
O

A
a
m

L

D
W

R
A

M

h
0
B

Anais Brasileiros de Dermatologia 2025;100(5):501161

Anais Brasileiros de

Dermatologia
www.anaisdedermatologia.org.br

RIGINAL ARTICLE

rsenic  exposure  and risk  of  skin cancer  (melanoma
nd non-melanoma):  a systematic  review  and
eta-analysis�

ijiao He , Meiying Wei , Qikui Yang , Yun Huang , Zuyuan Wei ∗

epartment  of  Dermatology,  Wenshan  Zhuang  and  Miao  Autonomous  Prefecture  Hospital  of  Traditional  Chinese  Medicine,
enshan, China

eceived  9  July  2024;  accepted  24  November  2024
vailable  online  17  July  2025

KEYWORDS
Arsenic;
Basal  cell  carcinoma;
Melanoma;
Meta-analysis;
Squamous  cell
carcinoma;
Systematic  review

Abstract
Background:  Arsenic,  recognized  as  a  potentially  lethal  substance  and  a  carcinogen,  has  been
associated  with  an  increased  risk  of  skin  cancer;  however,  the  findings  have  been  inconsistent.
The aim  of  this  study  was  to  assess  the  impact  of  arsenic  exposure  on  skin  cancer  risk  (including
melanoma  and  non-melanoma)  through  a  meta-analysis  of  the  available  data.
Objectives:  To  assess  the  risk  of  skin  cancer  from  arsenic  exposure.
Methods:  Searches  were  performed  in  databases  such  as  PubMed,  Web  of  Science,  Embase,  and
CNKI (as  of  June  10,  2024).  The  pooled  odds  ratio  (OR)  and  its  95%  Confidence  Interval  (95%  CI)
were calculated  using  a  random  effects  model.  Subgroup  analyses  were  performed  considering
sample size,  study  centers,  U.S.  regions,  arsenic  exposure  routes,  and  measurement  methods.
Results: A  total  of  12  papers  were  included,  comprising  48,003  participants.  The  findings  indi-
cated an  association  between  arsenic  exposure  and  the  risk  of  skin  cancer  ([OR  =  1.51],  95%
CI 1.26---1.80).  Specifically,  the  OR  was  1.52  (95%  CI  1.06---2.17)  for  melanoma,  1.64  (95%  CI
1.16---2.32)  for  squamous  cell  carcinoma,  and  1.36  (95%  CI  1.04---1.77)  for  basal  cell  carcinoma.
Subgroup  analyses  also  revealed  an  association  between  arsenic  exposure  and  skin  cancer  in  the
United States  (OR  =  1.52,  95%  CI  1.25---1.87).  Both  ingestion  and  inhalation  pathways  of  arsenic
exposure  showed  a  trend  toward  an  increased  risk  of  skin  cancer.
Study limitations:  An  important  limitation  of  this  study  is  a  degree  of  heterogeneity,  and
another is  due  to  the  limited  number  of  research  papers  available.
Conclusion:  This  meta-analysis  indicates  that  arsenic  exposure  may  be  associated  with  an  ele-
vated risk  of  skin  cancer.  Additional  prospective  research  is  necessary  to  verify  the  association
between  arsenic  exposure  and  the  incidence  of  skin  cancer,  encompassing  both  cutaneous

malignant  melanoma  and  non-m
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kin  cancers  can  be  categorized  into  two  main  groups:  cuta-
eous  malignant  melanoma  and  non-melanoma  skin  cancer
NMSC).  NMSC,  predominantly  formed  of  squamous  cell  car-
inoma  (SCC)  and  basal  cell  carcinoma  (BCC),  is  the  most
ommonly  identified  cancer,  making  up  approximately  one-
hird  of  all  malignant  tumors  diagnosed  globally  each  year.1,2

CC  represents  almost  80%  of  all  NMSC  cases  detected  each
ear,3 with  SCC  making  up  the  remaining  20%.4,5 Melanoma,
n  aggressive  type  of  skin  cancer  arising  from  melanocytes,
ccounts  for  under  5%  of  all  skin  cancer  cases  but  poses  a
ubstantial  threat.  If  left  untreated,  melanoma,  responsible
or  75%  of  all  deaths  related  to  skin  cancer,  has  the  ability  to
etastasize  to  different  areas  of  the  body.6,7 Collectively,
elanoma  and  NMSC  impose  a  substantial  economic  and

ealth  burden,  which  is  anticipated  to  keep  increasing  in
he  future.

Arsenic  has  been  used  as  a  medicine  (Fowler’s  solution)
or  the  treatment  of  syphilis,  malaria  and  psoriasis  for  the
ast  two  centuries.8 However,  after  30-years  of  treatment,
atients  developed  multiple  skin  cancers.9 Subsequent
esearch  has  progressively  demonstrated  that  long-term
hronic  exposure  to  arsenic  can  result  in  a  range  of  can-
ers,  including  skin,  lung,10,11 and,  to  a  lesser  extent,
iver,  kidney,  and  bladder  cancers.12---14 Consequently,  many
rsenic-containing  drugs  have  been  restricted  or  phased  out
ntirely.  The  International  Agency  for  Research  on  Cancer
IARC)  classifies  arsenic  as  a  Group  I  human  carcinogen.15

onetheless,  Arsenic  is  commonly  found  in  soils,  sediments,
nd  groundwater,  either  occurring  naturally  or  as  a  result
f  human  activities  such  as  food  preparation,  industrial  pro-
esses,  mining  and  pesticide  use.  Humans  can  be  exposed
o  arsenic  through  various  pathways.16 According  to  rec-
mmendations  from  the  World  Health  Organization  (WHO),
he  level  of  arsenic  in  drinking  water  should  not  exceed
0  �g/L.17 However,  this  guideline  is  often  increased  to  50
g/L  in  numerous  developing  nations.18 Globally,  more  than
00  million  individuals  are  at  risk  of  consuming  arsenic  lev-
ls  over  50  �g/L  in  their  drinking  water.19 Average  dietary
xposure  to  inorganic  Arsenic  (iAs)  ranges  from  0.1  to  3.0
g/kg  per  day  in  Europe,  Asia,  and  the  United  States.20

he  National  Research  Council  (NRC)  Risk  Assessment  from
001  suggests  that  even  exposure  to  lower  concentrations
f  arsenic  poses  a  relatively  high  risk  of  cancer.21

Extensive  research  has  been  conducted  on  the  association
etween  exposure  to  arsenic  and  NMSC.22---28 Multiple  epi-
emiological  investigations  have  established  a  association
etween  exposure  to  arsenic  and  a  heightened  likelihood
f  developing  NMSC  in  different  locations  such  as  Taiwan,
exico,  Bangladesh,  and  Chile.29---31 Research  in  Taiwan31,32

evealed  a  significant  dose-response  relationship  for  this
ssociation,  while  other  studies  did  not  observe  such  an
ffect.23,25,26,28 Conversely,  research  on  the  potential  asso-
iation  between  melanoma  and  exposure  to  arsenic  has
ielded  divergent  findings.22,33---38 While  some  studies  indi-
ate  a  possible  association  between  arsenic  exposure  and  a
eightened  likelihood  of  developing  skin  cancer,  the  defini-

ive  nature  of  this  link  is  still  debated.  To  investigate  this
otential  association  more  thoroughly,  a  meta-analysis  was
arried  out  to  systematically  review  existing  data  concern-
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ng  arsenic  exposure  and  its  association  to  skin  cancer,
ncompassing  both  melanoma  and  non-melanoma  cases.

ethods

rotocol

he  meta-analysis  was  registered  with  PROSPERO
CRD42024556618)  and  adhered  to  the  PRISMA  guide-
ines  for  thorough  reporting.39 Supplementary  Appendix  1
ontains  the  PRISMA  checklist.  Approval  from  the  institu-
ional  review  board  was  not  necessary  for  this  study,  as
t  consisted  of  a systematic  review  and  meta-analysis  of
xisting  literature.

iterature  search  strategy

wo  researchers,  Li  Jiao  He  and  Mei  Ying  Wei,  individu-
lly  searched  PubMed,  Embase,  Web  of  Science,  Cochrane
ibrary,  and  CNKI  (as  of  June  10,  2024).  Key  terms  such  as
rsenic,  basal  cell  carcinoma,  squamous  cell  carcinoma,  and
elanoma  were  employed.  Search  expansion  was  conducted

sing  mesh  terms  in  PubMed,  such  as  Malignant  Melanoma,
rsenic-75,  Epidermoid  Carcinoma,  and  Rodent  Ulcer.  No

imitations  were  placed  on  language  or  time  in  the  search
trategy.  Each  author  conducted  an  independent  review  of
ll  titles  and  chose  relevant  abstracts,  while  duplicates  and
nrelated  articles  were  excluded.  Final  decisions  on  study
nclusion  or  exclusion  were  made  by  consensus.  The  analy-
is  included  studies  that  examined  the  association  between
xposure  to  arsenic  and  skin  cancer,  encompassing  both
elanoma  and  non-melanoma  (Specific  search  strategies  are

upplemented  in  Supplementary  Appendix  2).

nclusion  and  exclusion  criteria

he  criteria  for  including  studies  were  defined  as:  1)  Case-
ontrol  or  prospective  cohort  research  designs;  2)  Studies
nvolving  populations  with  melanoma,  BCC,  SCC,  or  cor-
esponding  control  groups;  3)  Documentation  of  arsenic
xposure  history;  4)  Availability  of  95%  Confidence  Intervals
95%  CIs)  or  sufficient  data  to  calculate  Odds  Ratios  (ORs)  or
elative  Risks  (RRs)  for  the  study  outcomes.

The  exclusion  criteria  for  this  study  included:  1)  Insuffi-
ient  data  or  results;  2)  Non-comparative  studies,  in  vitro
xperiments,  animal  experiments,  case  reports,  path  mech-
nisms,  conference  abstracts,  letters,  reviews,  and  expert
pinions;  and  3)  Individuals  who  were  not  diagnosed  with
kin  cancer.

ata  extraction

wo  researchers  independently  reviewed  the  literature
ased  on  inclusion  and  exclusion  criteria  and  collected  data
ith  a standardized  form  for  information  extraction.  The
ata  retrieved  was  verified  by  both  researchers,  and  incon-

istencies  were  addressed  by  a  third-party  specialist.  Each
tudy  provided  the  following  details:  1)  Study  details,  includ-
ng  study  design,  country,  the  follow-up  duration,  study
opulation  (number  of  cases  and  controls  or  cohort  mem-
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ers),  and  demographic  characteristics.  2)  Type  of  arsenic
xposure  (e.g.,  water,  dust,  biological  samples,  question-
aires).  3)  Definitions  of  outcomes,  such  as  melanoma,  BCC,
nd  SCC  (including  histological  diagnosis  and  ICD  codes).
)  Reported  effect  measures,  including  odds  ratios,  rela-
ive  risks,  and  corresponding  95%  Confidence  Intervals  for
xposed  and  unexposed  groups.

uality  assessment  and  risk  of  bias

he  quality  of  these  studies  was  thoroughly  evaluated  by
wo  reviewers  utilizing  the  Newcastle-Ottawa  Scale  (NOS).40

his  assessment  focused  on  three  primary  criteria:  study
election,  comparability  of  exposures,  and  evaluation  of
utcomes.  The  revised  NOS  utilizes  a  9-star  rating  sys-
em:  research  is  evaluated  with  1---3  stars  for  poor  quality,
---6  stars  for  medium  quality,  and  7---9  stars  for  excellent
uality.  Two  independent  reviewers  utilized  the  Cochrane
on-Randomized  Study  Intervention  (ROBINS-I)  tool  to  eval-
ate  the  risk  of  bias  in  the  selected  studies.41 During  the
ssessment  process,  the  authors  classified  the  risk  of  bias
nto  five  levels:  low,  moderate,  serious,  critical,  or  insuffi-
ient  information,  based  on  seven  domains:  1)  Bias  due  to
ofounding;  2)  Bias  in  deviation  from  intended  outcomes;  3)
ias  in  classification  of  interventions;  4)  Bias  due  to  devia-
ion  from  intended  intervention;  5)  Bias  due  to  missing  data;
)  Bias  in  measurement  of  outcomes;  7)  Bias  in  selection  of
he  reported  results.  If  at  least  one  domain  was  rated  as
igh  or  moderate,  the  overall  risk  of  bias  was  classified  as
igh  or  moderate;  otherwise,  it  was  classified  as  low.  Any
isagreements  between  the  two  investigators  were  resolved
nanimously  through  consensus.

tatistical  analysis

tata  SE  15.0  software  was  utilized  to  conduct  statistical
nalysis  for  the  computation  of  Odds  Ratio  (OR)  and  the
orresponding  95%  Confidence  Intervals  (95%  CI)  pertain-
ng  to  binary  variables.  The  choice  between  fixed-effects
nd  random-effects  models  was  based  on  the  I2 index  and
ochran  Q  test  p-values.42 Heterogeneity  was  categorized
s  low  (I2 <  25%),  moderate  (25  %---75  %),  or  high  (I2 >  75%).43

ignificant  heterogeneity  was  determined  by  a  Cochran  Q
est  p-value  <  0.05.  A  subgroup  analysis  was  carried  out  to
xamine  the  origins  of  variability,  and  a  sensitivity  analysis
as  done  by  removing  individual  studies  to  gauge  the  sta-
ility  of  the  outcomes.  The  assessment  of  publication  bias
as  done  by  visually  inspecting  the  asymmetry  of  the  fun-
el  plot  and  using  the  Begg  test.44 All  statistical  tests  were
onducted  as  two-sided  tests,  with  a  significance  level  set
t  p  <  0.05.

esults

esults  of  the  literature  search
nitially,  a  total  of  2937  articles  were  retrieved  through  the
iterature  search.  Following  the  exclusion  of  718  duplicate
ntries,  an  additional  2106  articles  were  removed  according
o  the  predefined  criteria.  Initially,  68  studies  underwent
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itle  and  abstract  review.  Upon  full-text  assessment,  56
tudies  did  not  meet  the  inclusion  criteria  and  were  subse-
uently  excluded.  After  thorough  examination,  12  research
tudies  met  the  established  criteria  and  were  included  in
he  meta-analysis.  The  specifics  of  the  screening  process  for
iterature  and  its  results  are  elucidated  in  Fig.  1.

asic  characteristics  of  the  included  studies

he  analysis  encompassed  12  studies,  consisting  of  11  case-
ontrol  studies  and  1  cohort  study.  Detailed  demographic
nformation  of  the  population,  such  as  sex  ratio  and  country
f  origin,  is  presented  in  Table  1.  The  definitions  of  arsenic
xposure  differed  across  studies,  with  some  emphasizing
xposure  through  drinking  water  and  others  highlighting
hemical  contamination  or  indirect  indicators  like  toenail
nd  urine  arsenic  concentrations.  These  definitions  exhib-
ted  minor  discrepancies  among  the  studies.

uality  assessment  and  risk  of  bias

he  Newcastle-Ottawa  Scale  (NOS)  was  utilized  to  assess
he  quality  of  the  cohort  studies  included,  with  the  results
resented  in  Table  2. In  summary,  five  articles  were  rated
s  high  quality,  each  receiving  a  score  of  7-stars.  Among
hese,  two  studies  focused  on  the  analysis  of  arsenic  lev-
ls  in  urine,  two  others  measured  arsenic  levels  in  toenails,
nd  only  one  investigated  arsenic  levels  in  drinking  water.
hese  analyses  accounted  for  variables  such  as  age,  sex,  sun
xposure  history,  and  skin  type  to  mitigate  potential  residual
onfounding  effects.  Additionally,  a  total  of  seven  stud-
es  examined  the  association  between  occupational  arsenic
xposure  and  skin  cancer,  with  five  rated  as  moderate  qual-
ty  (6-stars).  These  studies  employed  a  semi-quantitative
hree-stage  scale  (low,  medium,  and  high)  to  evaluate  occu-
ational  arsenic  exposure  based  on  intensity,  frequency,  and
robability.  Furthermore,  the  findings  adjusted  for  key  con-
ounding  factors,  including  age,  sex,  skin  type,  history  of
olar  radiation  exposure,  family  history  of  cancer,  smoking
istory,  and  education  level.  The  remaining  two  studies  were
ated  as  relatively  low  quality  (5-stars)  due  to  their  reliance
olely  on  data  gathered  from  questionnaires  administered
y  specially  trained  staff.

Most  studies  present  a  low  to  moderate  risk  of  bias,
ainly  due  to  confounding  bias  (age,  sex,  history  of  solar

adiation,  skin  type),  selection  bias  (high  exposure  areas),
nd  intervention  bias  (misclassification  of  exposure),  even
hough  adjustments  are  made,  this  concern  is  particularly
alient  in  observational  studies.  Two  other  studies  were
t  serious  risk  of  bias  due  to  bias  in  the  selection  of  the
eported  result  (see  Table  S1  in  Supplementary  Appendix  3).

eta-analysis results

reliminary  analyses
ig.  2  illustrates  the  association  between  exposure  to
rsenic  and  the  various  types  of  skin  cancer,  including
elanoma,  BCC,  and  SCC,  through  a  forest  plot.  The  analysis
as  based  on  12  studies  involving  48,003  participants,  with
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Fig.  1  Flowchart  of  study  

n  overall  OR  =  1.51,  95%  CI  (1.26---1.80).  A  meta-analysis  was
onducted  using  a  random  effect  model  (I2 =  42.6%).  Specifi-
ally,  arsenic  exposure  was  associated  with  melanoma  (OR  =
.52,  95%  CI  1.06---2.17),  SCC  (OR  =  1.64,  95%  CI  1.16---2.32),
nd  BCC  (OR  =  1.36,  95%  CI  1.04---1.77).  These  results  col-
ectively  imply  that  arsenic  exposure  heightens  the  risk  of
hese  skin  cancers.  To  explore  potential  sources  of  variation,
dditional  sensitivity  analyses  were  conducted  in  light  of  the
bserved  heterogeneity.

ensitivity  analyses

 sensitivity  analysis  was  conducted  on  the  studies  that  were
ncluded,  as  illustrated  in  Fig.  3.  Every  individual  study  was
ethodically  removed  from  the  meta-analysis  to  assess  its

nfluence  on  the  overall  risk  estimation.  The  results  revealed
hat  the  remaining  studies  consistently  converged  around  an

verall  OR  of  1.51.  No  significant  changes  in  outcomes  driven
y  individual  studies  were  noted  throughout  this  process.
he  heterogeneity  observed  could  be  attributed  to  varia-
ions  in  arsenic  exposure  definitions  among  the  included
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eval  for  this  meta-analysis.

rticles,  as  well  as  differences  in  exposure  assessment  meth-
ds  such  as  water,  dust,  urine  levels,  and  self-reported
xposures.  Some  studies  focused  primarily  on  arsenic  in
rinking  water,  while  others  addressed  occupational  expo-
ure,  chemical  contamination,  or  utilized  indirect  exposure
ndicators.  Despite  these  discrepancies,  the  overall  hetero-
eneity  remained  moderate,  and  the  meta-analysis  model
tilized  was  considered  robust  and  reliable.

ubgroup  analyses

 comprehensive  subgroup  analysis  was  conducted  across
he  included  studies,  considering  factors  such  as  sample
ize,  study  centers,  US  regions,  arsenic  exposure  routes,
nd  measurement  methods.  The  analysis  revealed  a  total
f  43,469  participants  from  the  U.S.  regions,  44,703  parti-
ipants  involved  in  the  measurement  methods,  and  48,003

articipants  considered  in  the  analyses  of  sample  size,
esearch  centers,  and  arsenic  exposure  pathways.  The
esults  are  shown  in  Table  3. No  significant  sources  of  hetero-
eneity  were  identified  in  these  analyses.  Subgroup  analysis
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Table  1  Clinical  and  demographic  characteristics  of  the  included  studies  in  the  meta-analysis.

First
author

Year
Research
type

Author
states

Sample  (n)  Age  (year)  Sex  (Male/  Female) Definitions
of
arsenic
exposure

Follow-
up
(years)

Skin
cancer
typeSkin  cancer  Non-skin

cancer
Skin  cancer  Non-skin

cancer
Skin  cancer  Non-skin

cancer

Bedaiwi 33 2022  Case-control
study

USA  Melanoma
(87)

Non-skin
cancer
(12615)

64.6  45.4  M:  51.7%  /
F:  44.7%

M:  50.0%  /
F:  50.0%

Urine  As
concentration
(>50ug/L)

NA  Melanoma

Langston 34 2022  Case-control
study

USA  Melanoma
(1096)

Non-skin
cancer
(1033)

20---39:  13%
40---49:  14%
50---59:  21%
60---69:  23%
70---79:  18%
80+:  11%

20---39:  17%
40---49:  15%
50---59:  25%
60---69:  26%
70---79:  13%
80+:  4%

M:  52%  /  F:
48%

M:  45%  /  F:
55%

Drinking  water
As  (>10ug/L)

NA  Melanoma

Beane Freeman
35

2004  Case-control
study

USA  Melanoma
(326)

Non-skin
cancer  (329)

40---49:  26%
50---59:
22.8%
60---69:
23.1%
70---79:
19.6%
80---89:  8.4%

40---49:
15.8%
50---59:
29.8%
60---69:
28.4%
70---79:
18.2%
80---89:  7.8%

M:  55.7%  /
F:  44.3%

M:  64.3%  /
F:  35.7%

Toenails  As
concentration
(>0.084  ug/g)

NA  Melanoma

Collatuzzo 36 2023  Case-control
study

Italy  Melanoma
(295)

Non-skin
cancer  (293)

<35:  14.8%
35---49:
27.6%
50---64:  3.2%
≥65:  24.3%

<35:  20%
35---49:25.2%
50---64:
31.2%  ≥65:
23.6%

M:  47%  /  F:
53%

M:  47.2%  /
F:  52.8%

Occupational
exposure  to  As
(undefined)

NA  Melanoma

Dennis 37 2010  Cohort
study

USA  Melanoma
(150)

Non-skin
cancer
(24554)

57  48  NA  NA  Arsenical
pesticide
exposure

10.3
years

Melanoma

Kennedy-1 22 2005  Case-control
study

Netherlands  Melanoma
(47)

Non-skin
cancer  (164)

NA  NA  NA  NA  Occupational
exposure  to
As(undefined)

NA  Melanoma

Kennedy-2 22 2005  Case-control
study

Netherlands  Basal  cell
carcinoma
(249)

Non-skin
cancer  (164)

NA  NA  NA  NA  Occupational
exposure  to  As
(undefined)

NA  Basal  cell
carcinoma

Kennedy-3 22 2005  Case-control
study

Netherlands  Squamous
cell
carcinoma
(103)

Non-skin
cancer  (164)

NA  NA  NA  NA  Occupational
exposure  to  As
(undefined)

NA  Squamous
cell
carcinoma

Surdu-1 23 2013  Case-control
study

USA  Basal  cell
carcinoma
(500)

Non-skin
cancer  (515)

67  61  M:  44.8%  /
F:  55.2%

M:  51.6%  /
F:  48.4%

Occupational
exposure  to  As
(dust  fumes)

NA  Basal  cell
carcinoma
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Table  1  (Continued)

First
author

Year
Research
type

Author
states

Sample  (n)  Age  (year)  Sex  (Male/  Female) Definitions
of
arsenic
exposure

Follow-
up
(years)

Skin
cancer
typeSkin  cancer  Non-skin

cancer
Skin  cancer  Non-skin

cancer
Skin  cancer  Non-skin

cancer

Surdu-2 23 2013  Case-control
study

USA  Squamous
cell
carcinoma
(70)

Non-skin
cancer  (515)

71.5  61  M:  54.3%  /
F:  45.7%

M:  51.6%  /
F:  48.4%

Occupational
exposure  to  As
(dust  fumes)

NA  Squamous
cell
carcinoma

Mitropoulos 24 2004  Case-control
study

USA  Squamous
cell
carcinoma
(404)

Non-skin
cancer  (395)

NA  NA  NA  NA  Occupational
exposure  to  As
(undefined)

NA  Squamous
cell
carcinoma

Sánchez 25 2013  Case-control
study

Colombia  Squamous
cell
carcinoma
(166)

Non-skin
cancer  (166)

70.8  71.8  M:  31%  /  F:
69%

M:31%  /  F:
69%

Occupational
exposure  to  As
(carpentry
trade  wood,
gunpowder,
metal
industries)

NA  Squamous
cell
carcinoma

Suárez-1 26 2007  Case-control
study

France  Basal  cell
carcinoma
(1333)

Non-skin
cancer
(1507)

60.5  58.2  M:  63%  /  F:
37%

M:  62%  /  F:
38%

Occupational
exposure  to  As
(Agricultural
works)

NA  Basal  cell
carcinoma

Suárez-2 26 2007  Case-control
study

France  Squamous
cell
carcinoma
(183)

Non-skin
cancer
(1507)

60.5  58.2  M:  63%  /  F:
37%

M:  62%  /  F:
38%

Occupational
exposure  to  As
(Agricultural
works)

NA  Squamous
cell
carcinoma

Karagas-1 27 2001  Case-control
study

USA  Basal  cell
carcinoma
(587)

Non-skin
cancer  (524)

<40:  7.2%
40---49:17%
50---59:21%
60---69:34.9%
≥70:19.9%

<40:  5.3%
40---49:12.6%
50---59:19.7%
60-69:39.3%
≥70:23.1%

M:  57.6%  /
F:  42.2%

M:  60.1%  /
F:  39.9%

Toenails  As
concentration
(0.345---0.81
ug/g)

NA  Basal  cell
carcinoma

Karagas-2 27 2001  Case-control
study

USA  Squamous
cell
carcinoma
(284)

Non-skin
cancer  (524)

<40:  1.1%
40---49:6  %
50---59:
16.6%
60---69:
40.9%  ≥70:
35.6%

<40:5.3%
40---49:
12.6%
50---59:
19.7%
60---69:
39.3%  ≥70:
23.1%

M:  64.1%  /
F:  35.9%

M:  60.1%  /
F:  39.9%

Toenails  As
concentration
(0.345---0.81
ug/g)

NA  Squamous
cell
carcinoma

Gilbert-
Diamond
28

2013  Case-control
study

USA  Squamous
cell
carcinoma
(470)

Non-skin
cancer  (447)

<50:4%
50---59:
19.4%
60---69:
45.3%  ≥70:
31.3%

<50:  7.6%
50---59:
18.6%
60---69:
45.4%  ≥70:
28.4%

M:  60.4%  /
F:  39.6%

M:  57.7%  /
F:  42.3%

Urine  As
concentration
>5.31  ug/L)

NA  Squamous
cell
carcinoma

M, Male; F, Female; USA, United States of America; non-skin cancer; healthy controls.
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Table  2  NOS  Quality  Evaluation  Form.  The  assessment  system  rates  the  selection  of  participants,  group  comparability,  and
results evaluation  using  a  9-star  scale.  Research  is  considered  poor  quality  if  it  is  rated  1---3  stars,  moderate  quality  if  it  is  rated
4---6 stars,  and  high  quality  if  it  is  rated  7---9  stars.

Study
Selection

Comparability
Outcomes

Total
1  2  3  4  1  2  3

Ahmed  Bedaiwi  �  �  �  �  �  �  �  7
Marvin E.  Langston  �  �  �  �  �  �  �  7
Laura E.  Beane  Freeman  �  �  �  �  �  �  �  7
Giulia Collatuzzo  �  �  �  �  �  �  6
Leslie K.  Dennis �  �  �  �  �  5
Cornelis Kennedy �  �  �  �  �  �  6
Simona Surdu �  �  �  �  �  �  6
Panagiotis Mitropoulos  �  �  �  �  �  �  6
Guillermo Sánchez  �  �  �  �  �  5
Berta Suárez  �  �  �  �  �  �  6
Margaret R.  Karagas  �  �  �  �  �  �  �  7
Diane Gilbert-Diamond  �  �  �  �  �  �  �  7

Fig.  2  Meta-analysis  summarizing  the  data  from  various  studies  that  investigate  the  association  between  arsenic  exposure  and
the incidence  of  skin  cancer.  The  weights  come  from  the  random-effects  model.  OR,  Odds  Ratio;  CI,  Confidence  Interval.
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Fig.  3  Plot  of  single-study  sensitivity  analyses  for  all  studies.  Sources  of  heterogeneity  were  analyzed  using  a  random-effects
model. CI,  Confidence  Intervals.

Table  3  Subgroup  analysis.  Sample  size,  study  center,  US  region,  measurement  methods,  and  subgroup  analyses  of  arsenic
exposure pathways;  weights  are  from  random-effects  models.

Subgroup  Study  OR  (95%  CI)  p-value  I2

USA
Melanoma  3  1.35  (1.10,  1.65)  0.004  65.1
Basal cell  carcinoma  2  1.58  (1.19,  2.11)  0.002  0
Squamous cell  carcinoma  4  1.54  (1.18,  2.01)  p=0.001  47.8
Sample size
< 100  3  1.64  (1.15,  2.23)  0.006  64.6
> 100  9  1.46  (1.23,  1.72)  p<0.001  35.8
Exposure route
Cconsume  5  1.33  (1.07,  1.64)  0.233  26.9
Inhalation 7  1.72  (1.30,  2.27)  0.034  48.7
Research centre
Single  centre  8  1.41  (1.09,  1.82)  0.009  26.3
Multicentre 4  1.61  (1.24,  2.11)  p<0.001  42.6
Measurement  method
biomarker  5  1.33  (1.07,  1.64)  0.233  26.9
Occupational  assessment  semi-definable  scale  5  1.80  (1.34,  2.42)  0.061  46.3
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OR, Odds Ratio; CI, Confidence Interval.

urther  revealed  a  significant  increase  in  the  risk  of  skin
ancer  (both  melanoma  and  non-melanoma)  in  the  US  due
o  arsenic  exposure,  with  a  pooled  OR  of  1.48  (95%  CI
.20---1.83).  Whether  through  food  intake  (OR  =  1.33,  95%
I  1.07---1.64)  or  inhalation  (OR  =  1.72,  95%  CI  1.23---2.27),

here  was  a  consistent  trend  of  increased  risk  of  skin  can-
er  associated  with  arsenic  exposure.  In  the  analysis  of
he  arsenic  measurement  method  (biomarker  OR  =  1.33,
5%  CI  1.07---1.64,  occupational  assessment  semi-definable

F
o
T
w

8

cale  OR  =  1.80,  95%  CI  1.34---2.42),  the  results  are  not
iased.

ublication  bias
ig.  4  illustrates  a  funnel  plot  that  shows  the  distribution
f  effect  sizes  from  all  studies,  assessing  publication  bias.
he  plot  displayed  no  notable  asymmetry,  as  all  studies
ere  within  the  95%  Confidence  Interval  (95%  CI)  (Begg’s  p  =
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development.51 Within  cells,  arsenic  metabolism  involves
ig.  4  Funnel  plot  of  the  association  between  arsenic  expo-
ure and  skin  cancer  risk.

.149).  The  results  suggest  that  the  analysis  did  not  reveal
ny  clear,  significant  bias  in  the  publication.

iscussion

his  groundbreaking  meta-analysis  is  the  initial  study  to
nvestigate  the  association  between  exposure  to  arsenic  and
he  likelihood  of  developing  skin  cancer,  encompassing  both
elanoma  and  non-melanoma  varieties.  Firstly,  the  research

xamined  12  papers,  comprising  prospective  and  case-
ontrol  studies  involving  48,003  participants,  offering  some
vidence  of  an  association  between  exposure  to  arsenic  and

 heightened  likelihood  of  developing  skin  cancer.  Secondly,
he  quantification  of  arsenic  exposure  in  the  reviewed  lit-
rature  presents  distinct  advantages,  such  as  the  precise
dentification  of  biomarkers,  including  arsenic  concentra-
ions  in  water,  urine,  and  toenails.  Additionally,  the  use  of
emi-quantitative  three-level  scales  (low,  medium,  high)  for
uantification  enhances  the  research  potential  of  the  data.
hirdly,  previous  studies  that  did  not  meet  the  authors’
riteria  also  supported  these  findings.  For  example,  one
tudy  showed  a  significant  association  between  inorganic
rsenic  (iAs)  and  BCC,  even  at  average  water  iAs  concentra-
ions  below  40  ug/L.45 A  separate  investigation  conducted
n  the  United  States  revealed  a  1.5  times  increased  likeli-
ood  of  developing  SCC  due  to  exposure  to  arsenic  in  rice,
n  contrast  to  individuals  who  did  not  consume  rice.46 More-
ver,  research  carried  out  in  Bangladesh  through  a  cohort
tudy  established  a  direct  association  between  the  levels
f  arsenic  in  water  and  the  occurrence  of  melanoma,  BCC
nd  SCC.47 In  a  meta-analysis,  Shuai  et  al.48 found  that
rsenic  exposure  was  associated  with  an  increased  risk  of
elanoma,  with  a  pooled  OR  of  1.47  (95%  CI  1.01---2.13).  The

esults  from  previous  studies,  along  with  the  meta-analysis,
onsistently  indicate  the  possibility  of  a  positive  associa-
ion  between  exposure  to  arsenic  and  the  heightened  risk  of
elanoma,  BCC,  and  SCC.  Additionally,  the  assessment  using
unnel  plots  and  Begg’s  test  did  not  show  any  significant
vidence  of  small  study  effects.  Subgroup  and  sensitivity
nalyses  consistently  indicated  strong  correlations.
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The  present  study  has  several  limitations.  In  the
eta-analysis,  the  authors  observed  a  notable  degree  of

eterogeneity,  which  remained  evident  even  following  sub-
roup  and  sensitivity  analyses.  While  such  variability  is  not
ncommon  in  similar  studies,  it  is  likely  rooted  in  underly-
ng  differences  across  the  literature,  including  population
haracteristics,  adjustments  for  confounding  variables,
ethodologies  for  determining  outcomes,  and  approaches

o  assessing  exposure.  Due  to  the  restricted  quantity  of
esearch  papers  accessible,  the  authors  were  unable  to  per-
orm  stratified  examinations  according  to  levels  of  exposure
o  arsenic  in  the  urine,  arsenic  in  water,  or  exposure  in
he  workplace.  Additionally,  combined  estimates  of  arsenic
oncentrations  across  different  exposure  media  may  result
n  misclassification  of  exposure.  Self-reported  assessments
hrough  questionnaires  are  susceptible  to  memory  bias,
hile  data  from  biological  samples,  water,  or  air  analy-

is  may  be  subject  to  inaccuracies,  potentially  affecting
he  reliability  of  the  association  between  arsenic  exposure
nd  the  risk  of  developing  skin  cancer.  Ultimately,  personal
rotection  measures,  skin  type,  population  mobility,  and
ocioeconomic  factors  also  represent  significant  potential
onfounding  variables.  The  accuracy  of  a  meta-analysis  is
ontingent  upon  the  quality  of  the  underlying  research.  In
ase-control  studies,  key  issues  such  as  recall  bias,  varying
easurement  criteria,  and  residual  confounders  contribute

o  the  risk  of  bias.  While  literature  quality  assessments  and
ias  risk  evaluations  indicate  that  most  studies  have  made
djustments  for  potential  bias-inducing  factors,  the  findings
f  meta-analyses  may  still  be  influenced.  Due  to  the  lack
f  high-quality  studies  that  can  effectively  control  for  these
ias  factors,  and  because  the  results  of  studies  with  small
ample  sizes  or  statistical  insignificance  are  often  not  easy
o  publish,  the  results  of  meta-analyses  may  still  be  affected
nd  tend  to  report  positive  results.  Therefore,  the  authors
ust  be  cautious  in  interpreting  these  results.
The  precise  molecular  mechanisms  involved  in  arsenic

arcinogenesis  are  still  being  actively  researched.  It
s  widely  acknowledged  that  arsenic  exerts  its  toxic-
ty  through  various  pathways,  such  as  inducing  oxidative
tress,49 immune  dysfunction,50 genotoxicity,51 impairing
NA  repair,10,52 and  disrupting  signal  transduction.53 It  is
elieved  that  these  procedures  play  a  crucial  role  in  the
ormation  of  skin  cancer  following  arsenic  exposure.

Arsenic  triggers  oxidative  stress  through  the  upregulation
f  Nicotinamide  Adenine  Dinucleotide  Phosphate  Oxidase
NADPHO),  which  results  in  the  production  of  Reactive  Oxy-
en  Species  (ROS).  These  ROS  disturb  the  equilibrium  of
itric  oxide  and  glutathione,  essential  antioxidants,  and
ffect  other  proteins  responsible  for  redox  homeostasis.49,54

he  formation  of  ROS  triggers  the  activation  of  transcrip-
ion  factors  like  AP-1  and  NF-�B, resulting  in  the  excessive
roduction  of  pro-inflammatory  factors,  which  can  enhance
ell  proliferation  and  potentially  initiate  carcinogenesis.55

Arsenic  exposure  activates  the  unfolded  protein  response
ignaling  pathway,  which  impairs  both  innate  and  adap-
ive  immunity  by  reducing  immune  cell  function  and
umber,  creating  a  microenvironment  conducive  to  tumor
ey  enzymes  like  Adenine  nucleoside  Methionine  (SAM).
epletion  of  SAM  due  to  arsenic-induced  ROS  leads  to  the
ethylation  of  inorganic  arsenic  into  methylated  forms.
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hese  methylated  arsenic  compounds  further  deplete  SAM
nd  can  methylate  DNA  in  an  unregulated  fashion,  alter-
ng  intracellular  gene  expression  and  potentially  promoting
arcinogenesis.51,56 Additionally,  arsenic  disrupts  cellular
NA  repair  mechanisms,  such  as  base  excision,  mismatch
epair  and  nucleotide  excision,  mainly  by  interfering  with
TP  and  interacting  with  complexes  likepoly-ADP  ribose
olymerase,  O6-methyl-guanine-DNA  methyltransferase  and
NA  polymerase  �.10,52 Impairment  of  these  repair  path-
ays  may  compromise  genomic  stability  and  disrupt  normal
ancer-related  gene  expression.  Recent  research  indicates
hat  arsenic  triggers  the  Hippo  pathway,  which  is  critical  for
he  survival  and  growth  of  cells.  Arsenic  modulates  Hippo
athway  activity  by  upregulating  key  proteins  like  Large
umor  Suppressor  Kinase  1/2  (LATS1),  Salvador  homologue-1
Sav1)  and  ste20-like  kinase  1/2  (Mst1),  which  are  known  to
lay  roles  in  various  cancers,  including  skin  cancer.53,57

onclusions

his  study  demonstrates  an  association  between  arsenic
xposure  and  the  risk  of  skin  cancer  (both  melanoma  and
on-melanoma),  regardless  of  the  exposure  route  ---  whether
hrough  inhalation,  ingestion,  or  dermal  contact.  This  find-
ng  could  have  significant  implications  for  patient  education
nitiatives,  enhancing  public  awareness  of  skin  cancer  pre-
ention  and  consequently  reducing  both  its  health  and
conomic  burdens.  Furthermore,  it  may  serve  as  a  valuable
eference  for  professionals  involved  in  mitigating  occupa-
ional  exposure.  However,  the  study’s  limitations  highlight
he  need  for  future  research.  There  is  a  clear  necessity  for
ore  rigorous  prospective  studies  that  can  better  control
otential  confounding  variables  to  understand  the  precise
mpact  of  arsenic  on  skin  cancer  risk.  Additionally,  evalu-
ting  the  response  to  different  doses  will  provide  a  more
obust  scientific  basis  for  creating  regulations  on  arsenic  lev-
ls  in  a  variety  of  sources,  including  drinking  water,  soil,
ir,  and  food.  Drawing  from  the  latest  studies,  the  authors’
ecommendation  is  to  initiate  proactive  measures  aimed  at
ot  only  validating  arsenic  as  a  contributing  element  to  skin
ancer  but  also  crafting  successful  preventative  tactics  for
reas  plagued  by  chronic  arsenic  exposure.

ditor

uciana  P.  Fernandes  Abbade.

esearch data availability

he  entire  dataset  supporting  the  results  of  this  study  was
ublished  in  this  article.

inancial support

one  declared.
uthors’ contributions

ijiao  He:  Conceptualization;  methodology;  software;  inves-
igation;  formal  analysis;  writing-original  draft.

1

1

10
 Yang  et  al.

Meiying  Wei:  Data  curation;  software;  validation.
Qikui  Yang:  Visualization.
Yun  Huang:  Software;  validation.
Zuyuan  Wei:  Conceptualization;  supervision;  writing-

eview  &  editing.

onflicts of interest

one  declared.

ppendix A Supplementary material.

upplementary  material  related  to  this  arti-
le  can  be  found,  in  the  online  version,  at
oi:https://doi.org/10.1016/j.abd.2025.501161.

eferences

1. Boukamp P. Non-melanoma skin cancer: what drives
tumor development and progression? Carcinogenesis.
2005;26:1657---67.

2. Franceschi S, Levi F, Randimbison L, La Vecchia C. Site distribu-
tion of different types of skin cancer: new aetiological clues.
Int J Cancer. 1996;67:24---8.

3. Samarasinghe V, Madan V. Nonmelanoma skin cancer. J Cutan
Aesthet Surg. 2012;5:3---10.

4. Samarasinghe V, Madan V, Lear JT. Management of high-risk
squamous cell carcinoma of the skin. Expert Rev Anticancer
Ther. 2011;11:763---9.

5. Macbeth AE, Grindlay DJ, Williams HC. What’s new in skin can-
cer? An analysis of guidelines and systematic reviews published
in 2008-2009. Clin Exp Dermatol. 2011;36:453---8.

6. Zhang XY, Zhang PY. Genetics and epigenetics of melanoma.
Oncol Lett. 2016;12:3041---4.

7. Nikolaou V, Stratigos AJ. Emerging trends in the epidemiology
of melanoma. Br J Dermatol. 2014;170:11---9.

8. Ho D, Lowenstein EJ. Fowler’s solution and the evolution of the
use of arsenic in modern medicine. Skinmed. 2016;14:287---9.

9. Piontek M, Hengels KJ, Borchard F, Strohmeyer G. [Noncir-
rhotic liver fibrosis afterchronic arsenic poisoning]. Dtsch Med
Wochenschr. 1989;114:1653---7.

0. Yu HS, Liao WT, Chai CY. Arsenic carcinogenesis in the skin. J
Biomed Sci. 2006;13:657---66.

1. Issanov A, Adewusi B, Saint-Jacques N, Dummer TJB. Arsenic in
drinking water and lung cancer: A systematic review of 35 years
of evidence. Toxicol Appl Pharmacol. 2024;483:116808.

2. Sassano M, Seyyedsalehi MS, Siea AC, Boffetta P. Occupational
arsenic exposure and genitourinary cancer: systematic review
and meta-analysis. Occup Med (Lond). 2023;73:275---84.

3. Sassano M, Seyyedsalehi MS, Siea AC, Boffetta P. Occupa-
tional arsenic exposure and digestive and head and neck
cancers: A systematic review and meta-analysis. Environ Res.
2024;260:119643.

4. Krewski D, Rice JM, Bird M, Milton B, Collins B, Lajoie P,
et al. Concordance between sites of tumor development in
humans and in experimental animals for 111 agents that are
carcinogenic to humans. J Toxicol Environ Health B Crit Rev.
2019;22:203---36.

5. IARC Working Group on the Evaluation of Carcinogenic Risks to
Humans. Arsenic, metals, fibres, and dusts. IARC Monogr Eval
Carcinog Risks Hum. 2012;100:11---465.
6. European Food Safety A. Dietary exposure to inorganic arsenic
in the European population. EFSA Journal. 2014;12:3597.

7. Argos M, Kalra T, Pierce BL, Chen Y, Parvez F, Islam T, et al.
A prospective study of arsenic exposure from drinking water

https://doi.org/10.1016/j.abd.2025.501161
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0005
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0010
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0015
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0020
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0025
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0030
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0035
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0040
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0045
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0050
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0055
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0060
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0065
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0070
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0075
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0080
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085
http://refhub.elsevier.com/S0365-0596(25)00103-5/sbref0085


atolo

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

5

5

5

5

5

cell DNA in Bangladeshi adults. Environ Health Perspect.
Anais  Brasileiros  de  Derm

and incidence of skin lesions in Bangladesh. Am J Epidemiol.
2011;174:185---94.

8. Caldwell BK, Smith WT, Lokuge K, Ranmuthugala G, Dear K,
Milton AH, et al. Access to drinking-water and arsenicosis in
Bangladesh. J Health Popul Nutr. 2006;24:336---45.

9. McCarty KM, Hanh HT, Kim KW. Arsenic geochemistry and human
health in South East Asia. Rev Environ Health. 2011;26:71---8.

0. Molin M, Ulven SM, Meltzer HM, Alexander J. Arsenic in
the human food chain, biotransformation and toxicology ---
Review focusing on seafood arsenic. J Trace Elem Med Biol.
2015;31:249---59.

1. Straif K, Benbrahim-Tallaa L, Baan R, Grosse Y, Secretan B, El
Ghissassi F, et al. A review of Human Carcinogens --- Part C:
Metals, Arsenic, Dusts, and Fibres. Lancet Oncol. 2009:453---4.

2. Kennedy C, Bajdik CD, Willemze R, Bouwes Bavinck JN. Chem-
ical exposures other than arsenic are probably not important
risk factors for squamous cell carcinoma, basal cell carci-
noma and malignant melanoma of the skin. Br J Dermatol.
2005;152:194---7.

3. Surdu S, Fitzgerald EF, Bloom MS, Boscoe FP, Carpenter DO,
Haase RF, et al. Occupational exposure to arsenic and risk of
nonmelanoma skin cancer in a multinational European study.
Int J Cancer. 2013;133:2182---91.

4. Mitropoulos P, Norman R. Occupational nonsolar risk factors of
squamous cell carcinoma of the skin: a population-based case-
controlled study. Dermatol Online J. 2005;11:5.

5. Sánchez G, Nova J. Risk factors for squamous cell carcinoma,
a study by the National Dermatology Centre of Colombia. Actas
Dermosifiliogr. 2013;104:672---8.

6. Suárez B, López-Abente G, Martínez C, Navarro C, Tormo MJ,
Rosso S, et al. Occupation and skin cancer: the results of the
HELIOS-I multicenter case-control study. BMC public health.
2007;7:180.

7. Karagas MR, Stukel TA, Morris JS, Tosteson TD, Weiss JE, Spencer
SK, et al. Skin cancer risk in relation to toenail arsenic con-
centrations in a US population-based case-control study. Am J
Epidemiol. 2001;153:559---65.

8. Gilbert-Diamond D, Li Z, Perry AE, Spencer SK, Gandolfi AJ,
Karagas MR. A population-based case-control study of urinary
arsenic species and squamous cell carcinoma in New Hampshire.
USA. Environ Health Perspect. 2013;121:1154---60.

9. Smith AH, Goycolea M, Haque R, Biggs ML. Marked increase
in bladder and lung cancer mortality in a region of North-
ern Chile due to arsenic in drinking water. Am J Epidemiol.
1998;147:660---9.

0. Cebrián ME, Albores A, Aguilar M, Blakely E. Chronic arsenic
poisoning in the north of Mexico. Hum Toxicol. 1983;2:121---33.

1. Tseng WP, Chu HM, How SW, Fong JM, Lin CS, Yeh S. Prevalence of
skin cancer in an endemic area of chronic arsenicism in Taiwan.
J Natl Cancer Inst. 1968;40:453---63.

2. Hsueh YM, Chiou HY, Huang YL, Wu WL, Huang CC, Yang MH,
et al. Serum beta-carotene level, arsenic methylation capabil-
ity, and incidence of skin cancer. Cancer Epidemiol Biomarkers
Prev. 1997;6:589---96.

3. Bedaiwi A, Wysong A, Rogan EG, Clarey D, Arcari CM. Arsenic
Exposure and Melanoma Among US Adults Aged 20 or Older.
2003-2016. Public Health Rep. 2022;137:548---56.

4. Langston ME, Brown HE, Lynch CF, Roe DJ, Dennis LK. Ambi-
ent UVR and Environmental Arsenic Exposure in Relation to
Cutaneous Melanoma in Iowa. Int J Environ Res Public Health.
2022;19:3574.

5. Beane Freeman LE, Dennis LK, Lynch CF, Thorne PS, Just CL.

Toenail arsenic content and cutaneous melanoma in Iowa. Am J
Epidemiol. 2004;160:679---87.

6. Collatuzzo G, Boffetta P, Dika E, Visci G, Zunarelli C, Mastroeni
S, et al. Occupational exposure to arsenic, mercury and UV radi-

5

11
gia  2025;100(5):501161

ation and risk of melanoma: a case-control study from Italy. Int
Arch Occup Environ Health. 2023;96:443---9.

7. Dennis LK, Lynch CF, Sandler DP, Alavanja MC. Pesticide use and
cutaneous melanoma in pesticide applicators in the agricultural
heath study. Environ Health Perspect. 2010;118:812---7.

8. Yager JW, Erdei E, Myers O, Siegel M, Berwick M. Arsenic
and ultraviolet radiation exposure: melanoma in a New Mex-
ico non-Hispanic white population. Environ Geochem Health.
2016;38:897---910.

9. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mul-
row CD, et al. The PRISMA 2020 statement: an updated guideline
for reporting systematic reviews. Syst Rev. 2021;10:89.

0. Stang A. Critical evaluation of the Newcastle-Ottawa scale for
the assessment of the quality of nonrandomized studies in meta-
analyses. Eur J Epidemiol. 2010;25:603---5.

1. Sterne JA, Hernán MA, Reeves BC, Savović  J, Berkman ND,
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