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Chapter I.

INTRODUCTION.

During the last decade, the use of radionuclides for functional

studies of different organs iji vivo, both morphological and

dynamic, has found widespread application. The investigations

are usually performed with scintillation cameras and the

type of instrument most frequently used is the single-crystal

Nal(Tl) scintillation camera invented by H. 0. Anger. With

such detectors, the photon fluence from circular areas with

diameters up to 50 cm can be recorded. Simultaneous exami-

nations of large organs or a group of organs can thus be per-

formed.

Photons passing through the holes of the collimator interact

with the large 13 mm thick Nal(Tl) crystal and the light

from the scintillations is registered by the photomultiplier

tubes. In the camera circuitry, the position of and the

energy dissipated by the photon event in the crystal are

determined. Those events, falling within a preset energy

window, are usually stored in a digital memory. In dynamic

studies, the storage is performed either by recording

sequential images for a predefined time period (frame mode),

or alternatively, each event and its address are stored in

chronological order (list mode). Histograms of the variation

of the count rate with time in different areas in the scintilla-

tion camera image can thus be constructed.

The functional two-dimensional image of the photon fluence rate

omitted from the activity distribution _in vivo reflects the

biological behaviour of the radioactive tracer. The biological

function is a complex ensemble of different factors and hence

a detailed knowledge of the radiopharmacology of the tracer

is essential for the proper interpretation of the measure-

ments.



Aim of the present investigation.

Quantitative assessment of the activity of photon-emitting

radionuclides iji vivo requires knowledge of the factors

affecting the measurements. The purpose of the present

investigation was to study some of the factors involved

in scintillation camera imaging techniques.

The particular points examined were:

- Scintillation camera counting losses and image artifacts.

- Tissue attenuation.

- I_n vivo activity distribution.

- Radiopharmacological properties of the tracer.

The results obtained were applied in clinical and experimental

functional studies of:

- Thyroid glands.

- Lymph nodes.

- Kidneys.



:har.ter II.

SCINTILLATION CAMERA COUNTING LOSSES AND IMAGE ARTIFACTS,

Introduction.

Scintillation camera measurements o i' în vivo activity are

dependent on the accuracy with which the digital information

available for quantitative calculations can be used. The

sensitivity and the response with distance of the camera

depend on the photon energy and the characteristics of the

collimator. These factors have been determined in detail

by other investigators and are reported clsewhert in the

literature (1, 2). They can be checked experimentally for

each camera-collimator combination with suitable phantoms

(3, 4) and will be discussed further in Chapter III for the

case of parallel-hole collimators. \
t

A knowledge of the count rate capacity of a scintillation

camera is essential when rapid biological functions are to {

be studied. To collect enough events during short tine

intervals, high photon fluence rates must be emitted from

the activity distribution. The event rate in the Nal(Tl)

crystal might then be so high as to cause counting losses

and image artifacts. Depending on the photon energy spectrum

of the radionuclide and the scattering conditions, the total

event rate in the Nal(Tl) crystal can be considerably higher

than the expected count rate in the energy window used.

The problem of counting losses in Anger cameras with large

Nal(Tl) crystals became evident soon after their introduction.

Early attempts to correct for these losses treated the scintilla-

tion camera as a conventional counter and the "two-source

method" was used to determine the "dead time" of the scintilla-

tion camera (5). As indicated later, however, this method

yielded values of "dead time" that were dependent on the i

count rate (6, 7).
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In the interpretation of the results in the above investiga-

tions it was not r. 1 * v.;; ro.-. I i veil that the scintillation camera

was actually exposed to n oo; .;.-lot'.' energy spectrum of photons

and that only a small part of the event rate in the crystal

yields the count rate in the energy window contributing to

the image. This important aspect was pointed out earlier

but its si qnif ica.v-o- wa.- not fully realized (11, 14 •• 16).

These methods did r.ot t ther take into consideration the

positioning of th< events. N\J distinction wat; made between

correctly or wrongly pc^ It icr.od evti'is. The T V iationship

between the energy distribution of the photons, the activity

and the position signals was first elucidated quite recently

(17 - 23, .'aper I) .

Experiments.

To investigate the relationship between the counting losses

and image artifacts for the Anger scintillation camera, a

new experimental model, described in detail in Paper I, was

set up. The basic aim was to evaluate such effects in con-

ditions equivalent to those in actual clinical studies.

Most of the measurements were thus performed with the radio-

active source at 100 mm's depth in water.

It could Hr . ri that the count rate curves from the total

image vari . ;th the relative amount of Compton scattered
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The number or misposit i.'.r.eci events increased with increarinq

amo;;ntj; of scattered v'y L'"r. •;. The t\ pe oi carrier a us-:d al:;o

affected the results, indicdiipq rhat puJ :-"e pi'occH^ ; r.rr

was of gre'at importance. '^Y.'-r. .-•. ̂  ? : pt i i I at i an cane: •; "--.'it'.

pile-up rejection circuitry > :• •- i - vf-st i rt ted , a eah .:tar:t : al

reduction of the imaqe artifacts «as attain? i, as compared

to other cameras. It v-a:: cenc.' .:ded that the count losr:.o:- and

image artifacts were basically determined by the slow decay

of the scintillation light and that these effects were strcrgly

related to the energy spectrum of the photons impinging on

the Nal(Tl) crystal.

Theory.

In order to explain the experimental results, a theoretical

model was constructed and used for computer simulations.

This is described in Paper II.

The model is dependent on the fact that, when a photon inter-

acts in a Nal(Tl) crystal, a scintillation is produced. The

light intensity increases rapidly and decays slowly (24, 25)



If a new photon interacts before the preceding light pulse

has almost completely decayed, a pile-up pulse is generated,

as is shown in Figure 1(A). The length of the time intervals

between two consecutive interactions, T, is exponentially distri-

buted (26). In the theoretical treatment the rise of the pulse

was assumed to be immediate and the decrease exponential with

decay time TK.

It can be shown that using the random number 5, uniformly

distributed in the interval (0,1), the relative decay of a

pulse during time T is given by

exp(-T/TK) = =

where IA is the event rate.

When the n-th light pulse, W , is created, a time, Tn, after

the (n-l)-th light pulse, the light remaining from all the

preceding events is U and thus the total pulse-height is

W + U = Z . The positioning signals
n n n ^ and Y^ are genera-

n nted simultaneously. These signals are proportional to the

position of the photon event in the crystal times the pho-

ton energy absorbed and must therefore be divided by the

"energy signal" Z to give the energy-independent positioning

signals X', Y*. The equations describing the n-th event thus

become

(2!

(3)

(4)

Zn

Xn
X n +

i- U =n

X , •<

Z

n n

äxP(-Tn

, • exp

/my \
/ » *» /

(-Tn/TK)

n

Yn+Yn_1«exp(-Tn/TK)

n



All events in the crystal create these signals, but only those

events with pulse-heights Z falling within the pulse-height

window are recorded. The pile-up events are positioned some-

where between the original events, depending on their relative

contributions in Equations (3) and (4), see Figure l(B).

Figure 1(A). The principles of the creation of pile-up light

pulses in the Nal(Tl) crystal. The pulse-height window,

AZ, is also indicated in the figure.

(B) . The shadowed area illustrates the region wher*1

pile-up events from pairs of photon events will be

positioned.

In the model monoenergetic photons were assumed to be emitted

from the radioactive source and different shapes of the pulse-

height distributions were generated. Two cases were considered.

In the first, called the "air case", it was assumed that the

source was free in air and only interactions in the crystal

were simulated. The pulse-height distribution was described as

a continuous distribution up to a value corresponding to the

"Compton edge" together with a spike for the full-energy absorp-

tions. In the second case investigated, the "water case", scat-



Lering of the photons in the material between the source and

the detector as well as the interactions in the crystal were

simulated as a continuous distribution of pulses up to the

full energy pulse-height. Ail pulse-height distributions were

generated using random numbers. In the model, it was also

possible to simulate pile-up rejection by introducing a pile-

up rejection level, DEL. Events were rejected if the light re-

maining from earlier events was greater than the level DEL. A

Fortran-IV programme to describe the model was developed; the

flow-chart is presented in Figure 2.

Input data

Generation cf
pulse-height

Figure 2.

J

n = n • 1

T
Generation of remain-
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After specifying '.he input data, the pulse-heights and the

coordinates for the interactions in the crystal were generated

usino random numbers. The pulses were first stored in a

matrix to give the simulated pulse-heiqht distribution and

were then inspected to see ii the pile-up and energy window

conditions were met and if so, the events were stored in an

image matrix. Two different source-distributions were simu-

lated: either four point sources to imitate the experiments

described above, or parallel line sources to investigate the

influence of different event rates on the line snread function.

Results.

The simulated and the experimentally obtained pulse-height

•distributions showed similar patterns of degradation when the

event rate increased. Theoretically, it was shown that the

number of pile-up events recorded in a pulse-height window

was dependent on the scattering conditions. When the "air-

case" was simulated, most of the pile-up pulses within the

window at lower event rates were full-energy pulses, super-

imposed on the tails of preceding full-energy pulses. At

higher event rates,relatively more Compton pile-up pulses

were recorded in the window. For the "water-case", the

fraction of Compton pile-up events within the pulse-heiqht

window was larger at comparable event rates. The observation

that the numbers of Compton pile-up pulses registered increase

with increasing fractions of Comptcn events in the pulse-heiqht

distribution explained why the counting losses vary with the

scattering conditions.

Jn the images of the four point sources, similar characteristics

were obtained, both theoretically and experimentally. When

the event rate was increased, the relative number of false-

events increased. In the "ai.r case", most of the pile-up

events wore located in the vicinity of the sources. Thr

corresponding theoretical pulse-heiqht distributions show



that most of the pile-up pulses recorded within the pulse-height

window are due to full-energy events, as mentioned earlier,

and consequently the pile-up events are only slightly mis-

positiored. In the "water-case", relatively more Compton

pile-up pulses art registered in the window and, in the

images, this appears as false events positioned between the

sources. When pile-up rejection was simulated, most of the

false events in the image disappeared. The simll number of

false events still accepted were located within or very close

to the real images of the sources.

The image distortion was evaluated by measuring the count rate

within the "cross" and calculating the fraction of the total

count rate with "right position" in the image, i.e. outside

the "cross". This fraction was experimentally shown to be

dependent on the scattering conditions and the same results '

were obtained theoretically. i

• i

To investigate the influence of the slow decay of the scintilla- {

tion light in the Nal(Tl) crystal on the count rate character- >

istics, the decay time, TK, was assumed to be equal to 0.2 ps

(24, 25). The event rates, IA, were then determined for diffe-

rent values of the product TK«IA and count rate curves were

constructed.

The shapes of the theoretical count rate curves were in good

agreement with those measured experimentally. The count rates »,•

of events correctly positioned within the real images of the

sources were calculated theoretically, and it was shown that

the maximum obtainable count rate for these events, for the

"water-case", was of the order of 1.5 • 10 s~ . Scintillation

cameras with resolving times of a few microseconds are common in

actual practice, this being determined by the time needed to

integrate the current pulse from the PM-tubes and to process

the pulses in the subsequent electronics. In the theory a j

non-paralyzable resolving time, T, of 1 ps was therefore

assumed (26). The theoretical count rate curves were corrected

using the factor k for the corresponding event rate IA in the

10



total pulse-height distribution:

The results thus obtained were in agreement with the experi- i

mental data of the same order-of-magnitude even when pile-up ';

rejection was simulated. The maximum counting rates were

then less than 10 s

Discussion and conclusions. j

t

Image artifacts and counting losses have been investigated |

both experimentally and theoretically in Papers I and II. *

These effects could be explained taking into consideration i

the slow decay of the scintillation light and the total event i

rate in the Nal(Tl) crystal. The relative number of falsely

positioned events in the image depends on how many pile-up

pulses are registered in the energy-window: this is in turn

dependent on the shape of the pulse-height distribution.

Count rate curves have been obtained which differentiate between

correctly and wrongly positioned events. These curves have /

shown that the total event rate in the crystal determines

the count rate capability of the Anger scintillation camera. :

The limiting factor has been shown to be the pile-up of

the signals in the Nal(Tl) crystal. The resolving time of

the camera electronics further reduces the count rate.

Pile-up rejection of false events has a considerable influence \ f

on the quality of the image. Most of the events which are i

wrongly positioned can then be excluded and only a few pile-^p

events positioned within or close to the sources will be [

accepted. £-.

11



At low photon fluence rates, the event rate that is recorded

with the Anger scintillation camera can by suitable calibration

be converted to the photon fluence rate. At high photon

fluence rates, however, counting losses and image artifacts are

caused by the pulse pile-up, making such calculations almost

impossible.

Both theoretically and experimentally,it has been shown that
4 -1

at expected count rates as low as 10 s , significant

counting losses and image artifacts might appear. Taking into

consideration only the decay time of the scintillation in the

Nal(Tl) crystal, it has been shown theoretically, that the

maximum count rates with correctly positioned events obtainable

are of the order of 1.5-10 s "*". If, in addition, a resolving

time of 1 us is assumed, the maximum obtainable count rates

will be less than 10 s~ . Results with simulated pile-up

rejection indicate that the count rate capacity for one

of the modern cameras investigated tends to approach the

limits for single-crystal Nal(Tl) scintillation cameras.

12



Chapter III.

CORRECTION FOR GAMMA-RAY ATTENUATION IN TISSUE.

Introduction.

Quantitative determinations of the activity of gamma-emitting

radionuclides in various organs _in vivo by external measure-

ments require corrections for the attenuation of the photons in

the intermediate tissue (27). To make corrections for the

attenuation, the depth localization and size of the activity

distribution must be determined. The attenuation properties

of the tissue between the activity distribution and the body

surface must also be evaluated. To make these corrections in

actual practice, an equivalent depth of the activity independent

of its distribution in the organ and overlying tissue has to j

be estimated. :
• i

*

The method most frequently used for deriving the depth locali- j

zation is that of "peak-to-Compton" measurements (28 - 34). .

Distance dependent detectors have also been used (35, 36).

Another approach for depth determination is the "double-

isotope" technique (37 - 40). These methods are, however,

too complicated for use in routine clinical work. Three other *'

procedures have been investigated here and are described below

in the order of their accuracy, Methods i - iii.

One of the great advantages of using scintillation cameras

equipped with parallel-hole collimators is that the distance-

response function has almost a constant value over clinically

relevant collimator-source distances. This was tested for

all the parallel-hole collimators used in the present work,

and some of the results are given in Papers III and IV.

With high photon energies, however, septum penetration can occur I* !

and make the response function dependent on the source-collimator
123

distance. This has been studied in great detail for I, for

which it was shown that the choice of collimator affected the

13



shape of the pulse-height distribution due to septum pene-

tration (41).

Method i; Dual photopeak-area method.

For radionuclides emitting two or more gamma rays with suffi-

cient difference in attenuation coefficients, the ratio of

their separate count rates can be used to deduce the attenu-

ation.

This method is described in detail in Paper III and it is

shown there that the photopeak ratio can be written as

HI} = constant • eff (6)

The precision is dependent on the difference between the two

attenuation coefficients and increases the larger the diffe-

rence. The average effective depth, d ffr, is the arithmetic

mean of the effective depths for the two photon energies,

whereas the effective depth, d -,, is equal to the thickness of

the material between the body surface and the "centre of activity"

in the activity distribution as seen by the detector in the present

setup.

This method was developed for functional studies of the uptake
123

of I in the thyroid. For practical reasons, in Paper III,

two energy windows of equal relative width (40%) were centered

over the full energy peaks at 28 and 159 keV. If, however,

windows with different relative widths are used, the values

of the effective attenuation coefficient can be altered and

the precision of the method thereby be increased. The attenu-

ation curves obtained experimentally in water for the phantom
123

of 10 mm th.ick.ru- s, filled with I-solution, described in

Paper III, are shown in Figure 3 for some different energy

windows.

14
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The smaller the energy window, the fewer the number of scattered

photons that will be registered. For the 159 keV photons,

the attenuation is almost exponential for relative energy

windows of 10%and 20%, whereas for 30% and 40%, the build-up

of scattered photons becomes very pronounced, especially at

smaller depths. In addition, for the lower energy window, the

relative number of scattered photons from higher photon energies

increases with the effective depth.

The attenuation coefficients for the exponential parts of the

attenuation curves have been estimated and the differences

between the values for 28 keV and 159keV calculated. These

are listed in Table 1.

15



Table 1. Differences in attenuation coefficients,

(m"1)

159 keV

10%

20%

30%

40%

Energy

10%

16.2

17.3

18.1

18.2

window in

28

20%

14.0

15.1

15.9

16.0

percent for

keV

30%

13.9

15.0

15.8

15.9

40%

13.5

14.6

15.4

15.5

By selecting a wide energy window over the higher photon

energy and a narrow energy window over the low photon energy,

the largest difference between the attenuation coefficients

is obtained. Because of the build-up of scattered photons,

this difference will be even greater at smaller depths."

The photopeak ratio has been plotted in Figure 4 for some

energy window combinations and, from these curves, it can

be seen that selecting relative energy windows of 40% over

the 159 keV and 10% over the 28 keV full energy peaks gives
123

the best relationship for this particular radionuclide, I.

Because of the narrow low energy window used, an increase

of the measuring time might sometimes ue necessary, to

obtain good statistical significance. By proper selection

of the energy window, tha precision of the dual photopeak-

area method can thus be increased.

As shown in Paper III, this method makes it possible to

determine the average effective depth of the activity

16



distribution and this depth is independent of the thickness

of the distribution. It is thus possible to use this

average effective depth for correcting the attenuation,

although the real thickness and distribution of the activity

are not known in detail. The average effective depth

determined is not exactly the same as the effective depth

for which the attenuation should be corrected, but as

shown in Paper III the discrepancy thus introduced will

be less than a few percent in most clinical cases.
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Method Anterior-posterior measurements.

When measurements can be made at only one photon energy,

for example, for technical reasons or when only photons of

one energy are emitted in the decay of the radionuclide,

Method i can no longer be used. As an alternative, the

anterior-posterior method has been developed. Similar

methods have been described earlier for other applications

(30, 31, 42 - 49), but do not appear to have been applied

in scintillation camera measurements.

In Paper IV it is shown that the depth of the activity

distribution can be given by the expression:

d = =•
$A<d> (7)

In this method, the necessary condition is that the scintilla-

tion camera is equipped with a parallel-hole collimator.

In a more general expression for the depth, the centre of

activity, XQ, defined in Paper III, must be considered.

Then, with the symbols given in Figure 5, the following

equations are valid for the photon fluences:

(8)

= B dif£> (9)

and for the "thickness"

dirf + A x (10)

The constant B is equal to the product of the number of

photons emitted per disintegration and the distance response
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function. The latter is assumed to be constant. The

activity in the source is denoted AQ.

Rearranging the equations then gives

<D v-i
3
eff u ( 2 )

ueff

1 •»«!&>

2F (11)

This is the same expression as in Equation 7 if u ~I=
(2)

= yeff
 = ̂ eff an<* &x = 0. The assumption of the same attenu-

ation coefficients is valid, for example in the trunk of

the body. The second assumption, Ax = 0, is a good approxi-

mation for attenuation coefficients less than about 14 m

and activity distributions with thicknesses less than 100 mm,

because in that interval Ax will be less than 10 mm, as is

shown in Paper III.

•••'

'eff
( 2 )

AX

Figure 5. The measuring geometry for the anterior-

posterior method.
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What is of interest, however, is not only to localize the geo-

metrical position of the activity distribution in the body,

but to estimate the effective depth, which can be used for

corrections of the attenuation. The effective deptn will

thus be considered as the water equivalent effective depth,

because all experimental attenuation coefficients and cali-

bration curves have been measured in water phantoms. In the

equations above, the body thickness "I" has to be determined

to give the water equivalent thickness. If in the body

region studied, the tissue can be assumed to be water equiva-

lent, its thickness can be estimated with a ruler. When

the density of the tissue differs from that of water, the

thickness has to be determined by transmission measurements.

Method iii; Lateral views.

When a rapid estimation of the activity depth is desired in

clinical routine, a method frequently used is to take images

in lateral projections. By marking the surface of the skin

with radionuclide sources, the distance between the body

surface and the activity distribution can be measured. If

the composition of the interjacent tissue can be estimated,

an attenuation coefficient can then be assumed and a correc-

tion factor be evaluated. Pure soft tissue attenuation is

often assumed, which however, introduces an error in the

attenuation corrections if layers of bone or lung tissue

are present between the activity distribution and the surface

of the skin. Estimations of the activity-skin distance with

lateral views become difficult when the activity concentra-

tion is low. Other nearby activity distributions might then

be too large, making it difficult to outline the activity

distribution of the organ in the image.
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Clinical applications.

The three methods above have been used in a number of clinical

investigations.

Thyroid glands.

123.To estimate the activity of X*'JI in the thyroid, corrections

for tissue attenuation were performed using the dual photo-

peak-area method, as has been reported elsewhere (50 - 52).
123

Pulse-height distributions from the I-activity in the

thyroid were recorded with a pulse-height analyzer and the

count rate ratio of the 159 keV and 28 keV full energy peaks

were calculated. The technique is described fully in

Paper III. To verify the calculated average effective depths,

lateral views were also taken. The depths obtained from the

dual photopeak-area method were all within the geometrical

limits estimated from the lateral views.

The average effective depths of the thyroids ranged from 21 -

43 mm with a mean of 31 mm. With an attenuation coefficient

of 14 m , valid for Tcm, variations in the uptake values

up to 25% due to different attenuation can thus be expected.

For one of the patients in Paper III with an enlarged

thyroid, an average effective depth of as much as 70 mm was

recorded.

Lymph nodes.

When the quantitative uptake _in vivo of Tc -sulphur colloid

in the parasternal lymph nodes was to be determined, as is

described in Paper IV, the effective depth of the nodes had

to be estimated. The anterior-posterior method was used in

that investigation, because single photon energy registra-

tion of the 140 keV photons from Tc wa

possible since the 18 keV characteristic X-rays from

could not be registered. The calculated effective depths

were correlated to the skin-organ distance, measured either

with a ruler during surgery and/or otherwise by lateral

all that was
99m_
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views. The latter technique was difficult to perform, be-

cause of the low uptake of this particular colloid in the

nodes and the high background from scattered photons, due

to the proximity to the injection site.

The accuracy and usefulness of the depth determination were

I demonstrated in Paper IV. The calculated activity i_n vivo

of the nodes agreed with the results of _in vitro measure-

ments of the same nodes. The depth evaluation was also

valuable as a means of diagnosis. In some of the patients

in Paper IV, lymph nodes, assumed to be parasternal nodes

from anterior images, could following the anterior-posterior

measurement, be shown to be nodes lying much deeper and

thus be properly diagnosed as mediastinal nodes.
i
*
t

The depth localization was thus not only important for j
| correction of the tissue attenuation, but also of importance •
} *

for avoiding the detection of undesired lymph nodes, which I
would lead to a wrong diagnosis. ;

Kidneys.

When the kidney function is to be exploited quantitatively

with radiopharmaceuticals, the activity content in the organ

has to be evaluated. The separate kidney function can be

evaluated by use of the ratio of the count rate from the

right kidney, N o(d o), to the sum of the count rates from
K K >.

the left, NT (dT) and the right kidney (53):

NR(dR)
Measured separate uptake = N (d )+N (d )

R R L L

The two kidneys are often situated at different depths,

d_ and dT, and this difference in depth, Ax, affects the
K L
functional value in Equation 12.

r
» •
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Assuming that the fraction of the total activity in both

kidneys that is present in the right kidney is a, and de-

noting the attenuation coefficient of the surrounding tissue

by yeff» then:

True separate uptake = I 1+(^-1)-exp(yeff-Ax) J (13)

In Figure 6, this expression has been plotted for ^eff
=12 m ,

valid for Tcm-labelled compounds, and different values

for Ax. The similar figure for I is found in reference 53.

The depth difference, Ax, affects the calculated "separate

uptake" inversely to the energy of the photons and the

correction for the difference in kidney depth, Ax, is largest

when both kidneys have equal functions.

True separate uptake

100
V.

50 -

Ax - 0 mm
A x - 10 "
A x - 30 "
A x - 50 »
Ax « 70 "
Ax - 100 "

50 100
Measured separate uptake

_

Figure 6. The true separate uptake versus the measured

separate uptake for different depth differences,

Ax, between the kidneys.
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Depth determinations of the kidneys have been performed in

some clinical examinations by anterior-posterior measurements

and/or lateral views, and are reported elsewhere (53,54).

All kidney depths were measured with the patients standing

in front of the camera. In these studies, either 197Hg-

chlormerodrine or Tc -iron ascorbic acid were used as

kidney-seeking tracers. In the calculations, effective

attenuation coefficients of 15.4 m"1for Hg and of 11.8 m

for Tc were used, as previously measured for a kidney

phantom in water.

-1

It was found that the depth difference between the kidneys

could vary considerably for different patients. In Figure 7

the depth differences obtained frcn the anterior-posterior

measurements in 78 patients are given (53, 54). Depth diffe-

rences up to 8 cm were obtained, and it is evident that,

for a proper functional estimation, corrections for the

variation of the attenuation with depth must be performed.
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In 84 kidneys, the depths of the activity distribution

were measured using both the anterior-posterior and the late-

ral-view techniques. The depths thus determined are given

in Figure 8.

Anterior- Posterior
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5

cm

v* *•*'
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/ • i.*'"
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Figure 8. The correlation between

•

i

15 20
Lateral view

cm

results from

posterior and lateral-view techniques

depth determinations in 84 kidneys.

anterior-

f rom

Linear regression of the values indicates that the lateral-

view method slightly over-estimates the kidney depths as

compared to the anterior-posterior method. This might be

explained by the anatomy of the kidney. The mean values
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for the depth of the right kidney were (7.7 t 2.5) cm with

anterior-posterior measurements and (8.2 i 2.3) cm with lateral

views. The corresponding values for the left kidney were

(6.8 ± 3.0) cm and (7.4 + 2.2) cm.

Five of the kidney depths in Figure 8 were difficult to esti-

mate because of the very low uptake in the kidney and/or be-

cause of very obese patients. These values are denoted by

(•) in the figure.

Discussion and conclusions.

For a proper estimation of the activity of a gamma-emitting

radionuclide in an organ In vivo, correction for tissue

attenuation is necessary. Three methods have been examined j

here and used clinically for scintillation cameras equipped ;
t.

with parallel-hole collimators. j
i
\

The choice of method for estimating the effective depth of \

the activity distribution depends on the properties of the

radionuclide and the technical facilities. If two or more

photons with sufficiently different attenuation coefficients

are emitted in the decay, then the dual photopeak-area

method should be used. This method offers a simple way

to calculate the effective depth with a precision of t5 mm.

If, however, radionuclides emitting only photons of one

energy are used, then one of the other two methods must be

used. The anterior-posterior method is then the more accu-

rate one, with attenuation measurements of the effective

body thickness, where the depth can be estimated with an »

accuracy of ±10 mm. If the depth is determined from lateral f

views, then the uncertainty can be expected to be of the ^

order of ±20 mm.

26



In Figure 9 the relative uncertainty in the calculations

of the activity, for different deviations in the determi-

nation of the effective depth, is shown as function of the

attenuation coefficient. With the dual photopeak-area

method, the activity can be estimated to within ±10%, where-

as the uncertainty for the lateral views might be as high

as ±30%.
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Chapter IV.

TEMPORAL AND SPATIAL DISTRIBUTION OF RADIONUCLIDES IN VIVO.

The investigations of the temporal and spatial distribution

of the activity iri vivo have been performed with a scintilla-

tion camera connected to a 4096-word memory and a magnetic

tape recorder. The system is described in Papers III - V.

In these studies,sequential images were taken and stored

on magnetic tape. Regions of interest in the image were

selected with a light pen and time-activity curves were

generated. Background areas were subsequently selected, :

representative for the tissue surrounding the organ. Back-

ground subtractions and corrections for the physical half-

lives of the radionuclides were performed.

i
As the effective depth of the activity distribution in the «

body and the calibration factor (the number of counts per '|

unit activity for the actual detector-collimator combi- •«

nation) were known, the activity could be calculated quanti- <

tatively. |

Quantitative evaluation of the temporal distribution in

certain areas of interest.

A simple way to evaluate the function of an organ is to deter-

mine its activity at a given time after administration of

the radionuclide, provided that this time is properly chosen. .

For example, in the diagnostic studies of kidney function }'.

described in references 53 and 54, a time interval of 80 - 110 s

after injection was chosen so that the photon fluence from

the kidney reflected only renal parenchymal activity and

was not affected by any influence from morphological or

functional abnormalities in the urinary tract.

More information on the biological function can be obtained ,

if the time-activity curves are resolved into exponentials j,

and half-times are calculated. This procedure was adopted \
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when the thyroid time-activity curves of Tcm and I

were evaluated in references 50 and 51.

In Paper V, where the uptake of different colloids in the

parasternal lymph nodes of rabbits were studied, compartment

analysis was used to evaluate the time-activity curves.

An open two-compartment model was applied to describe the

dynamics of the subcutaneously injected colloid in the

lymph nodes. The rate constant, k., of the flow to the nodes

and the rate constant, k-, of the flow from the injection

site to other organs were estimated. The calculations were

performed on a computer, where the theoretical expression:

L(t) = 1 0 0 ^ - ^ - | l-exp( -(k1+k2)'t) | (14)
1 2

was fitted to the experimental data.

It was thus possible to quantify the difference in the biological

behaviour of the separate colloids. The interpretation of

the rate constants could be based on the correlation between

the radiopharmaceutical characteristics of the colloid and

the physiology of the lymph system, and is discussed in

Chapter V. A three-dimensional diagram of the solution to

Equation 14, two hours after injection, is given in Figure 10.

The experimentally determined rate constants for the different

colloids are also illustrated in this figure.
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to the open two-compartment model

together with the experimental results for

different colloids, two hours after subcutaneous

injection.

Discussion and conclusions.

The time-activity curve for the radionuclide tracer iri vivo

was obtained by measuring the photon fluence rate from a

selected area in the scintillation camera image. In that

area, the count rate represents photons emitted both from

activity in the organ and from activity in surrounding

tissues, the so-called "background". To correct for this

background was essential when the organ-to-background ratio
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was low. Correction for the physical half-lives of the

radionuclides was important when only the biological

function was to be studied, especially when comparisons

between different radionuclides were to be made and their

respective physical half-lives differed.

When the biological functions of different organs were to

be determined iji vivo with radionuclides, three methods

have been used:

1. The activity at a given time was estimated.

2. The biological half-lives of the time-activity curves

were calculated.

3. Compartment analysis of the time-activity curves

was performed.

The most general method is to use the compartment analysis,

but the accuracy of this method decreases, the fewer the

number of compartments which can be measured. The choice

of method is, however, dependent on the function to be

studied and must be adapted to the measuring technique.
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Chapter V.

QUALITY CONTROL OF RADIOPHARMACEUTICALS.

If the count rate in a selected area of the scintillation

camera image is to be used for quantification of the activity

content of an organ and hence for estimation of its biological

function, good quality control of the radiopharmaceutical is

needed. Measurements of the photon fluence rate in an

energy window can be affected by radionuclide impurities.

The _in vivo behaviour of radioactive tracers is dependent

on their physiochemical characteristics. These two factors

have been investigated separately in Papers III and V, and

in reference 41.

Radionuclides.

Radionuclides can contain radionuclide impurities, depending

on what method of production has been used. Apart from the

important contribution to the absorbed dose to the patient,

these impurities might emit photons, which can influence

measurements in a selected energy window. An example of

this type was shown for 1 2 3 I , produced by irradiation
of Nal with protons of energies 50 - 60 MeV in a cyclotron,

as discussed in Paper III. Of the total activity produced,
125

0.2 - 0.9% was due to I. When the dual photopeak-area

method was applied (Chapter III), the contribution of the

28 k^V-photons from I in the low energy window increased
125

with time due to the long half-life of I, 60 d, as com-

pared to the 13.3 h for 1 2 3 I .

If high energy photons are present in the energy spectra,

scattered photons and septum penetration can influence

measurements in lower energy windows. This is the case for
123

I and has been reported in reference 41. Similar prob-

lems might occur when radionuclides emitting high energy

photons appear as impurities.
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As described in Paper III, an accurate check of the radio-

nuclide purity can be performed with gamma-ray spectrometry

on the radionuclide ^n vitro. During clinical examinations

the possibility of recording pulse-height distributions

directly from the scintillation camera is also an advantage.

Radiopharmaceuticals and radiopharmacology.

The physiochemical properties of the tracer greatly affect

its biological behaviour. Techniques for studying the

radiochemical purity and physiochemical state of radiopharma-

ceuticals were therefore investigated. A new method,

which was found to be rapid and reproducible, was developed. .

This was based on the gel-chromatography column scanning }

(GCS) technique (55), which has also been used in the j

development of "TC1"-label led ascorbic acid for kidney I

studies (54). *

In Paper IV, sulphur colloid labelled with Tcm was used

for lymphoscintigraphy in a patient study, and it was shown

that this colloid was not suitable for such studies. To

find a colloid better suited for lymphoscintigraphy, different

colloids were examined according to their activity-size

distributions. The GCS-technique was modified by filling

the columns with Sepharose ̂  4B gel (Pharmacia, Uppsala,

Sweden) (56, 57); thf> technique is described in Paper V.

It was there possible with this modified GCS-technique

to differentiate between colloids according to their '•

activity-size distribution. The results showed that, with [

this gel, colloidal particles with sizes up to a few hundred ' i
I

nanometers could be differentiated. The colloids investigated / \
i

had a variety of size-activity distributions, and it was j

shown that the colloid used clinically in Paper IV had a '

relatively large particle sire compared to the ethers.

r
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The biological behaviour of the colloids as lymphoscintigraphic

agents after subcutaneous injection was tested on rabbits.

After bilateral injection just below the Xiphoid process,

time-activity curves of the uptake of the colloid in the

parasternal lymph nodes were generated. The studies are

described in Paper V and were performed according to the

principles outlined in Chapter IV. The open two-compartment

model defined there was fittec3 to the experimental time-

activity curves and the rate constants evaluated. The goal

was to find a colloid with a high value for the rate constant
198k. and a low value for the rate constant k_. For the Au-

colloid, with a well-defined particle size around 5 nm (58),

the highest percentage uptake of the activity was recorded

(9%). The rate constant k. for the uptake in the lymph nodes

also showed the largest value for all of the colloids in-

vestigated. The good transportation of the gold colloid

into the lymph vessels could be explained by its particle

size, which enabled it to diffuse through the lymphatic

capillary pores with diameters of about 10 nm, as is seen

in Figure 11, and be phagocytozed in the lymph nodes' (59, 60).

The particle size also prevented it from passing through the

pores in the blood capillary membrane, where the permeability

fa$ albumin and larger molecules is almost zero. This

was indicated by the relatively small values of the rate

constant k2, and no evidence of uptake in other parts of the

body.
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Valves or pores

Figure 11. Schematics of the structure of the lymphatic
capillary. The direction of the flow is indi-
cated by open arrows.

• 1

i
• (

Of the 99Tcm-labelled colloids, the GCS-profile of antimony

sulphide colloid was similar, but with a somewhat broader
198activity-size distribution compared to the Au-colloid.

The shape of this profile was due to its particle size of

5 - 15 nm (61 - 64) . The uptake values in the lymph nodes

were slightly smaller (6%) with a somewhat smaller k,-value

and a somewhat larger k2-value. Colloids with larger or

smaller particle sizes in the activity-size distribution

than those of these two colloids had much smaller uptake

in the lymph nodes. These observations strongly imply that

there might be a narrow particle-aize interval for which

the ability of the particles to migrate into the lymph

vessels and be trapped in the nodes is optimal. In Paper V,

it is shown that a maximum of the uptake in the lymph nodes

is found, with a particle size corresponding to a migration

distance in the Sepharose ̂  4B column of about 90 mm.

f I
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Discussion and conclusions.

Quantitative measurements of the photon fluence rate in a

selected energy window usually assume that the count rate

is proportional to the activity of the radionuclide. Radio-

nuclide impurities can, however, affect these count rates

by emitting either photons with similar energies or high

energy photons which cause additional registrations in the

energy window due to scattering. A good knowledge of the

radionuclide purity is essential before administering any

activity that is to be followed by quantitative measure-

ments .

Measurements of the activity uptake in an organ are supposed

to reflect its function. If, however, the characteristics

of the radiopharmaceutical vary, this may lead to changes

in the expected behaviour. The diagnostic results can there-

fore be misinterpreted. An example of this has been shown

for the incorporation of colloids into lymph nodes.

The technique for measuring the uptake in the parasternal

lymph nodes in rabbits using gel-chromatography scanning

and compartment analysis of the time-activity curves has

demonstrated its usefulness for examining the pharmacological

and biokinetic behaviour of radiocolloids. The GCS-technique

is a simple, reproducible and rapid method that can be

advantageously used when the quality of the preparation is

of critical importance, as for example, when quantitative

studies are to be performed.
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Chapter VI.

GENERAL SUMMARY AND CONCLUSIONS.

This thesis accounts for the investigation of some of the

factors affecting the quantitative determination of activity

iri vivo with scintillation camera techniques. The importance

of knowledge of the properties of the radionuclide tracer

in interpreting the biological function has also been demon-

strated.

Paper I describes the special problems of counting losses

and image artifacts which occur in single-crystal Nal(Tl)

scintillation cameras at high photon fluence rates. A method

which simulates a clinically relevant situation was used y

to measure the amount of pulse pile-up in the image, by <

distinguishing between correctly and falsely positioned ]

events. The responses of different cameras have been compared. <

These investigations showed the influence of pile-up rejec- -:

tion on the count rate. Pile-up effects were observed at ;

such low count rates as about 10 000 s , with a 30% energy

window. Parameters affecting the total count rate of the

scintillation camera — such as the scattering media, the

source geometry, the collimator and the energy window —

were also investigated. It was shown that the counting losses

and image distortion were determined by the energy distri-

bution of the photon fluence striking the crystal, ratht.-

than by the counting rate in the energy window.

Paper II describes a theoretical model to explain the corre-

lation between counting losses and image artifacts in single-

crystal Nal(Tl) scintillation cameras, using computer simu- I

lation. The theory, valid for scintillation cameras of the [

Anger type, was based on the scintillation properties of the i

Nal(Tl) crystal. Trains of the light pulses from the scintilla- i

tions were simulated. The simulations of the pulse-heights

were based on a statistical model and were generated by random

numbers. Pulse-height distributions at different event rates
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with varying Compton distributions were constructed and the

images of four point and line sources were generated. Counting

losses and image artifacts were dependent on the shape of the

pulse-height distribution. The calculated counting losses de-

creased with larger Compt.cn distributions due to increasing

numbers of pile-up events in the energy window, which also

caused severe image distortion. The improvement of the

line-spread function with pile-up rejection was demonstrated.

The theoretical results were in good agreement with the experi-

mental results previously published in Paper I.

It was concluded that, in modern cameras, the decay time of

the scintillation light determines the amount of pile-up and

the resolving time of the electronics determines the measurable

count rates.

Paper III discusses the possibilities of using the dual photo-

peak-area method to correct for the attenuation of photons in

tissue. Attenuation curves and photopeak ratios of 159 keV

and 28 keV photons emitted in the decay of I were studied

for a scintillation camera equipped with an extra ADC for

recording the pulse-height distribution of the energy signal.
123Cavities of various sizes containing I-solution were placed

at different depths in a water phantom, in order to vary the

effective depth, i.e., the thickness of attenuating material

above the cavity plus the distance to the centre of activity

in the cavity. The centre of activity varies with the distri-

bution of activity in the cavity, its size and the effective

attenuation coefficient derived from the attenuation curves.

From the photopeak ratio, an average effective depth which

could be used for calculating the attenuation correction factor

was determined.

The dual photopeak ratio was used in the clinical evaluation of

I-uptake measurements of the thyroid. Effective depths for

the activity distribution in the thyroid ranging from 21 to 43 mm

were obtained.
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Paper IV correlates quantitative activity determinations of

Tcm-sulphur colloid in the parasternal lymph nodes of female

patients with primary carcinoma of the breast with microscopy

of the nodes. The activity determination was performed with

anterior-posterior measurements where the effective depth of

the activity distribution was determined. Correction for

tissue attenuation could thus be performed. The results were

in ayreement with those from activity determination of the

nodes iji vitro.

Compared to the results of microscopy, the scintigraphic obser-

vations showed a low frequency of uptake in normal nodes. Al-

though the technique showed the possibility of classifying the

clinical stage of carcinoma of the breast, the study indicated

that the Tcm-sulphur colloid was not the optimum substance

for subcutaneous injection. \

Paper V describes a method able to explain both the radiopharma-

cological characteristics of different colloids and to correlate

it with their biological behaviour. Using the gel-chromato-

graphy-scanning (GCS) technique on columns filled with Sepha-

rose ̂  4B gel, the activity-size distribution of colloids

could be studied. The biological ability of the colloid to

enter the lymphatic system and be trapped in the lymph nodes

after subcutaneous injection was studied in rabbits.

It was shown that optimum particle size for the colloid is

in the range of 1 - 10 nm. The highest and most rapid uptake
198

was shown by the Au-colloid with a very narrow particle

size of 5 nm. In the GCS-spectrum, this appeared as a single

peak. Its percentage uptake at two hours was 8%, compared

to 5% for the antimony-sulphide colloid, which was the optimum

Tcm-labelled colloid. The latter also showed a single-peaked

size distribution in the GCS-spectrum, this being somewhat

broader and with 5 - 15 nm size.
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This thesis shows that it is possible to perform quantitative

determination of the activity content ^n vivo using scintilla-

tion camera measurements. These measurements, however, are

dependent on a proper knowledge of the scintillation camera

performance. Corrections for tissue attenuation can be per-

formed with different techniques. To assure that the quanti-

tative results reflect the desired biological function,

quality control of the radiopharmaceuticals is essential.
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