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“…70-90% of disease 
risks are probably due 
to differences in  
environments”

“Exposome”



Challenges with Exposome Research

Source: www.isiglobal.com

• The Exposome is complicated & dynamic

• How do we measure everything at once? 
Most analyses look at a few dozen chemicals 
at a time, yet we’re exposed to thousands 
each day.

• How do we evaluate changes in our 
exposure over time? Many studies are cross-
sectional in design and may not be 
measuring exposure at the right time point. 



Exposure to chemical 
mixtures: what type of 

samples are best?
• Historically, exposure to mixtures has 

been assessed using:
– Blood
– Urine
– House Dust

• However, each sample has its own 
limitations



Blood vs Urine

Ideal for chemicals with long half-lives in 
body (months to year)

Examples: PCBs, PFAS, PBDEs, metals

Limitations:   -volume available
-collection challenges

Ideal for chemicals with short half-lives in body 
(hours to days) 

Examples: PAHs, phenols, tobacco

Limitations:   - Variability over time?
- Is metabolite known?

- Is metabolite specific to parent?

Blood Urine



Problem:  Who is the parent? 
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Problem: How variable are levels over time?

First morning urine samples collected from five individuals on Monday, Wednesday & Friday
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Source: www.dohadfordoctors.com

To support the “exposome” we need cumulative measures of exposure 

What type of samples are best to characterize 
chemical exposures?

Radiation Badge

Source: www.med-pro.net



Characterization 
of the External 

Exposome

Need Approaches/Tools that:
– Integrate exposure 

measurements over time

– Integrate exposure measures 
across various micro-
environments

– Low participant burden; easy to 
use

Home

Work
Outdoors



Wearable Samplers: 
The Silicone Wristband

• Wristbands first introduced as a 
wearable personal passive 
sampler to measure ambient 
exposure in occupational settings 
and in the general population 
(O’Connell et al., 2014)

Polydimethylsiloxane (PDMS)

Inhalation

Dermal

Inadvertent dust
ingestion?

Exposure Routes

DietX

MetalsX



Chemical Accumulation in Wristbands

• Wristbands must be cleaned first
• Stored airtight until worn
• Typically worn for 5-7 days
• Wear continuously; chemicals 

sorb, but do not rapidly desorb
• Slope of uptake reflects:
– Concentration gradient
– Phys/chem properties (Log Koa)

Samon et al. 2022



Are measurements of chemicals on 
wristbands correlated with internal dose?



Do Wristband Measurements Correlate with 
Internal Dose?

• 40 participants

• Wore a pre-cleaned wristband for 
5 days. (24 hours a day; while 
sleeping and bathing/showering) 

• Provided first morning void urine:
Days 1, 3, 5



Do Wristband Measurements Correlate with 
Internal Dose? - Yes
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Are Wristbands Better Than 
Relying on a Single or Spot Urine Sample?

OR



Wristbands or Spot Urine?
Day 1 Day 2 Day 3 Day 4 Day 5

y = 30.233x
R² = 0.977
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Chemical Accumulation on Wristbands
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Wristbands or Spot Urine?

Hoffman et al. 2021

Major Findings:
Wristband’s ability to 

predict the total mass 
excreted (over 5 days)
was equivalent or 
better than a spot 
urine sample for some 
OPEs 



Will chemical measurements on 
wristbands better predict internal dose 
compared to house dust?  Handwipes?



Exposure in our Homes

• People spend a majority of time 
indoors

• Building materials and furnishings 
can be treated with semi-volatile 
organic chemicals (SVOCs)

• A large proportion of SVOC 
exposures occur in our homes

• Most studies measure indoor 
air/dust- should we use wristbands?

??



Toddler’s Exposure to SVOCs in the 
Indoor Environment (TESIE)

• 203 children aged 3-6 years were recruited from 190 homes in 
central North Carolina between 2014-2016

• Children provided samples of blood, urine, and a handwipe
during a home visit by the study team. A house dust sample 
was collected from the main living area, and a questionnaire 
was administered

House Dust

Urine

Hand Wipe

Urine

WristbandFoam Cushion

Serum



Sofas and Flame Retardant Exposure
• PentaBDE is a commercial FR mixture 

commonly applied to furniture foam until 2005 
(banned from use due to concerns about 
persistence and toxicity)

• If PentaBDE was positively identify in the sofa 
(via GC-MS), levels in indoor dust were 6.4X 
higher than homes without PentaBDE in their 
sofa

• If PentaBDE was present in the sofa, blood 
levels of PBDEs were ~2.5X higher in people 
with PentaBDE in their sofa compared to 
people without PentaBDE in their sofa

• ONE item in the home was a significant 
predictor of exposure
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• Flooring square footage 
measured in the home; 
categorized by % of vinyl floor in 
the home

• Benzyl butyl phthalate 
metabolite measured in 
children’s pooled urine samples

• Higher levels (15X) were 
measured in children living in 
homes with 100% vinyl flooring

% of Flooring that is Vinyl

Vinyl Flooring and Phthalate Exposure

Hammel et al. 2019Statistical models adjusted for race, ethnicity, age, sex and outdoor temperature



Correlations with Biomarkers of Exposure

Dust

Handwipes
Urine

Which samples have the highest correlation with urinary biomarkers?

Wristbands
Serum



Spearman correlation coefficients
(with urine or serum biomarker; n=77)

Analyte Pair Wristband Handwipe House Dust

TDCPP - BDCIPP 0.52* 0.48* 0.13

2IPPDPP – IPPPP 0.22* 0.20 0.13
4tBDPP- tbPPP 0.35* 0.16 0.05

Diethyl phthalate 0.41* NA 0.17
Benzyl butyl 

phthalate- MBzP
0.56* 0.56* 0.23*

Diisononyl 
phthalate

0.24* 0.22 0.20

BDE-47 0.73* 0.71* 0.57*

* - statistically significant

(n=19)

Organophosphate
Flame retardants/

plasticizers

Phthalate
Plasticizers

Brominated Flame 
Retardant

Urine 
Correlations

Serum
Correlations



Wristband Analyses



Analytical Details
Wristband (WB)

~1/5 of WB
(~0.7 grams)



Analytical Details
• Wristbands extracted and analyzed using 

high resolution gas chromatography high 
resolution mass spectrometry (GC-HRMS)
– Targeted analysis
– Untargeted analysis>150 

SVOCs

Flame 
Retardants

Plasticizers
PFAS

Pesticides

Combustion 
Byproducts
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Results 
(ng/g)  

TCEP TCPP TDCPP TPP DMP DEP BBP TBB TBPH BDE 28+33 BDE 47 BDE 99 BDE 153 BDE 209
Mean ±
St Dev 19 ± 13 406 ± 565 256 ± 177 3159 ± 4851 12 ± 5 1186 ± 869 495 ± 575 48 ± 41 70 ± 67 2.8 ± 1.1 27.6 ± 26 22.9 ± 11.8 2.1 ± 1.4 16.2 ± 5.7

Range 7 - 37 89 - 1407 48 - 512 351 - 11620 <MDL - 16 <MDL -
2307 79 - 1504 <MDL - 108 5 - 163 1.4 - 4.2 7.9 - 72.5 8.6 - 35.5 0.6 - 3.3 8.9 - 23.4

MDL 2.35 0.99 0.77 2.17 6.85 313 4.6 1.73 0.43 0.88 0.81 0.24 0.28 4.91

Non-Targeted Analyses Using Silicone Wristbands: Evaluating the Personal Exposome
Nicholas J. Herkert, Ellen M. Cooper, Heather M. Stapleton*
Nicholas School of the Environment, Duke University, Durham, North Carolina USA

Qualitative Results

Analytical Methods

Quantitative ResultsIntroduction 

Next Steps

Figure 1.  
Correlation of 

concentration of 
selected OPFRs 

analyzed with Agilent 
GC/EI-MS (SIM) and 

Thermo QE GC-
HRAM.  

INHALATION

PARTICLE
DEPOSITION

•Wristbands have been used as 
personal passive samplers to 
measure adult ambient exposure 
and children’s FR exposure. Current 
research suggests that the 
wristbands can estimate exposure 
that occurs via inhalation, and 
potentially via dermal absorption. 

“Personalized Exposure”

• 5 Wristbands worn 5 days
• 3 Field blanks

Extraction : Sonication in hexane:DCM

Florisil SPE: F1 eluted with Hexane; 
F2 Eluted with Ethyl Acetate

Targeted Analysis
GC/EI-MS

Targeted and Non-targeted 
Screening: GC-HRAMS

Chromatographic conditions:
2 (1 for QE) μL injection pulsed splitless
Constant flow 1.3 mL/min
PTV inlet: 80-300°C, 10°C/s
Oven: 80°C for 2 min; to 250°C at 20°C/min; 
to 260°C at 1.5°C/min; to 300°C at 25°C/min 
for 20 min; Transfer line 300°C
Column: TG-5SILMS 30m x 250 μm, 0.25 μm 
film

MS conditions:
GC-HRAMS: Full Scan

Source 300°C
Emission 50 μ A
Electron energy 70 eV
Scan range 35-750 m/z

GC/EI-MS: Select Ion Monitoring
Source 230°C
Emission 35 μ A
Electron energy 70 eV

Thermo Scientific™ Q Exactive™ GC 
Orbitrap™ GC-MS/MS

Data Processing

Field Blank & Sample Chromatograms: F1 Samples

Observations:
• Lack of RT specificity in library searches leads to multiple 

matches for a given compound; retention indices (e.g., based 
on n-alkanes) may help confirm matches

• Overall, more features were identified by the HRAM library 
than by the NIST library

• Most identified compounds were observed in field blanks at 
low levels. For example, on average TPP levels in blanks were 
<0.25% of levels in samples, while DEET blank levels reached 
up to 3% of levels found in samples. This raises the question 
of how best to perform blank subtraction in this workflow

Agilent 7890A GC System with 
5975C inert XL EI/CI MSD

Thermo TraceFinder with Unknown Screening:
• Deconvolution Plugin for feature finding 
• Peak Detection by ICIS
• TIC threshold 50,000 counts
• Mass tolerance 5 ppm
• Ion overlap 98%
• Alignment and Gap Filling
• Identification:

• NIST library (probability threshold 80)
• Thermo HRAM GC-Orbitrap Contaminants Library (~800 entries)
• Elemental composition prediction

Overview of Preliminary Results from Unknowns Analysis

Features  
Total=1794

NIST Matches, 
(≥80%) Total=24

HRAM 
Contaminants 

Library Matches    
Total=32

Unmatched 
Total=1762

Blanks 978-1076 3-6 23-26 955-1050

Samples 740-1643 3-10 12- 25 728-1618

Group Compound N (%)

Phthalates
Diethyl Phthalate (DEP) 5 100%
Dibutyl Phthalate 5 100%
Benzy butyl phthalate (BBP) 5 100%

PAHs
Fluorene 3 60%
Phenanthrene 5 100%
Pyrene 4 80%

Organophosphates
Isopropyl diphenyl phosphate 1 20%
Triphenyl phosphate (TPP)* 5 100%
Tris(2,4-di-tert-butylphenyl) phosphate 1 20%

Pesticides
DEET 4 80%
Etofenprox 5 100%
cis-Pyrethrin 3 60%
trans-Pyrethrin 3 60%
Pyriproxyfen 5 100%
Terbucarb 5 100%
Triclosan 1 20%

Field Blank & Sample Chromatograms: F2 samples

RT: 4.00 - 38.00
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Sample
1617 molecular features found
10 with >80% match to NIST
23 matches with HRAM library

Blank
1019 molecular features found
7 with >80% match to NIST
25 matches with HRAM library

Sample
Analysis Pending 

Blank
Analysis Pending

*Mass accuracies were typically under 1. For example, the 
mass accuracy for TPP was -0.59496 +/- 0.227855 ppm.

(O’Connell et al., 2014; Kile et al., 2016; Hammel et al., 2016)

•In a previous study, we demonstrated that concentrations of 
organophosphate flame retardants (OPFRs) on the wristbands were 
significantly correlated with their respective biomarkers in serum and 
urine, demonstrating that the wristbands capture meaningful exposures.
(Hammel et al., 2016; Hammel et al., In Review)

• To date we have evaluated the utility of silicone wristbands in predicting 
exposure for OPFRs, polybrominated diphenyl ethers (PBDEs), 
phthalates, pesticides using targeted analysis. Now we are exploring a 
high resolution mass spectrometry (HRAM) for a non-targeted analysis. 

• Refine Deconvolution and TraceFinder workflow

• Address data analysis of EI results for F1 samples in EI, and of 

PCI and NCI results of F1 and F2

• Evaluate approaches to blank subtraction

• Compile a HRAM in-house library of compounds relevant to our 

lab’s current research

• Investigate improved approaches for sample clean-up to 

reduce instrument maintenance downtime

• Evaluate the use of n-alkane analysis and relative indices 

to assist compound identification, particularly for low-

resolution libraries (e.g., NIST)

*Nicholas.Herkert@duke.edu; Heather.stapleton@duke.edu

R01 ES016099
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Example HRAM Identifications

Nicotine/THC

Antimicrobials

Antioxidants 
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personal passive samplers to 
measure adult ambient exposure 
and children’s FR exposure. Current 
research suggests that the 
wristbands can estimate exposure 
that occurs via inhalation, and 
potentially via dermal absorption. 

“Personalized Exposure”

• 5 Wristbands worn 5 days
• 3 Field blanks

Extraction : Sonication in hexane:DCM

Florisil SPE: F1 eluted with Hexane; 
F2 Eluted with Ethyl Acetate

Targeted Analysis
GC/EI-MS

Targeted and Non-targeted 
Screening: GC-HRAMS

Chromatographic conditions:
2 (1 for QE) μL injection pulsed splitless
Constant flow 1.3 mL/min
PTV inlet: 80-300°C, 10°C/s
Oven: 80°C for 2 min; to 250°C at 20°C/min; 
to 260°C at 1.5°C/min; to 300°C at 25°C/min 
for 20 min; Transfer line 300°C
Column: TG-5SILMS 30m x 250 μm, 0.25 μm 
film

MS conditions:
GC-HRAMS: Full Scan

Source 300°C
Emission 50 μ A
Electron energy 70 eV
Scan range 35-750 m/z

GC/EI-MS: Select Ion Monitoring
Source 230°C
Emission 35 μ A
Electron energy 70 eV

Thermo Scientific™ Q Exactive™ GC 
Orbitrap™ GC-MS/MS

Data Processing

Field Blank & Sample Chromatograms: F1 Samples

Observations:
• Lack of RT specificity in library searches leads to multiple 

matches for a given compound; retention indices (e.g., based 
on n-alkanes) may help confirm matches

• Overall, more features were identified by the HRAM library 
than by the NIST library

• Most identified compounds were observed in field blanks at 
low levels. For example, on average TPP levels in blanks were 
<0.25% of levels in samples, while DEET blank levels reached 
up to 3% of levels found in samples. This raises the question 
of how best to perform blank subtraction in this workflow

Agilent 7890A GC System with 
5975C inert XL EI/CI MSD

Thermo TraceFinder with Unknown Screening:
• Deconvolution Plugin for feature finding 
• Peak Detection by ICIS
• TIC threshold 50,000 counts
• Mass tolerance 5 ppm
• Ion overlap 98%
• Alignment and Gap Filling
• Identification:

• NIST library (probability threshold 80)
• Thermo HRAM GC-Orbitrap Contaminants Library (~800 entries)
• Elemental composition prediction

Overview of Preliminary Results from Unknowns Analysis

Features  
Total=1794

NIST Matches, 
(≥80%) Total=24

HRAM 
Contaminants 

Library Matches    
Total=32

Unmatched 
Total=1762

Blanks 978-1076 3-6 23-26 955-1050

Samples 740-1643 3-10 12- 25 728-1618

Group Compound N (%)

Phthalates
Diethyl Phthalate (DEP) 5 100%
Dibutyl Phthalate 5 100%
Benzy butyl phthalate (BBP) 5 100%

PAHs
Fluorene 3 60%
Phenanthrene 5 100%
Pyrene 4 80%

Organophosphates
Isopropyl diphenyl phosphate 1 20%
Triphenyl phosphate (TPP)* 5 100%
Tris(2,4-di-tert-butylphenyl) phosphate 1 20%

Pesticides
DEET 4 80%
Etofenprox 5 100%
cis-Pyrethrin 3 60%
trans-Pyrethrin 3 60%
Pyriproxyfen 5 100%
Terbucarb 5 100%
Triclosan 1 20%

Field Blank & Sample Chromatograms: F2 samples

RT: 4.00 - 38.00
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*Mass accuracies were typically under 1. For example, the 
mass accuracy for TPP was -0.59496 +/- 0.227855 ppm.

(O’Connell et al., 2014; Kile et al., 2016; Hammel et al., 2016)

•In a previous study, we demonstrated that concentrations of 
organophosphate flame retardants (OPFRs) on the wristbands were 
significantly correlated with their respective biomarkers in serum and 
urine, demonstrating that the wristbands capture meaningful exposures.
(Hammel et al., 2016; Hammel et al., In Review)

• To date we have evaluated the utility of silicone wristbands in predicting 
exposure for OPFRs, polybrominated diphenyl ethers (PBDEs), 
phthalates, pesticides using targeted analysis. Now we are exploring a 
high resolution mass spectrometry (HRAM) for a non-targeted analysis. 

• Refine Deconvolution and TraceFinder workflow

• Address data analysis of EI results for F1 samples in EI, and of 

PCI and NCI results of F1 and F2

• Evaluate approaches to blank subtraction

• Compile a HRAM in-house library of compounds relevant to our 

lab’s current research

• Investigate improved approaches for sample clean-up to 

reduce instrument maintenance downtime

• Evaluate the use of n-alkane analysis and relative indices 

to assist compound identification, particularly for low-

resolution libraries (e.g., NIST)

*Nicholas.Herkert@duke.edu; Heather.stapleton@duke.edu
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Example HRAM Identifications

Nicholas Herkert, PhD

Untargeted Analyses



Exposure Data from Wristbands

• Data presented is from a cohort of 
110 pregnant women in NYC 
(unpublished data)

• Untargeted features are much 
more abundant than targeted 
features

• Implication: we’re not paying 
attention to the most abundant 
exposures!

OPEs

Pesticides
Phthalates

PCBsTa
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Case Studies with Wristbands

1. Occupational (Firefighters)
2. One Health (Companion canines)
3. Regional differences in exposure



• Research collaboration with firefighters in Durham, NC

• Each firefighter was asked to wear silicone wristbands for 6 days while 
during the following three periods:

Characterizing Exposures in Firefighters

Levasseur et al., 2022

Jessica
Levasseur

PhD candidate

Home Work 
(no fire event)

Work 
(fire event)

Question: How do chemical exposures change on-duty vs off-duty?  When responding to a fire?



PAH Exposures in Firefighters

 
Figure 1. Multiplicative change (10β) in silicone wristband PAH measurements while on-duty 
(with fire event and without fire event) as compared to off-duty. Exponentiated beta coefficients 
from these regression analyses represent the multiplicative change in log10-transformed mass of 
chemical(s) found on on-duty wristbands relative to the reference category of off-duty 
wristbands. Filled shapes indicate p<0.05. 

 
Levasseur et al., 2022

*similar trend
for flame retardants



Phthalate Exposures in Firefighters

Levasseur et al., 2022Used in personal care products

*similar trend
for some pesticides



Pets & People: A Shared Environment

• Do pets & their 
owners have similar 
chemical exposures?

• Can we use silicone 
dog tags to support 
canine oncology 
research? 

Cathy Wise, PhD

Pooled 
Urine

n = 30 pairs

Dog-tagWristband

Day 1 Day 3 Day 5

Urine



Wise et al. 2020, 2022
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 37 
 38 
Figure 5. Scatterplots representing the relationships between pesticides detected on 39 
wristband/dog tags and their urinary metabolites. DEET and total permethrin (sum of cis- and 40 
trans- isomers) on (a & c) wristbands and dog tags (b & d) were significantly correlated with the 41 
specific gravity corrected urinary concentrations of their biomarkers of exposure, DCBA and 42 
trans-DCCA, respectively. Values for DEET are semi-quantitative.  43 
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ng/g (ppb)

DEET

Permethrin

• Several OPE and 
pesticides were 
significantly 
correlated in silicone 
tags and pooled urine

• Correlations often 
stronger in dogs 
compared to humans



Dog & Owners Have Shared Exposures 

PCB 28
A Legacy Contaminant

EH-TBB
A Novel BFR

3 
 

 19 

 20 
Figure 3. Scatterplots and Spearman’s correlation coefficients (rs) for pesticides identified 21 
through suspect screening on human wristbands and dog tags; (a) DEET, (b) fipronil. Data are 22 
semi-quantitative and are based on area responses normalized to the nearest internal standard (by 23 
retention time).  24 
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Pesticide Exposures

Wise et al. 2020, 2022



* p<0.01

100X

* p<0.01

10X

YES n=9
NO n=21

Reported use of flea and tick 
product containing fipronil

licensed under CC BY-SA

Fipronil Exposure

Wise et al. 2022



Investigating Exposures Associated with 
Bladder Cancer

Matthew Breen, PhD
NC State Vet School

Cathy Wise, PhD
Duke

• Our research team (Duke & NC State) is currently conducting a 
case-control study using silicone samplers to examine gene-
environment risk factors for bladder cancer:

“A Canine Model for Human High-Risk Non-Muscle Invasive 
Human Bladder Cancer: Molecular and Environmental 
Considerations”

• 25 Cases, 75 Controls (age, sex and breed matched; 
recruited 2020-2021 using AKC resources)

• Cases have a specific BRAF mutation detected in urine 
suggesting they have high risk for developing bladder 
cancer (<5% FA; no clinical symptoms of disease)

• Silicone tags analyzed using both targeted and 
untargeted approaches



Regional Differences in Chemical Exposures

Goal: Explore exposure 
differences by region.

Joe Allen, PhD
Associate Professor
Harvard University

N= 251 people

Anna Young, PhD
Postdoctoral Researcher
Harvard University
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Geographic Differences in Exposure

Young et al., 2022

30X higher
P<0.001

100X higher
p<0.001

4-5X higher
P<0.001



Using Wristbands in Toxicology Research 

Kassotis et al. 2020 Young et al. 2023



Advantages of Using Silicone Samplers to 
Support Exposomics Research

• Silicone samplers are a non-invasive tool for measuring 
exposure to hundreds of chemicals.

• Can be easily mailed back and forth (no clinic visit!). 
Chemical levels are stable at room temperature for several 
months (stable at -20C for years)

• Provide a measure of integrated average exposure over time; 
can support prospective study designs and complement 
biomonitoring 

• However, they do not capture dietary exposure and do not 
provide insight into differences in toxicokinetics



Remaining 
Uncertainties/Questions

• Does showering/bathing, swimming, etc impact 
accumulation?

• Right hand vs left hand?

• Role of clothing (long sleeved vs short sleeves)

• Sweat?

• Activity – does greater movement enhance uptake?



The Future of Exposome Research

Source: www.isiglobal.com

1. Need approaches that link the external 
environment with biological responses

Deploy wristbands when collecting biological   
specimens? 

2. How does exposure to chemical 
mixtures change over time?

Prospective collection of wristbands in  
cohort studies?
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