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POSSIBLE LINKS OF WILDFIRES WITH ONCOLOGICAL DISEASES OF CHILDREN
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Russian Federal Far East District is a continental scale area where wildfires are frequent. We aimed to a) determine whether wildfires are related statistically to cancer for
children and adults in the Russian Federal Far East District (FFED); b) to estimate time lags of such relationships and c) to find out which age groups are most vulnerable
for wildfires. Annual number of fires (NF) in administrative units (AUs), normalized to the maximum value for all AUs in observation period 1992-2019, was taken as a
characteristic of wildfires in our analysis. Annual cancer incidence (Cl) for five cancer types for children up to 14 years and the entire population, normalized similarly to
NF, was compared to normalized NF. ARIMA models were used for time series analysis for the period 1992-2019. Linear statistical analysis was done for NF and Cl for
short time series (10-12 years) for the central AU of FFED for “children up to 4 years”; Three additional embryonal types of cancer and five benign types of tumors were
also focused in linear statistical analysis. ARIMA analysis revealed 27 associations between NF and Cl with a lag from O to 3 years for two age groups, and five cancer
types (p-values between 0.002 and 0.1). Linear statistical analysis for “children up to 4 years” revealed correlations for two from three embryonal types of cancer and three
from five benign tumors (0.002 < p < 0.046). Incidences of hematopoietic, lymphoid, vascular, and soft tissue neoplasms, as well as CNS tumors had associations with
wildfires for “children up to 4 years”, for “children up to 14 years” and “the entire population” age groups in many cases. Entire population and children up to 4 years in
the central AU of FFED are most sensitive to wildfire — cancer interactions. Associations “number of fires — cancer incidence” as a rule have time lags from O to 3 years.
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BITUAHUE JNNIECHBIX MO>XAPOB HA OHKOJTOTMYECKUE 3AB0JIEBAHUA Y HACEJIEHUA OAJIbHETO BOCTOKA
C. K. Muraes'* ™, C. Berescknin®®, B. B. Yakos', J1. Taxb?, M. Tonr*, A. [. Kanpur®, B. B. CtapuHckuia®, A. 9. Ykos®”, O. I MNMuHaesa®

' Xabaposckuin GefiepanbHblii cCnenoBaTenbCkuii LIeHTp JansHeBOCTOMHOIO oTaeneHns Poccuiickoin akaaemmnn Hayk, Xabaposck, Poccus

2 YHuBepeuTteT LinHxya, MekuH, Kutai

3 HOXKHbI Hay4HbIN LIeHTP Poccuiickoi akagemin Hayk, PocTtoB-Ha-[loHy, Poccust

4 TOHKOHICKMIA YHUBEPCUTET, TOHKOHI

5 HawwoHanbHbIN MeAUUVHCKIMIA ccnefoBaTenbCKuiA LIeHTp pagvonoru MuHaapasa Poccun, Mocksa, Poccus

5 Poccuiickuin yHuBepenTeT Apyx6bl Hapopos, Mocksa, Poccuis

" ®epepanbHbI MEQULIMHCKMIA Brodrandeckuin LeHTp uMenmn A. V1. BypHassHa ®PefepanbHoro Meauko-bronorndeckoro areHtcTsa, Mocksa, Poccus

8 [lanbHEeBOCTOUHbI FOCYAAPCTBEHHBIN MEAVLIMHCKMIA YHBEPCUTET, Xabaposck, Poccust

LanbHeBocTo4HbIN heaepanbHblin okpyr (APO) Poccumn nogBep»KeH HacTbiM NecHbIM noxxapam. Liensbio paboTbl ObI10 BbIBUTL CBA3b MEXY OHKOMOrMYECKMMN
3ab0neBaHVIMIN 1 NECHBIMY NoxXapamn Ha Tepputopu JPO; OLeHUTb BpeMeHHbIE Naryt yKasaHHbIX CBA3EN; BbISIBUATb BO3PACTHbIE MPYMMbl, CTATUCTUYECKN Havibonee
YyBCTBUTESBHbIE K BO3AECTBIIIO NOXAPOB. H1cno noxkapos (HIM) 3a rog Ha TeppUtopuiv agMUHUCTRATVIBHBIX EAVHILL (AE), MPUBEAEHHOE K MAKCUMAaITBHOMY SHAYEHMIIO A1
Bcex AE 3a nepuopg, HabntoaeHns 1992—-2019 rr., ncronb30Basiv B Ka4eCTBe MokasaTtesisi IeCHbIX NMoxkapoB. [NokasaTenu 3abonesaemocTu NaTbio Budammn paka (3P) 3a
rof cpenu fete B Bo3pacTte A0 14 neT 1 HaceneHns B LIeNoM HOPMUPOBaUM aHanorn4Ho Yl 1 conocTtasnsm ¢ HOpPMUMPOBaHHBIMM MokazaTensmn Y. Bce kombuHawwmm
13 cemn AE PO mnccnenoBanm Ha Ham4mne CTaTUcTUHECKIX CBSA3E MeXXay HopMUpoBaHHbIMK nokasatensammn Yl n 3P, Mogenn ARIMA 1crnonb3oBanm Ans aHanmsa
BpemeHHbIX psaoB Y n 3P 3a neprog, 1992-2019 T JIHEAHbI CTATUCTUHECKUIA aHaNM3 MPUMEHS ANs 6oree KOPOTKMUX BpemMeHHbIX psigo Yl n 3P (1012 ner)
Ha TeppuTopn UeHTpanbHon AE PO ansa netelt B Bo3pacTe A0 4 neT. Mpn 3TOM KpoMe NEPEHCEHHbIX MATY BOOB AETCKOIO paka [Ans Kareropum «4eT MiaaLero
BospacTa (0—4 NneT)» Bbl PacCMOTPEHb! TPV AOMONHATENBHBIX BUA PaKa, a TakKe NaTb A06poKa4eCcTBEHHbLIX HOBOOOPAa3oBaHMii. AHanma ¢ nprMeHeHem mogen ARIMA
Mo3BOAMA BbISBUTE 27 cBs3ei Mexxay Yl v 3P ¢ narom ot 0 Ao 3 feT B ABYX BO3PaCTHbIX rpymnax Ans nsatv Biuaos paxa (0,002 < p < 0,1). JIHelHbI cTatncTnHeckmin
aHanma B rpynne «Aetv mnagero Bodpacta (0-4 rofa)» nokasdan Koppensumm ons Tpex U3 natv BUOOB paka, 4na ABYX M3 Tpex BUAOB SMOPUOHAIBHOMO paka v
TPex 13 NATV BUOOB AobpokadecTBeHHbIx onyxonel (0,002 < p < 0,046). BbiBoapl: konebaHuist 3a601eBaeMOCTV OMNyXOmsMM FeMOMOSTUHECKUX, NIMMAONAHbLIX TKaHEN,
COCYOMCTbIMI OMyXONsSMM, OMyXonsiMin Msrkix TkaHei 1 LIHC cpenn fetein mnaauero Bogpacta (0-4 roga), Aetei/nogpocTkos B BogpacTte 0—14 net 1 Hacenenvst PO B
LIeNIOM OTHaCTV CBA3aHbI C IECHbIMK Noxxapamn. Hacenenne PO B LienoM 1 Aetv B BO3pacTe A0 4 NeT Ha Tepputopun LigHTparsHon AE IPO Hanbonee HyBCTBUTENbHDI
K BO3ENCTBUIO NECHbIX NOXKapoB. CBA3b «HMCO MoXXapoB — 3ab60NeBaeMOCTb PakOM», Kak Mpasumno, UMeeT BpeMeHHol nar ot 0 o 3 net.

Knio4yeBble cnioBa: necHble noxapbl, 3a6onesaemocTb pakom, Mogenb ARIMA, [JansHeBoCTouHbIN heaepanbHbili okpyr Poccuiickoin ®epfepaummn
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Growth of cancer incidence (Cl) worldwide is related not only
to the growth and aging of the population [1], but as well to
the growth of some environmental risks associated with
socioeconomic development and climate change. Studies at
large spatial scales — the global, national, and regional levels —
are necessary to understand the relationship between Cl and
environmental conditions. Such studies are conducted [2], but
their number is still not sufficient.

Russia had a slightly smaller increase in age-standardized
Cl rates in both sexes for all cancers in 195 countries or
territories from 2005 to 2015 (0% to 10%) in comparison with
other countries with high Human Development Index (HDI)
(10% to 20%) [3]. Inter-regional comparison of Cl rates in
Russia demonstrates, however, that not only is the aging of
the population in Russia is responsible for cancers, but also
other factors which likely include environmental air pollution.
Indeed, a comparison of all cancers age-standardized ClI in
the Russian Federation in total with the one in the Far East
Federal District (FEFD) in 2019 revealed that level of all cancer
incidences in FEFD is more than in Russia (269.15 against
249.54 per 100,000) [4]. Meanwhile, average age of population
is lowest in FEFD in relation to the other federal districts (and
2 years lower than for the entire Russia [5]). Wildfires could be
one of the factors promoting cancers in FEFD. Indeed, remote
sensing analysis confirms that areas burnt in forested areas in
Russia had a significant increasing trend from 2000 to 2016 [5]
which continues until now, presumably due to ongoing climate
change. The major input to the burned areas comes from the
Far East and East Siberian Federal Districts; major ignitions
occur near large cities in these districts, especially near the
southern border of the Asian part of the Russian Federation [6].
Wildfire smoke contains particulate matter PM2.5/ PM4 and
carcinogens, such as benzene and formaldehyde, which have
been shown to increase cancer risk in American firefighters [7].
Air pollution in FEFD [8] and tobacco consumption are close an
average for Russia here [9]. Thus, exposure to wildfires smoke
of population in southern settlements of FEFD may explain
excess of Cl in the district.

Smoke from wildfires was found to have variety of negative
effects to human health [7], increasing both mortality and
morbidity to cardiovascular, respiratory and other diseases.
Particulate matter in smoke were found to be most important
stressors, affecting human health through pulmonary oxidative
stress, which can cause cell death or DNA damage, and
inflammation [10]. Both oxidative stress and inflammation are
major modulators of cancers, thus, airborne particulate matter
was classified by the International Agency for Research on
Cancer as carcinogen of Group | for lung cancer and potentially
to other cancers [11]. Thus, long term exposure of humans to
PM and other carcinogens in wildfire smoke may affect cancer
mortality and/or cancer incidence.

For the first time V.A. Dobrykh and T.A. Zakharycheva
pointed out the connection between forest fires and malignant
neoplasms of the respiratory organs [12]. Subsequently, this was
confirmed by researchers from Canada, who also established
the effect of natural fire smoke on the incidence of brain tumors
[13]. We have previously reported on the relationship between
forest fires and the frequency of various neoplasms in children
and adults [14, 15].

Cancer is a complex phenomenon. It represents a class of
diseases that manifests in different forms and presentations.
Cancer destroys different target tissues and has a wide variety
of etiologies. In addition, age-specific global contributions of
cancer types to the total Cl are quite different for young children
up to 4 years, children/teenagers up to 14 years and the entire

population [3]. Thus, analysis of at least two age population
groups (children/teens up to 14 years and the entire population)
for Cl in conditions of airborne pollution can provide a full
picture of relationships between different cancer types and
wildfires. Here, we studied spatial and temporal associations of
wildfires with cancer incidence for the period 1992-2019 years
in two age population groups (children/teenagers up to 14
years and the entire population) for the Far East Federal district
in Russia prone to wildfires using an annual total number of
fires as a proxy for long term exposure of humans to smoke.
We also analyzed the relationship between the number of fires
(NF) and Cl in one age cohort of young children (0-4 years) for
the period 1972-1986 in Khabarovskij Kraj (central AU of the
FFED until 2018). This study has an objective a) to investigate
if statistically significant temporal associations exist between
the incidence of different types of cancer and NF in the Far
East Federal district in one age cohort (young children) and in
two population groups (children/teens 0-14 year and the entire
population) for NF and Cl and b) to estimate what are time
lags in these associations and c) to find out what age group
is most vulnerable to impact of wildfires. Existence of large
geographical regions, for which statistical relations between
wildfires and oncological diseases can be found, was a major
hypothesis of this study.

METHODS
Study area

The Far Eastern Federal District (FEFD) is sparsely populated
district (area 6.9 million km?) with a variety of climatic,
vegetation, and topographic features. The majority of the FEFD
population lives in large cities in the south of the district. Seven
administrative units (AUs) of the FFED with developed medical
registration system were taken for this study (Fig. 1).

Definition of spatial regions of analysis and cancer
classification used in this study

Spatial regions of analysis, where possibility of statistical
relationship between wildfires and oncological diseases was
investigated, were designed based on the set of seven AUs of
the FFED. Each spatial region of analysis was a combination
from one, two, etc., up to the seven AUs. Existence of statistical
relationship “wildfires/oncological diseases” was checked for
the all 127 spatial regions (C' + C2, + C°, + C*, + C°, + C° +
C’, =127), where C™, is a number of possible combinations of
m from the seven AUs) for two age groups “children/teenagers
up to 14 years” and “the entire population”. Difference in
etiology of cancers was not considered for comparison of
the two age groups. Analysis of all cancer incidences in this
study for young children up to 4 years, children/teenagers up
to 14 years and the entire population is done for major cancer
types for children for the unity of approach The major cancer
types for children in this study mainly followed the international
classification of malignant tumors [16]. Five major malignant
tumor types (leukemia (LK), Hodgkin lymphomas (HL), non-
Hodgkin lymphomas (NHL), central nervous system tumors
(CNS), and soft tissue sarcomas (STS)), which constitute major
child cancer cases both in highly industrialized countries, like
Russia, and in the world (approximately 75%) [16].

Possibility of existence of statistical relationship “wildfires/
oncological diseases” was studied in more details for the
age cohort of young children (0-4 years) in Khabarovskij Kraj
(central AU of the FFED until 2018). The choice of age cohort
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Fig. 1. Far Eastern Federal District (FEFD) of Russian Federation in borders till the year 2018 (in yellow) and administrative units used in our study: 1 — Primorskij Kraj;
2 — Khabarovskij Kraj; 3 — Amurskaja Oblast; 4 — Kamchatskij Kraj; 5 — Magadan Oblast; 6 — Sakhalin Oblast. Khabarovsk is the largest city of FEFD (613 thousand

inhabitants) and capital of FEFD till the year 2018

of young children (0-4 years) for an additional analysis was
done because tumors of young children usually are started
to develop already in prenatal period [17], while impact of
carcinogens at the level of entire population may take several
years or even decades [18]. Three additional embryonal types
of cancer (retinoblastoma, neuroblastoma, nefroblastoma)
and five major benign tumors (BT) in young children, namely
hemangiomas, lymphangiomas, teratomas, soft tissue tumors,
and papillomas, were included additionally to the five common
cancer types for young children (0-4 years).

Number of fires as a proxy for human exposure to wildfire
smoke in FEFD

It was possible to use either annual burnt area in AUs data or
annual number of fires in AUs data, because the fine resolution
data on spatial and seasonal distribution of fire hotspots were
limited by the year 1996 [19] and spatial-temporal Cl data are
available only at annual time step. Canadian researchers [20]
suggested to use annual burnt areas at a distance 30-50 km
from settlements for an analysis of relationships “wildfires/
oncological diseases. However, it is not possible to use total
areas burnt in AU (as a proxy of population exposure to smoke
from wildfires in FEFD due to uneven location of settlements in
FEFD (all major settlements are situated here to the south of
55 NL). Oppositely, total number of fires in administrative unit
in FEFD is a good proxy for long term exposure to carcinogens
(mostly PM2.5). Indeed, they highly correlate with areas burnt
for five southern populated AUs of FEFD (see Supplementary
Analysis of number of total, human and lightning fires in
administrative units of Russian Far East against areas burnt
in 1990-2014) and number of human ignited fires (situated
almost exclusively near the cities) is almost equal to number
of total fires in these five AUs. Administrative units with large
remote areas (Republic Sakha and Magadan Oblast) have
total area burnt mainly correlated with number of lightning
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fires which are few, while number of human fires (located in
proximity of cities) is still correlated to total number of fires in
these two remaining AUs. The fires in southern populated areas
are mainly understory small fires (92% on average for entire
FFED, see Supplementary Analysis of number of total, human
and lightning fires in administrative units of Russian Far East
against areas burnt in 1990-2014), which are producing major
emissions (including particulate) reaching population, while
large and long wildfires are going mainly in hardly accessible
areas in the North. Thus, this study adopts total number of fires
in AUs as a proxy for population long-term exposure to wildfire
carcinogens emissions. Annual total number of fires were
normalized to an average value for the entire period 28-years
period in each of the seven AUs for inter-comparison and
weighted to the population numbers in AUs when administrative
units were combined together.

Data

Data on Cl (persons with cancer for 100 000 persons) for five
major cancer types in seven listed oblasts (or AUS) in two age
groups (children and teenagers 0-14 years and the entire
population) for the 28-year period (1992-2019) were used in
this study (see Table 1 in Supplementary Data)). Data consist
of the annual number of all cancer cases by type registered for
one of the population groups in an AU to hundred thousand
persons in this group (e.g., for age population group: children/
teens 0-14 year in the year 1992, this is a number of cancer
cases by a type for persons of the 1978-1992 birth years in
the AU divided by the total number of children/teen 0-14 years
old in the year 1992, expressed in 100 000 persons, in this
AU). The data were extracted from federal statistical data using
the Informational Analytical Data Base Management System
(Russian state software registration number 2011617155) in the
Russian Center for Information Technology and Epidemiology
Studies in Oncology named after Pierre Herzen (author Olga



OPUTMHAJIbHOE UCCJIEJOBAHNE | 30PABOOXPAHEHNE

AU to be
analyzed next

Analyzed set of AU

Spatial averaging of time series
with AU’s population weights
and without

| |

ARIMA based regression (if exists) between NFG/Lif)  CILKGLLH CINHLGLLY CIHLGL CISTSGb CICNS(j,1,i,t)
averaged number of fires in pooled together
AUs and Cl by type (a — regression coefficient, e LK NHL HL STS CNS
lag — time lag) a, p, lag a, p, lag a, p, lag a, p, lag a, p, lag

: ]

T v

S;Z:%TJ Two from Three from Four from Five from Six from Seven from
seven AU seven AU seven AU seven AU seven AU seven AU

permuitations = 7 permutations = 21 | permutations = 35

table for
LK

permutations = 35

permutations = 21 | permutations =7 | permutations = 1

List of all possible List of all possible List of all possible

AU(j) with regressions AU(j) with AU(lj,]) with
between NF regressions between | regressions between
and ClI NF and ClI NF and ClI

List of all possible
AU(lj,1,k) with
regressions
between NF and CI

List of all possible
AU(j,1,k,m) with
regressions between
NF and ClI

List of all possible
AU(l,jl,k,m,n) with
regressions between
NF and CI

List of all possible
AU(l,j,l,k,m,n,p) with
regressions between

NF and ClI

Fig. 2. Analysis diagram for time series analysis, where NFi (t) — 28 years time series for normalized total number of fires in i-th, CIILK(t) — 28 years time series for
normalized cancer incidence to leukemia in i-th AU (similar abbreviation for other four cancer types), NFjii (f) — 28 years time series for normalized total number of fires
inj-th AU, I-th AU and i-th AU pooled together, CliiLK (t) — 28 years time series for normalized cancer incidence to leukemia in j-th AU, /-th AU and i-th AU pooled
together by one from two pooling algorithms (similar abbreviation for other four cancer types).

P. Gretsova, 2020). Annual cancer incidence values were
normalized to a maximum value for the entire period 28-years
period for the seven AUs for each of the five cancer types for
inter-comparison purposes.

We also analyzed data on tumor incidence in young children
0-4 year. Our data were collected for the largest city of FEFD,
Khabarovsk (over 613 thousand inhabitants), the capital of
FEFD until 2018, with the most developed medical registration
system, and for Khabarovskij Kraj (central AU until 2018). The
data were presented for the total number of births for years
1976-1986 in Khabarovsk for benign tumors (see Table 2,
Supplementary Data) and for years 1972-1988 for Khabarovskij
Kraj for malignant tumors (see Table 3, Supplementary Data).

Number of fires by the seven AUs (Table 4, Supplementary
Data) was downloaded from the Russian Ministry of Forestry
dataset.

Statistical analysis

Annual values of Cl by the five cancer types and NF in the
AUs were normalized for their maximum values over the
28-year period for all of the seven AUs. Such a normalization
allows comparison of amplitudes, trends, number of cycles
and autoregressive features of time series. This approach does
not allow to estimate factor dependence of Cl by NF (this was
not our objective), but allows to minimize influence of different
regional co-factors of oncological diseases by statistical
analysis.

Firstly, we checked if statistically significant difference of
medians for normalized NF and CI by the five cancer types
within each of the two population age groups for the seven AUs
was observed. This was done using Krsukal-Wallis test with a
threshold a = 0.05. Similar analysis was conducted after the

time series of Cl and NF were weighted to a ratio of total number
of population in an AU to the total number of population in all
seven AUs. Additionally, we checked if statistically significant
difference between Cls for the five cancer types (also for
the weighted by total number of population time series) was
observed within each from the seven AUs using Krsukal-Wallis
test with an o = 0.05.

The temporal dependence of Cl (normalized) on NF
(normalized) for a long time series (28 years) was studied using
ARIMA models [20], which were applied as for a description of
wildfires dynamic characteristics [21], so for description of Cls
[22]. An ARIMA model was first applied to the NF (assumed to
be a predictor) with a time lag of 0-6 years (upper border of
the time lag is approximately twice as the time for complete
renewal of organism’s cells). Afterwards, the ARIMA model
was fit to the CI (by type). The resulting fitted series (predicted
against dependent variables) were cross-correlated to identify
associations. A statistically significant association between NF
with a lag from O to 6 years and a Cl by type was prescribed
to have a p-value less than 0.05 and marginally statistically
significant association was prescribed to have a p-value
between 0.05 and 0.1. The Ljung-Box Q test was applied to
statistically significant associations to ensure that the residuals
series were white noise, which indicates the goodness of the
resulting association. Statistical associations “NF/CI” were
studied within two age groups (children/teens 0-14 years and
entire population) for the 127 sets of AUs combinations (C*, + C?, +
+C°% +C% +C° +C8 +C7, =127 see Fig. 2). Cancer incidence
time series for each cancer types and NF time series for all
AUs within one combination were pooled together making
five Cls time series and one NF time series for 28 years in this
combination. Pooling in a single time series for Cls from the
initial time series was performed in two ways: 1) annual mean
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Cl for several pooled AUs was calculated for each year and
2) annual Cls were weighted by ratios of population in each
from AUs to total population within the combination before
summation for each year. The two methods of calculation for
pooling together of ClI time series produce similar results,
but some difference in value exists (not shown). Pooling in
a single time series for normalized NF from the initial time
series was done with weighting of annual values by ratios
of population in each from AUs to total population within the
combination before summation for each year. One hundred
twenty-seven combinations were divided into seven classes
(with one to seven combined AUs in a class) and list of
correlated associations “CI/NF” in sense of ARIMA modelling
with their regression coefficients, p-values and time lags
was identified within each class (Fig. 2). Bonferroni-Holm
approach was applied to estimate a probability of type | error
when conducting multiple ARIMA calculation within each of
the two age groups for the five types of cancer.

A short time series of Cl by type were studied using linear
regression and correlation analyses for an age cohort “children
0-4 years”. We considered the possibility of time lags in
pollution stress for tumor development and conducted linear
regression and correlation analysis of Cl against NF with a time
lag relatively to the birth year of the children (-3, -2, -1, 0, 1,
2, 3 — in years). Such a linear statistical analysis was applied
to analyze the incidence of benign tumors in young children
cohorts 0-4 years old born between 1976-1986 against NF
in Khabarovsk. A similar analysis was performed for malignant
tumors in cohorts born between 1972-1988 for the entire
Khabarovskij Kraj.

We generalized our analysis of temporal relationships
between Cl and NF by making of histograms for number of
“CI/NF” statistical associations by the five cancer types within
each of the two age groups in the FFED with confidence
tresholds a = 0.1 and a = 0.05. Values of number of “CI/NF”
statistical associations were normalized to the maximum
value for the five cancer types to get a relative strength (RS) of
relationship between NF and ClI by the five cancer types within
each of the two age groups for the two values of the threshold
a.Hystogram for the coefficient of determination of linear
regression Cl against NF for the all types of cancer and benign
tumors for children 0-4 years for the central AU of the FFED
was used for generlaziation of the linear statistical analysis.

RESULTS

Comparison of distributions of normalized values of
cancer incidence and number of fires for administrative
units of Far Eastern federal district

We found that the median values for normalized CI for the five
cancer types in each of AU of FEFD had statistically significant
differences (o < 0.05) as for the age group “children and
teenagers 0-14 years”, so for “the entire population” group
(Fig. 3A-D) both in the case of normalized units and in the
case of normalized units, weighted by number of population
in an AU to the total population in the AUs. Medians of almost
all Cls and NF (elven for the normalized units and twelve (all)
for the normalized weighted units) had statistically significant
differences for the group of entire seven AUs within the two
age groups. An exception was a case of leukemia in the age
group “children and teenagers 0-14 years” for the normalized
units (p = 0.0536 close to the threshold). Weighting by number
of population in an AU to the total population in the AUs made
better subdivision of both Cls and NF by the AUs and larger
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statistical significance of differences as for the age group
“children and teenagers 0-14 years” (Fig. 3A, C), so for “the
entire population” group (Fig. 3B, D). Intervals between low and
upper quartiles of Cl distributions were (as a rule) larger for the
age group “children and teenagers 0-14 years” than for age
group “the entire population”. Distributions of Cls differed
from NF distributions most profoundly as by medians, so
by lower and upper quartiles, for Kamchatskij Kraj and
Sakhalin Oblast’.

Time series analysis of relationship between number of
fires and cancer incidence by cancer types and spatial
regions with different administrative units combinations

Statistically significant associations with marginal threshold
a = 0.1 between normalized NF and normalized Cl time series
by different cancer types and by two pooling methods with a
lag from O to 3 years, when controlled for probability of type
| error during multiple ARIMA calculations, were found for
27 pooled together combination sets of AUs within the two age
groups “children/teens 0-14 years” and “entire population”.
Statistically significant relationships (« = 0.05) were found for
eight spatial areas ((see Supplementary List of spatial clusters
of ARIMA associations between number of fires and cancer
incidence by types with regression coefficients and p-values
with statistical significance a = 0.1 and a = 0.05 after Holms-
Bonferroni correction) ). Majority (six from eight) statistical
relationships NF/Cl with a = 0.05 where found for pooling
together AUs method with weighting to number of population
in AUs. Kamchatskij Kraj and Sakhalin Oblast, where
distributions of NF and Cls are considerably different (see
above) were not met in any from 27 spatial regions with NF/ClI
relationships. The four most populous AUs pooled together
(Primorskij Kraj — Khabarovskij Kraj — Amurskaja Oblast —
Respublika Sakha) showed the largest number of ARIMA-based
statistical associations between NF and CI (six) with « = 0.1
(two from these six had a < 0.05). However, adding to a pooled
combination of an administrative unit with a smaller population
may distort the previously found associations. Negative values
of ARIMA-based regression coefficients of annual NF against
annual Cl were found in some cases (see Supplementary List
of spatial clusters of ARIMA associations between number of
fires and cancer incidence by types with regression coefficients
and p-values with statistical significance a = 0.1 and o = 0.05
after Holms—Bonferroni correction)). These negative regressions
coefficients were found for the age group “children/teens 0-14
years” for leukemia (only for time lag 2 years, not for other lags),
CNS tumors (lag 3 years) and STS tumors (lag 2 years) and for the
age group “entire population” for leukemia (only for lags 2 years
and 3 years, not for other lags). We found with ARIMA analysis
that time lags for statistical associations between NF and
Cl are rather independent from geographical area for a taken
cancer type. Time lags lay between zero (NHL for children) and
3 years (CNS tumors for children/teens 0-14 years), but mostly
they are equal to 2-3 years.

Results of linear analysis of statistical dependencies
between number of fires and benign, embryonal, and
malignant tumor incidence by type in the age cohort:
young children up to 4 years

Positive significant correlations between NF and tumor
incidence in the age group: young children 0-4 were found
for the period 1972-1986 in Khabarovskij Kraj/Khabarovsk.
Correlations were observed for all three groups analyzed: for
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Coefficient of deremination for linear regression between number of fires
and cancer incidence for young children 0-4 years in Khabarovskij Kraj when statistical
significance is 0.05
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Fig. 4. Coefficient of determination R2 for linear regression between number of fires and tumor incidence for young children up to 4 years in Khabarovskij Kraj

benign tumors (8 from 5 analyzed 0.66 < R? < 0.84; 0.003 <p <
0.014), embryonal tumors (2 from 3 analyzed 0.54 < R? < 0.74;
0.037 < p < 0.046), and malignant tumors (3 from 5 analyzed
0.533 < R?<0.73; 0.009 < p < 0.036) (Fig. 4).

Hodgkin lymphomas had largest coefficient of determination
R? for linear regression between NF and Cl for young children
up to 4 years. Generally, R? is higher for benign tumors than for
malignant tumors for this age cohort.

Both prenatal and postnatal influences of fires were found
for the age cohort: 0-4 years, which is seen from the time lags
(see Supplementary Linear Statistical Analysis), which are close
1o the ones from ARIMA-based analysis for certain cancer types.

Cancer types in relation to wildfires

Relative strength (RS) of relationships (from O to 1) between
normalized NF and CI, summed over all five types of cancer,
was larger for the age group “entire population” as for the
threshold a = 0.1 (Fig. 5A), so for the threshold « = 0.05 (Fig. 5B).
Leukemia and non-Hodgkin lymphomas had the largest
cumulative input to RS by both thresholds.

DISCUSSION

Statistical analysis of time series of Cl by the five cancer types
against NF confirms existence of statistical associations
CI/NF in spatial regions, consisting from combinations of the
five AUs of FEFD, excluding Kamchatskij Kraj and Sakhalin
Oblast. We speculate that absence of statistically significant
relationships between Cl and NF in spatial regions which
include Kamchatskij Kraj and Sakhalin Oblast, can be
explained by maritime climate in these AUs, which determines
smoke pattern from wildfires here. This hypothesis, as well as
a hypothesis of existence of other large scale environmental
spatial determinants, setting an absence or an existence
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of statistically significant relationships between Cl and NF,
should be studied further on.

Spatial regions, consisting from the AUs with largest
population numbers, demonstrate the largest number of
statistically significant CI/NF relationships. This can be explained
a) by bigger size of samples and/or b) by better medical
information systems in AUs with larger number of population.
Clarification of influence of demographic and logistic spatial
reasons for existence/absence of CI/NF relationships is a topic
for further studies as well.

[t can be assumed that negative ARIMA regression
coefficients, observed in some spatial regions of analysis for
some cases of cancer, are set by absence of seasonality in
Cl data. It is known that seasonality of Cl data is related to
non-sufficient registration of oncological diseases in periods of
summer vacations [23]. It may be assumed that oncological
diseases develop under carcinogens from smoke of large fires
in summer of previous year, but get registered in a cold time of
next year (i.e. 0.5 years are added to time lag, which should
be rounded by adding 1 year ). An example of such a situation
presumably can be a result of ARIMA regression for leukemia
in the age group “children/teens 0-14 years” in the spatial
region, consisting from Primorskij Kraj, Khabarovskij Kraj and
Sakha (Yakutia), (see Supplementary List of spatial clusters
of ARIMA associations between number of fires and cancer
incidence by types with regression coefficients and p-values
with statistical significance a = 0.1 and a = 0.05 after Holms-
Bonferroni correction). ARIMA regression coefficient in this case
is negative for the time lag 2 years, but positive for the time lag
3 years. It can be explained most likely, by late registration of
part of leukemia incidence cases, developed in the summer of
year 2, in the beginning of winter of the year 3. This hypothesis,
however, requires further investigation.

We found the stronger association of NF with CI for the
age population group “entire population” for majority from five
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Fig. 5. Relative strength (RS) of relationships (from 0 to 1) between normalized number of fires and cancer incidence for five types of cancer for two age groups with

confidence threshold a = 0.1 (A); with confidence threshold a = 0.05 (B)

cancers in terms of RS (Fig. 5). There can be several reasons:
1) pure demographic reason, i.e. a result of longer exposure of
“entire population” group to smoke carcinogens due to larger
age period within the group; 2) gerontological reason, i.e. due
to inclusion in this group elderly population prone to many
diseases including cancers; 3) socio-economic, i.e. result of
influence of cofounding factors, like smoking of cigarettes or
long-term exposure to industrial and/or agricultural carcinogens
of some part of “entire population”. Synergetic impact of
cofounding particulate emissions to cancer (e.g. particulate
emission from heating in winter in FEFD [24]) and joint impact
of heat wave and smoke of wildfires (e.g. example of Moscow
fires in 2010 [25]) should be considered in future,

There is wide experimental and observed evidence of
the carcinogenic impact of smoke from wildfires on humans
(e.g. [7]). Intrusion of carcinogenic chemicals and particles of
smoke into the blood leads to oxidative stress, an integrative
vector for environmental impacts on organisms, which in turn
promotes the hallmarks of benign and malignant tumors, such as
inflammation and genetic variation caused by mutations and direct
chromosome damage [26]. Three blood cancers (leukemia, non-
Hodgkin lymphoma, and Hodgkin lymphoma) most likely had the

strongest associations with wildfires, not only because blood is an
immediate agent of smoke intrusion, but also because oxidative
stress interacts with other negative external impacts on humans.
For example, the dependence of non-Hodgkin lymphoma on
environmental factors and certain lifestyles has been well studied
[27]. It was found that environmental factors that increase viral
exposure or reaction to viruses (from all HIV found mostly by
the entire population) pose a risk of non-Hodgkin lymphomas.
Wildfires most likely affect non-Hodgkin lymphomas by weakening
an individual’s immune system during inhalation of smoke with
further increase in reaction to viruses.

Our results demonstrate statistically significant relationship
between incidence to Hodgkin lymphoma and number of fires
both in FEFD for the age group “children/teens 0-14 years”
and in Khabarovskij Kraj for young children up to 4 years (with
the threshold o < 0.05). We speculate, that impact of wildfire
to development of Hodgkin lymphomas is related to respiratory
diseases caused by smoke, which weaken immunity with
further activation of new or chronic infection by Epstein—-Barr
virus (EBV). EBV is a | class carcinogen in the World Health
Organization category and pediatric Hodgkin lymphoma (for
children up to 10 years) is associated with EBV up to 80% [28].
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Leukemia is seen by some authors as “preventable
pathology” [29] because observations confirm an increase in
leukemia risk with prenatal, in utero, and postnatal exposure
to tobacco smoke or automobile gases in young children [30]
Our analysis demonstrated a broad range of negative impacts
of wildfire smoke on leukemia risk in the prenatal period for
young children 0—-4 year, so to children/teens 0-14 and entire
population leukemia with a variety of time lags.

We found on example of young children up to 4 years in
Khabarovsk City/Khabarovskij Kraj that incidence to benign
tumors has stronger correlation with number of wildfires in
comparison to incidence to malignant tumors. It is known that
benign tumors considerably outnumber malignant tumors, but
only few of benign tumors got transformed to the malignant
ones [31]. It would be useful to extent to the entire territory of
FEFD comparison of relationships Cl to NF with relationships
of incidence to benign tumors to NF in order to study a role of
wildfires to evolution of tumors in humans.

CONCLUSIONS

The following conclusions were drawn: 1) Fluctuations in the
incidence of hematopoietic, lymphoid, vascular, and soft tissue
neoplasms, as well as CNS tumors in young children 0-4 years,
children/teens 0-14 years and the entire population of FEFD to
some extent are related to wildfires, described by normalized
and weighted by population number NF as a proxy. 2) The most
sensitive age group to the impact of NF on Cl in FEFD is the
“entire population” group. 3) Development of different types of
neoplasia has different time lags and different relative strengths
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