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A B S T R A C T   

Background and aim: Exposure to endocrine-disrupting chemicals may increase cardiovascular risk from early life, 
but studies in children have shown inconsistent results, most focused on analysis of single chemicals, and none 
included measures of micro-vascularization as early preclinical markers. This study aimed to evaluate the as
sociation between prenatal exposure to phthalates and phenols and macro- and microvascular health during 
early adolescence. 
Methods: Using data from a Spanish birth cohort (n = 416), prenatal exposure to eight phthalate metabolites and 
seven phenols (bisphenol A, four parabens, benzophenone-3, triclosan) were assessed using first and/or third 
trimester spot-urine concentrations. Macrovascular health (systolic and diastolic blood pressure (SBP and DBP, 
mmHg), pulse wave velocity (PWV, m/s)) and microvascular health (central retinal artery/vein equivalent 
(CRAE/CRVE, μm)), were measured at 11 years old. Linear regression models assessed associations for individual 
chemicals and Bayesian weighted quantile sum regression (BWQS) evaluated the overall association of the 
phthalate and phenol mixture with cardiovascular health. 
Results: In single exposure models, bisphenol-A was associated with decreased PWV (β per doubling of exposure 
= − 0.06; 95% CI: − 0.10, − 0.01). Mono-iso-butyl phthalate was associated with an increase in CRAE (β = 1.89; 
95% CI: 0.34, 3.44). Methyl- and butyl-parabens were associated with a decrease in CRVE (β = − 0.71; 95% CI: 
− 1.41, − 0.01) and (β = − 0.96; 95% CI: − 1.57, − 0.35), respectively. No statistically significant associations were 
observed between any of the exposures and SBP or DBP. BWQS models showed no evidence of associations 
between the phthalate and phenol mixture and any of the outcomes. 
Conclusions: Our results provide little evidence to suggest that prenatal exposure to phthalates and phenols is 
associated with macro- or microvascular health during early adolescence, except a few associations with certain 
compounds. Errors in exposure measurement and reduced variability in cardiovascular measures at this early age 
limit our ability to draw strong conclusions.   

1. Introduction 

Widespread exposure to environmental contaminants is a public 
health concern as each year millions of tons of plastics and other con
sumer products are produced around the world (Gore et al., 2015; 
Landrigan and Goldman, 2011). Several of these contaminants are 
known as endocrine disrupting chemicals (EDCs), meaning they can 
alter the hormonal and homeostatic systems thus interfering with 

natural body processes (Diamanti-Kandarakis et al., 2009). Some EDCs 
have long half-lives, in turn wreaking havoc on humans and animals 
alike for decades after production, while others are non-persistent and 
have shorter half-lives but are so widespread in their use that human 
exposure is constant making them of concern (Diamanti-Kandarakis 
et al., 2009). These non-persistent chemicals, including phthalates and 
phenols, are of concern given their widespread use in building materials, 
clothing, food containers, personal care products and medical devices 
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(Meeker, 2012; Wittassek et al., 2011; Wormuth et al., 2006). 
Pregnant women are of particular concern as several EDCs are known 

to cross the placental barrier which may cause irreversible damage to 
the fetus resulting in increased disease susceptibility in later life (Lunder 
et al., 2010; Mamsen et al., 2017; Vrijheid et al., 2016). Indeed, car
diovascular morbidity can be considered a pediatric disease given that it 
is likely to originate during development (Heindel and Vandenberg, 
2015). Cardiovascular disease risk can be traced from adulthood back to 
early childhood and vascular changes during childhood have been 
associated with arterial hypertension, coronary heart disease, diabetes 
mellitus and obesity in later life (Franks et al., 2010; Juonala et al., 
2011; Li et al., 2016; Newman et al., 2017). Increasing evidence has 
suggested a relationship between early life exposure to EDCs, including 
phthalates and bisphenol-A (BPA), and development and progression of 
cardiovascular disease over the life course (Fu et al., 2020; Mariana 
et al., 2016; Nidens et al., 2020). However, the majority of previous 
work has evaluated the association between EDCs and cardiovascular 
risk cross-sectionally and using only blood pressure, lipid profile, and/or 
adiposity measurements as markers. Measures of the function of the 
vascular system outside of blood pressure have yet to be studied. 

Examining additional vascular measures associated with cardiovas
cular disease would be beneficial to create a more complete picture of 
cardiovascular risk. In addition to blood pressure, pulse wave velocity 
(PWV), a measure of macrovascular health and arterial stiffness, has 
been associated with increased cardiovascular risk and atherosclerosis 
in adulthood (Cote et al., 2015; Hudson et al., 2015). Microvascular 
changes can be assessed through retinal vein and artery diameters, 
whereby venular widening is indicative of inflammation and athero
sclerosis, and arterial narrowing is indicative of arterial damage (New
man et al., 2017). Such measures have been associated with 
cardiovascular and metabolic disease in adults (Newman et al., 2017), 
and related to elevated blood pressure, obesity, and type 1 diabetes 
during childhood (Li et al., 2016; Newman et al., 2017). To the best of 
our knowledge, no studies have assessed the relationship between pre
natal urinary concentrations of phthalates and phenols and cardiovas
cular markers beyond blood pressure, such as PWV or retinal imaging. 

Given that the prenatal period is a critical period of development 
during which exposure to EDCs may increase cardiovascular disease 
susceptibility in later life this study aimed to: 1) analyze the association 
between prenatal exposure to phenols and phthalates and measurements 
of macro- and microvascular function during early adolescence; 2) 
consider multiple chemical exposures by using a statistical approach 
that accounts for chemical mixtures; and 3) explore if these associations 
may be altered by sex and social class. 

2. Methods 

2.1. Study population 

The participants in this study were from the INMA (INfancia y Medio 
Ambiente, Environment and Childhood) study, a longitudinal birth 
cohort study from Sabadell, Spain that included 657 women who were 
recruited at 10–13 weeks of gestation through regional hospitals from 
2004 to 2006. The inclusion criteria were: ≥16 years of age, singleton 
pregnancy, intention to deliver at reference hospital, and no assisted 
conception or communication issues (Guxens et al., 2012). Children and 
their families participated in regular follow-up visits in which data was 
collected via questionnaires and biological samples. The present analysis 
was limited to mother – child pairs in which the mother gave at least one 
spot urine sample during pregnancy and their child participated in the 
11-year follow-up with at least one cardiovascular measurement avail
able (N = 416). This study was approved by the Ethics Review Com
mittee and all mothers signed a written consent for themselves and their 
child’s participation. 

2.2. Measurement of phthalates and phenols 

Spot urine samples were collected from pregnant women during the 
first and third trimesters of pregnancy in 100 mL polypropylene con
tainers. These samples were aliquoted in 10 mL polyethylene tubes and 
stored at − 20 ◦C. 

2.3. Phthalates 

Phthalate analyses were carried out in the Bioanalysis Research 
Group at the Hospital del Mar Medical Research Institute (Spain). This 
study uses data for eight measured phthalate metabolites: MBzP (mono- 
benzyl phthalate), MEP (mono-ethyl phthalate), MiBP (mono-iso-butyl 
phthalate), MnBP (mono-n-butyl phthalate), MEHP (mono-(2-ethyl
hexyl) phthalate), MEHHP (mono-(2-ethyl-5-hydroxyhexyl) phthalate), 
MEOHP (mono-(2- ethyl-5-oxohexyl) phthalate), MECPP (mono-(2- 
ethyl-5-carboxypentyl) phthalate). Analysis was performed by ultra
performance liquid chromatography coupled to tandem mass spec
trometry (UPLC-MS/MS) (Valvi et al., 2015). The limit of detection 
(LOD) values were: 0.5 μg/L for MEHHP, MEOHP, MBzP and MiBP, and 
1 ng/mL for MEHP, MECPP, MEP and MnBP. Phthalate concentrations 
were determined in pregnant women who had urine samples available 
both in the first and third trimesters of pregnancy (N = 334); these 
concentrations were averaged for analyses. 

2.3.1. Phenols 
Seven phenols were analyzed in this study: MEPA (methyl paraben), 

ETPA (ethyl paraben), PRPA (propyl paraben), BPA, BUPA (n-butyl 
paraben), BP-3 (benzophenone-3), TRCS (triclosan). Total BPA (free 
plus conjugated) determination was carried out in the Department of 
Analytical Chemistry laboratory – University of Cordoba (Spain) using 
UPLC-MS/MS (Casas et al., 2013). The remaining phenols were analyzed 
at the Norwegian Institute of Public Health (NIPH) laboratory using 
on-line solid phase extraction (SPE) prior to UPLC-MS/MS (Sakhi et al., 
2018). The LOD values were: 1 μg/L for BPA, 0.07 μg/L for BUPA, and 
0.04 μg/L for all remaining phenols. BPA was measured in urine samples 
collected both in the first and third trimester in 331 pregnant women; 
these were averaged for analyses. All other phenols were measured only 
in the third trimester urine samples (N = 405 to 407, depending on the 
compound). 

2.3.2. Creatinine 
Creatinine concentrations were measured at the Echevarne Labora

tory of Barcelona (Spain) using the Jaffé method (kinetic measurement, 
compensated method) with Beckman Coulter© reactive in AU5400 
(IZASA®). Creatine adjusted phthalate and phenol concentrations were 
calculated for each trimester and then averaged. The creatinine adjusted 
concentrations were used in all the statistical analysis (hereafter, in μg/g 
creatinine). 

2.3.3. Cardiovascular measurements 
During the 11-year follow-up visit, cardiovascular measurements 

were taken by INMA nurses trained to use the appropriate device. 
Children were visited during school hours. Measures of blood pressure 
and PWV were taken to assess the macrovascular structure while images 
of the retina were taken to assess the microvascular structure. 

2.3.4. Blood pressure 
Systolic blood pressure (SBP) and diastolic blood pressure (DBP) 

were taken using an automated oscillometric device OMROM 705IT 
with brachial cuff attached. Children sat in a chair with their legs 
uncrossed, both feet flat on the floor, and their arm and back supported. 
The cuff was positioned on the child’s resting arm placing the artery 
index marker over the brachial artery. After 5 min of relaxation, three 
consecutive measurements were taken with 1-min intervals. An average 
of the second and third measurements were used for analyses and values 
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are presented are in millimeter of mercury (mmHg). 

2.3.5. Pulse wave velocity 
PWV was recorded using VICORDER® in combination with the 

VICORDER® vascular diagnostic program package. To take the mea
surement the child laid down in the supine position using a support to 
raise their head and shoulders 30◦ above their heart level. The thigh cuff 
was placed on their upper right thigh as high as possible, and the neck 
cuff was placed after palpating the pulse of the right common carotid 
artery. The 80% method was used (80% of the direct linear distance 
measured between the carotid and femoral recording sites) to ensure the 
smallest possible measurement error. After the child was still and 
relaxed, the nurse watched the system for stable wave patterns and 
recorded three waveform measurements. An average of the three mea
surements were used for analyses and values are given in meter per 
second (m/sec). 

2.3.6. Central Retinal Arteriolar/Venular equivalent 
Images of the retina were photographed using a Canon CR2-Plus Non 

Mydriatic retinal camera, which provides information on retinal 
changes not visible with standard photography. The child sat behind the 
device with their chin on the chin rest and forehead pressed to the 
overhead bar (glasses removed if needed), and looked straight into the 
camera lens while the nurse aligned the child’s eye using the joystick 
and software guides. Photos were taken from both the left and right eyes 
and saved in high resolution for later analysis with the IFlexis software 
(version 2.1.1, VITO Health, Mol, Belgium). This software calculates the 
Central Retinal Venular Equivalent (CRVE) and Central Retinal Arteri
olar Equivalent (CRAE) using the Parr-Hubbard-Knudtson formula 
(Knudtson et al., 2003). Average CRVE and CRAE were calculated using 
the big 6 methodology; an average of the six widest arterioles and ve
nules running through a zone between 0.5 and 1 disc diameter from the 
optic disc margin (De Boever et al., 2014). Processing of these mea
surements was carried out by one trained researcher to limit observer 
variability. Measurements from the right and left eye were averaged for 
analyses and values are denoted in micrometer (μm). 

2.4. Statistical analyses 

For statistical analyses concentrations of phthalates and phenols with 
values below the LOD were substituted by LOD/2 (% < LOD ranged from 
0 to 3%). As initial exposure distributions were right skewed all con
centrations were log2-transformed to normalize distributions. Pearson 
correlation coefficients were calculated to estimate correlations between 
the different chemical concentrations as well as between the cardio
vascular measurements. To check linearity between log2-transformed 
concentrations and cardiovascular outcomes we performed general
ized additive models (GAMs) using the “mgcv” package in Rstudio. If the 
effective degrees of freedom were equal or close to 1, the relationship 
was considered linear. Given that some of the GAMs showed evidence of 
non-linearity we modelled concentrations as both continuous and cat
egorical (tertiles) in single exposure models. Covariates included in the 
models were chosen using a directed acyclic graphs (DAG) (Fig. S1) and 
all final models were adjusted for: maternal age at delivery (years), pre- 
pregnancy BMI (kg/m2), gestational weight gain (kg), maternal smoking 
during pregnancy (none/until 1st trimester/until 3rd trimester), social 
class (high/middle, low) based on occupation following ISCO88 (Dom
ingo-Salvany et al., 2000), parental cardiovascular history (neither 
parent has diagnosis/1 parent has at least one diagnosis/both parents 
have at least one diagnosis), child sex, gestational age, and child age at 
cardiovascular measurement. SBP, DBP, and PWV were additionally 
adjusted for child height at cardiovascular measurement. 

To maximize sample size and handle missing covariate observations, 
multiple imputation was carried out using the multiple imputation by 
chained equations (MICE) using the “ice” command in STATA gener
ating 20 datasets. The MICE approach assumes that data is missing at 

random, as such, additional variables that were not included in the final 
model were added to the predictive models for more accurate results. 
The imputed data was used for multiple linear regression models and 
results were combined using Rubin’s combination rules (Marshall et al., 
2009). 

Associations between the chemical concentrations and the outcomes 
were analyzed in two steps. First, we evaluated single exposures using 
linear regression models. Then, we tested the association between a 
chemical mixture including all phthalates and phenols and the outcomes 
using Bayesian weighted quantile sum regression (BWQS). BWQS is an 
extension on WQS regression which summarizes the overall exposure to 
the mixture by estimating a single weighted index while accounting for 
the individual contribution of each concentration of the mixture using 
weights. BWQS is a novel approach that extends this method to over
come certain limitations of the original WQS, specifically it does not 
require selection of the directionality of the coefficient associated with 
the mixture. This allows more flexibility to the model, improving sta
tistical power (Colicino et al., 2020). In BWQS models we used the first 
imputed data set as it is not currently possible to use multiple imputed 
data sets with the BWQS function. 

Additionally, we conducted the following sensitivity analyses. To 
further explore the role of effect modifiers, stratification by child sex and 
social class was carried out for both single exposure and mixture models. 
In single exposure models we tested for interactions with sex and social 
class by inserting cross-product terms (exposure*sex or exposure*social 
class) into the model. To explore time windows of exposure, we ran 
analyses separately for first and third trimester concentrations of 
phthalates and BPA. Further, we ran models excluding gestational 
weight gain and gestational age as they could be potential mediators. 
BWQS mixture models were additionally divided into separate mixtures 
for phthalates and phenols. Lastly, because the BWQS was based on a 
single imputed dataset, we ran the models with the complete case 
dataset. 

Statistical significance was defined as p-value <0.05. For interaction 
terms, a less stringent p-value of 0.10 was used. Regression analyses and 
imputation were carried out with STATA version 14 (College Station, 
TX). GAMs and BWQS were conducted using RStudio version 4.0.3 
(RStudio Team, 2020). 

3. Results 

3.1. Study population 

Study population characteristics are presented in Table 1. There 
were no differences in main characteristics between the original and 
imputed datasets. Children had a mean SBP and DBP of 102.1 and 60.1 
mmHg, respectively, and their average PWV was 4.4 m/s (Table 1). 
Children’s retinal measures were 181.1 μm on average for CRAE and 
252.3 μm for CRVE (Table 1). Correlations between cardiovascular 
measures were weak or showed no correlation overall with the excep
tions of SBP and DBP (r = 0.66), and CRAE and CRVE (r = 0.55) which 
were moderately correlated (Fig. S2a). 

Phthalate metabolites and phenols were detected in almost all sam
ples (97–100% > LOD) (Table 2). The correlations between these 
chemicals was strongest between the metabolites of di(2-ethylhexyl) 
phthalate (DEHP); MEHP, MEHHP, MEOHP and MECPP, whose corre
lations ranged from (r = 0.67 to 0.95) (Fig. S2b). Among phenols, MEPA 
was strongly correlated with PRPA (0.89) and moderately with BUPA 
(0.46), while BUPA was also moderately correlated with ETPA (0.59) 
(Fig. S2b). 

GAMs examining the shape of the relationship between prenatal 
concentrations and cardiovascular outcomes were mixed (Figs. S3a–e). 
The strongest deviations from linearity for outcomes were observed for: 
SBP with MEHP; DBP with MEHP and BPA; PWV with TRCS; CRAE with 
MBzP, MEOHP and MECPP; and CRVE with MEHP and MEPA. 
(Figs. S3a–e). 
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3.2. Single exposure models 

Fig. 1a and b shows the associations from single exposure models 
using continuous measures of prenatal phthalate and phenol concen
trations and cardiovascular outcome measurements in early adoles
cence. Regarding macrovascular outcomes, no statistically significant 
associations were observed between any of the chemical concentrations 
and SBP or DBP when using continuous exposure measures. When using 
categorical exposure measures, MEPA concentrations in the 2nd tertile 
were associated with an increase in SBP (β 2nd vs 1st tertile = 2.48; 95% 
CI: 0.31, 4.66) (Table S1). Continuous concentrations of phenols and 
phthalates were not associated with PWV, with the exception of BPA (β 
per doubling of exposure = − 0.06; CI: − 0.10, − 0.01) (Fig. 1a, Table S1). 
When exposures were classified in tertiles, MBzP concentrations in the 

2nd tertile were statistically significantly associated with an increase in 
PWV (β 2nd vs 1st tertile = 0.14; CI: 0.02, 0.25) (Table S1). We note that 
the few observed statistically significant estimates for categorical 
exposure variables occurred in associations that did not show departure 
from linearity in the GAMs. 

Regarding microvascular measures, phthalates tended to be associ
ated with increases in both CRAE and CRVE, however only the associ
ation between MiBP and CRAE reached statistical significance (β per 
doubling of exposure = 1.89; CI: 0.34, 3.44) (Fig. 1b, Table S1). 
Conversely, phenols tended to be related with decreases in retinal 
measures with three reaching statistical significance with CRVE: MEPA 
(β per doubling of exposure = − 0.71; CI: − 1.41, − 0.01), BUPA (β per 
doubling of exposure = − 0.96; CI: − 1.57, − 0.35), and BPA (β 2nd vs 1st 
tertile = − 4.98; CI: − 9.98, 0.01) (Fig. 1b, Table S1). This latter cate
gorical association did not show departure from linearity in the GAMs. 

3.3. Mixture models 

In mixture models using BWQS there was no evidence of associations 
between the phthalates and phenols mixture and SBP (β = 0.50; Credible 
Interval (CrI): − 1.44, 2.37), DBP (β = 0.43; CrI: − 1.20, 2.09), PWV (β =
− 0.03; CrI: − 0.12, 0.07), CRAE (β = − 0.49; CrI: − 3.47, 2.59) or CRVE 
(β = − 1.33; CrI: − 5.43, 2.69) (Table 3). Components of the mixture 
contributed about equally to the mixture (Table S2). 

3.4. Sensitivity analyses 

Associations between chemical concentrations and cardiovascular 
outcomes were mostly consistent between sexes, with a few associations 
found to be statistically significant only in boys or only in girls in single 
exposure models (Table S3). For example: the relationship between BPA 
and PWV was only significant in boys (β = -0.08; CI: − 0.15, − 0.01); and 
MiBP and PWV was only significant in girls (β = 2.73; CI: 0.10, 5.36) 
(Table S3). However, there was little evidence for interaction with these 
results (p interaction>0.10) (Table S3). Similarly, in the mixture models 
there was little evidence for differences by sex (Table 3, Table S2). 

When we stratified by social class, we did not observe a consistent 
pattern of interaction for most exposure-outcome associations in single 
exposure models (Table S4). BPA was associated with decreased PWV 
among those of low social class (β = − 0.10; CI: − 0.19, − 0.02, p inter
action = 0.09), but not high/middle social class. MiBP and TRCS were 
associated with increased CRVE measures in those of low social class (β 
= 6.12; CI: 2.06, 10.18, p interaction = 0.02) and (β = 0.94; 95% CI: 
0.01, 1.87, p interaction = 0.04), respectively. While one paraben, BUPA 

Table 1 
Study Population Characteristics, n = 416.   

Missing Non-imputed 
data 
Mean (sd) or  
n (%) 

Imputed data 
Mean (sd) or 
% 

Maternal/Familial characteristics 
Maternal age (years) 1 31.9 (4.1) 31.9 (4.1) 
Pre-pregnancy BMI 0 23.8 (4.5) – 
Gestational Weight Gain (kg) 12 14.0 (5.0) 14.0 (5.0) 
Smoking during pregnancy 4   

None  303 (73.5) 73.6 
Until 1st trimester  56 (13.6) 13.6 
Until 3rd trimester  53 (12.9) 12.9 

Socioeconomic Status 0   
High/middle  273 (65.6) – 
Low  143 (34.4) – 

Parental Cardiovascular History 4   
None  196 (47.6) 47.6 
1 parent has 1 + diagnosis  178 (43.2) 43.1 
Both parents have 1 + diagnosis  38 (9.2) 9.2 

Child Characteristics 
Sex 0   

Female  197 (47.4) – 
Male  219 (52.6) – 

Gestational age at birth (weeks) 0 39.8 (1.3) – 
Age at cardio measure (years) 1 11.1 (0.5) 11.1 (0.5) 
Height at cardio measure (cm) 1 146.6 (7.8) 146.6 (7.8) 
Systolic blood pressure (mmHg) 2 102.1 (9.9) – 
Diastolic blood pressure (mmHg) 3 60.1 (7.7) – 
Pulse wave velocity (m/s) 19 4.4 (0.5) – 
Central retinal arteriolar equivalent (μm) 34 181.1 (12.8) – 
Central retinal venular equivalent (μm) 34 252.3 (17.2) –  

Table 2 
Prenatal exposure to phthalates (averaged between 1st and 3rd trim) and phenols (3rd trimester only), summary statistics in μg/g creatinine adjusted.   

n LOD (μg/L) n (% >LOD) 
1 tr. 

n (% >LOD) 3rd tr. Min P25 P50 P75 Max 

MEHP 334 1 332 (99) 332 (99) 1.79 7.28 10.78 17.13 69.41 
MEHHP 334 0.5 334 (100) 334 (100) 5.29 17.54 26.88 41.21 503.41 
MEP 334 1 334 (100) 333 (99) 37.45 199.84 389.76 746.88 9379.85 
MiBP 334 0.5 334 (100) 334 (100) 5.08 22.09 31.53 48.19 334.23 
MnBP 334 1 331 (99) 332 (99) 5.77 20.09 30.75 47.53 835.66 
MBzP 334 0.5 331 (99) 331 (99) 1.54 7.09 11.78 19.84 405.08 
MEOHP 334 0.5 334 (100) 334 (100) 4.11 13.83 20.62 29.99 378.28 
MECPP 334 1 334 (100) 333 (99) 7.74 27.05 38.97 58.07 718.85 
MEPA 407 0.04 – 407 (100) 1.77 82.16 248.57 536.75 45927.10 
ETPA 407 0.04 – 404 (99) 0.01 4.74 18.22 57.97 3753.74 
PRPA 405 0.04 – 405 (100) 0.06 15.97 54.95 143.91 14132.27 
BPA 331 1 331 (100) 328 (99) 5.52 0.33 1.69 2.53 69.44 
BUPA 405 0.07 – 394 (97) 0.00 0.65 4.16 12.60 217.25 
BP-3 407 0.04 – 407 (100) 0.12 1.15 3.24 20.00 10028.70 
TRCS 407 0.04 – 407 (100) 0.31 4.08 28.36 149.03 1909.51 

Abbreviations: LOD: limit of detection; min: minimum value max: maximum value; P: percentile; MEHP: Mono-2-ethylhexyl phthalate; MEHHP: Mono-2-ethyl-5- 
hydroxyhexyl phthalate; MEP: Monoethyl phthalate; MiBP: Mono-iso-butyl phthalate; MnBP: Mono-n-butyl phthalate; MBzP: Mono benzyl phthalate; MEOHP: 
Mono-2-ethyl-5-oxohexyl phthalate; MECPP: Mono-2-ethyl 5-carboxypentyl phthalate; MEPA: Methyl paraben; ETPA: Ethyl paraben; PRPA: Propyl paraben; BPA: 
Bisphenol-A; BUPA: N-Butyl paraben; BP-3: Benzophenone-3; TRCS: Triclosan. 
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was associated with decreased CRVE in those of high/middle social class 
(β = − 1.40; CI: − 2.16, − 0.64, p interaction = 0.08) (Table S4). In 
mixture models these was no evidence for differences by social class 
(Table 3, Table S2). 

When analyzing the separate trimester time points for phthalates and 
BPA, we observed similar associations as in single exposure models for 
MBzP and PWV in the 1st trimester (β = 0.04; CI: 0.00, 0.07) and MiBP 
and CRAE in the 3rd trimester (β = 1.23; CI: − 0.01, 2.46) (Table S5). The 
observed associations between BPA and PWV and CRVE were no longer 
significant in models separated by trimester, however the coefficients 
were in a similar direction for PWV in both trimesters and CRVE in the 
1st trimester. We found an association between MBzP and DBP in the 1st 
trimester which was not significant in single exposure models, however 
coefficients were similar (β = 0.59; CI: 0.02, 1.15) (Table S5). Excluding 
gestational weight gain and gestational age from the continuous single 
exposure models did not change the results (Table S6). In mixture 
models separately for phthalates and phenols no significant associations 
were observed (Tables S7–S8). Results from complete case analysis using 
mixture models were similar to those observed using imputed data 
(Table S9). 

4. Discussion 

In this Spanish birth cohort, we found little evidence to suggest that 

prenatal urinary concentrations of phthalates and phenol metabolites 
are associated with parameters of macro- and microvascular health 
during early adolescence. A few statistically significant associations 
were found between certain chemical exposures and measures of SBP, 
PWV, CRAE and CRVE. None of the exposures showed associations with 
DBP and there was no evidence of associations between the phthalates 
and phenols mixture and any of the outcomes. 

Several studies have examined the relationship between exposure to 
phthalates during pregnancy and/or childhood and blood pressure in 
children. Consistent with our mostly null findings, a birth cohort in 
Greece found that prenatal urinary phthalate metabolites and BPA were 
not associated with childhood blood pressure at 4 years of age (Vafeiadi 
et al., 2018). In contrast other studies have found significant associa
tions with blood pressure. Two studies observed an association between 
prenatal phthalate exposure and decreased SBP in girls only at 9 years 
old (Sol et al., 2020) and using repeated measurements at 4 and 7 years 
(Valvi et al., 2015). A systematic review and meta-analysis on phthalates 
concluded a positive association between several phthalate metabolites 
and both SBP and DBP in children and adolescents (Golestanzadeh et al., 
2019). Regarding phenols, recent studies found a positive association 
between prenatal BPA and childhood SBP in girls at 2 years (Ouyang 
et al., 2020) and boys at 9 years (Sol et al., 2020). Similar positive as
sociations were also observed with DBP and both sexes combined during 
early and late childhood (Bae et al., 2017; Warembourg et al., 2019) and 

Fig. 1a. Associations (Beta and 95% CI) between individual phthalate and phenol exposures and macrovascular measurements from linear regression models. 
Using covariate imputed data (m = 20) and log2-transformed concentrations. 
Abbreviations: MEHP: Mono-2-ethylhexyl phthalate; MEHHP: Mono-2-ethyl-5-hydroxyhexyl phthalate; MEP: Monoethyl phthalate; MiBP: Mono-iso-butyl phthalate; 
MnBP: Mono-n-butyl phthalate; MBzP: Mono benzyl phthalate; MEOHP: Mono-2-ethyl-5-oxohexyl phthalate; MECPP: Mono-2-ethyl 5-carboxypentyl phthalate; 
MEPA: Methyl paraben; ETPA: Ethyl paraben; PRPA: Propyl paraben; BPA: Bisphenol-A; BUPA: N-Butyl paraben; BP-3: Benzophenone-3; TRCS: TriclosanMacro
vascular 
measurements models adjusted for child age and height at visit, child sex, mother’s age at delivery, prepregnancy BMI, gestational weight gain, social class, parental 
cardiovascular history, smoking during pregnancy and gestational age. 
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girls only at 2 years (Ouyang et al., 2020). However, one study identified 
a negative relationship between BPA and DBP in girls at 9 years (Sol 
et al., 2020). While several studies found a significant association be
tween phthalate and/or BPA exposure and blood pressure, often sex 
dependent, our results were mostly null, even when stratified by sex. 
Aside from BPA, the HELIX study analyzed prenatal BP-3 and TRCS and 
observed no association with blood pressure during childhood (Ware
mbourg et al., 2019). 

We found that an increase in prenatal BPA exposure was related to a 
decrease in PWV in children, which remained significant for boys and 
those of low social class in our stratified analyses. Additionally, we 
observed a positive association with the phthalate metabolite MBzP and 
PWV for those of higher social class. Two other studies in children have 
examined the relationship between phthalate exposure and a measure of 
arterial stiffness, though both were cross-sectional studies, measuring 
phthalate exposure and arterial stiffness at the same time point (Kataria 
et al., 2017; Su et al., 2019). Su et al. (2019) found higher phthalate 
concentrations to be associated with higher risk of increased carotid 
intima-media thickness in subjects 6–18 years of age (Su et al., 2019). 
Kataria et al. (2017), found that DEHP metabolites were associated with 
decreased brachial artery distensibility and they found no relevant 

associations between phthalates and PWV at 12 years (Kataria et al., 
2017). 

We did not identify any previous studies that assessed the relation
ship between phthalates, phenols and retinal measurements (CRAE and 
CRVE), so our study is the first. We observed that one phthalate 
metabolite, MiBP, was associated with increased CRAE, and this asso
ciation was also observed for girls and those of lower social class in 
stratified analyses. CRAE assesses artery width, whereby narrowing is 
indicative of arterial damage. However, it is unclear how MiBP may 
mitigate arterial narrowing. Additionally, two parabens, MEPA and 
PRPA, were associated with reduced CRAE for boys, indicative of arte
rial narrowing. MiBP and TRCS were associated with an increase in 
CRVE for those of lower social class, which could indicate some venular 
widening or potential inflammation. However, the parabens BUPA, 
MEPA and ETPA were all found to be associated with reduced CRVE, 
implying the mitigation of any venular widening. These findings give an 
indication that phthalate and phenol compounds may play a role in 
altering the microvascular structure. However, these are the very first 
results and require replication in further studies. 

While the mechanism(s) underlying the associations of phthalates 
and phenols are not well understood, oxidative stress, a key indicator of 

Fig. 1b. Associations (Beta and 95% CI) between individual phthalate and phenol exposures and microvascular measurements from linear regression models. 
Microvascular measurement models adjusted for child age at visit, child sex, mother’s age at delivery, prepregnancy BMI, gestational weight gain, social class, 
parental cardiovascular history, smoking during pregnancy and gestational age. 
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cardiovascular disease, may play a central role (Ferguson et al., 2017). 
Oxidative stress in regards to cardiovascular health describes injury 
caused to cells from the increased formation of reactive oxygen species 
(ROS) which ultimately overwhelms the ability to eliminate ROS or 
repair ROS-induced damage (Dhalla et al., 2000). Oxidative stress from 
increased levels of ROS have been connected to several risk factors for 
cardiovascular disease including hypertension, diabetes, obesity, 
arrhythmia and atherosclerotic plaque formation (Pignatelli et al., 2018; 
Senoner and Dichtl, 2019). A study on phthalate exposure and markers 
of oxidative stress found a positive association between phthalate me
tabolites and increased body weight, risk of insulin resistance and 
F2-isoprostane levels (systemic oxidative stress biomarker) (Kataria 
et al., 2017). Additionally, BPA exposure was correlated with the 
expression of pro-inflammatory genes related to c-reactive protein, a 
marker indicative of CVD risk (Tsen et al., 2021). Also, phthalates and 
BPA have been related to changes in placental micro-RNA expression, 
DNA methylation, and genomic imprinting (Mose et al., 2007; Stra
kovsky and Schantz, 2018). Given that the placenta plays a vital role in 
fetal growth and development these changes may result in adverse 
health outcomes for the child. Findings from a 2020 in vitro study found 
that exposure to the phthalate metabolite MEHP on human endometrial 
microvascular endothelial cells, resulted in apoptosis and pyroptosis, 
forms of cell death that can lead to impairment of normal tissue and 
organ function (An, 2021). These few studies point to the mechanism(s) 
by which chemicals like phthalates and phenols may induce oxidative 
stress in the body thus interrupting normal development and increasing 
cardiovascular risk. However, further studies are needed, both longitu
dinal cohort studies and in vivo studies, to elucidate the mechanisms 
involved in the development of cardiovascular risk. 

Our study has several strengths. The longitudinal nature of this study 
allowed us to examine prenatal exposure and later cardiovascular health 
in mother-child pairs. We included novel measures of vascular health, as 
well as phenolic compounds not previously studied in relation to car
diovascular outcomes. Additionally, while many studies have accounted 
for sex through stratification, ours is the first to stratify by social class. 
Social class is an important factor given that it plays a large role in 
dictating to which chemicals and in what quantity exposure occurs 
(Montazeri et al., 2019). As our study demonstrates, merely adjusting for 
social class or similar variable does not completely disentangle these 
complex associations. Lastly, our study included a novel statistical 
approach, BWQS, which complimented single exposure models by ac
counting for the high dimensionality among phthalates and phenols that 
the single exposure models alone cannot account for (Carrico et al., 

2015; Colicino et al., 2020). 
Our study also has some limitations. Non-persistent chemicals such 

as phthalates and phenols have short half-lives leading to large vari
ability in sample concentrations relying on spot urine samples (Casas 
et al., 2018). This type of measurement error on the exposure variable 
can lead to null associations due to regression dilution bias (Hutcheon 
et al., 2010). One way to minimize this bias is by obtaining repeated 
measures to better estimate the true exposure values (Hutcheon et al., 
2010). For phthalate metabolites and BPA, we had two measurements 
during pregnancy and averaged those to lessen this bias somewhat. For 
the other phenols we had only one sample during pregnancy which 
could lead to an attenuation bias as high as 69% (Vernet et al., 2019). 
New cohort studies measuring nonpersistent chemicals like phthalates 
and phenols should aim to collect and pool three samples per day at 
minimum to more effectively estimate weekly exposure (Vernet et al., 
2019). Another limitation was that our sample size was small, particu
larly for the stratified analyses (sex and social class), limiting our ability 
to detect significant associations and draw firm conclusions. Addition
ally, it is unclear how sensitive the measured cardiovascular outcomes 
are during early adolescence. While, several studies have examined 
health effects using blood pressure, fewer have used PWV and this is the 
first to use retinal imaging. Studies can improve on our assessment by 
using these outcome measures at multiple age points to further under
stand at which age these measures are most appropriate. Further, 
although we attempted to control for factors such as sex, social class and 
parental cardiovascular history, we cannot exclude residual confound
ing by unmeasured factors related to cardiovascular measures in young 
adolescents. Lastly, multiple comparison is a concern in multi-pollutant 
studies. Rather than apply an overly conservative adjustment for mul
tiple comparison, we complemented our single exposure models with 
mixture models and draw our final conclusions on the consistency be
tween the results. 

5. Conclusion 

This is the first birth cohort study to evaluate prenatal exposure to 
urinary phthalate metabolites and phenols, and their mixture during 
pregnancy with novel measures of vascular health during early adoles
cence. Our results provide little evidence to suggest that prenatal 
exposure to phthalates and phenols is associated with early adolescent 
measures of macro- and microvascular health. Future longitudinal 
studies would benefit from using similar novel measures of vascular 
health as well as repeat urinary measurements for exposure assessment. 

Table 3 
Associations between phthalates and phenols mixture and cardiovascular measurements using BWQS regression.  

Mixture  Systolic Blood 
Pressure  

Diastolic Blood 
Pressure  

Pulse Wave 
Velocity  

Central Retinal 
Arteriolar Equivalent  

Central Retinal 
Venular Equivalent 

n beta 1 (BWQS 
index) (95% CI) 

n beta 1 (BWQS 
index) (95% CI) 

n beta 1 (BWQS 
index) (95% CI) 

n beta 1 (BWQS index) 
(95% CI) 

n beta 1 (BWQS index) 
(95% CI) 

Unstratifieda 305 0.50 (− 1.44, 2.37) 304 0.43 (− 1.20, 2.09) 292 − 0.03 (− 0.12, 
0.07) 

280 − 0.49 (− 3.47, 2.59) 280 − 1.33 (− 5.43, 2.69) 

Social Classb 

High/ 
middle 

209 0.34 (− 1.72, 2.31) 209 − 0.19 (− 2.02, 1.68) 199 − 0.04 (− 0.14, 
0.08) 

191 − 0.63 (− 4.31, 3.37) 191 − 2.77 (− 7.80, 2.04) 

Low 96 1.12 (− 2.77, 5.05) 95 1.24 (− 2.11, 4.85) 93 − 0.01 (− 0.21, 
0.20) 

89 1.09 (− 4.74, 6.63) 89 5.11 (− 3.05, 13.02) 

Sexc 

Female 141 0.42 (− 2.31, 3.08) 140 0.56 (− 1.76, 3.02) 139 − 0.01 (− 0.15, 
0.13) 

127 2.36 (− 2.56, 7.20) 127 0.80 (− 5.69, 6.79) 

Male 164 0.86 (− 1.91, 3.57) 164 0.75 (− 1.62, 3.13) 153 − 0.02 (− 0.16, 
0.11) 

153 − 2.28 (− 6.12, 1.37) 153 − 1.72 (− 7.27, 3.71) 

Data is from the 1st set of imputed data. 
a Models adjusted for child age at visit, child sex, mother’s age at delivery, prepregnancy BMI, gestational weight gain, social class, parental cardiovascular history, 

smoking during pregnancy and gestational age. SBP, DBP and PWV were additionally adjusted for child height at visit. 
b Models adjusted for the same as unstratified with the exception of social class. 
c Models adjusted for the same as unstratified with the exception of sex. 
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