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Application of three statistical models in association between polycyclic aromatic
hydrocarbons exposure and cognitive level in workers WANG Huimin, FU Mengmeng, WU Min,
LIU Chengjuan, DU Juanjuan, NIE Jisheng (Department of Occupational Health, School of Public
Health, Shanxi Medical University, Taiyuan, Shanxi 030001, China)

Abstract:

[Background] As a complex organic pollutant, polycyclic aromatic hydrocarbons (PAHs) exposure
shares the common exposure characteristics of multiple hydroxyl metabolites. Most studies
have analyzed independent effect of each PAHs metabolite and have adjusted for the potential
confounding effects induced by other metabolites concomitantly, without considering possible
interactions among them. Proper statistical methods are needed to study their toxic effects.

[Objective] To explore the applicability of logistic regression, weighted quantile sum (WQS)
regression, and Bayesian kernel machine regression (BKMR) in evaluating the correlation
between mixed exposures to exogenous chemicals and health outcomes, compare the
advantages and limitations of the three models, and propose analytical strategies for evaluating
the health effects of mixed chemical exposure for application in the analysis of the association
between PAHs exposure and cognition.

[Methods] Urine samples were collected of workers from a coke oven plant and a water
treatment plant in Shanxi Province, who participated in their routine employee healthexa-
mination. Mono-hydroxylated PAHs were detected by high-performance liquid chromatography
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with tandem mass spectrometry (HPLC-MS/MS), cognitive function was assessed using the Montreal Cognitive Assessment (MoCA). A cut-
off value of MoCA less than 26 was considered mild cognitive impairment (MCI). According to a predetermined inclusion and exclusion
criteria, 1 051 cases were included in the final data analysis. Logistic regression, WQS regression, and BKMR were used to analyze the
relationship between PAHs metabolites and MCI.

The prevalence rate of reporting MClI among the 1 051 workers was 21.7% (228/1 051). The concentration of 2-
hydroxynathalene (2-OHNAP) was the highest among the 11 PAHs metabolites with a median concentration of 0.30 pg-L™, followed by 9-
hydroxyphenanthrene (9-OHPHE) (0.26 ug-L™"). There were significant differences between the two groups in 2-OHNAP, 1-
hydroxynaphthalene (1-OHNAP), 2-hydroxyfluorene (2-OHFLU), 9-OHPHE, 1-hydroxyphenanthrene (1-OHPHE), and 1-hydroxypyrene (1-
OHPYR) (all Ps <0.05). In the logistic regression, 2-OHNAP and 2-OHPHE were associated with MCI, and the OR (95%Cl) for reporting MCI
was 1.28 (1.01-1.67) and 1.27 (1.00-1.72) for each 10-fold increase in 2-OHNAP and 2-OHPHE concentrations, respectively. In the WQS
regression analysis, the WQS index was positively correlated with the prevalence rate of reporting MCI (OR=1.37, 95%Cl: 1.10-1.72). In
the BKMR analysis, compared with the median exposure levels of all chemicals, the overall effect was statistically significant when all
PAHs metabolites concentrations were at or above their 30th percentile; when all exposures were at the 75th percentile, the risk of

reporting MCl increased by 6%.

Based on the results of these three models, 2-OHNAP and 2-OHPHE are the most important factors related to cognitive. It is
recommended to use a combination of traditional logistic regression and either WQS or BKMR to study the association between PAHs

and MCI.

polycyclic aromatic hydrocarbons; logistic regression; weighted quantile sum regression; Bayesian kernel machine regression;

cognition
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EE, RERMM PAHs KR S EEREER,
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™ DELERFIEHREMERT. IR ERSDH,
PAHs RIBIYIRELSE B HMFIREAND T, TA
BETRMRF D URBEIENE AN DT 2
TEHELTENAE KRB R A KRN Mann-
Whitney U 138, 158 11 # PAHs RIETH)IRE Z [B]RY
Spearman tHk &, € logistic. WQS 1 BKMR =
MEIIREL DS MCl BYKEL,

2 4R
2.1 HARVWRHWERER

KIFARHEMN 1051 BIAARITR, MCl FIEHER
21.7%(228/1051) , S ABFFI9FHE9(45.15¢7.20) %,
90.2% /9 B . INFIIEEF Mcl UL A BEBREFUR
BEBRIN ERNBERERTRITERENXING P>
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Table 1 Demographic characteristics of workers reporting MCl
or not (n=1 051)

gR1

MCI

& (Variable) A1t (Total)

= (Yes)(n=228) & (No)(n=823)

LR YIE S (Night shift), n(%) 0.098
Z(Yes) 338(32.2)  63(27.6) 275(33.4)
Z(No) 713(67.8)  165(72.4) 548(66.6)

MoCAE K154 (MoCA score), x +s
=B/ TIRE

Visuospatial/Executive 3.83+1.09 2.73t1.06  4.13+0.88 <0.001
#5% (Naming) 2.93:0.31  2.800.50 2.96£0.21 <0.001
/A= (Attention) 563:0.72 5.05:1.01  579%0.52 <0.001
&= (Language) 230£0.71  1.82¢0.77 2.43:0.63 0.019
R B4 (Abstraction) 1.51+0.67  1.01%0.77 1.65:0.56  <0.001
MEIR[E]1Z (Delayed recall) 3.29+1.36  1.90+1.36 3.67+1.08 <0.001
FEF(Orientation) 5.96%0.27  5.93+0.46 5.98+0.18 <0.001

Mmcl
2(Yes)(n=228) & (No)(n=823)

& (Variable) &it(Total)

F{8/% (Age/years), x £s 45.15¢7.20 48.10t6.58  44.34+7.16 0.084

1% 31l(Gender), n(%) 0.001
% (Male) 948(90.2)  219(96.1) 729(88.6)
Z(Female) 103(9.8) 9(3.9) 94(11.4)

S B F2E (Education level), n(%) <0.001
%)J‘DP&L:(‘F 278(26.5)  115(50.4) 163(19.8)

Middle school and below

PREREH

Secondary vocational 344(32.7) 72(31.6) 272(33.0)
and high school

KE XKLL E(College and above) 429(40.8)  41(18.0) 388(47.2)

T RIE 5L (Smoking), n(%) <0.001
MA(Never) 390(37.1)  59(25.9) 331(40.2)

I & (Ever) 554(52.7)  141(61.8) 413(50.2)
TTE(Now) 107(10.2)  28(12.3) 79(9.6)

TREIE 5 (Drinking alcohol), n(%) <0.001
M (Never) 605(57.6)  104(45.6) 501(60.9)

I & (Ever) 390(37.1)  109(47.8) 281(34.1)
TE(Now) 56(5.3) 15(6.6) 41(5.0)

$ERIRIE 5 (Exercise), n(%) 0.205
MR (None) 292(27.8)  67(29.4) 225(27.3)
{B7R(Occasionally) 370(35.2) 69(30.3) 301(36.6)

2 (Regularly) 389(37.0)  92(40.4) 297(36.1)

UEl*: PEBE S XL ENRHLEMEELZ ERIMann-Whitney UK
1R,

[Note]*: P-values are obtained by chi-square test for categorical variables
and Mann-Whitney U test for numerical variables.

2.2 T AR PAHs FXISI#HDMIE B EAB X 1%

& 2 £, 2-OHNAP BURETE 11 MRS H &
=, PADKRERN 0.30 pg L, EVRZ 9-OHPHE(0.26 pg-L ™) o
#i4H 2-OHNAP. 1-OHNAP. 2-OHFLU. 9-OHPHE. 1-OHPHE
M 1-0HPYR REER W ERITFERE X (3 P<0.05),
5IAF1E T EHELL, Mmcl 2B PR X L pAHs X5 #)7K
EAE. SRE 2 EIREXEILE 1(r SEEX 0.02~
0.74) o ELH1, 2-OHNAP 5 1-OHNAP {1 2-OHPHEH E#H
%*(r=0.55. 0.53), 3-OHCHR #1 9-OHBAP Z |B7Z7E5RH
X%(r=0.74)

+ 2 T AR PAHs fXBI¥I89RE (n=1 051)[M(Pys, Pys)]

Table 2 Concentrations of urinary PAHs metabolites among
workers (n=1 051) [M (P,s, P;s)]

B{I(Unit): pgl™

i M :
(Metabolites) AB%(Total population) Eives E— P

2-OHNAP 0.30(0.12, 0.75) 0.35(0.15,0.94) 0.29(0.11,0.70)  0.021
1-OHNAP 0.08(0.05, 0.15) 0.09(0.06,0.18) 0.08(0.05,0.14)  0.050
3-OHFLU 0.05(0.02, 0.11) 0.06(0.02,0.12) 0.05(0.02,0.11) 0.098
2-OHFLU 0.10(0.07, 0.16) 0.12(0.08,0.22) 0.10(0.06,0.16) <0.001
2-OHPHE 0.14(0.08, 0.32) 0.16(0.08,0.34) 0.14(0.08,0.32) 0.088
9-OHPHE 0.26(0.17, 0.42) 0.30(0.19,0.49) 0.26(0.17,0.39)  0.001
1-OHPHE 0.06(0.02,0.11) 0.07(0.02,0.14) 0.06(0.02,0.11)  0.025
1-OHPYR 0.13(0.08,0.23) 0.14(0.09,0.25) 0.12(0.08,0.22) 0.032
3-OHCHR 0.02(0.01, 0.06) 0.02(0.01,0.06) 0.02(0.01,0.06) 0.719
6-OHCHR 0.07(0.03, 0.10) 0.07(0.03,0.10) 0.07(0.03,0.10) 0.943
9-OHBAP 0.03(0.00, 0.08) 0.03(0.00,0.08) 0.03(0.00,0.08) 0.601

[ 7E 1*: P {EH Mann-Whitney U 103815 Ho
[Note]*: P-values are derived from Mann-Whitney U test.
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[Note] Number in each cell shows a Spearman correlation coefficient (r).

The greater absolute value of correlation coefficient, the greater
radius of circle.

B 1 T AR PAHs Kit#tEx 4 E (n=1051)
Figure 1 Correlation map of selected urinary PAHs metabolites
among workers (n=1 051)

2.3 PAHs U5 IAFKFHIX F

2.3.1 logistic AL A 27T logistic [B]Y)3
FAET PAHs RBTI5 MR HX R (MK 3), 1&HY
1 FRRER. M5 REEFR. RRER. EE
T BERBER R ERRIBIARGE, KT 2-OHNAP, 1-
OHNAP #01 2-OHPHE 5 McI i& HHAB X, B3 2 th, #ff
B—RiEYM5 ma XA, AR T EMAREY, &
R REA 2-OHNAP 5 2-OHPHE JREFAES Mcl K H=
BY OR N 4H X (33 P<0.05), 2-OHNAP 5 2-OHPHE
B E &I 10 £, MClHC H ZEBY OR(95%C1) 73 7]
79 1.28(1.01~1.67) # 1.27(1.00~1.72) o

2.3.2 was ElFEAFELE R was IEHS Mmal e
HAYXRHAE PAHs LEYIRINELE 2. HE T
BHETER, was B BIR, was 1885 Ml i =
¥*(0R=1.37,95%Cl: 1.10~1.72), IRE PN ERSH
42 2-OHNAP, X Z 2 1-OHPYRo

2.3.3 BKMR fREF(HLER 3A B7R: MCl iR HBE
& PAHs IR ERVH & I IN, PAHs RETIETE
ERSM. HMEREYHILATFIETEE 05D
I, REMNEERITERN; HFMEREYR
BT E 75 B AIEET, Mcl i H RS ELEI_E
F 6%. & 3B B7R: X 2-OHNAP. 2-OHPHE BB RE
MESE 25 BHMUHEIEINEISE 75 B O H A5

MBBRFEEESE 75 BHAIE0) BT, Mcl 16 H XIS
EEB 933 EF 0.2%. 0.3%; EtXBEHIS Ml ks
THRITFE R X HE 3¢ AT 2-OHNAPH F] 2-OHPHE
S5MaHEMEMXR, E 3D £7R: 2-OHPHE £
B-RMNEREHRIES 2-0HNAP TERE 2128 811,
RAZEHEZEREERA,
%3 TAR PAHs Rill}15 MCI e HEBXR
[OR(95%CI)]

Table 3 Association between urinary PAHs metabolites and
MClI reporting rate among workers[OR (95%Cl)]

¥ (Metabolites) 1A (Model 1) A2 (Model 2)

2-OHNAP 1.50(1.23~1.84)" 1.28(1.01~1.67)"
1-OHNAP 1.53(1.14~2.06)" 1.25(0.88~1.76)
3-OHFLU 1.08(0.88~1.34) 0.98(0.74~1.29)
2-OHFLU 1.29(0.97~1.72) 1.09(0.75~1.58)
2-OHPHE 1.55(1.21~1.98)" 1.27(1.00~1.72)°
9-OHPHE 0.84(0.58~1.21) 0.63(0.40~1.01)
1-OHPHE 1.17(0.92~1.49) 1.15(0.85~1.55)
1-OHPYR 1.07(0.79~1.45) 1.19(0.78~1.81)
3-OHCHR 0.95(0.76~1.20) 0.90(0.60~1.34)
6-OHCHR 0.81(0.65~1.01) 0.90(0.65~1.24)
9-OHBAP 0.90(0.76~1.07) 1.03(0.78~1.35)

[ RE 1 RIE TR, M5 SBEER. REER. BRI, 8
KB ERITENR; 85 2 (EAREY 1 B EIRRIE T Hitt
i, *: P<0.05

[Note]Model 1 is adjusted for age, gender, years of education, smoking,

drinking, exercise, and night shift; Model 2 is also adjusted for
other metabolites based on Model 1. *: P < 0.05.

0.60 [ 2-OHNAP
[ 1-OHPYR
0.50 1-OHNAP
z 1-OHPHE
® 0.40 I 2-OHFLU
g [ 9-OHPHE
= 0.30
L]
X 0.20
0.10
0

B (Metabolites)
DI RBAER T Fi0. 5. REEFR. WERER. INEER. BIK
Bk ERIHE .
[Note] Model is adjusted for age, gender, years of education, smoking,
drinking, exercise, and night shift.
2 WQS [E)AEE R T AR PAHs i8I E
Figure 2 Weights of each urinary PAHs metabolites among
workers in the WQS regression model
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[Note] A: Cumulative effect of PAHs metabolites. B: The single-exposure effect of PAHs metabolites. C: Univariate exposure-response functions for each
PAHs metabolite, with other metabolites fixed at their median concentrations. D: Bivariate exposure-response function: 2-OHNAP (lower left panel)
and 2-OHPHE (top right panel), when 2-OHPHE or 2-OHPHE is fixed at the 25th, 50th, or 75th percentile concentration and other PAHs
metabolites are fixed at the median concentration. The model is adjusted for age, gender, years of education, smoking, drinking, exercise, and

night shift.
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Figure 3 Association between urinary PAHs metabolites and MCl in workers by BKMR model
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