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SIELLINQQJ

I

De effecten van ioniserende straling onder verschillende condities op

groeiend bot, kunnen de opvatting versterken dat zich in de grceischijf

een fractie cellen in hypoxische toestand bevinden.

II

Wanneer de radiotherapeut bij instelling van bestralingsvelden het

kraakbeen van groeiende botten in het veld opneemt, zonder dat dit

strict noodzakelijk is, maakt hij een kunstfout.

III

Het feit dat in het recente verleden klinisch vergelijkend prcefonder-

zoek met toepassing van hyperbare zuurstof tijdens bestraling, alsook

de toepassing van hoge LET straling (neutronen) en de eerste indrukken

van de invloed van radiosensitiverende stoffen (b.v. misonidazole) tot

op heden nog geen overtuigende winst konden aantonen, vonnen indirect

een sterke aanwijzing ervoor dat de beste "sensitizer" waarover de ra-

diotherapeut beschikt de juist gekozen fractionering is.

IV

Bestraling van het gehele abdcmen met meerdere fracties per dag bij in-

dicaties als de ziekte van Hodgkin, andere maligne lymf omen en het ova-

rium carcinoan valt te verdedigen boven conventionele fractionering.

V

De behandeling van de vroege stadia van het carcinoma cervicis uteri

(stadia I-B en II-A) met radiotherapie, dient gezien de thans beschik-

bare verfijnde diagnostische middelen, de betere beheersing van de in-

tracavitaire dosisverdeling met de verbeterde afterloadingsapparatuur,

ook in Nederland als methode van keuze te moeten gelden.

VT

Chüat met meerdere fracties straling per dag voordeel verkregen kan

worden in de zin van een betere heroxigenatie van tumoren, herschik-

king van cellen in een meer gevoelige cel cyclus fase en mogelijk ook

minder herstel van sublethale schade dient deze vorm van behandeling

getest te worden in gerandomizeerde studies ten opzichte van conven-

tionele fractionering.



VII

Het is zeer noodzakelijk dat radiobiologen meer betrokken worden in

de klinische radiotherapie en omgekeerd, radiotherapeuten meer in de

biologische problematiek, om samen te streven naar een neer rationele

basis bij de toepassing van radiotherapie bij de individuele kanker-

patiënt.

VIII

Er is een relatief hoge morbiditeit door stralingsbehandeling van het

gehele centrale zenuwstelsel bij kinderen met een medulloblastocm. In

die gevallen waar alleen sprake was van een kleine tumor, gelocali-

seerd in de vermis, die macroscopisch radicaal verwijderd kon worden,

dient daarom verlaging van de dosis in de electief bestraalde gebie-

den overwogen te worden.

IX

Indien een oude patiënt enige tijd na bestraling voor een bronchus

carcinoom pijnklachten krijgt ter hoogte van de 7e en 8e borstwervel,

en op de röntgenfoto's inzakking van deze wervels is te zien, kan niet

zonder meer de diagnose wervelmetastasen gesteld worden.

X

Het bedrijven der geneeskunde en zeker ook van medisch gerichte weten-

schap zal bij voortduring een creatieve instelling vragen. Het is een

misverstand te veronderstellen dat de beschikbaarheid van computers

voor bewerking van gegevens die eigenschap minder noodzakelijk zou

maken.

XI

Ondanks de uitgebreidheid en het hoge peil van de Spaanse literatuur,

dat onder andere blijkt uit de toekenning van Nobelprijzen aan JACINTO

EENAVENTE, JUAN RAMON JIMENEZ en MIGUEL ANGEL ASTURIAS, lijken in Ne-

derland slechts de figuren van DON QUIJGTE en SANCHO PANZA vrij alge-

meen bekend te zijn. Het ware goed, indien in Nederland, b.v. op de

middelbare scholen, meer aandacht aan de Spaanse geest en letterkunde

werd besteed.

Amsterdam, 11 december 1980 D. Gonzalez Gonzalez
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CHAPTER 1

GENERAL INTRODUCTION

Studies on the tolerance of normal tissues to radiation are of major

airportance, because this tolerance limits the dose to be applied to

a tumor. We can not expect improvement in the treatment by radiat-

ion unless the therapeutic ratio is increased.

Because the skin, in the orthovoltage era, was considered the most

iitportant limiting tissue, a large amount of data has been accumu-

lated concerning radiation effects on this tissue. With the advent

of megavoltage radiation, the skin has lost some importance in this

respect and tolerance studies are being focussed on other normal

tissues. As demonstrated by VAN DER KOGEL (73) for tolerance of

the spinal cord, iso-effect formulae derived from skin data are not

applicable to other normal tissues. At a recent symposium in Rome

(September 1980), where the "Biological Bases and Clinical Implicat-

ion of Tumor Radioresistance" were discussed, J.F. POWLER concluded

that,although the NSD (Nominal Standard Dose), TDF (Tumor Dose Fac-

tors) and CRE (Cumulative Radiation Effect) formulae have stimulated

much work to disprove them, discrepancies in the formulation now

exist for spinal cord, lung and kidney.

Although of utmost importance for clinical radiotherapy, well design-

ed normal tissue tolerance studies often are difficult to perform and
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the data obtained difficult to interpret.

Ihe fundamental reason behind my move in 1971 from Barcelona to

Amsterdam was the interest of Professor BREUR and his co-workers

in studies concerning growth. His work on "Patterns of Tumor

Growth" and the relationship between "Growth and Radiosensitivi-

ty" is recognized as a milestone in "Clinical Radiobiology".

It is no* surprising that, working in this "medium" we decided

to select for our studies on normal tissue tolerance an inportant

tissue showing special growth characteristics - the epiphyseal

cartilage of growing bones.

Because the epiphyseal disc can not be described as a steady state

system, due to the steady decrease of the proliferating compart-

ment, many difficulties are inherent to this model. It can, for

example, easily be understood that because of the temporal changes

in the disc, a general iso-effect formula can not be derived with-

out taking into account the age factor. Another complicating

factor in studying radiation effects on this tissue is that for

split dose experiments the difficulty exists of subtracting the

growth occurring between fractions from the estimated effect.

We have deliberately selected the mouse tibia as a model, because

the growth occurs during a definite time period as is the case in

man. In rats, on the contrary, the growth of bones is extended

12



during the whole lifespan of the animal. The selection of this

model poses a priori a technical problem. Between birth and the

time of closure of the epiphyseal plate, the mouse tibia grows

only about 8 millimeters.

This means that for the evaluation of the radiation effects, only

small differences in measurements can be expected. To prove sta-

tistical significance, a considerable number of animals would be

necessary. Therefore, in analysing our results more enphasis

must be laid on the trend of the curves than on the absolute values.

The main purpose of our experiments was to study effects of ionizing

radiation on growing bones and to analyse the factors and mechanisms

involved. The response to two types of radiation -X-rays and neu-

trons - was investigated. Because of the increasing interest in

the clinical use of hypoxic cell sensitizers and hyperthermia, ex-

periments were also carried out combining these treatments with ra-

diation. In order to obtain a better insight into the mechanisms

during normal growth of bone and to see where radiation interferes

with this growth, several cell kinetic studies were performed.

Finally, notwithstanding the obvious problems involved in clinical

studies on growing bones in children, an effort was made to quanti-

fy clinical data and to correlate these with the experimental data.

13



CHAPTER 2

HISTOPATHOLOGICAL CHANGES IN THE EPIPHYSEAL PLATE

OF LONG BONES CAUSED BY DIFFERENT TREATMENTS

2.1. NORMAL HISTOLOGY OF THE EPIPHYSEAL PLATE IN GROWING BONES

The development of long bones is the result of the process of

endochondral ossification. During the embryonic period, the

mesenchyrae in the places where bones are going to be formed,

starts differentiating into cartilage. The first layers at

the outer surface are called perichondrium. The cartilage

increases in length by the mechanism of interstitial growth,

consisting of the division and hypertrophy of chondrocytes

within the cartilagenous substance. The growth in width is

accomplished by an appositional mechanism, by which new layers

of cartilage are added to the surface through proliferation

and differentiation of the cells in the inner layer of the

perichondrium.

The interstitial growth tends to be more active near the end of

the cartilage than in its midsection. The chondrocytes in the

midsection mature and enlarge, becoming hypertrophic cells.

When they start to produce phosphatase, the intercellular

substance is being calcified. The precise mechanism of cal-

cification in the growth plate is not yet well understood.

15



There has, however, been increasing evidence that lipid has

a central role as "nucleating" agent to which calcium salts

can attach themselves (108). Calcium uptake is associated

with both the lipid and enzymes of the vesicle membrane.

It seems that not only the alkaline phosphatase but other

enzymes such as pyrophosphatase and adenosine triphosphatase

are involved in the process of calcification. Whether

calcium uptake occurs via a pump mechanism or as a passive

process is also the subject of discussion (108).

This calcification isolates the chondrocytes from nutrients,

causing their death. With the death of the chondrocytes

the intercellular substance begins to break up and some of it

dissolves, resulting in the formation of cavities. At the

same time the perichondrium is invaded by capillaries, after

which the chondroblasts and chondrocytes in the inner layer

of the perichondrium differentiate into osteoblasts and osteo-

cytes. Consequently a thin layer of bone is formed. From

this moment on the perichondrium is named the periosteum.

As the calcified cartilage in the midsection begins to dis-

integrate, osteogenic cells and osteoblasts together with

capillaries move from the periosteum to the midsection.

From this moment on they constitute a centre of ossification,

which is indicated as the diaphyseal centre. The osteoblasts

gather around remnants of calcified cartilage and deposit

intercellular bone substance. The bone thus formed in this

• % - • 16



area is cancellous. The individual trabeculae have cores

of calcified cartilage. In the cartilage at each end the

interstitial growth continues. However, the amount of

cartilage is not increasing because the cartilage cells

nearest to the diaphyseal ossification centre continue their

maturation and calcification. Afterwards the calcified

cartilagenous intercellular substance again breaks up into

cavities which axe invaded by blood capillaries, osteogenic

cells and osteoblasts that have migrated from the centre of

ossification. By this mechanism, the process of ossification

gradually extends into each of the growing ends of the carti-

lage. The cancellous bone progressively resorbs and the

marrow cavity is formed.

With ageing, two other ossification centres appear at both

ends of the cartilage: the epiphyseal centres. These centres

are the consequence of the maturation of the cartilage cells.

Here a similar process takes place as was described for the

diaphyseal centre. The process of ossification extends in

all directions, but stops at the most distal and proximal ends

to constitute the articular cartilage.

A transverse disc or plate of cartilage is left between the

bone derived from the epiphyseal centre and that from the

diaphyseal centre. This epiphyseal disc or plate persists

until the postnatal longitudinal growth of the bone is com-

pleted. Only then does it become ossified. The longitudinal

17



growth of a long bone continues by means of interstitial

growth of cartilage cells in the epiphyseal disc. This

growth constantly tends to move the bone of the epiphysis

away from the bone of the diaphysis. The result is an

increase in length. The thickness of the epiphyseal disc

does not increase because at the diaphyseal side of the

disc the maturation continues by means of calcification,

death and replacement of cartilage.

The epiphyseal disc and the diaphysis adjacent to it

constitute the "growing zone" of a long bone. Any inter-

ference in the processes taking place in the "growing zone"

(like interstitial growth", calcification, death and disinteg-

ration of cartilage and the formation, calcification and

resorption of bone) ia reflected by an alteration of the

normal histological picture of this zone.

As it is intended to present in the following paragraphs our

study on the histopathological changes produced by radiation

in the mouse tibia, it is important to consider in some detail

the normal histology of the "growing zone".

Figure 2-1 shows a longitudinal section of the proximal

epiphyseal disc of a three week old mouse tibia. The upper

part of the microphotograph is the epiphyseal side of the plate

and the lower part the metaphyseal side. As can be observed,

the cartilage cells adopt a columnar arrangement. From a

18



Figure 2-1: Normal epiphyseal disc in mouse 3 weeks of age. The upper
part of the microphotographs is the epiphyseal side of
the disc. The different "functional" zones are noted on
the right. Magnification 100 x.
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functional point of view, the cells in the columns can be

distinguished in four different zones:

1. Immediately adjacent to the bone and marrow of the epi-

physis two to three layers of chondrocytes of moderate

size are scattered throughout its intercellular substance.

These cells are "resting cells" which divide infrequently

but can proliferate after an appropriate stimulus. These

cells are also referred to as "reverting post-mitotic cells"

(98). The capillaries present in this zone provide for

the nourishment of the cells in the growing disc.

2. The second zone contains the proliferating chondrocytes.

These cells are thin and wedge-shaped. Here the columnar

arrangement is evident. Mitotic figures can be observed

among these cells. Between the cells collagenic fibrils

in the intercellular substance maintain the columnar con-

figuration. The cells in this zone are also referred to

as "vegetative intermitotic cells" (98). Some of these

cells continue to proliferate, while others start to differ-

entiate .

3 o The third zone contains cells in different stages of

maturation. These cells were originally in the prolifera-

ting zone but were left behind while their neighbours on

the epiphyseal side continued to proliferate. With the

maturation, the cells become larger, and expand the epi-

physeal disc longitudinally. These cells produce phosphatase

which assists in the calcification of the intercellular

substance. The term "fixed post-mitotic cells" is also

20



used to denominate the cells in this zone (98).

4. Adjacent to the metaphyseal side of the plate is a thin

layer of hypertrophic cells. Vhen the cells have reached

a certain stage of hypertrophy, mineralization begins in

the longitudinal septa but not in the transverse septa

separating the cells. In what way these processes are

initiated is still unknown.

Active osteogenesis takes place at the diaphyseal side of the

disc. Osteoblasts from the diaphysis invade the calcified

disintegrated cartilage and line up along it, depositing bone

on its surface. In this way the length of the bone trabeculae

is extended.

The trabeculated bone in the metaphysis does not elongate,

because at the same time as bone is added to the epiphyseal

end of the trabeculae, bone is being resorted at the diaphyseal

end. Osteoblasr.s are commonly seen in this region.

With ageing, the number of cells in the plate decreases

progressively as can be observed by comparing the figures

2-1, 2-2 and 2-3, from mice of 1, 3 and 6 weeks old. The

.epiphyseal disc in mouse tibia is completely closed at 14

weeks of age.

The mode of nutrition of the epiphyseal plate is still a

controversial issue. However, evidence has been accumulated,

indicating that more nutrients diffuse from the capillaries at

21



Figure 2-2:

Normal epiphyseal disc in mouse
1 week of age. Magnification 100 x.

Figure 2-3:

Normal epiphyseal disc in mouse
6 weeks of age. Magnification 100 x.

22



the epiphyseal side of the disc than from capillaries at

the itetaphyseal side (17) (100). The epiphyseal disc

itself is avascular. Cartilage cells probably do not

require any oxygen but live anaerobically by means of

glycolysis (26) (45) (108).

In this paragraph we have given only a concise description

of the normal histology of the epiphyseal disc. More

detailed information can be found in textbooks and papers,

dealing with this specific subject (6) (45) (60) (61) (86)

(98) (103).

2.2. HISTOPATHOLOGICAL CHANGES CAUSED BY X-RAYS

Experimental studies concerning the histopathological changes

produced by X-rays in the epiphyseal plate of growing bones,

are abundant. Reviews of the topic have been made by tJATES

in 1943 (40), HELLER in 1948 (47), RUBIN and CASARETT in 1968

(98) and more recently by VAUGHAN in 1971 (116). As already

noted by HINKEL in his classical studies (49) (50), the extent

of histopathological changes depends on: the dose of irradia-

tion, the age of the animal at the time of irradiation and the

time interval between irradiation and microscopic observation.

The composite influence of these factors determines the final

effect that can be observed as histologic change* We shall

in short review these factors separately.

23



2.2.1. Influence of dose

Though some variations in results are observed,

depending on the animal used in the experiments, the

age of the animal at the time of irradiation and the

conditions of the irradiation, most of the authors

agree that a minimum dose is necessary to produce

histologic changes in the epiphyseal plate (8) (9) (49)

(98). This minimal dose level is estimated to be a

single exposure of about 5 Gy. For lower doses, some

changes can only be observed if the observation time

after irradiation is short (1 to 2 weeks). These changes

consist of a slight derangement of the cells in the

columns, the occurrence of a few pyknotic nuclei and

variations in cell-size (55) (56) (100). For doses

in excess of 5 Gy, the histological changes become irore

evident, the degree of damage increasing proportionally

with the administered dose.

The acute changes (fig. 2-4) seen 2 hours to 2 weeks

after irradiation consists of the occurrence of empty

lacunae, swollen cells in the columns (mostly in zone

1 and 2), cellular disarrangement in the columns, more

nuclei becoming pyknotic and adopting bizarre forms,

leading to stellate nuclei or binucleated cells. The

total number of cells in the plate is diminished. Also

in zone 3 cellular disarrangements and swelling of cells

24



Figure 2-4: Aspect of the epiphyseal disc after a single dose of 15
Gy at 2 weeks of age. Observation at 3 weeks of age. It
can be observed the decrease in number of cells, columnar
disarrangemant, binucleated cells (A), bizarre cells (B),
increase in intercellular matrix.
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can be seen. Moreover there is an increase in the amount

of the interlacunar matrix, which also becomes more dense.

The cells in the hypertrophic zones are swollen and have

increased in number, which causes an increase in thick-

ness of this zone. From the hypertrophic zone towards

the diaphysis an abrupt transition into calcified matrix

can be seen in the intercolumnar septa. In zone 5

cartilage persists adjacent to hypertrophic cartilage

cells which have escaped destruction. Here irregular

spiculae of bone and osteoid are present. The number

of osteoblasts in this zone decreases and also the normal

position of the osteoblasts lining the osteoid is lost,

as they are seen lying free in the marrow spaces.

The extent of chronic changes is also related to the

administered dose. A dose of 5 Gy produces virtually

no permanent histological changes. A dose of 15 Gy

results in a broadening of the disc and causes a split

between the diaphysis and epiphysis, expressing a

failure of the process of normal endochondral ossifica-

tion. As a result, the growth of the long bone is

disturbed (95) (97).

Vascular changes in the epiphyseal disc, following

irradiation have been described by KEMBER (66) and HINKEL

(48). After doses between 18 and 23 Gy, the blood supply

of the epiphyseal disc was not hampered during an

26



observation period of 12 weeks. However, the number

of vessels diminished already after a dose of 9 Gy.

The effect of fractionated irradiation on the epiphyseal

plate has been studied by several authors (7) (30) (122)

(123) (124). In general, the histological changes

observed were less pronounced than after the same total

dose administered in a single exposure. EENSTED (7)

found that 3 fractions of 10 Gy causes less disturbance

than a single dose of 30 Gy and that 6 fractions of 5 Gy

produced only slight changes and certainly much less than

the 3 fractions of 10 Gy.

2.2.2. Influence of age at the time of irradiation

Wë could not find systematic studies in the literature,

comparing the nistological changes in the epiphyseal

disc following irradiation at different ages. Most of

the experiments have been done with a fixed dose or with

different dose levels, administered at a particular age

of the animal.

In the frame-work of our study on the effects of irradia-

tion on growing bone, we decrded to perform a small-scale

investigation to compare the differences in histological

changes following X-ray irradiation at different ages.
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The hind limbs of mice at the age of 1, 2 or 3 weeks

were irradiated with a single dose of 15 Gy. At weekly

intervals after irradiation, the mice were killed, the

tibiae were removed and fixed in BOUIN solution. The

bones were decalcified using an electrolytic procedure

and later on embedded in paraplast. Longitudinal slides

of the tibia of about 4 microns thick were made and stained

with hematoxillin-eosine.

The observed changes in the plate are illustrated in

figures 2-5 to 2-7. In 1 week old mice no demonstrable

changes were observed 1 week after irradiation (fig. 2-5a),

but considerable damage was observed after the second and

the third week (fig. 2-5b and 2-6a). The charres seen

were similar to those described in paragraph 2.2.1.

Observations 6 weeks after irradiation showed some restora-

tion of the normal pattern, although dainage, like

disarrangement of the columns, loss of polarity of the

cells and failure of bone resorption, did persist (fig.2-6b)

For mice irradiated at the age of 2 weeks, the sequence

of the histological changes appeared to be different.

Now damage was observed already 1 week after irradiation,

which persisted until the fourth week (fig.2-7). Later

on recovery took place, however, even at 5 weeks after

irradiation damage in the epiphyseal disc could still be

observed.
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s
Figure 2-5: Upper:

Botton:
B

Aspect of the epiphyseal disc after a single dose
of 15 Gy at 1 week of age. Observation at 2 weeks
of age. No demonstrable changes are observed.
As upper but observation at 3 weeks of age. Con-
siderable damage can be seen.

T *
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Figure 2-6: Upper: As in figure 2-5 but observation at 4 weeks of
age. The plate has partially recovered from the
irradiation. Columnar arrangement has restarted.

Bottom: As upper but observation at 6 weeks of age. Fur-
ther reorganisation has taken place however
changes remain such as empty lacunae, lost pola-
rity.
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Figure 2-7: Aspect of the epiphyseal disc after a single dose of 15
Gy at 2 weeks of age. Observation at 4 weeks of age. Dis-
arrangement in the columns, binucleated cells and ballon-
ated cells can be observed.
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For mice irradiated at the age of 3 weeks, changes

were observed 1 week after irradiation but recovery

was already observed 2 weeks later and when the mice

were 6 weeks old, i.e. 3 weeks after irradiation,

the remnants of the disc showed a more or less normal

histology with the exception of some perturbation in

zone 2.

In general, changes in the plate seen after a single

dose of 15 Gy were qualitatively similar for the various

ages at which irradiation was applied. Quantitatively,

it appears that the histopathological changes were more

severe in older mice and that recovery in the plate starts

also earlier in older mice.

2.2.3. Sequence of the histopathological changes after irradiation

As can be concluded already from the previous paragraph,

the observed pathological changes in the disc depend on

the observation time. Systematic studies at different

time intervals after irradiation have been performed by

several authors (5) (50) (78) (95) (96).

BLACKBURN et al. (9) irradiated 3 week old mice with a

dose of 5 Gy. Four days after irradiation pyknotic cells
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were present in the proliferating and hypertrophic

zones; the number of cartilage cells and osteoblasts

was diminished. At 7 days, binucleated cells and

incipient disturbances in the arrangement of the carti-

lage cells in the columns were observed. The cells

in the provisional calcification zone were swollen and

encapsulated. These cells probably were in the prolife-

rating or hypertrophic zones during irradiation and

possibly needed a longer time than usual to mature.

The peak level of the damage was reached between 7 and

14 days, when also the demarkation line between the

proliferating and hypertrophic zone became indistinct.

At 21 days after irradiation the damage was less marked

and recovery was apparent, although some irregularity

of the epiphyseal plate persisted. By 79 days, the

plates both in the irradiated and control animals were

narrow and acellular in patches. With 10 Gy the histo-

pathological changes were more severe, but followed the

same time sequence.

Other authors (7) (9) (95) (96) have studied the

histopathological changes after higher doses of irradi-

ation (10 - 30 Gy). They found the disturbances in

the disc increasing with increasing dose. In general

doses above 10 Gy produced irreversible changes.
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2.3. HISTOPiCTHOLOGICAL CHANGES FOLLOWING IRRADIATION WTTH 14 MeV

NEUTRONS

In the literature we could not find references concerning the

histological changes in the epiphyseal disc caused by irradia-

tion with fast neutrons. Because of the different biological

effect of fast neutrons compared to X-radiation, it seemed of

interest to see whether or not the damage after neutron

irradiation is qualitatively similar to that produced by X-rays.

A series of experiments was carried out to obtain some informa-

tion in this respect.

The effects were studied for 2 ages of animals. The hind limbs

of 1 and 3 week old mice were irradiated with a single dose of

5 Gy neutrons. As can be shown later on, the radiobiological

effectiveness (REE) with regard to growth retardation in this

model amounts to a factor of approximately 3, as the effect of

a dose of 5 Gy proved to be equivalent to 15 Gy X-rays. The

characteristics of the neutron beams and the methods used for

this irradiation are described in Chapter 4. At weekly intervals

after irradiation the mice were killed, the tibiae removed and

processed for histological examination as was described for

X-radiation.

Histopathological changes after a dose of 5 Gy neutrons, as well

as the sequence of these changes in mice irradiated at 1 week
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are shown in figure 2-8. Already 1 week after irradiation

changes could be demonstrated in the plate, such as disarrange-

ment of the cartilage cells in the columns, swelling of the

cells, binucleated cells and pyknotic nuclei. The total

number of cells in the plate was decreased. In some areas

the columnar arrangement of the cells could still be recognized.

At the third and fourth week after irradiation these changes

were more pronounced. Now the whole plate v/as disorganized,

the number of remaining cells was small without recognizable

columnar arrangement. Four weeks after irradiation, recovery

could be observed although some damage persisted. This was

the same for the observations made 6 weeks after irradiation.

In mice irradiated at the age of 3 week, no qualitative differ-

ences were observed in comparison with the effects in mice

irradiated at the age of 1 week. The peak in the observed

grade of damage occurred between the second and third week after

irradiation. At the fourth week after the neutron dose

recovery of the plate could be observed but a restoration of

the normal arrangement in the disc was not reached.

As compared with X-rays and assuming an REE factor of 3, the

histopathological changes in the epiphyseal disc after neutron

irradiation seem to reveal themselves earlier, to be more

severe and to recover less efficiently.
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Figure 2-8: Upper:

Aspect of the epiphyseal disc
after a neutron dose of 5 Gy at
1 week of age. Observation at
3 weeks of age. Complete
distorsion of the plate
can be seen.

Bottom:

As upper but observation at
7 weeks of age. The damage
remains, but some signs of
recovery are observed.
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2A. HISTOPATHOLOGICAL CHANGES CAUSED BY IRRADIATION IN COMBINATION

WITH MISONIDAZOLE (HYPOXIC CELL SENSITIZER)

It has been demonstrated in radiobiological experiments that

the effect of X-rays or gaintia-rays on the reproductive capacity

of niaimialian cells depends strongly on the condition of cxygena-

tion of the cells at the moment of irradiation (2) (6) (24).

During recent years several drugs have been examined with respect

to their ability to increase the response of hypoxic cells to

irradiation. In Chapter 5 the influence of the hypoxic cell

sensitizer Misonidazole on the effects of radiation on the growth

of the tibia in mice will be discussed. The experiments des-

cribed in this chapter were carried out in order to see if the

histological changes after irradiation are influenced by the

concurrent administration of this drug.

As previously indicated, the epiphyseal disc of growing bones

has no capillaries, so nutrition of the cells in the disc has

to rely on diffusion from the capillaries at the epiphyseal side

of the disc.

It has. also been suggested (26) (45) that at least part of the

metabolism of the cartilage cells takes place under anaerobic

conditions. In this sense, it could be expected that an anoxic

sensitizer present during irradiation could increase the cell-

killing effect and that this would be reflected in an enhance-

ment of the histopathological changes.
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The hind limbs of mice at the ages of 1 and 3 weeks, were ir-

radiated with a single dose of 15 Gy X-rays. Half an hour

before the irradiation one group of mice received Misonida-

zole, 0.5 mg/g of mouse body weight, by intraperitoneal in-

jection. Another group of mice received the same dose of

the drug but this time 2 hours after irradiation. A third

group was treated by administration of the drug alone. At

the age of 7 weeks the mice were killed, the tibiae removed

and processed for histological examination as was described

earlier.

Figure 2-9 shows the microphotographs of the epiphyseal disc

of mice treated at the age of 1 week. The administration of

the drug alone did not produce demonstrable changes compared

to untreated controls. The administration of the drug pre-

ceding irradiation results in a great amount of "empty la-

cunae"; the cells seem to be less viable and the whole disc

is thinner. The columnar pattern of the cartilage cells

could no longer be recognized. The total number of carti-

lage cells in the plate is also lower than after irradiation

alone. When the drug was administered 2 hours after irra-

diation (figure 2-10), no "empty lacunae" were observed.

However, the disarrangement of the columns was the same as

had been seen after irradiation alone. This last negative

results could more or less be expected , as the drug admini-

strated 2 hours after the irradiation could not interact the

radiation itself.
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Figure 2-9: Upper: Epiphyseal disc at 7 weeks of age. Hiis mouse
received 0.5 mg/g misonidazole at 1 week of
age. Normal aspect.

Bottom: As upper but misonidazole was given before 15
Gy X-rays. The plate is thinner and contains
empty lacunae. Ihe number of cells is diminished.
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Figure 2-10: Aspect of the plate at 7 weeks of age. This mouse re-
ceived nvisonidazole 2 hours after 15 Gy X-rays at the
age of 3 weeks. The plate shows a more or less normal
aspect.

In mice irradiated at the age of 3 weeks, as in 1 week old

mice, the drug alone did not cause appreciable changes in the

disc. The changes in the plate produced by irradiation in

the presence of the drug, were more prominent than in the

cases where the drug was administered 2 hours after irradiation.

In addition, they were more pronounced than those seen in mice

treated at the age of 1 week.
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From the results obtained, it can be concluded that the histo-

pathological changes produced by irradiation are clearly

enhanced by the presence of the anoxic sensitizer, which in

itself does not show a noticeable effect, The enhancement

seems to be stronger for the mice irradiated at the age of 3

weeks than for those irradiated at the age of 1 week. This

could, however, be a result of the longer observation period

enabling restoration of damage in the 1 week old group.

2.5. HISTOEaJHOLOGICKL CHANGES CAUSED BY HYPEKTHEWyLEA ALONE OR IN

COMBINATION WITH X-IKRfrDIATION

Although the effect of hyperthermia on malignant tumors has

been described already a long time ago, the possibilities of

hyperthermia were again seriously explored during recent years

(16) (88) (106). Also the possible enhancement of the effect

of ionizing irradiation by heat has been investigated (35) (59)

(85) (111) . The mechanisms and factors involved in the

interaction between hyperthermia and radiation will be

discussed in Chapter 6. The experiments discussed in

this paragraph were aimed at studying the histological

changes xn the epiphyseal plate induced by heat treatment

alone or after a combination of heat and X-irradiation.

The hind limbs of 1 week old mice were treated in a water

bath at a temperature of 43°C during 1 hour. A second

group received 10 Gy on the hind limbs followed, after an
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interval of half an hour by the same heat treatment. A

third group received only a single dose of 10 Gy X-rays.

Six weeks after these treatments the mice were killed and

the tibiae processed for histological examination.

The results of these experiments are demonstrated in the

figures 2-11 and 2-12. The heat treatment alone resulted in

clearly observable changes in the epiphyseal disc, consisting

of a decrease in the number of cells and a disarrangement of

the cells, although some columns still could be recognized.

The epiphyseal disc of the mice treated with radiation alone

showed a more or less complete recovery. When the hyperthermia

treatment had been combined with the irradiation, the histo-

pathological changes were more severe than after either radia-

tion or heat alone. They consisted in a total disruption of

the plate, increased amount of intercellular matrix, which also

had become more coarse. Most of the cells left, seemed to be

in a state of degeneration.

From our results it can be concluded that heat alone produces

histopathological changes which are partially restored within

6 weeks after the treatment. The combination of hyperthermia

and X-rays results in a complete distortion of the normal

histology of the plate, a damage which is considerably greater

than seen after irradiation alone.
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Figure 2-11: Aspect of the epiphyseal disc at 7 weeks of age. Heat
alone was given at 1 week of age. The columnar arrange-
ment is partially lost, the number of cells is dimini-
shed, lost polarity. For conparison, an untreated plate
of the sane age is showed (A).
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Figure 2-12: Epiphyseal disc at 7 weeks of age. At one week old this
mouse was treated with 10 Gy followed by heat during 1
hour. A ccnplete dismnption of the usual arrangement
of cells can be seen and no signs of recovery.
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2.6. SUMMARY AND CONCLUSIONS

The histopathological changes in the epiphyseal disc in the

tibia of young mice were studied after different treatments.

As has been reported in the literature, a threshold dose of

X-rays, which can be estimated to be about 5 Gy, is necessary

to induce visible changes. After doses above this thres-

hold the histological changes become clearly evident and the

degree of injury increases proportionally with the dose

administered. The epiphyseal plate apparently can completely

restore the morphological damage caused by X-radiation up to

a dose of around 5 Gy. For higher dosages the degree of damage

is directly related to the administered dose. Fractionation of

the total dose decreases the effects that can be observed histo-

logically.

We studied systematically the influence of age at the time of

irradiation. Qualitatively, the changes observed in the plate

were quite similar and independent of the age during irradiation.

Quantitatively, the changes proved to be more severe in

tibiae irradiated at an older age.

No references could be found in the literature with regard to

the effects of neutron irradiation on the epiphyseal disc.

From our observations it can be concluded that the histological

changes in the disc, though qualitatively similar, seem to

reveal themselves earlier after neutron than after X-irradiation.
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Also they seem to be irore severe and to be restored less

efficiently than after X-irradiation. The age dependence of

the injuries in the plate was similar as observed for X-rays.

A neutron dose of 5 Gy resulted in a more or less similar, or

slightly more severe, damage in the disc as was seen after 15 Gy

X-rays. As the ganma contamination was only 5% of the neutron

dose, the REE for this effect can be roughly estimated to be

around 3.

Wë explored the influence of an hypoxic cell sensitizer

(Misonidazole) on the damage induced in the disc by X-rays.

If administered before irradiation, the drug enhanced the histo-

logical changes by X-irradiation. Administration of the drug

after the irradiation has no extra effect, not did the drug alone

cause demonstrable changes in the plate. The sensitizing effect

of the drug given before irradiation was more pronounced in the

mice irradiated at the age of 3 weeks than in the 1 week old mice.

Heat treatment alone at a temperature of 43°C during 1 hour

produced partially reversible changes in the disc. The com-

bination of this heat treatment and X-irradiation induced

even more damage and to a larger degree than could be expected

from heat or X-irradiation alone.
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CHAPTER 3

EFFECTS OF X-RAYS ON GROWING CARTHAGE IN MICE

3.1. INTRODUCTION

Experimental work concerning the effects of X-rays on growing

bones was already started by PERTHES in 1903 (87) and a

considerable amount of data has since then been accumulated.

From these studies some facts have been well established:

- the effect of X-rays, measured as an absolute shortening of

a long bone, is directly proportional to the radiation dose

and inversely proportional to the age of the animal at the

moment of treatment (49) (76) (77) (89) (90) (124).

- there is a "threshold stunting dose" below which no effect

is found and a "saturation dose" at which maximum possible

stunting is obtained (12) (49) (98).

- the final effect of irradiation is also a function of the

animal used in the experiment and the parameter chosen to

determine the effect (30) (62) (65).

Although the literature concerning the disturbances of growth

by irradiation is quite extensive, only a few investigators

have tried to quantify these effects. Only a few dose-effect

curves have been published (25) (26) (65) (120) and only one

author has tried to find a mathematical formula which could
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predict the effect of irradiation on bone growth as a function

of the age at exposure and the administered dose (90).

The aim of our studies is to obtain quantitative data, such

as dose-effect curves, and to correlate the radiation effect

with age at exposure and given dose, these two being the most

important factors involved in the final effect of irradiation

on growing bones. In addition it was our intention to

accumulate data about the response of a normal mesenchymal

tissue, like the epiphyseal disc, to neutrons and to combina-

tions of X-rays with anoxic sensitizers or hyperthermia.

Ultimately, the results should be helpful in predicting the

chance of late sequelae and if possible in avoiding these to

some extent in children who have to undergo radiotherapeutic

treatments.

The mouse tibia was selected as a model for these experiments

because growth takes place during a well-determined period

after birth, as is also the case in human bones. Bones in

rats, on the other hand, grow continuously during the whole

lifespan of the animal. This different growth pattern makes

them less suitable as an experimental model for this type of

investigation.
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3.2. MATERIAL AND METHODS

Female mice 020 were left during 5 days with a male D2.

About three weeks later littermates were born, each nest

consisting of 8 to 10 siblings C>20D2- <I^ie "others were

kept with the nest for 3 weeks after which they were

separated from the offspring. The young mice were then

fed a standard diet and water ad libitum. Before the

experiments, the mice were weighed and examined. Those

showing a significantly lower, or higher, weight than

normal for their age (+ 5 grams), were discarded.

Irradiations were performed with a 250 kV X-ray generator,

0.5 mm Cu filtration (H.V.L. = 1.5 mm Cu). The dose-rate

at an S.S.D. of 40 cm was 1.2 Gy/min in air. Lithium

fluoride dosimetry was used to check the dose-calculations

in the particular set-up.

Only the hind limbs of the mice were irradiated. Care was

taken to include the whole tibia with its two epiphyseal plates

in the irradiation fields. Although other bones in the leg

were also irradiated, they will not be used in the present

investigations.

Mice 1 and 2 weeks of age did not need anesthesia for irradia-

tion. They were immobilized with tape. Older mice were
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anesthetized with Nembutal injected intraperitoneally at a

dose of 60 wq/kg. The administration of Neiributal probably

does not increase the proportion of hypoxic cells in the

epiphyseal plate. As it will be discussed in Chapter 5,

when Misonidazole was given preceding irradiation, the same

enhancement was found for mice 1 (without anesthesia) and 3

weeks of age (with anesthesia). The hind limbs were positioned

on the edge of an irradiation field of 10 x 10 cm. In this

way it was possible to irradiate the legs of 8 to 10 mice with

the same dose in one session. During irradiation mice were

breathing air. Any action disturbing the normal blood-supply

to the extremities was avoided.

Initially the growth of the tibia in untreated and irradiated

living mice was followed weekly by means of X-ray photography.

However, this proved to be very difficult and inaccurate due

to the magnification and the differences in positioning of the

leg on the films. Therefore mice in the different groups

under study were killed at preselected times. The hind limbs

were then carefully disarticulated and the skin and muscles

removed. The bone was placed directly on the X-ray film

(Structurix D7, Gevaert) and radiographs were taken with the

same kilovoltage, amperage, focus-film distance and time-

exposure. Only the length of the tibia was evaluated.

Measurements were done under the microscope with the use of

an adapted caliper with nonius readings.
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To evaluate the effect of irradiation on the growth of the

tibia, values for different parameters were calculated:

a) the ratio (rt) between the absolute length of the tibia of

irradiated mice at a selected time (L't) and the length of

controls at the same time (Lt):

r t = L't/Lt (1)

b) absolute shortening: difference in absolute length of the

tibia at a certain age between controls and irradiated

mice:

Abs. Short. = Lt - L't (2)

c) the ratio (R̂ -) between actual growth and potential growth.

Actual growth is defined as the difference between the

length of the tibia at a certain time after irradiation

(L't) and the length at the moment of irradiation (Lo).

Potential growth is defined as the increase in length which

takes place during a similar interval in unirradiated mice.

The ratio Actual/Potential growth can then be noted as:

_ L't - Lo
Rt " Lt - L o (3)

This ratio can also be expressed as percentage "growth loss"

or as percentage "growth survival":

% growth loss = 100 - Rt . 100 (4)

% growth survival = R t . 100 (5)

This form of expressing the effects of irradiation has been

used by HINKEL (49), PHILLIPS and KHVELDORF (90) and by WELLS

(120). The last parameter (R̂ -) defines more accurately the
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effect of the treatment than the ones mentioned earlier

(1 and 2), which do not take into account the differences in

potential growth at different ages. For example, in 5 week

old mice the growth is nearly completed. The small potential

growth left in these animals will result in minimal absolute

shortening, even after a complete inhibition of growth. In

these cases, the ratio Actual growth/Potential growth will

give a more meaningful assessment of the radiation effect.

Figure 3-1 presents schematically the different parameters

described before. The effect of X-rays was evaluated at the

age of 7 weeks. At this time 90% of the total postnatal growth

of the tibia has already occurred.

en
a»

Figure 3-1:

untreated
treated

age

Diagrammatic plot shewing the parameters used for the
evaluation of the effects of treatment on the growth
of bones. The ratio Actual Growth/Potential Growth
(Rt) and the ratio length treated/length controls (rt)
are shown. The absolute shortening is defined as- the
difference A-B.
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3.3. RESULTS

3.3.1. Normal growth curve of tibia

Figure 3-2 shows the normal growth curve of tibiae of

mice during the 7 weeks after birth. As a comparison,

the length of the tibia at the aqe of 1 year is also

shown. The mean length and one standard deviation of

the measurements of at least 17 tibiae were calculated

and plotted on semilogarithmic scale. During the first

2 weeks the tibia grows very rapidly with a length

doubling time of about 19 days. Later on the growth

rate slows down considerably, the length doubling-time

18

16

JB 12

^ 10

(20)

0 1 2 3 4 5 6 7 52
Age (weeks)

Figure 3-2: Semilogarithmic plot of the undisturbed growth of mouse
tibia. Numbers in parenthesis are the number of mice
used in deriving every point. The bars represent + 1
standard deviation.
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after the age of 5 weeks being in excess of 100

days- Between the fourth and the fifth week, the

growth rate of the tibia seems to decrease and there-

after some spur in growth v/as observed. This type of

growth curve can be described by means of a logistic

equation, i.e.:

1 + b
Lt/Lo = . (6)

1 + b e K t

Where Lt is the length that has been reached by the

tibia at time t;, starting with Lo; b and k are constants,

tohen it is assumed that,

a) the length of the tibia at birth is 7.2 mm, being

the value obtained by backward extrapolation of the

curve,

b) the final length of the tibia is 17.6 mm, being the

length of the tibia at 1 year of age, after which no

perceptible additional growth occurs,

the curve presented in figure 3-2 is fitted by the

equation:
Lt = 7.2 1 + 1.45

1.45e-°-45t
(7)

in which Lt is the length in millimeters as a function

of the age t. in weeks.

In figure 3-3, the growth curve of the mouse tibia used

in the present experiments has been plotted together

with that found by WELLS (120), also for mouse tibia.
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A good agreement in these data can be observed for the

major part of the growth curve. Other more simple

equations can describe an important part of the curve:

Lt = 9.1 t1/3 weeks) (8)

or

Lt = 18.9e"1•09/t {t> 2 weeks) (9)

This type of growth curve is well known in biological

systems in which the growth rate decreases exponentially

with time. The length and weight in humans, the growth

of experimental tumor transplants and the proliferation

of cells growing in culture can be described by similar

equations.

A Own data
• Data from Wells

8 10
Age(t) in weeks
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Figure 3-3: Equations fitting the undisturbed growth of mouse tibia.
data. «Data reported by WELLS (120).
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3.3.2. Influence of the age on the effect of X-rays

Since the growth rate of the tibia decreases with ageing,

changes in the radiosensitivity might also be expected.

Figure 3-4 shows the growth curves of tibiae irradiated

with 10 Gy at the age of 1, 2 and 3 weeks. Each point

in the curves represents the mean of at least 6 measure-

ments. The standard deviations have not been plotted

to avoid overlapping, but these did not exceed 0.6 mm.

The animals were followed up to the age of 7 weeks and

also an observation point was made at the age of 1 year.

During the first week after irradiation, growth continues

16-

E
Ê

TJ
12-

o
-C

8

• control
* 10 Gy at 1 week old
o 10 Gy at 2 weeks old
a 10 Gy at 3 weeks old

0 1 2 3 A 5 6 7
age (weeks)

Figure 3-4: Growth curves of mouse tibia after a single dose of 10
Gy X-rays. Mice were 1, 2 and 3 weeks old at irradiation.
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at a similar rate as in the controls. Afterwards

the growth rate decreases more in treated mice than

in controls. About 3 weeks after irradiation, the

slope of the curves in the different tr .ated groups

indicates some recovery and becomes almost similar

to that of the untreated animals, although some

decrease in growth rate is observed. The effect of

the irradiation is expressed at the age of 7 weeks and

1 year by a shortening in comparison with the unirradi-

ated animals.

In table I a series of parameters measured at the age

of 7 weeks is shown. The way to evaluate the parameters

has already been explained in paragraph 3.2. The

absolute shortening and the ratio r̂. (length treated/

length controls) were inversely proportional to the age

at the moment of irradiation. This is a common finding

in the literature (78) (90) (98). The ratio Rj. (actual

growth/potential growth) or the percentage of "growth

loss" were similar/ within the range of experimental

error, when the animals were irradiated 1, 2 or 3 weeks

after birth. The results found in mice 4 weeks old

were different however. At this age, irradiation was

more effective than expected. As it was pointed out

before, between the fourth and the sixth week some change

in growth rate seems to exist and that can possibly explain

the unexpected results.
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Table I - The effect of 10 Gy X-rays on growing mouse tibia at different ages.
Measurements t-.'cre carried out at the age of 7 weeks.

Age at

exposure

(weeks)

1

2

3

4

14

14

15

14

Length

(mm

.09 *

.95 ±

.35 *

.82 *

)

0.

0.

0.

0.

so
44

61)

60

1

1

0

1

Absolute

shortening

.91 * 0.914

.05 t 0.562

.65 - 0.73

.18 i 0.73

Ratio

I.gth.

1-gth.

0.880

0.934

0.959

0.926

CrtJ

treated

controls

* 0.061

- 0.030

- 0.046

- 0.047

Ratio

Actual

Potent

0.749

11.790

0.790

0.255

(Rt)

growth

.growth

* 0.07S

- 0.06S

- 0.065

- 0.055

'L growth

loss

25

21

21

74

.1

.0

.0

.5

Length of the controls 7 weeks old: 16.00 ± 0.55

In table II measurements performed at the age of 1 year

are shown. With such a long interval after irradiation,

i t seems likely that disturbances in growth due to

irradiation, are not only the consequence of cellular

damage in the proliferative pool of the epiphyseal disc,

but also that caused by secondary changes in the surround-

ing tissues and vascularization of the epiphysis.

Table II - The effect of ID Gy X-rays on growing mouse tibia at different ages.
Measurements were carried out at the age of 1 year.

Age at

exposure

(weeks)

1

2

5

4

14

15

10

10

Length

(.mm)

.53 * 0

.70 * 0

.53 ± 0

.75 ± 0

.00

.81

.53

.53

Absolute

shortening

Iran)

3.11 4 0

1.94 * 0

1.51 i 0

0.89 ± 0

709

850

590

42

Katie

Lgth.

Lgth.

0.824

0.890

0.925

0.949

(rt)

treated

controls

4 0.044

* 0.051

- 0.035

4 0.025

Ratio

Actual

Potent

0.663

0.708

0.723

0.721

(lit)

growth

..growth

4 0.058

4 0.079

1 0.055

4 0.036

o Growth

loss

33.7

29.2

27.7

27.9

Length of the tibia in conti-ols 1 year old: 17.64 * 0.26
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Once again, the shortening and the ratio IT. were inversely

proportional to the age at exposure. The ratio R and

the percentage "growth loss" did not differ significantly

when mice were irradiated in the first, second, third or

fourth week after birth. These results correspond well

with those when the effect was evaluated at 7 weeks of

age, but as expected, the absolute values were greater at

1 year than at 7 weeks of age.

3.3.3. Influence of the dose on the effect of X-rays

Because the radiosensitivity of the epiphyseal plate was

expected to change with the age at the time of exposure,

the experiments to be described below were carried out

at two different ages, 1 week and 3 weeks respectively.

As it can be seen on the normal growth curve of the

tibia (figure 3-2) the tibia grows very rapidly at

1 week of age. Around 3 weeks of age the growth

curve bends as a result of a decrease in growth rate.

The first parameter evaluated was the absolute shorten-

ing for different dose-levels of X-rays. Measurements

were carried out at the age of 7 weeks, the time when

the tibia in controls has reached a length of 16.55

± 0.17 mm. In figure 3-5, the dose-shortening curves

are shown for mice 1 week and 3 weeks old. As expected,

the absolute shortening was morn important in younger
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O 15 20 25 30 Dose(Gy)

Figure 3-5: Dose-response curves after single doses X-rays in mice
1 and 3 weeks of age. The effect of the irradiation has
been evaluated as absolute shortening in millimetres.
Vertical bars represent + 1 s.d.

mice. Theoretically the maximum shortening possible in

mice irradiated at 1 week of age is 7.49 ± 0.425 nm.

(16.55 ± 0.17) - (9.06 ± 0.39) . Even a dose of 30 Gy

did not produce a complete growth stunting. For mice

3 weeks old the theoretical maximum shortening is 3.8

* 0.37 nirv (16.55 ± 0.17) - {12.75 ± 0.33) .

1 Week old
o 3 Weeks old

35 Dose (Gy)
Figure 3-6: Dose-response curves after single doses X-rays in mice

1 and 3 weeks of age. The parameter used was the ratio
length treated/length controls. Vertical bars repre-
sent + 1 s.d.60



The slope of the curve for mice irradiated at the age of

1 week is steeper than that of mice irradiated at 3 weeks

of age. From these dose-response curves, it seems that

a threshold dose is necessary to achieve shortening and

that doses in excess of 25- Gy did not produce an extra

effect. In figure 3-6, a similar dose-effect curve has

been plotted but now the irradiation effect has been

evaluated by means of the ratio r.. In fact, this

dose-effect curve does not give more information than

the dose-shortening curve. WELLS (120) processed

his results in this way but only for mice irradiated

at the age of 3 weeks. His dose-response curve had

a shape very similar to the one found in the present

experiments, however, his measurements were done at

the age of 250 days.

Another way of expressing the effects of irradiation

on growing bones is provided by calculating the growth

retardation as a fraction of the growth remaining at

the age at which the animals were irradiated. This

fraction is indicated as the ratio R . Figure 3-7

shows dose-effect curves when the estimated parameter

is this ratio R.. Mice were 1 week and 3 weeks old

at irradiation. For doses below 15 Gy, both curves

do not differ essentially. Doses above 15 Gy seem to

be more effective in mice 1 week old, but the differences

are not significant. The values of this ratio R for

mice 1, 2, 3 and 4 weeks old at irradiation are shown in
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Figure 3-7:

Dose-response curves after single doses
X-rays in mice 1 and 3 weeks of age.
The parameter used is the ratio
Actual Growth/Potential Growth. Vertical
bars represent + 1 s.d.
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table III. In the range of the dosages being explored,

between 2.5 and 30 Gy, it can be observed that for a

given dose the values of R, do not vary essentially.

That means that when the effect of the irradiation is

corrected by a factor which takes into account the length

already achieved by the tibia at the moment of irradiation,

Table III - Values of the ratio Actual Growth/Potential drouth for mice
irradiated with different X-ray doses at different ages.

Dose

(Uy)

2.5

5

10

15

20

25

30

Age at irradiation (weeks)

1

0.97 b

0.919

0.768

0.598

0.399

0.170

0.292

7

0.98b

0.919

0.742

0.591

0.373

0.370

0.352

3

0.954

0.824

0.858

O.bOO

0.363

0.423

0.418

4

0.879

0.811

0.406

0.456

0.309

0.572

Rt

0.94 * 0.00

0.8'

0.71

0.50 - 0.0S

0.5S

0.33

0.41 ± 0.10

62
Rt : mean of the ratio's at different ages for a given dose.

The values were derived from at least 15 measurements.



the dose level of irradiation is the overruling factor

defining the final effect.

In figure 3-8, the mean values of the ratio R are

plotted as a function of the dose. This curve for Rfc

can be described by the following formula:

R (D> = 1 - 0.75 ( 1 - e" D / 1 2 ) 1'6 (10)

with D in Gy.

Once the ratio R is known, the absolute shortening to

be expected can be derived:

Abs.Short. = Lt - L't

R _ L't - Lo

(2)

(3)
t Lt - Lo

Abs. Short. = (1 - R) (Lt - Lo) (11)

in which Lt and Lo are known at the moment of irradiation.

D
= 1.0.75 (1_e~12 ) 1 6

10 20 30
Dose (Gy)

Figure 3-8: Mean values of the ratio Actual Growth/Potential Growth
at different ages as function of the administered single
doses X-rays. The equation fitting these values is also
presented.
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For data published in the literature (49) (90) (95) (120)

we could also derive values for Rfc. "These values are

presented in figure 3-9, together with our own results.

A good agreement of all these values can be observed.

A mouse (Wells)
D rat (Phillips)
• rat (H.-nUel)
A Cog IReidyl
O mouse (own data)

30
Dose (Grays)

Figure 3-9: Our own data of the ratio Actual Growth/Potential Growth
are compared with calculated data f ran other reported
results.

3.3.4. Influence of the dose-fractionation

The hind limbs of 1 and 3 week old mice were irradiated

with split doses of 7.5 Gy, separated by an interval of

24 hours. The results of these experiments are presented

in table IV.
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Table IV - Results after two doses of 7.5 Gy given with an interval of 24 hours.

Age at

exposure

(weeks)

1

3

Treatment

2 x 7.5 Gy

with 24 hrs.

interval

15 Gy single

dose

2 x 7.5 Gy

with 24 hrs.

interval

15 Gy single

dose

Length

tibia

(.mm)

14.19 *

15.54 *

15.27 *

15.03 i

of

0.

0.

0.

0.

33

31

J7

22

Ratio

Lgth.

I-gth.

0.857

0.818

0.923

0.908

treated

controls

± 0.022

* 0.20

± 0.014

* 0.016

Ratio

Actual

Potent

0.&85

0.5!'o

O.bb3

0.600

growth

•growth

* 0.078

* 0.074

* 0.117

* 0.119

Recovery

Ratio

1.04 - 1.14

1.01 - 1.10

;>2-m*
fGy)

2 - 2.5

1 - 1.5

*The two values presented depend on the parameter used in the calculations.

For both ages and for both parameters being estimated,

either the ratio r (length treated/length controls) or

the ratio R (actual growth/potential growth), fractiona-

ted exposures were less effective than the same total

dose administered as a single treatment. This lower

effectiveness with split doses can be expressed in two

ways:

a) the "recovery ratio" which means the ratio between the

effect achieved by a radiation dose given in two

separated fractions versus the effect of the same

single total dose. The "recovery ratio" gives, in

in vitro experimentally derived survival curves, the

extrapolation number when the dose-response curve

follows a multi-target fit. As the data derived

from our experiments only concern the tissue effects,

it must be kept in mind that the results are not

directly applicable. 65



b) the difference D2 - Dl is an estimation of the repair

of sublethal damage taking place between fractions.

D. represents the single dose, giving an equivalent

effect to the twa exposures D2«

In table IV, two values are given for the "recovery

ratio" depending on the parameter used in the calculation

(either r or RJ. No significant differences

between these ratio's were found in mice 1 or 3 weeks

of age at irradiation. On the other hand, the values

for D_ - D were higher for mice 1 week old at exposure,

indicating some differences in repair of sublethal

damage as a function of the age. However, because the

experiments are concerned with tissue effects, the

D~ - D, can probably not only translate repair mechanism

but other factors such as repopulation between fractions.

Fractionated experiments in growing bones have the incon-

venience that the growth taking place between fractions

can interfere with the final estimation of the effect.

That is probably more relevant in mice 1 week old where

bones have a high growth rate.

Other fractionation experiments were carried out,

administering 15 Gy in mice 1 week old and then at intervals

of 24 hours, 3 days and 6 days once again 15 Gy. The

same fractionation schemes were studied in mice 3 weeks

of age. The intention of these experiments was twofold:
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a) to study whether a second fraction of irradiation

administered to bones, already disturbed by the first

exposure, produces more damage than could be expected

from the addition of the separated doses.

b) to investigate if in this experimental model, where a

large hypoxic cell population is present, the D^ - D,

is influenced by the dose per fraction.

The results of these experiments are presented in

table V and VI. At least six measurements were made

in each experiment.

Table V - Results after two doses of 15 Gy X-rays administered at
different intervals.
Mice 1 week old at first treatment.

Treatment

15 Gy «—»1 day «-*• 15 Gy

15 Gy <^->3 days-^->15 Gy

15 Gy <£—=»6 days«=-»15 Gy

30 Gy single dose at

1 week of age

30 Gy single dose at

2 weeks of age

15 Gy single dose at

1 week of age

15 Gy single dose at

2 weeks of age

Length of tibiae

(mm)

IP.78 - 0.25

12.58 - 0.33

12.18 ± 0.26

11.13 - 0.11

12.89 ± 0.17

13.54 - 0.31

14.24 - 0.21

Shortening

(mm)

5.77 *• 0.30

3.97 * 0.37

4.37 ± 0.31

5.25 ± 0.20

3.66 ± 0.24

3.01 ± 0.35

2.31 - 0.27

The addition of the shortening produced by 15 Gy on

tibia of mice 1 week old plus that of the same dose

on mice 2 weeks of age can be calculated to be 5.32 mm. 67



Two fractions of 15 Gy separated by a week's interval

achieved a shortening of 4.37 mm. For mice 3 weeks of

age, the simple additive effect would yield a shortening

of 2.64 mm, while two fractions separated by 1 week's

interval gives a shortening of 2.23 mm. It can there-

fore be concluded that for both ages, less than additive

effect was found.

Table VI - Results after ttvo doses of 15 Gy X-rays administered at
different intervals.
Mice 5 weeks old at first treatment.

Treatment

15 Gy <-> 1 day -^ 15 Gy

15 Gy <H». 3 days -o- 15 Gy

15 Gy <^. 6 days -e> 15 Gy

50 Gy single dose at

3 weeks of age

50 Gy single dose at

4 weeks of age

15 Gy single dose at

3 weeks of age

15 Gy single dose at

4 weeks of age

Length of tibiae

(mm)

13.74 - 0.50

14.31 ± 0.28

14.32 ± 0.38

14.34 ± 0.27

15.54 * 0.17

15.03 ± 0.22

15.43 ± 0.29

Shortening

(ram)

2.81 i 0.37

2.24 * 0.32

2.23 * 0.43

2.21 ± 0.32

1.01 * 0.24

1.52 ± 0.28

1.12 * 0.34

For mice 1 week old at the first exposure, two separated

doses of 15 Gy with an interval of 6 days, produces a

more or less equivalent shortening to a single dose of

30 Gy, administered at the age of 2 weeks. On the
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contrary, in mice 3 weeks of age, two fractions of 15 Gy

separated by 6 days, produces a shortening similar to

30 Gy single dose in mice 3 weeks of age.

For both ages, 15 Gy with an interval of 24 hours, gives

a more or less similar shortening to a single dose of 30 Gy.

That means a D_ - D, equal to 0 or even lower. These

results are different from those achieved with fractions

of 7.5 Gy, where less effectiveness was found than with

an equivalent single dose. It can be derived from these

experiments that the repair of sublethal damage can be

dependent on the dose rate per fraction. However,

because in the range of doses between 25 to 30 Gy a

plateau in the dose-response was found, it is possible

that some repair can occur but it cannot be detected in

tissue studies.

3.4. DISCUSSION

It is generally accepted that the radiosensitivity of growing

bones decreases with ageing. In accordance with this statement,

the response of cartilage cells in the epiphyseal disc of long

bones could differ from other normal tissues which have through-

out life a more or less similar radiosensitivity.

Apart from the report of PHILLIPS and KMELDORF (90), quantitative

studies about the effect of irradiation upon growing bones as a
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function of the relation between the age at the time of exposure

and the dose administered have not been published.

These authors derived an equation which establishes a correlation

between growth retardation (absolute shortening in our terminology),

age at exposure and dose administered.

This equation is:

growth retardation (G.R.) = K x io m ( d o s e ) + n<Vage) (l2)

where m is the mean slope of the curves for every exposure

age when the growth retardation (G.R.) is plotted against

the doses and n is the mean slope of the carve for every

dose when the G.R. is plotted against the reciprocal of

exposure age. The values of m, n and K were different for

the femur and tibia. This equation holds only for animals

exposed during the rapid phase of bone growth. The authors

derived it from a small range of doses, up to 5 Gy and

further, rats received whole-body irradiation. From the

equation, it is clear that for a given age, increasing radia-

tion doses will result in an increase in G.R. On the other

hand, when the dose is kept constant, an increase in age will

correspond to less G.R. Consequently, if this parameter is

used in estimating the radiosensitivity of growing bones, then

it could be concluded that young bones are more sensitive than

older bones. The same conclusion could be derived from our

results using this parameter for evaluation (see figures 3-5

and 3-6).

->"^rrp-~r -J,



When the potential growth remaining at the age of exposure

is taken into account, we could not find significant differences

in the effect of irradiation on growing mouse tibia. That

means, in contrast to the data quoted above, that using the

ratio A.G./P.G. as parameter/ no differences in radiosensitivity

with ageing appear to exist. In our opinion, this way of

estimation of the deficit in growth produced by irradiation

is more justifiable than the use of absolute shortening or

the ratio L't/Lt.

The effect of irradiation measured in this way was found to

be described by the equation,

R (D) = 1 - 0.75 (l - e'0712) 1'6 (10)

where D is the dose in Gy.

When the data of WELLS (120), PHILLIPS (90), HINKEL (49) and

READY (95) were processed in order to obtain values for the

ratio A.G./P.G., it was found that these values were also in

accordance with the equation derived from our experiments.

In order to emphasize the independence of the irradiation

effect from the age at exposure, the increment in length

(L't - Lo) of the tibia for different dose-levels as function

of the exposure ages was calculated.

In the case where the effect of irradiation would depend only

on the dose administered, a constant decrease in length for a

given dose is expected, independent of the age at irradiation.

In table VTI, the mean values are presented of the increments

in length after different X-ray doses and for different
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Table VII - Mean values of L't - Lo in mm for
different dose-rates, administered
at different ages.
L't measured at the age of 7 weeks.

Dose

(Gy)

2.5

5

10

15

20

25

30

Age at

1

7.31

6.88

5.75

4.48

2.99

2.28

2.19

irradiation (Keeks)

2

5.57

5.19

4.19

3.54

2.11

2.09

1.99

3

3.55

5.15

3.26

2.28

1.38

1.61

1.59

4

1.51

1.67

0.96

0.94

-

0.76

1.13

exposure age. Figure 3-10 shows these increments as a function

of the dose. It can be observed that for a given dose, the

increment in length remains more or less constant. All the

Ë
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Figure 3-10:

Semilogarithmic plot showing the
potential growth remaining at every
age after different single dose
levels of X-rays. The values of
the ratio R(D) are also given.
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curves shew a similar pattern and have the same slope. In

fact, all the points obtained for a given dose are fitted by

shifting down the curve of untreated controls by a value

equivalent to the ratio A.G./P.G.

Attention must be paid to twa characteristics in our findings.

The first is that the values for (L't - Lo) in mice 4 weeks

old at irradiation show some deviation from the curves. This

can be explained by uncertainties in measurements when the

remaining growth after irradiation is small. It can also be

argued that the curves remain true only in the period of fast

growth as was found by PHILLIPS et al. (90). The second

observation is that the increments in length after doses of

20 to 30 Gy are the sane. That supports other data in the

literature where a "saturation dose" had been found above

which the radiation effect is observed to be constant (12) (49)

(98).

From the equation for the ratio A.G./P.G., it is possible to

derive the "absolute shortening" when the final length achieved

by the tibia and the length at irradiation are known, i.e.:

Abs. Short, (inn) = (1 - R) (Lt - Lo)

WELLS (120) has also reported quantitative data on the response

of mouse tibia to single and fractionated doses of irradiation.

In his experiments, mice were 3 weeks old at exposure and doses
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of up to 20 Gy were investigated. His dose-response curve

is based on the parameter L't/Lt and shows a similar pattern

as the curve presented in figure 3-6- This author pointed

out that the dose-response curve up to 20 Gy is roughly linear

with a Dq of 1.14 Gy. Our dose-response curve also adopts a

more or less linear pattern up to a dose of 20 Gy, but above

this dose the curve flattens, indicating a loss in effectiveness

for high radiation doses. This flattening could be due to the

presence in the epiphyseal disc of a resistant cell population.

Our data are consistent both for mice 3 or 1 week old at-

exposure. By extrapolation of the linear part of the curves, a

Dq equivalent to 2 Gy can be derived. It must be observed that

for doses below 5 Gy, the effect of irradiation is small and

differences from the controls are not significant.

In fact, from our results a significant deficit in growth for

doses up to 2.5 Gy did not seem to exist, which is in agreement

with the data of WELLS (120). Other authors have reported

deficit in growth after exposure of 1 Gy (89) (90). On the

contrary, HINKEL (49) did not find stunting with doses below

5 Gy.

Our experiments with fractionated exposures, although limited,

permit us to conclude that two doses separated by 24 hours were

less effective than the same total dose administered as a single

one. This is correct for mice 1 week and 3 weeks of age at

exposure. WELLS (120) has carried out extensive experiments
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with fractionated exposures. He also concluded that when

the total dose is divided into fractions, a reduction in

efficiency occurs which is independent of the age of the

animal between fractions. For split doses of 7.5 Gy,

separated by an interval of 24 hours, the value for the differ-

ence D2 - D. was about 2 Gy in mice 1 week old and 1 Gy in

mice 3 weeks old. These results indicate that repair of

sublethal damage takes place between fractions, this repair

being more evident in young mice. For split doses of 15 Gy

separated by an interval of 24 hours, the difference D_ - D.

was negligible. These results hold true for both ages that

were explored. These results, apparently contradictory, can

easily be explained by observing the pattern of the dose-

response curve presented in figure 3-6, which has been replotted

in figure 3-11. A dose of 7.5 Gy supposes the reiteration of

the shoulder and in this particular case the twD split doses

are less effective than the same total single dose. On the

contrary, two split doses of 15 Gy produce more effect than

the same single dose (30 Gy).

This type of dose-response curve with a decreasing effect for

increasing doses of irradiation, has been reported by different

authors (29) (31) (91) (102). The existence of an hypoxic

population of cells resistant to irradiation has been suggested

as a possible factor for these patterns of curves. The epi-

physeal plate of growing bones is known to contain a considerable
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Figure 3-11: The role of the shape of the dose-response curve is il-
lustrated. Depending on the dose-levels used in the
split-dose experiments, the value of D2-D1 can differ
significantly.

proportion of hypoxic cells (26), so that this factor can also

explain the results obtained in our experiments.

As can be observed in the growth curves of the tibia after the

administration of the same dose (10 Gy), the effect of irradi-

ation becomes apparent in most of the cases between the second

and third week after irradiation. This finding is in. agreement

with the histopathological observations. The changes in the

histology of the epiphyseal disc were more evident 2 or 3 weeks

after exposure. It is possible that the expression of the

damage produced by irradiation occurs only when a number of

mitoses have taken place.

The growth of the tibia can be described by a logistic equation

as it is the case in other growing biological systems. In man,

the growth in height (stature) can better be described by the
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sum of two logistic functions: one for the prepuberal growth and

the other for the adolescent spurt (10). That means that extra-

polation of experimental data to clinical situations must always

be made with these limitations in mind.

In fact, the results obtained in the present experiments support

data in the literature on the disturbance of bone growth pro-

duced by irradiation. Our contribution to the reported data is

to present a quantification of the irradiation effect which has

only been attempted by two authors (90) (120). It must be kept

in mind that differences in results between authors are

probably due to the use of different animals as well as

different parameters to evaluate the response to irradiation.

In concluding this chapter, it must be remarked that the

initial hypothesis of a dependence of the response of growing

tibia to irradiation as function of the changes in growth rate

with ageing could not be demonstrated, if the effect of

irradiation is estimated by means of the ratio A.G./P.G. In

our opinion this is the best way for evaluation of the irradia-

tion because the growth remaining after exposure is taken into

account. In Chapter 7, dedicated to cell kinetics studies,

some arguments supporting the above results will be given.
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3.5. SUMMARY AM) COESCLUSIONS

As is the case in other biological growing systems, the growth

of the tibia in mice can be fitted by a logistic equavion and

in our particular case, this resulted in:

L t ( m n ) = 7*2

It has frequently been reported in literature that the age at

the moment of irradiation influences the radiation effect.

From our results, this hold true only if the absolute shortening

or the ratio between treated tibia and controls are taken

into account.

If the potential growth remaining after the moment of irradiation

is taken into account, it can be concluded that the age does not

play a role in the final effect produced by irradiation, the

administered dose remaining as the only major factor determining

the radiation effect.

We derived an equation for the ratio Actual growth versus Potential

7rowth, i.e.:

R (D) = 1 - 0.75 ( 1 - e"D/12 ) 1*6 (10)

Once the ratio R (D) is known, the absolute shortening produced

by a radiation dose can be derived.
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Our dose-response curves supported data in the literature where

a threshold dose of about 5 Gy is necessary to produce detect-

able effect and furthermore, doses above 20 Gy did not produce

additional effect. Split doses of 7.5 Gy, separated by an

interval of 24 hours, were less effective than a single dose of

15 Gy. That was true in mice 1 week or 3 weeks old at irradia-

tion. However, split doses of 15 Gy were as effective as

a single dose of 30 Gy. These apparently contradictory results

could be explained from the pattern adopted by the dose-response

curve of the epiphyseal disc for which a considerable proportion

of cells living under hypoxic conditions could be responsible.
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CHAPTER 4

EFFECTS ÜF 14 MeV D-T NEUTRONS

4.1.

In recent years considerable efforts have been directed

towards investigation of the possibilities of fast neutrons

in cancer therapy. Radiobiological studies have been carried

out on experimental models to establish the tolerance of

normal tissues and to investigate responses of experimental

tumors to neutrons. During the past ten years also an

increasing number of clinical investigations have taken place.

Evaluations of these studies were presented at meetings in 1971

and 1973 and, more recently, in 1976 (32) (33) (57). Still

little information is available on the effect of fast neutrons

upon growing cartilage (27) (53) (67)•

As a D-T neutron generator has been installed at the Antoni

van Leeuwenhoek Hospital in Amsterdam, we were able to carry

out a few experiments on growing tibia in mice.

The aim of our experiments was to study the effect of neutrons

at two different ages and to compare the results with those of

X-rays administered to animals at the same age.
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The epiphyseal disc of the tibia is responsible for the growth

in length. Considerable changes in this disc occur with ageing:

changes in the number of proliferating cells, changes in growth

rate, apposition of bone, changes in vascularization and related

changes in oxygenation. All these factors may modify the

radiosensitivity and also the absorption of X-rays and neutrons

for a given exposure, and con. aquently the final effects can

be substantially different when irradiation takes place at

different ages.

In this chapter we shall present some quantitative data concern-

ing effects of neutrons on growing tibia in mice. Dose-effect

curves for neutrons were obtained for mice 1 and 3 weeks old

at irradiation. Values of the Relative Biological Effectiveness

(REE) for neutrons in relationship to X-rays were determined for

both ages. The REE is defined as the ratio of two doses of a

standard radiation (photons) and of neutrons respectively that

cause qualitatively and quantitatively equal effects.

4.2. MATERIALS AND METHODS

The mice used in the experiments and the technique of irradiation

with X-rays have already been described. The mice were 1 and

3 weeks old at the time of exposure to radiation. Only the

hind limbs of the mice were irradiated. The method used to
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evaluate the effect of irradiation has also been described

previously (see Chapter 3).

Within the framework of a research project on the clinical

application of fast neutrons, we were able to make use of

the neutron installation developed by the Philips Research

Laboratories and installed in the Radiotherapy Department of

the Antoni van Leeuwenhoek Hospital (Netherlands Cancer

Institute).

For irradiation with neutrons the mice were fixed directly

to the exit of the neutron beamcollimator by means of a

perspex mould design (figure 4-1). The hind limbs were

positioned on the edge of the irradiation field. The

animals were killed at 7 weeks of age, i.e. 42 days after

irradiation in one group and 28 days in the other group.

The age of 7 weeks was selected as final point for evaluation

because at that time 90% of the growth of the tibia has occurred.

It could also be assumed that at that time secondary radiation-

effects, i.e. disturbances in vascular supply, still will not

have had influence on the effects. Mice 1 week old were fixed

without using anesthesia. Mice 3 weeks old were anesthetized

with Nembutal, given intraperitoneally in a dose of 60 mg/kg.

The neutron generator uses the D-T interaction and produces

neutrons of a modal energy of 14 MeV. The dose at the edge of

the field (where the hind limbs were positioned), was measured
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Figure 4-1: Photographs showing the set-up used for irradiation of
mouse legs with 14 MeV neutrons. Mice were fixed with
a special perspex jig at the exit of the neutron beam.
Only the legs were irradiated.
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to be about 70% of the dose in the centre of the neutron

beam. The gainna contamination was found to be about 5%.

The dose rate is about 0.09 Gy/min. The characteristics

of this neutron generator have been described by MIJNHEER

et al. (79).

In order to obtain growth curves of the tibia, groups of

mice, 1 and 3 weeks old, were irradiated with 5 Gy neutrons.

At weekly intervals 3 mice were killed, tibiae were renoved

and the length measured. Single doses of neutrons in a dose-

range between 2.5 Gy and 9 Gy were administered to the hind

limbs in order to obtain dose-effect curves. Every point in

the dose-response curve was derived from at least 12 measure-

ments. For fractionated experiments, two doses of 2.5 Gy

neutrons were administered with an interval of 24 hours.

4.3. RESULTS

4.3.1. Growth curve of the tibia after irradiation with neutrons

In figure 4-2, the growth curve of the tibia after a

single dose of 5 Gy neutrons is presented on semilogarith-

mic scale. The mice were 1 week old at irradiation.

For comparison, growth curves of undisturbed tibia and

of tibia irradiated with a single dose of 10 Gy of X-rays

are also shown.
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Figure 4-2: Growth curve of mouse tibia following a single dose of
neutrons of 5 Gy. Mice were 1 week old at irradiation.
The growth curves of controls and after irradiation
with a single dose of 10 Gy X-rays also are shown.

One week after irradiation with neutrons, there is a

clear difference in comparison with the undisturbed

growth. The growth rate remains lower until the

fourth week when the growth rate becomes comparable

again with that of controls. As compared with the growth

curve after irradiation with X-rays, the growth curve for

neutrons differs in the sense that the effect becomes

apparent earlier (already in the first week after irradi-

ation) . The stunting observed at the seventh week after

5 Gy neutrons was greater than that obtained after 10 Gy

X-rays, but not significantly different

Figure 4-3 shows the growth curve of the mouse tibia after

irradiation at the age of 3 weeks. During the first
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week after exposure, the growth rate for tibia, irradiated

with X-rays or neutrons, is almost identical and only a

slight deviation from the growth of unirradiated bone is

observed. After more than 1 week, both curves differ

from controls. The stunting due to 5 Gy of neutrons,

observed at the seventh week, was slightly greater than

after 10 Gy of X-rays.

As could be expected, irradiation produces a larger

absolute growth retardation when given at 1 week of age

than at the age of 3 weeks.
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Figure 4-3: Growth curve of mouse tibia following a single dose of
neutrons of 5 Gy. Mice were 3 weeks old at irradiation.
The growth curves of controls and after irradiation
with a single dose of 10 Gy X-rays also are shown.
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4.3.2. Dose-effect curves for single dose 14 MeV D-T neutrons

Increasing doses of neutrons were administered to the

hind limbs of 1 week or 3 week old mice. The effect

was measured at the age of 7 weeks, using twa parameters

for evaluation:

1. The ratio (rt) length treated/length controls (L't/Lt);

2. The ratio (Rt) Actual growth/Potential growth (A.G./P.G.)

These parameters have already been defined in Chapter 3.

Figure 4-4 shows the dose-effect curves for 14 MeV neutrons

administered to 1 week or 3 week old mice respectively.

The parameter used is the ratio L't/Lt. Though doses

lower than 2.5 Gy neutrons were not given, the curves are

i
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Figure 4-4: Dose-effect curves for mice 1 and 3 weeks of age fol-
lowing different dose levels of 14 MeV neutrons. The
parameter used in estimating the radiation effect was
the ratio length treated/length controls.
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approximately linear without a shoulder in the region of

low doses. This plot differs from the curve for X-rays

where a threshold-dose is necessary to obtain a substan-

tial stunting. At doses in excess of 5 Gy, both curves

become less steep similar to the case for X-rays at doses

in excess of 20 Gy. The effect of irradiation with

neutrons measured by means of this parameter was more

effective in mice 1 week old at exposure than in those of

3 weeks old.

A comparison between the dose-response curves for

X-rays and neutrons using the ratio L't/Lt as

parameter for response is shown in figure 4-5. For

doses above 5 Gy neutrons, the effect did not increase

with increasing the dose and therefore a good correla-

tion between neutrons and X-rays is not possible.

10 ,~=L—

S

0.8

i
.Q

0.7

0.6

0.5

— 1 week old
— 3 weeks old

N= neutrons

0 10 15 20 25
Dose(Gy)

Figure 4-5: Comparison between the dose-response curves for X-rays
and neutrons (N) using the ratio length treated/length
controls as parameter. Dotted lines are for mice 3
weeks of age at irradiation. Continuous lines are for
mice 1 week of age at irradiation.
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In figure 4-6, the dose-response curve for mice 1 week

and 3 weeks of age respectively is shown when the para-

meter used is the ratio A.G./P.G. As was the case for

X-rays, no significant differences in the effects

produced by increasing doses of neutrons could be

observed between mice of 1 week and 3 weeks old at

exposure. The curve is less steep for doses above 5 Gy.

Figure 4-6: Dose-effect curve for mice 1 and
3 weeks of aqe following different
dose-levels of 14 MeV neutrons.
The parameter used in estimating
the radiation effect was the ratio
Actual Growth/Potential Growth.

6 8 10
Dose (Gy)

In figure 4-7, the dose-response curve for X-rays and

neutrons is shown when the parameter used for evaluation

is the ratio A.G./P.G. The curves are more or less

congruent in the high dose region, however, at a neutron

dose of 10 Gy, the maximum stunting is not yet reached.
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Dose (Gy)

Figure 4-7: Comparison between the dose-response curves for X-rays
and neutrons (N), using the ratio Actual Growth/Poten-
tial Growth as parameter. These curves are common to
mice 1 and 3 weeks of age.

4.3.3. REE for 14 MeV neutrons in relation to 250 kV X-rays

REE values for 14 MeV neutrons compared to 250 kV X-rays

can be derived from figure 4-5. In this case, the para-

meter used for evaluation is the ratio L't/Lt.

Table I and figure 4-8 present RBE values as a function

of the neutron doses. The RBE decreases with increas-

ing doses of neutrons. For a given dose, no significant

difference in REE is found in mice 1 week and 3 weeks old

at exposure, although PEE values in 1 week old mice, in

general, are slightly lower.
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Table I - RBE values for 14 NfeV neutrons as compared
250 kto 250

Parameter used:

kV X-rays.
P . length treated
icatio l e n g t h c o n t r o l

A. One week old tibia

Neutrons (Gy)

3

5

8

9

B. Three week old

Neutrons (Gy)

2.5

3

5

8

9

X-rays (Gy)

10.5

14.2

17.2

17.8

mice

X-rays (Gy)

10.4

11.7

14.2

17.3

19.0

RBE

3.5

2.8

2.0

RBE

4.2

3.9

2.8

2.2

2.1*

only two measurements

RBE

U

3.5

3

2.5

2

15

• 1 week old
O 3 weeks old « . » . . ,

parameter used rat.o l e n 9 t h t r e a t e d

length control

Figure 4-8:
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Derived RBE curves in mice 1 and 3 weeks old as a function
of the administered doses. The parameter used in derivating
the RBE values was the ratio length treated/length controls.



Table II shows the REE values derived from figure 4-7,

when the effect of irradiation is expressed as the ratio

A.G./P-G. By this method, once again no significant

differences in REE were found for mice 1 week and 3 weeks

old at exposure. The values obtained did not differ

essentially from those calculated using the ratio

L't/Lt.

Table II - RBI- values for 14 MeY neutrons as compared
to 250 kV

Parameter used: Rati

A. One week old tibia

Neutrons (Gy)

3

5

8

9

B. Three week old mice

Neutrons (Gy)

2.5

3

5

8

9

X-rays
Actual Growth
Potential Growth

X-rays (Gy)

10.0

14.2

17.0

18.0

X-rays (Gy)

9.0

10.0

15.0

18.3

20.5

RBI-:

3.5

2.8

2.1

2.0

RB13

3.6

3.3

3.0

2.3

2.3*

only two measurements

In figure 4-9, the RBE values derived from the parameter

represented by the ratio A.G./P.G. are plotted on

logarithmic scale. A similar pattern as presented in

figure 4-8 can be observed. The RBE values for mice

3 weeks old at irradiation seem to be higher than in mice

1 week old, but the differences are not large enough to

be significant.
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Derived RBE curves in mice 1 and 3 weeks of £>ge as a func-
tion of the administered doses. The parameter used in de-
rivating the RBE values was the r a t i o Actual Growth/Poten-
t i a l Growth.

Table III - Split-dose experiments with 14 MeV neutrons

Age at
exposure

(weeks)

1

3

Treatment

2 x 2.5 Gy

with 24 hrs.

interval

5 Gy single

dose

2 x 2.5 Gy

with 24 hrs.

interval

5 Gy single

dose

Length of

tibia

(mm)

13.53 * 0.55

13.68 * 0.18

15.65 * 0.05

15.10* 0.40

Ratio

Lgth.treated

Lgth.controls

0.82 * 0.03

0.83 * 0.01

0,95 ± 0.06

0.91 * 0.02

Ratio

Actual growth

Potent .growth

0.60 * 0.10

0.62 * 0.07

0.74 * 0.12

0.62 * 0.15

Recovery*
Ratio

0.97-0.99

1.04-1.25

(Gy)

(-0.3)-(-1)

2

:xhe two values presented depend on the parameter used in the calculations.
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4.3.4. Fractionated exposures to neutrons

The tibia of mice 1 week and 3 weeks of age were

exposed to two doses of 2.5 Gy neutrons separated by

an interval of 24 hours. At 7 weeks of age the effect

was measured either as the ratio L't/Lt or the ratio

A.G./P.G. Table III presents the results. The

effect produced by an equivalent single dose of 5 Gy

neutrons is also quoted. In this way it is possible

to derive the "recovery ratio" which means the ratio

between the effects achieved by a radiation dose given

in a single treatment or in two separated exposures.

In cell survival curves fitted by a multi-target equation,

this "recovery ratio" is an estimation of the extrapolation

number. Also the difference D - D is presented in

table III. D represents the single dose necessary to

obtain a similar effect as the divided dose, D_. This

difference is an expression of the repair of sublethal

damage taking place between fractions. As can be

observed, for mice 1 week old at irradiation, the

"recovery ratio" is more or less equivalent to 1 and the

difference D~ - D is not significantly different from 0.

The two values presented in the table were derived either

losing the ratio L't/Lt or h.G./P.G. Because of the

error inherent in this type of experiment, the negative

value is perhaps not relevant but at least seems to

indicate that two fractions, with an interval of 1 day,

95



achieved a similar effect as a single dose. The same

conclusion can be derived from a "recovery ratio"

equivalent to 1.

For mice 3 weeks old at irradiation, the "recovery ratio"

has a value slightly higher than 1, indicating that

split-doses were less effective than a single dose.

A similar effect as obtained with two fractions of 2.5 Gy

neutrons was achieved by a single dose of 3 Gy, corres-

ponding to a difference D? - D^ of 2 Gy. It seems,

therefore, that for mice 3 weeks old at exposure, there

is some repair of sublethal damage between fractions.

Because the doses presented have been derived from dose-

response curves, an error of ± 0.5 Gy must be assumed.

4.4. DISCUSSION

The epiphyseal cartilage of long bones differs from other normal

tissues in the considerable changes which occur with ageing.

Cell-renewal systems in most of the normal tissues remain in a

steady state during the whole lifespan of the animal. Proof

of this is the relatively small variation in labelling index

determined at different ages. Furthermore, no essential

structural changes occur in the normal tissues when the animals

become older. On the other hand, in long bones, the cell

renewal compartment, which is the epiphyseal cartilage, changes
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significantly with age. We have found a decreasing labelling

index with increasing age (see Chapter 7) and this finding has

also been reported by other authors (112) (118). In addition,

important structural changes occur in the epiphyseal disc with

ageing. The intercellular substance surrounding the chondro-

cytes becomes calcified with age. The epiphyseal cells are

nourished by diffusion of gases and ions through the inter-

cellular substance from capillaries mainly at the epiphyseal

side. With ageing the epiphyseal disc becomes thin, the

cellularity changes and consequently the conditions of diffus-

ion also change. In studying the effect of radiation upon

growing bones, the factors previously mentioned are important:

changes in proliferation rate and in oxygenation may influence

the radiosensitivity of the cartilage stem cells; progressive

bone apposition can result in variation in the absorption of

radiation energy at different ages.

While interpreting the results obtained in our experime: 's,

one must bear in mind the complexity of the model used. This

difficulty, however, is inherent in most in vivo studies.

From a comparison of the growth curves of mouse tibia after

irradiation with X-rays and neutrons, it can be deduced that

the damage in mice treated at 1 week of age, (expressed as a

difference in absolute shortening of the tibia), appears

earlier after irradiation with neutrons. In mice irradiated

at the age of 3 weeks, the damage was expressed at the same
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time interval after both types of irradiation.

The pattern of the growth curve observed after irradiation

with neutrons correlates with the previously described histo-

pathological changes in the epiphyseal disc (see Chapter 2).

These histopathological changes are already visible 1 week

after neutron irradiation in contrast to the changes after

X-irradiation which can be seen in the disc only 2 or 3 weeks

later. An explanation for this time-difference in the

expression of the damage may be that the proliferating cells

after neutron irradiation die in the first or second mitosis

following irradiation, whereas after X-irradiation several

subsequent mitoses are necessary before the reproductive damage

is fully expressed. It is also possible that neutrons can

kill cells in the differentiating compartment of the epiphyseal

disc which could result in a retardation in the process of

ossification.

As was the case for X-rays, it seems that after an initial period

of damage expression, a gradual recovery takes place until the

growth curves adopt a similar slope to those of untreated controls.

The differences in pattern of growth after irradiation in mice

1 week and 3 weeks old could be explained by assuming that this

resumption of growth may be easier in non-ossified bone than

when a considerable amount of ossification has already occurred.

98



If the parameter used for evaluation of the irradiation effect

is the ratio L't/Lt, there is a difference between the

dose-response curves of tibia irradiated at 1 week or at 3 weeks

of age. As it can be observed in figure 4-3, neutron irradia-

tion was more effective in mice 1 week old at exposure. The

dose-response curves for both ages did not seem to have a

shoulder in the region of low doses as it is the case for X-rays.

Up to a dose of 5 Gy, the curve shows a linear pattern but for

higher dosages of neutron radiation there is a relative decrease

in effect. An explanation for this type of curve can be found

in the existence of a sub-population of cells in the epiphyseal

disc which is relatively resistent to neutrons. As will be

discussed in the chapter dedicated to anoxic sensitizers, these

drugs, combined with neutrons, enhance the radiation effect.

It can, therefore, be argued that the presence of hypoxic cells

in the disc is responsible for the biphasic dose-response curve

found in our experiments.

After neutron irradiation of tail vertebrae in 1 week old rats,

DIXON (27) also found a theoretical survival curve without

shoulder. This author also reported that the stunting is

proportional to the administered dose and he suggested that the

survival curve of the cartilage cells in the epiphyseal disc is

exponential. These results are in contradiction to our dose-

response curve which shows clearly that in the high neutron

region there is a decrease in effectiveness. KEMBER has shown

that the relationship between cell survival and bone growth is
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complex and that, in general, the effects do not increase with

increasing doses (67). Our findings are in agreement with

those of KEMBER.

As for X-irradiation, no significant differences were observed

in the dose-response curves for mice 1 week or 3 weeks old if

the ratio A.G./P.G. is used (figure 4-6). Although no doses

lower than 2.5 Gy have been explored, the dose-response curve

does not seem to have a shoulder. As for the parameter

L't/Lt the curve flattens for doses above 5 Gy, showing a

decreasing effect for dose increments in the high neutron dose

region. We may conclude that no differences in radiosensitivity

exist in mice 1 week or 3 weeks of age at the time of irradiation

when the parameter used for the effect is the ratio A.G./P.G.

In mice of 1 week as well as of 3 weeks of age at exposure, the

REE values decrease with increasing doses of neutrons, from 4.2

for 2.5 Gy to 2.0 for 9 Gy. These REE values were found to be

independent of the parameter used for evaluation. DIXON also

found that the REE values for tail vertebrae of 1 week old rats

decreases as the dose of neutrons increases (27).

In general, REE values were somewhat higher in mice 3 weeks old

at irradiation. The proliferation rate in young cartilage is

expected to be higher than in older animals and therefore, it

could be expected according to radiobiological experience, that

the radiosensitivity of a young epiphyseal cell population to
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X-rays and neutrons would be greater. However, for neutrons

the RBE has been demonstrated to be higher in slowly proliferat-

ing tissues than in fast growing ones (4) (11) (14) . This

factor could explain the gain of neutrons compared to X-rays

(slightly higher RBE) for the older age group.

A second factor to be considered is the possible change in

oxygenation taking place in the epiphyseal cartilage with

ageing. As indicated earlier the epiphyseal cells are nourished

by diffusion through the intercellular substance from capillaries

at the epiphyseal side of the disc. Progressive calcification

with ageing can interfere with nourishment of proliferating cells.

Studies with single dose X-rays carried, out by DIXON have shown

that the proliferating cells in the epiphyseal cartilage are

exposed to reduced oxygen concentrations (26). This author

found an OER (Oxygen Enhancement Ratio) of 2.3 for X-rays using

the tail vertebrae of rats 1 week old at treatment. For neutrons

in the same experimental system, the OER was 1.4 (27). Studies

in other age groups were not reported. KEMBER found an OER of

2.3 and 1.8 for X-rays and neutrons respectively using a clone

system for cartilage cells in 5 to 6 week old rats (67).

HOWARD-FLANDERS reported an OER factor of 1.97 and 1.67 for X-rays

and neutrons respectively (53). We have not performed experi-

ments directed at defining OER values at different ages, but from

experiments with anoxic sensitizers an enhancement factor of 1.3

was found for neutrons. This enhancement was the same in mice

1 week or 3 weeks old at irradiation. These results indicate
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firstly, that there is a proportion of hypoxic cells in the

epiphyseal plate and secondly, that the higher RBE found in

mice 3 weeks old at exposure cannot be explained by differences

in oxygenation between the two ages.

The REE values reported in the literature as compared with the

values derived by us in the present experiments are shown in

table IV. The difference in REE can be explained by the

different experimental systems used by the authors as well as

the differences in the end point selected for evaluation of the

radiation effect. For high neutron doses, our values corres-

pond quite well with those reported by others (27 (53) (67).

With low doses we obtained higher FEE values as those reported

by DIXON (27). This is in contrast to what could be expected

as the RBE values derived by DIXON were obtained with neutrons

of a mean energy of 6 MeV and therefore, these must be higher

than our own results. As reported by BARENDSEN and EROERSE (3),

RBE decreases with increasing neutron energy. We have no

explanation for this discrepancy apart from the different models

used in the experiments. DIXON (27) found that RBE values under

anoxic conditions decrease from about 5 at low doses to about

2.7 at high doses. These results can indicate that in the

epiphyseal cartilage of" tibia in mice, there is a greater fraction

of hypoxic cells than in the tail vertebrae.

A comparison of the RBE values in different normal tissues is

presented in table V. The results for ,,.. epiphyseal cartilage
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Table IV -

Model

HBE values of neutrons
RBE

on growth cart i lage

Neutron
Energy

Authors

Mouse ta i l vertebra
Rat ta i l vertebra
(one week old)

Rat t a i l vertebra
(one week old)

Clones knee ra t s
(5-6 weeks old)

Mouse t i b i a
(one week old)

Mouse t i b i a
(one week old)

Mouse t i b i a
(3 weeks old)

Mouse t i b i a
(3 weeks old)

( 5 .

(10

(17

(11

(16

(10

(17

2.9

2.5
0 Gy X-rays)

2.0
Gy X-rays)

2.1
Gy X-rays)

2.8
.5 Gy X-rays)

2.1
Gy X-rays)

2.8
.75 Gy X-rays)

2.2
.5 Gy X-rays)

2

6

6

b

14

14

14

14

MeV

MeV

McV

MeV

MeV

MeV

MeV

MeV

Howard Flanders (195b)
Dixon (1968)

ilixon (19(58)

Kembcr (1969)

present work

present work

present work

present work

cells obtained in the present experiments are also given.

It can be seen that in the range of neutron doses presented,

RBE values for 14 MeV neutrons in the cartilage cells do not

essentially differ from the other normal tissues. A difference

of RBE of less than 20% cannot, in general, be considered

significant for the type of experiments concerning tissue

responses.

Table V - RBE values after a single dose of neutrons for different normal tissues.

Tissue

Mouse skin

Rat skin

Mouse esophagus

Haematopoyetic tissue

Mouse crypt stem cells

X-ray
Jose (Gy)

18.00

18.00

32.40

41.80

12.88

Rat capillary endothelium 9.00

Rat spinal cord

Mouse growing cartilage

20.90

16.00

RBE of neutrons
(neutron energy)

1.7

1.4

2.6 - 2.7

1.1

1.4

1.8-1 .9

1.1

2.1

( 8

(15

( 8

(15

(15

(15

(15

(14

MeV)

MeV)

MeV)

MeV)

MeV)

MeV)

MeV)

MeV)

Reference

Uenekamp e t a l . , 1966 (22)

Broerse

Ifornsey

Broerse

Broerse

Broerse

Van der

Present

et a l . , 1973 (14)

and Field, 1974 (52)

et a l . , 1973

et a l . , 1973

et a l . , 1973

Kogel et a l . ,

work.

(14)

(14)

(14)

1973 (73)
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Split-doses of neutrons with an interval of 24 hours in mice

1 week old at exposure did not produce a significant loss in

effectiveness as compared with an equivalent single dose.

These results correspond with those reported by DIXON (27) and

give support to the common finding of absence of recovery after

neutron irradiation. However, for mice 3 weeks old, some

recovery seems to occur as expressed by a D„ - D of 2 - 0.5 Gy.

KEMEER also found that some recovery takes place after fraction-

ated doses of neutrons (53). From his experiments he derived

a D? - D. equivalent to 1 Gy. In our opinion and in agreement

with KEMBER, it is likely that the values obtained are specific

to the level of damage recorded, the dose used and the time of

sampling after irradiation.

The results obtained after split-doses of neutrons in mice

1 week of age are in good agreement with the shape of the dose-

response curve, where no shoulder seems to exist at the region

of low doses. That is not the case for mice 3 weeks old at

exposure where the results did not seem to correspond with a

dose-response curve without shoulder. However, because of

the error inherent in in vivo experiments, the different

results in mice 1 and 3 weeks of age must be considered with

caution. Changes in oxygenation of the epiphyseal cells

with ageing do not seem to play a role as the same enhancement

was found after the administration of Misonidazole either in

mice 1 week or 3 weeks of age (see Chapter 5). The only

reason we can propose as explanation for the different results
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in both ages, if such a difference really exxsts, is a distinct

repair mechanism in cartilage cells with ageing.

In 1 week old mice, split-doses of neutrons were at least as

effective as a single one which was not the case for split-

doses of X-rays where a D. - D, of 2 Gy was found. These results

can be explained by the smaller influence of repair of sublethal

damage after neutron irradiation. In mice 3 weeks of age the

D_ - D, for neutrons was 2 Gy and for X-rays 1 Gy. That would

mean a greater repair of sublethal damage after a dose of X-rays

than after a dose of neutrons. Vhen mice become older, more

calcification in the epiphyseal disc takes place. It can be

argued that the biological effectiveness of X-rays increases

with age, due to an increase in energy absorption with increas-

ing bone formation. This is not the case for neutrons where

the energy absorption is less dependent on the bone deposition

with ageing. These arguments can also explain the different

results after split-doses of neutrons and X-rays obtained in

mice 1 week and 3 weeks of age. A similar argument has been

discussed to explain the relatively low RBE of neutrons for

the effect on haematopoyetic tissues (14).

4.5. SUMMARY AND CONCLUSIONS

After irradiation with neutrons, the growth of mouse tibia is

disturbed. Already 1 week after a single dose of 5 Gy, the

growth curve in mice 1 week old at exposure differes from that

of untreated controls. That is earlier than after a single

dose of X-rays. This time difference in expression of the

damage after X-rays or neutron irradiation can be due to a
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greater effectiveness of neutrons because only a few abortive

mitoses occur after irradiation. Neutrons can also affect the

differentiating compartment of the epiphyseal disc. In mice

3 weeks old at exposure, no differences were found in the growth

pattern after X-rays or neutron irradiation.

Dose-effect curves were derived after sir.gle doses of neutrons

for mice 1 week and 3 weeks of age. The range of administered

doses was 2.5 Gy to 9 Gy. For both ages, the curves do not

have a shoulder in the low dose region. Above a dose of 5 Gy

the curves bend, expressing a decrease in effectiveness for

increasing doses of neutrons. This biphasic pattern of the

curves was also found for X-irradiation and possibly indicates

the existence of a subpopulation of cells being less radiosen-

sitive either to X-rays or neutrons.

If the parameter used to describe the effect of neutrons is

the ratio (r, ) length treated/length controls, tibia of mice

1 week old at exposure are more radiosensitive than 3 week old

tibia. Thi3 was also the case for irradiation with X-rays.

When the potential growth remaining after irradiation is taken

into account, no differences in radiosensitivity are found with

ageing. This is expressed by a similar dose-effect curve in

mice 1 week or 3 weeks of age at irradiation, if the parameter

used is the ratio (R.) Actual growth/Potential growth. Once

again, these results are in agreement with diose obtained after

irradiation with X-rays.
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REE values for 14 MeV neutrons in relation to 250 kv X-rays were

derived in mice 1 week and 3 weeks of age. The RBE values

decrease with increasing dose of neutrons from about 4.0 for a

dose of 2.5 Gy, to 2.0 for a dose of 9 Gy neutrons. The RBE

values were more or less similar for both ages and furthermore,

they were independent of the parameter used in the estimation

of the effect.

In mice 1 week old at exposure, split-doses ot neutrons gxven

with an inverval of 24' hours were at least as effective as the

same total single dose. These results correspond quite well

with the shape of the dose-response curve where no shoulder seems

to exist and support the theory of absence of repair of sub-

lethal damage after irradiation with neutrons. The results in

mice 3 weeks old at irradiation were different as split-

doses of neutrons were less effective than an equivalent

single dose. Because the changes in oxygenation do not play

a role, it seems that the different results obtained in mice

1 week or 3 weeks of age could be due to differences in repair

or sublethal damage with ageing. However, because of the

error inherent in in vivo experiments, this assessment must

be considered with caution.
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CHAPTER 5

EFFECTS OF MISONIDAZOLE AS AN HYPOXIC CELL SENSITIZER

ON THE RESPONSE OF GROWING CARTILAGE TO RADIATION

5.1. INTRODUCTION

Radiobiological studies have extensively documented that the

concentration of oxygen is one of the major factors influencing

cellular radiosensitivity. In most of the normal tissues the

cells are well oxygenated. In tumors, because of disorganized

growth, the proliferation of cells occurs more rapidly than

that of the vasculature. As a result, a proportion of cells

can be situated at such a distance from the capillaries that

oxygen diffusion is insufficient to ensure an adequate oxygen

supply in those cells. These "hypoxic cells" are more radio-

resistent than the well-oxygenated cells and can thus decrease

the therapeutic ratio of sparsely ionizing radiation

Considerable efforts have been made to overcome the problem

of hypoxia in tumors. With fractionated irradiation, it is

possible that initially hypoxic cells become well oxygenated

so that the therapeutic ratio can be favourable maintained.

High pressure oxygen chambers and the use of high LET particlas

such as neutrons and negative pi-mesons which are less dependent

in their effectiveness on the oxygenation concentration in cells
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than X-rays, provide other approaches to the problem.

Presently chemical agents are being tested which selectively

increase the radiosensitivity of hypoxic cells. These electron-

affinic or oxygen-mimetic drugs are known as anoxic cell

sensitizers. They are not rapidly metabolized and are, there-

fore, able to diffuse from the capillary vessels to distant

hypoxic cells in tumors more readily than oxygen. After

biochemical and pharmacological studies, fundamentally carried

out by the Gray Laboratory of the Cancer Research Campaign in

England, a drug of the group of the nitromidazoles, Misonidazole,

has been found to be, up to now, the most effective radio-

sensitizer with a relatively low toxicity (37). The mechanism

of action of the anoxic cell sensitizers is not yet completely

understood. It appears that electrons liberated by ionizing

radiations are accepted by these electron-affinic molecules and

in this way the radiation-induced changes in the cell are

rendered less effective. Extensive data concerning hypoxic

cell sensitizers were presented in Cambridge in 1978 and have

been published in a supplement of the British Journal of Cancer

(13).

As discussed in Chapter 4, the epiphyseal plate of growing bones,

in contrast to most other normal tissues., contains a consider-

able proportion of hypoxic cells. Within the framework of our

experiments on growth retardation of bone by different forms of

radiation, we were, therefore, interested in the influence of
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anoxic sensitizers. This investigation could also be useful

in estimating the extent to which the high RBE for this tissue

found for neutrons is due to the presence of hypoxic cells.

5.2. MATERIAL AND METHODS

A single dose of 15 Gy X-rays was administered to the hind leg

of 0-nD~ mice aged 1 or 3 weeks. Either 30 minutes before or

2 hours after irradiation, the mice received 0.5 mg/g body

weight Misonidazole , injected i.p. Groups of mice were also

treated with the drug or irradiation alone at the same dose

levels. At 7 weeks of age, the mice were killed, their tibia

removed and radiographs taken. From these radiographs

measurement of the length of the tibia were carried out.

For split-dose experiments, two X-ray doses of 7.5 Gy were

given with an inverval of 24 hours. Thirty minutes before

each dose fraction, 0.5 mg/g Misonidazole was administered.

Similar fractionated treatments were also given with irradia-

tion or drug alone.

In the neutron experiments, a single dose of 5 Gy was

administered, either alone or preceded with an interval of

30 minutes by 0.5 mg/g Misonidazole, injected i.p. Radio-

graphs of the tibia were taken at 7 weeks of age.

*We are indebted to Dr. Penders of HOFFMANN-IA ROCHE for his
assistance. Ill



The effects of the different modes of treatment were evaluated

by estimating the absolute shortening of the tibia and the ratio

length treated/length controls. All the experiments were

carried out twice, each time with a group of 10 mice.

5.3. RESULTS

5.3.1. Single dose X-rays and Misonidazole

The results obtained with the single dose of 7.5 Gy in

mice 1 week old at irradiation are presented in table I.

The administration of Misonidazole alone did not produce

significant disturbance in growth. When given 2 hours

after irradiation, the drug did not increase appreciably

the shortening caused by irradiation alone. Only when

the anoxic sensitizer was administered 30 minutes before

irradiation was a significant enhancement of the effect

found. From the dose-response curve obtained for single

doses of X-rays (see Chapter 3), a shortening of 4.27 mm

in the mice irradiated at 1 week of age corresponds to a

dose of 20 Gy. It can, therefore, be deduced that the

administration of anoxic cell sensitizer preceding

irradiation enhanced the radiation effect by a factor 1.3.

In table II the results are presented obtained in mice

3 weeks of age at irradiation. Similar to the case of
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Table I - Combined experiments with X-rays and Misonidazole, single dose.
Mice 1 week old at irradiation.

0

0

0

If

Treatment

5 mg/g

5 mg/g 30 min before

5 mg/g 2 h after 15

> Gy

Controls

15 Gy

Gy

Length *

(mm)
1b.68 ±

12.28 i

13.32 -

13.54 i

16.55 -

1 s.d.

0.15

Ü.30

0.28

0.31

0.17

Shortening

(mm)

0

4.27 - 0

3.25 - 0

3.01 - 0

-

.34

33

55

ïlatio:
length treated
length control

1.01

0.74

0.80

0.82

-

1 week old mice, only the Misonidazole administration

preceding the irradiation caused an enhancement of the

effectiveness. A single dose of 20 Gy is necessary

to obtain a shortening of 2.07 mm and therefore, a

similar dose-modifying effect as in mice 1 week of age

was found, corresponding to a dose ratio of 1.3.

Table II - Combined experiments with X-rays and Misonidazole, single dose.
Mice 3 weeks old at irradiation.

0

0

0

If

Treatment

5 mg/g

5 mg/g

5 mg/g

i Gy

Controls

30 min before 15 Gy

2 h after 15 Gy

Length * 1 s.d.

(mm)

16.66

14.48

15.12

15.03

16.55

± 0.19

1 0.40

± 0.30

± 0.22

* 0.17

Shorten i ng

(mm)

2

1

1

0

.07 - 0

.43 ± 0

.52 ± 0

-

.43

17

28

Ratio:
length
length

1.01

0.88

0.91

0.91

-

treated
control
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5.3.2. Fractionated X-irradiation and Misonidazole

The results obtained with split-dose experiments are

presented in tables III and IV. Although the admini-

stration of the anoxic cell sensitizer before every

fraction of X-rays produced more shortening than the

treatment with irradiation alone, this enhancement is

not significant. It must be kept in mind that split-

dose experiments in growing bones are difficult to

interpret because of the growth occurring between

fractions. This holds expecially for the mice

irradiated at the age of 1 week. For the 3 v/eek old

mice, there is furthermore, the difficulty that the

potential growth of the tibia between the third and

the seventh week is too small to enable the detection

of a significant effect on the rate of shortening.

Table III - Combined experiments with X-rays and Misonidazole, fractionated
doses.
Mice 1 week old at irradiation.

Treatment

Two fractions of 7.5 Gy
with 24 h interval

Misonidazole, 0.5 mg/g
30 min before each
fraction of 7.5 Gy

15 Gy

Controls

Length ±

14

13

13

16

(mm]

.19 ±

54 ±

55 *

1 s.d.

0.33

0.27

0.31

0.17

Shortening

2

2

3

(mm)

.36 * 0

67 i 0

01 - 0

-

.37

32

35

Ratio:
length treated
length control

0.86

0.84

0.82

-
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Table IV - Combined experiments with X-rays and Misonidazole, fractionated
doses.
Mice 3 weeks old at irradiation.

Treatment

Two fractions of 7.5 Gy
with 24 h interval

Misonidazole,
30 min before
fraction of 7

15 Gy

Controls

0.5 mg/g
each
5 Gy

Length -

(mm)

15

15

15

16

.27 ±

15 i

03 ±

55 ±

1 s.d.

0.17

0.30

0.22

0.17

Shortening

(mm)

1

1

1

.28 ± 0

.40 ± 0

.52 * 0

-

24

.34

28

Ratio:
length treated
length control

0.92

0.92

0.91

-

5.3.3. Single-dose 14 MeV neutrons and Misonidazole

These experiments were only carried out in mice 1 week

of age. The results are presented in table V. It

can be observed that Misonidazole enhanced the effect

of neutrons. From the dose-response curve for single-

dose neutrons (see Chapter 4), a dose of about 6.6 Gy

is necessary to obtain a shortening of 3.38 mm. That

means a dose-modifying factor of Misonidazole equivalent

to 1.3.

Table V - Combined experiments with 14 MeV neutrons and Misonidazole.
Mice 1 week old at irradiation

Treatment

5 Gy 14 MeV neutrons

0.5 mg/g Misonidazole
30 min before 5 Gy

(14 MeV neutrons)

Length - 1 s.d.

(mm)

13.69 * 0.06

13.17 i 0.05

Shortening

(mm)

2.86 * 0.12

3.38 ± 0.09

.Ratio:
length treated
length control

0.83

0.71
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5.4. DISCUSSION

The potential use of hypoxic cell sensitizers has mainly been

based on the hypothesis that only tumors contain a significant

fraction of hypoxic cells. However, there is evidence that

some normal tissues such as the epiphyseal plate of growing

bones also has a considerable fraction of hypoxic cells (25).

It has already been suggested that enhancement of the radia-

tion effects by anoxic cell sensitizers could also be expected

in normal tissues containing hypoxic cells (37). Until now,

radiosensitization of a normal tissue has only been observed

in the oesophagus of mice (34) but this effect might have been

influenced by experimental conditions, i.e. induced hypoxia

after anesthesia. In our own laboratory, Nembutal anesthesia

has been demonstrated to influence the radiosensitivity of

large tumors, probably because of induced acute hypoxia (125).

This effect was minimal when Misonidazole was administered

concomitantly. The observed benefit in single large doses

of radiation might be as high as equivalent to a dose ratio

equal to 2.2. For fractionated treatments and with

reoxygenating tumors the values of the dose ratio can be as

low as 1. i.

Our results show that the response of the growing bones to

irradiation can be enhanced by a factor of 1.3 when the anoxic

sensitizer is given just before a single-dose irradiation.

For split-doses of X-rays, no significant enhancement was

found, although a trend seems to exist. These fractionated
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experiments are difficult to interpret because of the growth

occurring between fractions.

The value of 1.3 is lower than the enhancement ratio's usually

found for experimental tumors so that some therapeutic gain

would still remain for single doses.

In our experiments with single doses of neutrons, an RBE of

3 was found for a neutron dose of 5 Gy. DENEKAMP et al. have

also reported that the tumor effect of combined neutrons and

i Misonidazole treatment is greater than that obtained with

j
neutrons alone, eigher for single or fractionated doses of
radiation (23).

From the results obtained in the combined experiments with

Misonidazole, it seems that the relatively high RBE of

neutrons in this experimental model, is essentially due to

the absence of repair of sublethal damage and/or potentially

lethal damage. The role of the hypoxia was the same for

X-rays and neutrons as the same enhancement factor was found

for both types of radiation.

Our findings probably have only limited implications for the

use of sensitizers in radiotherapy; at most, they can indicate

• that caution is needed when applying these drugs combined with

i irradiation in children. As clinical trials are at present

; being envisages, these results should emphasize the need for

; more studies on normal tissues under various conditions.
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5.5. SUMMARY AND CONCLUSIONS

The effect of combined treatments with Misonidazole and

irradiation on the growing tibia of mice has been studied.

It was found that the administration of Misonidazole before

X-rays enhanced the radiation effect corresponding to a dose

ratio of 1.3. This finding supports the assumption that

hypoxic cells exist in the epiphyseal plate of growing bones.

No enhancement was found when Misonidazole was given 2 hours

after irradiation.

In the experiments carried out with 14 MeV neutrons, an

enhancement of 1.3 was obtained when the administration of

Misonidazole preceded the irradiation. These results point

out that the high RBE obtained with neutrons in this experi-

mental model of growing bone is not due to a greater

effectiveness on hypoxic cells but probably to absence of

repair of sublethal damage following irradiation with neutrons,
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CHAPTER 6

EFFECT OF HYPERTHERMIA ALCNE OR IN COMBINATION

WITH X-RAYS ON GROWING CARTILAGE IN MICE

6.1. INTRODUCTION

Hyperthermia alone or combined with X-rays has in recent years

provided an important field of experimental and clinical investi-

gation. One of the most attractive findings is the fact that

hypoxic cells are as sensitive or even more sensitive to hyper-

thermia than we11-oxygenated cells (41) (101) . These data point

to the possibility of increasing the therapeutic ratio in the

treatment of malignant tumors. In combining hyperthermia with

X-irradiation a number of problems has emerged such as the tempo-

ral relationships between both treatments, the optimal tempera-

ture and the duration of the heating. Effective application is

also hampered by the fact that the mechanism of interaction of

hyperthermia and X-rays is not yet well understood.

In our laboratory, studies are being carried out in order to ob-

tain more basic data on the effects of hyperthermia and X-rays

en normal tissues and tumors. Several publications have al-

ready reported the results of these experiments (46) (59). We

decided to perform a few simple experiments with the mouse tibia
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model concerning the effect of heat and heat combined with X-rays

on this normal tissue. Because the epiphyseal plate contains a

considerable proportion of hypoxic cells, the response to these

treatments might differ from that of other normal tissues.

6.2. MATERIAL M ) METHODS

The right hind limb of mice respectively one and three weeks of

age were immersed in a water bath maintained at a constant tempe-

rature. A temperature of 43°C in the legs of the mice was se-

lected for the whole series of experiments. Tnis internal tem-

perature was measured by means of thermocouples inserted into

thin needles. The left hind limbs served a controls. Thermo-

couple measurements in the untreated extremity yielded values of

about 37°C. For the expe1 jjnents the mice were anesthetized

with Nembutal and held in specially designed perspex jigs. The

heating time was 60 minutes. At seven weeks of age the mice

were killed and the tibia removed. Radiographs were made as

already described in chapter 3 and the length of the tibia was

estimated. The temperature and duration of hyperthermic treat-

ment was selected from studies by JANSEN (59) which indicated

that in order to obtain an estimable effect, it was better to

use a relative high temperature during relative long time.

For the combined experiments, a single dose of 10 Gy was adminis-

tered to the heated and unheated limbs. One group of mice re-
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ceived the irradiation ten minutes before the start of the heat-

ing. Ihe other group was heated four hours after irradiation.

In every experiment 10 mice were used. Mice were one and three

weeteold at the time of treatment and 7 weeks old at the time of

measurement. The selection of intervals was also derived from

JANSEN data in other experimental models.

6.3. RESULTS

The results obtained in mice one week of age are presented in

table I. It can be seen that heat alone did not cause signifi-

cant stunting as ccnpared with controls. When hyperthermia was

administered shortly after irradiation a significantly greater

stunting was observed as compared with the effect of irradiation

alone. When the heat treatment was administered four hours af-

ter irradiation this enhancement was lost.

Table I - Effect of hyperthermia alone or in combination with X-rays on
growing tibia in mice.
Mice 1 week old at treatment.

Treatment

43°C heat alone 60 min

10 Gy followed immediately
by 43OC /60 min

10 Gy followed 4 h later
by 43°C /60 min

10 Gy alone

Controls

length * 1 s.d.
(mm)

16.26 ± 0.28

13.77 ± 0.49

14.83 ± 0.24

14.90 * 0.10

16.40 ± 0.29

Stunting * 1 3.d.
(mm)

0.14 ± 0.21

2.63 ± 0.57

1.57 * 0.37

1.50 * 0.30
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The effect of heat can be expressed as a Thermal Enhancement Ra-

tio (TER) defined as the ratio dose of X-rays alone dose of X-

rays combined with heat, required to produce a given level of

stunting. The X-ray dose necessary to produce 2.6 mm shortening

can be derived from the dose-response curve presented in chapter

3 and was estimated to be around 14 Gy. This yields a TER

equivalent to 1.4 for heat given shortly after irradiation.

When the hyperthermia was administered 4 hours after irradiation

a TER of 1.0 was obtained.

The results obtained in mice three weeks of age are presented in

table II. Again, only when hyperthermia immediately followed

the irradiation a significant enhancement of shortening was ob-

served. Hyperthermia alone did not influence the rate of

growth as compared with controls. Fran the dose-response curve

for X-rays in mice three weeks of age can be derived a dose of

14.7 Gy if a shortening of 1.24 mm is to be produced. That

means a TER equivalent to 1.47, in agreement with the results

for one week old mice.

Table II - Effect of hyperthermia alone or in combination with X-rays on
growing tibia in nice.
Mice 3 weeks old at treatment.

Treatment

43°C heat alone 60 min

10 Gy followed immediately
by 43°C /60 min

10 Gy followed 4 h later
by 43OC /60 min

10 Gy alone

Controls

Length ± 1 s.d.

(mm)

16.38 * 0.16

15.11 * 0.41

15.91 t 0.22

15.87 - 0.13

16.35 * 0.15

Stunting ± 1 s.d.

(mm)

1.24 ± 0.43

0.44 ± 0.26

0.48 i 0.19
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6.4. DISCUSSION

The effect of hyperthermia alone on rat tails has been reported

by MDRRIS et al. (80). At low levels of hyperthermia (42°C for

100 min or 45 C for 10 min) they did not find obvious changes in

the tail due to heating alone. With more severe heat treatments,

necrosis of the tail occurred. These authors observed that a

doubling of the heating time or an increase in temperature of 1 C

has the same effect. Thus 43°C during 60 min, 44°C during 30

min or 45 C during 15 min are equivalent. Our results with heat

alone agree with the observations of >DRRIS et di., sin;"> we did

not observe quantitative differences as compared with unheated

controls. However, when we followed the histological changes in

the epiphyseal disc after heat treatment, obvious changes were

seen. This discrepancy can be due to the time interval between

treatment and observation of the effects. With long intervals

as used by MDRRIS, recovery of the plate can occur minimizing the

estimation of the effect.

MÏERS et al. (81) studied the effects of combined heat and X-rays

on rat tail vertebrae. They found no enhancement of X-ray dama-

ge by previous heating to 38 C, but at higher temperatures the

TER increased from 1.1 at 4l°C for one hour to about 1.8 at 43°C

for one hour. The TER was also dependent on the dose of X-rays,

increasing with the X-ray dose in the rage between 5 and 10 Gy.

They also found that heat immediately before irradiation with X-

rays was more effective than the reverse sequence. In general,

as the time interval between heat and irradiation increased,
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there was a reduction in effectiveness. Recently, E.W. HAHN et

al. have reported that the combination of radiation followed by

heat treatments produced an additive effect at low radiation do-

ses and a potentiating effect at long durations of heat and high

doses of radiation (44).

Although we did not study the effect of heating preceding irra-

diation, our results are in good agreement with those of MVERS

et al. (81). They also found that when heat is administered

4 hours post-irradiation, the enhancement factor decreased to 1.0.

Table III - Thermal enhancement ratio's in different normal tissues

Tissue and
endpoint

Skin

Peak reaction at

level of 4.0

Intestine

DL/50, 5 days

Cartilage

50% stunting

Cartilage

(Hahn)

Cartilage

Absolute stunting

(present study)

Treatment,
heating time

1 h

X-rays alone

41°C after X-rays

42°C after X-rays

43°C after X-rays

X-rays alone

41.3°C after X-rays

41.8°C after X-rays

42.1°C after X-rays

X-rays alone

41°C before X-rays

42°C before X-rays

43°C before X-rays

43°C after X-rays

ii

X-rays alone

43°C after X-rays

X-ray dose
(Gy)

21.75

17.25

15.25

12.75

12.80

12.00

10.80

8.20

12.90

12.50

9.15

8.10

5.0

10

15

14.00

10.00

TER

1.00

1.26

1.43

1.71

1.00

1.07

1.19

1.56

1.00

1.03

1.41

1.59

1.11

1.18

1.34

1.00

1.40
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The TER of 1.4 at 43°C for one hour in mouse tibia is lower

than the value found in the rat tail, possibly due to the

differences in the experimental models used.

The values of the TER found in the present experiments did not

differ from those found with other normal tissues. In table

III, TER values collected by FIELD et al. (35) are presented to-

gether with our own results.

We did not detect differences in the effect of hyperthermia de-

pendent on the age at treatment. These results seem to indica-

te that the sensitivity of the epiphyseal disc to heat did not

change with ageing.

6.5. SUMMARY AND CONCLUSIONS

In our experimental model studies were performed to observe the

response of growing cartilage either to heat alone or heat in

combination with X-rays.

Heat alone did not produce a significant effect on the growth of

mouse tibia at the level studied. These results were the same

in mice one or three weeks old at treatment.

When heat treatment followed a single dose of 10 Gy within a

short period, a significant enhancement was observed. The esti-

mated TER was 1.4 and this value was the same for both ages under

study. The enhancement decreased to 1.0 when the heat treatment

was started four hours after irradiation. Our data support other

studies in the literature.
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The values of the TER obtained in the present experiments did not

differ from those observed with other normal tissues.
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CHAPTER 7

CRT!. KINETICS IN GROWING CARTILAGE. INFLUENCE OF IRRADIATION

7.1. INTRODUCTION

In general, cell cycle kinetic studies are aimed at obtaining in-

formation about the proliferation characteristics of cells in nor-

mal tissues and tumors. With this information, it is possible to

analyse the turnover of cells within the different compartments of

normal tissues and tumors (proliferating and differentiating com-

partments) , and to estimate the duration of the cell replication

cycle as well as its different phases. If the number of cells in

proliferation (growth fraction), the duration of the cell cycle

and the rate of "cell loss" could be estimated for normal tissues

and tumors, it would be possible to use this information in order

to optmize the treatment of cancer. Furthermore, the determina-

tion of cell kinetic parameters may help us in the interpretation

of phenomena occurring during and after series of radiotherapy or

chemotherapy treatments.

In 1960 KEMBER started cell kinetic studies of cartilage growth in

the rat tibia (64). He observed a variation of the generation

time for the different positions of cells in the columns of the

epiphyseal disc. The average cell cycle time in the region of

active division was estimated to be between one and three days.
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The "reserve" cells in the top of the columns were estimated to

have a generation time of about four tines as long as the roost

active cells. In his study the mitotic time v̂ as estimated to

be about 41 minutes and the DMA synthesis tine about 8.5 hours.

TONNA (1961) studied the labelling index (LI) variations occur-

ring in the epiphyseal disc of mouse femora with ageing (112).

The LI values up to the 6th week of age were between 4.8% and

5.4%. Later on the LI decreased to a value of 1.8% in mice 8

weeks old.

Cell kinetic studies in undisturbed growing bones halve also

been reported by other authors: POLKE et al., 1967 (36);

'• TQNNAetal., 1968 (113); KEMBER, 1969 (70); DIXON, 1971 (28);

WALKER et al., 1972 (117); KEMBER, 1972 ( ); DAWSON et al.,

1974 (20); KEMBER, 1978 (71).

.j

Most of the studies carried out by KEMBER were investigations of

the control mechanism of growth in long bones. In his last re-

port (71), two hypotheses on the nature of cellular control of

bone growth were suggested: a) within any one growth plate, the

control of the proliferation rate is independent of the size of

the proliferating cell population; b) within one animal the ra-

i tes of cell proliferation in all growth plates are the same while

the sizes of the proliferation zones are different and are speci-

; fie to each plate.
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The changes in cell kinetic parameters following X-irradiation of

growing cartilage have only been investigated by TONNA in 1970

(114) and KMBER (69). The former author found that af-

ter irradiation of femora in 5 weeks old mice a decrease of the

LI took place with increasing radiation doses. A decrease in

the LI values occurred as early as 8 hours after irradiation.

Between the 3rd and 7th day following irradiation, the LI values

showed a recovery. If the dose of radiation was increased,

this recovery of the LI values occurred later.

KEMBER (69) studied the profiles of labelled cells in the columns

of the epiphyseal disc after different treatments, i.e. growth

hormone, hypophysectomy, hypophysectomy and growth hormone treat-

ment, cortisone treatment, chronic irradiation and treatment with

phosphorus-32. All these treatments produced only small changes

in the size of the proliferation zone with the exception of chro-

nic irradiation and in old age. This author concluded that ir-

radiation probably reduces the growth fraction by inactivating

cells in the proliferation zone.

In order to obtain a better insight concerning the influence of

the age of the cartilage on the response to irradiation, several

cell kinetic studies were carried out. Fran the results ob-

tained in the experiments reported in chapter 3, it was expected

that the age would not play an ijnportant role in the response of

the chondrocytes of the epiphyseal disc to irradiation. This

assumption implies that the chondrocytes do not change in radio-
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sensitivity with ageing. Differences in radiation response

would more probably be the effect of reduction of the prolifer-

ative pool of cartilage cells which would decrease with ageing.

7.2. MATERIALS AND METHODS

One to six week-old 0„„D„ strain inbred mice were used as in

the other reported experiments. For labelling studies, H-TdR

(Radiochemical Centre, Amersham; specific activity 5 Ci/nW)

was injected intraperitoneally. No special care was taken re-

garding the avoidance of possible circadian variations in label-

ling but in general the animals were injected at 10.00 a.m. and

were maintained at 12 hours alternating periods of light and

darkness.

For labelling index experiments H-TdR 1.0 micro Ci/gram body-

weight was inoculated. Mice were sacrificed one hour later,

the tibiae were removed and fixed for 24 hours in PFUHL solution.

Decalcification was then carried out by electrolysis for periods

varying from 8 to 24 hours according to the age of the animals.

Following decalcification the tibiae were embedded in paraplast

using a vacuum procedure and slides of 5 microns, parallel to

the sagittal axis of the tibia were cut. The slides were coat-

ed with an Ilford K~ emulsion, using the dipping technique.

After an exposure of 6 to 8 weeks in a dark box at 4°C, the

slides were developed in Kodak D „ and stained with haematoxylin-

130

IT...-



eosine.

The percentage of labelled mitoses (PIM) was estimated in litter-

mates one week of age. A pulse labelling with H-TdR injected

intraperitoneally at a dose of 1 microcurie per gram body weight

was administered to all the mice (generally a litter consisted of

8 to 10 mice). At different intervals after the pulse labelling,

two mice were sacrificed t and the tibiae (4 tibiae) were proces-

sed using a similar method as described for labelling index de-

terminations.

In analysing the autoradiographic slides, the following consider-

ations were taken into account:

a) as the background of the slides was low, cells were considered

as labelled if they showed five grains or more per nucleus;

b) only the central part of the plates were scored;

c) in mice one week old the epiphyseal disc is not yet arranged

in columns so that the mapping of labelled cells for this age

remains ambiguous;

d) the labelling index was estimated in the first eleven cells of

each column, from the epiphyseal side of the disc towards the

metaphyseal side. The cells in these positions were consid-

ered to represent the proliferating pool of the cartilage

plate. Corrections were made for the number of cells in the

columns in the different ages;

e) for the P1M curves at least 100 mitoses were scanned.
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7.3, RESULTS

7.3.1. Distribution of labelled oells within the epiphyseal plate

for different ages

Tne position of labelled cells within the epiphyseal plate

was mapped in mice one to six weeks of age. This distri-

bution is presented in figure 7-1. The percentage of la-

belled cells (labelling index of every layer) is shown on

the ordinate axis and the relative cell position, in the

columns from the epiphyseal side (on the left) to the meta-

physeal side is presented on the abscissa axis. A similar

method has also been used by KEMBER (64) and DIXON (28).

It can be observed that the LI is low for all the ages un-

der study in the first two positions, corresponding with

the layers of reserve chondrocytes, also denominated as

"resting zone" (see chapter 2). Fran position 3 on the

number of labelled chondrocytes increased as could be ex-

pected in the "proliferating zone". Then, for the cells

positioned in the lower part of the columns from position

7 on, the LI decreased, indicating the transition from

proliferating towards hypertrophic zones.

In mice one week of age this cell distribution is less spe-

cific because, at this age, the epipbyseal plate has not
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Figure 7-1: Labelling index percentages in every layer of the epi-
physeal plate for mice 1 to 7 weeks of age. Cells in
position 1 are those lying in the zone of reserve chon-
drocytes (epiphyseal side). Cells in position 11 are
those lying in the lower part of the proliferation zone
(metaphyseal side).

yet reached a definitive columnar arrangement, making dif-

ficult a mapping of labelled cells.

The labelling index in the whole epiphyseal plate decreas-

ed with ageing as it is shown in figure 7-2. Fran a value

of about 15% in mice one week old, LI decreased to about 3%

in mice seven weeks of age. It is noteworthy that the LI

values showed a constant decrease up to the age of 5 weeks

(1.6%) but for mice 6 and 7 weeks old, sane increase in LI

was observed.
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Figure 7-2: Average labelling indexes of the whole epiphyseal disc
as a function of age. Vertical bars represent + 1 s.e.
of the mean.

7.3.2. Influence of X-rays on the distribution of labelled cells

in the epiphyseal plate. Influence on the LI

The distribution of labelled cells in the epiphyseal disc

was also studied after a single dose of 15 Gy of X-rays.

Mice were one, three and five weeks old at irradiation.

Figure 7-3 shows the distribution of labelled cells for

each age, following irradiation. For comparison, the

mapping of unirradiated controls is also presented. It

can be observed that a week after irradiation, there is

a decreased LI in every layer as compared to controls.

Thereafter, the LI seems to recover, mainly within the

layers corresponding to the "resting zone". This effect

is most striking in mice one week of age at irradiation.
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index values of untreated controls also are shown (left)

The values of the LI in the whole epiphyseal plate at

weekly intervals after irradiation are presented in

table I and figure 7-4. For comparison, the LI values

in controls of the same ages are also shown. As com-

pared to controls the LI values of mice one week of age

at irradiation were lower during the first three weeks

but later on they did not differ significantly frcm un-

irradiated controls. At the seventh week, the LI va-

lues were somewhat higher than in unirradiated controls.

In mice three weeks old at irradiation, the LI values

were lover than in controls up to the seventh week.
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Average labelling indexes of the whole epiphyseal disc
after a single dose X-rays of 15 Gy as a function of
the age. Mice were 1 and 3 weeks old at irradiation.
For comparison, the values of untreated controls are
also presented.

Thereafter no LI determinations were done so that a pos-

sible rebound, as found in one week old mice, could not

be established.

Table I - L.I. values detemined at weekly intervals following a single dose of 15 Gy X-rays at
different ages.

Age

Controls

15 Gy at 1 wk.

15 Gy at 2 wks.

15 Gy at 3 wks.

15 Gy at 4 wks.

15 Gy at 5 wks.

1 week

14.8 - 3.5

-

-

-

2 weeks

7.7 - 2.0

6.0 - 0.9

3 weeks

5.8 - 1.5

3.2 - 0.9

1.2 - 0.4

-

-

4 weeks

4.8 - 1.3

2.2 - 1.1

2.7 - 1.5

1.9-1.9

-

5 weeks

1.6 - 2.0

2.5 i 0.7

1.7 - 0.8

2.5 - 0.S

0.6 - 0.5

-

6 weeks

2.2 - 1.6

3.2 - 1.2

2.0 - 0.5

1.8 - 0.9

1.5 - 0.S

1.0 - 0.5

7 weeks

3.0 - 2.1

4.7 1 1.1

1.6 - 1.0

1.8 - 0.6

I.4 - 0.5

1.9 - 0.6
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7.3.3. Percentage of labelled mitoses (PIM) in one week old mice

After a pulse labelling with H-TdR in littermates one

week old, two mice were sacrificed at different intervals

and the percentage of labelled mitoses in the "proliferat-

ing zone" of the epiphyseal disc was determined. The re-

sults are presented in figure 7-5 as a PIM curve as a

function of the time after the pulse labelling. The per-

centage of labelled mitoses increased rapidly during the

first hours, reaching a peak around six hours after the

pulse, when 90% of mitoses were labelled. Thereafter the

l* 8 12 16 20 1U 28 32
HOURS

Figure 7-5: Percentage of labelled mitoses (PIM) at different in-
tervals following a flash label with H-TdR. The cur-
ves presented have been fitted by eye. For the estima-
tion of the different components of the cell cycle see
text.

percentage of labelled mitoses decreased. A second wave

of labelled mitoses is observed around 12 hours after the

pulse although the peak of the curve only reached 40% of

labelled mitoses.
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From the PLM curve, the duration of the different parts

of the cell cycle can be estimated.

a) interval between the end of the synthesis phase and

the end of the mitotic phase (T -HM) : 3.8 hours

b) synthesis phase (Ts): 6 hours

c) cell cycle time (lU) : 11.2 hours

d) presynthetic phase ( T
r i)

: 1-4 hours.

Because the second wave of labelled mitoses did not reach

the 50% level, it is difficult to derive accurate data.

The cell cycle time (T_) can also be estimated when the

labelling index (LI) and the synthesis time (Ts) are known.

In our LI determination (see 8.3.1.) a value of 0.148 was

found in mice one week of age. The duration of To can be

derived from the first wave of the PLM curve, i.e. 6 hours.

Assuming that all the cells are dividing with the same cell

cycle and the cells are uniformly distributed throughout

the cell cycle, the following approximate equation can be

formulated:

and application of this equation yields a T value of

40.5 hours. However, this time, if not all the cells

are proliferating, is an estimation of the potential

doubling time and not of the cell cycle time.

In mice three weeks old, the labelling index was esti-

mated to be 0.058. If we assume that the synthesis

time did not change with ageing, a Tp value of about

138



103 hours (4.2 days) can be derived from equation (1).

These values of the generation time correspond better

to those reported by KEWBER in the rat tibia than the

time directly derived from the PIM curve.

7.4. DISCUSSION

From a kinetic point of view, the proliferation characteristics

of the growing bones differ from other proliferating tissues.

In figure 7-6 a comparison of the kinetics in the skin, tumors

and growing bones is presented schematically. The skin can be

considered as a two-compartment system where the cells are con-

stantiy moving from the proliferating compartment (basal layer)

to the differentiating compartment, and then the cells are lost

by desquamation. In such a system, a steady state is reached

so that the number of cells in each compartment remains con-

stant. In many fast growing transplantable tumors, no differ-

entiating compartment exists but a quiescent pool of cells (rest-

ing cells or G -cells) can move into the proliferating compart-

ment. Because, in tumors, a balance between cell production

and cell loss does not exist, the number of cells constantly in-

creases with time. In growing bones, the kinetics of cells can

be represented by a three-compartment system: the quiescent

cells in the resting zone of the epiphyseal cartilage, the pro-

liferating cells and a third compartment of differentiation.

The mechanism of cell loss in growing bones can be compared with

calcification of cells in the junction between the epiphyseal

disc and metaphysis. With ageing, the proliferation compart-

ment decreases in size and the differentiating zone becomes
139



progressively calcified. When the period of growth finishes,

the whole system becomes calcified with the exception of the

layer of resting cells which can be activated to proliferate un-

der special conditions, e.g. injury. Evidence of the decrease

in size of the proliferative and differentiating compartments

has already been presented in the chapter devoted to histopatho-

logical changes, where it was derived f ran the photomicrographs

that with ageing, the number of cells in the disc decreases pro-

gressively.

N
SKIN

P Q
N

TUMOR

Q P D

YOUNG BONE

eel loss~calcification
N

OLD BONE

cell loss=calcification

Figure 7-6: On the left, schematically representation of the cell
compartments in the skin, tumors and proliferating car-
tilage (see text for further explanation). On the right,
the number of cells in the whole system has been plot-
ted as a function of the time. P: proliferating cells;

140 Q: quiescent cells; D: differentiating cells; N: total
number of cells in the system; t: time.



The decrease in labelling index with age found in our experiments

seems to support the hypothesis that also the proliferation rate

of chondrocytes decreases with the time. From the mapping of

labelled cells it is evident that the proliferation rate in the

different layers of the proliferative compartment is not the same

and these data support those reported by WALKER et al. (117) and

DIXCN (28).

In figure 7-7, the growth in length of the mouse tibia has been

plotted together with the values of the LI during a period of

seven weeks. It is shown that the decreasing growth rate of

the tibia corresponds with the decrease in LI values. A cor-

relation was found between the values of the LI for every age

E

% 17
"* 16

13

I11
&10
9
8

A labelling index
• growth in length

418
16

5 6 7
Age (weeks)

Figure 7-7: Linear plot correlating the growth rate of the mouse
tibia with the labelling index values as function of
the age.
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related to the LI for one week old mice and the rate of potent-

ial growth for every age related to the potential growth of one

week old mice. As it can be observed in table II, the decrease

in potential growth follows the decrease of the LI after a shift

of one "week. This shift is probably due to the effect of growth

in the differentiating conpartment.

Table II - Relationship between relative L.I. and relative potential
growth.

AGE
(weeks)

1

2

3

4

5

6

7

L.I.

(*)

14.9

7.7

5.8

4.8

1.6

2.25

3.0

Potential Growth

(P.G.)

(ran)

8.6

6.75

4.9

3.2

2.65

1.7

1.1

L.I. (Age)
L.I. (1 week)

100°a

51 -^

39 ~^

32 ^ ^

11 ^ ^

15 ̂  ^

20

P.G. (Age)
P.G. (1 week)

100°6

78

"*• 57

^ * 37

"* 31

^ 19

^ * 13

In table III a comparison is presented of our labelling index

values with other reported data in the literature. Differences

in the values are probably due to the criteria selected for the

determinations as well as the cartilage and the animal used in

the study.
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Table III - L.I. determinations reported in the literature compared
with our own data.

Author

Tonna, 1961

Kember, 1971

Walker et al.

1972

Gonzalez, 1979

L.I. %

5.4-

4.8

1.8

0.2

0.0

12.5

10.6

2.7

2.7

1.4

12.0

10.2

7.0

4.0

3.0

2.0

14.9

7.7

5.8

4.8

1 .6

2.2

3.0

Animal

mouse
ii

ii

IT

II

rat
M

II

11

91

rat
t?

tl

It

If

tl

mouse
it

it

n

it

tt

M

Site

distal femur
tt

Tt

It

Tf

tibia
tt

tt

it

ti

tibia
tt

ti

it

ti

ti

proximal tibia
tt

M

tt

11

it

it

Age
(weeks)

1

5

8

26

52

4

6

16

26

52

4

6

13

26

39

52

1

2

3

4

5

6

7

Ws only determined PLM curves in mice one week of age and there-

fore it was not possible to observe with certainty if the cell

cycle time and its canponents change with ageing. Under sever-

al assunptions, it was' estimated that the potential doubling tine

in one week old mice was around 40 hours, whereas for three week

old mice the T c elapsed about 103 hours. DIXCN (28) found that
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in rats one day of age, the generation tine was equal to 22

hours and for rats one week old, this time was 84 hours. The

T and the G2 times were the same in both ages. The enlarge-

ment of the G, phase for the oldest rats was responsible for

the longer duration of the cell cycle. In table IV the kinet-

ic findings of several authors and our own data are shown.

Once again, differences in determinations can be the result of

the technique being used as well as the experimental model em-

ployed.

Table IV - Kinetic parameters reported in the literature compared with our own data.

Author

Kember, 1960

Folke, 1967

Kember, 1969

Dixon, 1971

Dixon, 1971

Walker, 1972

Gonzalez, 1980

TC
(nrs)

48

100

20 - 100

22

84

55

11.2 - 40

TS
(hrs

8.5

7

8

11.6

11.6

6.5

6.0

TG2
(hrs)

1 - 2

1.5

2

4.6

4.6

3.2

3.8

TO
(hrs)

<1

1.5

1

TG,
(hrs)

37

90

9-89

6.8

67.8

44.5

1.4

Animal

rat

rat

rat

rat

rat

rat

mouse

Plate

tibia

mandibula

tibia

tail

tail

tibia

tibia

Age
(Kks)

6-8

4

5

1 day

1

6

1

Method*
(label.)

C

P

P + C

P

P

P

P

Labelling method; P: pulse labelling; C: continuous labelling

When a single dose of X-rays was administered to the epiphyseal

cartilage, the labelling index values decreased in relation to

unirradiated controls. However, in mice receiving the irradiat-

ion at one week of age, these lower values of LI only occurred

during three weeks after irradiation. Later on, the LI was

similar to that of controls or higher. This probably can be

interpreted as a recovery of the epiphyseal disc. In mice ir-
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radiated at the age of three weeks, this possible recovery coulu

not be detected because the observation time was too short. If

the spatial distribution of labelled cells is analysed, it seems

that the labelling index in the first layers of the disc, that

of the reserve chondrocy tes, is higher than in controls f ran the

5th to the 7th week. That is more marked in mice one week old

at irradiation. This effect can mean that the reserve chondro-

cytes are activated to proliferate to compensate the reduction

in the proliferating compartment caused by irradiation. Our re-

sults support those of TONNA (114), who found a decrease in LI

after irradiation. He also reported a recovery of the LI later.

KEMBER (71) also found a decrease in the proliferation zone fol-

lowing irradiation.

In figure 7-8 a correlation is shown between the effect of 15 Gy

of X-rays on the potential growth of the tibia and the effect on

the LI values. After irradiation, the potential growth values

constantly decreased for all ages. The same trend was observed

for the values of LI. This correlation indicates that probably

the proliferative catpartment is reduced at a constant rate

for a specified dose of irradiation but the radiosensitivity of

the cells in this compartment did not change with ageing.

From the cell kinetic studies described, it can be concluded

that the proliferative compartment in the epiphyseal plate de-
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Figure 7-8: The upper part of the figure presents the potential
growth remaining at every age, for controls (conti-
nuous line) and for treated tibia (dotted) line af-
ter a single dose of 15 Gy X-rays.
The bottom part of the figure shows the labelling
index values at every age, for controls (continuous
line) and for treated tibia (dotted line) after a
single dose of 15 Gy X-rays.

creases with ageing. The cell cycle time becomes longer due to

increase of the G, phase when the mice are older (28). Because

of the progressive calcification of the plate, the proliferating

pool of cells decreases with time. Irradiation seems to preci-

pitate the natural reduction of this compartment. Although a

change in radiosensitivity of the chondrocytes with ageing would

be expected on the basis of changes in proliferation rate and
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changes in generation time, it was found that quantitatively the

effects of irradiation are the same for every age. The loss in

potential growth and the decreases in LI values remained constant

for all the ages under study.

7.5. SUMMARY AND CONCLUSIONS

Cell kinetic studies were carried out in order to obtain a bet-

ter insight into the phenomena occurring in the growing epiphy-

seal plate of mouse tibia.

The distribution of labelled cells in the epiphyseal disc was

analysed. It was found that the labelling index in the first

layers at the epiphyseal side is low, corresponding to the

"resting zone". Moving down to the metaphyseal side, the LI

increased up to the 8 - 9 layers corresponding to the "prolif-

eration zone". Then again the LI decreased, in the more dis-

tal layers approaching the junction between hypertrophic chon-

drocytes and calcification area.

When the mice become older, the LI values decreased which means

a diminished proliferation rate with ageing.

A shift of one week was found between the relative potential

;. growth rates and the relative LI values. It was concluded that

f
1 this gap is the time needed by the chondrocytes to move through

i

\ the differentiating compartment.

• After a single dose of irradiation, the LI values were decreased
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during a period of about three weeks. Later on a recovery took

place. These kinetic data correspond to the histopathological

findings presented earlier. It seems that after irradiation,

the chondrocytes in the "resting zone" are stimulated to prolif-

erate as an increasing LI occurred compared to unirradiated con-

trols .

The duration of the cell cycle was studied in mice one week of

age by means of PLM curves. Although we did not repeat this

study in older mice, data reported in the literature pointed

out that with ageing, the cell cycle time becomes longer, due to

a prolongation of the G, phase.

When the potential growth rates after irradiation were correlat-

ed with the LI values also following irradiation, it was found

that the decrease of both parameters is constant and independent

of the age at irradiation. These data seem to indicate that

besides the changes in proliferation rate and cell cycle time

occurring with ageing, the effect of irradiation on growing bones

is not largely influenced by these kinetic parameters.
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CHAPTER 8

CLINICAL DATA FROM IRRADIATED GROWING LONG BONES IN CHILDREN

8.1. INTRODUCTION

The first evidence of growth disturbances following X-ray treat-

ment in patients below the age of 20 years was reported by HUECK

and SPIEBS in 1929 (54). Since then, many publications have

documented the effects of irradiation on growing bones in man

(38) (63) (72) (74) (75) (82) (83) (99) (104) (107) (115) (119)

(121). Most of these reports concern the morphological and ra-

diographic descriptions of the deformities and changes taking

place after irradiation. In the Dutch literature, an excellent

review as well as an account of personal experience about growth

disturbances after radiation was published by van Nes in 1966

(82). As many of the disturbances reported were a result of

X-ray treatment of benign haemangiana, localised in the proximi-

ty of the epiphyseal cartilages, STEVENS in 1934, recommended to

take great care in the radiation treatment of children, particu-

lary infants (107). Interestingly, SPANGLER recommended X-ray

therapy for closure of the epiphysis in children with legs of

unequal length (105). A classic article about spinal scoliosis

in long term survivors of Wilms' tumor treated with irradiation

has been reported by ARKIN and SIMON (1). The radiographic
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changes of vertebrae after irradiation were described excellent-

ly by NEÜHAUSER et al. (83). Due to the fact that in recent

years the life expectancy of children with malignancies has con-

siderably increased, more attention is being paid to the possible

sequelae'produced by radiotherapy and chemotherapy (15) (18) (19)

(42) (58) (94) (109).

When reviewing the literature concerning growth disturbances, a

lack of quantitative data is evident. DAWSON has published a

series of 7 cases for which the degree of growth disturbance fol-

lowing irradiation involving limbs was correlated to the age at

treatment and the dose administered (21) . PROBERT et al. (92)

(93) have reported the effects of irradiation of the spine on the

standing and sitting heights of children. They also correlated

the effects to the age and the dose. With the exception of the-

se two reports, we could not find efforts to quantify the effect

of irradiation on growing bones in the literature. This type of

study is difficult due to a series of factors:

- It is very difficult to gather enough cases where, with a range

of ages and a range of doses, the same epiphyseal cartilage has

been irradiated. The epiphyseal plates do not contribute to

the same extent to the longitudinal growth. For the same age

and the same X-ray dose, the quantitative growth disturbance

after irradiation would not be the same when e.g. either the

proximal or the distal femoral epiphyses were irradiated.

- The second problem is that the tumor growth itself can cause
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growth disturbance by infiltrating the epiphyseal disc. In

this way, it will be impossible to distinguish what part of

the damage is due to radiation and what is due to tumor infil-

tration in the plate.

- A third problem is the follow-up of the patients. In order

to evaluate the definitive growth deficit, it is necessary to

follow the patients up to the period at which growth is com-

pleted. For practical reasons this is not possible in most

of the cases. Furthermore, the patients with growth disturb-

ances are frequently treated by the orthopedic surgeon in or-

der to correct these deformities, so that a definitve evaluat-

tion of the damage at the age when growth is complete, is im-

possible in most of the cases.

With all these limitations in mind, we intended to make a quanti-

tative clinical study on the growth retardation produced by ir-

radiation of "long bones" during the growth period. This study

constitutes the essential part of this chapter.

8.2. MATERIAL AND METHODS

A questionaire was circulated to orthopedic surgeons, radiodiag-

nosticians and radiotherapists in the Netherlands in which we

asked for cases of growth retardation of long bones following

irradiation in childhood. In this way it was possible to ob-

tain data on 22 cases. Nine of these had been irradiated for
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an haemangioma. In the other 13 cases the indications for irra-

diation were various malignancies localised in the extremities.

We are indebted to all the colleagues who supplied us with the

required information.

Table I presents the cases irradiated because of an haemangicma

localised in the extremities. With the exception of two cases

where the shortening was assessed at the age of eight and 10

years, the other patients were assessed at a time when most of

the expected growth has already been completed. It is difficult

to estimate exactly the doses received by the epiphyseal plate

lying under the irradiated haemangiana. Radiation qualities

with X-ray energies varied between 180 and 240 KV, the SSD (sour-

ce skin distance) and the filtration were also different in every

case. Taking into account the individual characteristics, we

estimated that the range of doses absorbed by the epiphyseal

plate in this group of patients varied between 6 and 10 Gy. The

shortening is defined as a difference in "clinical length" be-

tween the unirradiated and the irradiated extremities.

Table II presents the data of 13 cases irradiated due to various

malignancies in the extremities. Also in this group the growth

period was probably not completed in several cases at the time

when the growth disturbances were assessed and therefore, the

definitive shortening could be greater as presented than present-

ly measured. In this group more was known about the absorbed
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doses in the epiphyseal plates. In order to homogenize the

radiation characteristics, the TDF factors (tine-dose factors)

were calculated (84) and these are shown in the table. In

cases 16 and 22, the irradiation fields did not enconpass the

epiphyseal disc.

Table I - Long bones irradiated because of haemangioma.

Case/sex*

1/M

2/M

3/F

4/F

S/M

6/M

7/M

8/F

9/F

Location

R. thigh

R.knee

R.knee

R.knee

L.thigh

R.knee

R.thigh

R.wrist

L.thigh

Irradiated

plates

distal
femora

prox.tibia
distal femora

prox.tibia
distal femora

prox-tibia
distal femora

distal femora

prox.tibia
distal feniora

distal femora

distal radius
distal cubitu

prox.femora

Ag
at treatment

16 days

7 days

2 months

2 months

7 days

3 months

3 yrs.

2 months

3 yrs.

e

at assessment

10 yrs.

17 yrs.

15 yrs.

22 yrs

17 yrs.

16 yrs.

14 yrs.

19 yrs.

8 yrs.

Shortening*

(cm)

2.0

1.5

2.5

2.5

1.5

4.5

2.5

1.2

2.0

Key: M = male; F •
Shortening =
unirradiated

= female; R = right; L = left;
difference in clinical length between
and irradiated extremities.
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Table II - Long bones irradiated because of malignant tumors.

Case/sex*

10/M

11/F

12/M

13/M

14/M

15/F

16/M

17/F

18/M

19/F

20/M

21/M

22/M

Pathology

Eosinophile
granuloma

1 laemangiosar-
coma

Xeuroblastoma

Sarcoma

Fibrotic osteo-
dysplasia

llaemangiosar-
coma

Fibrosarcoma

iiwing sarcoma

Ilaemangiolipo-
sarcoma

iiesmoid tumor

llaemangiosar-
coma

Osteosarcoma

Reticulosarcoma

Location*

R.fibula

L.knee

R.kidney

R.knec

L.humerus

R.tibia

L.femora

R.femora

R.knee

L.thigh

L. shoulder

R.femora

R. femora

Irradiated
plates

proximal tibia

proximal tibia
distal femora

proximal femora
os ileuro

proximal tibia
distal femora

proximal humerus

proximal tibia
distal femora

nil

proximal tibia
distal femora

proximal tibia
distal femora

proximal femora

proximal humérus

proximal tibia
distal femora

nil

AS
at treatment a

5 yrs.

3 mths.

2 yrs.

1 yr.

7 yrs.

1 yr.

9 yrs.

10 yrs.

1 yr.

14 yrs.

3 yrs.

15 yrs.

3 mths.

e
t assessment

16 yrs.

17 yrs.

8 yrs.

14 yrs.

35 yrs.

11 yrs.

14 yrs.

17 yrs.

14 yrs.

15 yrs.

45 yrs.

45 yrs.

12 yrs.

Dose
(Gy)

21.0

22.0

30.0

37.0

42.0

43.0

45.0

48.0

04.0

00.0

43.0

50.0

40.0

TDF

43

45

52

52

86

100

92
98

105

99

80

95

00

Shortening
(cm)

2.0

9.0

2.0

5.0

3.3

11.5

0.0

4.0

12.0

1.0

0.7

4.5

3.0

* Key: M = male; F = female; R = right; I. = left;
Shortening = difference in clinical length between un irradiated and irradiated extremities.
TDF = time dose factor.



8.3. RESULTS

8.3.1. Growth curve after irradiation

In two cases, measurements of the clinical length of the

lower extremities over a 13-year period after irradiation

were available. These data give us the opportunity of

deriving growth curves of the irradiated and unirradiated

limbs. Cne patient had an haemangiosarcana localised in

the knee (case 15). She received a radiation dose of 43

Gy on the proximal epiphyseal plate of the tibia and the

distal epiphyseal plate of the femur. She was one year

old at irradiation and 11 years old when the definitive

shortening was finally assessed. Another case, a boy

with a haemangioliposarcoma in the knee, was also one

year old at irradiation. He received a dose of 60 Gy on

the proximal disc of the tibia and the distal disc of the

femur. The shortening was assessed at the age of 14

years.

The combined growth curves of the clinical length of the-

se two children are presented in figure 8-1 as a semi-

logarithinic plot. The unirradiated extremity grew with

the known pattern of a rapid period of growth during the

first 5 years after birth and later on a decreased growth

rate up to 9 - 11 years of age. A second period of

growth acceleration occurred between 11 and 14 years of

age and thereafter the growth rate decreased once again.

This form of growth can be described mathematically by two
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Gompertz' equations, i.e. one for the prepuberal period

and the other for the puberty and postpuberal period (10).

As compared with the unirradiated extremity, the irradiat-

ed one grew more slowly during a period of approximately

5 years after irradiation. Later on the growth rate was

similar to that of the unirradiated limb, as the slopes of

both growth curves are similar. As a result of the de-

creased growth rate during the first years postirradiation,

a definitive shortening occurred, 11% and 12 an respective-

ly. It is noteworthy that in these two cases, the same

epiphyseal plates were irradiated at the same age and al-

though the administered doses differed by 17 Gy, the defi-

nitive shortening was not substantially different.

In figure 8-1, a case reported by FRANTZ (38) has also been

plotted where the whole extremity was irradiated because of

generalized haemangioma. The growth pattern of the extre-

mities in this patient does not differ significantly from

our own cases. Because all the epiphyseal plates of the

leg were irradiated, although the estimated dose to the

plates was about 24.5 Gy, a considerable shortening, 25

cm, took place. This patient was irradiated at the age

of 2 years and he was about 16 when the definitive short-

ening was assessed.
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Figure 8-1: Semilogarithmic plot showing the growth (in clinical
length) of the liirbs during a period of 14 years.

A Ccntoined growth curve of the two unirradiated limbs,
o Combined growth curve of the two irradiated limbs.
a Case reported by FRANTZ (38).

In figure 8-2 the relative growth rate of irradiated and

unirradiated extremities is presented. This method,

(see addendum for explanation), provides a good index of

acceleration or deceleration of growth.

It can be observed that a deceleration in growth took

place in the first years following irradiation, but from

the seventh year to maturity the increment in growth was

about the same in irradiated and unirradiated limbs.
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Figure 8-2: Linear plot showing the relative increment in growth

with the time of unirradiated and irradiated legs in
the two children cited in the text.

8.3.2. Relationships of age at irradiation, dose of irradiation

and shortening

As was pointed out before, many factors interfere with a

quantitative clinical study of the variables involved in

the damage following irradiation of growing bones. It

is apparent from tables I and II that the collected data

concerns a heterogeneous group of irradiated epiphyseal

plates. Therefore, the analysis to be presented must

be seen as a tentative quantification.

In figure 8-3 the relationship between age at irradiation,

doses of radiation and shortening is shown in a linear plot

for 20 cases where the epiphyseal discs were irradiated.

Once again, the points in the plot concern different bones

and it has not been taken into account if one or more

plates were irradiated. Between 5 and 11 years of age,

not enough points were available.

Several conclusions can be derived from this figure. The
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definitive shortening was strongly dependent on the age a^

irradiation, amounting in several cases to 9 - 12 an in

patients up to the age of one year.

Also, the administered dose of radiation had a major in-

fluence on the shortening with higher radiation doses pro-

ducing more severe damage. A "saturation dose" would

seem to exist at about 40 Gy, because higher doses did not

produce a further considerable increase in shortening.

In figure 8-4, a three-dimensional model is shown where

the age at irradiation, the administered doses in Grays

and the shortening in centimeters are correlated.

£u

o
c
'c

r
o
•5

12

10

8

6

0

same plate

0 10 20 30 40 50 60 70
Dose (Gy)

Figure 8-3: Dose-effect curves for different ages. The parameter
used in estimating the effect of irradiation was the
absolute shortening.

• Children up to 1 year of age where the same epi-
physeal plate was irradiated.

«^.Children under 1 year of age independently of the
irradiated plates.

^Children between 1 and 5 years of age.
•Childrer older than 11 years. 159



Figure 8-4: Three-dimensional graph showing the relationship be-
tween age at irradiation, dose of radiation and abso-
lute shortening in the children considered in the pre-
sent work.

From figures 8-3' and 8-4 it is possible to predict within

seme margin of error, what definitive shortening is going

to occur if the age at treatment and the dose of irradia-

tion to be administered are known.

In 11 cases, data were available about the length of the

unirradiated and the irradiated extremities both at the

moment of irradiation and at the time of assessment of

shortening. In these cases it was therefore possible

to estimate the Actual and Potential Growth as has been
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done in the experimental model (see chapter 3). In fi-

gure 8-5 this ratio has been plotted as a function of

the administered doses of irradiation. It can be ob-

served that for the different ages, the values of the

ratio Actual Growth/Potential Growth did not show impor-

tant differences.

Although the ratios for dosages of 60 Gy or more seems

to be somewhat higher for older children than for the

very young ones, on the whole the same tendency is ob-

served for the various total dose levels of irradiation.

1.0

"o -&

occ

0

o ^ 1 year old
D > 1_5years old
A ^ 11 years old

0 10 20 30 40 50 60 70
Doses (Gy)

Figure 8-5: Dose-response curve in the 11 children where it was
possible to estimate the ratio Actual Growth/Poten-
tial Growth of the long bones after irradiation.
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j.he curve fitting the clinical data, presented in figure

8-5, can be described by the equation:

R(D) = 1 - 0.75 (1 - e ~ D / 4 5 ) 2 - 7

This formule is comparable to that derived frcm the

mouse model (see chapter 3) -

Once the ratio R(D) is known, the absolute shortening

can be derived following the same procedure as was al-

ready done in the experimental model. The final length

(L ) can be found in tables dealing with growth curves

of normal children.

8.4. DISCUSSION

Although the effect of irradiation on growing bones in children

has extensively been described in the literature, to our know-

ledge no quantitative data are available. TEFFT (110) has re-

cently pointed out that with respect to the effect of irradia-

tion on growing bones and cartilage, as related to the total

dose delivered, the rate of such a delivery and the relationship

to age of the child at the time of such a delivery, is not defi-

nitively established in terms of absolute criteria.
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Due to the limitations mentioned previously in this chapter, we

feel that it will be nearly impossible to collect enough clini-

cal data to establish with absolute criteria what kind of rela-

tionship exists between the age at irradiation, the dose of ir-

radiation and the definitive damage to the growing bone and

cartilage. However, with all these limitations in mind, it

has been possible to derive quantitative data which can be used

as a guideline for the clinicians in predicting the definitive

shortening of long bones when the age of the child and the

scheduled dose of radiation are known.

The clinical data correlates quite well with the experimental

results presented in chapter 3. The trends of the curves

shown in figure 8-3 are similar to those obtained in mice one

and three weeks of age after different radiation doses (figure

5, chapter 3). This agreement supports the mouse model as

being a good model to simulate clinical situations, for longi-

tudinal growth of long bones.

The growth curves after irradiation shown in figure 8-1, seem

also to follow a similar pattern as the tibia of mice. "After

a period of decreasing growth rate the irradiated long bones

had a similar slope to unirradiated ones. This probably

means that after irradiation the proliferative pool in the

epiphyseal plate is diminished but has a proliferation rate

similar to that of the unirradiated cartilage.

163



8.5. SUMMARY AND CONCLUSIONS

Data from 22 children irradiated on the long bones were col-

lected. It has been possible to define a correlation between

the age of the child at irradiation, the administered dose of

irradiation and the definitive shortening. In this way it

will be possible for the clinicians to estimate what shorten-

ing will occur for a certain child when the scheduled dose is

known. The data derived from these children agree with the

experimental results obtained in the tibia of mice. The

growth of irradiated long extremities is decreased temporari-

ly but later on follows with the same growth as unirradiated

bones. Also, the radiosensitivety of the irradiated bones

was independent of the age at irradiation when the parameter

Actual Growth/Potential Growth was estimated.

Another point showing the good correlation between the experi-

mental and the clinical data is the estimation of the ratio

Actual Growth/Potential Growth in irradiated children. As it

was found in the experimental model, if the potential growth

remaining at the time of irradiation is taken into account, no

important differences in the values of the ratio were found

for various age groups. These data are once again contrary

to the hypothesis that the radiosensitivity of growing bones

changes with age. That is only true for absolute shortening

where the remaining growth after irradiation is not taken into

account.
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Addendum - Growth rate: calculation sheet (example)

Observed

Date

5.2.50

5.2.51

data

C
(cm)

41

44

A

3

4

Calculations

dc MC

3 42.5

dA

1

dc
dA

3

dc/dA
MC

0.07

Growth rate
xlOO per year

7

Key: A = age dc = difference clinical length
C = clinical length dA = elapsed time
MC = average clinical length
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GENERAL SUMMARY *

1. A study of the effects of ionizing radiations on growing bones

is the subject of this thesis. The epiphyseal disc of growing

mouse tibia was selected as model for the experiments. Although

many difficulties are inherent to this type of studies in vivo,

the lack of quantitative data and the particular characteristics

of growth of bones stimulated us to initiate this work. An at-

tempt was made to obtain clinical data from irradiated bones during

the childhood and to quantitate this information. Within the

range of possibilities correlations have been established between

the experimental and clinical data.

2. A brief description of the normal histology is presented.

Particular emphasis is laid to the different functional zones of

the epiphyseal plate. The histological changes were studied fol-

lowing different treatments, e.g. X-irradiation, neutron irradia-

tion, misonidazole in combination with X-irradiation and hyper-

thermia in combination with X-irradiation.

3. It has been reported in the literature that the age at the

moment of irradiation influences the radiation effect. This

holds true only if the absolute shortening or the ratio between

treated tibia and controls are taken into account. If the po-

* The numbers preceding the paragraphs correspond with those of the

chapters
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tential growth remaining after the manent of irradiation is con-

sidered, the age does not play a role in the final effect pro-

duced by irradiation. An equation was derived for the ratio

actual growth versus potential growth and by means of this it is

possible to derive the absolute shortening produced by a radia-

tion dose. A threshold dose of about 5 Gy is necessary to pro-

duce a detectable effect. In the split-dose experiments, the

final effect was dependent on the fractional dose-level.

4. Dose-effect curves were derived after single doses of neu-

trons. The curves do not have a shoulder in the low dose re-

gion. Above a dose of 5 Gy the curves bend expressing a de-

crease in effectiveness. As was the case for X-irradiation,

no differences in radiosensitivity were found with ageing if

the potential growth remaining after irradiation is taken into

account. REE values for 14 MeV neutrons decreased from 4.0

for a dose of 2.5 Gy to 2.0 for a dose of 9 Gy. The REE values

were independent on the age. Split doses of neutrons in mice,

1 week of age, were at least as effective as the same total

single dose. These results correspond with the shape of the

dose-response curve. In mice, 3 weeks of age, the results were

different as split doses of neutrons were less effective com-

pared to an equivalent single dose.

5. It was found that the administration of misonidazole before

X-irradiation enhanced the radiation effect by a factor of 1.3.

This finding supports the existence of hypoxic cells in the epi-

physeal plate of growing bones. No enhancement was found when
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misonidazole was given two hours after irradiation. In the

experiments carried out with neutrons an enhancement of 1.3

was obtained when the administration of misonidazole preceded

the irradiation. These results point out that the high RBE

in this experimental model is probably not due to a greater

effectiveness on hypoxic cells but to absence of repair of

sublethal damage.

6. Heat alone did not produce a significant effect at the

level studied on the growth of mouse tibia. When heat treat-

ment followed a single dose of 10 Gy within a short period, a

significant enhancement was observed. The estimated Thermal

Enhancement Ratio was 1.4. The enhancement ratio decreased to

1.0 when hyperthermia was started 4 hours after irradiation.

7. It was found that the labelling index (LI) in the first

layers at the epiphyseal side, corresponding to the "resting

zone", is low. Moving down to the metaphyseal side, the LI

increased up to the 8-9 layers corresponding to the "proli-

feration zone". Then again the LI decreased in the junction

between hypertrophic chondrocytes and the calcification area.

The LI values decreased with ageing. After a single dose of

irradiation the LI values were depressed during a period of

about 3 weeks. Later on recovery took place. After pulse

labelling, PLM curves were derived for mice 1 week of age.

Although we did not repeat this study in older mice, data re-

ported in the literature pointed out that with ageing the cell

cycle time beccmes longer due to a prolongation of the G,
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phase.

8. Data from 22 children irradiated on the long bones were

collected. It has been possible to define a correlation be-

tween the age of the child at irradiation, the administered

dose of irradiation and the definitive shortening. In this

way it will be possible for the clinicians to estimate what

shortening will occur for a certain child when the scheduled

dose is known. A fair agreement was found between the expe-

rimental and the clinical data.
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SAMENVATTING IN HET NEDERLANDS *

1. Het onderwerp van dit proefschrift betreft het effect van ioni-

serende straling op groeiende botten. Als model werd de epiphysair

schijf van de pasgeboren muis gekozen. Hoewel er veel moeilijkhe-

den zijn verbonden aan dit soort studies in vivo, hebben het gebrek

aan kwantitatieve gegevens en de bijzondere kenmerken van de groei

van botten ons voldoende reden gegeven an dit werk te beginnen. Er

is een poging gedaan om klinische gegevens van bestraalde lange pijp-

beenderen van kinderen te verzamelen en de effecten van de bestraling

te kwantificeren.

2. Er wordt een korte beschrijving van de normale histologie van het

groeiende bot gegeven. In het bijzonder wordt aandacht geschonken

aan de verschillende functionele zones van de epiphysair schijf die

verantwoordelijk zijn voor de lengtegroei van het bot. De histopa-

thologische veranderingen van de epiphysair schijf van de tibia in

jonge muizen na verschillende behandelingen werden vervolgd. Een

drempel van een éénmalige dosis röntgenstraling van ongeveer 5 Gy is

nodig om merkbare veranderingen te veroorzaken. Voor hogere dose-

ringen kan de schade direct gecorreleerd worden met de toegediende

dosis. De histopathologische bevindingen bestaan voornamelijk uit

een verstoring van de kolanvormige rangschikkingen van de chondro-

cyten, het verschijnen van stervormige en grillig gevormde cellen,

* De cijfers voor de alinea's verwijzen naar de hoofdstukken van dit

proefschrift.
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lege holten en premature calcificatie. Als de totale dosis gefrac-

tioneerd wordt toegediend, blijkt de schade relatief geringer te

zijn. Kwalitatief gezien waren de opgetreden veranderingen in de

epiphysair schijf onafhankelijk van de leeftijd op het moment van de

bestraling. Ds histopathologische veranderingen in de epiphysair

schijf lijken na bestraling met neutronen vroeger op te treden dan

na röntgenbestraling; ze lijken bovendien uitgebreider te zijn en

minder goed te herstellen. Als er een "hypoxic cell sensitizer",

misonidazole, toegediend werd vcor de bestraling leken de histopa-

thologische veranderingen ernstiger te zijn dan met bestraling al-

leen. Hyperthermie alleen veroorzaakte gedeeltelijk herstelbare

veranderingen in de epiphysair schijf. De combinatie van hyper-

thermie met bestraling bleek meer schade te geven dan hyperthermie

of bestraling alleen.

3. Zoals bij andere biologische groei-systemen, kan de groei van de

tibia van de muis beschreven worden met een logistische formule.

In de literatuur is vaak vermeld dat de leeftijd op het moment van

de bestraling het bestralingseffect beïnvloedt. Uit onze resul-

taten blijkt dit alleen te gelden voor de absolute groeiachterstand.

Als rekening wordt gehouden met de nog te verwachten groei na het

mement van bestraling, blijkt de leeftijd geen rol te spelen in het

uiteindelijke bestralingseffect, doch alleen de toegediende dosis.

Er werd een fonnule afgeleid voor de verhouding werkelijke versus

verwachte groei. Als deze verhouding bekend is, is het mogelijk

de absolute verkorting voor een bepaalde dosis te voorspellen.
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4. Er werden dosis-effect curves afgeleid voor éénmalige doses

neutronenstraling bij muizen van 1 en 3 weken oud. Bij beide

leeftijden vertonen de curves geen schouder voor lagere doserin-

gen. Voor doses hoger dan 5 Gy vertonen de curves een afbuiging

die uitgelegd kan worden als verlies aan effectiviteit. Net als

bij röntgenbestraling bleek ook bij neutronenbestraling de leef-

tijd geen rol te spelen in het uiteindelijke bestralingseffect,

als rekening wordt gehouden met de nog te verwachten groei. De

gevonden REE waarde van neutronen daalt van ongeveer 4.0 voor een

dosis van 2.5 Gy naar 2.0 voor een dosis van 9 Gy. De REE waarde

was onafhankelijk van de leeftijd. Twee doses neutronenstraling,

toegediend met een interval van 24 uur, waren minstens zo effec-

tief als dezelfde dosis in één keer gegeven. Deze resultaten

zijn in overeenstemming met de afwezigheid van een schouder in de

dosis-response curve.

5. Het effect van een combinatie van misonidazole en bestraling

op de groeiende tibia van muizen werd bestudeerd. De toediening

van misonidazole voor de röntgenbestraling bleek gelijkwaardig te

zijn met een dosis ratio van 1.3. Deze bevindingen ondersteunen

de gegevens uit de literatuur waarin het bestaan van een fractie

hypoxische cellen in de epiphysair schijf van groeiende botten

wordt beschreven. De toediening van misonidazole na de bestraling

beïnvloedt het bestralingseffect niet. Ook als misonidazole ge-

geven wordt voor bestraling met neutronen wordt een vergroting van

het effect op de groei van een factor 1.3 gevonden. Deze resul-

taten zouden kunnen betekenen dat de hogere RBE waarde van neutro-
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nen meer gekoppeld kan worden aan het gebrek aan herstel van sub-

lethale schade dan aan een groter effect op hypoxische cellen.

6. Hyperthermie alleen had geen meetbare invloed op de groei van

de tibia in de muis. Wanneer hypertherniie gegeven werd kort na

een dosis röntgenstraling van 10 Gy, werd een significante ver-

groting van het bestralingseffect gevonden. De geschatte TER

(Thermal Enhancement Ratio) bedroeg 1.4 en was onafhankelijk van

de leeftijd. Hyperthermie toegediend 4 uur na bestraling met

10 Gy bleek geen versterking van het stralingseffect te veroor-

zaken.

7. De labellings-index in de eerste lagen van de epiphysair

schijf is laag. Deze lagen kanen overeen met de zogenaamde

"rust-zone". In de richting van de metaphyse neemt de label-

lings-index toe tot de 8e a 9e laag, hetgeen overeenkomt met de

zogenaamde "proliferative zone". Dan neemt de LI weer af in de

distale lagen bij het naderen van de hypertrophische chondrocyten

en de zone van calcificatie. Als de muizen ouder worden daalt

de LI. Na een eenmalige dosis röntgenstraling bleken de LI waar-

den gedurende een periode van 3 weken gedaald te zijn. Daarna

vond er een herstel tot normale waarden plaats. Als de te ver-

wachten groei na bestraling gecorreleerd werd met de LI waarde na

bestraling, bleek de afname van beide parameters constant te zijn

en onafhankelijk van de leeftijd op het manent van de bestraling.

Deze bevindingen lijken aan te geven dat ondanks veranderingen in

proliferatieve fractie en cel-cyclus tijd bij het ouder worden het

effect van bestraling op groeiende botten niet beïnvloed wordt
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door deze kinetische parameters-

8. Gegevens van 22 kinderen, die op de lange pijpbeenderen be-

straald zijn, werden verzameld- Hst was mogelijk een verband

te vinden tussen de leeftijd op het moment van de bestraling, de

toegediende bestralingsdosis en de uiteindelijke verkorting.

Hierdoor zal het mogelijk zijn voor de clinici een schatting te

maken van de botverkorting voor een individueel kind, als de ge-

plande bestralingsdosis bekend is. De groei van bestraalde le-

dematen is tijdelijk vertraagd, maar later neemt de groeisnel-

heid weer toe tot de, voor niet bestraalde botten, als normaal

geldende waarde. Er is een goede overeenstenming tussen de

klinische en experimentele gegevens gevonden. Zoals bij de ex-

perimentele studies werd gevonden, was de stralengevoeligheid

van de groeiende botten onafhankelijk van de leeftijd op het mo-

ment van bestraling als rekening werd gehouden met de nog te ver-

wachten groei.

!75



RESUMEN EN ESPAÑOL *

1. En la presente tesis se han investigado los efectos de radia-

ciones ionizantes sobre huesos en crecimiento. Como modelo se ha

elegido la epífisis cartilaginosa o lámina de crecimiento de

ratones recién nacidos. A pesar de las dificultades inherentes

a este tipo de estudios "in vivo", la carencia de datos cuantita-

tivos en la literatura y las peculiaridades que caracterizan el

hueso en crecimiento son las razones que nos motivaron a iniciar

el presente trabajo. Un esfuerzo ha side hecho en reunir infor-

mación clínica concerniente con irradiación de huesos largos en

niños y en cuantificar esa información.

2. Se presenta una breve descripción de la histología del hueso

en crecimiento. Atención es pagada en particular a las diferen-

tes zonas funcionales del cartílago epifisario, el cual os res-

ponsable del crecimiento longitudinal del hueso. Los cambios

histológicos que ocurren en la epífisis después de diferentes

tratamientos fueron seguidos. Una dosis umbral equivalente a 5

Gy de rayos X es necesaria para originar cambios histológicos

détectables. Con dosis más elevades existe una correlación di-

recta entre daño y dosis administrada. Los cambies observados

consistieron principalmente en desorganización de la disposición

X Las cifras precediendo cada parágrafo corresponden con la numeración

de los capítulos.
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columnar de los condrocitos, la aparición de células estrelladas

y células con formas bizarras, espacios vados y calcificación

prematura. Cuando la dosis de irradiación fue fraccionada el

daño resultante disminuyó. Desde un punto de vista cualitativo,

los cambios observados fueron independientes de la edad en el

momento de irradiación. Irradiación con neutrones produjo cam-

bios histológicos mas intensivos y de aparición más prematura que

la irradiación con rayos X. Cuando una droga sensibilizadora de

las células hipóxicas,,misonidazol, fue administrada precediendo

la irradiación, los cambios histopatológicos fueron más severos

que solamente con irradiación. La administración de hipertermia

causó cambios en el cartílago epifisario los cuales fueron par-

cialmente reversibles. La combinación de hipertermia y rayos X

produjo mas daño que el observado ya sea con hipertermia o rayos

X administrados como tratamientos aislados.

3. Cano es el caso en otros sistemas biológicos, el crecimiento

de la tibia en ratones es descrito por medio de una ecuación lo-

gística. Cuando la literatura es revisada, la edad en el memento

de la irradiación es referida como un factor de mayor importancia

definiendo el efecto. Sin embargo, nuestros resultados demostra-

ron que ello es solamente válido cuando la retardación absoluta

del crecimiento es tenida en cuenta. Cuando el crecimiento po-

tencial que resta desde el memento de la irradiación es tomado en

consideración, la edad no es un factor de importancia en el efecto

final, solo la dosis de irradiación administrada. Una fórmula

fue derivada que establece una relación entre el crecimiento
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actual y el crecimiento potencial. Una vez derivado el valor de

ésta razón, es posible estimar el valor del retardamiento en cre-

cimiento absoluto para una dosis determinada de irradiación.

4. Curvas dosis-efecto han sido derivadas para dosis únicas de

irradiación con neutrones administradas a ratones de una y tres

semanas de edad. En ambas edades, las curvas no mostraron un

hombro en la región de dosis bajas. Con dosis en exceso de 5

Gy, las curvas se horizontalizaron lo cual demuestra una pérdida

de efectividad. Come fue el caso con rayos X la edad en el mo-

mento de la irradiación no es un factor de importancia si se

tiene en cuenta el crecimiento potencial. La eficacia biológica

relativa (RBE) de la irradiación con neutrones decayó desde un

valor de 4.0 para una dosis de 2.5 Gy hasta un valor de 2.0 para

una dosis de 9 Gy. Estos valores fueron encontrados ser indepen-

dientes de la edad. Dos dosis de neutrones separadas por un in-

tervalo de 24 horas fueron tan efectivas como la misma dosis total

administrada en forma única. Estos resultados corresponden con

la ausencia de hcmbro en las curvas dosis-effecto.

5. El tratamiento combinado con misonidazol e irradiación fue

estudiado. Misonidazol administrado precediendo la irradiación

aumentó el efecto medido en un factor equivalente a 1.3. Estos

resultados sostienen datos de la literatura en donde la existencia

de una fracción de células hipóxicas en el cartílago epifisario es

descrita. Misonidazol administrado después de la irradiación no

influyó el efecto definitivo. También cuando misonidazol fue can-

binado con neutrones precediendo la irradiación el efecto sobre el
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crecimiento fue aumentado por un factor equivalente a 1.3. Estos

resultados paracen indicar que los altos valores del RBE de la ir-

radiación con neutrones son sobre todo debidos a la ausencia de

reparación del daño subletal y no a su mayor eficacia sobre célu-

las en hipoxia.

6. El tratamiento con hipertermia no tuvo influencia medible sobre

el crecimiento de la tibia en ratones. Cuando hipertermia fue

administrada inmediatamente después de una dosis de 10 Gy rayos X,

un significante aumento en el efecto medido fue encontrado. El

estimado TER (Thermal Enhancement Ratio) fué 1.4 y fué independien-

te de la edad. Cuando hipertermia fué administrada 4 horas des-

pués de una dosis de 10 Gy rayos X, no aumento del efecto de la ir-

radiación pudo ser observado.

7. El indice de células marcadas (LI) en las primeras capas del

cartílago epifisario es bajo correspondiendo con la denominada

"zona de reserva". Moviéndonos en dirección de la metafisis, el

LI aumentó hasta las capas 8-9 correspondiendo con la "zona de pro-

liferación". Luego el valor del LI disminuyó en las "zona de

hipertrofia" y " zona de calcificación" • Con la edad el LI disminuye.

La administración de dosis únicas de irradiación fué seguida de una

disminución en los valores del LI durante un período de tres semanas.

A continuación los valores se recuperaron hasta alcanzar aquellos de

controles no irradiados. Cuando el crecimiento potencial fué cor-

relacionado con los valores del LI siguiendo la irradiación ambos

valores descendieron en una cantidad constante e independientemente

de la edad en el momento de la irradiación. Estos resultados pa-

recen indicar que a pesar de los cambios en la fracción celular pro-
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liferativa y en la duración del ciclo celular que acontecen con el

envejecimiento, el efecto de la irradiación sobre huesos en creci-

miento os independiente de los parámstros cinéticos.

8. Información clínica concerniente con 22 niños irradiados sobre

huesos largos y seguidos durante un periodo de 14 anos fue reunida.

Después de analizar esta información fue posible establecer una re-

lación entre la edad en el momento de la irradiación, la dosis de

irradiación administrada y el acortamiento final. De esta forma

se ha hecho posible para el clínico el estimar el acortamiento

cuando el plan de irradiación es conocido. Un buen acuerdo fue

encontrado entre los resultados experimentales y el análisis de la ]

información clínica. El crecimiento de la extremidad irradiada

es temporaMente disminuido para luego continuar con la mi-ana velo-

cidad que el hueso no irradiado. Lo mismo que en el modelo experi-

mental la radiosensibilidad del hueso en crecimiento es independiente

de la edad en el momento de la irradiación cuando el crecimiento po-

tencial es tomado en cuenta.
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