Ne 2(6) 2015

JIVUEBAS IMATHOCTUKA U TEPAITU S

OPIAHUI3ALIMYA CJTY)KBbl 1 OBPASOBAHME

YK 615.849

PAIIMOBUOJIOTUS KAK OCHOBA JIJ151 PAIMOJIOTUYECKOW
3ALLUTBI

[ Puneepy
Memuuynekuni nentp Crandopackoro yausepeurera, Jlerckas 6osbruia, Crangopn, CIIA

RADIOBIOLOGY AS A BASIS FOR RADIOLOGICAL PROTECTION

Hans Ringertz
Stanford University Medical Center, Lucile Packard Children’s Hospital, Stanford, USA

Bckope mocsie OTKpBITHST PEHTIEHOBCKHX Jyuel
B 1895 . npodeccopom PeHTreHOM 1 paiHOaKTHBHOCTH
B 1896 rony npodeccopom bekkepesiem Gbl1o npusHa-
HO, UTO MOHU3UPYIOLLEE U3JydeHHE BbI3bIBAET OHOJIOH -
yeckre 3 QeKThl, YacTb KOTOPHIX MOKET ObITh UCTOJb-
30BaHa JyIsl JledeHHsl OMyXoJield, Torna Kak ipyrue Bpej-
Hbl M TIPUBOJISIT K HEraTHBHBIM Noc/iencTBusM. st ana-
JIM3a 9THX 3PPEKTOB U, CIEI0BATE/NBHO, BOZMOMKHOCTH
YIPaB/sTh UMH HEOOXOAMMO OblIO pazpadoraTh J103M-
MeTpuueckyto cucremy. [Ipocdeccop Kpucren B 1913 1.
nepBbIM CPOPMYJIUPOBAJ MOHSATHE JI03bl MPH PEHTTE-
HOBCKOM M3JlydeHUH: «(pU3HUecKas 1032 WJIH <IONIO0-
lLIeHHast 103a» pPaBHA OTHOLLEHUIO SHEPIUU H3JyUeHHs,
TMOTJIOLIEHHON B JIaHHOM oObeMe, K Macce BelllecTBa
B 3TOM OObeMe», UTO 3aJI0XKHUJI0 OCHOBbI JO3UMETPHH.

Ha Bropom Mexnynapontom Konrpecce nmo Paauo-
qorun (MKP) B Crokrosibme B 1928 rony 6bina onpene-
JIeHa M yTBEP2K/IeHA B KAUeCTBE «3KCTO3ULIMOHHON 1103b1»
nepBast BHECUCTEMHAs! I03UMETPHUYECKast eIMHULA, PEHT-
ret (R). IBanuats nate Jet cnycerst Ha MKP «nornotien-
Hast 103a», ob6o3Hadaemast paji, Oblia ornpeneseHa Kak
coornotenne 0,01 Jk/kr. [Tozxke sKBHBaJIeHTHAs 103a
o6o3Havasmack Kak 63p, a 3atem B 1979 . Obliv BBeEHbI
€/IMHUILIbI SKBUBaJIEHTHOH J103bl Ip3ii () 1 3uBept (3B).

Yake B 1903 1. Heineke onucas BbICOKyto panouyB-
CTBUTEJILHOCTb I'€MaTONOITHUECKOH CHCTEMbI H OCO-
6enHo sumdouutoB. B 1927 r. Miosnep, Habaionas
CTOHTAHHbIE MYTALUU Y PO30PUJIbI TTOcse 00aydeHHs,
BIEpBble MOKa3aJl JHUHEHHYI0 KPUBYIO J103a-0TBeT. Jlo
CHX 11Op OIPOMHOE 3HAYeHHeE /sl TOHUMaHHs1 OHOJIOTH -
yecKUX 3(eKToB mocse o6IyueHHsT UMeET OTKpbITHE
B 1953 . Yorconom u KpukoMm jBOiHON cnupaibHOM
crpykrypsl JIHK.

B 1958 r. P. Xwun oGHapy»Kus 3HaUWMble pasjidinsi
B PA/IHOYYBCTBUTE/ILHOCTH MEXKLY IBYMs] LITAMMAaMH OaK-
Tepuu E. coli u npeanosioxkus, uto oHU 00YCJIOBIEHBI
u3MeHeHussMH B pepmeHTaThBHOi penapaiyu JIHK. d1u
B3MJISIIbl ONEPENUIN CBOE BPEMSI, M TOJILKO B MOC/IEHHE

* Iporpamma STAR, okta6pb 2014, Cankr-ITetepoypr.
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JIECATUJIETHS IOKA3aHO, YTO UMEHHO penapaTHBHbIE MPo-
uecchl obecrneyuBatoT crabuibHOCTh CTpyKTyphl JIHK
C coiepaKalleiics B Hell reHeTHUeCKOH HHopMaluen.

B nocnenytoiye ecsiTuaeTys HaKOMJIEHO OrPOMHOE
KOJIMUECTBO ~ 3KCIEPUMEHTAJIbHBIX,  KJIMHUYECKHX,
a TaKkkKe 3MUIEMHOJIOTHUECKHX JIAHHBIX, MO3BOJHUBIIMX
CYLLECTBEHHO NMPOABHHYTHCS B NOHHMAaHHK OHOJIOrHYe-
CKHX MOCJIEACTBUH OOJIyUEHHS.

[TosnyueHHble 3HAHUS SBJSIOTCS OHOJOrHUECKOH
OCHOBOH CHCTEMbI PaIMOJIOTHIECKON 3aluThl. Hefipo-
6HOJIOTHUECKHE U KJIHHHYECKHE HCC/1eI0BAHUST M0Ka3a-
JIM, UTO TaK Ha3blBaeMmble «JIeTEPMHHUPOBAHHBIE
3(hekThI» (OCTpBIe COCTOSIHUSA, KaTapakTa, TOPOKH
pa3BUTHSI), MO-BUIMMOMY, MPOUCXOAST TOJNBKO MOC/e
npeBbIlIeHHsT TOPOrOBbIX 103 pajrauuu. B muanasoxe
MaJlbIX J103 0XKHJIaeMbl TOJILKO eHeTHYecKHe U KaHlle-
poreHHble 3(QeKTbl, MOITOMYy BO3HHUKHOBEHHE paka
SIBJISIETCST JIOMUHAHTHBIM 3P eKTOM /151 OLEHKH pajina-
LIMOHHOTO PUCKA B JIMarasoHe MaJjbX J103.

B nocnentue roapl ObuM H3ydeHbl GHOJIOTHUECKHE
npoliecchbl, KOTOpble MOTYT BO3HHKHYTb KaK OTBeT
Ha 103y 00J1yueHHst, 0COOEHHO B iMana3oHe HU3KHUX J103.
[Ipn BBICOKMX M CpEIHMX 3HAYEHHUsIX /103 pajvaluH
B HU3KOJ03HOM JHaraszoHe Obll MPeLIoKeH JUHEHHbIA
JI030BbIH OTBeT 6e3 nopora (HeauHelHbId otBeT, LNT
MOJIeJIb), KOTOPbIH MCIOJb3YeTCsl J/Is SKCTPArosiuy
pajMauMoHHOro pUcKa. B ocHOBY Takoro nojaxoza rnoJo-
JKEHbl IKCTEepUMEHTabHble U 3MUAEMHOJOTHUECKHE
JlaHHble, HO OH BbI3bIBAET JOCTATOYHO OGOCHOBAHHYIO
KpUTHKY. Tak, HeT HHMKAaKUX HayuHbIX JI0OKa3aTesbCTB
OTHOCHMTENbHO JI030BOTO Juanazona Hike 100 m3B.
[Ipenenbl 1036l B 061aCTH PAMOJIOTHUECKOH 3alLUThI
OMnpeesyiich TPenMyllleCTBEHHO HA OCHOBE 3IHjle-
MHOJIOTHUECKHUX MCCIIENOBAHUE paKa W HAC/IeICTBEHHbIX
stdexroB. Takue 3hdekThbl ObLIM 3HAUUMBI MIPH J03€
o6aydennsi okoso 100 m3B u Bbimre. [locne Bosned-
CTBHSl HM3KHX J103 pajalliOHHBble 3((EKThl CKPBITHI
BHYTPH (DJIYKTyalUHH «CIOHTAHHBIX» PAKOBBIX KJETOK.
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Takum o6pasoM, pUCK B JMana3oHe HU3KHUX J103
MOYKHO OIIEHUTb TOJIbKO TyT€M 3KCTParoJsiiiu
C UCTOJIb30BAHUEM MOJIEJH JIMHEHHOTO HYJIEBOTO MOPO-
ra (LNT). OkcnepumeHTasbHble HCCIEI0BaAHUS
HeOOXOJMMbI JIJIsl OLIeHKH MeXaHHU3MOB paaHallHOHHO-
MHJIyLIMPOBAHHBIX TIOC]EICTBUH JI/Is1 3/10POBbsI, BHOCS
BKJIJ B TMOHHMaHWe BO3MOMKHbIX J10303aBHCHMBbIX
3 deKTOB B HU3KOJIO3HOM JIMaIasoHe.

O6wmupHble pagno6GUONOrHYECKHE HCCAE0BAHUS
OblH BbIMOJHeHb! Ha moBpexaeHHo# JIHK ¢ uenbio
OLIEHKH €€ BO3MOXKHOW pernapaluu, a TakxkKe Ha TaKHX
SIBJICHUSIX, KaK aJlaliTUBHBIN OTBET, anontos, 3Mdexr
CBHJIETEJIS, TeHOMHAsi HeCTaOWJILHOCTb U TeHeTHUecKas
NPeapPacrnosoKEeHHOCTb. DTH MCCIE0BaHUA CBHUJE-

International Organizations in
the Field of Radioprotection

UNSCEAR

WHO
NRPB

Scientific organisations
Scientific societies

Organisations
policy recommendations,
technical & scientific data

Organisations publishing IAEA
recommendations & legally NEA of OECD
binding documents EU

Radiobiology
As Radiologists we often argue
(especially in "turf’-battles)

— Radiologists have the knowledge about
ionizing radiation; protection, and effects.

— Thus other specialists should not perform
examinations with ionizing radiation

My personal experience is that we do
not have that knowledge about
— Radiobiology, cellular defence etc.

Radiobiology & Radioprotection

Epidemiological findings and
limitations

DNA damage

DNA repair

Dose modifying phenomena
— Adaptive response to radiation
— Apoptosis etc.

Conclusions

TEJILCTBYIOT 00 BECOMbIX [MOC/IEACTBUSIX B CJOXKHBIX
6UOJIOTHUECKUX Mpolleccax, MPOUCXOASIIUX Mocje
o0JsiydeHusi, ¥ B HUX BO3MOXKHOM BKJIaJle B Pa3BUTHH
NOCJEACTBUI ISl 3/I0POBbSl. B3aumonencrsue 3THx
NpoLeccoB ovyeHb BaxHO. Hekotopble W3 panuauuoH-
HO-HMHJYUMPOBAHHBIX OHOJOTHUECKUX MOCAENCTBUH
BO3HUKAIOT YyxKe Toc/ae BO3JEHCTBUS 103 HHXKe
100 m3B. [To 3T0# NpuunHe, BCJIEACTBUE HHAWBHIYaJb-
HOCTH PajIMOuyBCTBUTENBHOCTH, J1ayKe HeGOoJIbIINE J103bl
CJleflyeT YUHTbIBaThb. B nocienHue rofbl HIHPOKO
006CyKIatoTest 0COOEHHOCTH paalallMOHHON 3allUThI
B 3aBUcUMOCTH OT JI[ 1D (siHeliHoi nepenaun sHepruu )
MOHU3UPYIOLLEro M3JydeHHsl U TeHeTHYeCKOH npeapac-
M0JI0?KEHHOCTH 00/yYeHHOTr0 OpraHu3ma.

INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION

+ Main Commission

+ Committees:
— 1. Radiation effects
— 2. Doses from radiation exposure
— 3. Protection in Medicine

— 4. Application of the Commission’s
Recommendations

— 5. Protection of the envirtonment

Radiobiology

* When Diagnostic Radiology and
Radiation Theraphy were one specialty
- and where this is still the case - it was
different.

» There was knowledge about the effects
— of Diagnostic Radiology
— of Radiotheraphy (selective cell killing)
— of Radiosurgery (general cell killing)

* On the cellular and genetic level

s ©
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Epidemiological Findings
and their Limitations (1)

» Analysed up to 2003 published 2012

— Hiroshima and Nagasaki
* 120321 survivors in this material
* Dose from distance to bomb epicenter
+ 42 % still alive (0 to 50 years of age 1945)
= 3.3 milion person year observation
= Cancer mortality 24 % (male 26, female 22 %)

Ozasa et al, Radiation Research 177:229, 2012
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Epidemiological Findings
and their Limitations (2)

Up to radiation doses of 2 Sv the data can be
described by a linear dose response curve without a
threshold.

A statistically significant increase of all solid cancers
is observed after radiation doses > 120 mSv

The excess relative risk per Sv (Gy) in this material is
0.42 at the age of 70 after exposure at 30 years of
age average for both sexes

Risk increase by 29 % per 10 years of age decrease
of age at exposure.
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Epidemiological Findings
and their Limitations (4)

Women are more radiosensitive by a
factor of about 1.7.

Children and adolescents are generally
more radiosensitive than adults

Strong differences exists with respect to
the radiosensitivity between different
organs and tissues

@5 sumc @ Lok e tmaotE
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5 2 8 & o2

]

Epidemiological Findings
and their Limitations (6)

Yearly US cancer
mortality variation
compared with
radiation risks.

Diagnostic
Radiology effects
are thus within
the noise of
"spontaneous”
cancers.

f Radiology

DNA Damage Types

(+Double Stranded RNA e.g. in RNA silencing)

» Base Loss Damage (BLD)

Streffer C: Stralenschutz PRAXIS 2/2009

%‘ SUMC e LPCH

« Structural DNA damage can
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Epidemiological Findings
and their Limitations (3)

It is assumed in the
literature that the doses
are cumulative

This means that one big
single dose gives the
same risk increase as
many small

However, at least for big
doses this is not the case

em? ot S
L%

L%

WUMBER of SURVIVING CELLS por
- -,

5, 10, 15, etc Sievert

Epidemiological Findings
and their Limitations (5)

Streffer C: Stralenschutz PRAXIS 2/2009

0.47 ERR p

The main problem is that no specific
signature exists for radiation-
induced cancer. The radiation effect
must be evaluated statistically.

Excess Relative Risk per Gy

DNA Damage

» A million individual molecular lesions per cell

per day by different causes!!!

s

— alter or eliminate the cell's ability Gf ;
to transcribe the gene that the A )
affected DNA encodes :y

—induce potentially harmful mutations bg >
in the cell's genome, which affect the
survival of its daughter cells after cell
division

DNA Damage Types
(+Double Stranded RNA)
» The different types of damage varies
— In severity
— With the energy of ionizing radiation
» Clustered DNA-damage is unique for
ionizing radiation.
— They do not occur with other toxic agents in
the "low dose range”.
— Repair of clustered damage is more complex

can result in misrepair
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Assessing DSB microscopically

Epi-genetic material:

— Chromatine = DNA +
Proteins + Histones

DNA damage results in

local histone phospho-

rylization.

This can be imaged

with antibodies and the

number of e.g. DSB

can be counted.

2/ SUMC e LPCH Department of Rad

DNA Repair (1)
DNA repair processes are constantly active
The rate of DNA repair is dependent on cell
type, the age of the cell, etc.
If the DNA can not be repaired any more
the cell can enter
— A irreversible state of dormancy, or senescence
— Start apoptosis or programmed cell death

— Go into unregulated cell division, which can
lead to malignant development

o SUM( e LPCH Department of 1

DNA Repair (3)

DNA repair is independent of the reason for
the damage.

An enzymatic process involving different
enzymes for different types of damage as
well as various repair molecules.

In simple cases the intact DNA strand acts
as a template for the repair.

Often if both phosphodiester backbones are
damaged the cell will die in the next mitosis.

B LPCH R
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DNA-repair capacity and
different types of radiation

+ Linear Energy Transfer (LET)

— Low LET (e.g. X-rays)
» Causes less ionization per unit distance
 Even if absorbed dose is high!

— High LET (e.g. neutrons
» Stops in shorter distance
» Transfers more energy per unit distance
+ Causes more ionization per unit distance

%‘: SUMC e LPCH Department of Rad
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DNA Damage from lonizing
Radiation of Different Energy

100 keV Electrons 2MeV a-particle
Bass Loss Damage 81.8 53.3
Single Strand Break 16.9 231
Clustered SSB
Double Strand Break ¥ 4.01
Clustered DSB
2

Streffer C: Stralenschutz PRAXIS 2/2009

Department of Radiology

Different types of = EEi Koy
(o) Metabolism
damage \ PR
Up to 500,000 DNA
repair events per cell
per day.
\
Healthy cell: mitochondrial
\ DNA
Rate of DNA damage )
= rate of repair
Diseased cell:
Rate of DNA damage

cancer
At A apoptosis
rate of repair senesence pep

b

>
unrepaired

g sumc (@) LcH

DNA Repair (4)

This enzymatic process is one of the
mechanisms suggested for the so called
“hormesis” or positive protective effect of
ionizing radiation.

The amount of enzymes awailable for repair
depend on the amount of injury.

More ionizing radiation should lead an
increased amount of repair enzymes and
thus a real increase of repair activity.

DNA-repair capacity after
neutron and X-irradiation
Streffer C: Stralenschutz PRAXIS 2/2009

¥ 1Qy neutrons @ 2 Qy X-rays

DNA-

Damage 50 Y After 3 hours all damage caused

(%) ) by 2 Gy X-rays is repaired while
. >50% of 1 Gy neutron damage

. remains.
o

~—

2 Repair Time (h) 3

t of Radiology
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Repair Kinetics of DSBs in
Human Lymphocytes

B "Sensitive normals”
¥ "Resistent normals”

" Ataxia telagiectasia patient

DNA-repair is
very efficient
but there are
marked diffe-
rences between
individuals.

Normal There are
range syndromes with
increased

Residual DNA-damage (percent)

radiosensitivity.

Low Dose Range Extrapolations

has not been proven.

From a statistical/epidemiologic point
of view the low dose linear hypotesis

The linearity can also

be affected by modifying

biological processes

.. A " THRESHOLD
HORMESIS

DOSE

Adaptive Response in Human
Lymphocytes from two Individuals

Residual

(in %). 1.5 Gy

2 . M Strong response

m Weak response

o 7
o

G=Gap
M=Mitosis
S=Syntesis

G,/M- Check-
point

Checkpoint Gz
activation is by
kinases that
signal down-
stream targets
like the p53
protein

|
DNA 50 mGy + 1.5 Gy

damage

after 3 h 1

10

in at least 1 of
the 3 apoptotic

p53 \cascades.
&4 Apoptosis

Checkpoint

Radiobiology & Radioprotection

Epidemiological findings and
limitations

DNA damage

DNA repair

Dose modifying phenomena

— Adaptive response to radiation
— Apoptosis etc.

Conclusions

Adaptive Response

From bacteria to human lymphocytes.
— First adapting dose (5 — 200 mGy).

—4 — 24 hours later:

— Challenging dose (1 — several Gy)
Adapting + challenging dose: < or <<
chromosome aberration compared to
only the challenging dose.

Very different effect between individuals.

Apoptosis
Extensive cell proliferation: 6 x 10
cells formed per day per individual
Apoptosis is a mechanism to eliminate
— No longer needed cells (e.g. fetal)
— Damaged cells

Increases after small radiation doses
Can start at cellcycle checkpoints

If damage is found the next cellcycle
step will be delayed

Mitotic chromosomal aberations

Developrﬁental

stage at No With
assessment radiation radiation

1-cell — 2-cells 23 20.1
2-cells — 4-cells 42 16.3
4-cells — 8-cells Tl 18.6

senborn: Int J Radiat Biol 1989
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After irradiation at the 1-cell stage Genomic instability versus

+ A “normal” fetus has developed. directly induced mutation
+ Studies of fibroblasts just after birth:

* Number of chromosomal abberations observed @
— After 1 Grey: » @4@

< 120-21.7% [,@<%)
— In control group without irradiation @

o @ 0 O}
«28-73% Y@<@ @§@<@ When there are only

Thus radiation damage can occur many cell @Y@ E]::@ some mutated cells
divisions later even after normal development 0 O}

This is termed: Instability of the genome

Directly induced mutation Genomic instability

0] When all cells in a
@4@ part of the body are
Radiation mutated a

@£@<% observable mutation

is present.

in each volume no
mutation develops.

“Targeted” Effects “Non-Targeted” Effects

Bystander effect Conclusions

Diagnostic radiologists need more knowledge
about Radiobiology

After irradiation of single cells, increased

mitotic aberations are seen in neighbouring R ) ‘

cells that have not been irradiated. The gontr;butlo; %f Radl?_log‘gy to the sta”ggljerilng I

This effect enhances the radiation effects f“‘m Lo energone IE‘.Palr‘ o ce A
d is small and can only be studied statistically

even in the low dose range. H ; — el

The mechanisms for this effect and the T e s

: P i DNA damage especially
increased genomic instability are not ; : :
khown — Multiple repair enzymes inluensed by local need

— Different types of repair molecules
— Cellcycle checkpoint control
— Three different cascades leading to apoptosis

The most probable explanation is that
these effects are epigenetic.
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AQUILION PRIME AND INFINIXGET TOP MARKS IN 2014 BEST IN KLAS AWARDS

In the 2014 Best in KLAS report for Medical Equipment & Infrastructure, Toshiba received top
scores in both CT and cardiovascular X-ray. The Aquilion PRIME won Best in KLAS for CT
64-slice plus with a score of 93.5. The system received high marks in key performance categories,
including functionality and upgrades, implementation and training, and sales and contracting.

Additionally, the Infinix was named category leader for cardiovascular X-ray, with a score of 90.8

against the competition. Overall, Toshiba ranked second in the report against the competition,
with a score of 88.7, just 0.2 of a point short of the number one spot.

TOSHIBA MEDICAL SYSTEMS EUROPE
Product Marketing Group
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