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Abstract

The aetiology of childhood leukaemia is poorly understood. Knowledge about differ-

ences in risk by socioeconomic status (SES) may enhance etiologic insights. We con-

ducted a nationwide register-based case-control study to evaluate socioeconomic

differences in the risk of childhood leukaemia in Denmark and to access whether

associations varied by different measures of SES, time point of assessment, leukaemia

type and age at diagnosis. We identified all cases of leukaemia in children aged 0 to

19 years, born and diagnosed between 1980 and 2013 from the Danish Cancer Reg-

istry (N = 1336) and sampled four individually matched controls per case (N = 5330).

We used conditional logistic regression models for analysis. Medium and high level of

parental education was associated with a higher risk of acute myeloid leukaemia

(AML) in the offspring, mainly driven by children diagnosed at ages 0 to 4 years [odds

ratio (OR) for high maternal education = 3.07; 95% confidence interval (CI):

1.44-6.55]. We also observed a modestly increased risk for lymphoid leukaemia

(LL) in association with higher level of parental education, but only in children diag-

nosed at ages 5 to 19 years. Higher parental income was associated with an increased

risk of LL but not AML among children aged 5 to 19 years at diagnosis (OR for high

maternal income = 2.78; 95% CI: 1.32-5.89). Results for neighbourhood SES mea-

sures indicated null associations. Bias or under-ascertainment of cases among families

with low income or basic education are unlikely to explain the observed socioeco-

nomic differences. Future research addressing explicitly the underlying mechanisms

of our results may help to enhance etiologic insights of the disease.
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1 | INTRODUCTION

Leukaemia is the most frequent cancer diagnosis in children

worldwide,1 accounting for about one quarter of all cancers diagnosed

in 0- to 19-year-olds in Europe and other high-income countries.1

Lymphoblastic leukaemia (LL) is the most common type of childhood

leukaemia and represents more than 75% of all cases, followed by

acute myeloid leukaemia (AML) which accounts for about 15% to 18%

of all leukaemia cases in 0- to 19-year-olds.1

Although a growing body of research has addressed a broad range

of potential risk factors including pregnancy-related factors,2-4 exposure

to infections,3-6 environmental pollutants,7,8 parental lifestyle9-13 and

occupational exposures,14,15 the aetiology of childhood leukaemia is still

poorly understood.16,17 For acute lymphoblastic leukaemia (ALL) specifi-

cally, there is a suggestion that B-cell precursor ALL may be the result of

a rare abnormal reaction to common infections, possibly in connection

with lack of immunological training during infancy,18 but the evidence

remains inconclusive. To date, only a few chromosomal and genetic

conditions,16 exposure to high-dose ionising radiation,19,20 high or low

birth weight2,16 and advanced maternal age16 have been confirmed as

risk factors for childhood leukaemia. However, these factors only explain

a small proportion of all cases17 and the underpinning leukaemogenic

mechanisms remain unclear. Early age at diagnosis indicates that child-

hood leukaemia might originate in utero and that factors prior to birth

or early-life exposures may be important determinants.18,21

Although socioeconomic status (SES) is not an aetiological risk

factor for disease occurrence per se, it may be associated with the risk

of childhood leukaemia through the social patterning of aetiological

factors such as pregnancy-related factors or environmental and occu-

pational exposures.22,23 Research findings on the association between

SES and childhood leukaemia risk are heterogeneous across studies,

with higher SES being associated with higher risk, null associations

reported and rarely also inverse associations being found.24-35 How-

ever, particularly earlier studies suffered largely from methodological

limitations including nonparticipation,27 self-reported SES information,

small sample size, single or few SES measures used or evaluation of

only a single point in time27 and cross-study comparison is hampered

by large differences in design, SES measures used24-34 and population

under study.24-35 More recent investigations took more often advan-

tage of high-quality cancer registry data with linkage to other adminis-

trative data sets24,26-32,34 and hereby minimised potential for bias.

However, also recent studies rarely distinguished between different

SES measures acting at different points in time.24-26,28,30-34

In this nationwide population-based register study, we evaluated

the association between SES and risk of childhood leukaemia in Den-

mark. The population register infrastructure with high-quality health and

socioeconomic data in Denmark constitute an ideal and unique setting

to overcome limitations of previous studies. We aimed to assess

whether associations varied with different measures of SES, with differ-

ent points in time, with leukaemia type and with age at diagnosis. Fur-

thermore, we aimed to examine whether demographic and pregnancy-

related factors mediated associations with measures of SES.

2 | MATERIAL AND METHODS

We conducted a nationwide matched case-control study based on

Danish registry data. The Danish Civil Registration System with its

unique personal identification numbers (Centrale Person Register

(CPR)-number) used in all national registries in Denmark enabled accu-

rate linkage of individual information across registries.36 Moreover,

the unique CPR-numbers allowed linkage to first-degree relatives.

Data linkage between registries provided the basis for our study.

2.1 | Study population

We included all cases of first leukaemias in children aged 0 to

19 years, born and diagnosed between June 01, 1980 and December

31, 2013 from the Danish Cancer Registry, a nationwide register of all

cancers diagnosed in Denmark with excellent quality and high com-

pleteness (95%-98%).37,38 For each case, four random controls, indi-

vidually matched by sex and date of birth, were sampled from the

entire childhood population using the Central Population Register.

Cases and controls had to be living in Denmark at date of birth and

controls had to be alive and cancer free at time of diagnosis of the

corresponding case to be eligible as control. We excluded 28 cases

and 5 controls with Down syndrome (information obtained from the

National Patient Registry), resulting in a final sample of 1336 cases

and 5330 controls.

Leukaemia diagnoses were classified according to the Interna-

tional Classification of Childhood Cancer (ICCC) first version (ie, the

Birch and Marsden Classification)39 until 2003 and ICCC third ver-

sion40 thereafter) and leukaemia types grouped as follows: lymphoid

leukaemia (ICCC1 group Ia+b; ICCC3 group Ia) and acute myeloid leu-

kaemia (ICCC1 group Ic; ICCC3 group Ib).

What's new?

The aetiology of childhood leukaemia is still poorly under-

stood. In this nationwide register-based case-control study,

the authors found that higher level of parental education

was associated with higher risk of childhood leukaemia in

Denmark, particularly acute myeloid leukaemia. Higher

parental income was also associated with an increased risk

of lymphoid leukaemia, but only among children aged 5-19

years. Bias or under-ascertainment of cases among families

with low income or basic education are unlikely to explain

the observed socioeconomic differences. Identifying differ-

ences in the risk of childhood leukaemia by socioeconomic

group may help to generate new etiologic hypotheses, which

are urgently needed for developing prevention strategies.
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2.2 | Measures of SES

SES is an established multidimensional construct in health

research.22,41 It refers to both material and social resources and assets

as well as the individual's rank or status within a social hierarchy of a

society.22 SES as a term is used to refer to differences between indi-

viduals or groups in the asset of resources. It is determined in various

ways, including both measures at the individual and area level. Differ-

ent socioeconomic factors might impact health at different phases

across the life course and through different causal pathways.41

We evaluated both individual and neighbourhood-based SES

measures at different time-windows: during pregnancy and during

childhood (measured 1 year before diagnosis). As indicators for

the child's individual level SES, we used maternal and paternal

highest attained education and annual disposable income. We

obtained annual information on maternal and paternal highest

education and disposable income from the Danish education42

and income registers43 administered by Statistics Denmark. We

grouped parental highest education into basic (primary and lower

secondary education, ≤9 years), medium (upper secondary includ-

ing vocational upper secondary education, 10-12 years) and high

(>12 years) education, following the International Standard Classifi-

cation of Education. Disposable income refers to the annual indi-

vidual income after tax, interest and alimony payments and was

categorised into five groups based on the sex-specific and calen-

dar year-specific income distribution (quintiles) of the entire Dan-

ish population.

We operationalised three neighbourhood SES measures based on

the distribution of educational achievements, disposable income and

profession among inhabitants of a given parish as described previ-

ously.44 Parish is the smallest geographical unit at which socioeco-

nomic information is available in Denmark. In 2013, parishes

(N = 2160) differed in size from 0.12 to 126.2 km2 (mean

area = 19.9 km2) and in population from 26 to 42 251 inhabitants

(median = 1037 inhabitants). We defined the neighbourhood SES

measures as follows: proportion of inhabitants aged 30 to 60 years in

a given parish with (a) basic education as the highest attained educa-

tional level, (b) low disposable income level (defined as family dispos-

able income among the lowest quartile of the income distribution of

the entire Danish population) and (c) manual profession (defined as

unskilled or semi-skilled profession). Since individuals at ages 30 to

60 years determine strongest the societal socioeconomic resources

and assets of the respective neighbourhood, we focussed only on this

population group. We obtained parish codes from the Danish Geodata

Agency and socioeconomic data aggregated to the parish level by cal-

endar year from Statistics Denmark and calculated quintiles of the

respective SES measure proportion distribution across all parishes in

Denmark in a given calendar year, weighted by the number of 30- to

60-year-old inhabitants living in a respective parish. The level of SES

was assigned according to the quintiles. Level 1 indicates highest level

of SES, as it reflects the lowest proportions of inhabitations with basic

education, low disposable income or manual profession in a parish,

whereas level 5 stands for the lowest level of SES. We traced

residential addresses of the children during childhood and their

mothers during pregnancy via the Central Population Register, identi-

fied the corresponding parish and assigned each child the socioeco-

nomic level according to the respective parish at the relevant point

in time.

All socioeconomic information was applied to the time windows

‘during pregnancy’ and ‘before diagnosis’ (defined as 1 year before

date of diagnosis/index date). In the scenario, that 1 year before diag-

nosis was before ‘during pregnancy’, the SES measures corresponded

to the situation ‘during pregnancy’.

2.3 | Demographic and pregnancy-related
characteristics

We used information on parental age at birth of the child from the

Central Population Register. We calculated the number of full and half

siblings, defined as having either the same (biological or adoptive)

mother or father, stillborn children excluded, assessed 1 year before

the cancer diagnosis or reference date in controls via the Danish Fer-

tility Database.45 Data on birthweight, birth order and caesarean

section were obtained from the Medical Birth Register, which con-

tains mandatory, continuously updated reports on all births in Den-

mark.45 Birth order was defined by counting all live-births of the same

mother.

2.4 | Statistical analysis

We calculated Spearman's rank correlation coefficients (rs) between

the different individual and neighbourhood-level SES measures and

between the two time points of assessment.

We fitted conditional logistic regression models to assess the associ-

ation of SES with the risk of childhood leukaemia at the time of preg-

nancy and 1 year before diagnosis. We conducted separate analyses by

SES measure, histological leukaemia type and age at diagnosis (0-4 and

5-19 years). The analyses accounted for sex, age at diagnosis and calen-

dar time by keeping the individual matching. We further adjusted for

maternal or paternal age at child's birth, respectively, to account for

potential confounding. Results were expressed as odds ratios (ORs) with

two-sided 95% confidence intervals (CIs).

As the neighbourhood SES measures were only available for the

years from 1986 onwards, those analyses were restricted to children

born in 1986 or later.

We repeated analyses for our main findings with further adjust-

ment for birthweight, number of siblings, birth order (two last-

mentioned variables as proxies for exposure to infections), delivery by

caesarean section and both maternal and paternal ages to explore

whether associations with SES were mediated by the social patterning

of those risk factors. Of note, we considered maternal and paternal

age as both potential confounder as well as mediator for this analysis.

All statistical analyses were performed using STATA, version

14.2.46
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3 | RESULTS

Of the 1336 children with leukaemia, 1054 (78.9%) were diagnosed with

LL and 201 (15.1%) with AML. Most of the cases were diagnosed at ages

1 to 4 years (Table 1). Controls and cases showed some expected differ-

ences in the distribution of maternal and paternal age and birthweight.

The distribution of individual and neighbourhood-level socioeconomic

measures is given in Tables 1, S1 and S2. The proportion of missing

TABLE 1 Characteristics of the study population, cases of leukaemiaa in children aged 0 to 19 years at diagnosis, born and diagnosed
between 1980 and 2013 in Denmark and matched controls

Controls All leukaemias Lymphoid leukaemia Acute myeloid leukaemia
N = 5330 N = 1336 N = 1054 N = 201
% % % %

Sex

Boy 55.9 55.9 57.7 46.3

Girl 44.1 44.1 42.3 53.7

Age at diagnosis/index date

<1 5.7 5.8 2.2 18.4

1–4 51.0 51.0 55.5 34.8

5–9 22.9 22.8 24.4 18.4

10-14 11.9 11.9 11.4 13.9

15-19 8.5 8.5 6.6 14.4

Year of birth

1980-1989 35.1 35.0 34.8 39.8

1990-1999 36.1 36.1 36.5 32.8

2000-2009 26.7 26.7 26.5 25.4

2010-2013 2.2 2.3 2.2 2.0

Year of diagnosis/ index date

1980-1989 13.7 13.7 13.9 14.4

1990-1999 29.1 29.1 30.6 25.9

2000-2009 40.7 40.7 39.1 46.3

2010-2013 16.4 16.5 16.5 13.4

Maternal age at child's birth (years)

<25 21.6 20.1 19.3 24.9

25-29 38.8 38.0 37.9 36.3

30–34 28.0 27.5 27.7 24.9

35-39 10.0 12.7 13.4 13.9b

≥40 1.6 1.7 1.8

Paternal age at child's birth (years)

<25 10.3 8.8 8.3 11.5

25–29 31.3 30.7 30.0 34.0

30–34 33.6 32.0 33.3 25.5

35-39 17.1 18.9 18.2 22.0

40-45 5.6 6.5 7.0 4.5

≥45 2.1 3.1 3.2 2.5

Birth weight (g)

<2500 4.9 4.3 3.8 7.6

2500-3999 77.4 76.4 77.3 71.2

≥4000 17.6 19.3 18.9 21.2

Number of siblingsc

0 21.0 21.6 22.1 18.9

1 43.5 42.7 42.5 43.8

2230 ERDMANN ET AL.



TABLE 1 (Continued)

Controls All leukaemias Lymphoid leukaemia Acute myeloid leukaemia

N = 5330 N = 1336 N = 1054 N = 201
% % % %

2 23.0 23.4 22.3 28.4

≥3 12.4 12.4 13.1 9.0

Birth order

First 45.9 46.1 46.5 43.7

Second 36.4 36.0 35.9 38.2

Third+ 17.7 17.9 17.7 18.1

Caesarean section

No 88.6 88.3 88.5 87.1

Yes 11.4 11.7 11.5 12.9

SES measures (before diagnosis)

Maternal educationd

Basic 22.2 19.6 20.0 17.3

Medium 45.0 47.6 46.4 49.8

High 32.8 32.8 33.6 33.0

Paternal educationd

Basic 19.9 18.4 18.6 16.0

Medium 52.6 55.0 54.3 55.2

High 27.5 26.6 27.1 28.9

Maternal incomee

1 (low) 6.3 5.9 5.6 7.0

2 10.0 10.0 9.8 10.5

3 22.7 20.5 20.9 18.0

4 32.0 35.5 35.1 37.0

5 (high) 29.1 28.1 28.7 27.5

Paternal incomee

1 (low) 8.8 8.5 7.9 9.4

2 13.9 12.0 11.8 14.2

3 24.3 25.2 24.8 28.4

4 28.2 27.6 29.0 19.8

5 (high) 24.8 26.6 26.5 27.9

Neighbourhood basic educationf

5 (low SES) 19.6 20.2 19.4 22.2

4 21.3 21.2 21.2 18.3

3 19.7 20.4 20.7 20.9

2 20.4 20.5 21.2 19.0

1 (high SES) 19.0 17.8 17.6 19.6

Neighbourhood low incomeb

5 (low SES) 19.5 19.3 18.8 19.6

4 20.3 19.9 20.5 20.3

3 20.2 18.6 17.4 22.2

2 20.0 22.8 23.4 20.9

1 (high SES) 20.1 19.4 20.0 17.0

Neighbourhood manual professionh

5 (low SES) 20.4 21.7 20.2 26.1

4 20.7 21.1 20.8 23.5

(Continues)
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information was overall very low and differed by SES measure and time

point of assessment between 0.2% and 3.6% (Tables S1 and S2).

The correlations between the different SES measures are pres-

ented in Tables S3 and S4. Level of education at the two time win-

dows under study was strongly correlated for both mothers and

fathers, whereas level of income was only moderately correlated. Indi-

vidual and neighbourhood SES measures were overall weakly corre-

lated (Table S4).

3.1 | Individual SES measures

Table 2 shows that higher maternal and paternal level of education

was associated with a higher risk of AML in the offspring, with

the effect size being similar for the two time windows under study

and ORs ranging between 1.5 and 1.8. Analyses by age at diagno-

sis (Table 3) revealed that mainly the children diagnosed at ages

0 to 4 years drove those associations for parental education;

maternal medium or high educational level was associated with a

3-fold increased risk of AML (OR high maternal education during

pregnancy = 3.07; 95% CI: 1.44-6.55), whereas no increase in risk

was seen among the 5- to 19-year-olds. Associations with paternal

education were similarly stronger in children diagnosed at ages

0 to 4 years (OR high paternal education during pregnancy = 2.10;

95% CI: 1.05-4.20), but ORs were still modestly elevated in chil-

dren diagnosed at older ages. The age-specific analyses showed

further that maternal and paternal medium or high educational

level were also associated with a modest increased risk for LL but

only among children diagnosed at 5 to 19 years of age

(OR medium paternal education during pregnancy = 1.46; 95% CI:

1.09-1.94). Overall, risk patterns and effect estimates for maternal

and paternal education were similar for the two time windows

under study.

Analyses of parental disposable income revealed an increased risk

of LL for children aged 5 to 19 years at diagnosis of parents with

higher income than the lowest level (Table 3). The association was

most distinct for maternal income at time before diagnosis (OR high

maternal income = 2.78; 95% CI: 1.32-5.89). A similar risk patterns was

neither evident for children diagnosed with LL at younger age nor for

children with AML diagnosed at any age. We observed a tendency of

low maternal income being associated with a higher risk of AML in chil-

dren diagnosed at 5 to 19 years of age, but CIs were wide (Table 3).

Overall, associations found for parental education or level of

income did not show a linear social gradient but ORs were similarly

elevated across higher categories in comparison to the lowest SES

level.

To take into account the peak in incidence of LL between the

ages of 2 and 5 years, we conducted additional subanalyses specifi-

cally addressing children with LL of this age group. Results were over-

all similar to those for children with LL diagnosed at ages 0 to 4 years,

with the exception of ORs for paternal higher income during preg-

nancy being slightly elevated (data not shown).

The relationships of maternal and paternal educational level and

income in association with childhood leukaemia were further analysed

in models adjusting for birthweight, number of siblings, birth order,

delivery by caesarean section and both maternal and paternal ages. As

TABLE 1 (Continued)

Controls All leukaemias Lymphoid leukaemia Acute myeloid leukaemia

N = 5330 N = 1336 N = 1054 N = 201
% % % %

3 20.4 20.9 22.7 14.4

2 19.7 18.1 18.1 17.0

1 (high SES) 18.8 18.2 18.2 19.0

Note: Missing information: maternal age: 0.03%; paternal age: 0.80%; birth weight: 0.95%; birth order: 0.41%; maternal education before diagnosis: 2.0%;

paternal education before diagnosis: 3.2%; maternal income before diagnosis: 0.7%; paternal income before diagnosis: 1.7%; neighbourhood basic

education, neighbourhood low income and neighbourhood manual profession: 2.2%; remaining characteristics have complete information.
aClassified by the International Classification of Childhood Cancer (ICCC), up to 2003 by Birch & Marsden (first edition) and from 2003 onwards by ICCC

third version. Grouped as follows: lymphoid leukaemia (ICCC1 group Ia+b; ICCC3 group Ia) and acute myeloid leukaemia (ICCC1 group Ic; ICCC3 group Ib).
bInformation for the age categories 35 to 39 and ≥40 years combined.
cNumber of full and half siblings (defined as having the same mother or father) assed 1 year before diagnosis. In the scenario, that 1 year before diagnosis

was before ‘during pregnancy’, the number of siblings corresponds to the situation during pregnancy.
dCategorised according to highest attained level [basic (primary and lower secondary education, ≤9 years in Denmark); medium (upper secondary including

vocational upper secondary education, 10-12 years); high (>12 years)].
eRefers to the annual individual income after tax, interest and alimony payments, categorised based on income quintiles of the entire Danish population by

calendar year and sex.
fBased on the proportions of inhabitants aged 30 to 60 years with basic highest attained educational level in a given parish. Levels of SES are

consecutively numbered. Includes only children born and diagnosed between 1986 and 2013.
gBased on the proportions of inhabitants aged 30 to 60 years with low disposable income (defined as family disposable income among the lowest quartile

of the income distribution of the entire Danish population) in a given parish. Levels of SES are consecutively numbered. Includes only children born and

diagnosed between 1986 and 2013.
hBased on the proportions of inhabitants aged 30 to 60 years with manual profession (defined as unskilled or semi-skilled profession) in a given parish.

Levels of SES are consecutively numbered. Includes only children born and diagnosed between 1986 and 2013. Includes only children born and diagnosed

between 1986 and 2013.
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TABLE 2 Associationa between maternal and paternal highest attained educationb and maternal and paternal disposable incomec and risk of
leukaemia in children aged 0 to 19 years at diagnosis, by leukaemia typed and time of assessment

All leukaemias Lymphoid leukaemia Acute myeloid leukaemia

N cases OR (95% CI) N cases OR (95% CI) N cases OR (95% CI)

Maternal education

During pregnancy Basic 289 1.0 233 1.0 37 1.0

Medium 631 1.16 (0.98-1.36) 487 1.09 (0.91-1.31) 100 1.56 (1.00-2.45)

High 386 1.09 (0.91-1.32) 314 1.04 (0.85-1.29) 58 1.70 (1.01-2.86)

Before diagnosis Basic 257 1.0 207 1.0 34 1.0

Medium 624 1.19 (1.01-1.41) 481 1.13 (0.94-1.37) 98 1.45 (0.92-2.30)

High 429 1.11 (0.92-1.33) 348 1.07 (0.87-1.32) 65 1.54 (0.93-2.56)

Paternal education

During pregnancy Basic 247 1.0 199 1.0 31 1.0

Medium 731 1.15 (0.98–1.36) 575 1.09 (0.90-1.30) 108 1.59 (1.01-2.50)

High 311 1.05 (0.87-1.28) 248 0.99 (0.80-1.24) 53 1.84 (1.10-3.09)

Before diagnosis Basic 238 1.0 191 1.0 31 1.0

Medium 712 1.12 (0.95-1.32) 557 1.06 (0.88-1.28) 107 1.50 (0.95-2.37)

High 345 1.02 (0.84-1.23) 278 0.98 (0.79-1.21) 56 1.67 (1.01-2.78)

Maternal income

During pregnancy 1 (low) 125 1.0 94 1.0 22 1.0

2 179 1.04 (0.80-1.34) 145 1.19 (0.88-1.59) 26 0.65 (0.34-1.24)

3 336 1.01 (0.80-1.28) 259 1.04 (0.79-1.35) 45 0.68 (0.38-1.23)

4 429 1.00 (0.79-1.25) 341 1.05 (0.81-1.36) 66 0.75 (0.43-1.30)

5 (high) 260 0.83 (0.65-1.07) 212 0.89 (0.67-1.19) 40 0.70 (0.38-1.30)

Before diagnosis 1 (low) 78 1.0 58 1.0 14 1.0

2 133 1.08 (0.79-1.48) 102 1.11 (0.77-1.58) 21 0.91 (0.42-1.95)

3 272 0.96 (0.72-1.27) 219 1.03 (0.75-1.42) 36 0.66 (0.32-1.32)

4 470 1.17 (0.89-1.53) 367 1.20 (0.88-1.64) 74 1.07 (0.56-2.04)

5 (high) 372 0.99 (0.75-1.30) 300 1.06 (0.77-1.46) 55 0.83 (0.42-1.65)

Paternal income

During pregnancy 1 (low) 122 1.0 89 1.0 24 1.0

2 202 1.20 (0.94-1.54) 158 1.30 (0.98-1.73) 32 0.88 (0.48-1.63)

3 350 1.09 (0.87-1.37) 280 1.20 (0.92-1.56) 52 0.82 (0.47-1.42)

4 382 1.21 (0.96-1.52) 315 1.36 (1.05-1.77) 40 0.67 (0.38-1.20)

5 (high) 259 1.11 (0.87-1.42) 198 1.18 (0.89-1.57) 50 1.11 (0.63-1.96)

Before diagnosis 1 (low) 112 1.0 82 1.0 19 1.0

2 158 0.93 (0.71-1.21) 123 0.98 (0.72-1.33) 28 0.86 (0.44-1.68)

3 331 1.09 (0.86-1.39) 258 1.12 (0.85-1.47) 56 1.14 (0.62-2.09)

4 362 1.02 (0.80-1.29) 301 1.12 (0.85–1.47) 39 0.67 (0.36-1.25)

5 (high) 349 1.09 (0.86-1.39) 275 1.17 (0.88-1.54) 55 1.06 (0.58-1.96)

aConditional logistic regression analyses [odds ratio (and 95% confidence interval)] adjusted for maternal or paternal age at child's birth, respectively,

modelled by age categories (<25, 25-34, 35-39, ≥40/40-44, ≥ 45 years for paternal). Accounted for sex, age at diagnosis and calendar time by design.
bCategorised according to the highest attained level [basic (primary and lower secondary education, ≤9 years in Denmark); medium (upper secondary

including vocational upper secondary education, 10-12 years); high (>12 years)].
cRefers to the annual individual income after tax, interest and alimony payments, categorised by income quintiles of the entire Danish population by

calendar year and sex.
dClassified by the International Classification of Childhood Cancer (ICCC), up to 2003 by Birch and Marsden (first edition) and from 2003 onwards by ICCC

third version. Grouped as follows: lymphoid leukaemia (ICCC1 group Ia+b; ICCC3 group Ia) and acute myeloid leukaemia (ICCC1 group Ic; ICCC3 group Ib).
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TABLE 3 Associationa between maternal and paternal highest attained educationb and maternal and paternal disposable incomec and risk of
leukaemia in children, by leukaemia typed, time of assessment and age strata

Lymphoid leukaemia Acute myeloid leukaemia

0-4 yearse OR (95% CI) 5-19 yearse OR (95% CI) 0-4 yearse OR (95% CI) 5-19 yearse OR (95% CI)

Maternal education

During pregnancy Basic 1.0 1.0 1.0 1.0

Medium 0.97 (0.76-1.23) 1.29 (0.97-1.71) 2.88 (1.45-5.73) 0.85 (0.46-1.59)

High 1.00 (0.76-1.31) 1.10 (0.79-1.52) 3.07 (1.44-6.55) 0.88 (0.40-1.92)

Before diagnosis Basic 1.0 1.0 1.0 1.0

Medium 1.00 (0.78-1.25) 1.42 (1.05-1.92) 2.75 (1.38-5.47) 0.73 (0.38-1.39)

High 0.99 (0.76-1.30) 1.22 (0.88-1.70) 3.07 (1.46-6.46) 0.69 (0.32-1.46)

Paternal education

During pregnancy Basic 1.0 1.0 1.0 1.0

Medium 0.88 (0.70-1.12) 1.46 (1.09-1.94) 2.00 (1.06-3.77) 1.27 (0.65-2.48)

High 0.83 (0.63-1.10) 1.30 (0.92-1.84) 2.10 (1.05-4.20) 1.58 (0.70-3.57)

Before diagnosis Basic 1.0 1.0 1.0 1.0

Medium 0.86 (0.68-1.10) 1.45 (1.08-1.94) 2.02 (1.07-3.80) 1.12 (0.57-2.18)

High 0.85 (0.65-1.12) 1.22 (0.87-1.71) 1.94 (0.98-3.85) 1.41 (0.64-3.08)

Maternal income

During pregnancy 1 (low) 1.0 1.0 1.0 1.0

2 1.10 (0.76-1.59) 1.37 (0.84-2.22) 0.98 (0.38-2.52) 0.43 (0.17-1.11)

3 0.87 (0.62-1.22) 1.40 (0.90-2.16) 0.90 (0.37-2.20) 0.51 (0.23-1.16)

4 0.90 (0.64-1.26) 1.35 (0.88-2.06) 0.90 (0.37-2.16) 0.64 (0.30-1.34)

5 (high) 0.76 (0.52-1.10) 1.16 (0.74-1.83) 1.06 (0.41-2.75) 0.47 (0.21-1.06)

Before diagnosis 1 (low) 1.0 1.0 1.0 1.0

2 0.95 (0.64-1.43) 2.05 (0.88-4.78) 0.96 (0.38-2.43) 0.80 (0.20-3.20)

3 0.80 (0.55-1.15) 2.51 (1.16-5.41) 0.57 (0.23-1.42) 0.65 (0.21-2.09)

4 0.96 (0.67-1.36) 2.82 (1.33-5.98) 1.19 (0.53-2.67) 0.84 (0.28-2.53)

5 (high) 0.74 (0.50-1.07) 2.78 (1.32-5.89) 1.13 (0.46-2.76) 0.57 (0.19-1.77)

Paternal income

During pregnancy 1 (low) 1.0 1.0 1.0 1.0

2 1.16 (0.81-1.68) 1.50 (0.94-2.40) 0.81 (0.35-1.88) 1.13 (0.44-2.91)

3 0.97 (0.69-1.36) 1.60 (1.04-2.45) 0.88 (0.42-1.85) 0.81 (0.35-1.87)

4 1.07 (0.76-1.50) 1.87 (1.23-2.85) 0.68 (0.31-1.47) 0.73 (0.30-1.77)

5 (high) 1.00 (0.70-1.43) 1.47 (0.94-2.32) 1.16 (0.54-2.48) 1.17 (0.48-2.81)

Before diagnosis 1 (low) 1.0 1.0 1.0 1.0

2 0.93 (0.63-1.36) 1.08 (0.64-1.84) 0.96 (0.40-2.32) 0.81 (0.28-2.30)

3 1.01 (0.71-1.42) 1.38 (0.86-2.20) 1.09 (0.49-2.41) 1.32 (0.51-3.40)

4 0.97 (0.69-1.37) 1.41 (0.89-2.23) 0.79 (0.34-1.80) 0.58 (0.22-1.49)

5 (high) 0.99 (0.69-1.41) 1.49 (0.95-2.35) 1.42 (0.62-3.27) 0.83 (0.33-2.09)

aConditional logistic regression analyses [odds ratio (and 95% confidence interval)] adjusted for maternal or paternal age at child's birth, respectively,

modelled by age categories (<25, 25-34, 35-39, ≥40/40-44, ≥45 years for paternal). Accounted for sex, age at diagnosis and calendar time by design.
bCategorised according to the highest attained level [basic (primary and lower secondary education, ≤9 years in Denmark); medium (upper secondary

including vocational upper secondary education, 10-12 years); high (>12 years)].
cRefers to the annual individual income after tax, interest and alimony payments, categorised by income quintiles of the entire Danish population by

calendar year and sex.
dClassified by the International Classification of Childhood Cancer (ICCC), up to 2003 by Birch and Marsden (first edition) and from 2003 onwards by ICCC

third version. Grouped as follows: lymphoid leukaemia (ICCC1 group Ia+b; ICCC3 group Ia) and acute myeloid leukaemia (ICCC1 group Ic; ICCC3 group Ib).
eyears of age at diagnosis or index date, respectively.
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TABLE 4 Selected associationsa between maternal and paternal highest attained educationb and maternal and paternal disposable incomec

and risk of leukaemia in children, adjusted for demographic and pregnancy-related risk factors

Lymphoid leukaemia5-19 yearsd Acute myeloid leukaemia0-4 yearsd

OR (95% CI) OR (95% CI)

Maternal education

During pregnancy Basic 1.0 1.0

Medium 1.27 (0.95-1.71) 3.68 (1.74-7.74)

High 1.12 (0.79-1.58) 4.16 (1.82-9.52)

Before diagnosis Basic 1.0 1.0

Medium 1.43 (1.04-1.95) 3.58 (1.69-7.57)

High 1.28 (0.90-1.80) 4.25 (1.87-9.64)

Paternal education

During pregnancy Basic 1.0 1.0

Medium 1.48 (1.10-1.99) 2.46 (1.25-4.83)

High 1.29 (0.90-1.85) 2.84 (1.33-6.08)

Before diagnosis Basic 1.0 1.0

Medium 1.47 (1.09-1.99) 2.49 (1.26-4.91)

High 1.20 (0.84-1.76) 2.60 (1.22-5.52)

Maternal income

During pregnancy 1 (low) 1.0

2 1.48 (0.89-2.45)

3 1.56 (0.98-2.47)

4 1.55 (0.99-2.42)

5 (high) 1.32 (0.82-2.13)

Before diagnosis 1 (low) 1.0

2 1.95 (0.83-4.59)

3 2.54 (1.17-5.50)

4 2.80 (1.32-5.94)

5 (high) 2.81 (1.32-5.97)

Paternal income

During pregnancy 1 (low) 1.0

2 1.59 (0.99-2.56)

3 1.67 (1.08-2.58)

4 1.95 (1.27-2.98)

5 (high) 1.53 (0.96-2.44)

Before diagnosis 1 (low) 1.0

2 1.22 (0.70-2.10)

3 1.53 (0.94-2.50)

4 1.58 (0.98-2.55)

5 (high) 1.65 (1.02-2.65)

aConditional logistic regression analyses [odds ratio (and 95% confidence interval)] adjusted for maternal and paternal age at child's birth, modelled by age

categories (<25, 25-34, 35-39, ≥40/40-44, ≥ 45 years for paternal), birthweight, number of siblings, birth order and delivery by caesarean section.

Accounted for sex, age at diagnosis and calendar time by design.
bCategorised according to the highest attained level [basic (primary and lower secondary education, ≤9 years in Denmark); medium (upper secondary

including vocational upper secondary education, 10-12 years); high (>12 years)].
cRefers to the annual individual income after tax, interest and alimony payments, categorised by income quintiles of the entire Danish population by

calendar year and sex.
dyears of age at diagnosis or index date, respectively.
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presented in Table 4, the additional adjustment revealed similar

results to those of the main analysis. While effect estimates for asso-

ciations with LL did not change appreciably, the associations for

parental education and AML became stronger when further adjusted.

However, CIs were wide.

3.2 | Neighbourhood SES measures

We noted some elevated and some decreased ORs across neighbourhood

SES measures quintiles in association with risk of LL and AML, but no sys-

tematic risk pattern (Table 5).

TABLE 5 Associationa between measures of neighbourhood socioeconomic status b and risk of leukaemia in children aged 0 to 19 years at
diagnosis, by leukaemia typec and time of assessment

All leukaemias Lymphoid leukaemia Acute myeloid leukaemia

N cases OR (95% CI) N cases OR (95% CI) N cases OR (95% CI)

Neighbourhood basic education

During pregnancy 5 (low SES) 222 1.0 171 1.0 35 1.0

4 220 0.96 (0.78-1.19) 182 1.05 (0.83-1.33) 23 0.59 (0.33-1.08)

3 205 0.92 (0.75-1.14) 157 0.87 (0.68-1.11) 37 1.34 (0.79-2.27)

2 216 0.91 (0.73-1.12) 179 0.98 (0.77-1.24) 27 0.71 (0.41-1.25)

1 (high SES) 184 0.81 (0.65-1.01) 142 0.80 (0.62-1.03) 28 0.87 (0.50-1.54)

Before diagnosis 5 (low SES) 215 1.0 164 1.0 34 1.0

4 225 0.97 (0.79-1.20) 179 1.00 (0.79-1.26) 28 0.85 (0.49-1.49)

3 217 0.99 (0.80-1.23) 175 0.98 (0.77-1.25) 32 1.25 (0.72-2.17)

2 218 0.96 (0.78-1.19) 179 0.99 (0.78-1.25) 29 1.00 (0.57-1.76)

1 (high SES) 189 0.88 (0.71-1.10) 149 0.88 (0.68-1.13) 30 1.06 (0.60-1.86)

Neighbourhood low income

During pregnancy 5 (low SES) 270 1.0 214 1.0 36 1.0

4 193 0.87 (0.71-1.07) 148 0.86 (0.68-1.09) 38 1.08 (0.64-1.84)

3 194 0.94 (0.76-1.15) 151 0.93 (0.74-1.18) 29 0.90 (0.52-1.56)

2 216 1.06 (0.86-1.29) 182 1.12 (0.90-1.40) 22 0.79 (0.44-1.42)

1 (high SES) 174 0.98 (0.79-1.21) 136 0.96 (0.75-1.22) 25 1.03 (0.58-1.83)

Before diagnosis 5 (low SES) 205 1.0 159 1.0 30 1.0

4 212 1.00 (0.80-1.24) 173 1.06 (0.84-1.35) 31 0.86 (0.49-1.52)

3 198 0.93 (0.75-1.16) 147 0.86 (0.67-1.10) 34 1.20 (0.68-2.13)

2 243 1.16 (0.94-1.43) 198 1.23 (0.97-1.56) 32 0.97 (0.55-1.71)

1 (high SES) 206 0.96 (0.78-1.20) 169 1.00 (0.78-1.27) 26 0.81 (0.44-1.49)

Neighbourhood manual profession

During pregnancy 5 (low SES) 216 1.0 168 1.0 35 1.0

4 191 0.87 (0.70-1.09) 151 0.91 (0.71-1.16) 31 0.84 (0.48-1.46)

3 202 0.94 (0.76-1.17) 168 1.01 (0.79-1.28) 24 0.70 (0.38-1.28)

2 232 1.00 (0.81-1.23) 177 0.98 (0.77–1.24) 33 0.90 (0.52–1.56)

1 (high SES) 206 0.79 (0.64-0.97) 167 0.84 (0.88-1.07) 27 0.61 (0.35-1.08)

Before diagnosis 5 (low SES) 231 1.0 171 1.0 40 1.0

4 224 0.96 (0.78-1.18) 176 1.01 (0.80–1.28) 36 0.95 (0.57-1.59)

3 222 0.97 (0.79-1.19) 192 1.10 (0.88-1.39) 22 0.63 (0.35-1.13)

2 193 0.86 (0.69-1.06) 153 0.90 (0.71-1.15) 26 0.77 (0.44-1.35)

1 (high SES) 194 0.90 (0.72-1.11) 154 0.96 (0.76–1.23) 29 0.82 (0.47–1.42)

aConditional logistic regression analyses [odds ratio (and 95% confidence interval)] adjusted for maternal age at child's birth, modelled by age categories

(<25, 25-34, 35-39, ≥40/40-44, ≥45 years for paternal). Accounted for sex, age at diagnosis and calendar time by design.
bBased on the proportions of inhabitants aged 30 to 60 years with (a) basic highest attained educational level, (b) low disposable income and (c) manual

profession in a given parish. Levels of SES are consecutively numbered; level 1 indicates highest SES, while level 5 stands for lowest SES.
cClassified by the International Classification of Childhood Cancer, up to 2003 by Birch and Marsden (first edition) and from 2003 onwards by ICCC-3.

Grouped as follows: Lymphoid leukaemia (ICCC1 group Ia+b; ICCC3 group Ia) and acute myeloid leukaemia (ICCC1 group Ic; ICCC3 group Ib).

2236 ERDMANN ET AL.



4 | DISCUSSION

In this nationwide register-based assessment of socioeconomic differ-

ences in the risk of childhood leukaemia in Denmark, we found mater-

nal and paternal higher (high and medium) level of education being

associated with a higher risk of AML in the offspring, mainly driven by

children diagnosed at ages 0 to 4 years. We also noted a modestly

increased risk for LL in children diagnosed at ages 5 to 19 years of par-

ents with medium or high level of education. Higher parental income

than the lowest income level was associated with an increased risk of

LL among children aged 5 to 19 years at diagnosis. Additional adjust-

ment for birthweight, maternal or paternal age, respectively, number

of siblings, birth order and delivery by caesarean section showed

results similar to those of our main analysis. Neighbourhood SES mea-

sures were not associated with childhood leukaemia. We found little

evidence for an association between any SES indicator and LL risk in

young children (0-4 years).

The validity of our findings is strengthened by the use of high-

quality population-based register data with almost complete coverage,

not influenced by self-reported information or nonparticipation and

emerging from a country with free access to health care. The registry

data enabled analysis of virtually all children with leukaemia and a con-

trol group representative for the entire childhood population and with-

out any participation bias.36-38 Annual socioeconomic information at

the parish level and parental highest attained education and disposable

income were obtained from Statistics Denmark minimising the risk of

information bias. Additional major strengths of our study refer to the

evaluation of different SES measures including both individual-level

and neighbourhood-level SES measures assessed at two different time

points and analysed separately for the two main leukaemia types and

by age groups. Previous studies rarely distinguished between different

SES measures acting at different time points24-28,30-34 or different SES

measures24-27,31,32,34 or child's age at diagnosis.24-27,29,34 With our

approach, we tried to disentangle the potential effect of SES during

the different stages of development and childhood and to assess dif-

ferences between individual- and neighbourhood-level SES measures

as previously suggested.35 Given the suggested different risk factors

and aetiology for LL and AML, it is crucial to assess also socioeconomic

associations separately by leukaemia types. By adjustment for

birthweight, number of siblings, birth order, mode of delivery and

parental age, we demonstrated that our observed associations with

individual SES were not mediated through the social patterning of

those risk factors.

A limitation of our study concerns our sample size, albeit unavoid-

able as it reflects the low incidence of childhood leukaemia and the

childhood population size of Denmark. The small sample size of case

children particularly for the age group and leukaemia-type specific

analyses resulted often in imprecise point estimates and prevented us

from further subdividing the analyses by age group and calendar

period.

Overall, associations between SES and childhood cancer risk have

been most exhaustively studied for leukaemia and specifically ALL as

it is the most common cancer in children and due to its suspected

infectious aetiology.18 Most studies have reported evidence of an

association between SES indicators and childhood leukaemia risk, but

the direction of the association has not been consistent.25,29-35 Large

differences in design and study populations24-33 challenge direct

cross-study comparisons.

The societal context is of significance; some countries have large

socioeconomic differences in access to and quality of health care ser-

vices and a relationship with SES is anticipated and not related to true

aetiological differences. Research from the Nordic countries, which

share similar welfare systems, social structure and a population-based

register infrastructure, are most comparable to ours. Recent findings

from Norway29 showed an association of lower family income with a

higher risk of LL, while a reverse association was reported for AML

and null associations were observed in association with the parent's

educational level.29 Notable, none of these findings from Norway are

in line with our observations. Especially the inverse association

between family income and LL risk and the null findings for parental

education found in the Norwegian study contrast with our observa-

tions of a positive association between parental income and LL risk

for children diagnosed at ages 5 to 19 years and a strong positive

association between parental education and risk of childhood leukae-

mia with a 2- to 3-fold increased AML risk in young children. Also,

results from an earlier study from Denmark analysing leukaemia cases

diagnosed between 1976 and 1991 contrasts somewhat with ours. A

higher risk of leukaemia for children born in low-income areas was

found, but no association in relation to the residential area at the time

of diagnosis or individual parental occupational class was observed.35

Our analyses showed null associations for neighbourhood SES mea-

sures at both time points; on the other hand, the neighbourhood SES

measures were differently operationalised in the two studies. While

Raaschou-Nielsen et al defined neighbourhood SES by the average

gross income of inhabitants of a respective municipality,35 we used

population proportions of basic education, low family income and

manual profession at the parish level in the present study, which may

explain the different findings.

We conducted this study on socioeconomic differences in child-

hood leukaemia with the overall aim to provide indications about

potential causative factors for the disease. We found higher SES at

the individual level but not at neighbourhood level to be associated

with a higher risk of AML and LL. As also shown by the weak correla-

tion between individual and neighbourhood SES measures, residential

neighbourhood SES is not a proxy of personal SES in Denmark. Paren-

tal education and income level may be associated with the risk of LL

and AML through the social patterning of SES-related mediators, such

as environmental or occupational exposures, parental life style, expo-

sure to infections or pregnancy-related factors.2,16-18 As the adjust-

ment for parental age, number of siblings, birth order, delivery by

caesarean section and birth weight showed no appreciable effect on

our results, these factors can be eliminated as responsible mediators

for our findings. In line with Greaves' ‘delayed infection’ hypothesis
that suggests that B-cell precursor ALL subtypes result from an

unregulated immune response from an immature and unchallenged

immune system caused by delayed exposure to common infections in
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infancy,5,18 the lower risk of LL seen in children of parents with basic

education and low income may be ultimately related to differences in

family circumstances and subsequently child's exposure to infections

between socioeconomic groups. Direct measurements of exposure to

infections and the resulting immune response are almost impossible in

epidemiological research, but several proxies have been established

including number of siblings assuming lower potential for early infec-

tions among children with no siblings and birth order assuming lower

potential for infections among firstborn children. As neither the

adjustment for birth order nor number of siblings diluted the observed

effects, and as we observed these associations only in children diag-

nosed at 5 to 19 years of age but not in younger aged children in

which B-cell precursor ALL most commonly occurs,18 differences in

family circumstances and subsequently child's exposure to infections

seems eventually to be an unlikely explanation.

Parental occupational exposure to chemicals as well as unhealthy

lifestyle (eg, tobacco smoking) are usually more prevalent in lower

SES groups and therefore neither a likely explanation for our

observations.

This leaves us with the social patterning of environmental

exposures, which might be related to the risk of LL and AML, such

as air pollution, radon in the residence and electromagnetic fields

from overhead powerlines, as a potential underlying mechanism of

our findings. Traffic-related air pollution in general seems not asso-

ciated with childhood leukaemia in Denmark47 but the specific air

pollutant benzene has been associated with higher risk for child-

hood AML both in Denmark7 and elsewhere.8 To have mediated

our results in the observed direction would require that parents of

higher SES tend to live at locations with higher benzene concen-

trations. This is not a likely scenario in Denmark, as benzene is an

air toxic emitted from traffic exhaust and fuel evaporation, petrol

service stations, the burning of coal and oil and several other

sources. Radon concentrations in the residence, however, are gen-

erally higher in single-family houses than in apartments, and we

expect more parents of high SES to live in single-family houses. A

previous study showed that radon in the residence was associated

with higher risk for ALL but not acute non-LL in Denmark.48 The

study reported the highest radon-related risk for ALL among the

2- to 4-year-old children, which is not in line with radon being the

explanation for our observation of an association between high

SES and risk for LL among 5- to 19-year-olds but not among 0- to

4-year-olds. Previous studies have reported an association

between exposure to extremely low-frequency electromagnetic

fields (ELF-MF) and risk for childhood leukaemia17,49 and we

would expect that lower SES is associated with living near over-

head powerlines in Denmark. However, a Danish study found no

higher risk of leukaemia for children living closer to powerlines,50

and another Danish investigation observed little evidence for an

association between estimated exposure to ELF-MF and risk of

childhood leukaemia for the time period (1987-2003)51 over-

lapping the most with that of the present study.

In conclusion, this large nationwide register study with minimal

potential for bias found higher parental education being associated

with a higher risk of childhood leukaemia, particularly AML, and

higher parental income being associated with an increased risk of LL

among 5- to 19-year-old children. Under-ascertainment of cases

among families with low income or basic education is unlikely to

explain our findings, as Denmark is a country with free access to

high-quality health care irrespective of SES and has one of the most

complete cancer registries worldwide. Future research addressing

the underlying mechanisms of these socioeconomic differences in

the risk of childhood LL and AML and the observed differences in

associations by age at diagnosis may help to enhance etiologic

insights of the disease occurrence. The social patterning of environ-

mental or occupational exposures, parental lifestyle, exposure

to infections or pregnancy-related factors potentially related to the

risk of leukaemia appears not a plausible explanation of our

observations.
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