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CHAPTER I

INTRODUCTION

The man produced radiation had been with us for
nearly three-quarters of a century. It represents an ele-
ment which has significant impact on nearly every phase
of human life. In the latter part of last century, the ex=~
periments with vaccum dischargers have led to the dis~ |
covery of X=rays by Roentgen in 1895. This was soon
followed by Becherel's (1896) discovery of radiation from
radiactive materials. Within months it was recognized
that each of these radiation could have injurious effect
upon persons exposed to it.

The increasing incidence of radiation damage had
culminated in the establishmen_t of International Commis ~
sion of Radiological Protection in 1928. With the intro-
duetion of quantity unit for measuring radiation it was
possible for the first time to make recommendations for
quantitative protection and to introduce the concept of

a permissable dose.



The middle of 1940's had witnessed the enormous
increase in quantities and varieties of radioactive mate~
rials produced by atomic fission. With the explosion of
the first atomic bombs at Nagasaki and Hiroshima, a
manifest public awareness of radiation as a potential
hazard for orderly life on this planet as well as possible
benefit to society became evident. Problems resulting
from technical advances, with their concurrent social
and political implications are not new to man. For exam-
ple, one can mention such ancient inventions as gun-
povder or perhaps the more recent develépments of the
automobile and the antibiotics with their benefits as
well as disadvantages.

Radiation has one particular characteristic that
may cause deeper concern. It is known that apart from
its injurious or lethal action; _the effects can be transmit-
ted to the progeny by means of mutations. Looking into
the future, with an ever expanding use of radioactive
isotopes for all conceivable purposes and with the pros~

pect of an ever increasing number of people living in



close proximity with thermonuclear reactors, the radio=

0 and stron-

nuclides having long half~life like strontium ?
tium8? are posing a tremendous problem in the field of
biology and medicine.

With prevention being preferable to treatment, it
seems necessary to have a clear understanding of the
pathway of entry of such deleterious substances into the
biological systems and the factors affe‘cting it, before a
meaningful preventive measures can be devised. Itis
with this view in mind, that the present studies had been

undertaken to explore the possible entities involved in

the gastrointestinal absorption of radioactive strontium.



CHAPTER II

BIOLOGICAL EFFECTS OF IONISING RADIATION

Section 1. Definitions.

The term radiation indicates a physical phenomenon in which
energy travels through space, even though that space be empty of
matter. Two types of radiation are generally distinguished (Fano,
1954), namely:

1) Corpuscular radiation consisting of various types of

atomic or subatomic particles which are capable of transfer of
their kinetic energy to any matter that they encounter.

2) Electromagnetic radiation consists of self-propagating

electric and magnetic disturbances, which affect the internal
structure of matter and thus dissipates their energy.

Cosmie rays consist of a complex of radiation which flow

constantly through the earth's atmosphere in a downward direction
and relatively few penetrate to the surface of the earth. Several
components of this complex are identical with corpuscular and
electromagnetic radiations studied in the laboratory. There are
still other components of energy particles which cannot be pro=
duced in the laboratory. The biological significance of these

rays on the surface of the earth is not known.
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Mesons include a variety of subatomic particles heavier than
electrons but lighter than protons or neutrons. They arise from
collison of very-high~energy radiations with atomic nucléi, but
have only a brief existence and presumably are not of much biolo-
gical importance.

Neutriho is the constituent of a radiation which is presumed

to arise from the emission of Beta~rays and other subatomic
processes. These @re.electrically neutral.

Molecular rays are beams of mono or polyatomic molecules

which escape from an enclosure into high vacuum, carrying
little enery and no electric charge.

A classification of biologically important radiations is
given in table I.

Detection of radiation can be carried out in accordance with

the effects of their impact on matter. These methods include:
1. Photography
2. Ionisation
3. Study of biological effects‘
4, Excitation of luminescence
5. Study of chemical effects
6. Atomic transmutation

Several units are used to express the measurement of radiation.



TABLE I

CLASSIFICATION OF BIOLOGICALLY IMPORTANT RADIATIONS

CORPUSCULAR

Electrically Charged |Electrically ELECTROMAGNETIC

Light Heavy Neutral

Cathode Protons, Radio-wavés', Light X(or Roentgenf

Rays deutrons, microwaves (infrared, rays.
(electrons) and other Neutrons visible &
positrons ion beams ultra-
violet)

Speeial names of radiation from atomic nuclei

(Beta) (Alfa) , (Gamma)

rays rays - - - rays

(Quoted after U, Fano, Radiation Biology, McGraw~Hill Book Company, Inc.,
Part I, 1954.)




Curie 1is an amount of radioactive material which disinte=-

grates at the rate of 3.7 x 1010 per second; a millicurie is 3.7% 107
and microcurie is 3.7 x 1~04 (Veall and Vetter, 1958).

Roentgen is defined as the quantity of X-ray or gamma radia-
tion associated with corpuscular emission per 0.001293 Gm of air

producing ions carrying one electrostatic unit of either sign.

Rutherford (rd) is an unit representing one million disinte-

grations of radioactive matter per second.

Roentgen Equivalent Physical is an unit of radiation of any type
which yields an amount of energy transferréd to the tissue equal to
that transferred by one roentgen of X - or gamma- radiation. This
amount of energy turns out to be 93 ergs per gram of water or soft
tissue.

Section 2. General Considerations.

Less than a year after Roentgen (1895) reported '"a new form
of radiation'!, Stevens (1896) deseribed the radiation dermatitis and
epilation. Walsh in 1897 reported the untoward effects of acute
radiation illness. Shortly thereafter other investigators noted
similar reactions produced by the new tool in the medical arma~

mentarium. Following those observations and the increasing usage



of Xwradiation in clinical medicine numerous animal experiments
were condueted on the biological effects of ionising radiation.
Though these studies varied greatly in the methods of exposure
and dosage, many fundamental data were obtained. Among these
were the selective action of radiation on cellular constituents and
different types of cells; the effects on differentiation, mitotic
activity and radiosensitivity; the relaﬁonship of intensity and
duration of exposure and the latency period of response reaction.
Although it is generally true that radiosensitivity is related
to growth rate, it is clear that relationship is not linear. For
example, with the onset of mitosis, germinating wheat seedlings
become more resistant to the growth-retarding effect of x-irradia-
tion (Henshaw and Francis, 1935); in eggs of Drosophila, the sensi-~
tivity does not parallel the rate of division (Packard, 1930). The
rapidly growing squamous cell epithelioma is fairly resistant to
radiation while the more slowly growing basal-cell tumour is
sensitive. The erythroblast vulnerability to radlation injury is
not enhanced by an increase in mitotic aetivity; in fact, the hyper=-
blastic erythroid tissue is less sensitive than the normal one

{(Tacobson et al, 1948).



There is equally convincing evidenee with regard to the
relationship of primitiveness of the cell and radiosensitivity.

While the primitive reticular cells are exceedingly resistant to
radiation injury, the blast cells which arise from reticular cells
are more sensitive (Bloom, 1947; Tullis, 1949).

In general, the haematopdietic and germinal tissues belong
to the most sensitive. These are followed by intestinal epithelium,
skin and connective tissﬁe. Bone and glandular tissue are relatively
radioresistant while; muscle and nerve tissue are the least sensitive.
There seems to be no relation between the susceptibility of different
tissues and their basal oxygen consumption. Brain and kidney have
higher rate of respiration than spleen, yet the former two organs
are relatively radioresistant, while the latter is radiosensitive.

The events that are immmediatly associated with the absorp-
tion of radiation are not entirely dependent on temperature (Patt and
Brues, 1945). However, the subsequent reactions to injury and
recovery are affected by temperature changes and metabolic activity.
The influence of hypoxia and protective substances on the changes
produced by ionising radiation in the aqueous solution and in living

tissues may be considered to be due to the effect of activated-water{free
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hydrogen atom and hydroxyl radical) reactions in vivo as well as in
vitro. The mode of action of these modifying factors is not clear.
There is reason to believe that the early cytological damage follow-
ing a moderate dosage of radiation is the result of chemical effects
of ionization and excitation. This may be an important factor in

the production of overall response to radiation injury in the mamma-
lian organism (Patt and Brues, 1954).

In view of the complexity of the nature of the energy absorption,
it is not surprising that the effects of radiation are manifested in
many ways and several factors have been shown to influence the
response to ionising radiation.

Section 3. Radiation Sickness.

Acute radiation syndrome is the symptom ecomplex appearing after

irradiation of large areas of the body and its mode of development may
be considered pathognomonie of radiation exposure, (Warren and Bower,
1950), It is necessary to distingulsh the relatively mild symptoms
whieh sometimes follow elinieal application of radiation, from the
complex pieture of the severe radiation syndrome.

Our knowledge of acute radiation injury in man is based largely
on the studies of atomic bomb ecasualities and those injured by acei=

dental nuclear explosions (Howland et al, 1946; Hempelmann, 1950;
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Hemplemann, lisseo and Hoffman, 1952). The study of the effeets
of atomie bombings were complicated by the effects of heat, blast
and lack of precise information regarding conditions of exposure.

The severe irradiation is followed by a shock like reaction
and death within a few days. Severe intestinal damage and eentral
nervous system disturbance are prominent. After medium irra-
diation initially a mild disturbanee is evident, consisting of a brief
period of apparent respite, a final phase of progressive injury
follows with ultimate death. It is apparent that leukopenia, sep~
ticaemia, haemorrhagé and gastrointestinal damage are the most
signifieant immediate sequlae following a medium dose of irradia=
tion. The chronic effects consist of anaem.ia, neoplasia, lenti-
cular opacity and premature ageing. These may appear in the
survivors of an acute injury or after protracted or repeated
irradiation.

The medical management may be resolved into three basic
components: a) correction of panhomatopenia, b) prevention
or treatment of infeetion, @ maintenance of adequate nutrition.

and fluid balance.
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Section 4. Cellular Changes.

Changes in Cell Physiology. Metabolic cellular processes

such as respiration and protein synthesis are not usually affected by
exposure to radiation doses of less than several thousand roentgens,
(Howard, 1962). Some processes whiech have been reported to be
exceptionally radiosensitive show measurable changes only after

the appearance of morphological signs of eell death. In none
proliferating mammalian eells such as mature lymphoeytes of

the mouse pycnotic changes occur in two hours following in vive
exposure to 100r , Aecording to Howard (1962), a delay in the
subsequent mitosi s is an early and very general consequence of
exposure to radiation in proliferating cell populations. If the radia~
tion dose has not been too great, mitotic aetivity returns and the
chromosomes of a proportion of the dividing eells are seen to

be structurally abnormal. Daughter eells of these divisions have

a high probability of carrying altered chromosome complements.
After rather large doses, giant cells are formed through the per=-
manent inhibition of mitosi s and econtinuation of synthesis of eell
constituents. The effect of a dose of 450 roentgens on regene=-
rating liver cells cause disappearance of alphacytomembranes

and glycogen. This loss is accompanied by complete cytoplasmic
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vaculation. The cytoplasm remains vaculated for about 9 to 10
hours after irradiation, but after this new al phacytomembrane
and glyeogen are formed. (Davies, 1962).

Changes in Tissue Metabolism. Of all the metabolie acti-

vities, the synthesis of nucleie acid seems to be the most sensitive
to the action of ionising radiation. In animals bearing two tumours,
irradiation of one (while the second is shielded) causes inhibition of
nucleic acid synthesis in both tumour (Ahlstram, 1945). Further-
more blood transfusion from an irradiated rabbit to a non-irradiated
rabbit also produces inhibition of nucleic acid synthesis in the kid=-
neys of the receipient.

Inhibition of respiration, uptake, and the rate of absorption
of glucose by small intestine has been also noted. Definite decrease
of both the glycolysis and glycolysis~related incorporation were
observed(Commarava, 1963). In protein exposed to ionising radia~
tion, the most marked effect is that the secondary strueture ié dis-
rupted. The denaturation is believed to be due to the disruption of
H~bonds as a result of ionization and not the consequence of covalent
chemical ehanges which may also follow exposure of ionising ra=-

diation. (Hamilton, 1962).
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Changes in Enzyme and Antibody Production. The pre-existing

enzymes are in general as resistant as other proteins. The
formation of new enzyme molecules can be-inhibited by radiation.
Ionising radiation may act on either of the two components of

which enzymes are made up, that is, the protein and the prosthetic
group. When acting on protein, they may oxidise reactive groups
in the side chain of the molecule such as sulphydryl groups; or they
may act by breaking the hydrogen bonds thus interfering with the
structure of the molecule (Barron, 1954). When acting on the
prosthetic group, they may produce chemical changes which alter
the biological activity of the enzyme.

The radiosensitive nature of the antibody response has received
wide attention. Ionising radiation appears to have a specific effect
on antibody formation whereby the normal antibody response is
supressed. Several studies have demonstrated that the primary
antibody response to soluble antigen is more radiosensitive than
the secondary response to the specific antigen (Stone, Hale, 1962).
This seems to depend upon various factors such as animal species,
form of antigen (soluble or particulate) route of antigenie stimulus,
time of antigenic stimulus in relation to radiation exposure, total

radiation dose and rate and the time interval from exposure when
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serum was obtained for antibody determination.

Genetic effects. The most important action of radiation on

the cell is the production of changes in the genetic or chromosomal
apparatus. Once established, these changes are largely irrever-
sible and may alter the fate of the cell and its progeny (Barran,
1954). The immediate effect of radiation on the transmission of
its genetic material is its inhibition of mitosis. If a cell has al-
ready progressed in mitosis, when radiation is applied, as in

the late prophase, metaphase, anaphase, or telephase stage,

the cell will complete division; if it is approaching prophase,

it will be inhibited; if the cell is in early or middle prophase

it may even appear to regress (Muller, 1954).

In the fertilization period of the egg, radiation interferes
with the separation of polar bodies, thus producing polyploid
nucleus. Disarrangement of cell division and induction of an-
enplidy may be noted. Abnormal distribution of chromasomes
to daugther nuclei, both at mitotic and meiotic divisions can
be seen. (Muller, 1954).

A mutation induced by radiation is essentially indistinguish-

able from a natural one. Analysis of the relation between mutation
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rate and radiation dose has led to the conclusion that mutation
may require but a single ionization of the gene; the frequeney

of mutation charaeteristically rises in linear proportion to the
dose without evidence of a threshold (Upton, 1960).

Section 5. Systemie echanges.

Effects on gastrointestinal tract. Because the dividing

cells lining the small intestine are extremely radiosensitive,
relatively small amounts of radiation applied to the abdomen s
elieit profound effects on the gastrointestinal system. These

vary from slight disturbance of motility and secretion, to ulcer=-
ation and sloughing of the lining of the bowel. Nausea, vomiting
and anorexia were described by Walsh in 1897. Sloughing of the
intestinal lining may lead to ulceration, and invasion of the blood
stream by bacteria that normally inhabit the lumen of the intestine.
This sequence of events is wusually fatal and constitutes one of the
major causes of death after massive irradiation of the whole

body. (Upton, 1960).

Effects on hamopoietic system. The radiosensitivity of

blood forming tissues and the consequent hazard of blood damages

have attracted considerable attention sinece the classic work of
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Heinke in 1903. Changes in the peripheral blood cells reflect to a
considerable extent the alterations in the bone marrow, lymph nodes
and spleen (Lawerence et al, 1948, Bloom, W.and Jacobson, 1948).
While the site of action is mainly on the blood forming organs, in-
direct or remote effect on haemopoietic tissues and direet effects

on the morphological components of peripheral blood are not known.
The alteration of lymphoid tissues in areas distinct from the site

of irradiation is an example of indirect action (Barnes 1943,
Leblond, 1942).

Blood exposed in vitro to moderate dosage, that is, in the
lethal range of mammals, shows only slight changes. Haemolysis
has been seen in blood subjected to heavy irradiation. The radiation
anaemia may be due to, in part, te a haemolytic reaction as suggested
by the rapid declisie of red blood eells, which is in excess of that
resulting solely from the absence of the erythrogenesis (Davies et
al, 1950, Schwartz et al, 1947).

The histological pieture is characterized by the disappearance
of mitotic figures, cell degeneration, aplasia of marrow and the
lymphoid tissue (Bloom, 1949). Edema and hemorrhage with sub=-
sequent fatty infiltration of the hypoplastic marrow cavity may

occur several days after irradiation. The first of the blood forming
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cells to be destroyed are the erythroblasts and hemocytoblasts,
next the myelocytes and finally megakaryocytes. In each series
the younger cells are more sensitive than the older forms of the
same cell types.

A prolonged bleeding time, impaired clot retraction,
fragility, thromboecytopenia, and prolonged whole blood clotting
time were observed in laboratory animals following single ex=
posure to L., D, 50 range and above radiation dose. (Shouse,
Warren, Whipple, 1931). The hematological effects produced by

8 0 2
9, Sr9 s P3 etc.,

internal radiations by radioelements like Sr
depend upon the dosage and the extend of localization within the
hematopoietic tissue, With Sr89, a dose of 2 microcurie per gram
body weight, produced marked bone marrow depletion (Kahn et al,
1963).

In the presence of anemia, amisoeytosis, poikilocytosis,
maerocytosis, microcytosis and polyehromasia were found (Jacobson).
Nucleated erythocytes, degenerative morphological changes of
platelets, clumping of nuelear chromatin were noted. Oceasional

mitotic blast cells, lymphocytes with split nuelei and fragmentation

were seen. The granulocytes showed nuclear deformity and
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disintegration, nueclear membrane destroyed and bluish non-
specific granules of uneven contour filled the entire cell. Atypical
aesiniphils characterized by irregularity in granules, size and
shape were also demeonstrated.

Effect on gonads. Since the developing germ cells are highly

radiosensitive, their irradiation may result in immediate sterility;
often this sterility is transitory unless too few precursors survive
to resume adquate production of germ cells. In man, as in most
mammals studied, permanent sterilization requires amounts of
radiation that are lethal when absorbed by the entire body. Hence
sterility is not, generally, a complication of whole-body irradiation.
It has not been possible to note even a temporary sterility
on the basis of comparison of frequency of pregnancies in the
exposed and unexposed people of Marshall islands, 4 years after
exposure to significant amounts of fallout radiation{Conard et al 1959).
The radiation may produce gene mutation and be passed on,
via eggs and sperms to successive generations of progeny. There
are very few human data to guide quantitative estimates of the
genetic hazards. The studies whiech have been made of children

that are born to parents who were éxposed in Hiroshima
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and Nagasaki (more than 70,000 births have been investigated) show
no significantimcrease of either major congenital abnormalities,
stillbirths or neonatal mortality {(Lindell, 1961).

Effects on central nervous system. The response of the nervous

system to the ionizing radiation has been studied in terms of bioche=
mieal, histological and functional alterations. At the behavioural
level, many investigators have reported measurable changes in be-
haviour after exposure to whole-body or skull irradiation for doses
ranging from 0.1 to 700 rads, depending upon the phylogenetic states
of the experimental subjects (Zeman, 1961).

lowewlevel irradiation indueced behavioural ehanges have not
been related to specific morphological alterations, since doses in
excess of 1000 rads are usually necessary to produce histologically
detectable changes in tissue components of the central nervous
system {Ordy et al, 1963). However irradiation induced bioche-
mical and electro-physiological changes have been reported with much
lower dose levels (100 - 500 rads) than those necessary for produeing
cell necrosis (Caster et al, 1958; Rosenthal et al, 1961; Gangloff and
Haley, 1960). |

There is no doubt that the changes arising in the central

nervous system modify aetivity of various organs and thereby may
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results in severe consequences for the organism. Livanove
(1958), noted that the role of certain nervous formation can be
truly evaluated only if it is approached from the evolutionary
aspect. Others have demonstrated that the adult mammalian
brain can withstand more irradiation without the development of
neurological signs than the newborn brain. In rats noticeable and
signifieant radioresistance of the central nervous system deve-
loped within first 6 to 8 days of life (Clemente et al 1958).

Changes in the vascular system. Transitory dilatation of

.blood vessels, causing erythema or reddening of the skin, is one
of the earliest known reactions to ionizing radiation. It occurs
after only few hundred rads and may be accompanied by inecreased
permeability of blood capillaries. Early circulatory changes such
as fall in blood pressure are seen in some species. Hypotension
may represent a reflex phenomenon as vagotomy and atropinization
can reduce the fall of blood pressure {Painter, 1958)., After initial
hypotension, arterial pressure rises for a few days to a level
slightly below normal and then, decline gradually, The myocardium
itself appears to be radioresistant. However, the changes in body
fluid equilibrium due to alterations in other systems may influence

the circulatory system.
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Renal changes. Kidney damage is generally not apparent

in irradiated animals. There is some evidence of inhibition of
kidney respiration and of oxidation of substrates requiring sulphy=-
dryl enzymes (Barron, 1946). Acute necrosis of the developing
tubules and glomurulii of baby chicks is an exception to the usual
lack of abnormalities with moderate amount of radiation (Patt,
Brues, 1954).

Effects on endocrines. It is recognized universally that the

adrenal glands constitute a buffer agaisnt a variety of traumatic
conditions. The non-epecificity of the adrenal response to stress
and its role in the general adaptation syndrome are well known.
Ionizing stimulii induce changes that are presumed to reflect an
increased demand for adrenal hormones. It does not seems to
represent to be mediated by the pituitary gland and closely resemble
that is seen following a severe traumatic injury (Patt and Brues, 1954).
Although degenerative changes have been seen after heavy
local irradiation,dosages of 1000 r. result only in minimal morpho~
logical alterations in the adrenal cortex and medulla. Notwithstand-
ing the apparent resistance of the adrenals to structural changes,

functional responses may be elicited with relatively low dosage.
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lLoss of adrenal cortical lipids and adrenal ascorbate occurs soon
after irradiation and urinary excretion of 17 ketosteroids may be
increased several days later (Dougherty, White, 1946).

Normal thyroid tissue exhibits considerable resistance
to ionizing radiation in contrast with the relative sensitivity of
the hyperplastic gand. Partial destruction of the thyroid with
colloid degeneration has been seen in rats 6 days after injection
of approximately 70 mecrocuries of Iodine 131 (Findlay et al,
1948).

It is generally agreed that the pituitary is only slightly sensitive
to X=rays. The early transient physiological effects of pituitary
irradiation are regarded as secondary to increased vascularity or
altered permeability rather than primary stimulation of hypophy=
seal activity.

Dermal changes. Since erythema is the first visible sign

of radiation effect on skin and runs parallel to later and more serious
effects, much attention has been given to it in clinical practice. Use
of large doses results in denudation of epithelium after a few weeks.
It seems probable that some of the mechanisms are similar to those
following thermal burns, although the changes are much slower in

developing.



Temporary epilation is produced by a dosage of the order
of 375 to 500 r . Permanent epilation requires a considerably
higher dosage. Greying of the hair isseen in mice following
relatively low dosage.

Changes in the eyes. Superficial effects of irradiation

on the cornea and conjunctiva parallel the effects on the skin.
Lenticular opacity are among the most serlous non-fatal con~-
sequences of irradiation.

Changes in bone and cartilage. Long-continued irra=-

diation of adult bones by radium deposited in the skeleton results
in the appearances of areas of rarifaction and aseptic bone
necrosis, appearing late and progressing during the course of
several years.

Although cartilage is not remarkably radiosensitive,
its recovery after irradiation of the exposed area where necrosis
had occurred, is very poor. Internal radiation produced by sr?0
and Sr®? seem to affect the epiphyseal cartilage even at rela-

tively low dosage (Skoryna et al, 1963).
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Section 6. Effect o Prenatal Development.

The earliest report of abnormalities following irradiation
with a high dose in unborn rabbits on days 7 - 12 after firtilization,
was given by Von Hippel and Pagenstecher in 1907, who obtained

89

cataracts, microphthalmia and lid coloboma. Injection of Sr

and plai:inium‘?'39 into pregnant females, had produced increased
percentage of stillbirths, retardation of growth, fragility, shorten~-
ing of long bones anaemia and osteogenic sarcoma (Finkel, 1947).

The effects of radiation depend on the stage of development
of the embryo at the time of irradiation beecause different parts
of the body are formed sequentally according to a definite order
and time schedule. Malformation of almost any organ may be
induced by irradiation at the appropriate moment during or pre-
ceding its development. How radiation causes malformation
is not yet fully known, although interference with organs deve=-
lopment through the killing of embryonie cells must play an
important role in the progress (Russell, 1954).

The types of human abnormalities enumerated in literature
include microcephaly,blindness, microphthalmia, coloboma,
cataract, chorioretinitis, ankgloblephron strabismus, nystagnus

mental deficiency, hydrocephaly, co-ordination defects, mongolism,
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spina bifida, skull malformations, cleft palate, deformed arms and
feet, genital deformity and general mental physical subnormality.
Although administration of high doses to mother may indirectly
affect the viability of the conceptus, there seems little doubt that
most of the major embryonic abnormalities are due to the action

of radiation directly on the embryo (Russell, 1950).

Section 7. Carcinogenic Effect of Radiation.

It is paradoxical but not unique that ionising radiation which
represents such a potent weapon in the treatment of cancer, should
also be capable of causing cancer. It is but one of the many agents
ineluding viruses and a variety of chemicals that are known to have
carcinogenic properties. The earliest known example of radiation-
induced tumour was reported in 1902, less than 10 years after the
discovery of Xw«rays, Since then, numerous instances have been
observed in man and the process has been studied extensively in
experimental animals.

Although susceptibility to cancer induction varies widely
among species and organs, virtually all types of cancer have
been induced experimentally and it is clear that all types of ion=-

izing radiation share cancer-forming potency. In man, ecancer
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of the skin, leukemia, cancer of bone and lung have been
reported;

The exact mechanism of induction of neoplasms by radia~
tion is still far from clear. It is possible, that the production
of carcinogenic substances under the influence of radiation,
eBpecially after a chronie exposure to small doses, may have
a major role. (Longendorff, 1962). The carcinogenic effect
of irradiation appears to be non~linear in character (Brues',
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CHAPTER III

RADIOACTIVE STRONTIUM AND ITS METABO LISM

Section 1. Chemistry of Strontium.

William Cruikshank in 1787, first detected the existence
of strontium in the strontianite found at Strontian in Argyllshire;
the metal was later isolated by Sir Humphry Davy in 1808, who
electrolyzed a mixture of moist hydroxide or chloride with
mercuric oxide, using a mercury cathode. Strontium belongs
to the alkaline earth family of elements in group two of the
periodic table, having an atomic weight 87.63, and atomic
number of 38, It composes about 0.02 per cent of the entire
crust of earth and its principal sources are strontianite (SrC03)
and celestite (SrS04). Because caleium and barium, which
show close similarity, occur in much greater abundance,

strontium is not produced in commercially important quantities.
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There are four stable isotopes of the element: their mass
numbers, in the order of abundance, are 88,86,87 and 84, Several
radioactive isotopes al;e produced by nuclear reactions, Of these,
the isotope having a mass number of 90 has received most attention
because of its presence in the radioactive fall=out from atomie
explosions.

‘Physical properties. Strontium has a silvery white colour.

It is malleable and duetile and is a good conductor of electricity..

It has an atomic radius of 2.13 A and ionic radius of 1.13 A. Ionisa~
tion potential for the first electron is 5.69 V; second electron 10.98 V.
Single eleetrode potential (between metal and molal solution) is 2.89 V.

It has a melting point 757 * 1°C and boiling point 1366° C. Its

density is 2.60 gm. per cc.

Chemical properties of strontium are similar to those of

caleium and barium, in accordanee with its position in the periodic
table, where it is above that of barium and below calcium. Its base
forming characteristics are similar to caleium and barium. It has

a valence number of 2. As indicated by its atomic radius, ioniga=
tion potential and single electrode potential, the atom of Sr easily looses
the two electrons in the 5 s level when it reacts with non-metallic

elements thus forming Sr*" ion.
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The metal is an active reducing agent. It reacts readily

with water to form hydrogen and the hydroxide Sr(0H),. It is

oxidased rapidly when exposed to air and burns brilliantly when
heated in air, oxygen, chlorine, and bromine and sulphur vapour.
With oxygen, strontium forms both monoxide and peroxide.

Strontium compounds.

Compounds of strontium are not as extensively used as
those of calcium and barium. The solubility of the salts of the
element are intermediate between those of corresponding salts
of calcium and barium,

The hydride, SrHZ, is a white solid, whiech readily de~
ecomposes water in the cold, and behaves as a strong reducing
agent. The monoxide, Sr 0, is a white powder whieh resembles
lime in its general character, it readily slakes with water and
the aqueous solution yields a crystalline hydrated hydroxide.

It is used in the extraction of sugar from molasses.

Strontium chloride, SrCl,, is obtained by dissolving the

carbonate in hydrochloric acid or, eommercially, by fusing the
carbonate with caleium chloride and extracting the melt with water.,
Strontium sulfide, SrS, sulfate, Sr 504, nitride, Sr3Nj, nitrate can

also be prepared. Of these, Sr(N03), is used in pyrotechny for

the manufacture of '"'red fire''.



- 30 -

Radioactive Strontium.

The eontent of non-radioaetive strontium in the human body is
normally of a low magnitude, with an average concentration of 4.5
per 10,000 parts of ealecium. Radioactive strontium shares with
radium and other similar isotoper the ability to be deposited in
the skeleton. Of several radiostrontium isotopes,twohave attracted
attention from the field of Medieine and Biology. These are sr?0
and Sr89,

Radio=strontium 90 has physical half-life of 25 years. Its
biologically effective half~life, that is, the time required for the
aetivity of a single dose ingested by an animal to diminish to half
of its original activity has been estimated to be about 7 1/2 years
(Hawthorne, 1959). It releases Beta=rays of 0.54 meV. Radioe
strontium 89 has a physical half-life of 5-4 days. It also releases
Beta~rays of 1.5 meV. Neither of these isotopes release any
Gamma=rays.

One of the produets of fission of thermo nuclear explosion

is krypton 90, which is an inert gas«like helium or neon. Probably

about 5 per cent of all fisdon events produce Kr90, Agitisa

gas, it possibly rises to a great height with the mushroom eloud
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in the first minute after explosion, by which time, owing to its
very short half-life (33 Beconds) most of it, has been changed
to Rubidium?°,

Rubidium 79 (half-life 2.7 minutes) changes into strontium 90
which in turn slowly produeces Yttrium 90 having half-life of 64
hours. Yttrium?0 vields a stable isotope of Zireonium (Heckstall
Smith, 1958). In less than an hour after the explosion therefore
the only radioaetive elements 6f this chain still existing in effective
quantities are 25 years sr?9 and its produet, 64 hour Yttrium?9,

The cloud produced by the explosion then rises out of
troposphere into the stratosphere. It drifts east with the pre=
vailing west winds at about 15 = 30 miles per hour, eireling the
globe every 4 ~ 7 weeks. It continues to cireulate indefinitely.

The contents of the cloud reach the earth's surface by a slow proeess
of sedimentation and ultimately by entrainment or solution in raine-
water. Although it ean be readily detevcted at all parts of the

earth's surface, the highest levels of strontium?0 are found in

rainwater between the latitudes of 30° and 60°N.

Section 2. Pathway of Radioactive Strontium to Anirnal System.

During the past few years a great deal of effort has been
devoted to discover how much radioactive debris has settled

upon the earth and how muech more will probably be added as a



result of the continuing thermonuclear weapon testing. Much re=~
search has been carried out to determine what proportion of this
material will become incorporated in the living organism.

After the radioactive debris has reached the land surface,
some of the activity will be carried to the sea in drainage water
while the remainder is held in the soil. More than 70 per cent
of Sr90 in the soil is held in the upper strata of undisturbed soil
(Russel, 1958). Radiostrontium reaches plants either from the
solil through the plant roots, or by direct deposition on the aerial
surfaces of the plant. There is good evidence to show that soil
retention 18 an important factor; however, direct deposition is
probably a greater significance at the present moment.,

This relative position may change in eourse of time and
varies from country to country. In Japan it was observed that
in rice plants 40 per cent of the Sr90 contamination was from
the aerial parts of the plant and 60 per cent from the soil
(Ichkawa et al, 1962). Eighty eight samples tested from 18
states in U,S.A. showed that Sr?0 levels varied widely between

samples within any particular state (Olson jr., 1962). There
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is a speeies difference in the absorption by plants. Legumes
takes up more strontium thav gragses by 3 to 6 times (Vase
and Koontz, 1959).

It is well known that cattle fed on pasture plants contami=-
nated by radioactive strontium are the chief source of radio
strontium to the human being. Inhalation of air-suspended particles
and drinking water provide further sources. There is evidence that
inhalation of air~borne particles is unlikely to be of major im~
portance and the drinking water does not contribute more than
10 per cent of the total intake. Food represents, therefore, the

major source of radiostrontium in human bone (Hawthorne, 1959).

Section 3. Incorporation of Radiostrontium in the Body.

The distribution and relative retention of radiostrontium by
the various systems in the experimental animals have been ex-
tensively studied. Nilsson et al (1962) using the method of whole

body autoradiography and impulse counting had noted that shortly

90

after intraperitoneal injection of Sr’", activity was seen in all

tissues, but gradually accumulated in the hard tissues and simulta-

90

neously declined in the soft tissues., By 5 minutes Sr’" activity was
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greatest in the bones and accumulated specifically in growth zones.
About 4 hours after injeetion and subsequently, all noticeable
activity was limited to the bony tissues of the body and a redistri-
bution within the hard tissues could be observed in the autoradio=-
grams,

There is unanimity of opinion that radioactive strontium
is incorporated into the areas of active bone formation, such as
takes place in the metaphysis. Kahn (1963) and co-workers studying
the turnover of radiostrontium in fractured femur had concluded
that the period of high uptake at the fracture site corresponds to
the period of active osteogenesis, and the amount of the uptake of -
radioactivity at the fracture site varies with the amount of osteo=~
genesis present at the time of injection. Correlating with histo-
pathologieal study they noted that the persistance of this radio-
activity depended on the amount of bone remodelling and reconstruect=~
ion that subsequently oceurs.

In the young growing animals tibial ends incorporate more

89 45

Sr~’ and Ca™" than the incisor, while the opposite was found in
older animals (Menezel et al, 1962). Boner and Scoccianti

(196) demonstrated an increased spinal uptake of intravenously
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injected Sr85 in ecases of vertebral fractures, spondylitis and other
localized vertebral lesions. Intravenous injection of Sr85 also
showed localized high concentration in the spinal metastases
in: uptake after hormone and roentgen therapy (Gynning et al,
1961).

Owen et al (1957) reported that following the injection of

90 per gram body weight to young rabbits,

one microcurie of Sr
dose rate 6f the order of 200 rad per hour where measured in

localized region of the epiphyseal tissue of the tibia, represent~
ing the dose rate some twenty times greater than the calculated
mean skeletal value. This evidence suggests that active osteo-~
genesis is a major determining factor in the foecal concentration

of radiostrontium in the skeletal system.

Mechanism of Strontium Deposition in Bone.

The strontium ion'is associated with bone minerals, the
molecular structure of which is very close to that of caleium
hydroxyapatite (Ca.10 (PO4)¢(OH), ). Owing to the small size of
the apatite crystals, bone tissue possesses a large active surface
which enables it to serve as an efficient ion exchanger. The
exact site of deposition of radioactive strontium is still being

debated. Glas (1961) concluded on the basis of his results
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obtained by X-ray fluorescence and diffraction studies, that

the major portion of strontium is absorbed onto the surface of the
apatite crystals, It is possible that a portion is incorporated
into the apatite lattice of the bone crystals, or a combination

of both the above mechanisms may take place.

Factors Influencing the Deposition of Strontium in Bone.

Certain factors will modify the site and amount of deposi-~
tion of radioactive strontium. Body discrimination in favour of
calcium had been noted by various investigators. Comar et al
(1956) by double tracer studies of radiocalcium and radiostrontium
concluded that absorption from the intestinal tract and urinary
excretion were the major process by means of which the rat
discriminated against dietary strontium in favour of caleium.

Talmage (1957) from comparisons of sr8% and ca®? in peri-

toneal lavage solution, estimated that strontium was preferen~
tially released from the bone by a factor of 1.3 over calcium.

Bohr (1960) studied calcium and strontium uptake in normal
and rachitic rats. He noted that uptake in the bone during the
first hour after injection is the same in normal and rachitic

rats, while activity remained practically constant for the
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following 24 hours inthe normal animals, it was shown
that aetivity in the rachitic rats deereased within 8 hours to about
one half of the maximal value. It thus seems that the immediate
primary uptake must be considered to be due mainly to a rever=-
sible exchange between the blood and the bone tissue and that
accretion takes place only through a secondary and slower up-
take (Bohr, 1960).

Baeon et al (1956) by giving parathyroid extract was able
to inerease the urinary excretion of Ca and Sr as well as the
deposition of minerals in the kidney tissue. Administration of
cortisone has prevented accumulation of Sr and Ca in the kidney

tissue but did not influence urinary excretion or diuresis.

Section 4. Elimination of Radiostrontium.

Various agents have been investigated in an attempt to
eliminate radiostrontium fron the bone. Spencer et al (1961)
studied the use of calcium gluconate and ammonium chloride
in the removal of Sr85 in man two weeks after exposure. They
noted that combined use of both agents was more effeetive in
removal of radiostrontium than either agent alone. Magnesium
ions were effective in inereasing the elimination of sr89 in rats

which had been given the isotope 30 days before treatment (Clark

and Smith, 1962).
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The effects of strontium chloride, strontium lactate, ecalcium
chloride, calcium lactate, sodium laetate, sodium lactate EDTA and
CaNa, citrate on the deposition of radiostrontium had been studied
by Carlquist and Nelson (1960).

Of these salts only the strontium salts and Ca Nz—aL2 citrate
were able to decrease the retention if given within half an hour be~
fore or after administration of Sr’°.

Barium sulphate was tried as first aid treatment by Volf
(1961) after internal radiostrontium eontamination in man. Richards
et al (1961) noted that parentally administered tetracycline accele-~
rates the elimination of strontium from the bone, while not sig=
ﬂiﬁcantly affeeting the amount deposited in bone.

Samachson and Lederer (1961) by using defatted bone powder,
demonstrated that strong chelating agents like ethylene~diamine~
tetraacetic acid and c¢yelohexane~diaminetetraacetic acid de~
creased the ratio of caleium 45/strontium 85 uptake considerably
in the presence of calciupcaleium plus strontium or strontium
as carrier. They also noted that citrate and adenosine triphos-

phate had similar but less pronounced effects.
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Section 5. The Late Effects of Radioactive Strontium in Bone.

The late effects of radioactive strontium had been studied
in experimental animals at various centres in the world. In this
laboratory, Skoryna and Kahn (1959)have made extensive investiga=-
tion in this field. They noted that there was a minimal latent
period of 188 days before the first gross tumour was abserved.
Neoplastic changes were found on mieroscopic examination in
all animals surviving the minimal latent period. The majority
of these animals had pulmonary metastases.

In addition to tumours, the basic changes observed were:
disturbace of osteogenesis; fibrosis of marrow; and cellular
proliferation., The echanges were maximal in the metaphysis
in relation to the epiphyseal cartilage growth, corresponding
to the area of active osteogenesis. Periosteal and endosteal
new bone formation of marked degree was also observed.

The extent of fibrosis of bone marrow varied eonsiderably
and the most extensive changes occurred in corresponding
relationship to the area of highest uptake of the isotope. The
presence of foei of cells with large hyperchromatic nuclei
were noted. Cellular proliferation without some degree of fi-
brosis in the area was never found, whereas fibrosis without

cellular proliferation was often noted.
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CHAPTER 1V

STRONTIUM ABSORPTION

Section 1. Introduction.

Absorption is a complex phenomenon, the exact nature of
which is still far from being understood. The ultimate aim of
digestion is absorption. Only after the products of digestion
have passed through the epithelial lining of the digestive tract
and entered the blood stream, are they able to serve their
purpose. Absorption of most materials takes place almost en~
tirely from the small intestine; although the stomach is capable
of absorbing small amounts of water and certain drugs.

The mucous lining of the small intestine is admirably
adapted to its absorptive functions. It is one of the most re-
markable organs of the body. It produces a variety of hormones
which help to regulate gastric secretion and motility, the secre-
tion of the pancreas and of the intestine itself. During absorption
the mucosal cells perform a variety of hydrolytic and synthetic
processes upon the food substances passing through them

(Thomas:, 1961).
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Epithelial cells of the intestinal mucosa transfer water
and other dissolved substances from the lumen of the intestine
into the interstitial fluid to be taken up by the blood. This
absorption activity is highly selective and frequently involves the
expenditure of considerable energy. Probably nowhere, except
possibly in the liver are such a great variety of functions per-
formed by a single tissue. It has been estimated that the pre-
sence of the villi result in an increase of seven or eight fold in

the surface area of the mucous membrane of the intestine.

Section 2. FactorsAffecting Absorption.

The simple process of diffusion is inadequate to explain ab~
sorption. Some substances are absorbed against a concentration
gradient; absorption goes on until the concentration falls far
below that in the interstitial fluid and in the blood (Ingerham and
Visseher, 1938). Several agencies are now known which, either
directly or indirectly influence the transport of food materials
from the intestinal lumen to the circulation.

Osmotic effect of solutions influences the absorption of

water and salt. Rabinovitch (1927) noted that absolute amount

of salt absorbed increased with increasing concentration of
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salt up to 0.8 per cent.

Hydrostatic pressure has some influenee on absorption.

Nasset and Parry (1934) showed that negative hydrostatic pres=
sure tended to aecelerate the net flow of fluid into the intestine
whereas inecreasing the pressure produce net absorption.
Blickenstaff (1952) and others by using Omi«type fistula, found
that there were statistically significant differences in the mean
rate of absorption of ehloride and water at different levels of
hydrostatic pressure.

The nervous system probably influences absorption, by

its control on the gastrointestinal secretions and motility.
Hormones are said to have considerable influence in the

absorption of sugars, possibly exerted indirectly through sodium
chloride deficiency., In adrenal cortical insufficiency, the
absorption of sugar is diminished in the presence of sodium
chloride defieiency (Thomas, 1961). Absorption of sugar is
accelerated in hyperthyroidism and depressed in hypothyroidism,
and in the latter case, administration of thyroxin improves

absorption.
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The nutritional status of the body may exert same effect

on the rate of absorption. Calcium is said to be absorbed more
readily by individuals suffering from caleium deficiency(Thomas,
1961). For the normal absorption of sugars pantothemic acid,
thyamine and pyridoxine, members of the vitamin B group are
essential. In patients on salt restricted diet, sodium practically
disappears from the contents of terminal ileum, thus suggesting

a sodium conserwving action by the upper intestine.

Active participation of mesenterie lymphatie system in the

absorption of water has been noted by Lee (1963). In vitro, a 40
per cent decrease in absorption of water was observed in jejunal
preparations when lacteal ducts were sectioned near the wall;

no decrease occurred when blood vessels were sectioned. During
absorption the lymphatics showed a rhythmical contraction with
an average frequency of 10 per minute.

Temperature is also said to influence absorption (Smyth

and Taylor, 1957).

Stereochemically selective absorption has been also rew~

ported. Wiseman(1951) has shown that the levoratory, or naturally
ocecurring forms of alamnine, phenylalanine, isoleucine, methionine

and histidine are absorbed more rapidly than the dextrorotatory isomers
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and that levo~-forms could be transferred through the intestinal
wall against a concentration gradient. Eldsen et al (1950) have
found that if a racemic mixture of aminoacids is introduced into
the intestine, the levoratatory isomers will be absorbed as much
as six times more rapidly than the dextro-isomers.

The presence of certain substances such as an excess of
magnesium or phytic aecid is said to interfere with calcium ab=
gsorption. On the other hand vitamin D aecelerates the absorption
of caleium from the lower ileum, but not from other parts.
Aminoaeid absorption is inhibited by absence of oxygen and by
several metabolic inhibitors such as dinitrophenol and deso~
xypyridoxine (Friedlander and Quastel, 1955).

The different anatomical levels of gastrointestinal tractare

said to have selective regional maximal absorption. The absorption
of iron from the stomach is well known. Scholar and Code (1954)
(using heavy water as tracer) have noted that water is ten times
more rapidly absorbed from the small intestine than from the
stomach. Benson and co~workers (1956) by using radioactive

131

iodine ~ labelled olive oil found that optimal absorption of fat

occurs in the third quarter of the small intestine. Kremen
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et al (1954) demonstrated that in dogs the proximal 50 to 70 per
cent of the small intestine could be removed with no apparent i1l
effects on food absorption, particularly fat absorption. However,
if the distal 50 per cent were removed, there was a profound inter~-
ference with fat absorption with loss of weight and from 80 to 90
per cent of the fat intake was lost in the faeces.

H ion, concentration in the intestinal tract may influence

the absorption of food material. Perhaps this factor is least

understood.

Section 3. Techniques of Studying Radioactive Strontium

Absorption.

It is well known that absorption studies can be carried out
by either in vitro or in vivo preparations of intestine.

In vivo metheds include administration of a known quantity
of the isotope by a gastric tube and consecutive aésay of the
amount of radioisotope deposited in the femur, as well as
a _ total body count. Another technique is to introduce a known
quantity of isotope in the isolated segment of intestine and to
determine at intervals the amount removed. This may be com=-

bined with determination of the amount deposited in the bone.
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In vitro techniques include the use of an excised segment
of intestine or an everted sac. A number of techniques for this
purpose has been described by various authors. All depend upon
maintaining the vitality of a portion of the intestine that has been
removed from the body by keeping it in contact with oxygenated
fluid of appropriate composition and temperature. The prepa~-
ration can be so arranged that the fluid inside the intestine which
is in contact‘with the absorbing surface can be kept separate
from that on the outside in contact with the serosal surface.
The changes in the composition of the internal and the external
fluld can be measured and this gives the degree of absorption by the
mucosa.

Cramer (1959) studied  radiostrontium absorption in
vivo after the administration of the isotope by a gastric tube
and using the tail of the rat for estimation of the amount absorbed.
The animals were sacrificed at known intervals and carcass and
intestine ashed separately and counted. He noted that strontium
absorption has a latent period of 20 - 30 minutes; the absorption
is slower and continued for a longer timé. When comparing the
rate of maximal absorption of phosphorus and strontium, he

concluded that there is a difference in the site and transfer rate
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of these ions in different parts of the intestinal tract.
Wasserman (1960) studied the absorption of calcium45
and strontium 85 by means of isolated everted intestinal

segments. He noted that in the duodenal segment, calcium3

85

but not strontium®” was transferred against a concentration

gradient from mucosa to serosa. In the ileal segment sr85

but not Ca,45

was transported against a concentration gra=
dient from serosa to mucosa. Wasserman and Comar(1961)
also investigated the parathyroid influence on calcium45 and

strontium85 absorption. In vitro studies with isolated evert-

ed gut segments indicated that transfer of ca45 and\Sr85
across the duodenum and ileum was not influenced by the
parathyroid status of the donor rat.

Carr et al (1961) made a comparative study of the

absorption and retention in rabbits following the addition

to the diet of Sr90 incorporated into plant material and Sr85
Cl2. They observed no difference in absorption rate in
these two forms of strontium radionuclides after simulta=
neous administration,

Mraz (1962) extensively investigated the influence of

alkaline earth elements and pH on the intestinal absorption
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of Sr85 and Ca%5 by means of a perdusion technique. He de~

mostrated that Sr85 was absorbed to a lesser extent than Ca45;

calcium was more effective in reducing the absorption of Ca45-

The effect on strontium was less pronounced. An increase

in the inert carrier strontium slightly reduced Sr85 and Ca%d

absorption. Strontium was least effective of the alkaline

85

earths in reducing the absorption of Sr”~, except beryllium,

Magnesium was more effective in reducing Sr85 absorption.
There was remarkably little effect of pH in the range of pH
from 4 to 11. In the range of pH 2104 there was m8rked in-
creased absorption of Sr85 but not Ca?d suggesting that
absorption of the two elements occurs by different mechanisms.
Rosenthal (1960) using fresh water fish was not able to
observe any discrimination between Sr?0 and ca4® uptake. Ad-
dition of nonweradiactive strontium or calcium depressed the
accumulation of 5r90 and Ca%® in the fish. Atlow concentra=
tions of sodium ions, the fish discriminated against Sr90 as
compared with Ca.45; however, as Na ion concentration in=

creases, this discrimination becomes less obvious. Similar

results were obtained using different concentration of alkaline
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earth elements.

Palmar et al (1961) studied the absorption of Sr85 and

45

Ca ~ in the rat by the technique of in vivo intestinal per=

fusion. With no inert calcium added to the perfusion solu=
tion, the percentage of sr85 absorbed was about 0.3 that

of Ca%5. With increasing amount of caleium in the per-

85

fusion medium the percentabe of absorbed strontium®~ and

45

Calcium *~ decreased; however, the ratio of percentage of

absorption of sr85 and ca?® increased, reaching the value
of about 0.6 in 25 mM calcium solution. There was no

45
evidence of diserimination of Sr85 and Ca™ jp the reverse

direction from blood to intestine.

Lengemann and Comar (1961) studied the distribution

45

of absorbed Sr85 and Ca®> as influenced by lactose. A

45 was taken

greater proportion of absorbed Sr85 than Ca
up by bone within the first four hours after administering
the dose. Only in the ileum did the presence of lactdse,
lysin and glueose cause the difference to disappear. On

the other hand, Stover et al (1961) studied the integrated

effect of an exposure of a beagle to an essentially constant



n49an

dietary Sr7%/Ca level whieh began in utere and eonti=
nued to young adulthood. The relative sr?0/ Ca content
of the bone was the same as that of the dietary environe
ment.,

The discrimination which oecurs in the absorption
process would appear to be the dominant factor in detere
mining the over all strontium ealcium relationship. It
is necessary to have more precise knowledge about the
meechanism and faectors affecting the absorption of radioe
strontium. The present study had been undertaken with

this objective in mind.
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CHAPTER V

EXPERIMENTAL METHODS AND MATERIALS

Aim of the Experiments.

The aim of this investigation was twofold: firstly, to
evaluate the hydrogen ion concentration in the gastrointestinal
tract of normal rats and its influence on the absorption of radio=
strontium; secondly, to find out whether there is a region of
maximum absorption of strontium in the gastrointestinal tract.

Although the mechanism of absorption can be studied by
employing in vitro techniques, the physiological environment
of normal intestinal absorption is appreciably altered, and the
results obtained eannot strictly be eompared to the natufal
process. It would be preferable to reproduce physiological
conditions by giving the experimental animal radiostrontium in
food or drinking water; an assay may then be made of strontium
retained in the body tissues, in the intestinal traet and in the
excreta. It may be possible to adopt this method for the study
of segmental absorption by means of multilumened tubes having

.multiple cuffs orballoons. This technique, however, is

hazardous for use in small animals sueh as rats; in addition



- 51 -

the process of intubation is very time consuming, thus limiting
the number of animals that can be studied.

In this study an in vivo technique has been utilised involving
surgery under anaesthesia. These conditions are more close
to the normal physiological state than the in vitro technique pree~
viously mentioned. Cramer (1959) found essentially no difference
in gastrointestinal absorption of strontium between anaesthetised
and unanasthetised rats. How far operative trauma influences
and modifies the absorptive process is not known.

The effect of pH on the rate of intestinal absorption of
caleium has been investigated by Dukay (1962) in this laboratory.
He noted that Ca45 had a maximum rate of absorption from the
duodenal region when it was administered in a buffered solution
of neutral pH. The absorption was appreciably reduced at pH
values of 4, 5, 6 and 8. This is in contrast to the results
obtained in perfusion experiments by Mraz (1962) who did not

find any remarkable effect on ca?5 or s:8° intestinal absorption

between the pH ranges 4 to 11. At the extreme pHs of 1 and 12,

there was a sharp decline in the absorption of caleium.
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These results necessitated a further study of the relation=
ship between pH and the intestinal absorption of radiostrontium.
A buffering solution having a pH value similar to the average
physiologieal value in the small intestine was considered more
suitable for this study, because it is likely that an extreme pH
either acid or alkaline may disrupt the normal mechanism of
absorption. Therefore, the first part of the study was to evaluate
the normal pH value of the intestinal tracts of the rat. Sub-
sequently, a buffering agent "Trisma' (a neutralized crystal~
line hydroehloride of Tris((hydroxymethyl) aminomethane) with
a pH 7.85 at 25°C was used. Sinee "Trisma' has a significant
temperature coeffieient, the pH will decrease on an average of
0.025 pH units per degree centigrade; the solution at the body
temperature of 37°C will give a pH value of 7.55.

A number of investigators have reported on the influence
of inert carrier strontium in the absorption of radiostrontium
(Samachson et al 1961, Rosenthal 1960, Mraz(1962) Hegstead
1963). Two groups of absorption studies, with and without
inert carrier SrCl, , was carried out in order to evaluate this
factor in the segmental absorption from rat's gastro=intestinal

traet. One hundred twenty micrograms of inert strontium chloxde
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(hydrated) per 2 microcurie radioactive sr89 was used in this
study. This amount is equivalent to the quantity of inert
caleium present in samples of Ca%5 used in an earlier study on
Ca45 absorption (Dukay, 1962). In one set of experiments, the
radioactive strontium®8’ dose was increased by 5 in order to
detect any change in the absorption pattern at higher levels

of radioactivity.

Materials.

Rats of Royal Victoria Hospital strain of either sex were
used. These rats were bred in the Department of Experimental
Surgery, McGill University. The exact origin of this strain
remain unknown, but it is believed that these rats are the off-
spring of Wistar rats and Norwegian wild rats. The colony has
been thoroughly inbred by continuous brother-sister matings
since 1933. Animals weighing 100 to 200 gms were used through-
out the experiments and a total of about 1200 rats were studied.

89

Radioactive strontium®’ used in this study was supplied

by the Atomic Energy of Canada limited, Ottawa, in monthly

shipments. The sr89 wasg in the form of SrClZ in aqueous

90

(0.98 N) HC1, with Sr’" approximately 0.25 millicuries/m]l.
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Heavy metals were less than 10 p.p.m, total solid econtent was
8.5 mg/ml.,
Methods.

Operative Technique. The animals were fasted for 24 hours

and then anaesthetised with nembutal. The anterior abdominal

wall was shaved and a laparotomy performed. The stomach was
then ligated with silk at the aesophageal and pyloric ends and was
designated as segment No. 1. The total length of small intestine
was divided into 9 segments of approximately 5 ems each. The
duodenal segment was numbered II and the rest in serial se=
quence, the terminal ileal segment being number 10. Each segment
was lgated at both ends without disturbing the vaseular supply.
Only one segment was used in each rat., A diagramatic representa-
tion of a typical segment is given in Figure 1. The test solution
was introduced into the lumen of the intestinal segment by means

of a tuberculin syringe with a 27 G needle. A standard volume

of 0.5 ml was uéed in all the experiments, as this amount was
found to be the optimal fluid ecapacity of a 5 ems segment of the
small intestine of the rat. Any increase in volume gives an

undue distension of the segment which may alter the absorption

pattern.
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Fig. A typical ligated intestine
segment.



A very small leakage into the peritoneal cavity of the
test solution through the needle puncture was observed in a group
of 10 animals tested by injecting a methylene blue solution. It
was noted that only a tiny drop of fluid escaped at the moment
when the needle was withdrawn from the intestinal wall. Since
this loss of fluid into the peritoneal cavity was constant and
uniform, it was considered that the effect of leakage can be
discounted.

Throughout the experiments, the animals were kept alive
at room temperature and laboratory conditions. After the desired
length of time animals were sacrificed, The ligated segment was
then stripped of its mesentry, resected with ligatures intact and
analysed.

Isotope Teehnique.

The radioactive 5189 after making suitable eorrection for
the decay factor was diluted either in normal saline or in a buf=
fering agent and the volume made up to give 2 microcurie acti=
vity per 0.5 ml. In one set of experiments, the volume was

made to give 10 mierocurie activity per 0.5 ml.
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This isotope solution was injected into the lumen of intes=
tine with a disposable tuberculin syringe and 27 G needle; 0.5 ml
of the solution was used for each segment and the syringe was used
only once. After a period of 30 minutes, the segment of intestine
was removed as described earlier and placed in a graduated test=-
tube containing 3 ml of 38% hydrochloric acid for 24 hours, by
which time the intestinal walls had been dissolved by the acid.
This procedure ensures that absorption in these experiments
means the removal of radioactive ions not only from the lumen of
the gastrointestinal traet but also from the walls of the intestine.
This acid solution was neutralised with 30% sodium hydroxide,
and diluted with water in such a way that the original 12 micro=
curie solution was diluted 375 times. This dilution was used after
experimenting with several different dilutions. At this dilution
one ml of solution after drying in a planchet gives a very thin
layer which is scarcely visible. Such a thin layer reduces the
error of self absorption of beta=particles by the erystals to a
negligible minimum.

The solution was transferred into the planchet using 1 m1l
capacity pipettes with a safety pipettor. The planchets were

dried for 3 hours at 75°C.
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Counting was earried out in a Shielded Manuel Changing
Chamber, using an End=Window Geiger tubes having a thin
window thickness of 1.9 mg/gmz (Traeer Laboratory: Inc. Boston).
An electric cireuit with Dekatron type of scaler (Measurement
Engineering Iimited, Ontario) was used to register the eounts.
Before counting samples, care was taken to check the plateau
using a standard sample and making the necessary adjustment in
the EHT input. A constant geometrical set up was used in all
measurements. Baekground radiation was eounted before and
after each set of samples. The background was less than 60
counts per minute.

Each sample was counted for over 3 minutes to give a
total eount of 10,000 and thus redueing the coeffieient of varia«
tion to a minimum of 1 per eent. This was calculated using
the formula:

coefficient of variation = 100 - 9 (Veall and Vetter,1958)

vV NT

With eaeh group of samples a standard sample of the same
dose of Sr89 was counted. As the standard value of the isotope

introduced into the intestinal segment is known, the percentage
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of Sr89 retained in each segment was calculated. From this
value, the amount absrobed wag derived.

All gassware and other instruments used in this study
were decontaminated by washing with ""radiowash' (Atomic
Products Corporation, Center Moriches, New York) followed
by repeated washings with cold water. All radioactive waste
products including the rat's carcass were stored in special
containers and periodiecally shipped to Ottawa. A routine cheek
up of the radioactive room, glassware and instruments was
regularly carried out to deteet any contdmination.

Experiment No. 1. pH of Intéstinal Segments Washed with

Normal Saline.

The rats were prepared as previously described: 0.5 ml N.
saline was injected into the ligated segments. At the end of 30
minutes the segment was resected and the econtents of the intes-~
tinal lumen collected in a small vessel. The pH was determined
by using a glass electrode and a Beckman pH meter. Thirty rats
were studied for each segment.

Experiment No. II. pH of Intestinal Segments Washed with

Buffer Solution.

In this experiment an attempt was made to modify the pH of
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the intestinal segments by using a buffering solution. The

buffer "T'risma", hydroxymethylaminomethane, from Sigma
Chemicals was used. A series of varying concentrations of

the buffer was tried. One with 0.4 molarity, ionie strength of

0.5 and pH of 7.85 at 250C, was selected for this experiment.
Higher concentrations of buffer produced distension of the segments
and lower concentrations produced no significant effect on the pH
of lumen contents. 0.5 ml of the buffering solution was intro-
duced into the intestinal segments and the pH determined at the end
of 30 minutes as described in the previous experiment. Five
animals were used for each segment,

Experiment No. III. Absorption of Sr8? in Isotonic Saline (a).

In this group, the radioactive sr89 was injected into the
lumen of the gastrointestinal segments at a dose of 2 microcuries,
-5
{ 7.2x10 ~ microgram), dissolved in 0.5 ml of 0.9% sodium chloride
solution. At the end of 30 minutes, the animals were sacrificed and
the segments removed and radioactivity measured as described
earlier. Ten rats were studied for each segment.

Experiment No. IV. Absorption of 5r89 in Isotonic Saline (b)

This study was essentially same a8 the experiment No. III,
except that instead of 2 microcurie, 10 microcurie dose was used.

Ten animals were used for each segment.
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Experiment No. V. Absorption of Sr8? at "Controlled" pH.

This study was also similar to the experiment No. III,
except that instead of normal saline, "Trisma' (hydroxymethy~
laminomethane) buffer, 0.4 molarity, 7.85 pH at 25°C and an

ionic strength of 0.5 was used. Two microcuries Sr89 in 0.5 m1l

buffer were injected as before. Animals were sacrificed at the
end of 30 minutes activity counted as described earlier. Fifteen

rats were studied for each segment.

Experiment No. VI. Absorption of 5r89 in the Presence of

Excess Carrier SrCl, (isotonic saline).

89

In this experiment, in addition to 2 micrgcuries of Sr™ 7,
120 micrograms of inert strontium chloride was added to each of
0.5 ml solution in isotonic saline. This represents an increase
of Sr ion in concentration. The study was similar in all other
aspects to that of experiment No. III. Twelve rats were used for
each segment.

Experiment No. VII. Absorption of Sr8? in the Presence of

Carrier SrCl2 (controlled pH).

This was the same as experiment No. V, except that 120
mierograms of inert SrCl2 H0 as carrier was added to each
0.5 ml of "Trisma' buffer solution. Twelve rats were studied

for each segment.
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Experiment No VIIL.

This was a repetition of the experiment No VI to determine
the correlation and reprodueibility of the technique used in this

investigation. Twelve rats were studied for each segment.
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CHAPTER VI

RESULTS:
The results of this investigation are in Tables II. to XIV.
The standard deviation of the mean value of each segment was

calculated using the formule:

nX2 « (n X)Z
N
(N-1)

tsm was determined using student ''t'*. (Gossett W,S, : Biometrika
6, 1908). The significance of difference in the mean values be=
tween segments was statistiecally analysed using '"Ducan's Multiple
Range Test' for multiple comparisons. (Freund, Livermore and
Miller, 1960). The details of calculations and statistical analysis
are given in the Appendix.

Experiment No. 1. pH of Intestinal Segments Washed with Isotonic

Saline.
The results of this study is given in Table II. From the
table it can be noted that the mean pH value in the stomach was

2.35 ( p 0.89). The duodenal segment was alkaline, 7.75 (-*- 0.37),



TABLE II

pH STUDIES IN RATS STOMACH AND SMALL.INTESTINE

VIII IX

288

VI

IV

I

II

(Stomach) (Duodenum)
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10 O
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(Continued)
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in the 1lllrd segment it was just on the acid side, 6.85 (¥ 0,31)
and thereafter in the subsequent segments the pH was progres~
sively more alkaline with the terminal segment having a pH
value of 8.79 {t 0.56).

The differences in mean pH between the segments are
statistically significant.

Experiment No. II. fH doflntestinal Segments Washed with

Buffer Solution.

The results of this study on the influence of buffering
agent "Trisma' on the pH of rat's gastrointestinal tract is
given in Table III. The pH of the stomach was greatly increased
but the mean pH value reached was slightly acid. The pH of all
others segments varied slightly within the range 7.45 to 8.0,
indicating that the lumen was fairly adequately buffered. How~
ever,a dight but distinctly rising gradient in mean pH value

can be seen progressing towards the distal segment of intestine.

Experiment No. ITI. Absorption of Sr8? in Isotonic Saline (a)
The results of this study are given in Table IV. Maximum
absorption took place from the proximal one~third of the small

intestine. There was an appreciable amount of absorption in



the stomach. ’In the distal 3rd of the small bowel, the absorption
was about one half of that in the proximal part. The middle
third of the small intestine varied between these two extremes.
There is no statistically significant differences between
segments II, III and IV; segments V, VII, VIII and X. The seg«
ment VIis not similar to either of the two former groups.
Segments I, IX and X do not have significant difference in the
absorption.
Table V shows the percentage of frequency distribution
of $r89 absorption from different segments in classes of 5%.
It can be noted that a higher percentage absorption occurs with
greater frequency in the proximal one~third of the small bowel.

Experiment No. IV. Absorption of Sr89 in Isotonic Saline (b).

The results of administering 10 microcuries of sr89 is
given in Table VI. The features are similar to the previous
study using 2 microcuries., Statistical analysis has revealed

no significant difference among the segments IV to X in their

absorption of sr89. The segment II and III are significantly
different from the other segments as well as between themselves.
Segments I, VII and IX are similar in their absorption capacity.

The Table VII also demonstrates that in segments Il .and III there



TABLE III

pH READINGS AT THE END OF 30 MINUTES WITH "TRISMA"

BUFFER 0.5 ML; 0.4 MOLARITY, 0.5 IONIC STRENGTH,
pH 7.85 AT 25°C,

(StorIrlach) (Ducﬁenum)m o v Vi Vi Vi = %
7.4 7.35 7.2 7.4 7.3 7.5 7.65 7.7 8.0 7.9
6.6 7.3 7.2 | 7.3 7.4 7.45 7.7 7.8 8.0 8.1
4.3 7.6 7.4 7.4 7.05 7.45 7.65 7.75 7.9 8.0
6.5 7.45 7.2 7.25 7.25 7.65 7.55 7.9 8.0 7.9
4.95 7.3 7.15 7.3 7.2 7.55 7.8 7.85 8.1 8.05

* 5,95 7.45 7.23 7.33 7.24 7.52 7.67 7.8 8.0 7.99

¥ (£1.44) (£0.3) (*0.1) (20.07) (£0.13) (*0.109) (£0.087) (*0.077) (£0.07)(20.089)

*Standard deviation
*% Mean of pH value
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TABLE IV

RADIOACTIVE STRONTIUM 89. ABSORPTION FROM LIGATED SEGMENTS OF RATS'
GASTRO-INTESTINAL TRACT

( 2 microcurie of 5r8% in 0.5 ml of 0.9% normal saline injected. Activity measured after 30 min.)

I Io I v v VI vo A’2881 IX X
(Stomach) (Duodenum)

8.6 26.6 24.4 16.3 15.2 33.0 19.0 13.9 15.5 19.2
4.4 38.1 35.3 37.3 19.3 20.7 23.9 12.0 16.9 18.4
21.5 30.6 16.5 24.9 10.5 12.6 36.3 24.3 13.5 7.5
5.1 35.6 17.8 35.4 19.1 19.1 39.9 12.6 9.1 14.9
9.1 41.3 53.8 30.8 30.4 24.3 17.1 32.8 14.3 28.1
4.9 27.4 47.4 38.8 21.7 32,2 35.2 14.0 13.1 8.6
16.8 22.4 32.4 28.0 28.3 34,1  21.8 12,7 13,1 25.7
11.7 14. 4 36.3 34.5 31.0 38.4 18.4 27.5 22,2 12.7
9.3 31.9 40.7 48.3 13.7 33.0 13.7 - 27.3 16.5

- 41.8 - 26.5 - - - - - -
* 10.1% 31.01% 33.84% 3208% 21,02% 27.49% 25.03% 18.71% 16.0% 16.8%
’?*(t4.47) (*8.71) (x12.64) (t8.83) (*7.41) (¥8.60) (*9.53) (£8.18) (*5.47) (+6.92)

% Mean per cent of absorption
%% Standard deviation
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TABILE V

FREQUENCY DISTRIBUTION OF Sr89 ABSORPTION FROM RATS GASTRO INTESTINAL

TRACT (2 Microcurie in 0.5 ml Normal Saline for 30 minutes)

NUMBER OF SEGMENTS

57.5

52.5 11.11

1.1  10.00

o 47.5
1w
w 42.5 20.00 11.11
b .
w 37.5 20.00 22.22  30.00 .11 33.33
(]
% 32.5 20.00 .11 20.00 22.22 44, 44 12.5
© 27.5 20.00 20.00 1.1 2.5 1.1 22,22
222.5 1L 11 10.00 11.11 10.00 1.1 22,22 22,22 12.5 1.1
8 17.5 .11 22.22  10.00 33,33 11.11 33,33 22.22 33.33
A,
& 12.5 1.1 10.00 22.22 .11 .1 62.5 44.44 22.22
1]
d 75 44.44 u.1 22.22

2.5 22.22 |

I I IIx IV \'s VI VI Vi X X
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TABLE VI

RADIOACTIVE STRONTIUM 89. 10 MICROCURIE IN 0.5 ML of 0.9% SALINE INJECTED
INTO LIGATED SEGMENTS OF RATS' GASTRO-INTESTINAL TRACT.

(Radioactivity measured after 30 minutes)

I IT II1 v v VI VII VIII IX X
(Stomach) (Duodenum)

10.00 20.6 31.1 21.0 27.2 41.4 22.2 19.4 22.1 22.6
20.0 36.6 36.0 16.4 31.0 20.4 16.2 20.1 12.2 32.8
7.8 19.5 22.8 17. 4 30.0 24.5 23,2 20.4 19.3 10.1
17.7 35.7 29.7 20.1 20.0 23.0 24.0 20.1 21.3 17.2
7.1 34.3 39.8 25.1 27.1 27.9 20.4 17.3 24.0 29.1
27.8 37.0 26.0 21.9 32.9 33.2 19.3 1.4 22.5 20.1
5.5 37.5 40.4 27.8 25.5 12.9 14.6 19.4 28.7 28.9
15.3 26.3 54,3 16. 4 - 14.5 28.9 1.4 30.9 16.0 17.7
15.3 21.9 46.0 21.4 10.1 24.4 21.6 38.9 17.1 21. 6
- - - 21.9 - - 16.5 - - -

* 14.05%  29.93%  36.23% 20.94% 24.24% 26.28% 18.94% 21.98% 20.35% 22.2%

*E7.21)  (* 7.68) (210.00) (23.60) (£7.74) (% 8.00) (*4.00) (*8.062) (+ 4.79) (*7.07)

% Mean per cent of absorption
%% Standard deviation
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TABLE VII

FREQUENCY PISTRIBUTED OF 5r®? ABSORPTION FROM
RATS GASTRO INTESTINAL TRACT

( 10 mierocurie in 0.5 ml of normal saline for 30 minutes)

e
57.5
52.5 11,11
e 47.5 11.11
s .
E‘ 42,5 11.11 .11
wn
B 37.5 44.44  22.22 .11
wn
g 32.5 1.1 11.11 33.33 1.1 11.11 11.11
5 _
Z27.5 | 1.1 1.1 22.22  20.00  33.33  22.22 .11 22.22
4
O 22.5 | M1 22.22 1.1 50.00  1L.1I 44.44  50.00  33.33 44,44 33.33
=
M17.5 | 33.33 1.1 30. 00 30.00 33.33  33.33 22.22
0
wn
@ 12.5 | 1.1 22,22  1L11 20,00 1.1l IL1l 1.1
7.5 | 33.33
2.5
I I I v v VI Vi o v IX X
' NUMBERS OF SEGMENTS

-ZL-
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is a greater frequency of higher percentage of radiostrontium

absorption.

Experiment No. V. Absorption of Sr87 at *Controlled" pH.

These resﬁlts are given in Table VIII. A decrease in the
absorption of radiostrontium from the 2nd segme.ﬁt is the marked
feature. Maximum absorption occurs in the third segment.(31.9%).
Statistieal analysis shows no significant difference between seg=
ments II, IV, VI, VII, VIII, IX and X. The percentage of ab=
sorption in segments I, IX and X are also similar. Segment III
is significantly different from the other segments. These result
indicate as they stand, that by controlling the pH to steady level,
in fact absorption is brought to a more ''steady' level. The
frequency distibution is given in Table IX. Segment III in parti-
cular and the proximal part of small intestine in general continue to

show maximum absorption.

Experiment No. VI. Absorption of Sr89 in the Presence of Excess

Carrier SrCl2 in Isotonic Saline (Table X).

Addition of 120 mierograms of inactive strontium chloride has
appreciably changed the mean percentage of absorption. But the
pattern of distribution between segments is the same as in the

previous three experiments. The second segment has the maximum



TABLE VIII

RADIOACTIVE STRONTIUM 89. ABSORPTION FROM RATS' GASTRO-INTESTINAL TRACT.
SR§ZMICROCURIE IN 0.5 ML. "TRISMA'" BUFFER, 0.4 MOLARITY 0.5 IONIC STRENGTH
pH 7.85 AT 250

(Radioactivity measured after 30 minutes)

I II I IV v VI VI VIII IX X
(Stomach) (Duodenum)
20.3 10. 8 58.0 13.9 13.8 16.0 34.9 19.5 15.0 27.0
9.2 18.6 28.9 14.0 14.4 18.0 23.3 21.7 29.0 7.1
9.1 14.9 32.2 38.5 27.1 15.3 29.2 23.3 15.7 16.7
9.1 22.4 49.2 19.9 28.0 25.8 21.7 14.2 10.1 17.5
1.4 10.8 43.4 12.0 30.3 26.5 29.1 16.4 24.6 14.7
23.1 20.3 17. 4 51.2 26.0 31.9 25.3 14.4 27.2 15.9
10.9 16.9 19.8 18.5 41.8 13.8 39.1 26.8 12.3 16.7
7.5 26.4 22.0 17.8 10.3 19.4 14.0 30.8 21.3 28.1
7.5 31.9 37.2 46. 6 30.4 23.1 10.4 30.6 5.5 15.6 '
- 31.8 22.0 19.1 23.9 11.8 24.7 20.2 9.3 15.3 ™~
- 19.8 25.4 14.7 36.8 12.0 16.9 19.4 16.1 20.7 '
- 20.1 27.4 16.2 33.8 26.4 4.3 22.0 27.9 17.2
- 33.1 - 17.9 28.2 20.2 - 26.5 15.8 -
- 43.1 - - 34.5 - - 27.4 29.5 -
- - - - 32.2 - - 31.0 - -
* 12.01% - 22.9%  31.9% 23.1%  27.4% 20.11% 23.5% 22.9% 18.5% 14.7%
*H+5,65) (1 9.32) (12.64) (t13.15] (¥8.77) (+6.32) (#8.66) (£5.65) (+8.00) (+5.47)

% Mean per cent of absorption
#*% Standard deviation



TABILE IX

FREQUENCY DISTRIBUTION OF sr89 ABSORPTION FROM

RATS'GASTRO INTESTINAL TRACT

(2 microcurie in 0.5 ml of "Trisma' buffer for 30 minutes)

(Stomach) (Duodenum)

NUMBER OF SEGMENTS

B 67.5
Iz 62.5
O 57.5 8.33
3 52.5 7.83
@ 47.5 8.33 7.53
3 42.5 7.14 8.33 6.66
O 37.5 8.33 7.53 6.66 8.33
z 32.5 21.42 8.33 26,66 7.53 8.33  20.00

27.5 7.14 25.00 33,33 23.76 25.00 20.00 28.57 16.67
% 22.5 22.22 21.42  16.67 .66 13.38 25.00 26.66 14.28 8.33
0o 17.5 21.42  16.67 46,15 30.76 8.33 20,00 21,42 58,33
& 12,5 22,22 21.42 30.76 20,00 23.76 25.00 13.33  21.42 8.33
o) 7.5 55.55 14.28 8.33
B 2.5
<

I II III Iv v VI VI VIII IX X

—gLa



TABLE X

RADIOACTIVE STRONTIUM. ABSORPTION FROM LIGATED SEGMENTS OF RATS'
INTESTINE. STRONTIUM 89, 2 MICROCURIE IN 0.5 ML NORMAL SALINE WITH
120 MICROGRAMS OF SrCl, AS CARRIER INJECTED

(Activity measured at the end of 30 minutes)

| I II III IV v VI VII VIII IX X
(Stomach) (Duodenum)
16.9 38.8 25.1 26.5 19.0 9.2 8.4 10.5 12. 6 1.2
15.6 42.2 19.6 13.8 22.2 12.4 10.8 6.3 12.0 22.1
10.4 53.3 21.2 20.9 20.6 16.5 8.0 6.4 8.4 17.1
6.3 39.4 20.8 18. 6 9.1 1.6 5.8 12.0 11.4 12.0
8.5 48.4 19.6 23.8 7.5 9.5 4.8 18.4 15.6 18.0 '
8.9 49.5 13.6 10.9 12.6 12.7 8.4 12.9 4.5 8.4 5
4.8 39.3 24.6 11. 4 9.3 14.3 11.9 15.7 10. 6 14.0 o
9.0 15. 3 16. 4 18.2 14.9 15.0 16.3 18.9 7.8 7.3 '
9.8 44.3 20.8 12.9 8.9 12.2 4.6 12.3 15.5 10.1
15.3 50.2 15.3 12.3 15.1 141 18.8 16.1 20.9 5.3
7.5 18. 6 20.8 13,7 4.4 22.2 17.2 4.3 13.9 10.2
11.0 41.5 1.6 11.7 12.9 10.4 12.8 5.4 11.6 9.3
—'*’ ey
10.4% 40.0% 19.1% 16.2% 13.8% 13.3% 10. 6% 11. 6% 11.2% 13.1%
X £3.79) (t11.78) (t4.12) ($5.26) (t4.81) (*3.54) (+4.82) (£5.09) (+7.74) (+4.87)
**%0. 489 1.52  0.531 0.678 0.621 0.457 0.624 0.657 0.998 0.628

»*
Mean per cent of absorption
*¥*¥Standard deviation
%dek t s



TABLE XI

FREQUENCY DISTRIBUTION OF Sr89 ABSORPTION FROM THE
GASTRO INTESTINAL TRACT OF RATS

(2 microcurie with SrCl, 120 micrograms as carrier for 30 min.)

1

wn
fxq
o
0
= 16.67
2 16.67
ki 25.00
O 25.00
A
Z 8.33 8.33
o 41. 66 16.67  16.67 8.33 8.33  8.33
Ex 25.00 16.67  33.33 16.67  16.67 8.33 25.00 33.33 16.67 16.67
& 16.67 16.67 58.33  33.33 66,67  25.00 33.33 50.00 4l.66
2 50.00 33,33 16.67  33.33 25.00 16.67 33.33
e 8.33 16. 67 8.33 8.33
I 1I III v v VI VII VIII IX X

(Stomach){Duodenum)
. NUMBER OF SEGMENTS
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rate of absorption, 40.0% (% 11.78); while the third segment
follows with 19.1% ('-'-'4.12). The differenece in absorption between
segments IV, V, VI, VII, VII, IX and X are not statistically
signifieant. So also segments I. V to X are similar in their
rate of absorption. Segments II and III are different from each
other as well as from the rest.

The frequeney distribution of absorption (percentage) is
given in Table XI. In this, the wide scattering noted in the pre=«
vious experiments had been considerably narrowed down. The
2nd segment shows the greater incidence of higher percentage
of absorption.

Experiment No. VII. Absorption of sr89 in the Presence of

Excess Carrier SrCl2 in "Controlled" PH. (Table XH;)

The maximum rate of absorption is again noted in the
duodenal segment; however, this is considerably less than the
rate in the experiment No. VI. Statistical analysis showed that
difference between segments II, III and IV are not significant.
Segments V, VII, VIII, IX and X are also similar. Segments VII,
VIII, IX and I showed no significant difference. Table XIII
demonstrates the frequency distribution, whie¢h is similar to the

previous experiment.
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Experiment No. VIII,

The result of this study is given in Table XIV. The correla~

tion coefficient with the results of experiment No. VI was calcu-

lated using the formula:

ro= S(xy)

\/ S(x2). s(y%) (Fisher, 1958)

The two experiment correlate very well; in almost all the segments

the value is above 0.9 except in segment V and X where the value

is 0.873 and 0.846 respectively.



TABLE XII

STRONTIUM 89, 2 MICROCURIE WITH 120.05 MICROGRAMS OF SrCl, AS CARRIER IN
0.5 ML. "TRISMA BUFFER, 0.4 MOLARITY, 0.5 IONIC STRENGTH, pH 7.85 AT 25°C.
(Activity after 30 minutes)

1 T I v \'a VI VIT VI < X
(Stomach) (Duodenum)
7.1 34.5 25.5 14,6 18.3 20.3 5.6 14.6 10.1 16.2
8.0 21.3 14.2 14.3 21.0  25.0 7.7 6.1 13.6 23.0
1.7 22.2 38.0 20.8 22.7 22.6 19.9 10.0 15.6 20.7
10.9 29.4 18.8 35,0 16.8 20.8 18.0 15.8 18.5 8.3
2.4 21. 6 30.8 13.1 13.0 1.6 15.6 20.0 9.8 20.2
1.7 16.1 15.1 13.5 1.0 24,1 5.1 13.1 10,2 12. 4
22.4 25.2 14.1 31.3 18.2  21.5 16.0 15.7 7.3 7.5
8.4 31.7 26.0 24.2 6.3  16.9 12.8 10.9 10.2 15. 4
2.4 26.6 13.8 29.7 6.1 21,7 16.6 8.9 18.0 9.5
10.4 25.9 14.4 17. 2 5.4 14.6 8.3 18.2 16.8 12.7
9.6 21.1 17.1 30.2 - 1.7 -26.3 - 8.4 .. 14.5 13,7 10.5
W8, 36% 25.54% 21.08% 22.12% 16.58% 20.46% 12.90% 12.90% 12.87% 14.21%
KK+ 6,164) (£5.291) (17.874) (+7.810) (*3.492)(F4266) (t5.099)( 4.458)(3.674)(+5.069,

*Btandard deviation
%% Mean per cent of absorption

-08‘



FREQUENCY DISTRIBUTION OF Sr
’ " RASTS'GASTRO INTESTINAL TRACT

TABLE XIII

89

ABSORPTION FROM

( 2 microcurie 8r87 with 120 micrograms of SrCl2 as a earrier in 0.5 ml
of "Trisma' buffer for 30 minutes)

(Stomaeh)(Duodenum)

NUMBER OF SEGMENTS |

B 52.5
2 47.5
j 42.5
o 37.5 9.09
z 32.5 18.18  .9.09 27.27
e 27.5 36.36 18.18 9.09 9.09
ow 22.5 9.09  36.36 18.18 18.18 63.63 27.21
B 17.5 9.09 27.27 9.09  54.54 9.09 45.45 36.36 36.36 18.18
@ 12.5 18.18 36.36 36.36  27.27 18.18 9.09  45.45 45,45 27.27
Q 7.5 36.36 45.45  18.18 18.18  27.27
53 2.5 36.36

I II I1I v v VI VII Vi IX X

-.'[8-.



TABLE XIV

RADIOACTIVE STRONTIUM 89 ABSORPTION FROM LIGATED SEGMENTS OF RATS'
GASTRO-INTESTINAL TRACT

(Sr89, 2 microcurie in 0.5 ml of normal saline with 120 micrograms of SrCl2 as
carrier for 30 minutes)

I II I IV v VI VI VII IX X
(Stomach) (Duodenum)

10.8 44.9  19.6 30.1 1.3 19.2 13.1 12.1 7.9 15. 6

8.0 54,5  18.9 23.9 9.2 18.0 7.9 13.1 13.8 6.3

11.4 40.5  28.2 20.1 18.0 23.9 1.1 17.7 15. 6 13.7

8.5 48.8  12.9 18. 3 14.6 22.0 8.9 8.5 9.1 11.9

13.3 52.2  15.8 16. 3 14.6 17.7 13.1 18.0 12.6 10.5

5.8 29.4  20.2  17.0 1.3  13.9 4.6 16.5 17.4 14,6

1,2 58.2  27.7  14.7 21,2 1.8 11.0 8.6 6.2 8.6

10. 4 41.0 21.9 20, 4 8.0 10.5 10.2 15,0 13.4 9.3
15.0 22.6  17.5 15. 6 17.8 12,5 7.3 14.1 15.1 20,4

1.2 22,0 25,2 14,2 12.6 1.4 14.9 12.2 13.6 6.4

7.5 20,0  20.1 17.5 1.6 1.5 11.0 15.2 20,2  16.8

8.4 49.0 15,9 0.3 ..15.9 . 9.2. . 13.6 11,7 11.0 18.9
* 10.1% 40.4%  20.3% 18.2%  13.8% -149%  10.5% 13.5% = 12.1% = 12. 74
®*%(£2.58)  (£13.67) (*4.74) (t5.09) (+3.87) (t4.78) (£2.96) (£3.13) (%3.33) (£4.69)
1*%0.332 0 1.76 0.611  0.656 0.499 0.616 ~0.381 " 0.403 0.430° 0.605
~ Jeen0. 931 0.939  0.99  0.978 . 0.873 0.913 . 0.933...0.902 -0.907  0.846

% Mean per cent of absorption
%k Standard deviation
okl g

*iokk correlation eoefficient with Table X

a28ﬁ
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CHAPTER VII

DISCUSSION

Methods.

ligated segments of rat's intestine have been used pre=
viously for in vivo study of absorption in this laboratory by
Dukay and Makhani (1961~1962). This in vivo technique has
several advantages over the methods used by other investiga~
tors. It is also admirably suited to study the regional
absorption pattern.

The present study is basically different from those
of in vitro experiments. In vitro study may give valuable
information about the transport of solutes and solvents across
the viable, semipermeable membrane formed by the intestinal
mucosa. The blood and lymphatic supply to the intestinal
walls, mucosal secretions and neuronal and hormonal control
of intestinal mucosa and its secretions do not participate.

There is evidence that strontium is partly excreted
into the intestinal lumen (Wasserman 1960). Hence when the
total length of the small intestine is used as in perfusion
experiments, the result obtained is the difference between

the amount absorbed and that excreted into the intestinal lumen.
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By utilizing 5 crms segments and only one such segment
in each animal, this excretion factor is localized. However,
no previous attempt has been made to study it.

The rate of absorption is related to the rapidity of
propulsion of food particles and flow rate of soluble material
through the intestinal lumen. The use of ligated segments
of about 5 cms. eliminates this factor. In perfusion experi-
ments a variable factor of rate of flow through the lumen
must be considered. Further, the perfusate mixed with
intestinal secretions being a non~Newtonian fluid, particulate
constituents are not uniformly distributed in the stream of
the fluid. If solutions are used throughout the experiment
this may not apply.

The period of study being limited to 30 minutes only,
any physio~pathological changes that could have accured
due to intestinal obstruction are probably reduced. Through-
out the experiment the animals are under the influence of
anaesthesia; any variation which may occur in absorption
at the time of recovery from anaesthetics is eliminated.

The high degree of correlation noted between the ex-
periments VI and VIII substantiate the relability of this in

vivo technique.
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Effect of pH on Sro’ Absorption.

Dukay (1962) using ligated intestinal segments demonstra-
ted that the maximum absorption of Cca4b (about 65%) from the
duodenal segment occured when it was administered in a buffer
solution of neutral pH. At pHs 4,5,6 and 8 absorption was
considerably decreased. Towards the distal segment where
pH was alkaline, the Ca45 absorption (from unbuffered solu-
tion) was less than 10% in 30 minutes. Maximum absorption
of calcium coincided with a near neutral pH in the intestinal
tract. It seemed possible that by controlling the pH of in~
testinal lumen with a suitable buffering agent, the absorption
of alkaline earth elements could also be '"controlled''.

As a preliminary step, the normal pH values of the
gastrointestinal tract of rat under the experimental condi=~
tions was determined using isotonic saline. The stomach
was highly acid. The duodenal segment had an alkaline pH;
however the immediately distal segment was slightly acid.
This remarkable difference in the two adjoining segments
may be due to the fact, that when the pyloric end of the duo-

denum was ligated the normal flow of acid secretions of the
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stomach was interrupted and consequently the bile, pancreatic
secretions and secretions of Brunner's glands accumulated
producing an alkaline pH. In the third segment, as there is
no accumulation of alkaline secretions other than those of
intestinal mucosal glands the pH continued to be slightly acid.
It could be presumed that normally the duodenal contents have
a neutral or slightly acid pH, but under these experimental
conditions it has an alkaline pH. In the rest of the segments
the alkalinity increases directly proportional to the distance
from the stomach; thus the terminal ileal segment has the
highest pH. These values are similar to those of the human
beings where the pH varies from 6.3 to 9 (Thomas, 1961).

As a buffering agent "Trisma' was chosen because it
has an optimum range of buffering action closely resembling
the physiological values in the intestine, 7.0 to 9.0. Second=
ly, unlike many other buffers "Trisma'' does not form an
insoluble salt with alkaline earth elements. 0.4 M "Trisma'"
was used after experimenting with both weaker and stronger
solutions (ie., of greater buffer capacity). A sample result

using 0.25, 0.35 and 0.5 molarity is given in table XV.
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pH READINGS AFTER USE OF DIFFERENT MOLARITIES OF
"TRISMA" BUFFER, 7.85 pH at 25°C.

TABLE XV
0.25 Molarity.
Segment 11 11T v
7.4 6.85 6.75
7.85 6.65 7.15
7.55 6.55 7.25
7.75 7.25 6.9
7.85 7.0 7.05
7.68 6.85 7.02
0.35 Molarity.
Segment I I IX
7.5 7.25 7.9
7.65 7.2 8.25
7.85 6.9 8.3
7.7 7.15 8.05
7.55 7.0 8.0
7.65 7.1

o]
ot

Usage of 0.5 Molarity gave undue distension of the
segments.

Segment pey 111

7.9 7
7.6 7
7.75 7
7.65 7.
7~ 6 7
7.7 7
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pH STUDIES IN RAT'S GASTROINTESTINAL TRACT

pH reading with
N. saline.

pH readings after
using 'Trisma"
buffer solution



89 ABSORPTION FROM LIGATED SEGMENTS OF RAT'S GI TRACT
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DISTRIBUTION OF Sr89 ABSORPTION WITH '"CONTROLLED'" pH

x Absorption curve
Sr89 in isotonic saline

»
x * XXXXEXX Absorption distribution
Sr8%ah "'controlled" pH.
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0.4M(400mM) '"Trisma'' is hypertonic compared with the
saline (154mM); however no macroscopic damage to the in~
testinal mucosa was observed. A stronger solution produced
distension of the intestinal segment. A weaker solution did
not alter the pH to a sufficient degree.

By using "Trisma' the pH of the stomach was raised.
In the duodenum the pH was altered to near neutral and in the
third segment it was changed to slightly alkaline. Figure 2
shows the amount of control in the pH of intestine produced
by "Trisma'!, in comparison with the value obtained from
isotonic saline. Even though the buffering action of the
"Trisma' was falrly satisfactory, the pH was not uniform
throughout the length of intestine; nor in the same segment.
It also was not able to give the same pH as that of the buffer.
It is possible that some of the buffering solution might have
been rapidly absorbed by the intestinal mucosa, or that the
secretions of the mucosa have a high neutralising capacity.
A combination of both these processes may occur. If com-
pared in vitro, volume for volume "Trisma' has an excess
of buffering capacity for the intestinal secretions. But the con~

tinuous process of secretion and absorption by the mucosa has
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reduced the capacity of "Trisma'' to produce a uniform pH
throughout the intestinal tract.

Various investigators have reported on the absorption
of radioactive calcium and radioactive strontium after using
solutions with pHs ranging from 1to 12. How far the intestinal
mucosa is capable of alteringthese extremens of pH at the end
of 30 minutes is not known. It is conceivable that such a dras-
tic change in pH is likely to produce histopathological reaction
in the intestinal mucosa. Further study in this direction is
necessary before a definite conclusion could be reached.

In this study a buffering agent was used and the pH
maintained at a '"controlled'' level throughout the period of
absorption study. In perfusion experiments by Mraz (1962)

and segmental absorption study of Ca45 by Dukay (1962),

Solutions used were not buffered and the pHs of the intestinal
contents at the end of the period of absorption study were

not determined. Therefore, the relationship of pH on the
absorption of 5189 and Ca*® cannot be concluded from those

studies.
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In six series of sr89 absorption studies, two were
under controlled pH with "Trisma'' buffer. By administer-
ing 589 in buffer at approximately pH 7.55, it would be ex-~
pected that absorption would decrease in the proximal seg~
ments and increase in the distal segments. Figures 3 and
4 show the comparison of mean percenteage of absorption
with controlled pH and those of isotonic saline, with and with-~
out inactive strontium chloride as carrier. Except in the
duodenal segment no appreciable difference can be noted
from these graphs. Statistical analysis also did not show
any significant difference except in the duodenal segment.

However the influence of the control of absorption by
the buffer becomes apparent by a study of the distribution
pattern. Figure 5 demonstrates the distribution in accord~-
ance with percentage of absorption in controlled pH plotted
in comparison with the mean absorption curve of isotonic
saline. Here in the proximal segments of small intestine
a majority of rats with controlled pH absorb less than the :
mean absorption with isotonic saline. In segment V this

difference is striking. The mean value in isotonic saline



is lower; more animals with controlled pH had a higher
rate of absorption. In the distal segments, higher values
of absorption have been observed in more animals with
controlled pH than those in which isotonic saline prepara=
tion has been used.

Figure 6 shows the distribution of Sr89 absorption
plotted against the mean absorption curve of controlled
pH. The phenomena observed represent a reverse picture
to that in figure 5. Figures 7 a‘nd 8 also show similar
distribution to that of figures 5 and 6 respectively, where
120 micrograms of inactive SrClz(é,HZo) was added to
controlled pH as well as in isotonic saline.

These show that "Trisma' buffer by controlling pH
was,to a certain extent, able to produce a controlled level
of 5r89 absorption. Further studies with different pH
ranges are necessary before it can be concluded that absorp-
tion depends on pH and, as a corollary, that absorption can
be controlled at different levels by altering the pH of the

intestinal environment.
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Effect of Addition of Inert Strontium Chloride and the

Use of a 5 Fold Increase in the Radioactive Sr89

Two microcuriesd radioactive strontium represented
about 7.2 x 10~5 micrograms of strontium by weight. To
this was added 120 micrograms of inactive strontium chloride
(SrCl,6H,0) which gives about 43 micrograms of Sr**. The
addition of the inactive element produced a definite depres-
sing action on the absorption of radioactive strontium.

Figures 9 and 10 show the difference in the mean per-
centage absorption with and without inactive carrier strontium.
The duodenal segment shows a marked increase in the absorp~
tion of radioactive strontium after the addition of inactive
SrCl,6H0. But all the other segments had considerable
reduction in the mean percentage of absorption. Statistical
analysis also shows significant reduction in the absorption
of radiostrontium from all segments except the IInd. Segmgnt.
There is an overall reduction in the absorption of $r89 on ad-
dition of inert strontium chloride. These results are similar
to those obtained by Rosenthal (1960), Smachson (1961) and

Mraz (1962).
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Figure 3 shows that an increase of radiostrontium by
5 fold did not produce any appreciable difference in the rate
of absorption. The pattern of absorption continued to be the
same.

Regional Distribution of sr89 Absorption.

In all the six series of absorption studies which were
conducted, the maximum rate of absorption was from the
proximal one ~third of small bowel. Figures 2 to 10 con-
sistently demonstrate this phenomenon. There was an ap-
preciable amount of absorption from the stomach. The
distal third of small intestine absorbed about one=half of
that in the proximal part and the middle third was in the
middle range between these two values .

This pattern appears to be similar to those of calcium
and iron absorption. Dukay (1962) noted that Ca%5 had a
maximum rate of absorption from the proximal part of small
intestine. In 30 minutes as much as 65% was absorbed from
the duodenal segment, whereas in the distal half of small
intestine it was less than 10%. Wasserman (1960) demonstrae

ted that Ca%5 was actively transported against a concentration
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gradient in the duodenal segment.

In the case of radioiron, Brown (1958) noted that
iron was taken up equally well by all the segments in vitro;
however in vivo studies a distinct gradient was present, with
the highest rate in the duodenal region and progressively de=~
creasing towards the distal part of the small intestine.
Ohawara et-al (1963) reported on the basis of studies of iron
absorption in human subjects that absorption of orally ad~
ministered iron was lower in the distal regions of the in-
testinal tract.

There is ample evidence to suggest that certain subs-
tances have a region of maximum absorption in the small
intestine. In the case of fat, several studies in experimental
animals as well as in human subjects suffering from regional
ilietis and following massive resection of small bowel, have
demonstrated that fat is readily absorbed from the distal
ileal segments. Removal of the distal 50% of the small
bowel produced profound interference with fat absorption
in dogs (Kremen et al, 1954). Levy (1958) noted that in all

patients with regional ilietis increased amounts of oleic
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acid Iodine 131 could be recovered from the faeces in both
operated and unoperated cases.

It is possible that this regional difference in the absorption
of inorganic salts like calcium and strontium from that of fat
may be due to the difference in size; of the pores of the cell
membrane and the permeability in different parts of the small
intestine. The present day concept of the cell membrane is
that of a semipermeable membrane composed of a lipid layer
with adsorbed protein, the lipid layer containing minute pores
which permit the extraordinarily rapid passage of very small
molecules of low liéid-solubility (Fenton, 1961). The transfer
across such a membrane could occur in part by simple diffusion
due to difference in concentration of the specific substance on
the two sides of the membrane, or by active transport neces~
sitating the expenditure of energy. It may also be influenced

by the lipid solubility and the molecular volume of the solute.
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CHAPTER VIII

CONC LUSIONS

From the previous studies on Cad absorption and

pH by Dukay (1962), it seemed possible that by controlling
the pH in the intestinal tract with a suitable buffering agent
the absorption of alkaline earth elements could also be
"controlled''. As a preliminary step, the normal pH values
of the gastrointestinal tract of rat under experimental con-
ditions were determined using isotonic saline. Ten sections
were isolated by ligation in vivo. Saline was injected into
each loop ; the pH of the contents of each loop was assayed
at the end of 30 minutes. The pH of the stomach was 2.35
(¥ 0.89) and in the small intestine it varied from 6.85(*0.31)
in the proximal jejunum to 8.79(¥% 0.56) in the terminal
ileal segment.

The influence of a buffering agent ""T'risma' at pH 7.55
on stabilising the gastrointestinal pH was studied. The pH
of the stomach increased to 5.95(%1.44). In the small in=

testine a pH ranging from 7.23(10.1) to 8.0(%0.07) was
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obtained indicating thaet a certain degree of ''control' is
possible.

Six series of radioactive strontium8? absorption
studies were conducted using the same technique of in vivo
ligated segmen;:s of rat's gastrointestinal tract as in the pH
studies. In all the studies carried out on Sr8? absorption,
the proximal third of amall bowel in general, the duodenum
and first part of jejunum in particular had the highest rate
of absorption (40.0%.in 30 minutes). Absorption decreased
towards the distal segments 1;0 a minimum of 12 to 16%.
This pattern of absorption is similar to those of Calcium
and Iron. The stomach absorbed an appreciable amount
of 5t°7 (10. 4%).

Two of these series were under ''controlled'pH with
"Trisma' buffer, with and without inactive carrier strontium
chloride. By 'controlling' pH the absorption of sr89 was
brought to a relatively standard level throughout the small
intestine. This was evident by analysing the distribution

of the percentage of absorption. With ""controlled' pH, de=-

creased absorption from the proximal region of small bowel
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was observed in the majority of animals. On the other-
hand a higher rate from the distal end was noted in more
animals treated with buffer. The evidence is strongly
suggestive that by '""controlling' the pH of the intestine,
absorption of strontium can also be controlled. High
level of pH in the distal segments coincided with low
level of Sr8? absorption. Further studies are necessary
therefore to see if absorption can be further reduced by
increasing the pH.

The addition of 120 micrograms (43 micrograms of
Sr¥ *) of inactive strontium chloride to 2 microcuries

(7.2 x 105 micrograms) of 589

produced an overall de=-
crease in the absorption of radioactive strontium both in
saline and buffered solution with "Trisma'. The per~
centage o.f decrease varied from about 10% in the proximal
to 5% in the distal parts of small intestine.

A five fold increase in radioactive strontium produced

no remarkable difference in the rate of absorption of the

radionuclide.
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CHAPTER IX

Appendix.

Multiple comparisons (Duncan's multiple range test).
(Freund, Hvermore, Miller, 1960).

If in an analysis of variance there is a significant dif~
ference among several means, it is often desirable to know
what mean, or set of means, differ significantly what other
mean or set of means.

Xir) Xpieeeesaonnn. Xk are the means of K random
samples of size n and MSE is an estimate of the common
variance of the population from which the samples were
obtained.

Calculations:

(a) Standard deviation of the sample means
Sx =/ MSE/n
(b) Least significant ranges
Rp = sx.rp P =Ll2........ k-1.
where rp is obtained from Table VI (Freund, Livermore,
Miller, 1960), p is the number of means involved in a given
comparison, and the number of degrees of freedom is that

of MSE.
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Procedure:

(1) Means are arranged according to size.

(2) The difference between all pairs of adjacent
means is compared with R,. If such differences are less
than R;, a line is drawn under the corresponding pair of
means.

(3) All sets of three successive means are con=
sidered. If the difference between the two extreme means
of such a set is less than R3, a line is drawn under the
three means.

All sets of k=1 successive means are considered.

If the difference between the two extreme means of
such a set is less than R k-1, a line is drawn under the
k-1 means.

Note: A line drawn under a set of means indicates
that the difference among them is not significant. Also,
if a line under a set of means does not extend beyond another

line, it is to be disregarded.
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Example =~ Analysis of results of experiment No. VI,
Table X.
Segments and percentage of absorption arranged in order of size.

I VII IX Vi1 X VI \4 Iv III II

— — — ——

10.4, 10.6, 11.2, 1.6, 13.1, 13.3, 13.8, 16.2, 19.1, 40.0

MSE - 368.4 x 11 = 36.84
120-10

Sx “\/ 36.84712 = 1.74

p P-2 P=3 P=4 P=5 P=z=6 P-7 P=8 P=9 P:=10
by

2.8 2.95 3.04 3.12  3.17 3.22 3.25 3.29 3.31

Rp 4.87 5.13 5.29 5.43 5.52 5.60 5.66 5.72 5.76

Successive Means.

(2) 10.6 - 10.4 = 0.2 £ 4.87
1.2 - 10.6 _ 0.6 < 4.87
1.6 - 11.2 _ 0.4 ¢ 4.87
13.1 - 1.6 _ 1.5 < 4.87
18.3 - 13.1 — 0.2 ¢ 4.87
13.8 - 13.3 = 0.5 ¢ 4.87
16.2 -~ 13.8 - 2.0 ¢ 4.87
19.1 = 16.2 - 2.9 ¢ 4.87
40,0 - 19.1 = 20.9 » 4.87
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(3) 1.2 - 10.4 = 1.8 < 5.13
1.6 - 10.6 - 1.0 < 5.13
13.1 - 11.2 - | 1.9 < 5.13
13.3 - 1l.6 - 1.7 ¢ 5.13
13.8 - 13.1 . 0.7 < 5.13
16.2 - 13.3 . 2.9 ¢ 5.13
19.1 ~ 13.8 ® 5.3 > 5.13
40.0 - 16.2 = 23.8 » 5.13
(4 1.6 - 10.4 - 1.2 ¢ 5.29
13.1 - 10.6 . 2.5 ¢ 5.29
13.3 - 11.2 i 2.1 ¢ 5.29
13.8 - 11.6 i} 2.2 ¢ 5.29
16.2 -~ 13.1 - 3.1 < 5.29
19.1 - 13.3 = 5.8 > 5.29
40.0 - 13.8 - 26.2 v 5.29
() 13.1 - 10.4 ) 2.7 ¢ 5.43
13.3 - 10.6 2.7 ¢ 5.43

n

13.8 - 11.2 2.6 ¢ 5.43
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(5) Cont'd
16.2 - 11.6 = 4.6 { 5.43
19.1 - 13.1 z 6.0 2 5.43
40.0 - 13.3 = 26.7 15.43
(6) 13.3 - 10.4 ; 2.9 ¢ 5.52
13.8 - 10.6 - 3.2 € 5.52
6.2 - 11.2 ) 5.0 £ 5.52
19.1 - 11.6 - 7.5 ? 5.52
40.0 - 13.1 = 26.9 75.52
(7 13.8 - 10.4 - 3.4 ¢ 5.60
16.2 - 10.6 - 5.60 ¢ 5.60
19.1 - 11.2 - 7.9 % 5.60
40.0 - 1.6 = 28.4 2 5.60
(8) 16.2 -10.4 - 5.8 7 5.66
| 19.1 10.6 = 8.5 7 5.66
40.0 - 11.2 = 28.8 % 5.66
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(9) 19.1 - 10.4 = 8.7 % 5.72
40.0 - 10.6 = 29.4 35.72
(10) 40.0 - 10.4 =  29.675.75

Segments IV, V, VI, VII, VIII, IX and X have no
significant difference.

Segi’nents I, II, and III have significant difference
from each other as well as from the rest.

Confidence value was calculated using student t

(Grossett, W.S., Biometrika 6, 1908).

The 90% confidence limit is therefore X -tsm

< X L K + tsm. There is only one chance in ten

T —p——
—

that the sample mean X differs from the true value X

by more + tsm.
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