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Epidemiological studies after exposures to ionising
radiation have been performed with large numbers
of individuals. The main studies have been per-
formed with the survivors of the atomic bombing
in Hiroshima and Nagasaki, with persons who re-
ceived radiation exposures from medical indica-
tions (therapy and diagnostics) and with popula-
tions with high exposures from natural sources. The
main studies for the evaluation of risk factors are
coming from Hiroshima and Nagasaki (Pierce D.A.
et al., 1996). There have been published studies on
the incidence as well as on mortality of cancer and
it has been shown that the relative risk of various
cancer entities is very different. The highest relative
risk is observed for leukaemia (relative risk: 5�
6 per Sv), for breast cancer, thyroid cancer (inci-
dence), for lung cancer as well as some cancers of
the gastrointestinal tract.

In these studies it has been found that a significant
increase of cancer occurs after a whole body radia-
tion dose of around 100 mSv and higher (Thomp-
son D.E. et al., 1994). At lower doses a significant
increase of cancer mortality can only be observed if
sensitive groups have been studied (young chil-
dren). With a population of all age groups radiation
effects around 100 mSv and lower occur only in
such a low range that the radiation effect is smaller
than the 95% confidence intervals of the spontane-
ous rate of cancer mortality, as the rate of cancer
varies with time, region and other factors. There-
fore the radiation effect cannot be measured in this
low dose range. For these reasons it has frequently
been discussed whether a threshold dose exists for
the radiation induced cancer risk in the low dose
range. The following arguments are brought for-
ward in this connection (Streffer C., 1997a):

1. Radiation induced DNA-damage is repaired very
efficiently and therefore the probability for the oc-
currence of radiation induced cancer is reduced.

2. Adaptive processes which have been caused by
small radiation doses increased the cellular resis-
tance and therefore no radiation effects are seen in
the low dose range.

Ýôôåêòû âîçäåéñòâèÿ èîíèçèðóþùèõ èçëó÷åíèé íà
îðãàíèçì èçó÷åíû ïðè ïðîâåäåíèè ýïèäåìèîëîãè÷åñ-
êèõ èññëåäîâàíèé íà ìíîãî÷èñëåííûõ êîíòèíãåíòàõ
ëþäåé. Îñíîâíûå èññëåäîâàíèÿ ïðîâåäåíû ñðåäè ëèö,
âûæèâøèõ ïîñëå àòîìíûõ áîìáàðäèðîâîê Õèðîñèìû
è Íàãàñàêè; îáëó÷åííûõ ïî ìåäèöèíñêèì ïîêàçàíè-
ÿì (òåðàïåâòè÷åñêîå èëè äèàãíîñòè÷åñêîå îáëó÷åíèå)
è ïðîæèâàþùèõ â çîíàõ ñ ïîâûøåííûì ðàäèàöèîí-
íûì ôîíîì. Îñíîâíûå èññëåäîâàíèÿ, ïîñâÿùåííûå
îöåíêå ôàêòîðîâ ðèñêà, ïðîâåäåíû â Õèðîñèìå è Íà-
ãàñàêè (Pierce D.A. et al., 1996). Îïóáëèêîâàíû äàííûå
î ÷àñòîòå è ñìåðòíîñòè îò çëîêà÷åñòâåííûõ íîâîîá-
ðàçîâàíèé. Îòíîñèòåëüíûå ðèñêè ðàçâèòèÿ ðàçëè÷-
íûõ çëîêà÷åñòâåííûõ çàáîëåâàíèé çíà÷èòåëüíî îòëè-
÷àþòñÿ. Íàèáîëüøèé îòíîñèòåëüíûé ðèñê âîçíèêíî-
âåíèÿ ëåéêåìèè (5�6 íà Çâ), ðàêà ãðóäè, ùèòîâèäíîé
æåëåçû, ëåãêèõ è íåêîòîðûõ ôîðì ðàêà ïèùåâàðè-
òåëüíîãî òðàêòà.

Îáíàðóæåíî, ÷òî âñëåäñòâèå îáëó÷åíèÿ âñåãî òåëà â
äîçå îêîëî 100 ìÇâ è áîëåå çíà÷èòåëüíî ïîâûøàåòñÿ
÷àñòîòà ðàçâèòèÿ ðàêà (Thompson D.E. et al., 1994). Çíà-
÷èòåëüíîå ïîâûøåíèå ñìåðòíîñòè âñëåäñòâèå ðàêà,
îáóñëîâëåííîãî îáëó÷åíèåì â ìåíüøèõ äîçàõ, ìîæ-
íî îòìå÷àòü òîëüêî ïðè èññëåäîâàíèè ÷óâñòâèòåëü-
íûõ ãðóïï (äåòè ìëàäøåãî âîçðàñòà). Â ïîïóëÿöèè,
âêëþ÷àþùåé âñå âîçðàñòíûå ãðóïïû, ýôôåêòû îáëó-
÷åíèÿ â äîçàõ 100 ìÇâ è ìåíåå ðàçâèâàþòñÿ òàê ðåäêî,
÷òî îíè íå ïðåâûøàþò 95% èíòåðâàëà äîñòîâåðíîñòè
÷àñòîòû ñìåðòè îò ñïîíòàííîãî ðàêà, òàê êàê ÷àñòîòà
ðàêà çàâèñèò îò âðåìåíè è ðåãèîíà èññëåäîâàíèÿ, à
òàêæå äðóãèõ ôàêòîðîâ. Òàêèì îáðàçîì, ðàäèàöèîí-
íûå ýôôåêòû íå ìîãóò áûòü îöåíåíû ïðè ìàëûõ äî-
çàõ. Ïîýòîìó ÷àñòî âîçíèêàþò äèñêóññèè î íàëè÷èè
ïîðîãà ðàçâèòèÿ ðàêà ïðè îáëó÷åíèè â ìàëûõ äîçàõ. Â
íàøåì èññëåäîâàíèè (Streffer C., 1997a) îáîñíîâàíû
ñëåäóþùèå ïîëîæåíèÿ:

1. Ðàäèàöèîííî-èíäóöèðîâàííûå ïîâðåæäåíèÿ ÄÍÊ
ýôôåêòèâíî âîññòàíàâëèâàþòñÿ è âåðîÿòíîñòü ðàçâè-
òèÿ ðàäèàöèîííî-èíäóöèðîâàííîãî ðàêà ñíèæàåòñÿ.

2. Àäàïòèâíûé ïðîöåññ, âûçâàííûé ìàëûìè äîçàìè
îáëó÷åíèÿ ïîâûøàåò êëåòî÷íóþ ðåçèñòåíòíîñòü è ïî-
ýòîìó âîçäåéñòâèå ìàëûõ äîç íå ïðèâîäèò ê ðàçâèòèþ
ðàäèàöèîííûõ ýôôåêòîâ.
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3. Apoptotic processes remove damaged cells from
the irradiated tissues and therefore the probability
for cancer risk decreases.

4. For the development of cancer several mutational
steps are necessary. These phenomena lead to a reduc-
tion of the probability for radiation induced cancer rates.

On the other hand many cellular and molecular bio-
logical studies have demonstrated that a linear dose�
effect curve without a threshold dose holds true for
the induction of chromosomal aberrations and radi-
ation damage to the DNA. Although DNA damage is
apparently involved in this initiation of cancer induc-
tion an increased DNA-repair will only decrease the
slope of the dose-effect-curve but will not lead to a
threshold. For adaptive response it has been shown
that very distinct and defined experimental conditions
have to be used in order that an adaptive response can
be observed. Further the genetic predisposition is very
important in this connection. Therefore adaptive re-
sponse is not a general principle for radiation effects.
For apoptosis there exists no evidence that it really can
avoid cancer with a strong efficiency. Under these cir-
cumstances a linear dose�effect curve without a
threshold remains as the best description or cancer
risk in the low dose range although this risk cannot
be measured by epidemiological studies as pointed out
above. From such a dose�effect curve risk factors can
be evaluated. Mainly on the basis of the studies in
Hiroshima and Nagasaki a risk factor of 10�1 Sv�1

has been estimated for acute radiation exposure
(UNSCEAR, 1988) and of 5�10�2 Sv�1 for chronic ex-
posures (ICRP Publication 60).

In a number of studies it has been clearly shown that
especially for mammary carcinomas as well as for
thyroid cancers a strong age dependence exists.
Children and young persons are more radiosensi-
tive with respect to cancer induction than older
persons. This has been shown for survivors in Hi-
roshima and Nagasaki, for a number of patient
groups and also for the children with thyroid can-
cers after the reactor accident in Chernobyl. The
dose�effect relationship in these very radiosensi-
tive groups clearly support the linear dose concept
without a threshold (UNSCEAR, 1994).

Further it has been shown during the last two de-
cades that a number of persons have a high radio-
sensitivity which is coupled to genetic predisposi-
tion (Streffer Ñ., 1997b). A number of genetic syn-
dromes have been described. In these patients a
repair deficiency and changes in cell cycle regula-
tions can be observed which support the develop-
ment of a cancer induction. In these patients the
cancer risk can be increased by a factor of 5 to 10.
However these studies have not been performed
with low radiation doses up to now. Most informa-
tion originates from studies of secondary cancers
after radiotherapy for primary childhood cancer
(retinoblastoma, Wilms-tumour, Morbus-Hogkin).

3. Âñëåäñòâèå àïîïòîçà óäàëÿþòñÿ ïîâðåæäåííûå
êëåòêè èç îáëó÷åííûõ òêàíåé è, ñëåäîâàòåëüíî, ñíè-
æàåòñÿ ðèñê ðàçâèòèÿ ðàêà.

4. Äëÿ ðàçâèòèÿ ðàêà íåîáõîäèìî íåñêîëüêî ìóòàöèé.
Çà ñ÷åò äàííîãî ôåíîìåíà ñíèæàåòñÿ âîçìîæíîñòü
ðàçâèòèÿ ðàäèàöèîííî-èíäóöèðîâàííîãî ðàêà.

Ñ äðóãîé ñòîðîíû, ðåçóëüòàòû ìíîãèõ èññëåäîâàíèé,
ïðîâåäåííûõ íà êëåòî÷íîì è ìîëåêóëÿðíîì óðîâ-
íÿõ, ñâèäåòåëüñòâóþò, ÷òî äëÿ èíäóêöèè õðîìîñîì-
íûõ àáåððàöèé è ðàäèàöèîííîãî ïîâðåæäåíèÿ ÄÍÊ
ñóùåñòâóåò áåñïîðîãîâàÿ ëèíåéíàÿ çàâèñèìîñòü
äîçà�ýôôåêò. Õîòÿ ïîâðåæäåíèå ÄÍÊ, âåðîÿòíî, âî-
âëåêàåòñÿ â èíèöèàöèþ èíäóêöèè ðàêà, ïîâûøåíèå
ðåïàðàöèè ÄÍÊ ïðèâîäèò ê óìåíüøåíèþ óãëà íàêëî-
íà ëèíèè çàâèñèìîñòè äîçà�ýôôåêò, íî íå ê âîçíèê-
íîâåíèþ ïîðîãà. Äëÿ ðàçâèòèÿ àäàïòèâíîãî îòâåòà
íåîáõîäèìû îñîáûå óñëîâèÿ. Â ýòîé ñâÿçè âàæíûì
ôàêòîðîì ÿâëÿåòñÿ è ãåíåòè÷åñêàÿ ïðåäðàñïîëîæåí-
íîñòü. Ñëåäîâàòåëüíî, àäàïòèâíûé îòâåò íå îòíîñèò-
ñÿ ê îáùèì ìåõàíèçìàì ðàçâèòèÿ ðàäèàöèîííûõ
ýôôåêòîâ. Òàêæå íå äîêàçàíî, ÷òî àïîïòîç ïðåäîò-
âðàùàåò ðàçâèòèå ðàêà. Â ñâÿçè ñ ýòèì áåñïîðîãîâàÿ
ëèíåéíàÿ çàâèñèìîñòü äîçà�ýôôåêò íàèëó÷øèì
îáðàçîì õàðàêòåðèçóåò ðèñê ðàçâèòèÿ ðàêà ïðè ìà-
ëûõ äîçàõ, õîòÿ ýòîò ðèñê è íå ìîæåò áûòü èçìåðåí
ïðè ýïèäåìèîëîãè÷åñêèõ èññëåäîâàíèÿõ. Ïî äàííûì
çàâèñèìîñòè äîçà�ýôôåêò ìîæíî îöåíèòü ôàêòîðû
ðèñêà. Ïî ðåçóëüòàòàì èññëåäîâàíèé, ïðîâåäåííûõ
ãëàâíûì îáðàçîì â Õèðîñèìå è Íàãàñàêè, îöåíåíû
ôàêòîðû ðèñêà: 10�1 Çâ�1 � äëÿ îñòðîãî îáëó÷åíèÿ
(UNSCEAR, 1988) è 5�10�2 Çâ�1 � äëÿ õðîíè÷åñêîãî
(ICRP Publication 60).

Â ðÿäå èññëåäîâàíèé âûÿâëåíà æåñòêàÿ çàâèñèìîñòü
ðàçâèòèÿ ðàêà ãðóäè è ùèòîâèäíîé æåëåçû îò âîçðàñ-
òà.  Äåòè è ïîäðîñòêè ÿâëÿþòñÿ áîëåå ðàäèî÷óâñòâè-
òåëüíûìè â îòíîøåíèè ðàçâèòèÿ ðàêà, ÷åì ëèöà ñòàð-
øåãî âîçðàñòà. Ýòè äàííûå ïîëó÷åíû ïðè èññëåäîâà-
íèè æåðòâ àòîìíûõ áîìáàðäèðîâîê â Õèðîñèìå è
Íàãàñàêè, ãðóïï ïàöèåíòîâ, à òàêæå äåòåé, áîëüíûõ
ðàêîì ùèòîâèäíîé æåëåçû, ðàçâèâøåìñÿ ïîñëå ×åð-
íîáûëüñêîé àâàðèè. Ñâÿçü ìåæäó äîçîé è ýôôåêòîì â
âûñîêîðàäèî÷óâñòâèòåëüíûõ ãðóïïàõ ïîäòâåðæäàåò
áåñïîðîãîâóþ ëèíåéíóþ êîíöåïöèþ çàâèñèìîñòè
äîçà�ýôôåêò (UNSCEAR, 1994).

Ïî äàííûì, îïóáëèêîâàííûì çà ïîñëåäíèå 20 ëåò, â
ðÿäå ñëó÷àåâ âûÿâëÿþò ãåíåòè÷åñêóþ ïðåäðàñïîëî-
æåííîñòü ê âûñîêîé ðàäèî÷óâñòâèòåëüíîñòè (Stre-
ffer Ñ., 1997b). Îïèñàí ðÿä ãåíåòè÷åñêèõ ñèíäðîìîâ.
Ó òàêèõ ïàöèåíòîâ íàáëþäàþò ñíèæåíèå ðåïàðàòèâ-
íûõ âîçìîæíîñòåé è èçìåíåíèÿ ðåãóëÿöèè êëåòî÷íî-
ãî öèêëà, ÷òî ñïîñîáñòâóåò èíäóêöèè ðàêà. Ðèñê ðàç-
âèòèÿ ðàêà ìîæåò ïîâûøàòüñÿ â 5�10 ðàç. Îäíàêî ïî-
äîáíûå èññëåäîâàíèÿ íå ïðîâîäèëè ïðè îáëó÷åíèè â
ìàëûõ äîçàõ. Áîëüøèíñòâî äàííûõ ïîëó÷åíû ïðè îá-
ñëåäîâàíèè áîëüíûõ âòîðè÷íûì ðàêîì, âîçíèêøèì
ïîñëå ðàíåå ïðîâåäåííîé ðàäèîòåðàïèè ïî ïîâîäó
ðàçâèâøèõñÿ â äåòñòâå ðåòèíîáëàñòîìû, îïóõîëè
Âèëüìñà, áîëåçíè Õîäæêèíà.
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The described mechanisms are supported by cellu-
lar and molecular studies on cells from those patients
with a genetic predisposition in vitro. Experimental
studies have also demonstrated that genetic instabili-
ty can be induced after irradiation. In most cases these
studies have been performed with chromosomal
aberration. It has been found that such chromosomal
aberration are formed many cell generation later
than the radiation exposure had occurred. The
mechanism of the induction of genomic instability
is unclear up to now. However, it could be very pow-
erful mechanism for the induction of cancer.

It is generally accepted today that the development
of cancer is a multistep mutational event. Therefore
it appears very plausible that the induction of ge-
nomic instability increases the mutation frequency
in damaged cells and therefore can promote the
further steps for cancer development. The evalua-
tion of these mechanisms are certainly very desira-
ble in order to solve the open questions for the in-
duction of cancer. The most urgent problem cer-
tainly is the question of a threshold, as all risk
estimates in the low dose range are based on this
concept. Risk estimates could be further facilitated
by specific mutation patterns after radiation expo-
sures and their recognition. Studies with thyroid
cancer (RET-rearrangements) and bronchial carci-
nomas (p53 mutations) give some indications.

Ýòè ìåõàíèçìû ïîäòâåðæäàþòñÿ äàííûìè èññëåäî-
âàíèé íà êëåòî÷íîì è ìîëåêóëÿðíîì óðîâíÿõ in vitro
ó ïàöèåíòîâ ñ ãåíåòè÷åñêîé ïðåäðàñïîëîæåííîñòüþ.
Â ýêñïåðèìåíòå óñòàíîâëåíî, ÷òî ãåíåòè÷åñêàÿ íå-
ñòàáèëüíîñòü ìîæåò èíäóöèðîâàòüñÿ ïîñëå îáëó÷å-
íèÿ. Â áîëüøèíñòâå ñëó÷àåâ íàáëþäàëè õðîìîñîì-
íûå àáåððàöèè. Ýòè õðîìîñîìíûå àáåððàöèè ôîð-
ìèðóþòñÿ ìíîãèìè êëåòî÷íûìè ãåíåðàöèÿìè â
îòäàëåííûé ïåðèîä ïîñëå îáëó÷åíèÿ. Ìåõàíèçì èí-
äóêöèè íåñòàáèëüíîñòè ãåíîìà äî ñèõ ïîð íåÿñåí.
Îäíàêî îí ìîæåò îêàçàòüñÿ âåñüìà çíà÷èòåëüíûì äëÿ
èíäóêöèè ðàêà.

Ïðèçíàíî, ÷òî ðàçâèòèå ðàêà ÿâëÿåòñÿ ìíîãîñòóïåí-
÷àòûì ïðîöåññîì ìóòàöèé. Òàêèì îáðàçîì, î÷åíü âå-
ðîÿòíî, ÷òî èíäóêöèÿ íåñòàáèëüíîñòè ãåíîìà ïîâû-
øàåò âîçíèêíîâåíèå ÷àñòîòû ìóòàöèé â ïîâðåæäåí-
íûõ êëåòêàõ è òàêèì îáðàçîì ìîæåò ñïîñîáñòâîâàòü
äàëüíåéøåìó ðàçâèòèþ ðàêà. Îöåíêà ýòèõ ìåõàíèç-
ìîâ ÿâëÿåòñÿ íåñîìíåííî î÷åíü âàæíîé äëÿ ðåøåíèÿ
âîïðîñîâ î ïðè÷èíàõ èíäóêöèè ðàêà. Íàèáîëåå îñò-
ðî ñòîèò âîïðîñ î ïîðîãå, ïîñêîëüêó âñå ðèñêè ïðè
ìàëûõ äîçàõ îñíîâûâàþòñÿ íà äàííîé êîíöåïöèè.
Îáëåã÷èòü îöåíêó ðèñêà â äàëüíåéøåì ìîæíî çà ñ÷åò
âûÿâëåíèÿ ñïåöèôè÷åñêîãî õàðàêòåðà ìóòàöèé, âîç-
íèêøèõ ïîñëå îáëó÷åíèÿ. Ðåçóëüòàòû èññëåäîâàíèÿ
ðàêà ùèòîâèäíîé æåëåçû (RET-ïåðåñòðîéêè) è ðàêà
áðîíõîâ (ìóòàöèÿ ãåíà ð53) äàþò äëÿ ýòîãî íåêîòî-
ðûå îñíîâàíèÿ.
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