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Radiation Units

Activity

Roentgen - unit of exposure for gamma or x-ray radiation in air

Gray (Gy) - unit of absorbed dose; 1 Gy = 100 rad

Rad - old unit of absorbed dose; 1 rad = 1/100 Gy (cGy)
Sievert (Sv) - unit of dose equivalent; 1 Sv =100 rem

note: for external gamma radiation, Sv is equivalent to Gy (rad equivalent to
rem)

Rem - old unit of dose equivalent; 1 rem = 1/100 Sv (cSv)

Effective dose equivalent (EDE) - dose equivalent for a specific organ of the body
based on its sensitivity to the specific type of radiation

Becquerel (Bq)
1 Bqg = 1 disintegration per second
Curie (Ci) - older unit of activity

1 Ci = 3.7 x 10%° disintegrations per second



Comparing Chernobyl with Fukushima Daichi

Chernobyl

1131 1.76 x 10Y7 bcg/day  1.30 x 107 bcg/day

Cel37 85x10%bcg/day 5.0 x 10 bcqg/day



Lessons from Chernoby|

. Why was there reluctance by IAEA to accept
early reports of P thyroid cancer?

. What were the public health consequences of
general population screening?

. Did a reliance on ecological studies effect
dose-response calculations?

. Why was the Japanese LSS not replicated in
Belarus?



Thyroid Cancer Risks Before Chernoby!

AGE yrs Latency Cases/10,000 Relative
yrs PY-Gy Risk/SIR

Medical/External Dose

Rochester Thymus Gland <1.0 20-30 1.89 0643 13.0
Israel Tinea 0-4 20-30 2039 6.373 23.6
5-15 20-30 9.09 2.88 8.3

Medical/Internal 1131

Sweden/Holm (1988) All 1.27 [0.94-1.67]
0.5Gy N=35,074

Environmental
Marshall Islands 1.1-1.3

Utah Sites (Rothman 1984) 0 [0-0.54]
Risk Estimates
Shorr (1992) 2.6

Lundgren 1987 Int/ext 1.0 [0.14-3.15]



Chernobyl 1986 Radiation Dissemination Pattern




Major post-chernobyl Studies

Author Institutions Location | Period Design Population 1986 Q4 ratio

Astakhova et al 1998 RIRM, Minsk Belarus 1987-1992 Case Control 107 cases; 0-15 1.1:1

Davis et al 2004 University of Washington Russia 1991-1997 Case Control | 26 cases; 1:1

Cardis et al. 2005 IARC Belarus 1992-1998 Case Control 276 cases; 0-15 1.7:1
Russia

Tronko et al. 2006 Institute of Endocrinology and | Ukraine 1998-2000 | Cohort 45/13,127:0-18 2:1

Metabolism, Ukraine

Tronko et al. 1999 AMS Ukraine Ukraine 1986-1997 Ecological 562 cases:0-18 2.1:1

Jacob et a. 2006 Inst Rad Prot, Nurembourg Belarus, 1990-2001 Ecological Ukr 522 cases (Kiev) 2.8:1
Ukraine Bel 577 cases (Minsk) 1.8:1

Likhtarov et al. 2006 Radiation Protection Inst, UKR Ukraine 1990-2001 Ecological 232 cases:0-18 (301,997) | 2.1:1




Cancer consequences of the Chernobyl accident:

Estimates of thyroid doses (Goulko et al 1996, Likhtarov et al 2005, Minenko 2000,

UNSCEAR 2000).
Mean thyroid dose (Gy)

Population Size of population (-7 years Adults Total
Evacuees of 1986, including 116131 1.82 0.29 0.48

villages, Belarus 24725 3.10 0.68 1.00

Pripyat town 49360 0.97 0.07 0.17

villages, Ukraine 28455 2.70 0.40 0.65
Belarus

Entire country 10000000 0.15 0.04 0.05

Gomel region 1 680000 0.61 0.15 0.22
Ukraine

Entire country 55000000 — — 0.01

Region around Chernobyl NPP 500000 — — 0.38

Kiev city 3000000 — — 0.04
Russian Federation

Entire country 150000 000 — — 0.002

Bryansk region 1457 500 0.16 0.026 0.04

Kaluga, Orel, Tula regions 4000000 — — 0.01




Cases and Controls in the Core 1998 Case Control Study

Characteristics of the 107 Cases
Type of Area
Control 1. Age at exposure (years) 5. Sex
| A 0-2 25 Female 56
II‘EES ﬁ (BHestricted) 3-5 36 Male 51
' ) 68 26 6. Patholo
SRR i B  Vitebsk 9-11 20 Papillij;y 105
2. Age at diagnosis (years) Follicular 2
4-6 14 7. Pathology staging
7-9 41 Unclassified 15
10-12 24 7.1. Tumor size
13-16 28 <1lcm (T1) 23
® Grodno 3. Region in 1986 14 cm (T2) 23
Gomel 69 >4 cm (T3) 2
B Brest 13 Invasion® (T4) 44
Mogilev 5 7.2. Lymph node metastasis
Minsk 9 Absent (NO) 35
Grodno 7 Present (N1) 57
Vitebsk 4 7.3. Distant metastasis
4. Rural/urban in 1986 Absent (MO0) 88
Rural 51 Present (M1) 4
Urban 56
Chernoby! Reactor X
“Beyond thyroid capsule.

Cases Aksakhovchina Clinic

e 89 fromzone A, 18 from Zone B

e 107 Type | Controls (Zone A, only)

e 107 Type Il Controls (Same diagnostic procedures as Cases)



Dose Relationship only in Gomel Region, and in Rural Areas

- e - —_— — = m=

<030 0.30-0.9 1.00+ X (2df) P OR* (95% CI)
From Gomel region
Twpel
Rural m 12n 153 209 <0.001 10.42 (346, 31.25)
Urban 229 103 0 6.4 0.042 5.05(1.27,20)
Not from Gomel region
Rural 14/16 k1| 00 113 029 342(032,37)
Urban 20016 114 o 30 020 0.16 (0.02,1.51)
From Gomel region
Typell
Rural g[rx) 129 153 16.95 <0.001 741(25,21.7)
Urban 2325 108 m 0.62 073 1.45 (0.52, 4.06)
Not from Gomel region
Rural 1416 V1 00 .13 029 342(032,37)
Urhm zﬂm m {m 0.00° 1.00 1.00 (0.06, 17.2)

'In mnpﬂmdthehwmmdﬂmwh@um gmupsmbmi
"1 df.



IARC Case Control Study

Belarus - all study subjects Russia - all study subjects
500 E00 —
§ 400 4 357 g 400
T
= - 300
2 222
k=] E-]
E E 200
E E
= = e
2oz 4 14 o o 3 3 2
015 16198 200- 400 600- 800~ 1000- 1250- 1500 2000- 3000+ 0-15 16-1909 200 400- 600- B00- 1000 1250 1500- 2000- 3000+
393 559 799 999 129 1499 1999 2999 /G 599 799 999 1249 1490 1999 2999
Dose categories (mGy) Dose categories (mGy)
All cases - both countries All controls - both countries

Murnber of subjects
Number of subjects

0-15 16199 200 400- 600 800~ 1000- 1250 1500- 2000- 3000+ 0-15 16-199 200- 400- 600 800 1000- 1250- 1500- 2000- 3000+
3|3 598 IS 999 1248 1499 1989 2999 383 599 TS 999 1243 1439 1399 2999
Dose caegories (mGy) Dose categories (mGy )

WHO expert group 2003.



Belarus Case Control Study -- RMI and NCI, 1998
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IARC study — Belarus and Russia

276 cases/231 in Belarus

T 10.00 -

Relative risk of thyroid cancer (O

*OR and best fit linear models

@
«OR @1 Gy 5.5 (Cl 3.1,9.5) — 8.4 (Cl 4.1-17.3)
eLinear fit @1.5-2 Gy
‘/{_‘.S) * OR and 95% C1
©) 4 (T ERE model - inear—quadratic dose-response
i (T ER R ] = linear dose=response = doses <2 Gy
“." (T)— - — ERR model = lincar dosesresponse = doses <1 Gy
@ O] (I—-—-—- Log-linear model - linear-quadeatic dose response - doses <2 Gy
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Ukraine Cohort Study romoera. 200

Birth cohort 1968 — 1986
Screened 1998-2000
32,385 selected on basis of Direct dose and interview
e 100% of > 1 Gy (n=8752) and random sample of lower dose
13,243 took part (44%); 29,919 eligible: 34% untraceable; 21% refused



Ukraine Cohort Study

Case subjects (7 = 45) Noncase subjects (7 = 13082)
Variable ] % 7 % OR* (95% CI) P valuet
Sex 01
Male 15 333 6456 49.4 1.00 (referent)
Female 30 66.7 6626 50.6 2.21(1.18 to 4.13)
Age at screening. y 003
12-14 3 6.7 1406 10.7 1.00 (referent)
15-19 11 244 3931 30.0 2.05(0.57 t0 7.39)
20-24 15 333 4015 30.7 4.84(1.36t0 17.1)
25-33 16 356 3730 28.5 6.08 (1.71 to 21.5)
Current residence 59
City 9 20.0 3779 28.9 1.00 (referent)

by |

Town 15.6 2157 16.5 1.10(0.40 to 2.98)
Rural 29 64.4 7141 54.6 1.43(0.67 to 3.04)



Key Findings

ERR and OR for thyroid cancer ~5-8 per Gy

Kl administration appears to lower risk by a factor of ~ 3
Low exogenous iodine increases risk by factor of ~3

Low exogenous | and Kl interaction over 1 Gy (up to 11x)



Late Effects or Screening Bias
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Ecological Issues
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Comparison of 3 high exposure oblasts
with Belarus low exposure wamwneetaizom
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Number of ultrasound examinations per 100, 000 population by time and oblast

Thyroid Cancer in Ukraine

e 1968-1986 cohort

*24% (73,216) had direct thyroid measurements
*Avg dose = 353 mGy

*RR for detection 3x higher as US screening extends
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1a-157 18831505 1R9E-150A 18aA-200
Mumber of thyreid cancer cases diagnosed in Ukreine by time period and oblast.
Lower Upper
05% 95%
Variable  Estimate? bound bound X2 df P value”
Oblast
Kyiv 1 2743 2 =<0.0001
Chernihiv 0.58 0.38 0.90
Zhytomyr 0.45 0.33 0.61
Screening rate per 100
<0.7 1 25.50 3 <0.0001
0.7-1.2 2.11 1.40 3.18
1.3 1.7 2.53 1.60 3.98
=1.8 3.30 1.99 5.46
Calendar time 14.37 3 0.002
1990-1992 1

1993-1995 2.05 1.17 3.58
1996-1998 2.06 0.93 4.56
1999-2001 454 1.70 12.10



CLEAN UP WORKERS
ACUTE RADIATION EFFECTS
OTHER CANCER RISKS



Distribution of Doses to Cleanup Workers as
Recorded in National Registries

External dose (mGy)

Percentage
Number of for whom 75th 95th
Country and  cleamup dose perceil- percen-
period workers  is kmown Mean Median  tile tile
Belarns
1986 68,000 g8 60 53 93 138
1987 17.000 12 28 19 29 34
1938 4000 20 20 11 31 93
1989 2000 16 20 15 30 42
1986-1989 91,000 9 44 25 70 125
Pussian Federation
1986 69,000 51 169 194 220 250
1987 53,000 7 92 92 100 208
1988 20,500 83 34 26 45 94
1989 6000 73 32 30 48 52
1986-1989 148,000 63 107 92 180 240
Ukraine
1986 98,000 41 185 190 237 326
1987 43,000 72 112 105 142 236
1938 18,000 79 47 33 50 134
1989 11,000 86 35 28 42 107
1986-1989 170,000 56 126 112 192 203

*Avg dose 170 mGy in 1986
*Glycophorin A (GPA) negative
*Translocation analysis (FISH) negative



Solid tumour and lekeumia risk in
clean-up workers Ivanov 2007

Risk of incident solid cancer by dose groups.

Follow-up period 1991-1995* Follow-up period 1996-2001"
Dose interval  Average crude rate Average crude rate
imGy) (1100, 0000 SIR (95% CI) RR (95% CI) (17100,000) SIR (95% CI)  RR (95% CI)

1-50 185.4 0.98 (078, 1.21) 1.0 285.0 0.94(0.79, 1.12) 1.0
50-95 159.8 0.86 (0,70, 1.03) 0.87 (0.65, 1.15) 3119 0.94 (D81, 1.08) 103 (0.82, 1.28)
05-125 217.1 1.15(0.95, 1.38) 117 (0.88, 1.56) 2095.6 0.88 (0.75, 1.04) 098 (0.77, 1.24)
125-175 239.9 1.04 (D80, 1.31) 1300053, 1.79) 410.2 1.O7(D.88, 1.29) 1.35(1.04, 1.75)
175-210 2320 1.27 (105, 1.30) 1.52(1.15, 2.02) 3500 0.94(0.79, 1.100 115 (0.91, 1.46)
210-300 2018 0.96 (0,80, 1.15)  1.09 (0.82, 1.45) 341.2 096 (083, 111 112 (0.90, 1.41)

* Follow-up period 1991-1995: SIR = 1.03 (0.95, 1.12); ERR/Gy = 0.76 (—0.42, 2.41).
® Follow-up period 1996-2001: SIR = 0.95 (0.89, 1.01); ERR/Cy = 0.20(—0.66, 1.30).

Radiation risks of leukemias in emergency workers.

Follow-up period 1986—1996 19972003
Dose groups (mGy) 0-45 45-90 G0-150 150-300 043 45-90 Q0-150 150-300
Mean doses (mGy) 17 64 106 215 17 65 106 215
Number of leukemia 11 3 5 22 9 7 5 9
cases
Relative risk (95% CI) | 04001, L0} 04001, L0V 14008, 2.6) I L1005 26 06002, L5) 09003, L.8)
Comparison of two 1 2.2(1.3, 3.8) 1 0.9(0.35, 1.5)
groups (95% CI)
ERR/Gy (95% CI) 44000, 16.4) —1({-3.0, 3.6)

e ERR/Gy (0.20, 0.76) c/w LSS
e Leukemia risk in first ten years



Estimated +-Ray Doses from External Irradiation
Received by the Emergency Workers with Acute
Radiation Sickness after the Accident

Degree of Dose
acute radiation  imterval Nuomber of Number of Number of

sickness (Gv) patients deaths SUIVivVors
Mild 0821 41 0 41
Moderate 2241 50 1 49
Severe 4264 22 7 15
Very severe 6.5-16 21 20 1
Total 0.8-16 134 28 106

*Badges limited to 0.2Gy

*The primary whole-body effect from acute

radiation exposure is acute radiation syndrome
ARS).

eoccurs with acute doses of >0.5 -1 Gy (50 - 100
rad)



Short 1/2 Life Sources of Radiation
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The Screening and Cohort Effect



Hiroshima and Nagasaki -- Risk Estimates

rr (>100 vs 0-9 rad) AR(/million py/r)

All deaths
1950-54 -- 1.10 2.78
1970~-4 1.15* B.12**
Leukemia (204-7) Hiroshima (AR)

1950-74 2.33

1950-54 4.11

1971-4 0.90

RADS (RR)

25 5

40 5

50-75 cSv will double the lifetime leukemia rate in a
natural popuation

other sites: breast 2.22 rr (>100r) and 0.36/ar
thyroid small, but late and over 100 rad

leading AR Leu 1.92/stomach 0.64/ breast 0.36/ lung 0.35



Principal Study Groups --Chernobyl

Study

Main Group

Affiliates

Cardis et al. 2005

IARC

Medical Radiological Research Center RAMS,

Qhninsk, the Russian Federation; Belarusian Center for Medical Technologies, Computer Systems, Administration
and Management of Health, Minsk, Belarus; Nagasaki University; State Rezearch Center — Institute of Biophysics,
Moscow, the Russian Federation (] Institute of Physics, Vilnius, Lithuania; Research Institute of Radiation Hygiene,
5t Pefershurgthe Russian Federstion; Mational Cancer Institute, Bethesda, MD; Clinic and Policlinic for Muclear
Medicing, Bayerische Julivs-Iaximilians University of Wilrzhurg, Germany; Research Institute for Radistion Biclogy
and Medicine, Hiroshima University, Hiroshima, Japan; Institute of Geological Sciences of the National Academy of
Sciences of Belarus, Minzk, Belarus; Center of Lazer Medicinge, Childhood Polyclinic Mo. 8, Minsk, Belarus (LA);
Belarusian State Medical University, Minsk, Belarus; Centre for Tobacco Prevention, Stockholm Centre of Public
Health and Clinical Epidemiology Unit, Karalinska University Hospital, Sweden; Mational Magasaki Medical Center,
Magasaki, Japan ; ¥ernadsky Institute of Geochemistry and Analytical Chemistry, Russian Academy of Sciences,
Moscow, the Russian Federation; Republican Research Centre of Radiztion Medicine and Human Ecology, Gomel,
Belarus; Belarusian State Medical University, Minzk, Belarus; Department of Endocrinology and Metabolism,
University of Pisa, Italy; Clinic of Oncology, Turku University Hospital, Turku, Finland; Sirangeways Research

hehoratory.Cambridee, UK.

Davis et al, 2004

US Intl Consortium

Fred Hutchinson Cancer Research Center, Seattle, Washington; Medical Radiological Research Center, Qhninsk.
Bussiz:Bryansk Diagnostic Center, Bryansk, Russia; P Risk Assessment, Denver, Colorade; National Center of
Hematology, Moscow, Russis; Bryansk Institute of Pathology, Bryansk, Russia

Astakkhovg et al. 1993 | RIRM, Minsk RIRM, Minsk, MCI, MIH, Institute of Biophysics, Moscow
Likhfaroy et al 2006 Rad Prot Inst Ukraine Radiation Protection Institute ATS Ukraine, Scientific Centre for Radiation Medicine AMS of Ukraine, b National

Cancer Institute, OHHS, MIH, Institute of Endocrinology and Metgholism AMS of Ukraine; Ukraine Institute of
Oncology and Radiology AMS of Ukraine, Mational Cancer Registry of Ukraineg; Mailman Schoolof Public Health,
Columbia University, New York

Jacoh et al 2006

GSF Institute Rad Prot,
Nuremberg

Institute of Endocrinology and Metabolism of the Academy of Medical Sciences of

Ukraine; Rezearch Institute of Radistion Medicine and Endocrinology, Minzk, Belarus; Ukrainian Radiation
Protection Institute,; glarys State Medical University, Minsk, Belarus; f State Research Center—Institute of
Biophysics, Moscow, Russian Federation; Mational Radiation Protection Commizsion, Minsk, Belarus

Tronko et al, 1999 Institute of El'li'j':”:fi|'|'3'|'3'E_|?'3"“3I Research Center of Radiation Medicine, Academy of Medical Sciences of Ukraine, Kiev, Ukraine. University of
Metabolism, AMS, Ukraing Pennsylvania Medical Center,
Tronke et al 2006 Institute of Endoctmelogy and Columbia University, Mew York, NY; Division of Cancer Epidemiology and Genetics, Mational Cancer Institute,

Wetabolism, AMS, Ukrzme

Bethesda, MD; Department of Radistion and Radiological Sciences, School of Medicine, Vanderhilt

Lniversity, Nashyille, TH Sn:ientifit Center for Radigtion Medicine, Academy of Medical Sciences, Kyiv, Ukraine;
Mational Institute of Disbhetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD; MIP
Rizk Azzessment Inc., Denver, CO |




insk (8)
Minsk Oblasgt

Grodno Oblasgt
rodno

Distribution of cases and controls according to their zone
of residence at the time of the accident?®

Zone of residence

Number Number
MNumber Location of cases  of controls
1 30-km evacuated area 5 0
2 Southern part of Gomel Region 27 21
3 Gomel-Mogilev Spot 17 27
4 City of Gomel 19 13
5 Remainder of Gomel and Mogilewv 9 60
Regions
6 City of Mogilev 0 9
7 Eastern part of Brest Region 10 16
8 City of Minsk 5 20
9 Grodno Region and remainder of 13 +4
Brest and Minsk Regions
10 WVitebsk Region 2 4

# The locations of the zones of residence are shown in Fig.



Estimation of Future Risks

Belarus — Ecological Study
Ukraine — Population Study



THERAPEUTIC
External

age
Israel/tinea 0-4

5-15
Rochester/thymus 0.5
Internal “'Iodine

subjects

Sweden (Holm '88) 35,074

Environmental Exposure

Marshall Islands
Utah/Nevada(Rothman 1984)

Risk Estimates

EXTERNAL
Shore (1992)
BEIR V 1990
NCRP 1985

INTERNAL
Lundgren (1987)

internal/external

THYROID CANCER RISKS

latency/yrs case/10,000 PY-Gy
20-30 20.3 F
6.3 M
20-30 9.0 F
2.8 M
20-30 1.8 F
0.6 M
dose (G SIR
0.5 1.27{0.94-1.67} -
additive risk case/10,000 PY-Gy
1.1-1.3
2.6
(ERR)

2.5 (0.06-15.0 Gy)

13.0

0{0-5.4}

7.3 Gy )

s

1.0
0.66{0.14-3.15}



Thyroid Cancer in Ukraine (1902001} afier the Chornobyl Accident: Relative Risks
and 95% Confidence Bounds by Dose Categories
Dose category, mOy
Mean dose, mGy 0003 05012 0.20-0.32 0.50-0.70 1L.00-279
Cases 37 52 50 43 50
Person-years 1,097, 180 1.519.07K0 668 976 205,152 132480
Relative risk® 1 12 263 1.25 1159
Lower 95% bownd 078 1.67 447 713
Upper 95% bound 1.87 4.14 11.76 18.84
x° (trend) 1386, df = 1, P <20.0001
i (homogeneity) 1461, df = 4, P =<20.0001
2 Adjusted for gender, oblast, age. screening intensity and interaction effects of age and sex.
@ -
1%
- 16
*ERR/Gy = 8.0 (Cl 4.6-15) |
e o« Relative risk
*EAR = 15/10,000 PYGy (Cl 12-19) —— Fitted dose-response line ,
£ 12
€ —
o
g -
E /
E -
B 8 T
& . -___’_,-""J 1
] /
___,.o-"
| --'f
ﬁ’ﬂfﬁ
0 | T - T T
[ 05 1 1.5 F 25



All thyroid cancer cases reported to national registry at Institute of
Oncology, Belarus 1986-1995

New cases, no

1
100 -
New cases of thyroid cancer in individuals
wrio were children (<15 years of age) in 1986.
8-
Year New cases, no
o 1986 2
1987 5
1988 5
0 1989 6
1990 30
1991 66
N 1992 73
1993 115
1994 105
) 1995 121
Tor 196 18- 19 18- 198 16 194 92 90 1 1966 19 Total 528
e 185 1% 810 19 9 W5 9 W0 169 196 165 1963
Date of birth

- Numbers of new cases of thyroid cancer by individual's date of birth; diagnosed between 1966 and 1995,
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