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Abstract

The inadequacy of conventional dosimetry at the organ level agsuming a
wmiform activity distribution has beem brought out in specifie examples. 1In
each case dosimetry at different anatomical levels is presented bringing out
the probable wnderstanding and lacuna in the radiobiological consequences of
such dosimetry. Bone dosimetry of alpha and beta emitters is presented. Dose
to whole kidney and differential doses to medulla and cortex from L Hg-neohy-
drin are described. The mean doge to lung from 131I-MAA, the mean local doge
to capillary bed and to capillary epithelium adjacent to an MAA particle are
reviewed. The importance of Auger electron emission _gnd the consequez% transmi-
tational effects is djgcussed with the examples of 13%1 in thyroid, 51-UdR in
proliferating cells, gg'e in eryth@%rytes. High doses to limited portions of
fingers while handling 13010 ang ¢ 1lgbelled pharmesceuticals ig presented.

Introduction

In nuclear medicine the clinician wanbds to know what are the potential
hazards to a patient if he wndergoes a particular investigative procedure which
is expected to yield diagnostic information of clinicel value., In the case of
radiation protection the similar question is: what are the potential hazards to
the worker wmder given exposure gituation. The focus of interest is the biolo-
gleal effect which is the end-point in a complicated chain of events at the
physical, chemical and physiological levels. Canventional dosimetry is mainly
concerned with the primary event, viz. physical step, and the absorbed dose is
an indicator only of physical events that happen at the mecroscopic level.
But we are far from wnderstanding the biological significance of the absorbed
dose, Partial consideration to the secondary events is attempted to be given by
assigning a somevhat arbitrary value for the REE or QF and quoting a rem dose,

For a proper evaluation of the biological effect, we should know the
microscopic spatial and temporal distribution of the primary and secondary
events. This leads to a& detailed cmsideration of several factors, some assoce
iated with the radiation alone like radiation quantity and dose rate, others
associated with the target as well, lile location of radionuclide in the cell,
the biochemistry of the labelled compound, bond rupture resultiing from nuclear
recoil after beta emission, chemical effect of nuclear transmtation on funct-
ional integrity of molecule, effect of sudden changes of charge on daughter
nuclide (particularly important for isotopes decaying by electron capture),
oxygen temsion, cells at risk, radiosensitivity of cells in question, etec.

Purther, concepts like LET and absorbed dose are macroscopic quantities
or texpectation valuest. As the volume over which the absorbed energy is
computed is reduced, the fluctuations associated with the stochastic nature of
the interaction process assume increasing importence; concepts like ‘event
gize!', tlocol energy density! and ‘event size spectrum! have then to be
introduced. This approach has not yet been made in practical situations of
concern in internal dosimetry.

Very often we are not quite clear as to what is the biological end-pg:‘_nt
thet is of relevance, although it is generally accepted that for comparatively
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low doges as are encountered in routine occupational exposure or diagnostic
nuclear medicine procedures, the effects may be classgified into two categories,
vig (i) those leading to the impairment of the functional integrity of the
organ (this may be due to reduction in number of functioning cells or fibrosis
with scarring) and (ii) induction of malignanciesl.

With all these complications, the question arises: At what level should
dosimetry be done? Can we be satisfied with the conventional calculation of
absorbed dose at tho orgen level assuming a wmiform concentration of radionu-~
clide? Or should we go down to the tissue, cell snd even subeellular level?
ghould we congider the stochastic nature of the interaction process and enter
into details of the microdosimetric concepts? what degree of sophistication is
necessary and what degree sufficient?

The problem is discuased in terms of some well-lnown examples of practical
interest.

Bone Dosimetry

Bone dosimetry is a classicael example of the inadequacy of the convent-
ional organ doge computation for an assessment of the potemtial risks. The
inhomogenous structure of bone and bone cavities(where the linear dimensions
of the inhomogeneities are frequently of the same order as the range of the
ionizing particles), the varieties of cells at risk and the non-umiformity of
distribution of the radioisotope meke the situmation complex. A good deal of
effort and ingenuity have gone into the solution of the problem from both the
{theoretical and experimental sides., From a consideration of the critical
tissues for radiation damage, it is usual to calculate the following
separately<?

i) Dose to a very smgll tissue-filled cavity in the bone matrix, Dy
(to evaluate risk to osteocytes, cells lining Haversian canals and
blood vessels in Haversian systems which are concerned with main-
taining tho finctional integrity of bome as a living tissue).

ii) Mean dose to endosteal cells near the surface of bane trabeculae in
the marrow cavities, Dg (osteogenic sarcoma risk).

iii) Mean dose to active marroy in trabecular cavity Dm(leukaemogenesis
I’iSk) .

Typical results for radium snd strontium-90 are shown in Table 1?‘.
Pable 1
Dose rates in rad/year from skeletel burden of 1 uCi

Radiation ! Dy i Bm z . 53/5m
1 M . )
226p, geries o 3% 1075 7
Pgr + Py y 2.7 ™ oe5

—

Tt is only by a detailed consideration of the cells at risk that we are
able to perceive a major difference between the alpha and beta emitiers. In
view of the limited range of alpha rays, the bone marrow dose is only a small
fraction of the endosteal dose in the case of alpha emitters. This is borme
out by experience where we find that the incidence of leuksemia in radium
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poisoning cases has been negligibly low angoostaeogenic sarcomas(and cancers of
paranasal ginuses) are more commn. With 7YSr both leukaemia and osteogenic
sarcomas have been induced in animals.

We shall next consider the question of non~wmiformity of digtribution of
radium(and strontium) in bone. In addition to a diffuse distribution in the
bone matrix, hot spots also occg.r wherezjég;alocal concentration mey be 30-40
times the average concentration”. For » the range of variation of concen~
tration is faithfully reflected in a corresponding range of variation of dose
rates between the different congentration sites (factor of 16)+ Due to the
longer range of beta rays from 7YSr, the local dose rate variatims are not
that marked(factor of 3). We still do not know whether the hot spots play a
role in radiation damage to bone and what the biological significance of the
non~miformity of damsge is.

Neohydrin Dosimetry

Controversy was intense a few years ago whether 203Hg-neohydﬁn should not
be bamed as a radiopharmaceutical for kidney and brain scanning in view of the
high kidney doseg. Neohydrin concentrates primarily in the cortex from where it
is eliminated only very slowly. Since the cortical mass is gbout half that of
the kidney, the dose to cortex would be twice that to the kidney as a whole had
the isotope been wmiformly concentrated. The cortex doge can be taken, as 146
rads snd the medulla dose as 77 reds per millicurie of O°Hg-neohydrin®.

We may discuss the question a little further. Is there firm evidence to
show that 100 rads to the Cortex is necessarily more harmful than 50 rads to
the kidney as a whole? What is the biclogical end-point we are looking for?

The natursl incidence of malignant tumours of the kidney is quite small; elso
there is as yet no established case of radiation-induced kidney tumour. If
malignency is not the critical end effect, we have next to consider impairment
of functional integrity. At the levels used in diagnostic procedures, gross
impairment like acute or chronic nephritis is ruled out and much milder damage,
which camnot be wnarbiguously pinpointed, must be congidereds It appears that
the fine vasculature is the histological site of damage of primary importefice
in the pathogenesis of radiatimm induced nephrosclerosis; the renal epithelium
is zelative%y resistant but it may degenerate as a result of damage to the fine
vasoulature?. Since the proximal end distel parts of the tubules lie mainly in
the cortex, it is not inconceivable that secondary tubular damage may be some-
what more intense from 100 rads to gor’oex than 50 rads to total kidney. (n the
other hand, it has been pointed out® that the effective surface area of the
renal cortex is about /4 times larger than the surface area of the kidney. Hence
the escape of the beta radistions from the cortex will reduce this dose
veriation factor of 2 by an amownt which has not yet been computed. The
wmcertainty remains. ‘

131I-H§zman Serum Albumin Macroaggregates for Iung Scanning

tncertainty in the effective '?sue mgss to be considered in the dose
computation can be illustrated by 1271 msa macroaggregates in lung scanning.
If a homogenous distxibution7of MAA in lungs is assumed, gverage dose to lung
is about 1.5 reds for 30 u¢i’. If a more realistic volume distribution is
assumed, viz. the capillary bed of the lungs with a mean diameter of 10 um,
the average loczl absorbed dose is nearly 5.5 rad. At the cellular level,
sbsorbed dose to capillary epithelium adjacent to en MAA particle is several
orders of magnitude higher them the average local absorbed dose, although this
extrems dose is received only over a distance of one or two cell thicknesses.
The problem is the enatomicel level at which the dose is to be evaluated. If
the induction of molignency is the end-point of interest, the integrel dose is
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probably a valid indicator of the potential hazard. We do not yet lmow the
biological significance of the very high level of loczl absorbed dose.

A somevhat similar situation exists in the field of rediastion protection
for assessing hazards from plutonium inhalation,

Significance of Auger Bffect

Radionuclicdes decaying by electran caplure and isomeric transitions are
attractive in in vivo applications since they do not emit particulate
rediations which give o rediation dose to the orgen but do not contribute any

agnogtic information. Sgve such yadionuclideg nov comon use, e.g,
%%Cr, 3%6, 5700, 58co, 28(}eatzfa;l'5sta, 8gr, 1231, 197;1.?and 9%%&, 1%%.’ ¢
Certaln special features of the electrom capture process and the process of
intermnal conversion consequent on gamma photon emission are of great relevencs.
After these two processes, the K or I shell vacancy initiates orbitsl excita-
tin end electrons fall down from ocuter orbits successively into the vecancies
in immer orbite, Excess emergy is lost by X-ray emissiom in part but a large
part of de-excitation occurs through the emissiom by the puger effect of
several electrons of low energy with a renge in tissue of less than o micron.
They, therefore, give a very high local dose to the tissue over a micron length.
In addition their LET is very high end hence a correspondingly high REE/QF will
have to be postulated, leading to an intense locgl rem dose. We are still far
from wmderstending the precise biclogical significance of this pecullar feature
but some indications are availahle in the case of 1251 dosimetry which we shall
touch upon subsequently.

Another consequence of Auger electron emission needs attention. As a
result of tho release of sewveral Auger electrons, the daughter atom is left
with a strong positive charge. If this charged nuclide is bound within a
molecule it attracts electrons from various molecular positions snd the
positive charges ere distributed throughout the molecule. The various positi-
vely charged atoms within the molecule strongly repel each other, which may
lead to a virtual ‘Coulombic explosion! of the molecule.

1251 Dosimetry

Conventional macroscopic dosimetry of 1271 in thyroid has been shown to
be entirely inadequate in view of the special characteristice of the radiations
from the radionuclide, and one has to go down to subcellular microdosimeiyy for
obteining a betler wmderstanding of the possible biclogical effects of 1251,
Since the renge of Auger electrons is smpll compared to the dimensions of the
thyreid cell, the cellecolloid interface or the apical membrane, which is the
seat of thyroid hormone biosynthesis, receives a high dose. On the other hand
the nucleus which is farther awey gets only sbout one-fourth the dose to apical
menbrane. The veriztion between the muclear and spicel membrene doses is
accentuated in thyrotoxic conditians in view of the greater distance of the
nucleus from the spical membrene of the columar cell of the thyrotoxic gland.
The clinicai)[ gsignificance of these observations has led to mtez%gg interest in
the use of 23:1[ for therapy of thyrotoxicosis in preference to I. However
the clinical experience es well as the fo%low—up periods are as yet too smedl
for en uwnambiguous conclusion to be drawn®.

The biological significence of the high LET of the Auger electrons smd
the possibility of Coulombic explosion mechanisms havenot yet been clarified.
Perhaps since the 1991 decay talkes place meinly in the colloidal gel outside
the apicel merbreme the latter effect mgy not be ecritical.
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On the contrary if 1251 is attached to essential structures such as INA
the influence of the charge transfer processes and the associated Coulombie
explosion effects may be comparsble to if not outweigh the radi%‘b'ton effects
in producing the biologicel effect. This has been Jomcnstreted 05 1Tynile
studying the relative effect of warying doses of 1251—1)‘&% 11-UdR and 3g-1dR
on proliferating mouse cells in vivg., The toxicity of 1251-5dR was reported to
be 10 times greater than that i ~TdR when these specific precoursors of
DNA were utilised by either bone marrow cells, or proliferating cells in the
whole body in general. A similar finding was reported with ascites tumor cells
also. The greater radiotoxicity of 1251-UdR has been explained as due to a
variety of factors including (i) differences in emergy depositiom in the cell
‘nucleus per disintegrating atom (ii) greater inhonbgeneity in the distribution
of energy argund the site of decsy in the case of 1851(iii) trensmitationsl
effects of 125I,specially the consequences of moleculsr explosion,

55Fe Dosimatrym

55Fe, an electron capture redionuclide, iz an important neutron activation
product found in fallout. levels as high as 3 pCi/mg blood have been recorded
in New York residents. It has been computed that the dose to erythrocytes is
ebout 10 times that to whole blood since the Auger electrons deposit their
energy entirely within the erythrocyte itself where the o is tagged. Dose
to aggregates of ferritin molecules in which highest concentration of iron is
fond has been calculated to be about 200 times that to erythrocyte. However,
the critical tissue in this case is perhaps the erythrocyte precursor cells in
the bone marrow wherein a comcentretion around one-third of that in erythrocytes
has been found, leading to a dose arownd 3 times the blood dose.

Skin Dosimetry

Skin dosimetry has ac%uired some urgency in wview of the increasing use of
short-lived isotopes like 11°BIn and 99®Pc in nuclear medicine, In the milk-
ing of the generator, the preparatio of the radiopharmaceuticals and injection
to the patient, levels of severzl tens of millicuries have to be handled at a
time. The tips of two or three fingers, in particular, get exposed to signifi-~
cantly high doses{around 10 mrem/mCi-min). If the ICRP doge limit of 75 rem/
year to hands is not to be exceeded, we would be severely curtailed in the
scope of work; not more then two or three brain scenming preparations can be
handled per person per week.

In this comnection the health physieist tums to ICRP for guidmce. A
report of an ICRP Task c;‘rr<mp1 has something to say on skin dosimstry. The
report recognises that the end-point of relevence here is not cercinogenesis,
gince the skin is relatively highly radioresistent, bubt radistion dermatitis.
According to the report, in the case of irradiation of part of a tissue, the
gignificent parameter is the mean dose to the entire tissue. If only a
fractionfof tissue is exposed, the dose allowed can be 1/f of dose limit for
the whole organ. On this basis, if the dose limit for emtire skin with an
arca of sbout 2 square meters is 30 rem/year, the dose %o 1 cm(of the order
of high exposure areas of finger tips) could go as high as € Ikdilorems. So
why need we worry?

But the situstion is not that simple. There 1s a limit beymnd which the
above concept cannot be extended. A vital consideration is the renge of dose
rate over which effective linearity of dose reasponse cen be assumed to hold.
The point at which departure from linearity occurs will devend on the precise
cellular mechanismeg involved and the extent to which abscopal effects coms
into play. It may happen that at high doses the response may be higher then
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would be predicted from a linear hypothesis since a number of contiguous cellg
are affected and irrepairsble physioclogical damage occurs. The Report says
that linear response ocan be assumed up to lnmdred rems per year and possibly
geveral handred remg per year, and recommends that tthe present limit of 20
rem/year averaged over 1 cu? of skin be inereased to at least 100 rems in s
year with a provise that irradiation of the same area year alter year should be
avoided if possiblet, The health physicist wishes that the ICRP Task Growp
had categorically set a specific limit, say 500 rems per year, instead of
vaguely leaving it at,'at least 100 rems per ysar!, so that hs could ask the
teclmicians, with some authoritative sanction behind him, to accept a higher
work load with the generators. Note again the words,Vif possible', In the
present case of worlking with generators the irradiation is going to be
received by the same area year after year wnless a right handed person could be
persuaded to Lecoms left~handed. Of course there is no sanctity about the
limit of 1 vhich is taken as the tsignificant arecat for averaging and the
Report says '1 seemg reasonable on grounds of operational convenience!.

fonclusion

In this present paper dosimetry at different anatomical levels has been
presented with the help of specifiec examples. In each case probable biologi-
cal significance of such dose estimation also has been brought out. However,
8till there are several uncertainties in the biological significence of such
detailed dose estimates and the importance of the possible transmitational
effects with electron capture radionuclides.
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