


tumors (OR: 6.05, 95% CI 2.75–13.27), there was no strong evidence of other non-chromo-

somal anomalies being specifically associated with cancer occurring in the same organ sys-

tem or anatomic location.

Conclusions

Non-chromosomal anomalies increased risk of several cancer types. Additionally, we found

that increasing number of non-chromosomal anomalies was associated with a stronger risk

of cancer. Pooling similar data from many regions would increase power to identify specific

associations in order to inform molecular studies examining possible common developmen-

tal pathways in the etiologies of birth defects and cancer.

Introduction

Congenitalanomalies(i.e.,birth defects)areoneof thestrongestandmostconsistentrisk fac-
torsfor childhoodcancer.Birth defectsaregenerallycategorizedaschromosomalor non-
chromosomalanomalies.[1]Theroleof chromosomalanomalieson childhoodcancerrisk has
beendescribed.Forexample,childrenwith Down syndrome(DS)havea20-foldincreased
risk of acutelymphoblasticleukemia(ALL) comparedto thosewithout DS.[2,3] Similarly,
childrenwith chromosome13q14deletionsyndrome,characterizedbydysmorphicfacialfea-
tures,haveincreasedrisk of retinoblastoma.[4]Fourrecentpopulation-basedregistrylinkage
studiesin theUnited States(U.S.)[2,5±7]suggestthatchildrenwith non-chromosomalanom-
aliesmayalsobemorelikely to developcancercomparedto their unaffectedcontemporaries.

Evidenceof sharedbiologicalpathwaysfor congenitalanomaliesandcanceris limited, but
possiblemechanismsproposedincludenon-geneticexposures(e.g.,environmentalexposures)
that leadto bothconditions;[2]somaticmutationsin developmentalgenesearlyin embryo-
genesisleadingto tissuemosaicism;[8]or chromosomalmicrodeletionsthat includeboth
developmentalandcancerpredispositiongenes.[7]Thebiologicalunderpinningsof these
associationsarelikely to varybyspecificbirth defectandspecificcancertype.

Fewstudieshaveevaluatedpossibleassociationsof specificnon-chromosomalanomalies
with specificcancertypes,largelydueto therarity of bothchildhoodcancerandcongenital
anomalies.Relativelylargestudysizescanbeconductedin differentgeographicregionsusing
population-basedlinkedhealthregistrydataallowinguniform measurementof both thecon-
genitalanomalyandcancerincidence.Suchlargelinkeddatabasesproviderich opportunities
to examinetheassociationsof specificanomalies,particularlythosethatarenot chromosomal
in origin, with specificcancers.Usinglinkedpopulation-basedbirth-cancer-registry-hospital
dischargedatafrom WashingtonStatein acase-controlepidemiologicalstudy,weexamined
therelationshipsof congenitalanomalieswith childhoodcancers,with afocuson majornon-
chromosomalanomalies.

Materials and methods

Subject identification

ThisprojectwasconductedafterappropriateInstitutional ReviewBoardapprovals(expedited
reviewswith waiversof consentfor datalinkageto constructanalysisfileswithout names)
werereceivedfrom WashingtonStateandtheFredHutchinsonCancerResearchCenter.We
linked recordsof all children<20yearsold diagnosedwith cancerin 1974±2014asidentified
in theWashingtonStatepopulation-basedcancerincidenceregistriesto Statebirth recordsfor
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thesameyearsto identify childrenborn in-state(N = 5,876).Thecancerregistriesincluded
theSurveillance,Epidemiology,andEndpoints(SEER)Program-affiliatedCancerSurveillance
Systemof WesternWA, andtheCentersfor DiseaseControl (CDC) NationalProgramof Can-
cerRegistries(NPCR)-affiliatedWashingtonStateCancerRegistry.Linkageof cancerregistry
andbirth recordsdatabaseswasperformedin astepwisedeterministicprocedurebasedon
identifierscontainedwithin both resourcesincluding:child name,sex,andbirth date;parental
namesandmaternalbirthdate;residentialaddressatdeliveryanddiagnosis;andrace/ethnic-
ity. Birth-hospitaldischargerecordshavebeenroutinely linkedsince1987in Washington
StateandthustheICD codeswithin thehospitaldischargerecordsandthebirth recordinfor-
mationwereavailablefrom this linkage.Updatedlinkagesof thesecancerregistry-birthrec-
ordsdatahavebeenconductedperiodicallyduring thepastseveraldecades,with birth records
generallylocatedfor approximately80%of cancercases<15atdiagnosis(rangingfrom 66%-
85%of those10±14,and<5 yearsold atdiagnosis,respectively.)Foreachcase,werandomly
selected10control childrenwithout cancerduring thestudyperiodfrom theremainingbirth
records,frequencymatchedon yearof birth andsex(N = 58,462).Information aboutthepres-
enceof congenitalanomaliesbeganin thebirth recordsin 1984,andthusour potentialsub-
jectsincluded4,590casesand45,653controlsborn in 1984or later.After excludingsubjects
with nonmalignanttumors(N = 480),andcervicalcancers(N = 5) (dueto their likely associa-
tion with HPV infection),therewere4,105casesfor analyses.

Congenital anomaly ascertainment

Washingtonbirth certificatescontaincheckboxesindicatingthepresenceof maternaland
infant conditions,includingcongenitalanomaliesidentifiedatdelivery.Additionally,since
1987,Washingtonbirth certificateshaveroutinelybeenlinked to hospitaldischargerecords
for thebirth hospitalizationof theinfant; thesewerealsousedto identify congenitalanomalies
in caseandcontrol children,asbirth certificateandhospitaldischargerecordsusedin combi-
nationhavebeendemonstratedto improveidentificationof severalconditions,[9±11]and
becausebirth certificatedataenrichedbyhospitaldischargeinformation for identificationof
congenitalanomalieshasgreatervalidity.[12]WashingtonStatehospitaldischargerecords
includeall hospitaldischargesin non-Federalfacilities.For thestudyperiod,thisstate-wide
systemcontainsInternationalClassificationof Diseases-ClinicalModification,9th Revision
(ICD-9) diagnosiscodesfor hospitalizationsbasedon Medicare-Medicaidbilling standards.
During thestudyyears,up to 25diagnosticcodefieldswerepresentfor birth hospitalizations.
Weinitially screenedthesefor thepresenceof anycongenitalanomaly(ICD-9 740±759),and
further refinedbycategorizingconditionsasmajoror minor (S1Tablefor ICD-9-CM codes).
[13] Thiswasfurther refinedusingaCenters for Disease Control and Prevention/British Pediat-
ric Association (CDC/BPA)-modified codewith greaterdetail.If themodifiedcodefor acon-
genitalanomalydid not haveadirect translationto ICD-9-CM, it wasincludedaswithin the
largerICD-9-CM category.Anomalytypesincluded:centralnervoussystem(CNS);heart/cir-
culatory;oralclefts;gastrointestinal;genital/urinary;chromosomal;musculoskeletal;integu-
ment/skin;andothercongenitalanomalies.Childrenwith bothachromosomal(e.g.,Down
syndrome)andanon-chromosomalanomaly(e.g.,oralcleft)wereincludedin theªchromo-
somalanomalyºcategory.

Information available. Variablesfrom thecancerregistriesincluded:ICD-O morphology
andtopographycodes,stage,grade,histology,ageatdiagnosis,anddiagnosisyear.Caseswere
classifiedinto groupsandsubtypesaccordingto theInternationalClassificationof Childhood
Cancer,3rd Edition,[14]andbyageatdiagnosis(<5,5±9,10±19years).Additional informa-
tion availablefrom thebirth recordsincludeddemographiccharacteristics(e.g.,parentalage,
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race/ethnicity,education);maternalexposuresandcharacteristics(e.g.,prenatalsmoking,
maritalstatus);andbirth characteristics(birthweight,gestationallength).Information about
thetypeof medicalinsuranceusedfor thechild'sdeliveryor billedathospitaldischargewas
obtainedfrom thebirth certificateor from thehospitaldischargerecord(categorizedasprivate
insurancevs.Medicaid/Medicare/Charity Carevs.private/otherinsurance)for useasaproxy
indicatorof socioeconomicstatus.

Analyses. Childrenwereclassifiedasindicatedbybirth certificateand/orhospitaldis-
chargedataashaving:anymajorcongenitalanomaly(with or without anycongenitalminor
anomaly);minor congenitalanomaliesonly;or no congenitalanomaly.After initially evaluat-
ing thepossibleroleof minor congenitalanomaliesfor childhoodcancer,theremainderof the
analysesfocusedon majoranomaliesonly.Weevaluatedthenumberof differenttypesof con-
genitalanomaliesthatachild had(e.g.,CNS,gastrointestinal).If achild hadtwo congenital
anomalieswithin thesamecategory,thiswasconsideredashavingonetypeof anomaly.We
thenfocusedon non-chromosomalanomalies.Weevaluatedthisassociationoverall,andfor
canceroccurrenceatdifferentdiagnosisagecategories(<5,5±9,10±19years)to beconsistent
with previousassessments.[5]Becausecongenitalanomaliesmaybeassociatedwith infant
birthweightor gestationalageatdelivery,whichmayalsoaffecttherisk of canceroccurrence,
weconductedsub-analysesof our mainexposures(anymajoranomaly,majornon-chromo-
somalanomalies)restrictedto childrenwith normalbirthweight(2500- <4000g)andterm
gestation(37weeksor greater).Whennumberspermitted,associationsbetweenspecific
anomaliesandchildhoodcancerwereexamined.

Mantel-Haenszelstratifiedanalyseswereinitially usedto describegroupcharacteristicsand
evaluateconfounding.Logisticregressionwasusedto calculateoddsratios(ORs)and95%
confidenceinterval(CIs) for theevaluationof childhoodcancerrisk in relationto presenceof
anyanomaly,aswellasthepresenceof specificanomalies.Wealsoestimatedtherisk of spe-
cific cancertypesin relationto thepresenceof anyanomaly,and(to theextentpossible)in
relationto specifictypeof anomaly.ORswereadjustedfor thematchingvariablesof birth year
andgender,andfor maternalageatdelivery(12±19,20±24,25±29,30±34,35+years).Other
variablesconsideredfor their possibleeffectson theORincludedmaternalprenatalsmoking
(yes/no),maritalstatus,race/ethnicity(White,Black,Hispanic,Asian,NativeAmerican,
PacificIslander,Other),education(<12,12,and13+years),andtypeof healthinsurance.As
noneof thesemeaningfully(>10%)alteredtheORs,resultsareadjustedfor birth year,sex,
andmaternalageonly.Weassessedpossibletrendsof increasedrisk with increasingnumbers
of anomalies(0,1,2,3+and,amongthosewith anomaliesonly,1,2,3+;separatelyfor all anoma-
liesandnon-chromosomalanomalies)usinglikelihoodratio testsfor addinggrouped-linear
versionsof categoricalvariablesto modelsincluding theconfounders.

Results

Childhoodcancercasesweremorelikely thancontrolsto havemothersaged35yearsor older,
to bewhite,or to haveabirthweight>4000g(Table1).Themostcommontypesof cancer
wereleukemia(28%),centralnervoussystem(CNS)tumors(22%),andlymphoma(11%).

A greaterproportion of cases(7%)thancontrols(5%)hadat leastonemajorcongenital
anomalyidentified(OR:1.46,95%CI 1.28±1.65)(Table2).Thepresenceof anyminor anom-
alyin theabsenceof amajoranomaly(OR:0.52,95%CI 0.24±1.10)or anunspecifiedanomaly
thatcouldnot beclassifiedasmajoror minor (OR:1.01,95%CI 0.90±1.14)did not differ
markedlyin casesandcontrols.TheORsfor childhoodcancerincreasedwith increasingnum-
bersof majoranomalies,from 1.35(95%CI 1.17±1.55)for asingleanomalyto 2.79(95%CI
1.44±5.43)for 3 or moreanomalies.Whenonly non-chromosomalanomalieswereconsidered
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Table 1. Characteristics of childhood cancer cases and controls born in Washington state, 1984–2013.

Case (N = 4105) a Control (N = 45653) a

Characteristic n % n %

Birth year

1984–1986 467 11.4 5,153 11.3

1987–1989 548 13.4 5,999 13.1

1990–1994 1,011 24.6 11,581 25.4

1995–1999 809 19.7 9,128 20.0

2000–2004 608 14.8 6,606 14.5

2005–2009 502 12.2 5,433 11.9

2010–2013 160 3.9 1,753 3.8

Gender

Male 2,111 51.6 23,306 51.1

Female 1,984 48.5 22,346 49.0

Maternal age (years)

��20 314 7.7 4,643 10.2

20–24 973 23.8 11,446 25.1

25–29 1,223 29.9 13,589 29.8

30–34 977 23.9 10,504 23.1

35+ 600 14.7 5,374 11.8

Maternal race/ethnicity

White 3,243 81.0 34,756 77.9

Black 130 3.3 1,759 3.9

Hispanic 300 7.5 3,934 8.8

Asian 211 5.3 2,376 5.3

Native American 68 1.7 1,016 2.3

Pacific Islander 50 1.3 734 1.7

Other 1 0.0 24 0.1

Maternal prenatal smoking

No 2,995 83.7 32,774 81.8

Yes 585 16.3 7,296 18.2

Gestational age (weeks)

��37 342 8.6 3,449 7.8

37-��42 3,466 86.7 38,790 87.4

42+ 191 4.8 2,143 4.8

Birthweight (g)

��2500 233 5.7 2,528 5.6

2500–3999 3,205 78.5 36,980 81.4

4000+ 646 15.8 5,952 13.1

Age at diagnosis (years)

��5 1,883 45.9

5–9 796 19.4 — —

10-��20 1,426 34.7 — —

— —

Type of cancer

Leukemia 1,140 27.8 — —

Lymphoma 460 11.2 — —

CNS 890 21.7 — —

Neuroblastoma 327 8.0 — —

(Continued )
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in relationto anycancer,theORremainedincreased(OR:1.35,95%CI 1.18±1.54).A similar
patternwasobservedafterrestrictionof analysesto childrenwith normalbirthweight(2500
-<4000g)with term (37+weeks)deliveries.

IncreasedORsfor childhoodcancerwereobservedfor all anomalies,with theexceptionof
oralclefts(OR:0.56,95%CI 0.20±1.52),clubfoot (OR:0.77,95%CI: 0.18±3.22),dactyly(OR:
0.99,95%CI: 0.23±4.20),spinabifida (OR:0.84,95%CI: 0.11±6.38),otherCNSanomalies
(OR:0.37;95%CI: 0.04±3.54),andothercirculatoryanomalies(OR:0.89,95%CI: 0.41±1.93).
Theeffectsizesvaried:thegreatestORwasobservedfor chromosomalanomalies(OR:7.52,
95%CI 5.21±10.84).LargeandpositiveORswerealsoassociatedwith gastrointestinalanoma-
lies(OR:3.07,95%CI 1.85±5.11)andCNSanomalies(OR2.99,95%CI: 1.71±5.19).Within
generalanomalies,selectedspecificconditionshadincreasedORs,includingmicrocephalus
(OR:6.64,95%CI 1.94±22.75),hydrocephalus(OR:3.95,95%CI 1.45±10.74),analatresia
(OR:4.75,95%CI 1.49±15.19),andDown syndrome(OR:10.86,95%CI 7.02±16.81).

ORswereincreasedfor theassociationof anomaliesin relationto childhoodcancerdiag-
nosedin all agegroups,althoughthemagnitudesof theassociationsweregreatestfor cancers
diagnosedat<5 yearsof age(Table3).ModestlyincreasedORswith CIsincludingonewere
notedfor cancerdiagnosedbetween5±9yearsof age,althoughstatisticallysignificantassocia-
tionswerenotedfor cancersdiagnosedin theolder(10±19years)agegroup.

Thepresenceof achromosomalanomalywasgenerallyassociatedwith greaterORsfor
mosttypesof cancerthanwasthepresenceof non-chromosomalanomalies(Fig1).Non-chro-
mosomalanomalieswereassociatedwith greaterthantwo-fold increasedrisk of hepatoblas-
toma(OR:2.50,95%CI 1.13±5.53)andgermcelltumors(OR:2.38,95%CI 1.41±4.03),but
alsowith increasedrisk for neuroblastoma(OR:1.93,95%CI 1.32±2.83)andsoft-tissuesarco-
mas(OR:1.71,95%CI 1.10±2.65).Thepresenceof achromosomalanomalywasassociated
with largeincreasedrisk for leukemia(OR:21.65,95%CI: 14.57±32.15),retinoblastoma(OR:
14.30,95%CI: 4.38±46.72),andrenaltumors(OR:4.70,95%CI 1.14±19.45).IncreasedORs
for all othercancertypesexaminedexceptCNStumorsin relationto chromosomalanomalies
werealsoobserved,althoughtheestimateswereimpreciseandconfidenceintervalsincluded
one.

Weexploredtheassociationsof specificanomalytypesin relationto specifictypesof child-
hoodcancer(Fig2).ThelargestORswereobservedfor thepresenceof chromosomalanoma-
liesin relationto leukemia(OR:21.65,95%CI 14.57±32.15)andretinoblastoma(OR:14.30,
95%CI 4.38±46.72),andfor thepresenceof gastrointestinalanomaliesin relationto soft-tissue
sarcoma(OR:12.17,95%CI 4.86±30.46).CNStumorswereassociatedwith CNSanomalies

Table 1. (Continued)

Case (N = 4105) a Control (N = 45653) a

Characteristic n % n %

Retinoblastoma 110 2.7 — —

Renal 215 5.2 — —

Hepatic 63 1.5 — —

Bone 162 4.0 — —

Soft-tissue sarcoma 268 6.5 — —

Germ cell 163 4.0 — —

Other malignancy 292 7.1 — —

Unspecified malignancy 15 0.4 — —

a Numbers may not add up to total due to missing data.

https://doi.org/10.1371/journal.pone.0179006.t001
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Table 2. Presence of congenital anomalies among childhood cancer cases and controls born in Washington state, 1984–2013.

Anomalies present Case N = 4105 Control N = 45653 ORa 95% CI

Major/Minor Anomalies n % n %

Any Anomaly

No 3,452 84.1 39,400 86.3 1.00 (ref)

Major Anomaly Only 274 6.8 2,208 4.8 1.41 1.24–1.61

Major + Minor Anomalies 20 0.5 84 0.2 2.65 1.62–4.33

Minor Anomalies Only 7 0.2 152 0.3 0.52 0.24–1.10

Unspecified anomaly 352 8.6 3,809 8.3 1.01 0.90–1.14

Major Anomalies Only b

Any Anomaly

No 3,459 92.2 39,552 94.5 1.00 (ref)

Yes 294 7.8 2,292 5.5 1.46 1.28–1.66

Any Anomaly (Non-Chromosomal) c

No 3,482 92.9 39,607 94.7 1.00 (ref)

Yes 266 7.1 2,237 5.3 1.35 1.18–1.54

Number of Anomalies d

0 3,821 93.1 43,431 95.1 1.00 (ref)

1 235 5.7 1,989 4.4 1.35 1.17–1.55

2 38 0.9 190 0.4 2.30 1.62–3.26

3+ 11 0.3 43 0.1 2.79 1.44–5.43

Number Non-chromosomal Anomalies c,d

0 3,848 93.7 43,469 95.2 1.00 (ref)

1 225 5.5 1,971 4.3 1.29 1.12–1.49

2 22 0.5 178 0.4 1.42 0.91–2.22

3+ 10 0.2 35 0.1 3.11 1.54–6.30

CNS Anomalies

Any CNS

No 4,089 99.6 45,592 99.9 1.00 (ref)

Yes 16 0.4 61 0.1 2.99 1.71–5.19

Spina Bifida

No 3,729 100.0 41,733 100.0 1.00 (ref)

Yes 1 0.0 14 0.0 0.84 0.11–6.38

Hydrocephalus

No 2,864 99.7 32,306 99.9 1.00 (ref)

Yes 10 0.3 17 0.1 3.95 1.45–10.74

Microcephalus

No 2,864 99.9 32,314 100.0 1.00 (ref)

Yes 4 0.1 7 0.0 6.64 1.94–22.75

Other CNS

No 2,180 100.0 24,621 99.9 1.00 (ref)

Yes 1 0.1 22 0.1 0.37 0.04–3.54

Heart/Circulatory Anomalies

Any Heart

No 4074 99.2 45,365 99.4 1.00 (ref)

Yes 31 0.8 288 0.6 1.18 0.82–1.72

Any Heart/Circulatory

No 3,687 98.7 41,426 99.2 1.00 (ref)

(Continued )
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Table 2. (Continued)

Anomalies present Case N = 4105 Control N = 45653 ORa 95% CI

Any 7 0.2 45 0.1 1.70 0.76–3.77

Yes; no patent ductus arteriosus (PDA) 30 0.8 204 0.5 1.62 1.10–2.39

Yes; PDA 10 0.3 102 0.2 1.09 0.57–2.08

Other Circulatory

No 2,177 99.6 24,563 99.6 1.00 (ref)

Yes 9 0.4 103 0.4 0.89 0.41–1.93

Oral Clefts

Any Cleft

No 4,102 99.9 45,576 99.8 1.00 (ref)

Yes 3 0.1 77 0.2 0.44 0.14–1.38

Cleft Lip/Palate

No cleft lip/palate 3,726 99.9 41,672 99.8 1.00 (ref)

Cleft lip or palate 0 0.0 53 0.1 — —

Lip 0 0.0 12 0.0 — —

Palate 4 0.1 13 0.0 3.36 1.09–10.34

Cleft Palate only

No 861 99.8 9,422 99.8 1.00 (ref)

Yes 2 0.2 20 0.2 2.84 0.59–13.72

GI Anomalies

Any GI Anomaly

No 4,086 99.5 45,583 99.8 1.00 (ref)

Yes 19 0.5 70 0.2 3.07 1.85–5.11

Anal Atresia

No 2,863 99.9 32,311 100.0 1.00 (ref)

Yes 4 0.1 12 0.0 4.75 1.49–15.19

Omphalocele

No 3,725 99.9 41,729 100.0 1.00 (ref)

Yes 5 0.1 19 0.0 3.12 1.16–8.38

Gastroschisis

No 862 99.8 9,422 99.9 1.00 (ref)

Yes 2 0.2 9 0.1 3.18 0.67–15.16

Other Gastrointestinal Anomalies

No 2,171 99.5 24,608 99.8 1.00 (ref)

Yes 12 0.5 39 0.2 3.41 1.73–6.71

Chromosomal Anomalies c

Any Chromosomal Anomaly

No 4,055 98.8 45,582 99.8 1.00 (ref)

Yes 50 1.2 71 0.2 7.52 5.21–10.84

Downs Syndrome

No 3,695 98.9 41,708 99.9 1.00 (ref)

Yes 42 1.1 40 0.1 10.86 7.02–16.81

Other Chromosomal Anomaly

No 3,035 99.7 34,031 99.9 1.00 (ref)

Yes 9 0.3 33 0.1 3.03 1.44–6.35

Genitourinary (GU) Anomalies

Any GU Anomaly

No 4,067 99.1 45,300 99.2 1.00 (ref)

(Continued )
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Table 2. (Continued)

Anomalies present Case N = 4105 Control N = 45653 ORa 95% CI

Yes 38 0.9 353 0.8 1.19 0.85–1.66

Hypospadias

No 444 100.0 4,869 99.8 1.00 (ref)

Yes 0 0.0 12 0.2 — —

Renal Agenesis

No 2,180 100.0 24,628 99.9 1.00 (ref)

Yes 1 0.0 14 0.1 1.08 0.14–8.45

Other Urogenital Anomalies

No 2,161 98.4 24,429 98.8 1.00 (ref)

Yes 35 1.6 292 1.2 1.26 0.86–1.85

Musculoskeletal Anomalies

Any Musculoskeletal Anomaly

No 4,055 98.8 45,232 99.1 1.00 (ref)

Yes 50 1.2 421 0.9 1.33 0.99–1.79

Any Musculoskeletal Anomaly (hip displacement excluded)

No 4,066 99.0 45,289 99.2 1.00 (ref)

Yes 39 1.0 364 0.8 1.20 0.86–1.68

Musculoskeletal Anomaly

No 2,827 98.1 32007 98.7 1.00 (ref)

Any 39 1.4 349 1.1 1.30 0.91–1.86

Congenital Hip Displacement 14 0.5 62 0.2 2.49 1.39–4.48

Limb Reduction 0 0.0 6 0.0 — —

Other Limb Reduction 0 0.0 4 0.0 — —

Any dactyly

No 4,094 99.7 45,557 99.8 1.00 (ref)

Yes 11 0.3 96 0.2 1.29 0.69–2.42

Dactyly

No 2,860 99.6 32,254 99.7 1.00 (ref)

Yes (any) 2 0.1 23 0.1 0.99 0.23–4.20

Adactyly 0 0.0 6 0.0 — —

Polydactyly 5 0.2 41 0.1 1.91 0.71–5.12

Syndactyly 4 0.1 26 0.1 2.08 0.70–6.18

Club Foot

No 2,865 99.9 32,291 99.9 1.00 (ref)

Yes 3 0.1 31 0.1 0.77 0.18–3.22

Limb Reduction (any)

No 863 100.0 9,425 99.8 1.00 (ref)

Yes 0 0.0 15 0.2 — —

Anomalies of the Integument

Any Skin Anomaly

No 4,044 98.5 44,987 98.5 1.00 (ref)

Yes 61 1.5 666 1.5 1.03 0.79–1.34

Other Anomalies

Other Anomalies

No 2,821 98.1 31,884 98.5 1.00 (ref)

(Continued )
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(OR:6.05,95%CI 2.75±13.27)but not with otheranomalies.Mostothernon-chromosomal
anomalieswereassociatedwith severaltypesof cancer.Thepresenceof agastrointestinal
anomalywasassociatedwith increasedORsfor germcell,leukemia,neuroblastoma,andsoft-
tissuesarcoma.Heartanomalieswereassociatedwith hepatoblastoma,neuroblastoma,and
otherunspecifiedmalignancies.

Discussion

Congenitalanomalieshavebeenassociatedwith childhoodcancerin severalprior studies.Our
observedoverallincreasedrisk for cancerin relationto congenitalanomaliesisconsistentwith
resultsof otherU.S.population-based datalinkagestudiesbasedon datafrom California,[6]
Texas,[2]Oklahoma,[5]andapooledanalysisof datafrom threeotherstates(Utah,Arizona,
andIowa,i.e.,UTAZIA).[7] Similarresultshavebeenreportedin population-basedhealthreg-
istry studiesin Australia,[15]Canada,[16]theUnited Kingdom,[17]andNorwayandSweden.
[18] While theassociationof chromosomalanomalieswith childhoodcanceroccurrencehas
beenfairly wellestablishedin previouspopulation-baseddatalinkagestudies,with popula-
tion-basedstudiesreportingestimatesof>10-foldincreasedrisk.[2,6,7], themajority of
anomaliesarenon-chromosomalin origin. Our studylendsto thegrowingbodyof evidence
thatnon-chromosomalanomaliesarealsoassociatedwith childhoodcancerrisk.[2,5±7]Addi-
tionally,our resultsindicatethatanincreasingnumberof non-chromosomalanomalieswas
morestronglyassociatedwith increasedcancerrisk comparedto thosechildrenwith only one

Table 2. (Continued)

Anomalies present Case N = 4105 Control N = 45653 ORa 95% CI

Yes 56 1.9 477 1.5 1.26 0.94–1.69

a Adjusted for birth year, sex, and maternal age.
b Referent group includes children with minor anomalies. Excludes 352 cases and 3809 controls with unspecified anomalies that could not be classified as

major or minor. Except for where indicated, chromosomal anomalies were not included within each malformation type.
c Chromosomal anomalies include Downs (68% of all chromosomal anomalies); Patau’s (3%), Edward’s (1.6%), Klinefelter’s (1.6%), and Turner’s

syndrome/gonadal dysgenesis (2.5%); autosomal anomalies not elsewhere classified, and various other conditions due to chromosome anomalies.

Children may have multiple chromosomal anomalies, therefore disaggregated numbers may exceed the total number of children with these birth defects.
d Trend test p��0.0001 for any, and non-chromosomal anomalies among all subjects. Among subjects with anomalies only, p = 0.003 for number of any

anomalies; p = 0.077 for number of non-chromosomal anomalies.

https://doi.org/10.1371/journal.pone.0179006.t002

Table 3. Odds ratios for childhood cancer diagnosed at different ages in relation to the presence of major anomalies among children born in

Washington State, 1984–2013.

Controls a Cases a

Age at diagnosis (years)

N = 41,844

<5

(N = 1,740)

5–9

(N = 729)

10–19

(N = 1,279)

Exposure n (%) n (%)

ORb

(95% CI) n (%)

ORb

(95% CI) n (%)

ORb

(95% CI)

Major anomaly 2,292 (5.5) 161 (9.2) 1.75

(1.48–2.07)

43 (5.9) 1.09

(0.80–1.49)

90 (7.0) 1.29

(1.03–1.61)

Major non-chromosomal anomaly 2,237 (5.4) 137 (7.9) 1.51

(1.26–1.81)

43 (5.9) 1.12

(0.82–1.53)

86 (6.7) 1.27

(1.02–1.60)

a Excludes children with unknown major/minor anomaly status
b Adjusted for birth year, maternal age, and sex

https://doi.org/10.1371/journal.pone.0179006.t003
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non-chromosomalanomaly(ORfor threeor moreanomalies:3.11,95%CI: 1.54±6.11vs.OR
for oneanomaly:1.29,95%CI: 1.12±1.49).Thismaysuggestthatchildrenwith previously
unidentifiedmultiple malformationsyndromes(andno obviouschromosomalanomaly)may
beatasignificantrisk of cancer.

Our dataconfirm theassociationbetweenchromosomalanomaliesandchildhoodcancer,
including thewelldocumentedassociationof Down syndromeandacuteleukemia.Although
therehavebeeneffortsto identify factorsassociatedwith acutelymphoblasticleukemiain chil-
drenwith Down syndrome(e.g.,maternalhealthconditionsandirradiation),mostresults
havebeennull.[19,20]Our resultsalsosupportanassociationbetweenhavingachromosomal
anomalywith risk of retinoblastoma,whichisconsistentwith otherstudies.[2]It is likely the
primary driver behindthisassociationisanautosomaldeletionof 13q14,whichincludesthe
RB1 gene,agermlinepredispositiongenefor retinoblastoma.[21]Wealsoobservedanassocia-
tion of chromosomalanomalieswith renaltumors(e.g.,Wilms tumor). Notably,Wilms
tumor, aniridia,genitourinaryanomalies,andmentalretardation(i.e.,WAGRsyndrome)are
asetof conditionsassociatedwith adeletionon 11p13,whichincludestheWT1 gene.[22]

Our resultsindicateanincreasedrisk of childhoodcancerin relationto presenceof anoma-
liesfor cancersdiagnosedin all agegroups.Whenonly non-chromosomalanomalieswere

Fig 1. Odds Ratios (OR) for the associations of specific childhood cancer types in relation to presence of major non-

chromosomal and chromosomal anomalies, among children born in Washington State, 1984–2013. Estimates adjusted for birth

year, sex, and maternal age. Non-chromosomal anomalies results exclude individuals with concurrent chromosomal anomalies.

�Indicates number of cases ��5.

https://doi.org/10.1371/journal.pone.0179006.g001

Fig 2. Odds ratios for the associations of major anomaly types in relation to types of childhood

cancer among children born in Washington State, 1984–2013. Estimates adjusted for birth year, sex, and

maternal age. Non-chromosomal anomaly results exclude individuals with concurrent chromosomal

anomalies. �Indicates number of cases ��5.

https://doi.org/10.1371/journal.pone.0179006.g002
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considered,therisk estimatesgenerallyremainedincreased,supportingresultsof otherstudies
indicatinganassociationwith childhoodcancerdiagnosedatdifferentages,but with aslight
decreasein risk with attainedage.[5]Wealsoobservedincreasedcancerrisk in relationto
increasingnumberof anomaliespresent,whichisconsistentwith oneearlierreport.[18]Also
consistentwith otherpopulation-baseddatalinkagestudiesthatexaminednon-chromosomal
anomalies,weobservedincreasedrisksof selectedcancertypes.Wefoundassociations
betweenhavingmajornon-chromosomalanomaliesandincreasedrisksof neuroblastoma,
hepatoblastoma,soft-tissuesarcoma,andgermcelltumors.With theexceptionof leukemia,
retinoblastoma,andbonetumors,weobservedincreasedrisksamongall othercancertypes
howevertheseassociationswerenot statisticallysignificant.

Notably,our studysupportsotherrecentpopulation-basedregistrylinkagestudiesin dem-
onstratingtherelationshipbetweennon-chromosomalanomaliesandchildhoodcancer.[5±7]
Our overalleffectestimatefor therisk of canceramongchildrenwith non-chromosomal
anomalies(OR= 1.35)wasonly slightlyattenuatedcomparedto thosereportedbyJanitzetal.
(HR = 2.50)[5],Bottoetal.(incidencerateratio [IRR] = 2.00),[7]andFisheretal.(HR = 1.58).

Wedid notespecificcancertypesassociatedwith havingnon-chromosomalanomalies.For
example,theORfor neuroblastomain relationto non-chromosomalanomalies(OR= 1.90)
waslargelyconsistentwith two previousU.S.registrylinkagestudiesevaluatingtherisk of this
malignancyin childrenwith non-chromosomalanomalies(HR = 2.85[6]andIRR= 2.21[7]).
Also,weobservedapositiveassociationof non-chromosomalanomalieswith hepatoblastoma,
consistentwith theonly otherU.S.registrylinkagestudy(UTAZIA study)to evaluatethispar-
ticular relationship,althoughtheeffectsizewaslargerin thatassessment(IRR= 14.47vs.our
OR= 2.45).[7]Havinganon-chromosomalanomalywasassociatedwith soft-tissuesarcomas,
consistentwith theoneU.S.registrylinkagestudyevaluatingthisspecificrelationship.[5]Our
observedassociationwith renaltumors(OR= 1.71)wasstrongerthanreportedin theCalifor-
nia (HR = 1.45)andUTAZIA (IRR= 1.03)studies.[6,23]Finally,our observationof apositive
associationbetweengermcelltumorsandnon-chromosomalanomaliessupportsresultsof
otherstudiesthatwereableto assessthisassociation.[5,6,23]

In our assessment,non-chromosomalanomaliesoverallwerenot stronglyassociatedwith
leukemia,lymphomaor CNStumors,consistentwith resultsof theotherU.S.registrylinkage
studies.[5,6,23],despitedifferencesin birth defectsurveillanceacrossstudies.(Washington
doesnot haveanactivebirth defectssurveillanceprogramasin California,Utah,Iowa,and
Oklahoma.)Notably,theprevalenceof congenitalanomalieswasslightlyhigherin our assess-
ment(5.5%)whencomparedto thesestates(e.g.,~4%[2, 5]), however,theascertainmentof
anomalieswasindependentof casestatusin our assessment,andthereforeuniform for those
childrenwhodid anddid not developcancer,whichreducesthelikelihoodof differential
misclassification.

Asidefrom anassociationof CNSanomalieswith CNStumors(anassociationthatmaybe
dueto reversecausationgiventhemajority of theseanomalieswerehydrocephalus-related),
therewasno strongevidencethatnon-chromosomalanomalieswerelikely to bespecifically
associatedwith childhoodcanceroccurringin thesameorgansystemor anatomiclocation,
althoughour ability to investigatethiswaslimited bysmallnumbers.Althoughneuroblastoma
wasassociatedwith heartandgastrointestinalanomalies,it wasalsoassociatedwith musculo-
skeletalandskinanomalies.Fewstudieshavebeenableto examineassociationsof specific
non-chromosomalanomalieswith specificcancertypes,but of these,agenerallyconsistent
finding isanassociationof CNSdefectswith CNStumors,[8,18,24]asweobserved.

An important strengthof our studywasuseof linked population-basedhealthregistrydata,
allowingusto avoidsomebiasesthatmaybepresentin clinic-basedor interviewstudies.We
alsoincreasedthesensitivityof birth defectascertainmentbyutilizing specificdiagnostic
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codesin addition to birth recordinformation.Wewereableto examinespecificcongenital
anomalies.Our studymustalsobeconsideredin thelight of certainlimitations.In orderto
identify majorandminor anomalies,weusedtheclassificationsystemdevelopedbyRasmus-
senandcolleagues,[13]whichutilizesCDC-BPAcodesthataremorespecificthantheICD-9
codesavailableto usfor thisstudy.Despiteour ability to utilize linkedhospitaldischargerec-
ords,our ascertainmentof anomaliesis likely lesscompletethanfor studiesusingdatafrom
activebirth defectssurveillanceprograms.[5,15±17]However,severalbirth defectssurveil-
lanceprogramsonly monitor specificanomalies,whereasweevaluatedall congenitalanoma-
lies.It isalsopossiblethatsomechildrenin thecontrol groupmayhavemovedout-of-state
andbeendiagnosedwith cancerelsewhere,howeveraschildhoodcancerisquiterare,any
effectof this is likely minimal andwouldbiastowardsthenull. Becauseof theavailabilityof
birth andcancerregistrydataduring differenttime periods,somechildrendiagnosedin earlier
studyyearsatolderageswouldnot havebeenincluded,howeversensitivityanalysesrestricting
subjectsto only thosewith similaropportunity (e.g.,at least5 years;at least10years)to have
beenidentifiedin thecancerregistrydid not substantiallyalterresults(S2Table).Wewere
alsolimited in our ability to evaluatepossibleassociationswith minor anomalieswhichmay
not bedetecteduntil laterin achild'slife,andwouldnot appearon birth certificatesor hospital
dischargerecordsfor thebirth hospitalization.Finally,childrenwith sometypesof congenital
anomaliesmaydieprematurelyandthereforelacktheopportunity to developchildhoodcan-
cer,whichcouldpossiblyattenuateour associations.[5]

Theetiologiesof mostnon-chromosomalanomaliesarelargelyunknown,[1]despiteevi-
dencethat factorssuchasmaternalobesity,prenatalsmoking,andsomechemicalor environ-
mentalexposuresmayincreasetheoccurrenceof certaindefecttypes.[1,25]Our knowledge
of childhoodcancercausesissimilarly limited, with fewrecognizedexternaletiologies(e.g.,
ionizing radiation)althoughcommonvariationandintrinsic factorssuchasbirthweightand
parentalageareconsistentlyassociatedwith childhoodcancers.Identificationof factorsas-
sociatedwith progressionfrom defectpresenceto canceroccurrence,or of sharedpathways
(geneticandenvironmental)for bothconditionsmayelucidatepotentialmechanismsto mod-
ify cancerrisk.Futureassessmentsshouldincludepoolingeffortsacrossmultiple regions.This
will optimizeour ability to identify associationsbetweenspecificcongenitalanomaliesand
specificcancers.Theultimategoalof thiswork wouldbeto inform screeningstrategiesfor
childrenathigh risk of developingcancer.
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