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¨ “… statistical theory has been relatively silent on
questions of causality. Many, especially older, textbooks
avoid any mention of the term other than in settings of 
randomized experiments. Some mention it mainly to 
stress that correlation or association is not the same as 
causation, and some even caution their readers to 
avoid using causal language in statistics. Nevertheless, 
for many users of statistical methods, causal statements
are exactly what they seek.”

¨ Imbens, Guido W.; Rubin, Donald B.. Causal Inference in Statistics, Social, and Biomedical
Sciences: An Introduction (Kindle Locations 417-420). Cambridge University Press. 



OUTLINE

¨ LEARNING OBJECTIVE: to review conducted and ongoing work that 
examines the role of metals as (causal) cardiovascular risk factors

¤ Introduction: the challenge of cardiovascular disease prevention and control
¤ Metals, cardiovascular risk and potential mechanisms
¤ Designs to support the causality of metals in ongoing studies



The Challenge of Cardiovascular Disease
Prevention and Control

Introduction



Major public health achievement: Decline in CVD

¨ “ conventional risk factors only 
partly explain the observed 
gradient in coronary heart 
disease” Marmot M et al, Am J 
Epidemiol 1975

¨ “Measured risk factor and 
treatment variables, while 
important, neither explain why 
the decline [in cardiovascular 
disease] began when it did, nor
much of the similarities and 
differences in the start time and 
rate of the decline across 
countries or between men and 
women.” Ezzati M et al, Nat Rev 
Cardiol, 2015



57% of participants without cardiovascular risk factors
showed subclinical atherosclerosis

Laclaustra et al. Journal of the American College of Cardiology · March 2016 
DOI: 10.1016/j.jacc.2015.12.056



Environment and burden of disease

WHO, 2016. Preventing Disease Through Healthy Environments. 

31% of the burden of disease from fatal CVD globally 
could be avoided if environmental risks were removed 

(World Health Organization, 2016)



Metals, Cardiovascular Risk and Mechanisms

Comprehensive Review of Accumulated Evidence



Established Expertise in Evaluating Chronic 
Cardiovascular Health Effects of Arsenic, 

Cadmium, Lead and Other Metals

Periodic Table of the 
Elements<

Metals with evidence in support of potential 
cardiovascular effects

Nigra et al. Current Environ Health Reports, 2016

Evidence at low-moderate levels is increasing



Arsenic and CVD – high exposure levels

Ecological study of 
myocardial infarction in 

Chile

Yuan Y et al. Am J Epidemiol 2007

Children and young 
adults exposed to 
arsenic in drinking 

water at 900 μg/L in 
Chile showed 

thickening of the 
arterial intima and 

myocardial infarction

Rosenberg HG. Arch Pathol
1974;97:360-365

Tromboangeitis obliterans
+ arteriosclerosis

Black Foot Disease Taiwan







Low chronic exposure : Dose-response 
evaluation to inform the risk assessment

13#

Cadmium exposure was modeled as restricted cubic splines with knots at 
10th, 50th and 90th percentiles in multi-adjusted models. 
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Cadmium exposure and incident
cardiovascular disease. Tellez-Plaza M, 
Guallar E, Howard BV, Umans JG, 
Francesconi KA, Goessler W, Silbergeld
EK, Devereux RB, Navas-Acien A. 
Epidemiology. 2013 May;24(3):421-9. 
doi: 10.1097/EDE.0b013e31828b0631.
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NEVER SMOKERS
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EVER SMOKERS

N=4,549	(45	-74	years)

Ana Navas-Acien

Ongoing Surveillance: Morbidity & Mortality

Visit 1
1989-91

Visit 2
1993-95

Visit 3
1998-99

64% baseline 
response 
rate

89%                     88%
retention rate

Original Strong Heart 
Study

4,549 adults 45-74 y 



Hazard&ra'o&(95%CI)&for&cardiovascular&mortality&endpoints&
comparing&the&80th&to&the&20th&percen'le&of&cadmium&

distribu'ons&

Blood Cadmium Urine Cadmium&

Deaths HR (95% CI) HR (95% CI) 

All-Cardiovascular 191  1.69 (1.03, 2.77) 1.74 (1.07, 2.83) 

Heart disease 113  1.98 (1.11, 3.54) 2.53 (1.54, 4.16) 

Coronary heart 
disease 88  1.73 (0.88, 3.40) 2.09 (1.06, 4.13) 

19#
Models were adjusted for sex, race/ethnicity, education, post-menopausal status, body mass index, blood lead, total cholesterol, HDL 
cholesterol, cholesterol lowering medication, hypertension,  diabetes, estimated GFR, smoking status, cumulative smoking dose, 
serum cotinine.  



Chowdhury et al.
BMJ 2018



Metals and CVD in Cohort Studies from Spain: 
The Hortega Follow-Up Study

Source: Lopez-Zumel et al. Arsenic Exposure, Arsenic Metabolism, and Incident Cardiovascular Disease in the
Hortega Follow-up Study. Unpublished data. 

Arsenic (comparing 
the 80th and the 20th 

percentiles)

All-CVD p-value

Cases/Non Cases 165/997

iAs 1.33
(1.00-1.76)

0.05

MMA 1.25
(0.95-1.65)

0.12

DMA 1.47
(1.13-1.91)

0.004

iAS + MMA + DMA 1.42
(1.08-1.86)

0.01

2002-03
Prospective follow up
N CVD-free= 1,502 November

2015

Metals (Dr. J.L. Gomez-Ariza, U. Huelva):
Plasma: Hg, Cd, Pb, Se, As, Ti, Cr, Zn ;   
Urine: Cd, Ba, V, Zn, W, As total, Ti, U,  Sb, 
Subsample (AsIII, AsV, MMA, DMA)

Cardiovascular risk factors
1500 Candidate SNPS: metals metabolisms and transport, and 
cardiometabolic pathways
Oxidative stress: GSSG/GSH, MDA, 8-oxo-dG
Metabolomics: TMAO, Lipid particles (Biosfer Teslab)

Incidence:
177 CVD
137 Cancer

J.C. Martin-EscuderoJ. Redon



Metals and CVD in Cohort Studies from Spain: 
The Hortega Follow-Up Study

Source: Domingo-Relloso et 
al. The association of urine
metals and metal mixtures 
with cardiovascular incidence
in an adult population from
Spain: the Hortega Follow-Up 
Study. Submitted. 

Tertile 1, 
Non-cases/Cases

Tertile 2,
Non-cases/Cases

Tertile 3,
Non-cases/Cases

p80 vs. p20 p-trend

Essential metals

Co 338/60 328/61 339/45
1.00 (Referent) 1.22 (0.82, 1.81) 1.29 (0.83, 1.99) 1.15 (0.91, 1.46) 0.25

Cu 351/30 322/69 332/67
1.00 (Referent) 2.40 (1.48, 3.88) 1.87 (1.17, 3.00) 1.35 (1.06, 1.72) 0.02

Mo 335/52 338/54 332/60
1.00 (Referent) 0.98 (0.65, 1.47) 1.12 (0.73, 1.71) 1.18 (0.88, 1.58) 0.28

Zn 352/30 331/56 322/80
1.00 (Referent) 1.47 (0.91, 2.40) 1.93 (1.21, 3.08) 1.43 (1.07, 1.90) 0.01

Non-essential metals

Sb 350/51 331/55 324/60
1.00 (Referent) 1.41 (0.93, 2.13) 1.57 (1.04, 2.36) 1.51 (1.13, 2.03) 0.006

Ba 341/35 334/54 330/77
1.00 (Referent) 1.17 (0.74, 1.85) 1.25 (0.80, 1.94) 1.32 (0.96, 1.82) 0.08

Cd 356/36 327/63 322/67
1.00 (Referent) 2.27 (1.44, 3.57) 2.31 (1.47, 3.65) 1.46 (1.13, 1.88) 0.003

Cr 345/51 330/62 330/53

1.00 (Referent) 1.37 (0.90, 2.09) 1.63 (1.08, 2.46) 1.64 (1.05, 2.58)* 0.03*

V 346/53 327/64 332/49
1.00 (Referent) 1.45 (0.97, 2.18) 1.51 (1.00, 2.29) 1.31 (1.01, 1.71) 0.04

Urine Cu, Zn, Sb, 
Cd, Cr and V were 
individually 
associated with 
increased 
cardiovascular risk. 



Metals and CVD in Cohort Studies from Spain: 
The Hortega Follow-Up Study

Source: Domingo-Relloso et al. The association of urine metals and metal mixtures with cardiovascular incidence
in an adult population from Spain: the Hortega Follow-Up Study. Submitted. 
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selected individual metals when all the other metals are 
fixed at their 10th, 50th and 90th percentiles from BKMR 
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Metals and CVD in Cohort Studis from Spain: 
The Aragon Workers Health Study (AWHS)

Source: Caballero-Mateos et al. A Panel of Metals and Subclinical Atherosclerosis: The AWHS-Metal 
Study Unpublished Data

Urine metals (N=48), (Dr. 
Francesconi, Graz University):
Cd, Ba, V, Zn, W, As total, Ti, U,  Sb, 
Subsample AsIII, AsV, MMA and 
DMA
DNA METHYLATION:
Infinium 450K DNAm + Illumina 
HumanHT expression array (N=48)

• Traditional CV risk factors

2011-13 2014-17 2018-20PILOT 
DATA 2009Tertile 1 Tertile 2 Tertile 3 p80 vs. p20

p-
trend

Essential metals

Co 1.00 (Ref) 1.08 (0.97, 1.20) 0.97 (0.45, 2.06) 0.98 (0.93, 1.03) 0.36

Cu 1.00 (Ref) 1.03 (0.41, 2.61) 1.04 (0.49, 2.20) 1.01 (0.96, 1.06) 0.61

Mo 1.00 (Ref) 1.01 (0.23, 4.51) 1.00 (0.15, 6.63) 1.00 (0.95, 1.06) 0.91

Zn 1.00 (Ref) 1.07 (0.92, 1.25) 1.11 (1.10, 1.13) 1.06 (1.01, 1.12) 0.02

Non-essential metals

Sb 1.00 (Ref) 1.02 (0.27, 3.83) 0.99 (0.21, 4.55) 1.01 (0.96, 1.07) 0.64

Ba 1.00 (Ref) 1.00 (0.16, 6.43) 0.97 (0.35, 2.69) 0.99 (0.94, 1.03) 0.53

Cd 1.00 (Ref) 0.99 (0.19, 5.32) 1.11 (1.08, 1.14) 1.09 (1.00, 1.19) 0.05

Cr 1.00 (Ref) 1.02 (0.31, 3.33) 0.98 (0.30, 3.23) 1.00 (0.95, 1.05) 0.950

V 1.00 (Ref) 0.94 (0.72, 1.24) 1.07 (0.86, 1.33) 1.01 (0.97, 1.06) 0.556

Ti 1.00 (Ref) 1.02 (0.28, 3.67) 1.09 (1.03, 1.16) 1.04 (0.99, 1.10) 0.10

Geometric mean ratio of general plaque score by urine metal  concentrations
E. Guallar J.A. Casasnovas



Metals and CVD: potential mechanisms

§ Increase oxidative stress and inflammation

§ Affect endothelial function (interference with 
calcium signaling pathways)

§ Endocrine disruption

§ Epigenetics…



Metal biomarkers and oxidative stress

Individual metal levels and oxidative stress association
GSSG/GSH MDA 8-Oxo-dG

GMR (95%CI) P-trend GMR (95%CI) P-trend GMR (95%CI) P-trend

Es
se
nt
ia
l Co 0.98 (0.89, 1.08) 0.70 0.99 (0.94, 1.03) 0.543 1.03 (0.98, 1.09) 0.195

Cu 1.06 (0.95, 1.18) 0.30 1.04 (0.98, 1.09) 0.188 1.04 (0.99, 1.10) 0.142

Mo 1.14 (1.03, 1.27) 0.01 1.01 (0.96, 1.07) 0.611 1.04 (0.94, 1.15) 0.201

Zn 0.99 (0.88, 1.11) 0.85 1.07 (1.01, 1.14) 0.019 1.07 (1.01, 1.13) 0.02

N
o
n-
e
ss
e
nt
ia
l Sb 0.99 (0.90, 1.09) 0.84 1.00 (0.95, 1.05) 0.883 1.05 (0.96, 1.15)* 0.001*

Ba 1.17 (1.05, 1.31) 0.006 1.02 (0.96, 1.08) 0.561 1.00 (0.95, 1.06) 0.962

Cd 1.07 (0.97, 1.19) 0.19 1.12 (1.02, 1.23)* 0.021* 1.10 (1.00, 1.21)* 0.05*

Cr 1.23 (1.04, 1.46)* 0.002* 0.98 (0.92, 1.03) 0.413 1.04 (0.99, 1.10) 0.131

V 1.18 (1.00, 1.40)* <0.001* 0.97 (0.92, 1.03) 0.288 1.03 (0.98, 1.09) 0.256

22

Source: Unpublished data



Metal mixtures and oxidative stress
23

PC1: Non-essential metals
PC2: Essential metals

Lines represent adjusted Geometric Mean Ratios for each oxidative stress biomarker based on 
restricted quadratic splines for the first two metal principal components with knots at 10th, 50th and 
90th percentiles. The reference value was set at 10th percentile of each principal component. 
Geometric Mean Ratios were adjusted for age (years, splines), sex, education (< secondary 
education, ≥ secondary education), smoking status (never, former, current), urine cotinine (<34, 34-
500, ≥500 ng/mL), cumulative smoking (0, <12, ≥12 packages year), alcohol consumption (g/day), 
diabetes status (no, yes) and estimated glomerular filtration rate (mL/minute per 1.73m2

GSSG/GSH MDA

GMR (95%CI) p-trend GMR (95%CI) p- trend

PC1 1.35 (1.20 1.52) <0.001 1.07 (0.96, 1.18)* 0.21*

PC2 0.84 (0.75 0.94) 0.002 1.08 (1.02, 1.15) 0.001 Source: Unpublished data



24

In vivo an in vitro evidence supporting a role 
of metals as determinants de 5mC and 5hmC

Ruiz-Hernandez A,et al. Clinical Epigenetics. 2015;7(1):55. 
doi:10.1186/s13148-015-0055-7.



Active smoking 
and DNA 
methylation in 
AHRR and F2RL3 
in Infinium 450K

Source: Unpublished data



Estimation of differentially methylated 
regions (DMR) by metals and atherosclerosis

Enrichment analysis of atherosclerosis-DMRs 
using KEGG, Gene Ontology, PHARMGKB, 
SMPDB, TRRUST 

¨ Pathways with False Discovery Rate (FDR) adjusted 
p-value < 0.05. 

SOURCE SET_NAME SIZE p-value FDR(adj	p-value)

BEDPATHWAYS
HLA	class	II	histocompatibility	antigen

4 0.000119598 0.008075465

IMMUNE	RESPONSE	

AND	INFLAMMATION

BEDPATHWAYS
HLA	class	I	histocompatibility	antigen

3 0.000190809 0.008075465

IMMUNE	RESPONSE	

AND	INFLAMMATION

BEDPATHWAYS
Antigen	processing	and	presentation

5 0.000210664 0.008075465

IMMUNE	RESPONSE	

AND	INFLAMMATION

KEGG
04612_Antigen	processing	and	presentation

7 6.20523E-05 0.008625276

IMMUNE	RESPONSE	

AND	INFLAMMATION

BEDPATHWAYS Notch	signaling 5 0.00150387 0.024530078

BEDPATHWAYS Notch	signaling	inhibited 5 0.00150387 0.024530078

BEDPATHWAYS Notch	signaling	pathway 5 0.00150387 0.024530078

BEDPATHWAYS

Hepatocyte	glycolisis

4 0.00170644 0.024530078

ALTERED	

METABOLISM

BEDPATHWAYS

Prostate	basal	cell	glycolysis	(hsa1)

5 0.00303472 0.037766713

ALTERED	

METABOLISM

BEDPATHWAYS

Melanocyte	Glycolysis	(hsa1)

5 0.003284062 0.037766713

ALTERED	

METABOLISM

GOLOCATION transport	vesicle	membrane 6 0.000209515 0.02459925TRANSPORT	

GOLOCATION lysosomal	membrane 14 0.000254475 0.02459925

GOLOCATION

integral	component	of	lumenal	side	of	endoplasmic	reticulum	

membrane 8 0.000656801 0.045217214

GOLOCATION trans-Golgi	network	membrane 6 0.000779607 0.045217214Source: Riffo-Campos et al. Philosophical Transactions B



Protein interaction networks of 
identified DMRs and atherosclerosis BED

Gene identification

Type of  variable (Outline)

Binary

Continuous

Both

Femoral

Coronary

Carotid
Femoral and Coronary

Arterial origin

Femoral and Carotid

Coronary and Carotid

Femoral, Coronary and 
Carotid

*

Differentially methylated in atherosclerosis

Differentially methylated in metal-exposed 

Differentially methylated in atherosclerosis and metal-exposed

Significantly atherosclerosis 
related protein

Bold Effectors

Source: Riffo-Campos et al. Philosophical Transactions B



overall
 

males
females

never smokers
ever smokers

no hypertension
yes hypertension

no diabetes
yes diabetes

GFR>=60
GFR<60
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GMR of albuminuria levels comparing 80th to 20th percentile 
of cadmium distribution, by genotypes of SNPs with 

significant interactions at the Bonferroni level

GENE-ENVIRONMENT INTERACTIONS: 
CADMIUM AND ALBUMINURIA

Objective: To test the hypothesis that carriers of 
specific genotypes are at increased metal-related 
effects. Gene-by-environment interactions can 
point to key pathways and provide biological 
insight

SLC30A4 RAC1 N GMR (95% CI) P	- int
rs3087816 rs4720672 <0.001
T/T + T/C (ref) T/T (ref) 892 1.82 (1.65, 2.01)
T/T + T/C (ref) T/C + C/C 344 3.02 (1.85, 4.94)
C/C T/T (ref) 34 2.43 (2.07, 2.85)
C/C T/C + C/C 14 19.1 (8.02, 45.49)

SLC30A4: Endosomal zinc transporter. No known 
role in albuminuria.

RAC1:Rho-family small GTP-ase, with a role in the 
maintenance of podocytes and proximal tubules 
integrity. Involved in ROS overproduction in 
endothelium and endothelial dysfunction

Source: Grau-Perez et al. Environment International 2017.



Blood lead Urine cadmium All CVD-deaths



Can the effect of period in CVD mortality be explained (i.e. mediated) by 
temporal changes in lead and cadmium exposure?

Survey 
Period

CVD 
mortality



Can the effect of period in CVD mortality be explained (i.e. mediated) by 
temporal changes in lead and cadmium exposure?

Survey 
Period

CVD 
mortality

Pb, Cd 
biomarkers



Can the effect of period in CVD mortality be explained (i.e. mediated) by 
temporal changes in lead and cadmium exposure?

• Nested Aalen additive hazard models for CVD deaths with the same set of 
confounders (age, sex, race, smoking status, physical activity, obesity, hypertension, 
diabetes, total cholesterol, low HDL cholesterol, lipid-lowering medication) one 
adjusting for metals and one not (Jiang and VanderWeele. AJE 2015;182:105-08; 
WanderWeele. Epidemiology 2011;22:582-85). 
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CVD 
mortality

Pb, Cd 
biomarkers



Can the effect of period in CVD mortality be explained (i.e. mediated) by 
temporal changes in lead and cadmium exposure?

• Nested Aalen additive hazard models for CVD deaths with the same set of confounders (age, sex, 
race, smoking status, physical activity, obesity, hypertension, diabetes, total cholesterol, low HDL 
cholesterol, lipid-lowering medication) one adjusting for metals and one not (Jiang and 
VanderWeele. AJE 2015;182:105-08; WanderWeele. Epidemiology 2011;22:582-85).

• Among 230.7 CVD deaths/100,000 person-year avoided in the US comparing 1999-2004 to 
1988-1994:

- 52.0 deaths /100,000 person-year (22.5% 95 CI [-96.7, -8.4 %]) were attributable to changes 
in lead and

- 19.4 deaths /100,000 person-year (8.4% 95 CI [-36.4, -4.3 %]) were attributable to cadmium 
- after adjustment for sociodemograhic, CVD risk factors and changes in medication use over the 2 

periods

Survey 
Period

CVD 
mortality

Pb, Cd 
biomarkers





Study Designs to Further Support the Causality
of Metals
Some ongoing work



Mendelian randomization studies: Instrumental 
variable analysis with genetic instruments

Metals associated with 
cardiovascular disease, do metals 
cause cardiovascular disease? 

Check whether people with 
genetically elevated metal 
biomarker levels have more 
cardiovascular disease

38

Genetic variants Exposure Outcome

Confounders 

(Single nucleotide 
polymorphisms 
(SNPs))
The IVs are SNPs (Davies-Smith G, Ebrahim S., 'Mendelian randomization': can genetic 

epidemiology contribute to understanding environmental determinants of 
disease?, IJE, 2003)

- Meta-analysis-like MR 
methods: Increasingly popular 
using publically available 
genome wide association 
studies (GWAS) with separate 
samples or UK Biobank GWAS

- Likelihood-based Bayesian 
methods: Discovery-Replication 
approach using Individual data 
from cardiovascular cohorts

N=4,549	(45	-74	years)

Illumina Metabochip
(N=~3000)

Next Gen. Sequencing
(N=~3000)



Initial Report on Na2EDTA Chelation for 
CAD in 1956

Clarke et al. Am J Med Sci. 1956;654

EDTA

+

Metal cation

=
EDTA-metal 

complex



EDTA: Placebo
HR (95% CI)

0.82 (0.69, 0.99)

P = 0.035

With Diabetes:

HR (95% CI)             
0.59 (0.44, 0.79) 

P = 0.002            
(Bonferroni adjusted)

Gervasio (Tony) Lamas
Mount Sinai Medical Center

Miami, USA, TACT2 PI TACT Primary Endpoint Results
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Placebo
EDTA Chelation

Death, MI, stroke, coronary 
revascularization, hospitalization for angina

Number at risk:
Placebo 869 776 701 638 566 515 475 429 384 322 205
EDTA chelation 839 760 703 650 588 537 511 476 427 358

229

.33

.38

Lamas G, Goertz C, Boineau R et al. Effect of Disodium EDTA Chelation Regimen on Cardiovascular Events in Patients 
with Previous Myocardial Infarction. JAMA. 2013;309(12):1246.

Placebo Infusions 
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TRIAL TO ASSESS CHELATION THERAPY

§ Replicative trial of EDTA chelation and high-dose  oral 
vitamins in 1200 post-MI diabetic patients

§ Storing biospecimens for measuring metals and testing future 
mechanistic hypotheses

OPPORTUNITIES FOR CAUSAL INFERENCE IN 
METAL RESEARCH IN THE CONTEXT OF 

CHELATION TRIALS
Ana Navas-Acien



CONCLUSION: IS IT TIME FOR 
RECOGNITION?



Flint Water Crisis



CONCLUSION: IS IT TIME FOR 
RECOGNITION?



¨ Technical reports disregard mounting
evidence pointing to the potentially
causal cardiovascular effects of metals
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