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Abstract Objective To investigate the association between single and combined exposure to arsenic
(As), mercury (Hg), and cadmium (Cd) in urine and hearing loss in adults. Methods A total of 400
adult patients were recruited for the study, comprising 200 participants in the normal hearing group
and 200 in the hearing loss group. General demographic information of the study subjects was
collected by a self-administered questionnaire, morning urine samples were tested for As, Hg, and Cd
concentrations, and hearing status was assessed by Pure Tone Audiometry. A binary logistic
regression model was used to explore the association between the concentrations of the three metals in
urine and hearing loss, and a Bayesian kernel-machine regression (BKMR) model was used to further
explore the association between the concentrations of the three metal mixtures and hearing loss.
Results After correction for urinary creatinine, As, Hg, and Cd concentrations were higher in the
hearing loss group than those in the normal hearing group (P<0.05). Binary logistic regression
indicated that concentrations of As, Hg, and Cd were positively associated with hearing loss, and the
risk of hearing loss was significantly higher in the second quartile of Cd concentration compared to
the first quartile (OR=2.000, 95% CI: 1.009-3.964). BKMR modeling analysis showed that the
combined exposure levels of As, Hg, and Cd significantly increased the risk of hearing loss, with Cd
being the most important contributor (posterior inclusion probability=0.412), and that there were
potential interactions between As and Cd, and Cd and Hg. Conclusion Combined exposure to As, Hg,
and Cd in urine is significantly associated with adult hearing loss, with Cd being the primary
contributor in the exposure combination. The interactions between As and Cd, as well as Cd and Hg,
may have adverse effects on hearing loss.

Key words hearing loss; heavy metals; bayesian kernel machine regression; mixed exposure;
interaction; urinary biomarkers
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1.1 FAENR

AR 76K A % SRRV R A T 20224E1—10 A i H AL B AR K 2 B 8 55 — B B i (E B B
TR, RBIA N EREE, R IR AR R . 4 BWHO (WHO-2021)
frbriE, 2915500, 1000, 2000. 4 000 HzffJ* 307 Jyii{H =20 dBES, #iml LLAE B#H AW
TR o IR ZFLA00B B NGINA R TE, WRlIZE (Wr g5k 40D 20001, IR (W7 g1k
) 20001 FEBIHMAIRAE: © EIRIZHI I8k @ FRrE18% KU . Hibkbrdk: O W
HARMERE: @ AMGSBUNIT IRk @ BAEMERIIBR, FIEREN; @ fH4R
BRI E S IRAAAIRE: © BFWHIER: @ FRAEL8Y KU . fiktriE: © &
ARG, FAETIERT: @ ELRCA TR A . A T2 R =R A K 220
JREE— R AT R e (5 2021KY/EHi552845)
1.2 BRHREL
121 EEFEMR

WM BIERER, AR (@FAHAT N B0 0% L. 55N LR B &
KP4

M [ 1] A R AR I B SRR TN R — MR 25 5 CRRRe L 0 BRI, S2fb
FREE . WSWARIL B AR TRARED « AZRAAT AEE G sE . sk, BEARET ] | 184 &
i Gyl He s WEPRT e JIEL [ W B Wi B R SR 5D+ Wi 0 9 50 S8 R s 5 R A 3 5
T G EFR%E (body mass index, BMD Bl: @O (/A& (<185 kg/m?) ; @ IE#{E
R (185 ~<24.0 kg/m?) ; @ AERERGI (24.0 ~ <28.0 kg/m?) ; @ JEJE (=28.0 kg/m?) .
PR AR A )19, BEERRHS TRIC0E (<6 h) . IEHHERARM A (>6~8 h) FBEHRAS ALK (>8 h) o &
IR0 Y 45 oA =140 mmHg, £F3K 5 v =90 mmHg, 7= I 7 52 sl AR A B8 15 26540 o 4 B (1)
] FRAR A B BE AT A PR o B A IS =>7.0 mmol/L SRR HEZG Y. e EEl 2, e R
AN, R b A ) R B 7K S =5.17 mmol/L .
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EFESCARRRE . RIS . TCAREFREE MR L R sk, BRI AN [A] . vspfi i B L v JEL 0 e A
Sy Wr BRI K As. JK Cdy IR Hg WREEZ A Giit 2/ 30 (P<0.05) .« IR 1.

R 1 RAASMRAR RN D ZRERER[X £ 5 ,1(%),M(P2s,Prs)]
Tab.1 General demographic characteristics and differences between the case group and

control group[ X £ s, (%), M(P25,P75)]

Variable Case group(n=200) Control group(n=200) t/PlZ P value
value
Age(years) 43.77413.37 41.21413.74 -1.890 0.060
Gender
Male 99(49.5) 112(56.0) 1.700 0.193
Female 101(50.5) 88(44.0)

Past occupation

Skilled  labor-related 100(50.0) 93(46.5) 3.000 0.223
occupation

Manual  labor-related 28(14.0) 20(10.0)
occupation

Unemployed 72(36.0) 87(43.5)

Educational level
High school and below 142(71.0) 117(58.5) 6.850 0.009
College and above 58(29.0) 83(41.5)

Marital status
Married 151(75.5) 159(79.5) 0.920 0.338
Unmarried 49(24.5) 41(20.5)

Smoking history
Non-smoker 156(78.0) 154(77.0) 0.060 0.811
Smoker 44(22.0) 46(23.0)

Drinking history
Non-drinker 152(76.0) 176(88.0) 9.760 0.002
Drinker 48(24.0) 24(12.0)

Sleep duration



Short sleep
Normal sleep
Long sleep
BMI (kg/m?)
<18.5
18.5-24.0
24.0-<28.0
=28.0
Hypertension history
No
Yes
Diabetes history
No

Yes

High total cholesterol history

No
Yes
Family history of hearing
No
Yes
Residential noise
No
Yes
Workplace noise
No

Yes

Urinary arsenic(ug/g)

Urinary mercury(ng/g)
Urinary cadmium(pug/g)

84(42.0)
70(35.0)
46(23.0)

7(3.50)

86(43.0)
75(37.5)
32(16.0)

174(87.0)
26(13.0)

180(90.0)
20(10.0)

158(79.0)
42(21.0)

176(88.0)
24(12.0)

128(64.0)
72(36.0)

105(52.5)
95(47.5)
22.52(15.93,31.28)

0.16(0.10,0.27)
0.87(0.64,1.48)

67(33.5)
59(29.5)
74(37.0)

14(7.0)

79(39.5)
64(32.0)
43(21.5)

158(79.0)
42(21.0)

185(92.5)
15(7.5)

174(87.0)
26(13.0)

193(96.5)
7(3.5)

185(92.5)
15(7.5)

171(85.5)
29(14.5)
20.22(13.65,29.47)

0.14(0.08,0.23)
0.74(0.51,1.40)

9.390

5.110

4.540

0.780

4.540

10.110

47.730

50.910

-2.514

-2.111

-1.927

0.009

0.164

0.033

0.376

0.033

0.001

0.001

0.001

0.012

0.035
0.049




2.2 &JBPIHIFER ST

MRS ER, 3 FESEZEREEE LM, Hpur 78 g d e KEGEH N
0.466~0.608 , XJHEZHHAHC REVEH N 0.446~0.541, N3k 2.
R 2RBPIAMFTEAM. K. BIREZ R FAHERE

concentrations in the case group and control group

Tab.2 Correlation between urinary arsenic, urinary mercury and urinary cadmium

Case group Control group
Variables Urinary  Urinary  Urinary  Urinary Urinary Urinary
arsenic mercury ~ cadmium  arsenic mercury cadmium
Urinary arsenic 1.000 0.466™" 0.608"™ 1.000 0.541™ 0.525™
Urinary mercury 1.000 0.546™ 1.000 0.446™
Urinary cadmium 1.000 1.000

F: TP<0.01.

2.3 —JT Logistic [H JH4M7

Xof PRV 4 SR IR P HEAT SRR 05 , SR A 0t Logistic EIHAMT. 453K, (NAERY 1 H,
PR As FIPR Hg ¥ FE 50 045 0 AU 5 28 TEAROG . L3R 3. ARHE DU 4 10K As. Hg K Cd &
SR AANKT G, GERFTW . AR L, SR As BREEAL T 3 FIEE 4 ANDY S Rl 25 8
TR R AR . WK 4. LR BRI, iR IRIE Hy WAL T AN 0, 50T ik
R 2 R G2 o (A 2 o, RN RS, 558 1 AU B, Cd ik
JEAESS 2 A DU 3 7 007 45 2% XU 2 2 1 K (OR=2.000, 95%C1:1.009~3.964).
F 3R As. Hg Cd LRS5BT ATRA KRB —JT Logistic [EH3-4r

Tab.3 Binary Logistic regression analysis of the association between urinary As, Hg, Cd and

hearing loss in adults

Model 1 Model 2 Model 3
Elements OR(95%Cl) P value OR(95%CI) P value OR(95%CI) P value

Urinary

. 1.366(1.067-1.750) 0.013 1.205(0.892-1.626) 0.224 1.160(0.828-1.625) 0.389
arsenic
Urinary

1.281(1.015-1.617) 0.037 1.186(0.903-1.558) 0.219 1.145(0.855-1.534) 0.363
mercury
Urinary

1.311(0.994-1.729) 0.055 1.153(0.788-1.687) 0.465 0.991(0.63-81.538) 0.966

cadmium




4R Ass Hgs Cd TTRIUSAL S BENYT IR KEREI —JT Logistic [ER4#7

Tab.4 Binary Logistic regression analysis of the association between urinary As, Hg and Cd

guartile and hearing loss in adults

OR(95%ClI)

Elements Quiartiles
Model 1 Model 2 Model 3
Q1 1.000 1.000 1.000
Urinary Q2 1.764(1.006-3.094) 1.610(0.825-3.145) 1.482(0.743-2.957)
arsenic Q3 1.836(1.046-3.222) 1.804(0.929-3.501) 1.640(0.823-3.266)
Q4 1.836(1.046-3.222) 1.233(0.622-2.445) 1.117(0.536-2.326)
Q1 1.000 1.000 1.000
Urinary Q2 1.084(0.621-1.890) 1.135(0.587-2.196) 1.127(0.567-2.243)
mercury Q3 1.272(0.730-2.218) 1.184(0.612-2.292) 1.193(0.595-2.390)
Q4 1.620(0.927-2.832) 1.534(0.788-2.986) 1.570(0.762-3.234)
Q1 1.000 1.000 1.000
Urinary Q2 1.691(0.966-2.963) 2.000(1.009-3.964) 1.866(0.924-3.767)
cadmium Q3 1.909(1.088-3.349) 1.647(0.831-3.261) 1.422(0.689-2.937)
Q4 1.561(0.892-2.734) 1.243(0.583-2.650) 1.035(0.453-2.363)

7E: Ql: First quartile; Q2: Second quartile; Q3: Third quartile; Q4: Fourth quartile.

2.4 BKMR 247
K BKMR #AL i — S HRSHRIT Asy Hg #1 Cd IR AR 50T ik 2 R 1958k 78
W TR 2 RN R G, SRR Cd 1 PIP ks (0.412) , HRCN Hg (0.405) F1 As
(0.215) . HHAMTTRIKEZE EEHEE 50 B, F—)FK As. Hg #1 Cd ik ¥ 50 Jj4i 2k
FIEMAEX. WA 1.



B 1 BKMR A MTELE (Ass Hg. Cd) B—RBEXBEANN R KK H
Fig. 1 BKMR modeling to analyze the effect of single exposure to heavy metals (As, Hg, Cd)

on hearing loss in adults

FEYHE AR 2 BRI RS, 8] BKMR A2 PRI = Fofr 5 <5 J Y & 000 Wir g 40 2% ) i A
RNLo RGN R, R E e iR SR M R, S R B SRR R, TR
HxREH . WK 2A. JK As. Hg M Cd iRkEZ 5 71k Z 18] 2 I @S, (EMRYEEIRIE S
it R E K. WA 2B.



B 2 BKMR AT ELB(As. Hg. Cd) BERBXREANIN TR KR EIE M
Fig. 2 BKMR modeling to analyze the effect of mixed exposure to heavy metals (As, Hg, Cd) on

hearing loss in adults

VE: A: The overall effect of the mixture and its 95% ClI, defined as the difference in the risk of

hearing loss when all heavy metal elements are at a specific percentile (ranging from the 25th to the
75th percentile) compared to when all heavy metal elements are at the median; B:The effect of
individual exposure and its 95% CI, defined as the change in the risk of hearing loss when a specific
heavy metal element is fixed at a particular percentile (the 25th, 50th or 75th percentile), as the value

of that element varies from the 25th to the 75th percentile.

TEERR 2 PR R A, I BKMR SRR & 1R 4 b &R PR < J 28 Bk 2 1DXH T
TR IR AT AR, A5 B I PTG B AT L R s R AE S 10, 50 LU 90 P73
R, TRR e g m T R B E R TR, SR I E IR TR L 81 < T 3R T Ak
RIS . S EAE IR, IR As. Hg A1 Cd XU 34 2k B R2 R 70 73 S A 53 4 2 b4 e I B2 )
AL AR, REIRRHZ TN BN ERE, WS As. Hg. Cd RERE S #Hik
Z I P AL RN, KR, A g m iR A S N W AR KU B B R A
H, PORIZLE G JE T REAFAEM R AN .. WA 3.



& 3 BKMR A MTESEE (Asy Hg. Cd) AR TN BEANNT 7RI
Fig. 3 BKMR model to analyze the effect of bivariate exposure to heavy metals (As, Hg, Cd) on

hearing loss in adults

31tiR

AR FERB =K. H5E, BRREHITVIERIE, W )8k R S B
BEZEmTWAERH, IRESERE RGBT, IR, ER—RBEITE5IRE
REHNTH, Asy Hg F1 Cd #5501 745 0 AR S IEAR G . 7EVABEAR DGR A=A 22 /5 A 2 o,
Logistic [E VA5 HT SR, HE T BARIU AL, 55 2 VU474 5 5 66 0T 8t 2 RUK: 2 25 7 s
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Tl —E HH>1, HA R OAE B AR E ML R 2% R s 4 R AT RE S R e B
PEFFAEREN . — 7T, 2R )R 2 Bk T bR A T REAAAE 2 LA NE, S Enl A R B E I T B
PRAEIRIG R, MTMTHISS G2 R &M S—Jim, HARAIR, E2E k2R HE
Ja, ZEMETHER TR, BEEXARSE, WTatiEm e hmss. /&, BKMR 2#rEr, JR
R e JRR G RS LS IR 2 IEMK, H As 5 Cd. Cd 55 Hg 2 [8] AT REA7 A3 £ 28 .
fEM.

—JC Logistic [E[H0 1 o, As. Hg. Cd FF& 50 ik KT = 2 IEAR S . BRAEwETT
SN BT SR AR R, AR B SRR AL S5 1R . Shokoohi et allSI7E £ B T i FrO A
Wik 7C LAORK As S I R EE KT, S5 REM, & As B & KA IR IR 2 8 S
ALY 2 £ Hoshino et all™lff) Meta 43-#7 275, i Hg 2 5235 189 iy 73452 2% 19 KUK . Choi et all®!
B9 [E NHANES 4 %t 3 698 il il 4E Nt AT 70 Hr, th B Cd B 50y 77 Bafs 2 835 IEAH 5K

ERERENRE, WERTAREE I ERE TR &R, MERNEMmEMeRE, Fit
TR 2 e S LR R RN B O BT 2 B FL . Choi et al®VR I 2 Fih<i & S H #4447
JR LB 55 T e i RGP 2E W R - Liang et alt' )y ANIESE 2 50 4 8 3% R B 8 2 B R A R o
T E . AR BKMR B —8R0T T As. Hg #1 Cd UG RN, 45 RERESERE
RS R RIEMS, H Cd 5 As. Cd 5 Hyg Z (B REAAERSEC BARH, $RRBG 2
MR PE RN T B I AF B — R BRI T B . WAEWISAHLENR, BE )R T Reilid 2 Hig e
EWr AIThRe, CREEFEANREL. LRAAT)REREG A H i B 7, AT R R T 5 J 32 1 e
(sl [d, Cd A1 Hg ik BRAA W AR RElk, W R RANEWr seth 2 P W e i B, P05
GRS, AN, AFE BB N T RER AR CE S AT PR A, TN
HH MR -

AHEFEH, Cd M RNIA B Ge it 2 R, H PIP S, $on HAE TR A B 88 hoxhur 4 2k
RITTHR BN R, 3K 5 FOMRF EAL PR O E s ME R D B DA OC . Cd 2R AR 2R 2 T
10~30 ¢, EEHEMTHEME. MIESESE, AT NEMERE . KRS k2 %
. A A B TR A A RS S AN, BRI T RERE S S T B A AN AT I
el TR STAEEN, TUE S &S SRR ESIEEDRE, B
5 R R E PRI 8 15 5 B SRR D), =R glEIT MM Zhifk DNA RAH L, BRI
WREEDIRE, B0 e B A ZE AL B4, Cd B RBIE AR, 2 Cd Wk E L 05
/L RIAULEE R 2 2 W 741405129 24, 17 As 1 Hg T8 75 58 e 28 5 77 & 7 AT P AR AR - 25 L,
REHERE T Cd AR & B F 1 1 E FVETTR.

AT ST H AT AE N E RO R R TR IS B S R AT R R Z R R AR - A
AHE TR 53— A BB SE I T A E RHE BRI 8 55— PR e 2 A = 45 e 248 (95 510X AT 72
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