently the background radioactivity is measured under the same conditions, with the
|l ead shield placed in front of tbythefollbwyng oi d (
equation:

123 uptake rate (%) = (B 6 )-B))Y® R00
In order to obtain the uptake rate using a scintillation camera, images of the phantom for
cervical measur ement and the patientds neck
invol ving the capsule (P), neck (T), and the
values to apply to the above equation.

When using®®™cOy, the uptake rate should be obtained using the scintillation
camera.The injection syringe containing™TcO, before administratioris placed in the
phantom as the standard radiation source, and the radioactivity is determined. Then, the
remaining radioactivity after injection of™cO, is determined similarly. The syringe is
enclosed in a ROI of the sarmsize before and after the injection, and the radioactivity before
the injection (Syyand radioactivity after the 1injecti
patientds thyroi d rmdoauclittemjectiom, akddGhe ROInaresdéttnar t h
area enclosing the thyroid (T) and an extrathyroidal area of the same size (B). After attenuation
correction of the dose, the values obtained are applied to the following equation:

9MTcO, uptake rate (%) = ((B)/(Sy-Sy 6) | att enudadi on coeff
3. Clinical significance
Both the right and left lobes are normally visualized measuring about 5 cm in length and 2 cm
in width, although the right lobe is often slightly larger. When u&ifigicO,’, accumulation in

the salivary gland and physiologicatcumulationin the oral cavity are also observed. The



normal*® uptake rate is 20% or less at 3 h anéd@ at 24 h. The norm&™TcO, uptake
rateis 0.54% at 24 h (16).

I n patients with Gravesds di seasethe( Base
thyroid and increased accumulation are observed. Nodular goiter accompanied by
hyperthyroidism is called Plummerdds di sease,
nodule in this condition. I n pationeohthysoid wi t h
hormones causes inhibition of thyrestimulating hormone (TSH), causing a marked decrease
of accumulation in the normal thyroid. In addition, thyroid tumors also include warm nodules
that show normal accumulation and cold nodules that stdeeveased accumulation. Hot
nodules and warm nodules that incorporate iodine are functional nodules, and are regarded as
benign tumors.

I n cases of chronic thyroiditis (Hashim
decreased accumulation, and thetakp rates are not uniform. This condition may be
complicated by malignant lymphoma or thyroid cancer, causing loss of accumulation. In cases
of subacute thyroiditis, there is wandering pressure pain in the thyroid, and complete loss of
uptake, includingn the normal area, occurs on scintigraphy because of TSH suppression due
to tissuedestruction and increased circulatiegels of the thyroid hormone, with an uptake
rate of nearly 0%. In acute suppurative thyroiditis, inflammation occurs in the upgeofpol
the thyroid via the fistula of the hypopharyngeal piriform sinus that sometimes forms
congenitally on the left side. This disease is common in children, and a filling defect is shown
in the upper pole of the left lobe of the thyroid. In cases of ectgupter, the thyroid is located
in a cervical region other than its normal cervical site, the mediastinum, or the ovary. In cases

of cretinism, that is, congenital hypothyroidism, thyroid tissue is often found at the base of the



tongue.

4. Various loadig tests

TSH stimulation test: In cases of hypothyroidism, the condition can be diagnosed as
hypophyseal or thyroid in origin by determining whether the iodine uptake rate is increased or
not, respectively, under TSH loading.

T3 inhibition test: In cases ofhyperthyroidism, the iodine uptake rate at rest is initially
determined. The uptake rate is determined again in a state of suppressed pituitary TSH
secretion after 7 days 0% 75 ng/days loading. A less than 50% decrease of the uptake rate as
compared tot he baseline value indicates Bvétls e d o wo
autonomic secretory capacity. If the decrease in the uptake rate is 50% or more of the baseline
value, the normal feedback mechanism is judged to be intact.

Perchlorate releaseste In the normal state, the inorganic iodine taken up by the
thyroid is organified to bind with thyroglobulin, and trapped in the thyroid gland. In cases of
organification defect due to chronic thyroiditis or congenital enzyme deficiency,
administration 6perchlorate ionsGlO4) which have a higher affinity for thyroglobulin results
in a competition between perchlorate ions and iodine for thyroglobulin binding before being
trapped. Inorganic iodine is thus released into the blood, leading to a decreéhsaadine
uptake rate. The uptake rate is determined 3 h W&ET administration, subsequently KGIO
1000 mg is given oralland the uptake rate is determined again at 1 h. If the decrease in the
uptake rate is more than -30% afterKCIO4 administation, a diagnosis of organification

defect is made.

[B] Thyroid tumor scintigraphy



1. Radiopharmaceutical agents used anghtimeiples oftheiraccumulation

20}TICl is used for the evaluation of thyroid tum®he Na-K pump is known to be functioning
actively at the membrane surface of tumor cells, contributing to intracellular metabolism.
BecauseTl" is a monovalent cation having an ionic radius similar to thatkdf TIV is
considered to be incorporatedo the cell by the N& pump.TI* has a higheaffinity for cells

as compared t&", and 8890% of the dose is incorporated into the cell by the first transit.
Although the blood flow into the tumor influences the accumulation, it is reported that in
thyroid tumors, elevation of the N&@ATPase actiity exerts a greater influence than the blood
flow. Although at present®TICl is rarely used for the differential diagnosis of thyroid tumors
because of advances in ultrasonograjthis used for the diagnosis of tumors in the brain,
mediastinum, anddne or soft tissues, because of the mechanism of its accumulation.

2. Testing method

20MTICl is administered intravenously at the dose 6fl74 MBq, and earhphase images at 15

min and latephase images at 3 h are obtained.

3. Clinical significance

Although?®*TICI shows distinct accumulatian papillary and follicular cancers of the thyroid,
accumulation is also often observed in benign adenomas, making it difficult to distinguish
between benign and malignant lesions. Howetres, agent is very useftibr the detection of
metastatic foci of thyroid cancen particular, in patients with residual thyroid tissue after
surgery,?°*TICI allows implementation of the test without preliminary restriction of iodine or
hormones, even in cases where metastatic dre not detectable withl. Accumulation of
22MTICl is low in undifferentiated cancer, medullary cancer and malignant lymphoma. In these

tumors, scintigraphy with’Ga or'*1-MIBG is more effective for the diagnosis.



[C] Parathyroid Scintigraphy
1. Radiopharmaceutical agents used andgtireiples oftheiraccumulation
204IC1, %9™TcOy, and *°"Te-MIBI (methoxyisobutyl isonitrile) are used for parathyroid
imaging. Parthyroids are tiny endocrine glands, measuring 5 mm or less in length and 3 mm
or less in width. Usually 4 parathyroids are present on the posterior aspect of the thyroid, with
one each located on the left and right, top and bottom. Therefore, while it is not possible to
visualize normal parathyroids by scintigraphy, accumulatiofi"@fCl is increased in patients
with hyperparathyroidism due to adenoma or hyperplasia, resulting in positive visualization on
scintigraphy (17). Becaus8'TICI also accumulates in the normal thyrofd"TcO,, which
accumulates in the thyroid alone, is adistered, and the results obtained are subtracted to
visualize?®*TICI accumulated in the parathyroid alone (18). The mechanism of accumulation
of 2TICI in the parathyroid remains unclear.

9mre-MIBI is used as a myocardial perfusion agent. It is ipocated into the cells by
passive diffusion depending on the potential difference between the mitochondria and the cell
membrane. In parathyroid adenoma, large quantities of mitochondria are present in the cells,
resulting in increased accumulation of tagent.
2. Testing method
No pretreatment is necessaf¥y/TICl is administered intravenously at the dose of 74 MBq, and
images of the anterior cervical regiare taken at 10 min. Theft"TcO,, 185 MBq, is given
intravenously without changing the positiof the patient, and images are taken aB@@nin,
for the procedure of subtraction. By the douf@dionuclide method of coincidence counting,

energy windows of°™c at 140 keV and®Tl at 70 keV are set, and data are collected



simultaneously’®™TcO; is administered first, followed by administration?8fTICI 20-30 min
later, and images are obtained subsequently.

When using®*™Tc-MIBI, the agent is administered intravenously the dose of
600740 MBq, and earhphase images at 10 min and latese images at-3 h are obtained.
If SPECT is added to the lapdhase imaging, the location of the parathyraiitnoma can be
understood more clearly, because &c-MIBI in the thyroid has already been washed out.
For detecting ectopic parathyroid adera imaging should cover the range from the cervical
region to the superior mediastinum. There is also another doaditenuclide method in which
9MTcOy is administered aftémaging with®*™c-MIBI, and the radioactivity of the thyroid is
subtracted.
3. Clinical significance
In cases of primary hyperparathyroidism, adenoma involving a single gland can be positively
visualized with®*TICI or **™Tc-MIBI. In cases of secondary hyperparathyroidiiyperplasia
causes increased secretion of parathyroid bass, which results in accelerated calcium
absorption in the renal tubules and small intestine, and in turn, hypercalcemia. In this situation,
usually all 4 glands are enlarged and show increased accumulation. Although both primary and
secondary cases shdwperfunctioning nodules, the detection rate depends on the weight of
the nodule. Regardless of whetR&fTICI or **™c-MIBI is used, he detection rate is almost
100% for nodules weighing 1 g or more, and about 50% for those weighing about 0.5g.(19, 20)
In the part of the thyroid corresponding to the nodule, there is decreased accumulation of
9mreQ, or the findings of pressure effect.

Ectopic parathyroid adenoma may occur in the mediastinum, inside of the thgroid

the submaxillary gland. It is ingptant to secure a large field of view in coronal sections.



Information about the deeper part obtained by SPECT imaging is useful for surgery (Figure

2-22).

[D] Adrenal CortexScintigraphy

a) Radiopharmaceutical agents used andtireiples oftheiracaimulation

134 _adosterol (B-iodomethyt19-norcholesterol) is used for adrenocortical scintigraphy. In the
adrenal cortex, steroid hormones are synthesized from cholesterol. Three types of hormones
are synthesized in the adrenal cortex, i.e., mineraloott8 including aldosterone,
glucocorticoids including cortisol and corticosterone, and sex hormones. Synthesis of
aldosterone is facilitated by angiotensin Il, and that of cortisol is regulated by the
adrenocorticotropic hormone (ACTH) secreted from titeitary gland.**%-adosterol is a
cholesterol analog which binds to the lipoprotein receptors expressed on the adrenocortical
cells, and is retained in the substrate pool after esterification. Accumulatih-adosterol in

the adrenal gland is #@ld greater than that of cholesterol, and ACTH is involved in the
incorporation of this agent by the cells.

b) Testing method

In order to reduce the exposure of the thyroid*th thyroid accumulation should be blocked

by administration of potassium iodigeo wder at 100 mg/ day or Lugo
for 7 days beginning a day prior to administration0f Because the radioactivity excreted

into the gastrointestinal tract overlaps the adrenals, administration of a laxative may be
initiated 2 dgs before imaging to promote bowel movementy-adosterol is administered
intravenously at thelose 0f18.537 MBq. Because it contains added ethanol, it should be

infused slowly over more than 30 sec. In patients wkloibit a strong reaction to alcdho



rapid intravenous infusion may cause temporary facial flushing or palpitations. Among all the
radiopharmaceutical agents used for imaging, adverse effects are most frequently seen with
134 _adosteral Because sexual gland exposure, particularly ovagiaosure, to radiation is
conspicuous, **1-adosterol is contraindicated, in principle, for patients with iodine
hypersensitivity, pregnant or breastfeeding women, patients younger than 18 years old, and
any other patients than those with strongly suspleatienal disease. Imaging is carried out
from the back @ days after the administration, when adrenal accumulatidftieddosterol
reaches its peak.

When the steroidhormone dexamethasone is used for the inhibition test,
dexamethasone is administedhe dose of 4 mg/day for 7 days starting from 3 days prior to
administration of the radionuclide.

c) Clinical significance

In the normal state, the right adrenal gland is located slightly more cranially than the left
adrenal gland, and accumulation feea slightly higher on the left side. The cited explanations
for this include the fact that the right adrenal gland is located slightly more posteriorly than the
left adrenal gland, being closer to the detector, and that accumulation in the liver overlaps
accumulation in the right adrenal gland. This difference between the right and left adrenal
glands is called normal adrenal asymmetry.

Primary aldosteronism is a disease associated with hypertension and hypokalemia due
to excessive secretion of aldosteeofrom the adrenal cortex. Adenomas, mostly occurring
singly, account for the condition in 8D% of the causes (21) (Fig-23). In addition, bilateral
adrenal hyperplasia or cancer may also cause primary aldosteronism, though much more rarely.

Although there is high accumulation in the adenoma portion, accumulation in the normal



adrenal is not decreased, because aldosterone does not inhibit ACTH production. In the
dexamethasone inhibition test, ACTH is inhibited, and thereby accumulation in the normal
adrenal gland and hyperplastic parts is decreased, resulting in more apparent accumulation in
the adenoma. Cases of aldostereaereting cancer show a defect of accumulation, however,
the contralateral adrenal is visualized.

Cushingbs syndinoreased sesretion afucertesal, artal yresents with
hypertension, a characteristic pattern of fat deposition, moon face, hirsutism, etc. In patients
with Cushingos dprodueirsgsueor ththe pittitary aAdtiose with ectopic
ACTH-producing tmor, bilateral adrenal hyperplasia and increased accumulation are
observed. On the contrary, in cases of functioning adenoma associated with secretion of
cortisol from the adrenal, production of ACTH is inhibited (Fig-24). Therefore,
accumulation in tb normal adrenals is decreased (negative feedback). In cases of
cortisolsecreting cancer, accumulation is aonform or defective.

Adrenogenital syndrome is caused by congenital absence of sex hormone synthetase,
and is characterized by symptoms of méiszation or feminization. Hyperplasia
accompanied by increased ACTH production is associated with enlargement of the adrenals
bilaterally and increased accumulation. In cases of a functioning adenoma showing sex
hormone secretion, ACTH production is nohibited, similar to the case for aldosterone.
Therefore, accumulation in the normal adrenals is not decreased. Cancer cases show
nontuniform accumulation or defects.

Incidentaloma is noiffunctioning adenoma that is not accompanied by abnormal
hormone scretion and is found incidentally on other imaging studies. Increased accumulation

indicates benign adenoma. Decreased accumulation indicates cancer or metastasis, or benign



tumors such as cystoma and lipoma (21).

[E] Adrenal Medulla fintigraphy

a) Radopharmaceutical agents used andgheciples oftheir accumulation

134_MIBG (metaiodobenzylguanidine) is used for adrenomedullary scintigrapimy.the
adrenal medulla, sympathomimetic agents such as epinephrine and norepinephrine are
produced and sted in follicles. Similarly, norepinephrine is stored in follicles in the
sympathetic nerve terminals®i-MIBG has a molecular structure resembling that of
norepinephringand is incorporated by catecholamine storage granules or chromaffin storage
granules through the reuptake mechanism at the sympathetic nerve terminals.

b) Testing method

For thyroid bl ock, potassium iodide powder
solution at 1.5 ml/day for 7 days beginning a day prior to the start of adratron of the
radionuclide. Because reserpine and tricyclic antidepressant drugs may inhibit accumulation of
134_MIBG, administration of these agents should be discontinued 1 week prior to the test. For
this test,”1-MIBG is infused intravenously ahé dose of 18.5 MBq, and images of the
adrenal region are obtained from the back of the patient 2 days after'théIBG
administration. Imaging of the whole body is necessary when an ectopic lesion(s) is suspected
or the examination is conducted to ilBnmetastases from malignaplheochromocytoma.

c) Clinical significance

In the normal state, adrenals are not visualized, or visualized only faintly. Physiological
accumulation in the salivary gland, liver, spleen, myocardium, lower lung and gastnoahtest

tract, and also accumulation in the bladder due to urinary excretion can be seen.



Pheochromocytoma secretes catecholamines, and is associated with the clinical
features of paroxysmal hypertension and elevation of the blood and urinary levels of
catetolamines. Increased accumulation'8f-MIBG in the tumors is found in 809%0% of
patients (22) This disease occurs bilaterally in about 10% of the patients. The tumor is
extraadrenal in 10%420% of patients, the swalled paragangliomas, 10% of whichea
mal i gnant in nature (the 10% rul e). Sippl e
neoplasia (MEN type 2A), consisting of adrenal pheochromocytoma in association with
medullary thyroid carcinoma and parathyroid tumor (Fi@52 Adrenal pheochromotyma
often occurs bilaterally*1-MIBG also accumulates imedullary thyroid carcinoma. As
distant metastases can also be present in cases of medullary thyroid carcinoma, imaging of the
whole body is necessary.

Neuroblastoma is a solid cancer of theipgtt age group originating from neural
crestderived adrenomedullary cells or sympathetic nerve cells in the embryonic stage. It arises
from the adrenal gland in about 40% of the patients. Occurrences in the mediastinum, cervical
region and pelvic cavitgre also well known. Because this cancer shows a high propensity to
metastasize to the bone marrow, wHotely imaging is necessary.

Tumors of the amine precursor uptake decarboxylation (APUD) system are caused by
tumorigenic transformation of cells thadke up amine precursors and use them for
decarbonation. Tumors of this type are considered to be derived from the neural crest;
134_MIBG accumulates in carcinoid tumors (23).

Radionuclide therapy with a large dose*8f-MIBG has been tried for theeatment
of these tumors (24§%3-labeled MIBG can be utilized or evaluatifigi-MIBG accumulation

in tumors.'*1-MIBG has the advantages that gemuhlity images can be obtained and that



imaging is possible at 24 h after dosing and the waiting timedisced.

[3] Respiratory Systemm

[A] Pulmonary perfusion scintigraphy

a) Radiopharmaceutical agents used andtireciples oftheiraccumulation

9mre-MAA (macroaggregated human serum albumin) is used for pulmonary perfusion
scintigraphy.The first capilary bed that the intravenously administered agent meets is in the
lung. Therefore, if microspheres having a diameter slightly larger than 8baut i.e., the
diameter of the pulmonary capillaries, are labeled with a radionuclide and administered
intravenously, they will be trapped over the capillary bed of the alveolar walls according to the
pulmonary blood flow, and cause temporary microemboli. The diameter of an MAA patrticle is
10-60 mm. When labeled witi°®™Tc, the labeled MAA allows evaluation of thelmonary
blood flow distribution based on the principle of pulmonary microembolization. The number
of MAA particles in the usual dose for adults is 200;300,000, which causes
microembolization of only about 0.1% of all the capillaries in the lunggeby having no
clinical consequence. It is known that MAA particles are destroyed over time, incorporated
into the reticuloendothelial system, and eventually eliminated from the body. Their effective
half-life is 3-6 h.

b) Testing method

No pretreatmentsi necessary. After thawing the frozelored MAA, about 185 MBq of
9mreQy is extracted from th&®Mo-"°"Tc generatoand added to an MAA solution and stirred

for labeling. Although intravenous infusion of the labeled agent is basically carried out with

the patient in the supine position, the sitting position may be adopted if pulmonary congestion



is to be evaluated in patients with pulmonary hypertension. Imaging is carried out immediately
after the administration. If the patient has righteft shuntirg due to cardiac disease or has
pulmonary hypertension, restriction of the dose to 100d@000particles would eliminate
any concern about adverse effeCf8Tc-MAA has a propensity to form clumps upon contact
with blood, therefore, caution is necagstn avoidcommingling with blood when the agent is
infused intravenously. Clumps are visualized as multiple hot spots that may cause artifacts.
Because MAA patrticles are likely to adhere to the wall of the syringe or vial, it is desirable to
use a new,ather than an existing venous line, for infusion. If there is a time interval between
labeling and infusion, the solution in the vial after labeling should be continually stirred to
avoid adhesion. To identify pulmonary segments, anterior and posteliqueklews, as well
as frontal, posterior, and right and left lateral views, should be obtained. If possible, SPECT
should also be performed in addition.

Pulmonary ventilation scintigraphy may be carried out on the same day, to diagnose
any ventilatiorperfusion mismatch.
c) Clinical significance
In the normal state, the labeled agent is distributed uniformly in both lungs, and organs other
than the lung are not visualized. As the distribution follows the force of gravity, higher
accumulation is seen indhbasal regions of the lung when the agent is infused in patients
assuming a sitting position.

Acute pulmonary embolism is often attributable to deep vein thrombosis in the lower
extremities, and may be found in patients under prolonged bed rest afenysor in patients
with fracture of the lower limb or malignant tumor. Multiple segmental defects consistent with

areas of absent pulmonary vascular supply are seen. When combined with pulmonary



ventilation scintigraphy, the detection of ventilatperfusion mismatch improves the
accuracy of diagnosis (25) (Fig:18). However, because ventilatiperfusion mismatch can

also be detected in the case of pulmonary arterial diseases, such as aortitis syndrome, due
caution is required in the interpretationtioé findings.

Although multiple perfusion defects are seen in patients with chronic obstructive
pulmonary disease, these defects are not consistent with pulmonary segments, and ventilatory
impairment is predominant. Therefore, no mismatch is observérse patients. The sites of
abnormalities of blood flow and ventilation are not necessarily consistent. A normal blood
flow zone may be seen between the perfusion defect and the outer surface of the lung. This
finding is called stripe sign, and helps Ire differentiation from pulmonary embolism (26).

Pulmonary hypertension is caused by stenosis of the small pulmonary arteries due to
thickening of the tunica media or concentric fibrosis of the tunica intima in patients with
infection, chronic obstructivpulmonary disease, congenital heart disease, chronic pulmonary
embolism, etc. Blood vessels in the lower regions of the lung are more susceptible to
narrowing due to gravitational load, while blood flow in the upper lung is increased. Therefore,
9mre-MAA s distributed over the upper lung even when the agent is infused with the patient
in the sitting position, and the upper/lower lwgunt ratio reflects the severity of the disease
(27).

If organs other than the lung, such as the brain, thyroid, spleéfor kidney are
visualized, unlike usually in pulmonary perfusion scintigraphy, the presence otcilgtit
shunting (from the venous system to the arterial system) may be suspected. The possible
causes include complex cardiac anomaly, hepatic cighasid arteriovenous fistula. If the

extrapulmonary accumulation corresponds te10% or more in terms of the



extrapulmonary/pulmonary accumulation ratio on wHmbely imaging, presence of a shunt is

diagnosed (28) (Figure-27).

[B] Pulmonary ventilatiofinhalation scintigraphy

a) Radiopharmaceutical agents used andtireciples oftheiraccumulation

133%e gas, ®"Kr gas, ¥™c gas, and®™Tc aerosol are used for pulmonary ventilation
scintigraphy. When thinactive gased®*xe and®"™Kr are inhaled, hey become distributed
according to theventilation status of the lung>*Xe gas is transferred from the lung to the
blood according to the bloedr partition constant. However, when the inhalation is halted, the
gas is no longer transferred to tissueghe body, and is excreted from the lung itself. More
than 90% of**Xe in the blood is discharged and washed out irespératory air in each cycle

of pulmonary circulation. The washout curve is divided into 3 phases to evaluate the
pulmonary function.

Because®™Kr gas is not transferred into the blood, its distribution in the lung
corresponds to the distribution of ventilatioNthough the radionuclide provides abundant
radioactivity following production using the generator, the-htdfis as shoras 13 sec, only
allowing measurement of the equilibrium phase.

9mre gas is a gaseous product of ultrafine carbon particles labeled®®ith In the
actual test setting, the subject inhalest60L50 nm-sized aggregates of carbon particles, each
measiring about 5 nm in diametefhe particles accumulate in the alveoli devoid of ciliary
transport cells, showing no changes in intrapulmonary distribution. The ventilation status may
also be examined from the deposition of the labeled particles, followinglation of

aerosolized®™c-HSA or ®™Tc-DTPA solution via a nebulizeP®™Tc-HSA aerosol enables



evaluation of thenucociliary transport capacity in terms of migration of the deposited aerosol
particles to the laryngeal paff™c-DTPA aerosol allowgvaluation of thelveolar epithelial
permeability based on the elimination time from the lung.
b) Testing method
Because'**Xe has a long halife of 5.24 days, measurement is carried out iclased
circulatory system that allows no leakage of gahéosurroundings, and the discharged gas is
recovered by adsorption on to a filter. By the inhalation method, images in the following 3
phases are obtained from the back of the patient in the sitting position. (1) Inspiratory phase:
the patient is asked tmke a deep breath to inhal85370 MBq of***Xe, and an image is
obtained while the patient holds his/her bredths corresponds to the ventilation distribution
V. (2) Equilibrium phase: Subsequently, the patient is asked to repeatedly breathe in air
containing™**xe for 3-5 min in a closed circuit, followed by imaging. This corresponds to the
pulmonary capacity distribution V. (3) Washout phase: Finally, the suppfi>a is halted to
let the patient breathe mwom air, and the process of washowinirthe lung is measured for
about 58 min. By this procedure, the degree of air trapping and the ventilatioe-rate an b e
evaluated (29).

81Mcr can be eluted by introducing humidified air or oxygen flow at a velocity of
0.3-0.5 L/min in the®’Rb-2""Kr generator. While the patient is kept connected to the generator,
he/she is asked to continually inhale 48% MBq of the radioactive gasand the
intrapulmonary distribution is determined when equilibrium is reached. It is possible to obtain
multidirectiona images to compare with the pulmonary blood flow distribution, thereby
allowing ventilationperfusion mismatch to be diagnosed.

9mre gas at the dose of 2 MBq is inhaledusing a mouthpiece. Images may be



obtained while the breath is held at maximumapiration after a deep breath, or while the
subject continues to breathe. In the aerosol inhalation method, the subject is asked to inhale at
the dose of 3B70 MBq for several minutes via an ultrasonic nebulizer, and images are
obtained after gargling. l&nges in the intrapulmonary distribution are slow, thus,
multidirectional imaging and SPECT are feasible.

c) Clinical significance

In the normal state, ventilation scintigraphy*o¥e gas2"Kr gas, and®™Tc gas shows even
ventilation distribution irboth lungs. Becaus&Xe gas is lipidsoluble, it may accumulate in

the fatty liver or subcutaneous fat. By comparing the findings of pulmonary perfusion
scintigraphy, ventilatiosperfusion mismatch can be diagnosed (Fig62 Although clinical
conditions associated with decreased blood flow and preserved ventilation are quite common,
conditions characterized by decreased ventilation and preserved blood flow are rare, because

ventilatory impairment is often accompanied by impaired blood flow. Although th

ventilation/blood flow ratio {/Q) is calculated from the blood flow distributio@ and
ventilation distributionv, theVv/Q ratio is lower than 1 in the lower regions of the lung because

of the gravity effect. Highv//Q regions in cases of pulmonary emboi, aortitis syndrome,

pulmonary fibrosis, etc., denote dead spaces. In chronic obstructive pulmonary disease,
nonsegmental abnormalities in ventilation are accompanied by abnormal blood flow.
However, the regions of the abnormalities are not necessarigistent. In cases of pulmonary
emphysema, delayed accumulation in the cysts is observed in the inspiratory ptidke of

gas, with residual accumulation being observed in the washout phase.

[4] The circulatory system



[A] Cardiac pool scintigraphy

a) Radiopharmaceutical agents used andtireciples oftheiraccumulation

9Mrc-HSA (human serum albumin), *™c-HSAD (human serum
albumindiethylenetriaminepentaacetic acid), anf™Tc-RBC (red blood cell) are used for
cardiac pool scintigraphyRadiophamaceutical agents that are retained in blood vessels are
infused intravenously, to visualize the cardiac blood pool. The sizes and morphologies of the
cardiac chambers, hemodynamic parameters, and impairment of wall motion can be diagnosed.
b) Testing metbd

When using®™Tc-HSA, freezedried human serum albumin (HSA) is thawed and mixed with
9MrcOy for labeling. The labeled agent is administered intravenously at the dose of 740 MBq.
This agent, however, has the disadvantage that the retention ratdloatielecreases rapidly

to less than 80% by 20 min after administratidfiTc-HSAD, a radiolabeled agent that has
been used frequently in recent years, is a compourld"8é-HSA bound with the chelating
agent, DTPA. It shows a favorable retention ratthe blood of more than 93% at 1 h.

Labeling of ®™c-RBC is generally carried oih vivo. First, about 20 mg of an
aqueous solution of stannous chlorgophosphate is dissolved in physiological saline, and
administered intravenously?™TcO, is adninistered intravenously at the dose of 740 MBq
about 1530 min later, to condudh vivolabeling. The pyrophosphate that is administered first
reduces the erythrocyte membrane, and the subsequently adminiSt&fe@, rapidly
adheres to the reduced memme. Thus, the retention rate Bf'Tc in the blood 1 h after
labeling is favorable, at 95%. Because the labeling rate decreases #He®, comes in
contact with the pyrophosphate in a thvegy cock or upper limb vein used as the route of

administraton, a new venous line should be secured on the upper limb contralateral to that of



the pyrophosphate infusion.

Cardiac pool scintigraphy techniques can be roughly divided into thepéisst
method (Fig. 28) and the equilibrium time method (Fig292) 30, 31).

In the firstpass method, while the cubital vein is secut@dlc-HSAD, 740 MBaq,is
retained in an extension tube with a capacity of 1 ml or less.-&l2fblus of physiological
saline is injected at a velocity of2ml/sec by opening the threeay cock with a cue to push
the **™Tc-HSAD out into the vein, and at the same time, data collection is carried out for
60-120 sec with a 64 64 matrix at 2660 msec/frame. The body position for imaging is
basically the right anterior 3@egree oblique mmition, to allow separation between the right
atrium and the right ventricle. The left anteriordigree oblique position is more suitable for
separation between the left and right ventricles and observation of the thoracic aorta. Frontal
views are suitde if pulmonary blood flow is the target of the evaluation. The -fiets
method is feasible when an agent that can pass through the lung after intravenous
administration is used. In generd@™Tc-labeled agents are used, because they are suitable for
short-time imaging.

In the case of the equilibrium method, the cardiovascular radioactivity reaches the
state of equilibrium about 15 min after intravenous infusion of *ffi&c-labeled agent.
ECG-gated data collection of 36800 heartbeats is carried out the frame mode, using R
wave as the trigger and dividing one heartbeat in terms of #RerfRerval into 1620 equal
segments (Fig.-30). The body position for imaging is the left anterior 35 tald§ree oblique
position, which provides good separatioetween the left and right ventricles. The detector is
inclined at an angle of 10 degrees cranially (caudal tilt). If necessary, right anterior oblique,

frontal, or left posterior oblique views may also be added. If #k iRterval is not constant



becaus of arrhythmia, there is an alternative way by which the image data and ECG data can
be collected coincidentally using the list mode, and onRy Rtervals suitable for analysis are
chosen for addition.

The cardiac pool SPECT method allows SPECT catllectnder the EC&ated
condition, using procedures similar to those in the equilibrium time method. Although exercise
loading is difficult because the detector rotates, motion of the inferior wall, which is difficult to
evaluate in planar images, can bealaated by this method. Wall motion in regions of
defective accumulation of the myocardial perfusion agents is also observable. Improvement of
the accuracy of diagnosis is expected witirBensional analysis of ventricular wall motion
using specially degned quantitative analysis software.
c¢) Analysis method
Wall motion is visually evaluated by adding the right and left ventricular radioactivity values
of several heartbeats and displaying the results in thenootke. The ventricular volume is
known to e correlated with the intraventricular radioactivity value. The ventricular
time-activity curve obtained with the ROI set in the right and left ventricles in the left anterior
oblique position is used for quantitative functional evaluation of the candratidn. As for
the ejection fraction (EF), the radioactivity values at the peak and trough of the right and left
ventricular timeactivity curve are regarded as the values atdiastole (ED) and engystole
(ES) volume, respectively, and the followinguation is applied to calculate the EF:

EF (%) = ((EDES)/ED)3 100
If the left ventricular EF (LVEF) is 565% or less, and the right ventricular EF (RVEF)
40-50% or less, impaired ejection is diagnosed. The normal values, however, vary slightly

among diferent institutions. In addition, it is also possible to calculate the stroke volume (SV),



peak ejection rate (PER), peak filling rate (PFR), time fromdiastole to PERtime to PER,
TPER), and time from ensglystole to PFR (time to PFR, TPFR) (FigBD).

d) Clinical significance

Observation of the dynamics of cardiopulmonary circulation by thedass method allows
judgment of abnormal findings in the circulatory pathway. In cases of valvular disease, it is
possible to determine the severity of \alkegurgitation in terms of the enlargement of the
atria or ventricles and the degree of radioactivity retention in the cardiac cavities. It is also
possible to estimate the severity of pulmonary congestion in terms of the blood flow pattern in
the lung feld. LVEF and EVEF can also be calculated with relatively good accuracy. This
method also allows judgment as to the presence or absence of intraventricular tumor,
intracavitary thrombus, ventricular aneurysm or aortic aneurysm, based on dynamic imaging.
The equilibrium time method is mainly aimed at judging the left ventricular function.
Therefore, the LVEF and PFR calculated to allow evaluation of the ejection or distension
capacity of the left ventricle serve as important indices for understanding tegtysef
cardiac failure and residual cardiac function. Patients with hypertrophic cardiomyopathy
present with wall motion abnormalities due to narrowing of the left ventricular pool and
decreased contractility of the hypertrophic part. In patients wildtedi cardiomyopathy,
prominent enlargement of the left ventricle and extensive wall motion disorder are seen (32).
In cases of myocardial infarction and angina pectoris, changes in wall motion under
dobutamine loading and decreased EF influence judgntettieopropriety of reperfusion

therapy (33).

[B] Myocardial PerfusionScintigraphy



a) Radiopharmaceutic#igent
20kTIC1, %¥™Tc-MIBI (hexakis 2methoxy isobutyl isonitrile), and®™Tc-TF (tetrofosmin) are
used for myocardial perfusion scintigraptyccumultion of °*TICI occurs through the
following mechanism: the monovalent catiorf ® actively transported into the cells via the
Na'-K* pump in the myocardial cell membrane, similarly tb Kmong various monovalent
cations, Tl is stable, and about 85% @ transported into the myocardial cells by the first
transit (myocardial extraction rate). The in#lase images reflect the blood flow. Although
this radiolabeled agent also shows rapid clearance from the blood, migratfOArIcf
between the blab pool and myocardial cells or organs outside the myocardium is still
observed after the initial distribution. Images obtained several laftarsits administration
show the redistribution phenomenon reflecting the myocardial viability. Because thissagent
excreted through the urinary tract, accumulation in the liver is low, and the hepatic
radioactivity rarely interferes with the diagnosis. However, the energy used for the imaging is
low (72 keV), which is associated with the disadvantages of freqoattesng and absorption.
Thus, less clear images are obtained with the use of this agent as compared with those obtained
using®*™Tc preparations.

99MTc-MIBI, a monovalent isonitrile complex, and™Tc-TF, a diphosphine complex,
are both lipidsoluble. They reach myocardial cells in proportion to the blood flow, and are
incorporated into the cells byassive diffusion. The cell membrane potential and
mitochondrial membrane potential are involved in the accumulation and retention in the cells.
In contrastto “°*TICI, the myocardial extraction rates of these compounds are as low as about
55-70%, and no redistribution phenomenorugially seen because they are retained in the

cells for a long period of time. Although theay energy emitted fro?™Tc is high (140 keV),



its halflife is as short as 6 h (72.9 h fB'Tl). Therefore, this agent can be administered in
large doses, and provides relatively clear images. BeCalEBepreparations are excreted into

the hepatobiliary system, the hepatic radioatyivs also high. In particular, diagnosis may
become difficult due to overlapping of the posteroinferior wall by the hepatic radioactivity.

b) Testing method

1) Resting myocardial scintigraphy

Fasting is required prior to the teSt'TICI is administeredntravenously at the dose of-141

MBq, and images are obtained after1® min. For planar imaging, right anterior oblique,
anterior, left anterior 3degree and 6@egree obliqueand left lateral views are obtained (Fig.
2-32). For SPECT imaging, 36&fegree collection or 18@egree collection from the right
anterior oblique to left posterior oblique view is carried out. BecdtBE preparations
provide high hepatic radioactivity immediately after they are administered intravenously,
images are obtagd 30 min to 1 h after thredministration. High doses of 3720 MBq can be
used, and the ventricular function can be evaluated by thepéisst method. However, heat
treatment is necessary while producing the labeled preparations.

2) Stress myocardial sgigraphy

Because the coronary arteries that perfuse the myocardium haveadjgsiing function in
terms of the blood flow, the blood flow remains constant even if the perfusion pressure varies
within a range. Therefore, the blood flow does not deer@dgest, unless there is arterial
stenosis of more than 8D%. On the other hand, under stress from an exercise load, etc., the
myocardial demand for oxygen increases, and decrease of the coronary blood flow is observed
in cases with 50% or more vasausdenosis (34). Therefore, evaluation of the flow reserve in

the ischemic region requires measurement of the blood flow under myocardial stress.



Stress tests could be performed using exercise loading or drug loading. In the exercise
test, the load on aidycle ergometer or treadmill is increased stepwise, ’3dCI or *°*™Tc
preparations are injected intravenously at peak exercise. After continuing the loading for
another minute until the initial distribution of the radiolabeled adgmdomes complete,
images are obtained immediately after the end of the loadfiJ i€l is used, or 2660 min
later if a®*™c preparation is used. Although the coronary blood flow increasesdry3old
under exercise loading as compared with that at tiestioadrelated increase in blood flow is
lower in areas distal to the vascular stenosis, and relative hypoperfusion is visualized on
exercise. Drug loading is used when it is difficult to use exercise loading. Dipyridamole is an
adenosinalegrading enzyme inhibitorand causes dilatation of the coronary arteries by
elevating the concentration of endogenous adenosine. Dipyridamole is infused intravenously
over 4 min at the dose of 0.56mg/kg, followed thin later by intravenous injection G¥TICI
or a *™c prepartion. Dobutamine increases the myocardial oxygen consumption and
coronary arterial blood flow rate. Dobutamiseinfused intravenouslgver 3 min at the dose
of 5 ng/kg/min, and the dose is increased iyngy/kg/minevery 3 min up to a maximum dose
of 40 my/kg/min. When the maximum dose is reach@dTICI or a **"Tc preparation is
administered intravenously.

To evaluate the severity of ischemia by means of the redistribptienomenon of
20kTICl, late-phase images-8 h after the stress test are obtdimelditionally. If the blood flow
is blocked due to coronary occlusion, myocardial infarction occurs, and no redistribution
phenomenon is seen on the lptease images. However, in cases of stenotic lesions,
redistribution is seen on the Igtbase imagesnd treatment, such as revascularization, may

save the patient. Becausé™c preparations are not associated with the redistribution



phenomenon, it is necessary to administer the agent both during loading and during rest. The
dose may be divided by a i@tof 1:2-3, and measurement during loading and measurement
during rest are carried out within the same day. Alternatively, measurements are carried out on
2 days, and &™Tc preparation is administered at these of 376740 MBq on both days.

3) Analysismethod

Visual evaluation includes-@irection SPECT images, polar display, and projected diagram
display. In 3direction SPECT imaging, short axis, vertical long axis, and horizontal long axis
views are obtained, consistent with the anatomical positretetionship of the areas from the

base of the heart to the cardiac apex and the areas of coronary perfusionr3@jigFigure

2-34 demonstrates vertical long axis view, short axis view, and horizontal long axis view of
29MTICI myocardial perfusion SPEC®btained during exercise and 3hours after exercise in
normal subject. No difference iff*TICI distribution between exercise and rest is found.
Vascular territory of right coronary artery, left coronary artery, and their branches are shown in
Fig. 2-35.

The ©pol ar di splay is also referred to a
providing a colored concentric presentation of shars tomographic views of the cardiac
base to the apex. By this display, the contrast between the views during loatiohgriag rest
allows a better visual understanding of the hypoperfusion area and redistribution area obtained
through 2dimensional presentation. The projected diagram display shows a diagram of the
radioactivity values obtained from each slice in the larg direction spread to the right and
left in the form of a column graph. The width of the column corresponds to the area of the
blood flow distribution.

Qualitative analytical methods include circumferential profile analysis, calculation of



the washoutratio, and evaluation of the cardiac function by E@&#ted SPECT. For
circumferential profile analysis, the ventricular wall is segmented by lines radiating from the
center of the left ventricle equiangularly on the sfaoit view, and the radioactivityalues of

all segments are plotted as a proportion of the radioactivity values of the left ventricular
circumference set as 100. Cases with vali&D or-2SD from the normal value are regarded

as abnormal. The washout ratio is calculated with the fatigwequation, using the
radioactivity values obtained during loading and during re$?@#CI scintigraphy.

Washout ratio = (radioactivity value during loadingradioactivity value during rest) /
radioactivity value during loading

The washout ratio of #h peripheral region is decreased in cases of coronary stenosis. In
ECGgated SPECT imaging, the-R interval is divided into 8 to 16 segments to obtain an
additional image from each tirghase data. Based on the additional image, contour definition
of the endocardium and epicardium is carried out automatically, and the cardiac function in
terms of the left ventricular volume in the diastolic phase or systolic phase, ejection fraction,
wall motion, etc., can be evaluated. Image analysis software for thisagon, such as QGS
(quantitative gated SPECT), is available (Fi6a, b) (35).

4) Clinical significance

The fundamental concept is comparison of the blood flow distribution during loading and
during rest. If blood flow is normal during loading, andlis¢ribution is normal at rest, the
myocardial circulaton is judged as normal. If there is a perfusion defect during loading, and
redistribution is present at rest, myocardial ischemia due to angina pectoris, etc., is diagnosed
(Fig. 237). If there is a e@rfusion defect during loading, but no redistribution at rest,

myocardial infarction may be diagnosed (Fig3&. However, it is reported that in 26830%



of patients, myocardial viability can be found even if there is no redistribution in thghiase
images obtained-8 h after loading. Therefore, an additional intravenous infusicii*oiCI

before latephase imaging or imaging after 24 h may be performed to evaluate the viability of
the remaining myocardium more precisely. Stunned myocardium (36) héeinating
myocardium (37) are weknown examples of reversible myocardial viability. In the former
condition, myocardial wall motion is not restored even when recanalization is obtained after a
short duration of ischemia. In the latter, wall motioneastored after recanalization, although

the systolic dysfunction is adjusted to chronic ischemia; this condition is amenable to
revascularization.

Although it is generally considered that the redistribution phenomenon cannot be
visualized using®™Tc prepaations, accumulation of these preparations may be higher at rest
than during loading, and it is reported that washout is found according to the condition.
However, because evaluation of myocardial viability based on this has not yet been established,
thsphenomenon -is, cabdsedi §ifihtt from redistrib

Morphological thickening of the wall and enlargement of the cardiac cavities are seen
in cases of hypertrophic cardiomyopathy or dilated cardiomyopathy. The prognosis is poor if
myocardialfibrosis is advanced, which is associated with markedly decreased accumulation. In
cases of cardiac failure due to pulmonary congest’6ACI accumulates diffusely in the lung,
and the more marked the accumulation, the more severe the condition. Atheeritgicular
wall is visualized more prominently afté¥'TICI administration in cases of pulmonary artery
stenosis, primary pulmonary hypertension, andttefight shunting due to cardiac anomalies.
This is presumably because the workload of the rigiitricle is increased by the right

ventricular load, resulting in increased blood flow.



[C] Myocardial Necrosis

a) Radiopharmaceutical agents used and the principliggwoficcumulation

9Mmre-PYP (pyrophosphate) is used for myocardial necrosis goaptiy. In the acute phase of
myocardial infarction, calcium is deposited in the form of hydroxyapatite in the mitochondria
of the necrotic cells. This deposition is accompanied by deposition of the phosphate compound
PYP. Accumulation is high-3 days ar the onset of infarction, and decreases thereatfter.
However, there is no accumulation in areas where the myocardial blood flow is completely
blocked; prominent accumulation is found in areas around the infarcted myocardium that
receive a certain degreémerfusion.

b) Testing method

No pretreatment is necessary. Candidates for this test are patients with a history of onset of
myocardial infarction within 1 week previousRi™Tc 740 MBq is eluted from the generator,

and labeling of the PYP kit is perfoed. The labeled PYP is administered intravenously.
Because of the labeling using a generator, this test is feasible for emergency testing. For planar
imaging, anterior, left anterior 4%egree oblique and left lateral views are obtainddn3after

the adnmistration (Fig. 240). Because the phosphate compotifiiic-PYP also accumulates

in the bone, SPECT imaging is desirable to avoid interference with the diagnosis by
accumulation in the overlapping rib bones. Doutalgionuclide collection by infusing*TICI

just before imaging allows determination of the cardiac axis for image reconstruction referring
to the myocardial blood flow image and identification of the infarction site. In this case,
caution is needed in respect of the crosstalk of the scattgrareent mixed with the respective

photon peaks.



c) Clinical significance

In the normal state, there is no accumulation in the myocardium, whereas there is strong
accumulation in the surrounding rib bones, sternum and vertebral column. Acute myocardial
infarction is usually diagnosed by elevated serum cardiac enzyme levels and ECG or
echocardiographic findings. However, in patients with bundle branch block, pacemaker use, or
recurrent infarction,”™Tc-PYP scintigraphy is diagnostic. Accumulation appearsrieas
surrounding the infarction 12 h after the onset of infarction, reaching its pe&gk @y, and
decreasing by -2 weeks. When there is accumulation BfTICI or *°*™Tc-PYP after
reperfusion therapy, the accumulation suggests inflow of intracetlaleium after resumption

of blood flow, indicating the success of reperfusion therapy (38). Although accumulation is
also seen in the case of inflammatory lesions such as cardiomyopathy, angina pectoris, acute
pericarditis and myocardial sarcoidosis, tfegree of accumulation is lower than that in acute
myocardial infarction. In addition to the possible faigesitive findings due to these diseases,

falsenegative results due to subendocardial infarction are also well known.

[D] Myocardial Fatty Acid Medbolism

a) Radiopharmaceutical agents used and the principliggoficcumulation

123_BMIPP (b-methyl iodophenyl pentadecanoic acid) is used for imaging myocardial fatty
acid metabolism (Fig.-41). Mitochondria are present abundantly in myocardiakcelhd

large quantities of substrate are required for energy metabolism. In the myocardium, energy is
produced from fatty acids, glucose, glycogen, amino acids and lactic acid, and metabolic
turnover also requires oxygen, acetic acid and ketone bodieatticular, longchain free fatty

acids have an approximatelyf@d higher energyproducing capacity than glucose, and



oxidation covers 70980% of the energy source. If oxygen supply is decreased due to ischemia,
the mode of energy production in the mgodium is switched from aerobic fatty acid
metabolism to anaerobic glucose metabolism. When glucose metabolism is also decreased due
to advanced ischemia, irreversible myocardial necrosis occurs. Therefore, decreased fatty acid
metabolism indicates metdimimpairment in the early phase, serving as an important index
for myocardial viability (Fig. 242).'*1-BMIPP is a sidechain fatty acid preparation which is
reported to be incorporated into the myocardial cells by binding to CD36, i.e., a receptor for
long-chain fatty acids. Because this agent has a methyl group btpbstion, it is not likely

to undergd oxidation within the mitochondria, and thus, about 50% of the dose is retained in
the lipid pool of triglyceride in the cytoplasm. Thereforeis tpreparation is suitable for
SPECT imaging, because it allows evaluation of the entire pathway of myocardial fatty acid
metabolism, including incorporation of fatty acids into myocardial cells, intracellular storage,
mitochondrial transport, arlwoxidaion.

b) Testing method

Fasting is necessary for2h prior to the test?31-BMIPP is administered intravenously at the
dose of 111 MBq, and SPECT imaging is carried ouB@0min after its administration.
Late-phase imaging may be performed additionatl23 h to evaluate the washout (Fig43).
Directions of imaging and the methods of image display are similar to those in myocardial
perfusion scintigraphy. It is possible to compare with the myocardial blood flow by performing
simultaneous data colléah using®*TICI.

c) Clinical significance

Uniform accumulation is seen in the left ventricular myocardium in the normal state. In cases

with old myocardial infarction, defects occur in the same area as that in the myocardial



perfusion images, showing @versible necrosis. When there are variations in the blood flow or
slight ischemia, as in cases of angina pectoris or reperfusion in the acute phase of myocardial
infarction, blood flowmetabolism dissociation occurs, which results in a greater area of
deaeased*1-BMIPP accumulation than the area of decreased blood flow (39). This seems to
be derived from the presence of viable myocardium escaping necrosis, despite the decreased
fatty acid metabolism, reflecting the initial stage of energy metabolisondgis (Figure 243).

Such dissociation can be seen in cases of stunned myocardium and hibernating myocardium.
The grade of dissociation can be used for judging the therapeutic efficacy or prediction of the
prognosis. If the viability is maintained, the aref decrease-BMIPP accumulation will
decrease with time.

The blood flowmetabolism dissociation and blood flow can also be seen in cases of
hypertrophic cardiomyopathy. Decreasé1-BMIPP accumulation is often found in
hypertrophic wall areas whe the blood flow is normal or increased (Fig44). This type of
scintigraphy is useful for diagnosis or prediction of the prognosis of-phdge lesions that
cannot be detected by myocardial perfusion scintigraphy (40). In addition, abnormal
accumulabn of **¥-BMIPP is also seeninndnschemi ¢ di seases such

myocardial sarcoidosis, myocarditis, and mitochondrial encephalomyopathy.

[E] Myocardial Sympathetic Nerve Innervation

a) Radiopharmaceutical agents used and the principliggemaccumulation

123_MIBG (metaiodobenzylguanidine) is used for imaging myocardial sympathetic nerve
innervations.Sympathetic nerves and vagal nerves are distributed over the heart and are

involved in the regulatory control of blood pressure andystolic and diastolic function. The



neurotransmitter norepinephrine is synthesized and stored in storage granules at the
presynaptic sympathetic nerve endings. Norepinephrine is released into the synaptic clefts in
response to neural stimulation, andiaies neural transmission by binding to receptors at the
postsynaptic nerve endings. About 7@ of the released norepinephrine undergoes active
transport and reuptake via uptake 1 by the postsynaptic nerve endings; a part of the
norepinephrine that itkaken up is used again as a neurotransmitter. MIBG, a norepinephrine
analog, is similarly incorporated in the storage granules at the presynaptic sympathetic nerve
endings, and is released in response to nerve stimulation. However, because this compound
does not bind to receptors or undergo degradation by cat€ehwdthyl transferase, it is
retained in the storage granules for relatively long periods of time, free from the influences of
a or b blockers. Although there are abundant sympathetic presynagtie endings in the
normal myocardium, they have poor tolerance to ischemia. Impaired areas are denervated, and
accumulation of?1-MIBG in these areas is decreased.

b) Testing method

Fasting is necessary prior to the test. Tricyclic antidepressant dnagseserpine should be
discontinued before the test, because they inhibit the accumulatiti-BiBG. *24-MIBG is
administered intravenously at the dose of 111 MBq, and-padge and latphase images are
obtained at 180 min and & h, respectivgl The directions of imaging and the methods of
image display are similar to those in myocardial perfusion scintigraphy.

c) Analysis method

Quantitative analytical methods include calculation of the heart/mediastinum ratio (H/M ratio)
and the washout rati®hen determining the H/M ratio, ROIls are set in the myocardium and

mediastinum on planar views of the egplyase and latphase images, and the ratio of the



values in the heart and mediastinum are calculated. The washout ratio is calculated using the
following equation to calculate the retention capability’dtMIBG in the nerve endings.

Washout ratio (%) = ((eadphase myocardial radioactivity value latephase
myocardial radioactivity value) / earfphase myocardial radioactivity valuie)L00
d) Clinical significance
In the normal state’®3-MIBG accumulates in the myocardium, salivary glands, adrenal
medulla, and liver. Accumulation in the myocardium can be observed in the early phase and
lasts until the late phase. The normal H/M ratio-&. th cases of vasospastic angina pectoris
and unstable angina pectoris, the presence of denervated but viable areas is known,
characterized by larger areas of decred$@eMIBG accumulation than those of decreased
myocardial blood flow (Figure -25) (41). In these areas, Hi@anervation may occur after
reperfusion therapy, and restoration of the accumulation requires a time period of several
months to several years. In cardiomyopathy, decreased accumulation and increased washout
can be seen in the early pbaand thereafter, showing a correlation with the severity of the
disease. In cardiac failure, it has been reported that the H/M ratio reflects the severity of the
disease more faithfully than decreased left ejection fraction, with an H/M ratio, a sighifica
index, of 1.2 (42). This index is useful for determining the indications and efficaty of
blocker therapy. Accumulation in the myocardium is also decreased when diabetes is
complicated by autonomic neuropathy. Decreased accumulation and increasedtvaasho
also seen in diseases other than cardiac diseases, e.g., orthostatic hypotension, associated with
autonomic nervous dysfunction, SByager syndrome, and cranial nerve diseases, including

Parkinsonds di sease, dif f ocerebellareatrophy @®.dy di s e a



[F] Large vessel Radionuclide Angiography

a) Radiopharmaceutical agents used and the principliggwoficcumulation

9Mre-HSAD and®*™Tc-RBC are used for radionuclide angiographiyese agents are used for
evaluation of the hrmodynamics for the same reason as they are for cardiac pool scintigraphy,
that is, they do not leak out of the cardiovascular system. However, recent years have seen
advances in CT angiography with multideteatow apparatuses and MR angiography, which
provide extended and detailed vascular information in a simple manner. Therefore, this type of
angiography is hardly in use now.

b) Testing method

Similar to the firstpass method, a bolus dose of 740 MBq is infused via the cubital vein, and
dynamic imagesra obtained.

c) Clinical significance

In view of the resolution, patients with lesions of the aorta or the large vessels, such as those
with aortitis syndrome, aortic aneurysm and arteriosclerosis obliterans, are candidates for this
test. However, this téss restricted to special cases, e.g., those in whom the use of iodine
contrast agents is contraindicated or MRI examination is not feasible because of pacemaker
use.

[G] RadionuclideVenography

a) Radiopharmaceutical agents used and the principlesiobttemulation

9mre-MAA is used for radionuclide venographyhis test is often used with pulmonary
perfusion scintigraphy because deep venous thrombosis in the lower limb often underlies
pulmonary embolism.

b) Testing method



For the leg veins, access tite bilateral dorsal foot veins should be established. To obtain
images from 3 sites, i.e., lower leg, femoral region and pelvic region, 3 doS8SmMAA of

37-55.5 MBq each are prepared for the right and left leg, respectively. To prevent inflow of
%9MTc-MAA into the superficial veins, a tourniquet is applied to each heel, popliteal region, and
femoral region, and intravenous infusion of the radiopharmaceutical agent is carried out
simultaneously on both sides. Dynamic images are obtained from teelegvo the pelvis at

2-3 sec/frame for each image. Pulmonary perfusion scintigraphy is performed after the end of
this test, for the diagnosis of pulmonary embolism.

c) Clinical significance

In the normal state, the superficial veins are not visualpehuse of compression by the
tourniquet.**™Tc-MAA allows visualization of the deep venous system, including the anterior
and posterior tibial veins, fibular vein, popliteal vein, femoral vein, external iliac vein, and
inferior vena cava. In cases of camgsion by tumor ovenous thrombosis of the lower limb,
obstruction or narrowing of the deep venous pathway and opening up of collaterals to the
superficial venous system can be found. If an iodine contrast agent is used, it may be retained
in the veins ad cause worsening of the obstruction. Because it is difficult to explore an
extensive area by ultrasonography for the detection of lesions, RN venography is often more
useful. In cases of varices of the lower limb or venous valve dysfunction, retention of
9mre-MAA in the varicosity is enhanced in the standing position. RN venography may be used
for identification of the site of obstructian patients with the superior vena cava syndrome

(Figure 246).

[5] Hepatobiliary system



[A] Hepatic scintigraphy

a) Radiopharmaceutical agents used and the principles of their accumulation

9mre-phytic acid and®™c-Sn colloid are used for hepatic scintigraphy. The morphology of
the liver is evaluated by intravenous infusion’¥fTc-labeled colloid preparationg€®(*'Tc-Sn
colloid, or ®™c-phytic acid that forms calcium colloid in the blood) that are taken up by the
reticuloendothelial cells (Kupffer cells) in the liver. However, this technique is now hardly in

use because of advances in abdominal ultrasonograpn€CWRI imagings.

[B] Hepatobiliary scintigraphy

a) Radiopharmaceutical agent used and the principle of its accumulation

9mre-PMT (N-pyrydoxyl5-methyltriptophane) is used. This radiolabeled agent is taken up by
the hepatocytes from the blood, and raphtcreted into the biliary system.

b) Testing method

Fasting for a period of-3 h is necessary. The gamma camera is set in the upper abdomen, and
9Mre-PMT is administered intravenously. Frontal view images are obtaine® aniB/frame
continuously forabout 60 min until accumulation in the liver reduces and the duodenum
begins to be visualized. According to the degree of visualization of the bile ducts,
delayedphase views may be obtained in addition, or the gallbladder contraction function may
be examied by administration of a gallbladder stimulant.

c) Clinical significance and application

This test is useful for determining the hepatocellular function, morphology and transit time of
the biliary system, and also the function and morphology of thdigaltler. It may be used for

the differential diagnosis of neonatal jaundice, differentiation between congenital biliary



atresia and infantile hepatitis, evaluation after liver transplantation, and diagnosis of bile

spillage (Figure 247).

[C] Hepatic recptor imaging

a) Radiopharmaceutical agent used and the principle of its accumulation

Recently, *™Tc-GSA (galactosamine), a radiopharmaceutical agent that binds to the
asialoprotein receptor specifically expressed on the hepatocyte surface and is thikgheup
hepatocytes has been developed. This agent is useful for functional diagnosis of the liver.

b) Testing method

Fasting is necessary forh before the test. The gamma camera is set to cover the liver and
the entire heart, and™Tc-GSA is administeed intravenously at the dose of-785 MBq. Data
collection is carried out at 30 sécmin/frame continuously for 30 min. Thereafter, planar
images are obtained every 5 min until 90 min after the administration.

c) Clinical significance and application

Accumulation of this agent in the liver reflects the function of the liver cells. With the ROI set
on the liver (L) and heart (H), the index of clearance from the bldblds (H:5/H3), and the
index ofaccumulation in the livel,HL ;5 (L1s/(H1stL15)), are cé&ulated. The normal values

are reported to be 0.537 0.037 and 0.942 0.017, respectively. This test is useful for
evaluating the liver function in patients with hepatitis or hepatic cirrhosis, and also before and

after hepatic surgery (Figure4B) (49.

[6] Digestive system

[A] Salivary gland scintigraphy



a) Radiopharmaceutical agent used and the principle of its accumulation
The salivary gland (collective term for parotid glands, sublingual glands, and submaxillary

glands) takes up a monovalent an{@ ) to producesaliva (NaCl). Becaus€™Tc-O, is a
monovalent anion, just like CJ it is incorporated into the salivary gland when administered

intravenously, thereby allowing scintigraplmeaging.

b) Testing method

Fasting is required as pretreattheThe gamma camera is set to the face of the patient in the
supine position, an™Tc-Oy is administered intravenously. Images are obtained continuously

at 5 min/frame for about 60 min. For observing the salivary gland funcemmetion of the
salivais stimulated by having the patient taste lemon when the salivary gland is sufficiently
visualized, and the degree of increase in the secretion is examined. For diagnosing tumor, right
and left lateral views should be obtained additionally to examinesthtonship between the
accumulation site and the tumor.

c) Clinical significance and application

This technique is wuseful for diagnosing Sjo
hypofunction, as well as salivary gland tumors or cysts, andetaBonship between cervical

tumors and the salivary glands (Fig49)..

[ B] Meckel 6s diverticulum scintigraphy

a) Radiopharmaceutical agent used and the principle of its accumuf&fieo-Q.)

Mec kel 6s dis theeremnant tisduel of the omptrakesenteric duct present in the
ileumi | eocecal region in the embryonal stage.

ectopic gastric mucosal tissue, and digest their own intestinal tissue, causing melena in



children. Because€®™c-O, also accumulain this ectopic gastric mucosd ™Tc-O4
scintigraphy helps in identifying the site of this diverticulum (Fi$02 (45).

b) Testing method

9mre-O4 is administered intravenously the patient in the fasting state, and frontal views of
the abdomen arobtained every-3 min for 1 h, starting from immediately after infusion.
Lateral view imaging may be added if necessary.

c) Clinical significance and application

Although the sensitivity is as high as 88@% in children, the sensitivity in adults ipogted

to be no higher than 60%.

[C] Gastrointestinal bleeding scintigraphy

a) Radiopharmaceutical agent used and the principle of its accumulation

9mre-HSAD is a radiolabeled agent that does not normabk out of the blood vessels. If
bleeding occurs™™c-HSAD leaks from the bleeding sit#.the agent leaks into the tract
because of gastrointestinal bleeding, the RI distribution along the intestinal tract can be
observed (Fig.-51).

b) Testing method

9Mmre-HSAD is administered intravenously, andrital abdominal images are obtained serially.
When any evidence of bleeding is obtained, lateral and oblique views should be obtained
additionally Imaging should be further continued over time to confirm migration through the
intestinal tract.

c) Clinical significance and application

This method has the following characteristic features in contrast to other test methods: 1. it is



norrinvasive; 2. it can deal with intermittent bleeding, because imaging is continued over time;
3. bleeding can be detectedeavif the amount is only 0.2 ml/min (more sensitive than
angiography); 4. it is difficult to accurately identify the site of bleeding (because the timing of

imaging does not necessarily correspond to ongoing bleeding).

[7] Genitourinary system

[A] Renal gatic scintigraphy

a) Radiopharmaceutical agent used and the principle of its accumulation

9mre-DMSA is used for static imaging of kidney. Becad$8Tc-DMSA is taken up by the

renal tubular cells and is retained for a prolonged period of time, this ngagi used for
diagnosing the location, morphology, and size of the kidney. Wandering kidney can be
diagnosed by imaging a patient with different posture.

b) Testing method

No particular pretreatment is requiréd"Tc-DMSA is administered intravenously e dose

of 111-185 MBq, and planar posterior views are obtained&h2 Anterior view and posterior
oblique views are obtained in some cases. Basically, anterior views should be obtained in cases
of horseshoe kidney and transplanted kidney.

c) Clinical significance and application

Because of advances in abdominal ultrasonography, CT and MRI, this technique, which is
inferior in resolution, has come to be used less frequently. This technique may be used for the

diagnosis of renal tubular dysfunction,argtitial renal disease, etc.

[B] RadionuclideRenography



a) Radiopharmaceutical agents used and the principles of their accumulation

9Mrc-MAG3 and ®™c-DTPA are used for dynamic scintigraphy of the kidney. A
radiopharmaceutical agent that has theitgbib be efficiently excreted from the kidney is
infused intravenously, and dynamic images are obtained to evaluate the renal blood flow, renal
parenchymal cell function, and excretory function, all at the same time. AltidUGHRDTPA
and**™Tc-MAG3 areexcreted into the urine by glomerular filtration and by tubular secretion
respectively, the rate of excretion into the urine is higher in the latter, therefore, the latter agent
is predominantly used nowadays.

b) Testing method

As pretreatment, the patie should drink 2000 ml of water to promote diuresis. Data
collection and imaging are carried out from the back in the supine positioh &
preparation is administered intravenously at the dose of5385MBq, and dynamic data
collection is begun imediately after infusion, along with imaging abZmin/frame. Analysis

is carried out based on the dynamic curve obtained with ROIs set on both kidneys.

c) Clinical significance and application

The renogram consists of 3 phases, namely, the blood flogepgbaenchymal phase, and
excretory phase, each reflecting the respective functions. Simply put, the peak time (time to
reach the highest count:33min) andTy/, (time for the count to reach the level half the peak:

4-6 min) obtained from the renogranearsed for the functional evaluation. For the diagnosis

of renal vascular hypertension, captopril (an angioteosinverting enzyme inhibitor) may be
administered. In cases of renal vascular hypertension, when this drug is used, no vascular
contraction ocars, indicating the failure of the autoregulatory mechanism; accordingly,

changes in the renogram of the kidney on the affected side are observed (FHguB3P(46).



[8] Blood, hematopoietic organs, and lymphatic system

[A] Bone marrow scintigraphy

a) Radiopharmaceutical agent used and the principle of its accumulation

Transferrin is labeled witH*in-indium chloride, and taken up by erythroblasts, enabling
evaluation of the bone marrow function.

b) Testing method

No particular pretreatment is necagsaWholebody images are obtained 48 h after the
administration of*in-indium chloride.

c) Clinical significance and application

Expansion or reduction of the hematopoietic part of the bone marrow is observed. This

technique may be used for the diagsasianaplastic anemia and polycythemia.

[B] Lymph node scintigraphy

a) Radiopharmaceutical agents used and the principles of their accumulation

9MTe-Sn colloid and®™Tc-HSAD (human serum albumin diethylenetriaminepentaacetic acid)
are used for lymph m@s and lymph vessels scintigraphy. Subcutaneously administered tracers
are absorbed via the lymphoducts, enabling scintigraphy of the lymphatic vessels and lymph
nodes. Lymph node metastasis is known to start with the sentinel lymph node in cases of breas
cancer and malignant melanoma. Lymph node scintigraphy is used for localization of sentinel
lymph nodes.

b) Testing method

A ®™c-labeted agent is administered subcutaneously at a site peripheral to the target area or



around the target area, followed imaging.

c) Clinical significance and application

This technique is applied for evaluation of lymph node metastasis or infiltration by malignant
tumors and evaluation of lymphatic flow in cases of lymphedema. Detection of sentinel lymph
nodes helps in ehtifying lymph node metastases and thereby in determining the extent of

lymph node dissection.

[C] Circulating blood volume

131_HSA is used for the estimation of circulating blood volume. Although it is difficult to
directly determine the circulatingdadd volume, calculation of the circulating blood volume is
possible if the circulating plasma volume or the circulating erythrocyte volume can be
determined. The circulating plasma volume can be determined by collecting the blood after
administration of &nown quantity (5ml of mixture of plasma anifl-HAS solution) and

calculating its dilution ratio.

[D] Estimationof life span of red blood cell

*!Cr-RBC is used for the estimation of RBC survival time. The life span of RBC is about 120
days after theyra released into the peripheral blood. When the blood is sampled at an
arbitrary timepoint, the average life span is estimated to be about 60 days, and the average
half life span, about 30 days because a sample would contain RBCs of various ages. If
admii stration of the pa€rsciom domak Bolosved Ibylloed e d
sampling is repeated for about 1 month, the half life span of the RBCs can be obtained from

the measured counts. By comparing the obtained half life span and the nointiéé span,



diseases associated with changes in the RBC survival can be diagnosed.

[E] Measurement of iron metabolism

Ferric citrate®Fe is used for evaluate iron metabolism. {bdnding protein in the plasma in

the living body is labeled with®Fe, aml its metabolic process is examined. Intravenous
administration of the labeled protein followed by serial blood sampling provides the
parameters of iron metabolism. These parameters, including the plasma iron disappearance rate,
plasma iron turnover rateand red cell iron utilization, are useful for the diagnosis of

hematological disorders.

[9] Bone, Tumor, andnflammation

[A] Bone Scintigraphy

a) Radiopharmaceutical agents used and the principles of their accumulation

9mre-MDP and **™Tc-HMDP is used fo bone scintigraphy. Bone constantly incorporates
calcium and phosphorus for osteogenesis, although in trace quantities. At the diseased lesions
(inflammation, metastasis, primary tumor, and fructure), bone destruction usually takes place,
even though it ray be slight, and osteogenesis is increased in comparison with the normal state
to compensate for the bone destruction. If a radiolabeled phosphate is administered, the bone
|l esion is visualized as an area of abnor mal
b) Testirg method

No particular pretreatment is necessary’Ac-labeled phosphate compound is administered
intravenously at the dose of 37@0 MBq, and anterior and posterior views of the whole body

are obtained -3 h after its administration. If there is abma accumulation, spot views may



be added as appropriate. Becali¥&c-MDP and**™Tc-HMDP are excreted via the kidney

and retained in the urinary bladder, the retention in the bladder may interfere with the
interpretation and/or cause deterioration ofithage quality. Therefore, it is important that the
patient empty his/her bladder fully just before the imaging.

c) Clinical significance and application

Bone scintigraphy is useful for the diagnosis of bone metastasis from malignant tumors. This
techniqueas used frequently because it provides positive visualization of various bone diseases.
At most institutions, bone scintigraphy is the most frequently performed study at the nuclear
medicine department (accounting for about half of all the studies). Sdmdigraphy is
particularly aimed at searching for bone metastases from breast cancer, prostate cancer, lung
cancer, etc. Figure-24 shows normal distribution (left, hot spot in the left arm is due to the
leakage of the tracer) and bone metastasis atiant with breast cancer (right, ). In addition, it

is also used for the diagnosis of primary bone tumor, multiple myeloma, bone fracture, and
avascular necrosis of the femoral head. If bone destruction is severe, it may be visualized as a
negative findig, or fAcol d spot. o6 Thus, caution is ne
a positive finding, it is sometimes difficult to determine whether it denotes a tumor, bone
fracture or some other abnormality (Fig52) (47, 48).

Radiopharmaceutical ages used for bone scintigraphy may also accumulate in
tissues other than the bone. They may accumulate in inflammatory foci, pleural effusion,
ascites, or tumors characterized by prominent calcium deposition, such as neuroblastomas. In
addition, specific ecumulation may be seen in the bone or outside the bone in fibrous

dysplasia, renal osteodystrophy (Fieb&), and hyperparathyroidism.



[B] Joint scintigraphy
Radiopharmaceutical agera$ **"Tc-O, and **™c-HSA are used Joint scintigraphy utilizes
the fact thattheseagents accumulate in the inflamed synovial membrane rather than in the

normal synovial membrane of the joint.

[C] Tumor scintigraphy

a) Radiopharmaceutical agents used and the principles of their accumulation

®'Gacitrate, 'TICI, and*™Tc-MIBI are used for tumor imaging’Ga binds to transferrin in

the blood, circulates in the entire body, and gradually accumulates in tumors or inflammatory
foci. °TI accumulates in tumors via the #apump which is actively functional in markedly
proliferating tumor cells. Abundant blood flow into the tumors is also an important factor for
the accumulation. In additiorf;™Tc-MIBI also accumulates in tumors. However, the use of
these scintigraphic agents has rapidly decreased with the spré¥@FaiG PET described
below.

b) Testing method

®'Gacitrate is administered intravenously at the dose efT4MBq, and wholdody images

are obtained after-32 days. Because this agent is excreted via the intestinal tract, sufficient
intestinal lavage is neseary prior to the imaging. Normal distribution is shown in Fi§72
When using®*Tl, the agent is administered at the dose elT# MBq in a fasting patient, and
images of the target site are obtained aBQ0nin after the administration.

c) Clinical significance and application

®'Gacitrate accumulates well in inflammation (Fig:58, HIV infection), sarcoidosis (Fig.

2-59) or malignant tumors such as malignant lymphoma (f8@)2lung cancer, liver cancer



or anaplastic thyroid cancef®Tl is usedfor the diagnosis of tumors in the thyroid,

parathyroids, brain, lungs, osseous soft tissues, and mediastinum.

[D] Radioimmunoscintigraphy

In radioimmunoscintigraphy, aft!in- or **3-labeled monoclonal antibody against an antigen
expressed in a malignatumor is administered to the patient to detect the tumor. Based on the
same concept, radioimmunotherapy (using antibody labeled Qitror **%) targeting the

CD20 antigen in malignant lymphoma has come to be used aggresSittetiabeled CD20

antigen study precedes treatment, and helps in the selection of candidates for the treatment,

determination of the dose, and prediction of the therapeutic efficacy.

[E] Inflammation scintigraphy

a) Radiopharmaceutical agents used and the principles of tleeimadation

®'Gacitrate and™in-WBC are used for inflammation scintigraphy. Whereas the mechanism of
accumulation of‘Gacitrate in the inflammatory focus remains unclear, the us&iofWBC

is based on the characteristic of accumulation of WBCdlemmatory foci.

b) Testing method

Although ®’Gacitrate is generally used in a similar manner as in the study for tumors, imaging
may be begun about 6 h after the administration of this agent if the diagnosis is urgent.
Min-labeled WBCs are prepared hlys ol ati on and | abeling of
administered intravenously to the patient. WHuodely images are obtained 5 h and 24 h after
the administration.

c) Clinical significance and application



Abdominal abscess, diffuse pulmonary inflammatioml gnyelonephritis can be visualized
clearly. The level of radionuclide accumulation is in accordance with the activity of the

inflammation.

B. Positron Emission Tomography

[1] Central Nervous System

[A] Cerebral circulation and oxygen metabolism measurémsng°O-PET

a) Radiopharmaceutical agents used and the principles of their accumulation

C™0, gas, C°0 gas, and”0, gas are used for cerebral blood flow (CBF), cerebral blood
volume (CBV), oxygen extraction fraction (OEF), and cerebral metabolic ofatexygen
(CMRO2). B's alternatively used for CBF measurement.

After being inhaled, €0, gas is subjected to tHeO exchange reaction with water in the
alveoli in the presence of carbonic anhydrase, and converteg®.The H™O reaches the
bran via the systemic circulation, is distributed diffusely in the brain tissue proportionally to
CBF via the capillaries, and is then washed out in equilibrium with the concentration of brain.
Thus, C°0, gas is useful for the measurement of cerebral bftmd H,O is prepared by
bubbling of*°0, gas in water. The #°0 is similarly distributed in the brain after intravenous
administration, thereby allowing measurement of CBF. After it is inhaféd,gas binds to
hemoglobin in the blood to produce 0, in the alveoli, which is then transferred to the
brain. Then,° 0, becomes dissociated from hemoglobin with changes in the arterial oxygen
tension, to become distributed in the brain tissue. In the bfady is metabolized
instantaneously to #fO, andwashed out to vein. The,HO is metabolic water, and its

concentration is proportional to the synthesis of ATOGtrongly binds to hemoglobin in the



alveoli to form Hb&®0, and rather than being distributed in the brain, is retained in the blood
ves®ls, circulating throughout the body. Thé®Q is used for CBV measurement, as an
indicator of the cerebral vascular bed volume.

b) Testing method

Fasting as pretreatment is not necessary. Because arterial blood sampling is necessary for
guantitative measaments, an access route to the radial artery on one side should be
established. For attenuation correction, a transmission scan is carried out using an external
radiation source such 8%Ga®%Ge or'*’Ce or the attached CT apparatus. In the equilibrium
procedure (steadgtate method), the subject inhales a certain amoun©efyas or ¢°0, gas
supplied via the mask in a steady state continuously fd21in, and images are obtained for
5-10 min, when the intracerebral radioactivity concentration e=aaquilibrium. Several
arterial blood samples are collected during imaging, and the radioactivity concentration in the
arterial blood is measured as an input function (49). In the bolus inhalation method, the subject
inhales thé”O, gas inside the maskithiin a short period of time, and data collection is carried

out for 96180 sec to obtain the integral value of the intracerebral radioactivity concentration
(50). At the start of imaging, measurement of the radioactivity concentration in the arterial
blood is also started with & detector, and continued to obtain the integral value of the
time-activity curve as an input function. The'fD intravenous bolus infusion method is based

on the principle of autoradiography; data collection is carried out fak880sec beginning

from immediately after the administration, and at the same time measuremenbwiitegtor

is carried out to obtain the tireetivity curve. In the €0 inhalation method, the subject
inhales a certain amount of X gas supplied inhe mask in a steady state continuously for

60-90 sec, followed by data collection for 4 min beginning frosh in after the inhalation.



At the same time, arterial blood is sampled several times during the imaging to determine the
radioactivity concentratins in the arterial blood. The hdife of °0 is as short as 2 min.
Therefore, intervals of 205 min are necessary for serial imaging Wi gas or intravenous
H,™O to achieve attenuation of the intracerebral radioactivity down to the level of the
background.

Because the #°O intravenous bolus method is characterized by a short data
collection time, the CBF can be measured repeatedly. For measurement of cerebral circulation
reserve, measurement of the CBF at rest is followed by measurement ofeth@lceascular
reactivity during 7% carbon dioxide gas inhalation or intravenous infusion of acetazolamide,
which is an effective vasodilator. The rate of CBF increase is thereby calculated. In addition,
the following examinations are also available: sgreest with hypotensive or hypertensive drug
loading, detection of changes in the hemodynamics with the balloon Matas test load on the
carotid artery, and measurement of the active site of cerebral function under motor or sensory
stimulation or languag®éding.

c) Method of calculation of the quantitative indices

The inhalation equilibrium method allows calculation of CBF (mI/2100ml brain/min), CMRO
(ml/100mo brain/min), OEF (%), and CBV (ml/100ml brain). I’@; gas steady inhalation,

when G is the H™O concentration in cerebral tissue, f is the cerebral blood flow, e is the
firstpass extract i onbloddwater partiGom consfant (19), @ thesHs 0 e
concentration in arterial b'POo@3d/min)andiQisthe he pt

quantity of B0 in cerebral tissue, the following relation is established.
o aed .. o}
dC, /dt=e0® , - @r—@:i +1Q; 8
g -

When it is supposed that the gas spreads instantaneously, and that the radioactivity



concentrations in the cerebral tissue and venous @modlways in equilibrium, the leftand
side of the above equation is 0, and f = CBF can be expressed as follows:
I

Ca() 1
Ci(t)

CBF=

Ci(t) can be obtained from the cerebral image data collection by the PET,@nhdad be
obtained from the radio&ieity value of the arterial blood measured by the well counter.

In the evaluation of oxygen metabolism by i@, gas steady inhalation equilibrium
method, the radioactivity concentrations of ¥ directly produced by metabolism B0, in
the cerebrakissue during measurement,'PD produced by extracerebral metabolism, and
H," 0 distributed over the brain after washout from the brain and recirculation should also be
considered, in addition to the input functiog¥ .  Wh dsnthe €uin of the ceredl tissue
radioactivity concentration of°O after °0O, gas inhalation, Cis the cerebral tissue
radioactivity concentration of £fO after C°0, gas inhalation, €is the whole blood b0
concentration after €0, g a's i n h gib the plasnma H°0 @dncentration aftePO, gas
inhalation, G is the plasma F°0 concentration after'®,gas i nhal gigtiesum, and
of the radioactivity concentration dfO in the arterial blood afte’O, gas inhalation, the
following relation is obtained.

Ci() (Fal)  Cal®
C(M) Cpt) Cp(d
Ci) C.()
Ch() Cy(t)

OEF=

Wh e ni(t) @ G(t) are obtained from cerebral image data dufii@ gas and &0, gas
inhalation, respectively, and C(1),,Ct )« t )C,0 (B @ard obtaided from arterial blood

radioactivity values measured by the well courgier C0, gas andO, gas inhalation,



respectively, OEF can be calculat¥dhen OEF and CBF are obtained, and the arterial oxygen
content (D,]) is measured by the blood gas analyzer, CMR@n beobtained from the
following equation:

CMRO, = OEFGCBFGO, |
In the calculation of the cerebral vascular bed volume byGh® gas steady inhalation
equilibrium method, when Cis cerebral tissue radioactivity concentration 6i@after G0
gas inhalation, & is the total Hb&O concentration in arteridlood after >0 gas inhalation,
and R is the largemall vessel hematocrit ratio, the following relation is obtalbedause
hemoglobirbound C0O is retained in the cerebral blood vessels:

Ci. (1) -
Cac(t)

=

CBV=

pel

When R = 0.85 is applied, and.Gs obtined from cerebral image data aftel@ gas
inhalation, and & is obtained from the arterial blood radioactivity value measured by the well
counter after €O gas inhalation, CBV can be calculated.

In the H,"O bolus intravenous infusion method, whenicerebral tissue £O
concentration after intravenous infusion of 10 , f i's cerebral-blood ood
water partition constant (1.0), and i€ the H*°O concentration in arterial blood, the following
relation is established according to the autoradiographic method:

To

C () =f @, ()Ae
Using cerebral imagdata collected by the PET apparatus and the-&iatigity curve based on
continuous arterial blood sampling, f = CBF is calculated.
In the ®0, gas bolus inhalation method, wheni€the cerebral tissue radioactivity

concentration of°0O, after 0, gasinhalation, G is the °0, radioactivity concentration in

f



arterial blood aftet°0, gas inhalation, V is cerebral blood volume, R is the lsmgeall vessel
hematocrit ratio, E is cerebral oxygen extraction fraction, apds@he H°O radioactivity
concantration in arterial blood because of recirculation aftés gas inhalation, the following

equation can be established (50):

f. f
—® I
Ci(h=Ed@,(t)Ae " +VaR(1- 0.835C)+f aC,, (t)Ae '

o
f = CBF and V = CBV are obtained in ti"0 bolus intravenous infusion method and the
C™0 gas steadytate inhalation method, respectively, an)@nd G(t) are obtained from the
cerebral image data collected by the PET apparatus and from theadiiviey curve
determined by the continuous arterial blood sampling, respectively. Using these values, E =
OEF can be calculated. Accordingly, CMR€an also be calculated from the product of OEF,

CBF and arterial oxygen contentjO

d) Clinical significance

Because PET imaging usidgO allows calculation of quantitative indices,is possible to
compare nurarical data of the normal regions and affected regions, compare between healthy
subjects and patients, and examine changes in the measurements obtained at different
time-points in the same person. Therefore, objective evaluation is also feasible innatiditio
visual diagnosis. The cerebral blood flow measured by the inhalation equilibrium method in
healthy adults is35-50 ml/100 ml/min, on average, for the cerebral cortex, the cerebral
metabolic rate of oxygen is 2328 ml/100 ml/min, the oxygen extraatidraction is 3850%,

and the cerebral blood volume is 38 ml/100 ml (51). However, values vary according to

the method of measurement and the apparatus used. The cerebral blood flow and cerebral

metabolic rate of oxygen in the normal white matterayeut 50% of the valuaa the gray

matter. The CBF, CBV, OEF, and CMRO2 images of normal volunteers are shown in Figure



2-61. The images are mean of 10 different normal volunteers after anatomical standardization
using SPM software.

Cerebral circulationand oxygen metabolism measurement usif@ is used for
determining the severity and prognosis of the stawusive carotid and/or cerebral major
artery diseasesndlications for surgery in pathological conditions causing decreased cerebral
perfusion presure. In the brain, there exists a mechanism for keeping the cerebral blood flow
constant by means of dilatation of the cerebral vascular bed in response to variations in blood
pressure. This is an autoregulatory mechanism. The relationships among gaaatitative
indices determined by PET are as shown in the Fige82. 2n the presence of decreased
cerebral perfusion pressure in the initial phase of sbectusive artery disease, a dilation of
the cerebral vascular bed causes the cerebral bloochedio increase, resulting in a stable
cerebral blood flow (52). The ability of the cerebral vascular bed to dilate is called the cerebral
circulation reserve or cerebral vasoreactivity. If the cerebral perfusion pressure decreases
further, the cerebral btml volume reaches maximal vasodilatation and then starts to decrease.
Maintenance of the cerebral metabolic rate of oxyigesitempted by increase in the oxygen
extraction fraction. Thus, the state under which the cerebral blood flow is decreased teelative
the cerebral metabolic rate of oxygens cal |l ed fAmi sery perfusio
impaired metabolic reserve of the brain and urgent implementation of preventive reperfusion
therapy (Figure 63). If the cerebral perfusion pressure decreasesnideyhe limit, the
cerebral blood volume and cerebral metabolic rate of oxygen decrease in parallel with each
other, falling from electrophysiological dysfunction to cell membrane dysfunction causing
cytotoxic edema. When the CBF lies at the threshold dmstvelectrophysiological dysfunction

and cell membrane dysfunction, referred to as the ischemic penumbra (54), recovery from



dysfunction through reperfusion is possible. It is speculated from experiments that a decrease
of the CBF to aboul0 20 ml/100 mimin corresponds to the ischemic penumbra. If the

cerebral perfusion pressure decreases augmer, irreversible tissue necrosis would result. In

the cerebrovascular reactivity measurement using intravenous acetazolamide or 7% carbon
dioxide gas inhalatim, normal cerebral blood flow at rest combined with a poor rate of
increase of the CBF is regarded as mild cerebral circulatory disturbance, requiringupllow
observation. When the state of misery perfusion is diagnosed, the probability of ischemic
stroke within 5 years duration is 70%. In these patients, a reperfusion therapy such as carotid
endarterectomy, dilatation by stenting, or extracrani@hcranial arterial bypass surgery
should be considered. When the cerebrovascular reactivity is markechgased before
reperfusion, the hypgrerfusion syndrome, comprising cerebral hemorrhage, spasm, etc., may
occur after reperfusion. Thus, such decrease serves as an indication of careful blood pressure

control and measures against cerebral edema befoadtantteatment.

[B] Cerebral glucose metabolism

a) Radiopharmaceutical agent used and the principle of its accumulation
2-deoxy2-[*®F]fluoro-D-glucose {°F-FDG) is used for measuring cerebral metabolic rate of
glucose (CMRGIc)The majority of energgubstrates in human cerebral tissue are obtained by
oxidative phosphorylation of glucose, and the consumption of glucose increases according to
the local activity of the brain. In cerebral tissue, 1 mol of glucose is oxidized by 6 mol of
oxygen to produc88 mol of ATP. However, because there is little glycogen storage, sufficient
supply of glucose and oxygen is always necessary to support neural attrdBDG is a

glucose analog that is transported into the cells via the same transport mechanisiricas th



glucose, and subject to phosphorylation at positiby Bexokinase. However, unlike glucose,

it does not proceed to the glycolytic metabolism pathway, but is retained in the brain in the
form of ®F-FDG-6-phosphateto thereafter be reduced f-FDG by glucoses-phosphatase

to return to the blood. Thereforé®F-FDG allows observatioronly up to the step of
phosphorylation in glucose metabolism. Because accumulatidfF¢fDG in the cerebral
tissue is proportional to glucose metabolic rate anchie quantitative evaluation with a
compartment model is relatively simple, this radiolabeled agent is used for the evaluation of
cerebral glucose metabolism.

b) Testing method

Fasting for at least 4 h is necessary as pretreatment prior to the testseBérauagent
competes with glucose for incorporation into the cerebral tissue, measurement of the blood
glucose level is required just before the test. Patients with a blood glucose level of 200 mg/dI
or higher are ineligible, because normal accumulasaompromised with this blood level of
glucose. A blood glucose level of 150 mg/dl or lower is desiraffeFDG is administered
intravenouslyat the dose of 37 MBdransmission scan for absorption correction is carried out
using an external radiation wwe of ®*Ga®®Ge or'*'Ce and the attached CT apparatus. In
order to quantify the cerebral metabolic rate of glucose, continuous dynamic imaging and
continuous arterial blood sampling for -80 min beginning from immediately after the
administrationare recessary. For qualitative evaluation, static images should be taken for
10-20 min beginning at 60 min after the administration.

c) Method of calculation of the quantitative indices

As shown in the figure-B6, the use of°F-FDG allows a model of 3 dividecompartments,

i.e., the plasma compartment, tissue precursor compartment, andplpasphorylation



compartment. By calculating the rate constant between the compartments, the cerebral
metabolic rate of glucose (CMRGIc) can be calculated quantitatively.

Using the graphic plot method (55), it is assumed that the glucose concentration
during the measurement time is in the constant equilibrium, and that the quantity of glucose
metabolism corresponds to the net quantity of phosphorylation. \RiieRo*, k3*, and k*
are defined as the respective intercompartmeatal constants;, as the blood glucose level,
and LC as the lumped constant (0.42 or 0.52), that is, the ratio of glucose phosphorylation rate

to the net phosphorylation rate'8F-FDG, the following relationship is obtained:

C
CMRGIc= aeﬁ

gq( +ky 2
From sequential images and arterial blood sampling, the cerebral tissue radioactivity
concentration of®F, C*(t), and the plasma radioactivity concentration‘#:FDG, G*(t), are
obtained. When theate constant is obtained by the nonlinéesistsquare method, the
following relation is established based on the basic equatiPatt#kGjedde et al.

Ky Cksk da **(t)C'dt + k, Gy
ky +ks  C, (1) (kz* +k3*)2

Ci (1)/C, ()=
. . . . AC, (t)at . _
When (C; (t)/C, (1)) is plotted on the +axis, and %) is plotted on the Jaxis, and
t
p

the gradient of the graph obtamed#a—(—) the CMRGlIc can be calculated.
k2 +ks

Although the graphic plot method provides calculation of the rate constant for each
pixel, prolonged sequential imagingrequired, and noise of the image is conspicuous. From
the viewpoint of the image calculation time and the data volume, this method is not practical.

In this regard, actual clinical laboratories use the autoradiographic method, in which the



cerebral metabiw rate of glucose is obtained from continuous arterial blood sampling and one
session of PET imaging (56). When and a, are components consisting of the sum and
square root of the respective rate constants, the following relation is obtained baked on t

PhelpsHuang equation:

C (-

ks dks - a)e®0+(a, -k, Jetlic, @
CMRGIc=—26 21

8.2-

k2*+k3* A-a,® -a,®) % *
f2 7% e ®0)Ac, (t
2ok Jac, ©

Using the known values obtained with the fixed rate constants of the gray matter and white
matter, the'®F radioactivity concentration in the cerebral tissy&tCobtained by PET data
collection at 4550 after administration and th®F-FDG radioactivity concentration in the
plasma obtained by arterial blood sampling*((} are applied to the above equation to
calculate the CMRGIc. Although this method is characterized by a short calculation time and
images with minimal noise, it may be associated with errors in some conditions where the rate
constant varies among local areas of the brain. To minimize the errors, the calculation of
Brooks et al. (57) and Hutchins et al. (58) have been advocated.

d) Clinical significance

In the normal state, the cerebral metabolic rate of glucose is high in the cerebral cortex and
basal nuclei, but low in the white matter, similar to the cerebral blood flow and the cerebral
metabolic rate of oxygen (Fig&7). ®F-FDG is usedor diagnosis of the grade of malignancy

of a brain tumor. In particular, in cases of gliortf&-FDG accumulates strongly in lesions of
higher malignant grade (Fig8B). '°F-FDG is useful to detect recurrence or residual tumor
after surgery (Fig-89). ®F-FDG accumulation is proportional tumor viability. Increased

accumulation was indicative of rapid growth in volume (Fig/02. A combined™0O-oxygen



inhalation study, glioma tissue metabolized glucose without oxygen consumption indicating
anaerobic glyolysis (Fig. 271). In cases of epileps}fF-FDG accumulation in the epileptic
focus is increased reflecting the increased neural activity during the episode, but the
accumulation decreases over an extensive area including the focus between the épisodes.
cases of cortical dysplasia, this technique is useful for determining the indications for resection
of the focus, becaus®F-FDG accumulation is decreased in areas that appear normal on
morphological diagnostic imaging, such as CT (Figw&p (59).In degenerative diseases,
decreased accumulation is observed in areas consistent with the decreased cerebral blood flow
and cerebr al metabolic rate of oxygen. I n
observed in the bilateral tempoyadrietal assciation areas and the posterior cingulate gyrus.
Decreased accumulation is also noted in the frontal lobes bilaterally and anterior parts of the
temporal lobes bilaterally in patients with frontotemporal dementia, in the medial part of the
posterior lobejncluding the primary visual cortex, in those with diffuse Lewy body disease,
and in the basal nuclei and cerebral cortex (in an asymmetric fashion) in those with

cerebrovascular dementia.

[C] Amino acid metabolism imaging
a) Radiopharmaceutical agentsedl and the principles of their accumulation
11 H . 18, 18, . 18, 18,
C-L-methionine, ““F-FMT (O-[“F]fluoromethytL-tyrosine), ~F-FET (O[2-""F]-fluoro
ethyFL-tyrosine), *®F-phenylalanine  ({2-'°F]-fluoro-phenylalanine), !C-L-tyrosine,
Y¢C-L-leucine are used for imaging afmino acid metabolism.
Amino acids are utilized in the brain for the synthesis of neurotransmitters and

substrates of nucleic acid biosynthesis and protein compounds, such as enzymes and cell



membrane. The amino acid content of the brain accounts fat @086 of the total tissue
weight of the brain. It is inferred that acidic amino acids such as glutamic acid and
gammaaminobutyric acid specific to the brain do not cross the bhyath barrier, and that

they are therefore synthesized inside the bramth@ other hand, neutral essential amino acids
and their derivatives are incorporated into the brain via transporters. Therefore, the use of these
amino acids labeled with radionuclides is a common technique to observe the intracerebral
amino acid metabisim. *'C-methionine is widely used because it can be synthesized relatively
easily. However, because radioactive carbon undergoes the transmethylation reaction,
characterized by slow metabolic turnover, and transfers to various rgetlyd acceptors in
addition to those of protein synthesis, it is difficult to use this agent for quantitative evaluation
based on the compartment mod€-L-tyrosine is a radiolabeled compound that reflects
protein metabolism, because this compound is mostly used for peyteatinesis in the cell.
Y¢-L-leucine has relatively simple metabolic routes, comprising transamination and oxidative
decarboxylation. This agent can be used for quantitative evaluation of the protein synthesis rate
based on a-4ompartment model, becauiee radioactive carbon in the carboxyl group is
eventually excreted outside the brain in the form of carbon dioxfephenylalanine and
tyrosine derivatives such a8F-FMT and '®-FET do not serve as substrates of protein
synthesis, and therefore thase used for evaluation of the amiaoid transport capability.

b) Testing method

Fasting for at least 4 h is necessary as pretreatment before the test. WhétCusiathionine,

the agent administered intravenously at the dose of7485MBq, and imagings begun 20

min after its administration.

c) Clinical significance



In cases of brain tumor, such as glioma, accumulatidfCafnethionine does not contribute to
the judgment of malignancy, but the extent of the tumor is consistent with the area of
accumtuation (Figure 273) (60). This radiolabeled agent is also useful for differentiation

between recurrent tumor and radionecrosis.

[D] Neurotransmitter function imaging

a) Radiopharmaceutical agents used and the principles of their accumulation

8F_.FDOPA (luorodopa),**C-raclopride *'C-NMSP (Nmethylspiperone), anttC-flumazenil

are used for the study of neurotransmitereptor system in the brain (Tabl&)L PET labeled

agents have a long history of development and use for functional evaluatiopamhidergic

nerve cells.'®F-FDOPA is a radiolabeled -tlopa, a precursor of dopamine. This agent is
metabolized in the presynaptic nerve fibers and stored in the synaptic vesicles of the striatum,
which contains nerve endings. Therefore, this agent refldcigamine metabolism.
Y¢C-raclopride and™C-NMSP bind to the B receptor at the dopamine postsynaptic nerve
fibers. *'C-NMSP has a higher receptor affinity thatC-raclopride and the endogenous
neurotransmitter dopamine, but also has affinity for seioteeceptors™*C-flumazenil binds

to central benzodiazepine receptors in the same manner as the SPECTt*adenazenil.

Other PET agents available include transporters that are present at the presynaptic nerve fiber
endings and bind to the reuptake ©f neurotransmitters released into the synaptic cheits

second messengers that are incorporated in the neurotransmission system after the receptors in
the synaptic nerve fibers.

b) Testing method

As pretreatment, discontinuation of medications thiht affect the relevant neurotransmitter



function is desirable. However, caution is necessary, because discontinuation of medication
may enhance the receptor function or worsen the clinical symptoms. Whert¥&sFDOPA,
carbidopa is administered orally the dose of 2 mg/kg prior to the test, because it inhibits the
DOPA decarboxylase activity outside the cerebral tissues and prevents the consumption of
L-DOPA in the periphery. WhefiF-FDOPA is used, the agent is administered intravenously at
the doseof 3.7 MBg/kg, and images are obtaine@ h after its administration. Agents such as
Y¢C-raclopride, **C-NMSP or 'C-flumazenil are administered intravenously at the dose of
370740 MBq, and dynamic imaging is performed for about 60 min, beginning from
immediately after the administration.

c) Method of calculation of the quantitative indices

When intracerebral accumulation of radiolabeled agents related to receptors and transporters is
decreased, it is necessary to distinguish dysfunction from decreasgtycit the binding site.
However, it is often difficult to perform quantitative evaluation because of several issues,
including those related to the tirgeurse changes in the blood concentrations or the affinity
for the binding site of the radiolabeladent, the blood concentration of the free agent, and the
ability of the metabolites to cross the blawmcin barrier. In the PET examination, if the
binding of the radiolabeled agent to the receptor reaches an equilibrium, as in the case of
Y¢C-racloprice, the maximum binding amount §B) that corresponds to the sum of the
receptors, and the dissociation constany) tkat denotes the affinity, are calculated using the
Scatchard plot (61). However, this procedure requires arterial blood sampling amuemult
tests including receptor block by drug loading or administration of radiolabeled agents having
different values of specific activity. A simpler method is determination of the specific binding

potential (BP) based on the ratio of accumulation in thereace region. In the presence of



nonspecific binding sites such as the cerebellum and the occipital lobe, whem€fined as
the radioactivity concentration of the specific binding site, ang & the radioactivity
concentration of the nonspecitiinding site, BP can be calculated according to the following
equation:

Cs p- Ciref
Cref

BP=

Although BP corresponds Bna/Kg, the sum of receptors and the affinity cannot be evaluated
differentially. Another method that may be used in some casealdslation of the rate
constant based on thecBmpartment model using continuous dynamic images and continuous
arterial blood sampling data to obtain the specific binding capacity gnand eventually to
calculate Raxin an approximative manner. Thisethod, however, is invasive in view of the

need to establish an arterial route, and requires complicated manipulations such as separate
measurements of metabolites. When using agents having a high affinity, SUCHNASSP, an

ROl is set in the cerebellyma nonspecific binding site, to obtain the input function. Similar to

the graphic plot method of Patlak et al. as described in the sectidfF-#DG, indices
reflecting BP can be determined in the following manner: the rate constant can be obtained
from the gradient of the graph, and the distribution volume ratio can be obtained from the
Logan plot (55, 62).

d) Clinical significance

In the normal state, dopamtinelated radiolabeled agents show marked accumulation in the
striatum, while it shows low levelof accumulation in other tissues. Similar#d-lomazenil,
Y¢-flumazenil shows uniform accumulation in the cerebral cortex, whereas accumulation is
low in thebr ai nstem and white matter. Par kinsonbo

preganglionic erve dysfunction due to degeneration of the mesencephalic substantia nigra.



8F_.FDOPA accumulation is decreased in the striatpanticularly the putamen, even from an
early phase of the disease (63). In addition, the disease stage is correlated wetjrekeod
decrease of the accumulation. In patients with cerebrovascular diselated parkinsonian
syndrome, striatonigral degeneration or corticobasal ganglionic degeneration, decreased
accumulation in the striatum is seen in the dopamine receptoresamégat reflect
postganglionic nerve functiort!C-flumazenil is used for detecting the focus in cases of
epilepsy. This agent may also be used as an index of the residual amount of nerve cells in

patients withcerebrovascular disorder or cerebral degdiveraisease.

[2] Myocardial imaging

[A] Myocardial perfusion

a) Radiopharmaceuticals

3NH;, H,'°0, and®Rb are used for myocardial perfusion imagifg\NHs is lipophilic,
accumulates proportionally to myocardial blood flow, and is trapped in myocardium
(metabolic trapping). Firgbass extraction is more than 90%. Because of short half time (10
min), repeated studies with drlmpding are possible. Firpass extraction of 0 is almost
100%, and accumulation is proportional to myocardial blood flowetids of*Rb is similar

to K ion. Firstpass extraction is 60%°Rb is produced by means $6rf°Rb generatof’Rb

has short half life (1.3 min), which makes possible repeated studies.

b) Testing methods

In *NH; PET study, a solution of 185~370MBsj intravenously injected. In static study, the
data acquisition starts 5min after injection and continues for 5~10 min. In dynamic study for

guantification of myocardial blood flow, the scan starts immediately after the injection. Left



ventricular radioativity is used for arterial input function. In drug loading study with
dipyridamole or adenosine to test an ability of coronary artery dilatation, the study is
performed with interval of 50~60 min after the decay-dfHs given in the initial study. In
H,™0 study, intraventricular blood pool is first determined by the PET after inh&Z.

Left ventricular blood pool is used for arterial input function for th&°®l PET where
1.48GBq of H™0O solution is intravenously injected followed by dynamic saam6 min.
Repeated studies are possible with the interval of 10~15 mifRinstudy, 1.85~2.22 GBq of
82Rb solution is injected for 90~120 second. Data acquisition is 5min with ECG gating.

¢) Quantitative evaluation

In 3NH; PET study, two compartment agsis (blood pool and tissue pool) is employed (64,
65). This method is simple but influenced by thickness of myocardial wall and metabolites of

>NHs. The equation for calculating myocardial blood flow (MBF) is as follows;

1.25 .

K1=MBF/0.607C V& - MBF
K1 is cetermined by input function and dynamic PET data.

In H,"°0 PET study, MBF is determined by the following equation (66);

) MBFd)

C(t)=MBF &, (t)Ae '
Ci(t) is obtained by dynamic PET dau(t) is obtained by intraventricular4¥O as an input
function,and is blood-to-tissue partition coefficient of water (0.91). Normal value of
MBF is estimated to be 0.850.15 ml/g/min.
d) Clinical Significance
MBF is evaluated during rest and administration of vasodilating agents. The ability of

vasodilatation (canary perfusion reserve) can be estimated by measuring elevation of MBF



after vasodilating agents. Coronary perfusion reserve is one of the predictor of ischemic
coronary event.

[B] Myocardial Metabolism

a) Radiopharmaceuticals

8F.FDG for myocardial glusse metabolisnt 0, gas and'C-acetate for myocardial oxygen
metabolism are used. Lommfpain fatty acid is a primary source of ATP production. During
ischemia, fatty acid metabolism is suppressed and glucose utilization is enhanced. Therefore,
ischemic nyocardium can be detected 5f-FDG PET (Fig. 274). The®0, PET provides
direct parameter of ATP productioriC-acetate is transported into mitochondria and
metabolized by TCA cycle intBCO,. The clearance dfCO, from myocardium is an index of
TCA cycle activity.

b) Testing Method

In *®*F-FDG study, 4~6 hour fasting is requirétF-FDG (185~370 MBq) solution is
intravenously injected. Data acquisition starts 40 min after injectionOlgas study, k°0

PET study is usually combined to evaluatBMand myocardial oxygen consumption. The
C-acetate (370MBQq) is intravenously injected by bolus. Immediately after injection, one min
data acquisition starts repeatedly for 20~30 min.

c) Quantitative Measurement

For the measurement of myocardial metabmdie of exogenous glucose (MMRGIc), dynamic
PET data and arterial input function derived from intraventriddaFDG radioactivity are
employed. Based on the three compartment model (blood pool, ¥5sEBG, and

. FDG-6-phosphate), quantitative MRGIc can be calculated as follows;



C Ak & 3
MMRGIc= L—C":Eﬁ%g

where k*, k»*, and lg* are defined as the respective intercompartmenatal constant<;, as

the blood glucose level, and LC as the lumped constant, that is, the ratio of glucose

phosphorylatiomate to the net phosphorylation rate"#-FDG (67). Normal MMRGIc is

68.6° 3.1nmol/100g/min during 50g glucose loading.

By means of°0, PET combined with 1°O PET, myocardial metabolic rate of oxygen

(MMRO,) and oxygen extraction fraction (OEF) of mymtiam are estimated (68). Normal

value of MBF, MMRQ, and OEF is 0.8%.15 ml/g/min, 0.100.02 ml/g/min, and 0.6@.11,

respectively.

In the'*C-acetate PET, monoexponential fitting is applied to the washout curve derived from

dynamic PET data. Washout aant (Knong is well correlated with MMRO2 (69). Normal

value of Kyonoat rest is 0.0650.015/min,and 0.1T2.020 /min during exercise.

d) Clinical Significance

Mismatch between perfusion and metabolism indicates myocardial viability. Decrease in both

perfusion and metabolism indicates myocardial infarction, while decreased perfusion

associated with preserved metabolism indicates viable but ischemic myocardium at risk (70).

MMRGIc has prognostic value for the effect of reperfusion therapy. Sensitivitifisppg and

accuracy is 74~87%, 45~58%, and 65~67%, respectively (71). In patients with myocardial

sarcoidosis'®F-FDG uptake in active inflammation is elevated. MMRd OEF are well

correlated with ejection fraction, and are decreased in dilatembogmpathy (72)''C-acetate

PET is used for the myocardial viability with lesose dobutamine infusion (73).



[3] Tumor Imaging
Radiopharmaceutical agents used and the principles of their accumulation
BE.FDG and C-methionine, and®F-FLT are used forumor imaging. Proliferation and
metabolism are generally active in tumor tissue, therefore, tumors tend to incorporate various
substances as metabadigbstrates. Several radiolabeled agents focused on gli&e$DE),
amino acids {C-methionine), and uxleic acids ®F-FLT) are available. In particular, tumor
imaging using®F-FDG (FDG PEThas been spreading rapidly in recent years, with its widely
accepted usefulness (74, 75, 76, 77, 78).
[A] *®F-FDG Tumor Imaging
a)
b) Testing method

In FDG PET'®F-FDG is administered intravenously in the fasting state at the dose of
370 MBq, and whokdody imaging (generally covering the head to the femoral region) is
begun about 1 h after the administratiBecause FDG also accumulates physiologically in the
intestinal tract, latgphase imaging may be carried out after 2 h from the intravenous injection
of theradionuclide When metastasis is suspected, the scope of imaging is extended to cover
the plantar parts.
c) Clinical significance and application
This tecmique allows simple examination of the whole body and is superior for detecting
lesions measuring 1 cm or greater in diameter. However, it is difficult even for the latest
apparatus to detect small lesions measuridgnadm or less because of resolutioruess This
technique is highly useful for differentiation between benign and malignant tumor masses,

diagnosis of metastasis (staging), judgment of the therapeutic efficacy of chemotherapy and/or



radiation therapy, and diagnosis of recurrence, practicalyirgy as an indispensable
diagnostic imaging procedure for patients diagnosed as having malignant tumor.

In 2001, PET/CT, a combination of PET and CT, was developed. This examination
overcomes the weakness of conventional PET in that it allows locatizatithe lesion and
determination of the morphology, based on the CT images obtained using the same apparatus.
This examination has come to play a central role in current nuclear medical tumor imaging.
Images obtained by PET/CT with FDG for various pugsoare shown (Figure?4, 75, and
76, and appendix).

[B] Other Tumor Imaging

C. In vitro examination
Recent years have seen a marked decrease in the number of ¢gasasméxaminations due
to the introduction of techniques of measurement that doewd radionuclide. An outline of
the major substances targetedibyitro radionuclide examination is given below (Tabi@)2
[1] Pituitarygland

The hypothalamipituitary axis, the center of the hormonal general regulatory
function of the brain, seetes various hormones. Measurement of ACTH enables one to

distinguish between hypophyseal and peripheral endocrine diseases.

[2] Thyroid gland
The thyroid synthesizes and secretes thyroid hormdngsl{) in response to stimulation by
TSH. Although thyrad hormones are mostly bound to protein in the bloodyitro RI

examination is useful for measuring the trace amounts of free thyroid horthahase active.



[3] Pancreas

Insulin promotes uptake of blood glucose by the somatic cells. Diabetes misli#udisease
characterized by impairment of this process, and measurement of the blood insulin level is
used for the diagnosis of this disease.

[4] Adrenalgland

Steroid hormones (cortisol, aldosterone) are secreted from the adrenal cortex.

[5] Vasoactivesubstances

The reninangiotensiraldosterone system is involved in contraction of the vascular smooth
muscle and maintenance of body fluid balance, and activation of this system is associated with
an increase of the blood pressure. Measurement of the ldweldof renin is useful for the
diagnosis of renal hypertension.

[6] Viral antigens and antibodies

To understand the disease state of viral hepatitis A, antigens or antibodies of hepatitis B or C
viruses are measured.

[7] Tumor markers

Tumor markers aresubstances that are associated with the presence of some tumors.
Tumorassociated antigens, that are hardly detectable under normal conditions, are measured
utilizing the antigerantibody reaction.

[A] a-fetoprotein

This is a marker of hepatocellular cam@ama.

[B] CEA

This substance is measured in patients with colorectal cancer, pancreatic cancer, bile duct

cancer, lung cancer, gastric cancer, etc.



[C] CA199

This marker is used for the examination of pancreatic cancer, bile duct cancer, colorectal
cancer etc.

[D] CA125

This is a frequently measured marker in cases of ovarian cancer.

[E] PSA

This marker is used for the examination of prostate cancer.

[ll. Radionuclide Therapy

A. Principles ofRadionuclide Therapy

Radionuclide therapy is based on allowergission of energy from a radionuclide to the target
tissue by administration of radiopharmaceutical agents that are specifically incorporated by
particular tissues or organs. This represents radiation therapy with the radionuclide placed
within the body,and is therefore also called internal irradiation therapy (treatment). Particle
ray-emitting radionuclides that have a high biological effect (maiblyray-emitting
radionuclides) are used. To minimize the radiation exposure of the surrounding tgssues,

ray-emitting radionuclides having a long range are undesirable.

B. Radionuclide

[1] 131|

134 (half-life 8.04 days) emitd rays andg rays, and is taken up selectively by #thelial
cells of the thyroid follicles. Therefore, this radioisotope is uUsedhe treatment of thyroid

cancer and hyperthyroidism. The major energy’f i.e., b-ray energyjs 606 keV, while the



gray energy is 364 keV. BecauS€l emits onlyg rays, this agent is not used for internal
therapy. The range df rays emittedfrom **1 is 0.6 mm in the body, and exposure of the
surrounding tissues to radiation is low.
[A] Thyroid cancer
Na™! is used for the treatment of postoperative residual tumor or metastases from
differentiated thyroid cancers such as papillary canceffahcular cancer among the various
types of thyroid cancein cases of anaplastic thyroid cancer, accumulation is not high enough
to yield sufficient therapeutic efficacy. If there is normal thyrditi accumulates in the
normal thyroid resulting inan insufficient radiation dose to the tumor. Therefore, prior to this
treatment, total resection of the thyroid or elimination of the thyroid function by pretreatment
with Na'*i must be undertaken. When the patient isafternate therapy with T3 or T4
preparations, the therapy should be discontinued férvizzeks until the endogenous TSH
secretion increases. Because TSH incre&8esiptake by the thyroid, the patient should be
admitted tothe radiation therapy ward when the TSH secretion has increaffietestly, and
be givenNa®Yi capsules orally at the dose of #Z GBq. This treatment is absolutely
contraindicated in pregnant or breastfeeding womenaamlen who intend to breastfeed. It is
difficult to implement this treatment in patients who ayw require assistance or nursing care,
considering the exposure of the families and healthcare professionals to radiation.
Whole-body images are taken73days after administration of the radionuclide, to
confirm the degree of accumulation. If accumuwlatis confirmed, treatment can be repeated at
intervals of 6 months to 1 year.
Generalized malaise, headache, anorexia, sialitis, thrombocytopenia and/or

leukocytopenia may occur on the dayNe"*Y administration or even until several days after.



Pulmorary fibrosis, bone marrow dysfunction, carcinogenesis (mostly, leukemia) and/or

gonadal dysfunction may appear 3 months or later after the administration.

[B] Hyperthyroidism
In hyperthyroidism, synthesis and secretion of thyroid hormones occur continuall
Hyperthyroidism includes di ffuse goiter (C
autonomic functional thyroid nodul e (Pl umm
treatment witiNa**!1. In Japanantithyroid drugs are considered to be thefirse therapy for
Gravesd disease. | f the conditi Na"Yiteemapyrisot be
often chosen. I'n Pl ummer 06s di sease, .Hghdi ne
accumulation occurs in the adenoma, therefore, thhapkatic efficacy is high.

To determine the dose dfa**!i, one of the following three methods may be used: 1)
the standard dose (3:BrO MBq) is decided and adjusted according to the weight of the
thyroid or symptoms; 2) the uptake per unit weight of ttngoid is held constant; 3) the
absorbed dosper unit weight of the thyroid is held constant. To estimate the weight of the

thyroid gland, the following equation is used (AH&oodwin equation).

Estimated weight of the thyroid (g)G:323 Area of thyoid (cnf) 3 Mean major axis diameter

of both lobes (cf)

The absorbed dose in the thyroid is estimate

Estimated absorbed dose in the thyroid (Gy135 3 Effective halflife (day)?® 24-h uptake



rate (%) Dose (MBQ)]/[3.7° Estimated weight of the thyroid (§)83 100]

Thyroid hormone levels decrease 3veeks after N&'1 administration, and decrease in the
thyroid uptake rate and reduction of the thyroid size are also observed. Because thyroid tissue
is destroyed immediately after N4 administration, excessive release of thyroid hormones
may occur temporarily, resulting in symptoms such as incrgassgiration, tachycardia and
fever. Thyroid function is decreased bia**!i therapy, necessitating hnone replacement

therapy

[C] Neuroectodermal tumor

Radionuclide therapy with *4-MIBG is carried out for the treatment of
neuroectodernderived tumors such as malignant pheochromocytoma, malignant
paraganglioma, neuroblastoma and medullary thyroidesabid-MIBG is incorporated in the
sympathetic nerve endingsd the adrenal medulla, similar to norepinephrine. aritéumor
effectis exerted by thd-rays emitted from thé®i. In Japan!*i-MIBG has not yet been

approved as a product for medicaku

[2] &%r

893r is a highenergyb-ray-emitting radionuclide that has a physical Hd#f of about 50 days
(maximum energy, 1.49 MeV,; range in tissue, mean 2.4 mm, maximum 8 mm). Similar to
calcium,®Sr accumulates in theones, which show high ostdastic activity. It accumulates

in foci of bone metastases where the osteoblastic activity is elevated. Local irradiation to the

bone metastatic foci alleviates the pain from multiple bone metastdSeSL (strontium



chloride) injectable solution is appved as a product for medical use in Japan. When all the
following criteria are me€°SrCh can be used to alleviate pain from metastatic foci.

1. Solid tumor is confirmed histologically or cytologically.

2. Bone scintigraphy reveals multiple bone meises.

3. Accumulations consistent with the sites of pain are observed on bone scintigraphy.

4. Nonsteroidal antiinflammatory drugs and opioids are insufficiently effective at relieving the
pain.

5. External radiation therapy is hardly applicable, for edamip cases where the patient
cannot assume the required therapeutic position because of pain, or where treatment for many
regions is required.

6. The patient is expected to survive at least for a period (several months) that would allow
him/her to potenally derive benefit from the therapy.

7. The hematological indices are adequate (WBC, at least 3000; neutrophil, at least 1,500;

RBC, at least 3,000,000, hemoglobin at least 9.0)

In Japan, the treatment covered by health insurance was begun in pahentsifiled the
above criteria. Treatment does not require admission in the radiation therapy ward, and is
given on an outpatient basis. Strontium chloritf&rCh) injectable solution is administered
intravenously at the dose of 200 MBq or less (148MBq).

It is speculated that the paiglieving effect ofSr therapy is attributable to thelief
of the physical compression effect on the bone or periosteum because of shedding of the tumor
cells. In addition, paknelated cytokines, such as inte#téws and interferons, released from the

lymphocytes infiltrating the focus of bone metastasis, are considered to be involved.



[3] %

Radioimmunotherapy is a mode of treatment by which radiolabeled monoclonal
antibody against cancer antigen is admineten a patient with a malignant tumor as internal
irradiation therapy. Radioimmunotherapy wifly that uses®Y-labeled monoclonal antibody
against the cancer antigen CD20 and causes internal irradiation froffy tahecumulated in
the tumor has begun tbe used for the treatment of leyvade Bcell nonHodgki nds
lymphoma and mantle cell lymphoma in Japan.

Before starting this treatment, it should be confirmed that the cancer cells express
CD20, and that the CD20 monoclonal antibody binds to the tunfisr Becaus€®Y is a pure
b-ray-emitting radionuclide (hallife: 64.1 h, energy: 2.28 MeV, maximum range: 11 mm) that
cannot be counted extracorporeally, its accumulation is confirmed by wbdie imaging

after administration of"!in-labeled CD20 mondanal antibodly.

C. Radiation Dosimetry

Medical isotope therapy involves the use*df, which emitsb rays andgrays, and®°Sr and

%y, which emit onlyb rays. The absorbed dose by the tissue from the radionuclide
accumulated in the tissue is evaluaigdhe following procedures.

[A] Beta-ray dosimetry

Becausé rays have a long range, the regionbafay accumulation and the region lof ray
irradiation are almost equal. When the level of accumulationbofag~emitting radionuclide

in the tissue is Bg/g of tissue, and its energy i, &V, the tissuabsorbed dose Dis

expressed as follows:



Dy, = CMe (eV/sec)

Because 1 eV = 1.6010™J, and 1Gy = 1J/kg, the following is obtained:
Dp = CMe3 1.603 10'°Gy/sec
= CMe3 9.603 10°Gy/min
= CMe?3 5.763 10'Gy/hr

= CMe3 1.383 10°Gy/day

Thus, the absorbediose Runtil the time (t) after administration is:

Di= Do(1-€®) / &

The absorbed dose until complete attenuation is obtained by applymgas=follows:

Dt:Dol o

[B] gray dosimetry

Gammaray-emitting radionuclides cause radiation absorption by the surrounding tissues,
because of the high tissue penetrabitifyg rays. Evaluation of this absorption is carried out
according to the method proposed by the Medical Internal Radiation Dose (MIRD) Committee
of the Society of Nuclear Medicine. The information necessary for this calculation includes the

dose of the @iopharmaceutical agent, the tirneurse of the body distribution, the physical



properties of the radionuclide, and the absorption properties of the measured organs.

D(t« s)=(As/mn O (t« s)

D (t« s): Mean absorbed dose (rad) from the radiation source organ s to the target organ t
As: Cumulative radioactivity concentratiomin h) of the radionuclide in the radiation

source organ
my: Weight of target organ (g)

D: Equilibrium absdbed dose constant for the radionuclida fggdhCin h)

j: Rate of absorption, where t denotes the t
proportion of the incident energy from the source organ to the target organ.
When these values are het@jether as S, considering the equilibrium absorbed dose count
Db the rate of absorption (G, and the standar
as follows:
D (t« s)=(As/mn S (t« s)

The S value for each radionuclide is specified in thRMpamphlet.

IV. Cautions in dealing with unsealed RI patients

A. Patientcareunder radioisotope test

The external exposure dose provided by the patient who is given a radiopharmaceutical agent
and serves as the radiation source is considered to maussue within the range of diagnostic
doses. According to the rules of practice of the Medical Care Law, isolation of patients into

hospital rooms for the purpose of avoiding external exposure occurs only when they are on



internal radiation therapy (Sémt 3015, the rules of practice of the Medical Care Law, the
ministerial ordinance No. 50 of the Ministry of Health and Welfare, November 5, 1948). In
regard to the criteria for the patientsod exi
ratein medical isotope theramre provided for the two radionuclid&¥l and®°Sr (Appendix

1: Notice from the Head of the Safety Measures Division, Pharmaceutical and Medical Safety
Bureau, Ministry of Health and Welfare, No. 70, June 30, 1998). CriterizexXit after
administration of radiopharmaceutical agents are established to agree with the standard dose
limits for the general public and caregivers: 1 mSv/year or less for the general public, and 5
mSv/case for caregivers. With singlboton g ray-emitting radionuclides widely used in

general nuclear medical diagnosis, the initial dose rate frématendance on the patient
immediately after a nuclear medical test with a normal dose is @Badbv/h and 16vSv/h

for ¥4 and**™Tc, respectively, andb@ut 10nSv/h or less for other radionuclides, considering

the Ecm dose equivalent rate constant for each radionuclide. Thus, the exit criteria are fully
consistent from the viewpoint dhe yearly dose limit for the general public (Appendix 2).

When thedecrease of radioactivity by metabolism and absorption and shielding by organs in
the patientds body are taken into consider af
even lower. Thus, there is no need to keep patients under restraint afést floe the purpose

of decreasing the external exposure dose.

Positronemitting radionuclides have higher radiation energy (511 keV) than
singlephoton g ray-emitting radionuclides. In recent years, insurance coverage of nuclear
medical diagnosis of tum® using*®-FDG has led to an increase in the number of cases
undergoing PET examination. Therefore, the rules of practice of the Medical Care Law

concerning théacility structure standards have been partially amended (Notice from the Chief



of the HealthPolicy Bureau, Ministry of Health, Labor and Welfare, 9801001, August 1,

2004), and guidelines for patient handling have been issued mainly by the relevant academic
societiesThe facility structure standards require the installation of a positrgra@ton room,
positron examination room, and positron waiting room. As for tests#RDG, because the
half-life of *®F is 110 min, and because it takes 1 h from administration to imagasgatient

should be at rest in the positron waiting roomimyrthis period. Contact with healthcare
professionals should be limited to the minimum to prevent external exposure.

The radiopharmaceutical agent administered to the patient is excreted outside the
body via expired air, urine, feces, perspiration, Wbremdk, saliva, etc. In principle,
radioisotope testing is not indicated for pregnant or breastfeeding women. Considering the
half-lives and pharmacodynamics of radionuclides, it is necessary to halt breastfeeding after
radionuclide administration, avoicwtact of the patient with pregnant women and children
under 10 years of age, and promote diuresis by drinking a sufficient amount of water. Detailed
daily life guidance to the patient may be necessary, e.g., concerning the need to avoid crowded
areas soomafter administration and to increase the frequency of cleaning of the toilet bowl
after use. General knowledge and understanding of radioprotection are necessary for the
people concerned, including those other than the healthcare professionals, intoegard
guidance about laundry of clothes and disposal of diapers at home or in the ward, measures for

exposure reduction of caregivers, front desk staff, and people in charge of transportation, etc.

B. PatientCare afteiRadionuclideTherapy
According to therules of patient isolation based on the rules of practice of the Medical Care

Law (Ministerial ordinance No. 50, November 5, 1948, Japan) and the exit criteria prescribed



by the notice No. 70 from the Pharmaceutical and Medical Safety Bureau, instlinéitoa
of patients undergoing radionuclide therapy require rooms in the hospital designed with
considerations for shielding, water discharge, evacuation of air, etc. In particularititie
dose rate is abom2 nBv/h for'®Yi used in the treatment diyroid disease. This radionuclide
causes relatively high external exposure, and has a longifeadf 8.02 days in comparison
with othergray-emitting radionuclides. According to ti@fice Memo, Notice from the Head
of the Safety Measures Divisionh&maceutical and Medical Safety Bureau, Ministry of
Health and Welfare, June 30, 1998, when a patient who has received a dose of 5000 MBq for
the treatment of thyroid cancer is discharged 32 h later, the exposure dose to the general public
is 0.99 mSv, aming that the contact time is 6 h per day. This exposure dose is
approximately equal to 1 mSv/year, the upper limit of the dose criterion for public exposure.
Therefore, in the treatment of patients with thyroid cancer, patients should be restricted with
the hospital room for radiation therapy for at least 2 days after the radionuclide administration,
and discharge from the room thereafter should be based on judgment oA@czssebasis.
The patientds cl ot hes, bedcl| a,it bte,smay Heai | vy
radiatonc ont ami nated with the patientds excreto
radiation therapy room. Education and instructions should be given not only to the patient, but
also to the family members and other visitors ptioadministration, concerning the methods
of disposal of excretory substances, emergent measures for contamination, notification to
healthcare professionals, etc. Treatment of hyperthyroidism using a dose of 500 MBq or less
requires no isolation of theapent.

893r is known to show pharmacodynamic behavior similar to that of calcimoh

accumulates in the mineral part of the bone. This agent is used for the relief of pain associated



with bone metastases. It is administered intravenously in patieritsbaite metastases, and
pain relief is achieved by internal irradiationtofays to the metastatic foci which exhibit high
osteogenic activity. Unliké®, ®9Sr emits 100%b rays, with nogray emission. However,
because the maximum energy of theays enitted from®Sr is relatively high (1.49 MeV),
producing damping X ray®xit criteria to avoid external exposure are necessary. In addition,
the physical halfife of ®°Sris as long as 50.53 days, and the biological-kfalfis also
speculated to be hg in many patients on therapy because elimination from the body is
delayed when there are many metastatic foci showing enhanced osteoblastic activity . When
the dose of°Sr used is 200 MBq, the exposure dose to the general public from the patient who
is discharged immediately after administratisrcalculated to be 0.06 mSv, assuming that the
contact time with the public is 6 h per day, the same as the cd$4.ftirthe patient is given 4
doses annually, the total dose is 0.24 mSyv, being well utdeupper limitof the dose
criterion for public exposure. The maximum single dose of the commercial
radiopharmaceutical agent is 141 MBg. Accordingly, there is no need for patient isolation,
because the dose is less than 200 MBq; the patient can be gethame immediately after

the administration.

Patients on rradionuclide therapy, regardless of whether or not isolation is necessary,
should be reminded to exercise caution as to the general behavior after discharge and after
returning home. Similar tohe case for patients undergoing diagnostic RI tests, patients
receiving RI therapy should be given guidance about halting breastfeeding, if applicable, and
other issues including the need to decrease the time spent in public places, to reduce contact
time with children and pregnant women, and drink a sufficient amount of water to allow

adequate diuresis, and to exercise caution in respect of laundry, bathing, washing dishes, and



disposal of excretory substances.
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