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May 1 first express my appreciation of the great honour you have done
me in choosing me as the second recipient of the Sievert Award with its
accompanying invitation to deliver a lecture in his memory. I am deeply
conscious of the distinction, and even puzzled at being thus chosen from
among so many who have contributed to the development of the art and science
of radiation protection. But perhaps you were influenced by the knowledge
that Sievert and I were friends for some forty years, though I am not sure
that this does not make my task heavier rather than lighter. As my distin-
guished predecessor, Dr. Bo Lindell, remarked, it is impossible to recreate
in a few words the personality of Rolf Sievert, that genial but demanding
giant. Rolf and I were first acquainted in the 1920's. Let me try to set
the scene as I remember it.

Sievert was a member of a very remarkable group of pioneers led by
G8sta Forssell, a distinguished radiologist moving in the highest social
circles and undeniably the head of the Swedish medical profession. With
him were Dr. Heyman, a gynaecologist whose work on the radium treatment of
cancer of the cervix uteri was revolutionising practice throughout the world,
Dr. Berven, a distinguished radiotherapist and the young Rolf Sievert, highly
gifted and clearly destined to leadership among the small group of physicists
who had ventured into this medical field. This was a time of great hope and
optimism in radiation therapy. Here in Paris at the Fondation Curie another
extraordinary group inspired by Madame Curie and led by Professor Claude
Regaud and his brllllant colleague Lacassagne, were carrying the subject
forward from a very different point of view. The Swedish group were parti-
cularly strong in the physical and mathematical as well as clinical sciences;
the French school it seemed only secondarily interested in the physical
aspects, concentrating their genlus (for it was no less) on biological re-—
search as revealed for example in their "Radiophysiologie et Radiothérapie”
(1). There were at this time no nationally or internationally agreed units
of dose or methods of measurement, and few quantitative studies of the dis-
tribution of radiation around radioactive sources of medical interest, mean-—
ing in those days "radium needles" inserted into tissues or body cavities.



In 1921 Sievert published his first important work "Die Intensi-
tdtsverteilung der primiren y-Strahlung in der Nihe medizinischer Radium—
prdparate” (2). Its theoretical and practical importance was at once
recognised and the mathematical skill obvious, but controversy was raised.
Was the "intensity of primary gamma rays" what mattered in a scattering
medium which itself contributed significantly to dose? I remember this
discussion very well, being myself a pupil of Friedrich then much concerned
with secondary scattered radialion and ics significance. Sievert himself,
of course, recognised the complexity of the problems and in 1923 published
a second paper on "Secondary rays in radium therapeutics” (3) in which, as
I re-read it, I realise how close he came to anticipating me by some twenty
years on reciprocity theorems! Sievert's original paper (1921) we must
remember was two years earlier than the discovery of the Compton effect and
its resulting recoil electrons (1922-1923). We were still groping to find
a physical agent capable of causing the undoubed biological effects of gamma
rays. Sievert's papers inspired a new literature and approach to radiation
distribution problems. They also, as an interesting sideline, earned him
the distinction of being the only medical physicist to give his name to a
definite integral. Rolf calculated tables of its values "by graphical
methods", a formidable task. We now know that the integral is related to
the error function, exponential integrals and certain integrals of Bessel
functions. Though tables of values are now available to six significant
figures I have yet to find an error in Rolf's original values!

It would be tedious and pointless to try to discuss Sievert's publica-
tions in detail. They should be savoured in the original, so I will mention
only two or three which are particularly outstanding. His first paper on
protection seems to have been in 1925, "Einige untersuchungen #ber vorrich-
tungen zum schutz gegen rontgenstrahlen" (4), in which he became concerned
about secondary rays from walls, floor and ceiling. From this time onwards
a stream of investigations into protection and standardisation problems may
be traced.

In 1932 he published one of the masterpieces of radiological litera-
ture, his Supplement 14 to Acta Radiologica, "Eine methode zur messung von
rdntgen—, radium- und ultrastrahlung nebst einige untersuchungen iber die
anwendbarkeit derselben in der physik und der medizin" (5). "The method"
i8, of course, the use of small condenser chambers. This work, I think
best illustrates his essential characteristics. The thorough theoretical
grasp of the problem, the imaginative ingenuity, the outstanding experimen—
tal competence backed by the extremely high standards of techmical execution
we have come to expect from out Swedish colleagues, are here shown at their
best. To the end of his life Rolf loved imagining and constructing with his
own hands delicate and beautiful instruments, sometimes perhaps almost too
delicate as were condenser chambers in the hands of less skilfull workers.
Which moves me to say that, like all the best scientists I have known, Rolf
Sievert was essentially an artist, subject to the vagaries and vascillations
of inspiration. This artistic trait appeared in a more conventional artistic
form in for example his interest in and designs of objects in glass made
under his direction, or in his love of music, particularly J. S. Bach. He
was an enthusiastic and competent organist who built for himself a small
"chapel" with an organ on the shores of a beautiful lake in his country
estate in Southern Sweden. Those of us who were privileged to stay at his
apartment in the Karolinska will remember, too, the delightful artistry of
those rooms and the generous care for our comfort. Generosity was, indeed,
an outstanding characteristic. He loved good living himself and loved pro-
viding and sharing it with his friends. Sometimes meals, as for example
feasts of crayfish in the true Swedish tradition, became something of a
challenge!
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But let us return to his national and international interests and
achievements. He was early a member of the International X-ray Unit
Committee as well as Protection Committee of the International Congresses
of Radiology following the very successful meeting in Stockholm in 1928 at
which the rdntgen was adopted as a unit of dose. His department became the
central standardising laboratory in Sweden.

After the War, at the Congress in Loudon in 1950, the international
radiological organisations had to be completely reconstructed, sometimes in
the face of considerable international tension. Sievert was a tower of
strength. His personality and scientific standing, coupled with the poli-
.tical position of Sweden, were of great importance and it was inevitable
that he should be a member of the newly-formed International Commissions of
Protection and Units, with greatly increased public responsibilities, scope
and independence of status. A little later the problems of environmental
monitoring were uppermost in many minds and Sievert was responsible in
Sweden itself for the setting up of an appropriate organisation and for
developing with his usual skill high pressure ionisation systems. I
remember well many earnest conversations with him on the need for detailed
legislation of which he had great experience, its form and content. I think
I personally preferred less detailed and less formal legal arrangements than
he did, but time has shown the wisdom or at least necessity of his approach,
and it was always a delight to discuss these matters with one so friendly,
wise, sincere and helpful. My recollection is that he said relatively
little in formal committees but his interventions were very effective and
massive and he usually had his way! Perhaps our closest personal associa~
tion came via the United Nations, both its Scientific Committee and Peace-
ful Uses Conference as well as the International Commission on Radiological
Protection (ICRP).

Sievert was very seriously concerned with the problems of international
relationships, fallout and population exposure. However, the United Nations
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) quickly
established itself and played a major r8le in the collection of universally
‘acceptable data and in setting guide lines. Sievert certainly contributed
greatly to the efficacy and clear discussions of that Committee and its speed
of working. I remember Dag Hammershtld, then Secretary—-General of the United
Nations, expressing to me his astonishment at the speed with which the Com—
mittee had got down to work. UN officials had allowed us ten days of "pre-
liminary discussion on procedure" yet we actually started serious scientific
discussion on the first afternoon. Some of my most vivid memories of
Sievert are of wandering with him along the slippy and interminable corridors
of the Palais des Nations in Geneva or the palmladen foyers of the UN
Headquarters in New York, while he dissected with insight and humour the
previous hours discussion. Perhaps you will forgive my immodesty if I show
a photograph taken in Geneva, a rather less formal picture than that in
"Health Physics" of the learned Chairman of ICRP.

Sievert certainly was a powerful Chairman of ICRP and could look for-—
bidding and register annoyance quite distinctly and unmistakably, but ordi-
narly was extremely persuasive and persistent and carried his Committee with
him by weight of experience and knowledge.

But I must conclude my sketch of Rolf. I would like to convey some=
thing of his greatness, something of his lovable humanity and generosity as
well as overpowering intellect and artistic sensitivity. Whatever else he
was, he was no Standard Man (a concept I suspect he would have rather despi-
sed) either in body or mind. I see him now, a towering mass of humanity,
overflowing his chair in a way I have only ever seen equalled by one man, the
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poet G. K. Chesterton. Rolf, like all good-natured men with a marked sense
of humour, laughed at and enjoyed his own jokes. T would sometimes try to
say a few words in Swedish. The great mass would begin to oscillate while
a deep gurgle resolved itself into words - "Eet zounds zo funnee when you
say eet!" Which I am sure it did!

Rolf Sievert was one of the giants of radiological science, including
protection. His energy, flow of ideas, enthusiasm and immecnse knowledge
were phenomenal. His level-headed judgements were also bastions of common
sense against extreme decisions whether of policy or permissible levels.

One other contribution I must mention in a very different field.
There was at one period very considerable anxiety about money to carry on
the work of the Protection Commission and here, too, his financial status
and acumen were of great value. I remember well going with him in New York
to open negotiations with the Ford Foundation and marvelling at his persua-
sive powers and skill in this field too.

He enjoyed his powers and eminence but apparently had little idea of
the outstanding quality of his scientific achievements and as a result was
extremely modest about them. He need not have been, for the spirit remains
even though the precise technologies of ionisation chambers and mechanical
electrometers have largely gone.

In the year 1941 Sievert published in Acta Radiologica a fascinating
theoretical paper, "Zur theoretisch-mathematischen behandlung des problems
der biologischen strahlenwirkung" (6). 1In it he discussed in his usual
masterly way a very general mathematical theory of the action of radiation
on the living cell in terms of the deviations from their normal values of
concentrations of essential cell ingredients under irradiation at different
dose-rates. Many times he expressed to me his concern lest the very high
dose-rates in diagnostic radiology might be particularly hazardous. Sievert
introduced the concept of a "latent period" depending on radiosensitivity
and the presence and speed of reconstitution of reserves in the cell of
relevant materials. Many simplifying assumptions must be made, but Sievert
derived a series of differences or differential equations which though
they could not be solved generally analytically were treated graphically.
He applied this theory to the extensive series of results by his colleague
Arne Forssberg on Phycomyces and Drosophila eggs. Sievert opens the paper
with an eloquent encouragement to the mathematical biologist. Translating
freely, "Human capacity to judge of the logical consequences of many factors
acting together is very limited and it is often of the greatest importance
to translate the observations into mathematical language and to use mathe-
matical methods rather than attempt to proceed directly”. True, his paper
ends with words of warning, but I would like to use his invocation as an
excuse for the rest of this lecture building on the foundations he laid.

I wish I could think my superstructure as solid as his foundations!

It is univerally agreed that one of the most important late effects
of irradiation is the induction of tumours. As you are very well aware much
effort has been expended in attempts to correlate biological effect with
dose, often the total number of tumours observed in a population of animals
with dose to relevant tissues or cells. The resulting dose response curve
is then analysed in an attempt to throw light on essential mechanisms or to
support estimates of effects to be expected in a given dose range.

An important feature of carcinogenesis is the long so-called "latent

period" between the application of the carcinogen and the observation of the
tumour, this time interval usually being greater the smaller the dose of the
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agent, whether physical or chemical. What precisely is happening in that
latent period we do not know but much evidence from pathology, cytology and
many other fields suggests the occurrence of a series of events, mostly
moving towards increasing abnormality and heterogeneity of structure of
cells and tissues, until limited by abnormality so great as to lead to cell
"death" or, rarely, capacity for increased and barely controlled cell divi-
sion. '"Latent" is a misleading term if it suggests "inactivity".

This is a vast subject and I can only indicate the briefest outline.
Suffice it, that as we look at the detail we seem to be forced to recognise
an element of chance in the processes. In the jargon of probability theory,
each cell is a "trial"™, each cellular life history a 'realisation" of a
Random Walk or Markov chain, each tumour an outcome of complex interplay of
inter- and intra-cellular events. Probably no two tumours are genetically,
cytologically or immunologically precisely identical, yet from what miracles
of precise mechanism they arose! Radiation introduces confusion, "genetic
noise". 1In a deterministic sense carcinogenic agents, including radiation,
do not "cause" cancer. They modify the probability of its later occurrence,
often increasing that probability, sometimes decreasing it, altering the
time scale of the events.

The idea that the essential action of radiation is to confer a proba-
bility of cancer in the future is not new. In 1949 Austin Brues (7) analy-
sed the rate of appearance of osteosarcomas as a function of time and
radioactive intake of a group of several thousand mice given monthly injec—
tions of the beta emitter 89Sr. He concluded, "that each quantity of absor-
bed radiation confers on the tissue absorbing it a probability (per unit
time) of tumour formation which is without limit in time once the latent
period is passed; thus the daily tumour morbidity will continually increase
so long as further radiation occurs". (Figure 1).

In an admirable and important recent paper Marshall and Groer (8)
modified the hypothesis by considering the effects of cell killing, thus
limiting the time and number of cells over which the probability is
significant,

Marinelli (9) earlier argued for risk per unit dose of alpha radiation
chronically delivered remaining constant in time.

During the last three years or so Dr. Roger Clarke and I, following
our studies of effects of spatial distribution of dose (10), have been
thinking of the analogous time effects, and I would like to conclude with
a very brief summary of some of our thinking.

We have approached the problem a little differently, abandoning the
idea of a single latent period and asking rather, "Is there experimental
evidence as to the form of the variation of probability of tumour appearance
with time following an element of exposure?". That is, "What is the form
of a possible probability density function?'". On integration this form must
evidently be such as to yield the familiar linear or S-shaped (ogee) res-
ponse curve against time or perhaps dose.

Having been involved some forty years ago with Kennaway and his team
(l1) in the identification of aromatic hydrocarbons as the first "pure"
carcinogens, and having still a feeling that radiation and chemical carcino-
genesis must eventually be brought together, I looked first at some of the
vast literature of chemical carcinogenesis. We can quote here only one
notable set of experiments. In 1967 Druckrey (12) published an impressive
account of an extensive series of investigations into quantitative aspects of
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various chemical carcinogens, in which he established that the numbers and
times of appearance of tumours were log-normally distributed against total
dose. (Figure 2). For continuous dosage this often implies log-normal
distribution of time of appearance. Moreover, if d is the daily dosage and
t the median induction time he also established a relationship (namely

dtD = constant) with n varying from about two to six, in different experi-
ments with different materials. Results of this form have been obtained

by many other workers with a range of chemical carcinogens (13) and in
investigations extending even to cancer in smokers.

Druckrey's results (Figure 3) indicated a larger value of the standard
deviation o for leukaemia than for solid tumours, a point to which we will
return later. The shorter latent period at higher dose is also apparent.

We naturally ask, "Does this same form of dose or time relationship
hold for radiation carcinogenesis?" Early experiments by Blum (1l4) with
ultra-violet light indicate that it does very precisely, while recently
Albert and Altshuler (15) produced evidence that for ionising radiationms
the log-normal form is again at least a useful approximation (Figure 4),
which may be used to calculate, for example, the average life shortening of
an irradiated human population. While feeling considerable scepticism about
any "universal" relationship in biology there seems sufficient evidence to
justify a particularly careful look at this log-normal form of time delay.

We must leave aside mathematical detail, but may I just remind you
that the log-normal density distribution is indeed Protean, (Figures 5 and
6) being nearly Gaussian for low values of the standard deviation (o) while
for higher values of variance (02), that is greater heterogeneity of the
"population", the density becomes very skew with highest values of proba-
bility (mode) at low values of the variable. When we integrate to obtain
cumulative response functions against time (and perhaps dose) we deduce
responses of varying shapes depending greatly on the variance and median.
We have three variables, time, variance and response, so that we need a
surface to represent our data. My colleague, Dr. Clarke, has produced com-
puter generated drawings of such surfaces as, for example, that showing
probability demsity (Figure 7) or integrated response (Figure 8).

May I add that we have recently analysed as probits a number of sets
of data and found approximate agreement with this form. Experimental data
expressed as 'logit'" are probably satisfactorily recast as "probit'". We
have also investigated changes of ¢ with dose and with concentration of
radioactive material as "point sources". Data on leukaemia in Hiroshima
and Nagasaki (16) fit this form (Figure 9). It is interesting to try to
study variation of o with dose in radium dial painters (Figure 1O).

What does all this imply? One thing it does not imply, that there is
any exclusive correlation between the log-normal distribution of time delay
and cancer. The form is of extremely general application far outside our
field, in biology, economics, physiology, psychiatry, chemistry, and even
the study of conservation of works of art, or routine observations of the
gamma-ray dose around fuel element treatment ponds at AERE! Essentially we
have moved from the study of individual interactions to the statistics of
heterogeneous populations. Let me quote just one example of how these ideas
may help us.

In the 1972 Report of the United Nations Committee (UNSCEAR) there is
a very interesting paragraph which reads as follows, '"The data from experi-
ments with low LET radiation suggest that the more resistant the tissue to
tumour induction, the more likely that the dose response will be curvi-
linear or sigmoid, and the more sensitive the tissue to radiation, the
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more likely that linear dose-response curves for tumour induction will be
observed. Likewise, linear dose- response curves are seen where the spon-
taneous incidence of neoplasms is moderate to high, further suggestlng
that linearity of the dose-response curve is related to sensitivity to
tumour induction"

Our integrated response curves show precisely this. "Sensitive
tissue” corresponds to low median dose (or time) and large variance since
this brings low values of 'mode", in which circumstances rough linearity
is predicted by our integrations. As noted above, lnterestlngly enough,
our detailed analysis shows too that in both Druckrey's chemical experi-
ments and in Court-Brown and Doll's and Japanese data for leukaemia, the
standard deviation of the log—normal plot for these diseases is higher
than for most solid tumours. Coupled with low median dose this immediately
leads to the prediction of a linear response, raising again the question as
to whether the leukaemias are not a very complex set of diseases arising
from a very heterogeneous set of cells. It is of interest that from a
different point of view Baum (17) discussed population heterogeneity in
relation to radiation-~induced cancer, A study of the log-normal cumulative
probability curves show how easily various linear or power law response
curves may be derived following variation of ¢, (Figure 1l).

We have recently extended our calculations to more complex situations
in which the (medlan) latent period is assumed to decrease with dose already
delivered, this again producing changes in the expected response curves,
particularly predicting high response at long times.

It is clear that the assumptions of a probability density function
for "latent period" opens new possibilities in interpretation of response
functions, particularly for continuous irradiation with low LET radiations.
I may add that the assumption of cumulative log-normal survival curves (for
which there is evidence) (Figure 12) superimposed on response curves is
also proving extremely interesting in predicting ''peaked" response,

(Figure 13).

Let us agree, that radiation confers a distributed probability of a
future event, carcinogenesis. How is the probability as it were "conveyed"
in time, and how is it eventually "realised"? We must, I think, turn to
molecular biology. Modern biology has become increasingly interested in
the mechanisms of transference of instructions required by a living cell
to continue its metabolism, to transmit the required information to the
next generation of cells when it divides, or perhaps differentiate into a
cell destined to perform a specific function in the organism. Radiation
causes point mutations, chromosome aberrations and innumerable transient
changes, thus destroying organisation, increasing entropy, interfering with
information transfer, and increasing confusion (18). Mathematical Informa-
tion Theory in one form (l9) links "information" with the reciprocal of the
variance of a "normal" population, just as we have linked the shape of the
response curve. A cell lineage is a communications system and it is there-
fore not surprising that so-called Information Theory or Communication
Theory seems to furnish the appropriate mathematical techniques. We move
towards our biological colleagues in assuming heterogeneity and try to
extract useful information from that diversity. Cell turnover times are
sometimes log-normally distributed, "latent period" may be drastically
reduced by the application of non~carcinogenic "promoters™ or viruses.
Cells respect metabolic change rather than the dials of grandfather
clocks! Maybe we have now the possibility of improving on the rather dis-
appointing contributions from Information Theory as applied to biology in
the 1950's.
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I think we must, in any case, move towards human blology. As
physicists or engineers we are apt to concentrate excessively on the
quantity we can measure — namely dose. This remark perhaps comes strangely
from one like myself after a lifetime of interest in dosimetry, though T
have always regarded it as merely a step towards biological understanding,
but if we wish to take the important step from measuring dose to assessing
risk to individuals and populations we shall be forced to pay more atten-
tion to, and to understand more of biological phenomena. It happens, that
biophysics and biomathematics, with the help of computer technology are
poised for rapid if somewhat erratic advance (20). Let us not forget that
our aim is to protect people, not amass dose or other statistics though
that is a useful and, indeed, indispensible activity.

But you will say, shall we not as practical men, be forced at present
to use empirical relationships, to make our practical decisions? Yes - we
shall - but being old-fashioned I still think that Science has something to
do with understanding as well as manipulating phenomena to our own ends.

Such progress as we have made in the protection field has arisen,
certainly from careful and intensive empirical observation, but also from
attempts to understand mechanisms as, for example, those of mutagenesis and
carcinogenesis. Such understanding has profoundly influenced our decision-
making. I have no doubt that the increase in knowledge of biological
mechanism now taking place will influence the scientific basis of protection
against all environmental hazards, including radiation. In spite of the
abuse sometimes levelled at us we have a sounder quantitative basis for our
decisions than for those in any other "safety' field. We must nevertheless
use every endeavour to strengthen our basic knowledge and widen our horizons.
I make no apology for directing your attention to these basic concepts and
how they may change in the future.
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FIGURE 7:

Log-normal probability density distribution with a constant
median at 0.4 of the time scale and ¢ decreasing linearly
from 1.0 (front) to 0.1 (back).



FIGURE 8: Integrated log-normal probability density distribution with
constant median at 0.4 of the time scale and o increasing
linearly from 0.l (front) to 1.0 (back).
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FiG.9 Incidence of Leukaemia Among_Japanese Survivors
from Hiroshima and Nagasaki
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FIG.10 Incidence of Tumours in Radium Dial Painters,
by Dose Received
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FIGURE 11:

Cumulative probability curve derived assuming log-normal
time of appearance of effect, that response is directly
proportional to dose, and that median time reduces linearly
with increasing dose by 30% over the dose range. The
results show that if ¢ 1is essentially constant at a value
of 0.1 (front), a fourth power law dose-response relation—
ship arises. o is allowed to increase linearly with
increasing dose and as the range of ¢ increases the power
law decreases until when ¢ varies from 0.l to L.0 (back)
the dose .response relationship becomes a square law.
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F1G.12 Survival Curves for Log-Normal Distribution of

Cell Killing with Dose
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FiG.13 Hypothetical Dose-Response Curve, Generated

Using _Log-Normal Distributions of Incidence
with Time and Cell Survival with Dose
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