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Abstract of Dissertation Presented to the Graduate
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of the Requirements for the Degree of Doctor of Philosophy

99m: RADIATION DOSE TO HUMANS FROM
¢ LABELED DIHYDROTHIOCTIC ACID (DHTA)
By
Kenneth Norman Vanek £
August, 1976 ]

Chairperson: Valerie A. Brookeman
Major Department: Nuclear Engineering Sciences

Dihydrothioctic acid (DHTA) is a new 9ngc—labeled hepatobiliary
imaging agent for liver/gall bladder visualization and for diagnosing
acute cholecystitis.

Nineteen patients with normal Tiver function were denied oral
intake of food or drink after midnight and injected intravenously the
following morning with 4mCi gngc-DHTA, prepared from a commercial kit.
Each patient was scanned in a supine position from the mid-thoracic to
mid-thigh regions. Scans were performed at various times from 0.25 to
12 hours after DHTA administration; 3 to 10 scans being recorded for
each patient. The patients were allowed to eat fatty meals at the
normal noon and evening meal times thereby inducing the gall bladder
to empty.

A dual five-inch rectilinear scanner interfaced to a PDP-8/I com-
puter with 16K of core memory was used for data collection. Data were

recorded as the number of counts detected by each probe over a 6.35mm

segment. Scanner speed was set so the area of interest could be scanned




within 15 minutes. New concepts and methods for organ boundary defini-
tions and compensation for overlapping organs were developed and util-
ized to obtain the counts within each source organ for each detector.
The geometric mean of the counts from the two detectors was then cal-
culated for use in cumulated activity determinations.

99m

".The biological distribution of Tc-DHTA is similar to that of

13]I-sodium rose bengal since it is rapidly cleared from the blood by
the polygonal cells of the Tiver and enters the intestines via the
biliary tract with the kidneys excreting a small quantity. This bio-
logical distribution complicates determination of the quantitative data
in humans necessary for absorbed radiation dose estimates, as evidenced
by the lack of published quantitative data for rose bengal. In the
normal patient, radioactivity concentration in the liver/gall bladder
reaches a maximum of 15% of that injected between 2 to 4 hours after
ggmTc~DHTA administration. The fatty noon meal induces the gall blad-
der to empty its contents into the intestines where the activity accum-
ulates until excreted in the feces. The activity was assumed to remain
in the intestinal area after the last datum point and decrease by physi-
cal decay only. Radioactivity concentration in the kidneys fluctuated
around 4% of that injected, reaching its highest concentration about
1.5 hours after administration.

Cumulated activity (A) values for complete elimination of 9Mrc-
DHTA were determined utilizing a computer program which performs graphic
integration of the experimentally determined acitivity distribution
curves. . Elimination after the last measured datum point was extrapo-

lated to infinity assuming solely physical decay. Mean A values for

the liver, kidneys, intestinal area and blood were 1273, 352, 822, and

viii




2002 pCi-hrs/mCi ggmTc-DHTA. Using recently published tables of absorbed
dose per unit cumulated activity (S) and its property of additivity, ab-
sorbed radiation dose estimates were calculated to be 0.066, 0.079, 0.015,

0.004, 0.013, and 0.053 rads/mCi 9ngc-DHTA to the liver, kidneys, ova-

ries, testes, red marrow, and intestinal area respectively.




CHAPTER I

INTRODUCTION

In a 1969 symposium on radiation doses and effects, Smith stated
that “the greatest single Timitation in computing reliable estimates of
absorbed dose from radiopharmaceuticals used in clinical nuclear medi~
cine is the lack of data on the radionuclide distribution in man" (1).
Unfortunately, this statement remains true. One reason for the lack
of progress in this area is the difficulty in obtaining quantitative
human data in vivo.

Dosimetric studies of hepatobiliary imaging agents and other radio-
pharmaceuticals which pass through the intestines possess unique prob-
lems which complicate obtaining in vivo data. First, the radiopharma-
ceutical is very mobile and thus many organs and organ segments are
involved [Figure 1]. ‘he area to be imaged is large and in most cases
cannot be covered by a single stationary detector with one positioning.
The organs involved are for the most part flexible and often overlap
each other, complicating organ boundary definition. It is also diffi-
cult in these studies to develop a representative phantom and to pro-
vide accurate background subtraction.

Dihydrothioctic acid [DHTA] is a new technetium-99m [*™Tc]

labeled hepatobiliary imaging agent.* It has undergone clinical

*3M Company
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investigations for use as a liver/gall bladder scanning agent (2)

and for diagnosing acute cholecystitis (3 - 5). It has proven to
be of additional value in identifying focal defects in sulfur colloid
liver scans due to intrahepatic gal]bladaers, thereby avoiding the
erroneous diagnosis of a metastatic lesion (2). Because 99mTc-DHTA
is similar in biological clearance to iodine-13] [1311] rose bengal
(6), it is a potential agent for liver function studies, and, due to
the higher administered doses possible with 99mTc [T]/2= 6 hours] as a
radionuclide label rather than 1311 [T]/2= 8 days], it may prove to be
superior.

With the forthcoming commercial availability of 99mTc-DHTA and sub-
sequent increased number of applications in clinical nuclear medicine,
it is necessary to know the radiation absorbed dose to humans con-

comitant with its use, thereby allowing the approrpiate decisions to

be made concerning administered dosage and the risk versus benefit

aspects of its utilization.
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CHAPTER 11

RADIQISOTOPE INVESTIGATION OF LIVER AND GALL BLADDER
The information on liver structure or function that may be
obtained with radiocompounds depends upon the physiological treatment
of those agents by the Tiver. In order to better understand this
area of interest, a brief review of liver anatomy and physiology is
given.

Liver Anatomy and Physiology

The liver, the largest organ in the body, weighs about 1500 grams
in the normal adult (7-9) and is located in the upper right quadrant.
Although the shape of the liver varies, it is generally considered to
be a wedge-shaped organ molded to the underside of the diaphragm and
resting upon the abdominal viscera. The liver is strategically
positioned between the intestinal and general circulation thereby pro-
viding the ideal location for the performance of its multiple functions.
It has, for instance, a major influence upon the volume of circulating
blood, acts as a "filter" of the materials absorbed by the intestine,
and influences the water and electrolyte balance.

Sixty per cent of the Tiver mass is composed of polygonal cells
[often refered to as hepatocytes or parenchymal cells] arranged in a
sponge-like network of plates usually one cell thick. The plates

branch and anastomose to form an intricate labyrinth of cells through-

out which sinusoids interpenetrate (8, 9). The resultant sinusoids which

-




provide a tortuous passageway for blood are lined with Kupffer cells

of the reticuloendothelial system [RES]. Kupffer cells are concerned
with the breakdown of hemoglobin to bilirubin; they participate in
the formation of gamma-globulin and immune Sodies; and they act as
scavenger cells removing by phagocytosis pigments, bacteria and other
corpuscular or macromolecular elements (7).

The versatile polygonal cells perform many diversified functions
including those of an endocrine and exocrine secretory nature. Since
a detailed review of all their functions is beyond the scope of this
study, only a few will be mentioned. Polygonal cells serve as a tem-
porary storage center for many vital substances. Among their storage
inventory are lipids, carbohydrates, and certain vitamins. The poly-
gonal cells remove excess glucose from the biood and store it as glyco-
gen. They also remove amino acids and "build" them into storable pro-
teins. By removing these substances from the blood and releasing them
as required, the polygonal cells play an important role in the body's
energy supply. In addition, these remarkable cells perform detoxifica-
tion of certain deleterious products that are either absorbed by the
intestines or formed in the body.

The anastomosing thin plate arrangement of the polygonal cells is
necessary in order for them to perform both endocrine and exocrine
secretory functions. One side of the cell must abut on a blood passage-
way into which it can release its endocrine secretion, and the other
side must abut on a lumen into which it can deliver the exocrine secre-
tion. As indicated earlier, between the polygonal cell plates are blood
sinusoids. Within the plates but between adjacent cells are spaces into

which drains about 500 to 1000 ml per day of the exocrine secretion, bile.



Bile is secreted from polygonal cells into the bile canaliculus which

makes its way along rows of cells eventually draining into intralobular
bile ducts. The intralobular bile ducts join either the right or left
hepatic duct which then leaves the Tiver. After leaving the liver, the
two hepatic ducts merge, therby becoming the common hepatic duct which
in turn combines with the cystic duct from the gall bladder to form the
common bile duct. The common bile duct then empties into the duodenum.
Although bile is continuously secreted by the liver, no bile enters the
duodenum when the stomach or duodenum is empty. The bile, therefore,
builds up in the common bile duct and is directed into the gall bladder
whose mucosa reabsorbs water and salts leaving the bile pigment, bile
acid, and calcium salts in a concentrated solution and thereby relieving
internal pressure. Once food enters the duodenum, bile is allowed to
flow into the intestine with a total gall bladder evacuation time ranging
from 15 minutes to several hours (7).

Imaging Agents

Radiocompounds used for liver imaging can be classified into two
main categories: [1] those phagocytized by the Kupffer cells and [2]
those taken up by the polygonal cells. Colloids are phagocytized and
usually permanently retained by the Kupffer cells, while those agents
taken up by the polygonal cells are generally excreted into the bile
canaliculi and bile ducts.

The use of radioactive colloids for liver imaging began with the

efforts of Root and his co-workers (10). Encouraged by earlier distri-

bution studies of colloids (11, 12), Root et al. (10) investigated




the distribution of Gold-198 (]98Au) colloids in humans and their

possible use in the treatment of Tiver neoplasms. They found that

]98Au concentrated heavily in the ‘1iver except for neoplasmic areas

and suggested the possibility of detecting neoplasms in the liver by
external counting methods. Stirrett et al. (13, 14) performed the

first scans of human subjects to demonstrate liver metastases and

131

abscesses. They used I Tabeled human serum albumin which was

later replaced by the 19874 colloids (15). Since then a variety of

radiocompounds have been used to image the liver RES cells. Harper

t al. (16) introduced "

Tc labeled sulfur colloid which is currently

the most popular liver imaging agent in use. Other Kupffer cell

imaging agents that have been investigated include Indium-113m []]3m1n]

colloid (17, 18), ®cu and ®’cu (19).

Polygonal cell agents for scintigraphic liver imaging actually had
an earlier beginning than the colloids. The first image of the Tiver

by external radionuclide scanning was obtained in 1953 utilizing the

131

polygonal cell agent I-diiodofulorescein (20). Shortly thereafter,

Taplin et al. (21) tagged rose bengal with ke

131

I and suggested its use
as a liver scanning agent. I-rose bengal has since become the most

popular polygonal cell agent and has been the subject of numerous

reports (22). Other polygonal cell imaging agents which have been

131

investigated but not extensively used are I-tetraiodophenolphthalein

(23), Zinc-69m [Gngn]-chloride (24), and molybdenum-99m [99Mo] molyb-
date (25).
Although ]3]I-rose bengal is the most popular polygonal cell agent,

198 99m

it has never gained the popularity of Au or Tc sulfur colloid in

the study of Tiver morphology. There are many reasons for this, some




based on the Timitations of using ]311 as a tag and seme on the distri-
bution of rose bengal. The 364 keV gamma ray from ]311 is harder to
collimate than the 140 keV gamma ray from gngc and consequently ]311
will usually yield images of poorer resoiution than those of 9ngc due
to the greater collimator septal penetration of the higher energy gamma
rays and to the greater amount of scatter both within the object being
imaged an¢ within the NalI[T1] detecting crystal of the recording instru-
ment. 9ngc can be administered in millicurie quantities because of

13]I, with an 8 day half-life, is given in

its 6 hour half-life while
microcuries. The gamma decay of 99Mre and its shorter half-life result
in a smaller internal radiation absorbed dose than from ]311 which has

a large non-penetrating radiation component. Colloids are desirable

for scintigraphic liver imaging because not only have physicians become
accustomed to the RES cell distribution for diagnosing certain diseases
but, in the case of severe cirrhosis, large functional defects which may
not be seen on a polygonal cell scan are apparent on the colloid scan.
Since rose bengal is excreted into the bile canaliculi and bile ducts,
it is also possible that a filling defect within the liver may be com-
pletely missed because it is transvered by a bile duct carrying the
radioactive agent (26).

Recently there has been an active interest in developing a suitable
replacement for ]3]I—rose bengal (2-6, 27-35) to eliminate the objections
to ]311 as the radioactive label. Because of their biological distribu-
tions, these new agents should prove beneficial in tne assessment of
polygonal cell function and in identifying intrahepatic gall bladders
and biliary tract obstructions. Although they will not replace colloids

for liver scanning, they will provide a valuable supplement.




Liver Function Studies

Unlabeled rose bengal was used in liver function tests as early as
1923 (36). These early studies used colorimetric means to measure the
disappearance of injected rose bengal from the blood. Gradually, how-
ever, rose bengal was replaced by bromosulfalein (BSP) which, not being
colorimetric, was not as easily affected by bilirubin. In 1955, Taplin

(21),tagged rose bengal with 131

[ and its popularity was revived.
Because rose bengal 1s extracted from the blood primarily by the s

liver [approximately 1 to 2% is cleared by the kidneys], the rate of

its disappearance from the blood can be used to measure 1iver blood

flow and polygonal cell function (22, 26, 37-39). Clearance of colloids

from the blood has been investigated for measurement of hepatic blood

flow (22, 26) but their use is limited. Patients with liver disease

may have reduced efficiency of the Kupffer cells in the liver but sig-

nificantly increased efficiency of the RES in other parts of the body.

Since the colloids are not then solely removed from the blood by the

liver, the estimate of liver blood flow in the presence of liver disease

is unreliable. In those cases of hepatitis, cirrhosis, or obstructive

jaundice [i.e. severe impairment of polygonal cell function] clearance

of rose bengal from the blood is prolonged whereas RES function remains

undisturbed thereby enforcing the unreliability of colloidal clearance

techniques (40).

Gall Bladder Visualization

Since the gall bladder is routinely visualized in liver scans
utilizing polygonal cell agents, this may have diagnostic significance.

Patton (26) reports gall bladder visualization when there is cholecystitis,

T ———
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cholelithiasis, pancreatic disea::, and partial or complete extra-
hepatic obstruction (though not at the hepatic duct level) and
believes that rose bengal does not offer any diagnostic value in
this area. More optimistic results, howevér, have been reported
with 99™c_penicillamine (41, 42), gallium-67 [%7Ga] (43), 9%™rc-

99

tetracycline (44), and 99Mmr ¢ _DHTA (2-5). mTc-DHTA appears to have

a promising future for this clinical application and should be further

investigated.




CHAPTER III
DIHYDROTHIOCTIC ACID (DHTA)
Chemistry
The chemical nomenclature of DHTA is DL 6-8 dimercaptooctanoic
acid. Some synonyms which appear in the literature are reduced lipoic
acid, reduced thioctic acid, DL dihydrolipoic acid, and DL dimercaptoli-

poic acid. Its chemical structure is shown below.

CH2 - CH2 - CH - (CHZ)4 - COZH
| |
SH SH
Since the gngc labeled form is newly developed and has not yet been

99m

marketed, the information on Tc-DHTA is limited. The actual struc-

ture of the 99m

Tc labeled compound resulting from its kit preparation

is unknown. DHTA, however, is interchangeable with lipoic acid in vivo
via oxidation-reduction reactions (45). Thus, it is of interest to dis-
cuss briefly lipoic acid, its reduced form (DHTA), and their apparent
relationship and function.

The chemical structure of a-lipoic acid is

CH2 - CH2 - CH - (CH

| |
e

2)4 - COZH

During the last 20 years, it has become recognized as a prosthetic

group, coenzyme, or substrate in plants, microorganisms, and animal

11
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tissue (45-47). Because of its coenzyme function, it was thought that

lipoic acid may be an essential vitamin, but there is no evidence cur-
rently available which will either support or reject this assumption.
The difficulty in obtaining necessary evidence arises from the fact
that the substance is not only widely distributed in food, but is also
synthesized by intestinal flora (45). A Tipoic-free diet, is therefore,
extremely difficult to maintain.

The only enzymes known to contain protein-bound lipoic acid are the
a-keto acid dehydrogenases. These enzymes mediate the formation of
energy-rich coenzyme A compounds by oxidative decarboxylation of «-keto
acids (45, 46). The physiological function of the enzymes can thus be

described as catalysis of the following reaction (45):

RCOCOOH + HS-CoA + NAD + RCO-S-CoA + C0, + NADH + K

where R = alkyl, CoA = coenzyme A, NAD/NADH = oxidized/reduced nicotine
adenine dinucleotide.

The a-keto acid dehydrogenases actually represent multiple enzyme
complexes with molecular weights of several million (47, 48). Three types
of enzymes have been isolated from the complexes (47, 49-52): [1] A
thiamine pyrophosphate - containing decarboxylase, [2] a lipoic acid re-
ductase transcylase, and [3] a flavin adenine dinucleotide [FAD] - contain-

ing Tlipoamide oxidoreductase. These 3 enzymes function as a transfer mech-

anism transferring the o-keto acids derived from glucose metabolism into
the citric acid cycle. A model frequently used to explain the function of ]
protein-bound Tipoic acid in the a-keto acid dehydrogenase complex is that
developed by Reed (53) and illustrated in Figure 2. Lipoic acid acts as
an acyl acceptor where the acyl group is exclusively bound to the C-6

sulfur atom. The acyl group is picked from the dehydrogenase

— n— »




(ENZYME 3)

LTA
(ENZYME 2)

FIGURE 2.

The function of protein-bound lipoic acid in the
a-keto acid dehydrogenase complex*.

F = flavoprotein = lipoamide oxidoreductase.
D = a-keto acid decarboxylase.

CoA = coenzyme A

LTA = lipoic acid reductase transacylase

Ac = acyl
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[Enzyme 1] by the transacylase [Enzyme 2] and then transfered to co-
enzyme A. The reduced protein-bound lipoyl moiety is then oxidized by
the lipoamide oxidoreductase [Enzyme 3] thereby regenerating the second
enzyme (45, 53). A more detailed review of the biochemistry of DHTA and
lipoic acid may be found in the Titerature (45, 48, 54).
Toxicology

A threefold evaluation of the toxicity of DHTA consisting of studies
on acute toxicity, local irritation, and 21-day subacute toxicity is pre-
sented in the Investigation of New Drug Report 9567 (6) and summarized
below. Riker Research Laboratories, St. Paul, Minnesota, performed the
acute toxicity and local irritation investigations. They also determined
the concentrations and doses that were used by the International Research
and Development Corporation, Mattawan, Michigan, in the 21-day subacute
toxicity studies.

The acute toxicity tests utilized DHTA preparation kits containing

51.7 mg/ml DHTA, 28.1 mg/ml NaHCO,, 0.472 mg/ml Snll, 9.0 mg/ml benzy]

3°
alcohol, and 15.7 mg/ml ethyl alcohol. Animals were purchased from estab-
lished suppliers and housed in controlled environments. For several hours
~after injection and then daily thereafter for 14 days, the animals were ob-
served for pharmacodynamic signs and mortality. The mortality data obtained
are outlined in TABLE 1. Further investigation with dogs established a
minimum lethal dose (MLD) greater than 13.2 mg DHTA per kg body weight.
Toxic doses were noted to produce Tocal irritation at the site of in-
Jection, anorexia, depression, emesis, ataxia, bloody stools, diarrhea,

tremors, and convulsions.

Local irritation analysis was performed using male New Zealand white

rabbits and 5 concentrations of DHTA [TABLE 2]. Injections were made via
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TABLE 1

DHTA ACUTE TOXICITY MORTALITY STUDIES*

Species Sex Mode of Dose of 14 day cum- LD50 Results
Administra- mg DHTA/kg ulative mor- mg DHTA/kg
tion body weight tality body weight

Mouse M iv 229 6/10

204 5/10
182 2/10 210
162 0/10 (195-227)
145 0/10
Rat & iv 262 8/10
234 8/10
209 4/10 226
186 0/9 (215-238)
Dog M iv 15551 1/1
F 103.4 2/ 2%* MLD***57.7
M Bl 2/2
* (6)

** one dog was euthanized because of distemper
*** MLD = minimum lethal dose
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the ear veins. Results showed that intravenous doses up to 44 mg DHTA
per kg body weight were non-irritating to the rabbit ear when a volume
of 5 ml/mg body weight was used. An intravenous dose of 260 mg DHTA per
kg body weight [same volume] did produce some local irritation.
Twenty-one day subacute toxicity studies were performed on dogs
and rabbits divided into groups each receiving 0, 1, 3, or 10 times the
use concentration of DHTA. Injections were made intravencusly on Monday,
Wednesday. and Friday for 3 consecutive weeks. The animais were cbserved
daily and body weights recorded 3 times a week. Hematology, biochemistry,
and urine determinations were made once during the pre~injgction period
and again at the 7th and 21st day of post-injection. No drug related
gross or microscopic pathoicgic lesions or variations in organ weight
were observed in these studies.

9ngc-DHTA Preparation

99m. 99y . 99m

Tc-DHTA is prepared simply using tne eluate from a “"Mo Tc
generator and a sterile, pyrogen-free three component kit* containing the
following:

Container A ---~ 2.0 ul [2.27 mg] DHTA

Container B --~ 4.91 mg sodium bicarbonate, United States
Pharmacopeia [USP]

1.0 m1 sterile water for injection, USP

Container C --- 38 ug starnous chloride, dihydrate
45.9 mg benzyl alcohol, National Fermulary
LNF]

44.2 mg ethyl alcchol. 200 proof, USP
Quality control snecifications* fo» DHTA require that 80% of the DHTA bhe

in the dihydro form with the remainder being in the disulfide. Current




production is, however, yielding 95% dihydrolipoic acid (55).

The procedures for DHTA Tabeling are
1. Add the contents of container B [NaHC03] to container A [DHTA].
Shake container A vigorously for 30 seconds to insure solution of the
DHTA.
2. Add 2.0 to 4.0 ml of NaTcOg4 [ggMo-gngc generator eluate] with an
activity from 1 to 10 mCi to container A. Invert container A several
times for proper mixing [10 mCi was utilized in this study].
3. With an unused syringe, withdraw 0.10 m1 from container C [SnC12.2H20/
ethanol solution] and add to container A.
4. Invert container A several times for proper mixing.
5. Allow the drug [container A] to stand at ambient conditions for
15-20 minutes before using.
6. If necessary, dilute with normal saline to desired activity.
7. The gngc labeled DHTA may be checked for free pertechnetate using
various chromographic methods.

Biological Distribution in Animals
99

The biological distribution of "Ic-DHTA has been studied in mice
(6) and to a limited extent in dogs (3). Forty-two female Swiss Webster
mice each weighing approximately 20 grams were divided into 6 equal groups.

gngc-DHTA was prepared according to the instructions

For each group,
with the labeling kit and then diluted to 4 uCi/ml with isotonic saline.
The mice were injected iv with 0.1 ml of the diluted solution and at 5
minutes, 30 minutes, 1, 2, 4, 6 and 24 hours an animal from each group
was sacrificed by C02 asphyxiation. The major organs were jsolated and

the gngc concentration measured with a spectrometer. The results for

*3M Company



each time interval were averaged and are presented in TABLE 3.

It can be seen that 99nﬁc-DHTA was rapidly concentrated in the
liver. The liver activity decreased with é half-time of approximately
0.7 hours (6) and after 1 hour the majority was either located in the
intestines or had been excreted in the urine and feces (mostly in the
feces). Almost 96% of the activity had been excreted by 24 hours.

The above experiment was repeated using 1311 -rose bengal* and 2
mice per time interval (6). The results are summarized in TABLE 4. It
can be seen from a comparison of TABLES 3 and 4 that although the rates

of transport for 99MTc-DHTA and '3

I-rose bengal are somewhat different
the major routes of distribution are identical, namely, removal from the
blood by the liver, transfer from the liver to the intestines via the
biliary tract, and finally excretion.

The investigations utilizing dogs were performed by injecting iv
420 uCi of 99mTc—DHTA and imaging over the liver region with a gamma

camera (3, 6). The same major distribution route was noted with a well

defined gall bladder detected at 120 minutes post-injection.

*Abbott Laboratories




20

*(9) ®dotw x1S 30 abeUBAY,

8°G6 S €L 0°¢9 AAS L i priL 61 $3294

pue autufn
A £l 61 vy 8°9 8°6 0°1e ssedJe)
8°0 €6l 6°8¢ 6 €Y L°GE v°6c p*L sSaullssju]
L0 9°0 €0 L0 "0 v 0 v°0 yoewols
v°0 8°0 6°0 9L ¢'C 8¢ v°G sAaupLy
1*0 0°0 0°0 0°0 0°0 L0 L0 uasds
91 St €9 8 LL b1z v Sy 6°29 J3ALT
0°0 0°0 L0 €0 G'0 in g | sbun

4y $¢ 44 9 Ay ¢ dy 2 a4y | utw Qg utw g 934Nn0§

UOLJRAISLULWPY 4234y SAUL] JUBUB44L0 IR 3SOQ PaJdSLULWPY 4O %

»30IW NI VIHG-9L . 40 NOILNEI¥LSIA T¥II1907019

66
€ 318Vl




“(9) ®oLw oMl jo dbeUBAYY

157 £°0 0°0 S9934

pue auLJf
QEE L8 ¢°G9¢ SSedJ4e)
99 0°€9 1°8 ssullsaju]
6P 2°¢ 6°0 yoeuwols
6°0 el LE sAaupLy
¢'0 €0 ¢'0 usads
E=EiL 9kce 0°09 ABALT
v°0 9°0 6°2 sbuny

4y 2 44 8 44 p 44 2 44 [ utw og utw g 924Nn0S

UOLIBJISLULWPY JD3JY SDWL| JUSUD44L] B 3SOQ PaJaISLULWPY 3O %

*JJIW NI 7TvIN3IG 3S0Y-I 40 NOILNGIYLISIA T¥IIV010Ig

LEL
v 378vl




T TR R T R ST T P

CHAPTER IV

MATERIALS AND THEIR CALIBRATION

Rectilinear Scanner

A dual five-inch rectilinear scanner* with focused collimators**
was chosen as the radjation detector. The scanner offered muitiple
advantages over a gamma camera for this study. it proved to be both
simpler and faster to scan the large area of interest than to position
a gamma camera a minimum of three times and then correlate the recorded
images. Moreover, the scanner with its focused collimators can essen-
tially be considered a very large fixed detector (56).

The subject-to-detector distance has a negligible effect in area
scanning when the scan extends beyond the limits of the radionuclide
distribution (57). This was verified by the experiment described in
Appendix 1. By using detectors on opposed sides of the body, geometricai
considerations are minimized and attenuation variations are reduced. The
effect of depth vairiation cf an organ within the body is minimized when
the geometric mean of the counts from the two detecters is used (56-59).
Since the question has been raised as to whether the geometric mean alone
should be used or the average of the geometric and arithmetic means (60),
a short experiment was conducted and is described in Appendix 2.

With the kidney phantoms which are described later in this chapter,

the geometric mean decreased less than 16% as the scurce center was displayed

*0Ohio-Nuclear Series 84
**Ohio-Nuclear Mcdel 55035-1, 152 holes, 12.7 cm geometric focal Tength
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7 c¢cm on either side of the center of the water bath while the arithmetic
mean increased more than 52%. With the volume phantom, the geometric
mean decreased 6% over the 7 cm displacement while the arithmetic mean
increased over 35%. Hence, the geometric mean alone was used.

Uniformity of detector head speed was verified by attaching a 25
uCi 57Co sealed source to the detector head and scanning over a small
area. Counts in each element of the computer image [described below] were
equal within 2 standard deviations [s.d.]. The gamma-ray spectrometer was
checked for Tinearity and alignment of the two probes was assured by scan-
ning a point source and verifying that the peak counts in both upper and
lower images occurred in corresponding locations within the respective
working areas of the computer. Repeatability of a scan was verified by
scanning three times over the volume phantom with 3.8 cm pressed wood be-

tween the detectors and phantom. As seen in TABLE 5, counts within the

organ boundaries, after decay correction, did not vary by more than + 1.5

s.d.
TABLE 5
REPEATABILITY OF SCAN

Scan No. 1 2 3 X s.d
Counts* from upper

detector (u) 319416 319073 319991 319493 464
Counts* from lower

detector (1) 308504 308080 308943 308509 482
(ux 1)172 313913 313528 314418 313953 446

*decay corrected
A check was also performed to assure that the number of counts detected
was linear with respect to scan speed. The results are shown in TABLE 6.

Counts and scan speed were normalized to those at 100 cm/min.
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TABLE 6
COUNTS VS. SCAN SPEED

Scan Speed Total 100 cm/min x 100% % of Counts
(cm/min) Counts* Scan Speed (cm/min) at 100 cm/min if

100 801945 100.0 L

125 638351 80.0 79.6

150 539682 67.0 67.3

200 408425 50.0 50.9

225 365056 44.4 45.5

250 327149 40.0 40.8

300 272977 33.3 34.0

350 233873 28.6 29.2

400 204338 25.0 255

450 182192 22.2 22

500 162680 20.0 20.3

600 135025 16.7 16.8

*Corrected for decay.
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Computer System

Hardware

The rectilinear scanner is interfaced to a PDP-8/I ccmputer* with
16 K core memory and an RFQ8 word-addressabie disk.* A standard auto-
matic send-receive teletype (model 33ASR)** is used to input or output
information at the rate of up to ten characters per second or to read in
or punch out perforated paper tape at the same rate. The system has two
TU55 tape transports* operated by a TCOl control unit* and utilizes
standard 10-track DECtape. A 132 column, 64 character, 4000 series
(Model A) Tine printer *** is also available for data output. Visual
display is provided by an HP1300A X-Y oscilloscope**** having a P;
phosphor.
Interfaces

The scanner-computer interface (61) divides the scan lines into
0.25" segments and by using 0.25" Tine spacing each data element repre-
sents a 0.25" square area. The pulses in each data element are fed from
each detector to the computer by a single interface using the program-in-
terrupt facility of the PDP-8/1. The data are fed into Field 1 of magnetic
core, the lower and upper 2K words being reserved for accumulation of data
from the upper and lower detectors respectively, until another full line
of data cannot be stored and then the data are transferred to the disk.
Data images were stored permanently on DECtape.

There are two interfaces from the computer to the display. A VC-

8/1* is for the x- and y- coordinates and the other, a 32 gray level

*Digital Equipment Corporation (DEC)
**Teletype Corporation

***Mohwak Data Sciences Corp. (MDS)
****Hewlett Packard
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intensity interface (61), is for the z signal. During display, the

image is smoothed by also displaying points which have been interpolated
between the data points on a line and also between lines. Hence an image
containing N data points is displayed as a 4N image thereby providing a
smoother appearance. Numerical data are printed out by a line printer.
Software

The software system utilized was developed by Bell et al. (61-62) and
operates in two modes. The lower mode is for data-acquisition and the
upper mode for data-handling. The majority of the commands are nondestruc-
tive, operating only on data stored in core leaving the disk data intact.
The normal display mode which occurs during data-handling has already been
mentioned. In addition, there is a boustrophedonic display during data-
access which displays each element as a point when it is acquired.

There are multiple data processing options available with this
system, details of which will not be presented here. Some of these
utilized in this study were count subtraction, averaging or smoothing
with a gaussian matrix, and a coarse antiscatter and antipenetration
correction. These options were used to enable definition of the localiza-

tion of 99m

Tc-DHTA in each image. Without the use of such data-processing,
identification of the organs in which the radiopharmaceutical had localized
and organ boundary definitions would have been much more difficult as
illustrated in Figure 3 which shows the effect of these data-processing
routines. Both images had 40 counts subtracted from each data point but
only Figure 3 B received further processing. Both images are also shown

in the multicycle contrast enhancement display mode which permits a some-

what quantitative visual examination of the image. Basically, this display

mode should be viewed as a radioactivity contour map. Processed images
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from the upper and lower probes are also shown in Figure 4.

Dose Calibrator

The Mark V dose calibrator* which was used to measure isotope
activities utilizes a well-type ionization chamber [8 in. deep x 8 in.
diameter] with a stated accuracy of + 5% and long term reproduceability
greater than 98%. The digital readout has an operating range of 1 uCi
to 1000 mCi. Before an activity reading is made, the unit is zeroed to
compensate for background. If too great a negative bias is applied, the
display will flash until the setting is readjusted to the correct amount.
Isotope selection is made by choosing the appropriate plug-in module
which introduces a calibrated resistance into the system. The gngc
module has a resistance of 102.7 Kq.

A monthly calibration was performed using a 10.2 mgm radium stan-
dard and a variable potentiometer (63). With the potentiometer set at
11.2 Ko, the dose calibrator was adjusted to read 10.2 on the 0-100 mCi
scale. Biweekly calibration checks were performed utilizing a calibrated

(137

Cesium-137 Cs) standard** (10.8 + 5% mCi on 3/28/75), model NER-401H

(serial no. CS213), and the 137

Cs plug-in module with a resistance of
24.6 Ka.

Blood Sample Counting System

The Auto-Gamma*** spectrometer used to count blood samples is a
well-counter with a 1.75 x 2.00 in. NaI(T1) crystal, an automatic sample
changer, and a print-out device. An energy calibration was performed and

the system was found to be linear at a gain setting of 45.35.

*RADX Corporation
**New England Nuclear Corporation
***Packard Instrument Company
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Radiochromatograniiic Paper Strip Scanner

Radiochromatograms of the 9ﬁmTc»DHTA preparations were obtained

using the system developed by Sunderland (64) which consists of a
collimated Geiger-Mueller (GM) tube, ratemefer, and strip chart recorder.
The prepared chromatography strip is attached to the chart paper and as
the strip is pulled across the face of the GM tube, the activity distri-
bution is recorded.

Phantoms and Standards

Liver and kidney phantoms* plus a rectangular (20 x 13 x 8 cm)
plexiglass phantom which represented the intestinal area were utilized
in this investigation. A1l phantoms could be filled with gngc solutions
of appropriate activity.

Pressed wood (3.8 cm thick, 0.72 gm/cm3) was used as the scattering
and absorbing medium. Its linear attenuation coefficient was determined
using a Pho/Gamma HP scintillation camera** with a high resolution collima-
tor. A syringe containing 0.54 mCi of NagngcO4 was collimated with lead
bricks and placed 44.5 cm from the pressed wood absorber and 122 cm from
the face of the camera collimator. Varying thicknesses of pressed wood
were placed between the source and detector and the counts per minute
recorded by the scintillation camera were noted for each thickness. An

attenuation coefficient (u) was determined for each measurement using the

equation for ubelow.

*Alderson Reasearch Laboratories, Inc.
**Searle Radiographics Inc.
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R
In (I/IO) = -px
u'= -x In (I/IO)
where
u = linear attenuation coefficient
I0 = number of photons with no absorber present

1

number of photons penetrating the absorber

X = absorber thickness

The results are shown in TABLE 7.

TABLE 7
PRESSED WOOD ATTENUATION COEFFICIENT

Thickness(cm) Counts Per Min u(cm'])
0 72902

1.9 59723 .105

3.8 48625 0.107

5.7 40071 0.105

7.6 33129 0.104

9.5 26885 0.105

11.4 21889 0.105

The average of the values given for u in TABLE 7 is 0.105 which is
equal to that obtained using the experimetally determined half-value

layer (HVL) of 6.6 cm and the following equation.

By using the linear attenuation coefficient for 140 KeV photons in
water (0.153) it was determined that a 3.8 cm thickness of pressed wood
was equivalent to 2.6 cm of soft tissue which is representative of the

tissue thickness overlaying the liver.

Two 5700 standards were prepared for use in the gamma spectrometer.
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A calibrated aqueous solution of 57

Co [the stated activity was verified
ty measurement in the dose calibrator] was diluted to an activity of 0.19
uCi/ml. Two samples 1.0 ml each were withdrawn with a micropipette.

Both samples were then counted in the well-counter and were within 2 s.d.




CHAPTER V
METHODOLOGY

99mTc-DHTA Preparation and Analysis

99MTC_DHTA was prepared according to the manufacturer's instruc-
tions [described in Chapter III], using a three component kit and the
eluate from a 99Mo-gngc generator* Binding between 2°™Tc and DHTA
was determined for each preparation using an ascending paper chroma-
tography technique (64), modified by employing acetone as the solvent,
and was greater than 95% with less than 5% free 99mTc [Figure 5]. The
activity administered intravenously to each patient was accurately
determined by measuring the activity in the syringe employed with a
RADX Mark V dose calibrator before and after injection.

Clinical Procedure

Nineteen male patient-volunteers [Appendix 3] with no suspected
liver abnormalities were analyzed in this study. The average patient
was 55 years old, 172 cm tall, weighed 67.1 kg, had a chest thickness of
23.4 cm and a waist thickness of 22.5 cm.

Around 8 A.M., 4 mCi of 9ngc-DHTA were administered intravenously
to the patient-volunteers who had been NPO since midnight. Informed
consent forms were signed by each subject. Immediately after voiding,

each subject was scanned in a supine position from the mid-thoracic to

*£.R. Squibb & Sons, Inc.

33
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mid-thigh regions. Scans were periormed at various times from 0.25 to

12 hours after DHTA administration and 3 to 10 scans were recorded for

each subject. A total of 133 scans were made of the 19 patients aver-
aging 7 scans per patient. For each scan except two, scan speed was set
at 250 cm/sec and longitudinal speed at 750 cm/sec thus allowing the
area to be scanned in 15 minutes or less. With one patient, the scan
speed was reduced to 225 cm/sec for the 10.4 and 11.5 hr images. Since
the number of counts detected is linear with respect to scan speed
[TABLE 6], it was possible to normalize the counts observed at 225 cm/
sec to those that would be observed at 250 cm/sec using the following
relationship:

NORMALIZED COUNTS = [OBSERVED COUNTS] x [225/250]
This normalization thus allowed all calculations to be performed on
data obtained at or normalized to the same scan speed. For different
patients, the distance of the upper detector to the top of the scan
table varied from 26 to 31 cm with an average distance of 28.5 cm while
the lower detector was positioned a constant 1.5 cm from the top of the
scan table. Detector positioning was identical for each scan performed
on a particular subject. The times at which the scans were recorded and
the number of scans were dependent upon the subject's condition and hos-

pital schedule and upon the nuclear medicine department's schedule. The

subjects were allowed to eat fatty meals at the normal noon and evening |
meal times thereby inducing the gallbladder to empty.
For each study, phantoms containing a known amount of radiocactivity

were placed on the scanning table with 3.8 cm pressed wood between the

detectors and the phantom. The activity placed in each phantom was accur-

ately determined by measuring the activity in the syringe employed with the
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dose calibrator before and after injection of the activity into the

phantom. The amount of 99m

Tc placed into each phantom was variable
but representative of the count rate observed in the associated human
organ. The phantoms were then scanned at the same speed as the patient
with the detectors at the same distance from the scan table.

Blood samples were obtained whenever possible by withdrawing 1.5
to 2.0 m] of blood with a 3 ml syringe and then transferring the blood
to a 5 ml blood collecting tube containing 0.048 ml of 15% potassium
ethylenediaminetetraacetic acid [EDTA] which served as the anticoagulant.
A total of 30 blood samples were collected from 9 patients. Patient re-
luctance plus difficulty in obtaining some samples due to poor veins

were limiting factors.

Determination of Blood Activity

1.00 m] was withdrawn from the blood sample with a micropipette
and placed into a counting vial. The vial was then counted twice each
for 1.0 min. Both 57Co standards were also counted twice with each set
of blood samples. The discriminator settings of the spectrometer were

selected so that the single-channel window was 60 to 200 keV. The 3

99m

Co
standards counts, C {Co] were then related to Tc counts, C [Tc], by

the following equation (65):
C [Tc] = 90/98 C [Co]

where 90 represents the number of 140 keV photons emitted per 100 disinte-

grations of gngc and 98 represents the number of 122 and 136 keV photons

emitted per 100 disintegrations of o

Co. For each blood sample, the average
of the 2 readings was corrected for radioactivity decay so that the counts

represented the activity at the time the sample was collected. The counts
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per min per ml at the time of sampling were multiplied by the blood volume
of standard man[5200 m1] (66). This product was then related to the counts
per minute per microcurie of the equivalent 57Co standard in order to obtain
the number of microcuries of gngc present.. Thus, knowing the amount of
activity injected, the % injected activity was determined and used to find
the cumulated activity as described below.

Organ Boundary Definitions

Liver

The shape of the liver is variable. The plasticity of the liver
tissue, its regenerative ability, and the pressure exerted by neighboring
organs allow a wide variety of configurations. Although the shape of the
liver may vary among individuals, or vary over a long period of time within
the same individual, it was found that for a patient at rest in a supine
position the liver shape remained fairly constant over a 12 hour period
[Figure 6].

In order to obtain the liver outline for each scan, the raw data
from each detector were processed using the software mentioned in the
previous chapter. The image processing options that were used to obtain
images similar to those in Figures 4 and 7 are listed below and explained
in detail elsewhere (61, 62):

[1] Smoothing with a gaussian matrix, medium wide, weight = 1.

[2] A coarse anti-scatter and anti-penetration correction using a

separate table for the upper detector and another for the lower
detector. The tables were developed for 93mr e per instructions

(61).

[3] Subtracting n counts from each element where n was dependent ]
upon the amount of background one wished to eliminate.

(4] Division or multiplication of the counts in each element to
enhance the image.

o
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In Figure 7, the heart, liver, and bladder [top to bottom of the
image, respectively] can be seen in the 0.45 hours image. At 2.57 hours
post-injection, a decrease in the 9ngc activity in the heart is noted
as well as the entry of activity into the intestine. The two circular
areas located in the top right and bottom left cerners of the image are
57Co spot markers wnich were used on some patients. By 4.2 hours, nctice-
able 9ngc activity in the heart with respect tc the liver has almost
disappeared and most of the intestinal activity is in the ascending
colon. At 11.2 hours, the activity in the liver has decreased signifi-
cantly and there is now activity in the transverse and descending colon.
A reference to Figure 1 may be beneficial to the reader.

It was decided that any further treatment of the data did not signi-
ficantly aid in organ boundary determinations. With sufficient back-
ground subtraction, the non-source organ areas were denoted by zeros on
a line printer output of the processed image thereby allowing a simple
preliminary outline of the organ boundary. By observing the display
and subtracting less counts from each element, an optimal border was
established and printed out by the line printer. This output was then
superimposed over the preliminary output and another border established
using the first as a guide. The outline thus obtained was generally
larger than the first since the far edges of the organ were now included
whereas in the preliminary determination they may have been subtracted.
The resulting border Tocations thus estabiished were subsequently trans-
ferred to the line printer cutput of the raw data with a variation of
perhaps one data element if the count differences so warranted. The

above process was perfcormed for both anterior and postericr images.
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The established boundaries for the anterior and posterior images were
overlaid upon each other and a common liver border was determined using
the outermost edge as the common margin. The common Tiver borders thus
established for each scan of a subject were then superimposed and an
overall liver boundary was defined using the approximate average of the
outlines. As previously noted and seen in Figure 6, the common borders
obtained from each scan did not vary significantly for an individual
from scan to scan.

The advantage of establishing this overall boundary for each sub-
ject and using it as a liver template is evident in those cases where it
was difficult to obtain the complete liver outline. In some early and
later scans, the separations between heart and liver and between liver
and the hepatic flexure of the large intestine were indistinct. When
the border separation was unclear, boundary definition in that area was
temporarily ignored until overall liver boundary was established for
that subject. Then, the Tiver template was used to approximate the
liver outline and to estimate the liver boundary for each scan and each
view, employing the right lateral and superior liver wargins for orienta-
tion.

Background activity was estimated from the average counts per

element in the thigh region of each image and multiplying this number

by the number of elements within each source organ. This was done sep-
arately for anterior and posterior images. The raw counts from each
detector within the overall liver boundary were summed and background
was subtracted. For the anterior and posterior views of each scan the

net counts in the left kidney [determined as described below] were then

subtracted to compensate for the contribution of the right kidney to the




observed liver activity. The resu!ting net counts from the liver

recorded by each detector were then used to calculate the geometric
mean. Thus, for each image the following applied:

Net Liver Counts = [counts within livér boundary]-[background]-

[net kidney counts]
where
background = [# data elemnts within liver boundary] x [average
count per element in thigh region]
then,
Liver Geometric Mean = [net liver counts from anterior image x
net liver counts from posterior 1'mage]]/2

Kidneys

For each scan, the border of the left kidney was determined in a
manner similar to that described above for the liver except that the pro-
cessed data from only the lower probe were used for definition of the
kdiney margins. The kidney template for each subject was obtained by
superimposing the left kidney outlines from each posterior image and
then determining an overall kidney boundary. As illustrated in Figure 6,
for each subject the shape of the kidney did not vary over the period of
this study. Then, for each image,

Net kidney counts = [counts within kidney boundary] - [background]

where

background [# data elements within kidney boundary] x
[average count per element in thigh region]
In some scans, radiopharmaceutical in the colon overlapped that in

the left kidney making its border obscure, in which case the kidney

boundaries were determined using the overall kidney template as described
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above for the liver. In such scsi., the anterior image was used to out-
line the colon as illustrated in Figure 7. The average number of net
counts per element in the colon where no overlap occurred was determined
for each view. Those elements in the kidne& region where this count plus
background was exceeded were considered to contain both kidney and colon
activity. The number of such elements in the kidney region was deter-
mined, multiplied by the average count per element in the colon to yield
the colon contribution to the kidney counts, and subtracted from the
total counts within the kidney region. The remaining counts, which were
now considered to be from the kidney alone, were corrected for background
activity, as described above for the liver, and the geometric mean of
upper and lower detector counts dJetermined for each scan. Therefore,

Net kidney counts = [counts within kidney boundary] - [colon

contribution] - [background]

where

colon contribution = [average net count per element in colon where

no overlap occurred] x [# of elements within
the kidney boundary where the net count per
colon element + background was exceeded]

The number of elements involving both kidney and colon were deter-
mined for the anterior image and an equal number of elements were assumed
to be involved in the posterior image.

The right and left kidneys were considered to be equal in function
(67), and thus for dosimetry purposes the total number of counts retained

by the kidneys was double that from the left kidney.
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Overlap of Left Kidney and Liver

With a few patients, overlap of the left kidney and liver occurred.
This situation presented unique complications because now contribution
of the liver to kidney counts and vice versa had to be determined. The
method utilized in these situations isoutlined below.
(1] The organ boundaries were determined as described above. Even
when the liver overlapped the left kidney, it was possible to

obtain a kidney outline from the posterior image.
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