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A B S T R A C T   

Background: Several studies have suggested an excess risk of leukemia among children living close to high- 
voltage power lines and exposed to magnetic fields. However, not all studies have yielded consistent results, 
and many studies may have been susceptible to confounding and exposure misclassification. 
Methods: We conducted a case-control study to investigate the risk of leukemia associated with magnetic field 
exposure from high-voltage power lines. Eligible participants were children aged 0–15 years residing in the 
Northern Italian provinces of Modena and Reggio Emilia. We included all 182 registry-identified childhood 
leukemia cases diagnosed in 1998–2019, and 726 age-, sex- and province-matched population controls. We 
assessed exposure by calculating distance from house to nearest power line and magnetic field intensity 
modelling at the subjects’ residence. We used conditional logistic regression models to estimate odds ratios (ORs) 
and 95% confidence intervals (CIs), with adjustment for potential confounders (distance from nearest petrol 
station and fuel supply within the 1000 m-buffer, traffic-related particulate and benzene concentrations, pres-
ence of indoor transformers, percentage of urban area and arable crops). 
Results: In multivariable analyses, the OR comparing children living <100 m from high-voltage power-lines with 
children living ≥400 m from power-lines was 2.0 (95% CI 0.8–5.0). Results did not differ substantially by age at 
disease diagnosis, disease subtype, or when exposure was based on modeled magnetic field intensity, though 
estimates were imprecise. Spline regression analysis showed an excess risk for both overall leukemia and acute 
lymphoblastic leukemia among children with residential distances <100 m from power lines, with a monotonic 
inverse association below this cutpoint. 
Conclusions: In this Italian population, close proximity to high-voltage power lines was associated with an excess 
risk of childhood leukemia.   

1. Introduction 

In modern society, exposure to magnetic fields is common. Public 

interest about electromagnetic fields from power-supply systems is 
increasing along with higher demand for electricity, wireless technolo-
gies, and changes in work systems and social behavior (Brabant et al., 
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2022; Seomun et al., 2021). Since 2002, low frequency magnetic fields 
(ELF-MF) have been classified by the International Agency for Research 
on Cancer (IARC) as possibly carcinogenic (group 2 B), based on pooled 
analyses of epidemiological studies on the association of average 
exposure to residential power-frequency magnetic field above 0.3 μT to 
childhood leukemia (WHO - IARC, 2002). These findings, combined 
with limited evidence in animal studies and methodological issues in 
human studies, were deemed insufficient to show a carcinogenic effect 
of ELF-MF. Few epidemiological studies have been performed since 
2010, with inconsistent results (Amoon et al., 2022). 

We investigated risk of childhood leukemia associated with ELF-MF 
exposure from high-voltage power lines in a case-control study among 
residents of Northern Italy. 

2. Methods 

2.1. Study population 

Using an established population-based case-control study (Malagoli 
et al., 2010, 2015; Vinceti et al., 2012), we identified all cases of 
childhood leukemia (ICD-9 codes 204–208) diagnosed from 1998 
through 2019 below the age of 15 among residents of the Modena and 
Reggio Emilia provinces (population around 1,200,000 of two provinces 
of Emilia-Romagna region in Northern Italy) in the nationwide 
hospital-based registry of childhood malignancies (Ferrari et al., 2009), 
following approval of the Modena Ethical Committee. 

Using a computer-generated random process, we selected four con-
trols for each case, matched on sex, year of birth, and province of resi-
dence at time of diagnosis, from all residents enrolled in the National 
Health Services directory of Modena and Reggio Emilia provinces. 

2.2. Residences identification and geocoding 

We ascertained residential address at time of diagnosis for cases and 
in the corresponding year for their matched controls by Local Health 
Units (Nation-wide-hospital-based registry of childhood malignancies 
managed by the Associazione Italiana Ematologia Oncologica 
Pediatrica-AIEOP). All residential addresses were first geocoded through 
their geographical coordinates by linkage to the Modena and Reggio 
Emilia Provinces Address Database, and then included in a Geographical 
Information System (GIS) using Arc-GIS software (version 10.1, ESRI, 
Redlands, CA 2012). We retrieved the satellite coordinates of the resi-
dences using methodology based on an official geocoding database 
made available by the Modena and Reggio Emilia Province and, for 
addresses not included in the database, through the Google Earth App or 
direct in loco measurement using a portable GPS device (GPSmap 
60CSx, Garmin Int. Corp., Olathe, KS) (Malagoli et al., 2010, 2015; 
Malavolti et al., 2023; Vinceti et al., 2012). In particular, we performed 
in loco measurements to retrieve and map the geographical coordinates 
for 33 subjects. 

2.3. ELF-MF modelling 

We used a ELF-MF exposure modelling process as explained in detail 
elsewhere (Malagoli et al., 2010, 2012). Briefly, we used geodata about 
the high-voltage power lines (≥132 kV) located during 1998–2011 in 
the study area, made available by the Emilia-Romagna Regional Agency 
for Environmental Prevention and Energy (ARPAE). In this period, there 
were 194 lines operating in the study provinces (171 with 132–150 kV, 
10 with 220 kV, and 13 with 380 kV), having a total length of 1125 km 
(579 and 546 for Modena and Reggio Emilia respectively), all of which 
had been already operating since 1998 (71% since 1979). Precision of 
geocoding was on the order of <1 m, and we used both Google Earth and 
on-site visits to evaluate the accuracy of the available data. 

To assess ELF-MF exposure around the high-voltage power lines, we 
used the current intensity for each line measured every 15 min (4 data 

per hour) for all days in 2001, modelling the average ELF-MF induction 
in the corridors at 8 m in height. We performed this calculation using a 
2D freeware software simulation package named ‘CAMPI’ predicting 
magnetic field yielded by high-voltage power lines (Andreuccetti, 
2002), a method that has been validated within the Emilia-Romagna 
region (Violanti, 2003). We inputted into the model the phases and 
disposition of conductors and the average current characterizing each 
power line in 2001, the earliest period for which we had available data 
(Malagoli et al., 2010, 2012). The ELF-MF corridors were at intensities 
<0.1, 0.1–0.2, 0.2–0.4 and ≥ 0.4 μT. However, in the study area, there 
was limited variability over time of current flows in the power lines. For 
example, during the 1986–2007 period, the power line flow increased by 
about 3% per year (Vinceti et al., 2012), and then remained stable in the 
most recent years with limited variability. 

2.4. Distance to nearest high-power line 

We calculated the distance from the subject’s residence at diagnosis 
to the nearest ≥132 kV power line in ArcGIS. Due to the uncertainties 
about the amount of ELF-MF exposure relevant for childhood leukemia 
risk (Fews et al., 1999; Henshaw et al., 1996), we extended the corridors 
surrounding the power lines up to a distance of 400 m and divided it into 
three categories (Rothman, 2014) (<100 m, 100-<200 m, and 
200-<400 m), using cutpoints provided by earlier studies (Amoon et al., 
2018; Pedersen et al., 2014; Wunsch-Filho et al., 2011). Subjects who 
lived ≥400 m away from the nearest transmission line were considered 
unexposed. GIS handling and exposure assessment were performed 
blindly to the subject’s case/control status. 

2.5. Confounders 

We considered several environmental factors as potential con-
founders in the multivariable analysis. We modeled outdoor air con-
centration of particulate matter with diameter <10 μm (PM10) at the 
residence of each child (Filippini et al., 2019), using the CAlifornia LINE 
Source Dispersion Model, version 4 (CALINE4 - Sacramento CA, Dept. of 
trasportation, Division of New Technology and Research, 1989), a line 
source air quality model, based on vehicular traffic flow parameters and 
meteorological data (Vinceti et al., 2012). Roads, including names, 
technical and administrative classification were also obtained from the 
cartographic archive of Emilia Romagna Region Agency. We considered 
exposure to emissions from petrol stations, assuming as exposed chil-
dren residing within a 100 m buffer from a gas station (Malavolti et al., 
2023); we also considered, as a potential source of exposure misclassi-
fication, the presence of indoor transformer stations within the building 
of residence, using information about the transformer location made 
available by ARPAE. We also determined the urban and arable crop 
density around the subject’s residences by calculating the percentage of 
the land use type in proximity to each geocoded home, based on a cir-
cular area with a radius of 100 m around the house of residence. Spe-
cifically, we used the 2014 Land Use Map (available at https://geoport 
ale.regione.emilia-romagna.it), which contained a detailed description 
of land use according to the specifications of Corine Land Cover. With a 
coupled GIS/Python procedure, we defined a circular buffer with a 
100-m radius around each subject’s home. For arable crop-type and 
urban-type identification analysis, we used the predefined land use 
subtypes named ‘Rural area’ and “Urban area” (Andreuccetti, 2002; 
Malagoli et al., 2015, 2016; Vinceti et al., 2017). 

We collected information about socio-demographic factors, i.e. 
maternal age and ethnicity, and paternal income for the index year (a 
proxy for annual household income), using birth certificates from the 
Local Health Units of Modena and Reggio Emilia, and the directory of 
the Revenue Agency of the Ministry of Finance, respectively. 
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2.6. Data analysis 

We divided ELF-MF intensities into four categories (<0.1, 0.1 - <0.2, 
0.2 - <0.4 and ≥ 0.4 μT), assuming as reference group a ELF-MF <0.1 μT. 
Distance from homes to the nearest transmission line was categorized 
into five groups (<100, 100-<200, 200-<400 and ≥ 400 m), and homes 
located ≥400 m from transmission lines constituted the reference group 
in this analysis. We estimated the risk ratio for childhood leukemia in 
relation to ELF-MF and distance to power lines by calculating the odds 
ratio (OR) of the disease in unadjusted and multivariable conditional 
logistic regression models matched on sex, age and province of resi-
dence. In the multivariable model, we adjusted for outdoor benzene and 
PM10 concentrations (as continuous variable), percentage of urban area 
and arable crops within the 100 m-buffer around the house, maternal 
age at delivery (continuous) (Rothman and Mosquin, 2013; Rothman 
et al., 2021), race (categorized as White, Black or Asian), and paternal 
annual income (continuous). We performed unadjusted conditional lo-
gistic regression analysis for individual confounding factors. We also 
conducted stratified analyses by subject’s age of diagnosis for cases or 
year of sampling for controls (<5 vs. ≥5 years), and for the acute 
lymphoblastic leukemia subtype (ALL). The precision of ORs was eval-
uated by computing their 95% confidence intervals (CIs). Finally, we 
modeled the association between distance from residential address to 
the nearest power line and odds of leukemia using a restricted cubic 
spline regression model (Orsini and Greenland, 2011) by selecting the 
optimal number of knots according to Akaike’s information criterion 
(AIC) and using the knot-placement method previously recommended 
(Harrel, 2001). We applied three knots: at 100, 200 and 400 m. For this 
analysis, we used the ‘sample’, ‘mkspline’ e ‘xblc’ routines of Stata-17.0 
statistical package (Stata Corp., College Station, TX 2022). 

3. Results 

We identified 182 incident cases of childhood leukemia (details of 
diagnosis reported in Supplementary Table S1) during the study period 
(average age at diagnosis: 6.2 years), including 148 ALL cases (6.3 
years). The case/control distributions of the study population by dis-
tance from home of the nearest high-voltage power line, and by ELF-MF 
exposure category, are reported in Table 1. Risk of childhood leukemia 
was positively associated with three confounding factors included in the 
multivariable model: exposure to arable crops, indoor transformer sta-
tions, and residence in an urban area (Supplementary Table S2). The 
corresponding leukemia ORs and 95% CIs for magnetic field exposure in 
both unadjusted and multivariable models are reported in Table 2. 
Compared with children living ≥400 m from a power line, ORs for 
leukemia among children residing <100 m from the nearest power line 
were 2.1 (95% CI: 0.9–5.2) in the unadjusted analysis and 2.0 (95% CI: 
0.8–5.0) in the multivariable model. Restricting the analysis to the ALL 
subtype, these respective ORs were 2.3 (95% CI: 0.9–6.1) and 2.2 (95% 

CI: 0.8–6.0) (Table 2). Cases of myeloid leukemia were too few to permit 
an analysis restricted to this disease subtype. 

In age-stratified analyses, ORs for overall leukemia were slightly 
stronger among younger children, living <100 m (vs. ≥400 m) from a 
power line, with ORs of 2.4 (95% CI: 0.4–14.6) among children aged <5 
years and 1.8 (95% CI: 0.6–5.4) among children aged ≥5 years in the 
multivariable model (Table 2). Conversely, for the ALL subtype, the OR 
was slightly stronger among older children (≥5 years: multivariable OR 

Table 1 
Distribution by distance from home to the nearest high-voltage power line, by estimated magnetic field exposure.   

All leukemias Acute lymphoblastic leukemia (ALL) 

All subjects (cases/controls) <5 years ≥5 years All subjects (cases/controls) <5 years ≥5 years 

Distance to the nearest high-voltage power line, m 
≥400 150/603 70/282 80/321 122/489 56/227 66/262 
200 - <400 17/75 10/36 7/39 14/58 8/25 6/33 
100 - <200 7/33 1/11 6/22 5/31 1/10 4/21 
<100 8/15 2/3 6/12 7/12 1/2 6/10 
All subjects 182/726 83/332 99/394 148/590 66/264 82/326 
Magnetic Fields, μT 
<0.1 180/725 83/332 97/393 146/589 66/264 80/325 
0.1 - <0.2 0/1 0/0 0/1 0/1 0/0 0/1 
0.2 - <0.4 1/0 0/0 1/0 1/0 0/0 1/0 
≥0.4 1/0 0/0 1/0 1/0 0/0 1/0 
All subjects 182/726 83/332 99/394 148/590 66/264 82/326  

Table 2 
Odds ratio of childhood leukemia and acute lymphoblastic leukemia (ALL) 
subtype according to distance from home to the nearest high-voltage power line.  

Distance to the nearest high-voltage 
power line, m 

All subjects <5 years ≥5 years 

OR (95% 
CI) 

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

Unadjusted analysisa 

Leukemia 
≥400 (Referent) 1.0 1.0 1.0 
200 - <400 0.9 

(0.5–1.6) 
1.1 (0.5–2.4) 0.7 

(0.3–1.7) 
100 - <200 0.9 

(0.4–2.0) 
0.4 (0.1–3.2) 1.1 

(0.4–2.8) 
<100 2.1 

(0.9–5.2) 
2.6 
(0.4–15.5) 

1.9 
(0.7–5.3) 

ALL 
≥400 (Referent) 1.0 1.0 1.0 
200 - <400 1.0 

(0.5–1.8) 
1.0 (0.5–3.1) 0.7 

(0.3–1.9) 
100 - <200 0.7 

(0.3–1.7) 
0.5 (0.1–3.7) 0.8 

(0.3–2.3) 
<100 2.3 

(0.9–6.1) 
1.9 
(0.2–21.1) 

2.3 
(0.8–6.5) 

Multivariable analysisb 

Leukemia 
≥400 (Referent) 1.0 1.0 1.0 
200 - <400 0.9 

(0.5–1.6) 
1.2 (0.5–2.6) 0.8 

(0.3–1.9) 
100 - <200 0.9 

(0.4–2.0) 
0.4 (0.0–3.0) 1.2 

(0.5–3.2) 
<100 2.0 

(0.8–5.0) 
2.4 
(0.4–14.6) 

1.8 
(0.6–5.4) 

ALL 
≥400 (Referent) 1.0 1.0 1.0 
200 - <400 1.0 

(0.5–1.9) 
1.5 (0.6–3.7) 0.8 

(0.3–2.2) 
100 - <200 0.7 

(0.3–1.8) 
0.5 (0.1–3.6) 0.9 

(0.3–2.7) 
<100 2.2 

(0.8–6.0) 
1.8 
(0.2–20.0) 

2.0 
(0.6–6.4) 

Abbreviations: ALL, acute lymphoblastic leukemia; CI, confidence interval; OR, 
odds ratio. 

a Matched on sex, age, and province of residence. 
b Adjusted for distance from the nearest petrol station and fuel supply within 

the 1000 m-buffer, PM10, benzene, indoor transformer stations, urban area, and 
land farm arable crops. 
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= 2.0, 95% CI: 0.6–6.4) than among younger children (<5 years: 
multivariable OR = 1.8, 95% CI: 0.2–20.0). 

When basing exposure assessment on fixed ELF-MF cut-points, we 
identified two exposed case children (both affected by ALL), one 
belonging to the 0.2–0.4 μT corridor and the other to the ≥0.4 μT 
corridor, and one control child, in the 0.1–0.2 μT corridor. The unad-
justed OR of leukemia associated with ELF-MF exposure ≥0.1 μT was 8.0 
(95% CI: 0.7–88.2), as shown in Table 3. Sensitivity analyses among 
subjects with complete data on demographic variables, specifically 
maternal race and paternal income, showed similar though less precise 
results (Supplementary Table S3). 

In the dose-response spline model, we observed a strong though 
imprecise association between distance from power lines and an excess 
risk of leukemia among children residing within close proximity to the 
lines, i.e. <100 m, in both unadjusted and multivariable analysis, while 
there was no such indication at distance greater than 150 m (Fig. 1). 
Adjustment for potential confounders had little influence on this pattern 
(Fig. 1B). We found comparable trends when ALL is considered only 
(Supplementary Figure S1). 

4. Discussion 

In this study, we observed an increased odds of childhood leukemia 
among those who resided in close proximity, i.e. <100 m, from a high- 
voltage power line. Over the last four decades, residential exposure to 
extremely low frequency magnetic fields, including those generated by 
power lines, has been associated with childhood leukemia in several 
epidemiological studies, though there have been some inconsistencies in 
results, likely owing to small sample sizes, selection and information 
biases, and residual confounding (Abdul Rahman et al., 2008; Crespi 
et al., 2016; Draper et al., 2005; Feychting and Ahlbom, 1993; Kabuto 
et al., 2006; Kleinerman et al., 2000; McBride et al., 1999; Olsen et al., 
1993; Pedersen et al., 2014; Petridou et al., 1997; Schuz and Erdmann, 
2016; Sermage-Faure et al., 2013; Tomenius, 1986; Tynes and Hal-
dorsen, 1997; UK Childhood Cancer Study Investigators, 2000; 
Wunsch-Filho et al., 2011). In biological studies, there is some evidence 
of small carcinogenic effects related to magnetic fields of low intensity 
(Chen et al., 2020; Kapri-Pardes et al., 2017). In 2001, the International 
Agency for Research on Cancer (IARC) classified ELF-MF as possibly 
carcinogenic to humans (WHO - IARC, 2002), mainly based on consis-
tent findings yielded by pooled analysis (Ahlbom et al., 2000; Greenland 
et al., 2000) reporting a higher risk of childhood leukemia associated 
with long-term exposure to ELF-MF above 0.3/0.4 μT. Comparable re-
sults were obtained ten years later in a pooled analysis comprising 10, 

Table 3 
Odds ratio of childhood leukemia and the acute lymphoblastic leukemia (ALL) subtype according to magnetic field exposure.   

All subjects <5 years ≥5 years 

Cases/Controls OR (95% CI) Cases/Controls OR (95% CI) Cases/Controls OR (95%CI) 

Unadjusted modela 

Leukemia 
<0.1 (Referent) 180/725 1.0 83/332 1.0 97/393 1.0 
≥0.1 2/1 8.0 (0.7–88.2) 0/0 – 2/1 8.0 (0.7–88.2) 
ALL 
<0.1 (Referent) 146/589 1.0 66/264 1.0 80/325 1.0 
≥0.1 2/1 8.0 (0.7–88.2) 0/0 – 2/1 8.0 (0.7–88.2) 
Multivariable modela 

Leukemia 
<0.1 (Referent) 180/725 1.0 83/332 1.0 97/393 1.0 
≥0.1 2/1 7.6 (0.7–83.8) 0/0 – 2/1 8.0 (0.7–89.3) 
ALL 
<0.1 (Referent) 146/589 1.0 66/264 1.0 80/325 1.0 
≥0.1 2/1 7.5 (0.7–82.8) 0/0 – 2/1 8.1 (0.7–90.3) 

Abbreviations: ALL, acute lymphoblastic leukemia; CI, confidence interval; OR, odds ratio. 
2 Adjusted for distance from the nearest petrol station and fuel supply within the 1000 m-buffer, PM10, benzene, indoor transformer stations, urban area and arable 
crops. 

a Matched on sex, age and province of residence. 

Fig. 1. Restricted cubic splines of childhood leukemia risk according to dis-
tance of residence from high-voltage power line matched on sex, age and 
province of residence (A) and additionally adjusted for distance from the 
nearest petrol station and fuel supply within the 1000 m-buffer, PM10, benzene, 
indoor transformer stations, urban area, and land farm arable crops (B). Solid 
black line and gray shaded area indicate the odds ratio (OR) and the 95% 
confidence interval (CI), respectively. 
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818 cases with leukemia (Kheifets et al., 2010). Similarly, a recent 
systematic review and meta-analysis reported an increased risk of 
developing leukemia in children due to exposure to ELF-MF higher than 
0.4 μT as well as living within 50 m from the power lines (Brabant et al., 
2022). In addition, our estimates are roughly comparable to a previous 
study carried out in the same area in the period 1986–2007 that showed 
high risk of all leukemia and acute lymphoblastic leukemia, thus con-
firming the high risk for children exposed to levels ≥0.1 μT (Malagoli 
et al., 2010). Also, a previous study in another Italian region (Lombardy) 
using similar cutoff (<0.1 and ≥ 0.1 μT) showed a strong association 
between such amount of exposure and disease risk (Bianchi et al., 2000). 
Overall, these suggest that risk of childhood leukemia may start to in-
crease already at ELF-MF exposure ≥0.1 μT. 

We found slightly higher excess risk among children younger than 
five years of age compared with children ≥5 years, but these results 
were imprecise due to the low number of exposed children. Such ob-
servations, however, only partially support a greater susceptibility to 
chemical and physical toxicants in the youngest children (Borsari et al., 
2018; Malagoli et al., 2016; Sangun et al., 2015; Vinceti et al., 2012). 
Our results may have been prone to historical exposure misclassification 
(e.g., prenatal and early postnatal exposure to magnetic fields), which 
could have been differential according to participants’ age, thus 
reducing our capacity to detect potential interactions between age and 
exposure on disease risk. 

Our study covered an entire geographical region based in two 
provinces of Italy, relying on registry data and not on active participa-
tion by study subjects and therefore avoiding selection bias. In addition, 
cases were drawn from a hospital-based high-quality disease registry 
covering the entire country, thus ensuring nearly complete registration 
of all childhood leukemia cases. Furthermore, exposure assessment 
(both ELF-MF modelling and distance) was done blindly as to case/ 
control status. 

Among the study limitations, we acknowledge the potential for re-
sidual confounding, though accounted for several socioeconomic and 
environmental risk factors for childhood leukemia. For instance, certain 
characteristics such as radiation exposure history or parental occupation 
exposure were unavailable for many study participants, and other pro-
vided incomplete information (e.g., paternal income vs. household in-
come). However, a sensitivity analysis limited to subjects accounting for 
all potential confounders measured yielded similar results to the main 
analysis, suggesting confounding for these demographic factors should 
not have been a major source of bias. 

We also acknowledge the small number of incident cases, and 
particularly of ELF-MF exposed participants, leading to statistical 
instability of the OR estimates and thereby considerably limiting our 
capacity to smoothly assess dose-response relations and small changes in 
risk to carry out stratified analyses. Finally, we could not perform a 
subgroup analysis for myeloid childhood leukemia, due to the limited 
number of cases and the lack of exposed children. 

In conclusion, in this Italian population, residence within 100 m of 
high-voltage power lines was associated with an increased risk of 
childhood leukemia. These results showed a clear dose-response relation 
below that cutpoint, though the results were imprecise. Our findings are 
generally consistent with findings obtained in several studies 
worldwide. 
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