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ADAl zhei mer 6s Disease

ADRIAI zhei mer 6s Disease and Rel ated Dementi a
AOD: Aerosol Optical Depth

ASD: Autism Spectrum Disorder

CA: California

CARB: California Air Resources Board

Caltrans: California Department of Transportation
EOS: Earth Observing System

EPA: . UEBvironment al Protection Agency

ESRI: Environmental Systems Research Ilnstitute
LBW: Low Birth Weight

LUR: Land Use Regression
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NASA: National Aeronautics and Space Administration

NLCD: National Land Cover Database
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NTL: Nighttime Lights

NVDI : Nor malized Difference Vegetation I ndex
O Ozone

OMI : Ozone Monitoring Instrument

PD: Parkinsonds Disease

PM:s Fine particulate matter with diameter O 2.5 micrometers
PTB: Preterm Birth

TLBW: Term Low Birth Weight

USGS: United States Geological Survey

VKT: Vehicle Kilometers Travel ed
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Ta

sk 1: Literature Revi ew

Thi s systematic l'iteegatewed r pouewatlhuepiapegr peeexpand

erature cited in the background section of this study on i
th outcomes (BO), Autism Spectruml Pheomeer (ASD), Parkinson
eadAe zhaAD/mer 6s Disease and Rel ated Dementia (ADRD). The rev
i fornia Air Resour ces -fBoocausde ca nadn d nhkerl acuaddeedr beolt chb eCla | liiftoerna tau r e

essments.
followhngcitedesteps were used to complete the review:

Determine inclusion criteria that wild!l include the:

Study popul ation: I ncluding alll ages, specifically targetdi
ASD, PD and ADRD.

Study exmptolsunopogeni ¢ anfgM poN®audaed saiirn ctl andi ¢ s

(benzemet adi 8ne, chr omi um, | ead, nickel, and zinc).

Study out c candey erreslea tbe d ttho prud tceornme skaintdech m(dR TRy)

|l ow birthwei ghtmeyrTadBBaM) el opment al tdhiesor der ASD, and
neur ode gkinsaPadx dasn/eARDD

ldentify the publications characteristics for studies:
Publ i sheadviireweaernj ournal s.

I ncluding articles pulsleiagl@xthdbfasem the oumgbe dainamr gf 1t7h e

2023.
Focused on air pollutants6é effects on adverse birth or neur
Select the proper search databases and engines, including:
PubMed



1 EMBASE

D. Decide the searchTher meaandh peloeetsisomwapr adé¢ s ded

phases:
1 MetAmmal yses and Systemgxiist iRegvireemsi:ewlisardiiescussing
bet ween air pollutants and BO/ ASD/ PD/ ADRD.

T I ndi vsi ddgakls| i s htehte sraeftbaearl y s i isnagnF opcruismary resear ch

studies of relevance to our topics

f Cal i fSoprerciid i ¢ | SifgCdil e or wisa o saesl reecd-k@e aviofridc t o
studi es.
I ndi vidual

Tabll eDates of St uAln eelsy sSiesar ched

Publicati on

ExposuQutcomg nest| apubmeé t

anal ysi s

B O 07/ 26/ 2022
ASD 07/ 01/ 2020
PM. s P D 11/ 07/ 2018
A D 08/01/ 2021

Dement |06/ 01/ 2022

B O 07/ 26/ 2022
NQ

ASD 04/ 30/2019

PD ADRO1/01/ 2019

PTB 01/31/2021

Since the

into three
the | ink
Lat est Me t



The

1.

Os TLBW 06/ 01/ 2020

ASD 0O7/01/ 2020

PD, ADP1/01/2019

Air TolAl | Al Il years

foll owing steps were used to select scientific publicatior
Usdeone term fromnedracddtnecagregoeyd search terms using the sear

databases and g nSgeiarreshalSiesrtlad dagmdoon di. x )

.Merdpseel ected publiddapi onatasd remove

.Obteadabbstracts for t he rSpg welpl iZxeadt s@meé admehmewcd e d

publications net orfel atedetsd the topic
.Obteadful | text for t hierSpep !l i3 dtsiaonndgsedmseem oeveet e d
publications that sarod nmtt erreelsgat ed to the topic

Studies excluded:

Pr i mar y croevseeraerdam anl, ynibhsa ma | studi es, or clinical trial s
Research ngharomade wt i cal or itmetrapecudfi caimtpolvlenti ons
exposures.

Researdhdtaddt easisr t fhaolfl uvitnatnetrse st

.Researexptbaéed health out conehse nooutt cdo mee cotfl yi natsesroecsitat ed wi t h

(BO, ASDADARDRD r

Pathobiologcal or nutritioral research that did not focus iompacts of air pollutioror
reporedon air pollutantsneasuredn body tissueinstead of the ambieiatr.

Indoor or occupationalir pollutionexposursonly

Data Extraction and Synthesis:



§ Tools and Methodol ogy: Utilized fAiCovidenceo and fARayyano f
AEndNote200 for reference management.

1 Data extraction encompassed title, type of revi ew, aut hor
detailed metrics such 3 asppexnpossutrued yl edveeslisgn(,e .ogu.t,c oGme/,m and

effect estimates for exp-asalgsandwbtuhce®me cepbrtdedcen meta

interval s, overall results andhatyseoncl vyuseanps for revi ews
searched, dat abases i med rudlead, snwndlyer oacfatstondi,esnet hod used
gualitative analysis andf on sgudmfiWwhéetassaesseeasment, hyperlinl
measures of association were availabl e, effect estimates f

extr.acted

f Narrative Synthesis: Synthesized data narratively, emphasi:
spesci élievant bhoglbiwpfhomani @ans in study outcomes influenced
geogr aphribd eenntd a.ir pollutants

We identified 1,099 articl esn@fldoaBP®l basteed on t he search cr

records. Screening of titles and abstracts resulted in the ex
f utld xt evaluati on. Upon f duretxhterarrtd wil eeve, fwer erxecalsuodnesd déest afiuleld i
t hssuppl ementary documentation. Ultimately, we included 43 art
reviewanalmegs as, and umbrella reviews, along with 28 qualitati\

For ASD, our initial asnaa radioeyiinegl ddeudp t 1 ,icCalt 42 sr e8c503r d s

rema. nleidt |l e and abstract screening ledtemtthe exclusion of 774
articles for eligibility(speat fiodr pvawidhesd80 i were excluded
suppl ement ar y dichd ,smemrtoateisssn resul ted in the inclusion of 20 ar



systemati c -arneav iyeswess,, mnmaentda umbr el |l a revi ews, as wel | as 29 quali
revi ews.

We identified 165 8a3r tpiacpleersa cftoorr dANBBaBnted@ r3c h cr it eri a i n

Table 1. Abétetl essregpdilapatdcd&tpkeati ve outcome were eligible

for teultl screening. Afotrerrelassotndsu e d weg bipa@leuded 4

systematic rawbéwseandndetld qualitative and narrative revi ews

systematic r-awvalwseanandae2da qualitative and narrative reviews
1.[Adverse Bir¢tBQ@Xabtemesder Supplementary

A large number of epidemiological studies have investigated the influence of criteria air
pollutants including PM, NG, and Q on adverse birth outcomesrecent umbrella review found
positive associations for PMexposure during the entire pregnancy and LBW and PTB. The
review reported the largest pool&R for LBW to be 1.09 (95% CI: 1.03, 1.15) and for PTB the
|l argest pooled OR reported winereadeinPR.TheXiGe®» Cl : 1.07, 1.26) per 10
metaanalyses published around or after this umbrella review also found positive associations for
entire pregnancy PM exposure with PTB and LBW, though one found elevated but not
statistically significant association with PTB Of these metanalyses, onenvestigated
associatiorwith LBW specifically among term births and reported an elevated RR = 1.083 (95%
Cl: 1.038, 1.130, per 1@/nr) for the effect of PMy. With regards to NQexposure, the umbrella
review foundexposure during the entire pregnancy, and first and second trimester periods, to be
positively associated with both LBW and PTB, with the largest pooled OR for LBW reported as
1.03 (95% ClI: 1.01, 1.05) and for PTB as 1.14 (95% CI: 0.81, 1.64) per 10 ppb increase in exposure
during the entire pregnancy perioiletaanalyses published since then also found increased risk

for PTB to be associated with N®xposures. On the other hand, for ozone;{@xposurethe



umbrella review reported a positive association with LBW only for third trimester exposure, but
inconsistent associations for the entire pregnancy period, and the first, and second trimesters.
However Q exposure during the entire pregnancy, first and second trimesterpositigely
associated with PTBFew metaanalyses were published on the association betweandPTB
since the umbrella review, with one finding a positive assoctatind another noting positive
associations specifically in the firand second trimestérdut one finding null results

Fewer studies have been conducted on the influence of air toxics on PTB and birth weight
and the results have been relatively inconsistent. Some studies that have explored the association
between gestational benzene exposure and PTB found positive &ssegtiatwith one study
finding increased risk among those living within a mile redfill, Superfund sites, and industrial
sitessite containing benzehene finding elevated risk among women exposexltd@ mg/mof
benzeng one finding a positive association specifically in the third triméstend another
reporting an increasing trend in the odds of PTB with increasing levels of benzene 5 days prior to
delivery. However, there were al so ®Seinludngastddy es t hat didndét find as
of prenatal benzene exposure at the census tract level for 2014 in Philatidlpeiauthors noted
however that the use of census tract level expssleading to exposure misclassification and
factors like higher socioeconomic status and mitigating effects of air conditioning use in some
wealthier neighborhoods with higher exposure to pollution may have lessened the impact of
benzene exposure in ¢hstudy. Studies also linked benzene exposure to a reduction in birth
weigh#121519 with one measuring exposure using personal air sarfiplene comparing living
close to polluted sites to those living farther alyvayo studies investigating induistr pollution
in Texas*, another finding the risk of LBW to decrease in US counties where gasoline benzene

concentrations were regulated and decreased significantly from 1996 t8, H9@Olastly one



finding increased risk due to exposure to benzene in the third trithe$i@o other studies
however did not find an association between benzene exposure during pregnancy and birth
weight®2. A 2015 metaanalysis found strong associations between Nickel exposure and a
reduction in birth weight (Change in birth weight (6.2, 95%Ci21.0,-11.3; Change in LBW

odds: 5.8, 95%CI: 3.3, 8.4, per 10n¢fn and this was confirmed by three studies done after
thats1722 Only four studies have investigati effect ohickel exposure on PTB, and none found

an elevated risk®*#2 The 2015 metanalysis also found entire pregnancy Zinc exposure to be
associated with reduction in birth weight (Change in birth weight-7g¥, 95%CI:-10.0,-5.0;
Change in LBW odds: 3.1, 95%CI: 1.6, 4.6, per 10Rg/though studies published since then
showed mixed results, with some showing a positive assoctat®dand some reporting null
associations®2. The few studies done to explore the associationdmtwinc exposure and PTB
have also found inconsistent resdks”2 All three studies on 1;Butadiene reported increased
odds of LBW and reduced term birth weigkt", though no studies have examined its effects on
PTB. Of the few studies conducted on the effect of Chromium exposure on birth weight two studies
in Portland and Texas found associations with reduction in birth Wweighthile three others

found no associatiofts”2 No associations have been found thus far between Chromium exposure
and PTB*»2'2 The literature on the association between lead exposure and adverse birth outcomes
also remains inconsistent. The 2015 raatalysis did not find the lead component of PM2.5 to be
associated with LBW. Although one study published since then agreed with the anelssis,

two studies in Texas found increased risk due to industrial lead pollution, with one reaching formal
statistical significance’. Another studyn North Carolina found elevated risk for both LBW and
PTB among those living close to polluted sites containing.|&esbults from other studies on the

association between lead exposure and PTB risk have beer*mixed
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1. 2utism Spectrum DabsloeSdpmpderh8b) ary Materi al

A growing body of epidemiological evidence has investigated the influence of air
pollutiond particularly particulate matter (PMd 9n the risk of ASD. Multiple systematic

reviews and metanalyses have consistently reported elevated odds ratios (ORs) associated with

PM . exposur e, al bei t with considerable wvariation

preconception, individual trimesters, entire pregnancy, and postpartum pefmdsstance, one

recent metanalysisin 2022reported a poole®R of 1.34 (95% CI: 1.12, 1.60) per 10 pg/m3
increase in PM , wher eas anot her review estimated
specifically for entire pregnancy exposureésSome reviews also reported elevated risks outside

the pregnancy windodv for instance, one analysis found an OR of 1.62 (95% CI: 1.22, 2.15) for

the first year after birfh Elevated preconception ORs of approximately 1.17 (95% CI: 1.00, 1.33)

an

OR

in

of

. 32



have alscbeen notet] and some metanalyses reported even higher estimates when including

broader exposure windows (up to OR=2.32, 95% CI: 2.15, “®5A¥sociations with nitrogen

di oxide (NO ) have been more heterogeneous across studies, and
less consistent due to fewer analyses focusing on this pofifitant

More recent primary studies generally align with these yae#dyses in reporting positive
associationsforPM , t hough findings vary by exposure window and out c¢

instance, one retrospective cohforind that entire pregnancy PM exposure was associated with
a hazard ratio (HR) of 1.10 (95% CI: 1.02, 1.19) in one model and 1.17 (95% CI: 1.08, 1.27) in

anothef. Another studynoted that first trimester (T1) PM exposure corresponded to a 12%
increase (95% CI: 0.1, 25.5) in social communication sBowdsile a different investigation

observed a 1.6point (95% CI: 1.07, 2.52) rise in autistic trais€ores per unit increase in early

life PM . °. By contrast, some research reported null or inverse associations. Ontoshaign

OR neamull (0.97; 95% CI: 0.93, 1.00) for PM among children With intellectual di sab

Results from primary studies estimating associations with W&e mixed and only few studies

have studied & A study conducted in Taiwan reported a higher HR of 1.42 (95% CI: 1.22, 1.66)
for NO, exposure, but a lower HR of 0.74 (95% CI: 0.56, 0.97) fgt.@vidence on air toxics
remains sparse, though limited findings suggest that lead or nickel exposures could be relevant to

ASD in specific group.

Twelve studiesnvestigated the association between air pollution and ASCalifornia.
Two large retrospective cohort studies in Southern Califotfth reported significant positive
associations for entire pregnancy PM . exposures, with HRs

(95% CI: 1.08, 1.27). One study focusing on preconception expalsseeved an HR of 1.07 (95%

of



Cl: 0.99, 1.17%, whileanothet’f ound an OR of 0.97 (95% Cl: 0.93, 1.00) for PM
to intellectual disability. These Californlzased studies largely reinforce the broader evidence

indicating modest but positive associatgions with PM . , thoug
to the specific exposure timeframe assessed (entire pregnancy V8.VEL preconception). Data

on NO , o , and air toxics within California remain |imited a

research in this region.

Overall, the trends indicate that PM . is consistently as
ASD risk, with effect estimates for criteria pollutants typically ranging from an HR or OR of 1.07
t o 1. 42, depending on t he e X p oisdingseare mora dow and study design
heterogeneous, reflecting differences in exposure assessment and population characteristics.
Al t hough the | iterature on O is |Iimited in the context of AS
show as strong or consistent associations codpare o PM . . For air toxics, the paucity of
means that definitive conclusions cannot be drawn; nevertheless, the limited evidence suggests
that specific air toxics such as lead and nickel may be linked to ASD risk in certain subpopulations,

warranting further investigation.
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1. Barkinsonbés(Dabkasen¢d¢eb) Suppl ementary Materi al 1.2.3.)

Only four syshdmaeriablyswesi ewami ned the relationship between a
pol lutionfan@nePD erviisekw r egp/omjt eidn ctrheaats ee aicnh PIMD . was associated
with a relative risk (RR) of 1.03 (95% CI : 1.01, 1.05), and

corresponded to an RR.fno tshye8r7 erfedvbi¥ecwC | f: o bln d 2t, h alt. 1120 n g

term PM . exposure yielded &ntRRndfmeéit@lp(OB8MWIEU: 0. 95, 1.54)
RRs of 1.06 (95% Cl: 0.99, 1.14) for PM , 1.01 (95% CI: 0. 98
1.0, 1. 92he fbourGth review also identified generally modest a

(around 1 .n2u0l)l aensdt ineaatréTak em tN®Ogetamelr O these systematic review

indicate that PM . i s most consistently associated with a sl
results for NO and O are smaller in magnitude or | ess consi s
of r44eiveindence on air tolkRutadsanh, ashbemzeme, | 2ad, ni ckel , and
zinc in the context of PD.

Thi ritreceinvi dual studies on PD haweliMessts publ i shed since the
of these investigations report a positive association between

strength of thé&orelkammpise uidp waornsgdmijt hamcraadhe 1i0n

PM . was associated with a mortality rate (MR) of 1.25 (95%
analysis observed an MR G&.f /0no7tdh r9 5c% hColr:t 0i.n5v8e s t0i. gadt)i oo rf odu n d
a hazard ratio (HR) of tg /0m8] (i9rbc% eChiexchd 1 tionb pPaML .. 1 9) per 3.3
studies documented MR egl mMaiades nef ekad ntiongl ND3 pempokd ed

an HR of 1.41 (95% CI: 1.02, 1.95) whed comparing the | owest

While these results generally reinforce a modest positive as



fi

Co

ndings for N O and O continue to show variation across p
nsistent wevkltpgaepreffeewwof these newer studies have expl or ec

Thereondas one-f Galuis etoh st awasf drd2mMOT hif $§ epr ospecti ve

alysis within the Nursesd® Health Study compared the highest
tal exposures, finding an HR of 0.78 (95% Cl: 0.59, 1.04) f
r NO , and 1.01 O 95%hkls:e mos%,l yl.n2ud4) foar i nverse estimates d
e modestly elevated risks reported in other regions, sugges
posure measur ement di fferences, or ot her regi onal factors
ssi bbheaekpns for these disparities, including potenti al me a
e diisnc @shseen@ nt ar B9 php. | Emited avaislhpeabifitcy POf California

udies underscores the need for further research, particul a
t ween | ocal environmental factors and air pollution exposur
Overall, the four systematic reviews and 13 newer i ndi vidu

nsdbbuenbft@&mosnotdiewsd associaxposisr @dedamwéePDPM sk (RRs,

HRs , or MRs inilthAB)rahgecohtda$st, findings for NO and O var

possibly due to dekpeseaness Bhupygl Hesaghscoor popul ation susce
Research on aliirmittoexd,c sl ecaevmangnsopen questions about the role of

hazardous pollutants in PD etiologpasRegisomaly, vari ati ons, as |

warrant closer investigation to betteeracunddr stand how | ocal C C

air pollution on PD risk.
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1. Al zhei mer 6s Disease and TRé&ll &t eich dRirs Sugeld € meADRD)Y Materi al
1.2.4.)

Ten systematic revievand metaanalyseshave investigated the relationship between air
pollution and ADRD outcomes. Most consistently indicate that-teng exposure to ambient
PM . is associated with an increased risk of dementia and c

recent metaanalysise ported a hazard ratio (HR) of 1.04 (95% CIl: 0.99, 1.



in PM . , with higher ri sk estimates (HR=1.42; 95% CI : 1.00,
ascertainment was usednother review found a 47% higher risk of dementia (HR=1.47; 95% CI:

1.22, 1.78) associated with lohge r m P M .2, while x third metaanalysis showed that

each 1 Og/ mj increase in PM . y i-causedderdentd Rs of 1.03 (95% CI : 1
and 1.08 (95% CI: 1.01, 1.15) f&D3. Yet another review reported a 24% increase in dementia

risk (HR=1.24; 95% CI : 1.17, 1.31) for every 5 Og/mj of PM

associations foAD and vascular dementiaAdditional synthes€s® report similarly adverse

associations, generally highlighting PM . as t he poll utant
neurodegenerative outcomes, though modest positive findings a
contrast, etend to Ineamniore keterogemeous) and the evidence on air toxics remains

limited.

Twenty-nine new studies have been published on ADRD since the most recent meta
analyses, encompassing cohort, tesatrol, and caserossover designs across various regions
(e.g., Taiwan, the United States, South Korea, and Europe). These investigations tyindg ex
outcomes such as incident demen#id, emergency department (ED) visits, or neuroimaging
biomarkers.In one large ca$eontrol study conducted in Taiw&reach specified increment in
PM . corresponded to an HR of 1.05 (95% CI: 1.02, 1.09) for
was near null (HR=1.00; 95% CI: 0.92, 1.09). Another analysis in a U.S. tigoaised on plasma
amyloid betéA Bl evel s, reporting that &da12%O0OgisM0 imcARRse in PM . |l ed
and -4Rpsliggesting possible acceleration of amyloid pathology in older adults. A separate
prospective cohort study in New York and neighboring stétesd that ED visits for dementia
were associated with a relative risk increase of around 0. 64Y%

and 0.61% per 17.1 ppb increment %observel@clear Anal yses of a | arge |



dosé response relationship, witbR for first dementia hospitalization increasing from 1.24 (95%
Cl : 1.22, 1.26) at 5 Og/mj of PM . to 1.72 (95% CI : 1.68, 1

associations emerged for NO , whereas findings for O wer e wez:

Other investigations have employed neuroimaging and detailed cognitive assessments to
explore these associations more deeply. For example, one popblasied cohort study in the
Netherland®r eported that dementia risk roseimodestly with PM . a
3.38 Og/mj, while ¥dfmowmdaltylsats éaclBould hpKlmriemcrease in PM . wa

to declines in standard cognitive assessment scores and increatikd édtical atrophy. A U.S.

national cohort comprising over 18 million ol der adul ts ideni
(HR=1.0795% CI : 1. 06, 1.07) per 3.7 Og/mj of PM . and an 11% inc
95% CI : 1.10, 1.11), with p'dSanektedies agditisnally i ve effects for NO e

examined shofterm associations, as well as effect modifications by genetic risk or
sociodemographic factors. One investigation in the United Kingdom noted that eaeteshort
PM . increase was -aassedemdntatne ADincidande, wHRaeoundt ed al |

1.15%,

Across this body of evidence, the effect esti mates for PM
decline generally range from modest (HRs of ~1.05) to more pronounced (HRs 6f1-47)5n
studies with large samples or longer folowp per i ods. Al tyshowsgsimalled O frequen
or more inconsistent effects, some studies nevertheless report statistically significant associations.
(0] findings remain mixed, and few recent analyses have evaluat

the current literature.
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1. BommentCaray:l enges in Studying Air Pollution to Neurodegener a

1.518

Ai

to pa

wi t h

throu

1. 5AB

troducti on
r pollution is the | eading'Loiatgkr maecxmpasdoe premature deat
rticubpteomattbut é®@Mt o 4.1 mil l-adjnusdteead hs and 118 mill i ol

years in 2019, primarily diHowtewecar dviiadwdsgcul ar and resp

ni zed gl obal heal th assessments of ten overl ook t he i n
degenerative disorders despite growing evidence of its |
i ble mechanisms such mei ekk@smmavieonxi dative stress and ne
e biological mechani sms through which air pollution affe
stood, but several pathways are plausible. Ultrafine part

bsorb toxic compounds i omatl hédilre andf aa@aes r ehltds ¢ hpambtiadcInes

he bloodstream and/ or by direct di ffusion through the o
ure to air pollution can inHdovaensbatemec, i ahtlammati on, d
at eAthdct oghiabaly, these particles may indirectly affect b
elease of inflammatory cytokinmres or other chemicals from
re, we discuss some challenges of studying the associati
degenerative diseases, particularly Al zhei mer és disease
nsonbés di sease (PD), whichsargéetshe aofsecpirrgab2nt neur ode
on and 9 million indi viAdsu atlhse swo rd idswoirddee risn p2r0olg,e srsespect i
age and popul ations are aging, they increasingly contrib
gh direct medical costs and the demands for for mal and i
r Pollution and Neurodegenerative Diseases



I'n recent year s, a growing body of epi demiol ogi cal studi e

potenti al link between air pollution and neurodegenerative d
including varying exposure contriatsitess, ilnevwoellvsi,ngancdo dur ati on, a
exposures and different pollution sources. Key issues also in
|l atency periods for neurodegenerative diseases, di agnostic 8

i mpacts of mediators such as comorbidities.

Despite these -zmanpysexs tcesaduaeteed within the | ast five yeas
consistently shown 2thatr ehdgcherhd eviesk of ARM and PD (Table 1
Specificallng/3infncrr evagey i hePMel ative risk of AD has been esti ma
increasteob®l d,, 5whil e the risk of PD increases somewhat |l ess
anal ytical effect estimates camaéngslipy bygngismg (ROMIO)L. 06 to 1.
reportedt thheez ehridghreast i copfHRYd emfc ed i &2.eF@@IfsdrCIAM = 2. 28
exposurédThedaA®dlysis included dat as deowinf iocnlhyi gghhr ee studies wi
effect estimates: the Unite@. XKJ)ngdtohme (UWHRi t=ed? . Bt8at OS5 KCR = 1. 2
4. 05, 95% .®I9) 2an84 Tai wan BHR35) .7.Tahsi sedf5%mailensy 5. 99
the variabikeffgpctneshem®Mes acamalsy ssetsudafe sADgndwheivcehn met a
coupalssi bly be influenced by developments in study methodol o

exposure assessment) oveabitliimey oof dtilid epepcleat i ongd het wail emcr

Associations between annid 4 geryauin dd)izoaied o tOf &Oe

neurodegenerative disorders are-anamads sesngiegptoarntinyo reported. W



ov

sociati ons, others have found modest positive associations

gni ficance (Table 1). Even small or modest size increases i |
d neurodegenerati ve dihsecaalstehs icnapnl ihcaavtei opnrso, f oausn da ipru bpoilcl ut i on
despread in nature and wunavoidable and may amplify the ove
man popul ati on. The major r e mainrdianbgf ecu e srtiisokn , however, is v
dependently of fine PM or may even exacerbate the risk. Thi

bot&ndPMNOvel s have been reduced considerably in the USA a

ntroyll leiveg sOhas proven more diffi%@l s, noesulting in relativ
rectly emitted but results from secondary photochemical reac
mpounds (VOCs) and other poll utants, and its |l evels depend
ditionally, it i s i spapnodr tddOtte nt ¢ rrea@att e st lkcatl | mocalrinyg Qnegati ve
rrel ations) due to the model eddanatoMNoOITthnhsric reactions i nvol
derscores the i gdpsoritnadnecpee nodfe netx pelfofreictgs @s much as possi bl e.
.5EAposure Assessment | ssues

To assess the contributions of air pollution exposures to n
e |ikely caused by chronic neurotoxicity and damage that sl
cessary to investigate theseequdir®ear ddeercsadiers lodr gaei rpopul ati ol

nitoring and detail ed adummrissg hlien@irtyudianal dcahagrt astdudioeag

uch as the Nursesédé Health study) or countries with residence

stem, and r owtyisni@ makier Sncoannidtionraivnigan or some Asian countries (
d Taipwarn)i de i deal but rare settings. Al t hough direct me as u
nitors are generally very accurate in terms of temporal vari

drarger geographical areas i f |l ocal sources affect air pol



variability at a scale not supported by the density of monitor
of these i ssueussebyrelguielsdgii-lbgs ¢odr n deondi esl ssi omist h  hi gh spati al

resolution to eraptaureed terxapmpsspa@retisotwisiodmade Ini ng techniques to

incorporate data from satellites,® Howewndr monitors, and met e
model ed exposure surfaces often provide high resolution only
either in terms of temporal or spatial coverage. Ambient air
model ing | imitations aowmi mMmbereht kel yerposourbumisgl asesinficatio

whi ch can be ext erhsigwe sfpart i md|l Ilvuatra mtbs | wittyh such as traffic pc

NQand cer tsapienc isfoiuac cccomponents of fine particles (e.g., ultrafi.]
andkbrand -telraet evbamet al s) , potentially biasing study results t

The most sophisticated air pollution models and the densest
have been developed after the year 20006. This |l imits our curr
term contributions of air pollwhiaohsl ibelthesmautrodmgener ati ve
decades before diagnosis or during the | ong prodr omal stages
pollution studies assessing ADRD and PD have only evaluated ex

one to five yearhd cphriiocr itncudifagnesnits,t owcapture cumul ative eff

not take prolonged prodr omal periods into consideration. Su
appropriately address | ifetime cumul ative exposure effects an
for thegeeera@ati ve process. Exposure measures employed in thes:
into account changes in residences, do not assess ambient expoc

empl oyacttiimd ty data, thus sol epgosersed iantatd nsggi maulted oomddraggs pol | ut i

or over a short period of ti me.



The role of di fferent air pollution sources and the <chall e
components from exposure mixtures further complicate air pol/l
understand inconsistencies bathnwle sm ugiceass sof Pt t er | as the com
can vary over time and acr oss | og@aabsisoends ,melaskuerley. affecting the
Mo st studies to date have: gomnmsttiomseéentes ednd/aoni alsioluircy i n P M
component s. Recerntn rtésxee &Emoh roommewnadtadd Predi ctors of Cognitive
Aging (EPOCH) cohort with data from the Health and Retiremen
higher concentraavenagefy emad eijgedile®@dt ed by agricul tural
burning anhwerwd |alfsoerisated with greater rates of incident deme:]
each interquartid,e trlaergR imacy elase2 79 PHr Chgsri tubDLur e
and 1.05 (95%0 &) f=0%Thwigled ffiirnedsi,.ngs underscore the i mportance

considers$smpmgcishbegerc®M buti ons to ADRD and PD.

Moreover, challenges persist in disaggregating the effects

examplye,ofNtOen wused arselaatneadr kaeirrsopfaltbreatfofddcar gngoODIl ut ant

formed from reactions between nitrogen oxides and VOCs in the
sharp concentration gradients near traffic sources. Although
Os;f or mati on, rapi d tsgdamddmtnr ateiaocntsi oiplse weedsus ewiOt h hi gh NO

particularly gm hiotcmogemsoxidd démi ssions, such as near traffi

dynamics may necpobiuabat usrngni mulute models to accurately a:

individual and combined i mpacts of pollutants on neurodegene]
addmegssaiir pollution contributioeaspmayr eéet comphércated by corr
environment al exposures that might act as confounders or modi

and hi ghed attreaf fniod s e .



1. 5Dbagnostic Accuracy, Latency, and Relevant Time Periods

Given the complexity of symptoms and pathomechani sms, accur
of neurodegenerative di sorders presents substanti al chall enc
especially when-teomsi inpraicnhng tlhembshgobmmohohor KD i s the
of ADRD, accounntd%go ff od e debrbtuit s 6shsaesa.ct eri zed by progressive
cognitive deteriorationstetmpimealolry be®gisnniamngd wa t dhe fsihnoirtti ve
di agnosis is only possible at autopsy. Mo s t cases of ADRD ex

including vascul aer Ado nppaotnheonltosg i @lsan glshiedy may al so display path

associated with PD, such as those seen in dementia with Lewy I
di sorder, exhibits a-mptodremaptpesi d&. gher ®l haot ory dysfuncti
rapid eye, maveempenbehavior disorders, constipation, and depress
decade before motor sympt oms appear. Similarly, Lewy body (

Parkinsonds disease dementia (PDD) and dementia with Lewy boc

coghive and motor symptoms. About 80% of PD patients who survi
devel ol PDdbases of DLB, cognitive symptoms either precede or
of parkinsonism, which is a requirement for clinical diagnosi !

PD in clinical practice can be chdalwietnhgiPnDy .d uRaitnhgol ogi cal |l y, ma

their | ifetime may exhibit signs of DLB upon autopsy. This ov
in clinical criteria, PD and DLB share underlying pathological

Accurately diagnosing neurodegenerative diseases is inhere
subtl ety and variability of early symptoms and a | engthy proc

individuals with better reserves tmay faoompge msnat &ofror di mi ni she

exampl e, research indicates that when compared with a diagnos



di agnostic accuracy of a cliakpalttsdiaghosvendgoi73 P®%varies, W

accuracy and move8n2.nd %dafstarpd eué FAdodpldwesrs compl i cating

epidemi ol ogi cal studies of di sease incidence is an even high
di séfserently, many cohort studies rredpyorotni ngnterview surveys Ww
di aghoses or symptoms. The |l atter relies on respondents6 awar

influenced by cultural/socialtifrmicn@ref agdt teidugaai 6habktl evel s,
di agnosis depends on access to healthcare (in the US). Similaj
recobased studies using, for exampl e, Medi care billing or hosp
t he out come data. studiaedsdi have, thdeesandded problem that pati e
neurodegenerative di seases are generally being admitted for s

the disease or are admitted to departments other than neur ol

hospatiabnz These diagnostic difficulties profoundly i mpact s
bet ween air pollution and disease incidence as they contribut e

Consequently, relying solely on electronic hospitalizati on
PD is problematic, not just due to misdiagnosis but al so bec:
pinpointing the I ikely onset eofditahgen odiesse aaste . a dlvhaenscee dr ecor ds o
stages of the disease or are influenced by admi ssions for ot h:
stages of neurodegenerative diseases. Similarly, death certifi
they frequentindiagndarsr épkret AdD oo PD, l'isting them as contri bu
primary causes of deat h. The complexity of differentiating be
ADRD and ¢t hrmotiar tfi@lll mwend much | ater by motor symptoms in PD
toncionsi stencies in -baseldtstuovdpested anrreodbtdti on effects on

neurodegenerative di seases.



1.5C6morbidities, Lifestyle Factors, and Aged Cohorts

Comorbidities such as cardiovascular disease (CVD) and di al

of air pol l uti on on neurodegenerative disorders. Air pol | ut
cardiovascular health and ca&mndt rsitBrgoekaeu.sse uC¥D myocar di al infarc
accelerates cognitive decline and can |l ead to neurodegener at
pollution might negatively affect cognition, even without dir

detriment al effect of hCgdbeonllkyebs béal hipe S5Motdabédy,

tot a2lwePM shown to be associated with an increased hazard of d
(HR = 1. e8/°mér.Piph B8B8ease, A5%GWlpport.ihgy an effect on the

vascular component of ADRD related to air pollution exposure a
driven angiopathies and contribute to mixed pathologies. Recer

are mediated bmpaaitr opolclautdii @mwé@s ciul ar health rather than CVD

moderé&tidr .

Epi demi ol ogi cal evidence indicates that air pollution is a

which in turn is a 5Typeg2rdiskbdtaes omelfloirt ADRODT2DM) shares ma

similarities with AD, such as impaired glucose uptake, increa
aging, and brain atrophy. Both conditions can | ead to i mpaired
T2DM hasebeky Hinked to brain insulin resistance and amyl oid

underscoring a more direct ®oMindcet iTRD M ehyacsn dalismof Ibeeremati on al on
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air poll ution, di abetes, and ADRD and possible |Iinks with PD,

medi ators in these relationships must be carefully consider ec



comorbidities in studies may be inappropriate since they may
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common comorbidities.
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may modify the relationship between air pollution and neurod

dietary habits reduce the riskngf C¥ubijaobfétnessncommuni cabl e di sea
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neurodegener?dnhevree fdoirseo,r dietr si,is prudent to consider the modifyi
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close association with their comorbidities such as CVD and di «

Physical activity also reduces the risk of maj or noncommu
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decreasing |lipid Ievels and inflammatory markers in circulati
and brain health, and enhancing brain plasticity and cogniti v

have beenncshewset hysical activity among ol der popul ations, f
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Studying the effect of air pollution on neurodegenerative

all enges. The issues include | imitations in exposure assessHI

d short duration relative tPdD.t hAd dliedxipgoadrtleyncyoperi ods of

ot her pollutants environmenrtstli tfuacttosr,s,s oaurdc evar iaantdi ons
xicities add complexity. Accurate outcome assessment is al
btl ety and variability of early symptoms of ADRD and PD,
sease onset anpeprodgs easdoindenhttfeynicyg the most relevant ti

posure further complicate the assessment of the i mpact of
difiers (e.g., comorbidities and |lifebBeéeyle factors) require
tenti al for selection bias in studies involving older <coho
sessed or at |l east i®ts potenti al magni tude estimated.

Thus, future research should focus on extending exposur e
riods (greater than five yearsgrmoi mpptturef thieer cumul ati ve

I'lution on ADRD and PD. Incorpdi@risngiweltudusgri sk medi at o
mor bidities and behavioral factors, will help suggest mechan
d PD. Additionally, including | arger and more diverse study
fferent age groupsd saciaé¢cendmic dzkgsesundsan is essenti
suring that the findings are generalizable to the broader
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TaslOb2aining and Coding He
|l nf or mati on

During this reporting period, UCLA fulfilled the IRB requirements for both UCLA and
UCB, obtaining the necessary approvals and extensions to include new study protocols under

existing approvals and to grant authorization for UCB investigators working gmdfect. UCLA

also secured birth outcome and ASD data from the Calif@@dDe par t ment of Publ i c

Vital Statistics Applications System, covering the years 1290 1 9 . Dr . Ritzods
record Department of Developmental Servicd3DS) dataset link was extended and updated
through 2022, capturing newly diagnosed ASD cases and enabling cross linkage between birth
certificates to identify siblings. For the geocoding component, UCLA processed addresses for 30
years of birth records, relyinon zip code data before 1998 when full addresses were unavailable

statewide.

To further enrich the study, UCLA accessed populatiased data from the established
PEG and SALSA studies, both led by Dr. Ritz. The PEG dataset provides lifetime residential and
occupational histories that facilitate comprehensive assessments ofidiopaxposures, while
the SALSA dataset includes detailed folloyy cognitive assessments and risk factor data among

older Hispanic adults in the Sacramento area for analyzing dementia and cognitive decline.

UCLA downloaded 30 years of air pollution surfaces from Q@CHproximately 16
terabytes of dafaand assigned these exposures both to thge@0 birth record dataset for CA

and to participants in the PEG and SALSA cohorts.

Finally, for the economic analyses, we used rates of birth outcomes and ASD from the CA

birth registry and DDS respectively, whi |l e

al th

origin

rates

Out con

al

for

Heal t hds

birth

Par ki

nsoc



disease (AD) were sourced from the literabuiMarras et al. (2018) for PD and Mayeda et al.
(2016) for AD. The latter provided more generalizable rates compared to the PEG and SALSA
Central Valley cohorts. These data were then used to assess the econgauis of air pollution

on health.



Task 3: Air pollution exposur e

3.Criteria Air Pol lutants

3. Abstract

California's diverse geography and meteorological conditions necessitate models capturing
fine-grained patterns of air pollution distribution. This study presents the development -of high
resolution (100 m) daily land use regression (LUR) models spanni®@2021 for nitrogen
dioxide (NQ), fine particulate matter (PM), and ozone (§) across California. These machine
learning LUR algorithms integrated comprehensive data sources, including traffic, land use, land
cover, meteorological conditions, vegetatidynamics, and satellite data. The modeling process
incorporated historical air quality observations utilizing continuous regulatory, fixed site
saturation, and Google Streetcar mobile monitoring data. The model performance (adjusted R

for NOz, PMus, and Q was 84%, 65%, and 92%, respectively.

Over the years, Nfconcentrations showed a consistent decline, attributed to regulatory efforts
and reduced human activities on weekends. Traffic density and weather conditions significantly
influenced NQ levels. PM; concentrations also decreased over time, influenced by aerosol
optical depth (AOD), traffic density, weather, and land use patterns, such as developed open spaces
and vegetation. Industrial activities and residential areas contributed to highgs PM
concentrations. © concentrations exhitdd no significant annual trend, with higher levels
observed on weekends and lower levels associated with traffic density due to the scavenger effect.
Weather conditions and land use, such as commercial areas and water bodies, inflgenced O

concentrations.

mo d e |



To extend the prediction of daily NOPM:5 and Q to 1989, models were developed for
predictors such as daily road traffic, normalized difference vegetation index (NDVI), Ozone
Monitoring Instrument (OMHBNOz, monthly AOD, and OMIOs. These models enabled effective

estimation for any period with known daily weather conditions.

Longitudinal analysis revealed a consistent:Nf&cline, regulatordriven PMs decreases
countered by wildfire impacts, and spatially variabkec@ncentrations with no lorgerm trend.
This study enhances understanding of air pollution trends, aiding in identifying lifetime exposure
for statewide populations and supporting informed policy decisions and environmental justice

advocacy.



3.1

met
rel

spa

pol

D&/

ML

yea

dec

of

I Atroduction

Air pol l uti on remains a pérsisqeinti ntghra@aacurtac epubl i c h e s
hodol ogies to assess exposure and comprehend its compl ex
ating air pollution to health, Land Use Regression (LUR) m
tiotempor al surfacesncéhatf al ihgenal wiht hout t®@ mec beimg studi ed.
rfaces” in this context refers to spatially continuous da
centrations across a geographic area. LUR model s esti mate
cific mosinhgrigeggsapkscupredictors, including | and use, t o
ironmental?2.3 IBe&wvaeactadr iLsuUR craodel s have been developed in Cal
i onal l evel , mainly in Sout hegremmarCasliinfgdrenisai,r ffacaceusi ng on an
diction of pdil Rtexzreintdync enmichamieomsarning (ML) algorithms

d for air pollut’dni moldediimg t me CRé¢lidtoirmn/aSubstitution/ Add

S/ A) Wh@¥owhiitihem D/ S/ A is fundamentally an ML approach, i ts
l ution research serves the same purpose as a LUR model by
iability of air pollution based on various | and wuse and e
A |l everages the strengths of both LUR and ML techniques,

uracy and fl exi bi iitme nisn ohnbdnfd ITihreg sced spalde % ,i omiagh and

integrated LUR model s, however, either do not have stat e\
olution (e.g., over 1 km resolution), or | ack many years o
rs) to i desnctalfeynsaahreinavtpiody! iif aet concentrations for statewid

ade health studies.

With a |l and a’aed af méaRdljl®arrd Igkrimoosns domestic product, the Sta

California in the U. Sl armgestd matniko naasl tehceo nwoomyl di'fs ieti gerhe a



nati®onCalifornia's distinctive geography and meteorol ogical C «
spatial and tempor d% vSouraddsonasnd nconae mturadtiitoons of air pol |l ut
significantly across coastal regiong’?.'§$TfHiamd valleys, urban c
variability requiregr anorded ss péataito tceaptourad fpianeg er ns, enhanci nq
accuracy of expbsdUre assessments

Hi ghresol ution models are essential for understanding the co
poll utant exposures and health outcomes, including respirato
adverse birth out’?®2bdmeSo,mearhdeambht aluittcyome studies, such as t|
investigating the i mpact?2?®%naicompi éhié¢ndinngnt he flei exlpermg ancy
consequences *pfnacespiot 4tue i extensive longitudinal studies suc
span exceeding 30 years. The traditional and ML integrated mc
evideased policy interventions aimed at reducing pollution ex
miigating health risks, p33tiThwel drdleyntiid iwuwltn emalfe ppd g wltd toino n
hot spots and the elucidation of disparities in exposure al so
ensuring that policies are informed by a comprehensive underst
variationg!®fnUadergquahding the temporal aspects of air quality
i mmedi ate health outcomes and discerning the I|ifelong i mpact ¢

Among air poll utants,)sfimse ofarptairddlcaitltear matotnerer nPMue to it
ability to infiltrate the lungs and enter the bloodstream,

respiratory and &%l dNiotvrasgeur)aPi ealx iseeea sie8@i cat or of traffic

related air pollution, has been associated with exacerbated r
42.430zo0ne fldOrmed through photochemical reactions involving pr e
an i mportant rol e #HnrevteHe ofzoornma t(isomo ggf, ogwhdwrhd i s known to aggr



pul monar y**#8i sor Cads fornia, the major hgalth concerning criter

PM.and O

I n terms of spagxhibidtistai dueepnsp &tOi al gradient, with con
decreasing significantly as 8di’sPavhcempromi emi it dn sources i nc
primary and secondary particles/*?dCepbvayselay mo®e gradual spat

di stribution tends to exhidhiindhuiemcedsbdyspatei NOxr ¢li ariaonship

ef f°8c®¢ The distinct spatial chay dlOtaemdid® i ssomed heal th i mpacts

their centrality to our study and highlight the i mportance of
patterns in exposure assessment model s.

Mobil e monitoring significantly improves the capture of d
variations in pollutant concentrations, |l eading to more accur
model ing. By incorporating dataciutaml|l bobhbseseSneaetcar measur e
hi ghway roadways, we enhance spatiotempor al coverage beyond tr
monitors. This approach allows for a finer resolution of da
contributing to a deepetrt aurnrdse rasrt da ntdh enigr off o teexrptoisaulr eheal t h i mpac

In this research, we propose developing daily air pol [ uti

across three decades using the®35/oS ,MN@Mricegrated LUR model ing t

Os. This approach incorporates diverse datasets, including traf
dynamics, met eorol ogi cal conditions, satellite remote sensing
model i ng approach i ntegrat efsr oani rgop@lrinumteindn rreegad wtemegnt s dat a
monitoring, fixed site saturation monitoring and Google Street

we extend predictors to periods with no observations for ensu



model s, allowing for a comprehensive and consistent analysis ¢

extended ti meframe.

The research results witlilmebeaiusepmoltlouth®lnp eixporstuirfey tloi f e
statewide patients, including adverse birth outcomes and popul

particularly for those vulneaadd ealisno Caloviodeitahe Thlislei tmpdel s

to identify historical environment al exposure disparities an
resolution. This work wild. al so support future air poll ution
precision air eol bhotieanhendetiapesi od to help identify their a:
maj or health outcomes of interest.

3.1M8t hods

3.1A8qLiring and processing air pollution data from regul ator
We acquired and processed daily air pollution data and thei
Environment al Protection Agency (https://ags.epa.gov/ agsweb/ ai

regul atory data measurements werea wowbt di sednfdraordi medi t oring si
instruments for measuri pwasaime gpoUrleud anstisn g Siprescti rf u ncean tl sy , c dNdOe d
as 42602, which typically involve chemiluminescence technique
in detecting nitrbdgemt dipeon denMl|reavteilosn si nweane measured using

Feder al Ref erence Method (FRM) or Federal Equi val ent Met hod (

88101, which involve either gravimetric or continuous monito
particul ate mattlermeasdrmhemantrs WamneaecqmMducted using instrumen:
as 44201, whi ch commonl y utilize ultraviol et phot ometry t o
concentrations. In Californi a, the spatial di stribution of th
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and the respective unique numbde of regulatory sites is presert

The trepdedsour eNldent sites shows a slight decline during the
the number of unique sites decreasing from 151 in 1990 to 14°
continued until 2006, when the number of monitoring sites rea

the number omieawnirepueenNOsites fluctuated between 127 and 135

variability in monitoring efforts. Overmll, there is no consi s
monitoring, indicating that the focus on this pollutant has v
of unique NOality monitors isz:2rRe&dWeallnn xomnltearstypwadred trend for
trajectory in the number of unique measurement sites. Starting

steadily increased to 2b2ulbyr I2y02dvi dlehnits fgrroonwt 210 0i0s opnawatr d ,

demonstrating a growing recognition of the importance of this
to understanding and mitigating. aiitrs qiurapadtys momhh e otrcst al number
is 33%. tFme tOr end indicates a generally stable pattern with a
sites over time. sMdaes muenbent odi tums qurecmeased from 194 in 1990

2008, with some fluctuations thr ougnhoonuitt ocrhiengyear s. Al though ¢t

efforts is | ess pzx,oniotunscteid It hdaenmotnhsattr aotfe sPMa st eady commit ment
this pollutant. Thsaitrotqalal numbenmonadft oursi qwe 309 .

I n our model ing process, we also applied fixed site satur
analysis. A detailed description Souf, tMeengs,atQuhreant,i on moni toring

Mol itor, Y¥u% and Jerrett
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FiglurerThe spatial distributi e(nlsefotf
panel )3(ragdt Opanel ) over the

@ a&ved ld)d,peR Mt ory monitors for
observable time periods.

Tabll eThe unique number of regulatory monitoring sites with the
measur ement BRlodka®Ooss the study period.
Number of Uni
Year
NQ PM. s Os
1989 182
1990151 194
1991150 201
1992 149 205
1993159 199
1994 164 208
1995163
1996 159
1997 156
1998 1514




1999148 183

2000147

2001153

2006 127 186

2007129 213 195

2008136 221 198

2009130 225 192

2010132 228 1914

2011127 229 196

2012132 248 198

2013129 242 190

2014132 246 189

2015133 240 185

2016 135 238 185

2017 132 240 1814

2018129 246 180

2019128 241 181

2020124 247 182

2021127 252 178

Tota 277 331 379
3.1A8qRiring and processing air pollution data from Googl e St

Google Streetcar had mobile monitoring of the three crit

Francisco Bay (counties of Al ameda, Contra Cost a, San Franci s
County, and CentralhtVelsl:dy www.qd ol e( se@een/ eart h/ outreach/ spec
projequasliat /he Google Streetcar mobile measurements for each
spatially autocorrelated due to the intense sampling of air po


https://www.google.com/earth/outreach/special-projects/air-quality/
https://www.google.com/earth/outreach/special-projects/air-quality/

t h

in

Va

al

w h

t h

at our models captured a wide range of wvariability in road
fluence of spatial autocorrelation, we selected 150 road s
caalilooncat i oY aSpgactriiatithmaut ocorrel ation can |l ead to inflated m
trics and reduced egpersraltii ngbicleirttyai my aswars or patterns. By

caalilooncati on al gorithm, we distributadhthe selected road seg

gi on, reducing clustering and ensuring that our models are
ati al patterns across California. Thi s approach hel ped in
terpretable models by pr ewerdtiitng nesv.er fAi tttoitrmd tod Il1ddalriomad t

gments with each road segment having at | east 100 measur eme
ur regions: Alameda and Contra Costa; San Francisco and San
Il ey. Each rdgsegmbatds (&gl B6tedafrom | ocations within 500 m
l owing truck traffic, or within 500 m of major California p
GMCs), (2) 50 road segments selected from |l ocations within

uckffic or within 300gomod$ mayemenbadwaysd¢(¢i seor NGKCs) ,
d (3) locations not encompassed in the first and second part
tailed selection process i s dbdeuntonotgelde iSt rteleé c Suppl ement a
asurzadddc@ncentrati onsitme th@meanags rmdguwlpdbt ory monitoring,;
wevexr goRPMentrations wer e in tot al number of particles i n:
ncentratii ofieei daiOlgy mcoBoe Bgf st badiode g mMEAMtf i ¢
rrkiochofpwaays esti mated through:
Off  Ohn 2 YR TG

(1)

edGpean@rrepresent the conveVYieendd,and pbpespeofl vemkgsures.

e meagoncMent r atifornosm ianl 1 Ogt hm regul atosxy monitors and the me:
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ticle numbers from all t hien sebdkecitTédhadrs®M road segments for

centrations were estimated separately for each region.

AB8gGB8iring and processing air pollution predictors from the
For the Tpab2dd ctthoer sav(ai |l ability of daily traffic data varied
artment of Transportation (Caltrans) districts (Figure S2),

m 2000 to 2005. We used the dataerctol $estterd by the Caltrans

MS) to derive roadway dailyimeaffiom. nBaMBbydd0aO@NDe coll ect

i vidual detectors spanning the freeway system across all m
California and prowiidcde arhaAr phriowe dd eBatoav eUs &ri fSeren years of
historical analysis. The detector measured traffic flow ¢
summed hourly traffic to daily traffic for all the station:t
ps weged tthenderive daily traffic for all the California hi
pl ementary file for the details of traffic assignment.

The | and use data was derived from the 2019 statewide par
i fornia Air Resources Board (CARB) from individual County
sidered them consistent across naltlhet lNemtyieoanrasl. The | and cove

d Cover Dat abyaesaer (iNLtCeDr)v aalts f(i2v0e0 1,57 20B&, 2011, 2016, and 2

umption was that |l and cover remained constant wuntil the su

Vegetation dynamics were assessed through the Moderate Resol ut

( MODI S) i-hesntirwenct ntdat a, speci feirealcley Veget &Ntoirona | | ndé x Di f f

(NDVEF) computdag ant@b6vals since 2000. We assumed the vegetatio

con

fro

stant from its previous measurements within 16 days. Daily

m the GrfdMevedahgse989 to 2021 at a 4 km spatial resolutio



sensing data, daily measurements %% omath@e Ozone Monitoring In
Oswere accessible from 2005 to 25Wals. aTvhael |aaebrloes oflr conpt i cal depth

2000 to 2021.

Tab2l eLUR predictors and available time periods in the model i ng
. Sour Spati Tempor a_. Extens
Variables ResoIResolutTIme IDerPeriod

Tra% fic Cal Tra30 m Daily 20@2®21 198PDO-
Land® use CARB 30 m One tii12019 Use 20
Land °%Cov«(NLCD 30 m Every !20@1019 Use 20
Vegetati (MODI' S 250 mEvery 20@2®m21 198®9!
( NDVI1) days

Met eor ol &Gri dMed4 km Daily 198021 None
dah a

AOD d8ata MAI AC 1 km Daily 20@mM21 198P9
OMINQd a®t aNASA6s 25 kmDaily 20@mM21 198PDO0:
OMIOsd a®t a NASAO6s 25 kmDaily 20@9M21 198DO0-

Di st ance ESRI 30 m One tii12018 None
hi ghway
maj or r%:

Distanc® USGS 30 m One tii2015 None

El evati olUSGS 30 m One ti12015 None
digital «
mo d%% |



Di stanc® ESRI 30 m One tii2018 None

“Traffic data are derived from the California Department of Tr
“Land use data are provided by the California Air Resources Bo
the parcel data from all the 58 counties in California.

@ Land cover data is derived from the NLCD (National Land Cov

U.S. Geological Survey (USGS).
“ The NDVI (Normalized Difference Vegetation Index) data is p

Resolution I maging Spectroradi ometer) from NASA's Earth Obser\
A The met eorol ogi cal data is sourced from GridMet provided by
*MAIl AC AOD dat a: Deantgal ef rlommp Itehnee nMua ttiion of At mospheric Correcti
( MAI AC) algorithm using MODNGamedr-O&ddtand Agea satellites; OMI
derived from the National Aeronautics and Space Administratior
© Traditional predictors include distance to the nearest high)
the ESRI Street data | ayer for 2018, distance to coast and el e
for 2015, and distance to tajyer pgonrt 20d&8ri ved from the ESRI dz¢
3.1E8ténding air pollution predictors to unobserved periods
3.1.3Badc.klcasting daily traffic:

The earliest traffic data avai |lTathP)ee fTohre Cal i fornia ranged
range of dates for traffic data availability is due to increa:
across California. They initially focused on densely popul ate

Bay Area in District 7 (afidg ulroes SAM)g,e |l leesf drne Deéxspandcitng to ot her
popul ated districtseffWectssemodal | itmeaerstmimaee mi ssing traffic

unobserved peri oeedf.f eTches Imondeedr arhilxoemkd wus to account for bot h

random effeéeely poedtcurdaily traffic. The fixed effect was t|
overarching trends in traffic volume over ti me. Meanwhi |l e, t h
segment ds route, the county in whichtihterwasel ocated, the spec
day in question was a weekday or weekend. For each Caltrans



model s that refpeectféed trleéeé adii onsihétps bet ween these factors and

di sspieci fic modeling was <crucial as traffic patterns can vary
di verse regions. Oncefotrhee antohd edliss tweircet ,e stthaebyl iwvsenreed appl i ed t o e
daily traffic on road segments for days where traffic data wa

years without observations.

3. 1. 3Badc.k2c a s tNiDnvd :ddaait lay
No MODI S NDVI data is avaiTladd ledVebefs@ede a2 a0t i 3 ei ndi cated i

Il inear regression modeling technique to backcaste daily NDVI
|l ongrm monthly average NDVI values as the baseline and model e
daily NDVI values and WMasi ¢sscimetasorpaolecgipdidlatvani alk emperatur
relative humidity, wind speed, and wind direction) as predicto
conditions such as temperature, precipitation, and humidity di
healt h. NDVE, awmeasure of vegetation density and healt h, can
changes i n t hese met eorol ogi cal factors. For instance, hi gl
precipitation | evels can affect plang BMDYWth cycles and chl oro
values. This regression model allowed us to estimate daily NDV

extending back to 1989.

3. 1. 3Badc.k3c a s tOMINQddaati d y

In constructzimondet hewdai-MN@and&NtOé |li leidt ©Miemot e sensing dat a

with theschirghestmdti cating its sigwiatueant Hompaetr,on predicting
OMINQ' s spati al resolution of 25 km led to edge effects along
did not cover pab2) edfobaddores200bege chall enges, we incorporat

(National Aeronautics andr@&patgsAdmidatatattaob)kmnnesadl WOi on



for 1990, 199502%0DMi,s asmulg @@mMt5ati on ai med to enhance the spat.i
of @MIdata and extend it back to:r®B88I| ysios datea ,mi ssing years i
we employed multiple |linear regression to estimate values bas
year s, incorporating variables such as temperature, wind spee
data were resampl ed ttoka slpatingl thesomlodeil omg process. We assu
there are rel atti @emm ha peM Gwpeal wiedddns fol eocnigf i ¢ days of the month
(e.g., the 1st day) and for spe@QVv &l mesgnohohsthe. g. , January),
corresponding specific dates (e.g. ,tdramutargnd, 2005). Additi o]
in OMvalues and used variable year in -a linear regression mo
NQval ues f2r0@m ZO0BEMD.89By i ncor ptogrami magntaminyw,alagnd olngng
term dadi3lly -@O®dwnta withraeamalhysiNO data, we were able to accur at
mo d e | darcd pdradNddy alOMés through a multiple regression model . Th
outcomes were then -NQedl t®s deromel d&9 | tyo OMO0O21, with an i mprov:
spati al resolution of 1 km.
3.1. 3Badc.kdcasting monthly AOD dat a:

The earliest dates avaiTladd lee | fnoo uAOBadaetld nwge rod iPiM 2000 (
we opted to use monthly AOD median valwues in our modeling pro
data from cloud i mpact at the daily |l evel. To extend monthly A
PM.data of resol uv20Db& fir km Waosrhiln9g8t% nf3UMeever sity in St. Louis
assumed similarities in AOD values between a specific month (
term month (e.g., January) and yeatrer(ne.gnnual005). Additionall
trend in AOD val uweissanldi coared nae grheassyiisains tt o extend annual
AOD values2025bmt-129099.8 91 nt e grrant iyregarl camgd mont h AOD values



wi Van Donkel aar, MaannwmgldhhRMardaBuedethe prediction of monthly
AOD values. The modeling outcomes were then used to derive mo

to 1999, with a spatial resolution of 1 km.

3. 1. 3Badc.kbc @dat il y@ datl a
Li ke-NoMlat aOsdDaMtl a | acks coveragelrab®dr pMeri ods before 2005 (

utilized a Iinear regression-valkléesngbappdoanht hei esti mate de
|l ohgr m d3ali)l,y nmeln2)h,l yandlL -2@2t) yvéeékoes. Additionally, we incl udec
dai |l yNGJIWIta as a predictor in the model. Subsequently, the mod
extend dgddtya OiMdck to 1989. I n tzeamodeliog pP98&8ess, yearly OM
2004 were extrapolated thr-bl@Qglatarédd@0d4d98Byei s, and daily OMI

obtained using the above extension procedure.
3.1D8ve6loping daily air pollution models through ML integratec

The D/ S/ A algorithm initiates the selection process by star

the i wtndrycenwtdel unl ess a different starting point is specified
adds, del et es, or substipgrudadisc ttiewrensp etrof oirmmparnocvee. tDhuer i magd eel a' csh

iteration, potenti al modi fications to the model , such as addi
effects, are evaluated based on a pwadefdianed criterion, usual |
error or tthei n mpome eartemer model performance metric. The select |
iteratively, wi t h t he algorithm testing various combinati on
modi fications that |l ead to the greatestarmprovement in model
to a guided search through the space of possible models, wher
moves toward a better fit. The algorithm halts its iterations
in a significant i mpr ove,meaxd c darnditnhge tnoo dtel € sp rpeed e foirmeach cst oppi n



criteria. These criteria could incl wdd iaattherdeshol d for the mir

Rsquared or reaching a maxi mum number of iterations (15 in ol
model with the optimal combmnalatimodelof tepmeseénstised echedbast t h
bal ance between complexity and predictive accuracy. To enhan
model ing results, we | imited the predictors to |inear terms al

For regulatory and saturation monitoring data, each was tre
and divided into 10 equal folds without considering spatial o]
Streetcar dat a, which spanned wiuded pl atoegdgDord,|l dwas randomi z

separately for eascphecriefgiiconf.olTdhse swee rree gtihoenn mer ged with the corr
folds from the other regions, as wel |l as with the 10 randomi

saturation monitorirqsdaedsdthsaa.t Temmicsh aafprtohaec hl 0 f ol ds contair

bal anced mix of data from al/|l moni toring types and regions. O
validation dat a, while the remaining 9 subsamples served as t
process.-vallhiidsatciroonsspr ocess was repeated 10 ti mes, with each st
validation dat a.

In developing the daiPM algURw@noder st rfwat eNdO r especti ve

models wusing only available observable dates for both predict
algorithms of temporal extensions to the predictors were appli
model ing resultsgegedhotweae¢et, twwer @rapplctors across all the years

NQ, PHBndkcOncentrati €L 1f rertiloa .1989

3.1Résults

3. 1DASAA integrated LUR models covering the available observat



Tabl e3s pSlesent the daily LUR model s, capturing the availab

peri
in ¢
coul
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wi t h
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NQI e

Conyv
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NQI e

ods fPidr aN@®@1l @ t he(Takleo$l NO tahfdy ecorn sdiesctleinnte year
oncentrations observed during the study period was reflec
d be attributed to theemégsli anery Takeforecsrrentegaceéermnaf fi
ower concentrations during weekends compared to weekdays
n activitiesiomaddygdwahse. podsdti veNQorrelati on between hi
es and icoorceagagdt NOns underscores the significance of r
rvations in capturing spatial wvariability. Traffic density
greater vehicul ar2earcitsisviiotnys eaxnhdi bh it ghlergrean eentNGti ons .
over, weather conditions played a cruci al role, with highe
erature contzciolmeteintg at © o h sansee@lo Np@reercsiepl iyt, a tiinocnr ewa s

ed t ol ehviegthse,r hNQyhl i ghting the interplay between meteorol og!

mi cs. Resi denti al areasnwener dtoiucmds ,t oashawel |l oaveri MOt he

|l oped open sipnatceenss.i tLyo wd eavnedl ohpingghnt s, on the other hand, wer
greatnerenf®ati ons, indicating the positive association of
vels. The availability of green spaces, indicated by high
wétrlexodgms zpdl | dwiaen asismks ated with | ower NO2 concentrati
ersely, a higher proportion of i mpervious surfaces was cor
tionally, locations foaxrotnlitemtfrradm omaert 9 ndii cmltd yegd ell eweart eNO

vels nearmpoelk shadh%an N&dj8uds tiend vRari ance expl ained.

or 2 RBWMable S2), throughout the study period, its concentrat
oring the txefdftleobsadyeddfati NDed a positive correlation

sol optical dept h 2(cloOx)e ntarlau e so nasn d seulgegweassttea dhgPM hat i ncreas



aerosol presence in the atmosphere is associated with higher

traffic density emerged asea@ancemttmathiuansn,g dmghasi ziond itgther PM

i mpact of vehicular emissions on air quality. Weather factors
speed, and temperature:wemeeassacti amsd Wietvlel opwer oPMn spaces
were | inked 2teo0nrceednutcreadt i BMs , and so were areas <characterized
vegetation i ndrerxen slhamud, canwdckrwatbar bodi es, emphasizing the rc
features in mitigating air pollution. Barren | and refers to e
cover and is often chardttémidousdrbgwl ekpodedsspi howeveogckwas
associated wietolmncknghati &Ms, pointing to the i mpact of i ndust
particul ate matter emigsrseiaotnesr. rlens icdoemttriaasit atroe aMO wer e | inked t
PM.eoncentrations, potentially attributed to background conce.]
regions, the increased density of housi.nmg, traffic, and ot her
background concentrations. Additiomniadd¢yl athenuirban heat i sl and
residential areas can hinder the dispelrsitoon mifseol |l utants, al/l
Additionally, |l ocations farther Je®@mcéermter ectoiacsnts ,were associ ate
indicating a spatial relationship between proximity to the co:

finalmddel| had a predictive performance of O0.65.

I n contrast t o thegpmd t MO nobster acidonfsorexNiO bi ted

predominantly opposing relationships (Table S3). The variable
associatsoancweinthr a®i ons, indicating sttleeeehbsence of an annual
Weekends were charnacheentzeadt ibyndi ghtha® weekdays, reveal ing a

opposite temporal-OspattesnweHeghéeambeWentor agtriecantse,r O

emphasizing the positivesassatciatns owi tofi meamdured emzomeg loevels.



Surprisingly, greater tegadrdentwast iaosnsso,c i au gegle swiitnhg lao weua nCc e d

photochemical process (i.e., scavenger effect, see details i
vehicular emissions and ozone dynamics. Weather factors such
speed, and atrmo scpohrerreilca t erde swgi ut enn terl aetviaotnesd, Qunder scoring the

influence of meteorological conditions on ozone |l evels. Land 1
gover nment & institutional, commer ci als, and waterbody areas
concamni ons, while barren | and, cycoopnsc,e namdatwetnlsands were | i nke
Devel oped | ow, -immetde nusm,t ya ndde vieilgplpment s were associated with |c
concentrations, suggesting potenti alntPowety concentrations i
devel opment includes areaslwbuhl sdpagse seshdasgtisalal é6r t oovmmer c |

or suburban n e i g@ihnbtoernhsoiotdys . d eMeedl i oupnme n t encompasses areas with
concentrated buildings and ismufbrua dtamu otru rue ,b atny mirealsl wiftdund i n
moderate residenti al aindt ecrognintey cd eV e lacg mevritt i respr eHs ggrht s t he mo.
densely buil't areas, including centr al busi ness di stricts a
residential, c ommert a AfacltMorreeesalv 6 m,d ugriegdtaer di stances from highw:
were associatsednwenhhr aigbes, Ohi ghlighting a similar scavenger

proximity to highwayssnaondde |o zhoande al epvreeldsi.c tTihvee fpienraflorGnance of 0.
3.1Méd2ling and extending model predictors to 1989

To extend the pigedintdby confd dtaid yobNsCer vabl e ti me peri ods

to 1989, models were developed for predictors such as daily r
NQ, monthly AODQ:. afldedai ngd®OM$ facilitated the extension of pr
to 1989. Regarding daily road traffic (Table S5), the overall

R)» ranged from 0.33 to 077, with the fixed effect predictor "\



model performance compared to random effects variables |ike se
Except for District 9, its fixed effect variable explained a 3
were badgdad NDVI6 and correspondliumignguemaedeur ememndt tdays. As
depicted in Figure S3a amner Mambet S6y méahszamg NDVIYy swéaniger
conditions yielded an Z%=f fOe c9t8i)v ef oprr eadniyc ttiiome (paedrjiucsad ewdi tRh known

daily weather conditions.

For daiNIQy FOMIure S3b and Tabl eNGQSB8) st enime inclusion of OMI
conditions (daily, mont hl yr,-@naanldy syiesara nyn)u aall odnagt awirtehs uN At SeAd N On
a model perforjnanée 0( 8dj usetnad!| Rng esti mation back to 1989. M
predictions (Figure $St3ecr nanmlo nftaMlaym AABDn kaetidalair z e MMalr 6 m @ ,
Li and®Bononels RMfectively predicting= nbon%sh)ly AOD values (adju
and allowing estimation -G dk guo el 39. ahs fTabl daiSOy , OMh e
incorpor atd entehgOMbndi ti ons (daily, #N®&nthly, and yearly) and
data yielded a mode) opkroODoBmanmaki{nadjustedaRtical for esti mat

OMiOsback to 1989.
3.1D4i By air pollutiohOZxZuurfaces covering 1989

Once all the predictors with temporal components were exten
PM.andm@del s, presented respectively in Tables 2, 3, and 4, we
predictions, and the & i nPaldn dscu@nfcaecnetsr aitnicolnusd efdord adallyi fNoQ ni a

at a spatial resoluti em2df. 100 m for the years of 1989

Figlslkows the aggregated annafadr cfoonwcrendea@earnminalsur faces of

year s, including 1990, 2000, 2010, and 2020. The spatial patte



ncentrations throughout the years, especially in the urban a

roughout California, wg ®ddends(Fegli a@atooi yemomniftyors for NO

erage decenni al concentrations for the State. This approac

gul atory monitors are designed to ensure comprehensive spati

vironment al conditionastaaltpssnthaedst and, mbonotadhongs regi ons.
corporating monitoring points from both urban and rural ar ec
brawnr a | gradient in air pollution. These holistic statewide
e ichdantoinfiof spatial patterns, hotspots, and potential dispa
ough some points are duplicated due to multiple pollutants
ey reflect the i mportance torfattehgoisees .p oMonrteso vienr ,g euotgirlaipzhiincg pl ac
ta from 1410 monitoring sites enhances the statistical robu
re accurate assessment of statewide air pollution |evels. U:
at the:avrceamgter &NtOi ons decreased from 18.1 ppb in 1990 to 14
creased to 9.7 ppb in2080mahdr8t0@0eppgdb wer20R@enFofiBM for t
ur decenni al year s bufFti g@irtehA as tmuickhi rsgnad H &@m g e eicm eZ2a®20 (was

at it hevPMs increased significantly in Central Val l ey whil e
pecially in Los Angel es, which experienced the greatest de
creast&tevel BMin Central Valley in 202CF%was due to the signifi
i ng t he |l ocations of t he 1410 regutatory monitor s, we f o
ncentrations detirne als9%9do ftrfdomi 2.6® @O glamdn f urt her decreased

9.9 nOeO0M 0 but incirrraz®a0.toTHe& .i2ndrgeanse in wildfire frequen:
tensity 5% 7wi IClal f ot hieab eivired rsg astehnoRIh regul atory actions have
gnificantly r edruecleadtdsd aRMi c and industry



Fors(FO g4r,e we did not see any apparent trend, but we did i de

metropolitan areas, such as the San Francisco Bay and Los Ang
Osconcentrations compared to rugssadavaerneg®dr. elfhfiescti s very | ikely
The scavenger effect involves the removal or reduction of o0zo
presence of specific pollutants or conditions. These pollutan
with ozone mol ecul es, | e acdoinncge nttor aat idoencsr. e aCsoemmonn osvcearvaelnlg eorzso n e

of ozone include nitrogen oxides (NOx), carbon monoxide (CO)
(vOoCs), and particulate matter. I n urban environments, where t
due to human actuisviitoinesprsowes sa&s aonmb i ndustri al emi ssions, t h

effect can be more pronouncedcamMNiteagenwbobkxhdegonearhi thlearly

presence of sunlight to fHrmThi tsripcocxisderedOceandhexypygena(O

ozone |l evels in the atmosphere. VOCs and carbon monoxide car
depleting reactions. These compounds can undergo photochemica
whil e generating aotthoetralp oofl ult4ain® ss p autsimanlg i g @wirst, s from regul at o

we found t heatevtehle doivde rnaoltl cchange significantly through those f
the aveoagen®Orations decreased from 38.2 ppb in 1990 to 37.38

increased to 38.1 ppb in 2010 and 39.3 ppb in 2020.

Further, we provided dad | yY,Maamnfdopr@!|J auntuiaorny slusrtf,aces f or N O
2019 (Figure S4) and compared them with the corresponding nea

(Figwr)es We f ound tthheatd afiolry NsQur f ace cl osely matched the spatial

annual surxfaadee Ppart t”RMns were also similar, though there was
in the Sierra region (eastern part of tshe map), suggesting a p
whil e the geenreer ado npsaitstteernmnts iwvn  Nort hern California, the LA met



Sout hern Cal i f ofcminac esnntorvaetd ohnisg hoenr the daily map, which were | ec

in the annual data. These comparisons indicate that while spa
from daily to annual concentrations, there were notable diff
paticul axdgrydgf@ri kkkeMy due to the i mpact of temporal factors | i ke
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3.1H#A4sdorical trend-2a0n2all ysi s covering 1989

To assess the historical trends of the three pollutants, \
values from 1,410 monitoring sites used in the study. Annual
each pollutant at t hteesrem |torcénmd smmdsv et A tgpdyer ge d ioondy (

5. The analleyvseilss ooweel© tpheer i300d reveals a significant decline.
equation, y=10.34Q+890.BAdi watbsaa Rtrong negative correlatio
a steady dexaraesret riant idds oves at smeshdows @ararcecl|foe, PM

though |l ess steefheompaeneddegoaNOo®mD. y270sL8gged¥79.77, and R

a moderate péacdwetison DiespPMe this decreasse, recent years have ¢
concentrations due to ihrasr @ aadd di emicledf itrthe aoteirwiltly,t remidch The 2
Camp Fire was the deadliest and most destructive wildfire in

153,000 acres and®r'ésul tompl eneBp dewaabsated the town of Par a

2020 Complex Fire was California's |l argest wildfire by acreai
across multiple counties. It was ¢domghee®0@ffl several fires toh
Di xie Fire -wasgedte fsiecenidn California'"s history, which burned



across five counties, destroying RKundmleidlse oNOstructures and tt
and:pPpMOoncentrations show a slight wupward trend over the stuc
equation y=0.C0Cax.i4D0.. 4Daxngi taey rRehdeu cdd mmes lienwveNOs have been

influenced by factors such as increasing temperatures and char

complicate ozone management .

=-0.34x + 690.89, R = 0.99

NO; (ppb)

1989 1994 1999 2004 2009 2014 2019

y=-0.13x +279.77, R?=0.72

PMj 5 (ug/m?)
]
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39

O3 (ppb)
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Year

Figbhrefhe model ed hitopj craP Md Ir e)nbdastn taof D)

California over 30 years. A tot al of 1,
regulatory stations, saturation monitor
extract and aggregate mosdefloerd tahe poeorlil au
2021.

3.1Dbscussion and Conclusi on

With advancements in technology, various ML algorithms have
to air pollution model’fng.,ando’@l dgdiramg temé u rbaolo srt & tnvgo r k
support vechod mabeir e smshmiejuesas models that combine multiple

algorithms. Generally, ML al gorithms demonstrate better predi



traditional? LRt moweh st here are instan@es where LUR model s pe
Additionally, model s that integrate multiple ML algorithms t
individual algoGotchimbiaeFar kxamirieqpoond eldi vai emoidse |

performance %ooff aOn 7ad4gl9 nubksote.d@6i hgrr ®&ndom forest modeling,

which increased to 0.945 and 0.978, respectivel vy, when Aut of
Average (ARI MA) met hodol ogy was applied to the residuals of th
Di, Amini, Shi, Kl oog, Silvern, Kélalpyp,| i 8dbatnh, Choirat, Koutr
ensembl e model combining neural net wor ks, random forests, and
|l evel s across theval.iSlat eadc RRijJe voifng0.a7 88n ofgasri ddai |y predictions o
cells from 2000 t di20MA6ni nlin &hriel Ktl ebgst Bdy,ver n, Kelly, Sabat!l
Koutrakis 8%udeldy apwdtmind ar ensemblbeveloseilinfiohepUesdicting PM
and obt afionleddvad olsbat ed R] of 0. 86, ®ewetqudraf,orDmi,ng i ndi vi dual mo
Silvern, Kel |y, Koutrakis, Mi ERflueryt,h eSu lvparliizdiaot,e dA mihne |, Shi and
i mproved performance ofmoednesleirmbgl ei naltglbe i Uh&s, fwirt O an overalll
accuracy of 0.90. These ensemble modeling results in the U.S
performance, with not:adlOurhidghdry amodwerl ascy whern RMplied at a 30
grid resolution, explained 84%, 65 %, and 92% of the variati on

NQ, PM appdr@spectifvoelldy-varnamsdshieodOprocess. Although we could ha

i ntegratedcddadcdiotrisgnaslucphr as regional factors, to enhance model
objective wasarteoa cvaaprtiuartel osnnsaliln pol |l utant concentrations. Desp
of ensemble modeling, we opted to useprtihmarbDi/ISYy A integrated LU]
due to its interpretability. While the D/ S/ A model had the p
bet ween predictors and employ higher power functions for i nc



deliberately focused on mai ntaining l'inear associations bet
concentrations and avoid complex interactions. This approach ¢
of associations remained cl ear. tBy owlgéarulty tihce noidfeyyi dgevel opme:

the factors that significantly <contribute to higher concentr :

insights for policymakers, aiding in the development of effecHt
the i mplementatieonwofil enksawmel|l eeqqoideéd considerably more compu
power, particularly given our goal of generating a 100 m reso
for each pollutant, totaling 12,052 days for a single polluta
priedti ve performance of our current model s, we opted to use i
only facilitate actionable insights for policymakers but al so
This approach all owed wus t o iatcyhieaende eaf fbiaciaennccey ,b eetnwseuerni nignt er pr
that our models are both practical and effective for informing

A primary consideration in this research is the need for a
the entire study period. Utilizing a stable framework all ows
predictors on pollutant confcfeemdtrati bas wi ghbutritéee Ttooamoundi
varying model specifications. Mor eover, certain variabl es, su
geographical features, do not change significantly over ti me

mai ntain a wunifi edddintoidoenlailnlgy,apwhridachi.t As possible that model
could vary across dif fteeremt mycalrsendlcaasi mg e @aptomrge broade
trends and patterns that are crucial for understanding air queé
pesmpective is essential, particularly in the context of evol vi.i

in monitoring practices.



While it shares some similarities with traditional stepwise
modi fying the model, D/ S/I'A is not a stepwise regression model
D/ S/ A algorithm offers severraelgraedsvsainotna g epsa rotviecru ltarradyi tiinoniatls st «
flexibilitli heahanel @t honshi ps, i ntdarnmemntsiioomsalbet ween variabl es
dat a. Unl i ke stepwise r-eghessi bor watiicabbéteal eeties, ob/ / A us
a broaderi asetth aotf acrre theert t er-dsemebhsedobhal thatooepbexouhidat a.

Our model evalwuation sehbkbttabnoprbeebsai gopnebudwhi chohselp mitig:
the risks associated with over fiftotrimmaghcend se rsowruestt hat the mod
and generalizabl e. This approach provides a more reliable as

compared to relajiureg.sdlteliys @i sp -viarhpuerst aarsts otca an @tde t hat the p

with individual prredi$4 oarmsd ithhédlabtersalSl2, m&8e¢l aperformance in t
model were derived after the model was finalized. This proces
model s, where coefficients ammbdteheisrel icgniofni.c drmaes ,antdedet er mi

pval ep®rted in Tables S2, S3, and S4 are valid and reflect th

within the context of the finalized model. The D/ S/ A algorithnm
ourf oM derwatirdasi on, ensures t mantd tvied | tho deels pr emaitrhee robust
complexities inherent in the data and the modeling process.

Previous studies havoanidddeidnicfeinetdr aat i dencsl iinne danl ING®Tr ni a

’54"4”&ﬁ5d found that stringent air quédPibfnyd r

N

Californiads mobi#tl baseuptayeedgal atgonéi can
This study, using all the historical obse |
pollutants.



I'n addition to the i mpact of policy regulations on the ovVe
concentrations, we found that environment al factors also contr

was found to be negatively nass,solciikaetleyd dwie ht opoiltlsutamit| ictoymcteat r

absorb pollutants and i mprove air quality through processes ¢
deposition of particlfl aAtree amatwti@rh @an hplgahretr sprerrfcemedasage of i mper
surfaces, such as roads and buildings, %%ere positively associ
This is because i mpervious surfaces contribute to reduced nat
which can carry pol |l &% akddi tiinamaltlhye, aiimpearnvd owat esrur f aces repr ¢
high levels of human activities such a8 those from vehicul ar ¢

Traffic density was found to be positively associated with

especialnldy, WO This is due to the direct emissions from vehicle
source of these pollutants. Hi gher temperatures were found t
concentrati shevbus. hHgbber Ot emperatures facilitate the photoc

that autsoe pNoO dulceveglrb@adi ng tanded med sav@®¢BO O

Wind speed was found to be negatively associated with polluta
can disperse pollutants more effect®¥YeHiyghdi l uting their conce
el evations were found to be generally associated with | ower ¢
NQand :BM This could be due to the | ower density of emission s
and more effective atmospheric dispersion. Additionally, pol |
| owyi ng areas due to atmospherit settling and |Iimited dispersi

While I and use and | and cover may appear similar, they rep
environment, each providing unique insights for modeling. Lanc
the |l and, such as residentiaurposesmmer dhaeke agriablesrale or i



c

ri

an

nd

ol

s |

tical for understanding sources of pollution |Iinked to hume

d, describes the physical surface of the | and, such as vege
i mpervious surfaceisdentti fiysi npga rntaitcuurlaalr | fye autsuerfeusl tfhoart i nfl u
l utant di spersion and deposition, such as forested areas ¢t}
ands that exacerbate pollution |l evels. The specific variab
senomatsteedi r uni que associations with measured pollutant col

ffic density from | and ulsevelaga whiyl divegetl gt icomredaer wit

m |l and cover data may be mor e.g éllhewsantvafrdrabdreder st andi ng Ve
treated as all ot her predictors, undergoing a holistic sel
ermined by their ability to improve the model's predictive
and | and cowvéel vaanhalalchhs eveha mmore comprehensive and ac
essment of pollutant sources and their i mpacts over time. T
full range of factors influencing air qguality, enhanci nq

essment s.

While Nighttime Lights (NTL) data is recognized as a valuab
essment studi es, we did not include it in our anal ysis due

stly, the spatial and tempomalkt mrésglhutwidm dfheawaiglhabl e NTL

olution modeling we employed, potentially |l eading to discr
tursogl €éinweriations in pollutant concentrations. Additional
a proxy for chudmard yadtni wirtbyan paarretas, which can be sufficier
ough other |l and use variables, such as traffic density and
o our model. These variables of 3€9pexispiati al resolution off
ormation about poll utant sources related to human activiti



including % i mpervious surface and degree of development, i nhe
data, capturing the extent of wurbanization and built environm

Il ight emissions at night .riBabliensc oorfp o3r0a tni rsg atth easle rleasnmd ucto voenr, we

effectively accounted for the spatial patterns that NTL dat a
rigorous variable selection process, focusing on predictors
association witantmeasme et rpaotlilons i n our study area. I'n this
variables were identified as more critical for improving mode
accuracy of our exposure assessments. Whil e NTL data has its
i nclnhuswooul d not significantly enhance our model ' s predicti ve
spatiotempor al resolution we have from | and use and | and cove
predictors that were most relevantabte assestsments goals, ensu

of pollutant ex@proddid®teasTehtes OMle NOhar acteri zed by a coarse resol

kil ometers, which significantly minimizes the occurrence of d
that relatively few gaps were detected.- To address any gaps tF
rougueapi | 1 i ng al gorithm, which involved |Iinear interpolation te
process are as follows: | f data at a pixel | ocation was avail e
ami ssing value, we calcul ated the mean of those two values to
day contained effective measurements, we utilized that wvalue

days before and two days afttaerg afposr weerrye rfeumhdiynifrid | geadp safared tthheat

The decision to average AOD data rather than i mpute missi
practical considerations related to the inherent characteri st
val ues exhi bittdayi gvmirfiiachanti td/gy wiindch deatrgeacrased cthiees of mi ss

state due to constant <c¢loud impacts. This frequent absence of



days worth of AOD information across vast regions. Attempti |
values often results in | arge contiguous areas being assigned
may not accurately reflect tchoeultdr uientA®DO ulcev eslush.stSuwnah ailnt er pol
inaccuraci es, undermining the reliability of the exposure ass
AOD data on a monthly basis, we still encountered some gaps th
To address t hesee ermgpnadiyreidn gnud a p s lylepvi rxoeul n dssmoooft hai nlgpi x e |

algorithm, which helped fill the holes without compromising t
California'"s climate i s ¢€fhareacsteearsioznesd bDyurdinsgt itnhcet ffiirree saenads omo,
significant concentrations ofbevelds senakle momthi bEvento el evat

when averaged, these concentrati-bnsergsemasonnoWhblg higher t han

daily wildfire concent r4a0t0i oQtgdf ewjano dsd metgi Maso creesasc wod0 @

Il i kely treat these extreme values as outliers. Averaging AOD d
representation of these seasonal wvariations without the disto
inclusion ofusschBextisiemg maht hly averages, we capture the ge
AOD while mitigating the risk of skewed results due to signifi
outliers during extreme events.

We incorporated Google Streetcar mobile monitoring data in
compl ements existing monitoring efforts by filling critical g
densely popul ated areas, whera tumaeirriepmalsemoeidt oMihmng station

innovative approach provides a more comprehensive view of air

urban environments where traffic and | and use patterns are co
can better assestshexpopatrentpiaalt emes| amdi mpacts. The approach o
multiple air pollution monitoring types into air quality model



but also sets a example for future studies to incorporate sim

air quality research.

The declzcoaecient N®ti ons observed intehims study reflects the
regulatory measures aimed at reducing traffic emissions. The i
such aNsQ OMIroved cruci al in capturing spatial variability and
The significant influence of txtevkeisc dedeirsyoaed wéat her condi
i mportance of these factors in air pollution modeling. Mor eo vV e
urban devel opment andr eoxisudcly a®» podtatiphaypyoa critical r ol

di stribution.

The st wdgyo'dse | M hi ghlighted the effectiveness of regul atory

particul ate matter concentrations over ti me. The integration
insights into the relationship bebtWwearlaser dhel presence in th
model s al so demonstrated the mitigating effects of natural f e
bodi esz.pohl 8Mi on. However, the increasing frequency and inten
significant chall enge t ot hseuys tcaainn ilnegadtlshteoseds gijnkperso vienmePnM s, as
especially in vulnerable regions |ike the Central Valley.

Unl i kentdloREMOoncentrations di-tenamtterhdbiteél ecéangl 6he
complex nature of o0ozone formation and depletion processes. T
factors such as traffic density sapdelandwuske pheterns signif]
scavenger effect playing a notable role. The varying influence

complicates the predsicotnicemtarmd i maarsagement of O



The ability to exteng tPhYe apldedecsi backhftdailBg9NO
enhances our untdeerrns taainrd ipnog louft iloonngt rends. By devel oping model s

such as daily roM@2,trmdrdtikcl,y NAXYD ,,t k@VMds tOMdy successfully

estimated histori caldiaiigr ap cclolmptriechre nlsd weel st ,e nproad al perspecti ve.
The study, focused on California, | everages data and condi't
while providing valuable insights, may | imit the model s’ appl

significant adjust menrtess.olTuhte ddae WellOAg mMme)npto | d futhio;mh model s

over 33 years required substanti al computational resour ces,

integrated LUR model i ng napepmrsa avceh noevt enro dnso rl eé kree seonusrecneb | e | ear ni n
This choice, ai medr at akinlsiutry ngndnofdea s ii mitleirtpy over an extended
scale, may have constrained the exploration of potentially mor
on |l inear relationships in the D/ S/ A integrated LUR model s,

policgmakemits the abilidityweho captumeticompl eékatneopuld i mprove
predictive accuracy. Additionally, extending predictions back
predictors and assumptions, rnnpenidads ngi umceparseatdesecpartic
measurements, which may affect the accuracy of the backcasted
from this study are crucial for informing environment al polic

identificationtofampoltlaeampomalhottrsends supports efforts to addr e

injustices and protect wvulnerable communities. The integratic
robustness of the model s, capturing theecomplex interplay of
findings can guide targeted regulatory actions and public heal
for continued monitoring and adaptive management in response

wildfires.



3.Rir Toxics

3. 2ABstract

This study presents the wrpnonéauedomt ddOodewmg| apmeaatt afi rhi gh
toxics models and spatial i29wrif)a cfeosr oGeaelri ftolrrme ea, d eac ardeegsi o(nl1 9 8 9
represer+etiigmg hord the U.S. economy. | &ddsd ngseadvanced machine |
regression deletion/substitution/ addietnizememodel s were devel op
1,b8ut adi ene, chromi udnj nobckhekratieagdpraddcezbncvariables such as
use and cover, remote deemiangi,onhsafThe, mnméecesroshogegd mader at e

to strong predicti ve?vpaerufeosr maanncge ,n gwiftrho ma doj.u5s9t etdo FO . 90 .

Resul ts revealed significant tempor al and spatial trends
BenzenebanhddileBe declined due to regulatory measures and i mpr
while |l ead | evels refioadct od 1 eddetni gastofl @ otm, t hienphlaseel s
increased, potentially Ilinked to agricultural and forest manac
including urbanization and vegetation, shaped pollutant distr]
benzene leveladanehiodustr aati aities driving higher concentr
but adi ene, chr omi um, and nickel . Met eorol ogi cal factor s, such
influenced pollutant dispersion and reactions.

The study highlights the complex interplay between wurbani
activities, and environment al faesodautiansbpptngl poll utant I
surfaces provide insights int oespsoilnagutiinme dioatsep ontesedasnd t empor al
for lealctome analysis and offering essenti al tools for policynm
promote environment al justice, and support California's sustai



3.21Btroduction

Air pollution, including criteria pollutants and air toxi c:
adverse effects on hunm®f HewkvbkranthehdeerVopmemenof air toxic
model s remains underexplored, particularly in terms of capt ul
pollutants over extended periods. Air toxics such as benzene,
|l ead and -diomwnce natreed wedrl t heir prevalence in urban and industria
their relevance to environment al and public health. They are
by regul atory agencies such as the Enwai Aonment al Protection Ag
Resources Boar d ( CARB) , making them <critical targets for en

mitigation ef f obrutsadiBeennez eanree acnlda sls,i3f i ed as carcinogens and bot

are common in areas with higas¢trawfifcl a@aee@sstgniahidcamtdustri al

sources of exposur@® i Churdminurmenand ommekeéls are metals of part:i

concern due to their toxicity!%widt hnichredmiawsns olcdiaiggeda known ca
with respiratori® dBotelaselse menndt £ amrcerpreval ent in industrial en
as those from metal processing, steeknomamufacturing, and coal
neurotoxin, has |l ong been a target of regulatory efforts, par
on cognitive devé@t ofplniehnotu gihn tchhei ludsreenof | eaded gasoline has been
|l ead remains a concern due to its persistence in the environn
ot her sources, such as industrial activities and | egacy cont a
nots widely discussed as some of the other air toxics, i s al so
pollution, particularly from industri al activities, such as t
zi-;oontaining’®  mEtevamnéd concentrations of zinc are also |inke
practices and PPFfect udiangddimeatires



Buil ding these models poses unique chall enges, such as int

addressing gaps in historical monitoring, and accounting for
emi ssions, met eorol ogy, and t opo@map htyopolgmr aghlyj forni ads di v
understanding the di stribution of air toxics i s particul ar]l
policymakers. TheedoValtopmeminnafal hiaydrart opxeircisodsur f aces over a 2
represents unprecedant eadide ft feanrptortad mape ntdlse ofpatiir poll utants a
stateds varied |l andscapes. This redeamchrfifecdsi ven by the nee
of air toxics exposure at indierduabdliriteédvelt eom heal bhroht comes,
wegiht , autism spectrum disorder, cognitive decline, Al zhei mer

expectancy.

Land Use Regression (LUR) model s @&rcaliencreasingly utili zeq
spatial wvariability of airupeldndahnhasd ¢covegraclhiinmatgeogamaphi c
remote sensing data. These ntoidredss valresr e atrrta fcfuilcarenyi sussiedmus, i n u
industri al activities, agriculture operations, forest managem
to a complex exposure | andscape. In this study, we aim to deve

the six airalt orxeiscosl uatti oan sopfatli00 m across three decades for the

This approach enables wus to identify pollution hotspots, ass.
measures, determine communities dispmppottindonately affected by
to evaluate |l ocalized air toxics exposure health risks. While

employed to develop surfaces that estimate air toxics concent

small er geographic ar eas,uss hvaarltdedsa ttiiommé&®t?eacnrensi qouresl acked r o
As California continues to advance environment al initiatives,
wi || be a cruci al resource for researcher s, public health off



targeted interventions, foster environmental justice, and stee

with cleaner air for all its residents.
3.2Médaterials and Met hods

We applied the same deletion/substitution/addition machine |
in the criteria BYIAiut atnotxsi cfsor whalcihf cirnncilaude hazardous air pol
(HAPs) such as chr omi um, nickel, | ead and zinc, as wel |l as vol

| i kébult,addi ene and benzene, were incorporated in our air pol |l ut

3.2Désédéription of air toxics regulatory monitoring

The air toxics data used in our analysis were sourced from t
spans from 19B&6bIteo MMi2sl doocsmper ehensi ve dataset provides inforr
several key pollutants that are monitored for their hazardous
Benzene, a volatile organic compound commonly emitted by veh
processsemnsooniwwaor ed at 54 wunique sites. A total of 384 observati
insights into the spatial and temporal- variations in benzen
but adi ene, another VOC associated iwtiitdns,vewmasul ar emi ssions
measured at 91 unique sites with 899 total observations, t he
pollutants in this dataset. Chromium, a heavy metal |linked to
and combustion, was monwittoh e@d6@tt dltbaluno lmqauer vsattieosns . Ni ckel, C
associated with industrial activities such as metal smelting,
with the same number of observations as chromi um. Lead, once
gasol i ne ianmnddu svtarriiaolusacti vities, was similarly monitored at 46
of 366 observations. Zinc, another heavy met al commonly relea



vehicle emissions, was monitored at the same 46 sites, with 3
associated with industrial processes and vehicle emissions,

contribution from agricultuctlcastivVntagsi andt éopeegstzi manageme:!

be released into the air as a result of the use of fertiliz
compounds. Additionally, soil erosion, which can occur in agr.i
airborne zifrma epsar tmamlaggse.melnnt , t he bucronnitnagi mifngi omass or the us:¢
pesticides for pest control can also contribute to zinc emissi
3.2Dével opment of potenti al predictors for air toxics model i ng

3.2.4P0o2.llutant specific emissions

For this project, we utilized emissions estimates from the
covering stationary sources from 1996 to 2021. These emissio
sources reported by facility iocpsermaHotr sSpat sad rPrdoigsrtaamm ct s under

(AB 2588) and aggregated point sources estimated by the Califo
and |l ocal air districts. Thisrmomeprepeasive dateamiessipoosyi ded
trends and vari abliel istpyat i Taol ernespurrees eamd @urn a n, point source | oca

geocoded wusing ArcGl S geocoding services based on the street

all owed for precise mapping of emission sources, enhancing th
addi ttihoen itnodi vi dual air toxics emissions, we included total or
organic gases (ROG) data from CARB's emissions inventory. The
categories complemented the detaelwedftexiscsi dasa, providing a
relevant to air quality and exposure assessments.

Al l emi ssion data were transformed into annual raster f or mi
This-rkeisghuti on rasterization process enabled a detailed spati



apturing their distribution and intensity over time. The res
vel oping annual air toxics models and pollutant concentrat
tailed emissions data i fdteo ttoha smodelaitiq@l pryoaeands,t ewmpowearnd é yab

solved predictors to better understand and assess air toxic:
. 2.4Re2mo2t e sensing Sentinel bands and ratios

Il n our LUR model s -2f ogpeacitrr atlo xbiacnsd, s Saermndt itnted i r ratios are us
edictors to account for the spatial di stribution of surface
viét sThese bands, ranging from visible to shortwave infrared
riations in |l and cover, vegetation, and ur banizati on, whi

ncentrations.

For | ead, significantFeloeddriici e8har iwfeire Kheerawid, byabanov,

rig and ¥YanuppanBaome (B2) band and the band ratio B6/ B8, su.

atures effectively capture spatial variability associated w
ecifically, the Blue band (B2) po<iattiimegl ya correl ates with
tenti al l'ink with wurban or industrial surface characteristi
ghlighting differences between vegetation and wurban structu
stribution of | ead.

For zinc, key predictors included the Green (B3) band and

e Green band positively correlates with zinc, potentially
sociated with urban vegetatidemposi tmenal The seghéaces that i nf
efficient of B3/ B8 suggests an inverse relationship with \
indi cat elsassehdatspNdcRt ral di fferences capture spatial wvariation i



Overall, t he i R2t esgpreacttiroanl odfatSae netnihnaenilces t he spati al resol u
pollution modeling by | everaging the detailed information on |

to i mprove the prediction of air toxic distributions.
3.2.4Tr2a.d3 ti onal LUR predictors

For the development of our RUR pnaordieilcsulfadre nmmattrtcegen di oxi de

( PMs, and 3o,zowme UutG | i zed a wide range of integrated, comprehen
provided cruci al spati al and tempor al information. These sour
and | and cover dat a, met eorol ogicalataon ®il teiacmres , vegetation dy

refer to Tabl eSu2 iShathhrd apgperSabge, Jhoobsae, Park and Mohegh

predictors considered and the method applied to backcast dat a
use of these same predictors to model air toxics, ensuring a
the spatial distribution of hazardous pollutants.

Traffic data are a critical input in air pollution modelin
NQand:2PBMwhi ch are heavily influenced by vehicle emissions. Thi
on traffic volume and road networKks. Traffic data helps i de
emi ssions, which are significanurbantenbutonmehnhbs!| ocal air qua
By incorporating this data into the modeltse,d we can account for

emi ssions on air-r t oxi cshuteaasdi palel, utaanrdt sotlhieke alian zteonxe ,c s1 ,a3r e of |

|l inked to motor vehicle exhaust.

Land use and | and cover data provide essenti al i nformation
|l and cover and | and use activities influence air quality. Land
residential, industrial, mdommevei aberoai mgriculk bher gplhly,si whil e



s u

un

I n

e X

rface of the |l and (e.g., urban areas, forests, grassl ands,

derstand the relationship between human activity, l and tran

the case of air toxiams ,hellgpndpiwmspeoi aand alrerads odv ehri glhatpaold ut i
posur e, such as-densusyrirazlsi dentesal hagéas, or regions af f e
ricultural practices.

Met eorol ogi cal conditions are a cruci al factor in the disp
|l Tutants. We incorporated data on temperature, wind speed,
mospheric pressure, which ahnd rne@ddtueinrc et howatprod d pieame.s trave
r example, wind pattereami cainorcaanrgagotld uatamaears fe@imorms ghwhi | €
mperature and humidity influence the formation of secondary
XxXics modelinghempsearccloagitcdlordatoav | oc al weat her conditions
e spread and concentration of hazardous pollutants, providi
presentation of air quality.

Vegetation dynamics also play a significant role in air pol
t as both a sink and a source for certain pollutants. For
'l utants t hrough their st omag.a, Cormvdears elgy,| olcadnd pol |l ut ant
nagement practices such as deforestation, urbanization, or ¢
e natur al processes that help mitigate air pollution. By i1
del s, we can accobypesfandhowveereggéeatnbhuence the dispersior
xics, particularly in rural or suburban areas where vegetat:i
ality.

Finally, satellite data pr osvciallees sap aptoiveelr fpuadt tteorons foofr capt ul
nd cover, vegetation, and even pollutant concentrations. Sat



resolution, can be used to monitor changes in | and use, trac
estimate pollutant | evels from space. For example, vegetation
such as the Normalized Diff efreernciensvieglttati mho |Inhhe xdé¢ NDiVily , ca
and health of vegetation ibmsa&dgireenotaer s@&.nskuwmgt tammarses, sdat el | |
monitoring emissions from point sources, providing another | a

of air toxics.
3.2.4Bax.kdcasting predictors to 1989

The CARB&s EMi ssion FACtor (EMFAC) emissions data for air t
from 1996. To extend these predictors back to 1989, we appli
predictors selected in the finhltaendsokocsbmokebasti agming to
Tabdsaammari zes the trend analysis models for TOG and ROG acros
(350m to 5000m), used to backcast emi ssions data to 1989. A
significant negative year coeffimiiesitens.i nBurctahém,g consi stent
|l arger buffer distances correspond to higher baseline concent
of decl ine, reflecting the cumul ative effects of emi Ssi ons O0OV¢

at ame3t5eOr buf f erl,i nteh & s@ mbodd8Bs)td e(wimielt eratbud f 8000 t i s

on

mu c h S t-Ge.ePal) ( These resul ts highlight t he i mportance of

understanding air pollution trends over ti me.

For predictors where no discernible trend could be establi
available data to fild]l in the missing years, ensuring contint

reflectance data from the Sentinel remote sensing data.



The backcasting process for traditional Land Use Regressi ol

i Bsu, Shahriary, Sage, 'Padhbhsempr oRasl amel Mdesghackcasting dai

traffic d2a00,f odaill9y8 9NDVI data prior to 2000, and monthly AOD

Th

e

backcasted daily and monthly datasets were subsequently a

gaps for perreds meadadbouéments in generating annual air toxics

2021 period.

.2

\"

p
d

Dédl 8ti on/ Substitution/ Addition (D/S/A) LUR modeling techni

For the annual air toxics modeling, we applied a similar
el oping daily aixyy RM¥MIldpdt’i Howeeetel s akomi NOtoxics data is

y available from CARB's speciation data and EMFAC emission
fted to developing annual surfaces rather than daily model
essitated soememadeusbhgeptroceéws,t hbut the core methodol ogy

sistent.

The modeling for air toxics follows the D/ S/ A algorithm, wf
ically-oahyi mbdeteptunl ess otherwise specified. The algorit
ifies the model by adding,i delptéedigctiovespbstotmanog. t er ms
each iteration, pdostuecnht i aad  immoadcerl p omoadtii fnigc apg d loynrso mi a | terms

ting different c@aombievatl uan®dofagmrn eeditctaops edefined criterion

used on ikvnapiriodwitnegd orrosasnot her performance metric. This iter
ts various combinations of ter ms, retaining only those that
el accuracy. The algorithm continuesd to iterate until no s
model performance, based on predefined stopping criteria. T

hreshold for-wviampdayeme ®d iom comps$ eting a maxi mum number of

®



iterations, which was set to 15 in our previous work. Once th
model is selected, representing the best balance between model
To maintain model inter pared athd Iliitnyearwet eremd r i aveiddithe ipmtedrn a&dt

effects.

For wmabsdation, the same approagh Ps@achdin the daily LUR mod
Oswas applied, where data was randomized and divided into 10
bal anced mix of data in each fold, helping to avoid overfittin

Thi s-vcarlasdsati on process ensuirmeidzacdcdef ari rprediiactsi vmo deed surwaaye opt

across different regions and tempor al scal es.

I'n summary, whil e the transition to annual air toxics model
to the temporal framewor k, the D/ S/ A algorithm and the met hoc
predictors remained,!| IMgahyd Thhes <comesiaxzd efndr ap@roach all owed
us to develop reliable models for predicting the distribution

and space.

3.2RBsults

The model for benzene (Table 3) had an Adjusted R] of 0.80

accounts for 80.6% of the wvariability in the dat a. The pred,i
statistically significant and ebdémnmaithwine oif n beazgineg degrees t
l evel s. The year variabl e, with a negative coefficient, sugge
generally declined over the years. Among the |l and use predict

1500 m has a negatiiatei cam dwisti hg nb € n zcearden tlasnssxaldsy. Devel oped high

|l and use at a 5000 m buffer distance shows a positive effect



medi-iumt ensity areas within 50 m show a significant positive ef/
devel oped areas tend to have higher benzene | evels. Certain w
relationships with benzenandconwietmhirmtl®h8. mFareenamptl evelwet

associated with benzene, suggesting that wetlands may help mit
to vegetation and | and <cover features. However, wetl ands wi f

relationship witah nhoernezediest aretf liectli mgnce of wetl and areas on

concentratiebmas edUvlaamnmabl es, such as i mpervious surface percent
residenti al areas within 2550 m, have a positive association
i ncrdeaigséani zati on and i mpervious surfaces contribute to highe
the industri al front, industri al areas within 150 m are negat

could be due to specific regalaftfoegyt .cothdweMesr ,ori mdthsetrr ifaalct or s

areas at |l arger distances (4200 m) have a positive effect. K €
wind velocity at 10 m, have a strong negative relationship wit
t hat higher wipndispeedse meynzeale and | ower | ocal concentratio
temperature shows a positive relationship with benzene, indi
mi ght | ead to higher benzene | evels, which is consistent with
orgamimpound that can increase in warmer conditions. The spati

year 2019 is presented on the | eft side of Figure 1.

The modebutfadi elne3 (Tabl e 4) had an adjusted R] of 0.619,
moderate ability to ewplaadiirrnehd evaltisabiTlhiet ydaitras&t 3 i ncludes
observations from various sites, adnscwrniding iaonlsroadAd representat
clear decr e ash wtga dtireemred ciomcén8r ati ons over time highlights t

regul ations and i mproved emi ssi on control s. I ndustrial and
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Howe

conc

powe
us e,

rel a

ri butors t o ambi ent l evel s. Proximity t o industri al ar

entrations, confirming the role of i ndustri al emi ssions
strial activity at sl i ghtatyi olngr gpeort echitstad ncye sd useshotwos a neg
ersion -eéfated. pVeldickter s, such as vehicle kilometers tr
i ficant rol e, reaffirming the i mportance of transportatio
notabl e efdf eacrtesas Gwiatshs | mingllseranveget ati on indices are | in
entr athiuammsdi efie,l, 8uggesting that vegetation helps mi tigat
i bly through pol l utant deposition or reduced emi ssions.
urememnts sisse®ci ated with higher concentrations, which coul
gul ated sources. Organic gases are also key predictors. RC
oveurt atlj 8ne concentrations, | iekelnygy dwarteschemical react.i
ver, at |l arger di stances, ROG-blttacdilsnear e positively as
entrations, indicating more complex spatial and transport
tionship, consi stenel aningdhsithres r Met eori sl occgointhauls tfi ot or s,
uding wind speed and t e rpuearaadtiuernee, csoingcreinftircagntolnys.i nfl uenc
er wind speeds are associated with | ower concentrations,
dup. Convertserlg¢gs &rnghleirnkednpteo ai ncreased concentrations, |
nhanced emissions or chemic-Butadibeheohsesr Vbarspatial di st
is presented on the right side of Figure 1.

he chromium (Table 5) model had an adjusted R] of O0.758, i
r. Based on 366 observations, the analysis highlights sev
industrial activity, andsethariabVesosmewt alargyhagacteri st
tionships with chromium concentrations. Devel oped open sp



are associated with | ower chromium | evels, suggesting their r
However, at greater distances, these spaces show a positive a:

emi ssions may disperse from dinimearst t¢gevdelvepopedr aaeasSi mil arl

near the sites are associated with higher chromium | evel s, r
moderate urban activities. At |l arger distances, these areas h
refl ect di speurcseidondierfefcetc tesmiosrs iroends . Natur al |l and uses also pl a
and shrub | ands show positive associations with chromium conc

deposition of airborne chromium from other sources rather tha

emphasize the complex role of vegetation in pollutant dynamics
such as impervious surfaces and residential areas, are signifi
Hi gher percentages of impmeasovuementfacesesiarprekimngyhytlinke
to elevated chromium concentrations, consistent with the role
retaining pollution. Residenti al areas also contribute posit
househol d danadctliovd & liiexse Industri al activities are significant
|l evels. Proximity to industrial areas is associated with high:¢
the impact of industrial emissignesaténteresanogsyhasndustri al
a negative association, possibly reflecting dispersion effect s
for year 2019 is presented in the middle of Figure 1.

The nickel (Tabl e 6) model explains a substanti al portion
nickel concentrations, with an adjusted R] of 0.698 based on 3
several significant predict ansmosephatréed Ttontéemponal andnds, | &
environmental factors. Year shows a negative association with
trend over ti me, possibly due to improved regulations or red!



Optical Depth (AOD), a measure of at mospheric pollution, i's r

concentrations, suggesting that higher aerosol |l evel s contrib
Sentinel reflectance ratihas Rrelhatgad i ve edffeate chai gat émnigs tt iha
| ower reflectance is |linked to reduced nickel concentrations,
|l and cover or emissions sources. Land use features show varyi

and proxi miaty Defvetl n@ealr open spaces demonstrate mixed effects;
associated with higher ni ckel |l evel s, while intermediate di st

i kely reflecting dissegper st e siptay .4 ety g kheo wealdgapn d

particularly those very close to measurement | ocations, exhibi
reflecting emissions from industrial or urban activities. Si
di stances shows a piorsg tciovnet rried wattii coomss hfirpo,m iangdriiccautl t ur al regi ons
due to fertilizer wuse or soil di sturbance. Vegetative feature
measur ement sites, show a negative association wi t h ni ckel (
vegetanhi phay a role in mitigating pollution | evels. The 1| oca
values 1 to 3), representing proximity to roadways, has a si
ni ckel concentrations. Locati onshowiet wiint h§ W0 3@ O0ofm hi ghways (ca
of major roadways (category 2) generally experience higher ni
areas far from highways and major roadways (category 3). This
vehicul ar emissi onsThteo snpiactkieall cdoinscternitbruattiioonn so.f ni ckel for yea
presented in the middle of Figure 2.

The |l ead model (Table 7), with an adjusted R|] of 0.585 base
key factors influencing ambi ent | ead concentrations. Year e

association with |l ead |l evels,tindi taeiegdfaectdevkeneesovér ti me,



egul atory

measuoes obGcHeasetthgapbhsee and stricter industr i

Sentinel band 11 reflectance at 100 m, representing

association wit hr dfelaedc tcaomaee nd Ir aart d otnesr, i sstuigogse sa fi noge rt thaait

i nfl remices it hre afe plosad. obhamad wsee and | and cover v
compl ex spati al relationships wi t h |l ead concentratio
diast ancseisgn(if1xGnm) nlegati ve association, whil e d

areas within 400 m exhibit a strong positive effe

ensity

ronments.

and human aatiewnistitgs devel epdd | avebs. aHi dlarther

tahis@sm)Y 1al so show a positive association, suggesting cont |
I ndustri al areas within 50 m have a substanti al

sources of |l ead podrl vueniosns,i dnsk.elGu lIftriovmatmadch uf act ur i
demonstrates mixed effects based on distance, with negati

planati on
servati

atures,

positive effects at farther distances (1700 m an

iInfdruaelncpr adt iacgersi,cui ncl-ndse@d the historical use
and spatial patterns of atmospheric | ead depositi
significant negative association, indicating that
capturing airborne particles. Wi nd velocity at
l'ikely due to enhanced dispersion of poll utants
of Il ead for ofeaRFi QUWrle® 242.s presented on the | eft si
(Tabl e 8) model , with an adjusted R] of 0.902, d
spati al and temporal variation in ambient zin
the model highlighthd <eoweral watedi ctors related
met eorol ogi cal influences, as wel | as the infl



activities. The year variable shows a significant positive ass

increasing trend in concentrations over ti me. This could ref
activities such as industragti cpurlotduurcatli omse uabdn fdeeel opment
management . Land use variables reveal the substanti al i mpact

practices on zinc concentr atdemendehev ed fofpeeadt sopewi tshpaac e has s
significant posi tainde 4890DLo ani, athiudn aatne®y®mQ® ime effect at 1650 m.

may reflect the spatial heterogeneity of zinc sources, includ
emi ssions, and material weathevriinnmgenisn twr baare assnwiirtchnment s . Dev

10 show a particularly strong positive association wi t h Zi

contributions from residenti al Il and -ruesleat esduch as roofing mat
emi ssions. I ndustrial I and wiftfheicnt ,3 OfOu rmt hael rs ou nhdaesr sac osriignngi f i c an't
the role of industrial activities as major contributors to zi
areas are also significant predictors, pointing to the dual i
management omnatziiors .co@Queletnitvated | and within 1300 m has a si gl
association, potentially due to |l ocalized zinc absorption by
cultivated |l and at farther di stances, such as 2750 m, has a
rfel ecting agricultural runoff and emissions contributing to r.
within 100 m shows a positive association, possibly linked t
including tchhremtwseionfg fiemde i |lszefes. @r, bwirlnd fnigr @) bi ®immi | ar | vy,

shrub |l and at 1750 m and tree canopy at 3400 m positively inf
vegetated areas may -epnhiatyt ian g ozZlien d nt hrroaawgh nbyi coge acchemi cal proce
Ot her signifincdntdepreadaidaowtagr @reas within 1050 m, which are posi

with zinc concentrations, l' i kely due to tire and brake wear,



Commerci al l and use shows mixed effects, with a negative asso

association at 2850 m, reflecting variations in commerci al act
emi ssions. The spati al dpirsetsreinbtuetdi oonn otfh ez irnicg hftoro fy eFairg u2rOel 92 .i s
3.2Dbscussion

This research presented an unprecedented effort to develop

air toxics-biun allle mmene,c hl,o3ni um, nyi ecakre Ip,erliecadd ,f carndt zee nc over a 3
State of California. The reemplrex relvatil esnshigms fhbetaweéenrends
environmental variables and air toxics concentrations. The de
benzea,t aldizne, and | ead underscore the success of regul atory
t he past decad®8lsut aBdeinezneen,e baontdh 1v,ol at i | e organic compounds, h
reductions |Ilinked to cleaner fuel standards and the regulation
These results align with prior studies demonstrating the eff

amenedm s in reducing hazardous air pollutants (U.S. EPA, 2020) .

|l ead concentrations reflects the success of phasing out | e
ntrol s, consi stent wi t h rmateitonaal. ,an2d0 0i7nt. e rinna tci conntarl a sttr, e ntdhse (
creasing trend in zinc concentrations highlights emerging c
iven by wurbanization, increasing traffic (e.g., from tire
rtilizer) amtd fergst wialhdafgiemes and control s). The forested
owed the greatest concentrations of zinc in 2019 (Figure 2)
aditional sources have been mitigaéeedionswer sources of air
The spatial heterogeneity in pollutant | evels reveals crit
e and wurbanization. Dev el eipnetde nasrietays ,u rpbaarnt ilcaunlda rul sye ,t haorsee wi t
nsistently associated wisghchighebernarentchtomnsmofamaol | ut a

®
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This finding aligns with studies |inking urbanization t

ul ar, and residenti al sources (Cohen et al., 2017). Not al
onment s amplify pollditsper siewnel andyenhamctiimgg Inocactaulr al

i ons. Vegetation and natural |l and uses demonstrate dual
nds mitigate pollutants |ike benzene and nickel through
tants show pdisintatvuer ads sloacnidatu soens awti | arger di stances. F c

mi um concentrations are positively correlated with forest:

zinc.

t he
di st
conc
i mpo
Vehi
ni ck
cont
tech
furt
Met e

pol |

spheric deposition may transport emissions from distant s«
heeda nuanced understanding of how | and wuse interacts W
icularly in areas transitioning between urban and natur al
ndustrial activities are prominent contributors to ambi ent

Proximity to industrial areas is strongly associated wi
role of industrial emi ssionmusasi pti mang sceescas. |lantgemre st
ances sometimes exhibit negative associations, reflecting
entrations. This finding is consistent with dispersion m
rtance egfi ohatal namdacti ons in shaping air toxics distribu
cul ar emissions are also signi-futcaditen@aandcul arly for pol
el . Vari ables such as vehicls kindemetere thaveled and pro
i nued contribution of transportation sources to air pollu
nology and fuel standards have mitigated some emissions, t
her reductions addresdi tolcal i ped| hobtespotse® near maj or road
orol ogical variabl es, including wind speed and temperatur
ut ant l evel s. Hi gher wind speeds are consistently associ a
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LUR

rath

alig

e nbey t ald,iEne, and | ead, reflecting the role of at mospher i
l'ized pollution. Conversely, higher temperatures are | in
utants |ike benzene, aldghhegewhahcethevol ahielmi zal i pmopert
occurs under warmer conditions. These findings are consi
ciples and highlight the importance of incorporating met ec
| s. Envi romemenasalvda@aeaettaotrisgn i ndices and organic gas | evels
complexity of poll utant dynamics. Vegetation is generall.y
l's due to deposition processes, lswtatiitad rol e can vary dep
e. For instance, wetl ands show both mitigating and e X ac
entrations at different distances, reflecting complex int
| ocal emissions.
n comparison to the existing |literature on | and use regr es
ies have primarily focused on volatile organic compounds,
; Johnson et al ., 201@01Myuk8ujet at.al201@2P09Th&madhust edl]l
f the models for benzene was approxi mately 70 %. These stu
fic and industrial sources are significant contributors t
maj or iantsbuogegen!| n contrast, there is relatively |imitec
model s for air toxics of trace metals. Some studies have
er than modeling them individowa2l2l)y floicuesti nal . , 2024). A st
| ocal region, demonstrated that nickel could be consisten
alues ranging from 0.75 to 0.93. For |l ead and zinc, predic
es ranging fr omamarhgigrhalalsy Op6é@diantdi We 72, respectively. The
n with the results of our study, which observed relatively



compared to other air toxics. Another relevant study by Rahma

l and use regression models for PM2.5 constituents across the

centroids. Their findings showedj udtédoRR2yvaioc&esl could be m
ranging from 0.54 to 0.85, underscoring the inherent difficult
over |l arge geographic areas and extensive time periods.
Overall, the most signifiqeamnltutcihad | &inrget o ni dse vmd delinngi ©i gh
identifying their sources and sinks, which are typically not

di stribution and often exhi bdetl sc onmupslte xa cscpoautnitalf oreltaltd soenshi ps.

spati al and tempor al variations while integrating diverse pr
advanced | and use regression techniques and extensive data sol
and developed moadeéer mobelet s str d®@® mobkpatial resolution for six
benzenkkyt ald,i®ne, chr omi um, nickel, | ead, and zZzi nc, spanning
California.

The -hegblution spatial surfaces generated in this study s
advancing research and public policy. For researchers | ike us,
resource for investigating assdobeattbn®ubedomesn BROT toxics e
policymakers and public health professionals, these surfaces
hot spot s, enabling the identification and prioritization of !
support initiarionwenegnpalompuisngcenbwiy highlighting areas dispro
affected by air toxics. Finally, these models contribute to Cz¢

by providing actionable dattaetm gmuvideonime¢ er @lenandngulaind foster

heal th i mprovements.



¢l oofbS ' ANJ G2EAOA Y2yAG2NAYy3 FyR
Pollutant Unique Total Adjusted
Model (Annual) Code Sites Observations R?
Benzene (Ben) 45201 54 384 0.81
é’li)B“tad'e”e (1.3 43218 91 899 0.62
Chromium (Cr) 88112 46 366 0.76
Nickel (Ni) 88136 46 366 0.70
Lead (Pb) 88128 46 366 0.59
Zinc (Zn) 88167 46 366 0.90
TabdTehe TOG and ROG trend analysis model s ﬂ
t
Model Name Estimate(KQg) Std(Kqg) DF value Pr(>Jt))
(Intercept) 253.04535 24.49348 3901 10.33 <0.0001
TOG (450m) -
year -0.12512 0.01219 3899 10.26 <0.0001
(Intercept)  99.07655 12.20607 3902 8.117 <0.0001
ROG (350m) .
year -0.04891  0.00608 3899 8.049 <0.0001
(Intercept) 215.75673 40.05294 3901 5.387 <0.0001
ROG (800m) year -0.10547 0.01994 3899 -5.29 <0.0001
(Intercept) 1797.53373 193.12282 3902 9.308 <0.0001
ROG (1750m) year -0.88639  0.09614 3899 -9.22 <0.0001
(Intercept) 14139.273 747.2367 3906 18.92 <0.0001
ROG (5000m) -
year -6.9661 0.3719 3899 18.73 <0.0001
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Tabsl eThe Beihpamts (peb billion) annual l and use regression
Predictors Estimates Statisti¢t p
(Intercept) 71.144453082¢ 6.460868056 <0.001
Year -0.0460644573 -8.187001384 <0.001
Developed open space (ha) -0.0003038868  -9.20768114  <0.001
(1500m)

Developed lowintensity (ha) 0.1046491564  6.108446398 <0.001
(50m)

Developed lowintensity (ha) 0.0095996898  2.581800578 0.01
(150m)

Developedow-intensity (ha) -0.0040680773  -7.39114508  <0.001
(400m)

Developed mediuamtensity (ha) 0.0750590130  9.494233321 <0.001
(50m)

Developed highintensity (ha) 0.0091059982 3.24671851 0.001
(100m)

Developed highintensity (ha) 0.0000233851  10.09621313 <0.001
(5000m)

Barren land (ha) (3650m) 0.0001646350  1.513935759  0.131
Wetlands (ha) (1500m) -0.0006293208 -4.169578405 <0.001
Wetlands (ha) (4200m) 0.0000765548  5.221485589 <0.001
Percent impervious (%) (1250m) 0.0049819000  6.492024697 <0.001
Residential (ha) (2550m) 0.0001292767  15.79280818 <0.001
Commercial (ha) (400m) 0.0007969469  4.086255787  <0.001
Open land (ha) (4050m) 0.0000447860  12.98661681 <0.001
Agricultural (ha) (650m) 0.0003945438  2.859741801  0.004
Industrial (ha) (150m) -0.0062452995  -2.986573997  0.003
Industrial (ha) (4200m) 0.0000341314  8.618888805 <0.001
Roadway area (ha) (400m) 0.0027072548  7.338750856  <0.001
Wind velocity at 10m (m/s) -0.4824059638 -8.830365082 <0.001
Maximum temperature (K) 0.0740398482 8.81029949 <0.001

Observations

384
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R?/ R? adjusted 0.817 / 0.806

*Note: Statisticis t-statistic calculated using estimate/standard error



Tabel e The 1, 3 Bpuatratdsi epneer (tprpitl I i on) annual l and use regression model
Predictors Estimates Statistic p
(Intercept) 31117.664882693- 11.64674358 <0.001
Year -21.1249730190 - <0.001
19.38089739

Barren land (ha) (4600m) -0.0469201251 - 0.03
2.167769104

Grass land (ha) (500m) -0.6775093539 - <0.001
5.129792766

Normalized difference vegetation -0.0424093861 - <0.001

index (NDVI) 4.420047065

Reactive organic gases (ROG in -25.1894794709 - <0.001

Kg) (350m) 4.523940379

Reactive organic gases (ROG in -2.9373635888 -2.93857921  0.003

Kg) (800m)

Reactive organic gases (ROG in 1.5820924780 9.93839590% <0.001

Kg) (1750m)

Reactive organic gases (ROG in 0.0789423273 3.453985634  0.001

Kg) (5000m)

Total organic gases (TOG in Kg) 19.5173083814 6.458797477 <0.001

(450m)

Industrial (ha) (100m) 25.0402701651 6.830834645 <0.001

Industrial (ha) (250m) -4.7079719446 - <0.001
7.984294052

Open land (ha) (50m) 16.0480573790 2.957217315  0.003

Open land (ha) (3100m) 0.0049091507 2.688184262  0.007

Unknown land use (ha) (1150m) -0.1412559852 - <0.001
4.712224558

Wind velocity at 10m (m/s) -104.8729264054 - <0.001
5.294000198

Minimum temperature (K) 22.4987766572 3.637364344 <0.001

Maximum temperature (K) 18.9826049436 4543141132 <0.001

Distance to ports (m) 0.0007354483 4515508873 <0.001



Vehicle kilometer traveled (VKT) 0.0012401077 3.276795231 0.001
(350m)

Observations 899

R?/ R? adjusted 0.627/0.619



Tab7l eThe Chr oinimuenr ¢  gam per cubic meter)

Predictors Estimates Statistic p

(Intercept) -0.0009652030 -3.421993114 0.001

Developed open space (ha) -0.0000026233 -5.148937014 <0.001
(750m)

Developed open space (ha) 0.0000001187 7.855805639 <0.001
(4950m)

Developed lowintensity (ha) 0.0000011149 4.834187597 <0.001
(750m)

Developed lowintensity (ha) -0.0000000776 -5.356293607 <0.001
(4350m)

Forest land (ha) (1700m) 0.0000000804 3.278770817 0.001

Shrub land (ha) (3500m) 0.0000000227 3.449440594 0.001

Percent impervious (%) 0.0000542740 13.2018244 <0.001
(700m)

Residential (ha) (250m) 0.0000033797 2.733756416 0.007

Industrial (ha) (50m) 0.0150493090 6.183608152 <0.001

Industrial (ha) (100m) -0.0006743840 -6.219904697  <0.001

Industrial (ha) (1850m) -0.0000007260 -5.478485644  <0.001

Observations 366

R?/ R? adjusted 0.765/0.758

annual
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Tab8l eThe Ni%iknélcr©@g amm per cubic meter)
Predictors Estimates Statistic p
(Intercept) 0.0925145525 4.818773481 <0.001
Year - - <0.001
0.0000457830  4.800933522
Aerosol Optical Depth (AOD) 0.0000042343 3.156966846  0.002
Sentinel reflectance ratio of band 3 t - - 0.032
band 8 (2200m) 0.0005806226  2.149175643
Water (ha) (600m) 0.0000378123  2.45276961 0.015
Developed open space (ha) (750m) 0.0000012524  2.699465104  0.007
Developed open space (ha) (1650m; - - <0.001
0.0000013001  8.293587973
Developed open space (ha) (4800m’  0.0000001078  8.329239371 <0.001
Developed lowintensity (ha) (150m) - - 0.002
0.0000153411 3.105717724
Developed lowintensity (ha) (550m) 0.0000046813  7.733307247 <0.001
Developed lowintensity (ha) (3000m) - - <0.001
0.0000000709  3.663505516
Developed higkintensity (ha) (50m) 0.0000640834  3.593088787 <0.001
Developed highintensity (ha) (800m) 0.0000012760  6.070259799  <0.001
Developed higtintensity (ha) - -4.30779798  <0.001
(2100m) 0.0000001901
Forest land (ha) (100m) 0.0000160534  1.938139917  0.053
Forest land (ha) (500m) - - 0.131
0.0000003772  1.515190092
Cultivated land (ha) (5000m) 0.0000000275 6.504952433 <0.001
Tree canopy (%) (50m) - - 0.002
0.0000134758  3.157904608
Unknown land use (ha) (4500m) 0.0000000053  2.458329336  0.014
Daily precipitation (mm) 0.0000597377  1.649510182 0.1
Location category - - <0.001
0.0002111528 4.722682297

annual

|l and

us e

regression

mo d e |

f

(0]

r



Observations
R?/ R? adjusted

366
0.714/0.698



Tabidl eThe L&fnd c(roggrmam per cubic meter)
Predictors Estimates Statistic p
(Intercept) 0.1786862844 2.853946155  0.005
Year - - 0.005
0.0000879009 2.826373007
Sentinel band 11 reflectance 0.000001068¢  3.04893212t  0.002
(%) (100m)
Water (ha) (550m) 0.000082456€¢ 1.50767191F  0.133
Developed open space (ha) - - <0.001
(1750m) 0.0000010025 4.125566514
Developed lowintensity (ha) 0.0000067087  4.44248285 <0.001
(400m)
Developed highintensity (ha) 0.000000217¢ 2.168973687 0.031
(1850m)
Shrub land (ha) (100m) - - 0.136
0.0000184916 1.493241436
Cultivated land (ha) (1300m) - - <0.001
0.0000112322 5.260807218
Cultivated land (ha) (1700m) 0.0000063385  6.671948391 <0.001
Cultivated land (ha) (4100m) 0.0000002204  3.95009209€ <0.001
Tree canopy (%) (150m) - - 0.038
0.0000240071 2.077729624
Residential (ha) (50m) 0.0001268974  1.42360566 0.155
Commercial (ha) (50m) - - 0.076
0.0001516211 1.779575967
Commercial (ha) (850m) - - 0.005
0.0000035623 2.816310915
Commercial (ha) (1600m) 0.000001132€ 1.70082250% 0.09
Industrial (ha) (50m) 0.0080694047 2.300571321 0.022
Daily precipitation (mm) 0.0004079364 3.20473059¢  0.001
Vapor pressure deficit (kPa) - - 0.095
0.0006627179 1.673587572

annual

|l and

us

e

regression

model

f

or



Wind velocity at 10m (m/s)

Distance to ports (m)

0.0004811740 2.813558467

0.0000000019  1.560162738

0.005

0.12

Observations
R?/ R? adjusted

366
0.608 / 0.585



meter) annual

Tabll0e The zZ?imd cr@dgyrmm per cubic
Predictors Estimates Statistic p
(Intercept) - - <0.001
0.7633161249 4.717188522
Year 0.0003761687 4.678444883 <0.001
Water (ha) (600m) 0.0026681203 7.64248840¢€ <0.001
Water (ha) (650m) - - <0.001
0.0024089350 7.281817116
Water (ha) (950m) 0.0003425548 10.0615418¢€ <0.001
Water (ha) (1100m) - - <0.001
0.0001080435 9.297688355
Developed open space (h  0.0000395784  7.93253930% <0.001
(550m)
Developed open space (h - - <0.001
(1650m) 0.0000155901 14.24917187
Developed open space (h  0.0000008815 9.760316747 <0.001
(4900m)
Developed lowintensity 0.0005624142 9.41300107¢€ <0.001
(ha) (100m)
Developed lowintensity 0.0000029328 3.200835573 0.001
(ha) (1100m)
Forest land (ha) (100m) 0.0001372166 2.944495893 0.003
Shrub land (ha) (1750m) 0.0000006002  3.713286452 <0.001
Cultivated land (ha) - - <0.001
(1300m) 0.0000566748 13.28121271
Cultivated land (ha) 0.0000139214 28.7339706¢ <0.001
(2750m)
Tree canopy (%) (3400m)  0.0001456838 5.01641636€ <0.001
Commercial (ha) (1550m) - - <0.001
0.0000126516  11.18764605
Commercial (ha) (2850m)  0.0000034115 5.84870307¢8 <0.001
Industrial (ha) (300m) 0.0001951988 11.73936751 <0.001

e

regression



Roadway area (ha) 0.0000086079 7.39112059¢t <0.001
(1050m)

Observations 366

R?/ R? adjusted 0.907 / 0.902
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Task 4: Model regpooseehtumati oms f or
heal th outcomes

3.4 Adverse Birth Outcomes

4. 1Abhstract

BackgrWhhinlde air pollution |l evels in California have changed ov
traffic exhautsdi lepmipsesi emisssinoonns remain a major health concer
targeted intervention policies, wvee Insu,s te supnedceirasitlaynd how evol vi
understudied air toxics, have i mpacted adverse birth outcomes,

ati sk popul ations.

Met hoMes :used birt-h02kxofdem(t1®&0California Department of Publ i
and assessed gestational e % pso YPOp)@ atnad drriatf €riica aanidr poll utants
i ndursetlrayt ed ai r tbouxtiacdsi g nbee,n zcemreo, mihw.e |l ledady ni ckel , zinc)

use regMedgilomnic r egr eaediiditrh termoedfeflesct s of these pollutants on
preterm birth (PTB) and bpew ibmMQRftcurwetiigma pear itocedsm ((ITLBOW)
1997,2009%8220D6 axn0d2) 20W8 al so stratifiledvedy race/ ethnicity and

socioeconomic status.

ResuThe: estimated 2edrf ePTB siome TRRABW RBMcl i ned over ti me,
possibly due to redscbbenrrvedekp®iBeadboeelafFhenPM

reduced f2@O5BREQ2. A2 0i n22098t o nauda1 bayngd OtllBe NO

TLBW association 2685 ®%€EH9 fAD M mMOREAS Ot sl .10n OR

(95%C.I99d!). 02n2@R13 However, t he esandateiarde ef f ect size of br ak:

rel ated air toxics such as nickel and20RPthc on PTB increased in



In general, we saw the strongest associations for these two

among Bl ack and Hi sphavel mBEBepepahdtl owsar ea

Concl uWwd ofnsshhtade e $f e mtati s pfodm uCaaailifschogvea @-3 0
year wwietrh oidmportant difdaedelasccveaslh bEhS , s gelcEBBEINi ci ty
of air pollutiomeedadadirtimacalbent atexs stto npi rii g&tse

from-tebhafed air toxics.



4. 11 Btroducti on

Preterm Birth (PTB) is defined as a natural or medically induced birth before the

completion of 37 weeks of gestation, and a newborn is consideselalrth weight (LBW) if it
weighs less than 2500g, or term LBW (TLBW) if the baby is born <2500g at liei@alifornia,
7% of babies were born with LBW and 9% of bahieseborn preternin 2022, During fetal
development the fetus is highly susceptible to maternal environmental exposures including air
pollution, which may result inadverse birth outcomes withoth short and longterm
consequenced hese adverse birth outconsee risk factors for infant mortality, child morbidity
including poor neurodevelopment, as well as ado#fet chronic diseases such as hypertension
and chronic kidney dised$t Prior studies have explored the relationship between air pollution
and these adverse birth outcomes extensively, but there are no studies that covered decades with
changing pollutions profiles and a population as diverse as people who gave birth imi@alifor
over the past three decades. Here, we will use this unique resourtehtoraedethnicity
differencesfor air pollutants and whether and how disparities in the impacts of air pollution on
adverse birth outcomes have changed in the light of changipplltion levels, and identify
populations that continue to remain vulnerable. Prior studies have investigated the impacts of
criteria air pollutants which are typically measured by government monitoring stations for
regulatory purpose#é recent umbrella revieand meteanalysisconcluded thaparticulate matter

¢®' & (PM2s) andnitrogen dioxide O2) exposure arepositivdy associatd with LBW,
TLBW and PTB® however, the effect of air toxics remain relatively understudied due to
difficulties in monitoring these pollutants. In addition, Pvhassencompasses a mixture formed
from various sources and activities includaambustion (e.g., vehicle exhaust, industrial activity,

andforest fires) brakefire weaf, and atmospheric chemical reactiofbus, the composition of



PMzscan vary across time and space. Investigating the contributions of specificétiponents

on these sensitive outcomes can also help in identifying sources of pollution that need to be further
mitigated. Additionally, while regulations of fuel emissions over the last few decades have reduced
PMzsand NQ levels in California overdl] other pollution sources and their components have
progressively become more prominent, such as wildfires anthilpipe vehicle emissions. There

is a need to understand the impact of the changing pollution profiles on adverse birth outcomes
and expandur focusbeyond criteria air pollutants to include other air toxinsprder to help

shape future air pollution regulatory policies. Strategies to reduce levels of criteria air pollutants

alone may be insufficient.

Some race/ethnicities and socioeconomic classes have repeatedly been found to be more
vulnerable than others. In 20Black mothers experienced the highest percentages of both LBW
and preterm births, while mothers residing in areas with less than 10% neighborhoodwererty
affected the least by these outcomes in Califér&itudies have found that B¥and its chemical
components are disproportionately higher in areas whereinmme populations, racial
minorities and people of color li##&2 One study found that despite reductions ircPlevels in
California, relative exposure disparities increadddowever, studies on racial/ethnic disparities
in the estimated effects of air pollutants on adverse birth outcomes remain l@nitedystematic
review found that the ris&f PTB and LBWinked to particulate matt¢PM) was higher in Black
mothers# though itincluded studiefrom outside the USThe findingsin three California studies
are inconsistentyith two showing higher LBW risk in Blacknd Hispanienothersandanother

reporting no racial differenct$!’.



This is to date the largest birth cohort studyCaliforniarelying on birth records from
1990 to 20210 addresshese questionstilizing high-resolution (100m) exposure estimates for
criteria air pollutants (P, NO, and Q) and air toxics (1, ®utadienebenzene, chlorine, lead,
nickel, andzinc) derived from a land use regression moHete we examine trends in associations
between these pollutants and outcomes and explore how effect estimates differ across

race/ethnicities and ardevel socioecnomic levels.

4. 1M8t hods

4. 1SB8udy Populati on

We relied on Californiashitd%0 rtegiDextyhibeart a3from January 1
obtainedaflridmrtniea Department of Public Health to identify pre
born TLBW. There were 16,821,223 births in this time period, f
mi ssing or unrealistic data of gehsatnat3lomhadays)hgth (|l ess than
(N=729,%)5,6, mids8ing or unrealistic data for birth weight (Il ess
6800g)448=19.1%) for a viable infant, mi ssing or information
mensesd 4N, &2ongl et on D42 Poh 3. t§hNosde5 4who had | ess t han
50% dai |l P MasmiiOCeanotb ®er vati ons in all three trimesters avail abl e

2. 0@ur final sampl e was made of 1,347,224 preterm births, 2

13,651,364 term births with nor mal birth weight (TNBW)

4. 1ABr 2Pol lution Exposures

Exposure estimation is detserTexas iM& M aGe&o s3e rovfi ctelsi s report.
Geocb®ders used to geocode mitlédPBalonwasdieminidalzi peddesses

(prior obl a®asg) .| evel s at etebxetsred arecodc aalte da iard dp ®lIslsietsa mt



fromLWkRer fades |y estimates for criteria air pollutants and ar
The daily estimates for the criteria air pollutants were use
tri mepeéerfic exposure averages. Famcyhexpbsutexics we generat

|l evels as a weighted average of the proportion of gestation s
4.108t8o0ome and Covariate Assessment

PTB was defined as ada0bweéksabut 8463t nd eyt ,sage
born at37t ewene ks5 awede ks of gestationad00aggedndwi th a birthweight

<2500gNBahsd i nfant s wi t2h5 0a0 ghd&@tdhgveb3ayrhnweamtfk s and

45 weeks of gestational age. Gestational age is the differen
the date of [Ipirrotvh .d eBli rbtyh CrDePcHo ructhsder went a change in format in
2018, for records with incomplete | ast date of menses, gest a
However, t he -Z3@ZXesc02@k8 wi th incomplete | ast date of menses, I

gestatiofbal thesgt year-smontwle dated, tiod mdadtth memd eysear

were known, to calculate the gestamosotmaler!| engt h. Gestational
covariates were obtained faremve hweaRBBRH i binat hyrecords, and
generated &9 st d¥annbagnddse eisnodf oci oeconomic status at the census bl
grotllipe Yost i ndex, based on the decenni al Census, was used fo
2005, and theserdangn i thide xAmev ¢ ¥ a @@ % mavaitsta yu sS:udr

for births from 2006 onward2% Phewste b mide fcleys, atrtee dwarcird thleads el s e

used in caliaocll atdiersg paecdieerret nati na beodwuec at i onal attainment | evel, pe
above 200% of the poverty Ilineollparcepab, emptogedrepeakent wit
val ue, medi an value of owned housing, and median househol d i n:«

4. 1SBatistical Analysis



When proceassi n@xt be weapdodseudesesr al av al ue s, which |ikely
represent measurements below the detection | imit rather than
replacing them wit-herh@al ¥alode.t hfeddiotwieosnta |ln oyn to reduce the inf
extreme or wunr edsloirsitziecd vtahleu eusp, p eare nesnednttarfattdisocrh air t oxi c
99t h percentil efamhveah&ediusterdi B wtgiicen i c regression to analyze
associatitdhre ket ween paiergnmalclyutaavretragaend ienach adverse birth outoc
the entire study period ad9d@e&l97,200Dt82 80Df6i ed by ti me periods
anxdo23P1 For criteria air pollutants we also analyzed the asso
for the relevant tri MBtWe rbsabd £ sa seagnwsxidt iawi ttyheameaelfyegience categ
for both outcomes. Esti mat es fwerr pecalcehpboaebed ( PMr entire pregnan
246g/°n NOS5. 0% ®3%.bp -Oult,a3di. eprBebe,n z e n8p:p bth.r o mi um
11 g/ te3a,d 5n@ @i cke®n @ m3nEd@ghfms t he palnliguet aonft
concent r ataicomoss sd iyfefaerrsed we deci ded tada hesetthe interquartile rai
receanti2@32 0(21) whkimah | wast han t $inee arshinngeee dochle pol | ut ant
per il@@A®97,200982Q0DaM@ANI0 LA LBased on pri?e’Phknowl edge

modevleswmaelj usted for sex of theo,chaded ;2 42®d 5nmPak er n a | parity (1, 2,

3@B5, >35 years), -Haspamahnd Whhneci BYa¢khonAPI , and Hi spani c mot
birt hplbaocren (vUsSh ofronr)e i gmay ment type for prenat al car e (no pre
government insur ancef;paprmewndt)e iemdsuwradiyme,dleamd tsadlnment (

oM oyrade without diploma, high school graduate or GED compl et e
or gr adu a taer-keadvuecl(ag 8 boshf) ol FoewseSd tohri ghest ), Roard birth year.
criteria aecra @joldaudimhinttesr,i awmeidife dtphodt Hesmroa nctr i t er i a

pollutants as .a Beestioivhespehogbkepoitthel btiiram year and the



|l evel s of some air toxicentinewulsdiun gt doxeirdsogldn &l Fsea) ues for th
we could not directly adjust for birth year for the entire st
adjusted for birth year(lowmld® 7 n2 EQ2TH2 ®@EMEH he four periods
202Pplandoniearct ed r anamwaes pHalneetrtast eme e b athle ef f ect

entire study period. We bayrl adeoe hpneirchiotbymeadn ds SE&t i fi ed anal yses

This research was approved by the University of California,
Human Research Protection Program, and the California Committ e
Subjects. The study received an remxeedmpctoinosne nftr.omAltlhe requi r ement
anal yses were cond3c3e® &EsundaRi pneforolstdatistical Computing,
Vienna, Austria).

4. 1Rédsul ts
4. 1S4udy Population Characteristics
Hi s psaarciccount ed for the | argEeBabliMatcth)alt setoini c group overall
preterm compared t o weateh enfosHemsfp @B EBEW %b adsi €18 . 9 %)
Bl alck. 2% vanldewdsW¥h i t25. 7% v@aBBRsida)l at heyr smof
TLBW babies cormmdri ende rteéoi hkileNt BW d(alklb 68 % wBnd5| 8 %3
Il i kel Whit(to24b.el % vs B2 hl1®B)TB andofFeBWomobhéysresided in
t hheowas-kavel SES areas (32.4% vs 27afléeiand 31. 1% vs 27. 2%, r e s
t hhei gth eatreevace lar §BSL . 0% vs 14. 3% and 1TroMmPpavsedls . o3%, respectively)

TNBW mot her s.

4. 1A4r 2Pol lution Exposures
Entire pregnancy exposure averages for all poll utants we e

we |l | as by rdee/edd iB8IEISge ¢ WBHnPaM Bl@b | denzene, |l ead, and



ni cdeceaaer ti me, with the hilgheés20yBe&P417s recorded in 1990
pphb, 11 ppb?d m.nd6 EnBOmeagt imel y) 2@19.h8g/Jmjwest in 201

9.88bB, 44 ppb? 4danddé Frg/@p egdimve, ygn the other hand, increased
from 0% & MR to *dn 1BRORG/ mbus8adi ene, lawvdlchr omi um

fluctuated sl i ghsttlablbeuta crreorsasiN@eitkep foesnutrileryew apse rh iogdh e st

among Black (a6 cpplox hamae Kil6. 27 ppb) and [ owest in White (
API (14.58 pphb) mot her s, whil e other pollutant exposure | eve
race/ ethnicity groups.2,sT heO agaxtpeorsiuar eaidrecp ®lalswetda mtist hP M
increaslienvgelarSeEas | evel s, ranging from 12.73 ug/ m3, 16. 42 pphb,
|l owesltewawaeleaSES areas to 10.39 ppb, d1evel BSEI®S, and 36.96 ppb i1
areas, respectivel yg -l8eeveenl e aSskeSsb wae rtehe a | ncor eaaisr t oxi ¢cs such

as benzene (0.81 to 0.7 ppb) and lead (5.12 to 4.60 ng/ m3).

Overmdder atight @eorrel at iben sveMaaned .d\iG=Or. 689 ,
benzene (r=0.72), (I0c.a6dl )BT (T0adb.oejNICh s pdt ayiecdk enoder at e
to high correlations with benzene (r=0.79), |l ead (r=0.58), an
strongly correlated with nickel (2rwiO.h7a89@ and | ead (r=0.67). TI
ni ckel decreased 99t7exgq NG @, 57T ramd 1 80B®2 Ir =ONGx3:) to 2013
r=0.26 andpdiengriuzgdd. d3sit)i @adut gdibme iexeHausetd sources
contri lPM mansgBetneene remai ned consJdastrerstsl yt heo rfroeulrat ed wi th NO
ti mer iZodnsc. was observed to be (GrEgadli(vreN®@6tprrel ated with PM
benze0®e86)0H.65O&AFd @nRAOD. 7n9)c,k eall t(hrocugh t he 2negative correlation wi
decreased. 88 o0omharH79 98001 1Ir =i-h0221013hi ghl i ghting the <changing

compositimweroft PeM | ast few decades.



4. 1PFB3and Exposure to Criteria Air Pollutants and Air Toxics
4. 1. 4Qv3e.rlal |

For criteriiasian gl e opoddelthuatoavretr al | powative association
obser vedTBRenRIMe@R: 1.032, 95WCandvkEa@®0, ass08bati on with
Oz (OR: 1.015, 95 %Wh e rtdhaed lazs,s oldNi@atdtariso rc | wistelst t o nul | ( OR:
1.009, 95 %CI : 1.008, 1.011) 2. (wEBatel ehi &005 me 1®DBoci ati ons with
(OR: 1.041, 95%CIlI :-201Q2Q350R1.246H0an85%C06 1.054, 1.065) peri o

basically-26a0ll (OR: 22018260025 %1C009). The size of the effect e

199®97 was smaller than in | atter periecogs (OR: 1.033, 95%CI : !
exposures measures in our models not being able to include ro
and the absence of residential addresses in this period. Lead

positive associ-:2005ncO0ORr e5 0By 19DB2EZB1L12NAOR006

1.024, 95%Cl: 1.022021. QZapebadmpoti dthn | 2HW3 was al so
close to -haug977, iwmhil9® Ocoul d again be due to misclassification
having residential addresses in these years. On the other hai

emerged2DB81200R: 1.009D4, 199%BI): while associations were slightly
or null in earlier periods. A strong overall positive associat
Cl : 0. 98, 1.158) but t he e f1f9e9c7t (eCsRt:i mMa t2el 0s,i 2965 WCa s: 1s.t1r805n,g e s t i

1. 236), which de@Qlil2edl1lt O008Bul B5EC1 2006 995, 1.012), and again i

the | atest-2perli ddRof 12083, 95 %-buCGla:dile.n2 53, nilo.d0e3s8t) . For 1, 3
overall association was obsé¢haed waBRdAdrlivead mosS%l @l byota&1l, 1. (
associati €m9i7n ptelre 0ld9 Y0OR: 1.093, 95% CI: 1.086, 1.100) after w
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we

4 .

opped sharply to nul!l in subsequent peri ods. Overall assoc

re nul

1.4St3r.a2t i fied by Race/ Ethnicity

While the overaljwassoeilaviabesd Wwiorh WRMtes (OR: 1.048, 95 %C

.043, 1.052), Hispanics (OR: 1.031, 95%Cl: 1.028, 1.035) and

.045), these associati ons -2a02le, das svoecni atyi ey | haed dreappeld . By

ose tHi :mudndi f oand Bl ack mother s, and a small association r ei

.021, 95%Cl: 1.012, 1.030) (Tabl e2wse2rae) .nuAllt ionugh t he associ at

e entire study popul ation, race2,etobnCcl :s tlr.a0t2i6f,i cati on showed

.038) and White (OR: 1.033, 95%CI : 1.029, 1,036) mothers were
thers the association was slightly negative overall (OR: 0. ¢
e study periods.swAlFseohigheeti atni Mhs t eor( OB: 1.024, 95 %CI : 1.

.029) and APl (OR: 1.033, 95%Cl: 1.025, 1.042) mothers and c
thers. The small to moderate positive associations observed

t adioesmse racre/ et hni ci ty gr oulp9%9 A apse rdira dv,e nwhmiocsht Idye chlyi nehde 1990
arply to null in subseqttanutdyp ereira dsd (eTdlelca Xh)i.maTlke feomt ir
nzene was slightly elevated butl:@i mpr®&€3 sel f®@F3)White mothers
d driven by earli®€02denrisceds, awhensasweby 2018htly below null
I racial/ ethnic groups. Conversely, for nickel, association
each of the rralcieértpaiicods esbdurpagi eiave associations wer e
I gr ouZp0s2li,n wiOtlhk3 t he strongest estimates in Blacks (OR: 1.06
d Hi spanics (OR: 1.060, 95 %CI : 1.040, 1.080) . For zinc, asso

e stronged®99ivnpeheod99®with Black and Hispanic mothers agai



strongest risks. The associations decreased to nul/l or close

202321, whil e the ass@@@dil2t ibans i dheacleiaB@@d faiglali N20 M6 2013

Bl ack (OR: 1.063, 95%CI: 1. 09%GI,: 11.0052, aln.d0 7H4i)s pnaonti hce r(sQR: 1. 06,
For 1l ead, effect estimates were slightly elevated in White mq
1.039), how20&d, bps 2dci3ati ons were null in al/l groups. For

associations were nnudl lacfroors salall Ir atcieniee tphenriicoidtsi.es a

4. 1. 4St3r.a3t Afrdedsedy SES
The overall aswsiotchh aRT B nwaod eIMvalt edeleq8B$S !l y across area

nei ghborhoods with OR=1.032 (95&Cdl 1SB28r,edgli.dm@s7 )andh the | owes

OR=1.032 (95%CI : 1. 023 ,evle.l04SE)S irre gtioen shi(dgiaed te &Srderqd . However,

202021, setfifneactte se-l fevrel alSIESaragaeas were pnuweé or close to null . F
observed a positive asesvoecli aBESo nr eigni otnhse (hORgy h els.t0 2a7r,e a9 5 %C1 : 1. 02
1.033), while associations were cfFfesentesnwétein other regior

influenced by earlier -2021 oper,i omh,i e mmd & shte d sast cecsita t2i0al@3 was on
observed in-levell GkESsheamgddor hoods ( OR: 1.022, 95%CI : 1.011,

association was nayl thenaesberaaireasiwabeiNu®ESi n the | owest ar e
nei ghborhoods but sli-gbvkey SESvatedhbor hogtter Whielae in earl i
periods effect estimates deviated randomly from this trend, i
2021 pelwitolde effect estimate -bevalb BEBI nenghber hwods$ owest ar e:
and highest in the highest area | evel SES neighborhoods (OR:
Among the air toxics, the associat tHonweflorSESi,nc steadily decli
with the strongest assoeclieavteilo nS B sreerivgehdb oi rnh otohdes | (oOnRe:s t1 . alrde7a,

95 %CI : 0.997, 1.346) and-lreweds SSESI atriears i(rORt heé . Di9Bh e Dt5 %Crl e a



0.976, 1.01) and this pattern was observed in all periods (Ta
wit hi-lheweleaSES categories declined @Ven ®©inig, but there was ar
in the FIowedslte,, laonwd mi dd| e d$S ES nornte asx.e Rersorciiakaelonwe i n earl i er
periods ®¥WOWt21i,n md@®r3ate to strong posilteived associations were f
nei ghborhoods, wi t h -ltehvee IORSESn rtehge olnswebseti ngr ela 055 ( 95 %CI : 1.0
1.082) and t heSHEXR arne atshebehiingghels.t041 (95 %CI : 1.003, 1.081) . Fo
associations wetreeehulSESi mebaghbamr@tds, wearewe for 2013
estimated a slightly poslidvele IS oreiaghtmoar hmodshe( ORP:wels.t0 2% ,e a
95%CI0D131. 1. 03) . For | ead, a smal l posit-ive association that w
l evel SES areas (OR: 1.024, 95%ClI : 1.0, 1.049) was mainly inf
associati dresveiln Sa&EISI neriegshbor-h®@dthe werrte rreulsit uidry 2@¥3 od

effect estimates for-l beaekzefESwealrenpadiesorélaeVapeea

associations wetevel mBE&8rcategesiasgawith OR = 1.019 (95%CI: O
in the Hoewedt B&Eedeods and OR = 1.028 (95%CIl: O0.982, 1.076) i
ar-eavel SES neighborhoods, but -1t9M0e7’s e ea s soadc, i amthiearesaswer e dri ven
the associatio®2®2dere null by 2013

4. 1TLB@Wnd Exposure to Criteria Air Pollutants and Air Toxics
4. 1. 4Qvde.rlal |

Among the criteria air pollutants, smal | positive associ at
O:3(OR: 1.028, 95%Ci(:OR:, 012.30,161,, OBBPCI :N@QR:12, 1.019) and PM
1.019, 95 %CI : 1.014, 1. OT2adb)l ei nB hspi nagsiseo ep @lt li wtna nfto rmoNdG | s (
declined over time from -OBR85. @6 ORE.10D4, (D.®33) i1n0299%8in

202321. -199717990he asswasi atosa forndlOl, which may be due to exp



mi sclassification as we did not have residenti al addresses in
overall associations were close to null and the associations w
periods, except for a moddrmatldlay 1@ORIi:t ilv. e 48s s ASi%Ctli:on f o

0.998, 1.090) (Table 3b).

4. 1. 4St4r.a2t i fied by Race/ Ethnicity
For 2RMa moderately positive overall elevated association wae
( OR: 1. 038, 95 %CI : 1.029, 1.048) , and small er associations in

1.036) and Hispanic (OR: 1.014, 95%Cliatlio®B86, 1.021) mot her s

varied over time across these race/ethnic groups in no partict
API mot hers remained c¢close to null throughout the study peri
associations were fhiumhed ¢(ORbelihsrease®wwCifoorl W34, 1.049) , Hi s
(OR: 1.021, 95%Cl: 1.016, 1,026), and Black (OR: 1.026, 95%CI
these associations fluctuated randomly over ti me, whil e for

slightly ne7rgrat iwve»qIQR:0.09.698, 0.968) and remained so for the er
El evated asssweratfouonsdwifobh @l l race/ ethnicity groups but was ¢
mot her s ( OR: 1. 057,Fo95%dlckel. 04i6n, Bll.a0ctk8 and API mot her s, t he
generally increased over time to reach OR=1.047 (95%Cl: O0.961,
1.018, 1.i20Q)1, i ne23Pe8tively (Table S3b). I n White mothers the

decreased from OR=1.033 -{9%®Ctlo rm2091928hynl®k @B@1)3 i n 1990

2021 and for Hispanic mothers it remaased null throughout the
ri sks were observed in Hispanic (OR: 1. 052, 95 ®%CI : 1.028, 1. 07
0.979, 1.136) mot heermsi sokvseriam | t hed ¢ hgugbhps hattenuated over ti
remained positive for Hispanic mo®2Bens AORi mLl &@sB0, 95%Cl: 1.00



pattern was seen for chromium, where slightly positive overall

( OR: 1.018, 95 %CI : 1.006, 1.029) and Hiugpanic mothers (OR: 1.

these risks diminished ovmot hem20Ppe2GESEN ilngadndryd f or Hi spani c

benzene, only very smal/]l overal/l ri sks- were observed in Whit
But adi ene, i n White, Hi spanic, and API mot hers without an obvi
4. 1. 4Stdr.a3t i f Hleedv ey SArSe a

A small overall i ncr e aseeads rfiosukn dwietwnhe lael XSpEcBsruerae t o P M
nei ghborhoods, with the OR being 1l-level ( BEBCI : 1.007, 1.025)
nei ghborhoods and the 1.028 (196wWe&lll :SHS Onleli,ghHb ®4godsan. t he hi ghe
with some randomi mé ugeniadtdonébtaklrweaBbd) smhkbt pNOsitive
entire study period associations welrevelbs®8ESed, the strongest
nei ghborhoods (OR: 1. W26t hiesvatLllelaSHS 0di9f, f elr. dB2es fbl uctuated
across timespeéhicoedsnti Fer sbudy period associations increased w
|l evel SES, with the smal-leselr SEE obgeoned(OR:t heOllOwe 96 &1l e a
1.002, 1.019) and t he sltevoenlgeS$SHES rriesdd D%G|1 t(h@R:hilg.hOedset, ar e a
1.027, 1.065),lavehosgd dihfeser ameeas varied across periods. For
estimates steadily deecvlieilneSIE Syi tahi-ki bnvcerheeaSSH hvga saer aesa
being most susceptible (OR: ImiOddd, | €9 58Cd- : h ilg hOels8t, alr.e0a6 3) and t h
l evel SES areas showing nul/l associations and this pattern pe
nickel, a strong risstk-avwaesalo IBEeSr v eedy-s iton sty f gp e fn it gnfke ent i r e
( OR: 1.05, 95 ®%CI : 1.012, 1.089) wlhe M eel aSB®ci ati ons wer e nu

neighborho»@231 as VOB positive alsisplciand omisghveste found i n mid

ar-bavel S&Shoedghbédnd not in the other areas. A smal/l positive



for chromium devehe SESwWeaseti ghbea hoods (OR: 1.023, 95%Cl: 1.005

for lead in the | owest (OR: 1.016, 95 %CI : 1.001, 1.031) and h

.036-) eweleaSES neighborhoods, owhielre aae®saasciwdttihonssomeer e nul | i

random fluctuati o-Bst adireses, tasneociFotri ddn-s3 were c¢close to null i

l evel SES neighborhoods. For benzene, smal | positive associ at
( OR: 1.031, 95 %CI : LORD2 1. 030639p %ENde HAIGHHEES 1. 046) area
regions, however these associat i2ddm2sl.attenuated to null or cl o
4. 1SénS5itivity Analyses

10

Cepol lutant i ahdjtusmankeent d didhd f assesoockateona air

| wi #1fitBs ( FHal whiTILEBWhoer entire pregnaway association for PM

ghtly r epdoucleud amponndgast ments (Table S1b). The entire pre

izes2fwot hPMTB and TlaBWwdind fTdBWN>ere slightly higher than

e respecspgececi ftird nefsfteect-pest umanés modet se(3ahbgkeSla, S1b).

.1Dbscussion

We f ownaéabl e ivadaes socioltsaduer se bicortiht eoruitec oameds wi t h

r ptoolxliuct ants by type of pol |l utlaenvte lAtSHE® . uglri od, race/ ethnici
e impaapkroldfut ants has dp onsisniibsthyetdoi @cheed v letait me ,

ductions i hhpopdrmasmasstiot@gEgatilens that differ by race/ethnicity
vel SES that need to be acdodmpel sesxe di.n tTehrepslea yf ionfd ipnoglsl uhtiagnhtl i gh't

urscoecsi,oeconomi andi & edwanmadiglesst,eamds | evel s

The overall effect emsmni MatBe (We 180FseObéLCIforl. RA8, 1.15 per
gyYymfalls within the range of estimates observed previousl

mmari zingnpltysesmeepordt €85 AIRS 3 b e p fage/2imD



and. 196 %Ql.: 07, peR/6iD A r exrealty sniedt aaRR o= rep®83 ed a

9@5% CI: 1, 0o8&y,/ M d30he efmedtBOMTHIM is consistent with

our single pollutant effect es‘tgiifmat lo@wORerl. 08po@a5%CIl: 1.058,
adj ust mexain dsf ®t hdgGsPsMoci ati on became null I ikely indicating that
over aldomgMosi tion in California over the | ast three decades h
sources such asrdprad ddmt enthhidcyhr éldBu cwteiloln i n t he association bet wi
PMwith PTB from-2t00& meRdi 1204 &1 9c980 s202 b, nmdy be 2013
attributed totgkpodeceehseei s PMrougWeusawhe study period. Fo
no overall associati ombsr enliltah rPeTvBi;a&navoafrs gtshicoeglomredtrad u

positive SasTshoecsieatiimonesnsi stesicudygi maydbeermse rpbpaleat it @ns

as when we stratified by race/ethnicity we found a negative a
positive associatiorbuitn adttslmerment hoae/o¢tolgnicail t idass f erences such
exposure assessment and modelling techniques, and differences
foundt NObe slightly positively associated, though the few prio
this association 2durme isncaresiss todntr ergaudaalttos y policies in redu
|l evels is evident in the declining associations with TLBW thr
found a positivesaads @RBatli.oOn3 7b e t9vbe%enl ‘gd mM393, 1.044, per 10
which was similar f@mat hailsSR(OR:3ABLEHT; meer

10g/ B8 We alobohbBeondi at ed OW:t hl .TOL7TBAW 95%CIl : 1.061, 1.088, per
10ppb). This estimate is slightl ywihlieghdrudtyhamntehat found in a
i n 20018 (OR: 1.032, 95%CWhi dh OclGy!l d .We& ,d wpert d Ompeptbhodol ogi ¢ a

di fferences. I nterestingll99@vien hostAdgelcosnndiuctedl eat d®92i p



codes with high traffic and therefore relatively | ow ozone, f

Ozand TLBW (OR: 1.05, 95%Cl: 0.95, 1.16, per 10pphb)

Among the air toxics, the association of | ead exposure witHt
can be attributed to the reductionbubabdeadel emel s over the yea
PTB was strdmMd@est aifn et 9wWhi choi da sBukbhdabgodkeateanedeen in

202D 21. -bAust ald,i3ene is found 3%andrlaévbhos edhaemse8 emi ssi ons

remained relatively constant throughout our study period, t hi
suggest that -baveandi eheudgts ®B,n3 i ndicator for exhaust emi ssi on
necessarily be thel eevoaxnitc fcoormptomeesng anotsctco mees whi ch may have de
over the study period. This change in the exhaust emi ssions
affectinmashecdmposi tion, as suggested 2by the decline in corre
with NOuggesti-eghtihat sBemroestobfPMc are more relevant in rece
years. This is also suggested by the stronger association that
PTB i n2020113compared to earlier periods and the increase in th

and PTB-20@b2mplax e d2 0t 102 .2 ONJi6C k e | and zinc possibly have an incre;
as mar kerasi lopfi pneonsources of particles in recent years. Nickel

in brake dust andindries weapr amibmé Btu atnidee wear LW&\r ker

model for nickel shows nickel concentrations to be high near
study confirms the results of a previous study that also |i:1
Coun’Sevédrallogi cal hmee shhggems ed as being involved in mediating

effect of air poltlthiatanmay oex [RITeRI ImogetiudlaBMevseal | ¢ tsr, e s s
infl ammati on, altered DNA methylation and damage, endot hel i al

i mmune and endocrine dysregulation®®/increased blood coagul at i ¢



Stratification by race/ethnicity revealed Black and Hispani
to the estimated associations for the brake and tire wear mark
The association with nickel twhat mofstiiyncselas i nemaicreedd years
throughout the study period. Di sparities in terms of these s
decreasing association of zincl wvéeh 8HES8, andrdu@dMWputvi th increa
the study periodaséniterassoapgbyi oanf0nlcx ethc wi th PTB from 200
202321 was noted only among BIlFSaES naenidg hthiog heomidess , mot her s and |
indicating that increastaihpitpe s oxmpacecsehft eRBassre to non

is being felt specifiéalcloyneby htihelsencommemil toired.avieoween found

be more likely to live in areas of highkF8traffic density as com
Further, our group has previously shown that the associations
including zinc, on PTB and TLBW were strongest among Bl ack ai

Angeles County d201% g U diregrsgteaandds nn2gd #p¥o | Siemj reesgat i on

the, USuch alBaseddémnfmimgd Bl ack residehismitonbgess favorable neig
access to education, income, &hd’ WenhtB) aakhdamdndering soci a
Hi sppopel ati ons, on average, achieve | ower educational l evel s

Asian popluit @amioesiding in poorer neifyhbBbesveods with higher po

|l ow socioeconomireastates (8ESB8) poorer housi ng, nutrition, he:
greenspace, %fttehicomeéi nedi méress of soci al and environment al
pregnancy in these commiéniHdweveirncrweasalssoul oenabialdiviey se

i mpacts in White and API mel tehveerl s SaEnSd ctohnonsuen i Itii veisn g morms thi gh ar «
consi st emsg lwelfloras el ev atx®ndd asdwern ¢ | winrst H ocutPdMomes i n White

mot hers specifi caeaelflfye.@tiTghigsforlalywgthiecsrif € |l t hamn more privileged



communities as well, possibly due tcoansdgc®@ndary formation of

further away from the primary sources of pollution.

OQur dtasdyever al strengths. This is the first study to inve
in a study period that spans over three decades, encompassing

l evels due to regekpbesuyepdhitai ¢estoWdirad oimé gh spati al

had access to residential addresses for most of the study peri
the homes of the mothers. Mor eover, in this study we broadeneée
toxics. Last !l y,oft hoeurl asrtgued ys agnapviee ussi ztehe st ati sti cal power to i
measure modification-l byelra8ESetBDnrcstydandl aoead | imitations
wermely able to estimate air pollutiomsewposure | evels at the

d dot have information onmbismiei spe.nt\Vdea wahlys datomioyh & me

hdt he address of the residenitdat mavde essf @it md thieont ionre o f birth

whet her t he mot hers mo v ed duriemgpectheiaxppsegrancy. Therefor
mi scl asshihs cht keHy ebemsi agstwotuwar ds the nul | . In the years
1990 to 1997, we did not have data on exact residenti al addr

estimates based on zip codes ontgstlingthbsopenrni nodt hewe al so nee
air pollutiontlkatr fauaesndtorméeaisured routinely before 1998. The:

caused addi fienahtnah misclassification.

Future studies with higher temporal granularity for air to:
most susceptible periods of exposure during pregnancy. A bett
compositieayohePM identify the tant pilpeti amsl for dhmrt ail pi pe, n
sources such as wildfires and explain differences in effect e

changes.
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This study highlights the cemphemi ¢camtdecpodbray, of air poll uti

cetanni c di sparities i n influencing PTB and TLBW, emphasi :
|l nercaftti $ adyant agedNipobpel aandngi nc,t aaiilrpitpexi cs found in non
urces were found to be associated with adverse birth outcome
thers and mothers I|Iiving in high SES -neighborhoods. Our res.!
vel eiSEBbnr hoods and Whigéat abeé Asi amcmetwlseds rinsk of adverse
tcomes due to secondary.spollutants such as ozone and PM
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Table 1: Summary Statistics by Birth Outcomes in California (199€2021)

PTB % TLBW % TNBW %
1347224 8.8 299703 2.0 13651364 89.2
Infant Sex
Male 736410 54 . 128186 42.8 6970788 51.1
Female 610751 45 . 171501 57.2 6680524 48.9
Missing 63 16 52
Maternal Age
<20 150298 11 . 35858 12.0 1165446 8.5
2024 292868 2 1. 69852 23.3 2952926 @ 21.6
2529 328534 24 . 74198 24.8 3709341 27.2
3035 368653 2 7. 79149 264 4050183  29.7
>35 206747 15. 40619 136 1772682 13.0
Missing 124 27 786
Maternal Race/Ethnicity
Non-Hispanic White 340395 2 5. 70871 24.1 4310669 32.1
Hispanic 694379 52 . 137185 46.6 6561784  48.9
Norn-Hispanic Black 122081 9. I 34809 11.8 774557 5.8
Non-Hispanic APl 158754 1 2. 49627 16.9 1703991 12.7
Other 8689 0.7 1770 0.6 73011 0.5
Missing 22926 5441 227352
Nativity of Mother
USBorn 767908 57 . 171824 57.4 7812907 57.3
Foreign Born 577712 4 2 . 127530 42.6 5827098 427
Missing 1604 349 11359
Mot her 6s Educa
O 8th 159484 12. 28961 10.0 1334394 10.0
9thi 12th 256024 19 . 55362 19.0 2086050 15.7
High School Grad 376403 2 8 . 84851 29.2 3610495 27.2



College or Graduation Educatic 515963 3 9 . 121563 41.8 6250634 47.1
Missing 39350 8966 369791
Parity
Firstchild 513168 3 8 . 148462 49.6 5366189 39.3
Second child 378714 28 . 74407 249 4347322 319
3ormore 453530 3 3. 76449 255 3927621  28.8
Missing 1812 385 10232

Principal Source of Payment
for Prenatal Care

No prenatal care 25423 1. ¢ 4477 1.5 71790 0.5
Government insuranc 693608 5 1 . 154838 51.8 6212953 45.6
Private insurance 574488 4 2 . 128271 42.9 6800627 49.9
Selfpay 40171 3. ( 9045 3.0 442243 3.2
Other 8642 0. ¢ 2073 0.7 93412 0.7
Missing 4892 999 30339
Area-level SES
(Low SES)1 432875 32 . 92435 31.1 3688593 27.2
2 317941 2 3. 70290 23.6 3053214 22.5
3 241514 18 . 53923 18.1 2554117 18.8
4 198801 14 . 45402 153 2322202 17.1
(High SES)5 146476 11 . 35340 11.9 1938841 14.3
Missing 9617 2313 94397
Birth Year
19901997 380873 28 . 81201 27 . 3620925 26.
19982005 357886 26 . 73052 24 . 3389171 24.
20062012 303843 22 . 66979 22 . 3066292 22.
20132021 304622 22 . 78471 26 . 3574976 26.
Missing 0 0 0

Note: PTB = Preterm Birth; TLBW = Term Low Birthweight; TNBW =Term Normal Bil
Weight; API = Asian or Pacific Islander; SES = socioeconomic status



Table 2a: Association between Entire Pregnancy average criteria air pollutants and PTB for babies born between 12821 in California (Single Pollutant

Model; OR per IQR)

Time Period PM2s NO: Os

19901997 1.033 (1.028, 1.038)1.016 (1.013, 1.019)1.004 (0.999, 1.009)
19982005 1.041 (1.035, 1.046)1. 007 (1.005, 1.010)1. 005 (1.000, 1.009)
20062012 1.060 (1.054, 1.065)1.010 (1.006, 1.013)1.048 (1.043, 1.053)
20132021 1.006 (1.001, 1.010)0.997 (0.991, 1.003)L.005 (1.000, 1.010)
Overall 1.032 (1.030, 1. 035)1.009(1.008,1.011) 1.015 (1.012, 1.017)

Note: IQR values are as followB:M :5 2°g 4% NOS5. 0%

p3p.b8 6 ppb

Mp



Table 2b: Association between air toxics and PTB for babies born between 192021 in California (OR per IQR)

Time Period 1,3 Butadiene Benzene Chromium Lead Nickel Zinc
19901997 1.093 (1.01.012 (1.00.998 (0.91.007 (1.00.958 (0.912.210 (1.1
19982005 1. 000 (0.91.010 (1.01.000 (0.92.019 (1.00.927 (0.92.031 (1.0
20062012 1.009 (1.01.030 (1.00.990 (0.92.024 (1.00.901 (0.81.003 (0.9
20132021 0.996 (0.90.917 (0.90.998 (0.90.984 (0.91.054 (1.01.031 (1.0
Overall 1.024 (0.90.991 (0.90.996 (0.91.008 (0.90.958 (0.81.065 (0.9
12 99. 8% 99. 7% 80 % 99. 1% 98. 9% 99. 6%
H? 535.75 364.72 5 105. 28 92.65 282. 42

Notes: Results presented are from Randtifacts Metaanalysis. 12 Represents the proportion of variability due to true heterogeneity across time pei

random error; H2: Measures the extent to which the observed variability reflects true difestheethan being due to random erlQR values are as

follows:1 -b3ut adi ene:

0.

584

ppb,

benzene:

Mp

0. %8 nipmkbe, :cHOr.@mid4u fmn:g/Im3L, rnzg/



Table 3a: Association between Entire Pregnancy average criteria air pollutants and TLBW in California for babies born betwed9962021 in

California (Single-Pollutant Model; OR per IQR)

Time Period PM2s NO: Os
19901997 1. 022 (1.012, 1.0331.010 (1.004, 1.0161.010 (1.000, 1.021;
19982005 1.024 (1.013, 1.0351.026 (1.019, 1.0321.030 (1.020, 1.041°
20062012 1.027 (1.015, 1.0381.024 (1.016, 1.0321.042 (1.031, 1.053;
20132021 1.011 (1.002, 1.0201.010 (0.999, 1.0211.035 (1.025, 1.045;
Overall 1.019 (1.014, 1.0241.016 (1.012, 1. 019:1.028(1.023, 1.033)

Note: IQR values are as followB:M : s

22g4 NOS5. 0%

p3p.h8 6 P pb

Mp



Table 3b: Association between air toxics and TLBW in California for babies born between 199121 in California (OR per IQR)

Time Period 1,3 Butadiene Benzene Chromium Lead Nickel Zinc

19901997 .014 (1.01.003 (0.91.001 (0.912.000 (0.91.004 (0.912.043 (0.

19982005 .012 (1.01.0127 (1.01.015 (1.01.014 (1.01.013 (0.912.005 (0.
20062012 .011 (1.01.028 (1.01.003 (0.92.017 (1.0.993 (0.912.008 (0.

Overall

© © ©O© ©Oo O

.009 (1.01.005 (0.91.004 (0.91.007 (0.91.003 (0.91.008 (0.

|2

1
1
1
20132021 1. 006 (1.00.970 (0.91.001 (0.9.999 (0.90.999 (0.91.006 (O.
1
23 % 94.5% 58. 1% 84. 1% 0 % 0. 4%
1

H?2 . 3 18. 27 2.39 6. 27 1 1

Notes: Results presented are from Randtifacts Metaanalysis. 12 Represents the proportion of variability due to true heterogeneity across time pei
random error; H2: Measures the extent to which the observed variability reflects true difestheethan being due to random erlQR values are as
follows:1 -b8ut adi ene: 0.584 ppb, benzene: 0. %8 Nnipkbe,l :cHOr.@2mid4u fng/Im3L, rzg/i

Mp



Suppl emdat ariyal s

Table Sla: Association between criteria air pollutants and PTB in California for babies born between 192021 in
California (OR per IQR) in single pollutant and fully co-pollutant adjusted models

Adjusted for

Pollutant Exposure Period  Single Pollutant  NO2,Os PM2s, O3 PM2s, NO2

PM2s Entire Pregnancy 1. 032 (1.1.029 (1.
Trimester 1 1.014 (1.1.019 (1.
Trimester 2 1.021 (1.1.022 (1.

NO: Entire Pregnancy 1. 009 (1. 1.003 (1.
Trimester 1 0.999 (0. 1.000 (O.
Trimester 2 1.007 (1. 1.002 (1.

O3 Entire Pregnancy 1. 015 (1. 1.012 (1.
Trimester 1 1.013 (1. 1.016 (1.
Trimester 2 1.000 (O. 1.004 (1.

Note: IQR values are as followB:M :s 2 g4%n NO5. 0% p3p.bg6 ppb

Mp



Table S1b: Association between criteria air pollutants and TLBW in California for babies born in 1992021 (OR
per IQR) in single pollutant and fully co-pollutant adjusted models

Adjusted for

Pollutant

PMzs

NO,

Exposure Period
Entire Pregnancy
Trimester 1
Trimester 2
Trimester 3
Entire Pregnancy
Trimester 1
Trimester 2
Trimester 3
Entire Pregnancy
Trimester 1
Trimester 2

Trimester 3

Single Pollutant

1.
1
1
1
1
1.
1
1
1
1
1
1

019

.0083
.011

.001

NO, Os
(1.1.003
(1.1.001
(1.1.010
1.1.0009

= I e T = = T

PMzs, O3

(0.

(0.

(1.

(1.
1.020
1.013
1.012
1.019

(1.
(1.
(1.
(1.

PMzs, NO2
1.033
1.016
1.019
1.008

(1.
(1.
(1.
(1.

Note: IQR values are as followB: M :

5

2g# NOS5. 0%

p3p.b8 6 P pb

Mp



Stratified by

Race/ Ethnicity

T a b $2a: Association between Entire pregnancy average criteria air pollutants and PTB in California for babies born between 1920R1 in
California (Single-Pollutant Model; OR per IQR) stratified by race-ethnicity groups

NH White Hispanic NH Black NH API
Time Period
(N=4651064 (N=7256163) (N=896638) (N=1862745)
19901997 1.052 (1.0441.026 (1.019,1.043 (1.0260.962 (0.947
19982005 1.057 (1.0481.040 (1.033,1.044 (1.0261.002 (0.987
PM2s 20062012 1.063 (1.0521.067 (1.059,1.058 (1.0361.014 (0.997
20132021 1.021 (1.0121.001 (0.994,1.004 (0.9860.996 (0.983
Overall 1.048 (1.043, 1.052) 1.031 (1.028, 1.035) 1.035 (1.026, 1.045) 0.994 (0.987, 1.002)
19901997 1.035 (1.0301.012 (1.008,1.044 (1.0340.975 (0.967
19982005 1.030 (1.0231.008 (1.004,1.022 (1.0110.971 (0.962
NO: 20062012 1.041 (1.0321.009 (1.004,1.035 (1.0190.972 (0.960
20132021 1.017 (1.0051.017 (1.009,0.998 (0.9750.931 (0.916
Overall 1.033 (1.029, 1.036) 1.010 (1.007, 1.012) 1.032 (1.026, 1.038) 0.968 (0.963, 0.973)
19901997 1.018 (1.0090.991 (0.984,0.982 (0.9671.035 (1.018
19982005 1.001 (0.9911.006 (1.000,0.990 (0.9741.013 (0.997
O3 20062012 1.051 (1.0401.045 (1.039,1.052 (1.0341.054 (1.037
20132021 1.033 (1.0220.988 (0.982,0.998 (0.9801.044 (1.029
Overall 1.024 (1.019, 1.029) 1.009 (1.006, 1.013) 1.002 (0.994, 1.010) 1.033 (1.025, 1.042)

Note: IQR values are as followB:M : s

2g4m NOG5. 0B

p3p.b86 o pb

Mp



Table S2b: Association between air toxics and PTB in California for babies born between 192021 in California (OR per IQR)

NH White Hispanic NH Black NH API
Time Period
(N=4651064 (N=7256163) (N=896638) (N=1862745)

19901997 1.123 (1.1091.074 (1.064,1.137 (1.1141.085 (1.063

19982005 1.008 (1.0020.999 (0.994,0.992 (0.9800.995 (0.986
1,3-Butadiane 20062012 1.017 (1.0101.007 (1.001,1.010 (0.9960.996 (0.986

20132021 1.002 (0.9970.996 (0.992,0.994 (0.9840.993 (0.987

Overall 1.036 (0.9831.018 (0.984,1.031 (0.9681.016 (0.974

12 99. 6% 99. 4% 98. 8% 98. 6%

H? 241. 36 157. 93 85. 91 70. 08

19901997 1.025 (1.0191.004 (0.999,1.028 (1.0170.993 (0.982

19982005 1.032 (1.0231.009 (1.002,1.006 (0.9890.979 (0.965
Benzene 20062012 1.073 (1.0581.019 (1.009,1.053 (1.0241.004 (0.983

20132021 0.940 (0.9230.933 (0.921,0.923 (0.8890.855 (0.833

Overall 1.017 (0.9630.991 (0.953,1.003 (0.95,0.956 (0.889

12 99. 1% 99 % 96. 5% 98. 8%

H? 113.78 101. 64 28.83 80. 78

19901997 1.000 (0.9961.004 (1.000,1.000 (0.99120.958 (0.950
Chromium 19982005 1.003 (0.9951.010 (1.004,1.004 (0.9870.942 (0.928

20062012 1.003 (0.9940.994 (0.988,0.995 (0.9780.938 (0.9214

M p



20132021 0.987 (0.9781.018 (1.011,0.995 (0.9760.960 (0.946

Overall 0.999 (0.9921.006 (0.997,0.999 (0.9930.95 (0.939,

B 71.9% 92. 1% 0 % 68.2%

H? 3.56 12.73 1 3.14

19901997 1.017 (1.0131.002 (0.999,1.005 (0.9981.000 (0.994

19982005 1.032 (1.0251.013 (1.007,1.018 (1.0041.007 (0.996
Lead 20062012 1.040 (1.0321.015 (1.009,1.029 (1.0121.017 (1.005

20132021 1.000 (0.9920.973 (0.966,1.006 (0.9860.982 (0.969

overall 1.022 (1.0051.001 (0.982,1.013 (1.0021.002 (0.988

2 96. 8% 98. 2% 59. 7% 85. 4%

H2 31.16 55.57 2.48 6.85

199061997 ©0.981 (0.9650. 954 (0.937,0.959 (0.9230.839 (0.8009

19982005 0.967 (0.9450.912 (0.893,0.832 (0.7880.887 (0.849
Nickel 20062012 0.957 (0.9260.878 (0.855,0.843 (0.7830.841 (0.795

20132021 1.037 (1.0121.060 (1.040,1.065 (1.0121.046 (1.010

Overall 0.986 (0.9520.949 (0.876,0.921 (0.8220.9 (0.812,

B 88. 9% 98. 3% 94.8% 95. 9%

H? 8.99 59.57 19.12 24.46

19901997 1.064 (1.0311.371 (1.325,1.380 (1.2801.212 (1.129
Zinc 19982005 0.979 (0.9621.079 (1.060,1.106 (1.0541.048 (1.0009

20062012 0.969 (0.9561.042 (1.029,1.036 (0.9990.983 (0.956

Mp



20132021 1.007 (0.9971.063 (1.052,12.063 (1.0331.011 (0.992

Overall 1.002 (0.9641.131 (0.997,1.135 (1.0021.055 (0.968
12 95. 8% 99. 6% 97. 1% 96. 5%
H?2 24.03 257.43 35.01 28. 71

Notes: Results presented are from Randtifacts Metaanalysis. 12 Represents the proportion of variability due to true heterogeneity across time pei
random error; H2: Measures the extent to which the observed variability reflects true difestheethan being due to random error; NH: Hdiigspanic;
API: Asian and Pacific Islanders; IQR values are as folldwsb3u t adi en e : 0.584 pphb, benzene: 0. 1{87nip
0.284 ng/m3, ®zinc: 0.783 ng/m

Mp



Table S3a: Association between Entire pregnancy average criteria air pollutants and TLBW in California for babies born betwed 9962021 in
California (Single-Pollutant Model; OR per IQR) stratified by race-ethnicity groups

NH White Hispanic NH Black NH API
Time Period
(N=4381540) (N=6698969) (N=809366) (N=1753618)
19901997 1.060 (1.0421.008 (0.991,0.994 (0.9661.000 (0.970
19982005 1.052 (1.0311.021 (1.006,1.002 (0.9691.005 (0.977
PM2s 20062012 1.028 (1.0071.027 (1.010,1.054 (1.0141.019 (0.989
20132021 1.013 (0.9961.007 (0.994,1.041 (1.0091.003 (0.981
Overall 1.038 (1.029, 1.048) 1.014 (1.006, 1.021) 1.020 (1.003, 1.036) 1.007 (0.994, 1.021)
19901997 1.041 (1.0291.003 (0.995,1.011 (0.9950.974 (0.958
19982005 1.051 (1.0371.032 (1.024,1.027 (1.0060.992 (0.976
NO: 20062012 1.025 (1.0061.040 (1.029,1.075 (1.0460.967 (0.948
20132021 1.053 (1.0281.029 (1.013,1.012 (0.9740.955 (0.932
Overall 1.041 (1.034, 1.049) 1.021 (1.016, 1.026) 1.026 (1.015, 1.038) 0.977 (0.968, 0.986)
19901997 1.026 (1.0071.005 (0.990,0.965 (0.9381.018 (0.986
19982005 1.082 (1.0591.008 (0.994,1.009 (0.9791.036 (1.006
O3 20062012 1.081 (1.0561.028 (1.014,1.001 (0.9691.054 (1.025
20132021 1.047 (1.0251.030 (1.016,1.036 (1.0061.023 (0.999
Overall 1.057 (1.046, 1.068) 1.019 (1.012, 1.026) 1.002 (0.987, 1.017) 1.028 (1.014, 1.043)

Note: IQR values are as followB:M : s

22g4% NOS5. 0%

p3p.h8 6 o pb



Table S3b: Association between air toxics and TLBW in California for babies born between 199021 in California (OR per IQR) stratified by race-
ethnicity groups

NH White Hispanic NH Black NH API
Time Period
(N=4381540) (N=6698969) (N=809366) (N=1753618)

19901997 1.028 (1.0011.014 (0.994,1.011 (0.9741.002 (0.967

19982005 1.018 (1.0041.010 (0.998,0.993 (0.9711.018 (1.001
1,3-Butadiane 20062012 1.007 (0.9921.018 (1.004,12.009 (0.9821.007 (0.990

20132021 1.004 (0.9951.004 (0.997,1.002 (0.9861.014 (1.003

Overall 1.011 (1.0021.009 (1.003,1.002 (0.99112.013 (1.005

12 33.6% 26. 2% 0 % 0 %

H? 1.51 1.35 1 1

19901997 1.029 (1.0160.993 (0.982,1.001 (0.9820.986 (0.966

19982005 1.0512 (1.0301.026 (1.011,1.006 (0.9750.984 (0.960
Benzene 20062012 1.017 (0.9871.058 (1.037,1.082 (1.0280.982 (0.947

20132021 0.970 (0.9351.021 (0.994,0.955 (0.8960.933 (0.895

Overall 1.019 (0.9891.023 (0.997,1.011 (0.9680.976 (0.958

12 86. 9% 89. 7% 81. 9% 43.5%

H? 7.66 9. 714 5.51 1.77

19901997 1.007 (0.9980.999 (0.991,1.017 (1.0020.987 (0.972
Chromium 19982005 0.999 (0.9821.030 (1.017,2.022 (0.9911.003 (0.975

20062012 0.993 (0.9751.016 (1.003,1.025 (0.9930.980 (0.956



20132021 0.981 (0.9631.012 (0.999,1.009 (0.9781.016 (0.993

Overall 0.997 (0.9851.014 (1.001,2.018 (1.0060.995 (0.98,

12 54. 9% 79. 6% 0 % 49. 8%

H? 2.22 4.9 1 1.99

199061997 1.008 (1.0010.994 (0.986,1.008 (0.9960.996 (0.984

19982005 1.042 (1.0281.006 (0.994,1.009 (0.9830.996 (0.976
Lead 20062012 1.007 (0.9921.031 (1.018,1.045 (1.0140.999 (0.978

20132021 1.002 (0.9871.013 (0.998,0.993 (0.9600.989 (0.969

Overall 1.015 (0.9971.01 0.995, 1.013 (0.9960.995 (0.987

12 86. 7% 86. 5% 50% 0 %

H?2 7.51 7. 42 2 1

19901997 1.033 (0.9980.995 (0.957,1.046 (0.9780.919 (0.859

19982005 1.031 (0.9780.997 (0.950,0.978 (0.8830.989 (0.914
Nickel 20062012 0.938 (0.8751.001 (0.945,1.019 (0.8911.033 (0.938

20132021 0.947 (0.9030.970 (0.933,1.047 (0.96112.077 (1.018

Overall 0.99 0.941,0.988 (0.967,1.03 0.985,1.003 (0.934

12 76. 7% 0 % 0 % 73.6%

H?2 4. 3 1 1 3.79

199061997 0.957 (0.8941.110 (1.029,1.244 (1.0881.027 (0.899
Zinc 19982005 0.996 (0.9581.066 (1.024,1.029 (0.9420.879 (0.820

20062012 1.005 (0.9761.055 (1.026,1.028 (0.9630.908 (0.867



20132021 1.012 (0.9911.030 (1.008,1.006 (0.9590.957 (0.928

Overall 1.005 (0.9891.052 (1.028,1.054 (0.9790.93 (0.887,
12 0 % 43.5% 73.5% 64. 3%
H? 1 1.77 3.77 2.8

Notes: Results presented are from Randiifacts Metaanalysis. 12: Represents the proportion of variability due to true heterogeneity across time pel
random error; H2: Measures the extent to which the observed variability reflects true difeegheethan being due to random error; NH: JMispanic;
API: Asian and Pacific Islanders; IQR values are as folldwsb3u t adi ene : 0.584 pphb, benzene: 0.i87nip
0.284 ng/m3, ®zinc: 0.783 ng/m



Strat iANrieccsdvbly SES

Table S4a: Association between Entire pregnancy average criteria air pollutants and PTB in California for babies born betwe&®902021 in
California (Single-Pollutant Model; OR per IQR) stratified by arealevel SES

Lowest Low-Middle Middle High-Middle Highest
Time Period
(N=4121468) (N=3371155) (N=2795631) (N=2521003) (N=2085317)
19961997 1.017 (1.00.049 (1.01.036 (1.04.029 (1.01.039 (1.0:
19982005 1.043 (1.01.032 (1.012.042 (1.01.058 (1.04.033 (1.0:
PM.s 20062012 1.077 (1.00.065 (1.01.053 (1.04.036 (1.012.039 (1.0:
20132022 1.010 (1.00Q.003 (0.919.004 (0.9909.999 (0.9a4.007 (0. 9¢
Overall 1.032 (1.028, 1.037) 1.035 (1.030, 1.040) 1.032 (1.026, 1.037) 1.029 (1.023, 1.035) 1.032 (1.023, 1.040)
19901997 1.020 (1.01.015 (1.01.011 (1.00.0127 (1.02.030 (1.0:
19982005 1.000 (0.99.010 (1.0(1.013 (1.0@.021 (1.01.026 (1.0:
NO, 20062012 1.001 (0.949.015 (1.0@.014 (1.00.016 (1.0a.041 (1.0:
20132022 1.022 (1.00.988 (0.91.002 (0.90.986 (0.90.989 (0. 9"
Overall 1.007 (1.004, 1.010) 1.011 (1.007, 1.014) 1.011 (1.007, 1.015) 1.015 (1.010, 1.019) 1.027 (1.021, 1.033)
19901997 0.991 (0.94.014 (1.01.013 (1.0@a.010 (0.99V.985 (0.9t
19982005 0.999 (0.99.008 (0.919.014 (1.00.994 (0.94.004 (0. 9¢
03 20062012 1.044 (1.01.050 (1.04.049 (1.04.055 (1.04.052 (1.0:
20132021 0.993 (0.94.004 (0.99.014 (1.0@@.010 (0.99.054 (1.0¢
Overall 1.006 (1.002, 1.010) 1.019 (1.014, 1.024) 1.022 (1.016, 1.028) 1.015 (1.008, 1.022) 1.017 (1.008, 1.027)

Note: IQR values are as follonB:M :s 2'g4%n NO5. 0% p3p.b86 ophb



Table S4b: Association between air toxics and PTB in California for babies born between 192021 in California (OR per IQR) stratified by area-level

SES
Lowest Low-Middle Middle High-Middle Highest
Time Period (N=4121468) (N=3371155) (N=2795631) (N=2521003) (N=2085317)
19901997 1.082 (1.01.096 (1.01.113 (1.01.093 (1.01.103 (1.0
19982005 0.996 (0.90.991 (0.92.000 (0.91.012 (1.01.006 (0.9
1,3-Butadiane 20062012 1.004 (0.91.009 (1.01.009 (1.01.010 (1.01.014 (1.0
20132021 0.996 (0.90.993 (0.91.000 (0.92.002 (0.9.994 (0.9
Overall 1.019 (0.91.021 (0.92.029 (0.91.028 (0.91.028 (0.9
12 99. 1% 99. 2% 99. 3% 98. 8% 99. 1%
H? 107. 03 127.19 137. 37 82. 37 105. 79
19901997 1.016 (1.01.016 (1.01.012 (1.01.004 (0.9127.025 (1.0
19982005 0.999 (0.91.002 (0.91.019 (1.01.034 (1.01.040 (1.0
Benzene 20062012 1.027 (1.01.031 (1.01.033 (1.0.025 (1.01.085 (1.0
20132021 0.937 (0.90.917 (0.90.920 (0.9.907 (0.80.931 (0.9
Overall 0.995 (0.90.991 (0.90.995 (0.90.992 (0.91.019 (0.9
12 98. 3% 98. 9% 98. 6% 98. 6% 98. 1%
H? 58.93 89. 49 71. 54 73.51 51. 6
19901997 1.004 (0.90.999 (0.90.995 (0.9.991 (0.90.998 (0.9
Chromium 19982005 1.009 (1.01.000 (0.9.994 (0.92.000 (0.90.985 (0.9
20062012 0.993 (0.90.990 (0.91.000 (0.9.982 (0.90.978 (0.9



20132021 1.022 (1.00.994 (0.90.989 (0.90.974 (0.90.993 (0.9
Overall 1.007 (0.90.997 (0.9.995 (0.90.987 (0.90.99 (0.98
2 91.6% 22. 7% 0 % 74.9% 55 %
H2 11.86 1.29 1 3.98 2.22
19901997 1.006 (1.01.012 (1.01.007 (1.01L.004 (0.91.007 (1.0
19982005 1.007 (1.01.014 (1.01.024 (1.01.029 (1.01.040 (1.0
Lead 20062012 1.017 (1.01.021 (1.01.032 (1.01.022 (1.01.052 (1.0
20132021 0.986 (0.90.982 (0.90.984 (0.90.988 (0.9.999 (0.9
Overall 1.004 (0.91.007 (0.91.012 (0.91.011 (0.91.024 (1,
B 92. 1% 95. 5% 96. 5% 93.6% 95. 8%
H2 12.66 22.32 28.88 15.69 24.04
19901997 ©0.888 (0.80.978 (0.90.965 (0.90.984 (0.90.981 (0.9
19982005 0.873 (0.80.907 (0.80.940 (0.90.961 (0.90.957 (0.9
Nickel 20062012 0.893 (0.8 .900 (0.8.900 (0.80.888 (0.8.909 (0.38
20132021 1.055 (1.01.044 (1.01.052 (1.01.036 (1.01.041 (1.0
Overall 0.925 (0.80.956 (0.80.964 (0.90.967 (0.90.973 (0.9
B 97.6% 95. 5% 94. 4% 92. 7% 87. 7%
H2 41.21 22.41 17.78 13.73 8.12
19901997 1. 466 (1.31.183 (1.11.160 (1.11.202 (1.11.041 (0.9
Zinc 19982005 1.079 (1.01.036 (1.01.020 (0.91.039 (1.00.980 (0.9
20062012 1.020 (1.01.017 (0.91.005 (0.90.985 (0.90.979 (0.9



20132021 1.077 (1.01.044 (1.01.016 (1.0L.008 (0.91.000 (0.9

Overall 1.147 (0.91.065 (0.91.046 (0.91.053 (0.90.993 (0.9
12 99. 6% 97. 3% 97 % 98 % 34. 1%
H? 235. 22 36.83 33.5 49. 44 1.52

Notes: Results presented are from Randiifacts Metaanalysis. 12: Represents the proportion of variability due to true heterogeneity across time pel
random error; H2: Measures the extent to which the observed variability reflects true difestheethan being due to random error; IQR values are as
follows:1 -b8ut adi ene: 0.584 ppb, benzene: 0. %8 Nnipkbe,l :cHOr.@2mid4u fng/Im3L, rzg/i



Table S5a: Association between Entire pregnancy average criteria air pollutants and TLBW in California for babies born betwed 9902021 in
California (Single-Pollutant Model; OR per IQR) stratified by area-level SES

Lowest Low-Middle Middle High-Middle Highest
Time Period
(N=3781028) (N=3123504) (N=2608040) (N=2367604) (N=1974181)
199061997 1.008 (0.949.032 (1.01.030 (1.0@.019 (0.99.053 (1.0:
19982005 1.030 (1.01.017 (0.919.018 (0.99.037 (1.0@.038 (1.0¢
PM.s 20062012 1.022 (1.001.028 (1.001.061 (1.01.007 (0.917.011 (0. 9"
20132022 1.017 (1.00.994 (0.9717.007 (0.94.026 (1.0@.003 (0.9"
Overall 1.016 (1.007, 1.025) 1.015 (1.005, 1.025) 1.023(1.012,1.035) 1.021 (1.008, 1.033) 1.028 (1.011, 1.046)
19901997 1. 005 (0.99.006 (0.919.022 (1.00.019 (1.0@.022 (1.0¢
19982005 1.040 (1.04.020 (1.0(@.027 (1.04.037 (1.01.023 (1.0
NO: 20062012 1.043 (1.02.019 (1.001.042 (1.02.003 (0.94a4.013 (0. 9¢
20132022 1.030 (1.012.012 (0.90.992 (0.9¢1.024 (0.99.022 (0. 9¢
Overall 1.026 (1.019, 1.032) 1.011 (1.004, 1.018) 1.021 (1.013,1.029) 1.020 (1.010,1.029) 1.018 (1.006, 1.031)
19901997 1. 004 (0.94.005 (0.91.002 (0.917.030 (1.0@.018 (0. 9¢
19982005 1.000 (0.94.033 (1.01.033 (1.0@.061 (1.04.100 (1.0!
O3 20062012 1.022 (1.00.051 (1.02.052 (1.02.051 (1.042.055 (1.0:
20132022 1.023 (1.002.041 (1.02.059 (1.01.013 (0.94.035 (1.0¢
Overall 1.010 (1.002, 1.019) 1.032(1.021,1.042) 1.036(1.023,1.048) 1.036(1.021,1.051) 1.046 (1.027,1.065)

Note: IQR values are as followB:M :s 2°g#4%n NOS5. 0% p3p.bg6 Qpb



Table S5b: Association between air toxics and TLBW in California for babies born between 192021 in California (OR per IQR) stratified by area

level SES
Lowest Low-Middle Middle High-Middle Highest
Time Period (N=3781028) (N=3123504) (N=2608040) (N=2367604) (N=1974181)
19901997 1.017 (0.912.014 (0.92.037 (1.00.999 (0.912.017 (0.9
19982005 1.017 (1.00.998 (0.912.005 (0.91.021 (1.01.024 (1.0
1,3-Butadiane 20062012 1.015 (0.912.010 (0.92.027 (0.92.0120 (0.917.008 (0.9
20132021 1.002 (0.91.004 (0.92.006 (0.92.0122 (1.01.010 (0.9
Overall 1.01 (1, 11.004 (0.91.01 (1.001.013 (1.01.013 (1.0
12 34.3% 0 % 1% 0% 0 %
H? 1.52 1 1.01 1 1
19901997 1.001 (0.912.001 (0.92.020 (0.92.002 (0.917.026 (1.0
19982005 1.052 (1.01.009 (0.929.004 (0.92.021 (0.91.042 (1.0
Benzene 20062012 1.061 (1.01.017 (0.92.048 (1.01.008 (0.91.040 (0.9
20132021 1.012 (0.90.958 (0.9.954 (0.92.012 (0.90.999 (0.9
Overall 1.031 (1.00.999 (0.91.005 (0.91.007 (0.91.03 (1.01
12 85. 1% 68. 9% 85. 8% 0 % 0 %
H? 6.7 3.21 7.06 1 1
19901997 1.000 (0.91.007 (0.92.012 (0.90.987 (0.912.003 (0.9
Chromium 19982005 1.042 (1.01.000 (0.92.020 (0.90.996 (0.91.004 (0.9
20062012 1.030 (1.0.990 (0.90.998 (0.9.988 (0.912.000 (0.9



20132021 1.024 (1.00.979 (0.90.973 (0.91.006 (0.91.042 (1.0
Overall 1.023 (1.00.996 (0.91.001 (0.90.991 (0.91.012 (0.9
2 83.6% 57.8% 75. 7% 0 % 55 %
H2 6.1 2.37 4.12 1 2.22
19961997 0.997 (0.9 .998 (0.91.009 (0.90.999 (0.91.003 (0.9
19982005 1.026 (1.01.014 (0.91.005 (0.91.008 (0.91.042 (1.0
Lead 20062012 1.023 (1.01.014 (0.91.032 (1.00.999 (0.91.026 (1.0
20132021 1.023 (1.00.986 (0.90.988 (0.91.028 (1.01.002 (0.9
Overall 1.016 (1.01.003 (0.91.009 (0.91.006 (0.91.017 (0.9
B 75. 9% 66 % 75.5% 44. 7% 71.5%
H2 4.16 2.94 4.08 1.81 3.5
19901997 0.982 (0.91.016 (0.90.997 (0.91.016 (0.91.026 (0.9
19982005 1.010 (0.90.947 (0.81L.009 (0.90.990 (0.91.084 (0.9
Nickel 20062012 ©0.937 (0.81.008 (0.91.023 (0.90.983 (0.80.997 (0.38
20132021 0.989 (0.90.954 (0.90.950 (0.81.020 (0.91.085 (1.0
Overall 0.984 (0.90.981 (0.9.989 (0.91.008 (0.91.05 (1.01
B 0 % 38. 9% 0.3% 0% 3.1%
H2 1 1.64 1 1 1.03
199061997 1.136 (1.01.151 (1.01.080 (0.90.924 (0.8.912 (0.38
Zinc 19982005 1.045 (0.91.036 (0.91.042 (0.90.985 (0.90.919 (0.8
20062012 1.049 (1.01.008 (0.91.009 (0.91.016 (0.90.951 (0.9



20132021 1.025 (0.91.034 (1.01.006 (0.90.982 (0.90.967 (0.9
Overall 1.04 (1.011.035 (1.01.015 (0.90.989 (0.90.953 (0.9
2 7. 7% 37.3% 0. 4% 0. 1% 0 %

H2 1.08 1.59 1 1 1

Notes: Results presented are from Randiifacts Metaanalysis. 12: Represents the proportion of variability due to true heterogeneity across time pel
random error; H2: Measures the extent to which the observed variability reflects true difestheethan being due to random error; IQR values are as
follows:1 -b8ut adi ene: 0.584 ppb, benzene: 0. %8 Nnipkbe,l :cHOr.@2mid4u fng/Im3L, rzg/i



Table S6: Average Pollutant EntibérPhe g@hl)y 1iBm® pOsluirfeo cCoina&ent r at

Pollutant/Time Period 19901997 19982005 20062012 20132021 Overall
PMgs (ug/m3) 13.52 12.26 11.16 9.83 11.72
NO: (ppb) 19.74 16.83 13.26 9.88 15.01
Os (ppb) 37.58 37.25 38.009 38.61 37.88
1,3-Butadiene (ppb) 4.85 5.54 4.70 4.61 4.925
Benzene (ppb) 1.11 0.87 0.62 0. 44 0.76
Chromium (ng/m3) 3.95 3.88 3.86 3.85 3.885
Lead (ng/m3) 5.36 5.08 4.78 4. 46 4.92
Nickel (ng/m3) 1.809 1.57 1.28 1.22 1.49
Zinc (ng/m3) 0.8 1.79 2.67 4.16 2.355
Race/Ethnicity
Time Period NH White Hispanic NH Black NH API
PM2.5 (ug/m3) 19901997 12.96 13.99 13.65 13.40
19982005 11.60 12.75 12.45 11.91
20062012 10.61 11. 54 11. 31 10. 93
20132021 9.41 10. 16 10. 03 9.66
Overall 11.32 12.11 12.04 11.28
NO: (ppb) 19901997 17.52 21. 43 20. 86 19.75
19982005 14.65 18.16 17.82 16. 84



Oz (ppb)

1,3-Butadiane

(ppb)

Benzene(ppb)

Chromium (ng/m3)

20062012
20132021
Overall

19901997
19982005
20062012
20132021
Overall

19901997
19982005
20062012
20132021
Overall

19901997
19982005
20062012
20132021
Overall

19901997
19982005
20062012

11.56
8§.81
13.57

37.74
37. 44
38.09
38.53
37.92

4. 76
5.48
4.61
4.54
4. 85
1.05
0.82
0.60
0. 42
0.72
3.55
3.49
3.52

14.
10.
16.06
37.
37.
38.
38.
38.06

w A DM O O OO P A DM N O bd
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15
43

69
35
30
91

13.87
10. 44
16.27

37.00
36.79
37.90
38.53
37.49

4. 84
5.60
4. 71
4. 64
4. 95
1.13
0. 88
0.63
0. 45
0.77
4. 29
4.15
4. 09

13.42
10. 27
14.58

36.99
36.62
37.42
37.99
37.32

4. 83
5.45
4. 66
4.58
4. 88
1.009
0.84
0.61
0. 44
0.75
4. 21
4. 01
4



20132021 3.56 3.95 4. 06 3.99
Overall 3.53 4. 05 4. 15 4. 05
Lead (ng/m3) 19901997 5.18 5.51 5. 43 5.29
19982005 4. 91 5.21 5.16 4. 96
20062012 4.63 4.89 4.85 4.7
20132021 4. 33 4. 55 4. 53 4. 4
Overall 4. 76 5.04 4.99 4. 84
Nickel (ng/m3) 19901997 1.87 1.91 1.91 1.9
19982005 1.55 1.58 1.58 1.57
20062012 1.27 1.29 1.28 1.28
20132021 1.21 1.22 1.23 1.22
Overall 1. 48 1.50 1.50 1.49
Zinc (ng/m3) 19901997 0.8 0.8 0.78 0.82
19982005 1.82 1.77 1.75 1.8
20062012 2.75 2.63 2.65 2.7
20132021 4. 25 4.1 4. 009 4 .17
Overall 2.41 2.33 2.32 2.37
Area-level SES
Time Period Lowest Low-Middle Middle High-Middle Highest
PM2 5 (ug/m3) 19901997 14.60 13.81 13. 46 12.65 12.14

19982005 13. 36 12. 46 11. 97 11.52 10. 76



NO: (ppb)

Oz (ppb)

1,3-Butadiane
(ppb)

Benzene(ppb)

20062012
20132021
Overall

19901997
19982005
20062012
20132021
Overall

19901997
19982005
20062012
20132021
Overall

19901997
19982005
20062012
20132021
Overall

19901997
19982005
20062012

12.06
10. 74
12.73

21.66
18.81
14.22
10. 52
16.42

37.95
37.58
38.67
39. 47
38.39

. 95
. 66
. 80
.73
.04
.19
. 93
. 66

o O +r a0 >~ b O »H

11. 32
10. 09
11.99

19.87
17.09
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37.72
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.66
.96
.13
. 87

O O r A b~ b O s

.63

10. 94
9.67
11.51

19.51
15. 89
12.87
9.75
14.51

37.62
37.27
38.01
38.56
37.88

. 82
.50
. 68
.61
.90
.10
. 85

O O rr M~ b b O b

. 62

10.

9.

25

11.03

17.
15.
12.

9.

95
54
59
52

13.95

37.
36.
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04
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. 78
. 45
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.54
. 85
.04
. 83
.61

9. 94
8.63
10.39

18. 26
14.91
12.12
8.82
13.61

36. 84
36.56
37.14
37.33
36.96

.74
. 36
.52
.42
. 76
.02
.79

O O rr A b b OO b

. 58



Chromium (ng/m3)

Lead (ng/m3)

Nickel (ng/m3)

Zinc (ng/m3)

20132021
Overall

19901997
19982005
20062012
20132021
Overall

19901997
19982005
20062012
20132021
Overall

19901997
19982005
20062012
20132021
Overall

19901997
19982005
20062012
20132021
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.40
.70
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.49
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.71
. 58
.01
.72
.51
.17
.60
. 86
. 54
. 26
.21
.47
. 86
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.81
. 35



Overall 2.29

2.

33

. 36

.39

. 48

Notes: NH: NorHispanic; API: Asian and Pacific Islanders



Tabl e S7:

Overall

PM2_5

NO2

O3
1,3-Butadiene
Benzene
Chromium
Lead

Nickel

Zinc

PMz.s

19901997
PMzs

NO2

O3
1,3-Butadiene
Benzene
Chromium
Lead

Nickel

Zinc

PMz.5

19982005
PM;s

NO2

O3
1,3-Butadiene
Benzene
Chromium
Lead

PMz.5

Pear son

0.06
0.15

0.20
0.60
0.61

-0.58

0.08
0.06

0.30
0.46
0.53

-0.38

0.07
0.18

0.27

0.22

0.36
0.58
0.56
-0.56

0.16

0.42
0.37
0.41
-0.17

0.20

0.45
0.53

Correlation Coefficients for Entire Pregnancy Average
O3 1,3-butadiene Benzene Chromium Lead Nickel Zinc

0.15 0.20 0.60 0.61 -0.58

0.22 0.36 0.58 0.56 -0.56

0.00 -0.29 0.03 -0.16 0.13

0.06
0.21

0.06 -0.20

-0.09
-0.29

0.03 0.19 0.39
-0.16 0.06 0.13
0.13 -0.20 -0.03 -0.50
O3 1,3butadiene Benzene Chromium Lead Nickel Zinc
0.06 0.30 0.46 0.53 -0.38
0.16 0.42 0.37 0.41 -0.17
0.12 -0.26 0.09 -0.17 0.01
0.14 0.15 -0.25 0.40
0.04 0.13 0.37 0.44 -0.31
-0.26 0.14 0.37
0.09 0.15 0.52 0.61
-0.17 -0.25 0.44 0.31
0.01 0.40 -0.31 0.06
O3 1,3butadiene Benzene Chromium Lead Nickel Zinc
0.18 0.27 0.36 -0.31
0.20 0.45 0.53 0.31 -0.14
-0.01 -0.35 -0.21 0.02
0.07 0.51 -0.45
0.02 0.37 0.43 -0.40
-0.35 0.26 -0.05
0.08 0.30 -0.35
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Nickel 0.36
Zinc -0.31
20062012 PM, 5

PM2_5

NO;

O3 0.19
1,3-Butadiene 0.16
Benzene 0.62
Chromium 0.17
Lead 0.53
Nickel 0.35
Zinc -0.32
20132021 PMa.s

PM2_5

NO;

Os 0.31
1,3-Butadiene 0.01
Benzene 0.22
Chromium 0.08
Lead 0.33
Nickel 0.31
Zinc -0.11

0.31
-0.14

NO,

0.18
0.73
0.42
0.45
0.37
-0.18

NO,

0.14
0.64
0.40
0.49
-0.15
-0.25

-0.21
0.02

0.11
0.13
-0.31
0.16
-0.14
-0.10

0.05
0.08
-0.31
0.16
-0.01
-0.08

0.51
-0.45

1,3-butadiene
0.16
0.18
0.11

0.25
0.05
0.15
0.04
-0.04

1,3-butadiene
0.01
0.14
0.05

0.03
0.11
-0.40
-0.13

0.43
-0.40

Benzene
0.62
0.73

0.33
0.66
0.43
-0.35

Benzene
0.22
0.64

0.23
0.56
-0.53
-0.58

0.26
-0.05

Chromium
0.17
0.42
-0.31
0.05
0.33

0.26
0.22
0.02

Chromium
0.08
0.40
-0.31
0.03
0.23

0.08
-0.04

Lead

Lead

0.30
-0.35

0.53
0.45
0.16
0.15

0.20
-0.29

0.33
0.49
0.16
0.11

-0.12
-0.34

-0.62

Nickel

Nickel

0.35

0.37
-0.14
0.04
0.43
0.22
0.20

0.31
-0.15
-0.01
-0.40
-0.53

0.08
-0.12

Zinc

Zinc

-0.32
-0.18
-0.10
-0.04
-0.35

0.02

-0.11
-0.25
-0.08
-0.13
-0.58
-0.04




4. Rutism Spectrum Disorder (ASD)

4. 2Abhstract

BackgrAunidsm spectrum di sorder (ASD) prevalence has risen steadi

past three decades, with environmental factors I|ike air pollution

investigates the associathoorbéeweeapr ARteddabratbpossrantdo bo

ASD ri sk20 b8 Hi9OtOhs .

y

Met hauds:l i zing CA Department of Public Health birth registry data f
ASD di agnoses from the CA Department of Development al Services (n =
= 135,232), we assessedN@Oearmd adriet atprealfufaiecrt « oRMcs (benzene,
1,-BButadiene, chromium, | ead,enhakebdekzamd)essi ag madbélisae | earning
Logistic regression estimated odds ratiARBeveOR) for ASD per interqua
across fourilper7iiRd 98RANDWHI22087P. Anal yses were stratified by
race/ethnicity, neighborhood socioeconomic status (SES), and region
ResuRrtesnat al ex(p@R:urle. T ®; PM5% Cl ORT. @4251. 6% £€hd MNMO16, 1. 35)

were associated with increased ASD risk, with effect sizes declini.
for, NOhe associaéxpos bree waed AR3MD ri sk was attenuated, whereas the
with NO exposure remained | argely unchanged. Among air toxics, ben
and nickel ( OR: 1.33; 95% CI : 1.21, 1. 4563 wieme. strongly associat e

Stratified analyses revealed that assoecrieataitoends adiirf f ered by race/ eth

toxics consistently exhibited elevated ABDiIionsks, hi ghlighting per

in traditional pollutants.

Concl uBrieemast:al exposurer e¢loanPd eovpecsal i g trakkedcto increased ASD

tempor al and spatial vasambiB@Ms yen WASDerre-lucpeonsssientNOtraffic

related pollutants |Iike benzene and nickel highlight the need for
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4. 2Background

Autism spectrum disorder (ASD) is a multifaceted neurol o
condition marked by difficulties in social communication, | ea!
or repetittThe Oemtasi orfsor Di sease Control and Prevention (CDC)

that 2.8% of children in the United States (US) were diagnose
prevalence ranging from 2.3%?TheMaumbladi ve dnéwdenc€al i forni s

of ASD by age 4 andst8e aydeialrys ionfc raegaes i hnags obveeern t he past 30 years

which differs by region and sociodemographic factors, i ncludi |
soci oeconbtRmeisce agtcehtewss. have argued that this increase cannot be
expanded case definition or imprGvednatwheenessngnd screening
prevalence of ASD, attention has increasingly turned to envi
pollution and its specific sources, as potential contributors

The age at ASD diagnosis ofwenhhother smean &be atrly years o
di agnosis gradual | ¥s ufgaglelsitnign govtehratt irmewnki emicdyA,t be increased by
or darfley ePpenarn ead-l iafaedt paull gt &m nfaP)pt enndk @8 g & n
d ox(MfL are the most commonly studihedbeaciardIpyol | utants in relati
beassoci at edBowiwve heASDsome studies found no association betwee

NQand.BMring pregmangcgyeisacongdBBfenicslteigreddtume.

Het erogeneity in study fimhé ngeasr mads sudernexfyp wsnude fferences in
early postaian apdlyl) atod o mirekceruoesess ti me and regi on. For i nstance,
regulatory intervadaretciadresgsr thmev@@hcetd et evekbksendof certain criteria
air pol |l ut anmarsd >, NOvchclaesc@ M r at i ons have remained relatively s
during theAdsme mdermi @b.l |l utant concentrations can vary due to

domi nant emission evacaekmpp oif h ft bhoee' ARToi knbgd; Meh e

My



particular, the heterogeneity in effect estimates observed ac
variation in the mixture of padWwhichlabtetaompovwnanitsesushat make I
sources and species oftenhodi'ltFébyi mgampl bot wWet smewesdpace, and

t hpt e nRaM &Ir af dli@bmdonent s and their oxidative stress potenti al
associated with ASD 2 l1BodiAndel,en,f t@A fwirt h2 616 onger effect e:c
thahoPrM mmasgs d8hfis is concerpniipreg agnadv enpoinp B atr afic sources

are major contributing sources of both!!¥ine and coarse partic

but regul ations hayé penaicemh gdiiatainlsneasl sleyd, tcaoimMimuni ti es face

di fferent compositions of air pol l ution exposur e, of ten di
socioeconomic factors, with Hispanic and Bl ack areas having
virtually all measbhbed ¢ opporieant ségymmiyo ity be

insufficiently addr essmasbheistph t®t rgatoevd ings etvo dleowwer IRPMki ng air

pollution to ASD, a-tecerrint isdcaildigap trheammaierxsamimel arhgese associati o
extended periods, across diverse geographical regions, includ
wi tvlarying pollution | evels influenced by regulatory interver
patterns. Specifically, few studies have focused on the contri
their toxicity, and how t hesentréexitahd bhshgppobkblot art over ti me
compositions and sources. Addressing these gaps is essenti al

dynamic air peflfladt ae mtmddmadAfsdddul ati ons.

Whil e epidemiological evidence remains mixed, emerging rese
bi ol ogical mechanisms | inking air pollution and its major sour
exposure to.dambingntprRMdnancy is associated with adverse neur
outcomes early in I|ife, includind®Addducedambypra cognitive, a

My



recent review higflsisplhd @ edHi ate ni mh dlyepd oRIMct of wearing brake
pads, was associated with impaired motor performance and alf
chil'dredmre,vant to motor ahaosoginat édOeveirtalpan8ent s

iemerging evidence tolhdtr gdbvod raseau ocoodretrvieil ippupimeennts |y

medi ated through the induction of oxidative stress and infl ami
DNA damage, and alteratioh%Fom drxammliewractucéeand function.
suggdedhmgd oki ne calnt & riabuutitbegppratoent i al ly interfering with neuronal
mi gration, differefAtiation, and connectivity.

The extensive California adatrseosqgera@si dend tthree opportunity tc
Il iterature by examining the associati otnhebet ween prenat al expo
criteria pEQlamda ozmkarseMEed |lrasatedafédic toxics and ASD risk for
three decaCde bilbrdshesd BAM &eeh a@ he® @ libaags eodh dat a fr om
CA, we rperseushetnat setting that has undergone substanti al tempor a
|l evels due to regulatory interventions and evolving emission
trafdliat ed compo weantcds iixnych Blidre t oxi cspoweni nalestigate their
toxicity and contribwunder sbaA®Dngi ek, howopoHl nganat compositi

and source variability may influence outcomes across diverse

4. 2M8t hods
4. 2SBudly Population and ASD Il dentification

We obtained birth registry data from the California (CA)
( CDPH) covering the period from January 1, 1990, to December
required to reside within the boundawmnicea®dof | @A, where exposur

CA, children diagnosed with autism spectrum disorder (ASD) ar .

My



21 regional centers operated by the CA Department of Devel opn

study, we utilized!' DDS94atwp ftronDdaemmery 31, 2022, ensuring a
of-ydars oufp ffodrl oavach <chil d. The referral process to DDS gene
devel opment al screening or assessment conducted by professi
psychol ogi stoer, etdheratepuasl i fied specialists. A data |inkage stu

CA Department of Ed80&t bobnchstdmaebhewithadbau?bsm in CA are enrol
DDSDDS records were | inkR6Ad8tbicbhrespoonmadsngslAagOthe Nati

Program of CanE@dfToRegiabties Rmhushes, key variables including
and mother's names, birthdates, sex, and zip code were used.
reviewed for successful linkage based on criteria such as sc
maticnhg Any duplicates were r esolhmeadnebynfdurstuhenrameeri fying addit

mat d he

From the initial cohort of 15,293,518 children born within
and 2018, we excluded records with incomplete or implausible ¢
or greater than ,314.,5d%y3sthNwei §g86s88®@tside the range of 500
6,800 gramsO .6N, =snidmg,l0edtSon bi r2t.%s. (AN n=aldlyl, 6i9n9di vi dual s
mi ssing 50% or more of the dail y,seNPmwerOe esti mates for any ¢t
excluded to reduméd peatreomrttihasld rnechassaubreelmiet y and accuracy of the
exposure (adsEesHEFMYNaAft eresfturitchémg the dataset to individuals
compl ete covariagte) @t he( Niralr38n8UYPtical sample comprised 13

chi l(dADh ch3=2 3RiF2hbiCAt h records.

4. 2ABr2Pol lution Exposures

Exposure estimation is described in Task 3 of this report.
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4. 2SBaBistical Analysis

We applied the following data processing steps for the air
in our air toxics data may result from measurements being be
absence of the pollutant, t heorvwesarenomweal aenvent dd zeros to ha
minimize the impact of extreme -enduofeabdcBtaicr vhbxies we winsol
to tiherzE&ntile.

To investigate tche tagfrd lalod b oo f trrea fafhieacdalai r toxics
exposure on ASD for children born between 1990 and 2018, we ¢

95% confidence intervals (95%0CI Y hesicmgtlogiastiod |l ueagmeéssi on n

prenat al exposure was <calculated by tale®stagi ng the daily expo
menstruation period and birth. For air toxics, as we had annu
prenat al exposure glasedcadcel agedbased oaweithe proportion of d
exposure period fell within each yean.l aBor exampl e, i f an i

menstruati epaanteid!| 50%r ofi) 2018 dred mseE¥%pofsu2@l Woull Wei r full

be the average annual expolsyw0o® tawvbkbls for those years, weight

For each criteria air pollutant and the six air toxics, we
acrosdi fffolminmet peril®@83 ;120998122005 d2@1&,01&hi ch
were designed to ibeemrmsgdhfl ybieqtulaly e ar sitoehi s approach al so all
highlighting tempor al arhd ntgos saelassof ¢ & e modeeiodd wdehy peri od

fromill®d®0, d u railedxgp owshuircehs wer e assilgegwved khasecdssmesZlI P code

anadl seeMsures werkaglkienegsangd | v-eafefaegc tmi medle!l s, as air
pollution memsti ememptns nobtl eavailable for this period (See Tas|
approagrhowild®s insight into PMbtehd ieadt il mantia atth eo nosv eorfalmodel ed
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fects across the full-efsftadtpas phlysowadf bectused a random

timates for eaicnfigori marpabi bdt gcweaidgriegach i me peri ods and

me peri ods'bsasedntorni biultkiiogr asd kesnpoa a | multicollinearity

t ween poll utiaantco mfAadumdwrdtél aytearncl ude al | year s, as there al
roommgr el ati ons bet ween s oanse sauigrg epsotleldu tbayn ttse mapnodr abl i rptaht tyeeranrs

pol |l ut amitgsh awarwiednc eAsitnifilmattilben rfeasxdeinysetbbect s met a
ameworckal owl at ed hdtnecrl afgdenndfegiHtly st ati stics

We scaled pollutants to an intebdguamtaitlae range (I QR) of t
posure for each pollutant. Pearsonéd6s correlation coefficient
aluate the suitability of dpal | adtpost mantus mmdet s, speci fic
vol ving the crit erlilauntpeodiwédskadn tussdorébhaecrh ccrriitteerriiaa p o

I ' ut ant sz 8 dsjuwcsht eals BRI j] NOt ¢ d afnodr s on, to assess their
dependent assdobiatisomrp wiash nd$SD.available for the air toxic
ving annual surfaces.

To control for potenti al confounding factors, we included
variates based on an extensive review of the I|iterature: sex

parous), matleR @bHB B3PHged3b<k@adama@k,i tyadaédi spani c, Non
i spanic -Whspani NoBIl ack, Asian and Pacific I|Islander (API), A
aska Nativeli $§paANG, ONbeb9gr,n nas-bovrfro)y,ei(gueSt er nal

ucation (O 8th gr ddeht groardee hwigthh osucth oao | d i(pltchma) , high schoo
aduate or GED, some college (credit but no degree, associ a
aduate degree), prenat al insurance type (no prenatal car e
sur aypasg, o éilcfesrt )or iemdkch bar-bEawseleamecandmi c status

My



(SES)ar-Fa®&ls variabl e wasfodefbiimed a<cfoaldlsowiengvveen 1990 and

2005, the values represent the quintile of Yostédés index of S
principal component-bewaeh|l yarsabfedl|l oéFmgrbepdecenni al Census.
births from 2006 onward, the values represent the quintile of
based on principal c omp dneevnetls vaanrailaybsliess offr olnl otchke @gArmoeurd c an
Community3Vaduiabyesdurnatudaed | evel, percentage of individual s
householtdp ownerotme rati o of 2 or higherol Ippear georbt,age of i ndivi dua
percentage of employed indi vi doucaclusp,i emde dhioauns irnegn tuninesd,i an val ue
and mkhdusehold Bnktewm&lS Vme i abl e wasarceaatveegori zed as | ow

SES (lowest -mgui ntfg u(e2h t i Il eo)w, g urierdti iubmee)d,i3u'i d h

quintil edr-bea®@ES'HEB MLl e).

Next, we stratified our anmn-&lky&EéSss by dmategrimanl troace/ et hni ci t
investigate whether the i mpaecrteloaft etdheaiar ittoexriicas ainr ASD | ut ant s
di ffered by key sociodemographic and regional factors. Due to

year s, -ldind yamMiom Whidrli splfaspanBtack, and Asian and Pacific 1| sl

(API) subgroups wielalnald e siese dyi m atcted ed thma tcii ftiy . Region was defi

fo-uevel variable based on classifications used by the Califor
to desargnatéor clean transportation projects. These CA region
Central, and Southern. The specific CA counties included 1in

referenc®d citation.
We conducted several sensitivity analyses for the criteri
robustness of our findings across di fferent exposure window

associations during distinct presnal athdeveh o®d mehil:al periods,
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l ast menstruati onil@lbu®r98®idabjisr;tTB)2,: ddsyywleBl#Zl as the postnat al

period, defined as one year foll owiancgc obridratnhc e( bi rth date pl us
with established methodol ogies forWeogsehomfg ati r pol |l ution wit
al . (2015) angdweRaazl seot ianlv.es(td2@®B8)ed associations when prenat al
exposures were mutually adjusted for in the same model

This research was approved by the University of Californie
Human Research Protection Program, and the California Commit:t
Subjects. The study received an remedipecomanerdtr.omAltlhe requiremen
analyses were conducted using R (version 4.1.2.; R Foundati on

Austria).
4. 2Résul ts
4. 2Studly Population Characteristics

This study included 135,232 children diagnosed with autism
13,213,446 children without ASD fmar rASDetdweagm oks®0 and 2018 an
unti | TaWIe LLhil dren with ASD were predominantly male (80.5%),
compared +{A&Dgteneerabdbn popul ati(&®. &%)y pCaAnicchidHirledhr en
accounted for the baegebBbdtwewaeli al ¢ levichraidi ieq hgtwlioyulp ASD
oveepreamohg Black (7.3% vsfi@€. 3%) aandeérAgil8n 78r vBac 12. 2 %)
chilcdomemar edAStDocmohdr en. Mot hers of c¢children with ASD were mo
ol der at the ti mes8df obi nmtllerwi clompBER4e%|.doeBd8. 9% in non
Addi ti ontailnmey , moftihresrts (nul |l i parous) were more common in the AS|
39. 8Me)s.talblif rABD 59M06ABD 59. 2%) tchBeout hedni €al i forni a

reg.i on
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4 .

2AA4r 2Pol lution Exposures
Pol |l umeaamnsconcwartiread i @aasoss t h2e0 1s8t)udyr eddreicad n@l1990

mporal changadl)ienRev d 23ddoaweidt ya (decreasing trend over ti me,

ith the highest i19%9%7e | (sl 3r.e5c30 rlige/dmji nanld 9109 . 75 ppb, respectivel.y

west i2i0nl 8200192 81 Og/ mj and 10. 69! @padl, s rresmpaicned el y) . Convers
|l atively stable, with minor fluct uahtei cemst,i reever agi ng bet ween
ri od. aAierr atgexsi dsnb €Azenei edvel s decreased notably over ti me,

om 1.1110 7109 Mjt d n0.1019M20 OF./ nhhaeimg 2O X2 c met al s,

ickel decreased fribMmID.10®10. OFITa( 108 ,/nmmhgiidde 20ilr2c

creased from 019978t @g0OmPOoFB0 DHPLOCH emmiOM 2

mai ntea@adcroonsss t perfimdrs.t i me

Overall, hi gh correlations weawerolgsear veeadr obsest ween sever al
egnpaanrctyi behaehg .. =t ®. P@)(and BNO78), as well as nickel with

nzemned.(83).(6en D; TFEM | }e. SNegati ve sebreWaéenomnbnwer e
d bem=zene&2),rm0ckB8), {&rd0o. ). Across time periods, t he

rrel ati oxnarbeidve@eanr aBMd b2 ed.dd 179D FAEDDBA 43 i n

122018, potentially indicatingxd arvesldautcad osnoumceasdhe contributio
:PMiss. Benzene remai ned gaocnrdoilssst & mtulry peori roalsat ed with NO
.2ChAi Beria Air Pollution and Autism Spectrum Disorder

Tablpeg esents associations between 2an NiOnt erquartile range (I

dza®d ASD risk across foig018i mE e pseifiMpolldest rett ween 1990

del s showe g o s haesi sgoecnvaart ¢ edbstS [11999907 ( OR: 1.19; 95% ClI

.15, 1.23), whi Q122@ért8 e@Redl o0 ey 95%meCl : 1. 04, 1.08) . The ov
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ef feesctti mat ess all time periods, eaaladwls@ed wiassi ng a random effe
1.10 (95% Cl: 1.04, 1.16). nov ad jiuskfetbditmmdets, controlling for
towards thetheli20O28cbaatdjdwgt pdnigd froot cehfafnegcet P M

estimatéedhe mutual.Fypr adjasinrggd lehawdealpr ombde d s

stropgehkatsisvoec if atr il®MIB9 poer { OR: 1.37; 95%ndl : 1. 34, 1.41),
gradualwadkse wlbseagovsed subseque®Rntli & pPpOBKOLE; 1.12, 1.18)

f o2r0 1220 1 8. Theef feesceraachrtces s al | tOiRhe 2pe( 9&&s Cwas 1. 16,

1.35) .diResmudtt st babtpejwistt memirs.for, BdMssoci ati ons wer e

generally nuelglaitarveg higlylet &yt model s across all time periods; l
adj ustidrgesfudrt eNlOi n mode $ teraprolsiietri vpee raisosdosc i (aQR:onls. 05; 95% CI :
1.02, 1.iDF97)n. 1M@®dsures of het &r oignaBiachastyeaati ass ti me periods (
variability in 269%9@&@cd %est .NBlag(e/sa.fdWs)0. P M

For oBRMt he sownwmdlzl asaatiations with ASD risk were similar a

racial/ ethnic groups: White (OR: 1.09; 95% CI : 1. 04, 1.14), k
1.20), Black (OR: 1.10; 95% Cl: 1.0Dable.292, and APl (OR: 1.0
Notabl e dif fearsesrocceisati mn$®#Memerged drIdbes ti me periods. In 19

estimated t he Bsltarcokn gcetsitl derfefne,c tf oflolrowed c¢cl osely by Hispanic, A
childreni20B8, 26flRect esdstrdlmMat e s lgwetummrsilco wet h Bl ack

chil drharwiantgi ItR chliogsheelsyt f ol | owewh iblye Whh ¢ easho didateinon f or

Hi spanic chil drneul dbwa sAPwe akdyl ,dir emd o FeorralNNO associ ation with

ASD waskrongest for Hispanic childrereff@rt 1. 35; 95% CI : 1. 2:¢
estimates were similar for White (OR: 1.22; 95% CI : 1.15, 1. 3
1.33), and API children (OR: 1. 1Wweo®Hea vGald al. 08, 1.31) . Acr o

M d



general decl i nfeorn nalelf fetchniest h atabhegerwraoppti on of White children
f owhmm wseaw a sl iigthQ 1220 iBoAePal s ec h i |sderfefne c twhéoztei mat e
wasi mi |l ar t o tohldd ®109 7 o,wed e s htihmea t lediviees204 2i n
2018. 3 FoMhi ®e ( OR: 1.03; 95% CI : 1.02, 1.05) and APl <children
1. OWke) esta nmaameeldl i ninck eafseASDwe v eawlalhe wleiglag i ve) or
No assocHimstpiaoonOoc 96OR95% Cl: 0.94, 0.99) and Black children (O
Cl: 0.95, 1.00)

The osenmdlel assaoti ati ons . anfd PArSOn atisslk AMcreased with
nei ghborhood soci oxerchbenBeEIBc net ghberhdlodd showed the strongest
association (OR: 1.24,; 95%hClgh I1OR1, 11.139) 95f%0ICHloweld OBy mi dd|
1.21), middle (OR: 1.mhilddl9& % @R: N. ®B;,, I5%4¢l: | bw03, 1.13), a
| canr-eaB&IS nei ghborhoods (ORTahl)®.13Ac9r50% sClt:i mMe 9p8e r ilo dIs3,) (
there was a gexne&frfadc tdsazdelihmagtireo uP®, al though differences in th
magnitude of aa-ba®&lSatrieanmas nleyd i nHhlel assveadildt i ons

of pr epwittah ANDD rsihsakp evde rwel t Lhe ftfheec ts iensot thgnemsat e s

| eB&€IS neighborhoods (OR: 1.36; 95% CI : 1. 26, 1.47), followed
1.24, 1.Abph mORdI &. 24; 9B:%dEl e (OR7, 11232) 95Pow! : 1. 14,
1.34), amean8ddSIImreei ghborhoods (OR: 1.19;5 95% CI : 1.10, 1.30).

t hevraes a genet BNEQ-AdelEfl fi met | exs tairdatseEdS fgorro ugplsl acr os s

time, with the hpgabrsb ebBEISe xwleipth omemédi néd somewhat consistent
hi ghFinaidl posfiarn v@ associati an-bawe&iSe gomnluypspresemt i n higher

hi gh-kawe&lS nei ghborhoods showing the strongest association (OIF

1.21) and a negat iav e aaBsEdS cgiraotuipo n( OR: tOh.e9 2;,0wWwW5% Cl: 0.90, O0.94)
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When stratifi esd ny lelretsga wini,attiltbpens betsween prenat al PM
exposure and ASD risk reviadlled S®oat haech @Atwas nshacowlsg CA (
region with an overall positivewhaislseeai atail o CA( OR: 1.17; 95% CI
we esta mmaetgeadt i ve association (OR: i ®Bo&%hedn%Cal : 0. 83, 0.88) . I
di dowsedeel ining risk over time, highlighting the i mpact of S«
for allln odo rAr.NOCe n fsrhaolwe@A an e x weveediarl d | ya ssstorcamg i on
(OR: 1.74; 95% Cl: 1.&8A .0R2) ,1.f2dl; ] Ovbed CHy SQawt8h 1. 35) and
Coast al CA (OR: 1.18; 9B YA CIshoOweddb ,a 1nedgladt,i wehid ses oNcoiratthi on
(OR: 0.86; 9p¥hiClccu tOh. dr@RA SOMAS2 1 mat e dd edelfdiemetr si zes
ti me, neither Central mor @Woasht £LlenCA aflolClAgwe v tphairs i patl tae , s ho\y
an increasing risk over timeas<f€oaisatil o CA(O®Rd Lhe5s5t8b6Wgest ov
Cl: 1.12, 1.18), foll owed by Northern CA (OR: 1. 06; 95% CI : 1
negaasseci afoon€esnne¢enmal and Southern CA, respectively.

4. 2AAdr4Toxics and Autism Spectrum Disorder

Benzene showed the strongest overall association (OR: 1. 5¢
consistently high effect estimates across all time periods, r
1.57) 118997179986 OR: 1.59 (9B2% 1®Bab(l)ae. sNesgtkiemédZedin 2012

ef fecftolsliegwesd, width. 23 0982%aCll: OR. 21, 1.45) and the strongest .

i n 11999907 ( OR: 1.47,; 95% CI : 1.35, 1.61). Zinc showed an overa
(95% CI : 1.07, 1.82)n wifbch gebhemadedeevismowiendea 1, 3

modest overal/l association (OR: 1.08; 95% CI: 0.99, 1.19), wi
19910997 (OR: 1.25; 95% Cl: 1.19,wilaB1QR dfutl.a0X harp drop after
(95 %CI : 1.01,-2011.80.3)Chbryom2@mMm2 and | ead had more modest and co

M d



associati ored feeswtitit DRV Y12 1(195% CI : 1.07, 1.14) for chromium and

(95% CI : 1.04, 1.08) for ?I eiandd.i cMe as usruebss toafn t h eatl e rvoag @ raedii tlyi t (yl i
effect estbutaadisenfeor( 918.39 %), chromium (95.7%), and zinc (89.6¢
(39.7%) showed | ower heterogenei alplerrieofdlsecti ng more stable as:

When stratified by race/ethnicity, the associations bet ween
notable differeimbde . SBushdreaeps the overall associations we
similar among White (OR: 1.08; 95% Cl: 0.98, 1.19), Hi spani c
and API children (OR: 1. 06; 95% CI : 0. 99, 1.15), whil e the ass
( OR: %0 IC;1 : 9 0. 96, 1.07) . For benzene, Hi spanic children show

association (OR: 4).,9%f,0l99%edl byl si8ni |l22ar0 associations for Bl ac

95% CI : 1. 35, 1.73) and API children (OR: 1.53; 95% CI : 1.37,
observed in White children (OR: 1.36; 95% CIl: 1.31, 1.41). Acr
wt h di Blfiekelnyx ereenfdcenc ternrgor. In the case of Nickel, White and H
showed similar overal/l associations ( OR: 1. 42; 95% CI : 1. 33,
Cl : 1.22, 1.56 for Hisanmdaisiesao)c,i aftoilolnoswefdo rb yBlsalcikg hcethliyl dr en ( OR:

1.30; 95% Chndlwp@agiblit6&)mpr eci a4 yc iessAtRilamag efdo r
children (OR: 1.0V mi 89 %n Cta scshoicliddamtostiio m=e? ) .t | me ,
whiwee observed more stWhhlIlte efhfiddtr eems taicmaotsess pfeari ods. API child

di splayed a distinct patterlm97wi(tChR:a 1v. DOréy, M5 Cas s olc. id4abt,i on i n

2.64), followed by negative or null aosrsolceiaadt i ons in all subsegq
and chromium were generally | ower across all racial / ethnic grc
estimate for | ead, with | ess pronounced differences and | ess
to other air toxics.|l &ieal hgd fbe HigbesHi spaniatl|l chssociati on
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1. 45; 95% CI : 1.14, 1.84), foll owed by Black children (OR: 1.
children (OR: 1.10; 95% @basihihbwhginull 1@dysowhiateoAPI ORhi l dr en
0.93; 95% Cl: 0.78, 1.10).

When st r atriefaydé&ilsyy, btyhe strongest association for any air tox
obsefwoerdben zaere 583 grhei ghbor hoods ( OR: 2.07; 95% CI : 1.56, 2.
SES neighborhoods (OR: 1:h813h-E@R58&EISCI(:ORL:. 614.,6 11;. 99¥5% mi ddl e
Cl: 1.41, 1. 88)aaxndac it &itelno relsd infledaraBi D w( OR: 1. 44; 95 %

Cl: 1.38, 1.50) and middle SES né&aph).o BWhiolds (OR: 1.41; 95% C

this pattern was si mitl avrasaarmcds ptRiomMa upereidoodn Fbe 2012

nickel, associations-mivendé egamee anlSEE| er obhest (OR: | ow

1.42; 95% CI : 1.30, 1.54 and ORmukth43esB5%tClongl. 32, 1.59, r e
hi gh-eavS&EIS nei ghborhoods ( OR: 1.13;chedwWmi Cn: 0.91, 1.40) . I n t
associations were highest in |l ow SES neighborhoods overall (Ol

a gener al eastcilaantee @ BEIS i iskc r ecaarskeadS EIH I @R”: 0. 99; 95%

Cl: 0.)93Si mi.lodrly, the strongest associations overall for zinc
1. 34; 95% Cl : -ini ddf-et\S5&lB5) gamd plsow OR: 1. 66; 95% CI : 1. 03, 2.67
a pattern that remained consistent across ti me. Conversely,

associati amevseHShingh ghborhoods (OR: 1.25; 95% CI : 1.13, 1. ¢

progressively weaker aasrskoacbdal® i gnsupdsaiuteldudinnd onwear

estimat-meddhe | @R: 1.01; 9 58% -Gl \SEID . ®8i, g lb drdh o aachsd | ow

( OR: 1. 04; 95% CI : 1.01, 1.06) .
| Sout hewe &€Attihnea tsetdrfd regda sstal | air toxics overall. For benzel
t here waosvear asltlr oansgsoci ati on (tChRaatp aw 6D subamy CI : 1.57, 1.82)
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i n 11999907 ai2d0O0Ma®8r. SIFn contr aisn @ fof cvdeir sstidzesel, i ne
Coast al CA and Central ICAl8xpwerthée@Réd Cd : sRi. K& ,in 2012
4 . )YJabnd @®540 Cl : )1.14spEBEcNWilowkedlyesti matgheésthever all
ef fsest Sout hern CA (OR: fbl3®NedFBeCIn: CA. IHOR:1.17B)1; 95%
Cl : 1. 10Howe &), the trends over time differed between the t w
the effect increased st2e0aldBi I(yQR:r ela.c5hli;n g9 5% sClp:e alk. 2 9n, 210.1727 ) . |
contrast, eXdethharec | CAing trend, with tithe highest estimate ob:
1997 ( OR: 1.65; 95% GCsimalll.eds5t, s na €8e8s) ,i nf osl U bosweecdu ebnyt peri ods.
Fohr omiva mgpaow iatsisvoeci ati ons i n both SouA$IRrn and Centr al CA, w h
effect esdalienadtessd wex el usanmegyatiinv eSloyutihnerGo aCsAt al CA.
4.2Séns5itivity Analysis

We observed similar results acro:s6 Nhaend hree trimesters (T1
O3, with effect estimates reamad naag@eainksi @8 ent for each pol |l u
Additionally, the postnat al exposure period yielded results ¢
per.iadthe moadecjl ssttdhdhtf @wro both the preRBMBMtsal and postnatal peri
and &@erged as the sensitivity window with increased ri sk, w
l argely nuTadbloeFoarg Owei observed the reverse pattern.
4. 2Dbscussion

Wef ousrdbstdinftfifalenaesoci ati ons between prenat al criteria a
related air toxic pofldatfifoenr eenap agbgowd b dust tasmids AnD D erl iss k
acrosstsemeempaird oflsg di ffesent oaaoingdammiocah d @ed hni c

groupswelbgiaens withiniRealiyf ofedileo@mPA)gx interplay of
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poll utant sources, popul ation vulnerabilities, and tempor al t
rates.
Our overall study penpodldl petfef etchtalredsR M 32t ies f or

generally dadpesiicn elnitt evi dthur-2n avliryehpedOrd hrgelc. OBt met a

(95% Cl: 1.07 % aco@apsdepr 050 (9FMMCI Bi dcO@asd) 07; per 5ug/ m
compara®Rtbfl10 (95% CI: 1.04,%1. n6popei bl @Rernpl 8nat ughm
for esti matsceemebwekitntgonger ex amitmed i mpact 0dn prenat al P M

ASRs bfaaald 990 whémrveMs were much hiwphestr iForeexampl e, when
anal yoed h-202® 1R eh@Rwals,. 06 (95% @lexr 1.QR4,0NF1.308 ug/ m

which is more similar to -ahel gsesdi e¥ef ingured hehatfehenced met a
pol lasaandbet ween pxamdatddOp oBMr e abnedc aAn®eD geamsekr al |y
small ¢éi mevems sCCAbly refl ecti ngambhlkeensbler’dedr reidmeti ons i n
ClearNas the criteria air polswutan@ASDi ih bDhe stwuwdyggest associ
The | iterat uzgeex poors uprree mantdalASNDO ri sk i's eweard, with some studies
|l arger effect %swhi nat eost hehan obs¥¥syed osmdl Ineor effects
associ-r&heer. di screpancies may stem feomnkeg,met hodol ogical anc
including variations in exposure assessment periods, model i ng
and study popul atiomsnalyaergi Lestf Aomekdsabbzed at ewi de

anal yses acr-amsal (CtAi, c odv alewatiiesnsc ondAaddiedi ovroall Idw,i d e

whenz &#Md 2WeOr e mut uapid ¢nPaMde fufse cetd aet stteinbueatt eesdi n g

nubkven negat pevfef,e cwth rebspetaiNvixetde sc ons s 8 g gpetshfaitpgt enti al |y

trafdlieat mpdonermptodi lauth adbiemt er c ajmoudreddtby eM@t in earlier

yeawhsen we also had itrmg usmepfrdoracRddmorstur modeasl routi ne
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monitoring of fine particul at eWepatetvemnudild metpobeeame avail abl
t hmtenPaM af fect esti mate atnt e mvsaathl jnyesitte s .°BOunt vy

Finalnkdy nmdlel mbdats that mutually adjusted for both the prenat
periods, the postnatal window emerged;arsdthe most i mportant se
N Q, which in:hde kbaesr sodiseNCQule ds d tnt iDrega mao W, ainmdc!l udi ng

| sr*fdtfo.rs; Ot he opposite was true with the prenatal period and
having a smal/l increased risk of ASD,; however, this is I|likely

withydM@ to their sources$sang t heolawndadsslkefioc mc hgmO

findings suggest that the postnat al period may represent a par
related air pollutants, with observed prenatal effects potent
prenat al and postnakaktsexpowewves, Werwehe anabte to examine mt
adjusted prenat al and postnat al models due to the availabilit:

The i mpact of traffsieemséhi®shensbgdehs8Doriadlki c
related air tokhat pevVe@uch sabrty antaitoeds. Air toxics most
correlated with traffic and roadways, such as benzene, ni cke
consistently elevated riskshéoobse&8ivcadronss ithi MeO peri ods despi

| evaend the reduction in assocWhilentise rleintge hatwuirt d ASDI f oirt &,

studies that invesandatedtpepepabi ofslPdricye rel ated to traffic
observed similar resul ts. For exampl e, researchers found an
exposedr ad@dwayarair pollution, with differences emerging betw

freeway % biteontafieeand t hat plko tatnadit lagoinp el at aflf i c
tracers incf%BhbkedfsAS8hadsissridairce edA , wher e, as mentioned,

PM.and:NeOve beenstdreecnmglay i omger. tThhee ppaesrte I3a tdexalyrcsf
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st

st

| o

t h

rong associati omwssthwxddwd e ASDhei aky ¢ombicsed with these prior
udi es, indicates that while efforts to reduce ambient crite
wering geardali ekpatsturiebutteldey omayhenset expogwatesl y addr ess

e continued +wiedlad eplo yad elsy atnrda fmfeit@al s.- Thi s underscores the I
ecific mitigati ocnomparadretgs emnsa trtlwmersgtertid anggl atntbeiseent cr it eri a

| l uthamtemasavul nerabl e popul ations remain exposed to these |
zar ds.

Weobserved the strédngesahi dweahlethrzeefnfeg ctcshr omi um, and

ad, and-sttrhen gseescto nfdo r nickel, highlighting their di sproport
I nerabilityelat dadc eBddti tsipaiii cs .ocatktislodremser ved t he

rongest overall effect estimates for zinc, closely followed
flect the influencreelodt éd reemiweairorman.d Altthreoudgh aZifnc exposur e
e state |ibektyonselrmdes towmmturrices atedclemassfonest

e elevated risks observed ambéhgcHi apadnibe apecBfackfohil drer
af dlizt ed exposuresrabhcenenatednments gWwhere these popul atio
i sproportionately | ocated. This interpretation is supported
ich showed positive assdc¢ci atregsohowi thnéeawnfpriest®duthens, C
igher traffic density,i canand Blaaagk rp pp wlpaotritd msn. oThiHi sspugge st
at i n specifacasrdéamanr lerga loantfse, d zexngo cur e .

Ourar-eaw&lStrati ffierd aiereswdedeatschi l dren in | ow and | ow
i dar€awe&lS neighborhoods consi stentAlSD evipdéiri enced the greate:
e nbaetnazle n e , nickelexphaomdilenr iTehd & hzaigsdb ihgh t

mbined i mpact of socioeconomic disadvantage and environment
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concern.t Howe vicirgdrngga $&Be i g h b amhdio @ ld sWh iStEeSs and

API popul ations also experienced aedxheirtsheeednpact s. For exampl e
strongéset t hekhei ghibvai®dglS,i nwhielfef ercitc ksetlze emgwet ei n

White <chiflodrreeith®eaocadhdongestswassocsieatAiPdn chil dr en,

suggesttimg ethfakesse pdHIlutants dxytemodrilebeyaibmlde traditi onal

popul atried b gectsiofuircces of emissions, including potenti al resi dei
i ndustrial zones @rldmubddamnarsowas cwist h mi xed
Our findings also revealed distinct regional and tempor al

and ASD ri sk. fver de>xa mplte ,s ehednatentebh i ASDonnf emar | i er

period ion Geermaal CA, there WMaOsl 8a preati aokdl.e Tshdisk & einmp otrltad 201 2
shift may reflect improvementséai hpdaBDodi agnostic classificati
regSpecifiwalrlgcently showed that ASD T rcounngulyati ve incidence in
bet ween 1990 and @Qo0ilB8, Vavlilt day t hegiSam dfoat he Central Valley exp
some of the dJTlhiagemdgye sitcr telmate shuingdhelryd i eaxgpmosseeds coads e s

the earlier peri odsammayglcdasyiefnic ofit rt ilolbustoeudt etdone t hat
associationsSiprilar |l yo 26022 Coast al regian, whi ch encompasses
region with a high proporti,ahsof ekpspaencednd Bpakk popul ati

benzreemleat ed ri ska30d8rpemgi otthe @O4Rirtlei edre cyleiamrisnng Tihmpsact s i n ea

pattern aligns with the demographic shifts observed in ASD tr
popul ations have experienced notabl €hiswscmaewpses in ASD rates,
agarienf | ect the improvement in diagnosis and healthcare acces

commumiittiheshi gher exposur e
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This study has several not abl e -dstcraedreg tshtsu.d yA key strength i

peri od2qQuU®)9,0 which represents the |l ongest study period to de

relationship between air pollutbsomneegxposaompasasidndSD risk. The
al | births in CA over t his period, provi des substanti al st e
generalizability of the findings. Additionally, the study in

including mat er nlad v eal n,df anteti ogwhsbnog hfomrd compr ehensive adjust ment
potenti al confounder s. Advanced -erpasuoged mRel ing wusing mach
providedsbdighi on estimates for ex@lostuedsai whi dxi @ad so capturir
such as benzleeaed. nTihcikse If,ocamnedl ahedpeompunsnee bt af Al towed

explocent hiebut i ocosrpenbtesg pedi atlhrasdifthianesak er s | i ke

N Q.

There are also | imitationsede ol evalsia@xeposThe eefimates on ZI
and -basking techniques f or i11t90e7 ) e aralyi ehsav et iimret r paruiced (1990
exposure mi Oecl astsidy caltli owed us to directly investigate this |
this period showed similar effect estimates and/or trends acr

But adfioarh egefthf ect esnadtmadeash ik eteill@®dBrhaperi ods,

estihadesnot seem ftfoerdrfarsotm cmdrliyodds wi Thefull address data av.
avai lafbidnnwyal exponlpr eaiestti ocmadrieisl regtrocaesess specific
devel opment al peri ods, such as trimesters or postnat al wi ndo

insights into critiTkhils wliindiotwst iodn sdisc&pitiééilnltryesul ts in non
exposure misclassification, diluting associations if <critical
averaging exposur e acrdesrsesltoinngaetri npge rti hoed st,r ueh ee fefbeyc tusn of ai r t

during key deveHopmewrtal i wi mdesws .makes our results more compe



previous studies that also relLiasd!|l mpsabytbnstbBéupgdyewasal expo
conducted in CA, the findings may not be generalizable to othe

sources and soci oFdoermogx amppliec, cOMtleaxs shi gh ASD rates and some

hi ghestettataédiair pollution in the country. Despite these | im
including its |l ong durationrelatrtge pamplti egnzeom@aaomne ftox,us on
povi de valuable insights into the complex relationship betweerl

Future research should focus on refining exposure assessme
tempor al and spatial resolution for air toxics while also ex

components consideredsctomtcaputioesot idesemiasssiaocements woul d

enable the investigation of specific developmental periods, su
that may represent critical windows of susceptibility to air
shoul di zpriexpltori ngmetctheanusnoher Ibyi nwhi ch t hese poll utants i mp a
neurodevel opment , potentially through biomarkers or metabol or
could help identify biological pat hways, such as oxidative s

modi ficatioeperproasidhhngeilatedhawdtowliéi cair toxics contribut
ASD risk. These mechanistic studies could further inform targ
mitigate adverse outcomes.
4.2C6nclusion

This study provides compelling evidence of an association
air pol l ution,reparteidcuaiarr | tyoxtircasf,f i &@nd t he ri sk of ASD, whi | €
significant tempor al andigpeatoifalt hea mNfQlaaniadt | ey .t | Tnlae ede d loirni ng
PMwith ASD over time alignowithersedysolg gaissrnitneg ambi ent | evels

a di miininpdaétnghese cromneASBHowelkeont apessi stent associations wit



rafdliated air toxics such as benzene, ni ckel, chr omi um, and

mportance of traffic as a source of ASD risk. Stratified anal
ociodemographic groups, cegomins, saadusnes . ghbhedhoolli sdich e
uggest t hat while efforts to reduececsepeambiient pollution have

nterventi oms stkarppdtliiung ntisghand vul nerabl e popul ations remain
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Tabl es

TableCharacteristics of Study Popul a201o&) by Au

Demographics ASD: N ( No#ASD: N (
Tot al 135, 23¢ 13,213, 4

Sex Mal e 108, 904 6,728, 383
Femal e 26, 328 ( 6,485, 063

Race/ Et hni Whit e 39,970 ( 4,131,051
Hi spani c 66, 177 ( 6,569, 634

Bl ack 9,883 ( 830, 415 (

API 18,475 ( 1,614,833

Al AN 634 (0. 58,809 (I

Ot her 93 (0.1 8,704 (O

Maternal A <20 7,661 ( 1,290,514
2@ 4 26, 392 ( 3,075,259

229 37,150 ( 3,711,382

385 38,910 ( 3,418,678

>35 25,119 ( 1,717,613

Mat er nal Ed <= 8th gr 7,448 ( 1,417,130
9tiL2t h 17,604 ( 2,239,233

Hi gh Schoc 37,419 ( 3,637,472

College ( 58,462 ( 4,603,330

Grad deg! 12,089 (| 1,130,878

Nativity u. S. Bor 80, 743 ( 7,453,599
Foreign E 54,489 ( 5,759,847

Prenatal Car None 551 (0. 88,726 (I

Gover nmei 63,525 ( 6,258,250

Private 67,632 ( 6,324,870

Sepéy 2,002 ( 431,334 (
Ot her 1,323 ( 83,448 (I
Parity Nul i par . 61, 042 ( 5,263, 349
Par ous 74,190 ( 7,950,097
Birth Yeal 19am®97 40, 007 ( 3,909,096



1928004 32,419 ( 3,167,679
20@®11 33,168 ( 3,240,845
2022018 29,637 ( 2,895,826
Regi on Nort hern 16, 324 ( 1,595,028
Coast al 22,147 ( 2,163,944
Central 16,229 ( 1,585,701
(

Sout hern 80, 532 7,868,772

Not:esASD = autism spectrum disorder; API = Asi a
Nati ve

Table M2an Criteria and Air Toxic-2BdB)utant

Pol lutant Mean Exposure
Criteria Over 202201 20@9P1 192P0O0 199m®9
PM.Gug) m 11.9 9.81 11. 2¢ 12. 4¢ 13.5:¢
NQ(ppb) 15.6 10.6¢ 13.731 17.1: 19.7¢
O:(pphb) 37.8 38.6¢ 37.9¢ 37.2¢ 37.5¢
Air Toxics

1,3 Butadie 5.00 4.921 4.737 5.557 4.841
Benzene (pp 0.381 0.510 0.647 0.887 1.111
Chromiuf (u' 0.00 0.003 0.003 0.003 0.004
Lead ¥ug/ m 0.00 0.004 0.004 0.005 0.005
Nickel®d (ug/ 0.00 0.001 0.001 0.001 O0.0012
Zinc ug/m 0.00 0.003 0.002 0.001 o0.000O0

Not EM:s particulate matter withjz=a ndiitarnoeg esrs
Ozone; Overall = -Zw18;°sugndmr pgrams: pavIMet
billion



Tabl e A3soci ations BetPweeenGarteatlet QR Aincr BPalkluti ant s ®2n0dl

Ti me Pe Single Po Adj 2NO Adjs O Adj 2PsM
199®97 1.19 (1.1 0.92 (0.¢€ 1.19 (1.1 -
19289004 1.11 (1.0 0.91 (0.¢ 1.12 (1.¢ -

PM.: 20@®11 1.05 (1.C¢ 0.97 (0.¢ 1.05 (1.¢C -
202018 1.06 (1.C¢ 1.02 (1.C 1.06 (1.c¢C -
Overal 1.10 (1.¢C¢ 0.96 (0.¢ 1.10 (1.¢C -

12 96. 0% 93.3% 95. 9% -

H?2 25. 1 14. 8 24 . 4 -
199m®97 1.37 (1.3 - 1.39 (1.¢ 1.43 (1.:
1928004 1.29 (1.2 - 1.30 (1.2 1.35 (1.:

N QC 20@e:11 1.22 (1.2 - 1.24 (1.2 1.23 (1.c:
202018 1.15 (1.1 - 1.15 (1.1 1.14 (1.1
Overal 1.25 (1.1 - 1.27 (1.1 1.28 (1.1

12 97.8% - 97. 9% 98. 3%

H2 45 . 4 - 46. 8 57.8
199m®97 0.99 (0.¢ 1.05 (1.c¢ - 0.98 (0.¢
19289004 0.99 (0.¢ 1.03 (1.¢ - 0.98 (0.¢

Os 20@e:11 1.02 (1.C 1.05 (1.¢C - 1.01 (1.¢C
202018 0.99 (0.¢ 1.00 (O.c¢ - 0.98 (0.¢
Overal 1.00 (0.¢ 1.03 (1.¢C - 0.99 (0.c¢

12 77.9% 87.9% - 79.1%

H2 4.5 8.3 - 4.8

Not:esOverall esti mates calculated usisng. 83r HOdAddm 28f fp

3.55 ppb; all models adjusted for infant sex, parciatry

nei ghborhood socioeconomic status, and birth year  ;on?

of variability due to true heterogeneity across ti me

vari abillicty teue di fferences rather than being due t



Tabl eA4sociations Between an | QR I ncrease i h20Plr8)n

F;relrmiec 1,3 But Benzen Chromiu Lead Ni ckel Zinc
199®9 1.25 (1.1.50 (1.1.07 (1.1.04 (1.1.47 (1.1.30 (1.
1920 1.04 (1.1212.53 (1.1.15 (1.12.09 (1.1.30 (1.1.34 (1.
20@®11.05 (1.12.59 (1.1.10 (1.1.06 (21.1.37 (1.1.13 (1.
2021 1.02 (1.1.59 (1.1.11 (1.1.06 (1.1.20 (1.1.08 (1.
Overal1l.08 (0.1.55 (1.1.11 (1.1.06 (21.1.33 (1.1.19 (1.
12 98. 9% 39.7% 95. 7% 84.8% 78.5% 89. 6%
H? 90. 0 1.7 23.5 6.6 4.7 9.6

Not:esOver a2l0l18()1990t i mates calcul ated usi negua ardanednoem elf. fOe
0.44 ppb; Chrofi dm:on0. ®0 DO CBge/ling?, B ZO0DGE@S5 @alOld 1o digl/ sn ad]j

sex, parity, mater nal age, nativity, race/ ethnicitand ek
year; |: Represents the proportion of odari abitl ir ay dadtueee:
extent to which the observed variability reflects true
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Tabl.e Gdrrelation Matrix of Criteria and -A0t8)oxi

OVERALL 2028

1,-BBut ad 0.01

Benzen -0.0¢ 0.15
Chr omi 0. 2¢ 0. 06 0. 2.
Lead 0.04 0. 14
Ni ckel 0. 1¢ 0.04
Zinc 0.12 -0.08
Oz 1 ButadBenz Chrom Leat Nick
20122018

0.07
0.14 0.12

Chr omi -0. 31 0.02 0. 3:

Lead 0.18 0.07- 0.18

Ni ckel 0. 0¢ 0.37 0.1 0.14 0.0

Zinc 0. 0¢ -0.03 0.0z 0.3 0. 1!
PM. s NQ O3 1-ButadBenz Chrom Leat Nick

20@®211

N Q

O3 0. 17

1,Butad 0.06

Benzen 0.06 0. 35

Chr omi -0. 3¢ 0.05 0. 3:



Lead 0.26

Ni ckel 0.23 0.1

Zinc . . 0. 27 0.01 0. 2
1-ButadBenz Chrom Leat Nick

1928004

NQ
O3

0. 2¢(
1,Butad 0.21 -0.0¢
Benzen
Chr omi
Lead

Ni ckel
Zinc

0.3 -0.0¢ -0.3-

PM. s NQ O3 1-ButadBenz Chrom Leat¢ Nick

0. 2«

1, -Butad 0.12

Benzen 0.04 0.12

Chr omi 0. 2¢

Lead 0.09

Ni ckel 0. 17 . 0.31 0.2
Zinc 0.0 0.0

1-ButadBenz Chrom Leat Nick



Stratified by Race

Tabl AsSd.ci ati ons Between Prenatal Criteria Air Pc
Race/ Ethn2@18Yy (1990

Ti me Per Whi t e Hi spani Bl ack API
19997 1.17 (1. 1.21 (1. 1.29 (1. 1.21 (1.
1992904 1.06 (1. 1.18 (1. 1.06 (0. 1.13 (1.
PM.s 202911 1.05 (1. 1.07 (1.¢t1.01 (0. 1.00 (O.
2022018 1.09 (1. 1.05 (1.¢1.10 (1. 1.00 (O.
Overall 1.09 (1. 1.12 (1.¢1.10 (1. 1.08 (0.
12 82. 4% 92.6% 74.6% 85. 0%

H2 5.7 13.6 3.9 6.7
19997 1.33 (1. 1.45 (1. 1.40 (1. 1.36 (1.
1992904 1.20 (1. 1.44 (1. 1.13 (1. 1.20 (1.
NQ 20@:11 1.14 (1. 1.34 (1. 1.17 (1. 1.12 (1.
202018 1.21 (1. 1.19 (1. 1.17 (1. 1.09 (1.
Overall 1.22 (1. 1.35 (1. 1.21 (1. 1.19 (1.
12 88. 8% 96. 9% 76.2% 89. 7%

H? 8.9 32.1 4.2 9.8
199m®97 1.01 (0. 0.96 (0.¢!0.98 (0. 0.99 (0.
1928904 1.04 (1. 0.93 (0.¢0.98 (0. 1.05 (1.
Os 20@:11 1.05 (1. 0.99 (0.¢0.97 (0. 1.08 (1.
202018 1.02 (1. 0.97 (0.¢0.97 (0. 1.01 (O.
Overall 1.03 (1. 0.96 (0.!'0.97 (0. 1.04 (1.
12 20. 4% 86. 1% 0.00% 64.2%

H? 1.3 7.2 1 2.8
Not ®seral2018p96sti mates calculated using:sa3r&Zpduw
N Q: 10.23 BpbBS5 Ppb; al | model s adjusted for infa
prenat al car e, neighborhood socioeconomic status,
true heterogenedsy @mcrosandomeepeoi; H]: Measures

reflects true diff erreanncdeosm reartrhoerr; tAhPan =b eAisn ga nd vaen dt



Tabl AsSd.ci ations Between Prenat al ir Toxics and- AS
2018)

Ti me Pe Whi t e Hi spani Bl ack API
199m97 1.26 (1. 1.23 (1. 1.23 (1. 1.27 (1.
192904 1.01 (0. 1.09 (1. 1.03 (0. 1.02 (O.
1-Butad 20@®m11 1.06 (1. 1.06 (1. 0.96 (0. 1.04 (O.
202018 1.02 (1. 1.02 (1. 1.01 (0. 1.03 (1.
Overall 1.08 (0. 1.09 (1. 1.01 (0. 1.06 (0.

12 97.3% 95. 2% 48.8% 89. 0%

K 36.5 20.7 2 9.1
199M®97 1.36 (1. 1.81 (1. 1.66 (1. 1.45 (1.
192004 1.35 (1. 1.98 (1. 1.31 (1. 1.37 (1.
Benzenz2o0@®mi11 1.30 (1. 2.06 (1. 1.48 (1. 1.60 (1.
202018 1.46 (1. 1.79 (1. 1.72 (1. 1.78 (1.
Overall 1.36 (1. 1.91 (1. 1.53 (1. 1.53 (1.

12 0.0% 74.0% 53. 7% 72.2%

H2 1 3.9 2.2 3.6
199m97 1.05 (1. 1.10 (1. 1.08 (1. 1.01 (O.
192004 1.11 (1. 1.24 (1. 1.10 (1. 1.08 (1.
Chromi 20@®11 1.07 (1. 1.18 (1. 1.13 (1. 0.98 (0.
202M18 1.08 (1. 1.17 (1. 1.17 (1. 0.99 (O0.
Overall 1.08 (1. 1.17 (1. 1.12 (1. 1.01 (oO.

|2 76.0% 96. 3% 48. 7% 76. 8%

H2 4.2 27.2 2 4.31
199m97 1.03 (1. 1.06 (1. 1.04 (0. 1.01 (O.
192904 1.05 (1. 1.17 (1. 1.05 (0. 1.11 (1.
Lead 20@e®11 1.00 (0. 1.14 (1. 1.06 (0. 1.11 (1.
202m18 1.01 (0. 1.08 (1. 1.07 (1. 1.19 (1.
Overall 1.02 (1. 1.11 (1. 1.05 (1. 1.10 (1.

12 70. 1% 91.5% 0 % 89. 2%

H2 3.3 11. 8 1 9.30
199M®97 1.43 (1. 1.54 (1. 1.44 (0. 1.96 (1.
192004 1.35 (1. 1.44 (1. 1.06 (0. 0.94 (0.
Nicke 20@m11 1.51 (1. 1.44 (1. 1.69 (1. 0.85 (0.
202018 1.41 (1. 1.18 (1. 1.20 (0. 0.87 (0.
Overall 1.42 (1 1.37 (1. 1.30 (1. 1.07 (0.

12 0.0% 70. 7% 17.1% 90. 3%

H2 1 3.4 1.2 10. 4

H N



199M®971.13 (0.82.06 (1.¢0.97 (0.20.91 (0.4
19@0H041.23 (1.01.71 (1.¢1.27 (0.¢€1.21 (0.9
Zinc20@eM111.08 (1.01.26 (1.:1.24 (0.¢0.88 (0.7
20£20181.07 (1.01.16 (1.:1.27 (1.0(0.84 (0.7

Overal 1.10 (1. 1.45 (1. 1.26 (1. 0.93 (0.
12 34.2% 94. 9% 0% 61.2%

H?2 1.5 19.7 1 2.58

Not ®ser al-2018&8P96sti mates calculated usin®uaadame:
ppb; Benzene: 0.44 pHb;l r@©mr o Mi. Wib:@ & .uqUC,;101Z 0udgd/5m @ g

al | models adjusted for infant sex, parity, mat «
socioeconomic status, and birth year; 1] Repr e
time perndadm,emmoadr y aH]| : Meadutbe Dheseexedntwvatrtoal

rather than being due to random error; API = As



Strat iArickedv®d/ici oeconomic Status

Tabl &AsSd.ci ati ons Between Prenat al Criteria Air Pollutal
Socioeconomi-20B8patus (1990

;;Tieod Low SES Lowi ddl Middl e Midediegh High SE
199®m®97 1.04 (0. 1.16 (1. 1.14 (1. 1.23 (1. 1.45 (1.
1999002 1.04 (0. 1.10 (1. 1.10 (1. 1.18 (1. 1.24 (1.
PM.s20@e11 0.99 (0. 1.02 (0. 1.11 (1. 1.10 (1. 1.10 (1.
202m1¢€ 0.99 (0. 1.07 (1. 1.11 (1. 1.08 (1. 1.19 (1.
Overal 1.01 (0. 1.08 (1. 1.11 (1. 1.14 (1. 1.24 (1.
12 9. 7% 76. 9% 0 % 76. 7% 88. 9%

H2 1.1 4.3 1 4.3 9
199m®97 1.41 (1. 1.36 (1. 1.32 (1. 1.35 (1. 1.47 (1.
iT9@20¢ 1.43 (1. 1.28 (1. 1.24 (1. 1.24 (1. 1.25 (1.
NG 2011 1.39 (1. 1.18 (1. 1.14 (1. 1.19 (1. 1.28 (1.
20#2m1¢ 1.21 (1. 1.13 (1. 1.08 (1. 1.19 (1. 1.39 (1.
Overal 1.36 (1. 1.23 (1. 1.19 (1. 1.24 (1. 1.34 (1.
12 91. 7% 92.3% 91. 7% 78.8% 78.6%

H2 12.0 12.9 12 4.7 4.7
199®m®97 0.94 (0. 0.98 (0. 0.94 (0. 1.01 (0. 1.15 (1.
i92€0¢« 0.89 (0. 0.98 (0. 1.02 (0. 1.05 (1. 1.12 (1.
O0s 2011 0.92 (0. 1.04 (1. 1.05 (1. 1.09 (1. 1.15 (1.
20#2m1¢ 0.93 (0. 0.99 (0. 1.02 (0. 1.04 (1. 1.23 (1.
Overal 0.92 (0. 12.00 (0. 1.01 (0. 1.05 (1. 1.16 (1.

12 62. 8% 73.2% 86. 9% 61. 9% 67 %

H2 2.7 3.70 7.61 2.6 3.0
Not:esOver a2l0l18()19%9s0t i mates calculated using:sa3ra@hde@/im@f Ré
Os: 3.55 pphb; al | model s adjusted for infant sex, apariat
and birth year; 1]: Represents the proportion ofowariHlat
Measures the extent to which the observed variability 1

Socioeconomic Status




Table S5.Associations Between Prenatal Air Toxics and ASD Risk by Time Period Stratified By Neighborhood Socioecc
Status (1992018)

Time Period Low SES Low-Middle Middle Middle-High High SES

19901997 1.22(1.10, 1.35) 1.25(1.13,1.38) 1.21(1.09, 1.35) 1.20(1.08,1.33) 1.37 (1.23,1.53)
19982004  1.03 (0.98,1.08) 1.05(0.99, 1.10) 1.05(1.00, 1.10) 1.05 (1.00, 1.09) 1.03 (0.98, 1.07)
1,3Butadiene 20052011  1.04 (0.99, 1.09) 0.99 (0.95, 1.04) 1.07 (1.02, 1.12) 1.08 (1.04, 1.13) 1.06 (1.02, 1.10)
20122018 1.00 (0.98, 1.02) 1.02(1.00, 1.04) 1.02 (1.00, 1.04) 1.04 (1.02,1.06) 1.04 (1.01, 1.07)
Overall 1.05 (0.98, 1.13) 1.06 (0.97, 1.16) 1.07 (1.01, 1.12) 1.07 (1.03, 1.11) 1.11 (0.98, 1.25)

|2 90.5% 94.0% 81.6% 70% 96.9%

H2 105 16.6 5.4 3.34 32.1
19901997  1.61 (1.45,1.79) 1.50 (1.37, 1.64) 1.38 (1.26, 1.50) 1.39 (1.28, 1.51) 1.75 (1.59, 1.93)
19982004  1.79 (1.63,1.97) 1.48 (1.36, 1.61) 1.42 (1.30, 1.54) 1.51 (1.38, 1.66) 1.68 (1.51, 1.86)
Benzene 20052011 2.07(1.88,2.28) 1.36 (1.25,1.49) 1.43(1.30,1.58) 1.78 (1.59, 2.00) 2.01 (1.75, 2.32)
20122018 1.78 (1.62, 1.95) 1.42(1.30, 1.55) 1.45(1.30,1.61) 1.82 (1.61, 2.07) 3.18 (2.66, 3.79)
Overall 1.81 (1.64, 1.99) 1.44(1.38,1.50) 1.41(1.35,1.48) 1.61 (1.41, 1.83) 2.07 (1.56, 2.74)

|2 76.0% 0% 0% 84.2% 95.2%

H2 4.2 1 1 6.3 20.7
19901997  1.08 (1.05, 1.10) 1.09 (1.06, 1.11) 1.08 (1.05, 1.11) 1.04 (1.02, 1.07) 1.03 (1.01, 1.06)
19982004  1.25(1.22,1.29) 1.21 (1.17, 1.25) 1.11 (1.07, 1.15) 1.09 (1.04, 1.13) 1.04 (0.99, 1.09)
Chromium 20052011 1.23(1.21,1.26) 1.12(1.10, 1.15) 1.06 (1.03, 1.09) 1.04 (1.01, 1.07) 0.97 (0.93, 1.01)
20122018 1.23(1.20,1.25) 1.14(1.11,1.17) 1.09 (1.07,1.12) 1.01 (0.98, 1.04) 0.92 (0.88, 0.95)
Overall 1.20(1.12,1.28) 1.14 (1.09, 1.18) 1.08 (1.07,1.10) 1.04 (1.01, 1.07) 0.99 (0.93, 1.05)

| 2

HZ

97.0% 89.9% 15.5% 68.6% 89.4%
334 9.9 1.2 3.2 9.5




19901997
19982004

Lead 20052011
20122018
Overall

1.02 (0.99, 1.06) 1.01 (0.98, 1.05) 1.00 (0.97, 1.04) 1.04 (1.01,1.07) 1.10 (1.07, 1.13)
1.06 (1.02, 1.11) 1.06 (1.02, 1.10) 1.03(0.99, 1.07) 1.13 (1.08, 1.18) 1.25 (1.20, 1.31)
1.06 (1.03,1.10) 0.98 (0.95, 1.01) 1.05 (1.01,1.08) 1.11 (1.07,1.15) 1.27 (1.21,1.33)

1.01 (0.98, 1.04) 1.00 (0.97, 1.02) 1.05 (1.02, 1.09) 1.16 (1.11, 1.21) 1.41 (1.33, 1.48)
1.04 (1.01,1.06) 1.01 (0.98,1.04) 1.03 (1.01,1.05) 1.11(1.06, 1.16) 1.25 (1.13, 1.38)

|2

H2

50.6% 75.2% 30.5% 84.2% 95.5%
2 4 14 6.30 22.1

19901997
19982004
Nickel 20052011
20122018

Overall

1.43 (1.11, 1.83) 1.54 (1.25,1.89) 1.65 (1.36,2.01) 1.37 (1.14,1.65) 1.43 (1.19, 1.74)
1.22(1.00, 1.49) 1.57(1.29,1.91) 1.28 (1.07,1.54) 1.36(1.12, 1.66) 1.09 (0.89, 1.33)
1.37 (1.14, 1.64) 1.38(1.15, 1.65) 1.52(1.25, 1.83) 1.32(1.07,1.62) 1.20(0.95, 1.52)

1.18 (1.05, 1.33) 1.33 (1.17, 1.52) 1.41(1.22,1.62) 0.95 (0.81, 1.11) 0.86 (0.69, 1.06)
1.26 (1.15, 1.38) 1.42 (1.30, 1.54) 1.45(1.32,1.59) 1.23 (1.02, 1.47) 1.13 (0.91, 1.4)

|2

H2

9.7% 0% 12.7% 74.2% 75.5%
11 1 1.2 3.9 4.1

19901997
19982004

Zinc 20052011
20122018
Overall

1.54 (0.90, 2.66) 3.59 (2.34, 5.49) 1.40 (0.93, 2.09) 1.08 (0.72, 1.62) 0.57 (0.38, 0.87)
1.56 (1.27, 1.92) 1.64 (1.36, 1.98) 1.63 (1.38, 1.94) 1.31(1.08, 1.60) 0.78 (0.63, 0.95)
1.29 (1.15, 1.43) 1.36 (1.23, 1.51) 1.19 (1.07, 1.32) 0.98 (0.87, 1.10) 0.78 (0.67, 0.89)
1.33 (1.24, 1.43) 1.07 (1.00, 1.15) 1.09 (1.01, 1.18) 1.00 (0.92, 1.09) 0.77 (0.69, 0.87)
1.34 (1.26, 1.42) 1.66 (1.03, 2.67) 1.28 (1.06, 1.56) 1.06 (0.93, 1.22) 0.77 (0.71, 0.83)

|2

H2

0.0% 98.1%% 87.2% 67.3% 0.1%
1 53.9 7.8 3.1 1

Notes: Overall estimates calculated using a random effects meta analyses; IQRs = 1,3 Butadiene: 1.04 ppb; Benzene: (
Chromium: 0.0011 ug/fnlron: 0.0008 ug/m) Nickel: 0.0005 ug/rfy Zinc: 0.0017 ug/ih all models adjusted for infant sex,
parity, maternal age, nativity, race/ethnicity, education, payment nagleare, and birth year; I2: Represents the proportion
variability due to true heterogeneity across time periods, not random error; H2: Measures the extent to which the observ
variability reflects true differences rather than being due to random error.



Stratified by Region

Tabl AsS®.ci ati ons Between Prenat al Criteria Air Pol
(190Mm18)

Time Pe Northern Coast al Central Sout hern
199m®97 0.89 (0. 1.15 (1. 0.86 (0. 1.40 (1.
1929004 0.99 (0. 0.96 (0. 0.85 (0. 1.20 (1.
PM.s 20e:11 0.99 (0. 0.88 (0. 0.83 (0. 1.10 (1.
20218 1.00 (O. 1.13 (1. 0.88 (0. 1.01 (0.
Overall 0.98 (0. 1.02 (0. 0.85 (0. 1.17 (1.
12 61. 8% 86. 8% 7.4% 97.9%

H2 2.6 7.6 1.1 46. 8
199m®97 O0.89 (0. 1.20 (1. 1.43 (1. 1.36 (1.
192804 O0.86 (0. 1.02 (0. 1.67 (1. 1.29 (1.
NG 20em11 0.85 (O. 1.01 (O. 1.84 (1. 1.18 (1.
20218 0.85 (0. 1.57 (1. 1.82 (1. 1.05 (1.
Overall 0.86 (0. 1.18 (0. 1.74 (1. 1.21 (1.
12 0 % 89. 7% 0 % 98. 1%

H2 1 9.7 1 52
199m®97 1.00 (O. 1.10 (1. 1.02 (0. 0.96 (0.
192804 1.07 (1. 1.15 (1. 1.04 (O. 0.95 (0.
Os 20@mM11 1.09 (1. 1.19 (1. 0.99 (0. 0.96 (0.
20218 1.04 (1. 1.14 (1. 0.95 (0. 0.93 (0.
Overall 1.06 (1. 1.15 (1. 1.00 (oO. 0.95 (0.

12 56 % 21. 3% 72. 4% 69. 3%

H2 2.3 1.3 3.6 3.3
Not ®gerall estimates calculated usi-.ng 3a 5Ff3a nddgo/md .eX 3
Os: 3.55 pphb; all model s adjusted for infant sex,
prenat al car e, neighborhood socioeconomic status,
heter ogemes s yti me periods, not random error; HJ : M

true differenced or atamedromt eam obbei ng due



Table S7.Associations Between Prenatal Air Toxics and ASD Risk by Time Period Stratified By Neighborhood Socioecono

Status (199¢2018)

Time Period Northern CA Coastal CA Central CA Southern CA
19901997 0.90 (0.78, 1.03) 1.14 (1.00, 1.30) 0.88 (0.73, 1.05) 1.17 (1.11, 1.25)
19982004 1.05 (0.99, 1.12) 0.97 (0.92, 1.01) 1.00 (0.91, 1.11) 1.02 (0.99, 1.05)
1,3-Butadiene 20052011 1.08 (1.03, 1.13) 0.98 (0.94, 1.02) 0.87 (0.80, 0.94) 1.03 (1.01, 1.05)
20122018 1.03 (1.01, 1.06) 1.01 (0.98, 1.04) 0.99 (0.97, 1.02) 1.01 (1.00, 1.02)
Overall 1.04 (1.01, 1.07) 1.00 (9,97, 1.03) 0.94 (0.87, 1.02) 1.05 (0.99, 1.12)
12 35.8% 40.4% 71.3% 96.5%
H2 1.6 1.7 35 28.2
19901997 0.84 (0.76, 0.93) 1.27 (1.02, 1.60) 0.86 (0.69, 1.08) 1.83 (1.70, 1.98)
19982004 1.04 (0.94, 1.15) 1.14 (0.91, 1.42) 0.84 (0.68, 1.04) 1.76 (1.63, 1.89)
Benzene 20052011 0.96 (0.86, 1.06) 0.98 (0.76, 1.28) 0.94 (0.78, 1.15) 1.64(1.52,1.77)
20122018 0.89 (0.80, 0.99) 3.00 (2.17, 4.16) 1.40 (1.14, 1.71) 1.54 (1.43, 1.66)
Overall 0.93 (0.85, 1.02) 1.43 (0.88, 2.30) 0.99 (0.79, 1.25) 1.69 (1.57, 1.82)
|2 69.2% 93.0% 79.9% 74.1%
H2 3.2 14.2 5 3.9
19901997 1.00 (0.97, 1.03) 1.02 (0.98, 1.06) 1.01 (0.97, 1.05) 1.08 (1.06, 1.09)
19982004 1.01 (0.97, 1.05) 0.99 (0.95, 1.03) 1.11 (1.05, 1.16) 1.23(1.20, 1.25)
Chromium 20052011 1.02 (0.99, 1.05) 0.93 (0.90, 0.97) 1.14 (1.10, 1.18) 1.17 (1.15, 1.19)
20122018 1.03 (1.00, 1.06) 0.97 (0.93, 1.01) 1.17 (1.14, 1.21) 1.19 (1.18, 1.21)
Overall 1.01 (1.00, 1.03) 0.98 (0.94, 1.02) 1.11 (1.04, 1.18) 1.17 (1.10, 1.23)
|2 0% 71.4% 90.9% 97.7%
H2 1 3.5 10.9 44




19901997
19982004
20052011
20122018
Overall

Lead

0.94 (0.91, 0.98)
0.99 (0.95, 1.03)
0.97 (0.94, 1.00)

0.96 (0.93, 0.99)
0.97 (0.95, 0.98)

0.98 (0.93, 1.03)
0.97 (0.91, 1.03)

0.98 (0.93, 1.03)
1.07 (1.01, 1.13)

1.00 (0.95, 1.04)

1.03 (0.97, 1.09)
0.91 (0.84, 0.99)
0.81 (0.76, 0.86)

0.90 (0.86, 0.95)
0.91 (0.83, 1.00)

1.01 (0.99, 1.03)
1.06 (1.03, 1.10)
1.05 (1.02, 1.08)

1.03 (1.01, 1.06)
1.04 (1.02, 1.06)

|2

H2

12.3%
11

62%
2.6

89.2%
9.2

60.5%
2.50

19901997
19982004
20052011
20122018
Overall

Nickel

1.03 (0.84, 1.27)
1.25 (1.02, 1.53)
1.46 (1.21, 1.77)

1.51 (1.29, 1.77)
1.31 (1.10, 1.55)

1.19 (0.98, 1.44)
0.85 (0.69, 1.04)
1.10 (0.87, 1.39)

1.13 (0.93, 1.38)
1.06 (0.91, 1.23)

1.20 (0.85, 1.69)
0.97 (0.71, 1.33)
0.89 (0.68, 1.16)

1.23 (1.04, 1.46)
1.08 (0.91, 1.28)

1.65 (1.45, 1.88)
1.62 (1.4, 1.82)
1.72 (1.53, 1.94)

1.31 (1.20, 1.43)
1.56 (1.38, 1.77)

|2

H2

69.6%
3.3

53.3%
2.1

40.9%
17

79.8%
5

19901997
19982004
Zinc 20052011
20122018
Overall

0.87 (0.57, 1.33)
0.93 (0.78, 1.11)
0.97 (0.88, 1.07)

0.89 (0.83, 0.96)
0.92 (0.87, 0.98)

0.48 (0.28, 0.81)
0.71 (0.56, 0.89)
0.65 (0.55, 0.76)
0.74 (0.66, 0.83)
0.69 (0.63, 0.76)

0.78 (0.35, 1.72)
0.89 (0.64, 1.24)
1.15 (0.98, 1.36)

0.96 (0.86, 1.07)
1.00 (0.87, 1.16)

3.50 (2.64, 4.64)
2.23 (1.97, 2.54)
1.39 (1.29, 1.50)

1.31 (1.24, 1.38)
1.92 (1.24, 2.97)

|Z

HZ

13.8%
1.2

13.6%
12

40.60%
17

98.9%
88

Notes Overall estimates calculated using a random effects meta analyses; IQRs = 1,3 Butadiene: 1.04 ppb; Benzene: 0.44
Chromium: 0.0011 ug/fnlron: 0.0008 ug/m Nickel: 0.0005 ug/ff) Zinc: 0.0017 ug/) all models adjusted for infant sex, parity.
maternal age, nativity, race/ethnicity, education, payment ofpakcare, neighborhood socioeconomic status, and birth year; 12
Represents the proportion of variability due to true heterogeneity across time periods, not random error; H2: Meaderdgdhe
which the observed variability reflects true differencesenathan being due to random error.



Table S8.Associations Between Criteria Air Pollutants and ASD Risk by Time Period for Specific Sensitivity Window=2 ()0

Time Period T1 T2 T3 Prenatal Postnatal
19901997 1.10 (1.07, 1.13) 1.11 (1.09, 1.14) 1.15 (1.12, 1.19) 1.19 (1.15, 1.23) 1.22 (1.18, 1.26)
19982004 1.09 (1.07, 1.11) 1.06 (1.04, 1.08) 1.07 (1.05, 1.09) 1.11 (1.09, 1.14) 1.13 (1.10, 1.15)
PMzs 20052011 1.03 (1.01, 1.04) 1.02 (1.01, 1.04) 1.04 (1.02, 1.06) 1.05 (1.03, 1.07) 1.07 (1.04, 1.09)
20122018 1.04 (1.02, 1.05) 1.04 (1.02, 1.06) 1.03 (1.02, 1.04) 1.06 (1.04, 1.08) 1.07 (1.05, 1.09)
Overall 1.06 (1.03, 1.10) 1.06 (1.02, 1.10) 1.07 (1.02, 1.13) 1.10 (1.04, 1.16) 1.12 (1.05, 1.19)
12 92.2% 93.3% 97% 96.0% 96.3%
H2 12.8 15 31.3 25.1 26.9
19901997 1.28 (1.25, 1.30) 1.25 (1.22, 1.28) 1.28 (1.25, 1.31) 1.37 (1.34, 1.41) 1.41 (1.37, 1.45)
19982004 1.23 (1.21,1.25) 1.19 (1.17, 1.21) 1.19 (1.17,1.21) 1.29 (1.26, 1.31) 1.32 (1.29, 1.34)
NO2 20052011 1.16 (1.15, 1.18) 1.14 (1.12, 1.16) 1.14 (1.12, 1.16) 1.22 (1.20, 1.24) 1.26 (1.24, 1.29)
20122018 1.10 (1.08, 1.12) 1.08 (1.06, 1.10) 1.07 (1.05, 1.09) 1.15 (1.12, 1.18) 1.19 (1.16, 1.22)
Overall 1.19 (1.11, 1.27) 1.16 (1.09, 1.24) 1.17 (1.08, 1.26) 1.25 (1.16, 1.35) 1.29 (1.20, 1.39)
12 98.1% 97.9% 98.5% 97.8% 97.3%
H2 52.2 46.6 65.6 454 36.6
19901997 1.00 (0.99, 1.01) 1.01 (0.99, 1.02) 0.98 (0.97, 1.00) 0.99 (0.97, 1.01) 0.95 (0.93, 0.98)
19982004 0.99 (0.98, 1.00) 1.00 (0.99, 1.01) 1.00 (0.99, 1.00) 0.99 (0.97, 1.00) 0.96 (0.95, 0.98)
Os 20052011 1.00 (0.99, 1.01) 1.01 (1.00, 1.02) 1.00 (1.00, 1.01) 1.02 (1.00, 1.03) 1.00 (0.99, 1.01)
20122018 1.00 (0.99, 1.00) 1.00 (0.99, 1.00) 1.00 (0.99, 1.00) 0.99 (0.98, 1.00) 0.98 (0.97, 0.99)
Overall 1.00 (0.99, 1.00) 1.00 (1.00, 1.01) 1.00 (0.99, 1.00) 1.00 (0.98, 1.01) 0.97 (0.96, 0.99)
12 0% 68.6% 73.5% 77.9% 81.9%
H2 1 3.2 3.8 45 5.5

Notes: Overall estimates calculated using a random effects meta analyses; IQRs: =358 ug/mi; NO,: 10.23 ppb; @ 3.55 ppb; all models adjuste
for infant sex, parity, maternal age, nativity, race/ethnicity, education, payment afgloame, neighborhood socioeconomic status and birth year;
Represents the proportion of variability due to true heterogeneity across time periods, not random error; H% Meaderesdhetesh the observed
variability reflects true differences rattthan being due to random error;-T3 = Trimester 13; Prenatal = full term pregnancy period; Postnatal = :

year posfpregnang period.



Table S9.Associations Between Criteria Air Pollutants and ASD Risk by Time Period with Mutual Time

Period Adjustment (1992018)

Time Period Prenatal Postnatal
19901997 0.91 (0.81, 1.02) 1.33(1.18, 1.50)
19982004 1.04 (0.99, 1.09) 1.09 (1.03, 1.15)
PM2s 20052011 1.00 (0.96, 1.03) 1.07 (1.03, 1.11)
20122018 1.00 (0.97, 1.04) 1.06 (1.02, 1.10)
Overall 1.00 (0.98, 1.03) 1.12 (1.02, 1.22)
12 0% 92.2%
H? 1 12.9
19901997 0.76 (0.67, 0.86) 1.86 (1.64, 2.12)
19982004 0.86 (0.78, 0.94) 1.53(1.39, 1.68)
NO:2 20052011 0.85 (0.78, 0.92) 1.50 (1.37, 1.63)
20122018 0.93 (0.87, 1.00) 1.27 (1.18, 1.38)
Overall 0.86 (0.79, 0.93) 1.52(1.31, 1.76)
12 67.8% 90.1%
H? 31 10.1
19901997 1.05 (1.01, 1.09) 0.91 (0.87, 0.95)
19982004 1.04 (1.01, 1.07) 0.93 (0.90, 0.96)
Os 20052011 1.05 (1.03, 1.07) 0.95 (0.93, 0.98)
20122018 1.01 (1.00, 1.03) 0.96 (0.94, 0.98)
Overall 1.04 (1.02, 1.06) 0.94 (0.92, 0.97)
12 57.9% 61.8%
H2 24 2.60

Notes Overall estimates calculated using a random effects meta analyses; |QRs:=3B8I ug/mi; NO,:
10.23 ppb; @ 3.55 ppb; all models adjusted for infant sex, parity, maternal age, nativity, race/ethnicity
education, payment of pratat care, neighborhood socioeconomic status and birth year; 12 Represents
proportion of variability due to true heterogeneity across time periods, not random error; H2: Measures
extent to which the observed variability reflects true differencéeraan being due to random error;
Prenatal = full term pregnancy period; Postnatal = 1 yeasgeghancy period.



4 . PAr ki msioméase (PD)

4. 3Abhstract

Backgrownda pollution is emerging as a risk factor for Parkins
on aifspegitisc component¢2.nnf () ratnidc/uolra tveo Inaattitleer or gani c

compoiurnedsain | i mited compared to criteria pollutants.

Obj ecit iWeesass es s dcdkrwhetxipers ulrcenrged amoedde lag & ttroaxfifcisc (ni ckel ,
benzeanrbeut ald,iEne) andel adtedtai ml takbansa (Il ead, chr omi um) was as

with PD risk and compared t hegseen fdiinodkiindg@sM[WNCQ h criteria poll ut e

Met h:o dWe us e d -baa speodp ochabsteobnstudy (770 PD cases, 1,112 control s)
California. Land use regression models estimated concentratio
criteria air pollutants basedcoapapaoniat-i past 90 i leisf € t1i9r8O r esi d
2019)yeatOaverage exposures were aggregated before PD diagnosi ¢
date for controls. We used |l ogistic regression to calculate o

intervals (fOrsYdemadjrapthimg and pesticide exposur e.

Resul fTeraedlfatced air t oxi cs, especi-ladtlggydind cek,el weraess wel | as benz
strongly assocPaetednwethbuBbtilekrange (I QR) increase in nicke
with an OR of 2.61 (95% CI :0f2.31.08,7 3(.9255% Qalt: r2e.s7i3d,e n5c.ebs7 )a nadt an
wor kplaces. Amongl anddspol bt anbapn | ead and chromium were ass

PD risk, particularly at woprhptaatti ecPsmédéi keve asdoPMations f ol



particulates from multiple sources, reinforce that traffic an

risk. Associations-poématmaad mobests acodossteonate exposure per

Concl usiOams findings highlight the need to go beyond criteria
evidence-arhdti adckdbséitfred air toxics contribute to PD risk. Futur
explore the biological me ¢ h a nd eswesl oupn dierrtl eyri vnegn tti hoensse taos soci at i ¢
reduce exposures, particularly in regions |like Californiads

remains high.



4. 3

lAtroducti on

The prevalence and incidence of Parkinsondés disease (PD) a
ng popuwlgagteisansn,g that environment al ri sk factors may pl ay
lution is emerging as a risk factor of concern for the dev
l uti on on neurodegenerative di sgdrodearls ,buirndcelnudi ng PD, are n
di seasél|l eomat uayi mgsmodi fiable risk factors is i mportant,
atments are | argely symptomatic and unable to modify PD
earch on the effects of aift°eppllcunblody emudbDes s still in

estigating the role of speciti2cmmi(rP)t oxi ¢ components of p

/ or volatile orgarfric compounds (VOCs) in PD.

We investigateedr mhexpesurddamgedt (anftkel, benzene, 1,3

adi ene) and industrial/urban air toxics (Il ead, chr omi um) é

se associations with those fe@gr, <ppMiteriaa pollutants (nitr

u |-baa s eodt ocratsreo | study in Central California. The Central Val

l uted regions in the US due to its unigqgue geography, whi c |
i ssions from agr i cfudrttuhreer, dxaaerthrayt, e da ndy tmetfdaorcqgl ogi cal i nve

ditiorbg.athk rodc eaehpeorAti rby2 0t2Mde Ameri can Lung Association gave

n, and Tulare counties failing grades for unhealthy PM | ev
t polluteflNaotiahleys, iani rt hteoxUiScs were not considered in this r
enti al i mportance as toxins in their own right or as marke
influence of air toxics on PD rxtskre smaetcessary for ident|



relevant for neurotoxicity and for providing new insights to

particularly for vulnerable popul ations.

4. 3M8t hods

4. 3SBudly popul ati on

The Parkinsonés Environment &nads e@e oceassre PEG) study i s a pop
study conducted in three counties of Central California: Fresr
and recruitment def gl Pardgdeipraindrs pmelei oaetcirauis ed i n two wave:

20@21007; PEXG®1I7)X201HAEG1 participants were recruited from multipl

| ocal neur ol ogi st of fices, PD support groups, |l ocal medi a, al
were rasrpatedodhas eploPDl ateigostry pil ot program, in addition to
utilized sources |isted above.

Patients were eligible if they were early in their di seas
di agnosi s, on average 3 years), had their PD diagnosis confir
di sorder specialist, resi ded iinagGaolsiifsor nhiaad frnoor oatthelreast fi ve
severe neurological or terminal health conditions, and agreed
controls were recruited using sever al strategies to ensure r e
were contacted etrisr otuog hr ammadiolmel dy Iseetltect ed residenti al uni ts proc

assessors records and during the first year of study by Medic

mai | or phone. I n PEG2, clusters of five neighboring househo
st udfyf svtiasi ted these households to enroll one participant per
the same eligibility criteria as patients except they did not



This study included 770 PD patients and 1,112 controls who
and occupational address histories, along with information ab
Pesticide exposures were esti mamedvGis®)dngnoadedeographic i nfor me

linking California Pesticide Use Reporting (PUR) records to

work addmédssesch pesticide and participant, we calculated ann
acre within a 500m buffer of each addreé$s, adjusting for the
Al'l participants provided informed consent, and the study was

Review Board.

4. 3ABr2pollution exposure assessment

We used | and use regression (LUR) model s incorporating ad
techniques with a 100m spatial resolution to estimate annual
(nickel, -bemaeéinene,l,I3ead, and chromrumpriamdaidmai |l y concentrat
pol l utaanc, MM ese surfaces were then used to assign exposure

the geocoded Il'ifelong home and wd0k9.adMoedslIses of participart

performanc®d (adjdetstaedeR in eTable S1.

For five air toxics, annual concentration maps were devel o
including speciation data from the California Air Resources Bo

from the California Toxics | nwérstooPy o@ChIm. Prmncecan cttloe sAir Toxi c

included traffic dat a, land use/l and cover characteristics, m
derived spectral bands (e.g., Sentinel ). To reconstruct t oxi
measurements, w-&rimcam pori otnesd tlremgls and statistical met hods.



For criteria ppoolllluudttaanntts ,c odnacielnyt rNeQ i -ens ewer e esti mated usi ng
vernmguouli at ory mo n i tboarsiendg sdaattuar,atrn e@sie aorbcsher vati ons, and mo b i
asurements from Goxongs$tei Batresetrcali, edvhoheg®WMer nment monitorir
ations and Google Streetcar data. The models incorporated pr
aveled, remote sensing daffa baereekdly optgied al i derpt md[i A@B] anc
om remote sensingandaiulse/ Wvea atdhfeoo v tadbhp a®&md es. A V

evsad i dati on technique was used t o i mprove the model sé gen
erfitting. To extend the predictions back to 1989, missing p

di ©O®s , shAbtaesleldi tNa®r e reconstructed using regression models a

t hods.

To assesesr m cani g pollution ®eposuwrvee,r age eamppsuee 10
ncentrations prior to PD diagnosis for patients and the inte
ndows were similar in | ength and tienmpeoarcahl sctouvdeyr age for pat |
ve. For PEG1, we adjusted the control interview year by of
ration at baseline (1.9 years), ensuring comparable exposu
nsequently, the mean 5 ndexr y)eafrorwaRD 20®dtli. Ont(sSDarrd 22004. 4 ( S|

1.5 years) for control s. For PEG2, we did not need any adj us
ready the same for patients and controls. The mean index ye
tients Bnd @20DP9yeQars) for cont r¢dtl0O2 olff tyhearlloy data were mi ss
ar period (4 patients and 3 controls), the missing values

ncentrations from the previous and subsequent years.

.3SBaB8istical Analysis



Usimmgcondi tional | ogistic regression models, we generated e

[ ORs] and 95% confidence intervals [Cls]) separately for resi
Air pollutant exposures were anarltyizleed rasngceo n(tli @QRi)o;us variabl e
Table S2). Model 1 was adjusteavhfidre)ggeduicrmtyieoar d)evedex, race
(in years), study wave (PEG1 vs. PEG2) . Mo d e | 2 additionally

defined as thestbtatdesoappl oedabdbrpng the same exposure peri od

either at the residenti al or occupational addr ess.

In sensitivity anapaglslest amte nmondveelsst itgat edplcore the i mpact
potenti al confounding or <collinearity of mul tiple pollutants
Additionally, we evaluated ayetaryreatBe -ymxamplosbure periods (inclu
exposure prior to PD diagnosis for patients and interview daf
variability in the timing of exposure effects on PD risk.

4. 3Résul ts
The mean age at diagnosis for PD patients was 68 years, whi

of 66 years at their index date (Table 1). A higher proportion

to controls (53%), and most DPaWwtconprarolkts) weEe@uawdtiiten (76% pat
|l evels were similar, with both groups averaging about 14 year
was higher among PD patients compared to control s. Among t he
correlationmobdel ewereehidadtdédRri ct oxi ¢c s, including nickel, benzene, ;

but adrizédne& 1 Figure S1). :28adr ¢rrealfaftoecds aiert wteexi cNsO r anged

from moderate to gtEré®d®ng2)irFrblondi@mniuamdikceh e( (



0.57), reflectimngl ahedr sehaces. t€Caffélati ons between the ren
poll utants were moderate.
4. 3Thdaftfei@ated pollutants

Air toxics modeled based on traffic emissions (Figure 1),
1,-bB3ut adi ene, were strongly associated with elevated PD risk a
education, study wave, and persesicdealret-beaxbpeotsaucraet i(oTmbl e 2; Mo d e |
exposure, a pewelhQRnickréaeapiosut@ wad odsilsoci ated with a more
increase in the odds ,2f2PD. (®Rmi Rablly, 98 % €1 : 1| QR1iOncrease in b
and-butadi ene ewmerwi tahssacmarnte than 50% increase in odds (OR: 1.
1. 34, 1.86 and OR: 1.53; 95% CI -hag26d éxpOsurespectively). O (
showed even stronger associations, with a per | QR increase in
nelay faol4d i ncrease in the odds (OR: B®du8adie®n®w Cl: 2.73, 5.57).
exposure we estimated ORs of 1.93 (95% CI : 1.50, 2.52) and
respectively.

Unli ke criteria pollutants, air toxics showed | arger eff ec
toxic components may play a stanodgedrelbadkednoPDtragkicNO
exhaust pollution, was associated with a 40% increase in PD r
exposure averages (OR: 1.40; 95% CI : 1.23, 1.59) and a 64% i
( OR: 1.64; 9% )Lk PWMLi.c3B,i sl partially attributed to traffic, ¢
resident-babetoeébtmfatt @ets € OR: 1. 09; 95% CI : 0. 98, 1.20) but ex hi b
effects in occupational settings (OR: 1.25; 95% CI : 1.07, 1.4



Tw@ol l utant models, conducted as part of the sensitivity a
estimates for ni ckel on PD remaipmédutangelmpopdehshanged compar
(Fig8)de Bupporting its role das oamsstfdgerenrgesreadf f i ¢ mar ker. The a
when we adjustec|lfhvtedopbét utaatsichightighting its interdepel
pollutants. -poayeed,yweard oflvser(alges) were also evaluated in addi
theyd®r averagedexpNoskeé pemonstrated strong and consistent

across periodpsearexxweprtaffeds BRiegumua adddi kk nle, xhi bited

stronger associ atyieanmnsye®dauwrr3 tnlgans hloongeer hexposure averages. N O
mai ntained stable associationsefwfi ¢bt P®Os taicmeotses saildesperi ods, !
increased as exposure periods became | onger.

4. 31 AdAstrialebhanttedr pahl utants

Lead and chr omi um, mar ker s of industri al emi ssions and u
increased PD risk. For 1l ead, before pesticide adjustment, a |
increase in PD risk at residences, (0®ORt LhilS§5; e®beocCl : 1.03, 1.

di mi ni shed after pesticide exposure adjustment (OR: 1.06; 95%

At wor kpl aces, however, the association remained after pesti
increase in lead |linkk&d(O&: an. B8%; i A6e&se ONI9PD di 19) . Chr omi
showed stronger associations with PD at workplaces as well (

compared to residencds 36RO ITIvotl®&Hnt 9Mméud &€lls rle wWdl ed t hat |l ead
and chromium exhielsist cdonwe sk emt asspoi butanssin the presence
(Fig@MWheh examining different exposure periods, | ead and chr ol

associations with PD acroe3X)s. all averaging periods (Figure S2



4. 3Dbscussion

Qur study provides {fermhexpesiudeemd oc rahtagrtilaxn g s
pollutants is associated with an increased risk of PD. We f o
trafdliated air toxics (beutga.di emiegk ealn,d bPeDn zienn eCe natnrdall ,Gal i f or ni &

with nickel showi ng xtcheee dd tArgonlnah e2sn® rasasvec i @mei ohQRei ncr ease.
Among industmraladt each daiurr btamxi c s, we observed moderate size ass
|l ead and chromium exposure and PD, mostly based on occupatio
associat poorPsM . Eer nN®r ce t-hel mbobkd ahdtiafiisecrial/urban pollutio
in PD, these criteria pollutants represent broad exposure mi
componepmar ksNOt raffic exhaust, includi:ng brake and tire wear
includes particulate pollution from various sources and comp
di stinguish individual components or their relative contribut
toxics findings help i dentyi fbye sdpreicviifnigc tnheet ad sss oacnida tM s wihtaht n
PD. By focusing on air toxics, our study highlights the need
measures to examine the impact of specific components that ma
The only other study to date that addressed the role of ai:
Study, investigated nickel, |l ead, and!Scthtr omi um exposures der.i
found no evidence for associations with PD. These exposure es
residenti al areas, with measurements taken in 1990, 1996, and

on average that al so

cohort. I n contrast,
wi ndow, spanning a dec
of PD.

ovear apympt ovia thi ct hpeh aesaer | o/f
our LUR model covered a |
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Our findings, based on a new LUR model we developed for al

our previous results using ther eClAdtl N&E 4a idri spalrisu toino moamed f or | c
the chemical traesposur enodkedt i oaf Pwhi ch showed positive associ
PDP.The consistency of these results across different model i n
robustness of the link between air pollution from traffic and
associatioBisghwliitdhtrMt he contribution of particulate pollution
suggesting that wvarious air pollution sources plays a role in

Trafkeiated air toxics, | argely from vehicle exhaust and gas:s
a major focus of public health efforts. Emissions of these pol

88% from 1990 to 2012 f ol |aiwi ngorthamii manh te medad ratt ii foinc atf i an t axd ¢

control progr®mtiniti otued fih&ld.ngs in Centr al California, bas

pollutant estimates from 1989 to 2016, found positive associ a
PD ri sk, underscoring their ongoing public health relevance.
t hset rongest association with PD in our study and is linked to
t hat reducing exhaust pollutaex©hraabored awkfll c be insufficient
pollutants, such as nickel onas¢eradegeesed through targeted mi
Whil e epidemiological studies have established a |ink betw
an increaseéedt’hrel skkndoefr IRD,ng bi ol ogical mechanisms remain poorl
I nvestigating the molecular pathways altered by air pollution

exposures contribute to the development and possibly progress

pollutants exacerbate pathological prblce®ses associated with



particularly through mechani sms suckyansucdxeiidhati ve stress, neur

aggreglatli on.

One of the key strengthgseebloturostludypdi aseheeagrses viforhi gh
models with the |ifelong history of participants6 residenti a

model i ng approach al | etveerdm wuesx p © ® u-reetsatti enda ttermd Ding

urban/iredastedy air pollutants, including air toxics and criter
wor kplace locations. Unlike pre¥itoie sssuasseesd with shorter exyg
|l ongerm exposures, as PD has a long | atency period and cumul
capture rel evant e X postuearem pexpodwsr.e Apesreisedang hdlomg i denti fy
environment al factors contrfbutsngotprpvedtothabe®®e eonppbdrtin
or delay its progression by addressing modifiable risk factor :
for pesticide exposure, an important environment al ri sk facto

robustness oensoiutri viiitnyd ianngagp.gylsest, anthchhadéeing amwd assessments
across different exposure pe+wpioddaut apnt v iadhaeld viams iaghtosnsi ntno t he
effect estimates based on exposure tcwer gptriiamaraynd proxi mity to

PD diagnosis status of our patients was confirmed by movement

outcome classification and strengthening the reliability of o

However, our study has several Il'imitations. The | ack of poc
1989 restricted our-tessmeexporstures. enrddi t oogall vy, we did not
spedievel informatiomtfag BMr ability to identify the contri bi
PM.eomponents to PD risk. The study population was predomina
individual s, which may | imit the generalizability of the resul



we did not a cecxopuonstur forscmmlatri os invol ving vari ous chemical s

environment al stressors which may also contribute to PD risk.

4.3C6bnclusion

OQur findings frolmas &ddc otnatsrgoel psotpuudlyatiinonCent r al California ad

to the evidence that air pollution contributes to PD ri sk, wi t
have been much | ess studi etdhec ocnopnatreexdt toof cPrO.t eWhiial ep oclrliuttearnitas i
poll utant samduc®ABMasc N@monly used as indicators of air pollutio
fully capture the role of specific toxicants. Our results hig

which air trawiicmg maDy rbhbes kd providing insights beyond criteria
there is currently no cure for PD, our results underscore th
exposures and sources. Future resear ol ssnsoul d focus on el uci
underlying the observed associations -apdelnterventions to red
exposures. Our study may also help to identify areas where air
ri sk of neurodegener at imiet idg asteea steh ea nbdu ri dhefno ronf pPoD,i cp aerst itcoul ar | y

highly impacted areas |i ke the Central Valley.
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Tables and

status.
PD Case Control
(n=770) (n=1,112)
Age (years) 67.9° 10.5 65.7° 10.6
Sex
Male 490 (63.6%) 589 (53.0%)
Female 280 (36.4%) 523 (47.0%)

Race/ethnicity

White

Latino

Native American

Asian

African American
Education (years)
Study wave

PEG1

PEG2

589 (76.5%) 778 (70.0%)
133 (17.3%) 221 (19.9%)

23 (3.0%) 45 (4.0%)
20 (2.6%) 34 (3.1%)
5(0.6%) 34 (3.1%)
13.6° 45  13.5° 4.1

315 (40.9%) 385 (34.6%)
455 (59.1%) 727 (65.4%)

Pesticide exposurdcounts) 116.8° 180.4 88.3° 141.6

Abbreviations:

PD, Parkinsonés

Figures
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TablAkss2aci ati omebetawveenad® air pollution exposure and Parkinso
Re(s7|7c:)e Re(s7|7cg)e Wor kpl Wor kpl
(344 ca(344 ca
cases/ cases/
contrc¢c contrc
contrc¢c contr ¢
Mo d él Mo d €| Mo d él Mo d €1
Air to I QR OR (95'OR (95 OR (95¢0OR (95¢
Nicke 0.00 2.64 ( 2.61 ( 3.89 ( 3.87 (
my /3m 3.28) 3.25) 5.59) 5.57)
Benze 0.20 1.64 ( 1.58 ( 2.01 ( 1.93 (
1.93) 1.86) 2.61) 2.52)
1,-3 0.32 1.57 ( 1.53 ( 1.92 ( 1.89 (
But adi 1.85) 1.80) 2.43) 2.40)
Lead 0.00r2.15 ( 1.06 ( 1.121 ( 1.08 ([
mg /3m 1.30) 1.20) 1.22) 1.19)
Chrom 0.00 1.02-( 1.16 ( 1.11 ( 1.19 (
my /°m 1.16) 1.35) 1.26) 1.35)
Criter
pol |l ut
NQ 2.8¢42 1.32 ( 1.40 ( 1.52 ( 1.64 (
my /3m 1.50) 1.59) 1.80) 1.95)
PM. s 1.8z 1.14 ( 1.09 ( 1.31 ( 1.25 (
my /3m 1.26) 1.20) 1.53) 1.46)
Adj usted for age, race L Adjewss$ esiddu cneotdieon,1 atn dp essttuidcyi dwea v e .
exposure. Abbreviations: I QR, interquartile range; OR, odds r ¢



Nickel Distribution (1990) Benzene Distribution (1990) 1,3-Butadiene Distribution (1990)
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Nickel Benzene 1,3-Butadiene Lead

Chromium NO; PM_5

Adjusted OR (95% CI)

Two-pollutant model

Figurewg2 |l | ut andaf -yledel average air reoclildetnitoml exposure at
addresnsddess ts association with Parkinsonds disease. This figure
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Adjusted OR (95% CI)

Nickel Benzene 1,3-Butadiene

Chromium NO; PM; s

Lead

Two-pollutant model

rfewg3o | | ut anotf -yieCdel average air opoupationalexposure at
easnsdesits association with Parkinsonbés disease. This figure
per interquartile range (I QR) increase of pollutant expo
for ParkiisnlsonBachli paaskt represenaxi sa primary pollutant,
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4 Ml zhei mer 6s Disease and Rel ated Dementias (ADRD)

4.4.1 Introduction
Alzheimer's diseas€AD) and related dementias (ADRD) are major public health
challengs in societies with aging populationsue in part to the healthcare burden associated
with these disordefs In the United States, the number of people with ADRD is expected to
increase by at |l east 6.7% from 2020 to 2025, and the annual
and other dementias is projected to double by 208terefore, identifying modifiable risk factors

for dementia is urgently needed to address and combat this costly and growing global heélth crisis

Metaanalyses conducted in the past years have consistently linked higher levelssof PM
to increased risk of AD and ADRID#sk 1- Table X). Specifically, for every 1@g/n? increase
in PM 5, the risk of AD has been estimated to increase from 1.5 to wfold.5The review that
reported the highest hazard ratio (HR) of 4.82 (¥992.287.36)8included data from only three
studies with regiospecific high effect estimates: the United Kingdom (HR = 2.88, 95%.2%,
6.29), the United States (HR = 4.05, 95% Z.845.69), and Taiwan (HR = 7.08, 95%: G199
8.35). This underscores the variability in theR2Whpact size on AD estimated in different studies
that translated in some medaalyses and likely reflect differences between populations as well as
study methodologies including the way dementia or cognitive outcomes were defined and the
exposure periods available to investigators for modeling effects. Associations between nitrogen
dioxide (NQ) and groundevel ozone (@ and this neurodegenerative disorder are less
consistently reported. While some mataalyses report no associations, others have found modest
positive associations that did not reach formal statistical significaresk (1 - Table x). Even

small or modest size increases in disease risk for these air pollutants and neurodegenerative
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diseases can have profound public health implications, as air pollution is widespread in nature and
may amplify the overall health burden in an aging human popul&emaining questiorisclude
whether NQand ozone affect dementia risk independently or in concert withs,Ridpecially as
both PMesand NQ levels have been reduced considerably in the USA while controlling ozone
levels has proven more difficult and levels have been relatively sfdblexics have not been
addressed in dementia resésand can help us better understand the contributions of components
of the air pollution mixture on dementia. Finally, it is not weibwn yet whether vulnerable
subgroups are affected disproportionately due to exposure disparities or other factorsythat m
increase susceptibility such as seemnomic factors.
4.4.2 Methods
4.4.2.1Study population

Study participants were enrolled in the Sacramento Area Latino Study on Aging (SALSA),
a longitudinal cohort of older Mexican Americans residing in the Sacramento Valley area from
1998 to 2007. Participants were recruited from the Sacramento metropmiieema surrounding
suburban and rural counties via mail, telephone, and-detwor neighborhood enumeratfon
Participants who (a) were 60 years or older; (b) lived in the six counties of the Sacramento Valley;
(c) selfidentifying as Latino, Mexican, Central American, or Mexican American; (d) were Spanish
or English speakers; and (e) were living in a noninstibalized setting were eligible to be
enrolled. The participation rate was 83.5% among those eligible and contacted, and 1,789
participants in total were recruited at baseline. Participants were interviewed at home for both
baseline interview and followp visits. Followup visits were conducted evekg 15 months with
a maximum of seven followp visits. The average annual attrition rate from mortality and loss to

follow-up was 2.6% and 2.3%, respectively. Between home visitsparie phone call every 6
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mont hs was performed to update participants
informatior?. We excluded those who (1) did not participate in the interview at baseline (n = 3);
(2) lived too far from traffic sources to generate air pollution and noise exposure measures (n = 3);
(3) only had a baseline visit (n = 57); and (4) already had dernf@Nia (n = 114) at baseline,

leaving 1,612 in total for the analysis (Figure 1).

All procedures described here were approved by the Institutional Review Boards of the
Universities of California, San Francisco, Los Angeles, and Davis; the University of North

Carolina; and the University of Michigan. All participants provided writtearimed consent.

SALSA cohort
(n=1789)

Excluded:
No baseline visit (n=3)
No exposure estimates (n=3)

A4

Baseline sample
(n=1783)

Excluded:
Baseline dementia/CIND (n=114)
No follow-up visit (n=57)

Y
Analyses sample
(n=1612)

Figure 1.Flow chart of study population, Sacramento Area Latino Study on Aging (SALSA),
1998 2007. Note: CIND, cognitive impaired without dementia.

4.4.2.2Exposure Assessment

Exposure estimation is described in Task 3

4.4.2.30utcome measurement
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Two cognitive screening testthe Modified Mini Mental State Examination (SMSE) and
a delayed word recall trial from the Spanish English Verbal Learning Test (SEVkEre
performed with each participant at baseline and follpwvisits. A geriatriciarreferred the
participants for a neuropsychological test battery and a standard neuropsychological examination

(Informant Questionnaire on Cognitive Decline in the Elderly) if their scores (1) were below the

20th percentile at baseline on the BMSE or SEMLT, (2) had decreased O 8

or O 3 points on the SEML The taset weeceeviewledby & tkamn e

of neurologists and neuropsychol ogist and given

impaired butnotdemmant i a ( ClI ND) , 06 or fAdementiad accordi
diagnosed with dementia or CIND were also referred for a magnetic resonance imaging (MRI)
examinatior. Detailed procedures for dementia and CIND screening and classification are
described elsewheteln this study, we used (1) dementia and (2) a combined outcome which
included incident dementia or CIND cases and those who were CIND at baseline and converted to
dementia during the followp to capture both cognitive decline prior to dementia and dé&men

incidence to improve our statistical power.
4.4.2.4Covariates

Demographic information including age, sex, years of education, and longest held
occupation during the lifetime were collected at baseline. At each interview, participants also
reported household income, marital status, smoking, general health statagdication use. We
evaluated physical activity level according to time spent performing 18 different activities that
older adults commonly engage in during a regular fagtban or rural residential location was

generated as an indicator according to Census tract 2000 inforfnabi@ighborhood
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socioeconomic statusi$ES) is represented as a score ranging from 1 to 5 Kigiv NSES)
depending on six census (2000) estintdtemrcentage of (1) individuals aged 25+ years without

a high school diploma, (2) individuals below the poverty limit, (3) individuals aged 16+ who had
been in the workforce at one time but are unemployed, (4) households owning their home, (5)

vacant housig units, and (6) median number of rooms in a household.

4.4.2 5Statistical methods

Cox proportional hazards regression models with a calendar time scale were used to
estimate the impact of air pollutants (N®Mz.sand Q) andair toxics (1,3Butadiene, Benzene,
Zinc, Nickel, Lead and Chromium) exposures on incident dementia/CIND or dementia,
respectively. Participants were censored at their last date of contact if they did not return for a
follow-up visit or at the time of death foee the end of 2007. Timearying air pollutant andir
toxics exposures were calculateylaveragng over 1-, 3-, 5 and 10calendar years prior to the
onset of an event for everyone in the risk set at the event timeaahdpollutant concentration
wasa continuous variables scaled ibg7inter-quartile range (IQR). To examinke influence of
the air pollutants andir toxics exposures on cognitive impairment, covariates were selected based
on the prior literature for air pollution and dementia for adjustii&htwe first estimated effects
using a model that only adjusted for baseline age, sex and years of edUd¢wipme added the
longest held occupation and household income, outdoor physical activity and smoking status
which are risk factors fahe outcomgeand finally added alsan nSES indicator, considering that
air pollutants vary spatially. We additionally adjusted for marital status and comorbidity

considering these factors might influence lifestyle or where participants live and, thus, act as
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potential confounderdzinally, we ceadjusted for the other air pollutants in separate models to

address the potentialfor confoundingthe association

In sensitivity analyses, we also repeated the analyses usiBig3 and 10year average
for criteriaair pollutants aneir toxics exposures prior to the baseline year only as time invariant
exposure variableendexamiredtheir relationship with cognitive impairme@tatistical analyses

were performed using SAS 9.4 (SAS Institute Inc., Cary, NC).

4.4.3 Results

The average age of participants at baseline was 70 yeals 0% were women. About
78% of the participants resided in Sacramento County and 87% in urban areas. Around 60% of
participants held a manual job during most of their lifetime, 12% were current smokei3, and
20% were physically active at baseline. Those who developed incident dementia/CIND were older,
less educated, had a lower household income and needed more assistance to perform daily

activities at baseline.

The average annual concentrations obN@Wb 5, O3, 1,3 butadienebenzenezinc, nickel,
lead ancthromium exposures during the baseline year were 13.2 ppb, 13.3 gg/81ppb, 6.33
ppb, 0.94 ppb, 0.001 pgAn0.002 pg/m, 0.005 pg/m and 0.004 pg/frespectively Table 1,
Figure 1 and 2 . Pearsonés <correlation coefficients for the three
exposure at basel i neand® to0.8& ¢or Benzema arid BMetpdsuré)f or NO

(Table 2.

A total of 104 incident dementia and 159 incident dementia/CIND cases were identified
during the 10 years of followp. Each participant on average completed about 5 fallpwisits.

The average length of followp was 6.5 years, with a maximum of 10 gelrour single pollutant
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Cox proportional hazard modelSQ. and PM s were positively associated with the incidence of
dementiaCIND but not dementia alone (Figure 3 and @pecifically,for each IQR increase in
time-varying %, 3-, 5-, and 18year average Nfexposureve estimated ~20%increase in the
hazard for dementia/CIND (e.g. HR = 1.22, 95% CI:0.99, 1.51 for i€2iRn(1.74 ppb increase

in time-varying 5year average N©exposure). The hazard ratio for incident dementia/CIND
increased ~50% for each IQR increase in fimgying 1, 3- ,5 and 1Gyear average PM
exposure (e.g. HR = 1.49, 95% CI:1.02, 2.17 for ¢@¢h (1.05 pg/ni) increase in timevarying
5-year average PM exposure) While the effect estimates for BNMichanged only minimally
when we ceadjusted for the two cetia pollutants or the air toxicde effect estimatef®or NO:

in criteria pollutanico-adjustednodelswereattenuated towards the null but did change no more
than minimally with ceadjustment for the air toxics (Fig. 5). Thesociatios with O3 were
negative in single pollutant models and null inpmdlutant adjusted models fdementia/CIND

or dementia alone.

Considering theair toxics, higher 1:®utadiene leval were positively associated with
increased incident dementia/CIND and dementia drilyufe 3 and 4, with a HR 0f1.12 (95%
ClI: 1.00, 1.25jor incident dementia/CINPerIQR increaséor time-varying * to 10year average
1,3-butadiene exposures. Whikenzenezinc andnickel were also positiveland even more
strongly associated witdementia/CIND or dementialone but the 95% confidence intervals
crossed the nu{Figure 3 and 4. Forexampleeach IQR increase in timerying 10year average
benzene exposure, thstimated HRor incident dementia/CIND increased by 57% (HR=1.57,
95%Cl: 0.90, 2.74and adding cgollutants did not change estimates more than minimally except
when adding PMs, which was highly correlated with benzene in this cofidre effect estimates

for otherair toxics (1,3butadiene zinc, nickel, lead and chromium)in singleand cepollutant
Hpn



adjusted models were also very similgigure 5 and §. Finally, uising timeinvariant %, 3-, 5
and 1Gyear average exposures prior to baseline year, the HRs for dementia/CIND or dementia

only wereeithersimilar or slightly attenuatedor all pollutants(Figure S1 and S

4.4.4 Discussion

In this cohort of older Mexican American individuals, egimatedncreased hazard ratios
for incident dementia/CINDor 1- to 10year average Nfand PM sexposures, bufound no
associationsvith Os. We also foundhat the air toxic 1,3 butadien#- ¢o 10year averags was
positively associated with incident dementia/CIND, podsibly alsancident dementia onjyand
stronger positive associations were suggested with benzene, nickel and zinc but these estimates
were imprecise, and all 95% confidence intervals crossed théNlmudissociations were observed

with other air toxics.

Previous studies reported results for air pollution and cognitive outctimaesare
consistent with our finding¥. Short and longterm exposure to nitrogen dioxides (NO
particulate matter (Ph) have been reported tocrease the incidence of demetitid®!®, even
thoughsome studies did not find associations between these air pollutants and incident dementia
of the Alzheimer's typé. The Betulastudfand t he Womends Heal h I nitiative Memory St
have estimated that the population attributable fraction of ambient air pollution exposure to
dementia is about 181%. Even in places with comparatively low air pollution, association with
dementia has been observed. Recently, the Swedish National &udging and Care in
Kungsholmen (SNAEK) reported a 75% increase in the hazard ratio for incident CIND per 1
pg/m? increase in /ear moving average PMexposure an@gnl 8 % p e r Sifdcfeaseig / m

NOX, respectivel§®. Forthe same cohorit, has been reported thait pollution also increased the
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risk for conversion from CIND to demerttaAn Australian cohort study of 11,243 merore

than65 yearof age however, found no association between air pollutants and incident dementia
or Alzheimer's diseas®n the other handn this Australian studyM.sincreasedhe risk of
vascular dementia (per 5 pgfiBM. s increase HR = 1.39, 95% Cl: 0.93, 238} retrospective

cohort study of 130,978 adults agei 79 yearswvho livedin London observed risk increases of
~16% and 7% for dementia diagnoses derived from primary care records for each IQR increase in
NO: (IQR = 7.47 ug/r) and PMs(0.95 ug/nf) exposure (dear average prior to baseline)
respectivelyand alsosawno associations with {&xposuré. Similarly, In the Adult Changes in
Thought (ACT) populatiobased cohort study in Seattle that enrolled 4,166 participants, the
researchers linked spatiotemporal meoleted PMse x posur es to the participants6 addresses
observed t hat?infremse indimanatyingllOyeagdverage PM, the hazard of
developing alcause dementia increased by 16% (HR = 1.16, 95% Cl: 1.032% .Bil}he
Environmental Predictors of Cognitive Health and Aging study in the U.S., higher residential
levels of fine particulate matter were associated with greater rates of incident dementia, especially
for fine particulate matter generated by agricul{itR = 1.13; 95% CI: 1.01, 1.27) and wildfires

(HR = 1.05; 95% CI: 1.02, 1.08)

Generally, PMscaptures both local and regional pollution sources for fine particles, while
compared to Pl, NO; better represesthe smaller scale variability of trafficelated pollution
from roadway®. In the SALSA studythis difference in the spatial distribution of Nénd PM s
can be seen in Figure 1 that depicts the LUR model derived maps for the two pollutants. Also, our
Oz map represents a mirror image of the NiBtribution map, and this is also further supported
by the negative correlation ofs@nd NQ exposures among our study participants (Tabl©z2).

is a secondary pollutant generated from traffic pollutants by atmospheric chemistry that is
HpH



generally distributed more homogenously across a régibhus, n our study as well as more
generally, @ is expected ta@orrelate negatively with modelled traffielated air pollutants as
atmospheric chemistry predicts @ be lower near sources of NO and Nd higher away for
these sourcedndeed,such local patterns amgell-captured byour modeland may explain the
strong inversalirectionsof the @ associatios with dementia/CIND or dementia algniee. the

mirror image of the N@associations we observed

Exposure to metals, chemicaind other compoundsmay also contribute tacute and
chronicneurdoxicity leading todegenerative diseagés On the other hand, most of the air toxics
we investigated are related to traffic and fewer to industrial pollution souFaether
corroborating the importance of traffic as a source fop Bi@ PM s, we foundsome indication
for positive associationsith dementia outcomes in our study floe trafficsource related air toxic
exposures to zinc, nickednd benzene, although tkstimates were imprecise a@% Cls for

crossed nuland also a weaker association with-thiBadiene

Benzenehasneurotoxicqualities® andstudies have suggested associatisitis cognitive
function impairment. A casecontrol study in Seattle, Washington, reported strong assoaation
between benzene exposure and Alzheimer's disease §®R95% Cl: 1.1,13.43. Environmental
exposure to nickeh the SALSA study represents ngaad norexhaust traffic exposures and
nickel can reach thdrain via olfactory neuronsand may contribute tmeurodegenerative
disease¥ 38 %, Similarly, zinc in our study represents naxhaust traffic contributions from tire
weatr Interestingly, @posits of zintiave been founith senile plaques and vascular amylaitiich
may result in AD typeognitive impairment’. 1,3-butadiene is a gas that is primarily formed as

a product of incomplete combustion of fossil fuels and biomasduatnalso has some industrial
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source®, and has previously been linked to adverse neurodevelopmental ouftdmeke

SALSA cohort area, this pollutant is most likely traffic related as well.

In the SALSAstudy, we did notfind associatioabetween lead and Chromium exposures
and incident dementia/CIND or dementia orihis may suggest either inadequate timing of
exposure olimitations in our LURexposure assessment methfatsthis low exposure ambient

environment as both metals have previously been shown to be neurBtfxic

This study has several strengths. It is one of few poputatised longitudinal cohort
studies focusing on effects of air pollution and toxics exposures on cognitive function among older
Mexican Americans, one of the most highly environmentally expospdlgitton subgroup in
California®®. We used repeated cognitive function testing and further confirmed diagnoses by
imaging examination (MRI), leading to a high accuracy for the dementia or CIND diagnosis and
its timing in SALSA. Both air pollution and air toxics exposures were estimatseldban
participantsd resident i alglobabmbsitiening systemeadingsc h wer e geocoded by
during home visits, ensuring high gkation quality. We built and employed LUR models
integrated comprehensive data sources, including traffic, landlar® cover, meteorological
conditions, vegetation dynamics, and satellite data to generate the air pollution and toxic estimates
within the study ar¢. The spatial resolution is 3@eters so that captured important air pollution

sources such as traffic and modeled variations in pollutants on a small spatial scale.

Some limitations also merit mentioning. This study focused on elderly Mexican American
participants living in the Sacramento Valley area which may limit the generalizability of our results
to other age and ethnic groups. We lacked lifetime residentiahhatd assessed the air pollution
and noise exposures based on the participants6 geocoded addr
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exposure misclassification cannot be ruled out. However, in the SALSA cohort, the average age
of the participants was 70 years or older at baseline and most were already retired and consequently
are expected to be at home regularly during the day. Thialgpaitution pattern likely remained
consistent throughout the study years given the relative stable ldAdAdsktionally, the average

length that participants reported having lived at their baseline residences was 22 years, and 90%
remained in California throughout the study period. Thus, the exposure estimates based on the
baseline addresses likely serve agpad indicator to characterize lotgym spatial air pollution

and toxic exposures around each participantsd residence befor
Selection bias due to loss of follewp would be a concern if continued participation was
depenént on exposure history and also differed between diseased adisaased. In our study,
however, the percentage of subjects lost to follpwas minimal (2.3% per year), and subjects

were not asked to report environmental exposures or metabolic syndiatus. Thus, differential

loss to followup due to awareness about exposures and disease status is unlikely.
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Tablesand Figures

Table 1.Summary of characteristics of the participants at baseline used for incidence analyses, Sacramento Area Latino Study of Agirgp8 2007.

Total DEMENTIA/CIND DEMENTIA

Characteristics, Mean+ SD / N (%) (n=1612) Event Non-event  P-value Event Non-event  P-value

(n=159) (n=1453) (n=104) (n=1508)
Baseline Age (Years, meatt SD) 70.2 (+6.8) 75.3 (£7.8) 69.7 (£6.5) <0.01 76.5 (£7.6) 69.8 (+6.5) <0.01
Male 680 (42.2) 58 (36.5) 622 (42.8) 0.12 36 (34.6) 644 (42.7) 0.11
Years of Education (Years, mearx SD) 7.4 (£5.3) 5.8 (#5.2) 7.6 (£5.3) <0.01 5.6 (¥4.4) 7.5 (¥5.4) <0.01
Sacramento County Residence 1255 (77.9) 118 (74.2) 1137 (78.3) 0.24 80 (76.9) 1175 (77.9) 0.81
Urban Residence 1400 (86.9) 136 (85.5) 1264 (87.0) 0.61 90 (86.5) 1310 (86.9) 0.92
Occupation held during most of the lifetime <0.01 <0.01
Non-Manual 346 (21.8) 14 (9.0) 332 (23.2) 8 (7.9) 338 (22.7)
Manual 960 (60.5) 104 (66.7) 856 (59.8) 69 (68.3) 891 (59.9)
Other (Housewives and Unemployed) 282 (17.8) 38 (24.4) 244 (17.0) 24 (23.8) 258 (17.4)
Marriage status <0.01 <0.01
Single/Never married 47 (2.9) 6 (3.8) 41 (2.8) 3(2.9) 44 (2.9)
Married 946 (59.0) 82 (51.9) 864 (59.8) 54 (52.4) 892 (59.4)
Widowed 379 (23.6) 58 (36.7) 321 (22.2) 41 (39.8) 338 (22.5)
Divorced 171 (10.7) 9 (0.6) 162 (11.2) 4(3.9) 167 (11.1)
Separated 47 (2.9) 1(0.6) 46 (3.2) 1(1.0) 46 (3.1)
Living with someone as a spouse 14 (0.9) 2(1.3) 12 (0.8) 0(0.0) 14 (0.9)
Household Income ($/month): 0.06 0.06
Less than 1000 691 (43.7) 81 (51.6) 610 (42.8) 55 (52.9) 636 (43.0)
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Total DEMENTIA/CIND DEMENTIA

Characteristics, Mean+ SD / N (%) (n=1612) Event Non-event  P-value Event Non-event  P-value

(n =159) (n=1453) (n=104) (n=1508)
1000 TO 1499 321 (20.3) 35 (22.3) 286 (20.1) 25 (24.0) 296 (20.0)
1500 TO 1999 184 (11.6) 17 (10.8) 167 (11.7) 10 (9.6) 174 (11.8)
2000 TO 2499 154 (9.7) 9 (5.7) 145 (10.2) 6 (5.8) 148 (10.0)
2500 or more 233 (14.7) 15 (9.6) 218 (15.3) 8 (7.7) 225 (15.2)
Neighborhood SocieEconomic Status (NSES) 0.18 0.06
Low NSES 544 (33.8) 64 (40.3) 480 (33.0) 46 (44.2) 498 (33.0)
Low-Middle/Middle NSES 912 (56.6) 80 (50.3) 832 (57.3) 49 (47.1) 863 (57.2)
Middle-High/High NSES 156 (9.7) 15 (9.4) 141 (9.7) 9(8.7) 147 (9.8)
Baseline Smoking Status 0.83 0.97
Never/NonSmoker 735 (45.8) 75 (47.2) 660 (45.6) 47 (45.2) 688 (45.8)
Former Smoker 681 (42.4) 64 (40.3) 617 (42.7) 44 (42.3) 637 (42.4)
Current Smoker 189 (11.8) 20 (12.6) 169 (11.7) 13 (12.5) 176 (11.7)
Baseline High Outdoor Physical Activity 341 (21.2) 27 (17.0) 314 (21.6) 0.17 15 (14.4) 326 (21.6) 0.08
NO: level at baseline (ppb, mear SD) 13.2 (x1.4) 13.3 (x1.3) 13.2 (x1.4) 0.56 13.1 (¥1.2) 13.2 (x1.4) 0.48
PM2slevel at baseline (ug/y mean+ SD) 13.3 (+0.6) 13.4 (+0.5) 13.3 (x0.6) 0.04 13.3 (x0.5) 13.3 (+0.6) 0.24
Oz level at baseline (ppb, mear SD) 37.3 (x1.0) 37.3 (x1.0) 37.3 (¥1.0) 0.21 37.3(x0.9) 37.3 (¥1.0) 0.78
1,3-Butadiene level at baseline (ppb, meat SD) 6.3 (¥1.1) 6.5 (£2.1) 6.3 (£1.0) 0.01 6.5 (£2.0) 6.3 (¥1.1) 0.04
Benzene level at baseline (ppb, meanSD) 0.9 (£0.05) 0.9 (£0.04) 0.9 (0.05) 0.11 0.9 (£0.04) 0.9 (0.05) 0.54
Zinc level at baseline (ug/, mean+ SD) 0.001 (+0.0002) 0.001 (+0.0002) 0.001 (+0.0002) 0.58 0.001 (+0.0002) 0.001 (+0.0002, 0.89
Nickel level at baseline (ug/rfy meant SD) 0.002 (+0.0001) 0.002 (+0.0001) 0.002 (+0.0001) 0.77 0.002 (+0.0001) 0.002 (+0.0001, 0.96
Lead level at baseline (ug/, meant SD) 0.005 (+0.0004) 0.005 (+0.0005) 0.005 (+0.0004) 0.83 0.005 (+0.0003) 0.005 (+0.0004; 0.86
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Total DEMENTIA/CIND DEMENTIA

n=1612
Characteristics, Mean+ SD / N (%) ( ) Event Non-event  P-value Event Non-event  P-value

(n=159) (n = 1453) (n=104) (n = 1508)

Chromium level at baseline (ug/m, mean+ SD)  0.004 (+0.0009) 0.004 (+0.0009) 0.004 (+0.0009) 0.72 0.004 (+0.0006) 0.004 (+0.0009;, 0.35

Note: SD, standard deviatiodNSES, neighborhood socioeconomic status; Ni@rogen dioxide; P, fine particulate mattefdiameter small than 265 m) ;
O3, ozone; ppb, parts per billion.
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https://www.sciencedirect.com/topics/medicine-and-dentistry/fine-particulate-matter

Table 2. Pearson correlation among the air pollutants and toxics for SALSA participants (Sacramento Area)

at baseline (1998/1999).

1,3

NO:2 PM2s O3 Butadiene Benzene Zinc Nickel Lead Chromium
NO2 1
PM2s 0.53 1
O3 -0.54 -0.16 1
1,3-Butadiene 0.05 -0.1 -0.55 1
Benzene 0.43 0.84 -0.03 -0.17 1
Zinc 0.16 0.11 0.03 -0.12 0.26 1
Nickel 0.37 0.13 -0.58 0.41 -0.02 -0.02 1
Lead 0.01 0.12 -0.14 0.13 -0.06 -0.09 0.13 1
Chromium 0.44 0.32 -0.2 0.06 0.31 0.08 0.21 0.55 1
Note: NQ, nitrogen dioxide; PMs, fine particulate mattef d i a met er s masozong. han 2. 5&m) ;

(0]
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Figure 1. Estimated annual average N@s and PM sconcentration surface generated by the
land-use regression models (30x30m) in the Sacramento area, Sacramento Area Latino Study on
Aging (SALSA, 19982007) in 2000.
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Figure 2. Estimated annual average toxics (B®adiene, Benzene, Zinc, Nickel, Lead and
Chromium) concentration surface generated by thelsedegression models (30x30m) in the
Sacramento area, Sacramento Area Latino Study on Aging (SALSA, 288 in 2000.
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Figure 3. Effect estimates for timearying air pollution and toxic exposures on incident
dementia/CIND. Model was adjusted for age, sex, education, longest held occupation, NSES,

living county, outdoor physical activity, smoking status, household income, compnidit
residential location.
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Figure S1.Effect estimates for timivariant air pollution and toxic exposures, (3, 5 and

10-year average prior to baseline year) on incident dementia/CIND. Model was adjusted for age,
sex, education, longest held occupation, NSES, living county, outdoocahgsiivity, smoking
status, household income, comorbidity and residential location.
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TaskKBAn®l ysis of Economic Burden of Dis
4. bntroduction

Ambient air pollution has been | inked to numerous adverse
l'ifespan, including adverse birth outcomes, autism spectrum di
increased ri'"$k Sifgndéimemnita efforts have been made to i mprove
reducing pollutant emi ssiohs Fomd exraonpdtei, ngCaclidamnt achmsl ogy
i mpl emenfetdr ad & agneidsuscitoinosn program and promoted the adoption
emi ssion vehi cdaensd tiorddesdtueye &irraAgokl nesoht air pollution
|l evel s have significantly decreased 8% iTikeséhe 2000s at both t
reductions have had a notable impact on public health. Nati ol
attributable mortality dec.l ilnredCéalyi foovreri 8,0 % Strioma t1e9L9 0f dro 201 %
indicate that PM2.5 was associated with 12,700 to 26, 700 death
with up to!% 3Howelv edre,atthrsese analyses did not account for condi:
birth outcomes and neurodegenerative diseases.

Quantifying the health costs or benefits of air qual ity i
informing clean air and public health policies. Transl ating t
pollution into economic value mproegtlaWhemompel | ing argument
assessing and justifying the expenses of air pollution polici
heal thcare costs saved due to these interventions. For instanc
to have saved $2 tridldompadmecdcetad tiltea rbeonesetf pamd$@rbi | 1 i on
that exceeded its cob%% by a factor of more than 30



Al t hough there has been ongoing research assessing the dise
pol | ¥¥t, %% mt er nat i cerveell cerstnaraiteersalmay not be as informative as |
given the geographic variability in air pollution exposure ac

has historically exper i ®ad%®ssoomet hoef stihgen iwfoircsan tairre dquatl ii d rys

in air pollution there may | ead to substanti al health benefit:
be observed el sewhere. To dat e, no studies in California have
savings due etdoucatiironpsololvuetri otnher past 30 years. Further more, bec

is associated with a'f%wideseasgeagobnhgabnhk oonhdomesn at a ti me
underesti mat e i ts overall i mpact . N o previous studi es in (
comprehensive range of healthl nutcempses dmt stpady.,t hwe entire |
aimed to estimate the econofnirc tswaov ionugtsc oimme sh eeaalrtlihyc airne leixfpee ndi t
adverse birth outcomesiamd tawd itshm tsipbesodarmu ml adti es oir d elrisf e

and Parkinsonbds di sease

4. Met hods

4. 6Study Population, Area, and Incidence

For adverse birth outcomes, -biinnctlhudionwg bprrethe rame ibgihrtt h ( PTB) &

(TLBW) , we utilized administrative (Qailritfhormea@ords from 1990 t
Department of PoablAct Heml $hectrum Di sorder (ASD), annual incid
based on data from the California Department of Devel opment
calculated the annual incidence rate for PTB, TLBW, and ASD.
The incidence of PD among individuals aged 45 and ol der was
17 while the incidence of AD among individuals aged 65 and ol
per-gsebd®% We obtained population size for individuals aged 45 an



and ol der (5,964,526) in California from the 2024 U.S. Census

constant prevalence rates for PD and AD over ti me.

To calcul ate popul ation density, we used Californiaés total ar
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We did not account for spatial wvariation in population densit)

4. 6CRhanges in Air Pollution

We generated annual atVePrMbged afNomottHeartd ainl suaifraces

pol l uti ome guwemfeacadsethet weenhil998t adg 2020.
We calculated changaestiimg &bt | pwibhegttvpeeenni bdgel s

1)1990 and 2000 (10 Years)
2)1990 and 2010 (20 Year s)

3)1990 and 2020 (30 Years)
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For PTB, and TLBW we calcul at.eadF tASSD cbmegéaia air pollution wu
was only avail abntei Iftd2wWst $anlldyr exriad bcqurerh la saugde o n

to 2M1Basitive changesa nr eadiurc tpioolnl uitni oani ri npdoilclauttei on from tO0 to

a negative change an increase in air pollution.

4. 6EBf ect Esti mates of Air Pollution on Health



We obtained #£obafieactpoddtuitmatneson the ftdlel owing health
epi demi ol oge cadnid c@a disfpearrmiday ¢gr So@rbi ASD out comes,

Parkinsonobés di sease, and Al zhei mer 6s di sease.

For PTB and TLBW, ewti maaiers tpghaelr leuftfieocnt during the enti

out come

re

pregnraatclyetr(r itngpasnaed t he exposure period from 1990 and 2021. We

effect ecapteirrmatrdas ithocr ease Fog ddDs amidb &Ad, bevleownly used effect

esti matlése ar @avaeirragpeo!l | utWeordi el p@HEare. as there was

little change in ozone | evels over ti me

4. 6Cdst of Heal t h Out comes

Similar to?a@wpursieadr tshteudystitute of Medicine (I OM) report

0

cost of PTB: $642%8®Bhi(d naMourrt diondlarded both direct (medical

special education services, transportation to hospitals)

costs WealBbDBai ned the cost of LBW, PD, and AD from exi sti

the estimated healthcare spending was $114,437 in the
21(pp2008) Foyr PD, it was $23,041 pgéamdpdtoiremiD,pédrn weaasr (i n

$41,757 (ir32021 dollars)

We adjusted costs for inflation and -di scounted them
step approach. First, costs were adjusted for inflation
For a given c-adju€tettheosnhfédt@genr i was calcul at
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Wheo@i0s the CPI vabid sf darheyeCaPrl ivadmde for the base year.

2020
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and i
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Second, t-hdj usntfddat cont s were discounted to refl ect t he |

accounting for the ltinemarel apsedi scnoatedecbasewas calcul ated

Where r is the annual di scount rate (dedatneat 3%) and t is the
year and year i .lihearhiwasskOa@y, ttohe elpaesent economic values i

dol sachcodtatesdarceompiaomadl e to each ot her.

4. 6Sédtistical Analysis

To estimate the potenti al reduction/addition in adverse bi
decrease/increase in pollutant exposuoer we applied a health
epidemi ologic studies. The function calculates the change in
(e.g., preterm births) attributable to a change in pollutant ¢
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Wher e:

The baseline incidence rate i opthleat nemdiesictehe anemlhber each hea
of people in the population and for PTB.and LBW, the total pop
For ASD, the total popul awiiom ams A®R diod@honasnbwe rdcagieceod ds
from.DFS AD, the total pCGaluil & tnmoo e abitsh aytelfiaer sye@e mber of

in Calif@odnif@ar PD, the t oQaalli fpaxpuidadntdi yefat e number of

age



Thus, webeutsae dc offthfef mmé@mind e mi oil e it astt GUEIQE &
our esttiomatle chfange in pollutant amdeadmtnrdasti on across the ti me

f ore tti me interval over sWhical thkeahedl theo@b®wo@ke oftcuhe health

i mpact based on the 95% ClI of the beta coefficients obtained f
Usi ng-bmasetdespati al model ing, we applied each of the five po
described above. The total health impact was calcul ated by o0V¢

and applying the health i mplacahdruge tiimnadwereae hhgalitdh ceeMdnt sThe

was then summed across all cells to provide an estimate of t he
We then calculated cost savings using the following formul a:
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For ASD, PD, and AD, we additionally accounted for the cost s
condiAipwositive cost saving indi patédeimaned saved from preven
health outcomes and a negative costpoddwitngni ndi cated additior
related hebkl bhhl byf c w00t reasctti enta2 XD OF ¢ Otm MBDtIDs t o

obt ai 20200 0specaivfailc health i mpacts -280nd/2dLt0s and similarly, f

esti mates.

4. Resul ts

Bet ween 1990 and 2020, ambient air quweality in California cha
concentrationssgfemgcr €8bed By28) 18nd NO concentrations decl i nec

(SD = 1.79).

4. 7TAdverse birth outcomes



For PTB, changes in pgoffedamd miexpostucemesy i @vVaemrdt he

three study periewesr.e Riescswcctiiadnesd iwvi tfhM substanti al cost savings
first two decades. Specifically, cost savings were estimated
for 12000 and 5.69 billioni2099% Bbwed4ec2B26r50y 26102000
t heend reversellangdes hcPrresponding to a | oss of 10.65 billion
12.16) . I n contramtt,] yNO e de ¥ o scuorset csoanvsiinsgtse acr oss al | peri ods
highest savindgza00®bse3d3vaid binl 19®®, 95% Cl: 2.42, 4.03).

A similar pattern waszs0lcoertv esdavfiorgsT IwBRW.e Feosrt iRt ed at 4. 20
billion (95% CI: i20®0 ,arbd 42.)5 5 ulriilnlgi dmM9(095% Cl: 2.52, 4.59) du
2010, whereas a | oss of b5edt2i fhatld diRdd 200Hp®r Cbd. 3.84, 7.00) was
N O exposure was agai n harsosuogchpoaatieidn qvi ath 2033 Bialvli ings (95% CI :

1.90, 2.91) in the earliest period.

4. 7AQti sm spectrum di sorder (ASD)

Economic analyses for ASD showexdexmpmadurtehe health i mpacts
resulted in coesntsisraediyngeraodes St dgdsbivetreon (95%
Clio. 36, 1.52p060riimpediB8A889 biI2.i403n, (19059 1Q!1 :f or 2000
2010 af anidhertecas8e. 11 bii5l.i0Bn (295 9% 60 1d8u.r iTrhge 2 OnipGa c t
of NO was more pronounced for ASD, with the greatest cost r ec

15. 85 ,e s4tdi.nTabtheed 12f0c& r i od.

4. 7Pa8rkinsonds Disease (PD)

For PD, r e ddecxtpiosmug ei welPM associated with significant cost
the earlier periods. The estimated saf2086s were 9.62 billion |
and 22.78 billion (95%0Xr0. 1Bow&y ei3,02®d @y iPnvgo r 2 021000 O



hanges were |l inked toi4. 828.s040)f. 116n 0clo mbtirladsitoon N®5 % xplosur e

onsistently generated savings throughout the study periods,

illion (95% CI 288022, 90.35) in 2010
. 7TAhzhei mer 6s Disease

The analysis of AD revealed complex2drends across pollutant
xXposure, the cu leISa,t3i3v6e.|(49 &b8pbtl Gsiaovnl n 4 8 4 wé Be Commented [AM12]: ¢ KA & y dzYoSNJ aat
9P20000 and 38,682.59 billion (95201Q;: h20,\/\820?/§eé.1r52?)5, 69, 159.88) d
uri ng2020rL9wRe associated with a | oss of 26,508.83 billion ('
7,043.02) . N O exposure resulted in cost savings of 2,682.15
9 9200 0 O, 8,515.95 billioni209d®0% GIin:d ®,, 51@®,:80R2 .b3d A)l ifoor (20BEO
, 19, 192i124022Y0c.f acc@0d0ed for the costs of a patient |iving wit
rempounded ratheme bhanonraeone (for exampl e, if a person devel
, the cumulative costs included the cost per year over the ne
. Biscussion

In this study, we evaluated t hesasmmado m™Nd®mi d eivmpact s of changes
n California over three decades, slpieckifng attHesda ochanges to ad\

PTB, TLBW, ASD, PD, ansugbehsdis erreaduct ioaurs ainmINGi sconsi stently
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resulted in nemostoamdmdrberd obswmbt Bvaltiambomaentrast,
the consistent reductions in NO have transl ated into stable

effectiveness of regulatory measures targeting vehicular and

in 2PIMevelsrefh@egte iinspseccurfciecsal |y the contributions of wildfir
possatbheyr regi onal influences that warrant further investigat:.

Our findings are generally consistent with earlier studies
economic benefits associated with improvements in air quality

roughly 5 percent of the yeastydgerossg?dbOmepdl tupioduct (GDP) v
previous study that focused on $SwmonulJdo acqousitn Va2l .| &4 , Cali forni a,
million per.weardwbose B8, 226 Sminmilliaon ypera yegror t by LA
County Department of PublacdpHEMbhnbdastdewewdut Hat emaktiedg O

in $22 billion in savi A% sMdme trheec eSmotultyh, Owialsdtf iAier hBaass ilmeen mor
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One recent st udysxepsotsiumeet ed 3t a tmidP M ino1$311dss per year due to
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OQur analysis haAs seweomdmild miolusiltsg mmsndent on t he

par ameéeéuesresd in the analysis and thus, any uncertainties in t@I
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tempor al vari atsdare altoclipopudendebabdbseaeh trends for
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Tabl es

Table 1. Parameters used in the analysis.

PMzs
PTB TLBW ASD PD AD
Incidence Rate 0.09; 0.09; 0.09 0.021; 0.022; 0.023 0.003; 0.008; 0.020  0.000134 0.025
468,808; 433,534, 530,655; 15,667,314 5,964,526
464,468; 389,28t 433,692; 509,898;
Total Population 362,233 454,144
1.014 1.017 1.05 1.14 1.56
Effect Estimates [1.012, 1.016] [1.012, 1.022] [0.97, 1.14] [1.04,1.26] [1.03,2.38]
Cost per case per
year 64,686 114,437 5,164 23,041 41,757
Year of the costs 2017 2016 2014 2020 2021
IQR 2.23 2.23 24 1.82 1.15
NO,
PTB TLBW ASD PD AD
1.01 1.02 1.2 1.32 1.27
Effect Estimates [1.01, 1.01] [1.01, 1.02] [1.1,1.31] [1.17,1.50] [1.00, 1.62]
IQR 5.07 5.07 5.9 2.84 1.94

Notes: Incidence Rate (time varying for PTB, TLBW and ASD at 2000, 2010, 2021):

Table 2. Mean and standard deviations of the chang
air pollution levels.

PMa2.s NO2
19932000 2.83(0.84) 3.82 (0.47)
199062010 4.05 (0.89) 6.77 (1.22)
19962020 1.19 (2.28) 7.30 (1.79)

HY



Table 3.Cost Savings and willingness to pay savings due to change of PM

Scenario Cumulative Health Impact Cumulative Cost Savings in billions [95% CI]
PTB, PM2s

19902000  76,832[65,930.17,87,709.38] 9.54[8.19,10.89]

20002010  22937.78[19,679.46,26,189.99] 5.69[4.88,6.5]

20162020 -73,704.88[-63,244.34,-84142.77] -10.65[-9.14,-12.16]

TLBW, PM 25

19902000  18,709.66[13,243.99,24,144.83] 4.2[2.97,5.42]

20002010  9,402.54[6653.66,12,137.82] 3.55[2.52,4.59]

201062020 -20,774.89[-14704.49;26,812.57] -5.42[-3.84,-7]
ASD, PM2s

19902000  10,058.23[-6311.2526870.02] 0.57[-0.36,1.52]

20002010 23580.35[-14762.6463140.75] 3.89[-2.43,10.41]

20102018  25992.63[-16244.169727.48] 8.11[-5.08,21.75]
PD, PM2s

19902000  41,773.95[12,601.42,73,064.89] 9.62[2.9,16.83]

20002010  18132.97[5,426.54,31,988.81] 22.78[6.85,39.98]

20102020  -42,081.59[-12,667.15-73774.23] -16.01[-4.82,-28.04]
AD, PM2s

19902000  38468209.07[2,971,151.22,65030663.19] 15,336.4[1,184.53,25,926.25]
20062010 19,250031.7[1,289,719.39,36567,017.4]  38,682.59[2,803.25,69,159.88]
20102020  -40,434175.6[-2,993045.09,-71,413181.6] -26,508.83[-1,969.85,-47,043.02]

HY



Table 4.Cost Savings and willingness to pay savings due to changeof NO

Scenario Cumulative Health Impact Cumulative Cost Savings in billions [95% CI]

PTB, NO.
19902000 26,007.63[19,526.6,32,474.82] 3.23[2.42,4.03]
20002010 15910.87[11,945.7,19,867.74] 3.17[2.38,3.96]

20102020  -1914.99-1,438.31,2,390.3] 0.64[0.48,0.8]
TLBW, NO»
19902000  10404.33[8,467.01,12977.86]  2.33[1.9,2.91]
20002010  8,999.01[7,323.19,11,225.29] 3.02[2.46,3.77]
20102020  -903.09[-735.32-1,125.67] 0.53[0.42,0.65]
ASD, NO

19902000  20458.43[10,725.37,30213.04]  1.15[0.61,1.71]

20002010  64,456.45[33,779.039,5224.47]  10.1[5.29,14.91]

20102018  112,049.2[58,665.13,165692.57] 30.27[15.85,44.76]
PD, NO

19902000  75525.58[43,061.52,109351.05] 17.4[9.92,25.19]

20002010  134256.78[76,486.65,194549.57] 55.2[31.44,80.02]

20102020  146446.49[83,269.74,212647.71] 62.08[35.22,90.35]
AD, NO>

19902000  6,727,631.81]0, 13256943.53]  2,682.15[0, 5,285.24]

20002010  5237321.39[0, 10,375234.87]  8,515.950, 16,832.32]

20102020  1,101,450.32[0, 2,322032.48] 9,599.02[0, 19,192.42]

HY
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Task 6: Outreach and Community Engage

As part of our commitment to translating research into publi
our team has actively participated in various outreach efforts
engagement s, conference presenmuatiitynd ecjtauurersaldemamgusedr itwt s, art
communi cianpeortbhen@aér pollution research to diverse audiences.
aimed to raise awareness about the health impacts of air poll
policies, anddescoursgeopulmiitce gating environment al heal th ri
interviews with major news outlets, presentations at interna
community engagement initiatives, we have contributed to bridec
pubumder standing, fosmakimg amfbomedi deicvisdoal and policy | ev
Further mor e, the modeled air pollution surfaces have been ut
resefascstheri ng , cdlnlcd udri aatgi olhC Ber kel legy b ¢r aBteitosne ywiNoht h i n

CARB on children's healthvh®t udi eussiamgd & Yhael see ss uZrefyaacne sL iienw
NIl EHSInded tamat yewmgmpot erffatts of ambi ent air pollution durin
pregnancy on of fBe@lrow,g werebmmadr ipad shey outreach activities u

by our team.

4. Cnference Presentations

1 ISEE North American Chapter 2023
o Dail yB8Mi ng Pregnancy and Adverse Birth Outcomes in Cali
2021)
1 ISEE 2025 (Upcoming)
o Prenatal Exposure to Criteria Air Pollution and TraffiRelated Air Toxics and
Risk of Autism Spectrum Disorder: A Populat®&sed Cohort Study of
California Births (19902018)
o Exploring the Link Between Grandmaternal Air Pollution Exposure and
Grandchild's ASD Risk: A Multigenerational PopulatiBased Study in
California

HY



4.

4 .

o Air Toxics and Latdife Dementia and Cognitive Impairment in Mexican
Americans

o Prenatal Exposure to Criteria Air Pollution and TraffiRelated Air Toxics and
Risk of Adverse Birth Outcomes: A Populat®esed Cohort Study of California
Births (1990 2021)

Publi shed Manuscripts

S, Pai k SA, Chow T, Cockburn M

T O' Sharkey tra
rum Disorder in California: Dispar
eed

K,
of Autism Sp
and Region -B
doi :00D0./ -0 0@6

. M@8nuscripts Submitted to Academic Journal s

T Air Poll ution and Autism Spectrum Disorder: Unvei
Soci odemographic liEfnlvi e maene nitn Heall it fho rPreira pecti ves
Revi ew)

T Prenat al Exposure to CRetated Air PFPoklosiandaRdsKraff
r

Autism Spectrum DBavedeCohdr Pofuludyioh California

(19201-&Environment I nternational (Under Revi ew)

T Exploring the Link Between Grandmaternal Air Pol |
ASD Risk: A MultigkaxsaedtStondy-EiPmip@adlainfeammni a
International (Under Revi ew)

T Air toxics and ParkinsormEhyidionanesnd iHe aCdrht r al Cal
Perspectives

T Association of Prenat al Ex posReerleatteod Qriirt eri a Air

, Ritz B.
ities by

A®99®i0sm Dev Disord. Publ i shed online May

' ing Mul't
(Under

i C
Bi t hs

ution Exp

i fornia

Pol l utant

Toxics with Adverse BBathdOCbhomesStAdRopual £al ofhor ni a

(19202iE)nvironment al Research (Under Revi ew)

M8dia Outreach

1 NBC Bay Area News We provided an interview discussing the link between air
pollution and Parkinsonodés disease in Californiads
potential health risks associated with lelegm exposure.

Central

o LinkBC Bay A+Aeda Neows uti on and Parkinson's Disease

\


https://www.nbcbayarea.com/news/local/climate-in-crisis/air-pollution-concern-for-respiratory-health-study-says/3723478/

414SATO Academy of Math and Science, Long Beach

=

Program: Why Healthy Air Matters
Date: October 21, 2022
Focus: This presentation introduced high school students to the health impacts of air
pollution and the importance of environmental policies in mitigating these risks. The
session covered key findings from CARBded air pollution studies, emphasizing their
role in shaping public health policies. We discussedweald examples of how air
quality regulations have improved health outcomes in California and explored ongoing
research linking air pollution exposure to conditions such as autism spectrum disorder
andneurodegenerative diseases.
During the presentation, students engaged in interactive discussions and case studies,
including:
o Air Quality Trends: How pollution levels have changed over time in California.
o Sources of Air Pollution: The role of traffic, industry, and wildfires.
o Health Effects: Short and longterm health impacts of pollutants like Pb&nd
NOo.
o Solutions: What individuals, communities, and policymakers can do to reduce air
pollution exposure.
Student Feedback & Discussion Topics:
o CARBO s Swdehtewere curious about how the California Air Resources
Board enforces regulations and ensures compliance.
o Reducing Air Pollution: Many asked about what actions individuals can take
versus what requires government intervention.
o Economic Impact: Some were interested in how public health research
influences policy decisions and funding allocations.



Suppl ementary Material s

1 Task 1: Literature Review

1.8learch Strategy and Flow Charts

1. l1Dal abaseRubMed, 2) EMBASE; Similar search strategies were u

using equivalent functions and filters pertaining to a gi Ve
1. 1Fi 2 thieMesh:aal ysi so0, fAReviewd, fASystematic Reviewd, fAHumanso,;
California specific studies.
1. 1Ex®Posure Search Terms (same for all outcomes):
air' :ab, ti AND "pol lu*'":ab, ti OR " air pollutant*"'":ab, ti OR ' ¢
matter*' :ab, ti OR "pm' :ab, ti OR "pm2.5":ab, ti OR "particul ate?
'ozone' :ab, ti OR "03':ab,ah, tOR OR i 'tmriotgrecng eorx i died X i: daeb', :;td b ,ORi ' @R
no2':ab,ti OR-(i(n'edl tORaf'iunet'r aOR i'nuel't)r &AND (' particul at e*"' OR
uf p' OR '"black carbon' OR 'soot' OR '"benzene' OR 'butadiene'

OR "pb') RANDni'akel'') @R ' zinc' OR " zn' OR '"vehicle emission*’ C
AND "air' AND '"pollu*'") OR (('vehicle' OR "traffic' OR ' aut omc
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1.1.3.2

Autism Spectrum Disorder (ASD):
"autism spectrum disorder' ab, ti OR
'autistic disorder'’ ab, ti OR 'devel
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1.2 Adveérse Birth Outcomes (BO): Studies in California (All years, Pol lutants)
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