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SUPPLEMENTAL TESTIMONY III
OF DR. WILLIAM H. BAILEY CONCERNING MAGNETIC FIELD EXPOSURE
POLICY
Protection of Public Health and Safety is Not Synonymous with Zero Risk
1

Q.

What is the purpose of this supplemental testimony?

2

A.

To respond to suggestions made to the Connecticut Siting Council in the course of

3

these hearings that magnetic field exposure from electric transmission lines must

4

be drastically reduced, even to levels that are below those produced by other

5

common sources such as distribution lines and appliances in order to eliminate all

6

risk of exposure.

7

Q.

Do you agree with these suggestions?

1

1

A.

No.

2

Q.

Do such suggestions recommend mitigation that goes far beyond what any

3

public health agency has recommended?

4

A.

Yes.

5

Q.

What appears to be the basis for such extreme suggestions?

6

A.

The suggestions appear to rest on two assumptions. The first is the belief that the

7

scientific evidence for harm from EMF is strong. The second is that the

8

protection of public health and safety requires that no project be approved that

9

would pose even a very small real risk, or even an unproven risk.

10

Q.

11
12

If the Council were required to follow a policy that there be ‘zero’ risk or
hazard, could any electrical facility be permitted?

A.

No. The absurdity of such a policy can be illustrated by considering the public

13

health and safety in a non-EMF context. Electricity is by its nature potentially

14

dangerous to persons coming in contact with energized electrical facilities.

15

Conformance of electrical facilities with the National Electrical Safety Code does

16

not preclude that people may accidentally form a circuit path to ground that can

17

result in electrical shock injuries, including burns and death. As little as 20

18

milliamps can be fatal if it passes through the chest.1 For comparison, common

19

household circuit breakers may be rated at 15, 20, or 30 amps. While work-

20

related risks of electrical injury are obviously greater than risks for the general
1

Worker Deaths by Electrocution: A Summary of NIOSH Surveillance and Investigative Findings. U.S.
Department of Health and Human Services, Public Health Service, Centers for Disease Control and
Prevention, National Institute for Occupational Safety and Health. May 1998.

2

1

public, the latter cannot be dismissed either. Such known hazards nevertheless do

2

not preclude the permitting of such facilities and have not been considered by the

3

State to pose any “undue hazard” that would be inconsistent with the protection of

4

public health and safety.
60 Hz Magnetic Field Exposure Is Not Likely To Be A Hazard

5

Q.

6
7

Is the first assumption—that the scientific evidence against EMF is strong—
supported by the weight of the scientific evidence?

A

No. As Dr. Cole, Dr. Aronson, and I have testified at length, and as the

8

multidisciplinary national scientific panels of scientists that have reviewed the

9

research including the National Institute of Environmental Health Sciences

10

(NIEHS), the National Academy of Sciences (NAS), the National Radiological

11

Protection Board (NRPB), Health Council of the Netherlands (HCN),

12

International Committee on Non-ionizing Radiation Protection (ICNIRP), and the

13

International Agency for Research on Cancer (IARC) have found, the weight of

14

the evidence does not support this assumption.
Dr. Martha Linet’s Evaluation Is That The Relationship Between Magnetic Fields
And Childhood Leukemia Does Not Meet The Criteria For Causality

15

Q.

Has a top epidemiologist at the U.S. National Cancer Institute also discussed

16

the criteria by which to distinguish statistical associations from causal

17

associations in studies of childhood cancer, and applied them to the

18

evaluation of epidemiologic studies of childhood leukemia and 60-Hz

19

magnetic fields?

3

1

A.

Yes, the publication entitled: “Interpreting Epidemiologic Research: Lessons from

2

Studies of Childhood Cancer,” by Martha S. Linet M.D. and others, published in

3

Pediatrics. Vol. 112, No. 1 (July 2003), provides a particularly clear and

4

authoritative summary of her evaluation. This publication provides the Siting

5

Council with guidance on the specific question whether transmission line

6

magnetic fields are likely to cause an increased risk of childhood leukemia. I

7

strongly recommend that the Council members read this article in full and have

8

attached it to this testimony.

9

Q.

10
11

Please explain to the Council who Dr. Linet is, and why she is particularly
qualified to address this subject.

A.

Dr. Linet is the Acting Chief and Senior Investigator of the Radiation

12

Epidemiology Branch of the Division of Cancer Epidemiology and Genetics of

13

the National Cancer Institute (NCI), one of the National Institutes of Health. She

14

is a physician, board-certified in internal medicine and general preventive

15

medicine; and she also holds a degree in public health from Johns Hopkins

16

University. She has published extensively on the causes of leukemia, and is the

17

author of the internationally recognized text “The Leukemias: Epidemiologic

18

Aspects.” She serves on the Advisory Group on Cancer and the Environment to

19

the American Cancer Society and serves as the NCI liaison to the Committee on

20

Environmental Health of the American Academy of Pediatrics.

21

Q.

Hasn’t research by Dr. Linet and her colleagues on the potential relationship

22

between magnetic fields and childhood leukemia been mentioned before in

23

this proceeding?

4

1

A.

Yes, Dr. Linet was the lead author of an article that appeared in 1997 in the New

2

England Journal of Medicine in 1997, entitled “Residential Exposure to Magnetic

3

Fields and Acute Lymphoblastic Leukemia in Children,” which appears as Item

4

12 in the Appendix to the Testimony of Dr. Leonard Bell et al. dated March 16,

5

2004; and the lead author of “Cancer Surveillance Series: Recent Trends in

6

Childhood Incidence and Mortality in the United States,” published in the Journal

7

of the National Cancer Institute in 1999, which appears as Item 5 in that

8

Appendix. Dr. Bell et al. refer to these studies at pages 11 and 12 and page 8,

9

respectively in their March 16, 2004 pre-filed testimony. The Linet et al. (1997)

10

study was also included in the meta-analyses of Greenland et al., Ahlbom et al.,

11

and Wartenberg, described in Exponent’s report in Appendix 6 to the Application.

12

Q.

13
14

Why is the Linet et al. (2003) article particularly relevant to the EMF issues
that the Council is now confronting?

A.

The article is written for an audience of pediatricians to educate them in the

15

interpretation of epidemiologic literature and claims regarding the causation of

16

childhood leukemia. The article sets out to help practitioners who must diagnose

17

and treat such cases to understand and apply the teachings of sound scientific

18

research and, at the same time, to view with appropriate rigor claims or suspicions

19

regarding causation based on epidemiology studies “with the emotional

20

connotations of childhood cancers.” The article can serve a similar function for

21

the Council members, as they determine whether the location of the overhead

22

sections of the proposed lines, or the hundreds of miles of existing transmission

5

1

and distribution lines in the state pose an “undue hazard” to people, particularly

2

children.

3

Q.

Please summarize the overall structure of the Linet et al.. article.

4

A.

Dr. Linet and her co-authors first explain the terminology and criteria used in

5

evaluating whether statistical associations between risk factors and childhood

6

cancer are causal in nature. They then suggest an approach for investigating

7

possible pediatric cancer clusters. Finally, they discuss how patterns and trends

8

can be translated into new “leads” to understanding causation and summarize

9

possible causal factors of childhood leukemia.

10

Q.

11
12

Please discuss the portions of the paper that deal specifically with
transmission line magnetic fields.

A.

The authors illustrate their explanation of the difference between “statistical” and

13

“causal” associations by contrasting “two examples involving modest statistical

14

associations.” (p. 224). The first of these examples is a suggested increased risk

15

of leukemia in the offspring of women who had X-rays taken during pregnancy,

16

an association they regard as “likely to be causal.” (Id.)

17

The second example is the relationship between exposure to power frequency

18

magnetic fields and childhood leukemia, which they state, “does not meet the

19

criteria for causality.” (p. 225).

20

Q.

Why, according to Dr. Linet and her co-authors, does the relationship

21

between exposure to power frequency magnetic fields and childhood

22

leukemia not meet the criteria for causality?

6

1

A

The authors cite three reasons on pages 225-226:
•

2
3

early positive studies did not support a causal relationship;
•

4
5

Experimental studies did not support the biological plausibility of the
association;

•

6
7
8

Recent large and rigorous epidemiologic investigations that followed the

Some of the modest increase in risk reported was likely due to selection
bias.

Q.

9

Dr. Bell and his colleagues have testified that the meta-analyses of the
epidemiology of power frequency fields and childhood leukemia published in

10

2000 and 2001 support an inference of causality.2 Do Dr. Linet and her co-

11

authors caution reviewers of meta- and pooled-analyses of epidemiologic

12

studies to be “skeptical” of such analyses?

13

A.

Yes, they do. Dr. Linet and her co-authors address the subject of meta-analyses

14

and pooled analyses of epidemiology studies and conclude that they are inherently

15

less helpful than analyses of pooled observational data from randomized clinical

16

trials, because, in the case of epidemiology studies, the various individual studies

17

considered are likely to “differ in study design, types of control subjects selected,

18

population size, methods used for exposure assessment, field work methods, and

19

other factors.” (p. 225). They further caution that “even a single study of poor

20

quality can have a large effect on the results of a meta-analysis.” (p.225).

2

“ Q.
A.

According to these large meta-analyses of the relationship between EMF and childhood cancer,
what is the likelihood that EMF is truly associated with childhood cancer?
The likelihood that EMF is truly associated with childhood cancer in humans is extremely high.”
(Testimony of Dr. Leonard Bell et. al. dated March 16, 2004, p. 15).

7

1

Q.

2
3

Do the authors specifically identify a concern about the reliability of metaanalyses in regard to studies of EMF and childhood leukemia?

A.

Yes, at pages 225 and 226, the authors state:

4
5
6
7
8
9
10
11

Meta-analysis may be particularly problematic when attempting to
ascertain whether an exposure of great public concern (eg,. . . nonionizing power-frequency magnetic fields…) is linked with a specific
type of childhood cancer, particularly when the association is modest and
inconsistently observed in different epidemiologic studies. Thus,
pediatricians need to be skeptical about attempts to decrease a complex
array of differing investigations to a single risk estimate.

Q.

In their March 16, 2004 testimony, Dr. Bell and his colleagues describe the

12

work reported by Dr. Linet and colleagues in their 1997 article in The New

13

England Journal of Medicine as “strongly support[ing] a dose-response

14

relationship between EMF levels and childhood leukemia. . .” (p. 12).

15

Does this characterization of the study conducted by Dr. Linet and co-

16

workers accurately represent the view that Dr. Linet and her colleagues

17

express about what their own data and that of others show as to a dose-

18

response relationship between magnetic fields and childhood leukemia?

19

A.

No.

Dr. Linet and her colleagues neither concluded that a dose response

20

relationship was evident in their 1997 study (Linet et al., 1997)3 nor did they see a

21

dose-response relationship in the Greenland and Ahlbom meta-analyses of a

22

larger number of studies. The authors explain:

23
24
25
26

When data from several epidemiologic studies were combined or pooled,
childhood leukemia risks did not increase steadily with increasing
residential magnetic field or wire code levels (ie, no consistent dose
response); instead, risks did not increase with increasing exposure until
3

“We find no significant excess risk of childhood ALL [acute lymphocytic leukemia] associated with timeweighted average summary residential magnetic-fields of 0.200 µT [2 mG] or greater, nor did we observe
any significant dose-response trends.” [Emphasis added] p. 5.

8

1
2
3

estimated magnetic field exposures reached >0.3 microtesla [3
milligauss.]” (p. 225).

Q.

Did Dr. Bell and his colleagues also call attention to a statistically significant

4

association in the Linet et al. (1997) study at a cut point chosen to distinguish

5

exposed from unexposed subjects that was part of a post hoc analysis?

6

A.

Yes.

7

Q.

Is this the kind of interpretation—placing undue emphasis on an isolated cut

8

point or threshold to define an increased risk that was not identified before

9

the data were analyzed—that Dr. Linet and her colleagues cautioned about?

10

A.

11

Yes. Dr. Linet and her co-authors in their 2003 article specifically recommend
that caution should be applied

12
13
14
15
16
17
18
19
20

…when undue emphasis is given to a result from a post hoc analysis
derived using cutoff points not included in the presumptive statistical
analyses. Results that are based on presumptive criteria for analyzing
data should be given substantially greater weight when interpreting
findings than results that are derived from post hoc cutoff points. Results
from post hoc analyses should be interpreted cautiously and questioned,
because such results can be based on cutoff points that would yield the
most extreme outcomes. (p. 225).

Q.

For the 2003 article we have been discussing, did Dr. Linet and colleagues

21

survey the literature on childhood cancers and classify the risk factors

22

according to whether the scientific evidence identified them as “known”,

23

“suggestive”, or “postulated” causes of childhood cancers?

24

A.

Yes.

25

Q.

Into what category did they assign 60-hertz power frequency magnetic fields

26

based upon their review of the scientific evidence?

9

1

A.

They classified 60-hertz power frequency magnetic fields in the “postulated”

2

category because the “limited” supporting evidence was insufficient to classify

3

magnetic fields as either a “suggestive” or “known” risk factor for childhood

4

cancers (Table 1, p. 219).
Sound Public Health And Safety Policy Is Not Based On The Elimination Of All
Possible Risk

5

Q.

Let’s return to the second assumption that you identified as underlying the

6

suggestion that essentially all risk must be eliminated before an overhead line

7

could be found to be consistent with a public health and safety standard, or

8

to pose no “undue hazard.”

9

Do you believe that public health and safety in this case will be protected

10

only if there is no risk—not even a theoretical risk—that is achieved by

11

reducing magnetic field exposure to ‘background levels’ or below?

12

A.

No. The notion that public health is not adequately protected or that a risk is

13

“undue” if there is even a theoretical risk of harm, or a chance that a risk might

14

possibly exist, is absurd.

15

Q.

Does a public health perspective take into account the health and welfare

16

benefits of a reliable electric system as well as the known risks of electrical

17

injury?

18

A.

Yes, and I would expect that the Siting Council would also consider the benefits

19

of proposed projects in their decision process. The difficulty is that the benefits

20

of our electrical system are taken for granted and so are not quantified in the

21

review process.
10

1

Maximizing public health and safety involves balancing competing real and

2

potential risks as well as benefits. Furthermore, achieving zero potential risk is

3

not practical in the real world. This is why the assumption that public health and

4

safety can only be achieved by achieving zero risk, even by eliminating a risk that

5

a risk may exist, is absurd and unrealistic from a public health perspective.

6

Q.

7
8

Can you give another example where the public health benefits of a
technology are recognized as outweighing any potential health risk?

A.

9

Yes, the chlorination of public drinking water supplies to reduce disease risk from
microbial pathogens.

10

Q:

What are the benefits of chlorination of public drinking water supplies?

11

A:

The U.S. Environmental Protection Agency (EPA) concludes: “Disinfection of

12

drinking water is one of the major public health advances in the 20th century.

13

One hundred years ago, typhoid and cholera epidemics were common through

14

American cities; disinfection was a major factor in reducing these epidemics.”4

15

Q:

What are the risks of chlorination?

16

By-products such as chloroform, bromoform, bromodichloromethane, and

17

chlorodibromomethane, collectively called trihalomethanes (THM), are suspected

18

to cause cancers and birth defects in humans. These chemicals, except

19

chlorodibromomethane, were found to have inadequate evidence for human

20

carcinogenicity but they were classified, based on laboratory animal test results,
4

http://www.epa.gov/safewater/mdbp/dbp1.html

11

1

as a “possible/probable human carcinogen” by the U.S. Environmental Protection

2

Agency (U.S. EPA) and the World Health Organization.

3

Q:

4

The EPA states:

5
6
7
8
9
10
11

How does the EPA address these risks?

Amendments to the SDWA [Safe Drinking Water Act] in 1996 require
[U.S.] EPA to develop rules to balance the risks between microbial
pathogens and disinfection byproducts (DBPs) [emphasis added]. It is
important to strengthen protection against microbial contaminants,
especially Cryptosporidium, and at the same time, reduce potential health
risks of DBPs.”5

Q.

Do the rules that the EPA has developed for the by-products of water

12

disinfection address the potential risk of cancer and other adverse health

13

effects from water treatments?

14

A.

Yes. The Maximum Contaminant Level (MCL) is the highest level of a

15

contaminant that is allowed in drinking water. MCLs are set as close to levels

16

below which there is no known or expected risk to health but also consider the

17

best available treatment technology and take cost into consideration. MCLs are

18

enforceable standards. The MCL for trihalomethanes is set at 0.08 mg/L6 yet

19

based upon the calculated risks of its components, exposures at the MCL may

20

approach a 1 in 10,000 risk of cancer.7

21

Q.

22

What is the rationale provided by the EPA that addresses the acceptability of
this potential risk?

5

http://www.epa.gov/safewater/mdbp/dbp1.html
http://www.epa.gov/safewater/mcl.html
7
http://www.epa.gov/waterscience/drinking/standards/dwstandards.pdf
6

12

1

A.

Disinfection is unquestionably the most important step in the treatment of water

2

for drinking-water supplies. Therefore, the microbial quality of drinking water

3

should not be compromised because of concern over the potential long-term

4

effects of disinfectants and trihalomethanes. The EPA therefore states that the

5

goal in setting the MCL for drinking water was to “balance the risks between

6

microbial pathogens and disinfection byproducts.”

7

Q.

Turning to the public health and safety decisions to be made by the Siting

8

Council in this docket, does the scientific research on magnetic fields support

9

pressure on the Siting Council to consider increasingly extraordinary and

10
11

exotic means of reducing field levels outside the right-of-way?
A.

No, particularly if such means would not lead to a more reliable transmission

12

system. The entirety of the scientific research to date has not established a likely

13

risk from exposure to children or adults.

14

Q.

15
16

From a scientific perspective, what actions have other agencies recommended
as commensurate with the research findings to date?

A.

I have previously stated that “The recommendations of NIEHS … and the

17

Connecticut EMF Best Management Practices both embrace the strategy of

18

encouraging responses and expenditures that are proportionate to the degree of

19

scientific evidence that there might be a risk, and responsive to public concern.”

20

(Supplemental Testimony of Dr. William H. Bailey Concerning Passive

21

Regulatory Responses with Respect To 60 Hz Electric And Magnetic Fields, May

22

3, 2004, p. 7).

13

1

In this docket the Applicants have presented some site-specific alignments of the

2

route and a variety of transmission line configurations for consideration in

3

reducing magnetic field levels. However, a requirement that such measures be

4

implemented in the extreme so as to achieve some arbitrary field level or distance

5

setback at great cost would be counter to the public health policies that have been

6

applied by state, national, and international agencies to address EMF concerns.

7

Q.

Does this conclude this testimony?

8

A.

Yes.

14

SERVICE LIST
Docket:
272
Ms. Pamela B. Katz

Anthony M. Fitzgerald, Esq.

Linda L. Randell, Esq.

Chairman

Brian T. Henebry, Esq.

Bruce L. McDermott, Esq.

Connecticut Siting Council

Carmody & Torrance, LLP

Wiggin and Dana, LLP

10 Franklin Square

50 Leavenworth Street

One Century Tower

New Britain, CT 06051

P. O. Box 1110

New Haven, CT 06508-1832

Waterbury, CT 06721-1110
The Honorable Robert W. Megna
th

Eric Knapp, Esq.

The Honorable Al Adinolfi
rd

State Representative – 97 District

State Representative – 103 District

Branse & Willis, LLC

40 Foxon Hill Rd. #54

235 Sorghum Mill Dr.

41-C New London Turnpike

New Haven, CT 06513

Cheshire, CT 06410

Glen Lochen East
Glastonbury, CT 06033-2038

Julie Donaldson Kohler, Esq.

Peter G. Boucher, Esq.

Janice M. Small, Esq.

Hurwitz, Sagarin & Slossberg LLC

Halloran & Sage, LLP

Town Attorney

147 North Broad St.

225 Asylum Street

Wallingford Town Hall

Milford, CT 06460

Hartford, CT 06103

45 South Main Street
Wallingford, CT 06492

Ms. MaryAnn Boord

Mr. Louis S. Ciccarello

Town of Westport

First Selectwoman

Corporation Counsel

c/o Ira W. Bloom, Esq.

Durham Town Hall

P. O. Box 798

27 Imperial Ave.

30 Townhouse Rd.

Norwalk, CT 06856-0798

Westport, CT 06880

Durham, CT 06422
David A. Ball, Esq.

Deborah L. Moore, Esq.

State Representative – 90 District

Cohen & Wolf, P.C.

Legal Department

43 Grove St.

1115 Broad Street

Meriden City Hall

Yalesville, CT 06492

Bridgeport, CT 06604

142 East Main St.

The Honorable Mary G. Fritz
th

Meriden, CT 06450
Ms. Melanie J. Howlett

Atty. Michael C. Wertheimer

The Honorable Raymond Kalinowski

Assistant Attorney General

State Representative – 100 District

Associate City Attorney

Office of the Attorney General

P.O. Box 391

Office of the City Attorney

10 Franklin Square

Durham, CT 06422

999 Broad Street

th

Bridgeport, CT 06604

New Britain, CT 06051
Ms. Trish Bradley, President

Mr. Bruce Johnson

The Honorable Themis Klarides

Mr. Ed Schwartz, Treasurer

Litigation Attorney

State Representative – 114 District

Communities for Responsible Energy, Phase II

Office of Consumer Counsel

23 East Court

45 Ironwood Lane

10 Franklin Square

Derby, CT 06418

Durham, CT 06422

New Britain, CT 06051

15

th

Charles Walsh

Lawrence J. Golden, Esq.

Anthony M. MacLeod, Esq.

Assistant Attorney General

Pullman & Comley, LLC

Whitman, Breed, Abbott & Morgan, LLC

Attorney General’s Office

90 State House Square

100 Field Point Road

Juris. No. 402623

Hartford, CT 06103-3702

Greenwich, CT 06830

Franco Chieffalo

The Honorable Kenneth A. Flatto

David A. Reif

General Supervisor

First Selectman

Jane K. Warren

First District Water Department

Independence Hall

Joel B. Casey

P.O. Box 27

725 Old Post Rd.

McCarter & English, LLP

Norwalk, CT 06852

Fairfield, CT 06824

CityPlace I

55 Elm Street, P.O. Box 120
Hartford, CT 06106

Hartford, CT 06103
Monte E. Frank, Esq.

Andrew W. Lord, Esq.

Brian M. Stone, Esq.

Cohen & Wolf, P.C.

Murtha Cullina LLP

Sousa, Stone & D’Agosto, LLC

158 Deer Hill Avenue

CityPlace I, 29 Floor

375 Bridgeport Avenue

Danbury, CT 06810

185 Asylum Street

Shelton, CT 06484

th

Hartford, CT 06103-3469
Robert E. Earley

Richard J. Buturla, Esq.

Joaquina Borges King

Connecticut Business & Industry Assoc.

Town Attorney

Assistant Town Attorney

350 Church Street

Berchem, Moses & Devlin, P.C.

Hamden Government Center

Hartford, CT 06103-1106

75 Broad Street

2750 Dixwell Avenue

Milford, CT 06460

Hamden, CT 06518

Timothy P. Lynch

The Honorable Derrylyn Gorski

William J. Kupinse, Jr.

Deputy City Attorney

First Selectwoman

First Selectman

City Attorney’s Office

Bethany Town Hall

Easton Town Hall

245 deKoven Drive, P.O. Box 1300

40 Peck Road

225 Center Road, P.O. Box 61

Middletown, CT 06457-1300

Bethany, CT 06524-3378

Easton, CT 06612

The Honorable William A. Aniskovich

David J. Monz

David R. Schaefer, Esq.

State Senate—12 District

Updike, Kelly & Spellacy, P.C.

Brenner Saltzman & Wallman, LLP

15 Grove Avenue

One Century Tower

271 Whitney Avenue

Branford, CT 06405

265 Church Street

New Haven, CT 06511

th

New Haven, CT 06510
Senator Joseph J. Crisco, Jr.
th

Honorable Leonard A. Fasano
th

Elizabeth Gilson, Esq.

17 District

State Senator – 34 District

383 Orange Street

State Capitol

7 Sycamore Lane

New Haven, CT 06511

Hartford, CT 06106-1591

North Haven, CT 06473

Karyl Lee Hall, Esq., Co-Chairman
Branford Conservation and Environment
Commission
c/o Box 3072
Branford, CT 06405

Honorable John E. Opie
First Selectman
Branford Town Hall
P.O. Box 150, Town Hall
Branford, CT 06405

16

Interpreting Epidemiologic Research:
Lessons From Studies of Childhood Cancer
Martha S. Linet, MD; Sholom Wacholder, PhD; and Shelia Hoar Zahm, ScD
ABBREVIATIONS. ALL, acute lymphoblastic leukemia; CT, computed tomography.

I

n recent years, the public has shown concern
about trends in incidence rates, the occurrence of
clusters, and the role of certain environmental
exposures in the cause of childhood cancers. A frontpage news story in the New York Times1 stimulated a
dramatic upswing of public anxiety about these issues. Hearings by the US Senate Environment and
Public Works Committee on a cluster of 11 childhood
acute lymphoblastic leukemia (ALL) cases (since increased to 13) among the 8200 residents of a town in
Nevada over a 3-year period led to a featured article
in USA Today2 describing legislation under consideration to enhance the federal government’s role in
responding to apparent cancer outbreaks in US communities.
Compared with 1.22 million cancers (excluding
non-melanoma skin cancers) diagnosed annually
among adults in the United States (corresponding to
an average annual incidence rate for all cancers of
398 per 100 000 person-years),3 there are only ⬃8700
diagnosed per year among children younger than 15
years and 12 400 among children and adolescents
younger than 20 years (corresponding to average
annual incidence rates of 13.4 per 100 000 and 14.9
per 100 000 person-years, respectively).4 Carcinomas
predominate among adults, and the major pediatric
tumors are nonepithelial. The most common pediatric neoplasms are the leukemias (representing 30.2%
of all cancers diagnosed in children younger than 15
years), brain and central nervous system cancers
(21.7%), and lymphomas (10.9%); these 3 categories
(together constituting 63%) and the remaining 37% of
pediatric malignancies are characterized by substantial histologic and biological diversity.5–7 Instead of
the anatomic site-based categories used for adult
malignancies, a more appropriate classification system developed for pediatric neoplasms8 was recently
updated and designated as the International Classification of Childhood Cancer.9
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tion focuses on terminology and criteria to evaluate
whether statistical associations between risk factors
and childhood cancer are causal in nature. The second section suggests a general approach for investigating possible pediatric cancer clusters. The third
section considers how distinctive patterns and trends
can be translated into new etiologic leads and summarizes potential causal factors (Tables 1– 4).
TERMINOLOGY AND CRITERIA FOR CAUSALITY

The major objectives of most epidemiologic studies are to determine whether a specific exposure or
factor (eg, ionizing radiation, or a medical condition)
is likely to cause a given disease and to quantify the
strength of the relationship. Two major study designs are used to evaluate whether an exposure is
linked with a given disease: the cohort and the casecontrol study designs. In a cohort study, exposed (eg,
an occupational group, or people with a common
environmental or medically related exposure) and
unexposed (often the general population but sometimes a similar occupational group without the exposure) populations are ascertained then followed
up (prospectively or retrospectively) to compare
risks of developing particular disease outcomes. In
an ideal case-control study, cases are those who have
developed a particular disease in a specified population during the study period, and control subjects
are a random sample of those in the population who
have not developed disease; in practice, the investigator’s efforts to select control subjects may be affected by logistic issues. The case-control design is
essential for economy in studies of rare diseases but
requires retrospective collection of exposure information. An example of an ideal case-control study is
one nested within a cohort, in which all cases are
ascertained, but a randomly selected sample of the
cohort is used for controls.
Epidemiologists typically evaluate the association
between exposure and disease by estimating the ratio of rates of disease in people who had previous
exposure to the agent with unexposed people. By
convention, an association between exposure and
disease is considered to be statistically significant if
the probability is less than an estimate of association
as strong or stronger than the one observed that
would arise if, in fact, there were no association; if
the probability is 5% or greater, then the association
is considered too likely to be attributable to random
variation to be considered solid. Many scientists are
unhappy with this evaluation criterion, but no satisfactory alternative has been widely adopted.

TABLE 1.

Risk Factors (Known, Suggestive, Limited) Associated With Childhood Leukemias and Lymphomas

Exposure or
Characteristic
Known
Gender
Age peak
Age-adjusted incidence
Race
Other factors

Suggestive

Limited

Leukemia
Acute Lymphoblastic

Lymphoma
Acute Myeloid

M:F ⫽ 1.3
M:F ⫽ 1.1
2–4 years
Infancy
26.3 per million
6.5 per million
W:B ⫽ 2.0
W:B ⫽ 1.0
Birth weight ⬎4000 g
Ionizing radiation
Diagnostic, in utero
Therapeutic, postnatal ALL and AML
Down syndrome
ALL and AML M7
Congenital disorders, ataxia telangiectasia,
Fanconi syndrome, Bloom syndrome,
neurofibromatosis
Maternal fetal loss
Maternal alcohol use
during pregnancy
Mother older than 35 years
at pregnancy
First born
Parental occupational
exposures
- Benzene
- Pesticides
Paternal smoking before
Maternal marijuana use
conception
during pregnancy
Parental occupational
Parental occupational
exposures
exposures
Hydrocarbons
Pesticides
Paints
Motor vehicle exhaust
60-Hz magnetic fields
Residential exposures
Pesticides
⬎0.4 T
Postnatal chloramphenicol
use
Clustering
Decreased risk associated
with breastfeeding

Hodgkin Disease
M:F ⫽ 1.3
Adolescence
13.8 per million
W:B ⫽ 1.3
Monozygotic twins of
young adults
Affected siblings
Epstein-Barr virus linked
with some forms
Infectious mononucleosis

Non-Hodgkin Lymphoma
M:F ⫽ 3.0
Adolescence
9.9 per million
W:B ⫽ 1.4
Immunosuppressive therapy
Congenital immunodeficiency
syndromes (eg, ataxia,
telangiectasia)
AIDS

Residential exposures
Pesticides

M:F indicates male-to-female ratio of incidence; W:B, white-to-black ratio of incidence; AML, acute myeloid leukemia; AIDS, acquired
immunodeficiency syndrome.

Results or conclusions from different studies of a
specific exposure and disease or from different investigators examining the same data sometimes
seem to be contradictory. Pediatricians are better
equipped to make an informed decision if they are
familiar with key concepts and principles of interpretation particularly pertinent to epidemiologic
studies of childhood cancer as described in this report.
Source Population and Selection of Cases and Control
Subjects

Critical to interpreting epidemiologic studies are
the source population and the methods of selecting
study subjects. In case-control studies, cases (ie, people with the disease of interest) and control subjects
(ie, people without that specific disease) should be
identified from the same population; ideally, control
subjects should be chosen randomly from a complete
list of the entire population from which cases
arose.10 –12 Examples of populations for which complete lists are available include the provincial-wide
health insurance listings in Canada13; populationbased lists of patients assigned to a general practitioner in the United Kingdom14; and the hospitalization, cancer, or other national registries in the Nordic
countries.15–17 Population-based health care regis-

tries are limited in the United States, because even
the nationwide Medicaid or Medicare lists are restricted to population groups defined by income or
age. The rarity of childhood cancers limits the utility
of large health maintenance organizations or most
insurance plans for epidemiologic studies of pediatric tumors in the United States. Epidemiologic studies of childhood cancer have been conducted within
US clinical trials consortia, because a high proportion
of all children younger than 15 years (but not older
adolescents) in whom cancer is diagnosed are seen
by pediatric oncologists affiliated with these consortia.18,19 However, epidemiologic studies of pediatric
cancer have not always included a substantial number of children from ethnic minorities, because regions with larger proportions of minorities are not
always included, the proportion of pediatric cancer
cases whose families agree to participate is smaller
for minority than for nonminority children, and the
proportion of minorities among control subjects has
been lower than the percentage among cases.18,20
Registration of patients who are treated by pediatric oncologists within the consortia often occurs
within days of diagnosis, but the choice of control
subjects is not so straightforward. One possibility
might be selection of controls with other cancers or
diseases from the same institution as cases if the
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TABLE 2.
Tumors

Risk Factors (Known, Suggestive, Limited) Associated With Childhood Brain Tumors and Sympathetic Nervous System

Exposure or
Characteristic
Known
Gender

Age peak
Race
Other factors

Suggestive

Limited

Brain Tumors

Sympathetic Nervous System

M:F
Age-adjusted incidence
Type
(per million)
All brain tumors
1.2
25.9
Astrocytomas
1.1
13.4
Primitive neuroectodermal
1.7
5.0
tumors
Other gliomas
1.0
4.4
Ependymomas
2.0
2.1
Infancy
W:B ⫽ 1.2
Ionizing radiation
Genetic disorders
Neurofibromatosis
Tuberous sclerosis
Nevoid basal cell syndrome
Turcot syndrome
Li-Fraumeni syndrome
Maternal diet during pregnancy
Cured meats
Sibling or parent with brain
tumor increases risk
Some paternal occupations, including aircraft industry; agriculture;
electronics manufacturing; petroleum industry; painting; paper or
pulp mill work; printing; metal-related occupations; and
occupations involving exposure to paint, ionizing radiation,
solvents, and electromagnetic fields
Use of products containing N-nitroso compounds, including beer,
incense, makeup, antihistamines, etc
Residential pesticides
Family history of epilepsy, mental retardation

M:F
1.1

Age-adjusted incidence
(per million)
7.9

Infancy
W:B ⫽ 1.8

Selected medications taken during
pregnancy
Fertility drug use before pregnancy
Maternal smoking and alcohol use
during pregnancy
Selected paternal occupational
exposures
Agricultural, pesticides
Hydrocarbons, rubber, paint
Dusts, electrical components

M:F indicates male-to-female ratio of incidence; W:B, white-to-black ratio of incidence.

exposures of interest do not cause the cancers or
diseases in control subjects; if the exposure being
evaluated is statistically or causally associated with
the cancers or other diseases of control children, then
the estimated risks using this control group tend to
be lower than the actual risks. Because the major
causes of most childhood cancers are unknown and
the few known causes (high doses of ionizing radiation and certain inherited genetic disorders) are associated with more than 1 type of cancer or other
serious pediatric disease, selecting control subjects
with cancer or other serious pediatric disease is probably not a good choice. An alternative is to select
otherwise healthy control subjects from the general
population.
For many years, control subjects for most US epidemiologic studies of childhood cancer have been
selected by a telemarketing technique called random-digit dialing. Randomized listings of telephone
numbers with the same area code and exchange as
the cases are generated and systematically evaluated
to identify households that contain children of similar age, gender, or racial or ethnic group as the
pediatric cancer cases. Although reasonable in the
United States, where telephone coverage has been
nearly universal, this method was not appropriate
for countries in which substantial numbers of households lack telephones. During the past decade, random-digit dialing in the United States has been less
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successful than it had been in previous decades,21,22
because increasing numbers of answering machines
are used to screen telephone calls, and there are more
telephone lines per household, more lines dedicated
to fax or modem use in residences and businesses,
more cellular telephones, and rapidly decreasing levels of participation by potentially eligible control
subjects. These trends have also led to increasing
sociodemographic differences between cases and
control subjects; concern about the potential for selection bias23 has led to consideration of alternative
approaches for selecting control subjects.
Definition of Risk Factor

A risk factor is a specific agent statistically associated with a disease. Risk factors can be exogenous
exposures, such as pesticides; endogenous characteristics, such as high hormone levels; lifestyle factors,
such as dietary constituents or level of physical activity; treatments, such as medications; predisposition to particular familial diseases; or genetically determined features. The extent to which the evidence
of causality supports a relationship between a risk
factor and a disease determines whether the weight
of the evidence should be considered as established,
suggestive, or limited. Risk factors may be positively
associated (ie, increase incidence) or negatively associated (ie, decrease incidence) with the disease. If
increasing levels of exposure to a specific risk factor
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M:F
1.2
1.2
1.3
1.5

Taller stature
Trauma
Short birth length
Some parental occupations,
including chicken farming
Exposure to pesticides

W:B ⫽ 1.3
Osteosarcoma, long bones;
Ewing sarcoma, central axis
Radiation therapy for
childhood cancer
Treatment with alkylating
agents
High doses of radium
Genetic disorders
Hereditary retinoblastoma
Li-Fraumeni syndrome
Rothmund-Thomson
syndrome
—

8.6

Type
All bone
Osteosarcoma
Ewing sarcoma
Chondrosarcoma
13–18 y

M:F
1.2

Low socioeconomic status
Diagnostic radiographs during
pregnancy
Parents’ use of recreational drugs

Some concordance between
anatomic location of
rhabdomyosarcoma and major
birth defects
Up to one third of patients with
rhabdomyosarcoma have at least
1 congenital anomaly
Genetic disorders
Li-Fraumeni syndrome
Neurofibromatosis
—

W:B ⫽ 0.9

Infancy for rhabdomyosarcoma; 15–
19 years for others
10.8

Type
All soft tissue

Soft Tissue Sarcomas

M:F
0.9

Father employed as welder or
mechanic increases risk
High birth weight
Parental occupational exposure to
pesticides
Maternal consumption of coffee
and/or tea during pregnancy
Maternal hair dye use
Maternal occupational exposures,
including hairdressing and
electronic and laboratory work

Genetic disorders
WAGR
Beckwith-Wiedemann syndrome
Perlman syndrome
Denys-Drash syndrome

Notably decreased incidence in
Asians, compared with whites
and blacks

W:B ⫽ 0.9
7% of Wilms tumors are bilateral

Infancy for Wilms tumor; 15–19 y
for renal cell carcinomas
6.4

Type
All renal

Renal Tumors

M:F
1.2
1.2
1.0

Parental occupational exposures to metals,
petroleum products, paints, and pigments
Low birth weight

—

Genetic disorders
Beckwith-Wiedemann syndrome
Hemihypertrophy
Familial adenomatous polyposis
Gardner syndrome

W:B ⫽ 1.2

Infancy for hepatoblastoma; 15–19 y
for hepatocellular carcinoma
1.5

Type
All hepatic
Hepatoblastoma
Hepatocellular carcinoma

Hepatic Tumors

M:F indicates male-to-female ratio of incidence; W:B, white-to-black ratio of incidence; WAGR, Wilms tumor, aniridia, genitourinary abnormalities, and mental retardation.

Limited

Suggestive

Other factors

Age-adjusted
incidence
(per million)
Race
Anatomic site

Age peak

Known
Gender

Malignant Bone Tumors

Risk Factors (Known, Suggestive, Limited) Associated With Childhood Malignant Bone Tumors, Soft Tissue Sarcomas, Renal Tumors, and Hepatic Tumors

Exposure or
Characteristic

TABLE 3.
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M:F
1.1
1.5

Carcinomas and Other Malignant Epithelial Tumors

Age-adjusted incidence Type
M:F
Age-adjusted incidence
10.1 per million
All carcinomas
0.5
14.1 per million
6.1
Thyroid carcinoma
0.2
5.0
8.1
Malignant melanoma
0.6
4.5
5.3
15–19 y
15–19 y
W:B ⫽ 1.5
W:B ⫽ 1.5
Cryptorchidism
Thyroid carcinoma
Ionizing radiation exposure during childhood from
environmental and medical sources
Inherited cancer susceptibility syndromes (familial
polyposis multiple endocrine neoplasia types I, II-A, II-B)
Malignant melanoma
Ultraviolet sunlight exposure
Number of nevi and dysplastic nevi
High maternal hormone levels during pregnancy
Thyroid carcinoma
Family history of germ cell tumor
Hormonal factors
Hernia
Benign thyroid diseases
Preterm birth
Viral infections
High birth weight
Prenatal radiographic exposure
Parental occupation including health care, aircraft
industry (paternal), and other work involving
exposure to x-rays (paternal) or solvents
(maternal)
Constitutional chromosome abnormalities
(Klinefelter syndrome)

Type
All germ cell
Gonadal
Testicular
Ovarian

Germ Cell Tumors

Age-adjusted incidence
2.8 per million

Paternal occupation including military, metal
manufacturing and welding, machining, or related
occupation

13q deletion syndrome

Infancy
W:B ⫽ 0.9
Parent with a history of bilateral retinoblastoma

Type
M:F
All retinoblastoma
1.0

Retinoblastoma

Risk Factors (Known, Suggestive, Limited) Associated With Childhood Germ Cell Tumors, Carcinomas and Other Malignant Epithelial Tumors, and Retinoblastoma

M:F indicates male-to-female ratio of incidence; W:B, white-to-black ratio of incidence.

Limited

Suggestive

Age peak
Race
Other

Known
Gender

Exposure or
Characteristic

TABLE 4.

result in steadily increasing or decreasing incidence
of the disease, then causation is more likely.
A broad definition of risk factor should be considered when evaluating environmental or exogenous
agents that may be important in the cause of childhood cancer. Sources of such agents can include the
residential, child care, or school environment. Environmental agents can be transmitted by inhalation,
ingestion, or dermal routes. Types of agents identified as risk factors for childhood (and/or adult) cancers include radiation (including ionizing and nonionizing forms), metals (eg, arsenic, platinum), fibers
(eg, asbestos), individual chemicals (eg, benzene, or a
drug such as aspirin), mixtures (eg, paints, cigarette
smoke, pharmaceutical agents containing several
chemicals), dietary constituents (including mixtures
such as food groups, macronutrients such as specific
types of fat, and micronutrients), physical activity,
and familial and genetic disorders (eg, neurofibromatosis type 1, Down syndrome, ataxia telangiectasia).
Exposure Assessment

Exposure assessment is always important, particularly in case-control studies. In general, poor measurement of exposure for cases and control subjects
makes it more difficult to observe an effect. By contrast, if exposures cannot be measured and the investigator must rely on questionnaire data, then risk
estimates may be too high if past exposures are systematically overreported by cases but not control
subjects or underreported by control subjects but not
cases.
In case-control studies of children and adults, by
definition, the relevant exposures occurred before
(sometimes many years before) diagnosis. Because
childhood cancers are rare, a prospective study
would need to collect exposure information from
hundreds of thousands, if not millions, of children
over several years to identify adequate numbers of
pediatric cancers for assessing statistical associations;
such a study would be too expensive to be feasible.
Hence, for case-control studies, improved methods
are needed to estimate past exposures and to test for
validity. Ideally, investigators should attempt to obtain objective environmental, occupational, or biological measurements. Objective measurements
taken after diagnosis, however, may not reflect exposure levels during the relevant prediagnosis period (eg, preconception or prenatal exposures). It
may not be possible to use a single measurement
obtained for each subject after diagnosis to estimate
accurately exposures that may vary by day, month,
season, year, or age. If measurements are not feasible, then epidemiologists must rely on proxy measures, such as interview data obtained from mothers
or fathers of subjects. Interview data may be subject
to reporting, recall, or rumination effects, because
parents of children with cancer will expend extensive
effort to remember exposures that are often forgotten
or only partially remembered by parents of healthy
children. If exposures (eg, diet, physical activity,
other habits) change subsequent to onset of childhood cancer, then it may be difficult for the parent to

recall accurately the child’s prediagnostic exposures
in postdiagnostic interviews.
Exposure assessment methods used in epidemiologic investigations of childhood cancer have improved with time, but studies continue to require
collection of substantial exposure information from
interviews with parents, yet there are relatively few
comparisons of different measurement or interview
approaches for retrospectively assessing exposures
potentially relevant to the cause of childhood cancer.
In general, most efforts have relied on maternal interview, an approach fraught with potential for misclassification and differential recall between cases
and control subjects.24 For example, most of the published epidemiologic investigations evaluating residential pesticide exposures and childhood cancer
risk used very crude exposure assessment with little
detailed information about pesticide type, amount,
number of applications, or year of application.25–27
Some case reports have included this type of detail,
but the exposure assessment measures generally
used in epidemiologic studies were broad. A recent
report also indicated that the risk estimates could
vary notably for the different interview-based exposure assessment strategies used.24
In the absence of environmental or biological measurements or, more ideal, molecular “fingerprints” of
a specific exposure, it is difficult to interpret responses of a parent about a child’s exposure to many
agents or devices, particularly because exposure levels and use change over time with growth, development, and behavioral change. Efforts to develop new
methods for assessing exposures are under way. Epidemiologists should use rigorous, standardized
methods for measuring exposures, for assessing reproducibility of measurements over time and among
data collectors, for evaluating validity and accuracy
of exposure measurements, and for incorporating
appropriate quality control measures within data
collection protocols. When possible, epidemiologists
should incorporate blinding strategies, as used in
clinical trials, to keep data collectors uninformed
about the disease or cancer and exposure status of
each subject to increase the likelihood of objective
exposure assessment. Laboratories that are responsible for testing environmental exposures (eg, residential radon or pesticide levels measured in dust from
carpets) or clinical parameters (eg, hormone or micronutrient levels) should require standardized protocols with stringent quality control measures. In
addition, the accuracy of laboratory quantification of
an exposure can be evaluated by submitting additional samples accurately loaded with a known level
of a given substance for testing by the laboratory.
Critical Windows of Exposure

In children, as in adults, there seem to be discrete
windows of vulnerability to exogenous exposures.
There is evidence from animal and human epidemiologic studies of causal relationships for preconception, in utero, perinatal, infancy, and postinfancy
exposures and cancer occurrence in children.28 One
example is the statistical association between prenatal exposure to diagnostic radiographs, particularly
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during the last trimester of pregnancy, and subsequent small increase in childhood leukemia risk (discussed in more detail below).29 –38
Measures for Estimating Risk

The measure used to estimate risk in most epidemiologic studies is relative risk, defined as the ratio
of the incidence of disease in exposed individuals to
the baseline incidence of disease in unexposed individuals.39 The concept of relative risk is not an intuitive statistic to most people. A relative risk of 1.5
among exposed versus unexposed individuals, a
50% increase over disease rates in unexposed individuals, sounds important. Indeed, a causal 50% increase in a common disease would be very important. However, an unconfirmed 50% increase in a
rare disease may not be particularly meaningful. One
way to consider communicating the meaning of a
relative risk is to translate this measure to the concept of probability. For example, suppose a rare disease occurs in unexposed individuals at the annual
incidence rate of 3 per 100 000 people and that the
relative risk for that disease among people with a
specified exposure is 1.6 (eg, a 60% increase in annual incidence of the rare disease to 4.8 per 100 000 is
observed in exposed compared with unexposed people in that population). The rate of developing the
disease among exposed people would be almost 5
per 100 000 people per year in contrast to the baseline
rate of 3 per 100 000 per year among unexposed
people. This type of translation may be helpful for
interpreting the risk estimate. The same relative risk
would arise if the rates in unexposed and exposed
people were 30 and 48 per 100 000 per year, respectively. In case-control studies, epidemiologists typically report the odds ratio; for risks of rare diseases
such as childhood cancer, the odds ratio and the
relative risk are virtually identical, and the distinction between these 2 measures can be disregarded.
Statistical Versus Causal Associations

Even when a statistically significant association is
observed, it is still possible that the association may
be attributable to chance, study design, features of
the data collection process, or the effects of factors
closely related to exposure. Criteria used to judge
whether an association is a mere statistical association or a causal association with biological or public
health implications include the magnitude of the risk
(relative risks between 1.0 and 1.5 or 2.0 are viewed
with caution), whether the risk increased with increasing exposure level, consistency across studies,
the appropriate temporal relationship between the
exposure and the disease (ie, the exposure must precede the disease, with a biologically appropriate interval for carcinogenesis between first exposure to a
cancer-causing agent and development of the first
malignant cells of a tumor), and the biological plausibility of the hypothesis.39,40 Each of these factors
should be considered, but sufficient evidence for
causation does not require that each criterion be
established. With large relative risks (eg, the 10-fold
or greater excesses of lung cancer among heavy,
long-term cigarette smokers41; acute leukemia
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among children with Down syndrome42), it is much
less likely that chance or undetected bias could explain the entire increase.
With small relative risks, it can be difficult to distinguish a true cause-and-effect relationship from a
chance or undetected bias. Essentially, all other explanations for the finding, including chance, must be
unlikely. For small increases in relative risk to be
accepted as real, many studies of excellent quality
that consistently report the statistical association in
diverse populations (in addition to the criteria listed
previously) are needed.
Two examples involving modest statistical associations illustrate several pertinent points. The first
describes a statistical association likely to be causal,
and the second describes a relationship for which
clear evidence of causality is lacking. Since the mid1950s, large epidemiologic studies from different
countries reported small increases in risk (relative
risks ranging from 1.2 to 1.8, with an overall estimate
of 1.4 [ie, risks that were 40% higher than expected])
of leukemia in offspring of women who were radiographed during pregnancy.29 –32 Much of the diagnostic radiography was conducted toward the end of
a pregnancy (eg, pelvimetry) to evaluate potential
problems during delivery. Current understanding of
the long-term carcinogenic effects of radiation exposure is largely derived from studies of cancer incidence and mortality among the atomic bomb survivors in Hiroshima and Nagasaki43– 45 and studies of
children and adults who receive therapeutic radiation.46 Although high doses of ionizing radiation
from environmental and therapeutic sources have
been associated with several types of childhood (as
well as adult) cancers,33,47 the magnitude of the risk
associated with lower doses of ionizing radiation,
such as that from diagnostic radiography during
pregnancy, is difficult to estimate.
The possibility that the indication of diagnostic or
treatment intervention may confound a statistical association between the intervention and disease outcome must be considered in evaluating the expected
and unexpected effects of a medical intervention.
Some epidemiologists postulated that modest increases of cancer in offspring of women exposed to
diagnostic radiography during pregnancy may have
been a consequence of fetal or maternal health problems rather than the ionizing radiation exposure. In
the past, obstetricians ordered diagnostic radiography to examine pregnant women for a variety of
conditions, including many unrelated to the health of
the fetus. Subsequent analyses demonstrated that
cancer risks were increased even among children
with no evidence of poor health in utero,33–35 ruling
out fetal health problems as the likely cause of the
increased incidence of childhood cancer.
With awareness of the increased childhood cancer
risk among offspring of women radiographed during pregnancy, 3 developments led to a decrease in
exposures: improvements in radiologic techniques
resulting in high-quality radiographic films using
lower radiation doses, decreasing use of radiographic testing during pregnancy,35–38 and replacement of pelvimetry and other prenatal radiographic

tests with diagnostic ultrasound.48 Epidemiologic
studies documented a decline in childhood cancer
risks between 1936 –1959 and 1960 –1967 in Sweden,49 between 1940 –1956 and 1957–1969 in the
United Kingdom,50 and between 1947–1957 and
1958 –1960 in the northeast United States.51
The relationship of prenatal diagnostic irradiation
with increased risk of childhood leukemia seems to
meet most of the criteria for causality, yet some52
have raised doubts about the evidence of causality,
arguing that diagnostic radiography during pregnancy has been linked with excesses of solid pediatric tumors in addition to leukemia (ie, lack of specificity), that the association is restricted to casecontrol but not cohort53–55 or twin studies56,57 (ie,
lack of consistency), that there was an absence of
elevated risks among Japanese children exposed in
utero to radiation from the atomic bombs dropped in
Hiroshima and Nagasaki (ie, lack of increased risks
associated with higher doses or lack of dose response),58 and that there is no support from experimental evidence linking cancer risks in animals with
low-dose radiation exposures late in pregnancy (ie,
lack of biological plausibility). Counterarguments include that there was experimental evidence of increased benign and malignant neoplasms after perinatal irradiation of young beagles59 and higher risks
among beagles irradiated later in fetal development
than in those irradiated earlier,60,61 that there is a lack
of evidence of associations in cohort (including the
Japanese atomic bomb survivors) and twin studies
explained by limited statistical power (see Table 4 in
Doll and Wakeford35), and that there is an absence of
information about early mortality in Japanese atomic
bomb survivors (mortality from childhood leukemia
was unrecorded from 1946 to 1949 because the Japanese survivors were systematically monitored only
from 1950).35,58
The second example illustrates a relationship between an environmental exposure and childhood
leukemia that does not meet the criteria for causality.
After publication of results from relatively small investigations linking high-level proxy or direct measures of residential 60-Hz power-frequency magnetic
fields with small increases in risk of childhood leukemia,15,62– 64 data from rigorous large epidemiologic
investigations using more sophisticated exposure assessment methods13,65,66 in the United States,65 Canada,13 and the United Kingdom66 did not support a
causal relationship (ie, for direct and proxy measures, the strength of the statistical associations observed did not support causality). When data from
several epidemiologic studies were combined or
pooled, childhood leukemia risks did not increase
steadily with increasing residential magnetic field or
wire code levels (ie, no consistent dose response);
instead, risks did not increase with increasing exposure until estimated magnetic field exposures
reached ⬎0.3 microtesla (T).67,68 In the pooled analyses, a very small proportion of children with high
residential magnetic field exposures had modest excess risks of leukemia (relative risk estimated as 1.7
for children whose estimated exposures were ⬎0.3
T67 and 2.0 for those with exposures ⬎0.4 T68

versus children whose estimated exposures were
0 – 0.1 T; ie, the strength of the association was
weak). The results of experimental studies did not
support the biological plausibility of the association.
Exposure to power-frequency magnetic fields did
not lead to cancer occurrence in laboratory animals,69 –73 and nonionizing radiation from power
lines has not ever been shown to cause carcinogenic
changes to DNA or other parts of living cells69 (both
types of findings revealing lack of biological plausibility). Finally, some of the modest increase in risk
among US children was likely attributable to selection bias; that is, among families that resided in
homes with high magnetic field or wire code levels,
those with a child who developed leukemia were
more likely to participate fully in the large US epidemiologic study than those with a comparison (control) child; the latter were more likely to participate
only partially in the study.23
Whether evaluating the results of a single study, a
body of work, or a pooled analysis, pediatricians
must evaluate the weight of the evidence when deciding whether small statistical associations are
likely to be causal. A similar caution should also be
applied when reading abstracts of medical papers,
particularly when undue emphasis is given to a result from a post hoc analysis derived using cutoff
points not included in the presumptive statistical
analyses.74 Results that are based on presumptive
criteria for analyzing data should be given substantially greater weight when interpreting findings than
results that are derived from post hoc cutoff points.
Results of post hoc analyses should be interpreted
cautiously and questioned, because such results can
be based on cutoff points that would yield the most
extreme outcomes.
Meta-analyses or Pooled Analyses

Consistency of findings across observational studies can be judged informally or, increasingly, with a
technique called meta-analysis or pooled analysis.75–77 The dramatic increase in use of meta-analysis
is eliciting increasing concern among some epidemiologists.78 – 81 Pooling of data across randomized clinical trials investigations has proved very helpful,
particularly to clarify whether there is a benefit and
to quantify the overall improvement for a clinically
important outcome when a relatively small effect is
seen in many but not all studies. Pooling of observational data from epidemiologic studies to summarize
results with a single number can be helpful when the
studies have similar methods and characteristics.
However, this is rarely the situation, because epidemiologic studies often differ in study design, types of
control subjects selected, population size, methods
used for exposure assessment, field work methods,
and other factors. Because there are no standardized
ways to weigh studies according to quality or exclude those studies that do not attain a minimum
level of quality, the meaning of a single-summary
risk estimate becomes unclear when studies with
diverse methodology and limitations are pooled, because even a single study of poor quality can have a
large effect on the results of a meta-analysis. MetaSUPPLEMENT
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analysis may be particularly problematic when attempting to ascertain whether an exposure of great
public concern (eg, environmental sources of ionizing radiation, nonionizing power-frequency magnetic fields, arsenic as a natural contaminant in
drinking water) is linked with a specific type of
childhood cancer, particularly when the association
is modest and inconsistently observed in different
epidemiologic studies.81 Thus, pediatricians need to
be skeptical about attempts to decrease a complex
array of differing investigations to a single risk estimate.
Are there meaningful types of meta-analyses or
statistical approaches for systematically evaluating a
body of epidemiologic studies? At present, this is an
active area of statistical research with a variety of
methods under development. Until internationally
recognized methods have been validated, such efforts should be viewed with appropriate caution.82
Population Impact

Once causality is established between a specified
exposure and a disease, it is important to consider
the impact, that is, the number of individuals who
will develop the disease (incidence) or die (mortality)
as a result of the exposure. A recent example is
provided. As use of pediatric computed tomography
(CT) examinations has rapidly increased, driven in
part by technical improvements and the speed of
examination made possible by the helical CT,83 the
number of requests for CT scans in children increased 63% between 1991 and 1994,84 and the number of abdominal and pelvic CT examinations among
children in a major children’s hospital increased
⬃100% from 1996 through 1999 (shown by Brenner
et al85). It has been clearly demonstrated that use of
helical CT decreases the need for sedation of children
and improves the quality and precision of diagnostic
evaluation of the pediatric abdomen in acute illnesses, particularly in young, sick, and uncooperative children. Although CT examinations constitute a
relatively small proportion of all diagnostic radiologic examinations in children, the contribution to a
child’s cumulative radiation dose is substantial because of the notably higher lifetime risk per unit dose
of radiation for children, compared with adults. For
example, in Britain, pediatric CT scans constitute
⬃4% of all diagnostic radiologic procedures but contribute ⬃40% of the total radiation dose from diagnostic examinations.86 Brenner et al85 calculated agedependent lifetime cancer mortality risks per unit
dose using existing databases87–91 and estimated that
lifetime risk of death from cancer was 1 in 600 or
0.18% increased in a 1-year-old child undergoing a
CT scan of the abdomen; lifetime risk of death from
cancer was estimated to be 0.07% increased in a
1-year-old undergoing head CT scan. These estimated cancer risks were 1 order of magnitude higher
than for adults receiving comparable doses. Approximately 1.6 million CT scans of the abdomen and
head are currently administered annually to children
younger than 15 years in the United States. If a
lifetime follow-up study were conducted to assess
the causes of death among all children currently
226
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younger than 15 years in the United States, investigators85,92 estimated that of the 373 000 expected
deaths from cancer in this population, ⬃1500 would
be attributable to childhood radiation exposure from
the CT examinations. The authors noted that the
current benefit of pediatric CT examination strongly
outweighs the small increase in lifetime cancer mortality85 but also underscored the need for technical
improvements to decrease the radiation dose while
maintaining the same high-quality visualization as
with current doses.93–95
CONSIDERATIONS IN INVESTIGATING A
POTENTIAL CLUSTER OF CHILDHOOD CANCER
CASES

Public health practitioners are periodically faced
with reports of seemingly high local incidences of
childhood cancers. Post hoc childhood cancer clusters are defined as notable aggregations of cases
occurring in geographic proximity or with similar
temporal onset and representing a seemingly statistically higher incidence, compared with expected
rates for the geographic region and time period or
chance fluctuations.96 A priori childhood cancer clusters are those found as a result of a specific statistical
exercise evaluating the childhood cancer incidence in
a particular geographic area. Clusters can be transient (ie, occurring during a given period but disappearing with continued surveillance) or prolonged
(ie, persisting with long-term monitoring).
The approach and initial steps for investigating
possible childhood cancer clusters include distinguishing between homogeneous and heterogeneous
types of pediatric cancers in the cluster, determining
whether the cluster includes newly diagnosed cases
only or a mixture of incident (new onset) and prevalent (existing) cases plus deaths, and designation of
the temporal and geographic boundaries of the cluster. Although place of residence at diagnosis is often
used to define the geographic characteristics of cases
that compose a potential cluster, a biologically more
meaningful definition may be place of residence during the etiologically relevant period. Because neither
the causes nor the etiologically relevant time periods
are known for most childhood cancers, the characterization of the cases according to geographic
boundaries may be difficult. Progress may be
achieved in clarifying the etiologically relevant period as investigators increasingly obtain lifetime residential histories.
An extensive literature (reviewed in Linet97 and
Little98) suggests an infectious cause for childhood
ALL. Potentially supporting this hypothesis are a
growing number of reports confirming higher incidence of childhood ALL in areas of population
growth (eg, rapidly developing new towns, growing
suburbs) and regions with increased population
movements or social contact attributable to new construction in formerly isolated regions; rising levels of
commuting; or influxes related to war, major disasters, or tourism.99 –103 Maternal infection during
pregnancy has long been suspected to be related to
childhood ALL,104 –106 but findings have not been
consistent and specific organisms have not been

identified. Immunization during pregnancy and infancy has been linked with increased and sometimes
decreased risks of childhood ALL.107–111 The possible
role of social contact during infancy and early childhood has been explored, using enrollment in child
care, number and spacing of siblings, and other indirect proxy measures of exposure to infectious organisms.112
Childhood cancer clusters have also been linked
with postulated environmental hazards, including
ionizing or nonionizing radiation; benzene, solvents,
pesticides, or other chemicals; or residential or school
proximity to known or suspected carcinogens in
manufacturing facilities, waste sites, underground
storage tanks, or environmental or industrial accidents (eg, Chernobyl in the former Soviet Union or
Seveso, Italy [reviewed in Little98]).
There are no internationally recognized systematic
approaches for evaluating a putative cluster, but
cluster investigations are generally led by state and
local health departments with additional guidance
from federal agencies and academic specialists. The
reader is referred elsewhere for detailed descriptions
of methods113–115 and statistical approaches116 –119;
the latter are also summarized on the Centers for
Disease Control and Prevention web site (www.cdc/
gov/mmwr/preview/mmwrhtml/00001798). Two
useful references for step-by-step approaches for
evaluating a putative cluster include the Centers for
Disease Control and Prevention web site (www.cdc.
gov/mmwr/preview/mmwrhtml/00001797) and a
recent handbook published by the Leukemia Research Fund.96
Briefly, after notification about a potential cluster,
the key first steps should include confirmation of the
existence of the reported cases; identification of any
additional cases (from hospitals, pediatric oncologists and other relevant physician practices, cancer
registries, and other sources); and systematic collection of standardized clinical, residential, and sociodemographic information for each case. This initial
data should guide the investigators in establishing
geographic boundaries and defining the diagnoses of
concern. The investigators need to balance requirements for strict confidentiality with frequent communication of progress and activities to the concerned community. If the investigation goes forward,
then important components include validation of diagnoses of cases, selection of an appropriate reference area for calculation of expected numbers, and
establishing temporal boundaries to include the
longest time interval during which all potential cases
can be confirmed and validated.
Methodologic considerations should include
awareness that the detailed amount and quality of
data collected on suspected cases will likely be notably superior to the corresponding data available for
cases in populations used to calculate expected rates;
such discrepancy could lead to biased results (attributable to underestimates of childhood cancer incidence in the regions used to calculate expected rates
and corresponding overestimates of the excess of
cases in the study area). Methodologic problems to
avoid include the temptation to fit the results to a

preconceived pattern, possible errors in estimating
the population at risk, use of inappropriate statistical
tests, and recognition that evaluation of a large number of putative causative exposures will result in
some statistical associations that occur by chance
alone. The minimum number of cases that constitute
a cluster is unclear, but the rarity of childhood cancer
suggests that numbers will be fairly small.
If the investigators determine that the cluster represents a significant excess, then potential causes
must be evaluated. Investigators should recognize
that epidemiologic methods are limited when studying small numbers of subjects, particularly when no
plausible exposure can explain the occurrence of the
childhood cancer cluster.
CHARACTERISTIC FEATURES AND KNOWN,
SUGGESTIVE, AND POSTULATED CAUSES OF
CHILDHOOD CANCERS

Recent analyses of childhood cancer trends5,7 and
a National Cancer Institute monograph on childhood
cancer incidence, mortality, and survival patterns4 in
the geographic regions covered by the institute’s Surveillance Epidemiology and End Results Program
have clarified understanding of trends in these areas
for the period 1975–1995 and have pointed to notable
differences in patterns by age, gender, racial or ethnic group, and histologic subtypes within major cancer categories. Efforts to compare incidence trends in
childhood cancers among populations internationally, however, can be problematic because of differences in population census quality, completeness
and accuracy of childhood cancer ascertainment, the
rarity of childhood cancer, and geographic and temporal variation in coding and classification.120 –123
International childhood cancer incidence data have
been systematically collated in monographs published by the International Agency for Research on
Cancer for the periods 1970 –1979120 and 1980 –
1989.124
Distinctive Patterns and Trends Can Be Translated Into
New Etiologic Leads

In Tables 1 to 4, some characteristic features of the
major categories (and a limited number of subtypes)
are shown. More detailed characterization of childhood cancers can be found elsewhere.4 Some noteworthy features of childhood leukemia include the
notable peak at 2 to 3 years of age for the common
form of ALL; the much lower incidence and absence
of a striking age peak at 2 to 3 years of age in blacks
compared with US whites; the long-term, changing
trends for common ALL in whites, with little evidence of a peak at very young ages until the 1920s in
Britain and until the 1930s in the United States; and
the relatively flat incidence of acute myeloid leukemia throughout childhood, with the only small peak
apparent in infancy (Table 1).125 The current presence of a notable age peak among whites and absence of such a peak among blacks may suggest a
role for genetic factors in occurrence of common
ALL, but the absence of an age peak among whites
early in the 20th century followed by evidence of
such a peak first in Britain and subsequently in the
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United States implicates unknown exogenous or environmental exposures in initiating such a change. In
addition to ALL, ethnic or racial differences are apparent for sympathetic nervous system cancers (low
in blacks), renal tumors (notably decreased in
Asians), and Ewing sarcoma (notably decreased in
blacks). Such differences may be linked with genetic
factors or exogenous exposures that differ by racial
or ethnic group; racial or ethnic differences in genetic
modulators of carcinogen metabolism, immune function, or other functional processes may also be important.
Although the male-to-female (M:F) age-adjusted
incidence is ⬎1.0 for all types of leukemias and lymphomas, the ratio is highest (M:F: 3.0) for nonHodgkin lymphoma, similar for ALL and Hodgkin
disease (both M:F: 1.3), and lowest for acute myeloid
leukemia (M:F: 1.1 [Table 1]). The M:F incidence also
varies among the subtypes of central nervous system
tumors, with the highest ratio apparent for ependymomas (M:F: 2.0) and primitive neuroectodermal tumors (M:F: 1.7), but there is little difference between
male and female age-adjusted incidences for astrocytomas and other gliomas (Table 2). The 2 major categories of carcinomas and other epithelial tumors are
characterized by higher incidences among females
than among males (Table 4). Reasons are unknown
for the male predominance in incidence of nonHodgkin lymphoma and ependymomas; the higher
incidences among young females for thyroid cancer
and malignant melanoma; and the lack of genderrelated differences in incidences of acute myeloid
leukemia, astrocytomas, and other gliomas, but etiologic leads to consider include exposures that differ
by gender, effects of hormonal influences, and gender-related genetic differences.
Incidence of sympathetic nervous system tumors
is highest during infancy. When incidence is evaluated according to onset by month during the first
year, the highest rate is seen in the first month and
subsequently decreases with increasing age, suggesting a prenatal origin for these tumors (Table 2). Incidence of malignant bone tumors is highest in the
latter part of adolescence, with a somewhat later
increase during adolescence for males than for females, particularly for osteosarcomas (Table 3); this
pattern may suggest a role for adolescent hormonal
effects in the cause of this type of tumor. The peak
age for incidence of rhabdomyosarcoma is during
infancy, and the highest incidence for other forms of
soft tissue sarcoma occurs during late adolescence
(Table 3). The peak age for incidence of Wilms tumor
is infancy, but incidence of renal cell carcinoma does
not begin to increase until late adolescence. The variation in age of onset patterns for rhabdomyosarcoma
versus other forms of soft tissue sarcoma and for
Wilms tumor versus renal cell carcinoma may point
toward causative differences.
Known, Suggestive, and Postulated Causes of
Childhood Cancers

Epidemiologic studies of pediatric cancers have
evaluated a relatively large number of postulated
risk factors. Little is known about the cause of child228
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hood cancers, particularly the rarer forms of these
cancers. Familial and genetic factors seem to occur in
no more than 5% to 15% of different categories of
childhood cancer.126 Known environmental exposures and exogenous factors explain ⬍5% to 10% of
the occurrence of childhood cancer. Some risk factors
are known to cause specific forms of childhood cancers, and other exposures have been statistically
linked with several types of childhood cancers (Tables 1– 4). Several types of pediatric cancers have
increased incidences in children with genetic syndromes or congenital disorders. Moderate to high
doses of ionizing radiation are associated with increased risks of acute lymphoblastic and myeloid
leukemias, central nervous system tumors, malignant bone tumors, and thyroid carcinoma. Suggestive or limited data link certain maternal reproductive factors, parental occupational exposures,
residential pesticides (prenatal and postnatal exposures), cured meats (prenatal exposures), paternal
smoking (preconception), and other exposures with
increased risk of some types of childhood cancers.
A small but expanding number of environmental
or exogenous risk factors have been linked with
childhood cancer in the past decade from large and
influential US,20,26,65,111,112,127–155 Canadian,13,156 –162
British,14,66,100,101,113,163–174 German,126,175–183 Nordic,15–17,74,184 –187 Chinese,188 –191 and multicenter68,192–198 epidemiologic studies of leukemia,
brain tumors, neuroblastoma, and other childhood
cancers. Although the burgeoning literature from
these and other recent investigations has offered
some new insights, the causes of most childhood
cancers remain unexplained.
CONCLUSIONS

Epidemiologic studies in humans, including those
that focus on childhood cancers, are primarily observational, not experimental, investigations. The
weight of the entire body of epidemiologic evidence
and, in particular, the quality and rigor of the methodologic aspects of individual studies are critical to
interpreting the results. Epidemiologic studies, regardless of the main hypotheses, must take into account a complex interplay of exogenous exposures,
human behaviors, and endogenous physiologic characteristics, all mediated in part by genetic determinants. The science of epidemiology is undergoing
constant transformation as new methods are developed for exposure assessment, outcome designation,
and data analysis. Unlike the experimental approaches used by laboratory scientists or even the
methods used in randomized treatment trials in humans, data collection efforts in epidemiologic studies, particularly those with the emotional connotations of childhood cancers, can be strongly
influenced on a day-to-day basis by scientific or media reports implicating the specific exposures under
evaluation with the childhood cancer (or other serious disease). Epidemiologists who investigate postulated determinants for childhood cancers must strike
a fine balance between objective (as well as accurate
and reproducible) ascertainment of past exposures
without regard to disease status while empathizing

with distraught families and an anxious public. Interpretation of results requires sensitivity to individual and public fears but must not lose sight of the key
objective: identification of the causes of childhood
malignancies.
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