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2nd disclosure

Bushberg, Siebert, Leidhold, Boone



Meetings in villages heavily contaminated by Chernobyl

I don’t care about myself. What about my children…?
Has anybody written a report on children we can look at ??





Outline
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Developmental anatomy and physiology
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Induced malignancies
Deterministic effects
Scams, scares and good things
A few radiation protection points



“Children are 3-5 times more 
sensitive to radiation than adults”

• Is this actually true ?
• Is it true for all effects ?
• If they are, why is that ?
• Could they be less sensitive 

to some effects ?



Childhood irradiation data sources

Atomic bomb survivors (LSS)
35,382 or 41%  were 0-20 years old at 

exposure

Radiotherapy for benign conditions
(thousands)

Childhood cancer survivor study
14,359 5-year survivors treated 1970-1986 



Childhood irradiation data sources

Accidents
27% of those evacuated at Chernobyl    

were 0-17 years old

Future sources
13% at Fukushima  were 0-14

CT scanning of children. In US  (5 
million annually). Mostly European studies



Aspects of developmental anatomy 
and physiology that affect radiation 

response



Patterns of human growth

5y        10y       15y       20y       

Growth period unusually long for mammals > 25% lifespan
ICRP



Paulino et.al. Semin. Rad Oncol 2010, ICRP 89

lymphoid

gonads

Brain, liver, 
kidney, 
heart, lung

Musculoskeletal, 
GI, skin,



Proportional changes

ICRP 89



The Brain 
Long period of development and sequence makes 
children susceptible to high dose effects

10% body weight at birth        2% body weight in an adult



…..and even less than 2% in some persons



Gray matter

what you 
think, feel and 
move with

White matter

(wiring)



20-100 billion neurons (= number of stars in our galaxy)
Linked by 150 trillion synapses

or 1500-10,000 synapses per neuron

Development of the wiring and communication pathways



Increase in gray matter

Neonate 8 months
Barkovich AJNR 2004



More synapses  produced than are ever needed.              
“Pruning occurs” with experience. Half of synapses are 
removed by puberty and pruning occurs into the 20’s

“Use it or lose it”



Cortical gray matter

Peaks at 1-2 years of age 
Remains high until about 12 then declines 

40% a year until age 16

Loss of neocortical neurons in adults
85,000 per day  ~31 million per year ~1/sec

~ 3,000 lost during this lecture



Development of insulation for the wiring 
occurs over the first several years of life

180,000 km of myelinated fibers



Myelin development

Neonate 24 months
Barkovich AJNR 2004



During development of the brain 
high doses of radiation can…

• Reduce the number of neurons and 
reduce IQ

• Interfere with myelin development or even 
remove the myelin insulation 



Pulmonary



20 million alveoli at birth, 150 million by age 2

300- 400 million by age 7

Before age 5 disproportion of narrow peripheral airways         
increases airway resistance affecting deposition and retention



Children’s pulmonary system is somewhat 
less sensitive than adults to high dose 

radiation

• Can grow new alveoli up to a certain point

• Children have less underlying disease and aging 
damage



Bone growth occurs at the ends of long 
bones affecting radionuclide distribution

14 years Adult



Alimentary Tract
Age-dependent f1 ingestion values

ICRP Publications 67 and 69 

0.20.30.30.6Radium

0.30.40.40.6Strontium

0.10.30.30.6Cobalt

0.10.20.20.6Iron

adults15 y5 y3 months

f1 valueElement



Ovary

Wallace, Cancer 2011, 117 (10 Suppl) 2301-2310

Age 35  16,000
Age 25  65,000

Age 13  180,000   

Birth  295,000

Age 50  1,000 Menopause

Number of non-growing follicles



Marrow retraction with age

15 months                 Adult

Children have more red bone marrow in extremities and are  
more resistant to localized marrow irradiation



Dosimetry Issues

Ukranian and Belarussian children in contaminated villages



Who is getting the most absorbed dose ?

1 µSv/hr

1000 kBq/m2

Polesskoe 1989



External radiation exposure
is rarely uniform



Who is getting the most absorbed dose ?

1 µSv/hr

1000 kBq/m2

Polesskoe 1989

Good answer 
but wrong



Who is getting the most absorbed dose ?

1 µSv/hr

1000 kBq/m2

Polesskoe 1989

Correct 
answer



Age-related correction factors for submersion
and irradiation from the ground

1.01.11.31.41.61.7Irradiation from 
the ground; ≤
200 keV

1.01.11.21.31.51.6Irradiation from 
the ground; > 
200 keV

1.01.11.31.51.71.8Submersion
≤ 200 keV

1.01.11.21.31.41.4Submersion
>200 keV

>17a12-17a7-12a2-7a1-2a≤1a

Age groups

D. Nosske



Age dependent conversion coefficients

NCRP Report 160



Do kids get the dose we estimate ?

Novozybkov 1989   200 kBq/m2 cesium 137



A

B



A

B



Children are at increased risk due to 
radionuclides in breast milk or in Mom.



Technetium-99m and Iodine-131 Flourine-18 FDG



Children often get nuclear medicine scans with 
renal and bladder excretion

Meckel’s scan   99mTcO4- Renal scan    99mTc-MAG3



Worries about radiation-induced 
malignancies



Alosha

Accidental exposure and cancer



Cesium-137  2.6 X1012 Bq  source  1988-1991



Are children really 3-5 more 
sensitive to cancer induction ???

• The answer depends upon 

-what data you look at
-how you look at the data 
-what model is used
-what you do when there is no data



Lifetime attributable risk of radiation-induced 
cancer incidence (based on BEIR VII)

Hricak et.al.   Radiol 2010 258:3:889



Relative sensitivity of LAR by age at exposure
in the BEIR VII model    (male incidence)

401050

12.93.85.4All
11.41.82.8Leukemia
116.725.338.3Thyroid
12.93.96.5Other (40%)
11.92.32.7Prostate
11.92.22.6Bladder
12.12.53.0Lung
12.02.42.7Colon 



Mortality A- bomb survivors 1950-2003

Ozasa et.al. Rad Res 177:229-43, 2012



0.0 1.0 3.02.0Excess relative risk/Gy

Ozasa et.al. Rad Res 177:229-43, 2012



• If tissues are rather 
different in radiation 
sensitivity…….

• Why should most have 
similar age-at-exposure 
effects ?

• Or do they ????



Leukemia     (huge difference)

Richardson et.al.Rad Res 172:368-382 2009



Thyroid cancer after radioiodine exposure
Marked age-at-exposure 
effect



0
10
20
30
40
50
60
70
80

87 88 89 90 91 92 93 94 95 96 97

0-4 yrs
5-9 yrs
10-14 yrs

Childhood thyroid cancer as a result of Chernobyl     

radioioiodine exposure
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C
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September 2011 Fukushima symposium





Most around Fukushima did not get KI 



Breast cancer  (3-4 fold difference)

Land and Tokunaga 2003 Rad Res  160;707-717



Age at exposure response is similar in most
radiation-induced breast cancer studies

Preston et al.  Rad Res 2002UNSCEAR, p. 155, 1994

J. Boice  “Consistency is so important in radiation epidemiology



Breast cancer  
(different results of age-at-exposure effect by model)

Preston et.al.   168(1)2007



Relative sensitivity of LAR by age at exposure
in the BEIR VII model    (male incidence)

401050

12.93.85.4All
11.41.82.8Leukemia
116.725.338.3Thyroid
12.93.96.5Other (40%)
11.92.32.7Prostate
11.92.22.6Bladder
12.12.53.0Lung
12.02.42.7Colon 



ERR for cancer incidence in atomic bomb 
survivors estimated at attained age of 80 years

Shuryak, Sachs, Brenner. JNCI 2010 102(21) 1028



Relative sensitivity of LAR by age at exposure
in the BEIR VII model    (male incidence)

401050

12.93.85.4All
11.41.82.8Leukemia
116.725.338.3Thyroid
12.93.96.5Other (40%)
11.92.32.7Prostate
11.92.22.6Bladder
12.12.53.0Lung
12.02.42.7Colon 



Colon cancer (Incidence vs mortality)

• A-bomb incidence

ERR no effect, EAR effect (attained age 
model)

• A-bomb mortality
ERR no effect , EAR +/-



ERR for cancer incidence in atomic bomb 
survivors estimated at attained age of 80 years

Shuryak, Sachs, Brenner. JNCI 2010 102(21) 1028



Relative sensitivity of LAR by age at exposure
in the BEIR VII model    (male incidence)

40 yr10 yr5 yr0 yr

12.93.85.4All
11.41.82.8Leukemia
116.725.338.3Thyroid
12.93.96.5Other (40%)
11.92.32.7Prostate
11.92.22.6Bladder
12.12.53.0Lung
12.02.42.7Colon 



Other National Academy reports

“There is no convincing 
evidence that prostate 
cancer is a radiogenic 
disease”



Do we have a “procrustean”
problem ?



“procrustean”

• 1. A early form of a 
crustacean

• 2. The lower layer of the 
earth’s mantle or crust

• 3. A mythical Greek robber

• 4. The outermost layer of a 
baguette



“procrustean”
• 1. A early form of a 

crustacean

• 2. The lower layer of the 
earth’s mantle or crust

• 3. A Greek robber

• 4. The outermost layer of a 
baguette



Procrustus and  
approaches to dealing with data



Not long enough…..



Too long….



There is little or no data for some tumor types 
….are we cutting off legs that were never there ?



This is OK if you realize it….but don’t assume 
the model is really the truth



X
X
X

X

No data 
on AAE

Ovary
Cervix
Uterus
Breast
Skin (non-melanoma)
Lung
Liver

(mortality)
Colon (incidence)
Small intestine*
Stomach (mortality)

Esophagus

Site

weak
weak
strongX
moderateX
weakX
weakX

EAR,   ERR?
ERREAR

moderateEARERR

weak

EvidenceLessSameMore

Sensitivity to cancer induction
Children vs adults

* Little relation to radiation exposure Shore et. al. UNSCEAR draft



X

No data 
on AAE

Pancreas*
Leukemia (non-CLL)
Myeloma
Non-Hodgkin’s lymphoma*
Hodgkin’s*
Parathyroid
Thyroid
Brain
Bladder 
Kidney

Prostate *

Site*

strongX
moderate

strongEARERR
strongX
weakX

X

EvidenceLessSameMore

Sensitivity to cancer induction
Children vs adults

* Little relation to radiation exposure Shore et. al. UNSCEAR draft



Tumor site and differential sensitivity
based on the epidemiological data

• Children more sensitive                 7      (30%)
• Same as adults                              5 +/- (22%)
• Less than adults                             2      (11%)
• No good data on age at exposure  5      (22%)
• Poorly or not related to radiation    4      (17%)

• Actually only a few tumor types have strong  
age-at-exposure data



Deterministic effects/
Tissue reactions

Data primarily from radiotherapy 
and accidents



Accidental exposures

Orphan industrial radiography source  1012 Bq (26 Ci)  192Ir

Jammet et.al, Ricks  1980.



Erythema from accidental CT scan 
overexposure



Issues that drove Jacoby’s  parents crazy

• Initial radiologist said “there is no problem or 
risk”

• Parents saw erythema and were skeptical

• Hospital medical physicist reported a “fatal 
cancer risk of 39% due to the exposure”

• Dicentric analysis 5 Gy to several hundred Gy





Brain
Costa Rica accident: 60% overexposure for 

leukemia treatment



Childhood cancer survivor study

• 5 year survival
• Leukemia, lymphoma, 

CNS, bone, Wilm’s, 
neuroblastoma, soft 
tissue sarcoma

• Diagnosis 1970-1986 

• 20,696 eligible
• 14,370 participants

• Surg, chemo, xrt 43%
• Chemo + xrt 12%
• Surg + xrt 12%
• Xrt 1%



Merchant et.al. JCO 2009

IQ reduction variation with age



Schizophrenia and Childhood Radiation ??

• Inconclusive studies
A bomb prenatal              Imamura et.al 1999

Childhood radiotherapy   Ross et. al.2003

Chernobyl                        Loganovsky et.al.2000

• Tinea capitus 46 year followup 20,000+    
subjects. Association not supported

Sadetzki et.al. Rad Res 176 670-677 2011



Cataracts and subcapsular opacities

• Radiotherapy of children
total body irradiation <40Gy = <10% severe      

cataracts
Tinea capitus pre-cataract changes not severe at 

doses > 0.2 Gy

• Chernobyl
Increase 2-3 fold opacities in 12-17 males.  

? dosimetry and observer bias 



Subcapsular  opacities 
?  1.5-2 fold more sensitive

Nakashima et. al. Health Phys. 2006 (90(2);154-160



Cataracts

~7.4 Gy

~1.5 Gy

Jacoby at 4.5 years later has no 
evidence of lenticular opacities or cataract



Breast hypoplasia after benign hemangioma 
radiotherapy

Fact: Humans are unique among mammals with breast ducts etc 
present at birth. Most mammals develop these with pregnancy



Heart



Heart disease in childhood cancer survivors

Mulrooney et.al. BMJ 2009  339:4606



Atomic bomb survivors
Shimizu et.al. For heart disease no 
significant modification by age-at-exposure

Childhood cancer survivors
Mulrooney et.al. 14,000 + survivors. Risk for 
cardiac outcomes slightly higher for 
“diagnosis” at young ages.

No risk at doses < 5 Gy. Risk significantly 
increased only at doses > 15 Gy

Is there an age-at-exposure effect ?



Musculoskeletal

Pigmentation and muscle 
atrophy

Atrophy on right

R L

Osteochondroma



Ovary

Paulino et.al. Semin. Rad Oncol 2010

Oocytes
2.5-5Gy

<14 years      OK

15-40 years   30-40% sterility

>40 years      90% sterility



Testes

• Sensitive especially during puberty

• Case of child abuse. Texas 1972-73
– Petroleum engineer two 1Ci 137Cs sources
– Divorce issues. Partial custody 12 yr old son
– Put in sock, pillow, headphones, underwear
– Exposed over months
– Injuries not diagnosed for a year or more
– 16 surgeries. Effectively castrate

Collins and Gaulden 1980



Uterine ovarian damage

CCSS  Children of women who received more 
than 5 Gy uterine dose were small for age  

(Green et.al  2009)

No effect from male exposure on stillbirth and 
neonatal death. At uterine doses > 10 Gy there 
was an increase in adverse effects from uterine 
(not hereditary) damage   (Signorello, Boice et.al.2010)

1-2.5 Gy uterine dose before menarche increased 
adult risk of stillbirth or neonatal death  (Signorello, 
Boice et.al 2010)



Deterministic effects      Child vs adult sensitivity 
Radiotherapy dose levels !!!!

?

weakXLung
HypoplasiastrongXBreast
myocyte issuesstrongXHeart

moderateXCVA/stroke

2-fold for 
opacities

weakXCataracts/
opacities

more 
consequence

strongXNeuroendo
IQ decreasestrongXBrain
CommentDataLessSameMoreTissue



Deterministic effects      Child vs adult sensitivity 
Radiotherapy dose levels !!!!

XKidney

X

?

< capacityStrongXBladder
During pubertyXTestes
HypoplasiaStrongXMusculoskel

Immune

Modera
te

XMarrow

decrease 
perfusion

Modera
te

XUterus

Modera
te

XOvaries
CommentDataLessSameMoreTissue



Deterministic effects        
Dose levels below radiotherapy

X

X

?

StrongXNodules

Autoimmune

Hypothyroid

WeakXCataract

DataLessSameMoreTissue



Hereditary effects 
What about the children of the exposed 

children ?



Boice Beebe Symp 2006



Recent childhood cancer survivor studies

4,699 children. No relation between ovarian or 
testicular dose to congenital abnormalities 
(Signorello et.al. 2011) 

No increase in cancer in offspring (Madanat-
Harjuola et.al.2010) 



Scams, scares and 
some good things



“Children of Chernobyl” Then vs now……



Children of Chernobyl USA Website















Infant mortality and Chernobyl
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Contaminated oblasts vs Ukraine as a whole



Why then this current literature ?







Good things



Great Idea !!

• Donald Frush et. al. AJR 2002
• Color by size
• Protocol/dose by size 



It really took media attention to accelerate changes 
in CT scanner design, but it happened……….



Good









A few radiation protection points



The issue of effective dose for 
different ages

Effective doses (mSv) for CT scans

147.57.56.65.14.4Abdomen
5.63.23.02.31.61.6Thorax
1.00.892.12.02.73.3Cranium

> 15 
y

11 - 15 
y

6 - 10 
y

2 - 5 
y

≤ 1 yNewborn
Age



Is there really such a 
thing as an effective 
dose for a newborn 
or a 5 year old ?



Disparate radiation criteria and “limits” cause 
intense anxiety among parents



Incoherence in drinking liquids

++

++

= 10 Bq L-1 for 137Cs= 10 Bq L-1 for 137Cs

= 1000 Bq L-1 for 137Cs= 1000 Bq L-1 for 137Cs

A. Gonzales

100 x more



Incoherence in non-edible vs. edible

++

++

= 100 Bq kg-1 for 137Cs= 100 Bq kg-1 for 137Cs

= 1000 Bq kg-1 for 137Cs= 1000 Bq kg-1 for 137Cs

A. Gonzales

10 x more



Recommended Limits





Summary

• Children are not just small adults

• Children’s tissues morph into adults at 
different rates and at different times

• Some differences in radiation effects with 
age are explainable, others are not



Summary

• Children are at more risk than adults for 
some effects, similar risk for some effects 
and more resistant for others

• Modeling may be procrustean, but it can 
obscure the fact that in some areas we 
have precious little data often due to high 
background noise and little or no radiation 
effect 



Last disclosure

This lecture has been previously 
tested on childhood audiences     

with variable results



Indifference



Suspicion



I hope you enjoyed it more

Thank you

Questions ?


