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Abstract
Background. Global incidence for brain tumors varies substantially without explanation. Studies correlating radon 
exposure and incidence are inconclusive. Particulate pollution has been linked to increased tumor incidence. 
Particulates may disrupt the blood-brain barrier allowing intracranial exposure to oncogenic radon. We investi-
gated the relationship between exposure to residential radon, particulate pollution, and brain tumor incidence in 
the United States (US).
Methods. County-level median radon testing results and annual air quality index values were obtained and divided 
into tertiles. Counties without both values were excluded. Four groups of counties were generated: high particu-
late/high radon (high/high), high/low, low/high, and low/low. Using incidence data from the Central Brain Tumor 
Registry of the US (provided by CDC’s National Program of Cancer Registries and NCI’s SEER), annual age-adjusted 
incidence rates (AAAIRs) by group were generated by behavior. Incidence rate ratios were calculated to examine 
for significant differences (α = .05). Poisson regression accounting for possible confounders was conducted.
Results. Counties with available data included 83% of the US population. High/high exposure was significantly as-
sociated with increased AAAIR of all non-malignant tumors (up to 26% higher, including most meningiomas) even 
after accounting for potential confounders. An increased AAAIR was noted for all malignant tumors (up to 10% 
higher), including glioblastoma, but was negated after accounting for demographic/socioeconomic differences.
Conclusions. We present the first report suggesting increased non-malignant brain tumor incidence in regions 
with high particulate and radon exposure. These findings provide insight into unexplained variation in tumor inci-
dence. Future studies are needed to validate these findings in other populations.
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Key Points

• Brain tumor incidence may rise in regions with high air pollution and radon levels.

• In high exposure areas, an up to 26% increase in non-malignant tumors was seen.

• These findings may provide insight into unexplained variation in tumor burden.

The incidence rate of non-malignant and malignant brain tu-
mors varies widely, with some of the highest observed rates 
seen in the industrialized regions of Australia, Europe, and 
North America.1 Although prior therapeutic ionizing radia-
tion exposure is a known risk factor,2 the cause of brain tu-
mors remains unknown for the majority of patients, and the 
driving force behind this variable global disease burden is 
poorly understood.1 Radon is a gaseous element produced 
by decay of uranium and other radioactive elements na-
tive to the Earth’s crust. After rising from the soil and rocks, 
radon gas can enter commercial and residential buildings.3,4 
Radon exposure is the predominant source of naturally 
occurring ionizing radiation worldwide and is implicated 
in the pathogenesis of extracranial malignancies including 
lung cancer.3,4 Concerningly, residential radon exposure 
may be increasing in North America.5 Thus, there is interest 
in determining whether radon is also responsible for the 
pathogenesis of benign and malignant intracranial tumors. 
However, studies addressing whether there is an associa-
tion between increased background radon levels and brain 
tumor incidence are conflicting, with some population-
based reports showing increased tumor incidence.6

Air particulate pollution contains numerous carcinogens 
produced by many modern technologies including com-
bustion engines and industrial activity.7 In recent decades, 
while particulate air pollution has somewhat improved in 
some regions including Europe and North America, it has 
greatly increased worldwide primarily due to worsening 
pollution in Asia.8 A correlation between increased air pol-
lution and incidence of brain tumors has been described7 
raising the possibility that the conflicting data regarding 
the relationship between radon exposure and brain tumor 
incidence may result from unaccounted radon activation 
effects by particulate pollution. One potential mechanism 

for such an effect is that disruption of the blood–brain bar-
rier (BBB) by high particulate pollution may be required for 
radon to access the cranium and express oncogenic poten-
tial.7 Chronic exposure to air pollution has been linked to 
increased neuroinflammation, oxidative stress, microglial 
activation, dysregulation of protein metabolism, alteration 
of the BBB, and cell death resulting in neurotoxicity and 
CNS dysfunction.9,10 The interaction between radon levels, 
particulate pollution, and brain tumor incidence has not 
been previously analyzed. We hypothesized that regions 
in the United States (US) with elevated background levels 
of radon and high particulate pollution would demonstrate 
an increased incidence of non-malignant and malignant 
brain tumors.

Methods

Study Design

The study was deemed exempt by the appropriate 
Institutional Review Board. County-level, annual air quality 
index (AQI) values (the percentage of unhealthy or worse 
days per year) were obtained from the Environmental 
Protection Agency (EPA), averaged from 2000 to 2010, and 
divided into tertiles (low, normal, and high) (Supplementary 
Figure 1). Tertiles were used so that counties could be di-
vided into low and high exposures with removal of coun-
ties with median values. EPA data from 2000 to 2010 was 
used due to assumed latency between exposure and devel-
opment of brain tumors. While data quantifying the latency 
period between exposure to radon and/or air pollution and 
brain tumor development is limited, the literature suggests 
that iatrogenic radiation-induced secondary brain tumors 

Importance of the Study

Global incidence for brain tumors varies substantially 
without explanation. Studies correlating radon expo-
sure and incidence are inconclusive, but particulate 
pollution has been linked to increased tumor incidence. 
Particulates may disrupt the blood-brain barrier al-
lowing intracranial exposure to oncogenic radon. We 
investigated the relationship between exposure to res-
idential radon, particulate pollution, and brain tumor in-
cidence in the United States (US). In an epidemiologic 
study covering 83% of the US population, areas with 
high radon and high air pollution were significantly 

associated with an increased age-adjusted incidence 
of all non-malignant (up to 26% higher), including most 
meningiomas, with respect to regions with low pollution 
and/or radon exposures (all P < .001). Differences per-
sisted even after accounting for key demographic/so-
cioeconomic characteristics. This analysis represents 
the first report suggesting increased brain tumor inci-
dence in regions with high particulate and high radon 
exposure. These findings may provide insight into unex-
plained variation in tumor incidence.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac163#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac163#supplementary-data
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tend to develop as early as within 2.5 years after exposure 
and well within the first decade.11 Values were averaged to 
try to capture long term exposures. Annual average values, 
rather than cumulative values over the entire examined 
decade, were used to categorize counties by air pollution 
for consistency with annualized age-adjusted outcome 
measures.

Per the EPA, the AQI was derived by first identifying 
the highest concentration of ozone, particulate matter, 
carbon monoxide, sulfur dioxide, and/or nitrogen di-
oxide captured by any monitor within a single county 
over a 1-to-24-h period, depending on the pollutant.12 The 
maximum measured value for each pollutant was then 
converted to an index value that corresponded to air of 
quality good, moderate, unhealthy for sensitive groups, 
unhealthy, very unhealthy, or hazardous. The county’s AQI 
was then defined to be the highest index for any given 
pollutant; for example, if the maximum measured ozone 
value corresponded to good air quality, but the maximum 
measured value of carbon monoxide was unhealthy, then 
the county was considered to have an unhealthy AQI for 
that measuring period. In summary, high levels of particu-
late pollution signified inferior air quality. This metric was 
used, rather than levels of a single pollutant, for greater in-
clusivity in the absence of strong data connecting any one 
pollutant to brain tumor incidence.

Summary county-level median radon testing results 
were obtained from AirChek and divided into tertiles (low, 
normal, and high) (Supplementary Figure 2). AirChek ag-
gregates all radon levels (including from both residential 
and commercial buildings) collected by their own agency, 
the EPA, and state and county health departments.13 
Counties without AQI or radon data were excluded. These 
data were superimposed to generate four groups of coun-
ties: those that were high particulate/high radon (high/
high), high particulate/low radon (high/low), low particu-
late/high radon (low/high), and low particulate/low radon 
(low/low) (Figure 1).

Statistical Analysis

Using incidence data from the Central Brain Tumor Registry 
of the United States (CBTRUS),14,15 which covers 100% of 
the US from 2006 to 2017, overall annual age-adjusted in-
cidence rates (AAAIR), by AQI/radon level, for malignant 
and non-malignant tumors of the central nervous system 
(CNS) were generated overall, as well as by behavior and 
histologies. CBTRUS data were provided by the Centers for 
Disease Control and Prevention (CDC)’s National Program 
of Cancer Registries and the National Cancer Institute 
(NCI)’s Surveillance, Epidemiology, and End Results 
Program (SEER). AAAIR and 95% confidence intervals 
(95% CI) were estimated per 100,000 population-based on 
5-year age groups and were standardized to the 2000 US 
standard population using SEER*Stat 8.3.9.16 Confidence 
intervals were calculated using the method described by 
Tiwari et al.17 Incidence rates, by AQI/radon level, for each 
histology included in the CBTRUS were also calculated. 
Tumors were classified using ICD-O-3 histology, behavior, 
and topography codes as per CBTRUS,14 and were con-
sidered to be malignant when they were assigned an ICD-
O-3 behavior code of/3, while non-malignant tumors were 
assigned a behavior code of/0 or/1. Thus, non-malignant tu-
mors were defined as those with a benign or uncertain ICD-
O-3 behavior code. Histologies were classified using the 
2007 World Health Organization Classification of Tumors of 
the Central Nervous System.

Incidence rates were also generated by age groups (0–14, 
15–39, and ≥ 40  years), sex, race and ethnicity (Hispanic, 
Black non-Hispanic, and White non-Hispanic), county 
population-density (metropolitan versus nonmetropolitan, 
as defined by the US Department of Agriculture Rural-
Urban Continuum Codes), and tumor location (parietal/oc-
cipital/cerebellar versus frontal/temporal/brainstem versus 
spinal). Event numbers for other races were too low to 
be analyzable (less than 16 cases within a given county). 
Incidence rate ratios (IRR) were used to compare event 

  

Analysis categories

AQI:HIGH/RAD:HIGH

AQI:HIGH/RAD:LOW

AQI:LOW/RAD:HIGH

AQI:LOW/RAD:LOW

Fig. 1 Categorization of counties by level of pollution and radon exposure. AQI, air quality index; rad, radon exposure.
  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac163#supplementary-data
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rates by AQI/radon level, using the formulas described by 
Fay et al.18 to calculate P-values with statistical significance 
evaluated at the α = .05 significance level.

Poisson regression in R 4.1.319 was used to identify sig-
nificant associations with county-level incidence rates 
and AQI/radon level, after adjustment for urban/rural con-
tinuum, estimated county socioeconomic status (SES), 
and proportion of county that is white non-Hispanic as per 
prior published analyses.20 Counties with < 10 cases were 
excluded.

Results

Overall, 3,015 and 1,292 counties had available radon 
level and AQI data, respectively, of which 1,264 coun-
ties had both available and were included in analyses 
(Supplementary Table 1). Missing radon and/or AQI data 
was likely related to low population-density in affected 
counties, as the analyzable counties with complete in-
formation cover over 83% of the total US population. 
Radon levels in counties included in the low tertile 
ranged from 0.0 to 2.3 pCi/L, while levels ranged from 
4.4 to 111 pCi/L in counties in the high radon tertile. Per 
the EPA, while there is no safe level of radon exposure, 
homes should be fixed if the radio level reaches 4 pCi/L21 
confirming that exposures in the high tertile were unac-
ceptably elevated. The percentage of days with unhealthy 
air quality in the counties included in the low AQI tertile 
was 0% (acceptable level), while the range was 1–23% for 
counties in the high AQI group which exceeded accept-
able levels. As expected, the highest rates of brain tumor 

incidence were noted in the population over the age of 
40  years, and non-malignant brain tumors were more 
prevalent than malignant tumors. Detailed information 
by histology is listed in Supplemental Table 2.

The AAAIRs for all malignant tumors overall were 7.72 
(95% confidence interval [CI] 7.62–7.81), 7.04 (95% CI 6.98–
7.09), 6.99 (95% CI 6.82–7.16), and 7.36 (95% CI 7.23–7.49) per 
100,000 population for high/high, high/low, low/high, and 
low/low counties, respectively (Figure 2A). These rates cor-
responded to a significantly increased incidence of all ma-
lignant tumors in high/high counties with respect to high/
low, low/high, and low/low counties (all P of IRRs < 0.001, 
Table 1). This difference translated to an incidence in high/
high counties as much as 10% higher than in regions with 
inferior air quality or elevated radon levels. There was no 
significant difference in IRR between high/low, low/high, 
and low/low regions. The AAAIRs for glioblastoma (GBM), 
a highly aggressive malignant brain tumor, were 3.45 
(95% CI 3.40–3.51), 3.16 (95% CI 3.12–3.19), 3.10 (95% CI 
2.99–3.22), and 3.23 (95% CI 3.14–3.31) per 100,000 popu-
lation for high/high, high/low, low/high, and low/low coun-
ties, respectively (Figure 3A). These rates corresponded to 
a significantly increased incidence of GBMs in high/high 
counties with respect to high/low, low/high, and low/low 
counties (all P of IRRs < 0.001, Table 1).

The pattern of increased malignant tumor incidence in 
high/high areas tended to persist even after stratifying 
urban versus rural residence, age, or sex (Supplemental 
Tables 3, 4 and 5). However, when stratifying by race, dif-
ferences in incidence between high/high and other regions 
largely lost their significance (Supplementary Table 6). The 
White Non-Hispanic population had the highest overall 
AAAIRs. On Poisson regression accounting for these 

  

9

A B

***

AQI:HIGH
RAD:HIGH

AQI:HIGH
RAD:LOW

Air pollution/radon group

AQI:LOW
RAD:HIGH

AQI:LOW
RAD:LOW

AQI:HIGH
RAD:HIGH

AQI:HIGH
RAD:LOW

Air pollution/radon group

AQI:LOW
RAD:HIGH

AQI:LOW
RAD:LOW

*** *** *** *** ***

6

A
A

A
IR

 (
20

06
–2

01
7)

Maligant CNS tumors Non–maligant CNS tumors

3

0

20

10

15

A
A

A
IR

 (
20

06
–2

01
7)

5

0

Fig. 2 Relationship between air pollution, radon exposure, and tumor incidence. Malignant (A) and non-malignant (B) tumors. ***Denotes a sig-
nificant difference with respect to the high/high group with a P < .001. Data provided by Centers for Disease Control’s National Program of Cancer 
Registries and National Cancer Institute’s Surveillance, Epidemiology and End Results Program, November 2019 submissions. AAAIR, average 
annual age-adjusted incidence rate per 100,000 population with 95% confidence interval, AQI, air quality index; CNS, central nervous system; rad, 
radon.
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variables, the differences in GBM and all malignant tumor 
incidence in areas with high radon and high air pollution 
were eliminated (Table 2).

The AAAIRs for all non-malignant tumors were 17.22 
(95% CI 17.09–17.36), 16.29 (95% CI 16.20–16.37), 13.63 
(95% CI 13.39–13.88), and 16.54 (95% CI 16.35–16.74) per 
100,000 population for high/high, high/low, low/high, and 
low/low counties, respectively (Figure 2B). These rates 
corresponded to a significantly increased incidence of 
all non-malignant tumors in high/high counties with re-
spect to high/low, low/high, and low/low counties (all P 
of IRRs < 0.001, Table 1). This difference translated to an 
IRR as much as 26% higher for non-malignant tumors in 
regions with inferior air quality or elevated radon levels. 
While there was no significant difference in IRR between 
high/low and low/low regions, there was a significantly 
lower IRR in low/high regions with respect to high/low and 
low/low areas. Generally, the pattern of increased non-
malignant tumor incidence in high/high areas persisted 
even after stratifying by race, sex, age, or urban versus 
rural residence (Supplemental Tables 3–6). On Poisson re-
gression accounting for these variables, the differences in 
non-malignant tumor incidence in areas with high radon 
and air pollution largely persisted (Table 2).

Additionally, the AAAIRs for meningiomas, which are 
typically non-malignant, were 9.27 (95% CI 9.17–9.37), 
8.68 (95% CI 8.62–8.74), 7.23 (95% CI 7.06–7.41), and 8.49 
(95% CI 8.36–8.63) per 100,000 population for high/high, 
high/low, low/high, and low/low counties, respectively 
(Figure 3B). These rates corresponded to a significantly in-
creased incidence of meningiomas in high/high counties 
with respect to high/low, low/high, and low/low counties 

(all P of IRRs < 0.001, Table 1). Differences persisted be-
tween groups irrespective of stratification by demo-
graphic/socioeconomic characteristics (Figure 4 and Table 
2). A similar increase in AAAIR in high/high regions with 
respect to other areas were observed for nerve sheath 
tumors (P < .001, Figure 3C), which are predominately non-
malignant. For pituitary tumors, which are predominately 
non-malignant, there was a significant increase in AAAIR in 
high/high counties relative to low/high counties (P < .001) 
and a trend towards significantly increased AAAIR in high/
high counties versus high/low (P = .0727) and low/low re-
gions (P = .0692) (Figure 3D).

For many histologies, the relationship between elevated 
AAAIR and high/high exposure was somewhat stronger for 
frontal/temporal/brainstem tumors than for tumors of the 
parietal/occipital/cerebellar lobes (Supplementary Table 
7). However, for GBM, the relationship between elevated 
AQI and radon exposure was strong irrespective of tumor 
location.

Discussion

Prior therapeutic ionizing radiation exposure is a known 
risk factor for brain tumors,2 but in the majority of pa-
tients, risk factors have not been identified, and widely var-
iable worldwide incidence rates remain unexplained.1 This 
analysis represents the first report associating increased 
non-malignant brain tumor incidence with the combined 
effects of elevations in county-level air particulate pollu-
tion and radon exposure after prior works assessing these 

  
Table 1. Incidence rates by behavior, histology, air pollution, and radon level

Histology Air pollution/radong
roup 

Number AAAIR (95%CI) IRR (95% CI) P value 

All malignant tumors AQI:HIGH/RAD:HIGH 28061 7.72 (7.62–7.81) 1.00 –

AQI:HIGH/RAD:LOW 66409 7.04 (6.98–7.09) 0.91 (0.90–0.92) <.001

AQI:LOW/RAD:HIGH 6568 6.99 (6.82–7.16) 0.91 (0.88–0.93) <.001

AQI:LOW/RAD:LOW 12564 7.36 (7.23–7.49) 0.95 (0.93–0.97) <.001

All non-malignant  
tumors

AQI:HIGH/RAD:HIGH 63165 17.22 (17.09–17.36) 1.00 –

AQI:HIGH/RAD:LOW 153856 16.29 (16.20–16.37) 0.95 (0.94–0.95) <.001

AQI:LOW/RAD:HIGH 12724 13.63 (13.39–13.88) 0.79 (0.78–0.81) <.001

AQI:LOW/RAD:LOW 28277 16.54 (16.35–16.74) 0.96 (0.95–0.97) <.001

Glioblastoma AQI:HIGH/RAD:HIGH 13313 3.45 (3.40–3.51) 1.00 –

AQI:HIGH/RAD:LOW 30592 3.16 (3.12–3.19) 0.91 (0.90–0.93) <.001

AQI:LOW/RAD:HIGH 3104 3.10 (2.99–3.22) 0.90 (0.86–0.94) <.001

AQI:LOW/RAD:LOW 5989 3.23 (3.14–3.31) 0.93 (0.91–0.96) <.001

All meningioma AQI:HIGH/RAD:HIGH 34969 9.27 (9.17–9.37) 1.00 –

AQI:HIGH/RAD:LOW 82390 8.68 (8.62–8.74) 0.94 (0.92–0.95) <.001

AQI:LOW/RAD:HIGH 6972 7.23 (7.06–7.41) 0.78 (0.76–0.80) <.001

AQI:LOW/RAD:LOW 15214 8.49 (8.36–8.63) 0.92 (0.90–0.93) <.001

Data provided by Centers for Disease Control’s National Program of Cancer Registries and National Cancer Institute’s Surveillance, Epidemiology and 
End Results Program, November 2019 submissions.
AAAIR, average annual age-adjusted incidence rates; AQI, air quality index; CI, confidence interval; IRR, incidence rate ratios; rad, radon.
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variables in isolation produced conflicting conclusions. 
The IRRs for non-malignant CNS tumors in high/high areas 
were as much as 26% higher than in lower exposure areas, 
respectively. As of the 2010 US Census, regions identified 
as high/high have a population of 26 million Americans. 
Treatment and/or disease progression of non-malignant 
tumors can still be associated with substantial morbidity. 
Thus, if verified in another population, these results would 
be highly concerning. Although for malignant tumors, dif-
ferences in incidence between regions with varying levels 
of radon and air pollution exposure disappeared when ac-
counting for demographic variables, increased incidence 
of non-malignant tumors with high/high exposure largely 
persisted irrespective of sex, race and ethnicity, and other 
examined factors.

The leading source of naturally occurring ionizing radia-
tion worldwide, exposure to radon gas has been linked to 
an 8–21% excess relative risk of developing lung cancer 
and 15% increase in lung cancer specific mortality per 100 
Bq/m2 of radon in Europe and North America.3,22–25 These 

findings have prompted interest in evaluating the relation-
ship between increased background radon levels and brain 
tumor incidence. However, prior works were inconclusive.6 
Several European reports have proposed an association 
between residential radon exposure and increased inci-
dence of brain tumors,26,27 and a US-based study found that 
increasing radon concentration in the water supply correl-
ated with increased incidence of central nervous system 
(CNS) tumors.28 However, larger population-based studies 
from the US found no significant relationship between 
radon exposure and increased brain tumor incidence.4,29 
Studies evaluating the risk of occupational radon exposure 
in miners were mixed6; two French studies found a positive 
association between radon exposure and CNS tumors30,31 
while other European and American studies did not.32–37 
Clarifying the poorly understood mechanisms behind brain 
tumorigenesis is a priority because of the high burden of 
morbidity and mortality associated with brain tumors.1

Some of the highest observed incidence rates of brain 
tumors are seen in industrialized countries in Australia, 
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Control’s National Program of Cancer Registries and National Cancer Institute’s Surveillance, Epidemiology and End Results Program, November 
2019 submissions. AAAIR, average annual age-adjusted incidence rate per 100,000 population with 95% CI; AQI, air quality index; rad, radon.
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Europe, and North America.1 Air pollution is a known risk 
factor for lung cancer7; an 8–14% increase in lung cancer 
incidence per 10  µg/m3 of fine particulate air pollution 
has been noted.38,39 20–45% increases in lung cancer inci-
dence with high nitrogen oxide exposure have also been 
reported.40,41 These findings may have informed efforts 
to evaluate whether there was a relationship between in-
creased air pollution and incidence of other tumors in-
cluding brain tumors. A Danish cohort study found an IRR 
of 2.28 per 100 µg/m3 of residential nitrogen oxides from 
traffic-related air pollution.7 Thus, one possibility is that 
conflicting data regarding the association between radon 
exposure and brain tumor incidence may result from an 
unaccounted effect of particulate air pollution. While inha-
lation of radon or air particulate is sufficient for lung cancer 
tumorigenesis, disruption of the blood–brain barrier, par-
ticularly the cribriform plate, by high particulate pollution 
may be required for oncogenic radon to penetrate the brain 
parenchyma7 and create the 4–26% increase in AAAIR of 
non-malignant tumors in high/high regions versus regions 
with lower exposures in our study. Our analysis of AAAIR 
by tumor location may be consistent with this hypothesis, 
as for many examined histologies, the relationship be-
tween elevated AAAIR and high/high exposure was mod-
erately stronger for frontal/temporal/brainstem tumors 
than for tumors of the parietal/occipital/cerebellar lobes. 
Observed inconsistencies in this relationship may stem 
from challenges associated with registry coding of subsite 
information such as classification of tumors of overlapping 
regions.

Unlike our analysis, a Danish study found an adjusted 
IRR for brain tumor formation of 1.96 with each 100 Bq/
m2 of radon but concluded that traffic-related air pollution 

levels did not modify this effect.27 However, the smaller 
size of that study may have obscured the interactive effects 
of radon and particulate pollution observed in our much 
larger population. One strength of our methodology is that 
areas of high radon and high pollution exposure do not 
perfectly overlap (Supplementary Figures 1 and 2), which 
allowed comparisons between regions that were high in 
both exposures and regions that were low with respect to 
one examined variable. Across all non-malignant brain tu-
mors, we found a significantly increased AAAIR in coun-
ties of high air pollution and radon exposure with respect 
to counties that had a low levels of one or both factors. 
Interestingly, in our analysis, while a BBB opening mech-
anism is consistent with the decreased incidence of tumors 
with low particulate/high radon exposure with respect to 
high/high exposure areas, for unclear reasons, these coun-
ties had substantially lower incidence rates than low/low 
regions. The mechanism behind this finding is unclear and 
warrants further investigation.

After adjusting for confounders, the explanation for a 
significant relationship between radon, air pollution, and 
non-malignant (but not malignant) tumors is unclear. 
Perhaps, after excluding counties in the middle tertiles for 
radon level and AQI, the sample size for malignant tumors, 
which have a much lower prevalence than non-malignant 
tumors, was insufficient to detect a statistically significant 
difference in AAAIR between counties of varying expo-
sure level. Alternatively, meningiomas comprise the bulk 
of non-malignant tumors. Some clinical or histopatholog-
ical feature may render these tumors more likely to form 
after radon and pollution exposure. An unidentified con-
founding variable could drive the observed increased inci-
dence in non-malignant tumors with increased exposures. 

  
Table 2. Results from Poisson regression

Histology Air pollution/radon group Unadjusted Adjusteda

Effect estimate (SE) P-value Effect estimate (SE) P-value 

All malignant tumors AQI:HIGH/RAD:HIGH 1 Ref 1 Ref

AQI:HIGH/RAD:LOW -0.06 (0.05) .1986 0.03 (0.06) .5857

AQI:LOW/RAD:HIGH -0.02 (0.05) .7507 -0.00 (0.05) .9371

AQI:LOW/RAD:LOW -0.06 (0.05) .2280 0.02 (0.06) .7751

All-non malignant tumors AQI:HIGH/RAD:HIGH 1 Ref 1 Ref

AQI:HIGH/RAD:LOW -0.04 (0.03) .1951 -0.08 (0.04) .0429

AQI:LOW/RAD:HIGH -0.09 (0.03) .0083 -0.06 (0.04) .1137

AQI:LOW/RAD:LOW -0.14 (0.04) <.0001 -0.12 (0.04) .0039

Glioblastoma AQI:HIGH/RAD:HIGH 1 Ref 1 Ref

AQI:HIGH/RAD:LOW -0.07 (0.08) .3568 0.06 (0.09) .4735

AQI:LOW/RAD:HIGH -0.01 (0.08) .9395 0.01 (0.08) .9410

AQI:LOW/RAD:LOW -0.06 (0.08) .4670 0.06 (0.09) .5263

All meningioma AQI:HIGH/RAD:HIGH 1 Ref 1 Ref

AQI:HIGH/RAD:LOW -0.07 (0.05) .1130 -0.10 (0.05) .0618

AQI:LOW/RAD:HIGH -0.08 (0.05) .1135 -0.05 (0.05) .3206

AQI:LOW/RAD:LOW -0.19 (0.05) .0001 -0.17 (0.06) .0033

aAdjusted for county SES, whether county is urban or rural, and proportion of county population that is Non-Hispanic White.

  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac163#supplementary-data


 414 Palmer et al. Radon, pollution, and brain tumors

Thus, although we controlled for key demographic vari-
ables, this analysis should be considered a hypothesis 
generating study.

Epidemiologic studies have certain limitations. AQI and 
radon data was not available for regions smaller than coun-
ties in either geography or population, and some counties 
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Figure 4. Pollution, radon exposure, and meningioma incidence, stratified by demographic features. *Denotes a significant difference with 
respect to the high/high group with 0.001 < P < .05. ***Denotes a significant difference with respect to the high/high group with a P < .001. Data 
provided by Centers for Disease Control’s National Program of Cancer Registries and National Cancer Institute’s Surveillance, Epidemiology and 
End Results Program, November 2019 submissions. AAAIR, average annual age-adjusted incidence rate per 100,000 population with 95% CI; AQI, 
air quality index; NH, non-Hispanic; rad, radon.
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may contain a mix of urban, suburban, and/or rural areas 
with variable rates of air pollution and radon exposure at 
a more individual or neighborhood level. Variables that 
are difficult to assess with this methodology, such as ge-
ographic disparities in access to health care resources or 
levels of pesticide/chemical exposures, are potential un-
accounted for confounders. Histology is determined from 
patient records based on the prevailing WHO criteria at the 
time of diagnosis and without central pathology review. 
Because the CBTRUS does not include survival outcomes, 
the prognostic implications of living in a high exposure 
area are not evaluable. Additionally, AQI and/or radon data 
was not available for every county resulting in omission 
of 17% of the US population from this analysis. Detailed 
information about these counties was not available. 
However, the omitted counties were likely lower popula-
tion areas with lower levels of population-density related 
particulate pollution, although it is possible that non-traffic 
sources of pollution such as industrial exposures may have 
been present. Furthermore, the latency period between 
exposures and brain tumor development is not well es-
tablished and could be longer than anticipated. However, 
the number of counties for which particulate air pollution 
may be radically different in 2000 versus 1990 is likely neg-
ligible; legislation responsible for improvements in air 
quality in the US (such as the Clean Air Act of 1963) were 
passed and had their primary effect many decades prior 
to 2000.8 Thus, this potential source of inaccuracy is likely 
outweighed by the improved quality of modern quantifica-
tion of exposure levels. Lastly, at this time, it is unknown 
whether observed relationships can be extrapolated to 
metropolitan areas abroad with much higher levels of air 
pollution than the US.

In conclusion, we present the first report associating in-
creased non-malignant brain tumor incidence (up to 26% 
higher) with the combined effects of elevated air partic-
ulate pollution and radon exposure after prior efforts to 
evaluate these factors in isolation were inconclusive. While 
differences in incidence of malignant brain tumors be-
tween regions with high/high and other exposure levels 
were negated after controlling for demographic variables, 
increased incidence of non-malignant tumors persisted. 
Thus, this analysis represents perhaps the largest study 
seeking to explain the substantial but poorly understood 
variation in geographic incidence rates for non-malignant 
brain tumors. Future studies in other populations are 
needed to validate these findings.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
online.
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