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• Descriptive statistics
– Cancer types
– Incidence
– Trend

• Childhood leukemia
– Research framework
– Methodological challenges
– Risk factors
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• Cancers in Children (0-14)
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Embryonal 
tumors
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Cancer in Children (age 0-14) 
Increasing Trend in Most Regions in Europe
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Childhood Acute Lymphoid Leukemia 
Increasing Trend of in Most Countries Worldwide
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Incidence of childhood leukemia in California
35% increase in the past 40 Years
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1988

1994

2000

2006

2012

35% for Latino children

12% for white 
children

For a particular year, each bed represents one extra new patient with 
acute lymphoblastic leukemia per 1 million healthy children
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• Cancers in Adolescents (15-19)
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Cancer in Adolescents (age 15-19) 
Increasing Trend in Most Regions in Europe
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• First cause of death in children
• One out of 8 children will not survive
• Remaining disparity in survival
• 60% of survivors have long-term serious 

health complications
• Financial toxicity for families 
• Financial impact to society
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Geographical Variations & 
Ecological Observations 

• Lifestyle--diet
• Environmental exposures 
• Immune function /microbiome
• Socioeconomic status
• Health care systems
• Genetics?
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Study designs for rare disease?

• Case-control studies—most efficient

• Sources of cases hospitals, cancer registry data, clinical trials 
• Retrospective vs. prospective
• Single institution vs. multiple sites
• International collaborations / consortium
• Recall, classification,  and selection biases

• Cohort studies?

• International consortium
• Limitations (low accrual; still potential selection bias)
• Advantage (temporality)
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• Molecular and Environmental 
Epidemiology of childhood leukemia

– Acute lymphoblastic leukemia (ALL) ~ 80%
• B-cell ALL most common; T-cell ALL are rare

– Acute myeloid leukemia (AML) ~15%
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Age distribution of 
Childhood Leukemia



birth

Chemicals can damage 
the fetus blood cells, 
but also germ cells 

(sperm) before 
conception 

age 1 age 2 age 3

Covert Leukemia Clone

Additional cell 
damages found at 

diagnosis

Natural History of Childhood Leukemia

PROMOTING EVENTS 
AFTER BIRTH

INITIATING EVENTS
BEFORE BIRTH

LEUKEMIA
DIAGNOSIS
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Inaba et al. 2013

Simplified Research Framework
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Complex Multifactorial 
and Multistep Disease
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Risk Factors of Childhood Leukemia 

• Immune regulation
• Fetal growth
• Environmental exposures

– At home
• Smoking
• Paints
• Solvents
• Pesticides

– At work for parents
– Outdoor pollution 

• Diet (mother and child)
• Ionizing and non-ionizing radiation
• Genetic

Many chemicals are 
known to cause 
cancer in adults
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Outline
• Environmental exposures at home and work 

• Pesticides
• Organic solvents & polycyclic aromatic 

hydrocarbons
• Dietary factors

• Mother
• Methodological issues 

• Disease heterogeneity
• Exposure assessment
• Temporality
• Multifactorial disease
• Selection bias
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County Boundaries

San Francisco Bay Area

Central Valley

San 
Francisco

Los 
Angeles

Pacific
Ocean

Childhood Leukemia 
International Consortium



How to assess exposure?



Pesticides
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• California produces half of nation’s 
fruits, nuts and vegetables

• California use 22% of the total 
agricultural pesticides in the US

• California employs 27% of nation’s 
farmworkers

• The majority of farm workers are 
Latinos

• CCLS study area contains 9 of top 
10 agricultural counties in U.S.

Parental Occupational 
Exposures to Pesticides

 



Parental Occupational Exposures

1. Airplane mechanic
2. Artist 
3. Cleaner****
4. Construction worker****
5. Dentist
6. Electrician
7. Engineer
8. Farmer****
9. Gardener
10. Laboratory worker

11. Manufacturing worker****
12. Mechanic
13. Medical worker****
14. Packer
15. Painter
16. Pesticide worker
17. Photographer
18. Teacher 
19. Welder 

Metayer, Env Research (2016)
Robert Gunier, Env Research (2017)



Adjusted for child’s sex, age, ethnicity, mother’s race and household income.

Occupational Exposures to 
Pesticides and Childhood ALL

- Pooled original data for ~8,000 
cases and ~14,000 controls

- Maternal exposure – pregnancy 
OR=1.01 (0.78-1.30)

- Paternal exposure – periconception
OR=1.20 (1.06-1.38)

Childhood Leukemia 
International Consortium



Methods – Exposure Assessment
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Risk 
increases

Precision 
increases



Adjusted for child’s sex, age, ethnicity, mother’s race and household income.

Occupational Exposures to 
Pesticides and Childhood ALL



Mother Jones and the Foundation for National Progress  
Photographer Matt Black

Dust is an Important 
Route of Exposure to Pesticides



Time period Acute Lymphoblastic 
Leukemia (ALL)

Acute Myeloid 
Leukemia (AML)

# Cases OR (95% CI) # Cases OR (95% CI)

Before conception 2785 1.4    (1.2,1.5) 173 1.5    (1.0, 2.2)

During pregnancy 5055 1.4    (1.3, 1.5) 345 1.5    (1.2, 2.0)

After birth 4162 1.4    (1.2, 1.5) 198 1.1    (0.8, 1.5)
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Home Use of Pesticides

Source: Bailey et al, IJE, 2015

1 Adjusted for age, sex, birth year group, ethnicity, highest level of education either parent +/-birth order.



Methodological Issues

• Recall/Specificity of exposure : In CCLS 
households, exposure to pesticides at home was supported by 
– Reproducibility of recall was moderate to high and similar 

between cases and controls (Slusky 2012)
– Visual pesticides inventory at home (Guha 2013)
– Home dust sampling (Diezel 2015; Whitehead 2014)
– Proximity to residential agricultural use of organo-

phosphates, chlorinated phenols, and triazines (Rull 2009)

• Selection bias
– Quantitative bias analyses in several studies did not fully explain the 

associations with pesticides (Rudant 2012)
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Methodological Issues (cont.)

• Temporality – Case-control study design
– In  the CCLS study, levels of pesticides measured in dust 

samples were consistent with self-reports (Deziel 2015) 
and proximity to agricultural areas (Gunier 2011) 

• Temporality – Cohort study design 
– In cohort study of agricultural workers in the US, offspring 

were more likely to develop cancers (SIR =1.36*), mostly 
Hodgkin lymphoma (SIR=2.56*)  (Flowers 2004)

– The International Childhood Cancer Cohort Consortium 
(I4C)-- ongoing analyses

– Main challenge=small numbers
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Organic solvents & polycyclic aromatic 
hydrocarbons (PAHs) mixtures 

from various Sources
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Benzene and Childhood Leukemia 



Paternal Exposures to Organic 
Compounds & Childhood ALL
---Latino Fathers

* OR adjusted for child's age at diagnosis/reference date, sex, maternal race, and household annual income

Expert exposure assessment Cases Controls OR* 95% CI

Any organic compounds 107 102 1.72 (1.22-2.44)

-- Benzene
-- Chlorinated hydrocarbons

30
31

20
17

2.03
2.53

(1.11-3.70)
(1.36-4.71)

Combustion exhaust/PAHs 64 56 1.70 (1.16-2.57)



Home Use of Paints & Childhood ALL

* OR adjusted for child's age at diagnosis/reference date, sex, maternal race, and household annual income

Time window Exposure # Cases OR* 95% CI

Before conception Any paints 3,000 1.42 (0.92-2.19)

Water-based paints 1,146 0.87 (0.72-1.04)
Oil-based paints 1,146 1.27 (1.03-1.57)
Professional 608 1.53 (1.03-2.26)

Pregnancy Any paints 1,962 3.91 (1.54-9.90)

Water-based paints 1,387 0.96 (0.80-1.15)

Oil-based paints 1,387 1.22 (0.98-1.53)
Professional 1,305 1.66 (1.21-2.28)

After birth Any paints 35 1.12 (1.07-1.39)

Water-based paints 1,157 1.01 (0.83-1.23)
Oil-based paints 1,157 1.17 (0.94-1.45)
Professional 928 1.46 (1.18-1.80)

Bailey, Cancer Causes Control 2015



Home Use of Paints & Cytogenetic 
Subtypes of Childhood ALL 

* OR adjusted for child's age at diagnosis/reference date, sex, maternal race, and household annual income

Leukemia Subtypes Window of 
Exposure # Cases OR* 95% CI

Extra # chromosomes Pregnancy 338 1.48 (0.99-2.20)

After birth 288 1.21 (0.94-1.57)

Translocation t(12;21) Pregnancy 193 1.51 (1.08-2.2.11)

After birth 183 1.60 (1.16-2.21)

MLL rearrangement Pregnancy 39 3.30 (1.71-6.35)

After birth 25 --- ----

Bailey, CCC 2015



Home Use of Solvents 
& Childhood Leukemia Subtypes

* OR adjusted for child's age at diagnosis/reference date, sex, maternal race, and household annual income

Leukemia Subtypes Window of 
Exposure # Cases OR* 95% CI

ALL combined Anytime 271 1.16 (0.88-1.53)

---extra chromosomes Anytime 67 1.18 (0.74-1.89)

---Translocation t(12;21) Anytime 186 0.98 (0.45-2.15)

AML combined Anytime 44 2.54 (1.19-5.42)

---Extra chromosomes Anytime 35 0.78 (0.21-2.85)

---Any translation, deletion, etc.. Anytime 59 2.50 (0.96-6.54)

Scelo, AJE 2008; Bailey, CCC 2015



Maternal Smoking
& Childhood ALL

* OR adjusted for child's age at diagnosis/reference date, sex, maternal race, and household annual income

Leukemia Subtypes Exposure # Cases OR* 95% CI

All combined Pregnancy 767 0.83 (0.56-1.24)

With RAS mutations Pregnancy 122 0.72 (0.33-1.57)

With deletions Pregnancy 353 1.48 (1.12-194)

Breastfeeding 353 2.11 (1.48-3.02)

Metayer C. CEBP 2013; De Smith A. Cancer Res 2017; Kaur M. Arch Med Res 2016) 
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Maternal Smoking during 
Pregnancy and Childhood AML
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51Liu et al. Journal of Oncology 2011

Paternal Smoking and Childhood ALL
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Risk of ALL Varies by 
Cytogenetic Subtype

Metayer et al, Cancer Epidemiology, Biomarkers and Prevention, 2013



Overall (Fixed Effect)

France (ADELE), 1995-1999

Italy, 1999-2004

New Zealand, 1990-1995

Overall (Random Effect)

Study

United States (CCLS),1995-2008

Costa Rica, 1995-2000

United Kingdom (UKCCS), 1991-1996

1.33 (1.07, 1.66)

0.74 (0.34, 1.62)

OR (95% CI)

1.89 (0.97, 3.69)

4.50 (0.97, 20.83)

1.49 (1.00, 2.21)

1.40 (0.97, 2.01)

3.69 (1.45, 9.35)

1.05 (0.73, 1.50)

100.00

7.93

10.78

2.05

Weight

%

36.52

5.56

37.16

1.048 1 20.8

(N~1,330 cases and 13,000 controls)

Metayer, AJE, 2016 53

Paternal Smoking and 
Childhood AML



Paternal Smoking and AML
Dose-response Relationship
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Variable
Number of 

Studies
Controls 

(N)
Cases 

(N) ORa (95% CI)
Father, Preconception Per 5 cigarettes/day 5 5585 457 1.07 (1.02,1.12)

Non-Smokers 3253 254 1.00 Ref.

Moderate Smokers 1114 86 1.05 (0.80,1.37)

Heavy Smokers 1218 117 1.37 (1.07,1.76)

Father, Pregnancy Per 5 cigarettes/day 3 4166 296 1.06 (1.01,1.12)

Non-Smokers 2283 149 1.00 Ref.

Moderate Smokers 885 58 1.03 (0.74,1.44)

Heavy Smokers 998 89 1.41 (1.05,1.89)

Father, After Birth Per 5 cigarettes/day 3 4265 251 1.03 (0.97,1.10)

Non-Smokers 2547 139 1.00 Ref.

Moderate Smokers 780 44 0.95 (0.66,1.35)

Heavy Smokers 938 68 1.27 (0.93,1.72)

aOdds ratios adjusted for age, sex, ethnicity, parental education, study center

Moderate smokers are defined as smoking 1-15 cigarettes per day

Heavy smokers are defined as smoking 16 or more cigarettes per day

Metayer, AJE, In press



Methodological Issues

• Subtype specificity is important
– Underlying mechanisms leading to leukemia are 

likely to vary by cytogenetic/molecular subtype
• Recall of smoking during pregnancy 

validated by biomarkers 
– A validated set of epigenetic markers at birth for 

maternal smoking (Joubert 2016; Gonseth 2016) 
– Protein adducts in blood samples  collected at birth 

(Yano 2019) 
– Side note--- risk differences by subtype and country 

suggest that recall & selection biases cannot fully 
explain the observed associations. 
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Methodological Issues (cont.)

• Dose-response
– By far the most difficult to establish, yet the use of 

surrogates hints to dose-response relationships for 
several types of exposure 

• Use of objective measures 
– PAHs measured in home dust (Diezel 2014;  Whitehead 

2012)

• Route and timing of exposure 
– Exposure to volative vs. semi-volatile compounds can 

inform whether paternal germ cells are damaged before 
conception or after birth.
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Dust in Homes

• Dust is a reservoir for chemicals
• Young children:

– On the floor  
– Hand-to-mouth contact

• Chemicals enter children that:
– Swallow dust 
– Contact dust with skin
– Inhale



Dust in Homes

• Measured ~50 chemicals in ~ 500 homes 
and reported increased risk of childhood 
ALL

Herbicides

PCBs
PAHs

Flame 
retardants

PBDEs



59



Crumbling or Exposed Foam

Source: Whitehead et al. 2013 Environ Int 57-58:11-24
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Mother Child

Chemicals Transmitted from Dust to Blood
Example with flame retardants - BDEs



Persistence of PCBs in Dust

• PCBs detected in 99% of 

homes

• Most homes experienced 

only moderate decreases in 

PCB levels between 

sampling rounds

• PCB half-lives up to 18 

years.

Caption: Median PCB levels in dust collected from CIRCLE homes

Source: Whitehead et al. Environmental Science & Technology (2014) 

48, 157−164



Latino vs. 
Non-Latino 

White 
Homes

Ratios of dust 
concentrations

Latino Households



Estimated 20 to 30% of Childhood ALL 
Attributable to 4 Agents Consistently 

Associated with the Disease

Goals                    Pesticides                    Smoking Paint  Traffic                    Combined

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?



Nutrition-Diet
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Breastfeeding

Rudant et al., AJE 2015



Sources of One Carbon 
Metabolism Nutrients



Risk of childhood ALL Overall and 
by Education Level

Metayer, Epidemiology, 2014



Conditional logistic models adjusted for father’s education, mother’s education, household income, maternal age at child’s birth, 
and nutrient intake from food. N= number of discordant pairs/triplets 
*For folic acid, moderate intake is >0 & <600 µg and high intake is ≥600 µg. For vitamins B12, B6, and riboflavin, moderate intake is 
>0 & <5 µg B12 and <1.5 mg B6 and riboflavin, and high intake is ≥5 µg B12 and ≥1.5 mg B6 and riboflavin. 

Prenatal B Vitamin Supplements & 
Childhood ALL by Mother’s Ethnicity

Singer, Cancer Causes and Control, 2016
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Healthy Eating Index 2010



ALL
638 cases, 843 controls

AML
96 cases, 125 controls

Modified HEI-2010 Odds Ratio
(95% CI) P-value

Odds Ratio
(95% CI) P-value

Continuous scorea 0.88 (0.78-0.98) 0.02 0.76 (0.54-1.13) 0.19
Q1 (<12.5) (Ref) (Ref)
Q2 (12.5-16) 0.71 (0.51-1.00) 0.06 0.65 (0.25-1.69) 0.43

Q3 (16-20) 0.73 (0.54-1.01) 0.06 0.60 (0.21-1.68) 0.26
Q4 (>20) 0.66 (0.47-0.93) 0.01 0.42 (0.15-1.15) 0.14

*Models adjusted for mother’s ethnicity, father’s education, mother’s education, household income, maternal age at child’s birth, and vitamin 
supplement use. 
a ORs reflect a 5 point increase in HEI-2010 score. 

Peri-conception Maternal Diet 
Quality Score 

Singer et al., British Journal of Nutrition, 2016



Genetic Studies – Where Are We?

Genome-
wide 

association 
studies

Future?
Enriched pathway & 

GxE analyses

Limited 
candidate 

gene studies



• POPULATION-BASED EPIDEMIOLOGIC STUDIES ARE A CRITICAL STEP 
IN IDENTIFYING 
– HARMUL EFFECTS of exposure to multiple chemicals from multiple sources vs. 
– BENEFICIAL EFFECTS of healthy diet during pregnancy, breastfeeding, etc..

• FUTURE EPIDEMIOLOGIC STUDIES SHOULD STRENGHTEN THEIR 
DESIGN WITH 
– Parallel method studies 
– Linkage design to maximize sample size and reduce biases
– Incorporation of tumor genetics
– Novel biomarker studies (epigenetics, adductomics, exposome)
– A focus on highly exposed populations

• WHAT WE HAVE NOT (FULLY) ADDRESSED 
– CUMULATIVE IMPACT of those exposures, including social determinants 
– CONTRIBUTION OF GENETIC susceptibility, alone or GxE interactions 
– MECHANISTIC PATHWAYS
– ENVIRONMENTAL IMPACT IN CANCER SURVIVORS

Concluding Remarks



Check our website: circle.berkeley.edu


