o - ag

RECEIV LW
LAWRENCE
RADIATION LABORATORY

UCRL-11978

e
MAR 20 1974
LIBRARY AND
DOCUMENTS SECTION
RADIOISOTOPE CAMERAS
Hal O. Anger
March 1965
g |
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
\ _
SN
™ l:;“‘“f{;::l
J (|
r// j}f;,f
[_j \ﬂ r“/ W»,Mw‘f ;

LAWRENCE RADIATION LABORATOR\;

UNIVERSITY of CALIFORNIA BERKELEY

-

86171 T¥DN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



‘Limited distribution only

UMIVERIITY OF CALIFORNIA

Lawrence Radiation Latoratory
Berkeley, California |

AEC Contract No, W-7405-eng-48

" RADIOISOTOPE CAMERAS

.

Hal O, Anger

March 1965

UCRL~14973&



II.

o w

o

~iii~ UCHL-44572

Chapter 24 Cutline

RADIOCISOTOPE CAMERAS

Hal O. Anger

~ia

Nonscanning mecthods for tramslatiny radioisotope distribution into

~

visual images

> .

Contact methods

Camera-type dcvices with direct radiographic recording

Scintillator mosaic with imagé amplifier

The scintillation camera: Position-aenoing multiplicr-phgtotube ’
array with solid sodium iodidc crystal

Autofluoroscope

Moot

Image-converter y-ray camera , : '

Array of y-ray counters

.

o0

Spark-chamber y-ray camera
|

Solid-atate devicen

-t
.

Detailed description of scintillation camera

- A, Principle of operation
B. Scintillation camera with large-diameter crystal

'C. Factors affecting rcsolution and sensitivity

- 4. Inherent detection efficiency and position resolution of sodium
iodide scintillators.
. 2,. Accuracy of reproduction of fhe scintillator image on the

readout oscilloscope.



III. Image-producing collimators for nre with v-rav cmitters

Iv.

-iv- UCRIL-449708

D, Factors affecting background
1. Stray radiation
-

2. Scattered y rays and their rejection by pulse-height .

selection

A, Pinhole collimators
B. Pinhole collimators with more than one aperiure

C. Multichannel coellimators

The positron camera: Coincidence collimation of annihilation radiation

from positron emitters

A. Types of positron cameras

B. Operation of focal detector and computing circuits
C. Factors affecting resolution of positron cameras
D.> Sensitivity and depth response of positron cameras
E. Backgréund of positron cameras

F, Clinical examples |

Recording methods

A. Image recording and viewing
i. Single'.-lens or multilens oscilloscope camera and.
photographic film
2, Gaussian dot diffusion
3. Memory-ty'pe cathode-ray tube . .
B. Motion pictures : - V

C. Numerical data recording and readout : ‘



-q- UCRL~44978

I. NONSCANNING METHODS FOR TRANSLATING
RADIOISOTORE DISTRIBUTION INTO VISUAL IMAGES

Radioisotope camcras are rclatively new instruments for imaging
the distribution of radioisotopes in vivo, They are already useful for
medical diagnosis and rescarch, and they promise to become increacs-
ingly important in the future as moré tagged compounds that localize in
organs and illustrate specific functions are developeq?:

" Modern radioisotope cameras have many advar{%:ggcé over radio-
isotope scanners. First, they take picturés much moEc' rapidly. The
speed at whiéh they take successive pictures is limiteg.i only by the rate
at which radiation information is detected, not by any %mechanical factors.

When a subject contains suffi_cient radioactivity, cameras can take pic-

- tures at the rate of one per second or faster. The speed at which scan-

ners can take pictures is limited by how fast their prébes can travel over
the area,

Second, currently available radioisotope cameras gather radiation

information about 10 times as fast, or in other words are about 10 times

as sensitive, as conventional scanners, They achieve this sensitivity
partly because thejr view the entire picture area continu.ously,v while scan-
ners view only one point at a time, ~

) A direct result of shorter vexp<‘>sure times is that rapid s'equ.ences
of still picturés and motion pictures can be taken to illustrate the move-
ment of tracer compounds through organs, Scanners are inherefxtly less

suitable for this purpose because they see different parts of the subject



-2~ UCRL-44978

at different times during the scan. This can cause dis?:;orted images
when the isot'opc distribution is éhqnging rapidly.

Radioisotopec cameras can be constructed to allow considerable
flexibility in positioning patients, The .patient can be sitting, standing,
or lying down and the camecra posifioned to obtain frontal, lateral, or
oblique views under any conditions, 'fhe shorter exposure times cn-~
courage taking views of organs from different angles, thus improving
the visibility of lesions and other abnormalities in many cases, Also,
numerical count-rate data can be obtained as a function of time for spe-
cific picture arcas, For example, curves of count rate versus time can
be obtained for a particular part of the kidney or a chamber of the heart,

In this chapter, the term '"Radioisotope Camera' denotes any ;
nonscanning camera-type device that images the distribution of radio-
isotopes, The term "y-ray camera" refers to any type used to image
single y rays, and "positron camcra'' mecans any type that uses coin-
cidence techniques to image positron-emitting nuclides. |

The va‘trious instruments and methods used to imaée the distribution
of radioisotopes without scanning will be briefly reviewed in this section,
Tﬁen one of those instruments, the scintillation camera, is described in
detail in Se;':tion . Image-producing collimators used for y-ray emitters
are discussed in Section IIJ, positfon coincidence collimation in Section
Iv, "and image recording methoés and numerical data handling methods in

Section V.

A. Contact Methods

When a radioactive subject is very thin, the simplest method of

imaging the distribution of activity is to place x-ray film in contact with

.

«©
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the sﬁbjcct, expose for a length of time, and then deveiop the film. This
is *he well-known mecthod used to obtain autoradiographis‘ of tissﬁe sec-
tions.

Although the contact mecthod of imaging '"'sces" the whole picture
area during the entire exposure time, the overall gensitivity is low be-
cause many vy rays or § particles mﬁst strike a given areca on the film
before visible blackening results, Therefore, exposure times arc very
long, .‘

This mecthod provides good resolution only when the distance sep-
arating the subject and film are very small, For two point sources t§ be
regolved in the image, they shonld be roughly no farther from the.ﬁlm
th‘an they are from each other. Therefore, the contact method is not use-
ful even for imaging the thyroid gland, which is only 2 to 3 cm below .the

surface, It is limited to the skin and accessible parts of the alimentary

tract, Rabinowitz has rcported clinical uses (47).

B. Camera-Type Devices with Direct Radiographic Recording

‘Of the various particles and rays emitted by radioactive isotopes,
only x rays and y rays have enough penetrating power to reach the surface
of the body from dqep-lying organé. Furthermore, these rays are always
emitted isotropically and they can not be focused or scattered prc_ﬁdictably.
However, satisfa.ctbr;r images' of the deeper organs of the body can be ob-
tained by selective interference, a method‘ of blocking out or absc;rbing all
but a small fraction of the rays with image-procﬁucing collimatofsf The
remaining rays travel on to form an image of the subject on the exit side

of the collimator, Two such collimators are the pinhole collimator, con-

sisting Iusually of a shallow hole in a conical lead shield (Section IIIA) and
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‘the multichannel collimator, consisting of hundreds or;‘thousands of

channels in an absorber plate (Section IIIC), By either means, a y-ray

image of an object located deep within the body can be produced at a

plane on the opposite side of the collimator., If a radiographic film or

other detection means iz located at this plane, an image of the sﬁbject wy
can be'obtained,

This method of producing images has been appligd in the following
ways. Roeritgen in 41896 used a pinhole apérture and é%otographic film
to. obtain an image of the x-ray-emitting anode of onew;)‘f his first tubes,

In 4949 Copeland and Benjamin (24) used a y-ray pinhole camera and
x-ray film to obtain pictures of radium needles. In 1952 the author (2)
used a y-ray pinhole ;:amera, ‘a solid thallium-activat;ad sodium-iodide
intensifying screen, and blue-sensitive photographic film to obtain pic-

tures of a metastatic thyroid lesion in vivo containing a therapeutic quan-
134

tity of I An activity concentration of 14 millq'.cx.trie/cm'2 and 4 hour
exposure were necéssary to obtain detectable blackening of the film.,

In 195i3, Johans.son and Skanse (38) reported the use of 2 multi-
channel collimator, solid sodium iodide crystal, and blue-sensitive film
to obtain in vivo pictures of the thyroid gland and.metastatic lesions, In
1955 Kellershohn and Pellerin (39) used a multichannel collimator, a
mosaic of sodium iodide crystals, and mercury-vapor-sensitized film to
obtain a further increase in sensitivity, In this case, each element of

- N

the crystal mosaic was lined up with a channel in the collimator. Yasuko- -

<« -

chi (58) has reported using a multichannel collimator and radiographic

film to obtain images of phantom sources containing 1125,
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Hewever, none of the above methods of obtaining imapges is censitive
en~ugh for clinical diagnostic use,

illator Mosaic with Image Amnlificr

An obvious method of improving the sensitivity of the methedsn de-

scribed in the previous seclion was to convert the y-ray image into 2

light image by means of a scintillator, and then amplify the light with im-
age intensifiexre.  This was done in 4954 by Mortimer, Anper, and Tobins
4

(3,46), In Tig. 4 o mosnic of 244 sodium iodide crystals, cach centeined in

-

a separate cell in analuminum nolder, is shown in contact with the input

of a Philips single-stage image amplifier. The tube was identical to the

type intended for x-ray image amplification except the x-ray-sensitive

phosphor was ~ai>scnt and the 5-inch photocathode was deposited directly on
the inside of the glass envelope, A pinhole aperture projeéted a y-ray -
image of the subject on the crystal mosaic. When a y ray interacted with
an element of the mosaic, ‘light was produced, which caused clectrons io
be emitted from a small area éf the image-amplifier photocathode, These
o ) :

clectrons were accelerated within the tube and focused by an clectron lens
onto an output phosphor.. The intensified image appearing at the cutput
scrgch was cither viewed directly or recordcd‘o;x photographic film, |

31,
i

With this instrument, an image of a therapeutic quantity of I‘1 n

the stomach of a patient with metastatic thyroid diseasc was observed

: ) .
visually. Movements of the patient’s stomach were readily visible, thus
indicating the value of camera-type instruments for dynamic studies,

However, the sensitivity was still too low for diagnostic use., Because of

ficld emission in the image amplifier, the background was cquivalent to

. . b4 o -

-.
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Early gamma-ray camera employing mosaic of sodium

iodide crystals and image amplifier (46)
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10 #C/sz when photographic recording was used, and ib«:'ca.u::e of the
low gain of the image amplifier, an activity concentfatifm of 200 ;L/qmz
of 1131 was necessary for visual obgervation, Despite the low sensi-
t'ivity, this instrument clcarly demonstrated the potential usefulness of

camera-type imaging devices,

D, The Scintillation Camera: Position-Sensing Multiplier-Phbtotube

Array with Solid Sodium Jodide Crystal

A new approach to a sensitive camera-type instrument was taken by
the autho.r in 1956 (4,5 ). The result is the scintillatio;x camera, which
employs a‘ solid sodium iodide scintillation c;'ﬁrstal viewed by an array of
mﬁltiplier phototubes, as shown in Fig. 2, A computing circuit, used in
combination with the phototube array, senses the éosition of scintillations'
in the crystal and sends signal'l\s to an imlage-_readout oscilloscope that re-
produces the scintillations as p\qint flashes of light. A time exposure of
the oscilloscope screen is taken\with a Polaroid camera,’ and an image of
the active areas of the subject results. Pinhole and multichannel collima-

l
tors are used to image y-ray emitters, and coincidence collimation of

annihilation radiation is used for posit"ron emitters,

The signals from the phototubes are summed and pulse-height selec-
tion is employed to eliminate scintillations not falling within the photopeak
of the y-ray spectrum, thus fedu‘cing background by the same method as
used in conventional radioisotope scanners. Excellent pulse-height res-
olution results from the efficignt collection of ligh.t. from the sodium iodide
crystal.‘

By the use of a solid homogeneous scintillator rather than a mosaic,

the images have no distracting patterns superimposed, When a scintillation
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Fig, 2. Early scintillation camera with 4-inch-diameter solid
sodium iodide crystal and seven multiplier phototubes (4, 5).
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occurs at an intermediats point between phototubes, ité position iz still
accurately deter.mined because of the proportionate divicion of light
among the tubes, The accuracy of determining the position of écintiila-
tions in recent cameras allows about 1000 picture elements to be re-
solved in the crystal at medium y-ray energics,

By the use of the phototube array, many of the limitations of image
amplifiers are avoided, High gain is rc;xdily obtained,’l tube background
is negligible, and there is convenient remote reprodu;:tio'n of the images,
Coincidence and dot;shifting techniques arc easily us_‘c;d in conjunction

.

with positron emitters, as discussed in Section IV, Also, there is no

"~ practical limit to the size of the camera except for limitations in the man-

ufacture of the sodium iodide erystal. Early modcls used crystals as
éfnall‘ as 4 inches in diamecter, Recent‘:.médels, including one that is com-
mercially availa.ble,.* employ 41-inch-diameter crystals vieweci by an ar-
ray of 19 multiplier phototubes (8, 9 ). Still larger cameras will be built
in the future, |
The useful y-ray-energy range of scintillation cameras is about

0.07 to 0.7 MeV, The upper limit is set By ‘the inhgrent difficulties §f
collimat.ing and detecting high-energy vy ray;;. The lower limit is a result
of statistical phevi.uof‘nena discussed in Section II C2.

| With the 41-jnch c.ameras, pictures of nearly all organs of the body
can be taken in about 1/40 the time required by conventional radioisotope
sca_nne.rs'. Brain tumor picturés have been taken in 10 seconds, and stop-
motion pictures have been taken of isotopea.going.through the heart at the

rate of one picture per second {14 ).

Nuclear-Chicggo Corporation, 333 Howard Avenue, Des Plaines, Illinois,

.
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The design and performance of a scintillation carﬁera cmploying a
4-3/4-inch-diameter sodium iodide crystal, 7 phototubes, and a dircct-
view storagec cathode-ray tube have been described by Mallard and Myers
(43). Thc storage tube used for diaplay of the image allows each scintil-
lation to be shown as a persistent point of light, rather than a momentary
' flash. As more dots appear and merge into each other, a halff-tonc picture
of the subject builds up on the screen. This can be obgserved as it occurs,

. [ . .
and the exposure can be stopped when a satisfactory picture is obtained,

int

Furthermore, the brightness and background cutoff lé%el can easily be
varied to suit the particular subject, The screen is pl;iotographed at any
time to obtain a permanent record. "

~ Additional information on scintillation car_neras; is given in Section

II.

E. Autofluoroscope

In 1962, Bender and Blau (16 17) reported construction of a y-ray
imagin‘g insvtrun"lent called the autofluoroscope. It employed a mosaic of
297 sodium iodide crystals, each 3/8 inch in diameter by 2 inches long,
viéwed by a position-sensing multiplier phototube array. The electronic
circuit and image readout system was the same as that employed for the
scintillation camera and described in Section II A4, Collimation was
achieved with a multic;hannel collimator having 297 tapered holes, one .
corresponding to each mosaic element., Television contrast enhancement
was used in the display of the final image ( 18).

The purpose of the thick mosaic scizitilla.tof was to obtain high de-
tection efficiency for medium- and high-cnergy y rays. While this was

doubtless obtained, the sensitivity of radioisotope cameras depends as much

on tho officiency of tho collimator as on tho efficiency of the scintillator.

-
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Calculations indicate the collimator used with the autofluoroscope was
relatively incfficient comp.ared to other multichannel collimators. The
nct éensitivity, in terms of the number of y rays detected per minute per
microcurie of activity in the subject, was not reported, )

With this instrﬁment pictures of brain tumors and ii've'r turhors were
rﬂade with 1/5 to 1/10’the exposure times usually required with a conventional
scanner. Also dynamic studies were mz;de of Ii?’i hiz.)puran'going through

a kidney and Ba137

™ going through the heat (18). ?\'!

' Except for the above examples, very few pictures taken with this
instrument have been published, and no comprehénsive comparative studies
have been reported,

The same’ autho'rs have recently described a new rank-and-file coin-
cidence _m'ethod for determining which crystal in a mosaic detects a y ray,

and a system of recording the counts from each mosaic element in digital

form in a magnetic core memory system (418, 19).

F. Image-Converter y-Ray Camera

t
In 1963 Ter-Pogossian et al. (51) reported the instrument shown in

_ F1g 3 which was designed for use with low-energy y-ray emitters, It
employed an 8-inch-diameter image-amplifier tube. originally designed

fof use as an'x-ray image intensifier., This type of tube has_. a thin X-ray-
sensitive f)hosphor inside a glass envelopé. When an x ray interacts with
the phosphor, light is emitted which in turn causes electrons to be emitted -
frdm a photocathode depc:lxsitéd oﬁ the phosphor, Tohesé electrons are

accelerated and focused' by an electron lens onto an output screen. Each

x ray that interacts with the input phosphor produces several thousand
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light photons at the output scrcen. The amplified ﬂa.she;s"‘: appearing at
the output are recorded on fast Polaroid film. h

This instr'ument was first used with the 27-keV x rays from 1125.
A multichannel collimator was empldycd to project an image of the
subject on the input phbsphor. Approximately ‘26% of the x rays that im-
pinged on the glass enﬁ'elope interacted with the input phosphor and pro-
duced a visible dot in the image. | Pictur_eb of phantomgi containing as little

: 5
125

it
were taken in 3 minutes. However, the first instrument

[

as 25 pC of I
was not applied clinically, because in ifs existing for;;*x, the large diam- -
eter of the image amplifier did not allow getting the insgrument close
enough to the thyroid gland of a patient, Also the input phosphor was lo‘-,
cated an. ai)pre'ciable distance inside the glass envelope of the irﬁage am-"l
plifier tube, thus\ reducing the resolution of the x-ray image obtained |
fr'om the multichannel collimator. |

With specially constructed image-~intensifier tubes, this typé ofv
instrument should provide good results with low-energy emitters, It has
the advan‘tag'e's of simplicity and good detectiqn efficie;'xcy for x rays and
low-energy y rays, and it promises good resolution when modified image
amplifier tubes are available.‘-\

Its disadvantages include\low detection efficiency for medium-energy

y rays, and a lack of pulse-height selection to reduce background from

. scattered rays. Furthermore, x-ray emitters aﬁd'low-energy y-ray

emitters have inherent disadvantages for imaging deep-lying organsv.
More Compton scattering occurs in tissue at these energies and fewer of

the scattered i'ays can be removed by pulse-height selection even if it is
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provided (49) (see Section II D2), The net effect is a higimer background
of scattercd dots in the images,

A similar instrument was reported by Keilershohn and Pellerin (40) "
in 1955, However, low-enecrgy y-ray emitters were not in use at that

time and image ami)lifiers had higher backgrounds, so satisfactory sen-

sitivity for clinical purposes was not obtained.

G. .Array of y-Ray Counters

In 4955, Fucks and Knipping (27) reported construéting an instru-
ment called the Gamma-Retina. It employcd a fixed array of 39 Geiger-
Miller counters and a collimator consisting of a lead plate with 39 holes,
one corresponding t.o each counter. Whenéver a y ray was detected by a
counter, a flash appcared in an array of glow lamps at a point corre-
spondfng to the position of the counter in the array. The flashes were
pho;tographed with a motion picture camera to record the movement of
tracer compounds. In 1964, an improved model was described that em-
ployed 100 s'cintillation counters in a 17X 17-cm array (28). An intensity-
“modulated cathode-ray oscilloscope was used to display the detected Yy rays,
This instrument was built primarily to study heart function and to detect
hvea\Art shunts in vivo by means of isotope angiocardiography. For pre-

liminary studies with large dogs, 50 mC of 7-day Lu”'7

were injected
and pictures were taken at a rate that showed the isotope traveling through

the chambc_ra of the heart,

Gross et al, (35) in 4964 reported construction of a similar instru-

L

ment built primarily for kinetic studies of tracer compounds in the brain,

This instrument einployed two 6X8-inch arrays of 63 scintillation

i
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counters each. A small focused collimator was provided for each countér, The
counts from each counter were storedina magneticcore memory system. Numer-
ical readoutwas by _x;neans of punched tape or typewriter, andimages with any
degrec' of background erase could be displayéd on an osc‘illoscope.

Although simple in concept, these instruments are complex in con-

. struction and maintenance, and their resolution is limited to the center-

to-center distance between counters in the array.

H. Spark-Chamber y-Ray Camera

In 1964, Kellershohn et al. (41) reported development of a new ahd
very simple low-energy .y-ray camera employing a spark chamber as the
image detector, The 8-inch-diameter chamber is filled with argon or
xenon gas, and a potentidl of several kilovolts is maintained between a
disc-shaped cathode and two grids. When‘x rays or y rays produce re-
coil electrons in the gas between cathode and fir.st grid, the potential dif-
ference causes additional free electrons and ions to be i:roduced by colli-
sions until an avalanche follows. The charged particles travel to the
second part ‘of the chamber, where they form the path for a visible spark.
The sparks are photographed through a glass end of the chamber by an
optical camera,

At the time of reporting, the detection efficiency of the spark cham-

ber for the = 30 keV x rays from I125

was 4% . Kellershohn states that
higher efficiencies can probably be obtained in the near future,

I. Solid-State Devices

‘A new method of detecting y rays has been under development during
the past few years, namely by means of solid-state semiconductor detec~

tors (Chapter ). A mosaic of such detectors connected to a suitable
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Image readout device and used with conventional pinholetor multichannel
collimaters offers an alternative method of producing a y-ray camera.

At present:the: gfoss detection efficiency of the largest available
germanium solid-state detectors is limited to about 30% for 0,3-MeV vy
rays, and the phctopeak detection efficiency is about 5% for the same
v rays ( 50). The low detection efficiency compared with sodium iod‘idc
sc;lntillators results because they are made from low-atomic-number
mat'erial, and their sensitive volume is less than 4 cm thi.ck.

So}id-staté detectors offer the potential advantage of much better
pulse-height resolution than scintillation détectors, and thus more scat-
tered y rays could be rejected if these detectors could be employed.
Mosaics with 100 or mote elements are presently very expensive. Also,
for best pﬁlse-height resolution they must be operated at liquid nitrogen

temperatures., Practical cameras using these detectors have yet to be

developed.

<
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II. DETAILED DESCRIPTION OF SCINTILLATION. CAMERA

A. Principle of Operation

The principlé of operation of the phototube ~arxay- scintillation
camera vis illustrated in the xaf‘;i._'wing of the early model shown in Fig, 2.
It employed a 4-inch-diameter };y 1/4-inch-thick sodium iodide crystal
viewed by seven 1.5-inch-diameter multiplier p}‘lotbtubes. The photo-
tubes were arranged in a hexagonal\array with six of the tubes at the
points of a hexagon and the seventh at’the center, The central plane of
the crystal was about 1 inch from the photocathodes, thus éllowing light
.from each scintillation to divide among the tubes. |

The circuit for computing the location of scintillatidris and displaying
-,them on the image-readout oscilloscope is shown in Fig. 4. Pulse signals
‘from the phototubes are fed through small capacitors to fouf output leads

* and Y leads. The amount of signal transferred

called the X, X, Y
to eachoutput lead is proportiona.l to the capacitance value in picofarads
given in the idiagram., For instance, phototube No.41 has a 30-pf capac-
itance to the X+ lead, 410 pfto the X  lead, 40 pf to the Y+ lead, and
zero capacitance to the Y  lead. The-refore this phototube transfers most
of its signal to fhe :X+ and Y' leads. Tube No. 7 in the center of the ar.-
ray has 20 pf to each lead, and therefore sends equal signals to the foﬁr
leads.

Suppose a scintillation occurs directly unde.r phototube No, 2. The

light is emitted isotropically. Most of it is collected by phototube No. 2

because this tube is closest and subtends a large solid angle. Smaller
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Block diagram showing principle of operation of scintil-
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amounts are collected by tubes Nos, 4, 3, and 7, and a:taill smaller
amounts by tubes Nos, 4, 5, and 6. A large xt signal is generated by
this sciﬁtillation because tube No. 2 is connected by a iarge capacitance
to'fhe X" lead. A small X~ signal is generated, and .moderate but equal
Y' and Y~ signals are generated.

‘These four signals are applied to analog computer elements and three
new signals reproduced that indicate the position and bri.ghtngss of the scin-
tillation. Signals approximately proportionali to the X and Y coordinates

of the scintillation are obtained as follows:

X x* - X,

N G

The origin of the coordinate system is located at the center of the crystal.
These equations assume that all scintillations are of equal brightness, For
reason;a given below .the only scintillations displayed on the readout oscil-
loscope are equal in brightness (i. e., photopeak scintillations) so the
asove condit?.on is met. The X and Y signals are applied directly to the
X and Y inputs of the image-readout o_scillbscope. |

A third signal which is proportional only to the brightness of the scin-
tillation without regard to its location in thé'crystal is called the Z signal,

It is obtained as follows:

z=xt+x +¥t+ v,
This signal is applied to the input of a single-channel pulse-height selector.
The window of the pulse-height selector is adjusted to accept only the photo-
peak of the y-ray spectrum, Most scattered y rays and many due to nat~

‘ural background are eliminated because they do not meet the pulse-height

reguirement.
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To return .to the description of what happens wheﬂp‘r‘a scintillation
occurs under tube - No., 2: when the X+,_ X;, Y+, and Y' signals are
applied to the difference circuits, the X circuit puts out a large positive
signal because the amplitude of the x* signal is large, and the Y circuit
puts out a signal of zero amplitude because the vt and Y- signals are
equal,

Normally, the beam of the image-readout oscilloscope is directed
to the center of the screen and is cut off by a negative,‘: voltage on the con-
trol grid of the cathode-ray tui:e. When the X and Y signals are ap-
plied, the beam is deflected to a point on the right-hand side of the screen
for a period of 1 microsecond. At the same time, the xt %7, Y+, and
Y~ signals have been summed in the addition circuit and the resulting Z
signal applliedv to the input of the pulse-height selector. If the Z signal
ha:; the prescribed amplitude, the pulse-height selector produces an output
pulse that turns on the beam of the image-readout oscilloscope for 0.5 |
microsecond. The scintillation is reproduced as a point flash of light on
the right-hahd side of the oscilloscope screen,

Therefore, the cathode-ray tube presents a continuous readout of
f)hotOpea.k scintillations occurring in the crystal, The flashes are pho-
tographed over a périod of time with an opficé,l scope camera, and the re-
sulting picture shows the distribution of activity in the subject.. Exposure
times last from a second to a few minutes or more, and usually 1, 000 to
100,000 or more dots are recorded on each picture,

Although only seven phototubes are used in this model of the scintil-
lation camera, hundreds of picture elements can be resolved, because the

scintillations are reproduced in approximately correct locations even when
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they occur at points intermediate between the phototubéb; How accurately
the position of the flashes on the readout oscilloscope corresponds to the
orAiginal scintillations can easily b.er demonst'rate‘d by te"slt pictures,
Examples are shown for a larger instrument in Section IIC.

In the early scintillation cameras, a pinhole collimator was usually
used to project'a y-ray image of the subject énto the crystal, ApertuArt_es
from 1/8 to 5/46 inch in diameter were employed. - ix:}';clinical practice
these small instruments were used mostly fbr Qisualigation of the human
thyroid gland with 1°3%,

They were also used to show the distribution of y-ray-emit;ting iso-
topes in small animals, The first "isotope motion pictures' showing.
the m'ovex_nent of a tracer compbund in vivo were tlaken in 1958. A series
of still pictures from this fiim is shown in Fig. 5. They show SO pnC of
1131 Rose Bengal being taken up by the liver and excreted into the duode-

num of a rat. Pictures were taken at the rate of one frame per minute,

B. Scintillation Camera with Large-Diaméter Crystal
With the availability of large sodium-iodide crystals, large scintil-
lation cameras were constructed (8, 9,14). The thic.ker, crystal and an in-

creased number of phototubes yield instruments with- hiéher sensitivity

and improved overall resolution. An outline drawing of the y-ray-

detecting head of a camera employing an 11.5-inch-diameter crystal'is
shown in Fig. 6. The scintillator is viewed by a hexagonal array of nine-
teen 3—inch-diame§er multiplié\r. phototubes. The phototubes are spaced
about 4.5 ipches from the centra\il plane of the scintillator and are optically

coupled to the phototubes by means of a Lucite llight pipe or a mineral-oil

\

\
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ZN-4774

Fig. 5. "Isotope movies'" showing 50 pC of 1131 rose bengal taken
up and excreted from liver of rat, Pictures were taken at 1

frame per minute, Scintillation camera and pinhole collima-
tion were used,
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X'+

. Output signals

Lead shield

Capacitor network
A

Hexagonal array
of 19 phototubes

Light deflector
Optical light-guide

Sodium iodide crystal

Glass window of
crystal housing

Multichannel collimator

MUB-2285

Fig, '6.. Image detector of scintillation camera employing 14,5-inch-
d1am.ete:r by 0.5-inch-thick solid sodium iodide crystal and 19
multiplier phototubes, Multichannel collimator is shown,
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bath to maintain a high-refractive-index path between tbe crystal and the
phototubes. The crystal is rough on all sides to reduce I;iping of the light
to the‘ edges of the crystal by repeated internal reflection, It is contained
in a hermetically sealed can with a glass window and aluminum oxide re-
flector. A light deflector adjacent to the phototubes, shown in cross _
section in Fig. 6, reflects iight that would normally fall between the tubes,
This important component has been found empirically to improve the res-
olutmn and linearity of the pictures, The combinatioh of elements in-
cluding the scmullator crystal multiplier -phototube array, optical cou-
pler, and the capacitor network is called an image deFector.

A block diagram of the electronic circuit is shown in Fig, 7. The
extra components used for coincidence collimation of annihilation radiation
from positron emitters are é‘lso shown, The basgic principle of operation
of this large camera is the sam\e as for the small camera descnbed in
Section IIA, The capacitor netv;ork is more comphcated because of the
larger number of phototubes employed. Details are given in another pub-
lication (9 ). \ |
Recently the difference circuité_havé been replaced with ratio cir-

cuits that perform the function

- X -X _Y -Y
X= 2= and Y= .

With these circuits, the positions of flashes on the image-readout oscil-
loscope are independent of the brightness of the scintillation, Therefore,
wide pulse-height-selector windows can be used without the slight loss of
position resolution that occurred at the edges of the pictures when dif~

ference circuits were used.
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Fig. 7. Block diagram of y-ray and positron scintillation camera
employing image detector shown in Fig, 6, '
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The y-ray-energy selector shown at the top of Fig. 7is a2 variable
attenuator that p.ermits setting the scintillation camera to an isotope of
given y-ray energy while the voltages on the phototubes are kept constant.
The method of adjusting the phototube voltages so that all have equal gain
is described in another publication (9 ). It is easily accomplished with a
collimated y-ray source and the Z-pulse monitor oscilloscope described in
the next paragraphs. |

The Z-pulse monitor oscilloscope, shown at upper right of Fig. 7,
gives the operator a means of quickly adjusting the pulse-height-selector
window to the photopeak of the isotope I;eing used, The width of both the
window and the photopeak, and their relation to each other; can be ob-
served visually. In this type of display, the width of the photopeak is
represented by the vertical width of the bright line shown in Fig, 8A. The
window is represented by the small superimposed dark area shown in Fig.
8B. The vertical width of the dark .area is proportional to the width of the
window. A properly adjusted window is shown in Fig. 8{3. This type of
display is especially valuable when double isotope studies are performed,
because the two photopeaks produce two bright lines and £he window can be
adjusteé to coincidg with either one of them very quickly, Unsymmetrical
adjustments can also be easily made when necessary in double isctope
studies, or in cases wh;are it is desirable to reduce acceptance of scattered
y rays to a minimum (49).

‘The pulse-height resolution obtained with the image detector de-
scribed here is equal to that of a good scintillation counter. This is due
to the efficient light collection from the solid crystal and the direct coupling

to the phototubes., The full width of the photopeak at half maximum is
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(b)

(c)

ZN-4783

Fig, 8, Display seen in Z-pulse monitor scope, (A) Narrow white
line at top is photopeak of Ga 8, (B) Window of pulse-height
selector is centered on photopeak line but window is too narrow
to accept full photopeak, (C) Window width and height in proper
adjustment,
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137 and 13.8% for Hg203 when the entire scintillator

typically 8.7% for Cs
is irradiated with y rays. Good pulse-height resolution has the important
advantage that & narrc;w pulse-height-selector window can be used, pro-

viding maximum rejection of y rays scattered by the subject and collima-

tor, Maximum reduction of background due to cosmic rays and stray

radioactivity is also obtained.

C. Factors Affecting Resolution and Sensitivity

The overall sensitivity of the scintillation camera is determined by
two factors, namely the geometric efficiency of the collimator and the photo-
peak detection efficiency of the scintillatof. The former is defined as the
fraction of y rays emitted from the subject that pass through the collimater,
and the latter is defi'ned as the fraction of y rays impinging on the crystal that
produce photopeak scintillations., Both factors are subject to approximate
mathematical analysis,

The overall resolution is determined by three factors, the inherent res-
olution of the y-ray image produced by collimators, the translation of this
y-ray'imagei.into a light image by the scintillator, anci the accuracy of
reproduction of the image in. the scintillator on the image-readout oscillo-
scope. \
The resolution and efficikexicy of y-ray collimators is considered
mathematically in Section III, The resolution and efficiency of positron
coincidence collimation is considered in Section‘;v; The inherent posi-
tion resolution obtainable from solid sodium iodide crystals, and the ac-
curacy of reproduction of the im.agé\' on the readout oscilloscoi:e, are
considered in the remainder of this éection. In other types of imaging
systems, additional factors may be important, such as the resolution of

image amplifiers, the size of mosaic elements, etc., but these factors
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1. Inherent Detection Efficiency and Position Resolution of Sodium Jodide

Scintillators

In the normal operation of the scintillation camera, each photopeak

“event that occurs in the image detector crystal is recorded as a visible

dot on the picture.. Photopeak events can result either from simple photo-
electric interactions between‘”.the y ray and the crystal or from multiple
Compton-photoelectric interacti\éns. The resolution of the image is de-
creased by the multiple interac;\ions for reasons outlined below., Monte

Carlo calculations have been performed to determine the image-resolution

loss and the theoretical photopeak detection efficiency in sodium iodide as

\

 a function of y-ray energy and scintillator thickness (10). Before the re-

sults of the calculation are presented, a detailed description is given of

the types of interactions that occur,

Primary photoelectric interactions, In this kind of event, the orig-
inal y ray disappears and a photoelectron absorbs all of its energy. Light
is emitted along the path of the electron, but its path length is very short,
For instance, the range ofé, 0. 36 -MeV photoelectron in sodium iodide is
0.25 mm (48). In the image-resqlutior‘x calculations all the light is as-
suméd to come 'frox.ﬁ the point where the interaction occurred. At low

y-ray energies, primary photoelectric interactions are the main contrib-

utors to the photopeak in sodium iodide..

One or more Comptdn interactions followed by escape of a secondary

y ray from the scintillator. In this kind of event, part of the energy of the

original y ray is transferred to a Compton electron, and the remaining

energy is carried away by a secondary y ray, If the secondary vy ray
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escapes the scintillator, the interaction does not contribute to the photo-
peak of the pulse-height spectrum, because the Compton electron produces
a relatively weak scintillation, The effect of these events on the photopealc
detection efficiency and image resolution is not considered in the calcu-
lations because it was assumed they are rejected by the pulse-height
selector. |

One or more Compton interactions within the scintillator followed

by photoelectric interaction of a secondary photon, These events contrib-

ute to the photopeak, since all the energy of the orginal y ray is absorbed
in the scintillator. The scintillation from the first Com;:ton electron is
correctly positioned on the path of the primary y ray, but the secondary
scintillations are located a distance away.  The computing circuit of the
scintillation camera places a single flash on the oscilloscope at a point
cor'fesponding to the center of luminous intensity of the scintillations. The
probability of this kind of event as a function of the perpendicular distance
from the primary y ray to the center of intensity was calculated. These
multiple Corinpton-photoelectric events are the main contribut;ors to the
photopeak at the higher y-ray energies,

The gross,det;action efficiencies as a function of y-ray energy for
1/8-inch- to Z-inch;thi-ck crystals of sodium iodide, as determined by
axialytic calculaf:ion, are shown in Fig., 9. The gross detection efficiency
ié the probability of producing a scintiliatibn of any kind, either Compton
or photoeleétric. The photopeak detection efficiency for the same crystals,
as determined by the Monte Carlo calculation are shown in Fig, 10.. For
a 1/2-inch-thick crystal, typical photopeak detection efficiencies are 90%
for 0, 15-MeV, 44% for O.ZS-MeV,. 29% for 0.36-MeV, and 17% for 0. 54-MeV

v raya. '
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Fig, 9. Calculated gross (Compton + photoelectric) detection efficiency
for sodium iodide as a function of y-ray energy and crystal thick-

ness,

Gross detection efficiency is defined as the fraction of y rays

striking the crystal that produce either Compton or photoelectric

scintillations (10),
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Fig, 10, Calculated photopeak detection efficiency for sodium iodide,
Photopeak detection efficiency is defined as the fraction of y rays
striking the crystal that produce either a direct photoelectric
interaction or a multiple Compton-photoelectric interaction (10),
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The theoretical loss of image resolution due to mﬁlfiple Compton-
photoelectfic events in the scintillator is shown in Fig. 14. The numbers
of primary photoelectric events are shown in the shaded columns, and the
remaining portions of the curves show the numbér qf Compton-photoelectric
events as a function éf ;, where ; is the perpendicular distance from the
primary vy ray to the center of int‘ensity of the light produced. All curves
are normalized to equal counting efficiency, since their purpose is to show
only the image resolution. For a 1/2-inch-thick cryg}al, T is within the
interval 0 to 0.4 inch for more than 90% of the photc;ﬁeak events at the
three y-ray energies 0,28 MeV, 0.36 MeV, and 0.66 MeV. ¥or a 2-inch-
thick crystal, a considerable number are outside this i:%xterval, particularly
at the higher energies.

Conclusions reached from f‘igs. 10 and 11 are tﬁat good position res-

olution can be obtained from 41/2-inch-thick crystals at all y-ray energies,

‘but high detection efficiency can be obtained bnly at the lower energies.

For thick crystals, high detection efficiency can be obtained at high ener-
gies, but thei position resolution is appreciably reduced by multiéle scat-
tering,

The results of these calculations are applicable to mosaics of sodium
iodide crystals when no v-ray shielding is employed between elements.
When shielding is employed, many of the photopea.k events will be reduced
to ordinary Compton events as far aé light 6utput is concerned. If anti-
coincidence circuitry is employed to reject Compton-photoelectric events
that produce scintillations in two different elements of the mosaic, the ef-

fective detection efficiency will be reduced by elimination of these events.
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Fig, 44, Calculated loss of position resolution in sodium iodide
due to multiple Compton-photoelectric interactions, The
curves show the relative number of events occurring within
intervals of r, where r is the distance from the incident
vy ray to the center of intensity of the light produced,
Curves for 0,5-1-, and 2-inch-thick crystals at three y-ray
energies are shown (10), ‘
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Furthermore the smaller the area of the mosaic elementé, the lower the
effective detection efficiency will become,

lThe photopeak detection efficiency has been measured experimen—
tally for a solid 0.46-inch-thick by 11.5-inch-diameter sodium iocdide

crystal by counting calibrated sources of Ce1_39, Hg203, I131, Ge68, and

137 at known geometry. . The pulse-height selector was set to accept

Cs
nearly all the photopeak as shown in Fig. 8C. The results, together with
calculated efficiencies for a 0,46-inch-thick crystal, ére shown in Table 1.
The actual counting efﬁc':iency is somewhat less than the calculated effi-

. ciency, prob?.bly because photopeak pulses at the upper and lower limits
of amplitude Were not accepted by the pulse-height selector window., A
small loss was also caused by escape éf recoil electrons from the surface

of the scintillator..

2. Accuracy of Reproduction of the Scintillator Image on the Readout

A
A

Oscilloscope

Mallard and Myers (43 ) have calculated the t'heo'retical light collec-
tic;n of a sex;en-phototube array and showed that a nearly linear relation-
ship exists between the position of each scintillation and the X and Y
- coordinate signals obtained fron the difference circuits, However, the
calculations were based on a simplified model, because it is difficult to
take into account the effect of light reflections from the diffuse white sur-
faces that surround the crystal and the phototubes and the effect of mul-
tiple internal reﬂection.s in the high-refractive-index crystal.

No method has yet been described to accurately calculate the opti-
muﬁ pa.ra.rheters of the image detector, These parameters include the

distance between phototubes and crystal, the shape of the light deflector,
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Table I, Calculated and measured photopeak detection
efficiency for 0,46-inch-thick sodium iodide.

Isotope y-Ray energy Calculated photopeak  Measured photopeak
detection efficiency detection efficicncg;_

cet3? 0.166 MeV 89% 75%

1g%03 0.28 . 39% i 347,

131 0.36 26% , 2%

Ga®® 0.51 15% T

C313.7 |

0.66 ' 10.4% . 10%
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the surface treatment of the crystal, etc. The methods used to develep
the present imaﬂc detcctors were empirical . '

The accuraCy wxﬁh which phototube- mrray cameras can determine $ace

position of peintillations in the crystals is limited by the stadsncs of clec-

tron production in thc phototubca. The loss of ieaolution {from this cauce
s inversely p*opor..io'xal to the square root of thc b*ightnecs of the ccin-
ti._lm.on. This is the reason that the phototubc-arr'ay ccintillation camera

. . : P N od
cannot be used for very-low-energy y rays. A 27-keV y ray from I~ 225

for instance, rélcs.;.zes only about 27 electrons from all‘ the photocathodes

of the phototutes combined, When f:hie gemall number of electrons is dividad
among.thc nearby phototukes, large statistical variations recult, and
pocitioning accura;:y is poor,

L

Because of the foregoing limitation, and because of the problems of
collimating high-energy y rays, the useful ene"gy range of the ccintillation
~camera ia considered to be from about ,07 to 0.4 MeV, althouch lower-cneroy
' v rays can be used with come loas of resolution, and also Y rays up to 0.7 MeV

aa be used at relatively low efficiency. Speclally designed tungcien alioy
collimators improved the efficiency at high energles, |

A test picture showing the irnherent reeolution obizined at 0.36 McV

with the 19-phototube image detector is shown in Fig., 42A. An array of

[aN

tungsten bars was placed 0.5 inch from the image detector, The size an
spacing of the bars is ahown. in Fig. 42B. A point zource o‘ 0.36-MeV v
TaYs wWas 19cated a few distant on the axis of the detector, Near the

gcs‘:cr of the picture, the 7/32-inch bars are clc,axly resolved and the 3/46-

i-zch bars are ba.v'cij' resolved., The 1/4 iz‘ch bars are also resolved in

the more difficult area at the cdgc of the plcture. 'Sincc the vecelful aren of
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ZN-4776

Fig, 12, (A) Gamma-ray shadow picture of absorber bar pattern,
demonstrating inherent resolution of 19-phototube image de-
tector with 14,5-inch-diameter by 0,5-inch-thick scintillator,
(B) Width of bars is equal to space between them, shown on
diagram in inches,



-39. UCRL-14978
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the image detector is 9 to 10 inches in diameter, 1/4-inwcdh resolution
cor.‘responds to more than },000 picture elements, Further teéts show
that the 1/4-inch bars can.still be resolved in the central area at 0.416
MeV,

The linearity on image reprédu;:tion achieved with the 19-tub.e}image
detector is shown qualitatively ix.u Fig. 413, These pictures were made by
placing a ra&ioaétive "line source"i at various positié;}? under the camera
and making multiple exposu.res. The line source conéi;sted of a straight
‘metal tube 12 inches long and 1/4 inch in diametef ﬁg?d with a solution of
positron-emitting Ge68‘-Ga.68. Positron cqinci;ience ;;:::llimation was usedl
and the source was 1 inch ffom thé image detector houf{sing in Fig. 13A
and 3 inches away'in Fig, 13B. The source was placed Iat 2-inch intervals
to obtain the picture shown in Fig, 13B. |

The piétureg show that good linearity is achievéd within an area 9 to
10 inches in diameter: OQOutside this ;rea the scintillations are reproduced
close together in an effect called "edge-packing.'" This effect is caused
by the finite' extent of the phototube array and reflection of light at the

edges of the crystal,

D. Factors Affecting Background

In radioisotope cameras and scanners, background dots are caused
by (a) cosmic rays, (b) radioactive materials and X-ray equipmentv in the
vicinity of the instrument, (c) radioactivity in the internal parts of the
detector, (d) y rays from the patient that pass through the detector shielding

and the walls of the collimator, and (e) scattering of y rays in the subject.

-
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ZN-4778

Fig, 13, Test patterns showing linearity and resolution of 14,5-inch
scintillator camera using line sources and positron coincidence
collimation,
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i. Stray Radiation

Causes (a), (b), and (d) above are of course min%mized by édequate
detector shielding and by the use of pulse-height selection. When tunedto
0.28-MeV y rays, the scintillation camera described in Section IIB has a
background of about 200 dots per minute under normal conditions. Mas-
sive shielding cannot reduce fhe background. much below this value, be-
cause presently available phototubes contain radioactive substances’

§
Y

(K40 and radium) in the glass and other parts. Also ;é'»éme cosmic rays -

pass through any practical amount of shielding.

2. Scattered vy Rays and their Rejection by Pulse-Height Selection

When the image detector is well shielded and thg amount of radio-
active material administered to the patient is adequate, the main cause of
background dots is Compton scattering of the y rays m surrounding tissue,
When scattering occurs, any resulting dot in the pictu;e is located at a
position correspondin‘g to the point of scattering, ratht;r than to the point
of origin of the primary y ray, Medium-energy y rays average 2 to 3
inches travel in soft tissue before being scattered, Therefore, y-ray
scatterin.g in soft tissue produces a diffuse 2- to 3-inch-wide halo of dots
around the active parts of the subject,

Compton sca'ttering occurs in roentgenography, but in this case most

of the secondary radiation is absorbed by slit filters aligned parallel to the

primary x-ray beam (Potter-Bucky filter).b Also the number of scattered

X rays is minimized by limiting the width of the x-ray beam to the area to

be imaged. However, these techniques can not be used when imaging the
distribution of y-ray-emitting isotopes, The only useful meéthod for elim-

inating some of these scattered y rays is pulse-height selection--determining
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the energy of the detécted y ray and allowing it to be sl}féwn on the picture‘
only if it has the same energy as the original y rays of the particular
isotope Being used. This technique has been used in radioisotope scanners
for many years ( 1).

However, not all scattered y rays can be eliminated by pulse-height
selection, becailse when a y ray is scattered through a very small angle,
the energy of the secondary y ray is nearly equal to the original. The
pulse-height-selector window must have a {inite width_?in order to accept
most of the photopeak, so an appreciable change in energy must occur to
cause rejection of the secondary y rays.

The situation is worse at low y-ray energies because the secopdary
v iayé retain more of the original energy, and at the same time a wider
pulse-height selector window must be used because the pulse-height res-
olution of scintillation detectors decreases at low energies. Also, more
Compton s'cattering occurs at lower energies,

The energy retained by Compton-scattered y rays can be easily
calculated ('25). Also, the angular distribution of the secondary y rays
can be determined from the Klein-Nishina formulas (23). Because mul-
tiple scattering oc-c.urs, an accurate calculation of the fraction of scattered
Y rayé remox‘red by .pulse-height selection at different 'primary y-ray ener-
gies requires complex calculations such as Monte Carlo methods. However,
a rough indication of the fractlon of scattered Y rays removed by pulse-
height selection can be obta1ne\i from single-hit calculations, the results
of which are shown in Fig. 44, ‘These calculations assume a radioactive

source 3 inches below the surface of soft tissue and a pulse-height-selector
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Fig. 14. Fraction of y rays from source 3 inches below tissue surface
that (A) escape unscattered and unabsorbed, (B) escape but have
been Compton scattered, (C) are absorbed and do not escape the
surface of the tissue, and (D) are Compton scattered but not re-
moved by pulse-height selector as described in text,



-44- UCRL-14978

window whose lower edge is set according to the pulse-height resolution
expected at various energiés. It was 9% undex; the primary y-ray énergy
at 0,66 MeV and 20% under at 0. 10 MeV, Intermediate values were based V
on as sumptmn of a linear relationship between the lower edge and (1/15‘.)1/2
where E is the primary energy of the y ray.

Reference to the curves in Flg, 14 shows that at 0.36 MeV, 43% of
the y rays escape the subject without scattering or absorption (curve A)
and 57% are Compton-scattered (curve B), All the la‘";:ter_ will be shown on
the picture if pulse-height selection is not gsed. 1f fnulse-height selection
is used, only 6% of the or1gma1 y rays will be Compton -scattered and shown
on the picture (curve D), None of the y rays is totally absorbed in the sub-
ject at thi‘s energy (curve C).

Thus, the usefulness of pulse-height selection at this medium y-ray
energy is apparent, because there is a factor-of-10 reduction in scattered
y-ray background. At lower energies, pulse-height selection is of less
value, as the curves show, More scattering occurs, and pulse-height
selection is'less able to remove it, However, if multiple scattering were

taken into account in the calculations, more:improvement would be shown

at the lower energiés.
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II. IMAGE-PRODUCING COLLIMATORS

FOR USE WITH GAMMA-RAY EMITTERS

Three diffefent methods of collimation can be used to project images
of radioactive subjects onto a scintillator, They aré pinhole collimation
and multichannel collimation for y-ray emitters, and coinciden;:e colli-
mation of annihilation radiation for positron emitters. The first twomethods

are discussed in this section and the third is discussed in Section IV,

A. Pinhole Collimators

A pinholé collimator co:f:xsi'sts of a shallow aperture at the end of a
lead shield, as shown in Fig. 2. Gamma rays that enter the aperture con-
tinue traveling in straight lines to form an .inverted image of the subject at
the scintillator. Characteristics of pinhole collimation include the following.
Subjects of neé,rly any size can be accommoaated by placing them close to
‘or far from the apertt;re. Mag'nified.images of small subjects can be pro-
jected onto the scintillator to provide high resolution, The aperture size
can be easil; changed to provide the best compromise between sensitivity
and résolution. Also, pinhole collimators produce images that have no dis-
torting patterns superimposed, because each point in the subject is imaged
as a small circular. area on the écintillator.

The geometric r.esolution and efficiency of single-aperture pinhole
collimators have been discussed in previous publications (6,4346), _

Briefly, the geometric resolving distance of a pinhole collimator is given by

‘a-i-b)de
RE——7F—

where a is the distance from the aperture to the scintillator, b is the

distance from the su“bject to the aperture, and de is the
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effective diar_neter of the aperture. The resolving distance R 1is defined
as thé disténce between two point sources in the subjecf:’ that are imaged as
two ciiscs that are tangent at the scintillator. The above equation does not
take into account any resolution subsequently lost in the translation of the
y-ray image into a picture..

The effective diameter de of a pinhole aperture is somewhat larger
than the actual diameter d, oWing to penetration of the edges of the aper-
ture by y rays. To reduce scattering of the y. rays, the aperturesiare
usually made of tungsten, pldtinum, or other high-dq?gsity material, Table
II giv‘es the acfual and effective diameters of typical apertures in lead,

tungsten, and platinum at several y-ray energies,

The goemetric efficiency g of a pinhole collimator is given by

where g is defined as the fraction of y rays emitted by the subject that
| pass through the aperture, |

The overall sensitivity S in terms of the numbér of dots per minute
recorded on the pictufe per microcurie of activity in the subject, neglecting

absorption in the subject, is given by
6 d

S=2,2%x40%¢ f ,
a o pt

2

e
\

where € is the photopeak detection efficiency of the scintillator and fa is

the abuqdance factor of the y ray, or the average number of y rays of a

given energy emitted per disintegration,
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Table II. Effective diameter de for apeftures with 60-deg angle of
view (inches),

glit;xlleter Aperture ‘ y- Ray energy (MeV)

(inches) material 0.44 0.20 0.28 _0.36 _0.44 _0.51 _0.66
Pb 0.134 0.146 - 0.171 0.199 0.220 0.260 0.315

- 0.125 w 0.132 0.4144 0.158 0.179 0..125 ‘0.219 0.250
Pt 0.130 0.138 0.152 0.474 0.479 0.201 0.231

Pb 0.196 0.208 6.223 0.264 0.282 0.322 0.377
0.187 W 0.494 0.203. 0,220 0,241 0.257 0,281 0.342
- Pt 0.192 0,200 0,244 0.233 0.244 0,263 0.293

Pb 10,259 0.271 0.296 0.324 0.345 0,385 0.440
0.250 W 0.257 0.267 0.283 0,304 0.320 0,346 0.375
Pt 0.255 0.263 0.277 0.296 0.304 0.326 0.356

o
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Pinhole collimation provides the best combinatio?i of sensitivity and
resolution for small subjects if they can be positioned a few inches from
the aperture, The thyroid gland is an exampvle. Five microcuries of 113i
located 3 inches from a 3/16-inch-diameter tungsten.apcrture.typically
produces about 500~ dot.s per minute on the picture if the scintillator is
0.5-inch-thick sodium iodide. Calculations and actual measurements of
the sensitiQity agree, The ar‘?a_of the subject seen by the camera, as-
suming a 60-deg angle of view,\\\is a 3. 5-inch-diameter circle.

When a conventional 61-hc;1e focused-collimato:x; scanner is used to
scan an equivalent area, an average of 130 counts per minute is detected.
Therefore the sciﬁtillation camera.b‘gequires 1/3 the exposure time for an
equal numbgzr of y rays £o be recordeci. Equal resolution is obtained by the
two methods, as determined by comparing pictures of human subjects and
thyroid phantoms, -

Although pinhole collimators are most efficient for small subjects,
they can also be used to take pictures of very large subjects, such as the
entire lung <i>r a grossly enlarged liver, when a large enough quantity of iso-

tope is present. After obtaining an overall picture, the camera can be

moved closer to take high~resolution pictures of smaller areas,

'B. Pinhole Collimators With More Than One Aperture

For some purposes, pinhole collimators with more than one aperture
can be effectively used (8,14). For the t.hyroid glaﬁd, threevapertures provide
three different views of the gland simultaneously when the apertures are
suitably positioned and they are used with a large image detector. A sec-

tion drawing of this collimator is shown in Fig. 45A. The central aperture

-
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Triple-aperture
pinhole collimator

Thyroid gland

"MUB-5591

Fig. 15.  (A) Section view of triple-aperture pinhole collimator used
for imaging the thyroid gland, (B) Three complete y-ray images
of the gland are projected, but the image detector crystal inter-.
cepts only half of the two side images, -
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L

projects a ébnventional view-of the entire thyroid gland on the central
portion of the:s.;cint'illa.tor.' Af‘the é\arr}e'time, the left éperture projects
an enlarged obliqﬁe viéw of the left lbiae on the left portion of the scintil- -
~ lator. The view is enlarged because the left apefture is close_r to the.‘su'b_
ject than the central aperturé. The right apérture projeétsasimilar view
of the r1ght lobe on the r1ght portlon of the scintillator,

As shown in F1g 15B, three complete y~ray images of the thyroid
are produced by the three apertures, but the scintilla‘%or, repreéepted by
the circle, intercepts only one -half of the two side in';‘%iges. This arrangé-

L
ment provides increased chances of seeingv a nodule in or near the thyroid
because each lobe is viewed frofn two different angles. Also, increaée_d
resolution is obtained in the two enlarged views. Furtherfnore, it is
possible to determine whether fspecifi’g ‘a.reas of tissue are ariterior or pos-.
terior to the gland by observing a shift in relative position of the tissue in
the different viev_vs. _ |

Pictures taken with the triple-aperture collimator are shown in
Fig. 16. E}Lpbéure times are typically 5to 10 minutes with 5 to 10 pC

131,

of I in the gland.

C. Muitichannel Collimatbr 8

A multichannel collimator consists of a plate made of y-ray-absorbing
material with hundreds or thousands of channels through it, Each channel
accepts y rays from only a limited area, and a y-ray 1mage of the subject
- results at the ex1t side of the colhmator. This type of collimator has been

discussed in detail in an earlier publication bythe author (114).
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(a)

(b)

ZN-4784

Fig. 16, Triple-aperture pinhole pictures of thyroid gland, (A) Cold
nodule is seen most clearly in oblique view at right, (B) Small
amount of active tissue above the patient's left lobe in frontal
view is not visible in oblique view at left, This indicates tissue
is considerably anterior or posterior to the rest of the gland.
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i .

_ The scintillation camera image detector is shown with a typical . -
. ‘ . . o R . e )\

parallel-»channel collimator in Fig, 6, In normal use the. subject is located »-';._'

as close as possible to the entrance side of the collimator, Compared to
pinhole collimators, multichannel c<>llima.tor»si~ provide the best combination‘:‘:‘l

of sensitivity and resolution for large organs such as the brain, liver, and “_::L

Characteristics of Multichannel Collimators

i . T
Collimators with parallel channels have the following characteristics, - R

- The size of the image is independent of the ‘distance‘ from subject to ‘collima..tqr'.."r;ﬂ._“"f-'

This is an adva.ntage. when an organilies at an ﬁnkﬁéw%x depth and its size is “
- to be determined, Thef,e is substantially uniform ;'d;pth response" in a,ir.v‘f-‘i.
. In other words, the same counting rate is obtaineci whethér the subject is
close to the collimator or distant, é.s long> as the shbject is imaged com- ‘
pletely within the bouﬁdaries of the scintillator, Of course the depth re- .
sponse in tissue is modified by absorption and scattering. |

The fesolution of parallel-channel collimators is best for the parts

of the subjeét closest to the collimator, and ﬁhe resolution decreases with
increasing distance from the collimator, in comparison, the resolution of
focused collimatorg.uaed for scanning is best for the parts of the subject at
the geometric focué, which is usually 3 inches from the coilimatdr. Their
depth of focus is limited, and planes closer and farther away are less sharply o
resolved (24 23), However, parallel-channel collimators can be designed to
have the same geometric resolution at a distaﬁce of 3 inches as the typical
focused collimators used for scanning, Then the parallel-channel collimator
will have greater depth of focus, because it will sharply resolve all the

closer planes', whereas the focused collimator will not, Because clinical

.
)
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subjects are nearly always several inches thick, the ""depth of focus", or ‘
the depth over which a relatively sharp image is obtained,. should be taken

into account in evaluating any collimation method.,

Design of Multichannel Collimators
| Multichannel collimators can be made with many combinations of hole

diameter, lengfh, and septal thickn}esé. The formulas given in the next
parag-raphs assist in designing parallel-hole straight—}?ore collimators that
haQ'e maximum éfficiency for a given resolution and rn"aximum y-rayenergy,

Thevmathemat.ical analysis of this type of collimator is simplified if
the assumption is made that the collimator moves sideways in the manner
of a Potter-Bucky filter during the exposure time, The formulas have
been derived by (a) assuming that the collimator moves relative to the sub-
ject and image detector during the exposure time, (b) determining the frac-
tion of the time that a point source in the subject is visible to each element
in the image detector, (c) determining the solid angle from the source to
each element, and (d) integrating to obtain the overall counting efficiency,

For e;cample:, consider a collimator consisting of a rectangular array
_of.square holes as shown in Fig, 17. This section view shows a plane
through the center of a row of holes. The width of the holes is d, the length
is a, and the septai thickness is t. The distance from the radioa;ctive sub-
ject to the entrance of the collimator is b, and t.he distance from the exit to
the'central plane of the scint.illator is ¢,

If ihg collimator is. stationary, the diétribution of y rays has the
irregular shape shown at the top of Fig., 17, but if the collimator moves in
the direction shown, the average distribution of y rays that strike th\e

scintillator has the triangular shape shown immediately above the scintillator.
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Fig, 47. Section view of multichannel collimator, Gamma-ray pathways
are shown at bottom, irradiated areas of scintillator when collima-
tor is stationary at top, and irradiated area if collimator moves
during exposure time at center (11),
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The intensity is a maximum at point o directly above thé point source,
and it falls linearly to zero, assuming opaque;septa, at points q and q'.-
The distance oq, which is equal to the full width of the triangular-shaped
intensity curve at half maximum, is defined as the geometric resolving
distance R,

'Fron_‘x geometric considerations, it can be shown that
dla_ + b+ c)
R = .

a
e

As expetted, the resolving distance R is smallest, 3or in other words the
image is sharpest, when the distances b and ¢ are small. The effective
length of the collimator is less than the geometric length because y rays.
penetrate the edges of tl‘xe collimator material, ta.king the path pv in Fig,'l
17, It has been shown ( 45) that the effective length of the collimator holes

a, is approximately given by

a,=a- 2}1..'1 .
. »
where p = is the mean free path of the y ray in the material and u is the
total linear absorption coefficient (25,34 ). Values of y.-i in lead and tung-
sten are listed for several y-ray énergies in Table III.
The geometric efficiency is given by
o \

2

_ Ka?
o]

where g is defined as the fraction of vy rays emitted by the subject that
pass through the collimator channels. Garama rays that are scattered by the

channel walls and any thattravel through the septa are not included.
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Table III. Values of p-i, mean free path of y rays in collimator
material (in inches), ensity of Pb=11.4 g/cm?; Density
of w alloy= 18.5 g/cm*, Values of p interpolated from
reference 34 .

vy-Ray energy (MeV)

\
Y

0.14 0.20  0.28  0.36  0.41  0.66
\ i
Pb ~ 0.0144 0,036  0.078 0,428  0.164  0.33
W alloy -- 0.0284 0.059 0,095 0.418  0.224

\

|
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The value of the'consbt‘ant. K depends on the shape éf the holes and
their distriﬁution patterﬁ. It has been determined mathematically and
confirmed approximately by experiment that K = 0,282 for square holes in
a rectangular array and K = 0,238 for round holes in a hexagonal array.
Inspection of the previous equ&tion shows that g is independent of b, the
distance between the subject and the collimator, providing the subject is
completely imaged within the boundaries of the scintillator. Therefore,
parallel-channel collimators should have uniform- ”de;)th response' in
air, or in other words the counting rate of a subject m air should be in-
dependent of ti’xe distance from the collimator to the subject. ~This has been
found by experiment to be approximately true. | |

The shortest distance a y ray can travel through septal material when
taking the unwanted path of minimum attenuation rs, shown in Fig. 17,
is w, From experimental studies, acceptable images result when the |
narrow-beam (Compto’n + photoelectric) attenuation of y rays taking the
path rs is 9>5% or more, Since 1 - (1/é)3 = 0.95, w is equal to 3 times
the mean freie path of y rays in the collimator material, or w =3 p.-1.
Values of p.-'i are given in Table III for lead and tungsten-alloy, With w
known, the minimum permissible septal thickness t can be calculated for

_any hole diameter ahd iength. For geometric éonéiderations,

2dw
a~w

The sensitivity S in terms of dots per minute recorded on the picture
per micxjoéurie_: of activity in the subject, neglecting absorption in the subject,

is given by
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2
- 6 Kd
S=2,2X10 fa€ —

2
a, (d +t)

where € is the photopeak detectionlefﬁcievncy of the scintillator, and fa
is the abundance factor or the average number of y rays of a given energy
emitted per disintegration, Values of € are given in Section IIC4., With
the abov.e equations, collimators can be designed that have optimum hole

diameter, length, and septal thickness for a given subject-to-collimator

distance, maximum y-ray energy, and desired resolétion.

The paramveters of five typical collimators des’ii?;gned for maximum
efficiency consistent with the statéd resolving distancia and maximum y-ray
energy are given in Table IV, The material is lead, and all have hexagonal
arrays of round holes, The calculated overall sensitivity in terms of dots
per minute per microcurie tal\é\g\as into account t.:he abundance féctqrs of the
principal y rays., The Comptox\i_ contribution of the high-energy components
of I131 was not included. The increase in resolving distance R and the in-
crease in geometric efficiency because of y rays penetrating the edge of the
collimator material were taken into account in the calculations.

Othgr calculations indicate that .ﬁigher sensitivity can be achieved if
the collirnator.s are made of tungsten alloy.. The improvement results from
having thinner s;epta and therefore more holes of the sarx;le diameter per unit
a.re:a. The increase in sensitivity varies from 21% for collimators designed
for ‘0.28 MeV maximum to 30% for those designed for 0.41 MeV.

When an orga}x such as the kidney is imaged with Collimator No. 3 of
Table 1V, calculations indicate that 25 uC of Hg203 in the organ should

produce 2800 dots per minute on the picture, assuming that 50% of the y rays

are absorbed by 7 cm of overlying tissue, This is the approximate counting
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Table IV, Parameters of five typical collimators, ‘designed for max-
imum efficiency consistent with stated resolvmg distance and
maximum y-ray energy.

—

Collimator number ' , 1 2 3 4 5
Nominal maximum y-rasr energy (MeV) ' 0.20 0,28 0.28 0.36 0.41
Hole length, a (in.) - 1.0 1.5 1.5 2.2 2.6
Hole diameter, d (in.) ’ ~0.144 0.225 0.450 0.493 0.213
Septum thickmess, t (in,) 0.030 0.094 0.063 0.089 0.106
Number of holes in 14-in, -diam area : 5600 1090 2450 1400 1090
Calculated dots/min/uC 890 1080 - 746 336 282
‘ _ ' t b=1in, 0.28 .0.47 0.30 0.32 0.34
".1‘c99m . '
Resolving distance, tat b=3 0.514 0.76 0.51 0.50 0.50
0.1 i
(0. 14 MeV) R (in.), at b=5  0.74 1.07 0.74 0.68 0.67
Calculated dots/min/puC --- 500 224 137 124
20 , at b=1in, --- 0.48 0.32 0.33  0.34
Hg 3 . . :
' , Resolving distance, at b=3 --- 0.82 0.54 0.52 0.52
(0.28 MeV) R (in.), tb=5  ---  14.45 0.77 0.72  0.69
Calculated dots/min/uC --- --- --- 101 80
(431 at b=41in, --- ——- --- 0.34 0.35
" Resolving distance, at b=3 -—- - ~—- 0.54 0.53
(0.36 MeV) ' R (in. ), ‘ at b=5 ea- - -——- 0.75 0.72
Calculated dots/min/uC o ee- --- - --- 83
‘at b=4in. —=e  een eae —oo 0.35
Au?? Resolving distance, at b=3 0.54
(0.41 MeV) R (lgn ). .

t b=5 .- .- ---  -2=0.73
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obtained in practice. Clinically satisfactory picture-cp;xtaining about 15,000
dots are obtai.ned in 5 minutes,

An example of a brain tumor picture taken with a multichannel col-
limator similar to No. 2 in Té:\t)lg IV and designed for 0.28 MeV maximum

203 Neohydrin,

is shown in Fig, 48. The patiépt was given 700 uC of Hg
and 4 hours later the pictures showing (A) left lateral and (B) back views
were taken, The exposure time was 5 minutes each and 25,000 dots were
recorded. A tumor is visible in the¢ region at left of midline. Two small
radioactive marker sources were plac‘:‘ed at the corner of the eye and the
bottom of the ear lobe for the lateral view, and at the ear canals in the
back view. An outline of the head-due to body background is also seen.
Thev field of view of the camera is indicated by the circular liné. The col-
limator used for this case is equivalent to the conventional 19-hole focused
collimators used for scanning, having relatively high efficiency and mod-
erate resolution.

Pictures Q‘f a brain tumor in another patient taken with 2 mC_ of T 99m
as the perteé:hnetate ion are shown in Fig. 48C. Exposure times were 3
minutes each, and about ZO0,000 dots were recorded on each picture,

99m

Large amounts of Tc can be given without excessive radiation

dosage to the patieﬁt because the half life is short (6 hours) and no pB particles
are .emitted (36), The energy of the emitted y ray is 0.14 MeV, The Tc99m
is obtained from a parent nuclide Mo99, which has a half life of 2.8 days.

The collimator used for the foregoing study was specially designed

for use with low-energy y rays, and was made of lead foil and balsa wood.

The balsa wood aided in fabrication of the array of 4000 square holes (41)"

and was left in place because it added strength and absorbed few y rays.,
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(a)

(c)

ZN-4785

Fig, 48, (A) Left lateral and (B) posterior views of a brain lesion
taken with a multichannel collimator designed for nominal max-
1mgro'% y-ray energy of 0,28 MeV, The tracer was 700 uC of
Hg Neohydrin, A prominent lesion and two small marker

. sources are seen in each view, as well as an outline of the head
due to body background, Exposure time was 5 minutes per view,
(C) Left lateral and (D) frorbtéal views of a brain lesion taken with
0,14-MeV y-ray emitter Tc’’™, Two mC of the pertechnetate,
which distributes in extracellular fluid space, was administered,
and pictures were taken a few minutes later, Duration of ex-
posure was 3 minutes each, A multichannel collimator designed
for 0,20-MeV maximum y-ray energy was used,
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With this collimator about 14000 dots per minute are obtained per

nC of T 99™

, neglecting absorption in the subject., This high sensitivity
is due partly to the high detection efficiency of the scintillator and partly
to the high geometric efficiency of the collimator,

The kidneys of an adult patient are shown in Fig, 19A. In this case,
higher resolution was desired so a collimator similar to No. 4, which is
apprdximately equivalent to the conventional 37-hole fc:cus ed collimator,

03 Neoh’;ydrin, and the picture

was used. The patient received 100 pC of ng
was taken 1 hour later, Exposure time was 5 minute{é} and the picture con-
tains 30,000 dots,

The kidneys of a 9-year-old child are shown in Fig.' 49B, In this
case, dose reduction was desired, so the patient was given only 5 unC of
Hg203 Neéhydrin and the exposure time was. increased to 15 mivnﬁtes.

Both kidneys can be shown in one view of 90% offtile patients examined
(30). When the kidneys-are too far apart or greatly enlarged, separate
views are taken of each. Often lateral and anterior views are taken in ad-
dition to the 'coﬂventional posterior views shown above, This procedure is
made convenient by the short exposure‘timés.

Pictures from a dynamic. study of 10 mC of Tc99m

O; going through
the heart of a normal human after rapid intravenous injection in the anti-
cubital vein are shown in Fig. 20A. The scintillation camera viewed the
anterior chest and pictures were taken at the rate of one frame per second
on 16 mm motion picture film, In frame 3, taken 3 seconds after initial de-
tection of activity in the heart, the active bolus is located in the superior

vena cava and the right atrium and ventricle, In frame 5, taken at 5 seconds,

more activity is seen in the main pulmonary artery, and at the top of the
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(a)

(b)

ZN-4786

(A) Normal adult kidneys taken with multichannel collimator;

Fig. 19.
400 pC of HgZO3 Neohydrin was given and exposure time was 5
minutes, (B) Kidneys of a 9-year-old child; to reduce radiation

dose, only 5 uC of Hg Neohydrin was given and exposure time

was 15 minutes,
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ZN-4782

Fig, 20, Stop-motion pictures of 40 mC of Tc99m going through
normal human heart, Isotope was injected into arm vein, and
exposure time was 1 second per frame, Line drawings show
interpretation of pictures at 3, 5, and 14 seconds after activity
first appears in heart,
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- SCHEMATIC INTERPRETATION OF HEART SCINTIPHOTOS :

Superior Vena Cava

Early filling of Pulmonary Artery
Frame 3 (b)

Right Atrium and Ventricle

. Main Pulmonary Artery -
Frame 5 left and right branches beginning to fill

(c)

Right A.-V. complex

Aortic Arch

Ascending Aorta

Fm.me 14 Residual activity in (d)
Pulmonary Artery
Left Atrium and Ventricle
MUB-4464

Fig, 20b
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picture a suggestion is seen of the right and left bra.nc?i;es beginning to fill.

In frame 4, taken at 14 seconds, the aortic arch, the aécending aorta, and the
left atrium and ventricle are visible, as well as séme residual activity in the
pulmonary a_rterly. Line drawings made from these interpr:etations are shown

in Fig. 20B, C, and D,
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IV. THE POSITRON CAMERA: COINCIDENCE COLLIMATION OF

ANNIHILATION RADIATION FROM POSITRON EMITTERS

The instruments described in this section are special forms of radio-
isotope cameras for producing pictures of the distribution of positron-
emitting nuclides (6,8,12,15, Whenever a positron is stopped by matter, it
combines with a negative electron and produces two 0.51-MeV annihilation
vy rays that travel away from their point of origin at 1?0 deg. This prop-
erty allows images to be formed with two detectors on opposite sides of the
subject, coincidence circuitry, and electronic computation techniques.
Conventional image-producing collimators, such as pinhole or multichannel
collimators, are not required. The subject is placed as close as possible
to the image detector, as shown in Fig. 7, and a second detector, called
the focal detector, is located a distance below the subject,

Positron ,cé.mex‘as have several unique properties, They have sub-
stantially uniform '""depth response' in tissue, so that tumors deep within
the body can be detected as easily as those on the surface, This is a unique
property that can not be obtained from instruments that detect single y rays.
The background count rate in the absence of positron emitters is extremely
low, only a few couﬁts per hour, This permits taking ldn;g exposures of
subjects containing very little activity, When both detectors have position-
sensing capabilities, high sensitivity can be obtained in combination with
sharp resolution on organs deep within the subjecf. A "plane of best focus"
exists that can be set to any desired level by adjustment of an attenuator in

the electronic circuits,
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Positron cameras have the following disadvantages %»and- limitations,
First, they. are complex instruments employing many components. Second,
there is a limit' to the amount of radioactive material than can be used
with them; overload of the electronic circuits can occur because of the very
“high count rates produced, since there is no collimator between the image
detector and the subject, However, the activity pérmitted before overload
occurs in existing instruments allows pictures to be obtained with exposures

as short as 1 minute. Third, the availability of positrzon emitters is limited,
| 68

because most must be cyclotron-produced. Important exceptions are Ga ~,

which is very easily obtained from a long-lived parex‘{p;_;( ), and Fig and

64 *

Cu” 7, which are reactor-produced, Moreover, some i)ositron emitters have

unique uses in biology and medicine for which no substitutes are available.

v

A. Types of Positron Cameras

Positron cameras can take several different forms, as described in

the following paré.graphs.

Unfocused Positron Cameras
In this .relatively éimple instrument, the same image detector described
in Section II. is employed, the subject is placed as close to the scintillator as
possible, and a scintillation cbunter with a large thirck crystal is located a
distance away on the opposite si\ée of the subject, as showﬁ in Fig. 21A,
When a y-ré.y pair causes coinciéient scintillations in the two detectors, the
scintillation in the image detector is displayed on: thé image-readout oscil-
loscope, Scintillations occurring in\the image detector that are not in time-~
coincidence with a y ray detected by the scintillation( counter are not displayed,
The remote y-ray counter is called a focal detector because all y-ray

pairs that form an image of the subject must impinge upon it, and therefore
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Image detector

Radiographic film

| L

Subject — ~— Subject

Annihilation X rays from
gamma rays X-ray tube
from subject
-Focal spot

Scintillator —— — T

~— X-ray tube
Focal detector

MUB-5589

Fig. 24. (A) Positron camera with single remote y-ray counter as
focal detector, (B) Analogy between (A) and x-ray radiograph
of same subject, Geometry of image formation in the two cases

is the same,
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it is a focal point in the image geometry. The geometry pf image formation
is analogous to x-ray .radiography, as shown in Fig, 21B. The focal spot
of the x-ray machine is evquivalent to the focal detector, and the x-ray
film is equivalent to the image detector. In x-ray radiography, the rad-
iation orig.inates in the x-ray tube and a fraction of the rays are absorbed
by the subject. In positron imaging., the radiation orginé.tes in certain
areas of the subject, but since the radiation consists of y-rays pairs trav-
eling in opposite directions along straight lines and since all y-ray pairs
disblayed on the image readout oscilloscope must pass through the focal
detector, the geometry 6f.image formation is the same. A slightly mag-
nified image of the subject is '"projected" on the image detector crystal. -

Exéressions for the resolution and sensitivity of this instrument are
given in an earlier pyblication (6 ). The unfocused positron-camera has
been su;;erse_ded by the more sensitive focused types described in the fol-
lowing sections.

Twin-Imagers Detector Focused Positron Camera, Another method of

imaging po_sitron emitters is to employ two identical image detectors located
on opposité sides of tﬁe subject, as shown in Fig, 22A, Pulses from the

two image detectors are sent to a coincidence circuit which responds only
when simultaneous ‘y rays are detected, Activity lying on the central plane

of the subject is shown with sharp resolution by taking a simplé average of the
- x-coordinate signals from the two detectors and also an a%rerage of the
y-coordinate signals, These new coordinate signals are sent to the deflec-
tion inputs of the image readout oscilloscope, and the outputb of the coinci-
dence circuit is sent to the intensity. input.k The Eeam of the cathode-ray

tube is positioned by the averaged x and y signals and is turned on



-70- UCRL-11978
i T~ 1mAGE —" B
é é DETECTOR
FOCAL — QDQ@
DETECTOR
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DETECTORS
| 4 v A |
FOCAL
DETECTOR
MUB-5592

Fig, 22. (A, B,C) Various forms of focused positron camera,

(D) "Stereo positron camera,
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momentarily when a coincidence occurs, The flashes are recorded by

. photographic time exposure, and an imagevof" the positron distribution re-

sults, Other planeé m the subject can be sharply resolved by taking
weighted averages of the x and vy puises from the two detectors ( 6 ).

Disadvantages of the twin-detector method of imaging include rel-
ativeiy low sensitivity because both -detectors use relatively thin scintil-
la£ors. The overall sensitivity is proportional to the product of the photo-
peak detection efficiency of the two scintillators. Al‘gso, .there is un-
nécessa-rf complication due to the use of two high-rq;olution image detectors.
This type of positron camera has been proposed (6.2‘“2) but never tried, be-
cause the_ following type's have higher sensitivity,

Image Detector with Remote Multiunit Fécal Detector, This type of

positron camera uses a remote focal detector consisting of an array of scin-

tillation couﬁters with thiék sodium iodide crystals, as shown in Fig. 22B.
High sensitivity is ‘obtained because of the high detection efficiency of the
focal detector. At the samel'time, good resolution is maintaiﬁ_ed on any
given plane in the subject by m<\a;1ns of a AOt-Shifting technique described in

\

detail in Section IV B,

Image Detector with Remote Imaging Focal Detectoir. The focal de-
tector of this type of positron‘ ‘camera employs a large, thick solid sodium
iodide crystal viewed by an array of 7 or 19 phototubes, as shown in Fig,
22C, The position of scintillations in the foca1>de'.tector crystal is sensed
by the same method é.s employed i_n the image detector, , Slightly higher res-
olution can be obtained with this type of camera than with the multiunit |
focal detector because of the higher resolution of the imaging focal detector.

Additional information is given in Section IV B,
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Stereo Positron Camera) , Stereo views of positron emitters can be
a\ I )

obtained with one image detecté%' and two remote focal ﬂetectors, as shown

A
in Fig. 22D, ;I‘he two focal detectors are located a sho;'t distance apart so
that_; a 6- to 10-deg angle is formed between the subject and the two detectors.
When a y-ray pair is detected by the left detector, the flash on the image
readout oscilloscépe is shifted to the left half of the cathode-ray tube screen
by means of a pulse generator triggered by the signal from the left detector.
Wh-én a y-ray pé.ir is detected by the right. focal deteq;tor', the flash is de-
flected to the right side of the screen. Thus two sepérate adjacent images
constituting a stereo pair are forzﬁed, each associated with one of the focal
detectors., They are recorded by photographic time exposure and later
viewed in a stereo viewer. The 6- to 10-deg difference in viewpoint of the
two detectors provides the necessary stereo separation. The focal detectors

can be single counters as shown in Fig, 22D or they can be the more efficient

position-sensing, types shown in Fig, 22B and C.

\

B. Operation of Focal Detector and Computing Circuits

| A complete block diagram of a positron scintillation camera is shown
in Fig. 7. At the top left ié the image detector, and located 20 to 30 inches
below is the focal detector, consisting of 49 scintillation counters in a close-
packed hexagonal array, each with a 1-3/4-inch diameter by 2-inch-thick
sodium iodide crystal. Pulse-height selectoré adjusted to accept the 0.51-
MeV photopgalc are employed for both the image c}etector and focal detector.

The following description, though directed to the multiunit focal de-

tector shown in Fig. 22B, also generally applies to the imaging focal detec-

tor shown in Fig, 22C. If a point source of positrons is located on a plane
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below the image detector, as shown in Fig, 23, each of the 19 scintillation
counters images the source as a separate disc at the ix:nage detector, The

diameter d' of each disc is given by

ar = d—%- ,
where .d is the diameter of each crystal in the focal detector, a is the
distance from image detector to source, and b is the distance from the
source to the focal detef:tor. The distaﬁce c! between.c;enters of the discs

4

is given by

ct = ¢ —%— ,

where c .is the cente_r-to-ce'nter distance befwe‘en crystals in the array.

Although the 19 discs are Bprea'd over a wide area on the image dé-
tector crystal, they are superimposed on the image-readout oscilloscope by
means‘of a dot-shifting technique, Whén a y ray is defected by the center
counter of the focal.detector, the coincident scintillation in the image detec-
tor is shown on fhe image;réadout oscilloscope without any shift from its
no;mal location, However, when a vy ray is detected by any of the other 18
cox;nters, a correction signal obtained from the focal detector shifts the
position of the flash on the oscilloscope. The direction and magnitude of
the correction signals are such that the 418 additional images of the point
source are rn-ade to coincide with the iinage from the center counter. In
other words, the pdint source is brought into focus, All other points lying
on the same plane are also bréught into focus by correction signals from

the focal deteétor.
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Fig, 23. Geometry of image formation in positron camera with multi-
unit focal detector, The many images of the point source are
superimposed on the image readout oscilloscope by means of a

dot-shifting technique (8, 15)
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'

The plane‘ foz; which the correction signals are exlggt is called the
""plane of best focus.' This plane can be set to any desired level in the sub-
ject by means of the '"focal piane' seleétor, ' an attenuator shown in Fig. 7
that varies the strength of the correction signals, Since the electronic
circuits afe'_unable to sense the plane from which a y-ray pair originates,
the selection of the plane of be'st focus must be made by the operator. In
a practical situation, the depth of an organ or tumor is often known, so
the plane of best focus is set.to that level, The resoliﬁ:ion of nearby planes
is improved by the same correétion signals even thou;h the correction is
not exact, | In other words, a certain depth of focus is obtained, just as

‘with an optical camera,

An illustration of the depth of focus obtained is shown in Fig. 24.

The subject was a rectangular array of 14 point sources of annihilation
radiation with i-inch center-to-center distance. . The plane of best focus
was set at 3 inches, and best resolution is obtained with the subject 1oca‘ted
3 inches below the image détector. All most equally good resolution is ob-
tained with t;he subject located at 2 or 4 inches, even though the '"plane of
best.-focus' remains at 3 inchés. In a brain tumor phantom study, small
tumors' were found to be almost equally visible as long as they were within

2.5 inches of the plane of best focus (29)..

~C. Factors Affecting Resolution of Positron Cameras

Several factors affect the overall resolution of positron cameras.

Geometry of Image Formation, The geometric resolving distance R

for positron cameras can be defined as the distance between two point sources
located on the plane of best focus that are imaged as two tangent discs on the

image detector. Then, referring to Fig. 23, it is apparent that
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1 inch

2 inches

3 inches

4 inches

5 inches

ZN-4787

Fig, 24, Depth of focus of positron camera shown in Fig, 7. ''Plane
of best focus'" was fixed at 3 inches and test source was located
at 4, 2, 3, 4, and 5 inches,
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To give an example of the geometric resolving distance ol'atained with
the multiunit focal detector shown in Fig.22B.and Fig.23,R is 0.27inchor 7mm
wﬁen a = 4 inches, b.= 22 inches, and the diameter d of the crystals in
the focal detector. is 14.75 inches, |

| When the imaging focal detector of Fig, 22C is used, the geometric
resolution is better. Preliminary tests indicate that the inherent resolu-
tion of this focal detector is about 0.5 iﬁch. 'i‘herefére the geometric re-
solving distance for point soﬁrces in the subject is a;gout 0.08 inch or 2 mm,
However, the iﬁherent limitations in resolution of the present image detec-

tor prevent this high resolution from being realized in practice.

Inherent Resolution of the Image Detector. .  The inherent position

resolution of the image detector has been discussed in Section IIC. At
0.51 Me_V,. the 19-phototube image detector is capable of resolving bars
5/32 inch wide and 5/32 inch apart in the central area of the scintillator.
. ; ,

This corresponds to 0.16 inch or 4 mm resolution,

This resolution cépability is maintained at count-rates up to about
'107 s;intilla‘fions per minute, When the integral count rate from the image
detector excéeds this rate, resolution begins to decrease, The reason is
that scintillations begin to overlap appreciably in time, and the flashes on
the oscilloscope are displaced from their correct position, This is one of
1im§tations of the scintillation 'c\e.x.mera. that becomes apparent in the positron

mode of operation. With no collimator between the’ subject and the image

detector, the count rate can reach this value with 20 to 50 pC of positron
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emitter located a few inches from the image detector. ﬁpwever, the
sensitivity is such that with this 'arﬂount of activity excellent pictures can

be taken in a few. minutes,

Range of positron particles in the subject, When a positron is

emitted in tissue it travels a few millimeters before it comes to rest and
combines with a negative electron., Since the y-ray pair is produced at
the end of the path, there is a loss of resolution, The loss is not peculiar

to the positron camera, however, since all instrumepts which detect y rays

from positron emitters suffer from the same effect,
The maximum range of positrons in tissue is nearly the same as for
B particles of the same energy and thus can be in the order of a centimeter

or more. However, the average effective range is a small fraction of the

maximum, First, each particle undergoes scattering along its path and
the net distance traveled from the point of origin is but a fraction of the
total distance traveled (20). Second, the average energy of positrons
emitted in radioactive disintegrations is usually 0.4 to 0.5 times the max-
imum energay quoted in tables ( 42). Third, the average distance traveled
perpendicular to the line of sight of the positron camera is a _fréction of the
net distance. The latter follows since the positrons are emitted isotrop-
ically and only the lateral travel causes a loss of resolu;ion; As a result
of all these factors the net average perpendicular djstancé traveled by
poéitror;s is about 1/4 of their maximum ra'nge; 'T.he resolution loss in soft
tissue for 4-MeV positrons, for example, is about 2 mm,

Variation of annihilation y-ray directions from 480 deg, @ When a

positron is annihilated, the two y rays travel away from their point of origin
at almost, but not exactly, 4180 deg. The variation from 4180 deg is due to

the fact that the velocity of the positrons is not quite zero when they combine
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with. an electron, They are slowed only to‘ thermal vel_ql‘ciity_ in tissue and
the remaining momentum is transferred to the y-raby p;.i-;. The resulting
me.én variation from antiparallelism is approximately 1/37 radian or 0.4
deg (26), The effect on resolution can be calculated by simple geometry.
For example, the loss is only about 1/2 mm for a point §our¢e 4 inches

from the image detector and 22 inches from the focal detector.

D. Sensitivity and Depth Response of Positron Cameras

The sensitivity of the positron camera shown in Fig. 7 can be cal-
culated from

6 nd2

S'=4.44X10 fa€I€FftW’

where - S 'is the sensitivity in terms of the number of dots per minute
. produced on the picture per microcurie of positron emitter in the field of

view of the camera, fa is the abundance factor of the positron, €, and ¢

I F
are the photopeak detect_ion efficiencies of the image detector and focal de-
tector, ff: is the total tissue absorption factor for both y rays, d is the
diameter of the focal detector crystals, n is the number of counters in
the focal detector, and b is the distance from subject to focal detector.

When a subject is imaged completely within the boundaries of the
image detector; the sensitivity is inversely proportional to the distance be-
tween subject and focal detector. Because this distance is usually large,
the sensitivity is nearly constant when the subject is within a few inches of
the image detector. This is the normal condition, since best resolution is
then obtained,

The calculated sensitivity of a positron camera with an 11 1/2-inch-

diameter by 1/2-inch-thick sodium iodide crystal and a focal detector
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employing 19 separate counters with 1 3/4—inch-diamet§r by 2-inch-thick
" crystals is 1800 dots per minute per microcurie of 100‘7; abundant positron
emitter in air when th‘e distance between image detector and focal detector is
22 inches, This agrees with that actually measured from calibrated sources,

The depth response in tissue of positron cameras is unique when com-
pared with instruments that detect single y rays. When the subject has
a constant thickness, the response is largely independent of depth. This
follows because both y rays of a pair must be detected to produce a dot,
‘and the total path length of the vy rays through tissue is constant, The
total tissue absoz.'ption factor ft is the same whether the y-ray pair orig-
inates from the center of the subject or the top or bottom surface, It should
be noted, however, that with subjects that vary in total thickness, the
sensitivity is greater for the thinner parts of tiqe éubject because the total
absorption of the two. y rays is less, This partly accounts for the brightness
of the image at the edge of the patient's head in positron pictures taken of
brain.turnor patients, '

The measured half-absorption thickness of 0.51-MeV y rays in tissue
is 3.6 inches. A subject 6 inches thick has an absorption factor of 0.31.
Therefore, the net sensitivity of the abbve instrument is about 560 dots per

minute per microcurie of 100% abundant positron emitter in subjects 6

inches thick.

E. Background of Positron Cameras

Stray Radiation. In the positron mode of operation, the background

caused by cosmic rays and stray radioactivity is only a few counts p'er hour.

This results from the stringent requirements for pulse height and time
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coincidence in the two detectors. Therefore, long exposures of objects
containing very little activity produce quite satisfactory pictures, How-
ever, background dots are produced by other causes, as discussed below,

Accidental Coincidences, At the high count rates often encountered

in the image and focal detectors, the chance of accidental coincidences be-

~comes appreciable. The result is dots at completely random locations on

is ‘given by

the pictures, The accidental ‘r\ate N,

\

\
N, = N N_ T,

where N, and N

I g are the count rates in counts per second for the image

and focal detectors at the output of Rhe pulstheight selectors and T is the

coincidence gate width in seconds,

The present instrument operates satisfactorily at a grosé count rate
of .107 counts pé‘r minute in the image detéctor. The coincidence gate width
is 0.25 microsecond, and the accidental coincidenée rate at this gross count .
rate is about 200 per minute, T'he true coincidence rate from y-ray pairs '
is about 24,(500 per minute under the same conditions, The accidental rate
is minimized by shielding both detectors from active parts of the subject
outside the field of view of the camera, as shown in Fig, 7.

Coincidences Between Positron and vy Rays. Some radioisotopes emit

one or more y rays in coincidence with a positron, When these y rays
produce scintillations that pass tfxe pulse-height selector, spurioué dots re-
sult. A random background is produéed, because thefe is no correlation
between the directions of the y-ray pair and the other y rays. However,
many positron emitters emitno coincident y rays, Furthermore, all Yy rays

of less than 0,54 MeV are removed by pulse-height selection, and those with



-82- UCRL-11978

enough energy to pass the pulse-height selector produce'; a relatiirely
small increase in background compared with the other \;:,causes listed here.

Small- Angle Compton Scattering. The third and‘“z"na.jor cause of back-

ground dots, _pafticularly in thick subjects, is small-angle scattering of
the 0, 54-MeV vy rays., This subject is discussed in general terms in
Section IID2,

To illustrate the magnitude of the effect in tilick positron-emitting
subjects, the follow.ing-case is considered, For a 6-inch-thick subject, as
calculated from the Compton-scattering coefficients for soft tissue, about
77% of the y-ray pairs will undergo Compton scattering befdre they escape
from the sﬁbject. .Less than 1% are stopped by photoelectric interactions,
and 23% escape unsca.ttered. At 0. 51 MeV, the pulse-height resolﬁtion is
‘ typically 10% and the lower edge of the éulse-height selector window is
usually set about 5% below the center of the photopeak., The upper edge of
the window is set high enough to include the entire upper portion of the peak.

From the Compton séattering formula, a 0.54-MeV y ray must be
scattered 185. 8 deg to lose 5% of its energy. From the Klein-Nishina distri-
bution, 8.7% of Compton-scattered y rays are deflected 18.8 deg or less.
Therefore 6.7% of the original y-ray pairs»/are scattered through small
angles and are still capable of passing the pulse-height selector. The re-
sult is that 78% of the _dots shown on .the picture are correctly located, s:ince
they are produced from unscattered y-ray pairs, ' The rest are mislocated
by varying amounts ciepending upon the scattering angle and the distance
from the point of scattering to the image détector. The scattered dots pro-
duce a diffuse halo around the active areas of a thiqk subject. "I‘he effect
can be partially removed by background-subtraction techniques described in

Section V,
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~ F. Clinical Examples

Frontal and right lateral views of a patient's head with a brain tumor

68 EDTA, a

are shown in Fig. 25 The tracer compound was 700 pC of Ga
positron emitter with a 68-minute half life obtained from 2 long-lived
parent, In the lateral view, marker sources were piaced at the corner of
the pafient's,'eye and the bottom of the ear lobe, In the frontal view markers
were placed at the ear canals. A small tumor is visible in both views. The
bright outline of the patient's head is caused by uptake in the skin and diploe,
since EDTA goes. to extracellulaf fluid space, |

The diétributipr_l of erythr_opo‘etic.‘pone marrow contained in a human
subject with Osler's disease is shown in Fig. 26A. The patient was given
50 uC of Eesz, a positron emitter withlan 8~'hour half life, and 8 hours
later a serieé of 40-minute exposures wés tak'er.x when only 25 uC of Fe
were present in theﬁ patient's body. The distribution o‘f bone marrow in a
subject with mild secondary polyéythemia is shown in Fig, 26B. The pic-
turés are placed on a drawing\of a skeleton for or‘ientation. With this
method the disfribution of marrow i‘n_ many subjects, including normals, has
been determined, The clinical éignific_a;nce‘ hasbeen discussed in other pub-
lications (12,53,54). - . - :

18, a 1.8-hour ‘positron emitter, in a 4-year old

The distribution of Fe
girl with an undiagnosed hematol_ogic disorder is shoWn in Fig. 27. She was
given 120 uC, i'njected"intravenously, and 5- to G-minute exposures were
taken starting 1 hour la;.tei'.v Less than the n01;ma1 amount of ﬂpdrine con-

centrated in the epiphyses, the growing ends of the bones, in this subject.
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ZN-4775

Fig, 25. (A) Frontal and (B) lateral views showing braigstumor.
Positron coincidence collimation was used, and Ga"“-EDTA
was the tracer compound (7).
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ZN-4779

Fig. 26. (A) Distribution of erythropoietic bone marrow in a man
with chroréic severe blood loss of many years' duration, Fifty
pC of Fe® , a positron emitter with an 8-hour half life, was
administered, and about 8 hours later a series of 410-minute
spot films was taken, Marrow is seen in the knee joint, a very
unusual place for an adult, There is also an absence of marrow
in the spine, (B) Virtually normal distribution of marrow is
shown in thissgxan with mild secondary polycythemia, About

100 pC of Fe”“ was given and pictures were taken 46 hours later
(12, 53, 54).
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ZN-4777

18

Fig, 27, Distribution of F”~ in a 4-year-old with hematologic
disease, Pictures were taken 1 to 2 hours after injection,
and exposure time was 4 to 6 minutes per field, Positron
coincidence collimation was used with ""plane of best focus"
set at about 4 inches,
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V. RECORDING METHODS

A. Image Recording and Viewing

Because most radioisotope cameras display individual y rays as
. momentary pbint flashes of light on a reédouf scfeen, some method must
be employed to record this informétibn’ and form a time-integrated visual
image, For maximum usefulness, the image should be available for
vigwihg shortly after the exposure is finished or, even better, it should
be visible during the exposure time as it builds up.

The recording method should avoid any permanent loss of data due
- to saturation effects or lower-level cutoff, Saturation causes loss of in-
formation in the more intense parts of the imag’e. It can result when two-
flashes oc:_cur at the same point if the recording method does nof permit
the double event to be displayed as a more intense dot. Lower.-level cutoff
‘causes loss of ipformation in the less intense parts‘of the imagé and can oc-
cur if the fecording method requirés two or more flashes at the same point
before a visible response resul’té. Though a lower-levvel cutoff is useful
in minimizing the effects of background, it should normaﬁy be avoided in
the initi-al recording, because loss of ;;ictur'e inforrhation cah occur if it is
set to the wrong le\lrel. |

Another requiremént is that the dots be recorded and displayed in
such a way that the observer can best comprehend the image represented.
by the;n. Proper dot size is important, If the dofs 'are_s‘mall and there is
much open space between them, it is difficult for the observer to perceive
small differences in dotvde‘nsity. If the dots are too large,: resolution is

lost., A method of modifying dot size by means of diffusion is described
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in Section VA2,

In displayiné the pictures, a compromise should‘be.'made between con-
trast ana gradation, Gradation refers to the number of gray tones visible
due .to increments in concentration of activity in the subject. Since am-
plifying contrast ne;:ess'arily decreases gradation, contrast enhancement
should be kept to the minimum necessary to show significant variations in
the im‘age. There is no point in amplifying contrast far beyond the point
at \;hich statistical variations become visible, When gradation is retained,
images with large numbers of dots have depth and transparency. Theydis-
play more significant inforn‘;ation than high-contrast images. The latter
look like silhouettes of an organ while the former show internal parts as
well,

Finally, the observer should be free to judge the statistical validity
of the image by being able to see the dot structure. Therefore, the dot
| structure of the pictures should not be i)ermanently obscured by diffusion
or defocusing. AOtherwise, the observer can develop no sense of the stafis-
tical reliabi‘lity of a picture,

1. Single-Lens or Multilens.Oscilloscope Camera and Photographic Film

One method of recording images is to photograph the flashes appearing
on the readout scréen over a period of time with an optical camera and
photographic film, If..' a single'-lens ¢scilloscope camerd andlow:contrastfilm
are used, proper exposure of the film is easily obtained. Contrast enhance-
ment and background suppression can be obtained by viewing the picture on
closed-circuit television(17,18). If medium- or high-contrast film is used
for the inifial recording, there is less exposure latitude, and proper ex-

posure is more difficult to achieve when the dots are numerous enough to

o>
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overlap.'

The ;axposure problem is easily solved by the multilens ¢scilloscope
camera (8,12) shown in Fig. 28. This optical camera has several small
1ehsés with graded apertures mounted on a single lens board. Several
small images of the cathode-ray tube screen are produced simultaneously
on one sheet of film, FEach lens allows a different amount of light to reach
the film, and a range of over- to underexposure is achieved, with at least
one satisfactory image assured, Subjects with consid_‘;erable variation in-
amount of activif,y are rendered with no loss of infonf}:;étion, because the
most a‘lct“ive pafts of the subject receive proper exéos;re in ene image and
the less active pa.-rts in another. Furthermore, a wide range of exposure
times can be used with no adjustment of the equipment. With lang exposures,
the slower lenses give satisfactory images, while with short exposures the |
faster lenses yield properly exposed images.

Of all the types ‘of photographic film .available, Polaroid self-
developing film is most convenien‘t, because the image can be seen a few
seconds afteir the exposure is made, This film normally yields medium-
contrast positive prints., In the density-versus-exposure characteristic,
there is a threshold that must be exceeded before the fiirq responds. The
print remains black even thougﬁ the film has been exposed to a certain
amodnt of light, and then with very little more exposure it turns gray, and
with still more exposure, white. |

If the dots are numerous enough to pile up in parts of the image, the
contrast characteristic of Polaroid ﬁlm provides moderate éontrast enhance -
ment an;l é. lower-level cutoff, Where the concentration ovf activity is below

a certain level the image remains black, while parts of the subject above



-90- UCRL-11978

Cathode-ray tube \

displaying an Lens board holding
image of subject six lenses with graded
.aperture sizes

Polaroid or other photographic film.
Six images of the subject are recorded
with graded image intensity on one

sheet of film
MU-32634

Fig, 28, Drawing of multilens 6scilloscope camera, showing how images
with graded intensity are formed,
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the level are gray or white. The multilens camera thus gives a
sevries‘ of images with graded lower-level cutoff,

If the dots are not numerous enough to pile up, ﬁo cor_xtraét enhance-
ment results from the use of moderate- or high-contrast film,

When pictures are composed of only a small number of dots, the statistical
variations are xielatiVely g_réa't, and contrast enhanc.em'envt };as little or no
value, The technique vw..lsed at present is to record such pictures with
sharply focused dots and view them through a diffusion filter as described
in the féliowing section.

A six-lens pi.cture of a rat 1.5 hours after injection of F’jg as the
ﬂuéride is shown in Fig. 29. | i’osi.tron coincidence collimation was employed.
All of the ,imalg‘es were of course taken simultaneously, The first shows a
diffuse outline of the rat and'background dots. The third image shows a
clearer outline of the rat and indicates thaLt F18 is present'in all the gross
soft tiss.ués; The fourth and fifth images begin to show the skeletox;x, where
much of the F1.8 concéntrafes. The sixth picture shows only the parts of
the skeleton; having the highest concentration of Fia, the bladder, and one
hydronephrotic kidney. " Fluorine always appears in the bladder shortly |
after injection, since about 50% is cleared from the bloéd by the kidneys.
However, the kidnéys are not normally visualized. A histological exam-
ination was performed on the kidney, and distention of the kidney pelvis

and blunting of the calices were found,

2, Gaussian Dot Diffusion \\'

By viewing the pictures through a diffusion filter, different dot den- -
sities are transformed into different shades of gray (13,14). Little or no

contrast enhancement is then necessary, because the human eye is quite
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ZN-4781

Fig, 29, Example of picture taken with six-lens camera, showing
distribution of F*® in a 200-gram rat in vivo, Twenty pC was
administered intravenously, and 1,5 hours later a single
10 -minute exposure was made, simultaneously producing six
images with graded intensity,
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sensitive to small differences in gray tones when the picture is a'dequately.
illuminated, Diffusion has the éff(_ect of suppressing background because
isolated-dots arel defocused énd blend into the background, where they be-
come less noticeable. At the same time, parts of the picture with large
numbers of dots per unit area are highligtéd, since the defocused dots add
together to form a prominent bright area. |

‘Diffusion of the pictures is parti;ularly helpful for inexperienced ob-
servers. However, many experiénced observers also find that it is easier
to see variations. ifx dot density through the filter. Familiar patterns in the
subject become instantly recognizable, because the dot-density information
ié presented as a simple pattern of gray tonés; It is no longer necessary
to carefully examine each area of the picture to decid;a whether the area is
more intense or»not: It is obvious at a..i glance,

Examining the pictures through a minifying lens, or simply looking at
them from a considerable distance, ha.é somewhat the same effect as looking
at them througfx the diffusi’onvﬁlte'r. The diffusion in the former ca;ses is
taking placé;in. theieye of the _observer.i However, use of the filter has the
advantage that the amount of diffusioﬁ can be easily varied, 'aﬁd the observer
s.ees the picture in its normal size rather than as a tiny or distant image
that is hard to 'exandine carefully,

A satisfactory filter consists of a sheet of glass with é very finely

pebbled surface, such as Tru-Site Picture Framing Glass (Dearborn Glass

Co. . Bedford Park, Illinois).. With this filter the amount of diffusion ob-
tained is directly proportional to the distance between the glass and the
pictufe. The optimum amount is obtained by holding the giass at a distance
determined by trial, If there is too little diffusion, the individual dots are

still noticeable, and if there is too much, resolution is lost. With the
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optimum amount of diffusion, the variations in dot-density are éh:mged to
shades of gray with little or no resolution loss, |
' \
An exampile of the effect of diffusion is shown in Fig., 30. These pic- g

\ .
turee show the distribution of erythropoégic marrow in the shoulder area

of a human gubject, The tractor was 8,2-hour positron-emitting Fesz,

and coincidence collimation was used, In the 'aharply focused original,

Fig‘. 30A, marrow is chown in the humerus, the cléviclc;' and ﬁh'e scapula,
In the diffused copios,‘ it iz aleo easily secon in the ribs, the oblique lincs

at the lower left, It is eacy to overlook the rii:a in the original picture,
although they can be sceen is the observer looks for them. | In the diffuced
pictures they are less likely to be missed. |

A variation of the technique of viewing the sharply focused plctures
through the diffusion filter is to record the picture initially with diffuséd
dotav.: This can be done by placing the diffucion filter an inch or more in
front of the cathode-ray tube, Alﬁcrna.tively it can be done by do'focusing the
cathode-ray beam with its focus control or by placing a defocusing lens in
{ront of the scope camera. The use of the diffusion filter has the advantage
that the light from each dot {5 spread into a nearly Gaussian pattern instead
of 2 sharp-edged disc..' The subjective effcet of Gaussian diffusion is botter
than the other methods of defocusing, Furthermore, with the filter the
diffusion is equal over the entire picture arca, it is eaéy to vary the amount,
and it does not vary if the { stop of the oscilloscope camera lens {s changed,
ae it does if a defocusing lens io used.
I.chordir_xg the pictures with diffused dots has the disadvantage that the

diffusion cannot be reduced after the picture has been recorded. The method

is satisfactory, however, in routine clinical situations for which the ortimum

———



-95- UCRL-11978

ZN-4226

Fig., 30, Effect of diffusion filter on picture originally recorded
with sharply focused dots,



, with a small amount of dszuslon and more can be added if necessary by

h ‘:. Furthermore, the storage tube has a variable background suppression,

.7 The image can be erased a.t any time by pressing a button that brings the
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“_'amount of d1££us1on is- known. Alterhativeiy; the":bi"ct'\ireé 'caix be recbrded -

observmg them through the filter,

3. Memory-Type Cathode-Ray Tube

Mallard and Myers (43) reported eonstructihg a Y:’-—V_ray.scintillatiorx' Lt o

" camera with a memory—,type cathode-ray tube for readout and storage of

" the image. This is advantageous because the image,. is .visible as it builds (*

up. Thus, patlents can be qulckly pos1t10ned for the best p0851ble view,

‘After adjustment, the screen can be photographed to obtain a permanen‘t,v_-:
“‘record. Only signiﬁcant pictures‘ need be recorded, | |
 The memory type cathode-ray tube has a nonconductmg storage meshi
between a conventxonal electron gun and fluorescent screen, The electron
igun deposxts a charge on the storage screen at pomts correspondmg to each:.
lr'(’*v;-vdot in'the image, This permits electrons from an electron "flood gun" : to‘ RN

pass through and‘continuously illuminate a dot on the fluorescent screen. -

. potential of the storage mesh back to cutoff,

The requirements of a good storage tube are linear gray tone dlsplay, L
- variable lower-level cutoff, adequate writing speed, and complete erasure
. of the previous image without residual effect on the following picture, Less . = ‘-

ideal tubes can be used if their function is only to aid in aligning patients. . = x _

- .

B. Motmn Pictures

.The movement of tracer compounds through organs can be shown,

3

- either by taking motion pictur\es or by taking sequences of still pictures,

Both show the dynamics of an organ, as well as its size and shape, and willf;ﬁ_i_ o
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probably become increasingly valuable in medical diagn‘qs’is‘ and research,

Two methods can be used for recording and displaying motion pictures,
The first is to record the flashes from an imag.e-readogt oscilloscope with a
motion picture camera. Us:ually the action is speeded up by exposihg- cach
frame for a few seconds or more and then projecting the developed film at
the regular speed of 16 or 24 frames per second. A process that may take>
‘many minutes in the patient is"*\compressed to a few secj;'&:)nd.s or viewiﬁg

: \ '
e . : \\-. -

A second method of displaying motion is to record the x- and y-
poéition signals for each dot in the image on ma.gneticj‘tape and play back
the tape on a cathode-r.ay-vtube moni\tor. By recording; at slow tape speed
and playing back at high speed, the éct‘ion can be accelerated by factors of
up to 100, The tape ',recording has the advantage that immediate playback is
possible withouf the processing necessary for motion picture film. It also
lends itself to obtaining numerical data, as described in Section VC,

One of the problemsvin viewing motion pictures of dynamic processes
is to presen‘t the pictures t;) the observer so he can visualize the information
contained in them, Each frame of a motion picture film is typically composed
of a small number of dots. When these flash onto the screen for only a small
fraction of a second, it is often difficult to visualize what they show.

One answer to the problem is the use of image-persistence techniques,
The pufpose of the latter ié to méke each dot remain on the screen long * |
enough to make a suitable impression on the observer.

Image persistence can Se oﬁtained with closed-circuit television ap-

‘paratus using a memory-type television camera tube called a Permachon

(18). This special camera tube views the image-readout oscilloscope or a
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proj‘ected motion picture, and the persistent image is"i%;ewed on a televi-
sion monitor, |

| Image persistence can also be obtained by proje;:.t:ing an image from
a motion picture projector onto a light-sensitive long-persistence phosphor
and viewing the phosphorescent image. A third method is to reprint motion
picture film by a "sli.p-frame" technique so that each frame on the original
is printed on several frames of the copy. A fourth method is to view a
magnetic-tape recording on a cathode-ray tube havingJ a long-persistent

phosphor.

C. Numerical Data Recording and Readout

Several methods can be used to obtain numerical count-rate data from

specific areas of a picture,

Direct Electronic Methods., A relatively simple method is to divide.
the image into halves, quarters, etc., and electronically count the signals
that produce dots within each area, For instance, to count flashes appearing
on the right-‘hand half of the picture a circuit that counts positive X signals
but does not count negative X .signals, is used. Another circuit sensitive
only to negative X signals counts'flaslixes appearing on the left-hand side of
the picture. By sending the outputs of these two circuits to rate meters and
a dual recorder, curves of the count rate versus time in the two halves of
the image detector are obtained.

The above arrangement is used for kidney-function studies with 1131

hippuran. The curves are comparable to conventional renograms.,

Visual Dot Counting. This technique, used with the autofluoroscope

by Bender and Blau ( 18), consists of recording flashes from an image-

readout oscilloscope on motion picture film, then visually counting dots
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within spccified areas on each frame of the developed ﬁlm The number of
counts per minute in the area is plotted as a function of time. This method
is very flexible, sincé areas of any .size or shape can be chosen, but it is

laborius when large numbers of dots must be counted,

Magnetic Tape Recording with Numerical Readout. Numerical counts

as a function of time can be obtained from a picture area of any size or
shape by the following semi-automatic technique. f‘irst, the position and
time of occﬁrrence of all detected y rays are recorded on magnetic tape.
With the scintillation camera, this is done by recordi{hg allthe X, Y, and Z
pulses on a three-channel recordexl. At the same time a picture of the organ
under study is obtained from the readout oscilloscope with an optical camera.

Then by reference to the.picfure just obtained, a mask is made that
blocks ox'xt' all the picture except the area from which numerical counts are
wanted. This mask is placed be'fore the image-~-readout oscilloscope., Then
the magnetic tape is played back and the flashes within the desired area are
counted by-a phototube. The coﬁnts are sent to a rate meter and recorded
as a function of time on a chart recorder. Additional areas may be treated
in the same fashion by making new masks and replaﬁng the tape.

This method is very flexible becé.use the position and time of all de-
tected y rays are recorded on the tape and numerical data from any :;.rea can

be read out at any time in the future. It also offers the advantage that motion

pictures or additional still pictures can be printed out by replaying the tape.

Magnetic Core Memory., Another method of obtaining 'nu:merical data
from specific areas of a subject, consists of dividing the picture velectron-
ically into a rectangular ﬁosaic of picture elements and storing the counts
that occur within each elemen; in a magnetic core memory, The memory

systems used in multiparameter analyzers are suitable, These devices can
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also display the stored data as intensity-modulated mopAa:ic pictures on a
cathode-ray tube with any desired amount of contrast az;nplification or back-
ground suppression, For instance, the data can be sho:;vn as an isocount
image of the subject' in which all picture elements with more than a certain
number of stored counts are white and all with less are black. Also, the
data can be shown as an isomet'ric display of a three-dimensional plot,
where the third dimension represents the number of counts stored in each
channel, ,

To obtain numerical data from a specific picturé area, the picture
elements W'ithin that area are selected and the counts within those channels
are totaled. If dynamic processes are being followed, the data in the
memory are periodically transferred to another memory device, because
the magnetic core memory alone does not record the time at which the counts
in a particular channel were received. Then by the use of.conventional

computer techniques the numerical counts in the selected area are plotted

as a function of time, A -
. _ ) ,
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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