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Abstract

Background: The long-term impact of prenatal alcohol exposure (PAE) on adult vascular health 

was assessed using a prospective cohort first identified while in utero.

Methods: Participants with no PAE (n = 37, Mean Age = 36.7 (1.6) years) were compared to 

participants with PAE (n = 51, Mean Age = 36.3 (1.7) years). Their vascular health was assessed 

by arterial blood pressure (BP) as well as peripheral arterial tonometry, which yields an index of 

endothelial function (reactive hyperemia index) and a measure of arterial stiffness (augmentation 

index). Blood samples were collected to assess cholesterol levels and insulin resistance (glucose, 

hemoglobin A1C, and insulin). Path analysis was used to examine the direct and indirect effects of 

PAE on vascular health after adjusting for other known physical outcomes.

Results: Participants with a history of PAE weighed less, trended towards being shorter, had 

smaller body mass, and had more alcohol-related dysmorphic features than those without PAE. 

Path analysis suggested that the impact of PAE on BP were through its indirect relationships with 

height, BMI, and dysmorphic features and resulted in protective effects relative to the Contrast 

group who were disproportionately overweight. In contrast, PAE was found to have a direct 

negative effect on endothelial function. An index of total alcohol-related dysmorphic features 

was negatively associated with both a direct effect on arterial stiffness and an indirect effect on 

endothelial function.

Conclusions: PAE’s impact to vascular function is not independent of other common 

physical and environmental factors but endothelial function and arterial stiffness seemed most 

compromised after controlling for these other factors. Level of alcohol-related dysmorphic 

features seemed to be predictive of more adverse effects to endothelial function and vascular 

stiffness.
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INTRODUCTION

The vascular system is the oldest and largest organ in the body and may be particularly 

vulnerable to prenatal alcohol exposure (PAE) as often the highest levels of prenatal alcohol 

consumption occur before there is an awareness of the pregnancy (Bandoli et al., 2020). 

The physical dysmorphic features and functional deficits associated with alcohol-related 

impairment of the brain have been well-investigated since Fetal Alcohol Syndrome was 

first identified (Jones and Smith, 1973). The mechanisms by which alcohol effects these 

deficits is unfortunately less well understood. Alterations in angiogenesis and epigenetic 

changes to vascular development have been implicated as a probable mechanism (Jegou et 

al., 2012, Ramadoss and Magness, 2012, Chernoff, 1977, Randall et al., 1977, Solonskii et 

al., 2008). Preclinical models of PAE have found disruption in the reproductive vasculature 

of the mother’s placenta, including alterations to blood flow, abnormal resistance of vessels, 

and angiogenesis (Ramadoss and Magness, 2012, Lo et al., 2017, Parkington et al., 2014). 

PAE has also been found to alter the cortical vascular density and spatial orientation of 

microvessels and the receptor expression of vascular endothelial growth factors in preclinical 

models (Jegou et al., 2012). Parallel findings have been reported in the brains of deceased 

human fetuses where those with heavy PAE had alterations to the radial organizaton of the 

microvasculature, particularly among older fetuses (Jegou et al., 2012), and alterations in the 

overall amount of vessel area (Solonskii et al., 2008, Jegou et al., 2012).

Among living individuals exposed to PAE, functional assessments of the vascular system 

have been limited to clinical samples where such assessments are clinically indicated (Steeg 

and Woolf, 1979) but additional support is garnered for disruption of this system from 

assessments of blood pressure (BP) and arterial function in otherwise physically healthy 

individuals with PAE. In a cohort of 9 year-olds with a history of PAE, arterial BP was 

normal but pulse-wave velocity (Morley et al., 2010) was significantly increased, indicating 

increased vascular stiffness associated with PAE. Arterial vessels in the retinas of individuals 

impacted by PAE have also been found to be altered, such that there is greater tortuosity 

and reduced branching points (Hellstrom et al., 1997a, Hellstrom et al., 1997b). In another 

clinical sample of children diagnosed with FASD, increased rates of hypertension were 

found even when controlling for age, weight and race (Cook et al., 2019). The latter finding 

was supported by preclinical models of PAE where increased arterial pressure has been 

found (Turcotte et al., 2002, Gray et al., 2010). Skepticism remains, however, whether 

these associations are directly linked to their PAE status or whether the associations are the 

by-products of indirect relationships of PAE and other adverse postnatal factors, including 

lower socioeconomic status and increased trauma exposure, that seemed to account for 

mental health outcomes associated with PAE (Coles et al., 2022).

The following study takes advantage of an on-going prospective study of the long-term 

impact of PAE on adult health outcomes to explore the impact of prenatal alcohol on 

vascular function. The participants were initially identified while in utero and reconsented 

as adults for additional follow-up studies. Vascular function was evaluated by standard 

BP measurement and peripheral arterial tonometry (PAT), which provides estimates of 

endothelial function and arterial stiffness. Relationships between PAE and levels of alcohol-
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related dysmorphic features were examined as predictors of vascular function status 

using path analysis, a form of structural equation modeling, that allows for simultaneous 

evaluation of relationships between predictors, potential mediators, and the outcome. PAE 

was anticipated to adversely impact vascular function through both direct effects and indirect 

effects of dysmorphic features, growth, other health factors or demographic factors that may 

be linked to adverse outcome.

MATERIAL AND METHODS

Recruitment

The original recruitment of the participants in this study occurred between 1980 and 1986 at 

a large inner city hospital that provided care to a predominantly Black population. Mothers 

were interviewed in the first trimester about their pregnancy and prenatal use of alcohol. 

Participants were then followed prospectively over their lifespan. The PAE group (n = 51) 

included adults whose mothers self-reported drinking at least one ounce of absolute alcohol 

per week or more (≥ 2 or more drinks/week). Using estimates of their absolute ounces of 

alcohol per week derived from maternal interviews in pregnancy, the group had a mean level 

of 10.7 (SD = 11.9, 95% CI 8.2–13.2) absolute ounces of alcohol per week. The Contrast 

group consisted of adults who were either identified at birth by their mothers’ self-report of 

abstaining from alcohol during the pregnancy or adults who were identified in adolescences 

from the same community as in need of special education services but had no history of 

PAE (Contrast, n = 37). Of the 37, 27 mothers were recruited during pregnancy and 10 were 

recruited in adolescences based on their special education history.

Participant recruitment for this study was done in conjunction with a larger multi-site study 

of adult health outcomes that was funded by the Collaborative Initiative on Fetal Alcohol 

Spectrum Disorders (CIFASD). Additional exclusion criteria included having congenital 

heart disease, sickle cell disease, structural or valvular heart disease, cardiomyopathy, 

congestive heart failure, arrhythmias, significant lung, renal, liver, or hematologic disease, 

and life expectancy less than 6 months. Two eligible participants who were initially recruited 

were unable to complete the study. One was unable to carry out the study assessment 

procedures and one participant subsequently refused. The study was approved by the 

Institutional Review Board at Emory University. Consent was obtained from the adult 

participant or their legal guardian as needed. In such cases, assent was obtained from the 

participant. Data collection for this project took place from December 2019 to August 2021.

Procedures

Physical measurements (height, weight, head circumference, and BP) and blood samples 

were obtained upon arrival to our laboratory. Participants were required to have a minimum 

of a 4 hour fasting period with no food, beverages, or cigarettes. Blood samples were 

analyzed for total cholesterol, low-density lipoproteins (LDL), high-density lipoproteins 

(HDL), and triglycerides (Quest Diagnostics®). In addition to a basic metabolic panel and 

complete blood count, glucose, insulin, and hemoglobin A1C levels were also assessed.
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Participants were also interviewed about their health status and completed a demographic 

questionnaire and a questionnaire regarding their physical activity, the Paffenbarger Physical 

Activity Questionnaire (Paffenbarger et al., 1978). The latter provides an estimate of energy 

expenditure over the course of a week that has been linked to heart disease (Paffenbarger 

et al., 2001). Body mass index (BMI) was computed from the physical measurements. 

Individuals were defined as being as Underweight if their BMI was below 18.5 kg/m2, 

Normal Weight if their BMI fell between 18.5 and 24.9 kg/m2, Overweight if their BMI 

fell between 25 and 29.9 kg/m2and Obese if there BMI was 30 kg/m2or greater (Center for 

Disease Control and Prevention, 2020).

A peripheral arterial tonometric (PAT) plethysmographic device (EndoPAT 2000, Itamar 

Medical®) was used to assess peripheral microvascular endothelial function. Digital volume 

changes accompanying pulse-waves were measured using a device consisting of a finger 

probe and a transducer. A pressure of 40–70mmHg was applied by the probe to the 

index fingers for venous occlusion of both hands to record arterial pulse amplitude. While 

participants were in supine position, a blood pressure cuff was placed on the test arm. 

Amplitudes were then recorded from both the test and contralateral arms. After a 10 minute 

period of equilibration, reactive hyperemia index (RHI) was obtained by analyzing the 

three distinct components: (1) baseline amplitude signal detection across 5 minutes, (2) 

arterial occlusion by suprasystolic blood pressure cuff inflation for 5 minutes, and (3) 

post-occlusion amplitude signal detection for a 6 minute duration. The resulting RHI value 

is a unit-less measure that is partly nitric-oxide dependent, is associated with atherosclerotic 

risk factors, and evaluates endothelial function. RHI is determined by EndoPAT® automated 

software which takes into account the baseline signal and adjusts it to the changes in the 

contralateral arm. RHI < 1.67 are prognostic (Bonetti et al., 2004). PAT-RHI has been used 

to assess microvascular function in various studies of cardiovascular disease, including the 

Framingham Heart Study (Nayor et al., 2021, Tanaka et al., 2018). Endothelial dysfunction 

is an early predictor of atherosclerosis and its associated cardiovascular disease (Motozato et 

al., 2020).

An augmentation index (AI) is also generated from the PAT procedure that reflects the 

arterial stiffness. AI is derived from the pulse waveform analysis of the signal generated 

from the PAT during the baseline period. The result is then normalized to a heart rate of 75 

bpm and a percentage value relative to sex and age is generated. Lower AI values reflect 

better arterial elasticity and higher values reflect more arterial stiffness. Arterial stiffness is 

an important risk factor that is associated with conditions such as hypertension, diabetes, and 

hyperlipidemia, and an independent risk factor for cardiovascular disease as it is typically 

not correlated with endothelial function (Yang et al., 2011, O’Rourke et al., 2002).

Other lifestyle variables were also assessed to determine if they were potential confounders 

(i.e., educational level, other prenatal exposures, adverse childhood experiences (ACEs, 

(Reuben et al., 2016)) of the relationship between PAE status and the outcomes. In addition 

to assessments conducted as part of this study, archival data were available on the sample 

and were used to characterize the participants. An assessment of intellectual functioning 

was obtained when participants were adolescents (Wechsler Intelligence Scale for Children-

III (Wechsler and Psychological Corporation., 1991)) and adults (Wechsler Abbreviated 
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Scale of Intelligence, 2nd edition (Wechsler, 2011)) and a measure of alcohol-related 

dysmorphic features was collected using a common genetics dysmorphic features checklist 

that is modified to differentially weight PAE-related dysmorphic features (e.g., hypoplastic 

philtrum is a “3”) (Fernhoff et al., 1980). Individuals prenatally exposed to alcohol have 

historically received higher scores in comparison to the non-exposed Contrast group on this 

measure (Coles et al., 1997, Coles et al., 1991).

Participants were provided $50 for compensation of their time and transportation was 

provided to the laboratory as needed. Participant recruitment and the study’s procedures 

were carried out in accordance with the guidelines established by the Declaration of 

Helsinki. Of the 88 participants enrolled, all had their blood pressure assessed but only 

80 completed the PAT assessments and 2 of the assessments were invalid. An additional 2 

participants did not have valid AI data.

Data Analysis Procedures

Statistical analysis was carried out using SPSS 28.0 and IBM’s SPSS AMOS 28. Group 

differences were examined using descriptive statistics and frequency distributions. As 

multiple factors may be needed to understand the relationship between PAE and vascular 

outcome, path analysis (Sarwono, 2017) was used to examine the contribution of PAE 

on outcomes while allowing for the contribution of various potentially confounding and 

mediating factors. Factors were selected based on well-known relationships with outcomes 

of interest (i.e. relationships between height and BP (Bourgeois et al., 2017)) and any 

group differences in lifestyle or metabolic characteristics within the sample. Data reduction 

was done on the multiple indices of lipid metabolism provided to obtain an estimate of 

hyperlipemia status. A principal components factor analysis with a varimax rotation was 

done combining triglycerides, LDL cholesterol, HDL cholesterol, total cholesterol and the 

cholesterol to HDL cholesterol ratio. A two factor solution was generated that accounted 

for 87.2% percent of the variance. The first factor accounted for 65.7% of the variance 

and was positively loaded with total cholesterol (.872), triglycerides (.568), LDL cholesterol 

(.954), chol/hdl ratio (.912), and non HDL cholesterol (.983) and was negatively loaded on 

HDL cholesterol (−.384). The second factor accounted for 21.5% of the variance and was 

positively loaded on HDL (.884), total cholesterol (.487), LDL-cholesterol (.227), and non 

HDL cholesterol (.163) and was negatively loaded on triglycerides (−.305) and chol/hdl ratio 

(−.318). The first factor was used in modeling risk for hyperlidemia in subsequent analyses. 

Based on previous research with this cohort, insulin level was also included in the proposed 

models as PAE was associated with alterations in insulin level that varied as a function of 

BMI status (Kable et al., 2021)

In addition to PAE status, participant’s age, biological sex, insulin level, hyperlipidemia 

status, height, BMI, and dysmorphology were used in the path models (see Supplemental 

Figures 1–4). Each path analysis involved a series of multiple regression analyses to evaluate 

the direct and indirect (mediated) effects of PAE on the vascular outcome. In order to 

minimize the overall experiment-wise error, these equations are estimated simultaneously 

using structural equation modeling. Bootstrapping was done using 2000 samples of the data 

to obtain an estimate of bias-corrected results at a 90% confidence interval. Exogenous 
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variables, which are those not dependent on other variables but may be correlated, were PAE 

status, age, and biological sex. Endogenous variables, which are those impacted by other 

factors in the model, were hyperlipidemia, insulin, BMI, height, and dysmorphic features. 

Vascular measures evaluated were systolic and diastolic BP, RHI, and AI. An alpha level of 

.05 was used for rejecting the null hypothesis for specific relationships within each model.

RESULTS

Mean Characteristics of Sample.

Data regarding the characteristics of the sample is provided in Table 1. There were no 

group differences in the sex distribution, chronological age, educational level, and adverse 

childhood events. The groups varied in racial identity in that the PAE group had more 

individuals who identified as being African American (98.0%) relative to the Contrast group 

(86.5%). From these variables with no pre-existing group differences, only age and sex were 

included in subsequent path models as a result of their known effects on the outcomes of 

interest. Group status was significant for weight with those with PAE weighing less. BMI 

and risk for being overweight were higher in the Contrast as compared to the individuals 

with PAE. There was a trend for those with a history of PAE being shorter than those in 

the Contrast group. The groups did not differ in weekly energy expenditure from physical 

activity or in the percentage who had physical activity levels above 2000 kcal/week. Higher 

levels of alcohol-related dysmorphic features and lower overall IQ were reported in the PAE 

group relative to the Contrast Group, which are well-known effects of PAE (Kable et al., 

2016).

Relative to their metabolic status, group differences were not found in levels of glucose, 

HbA1c, or insulin. There was a significant effect on triglycerides with those in the Contrast 

group having higher levels than did those in the PAE group and trends were found for 

higher LDL cholesterol and non HDL levels being higher in the Contrast group. No group 

differences were found in HDL cholesterol, total cholesterol or the cholesterol to HDL 

cholesterol ratio. See Table 2 for details. Simple mean group differences were also not found 

in the levels of systolic or diastolic BP, RHI, or AI and there were no group differences 

in those categorized as having elevated or hypertensive BP or as having a clinical risk for 

peripheral microvascular endothelial dysfunction based on their RHI values (see Table 3 for 

details).

Path Analysis of Vascular Function:

Model Prediction of Specific Outcomes: Table 4 contains the phi and Pearson 

correlations between the variables used in the path analysis. For systolic and diastolic BP, 

the default model was rejected and the proposed model had a good fit (χ2 (11, N = 88)= 

9.791, p < .549, CFI= 1.00, TLI = 1.03, RMSEA = .000) with 29.4% of the variance 

accounted for in Systolic BP and 22.9% in Diastolic BP. For RHI, the default model was 

rejected and proposed model had a good fit (χ2 (11, N = 78) = 9.416, p < .584, CFI= 1.00, 

TLI = 1.043, RMSEA = .000) with 28.3% of the variance accounted for in RHI. For AI, the 

default model of no effect was also rejected χ2 (11, N = 76)= 9.344, p < .590, CFI= 1.00, 

TLI = 1.041, RMSEA = .000) with 36.1 % of the variance accounted for in AI.
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Systolic BP.—In predicting systolic BP, direct effects were found for height (β = .346, p 

< .008), BMI (β = .337, p < .003) and age (β = .297, p < .003). Indirect effects were found 

for PAE (β = −.154, p < .008) and dysmorphic features (β = −.072, p < .027). The indirect 

effect of PAE was via its effect on height (p < .008), BMI (p < .005), height to dysmorphic 

features to BMI (p < .015) and dysmorphic features to BMI (p < .029). The indirect effect of 

dysmorphic features was via its effect on BMI (p < .027). The impact of PAE on lowering 

stature and BMI was protective relative to the Contrast group in this study. Supplementary 

Figure 1 displays the model with the standardized beta values for each of the relationships 

and a graphical depiction of the simplified model is in Figure 1.

Diastolic BP.—For prediction of diastolic BP, direct effects were found for height (β = 

.403, p < .004), sex (β = .226, p < .029), and BMI (β = .294, p < .007) and indirect effects 

were found for PAE (β = −.172, p < .005), dysmorphic features (β = −.067, p < .024) and 

sex (β = −.181, p < .040). Both PAE (p < .005) and dysmorphic features (p < .028) had 

an indirect effect through BMI and PAE had an indirect effect via the dysmorphic features 

to BMI path (p < .030). PAE also had an indirect effect via its effect on height (p < .006) 

and via height to dysmorphic features to BMI (p < .015). Each of these pathways points 

to protective effect of PAE resulting from the effect PAE has on reducing stature and BMI 

relative to the Contrast group who are disproportionately overweight relative to national 

norms. The indirect effect of sex was via two paths, including height to dysmorphic features 

to BMI (p < .014) and dysmorphic features to BMI (p < .019). Supplementary Figure 2 

displays the model with the standardized beta values for each of the relationships and a 

graphical depiction of the simplified model is in Figure 2.

RHI.—Direct effects were found for PAE (β = −.312, p < .024) and hyperlipidemia ( β = 

−.195, p < .050) and indirect effects were found for dysmorphic features (β = .060, p < 

.026) and insulin (β = −.041, p < .046). The direct effects of PAE and hyperlipidemia on 

RHI were negative in nature for both PAE and hyperlipidemia as both resulted in lower 

RHI scores, reflecting greater endothelial dysfunction. Dysmorphic features also negatively 

impacted RHI indirectly via its effect on BMI to insulin to hyperlipidemia (p < .042) and 

insulin indirectly had a negative impact on RHI via its effect on hyperlipidemia (p < .047). 

Supplementary Figure 3 displays the model with the standardized beta values for each of the 

relationships and Figure 3 displays a graphical depiction of the simplified model.

AI.—Direct effects were found on biological sex (β = .459, p < .003), BMI (β = −.408, 

p < .009) and dysmorphic features (β = .279, p < .020). Being female and level of alcohol-

related dysmorphic features were associated with increased arterial stiffness as indicated by 

higher scores but increased levels of BMI were associated with greater arterial elasticity. 

PAE had an indirect negative effect (β = .237, p < .005) via its effects on dysmorphic 

features, height, and BMI that also resulted in increased arterial stiffness. The pathways 

involved (1) PAE through dysmorphic features (p < .029), (2) PAE through dysmorphic 

features to BMI (p < .038), (3) PAE, height, and dysmorphic features (p < .013), (4) 

PAE, height, dysmorphic features, and BMI (p < .033), and (5) BMI alone (p < .005). 

Supplementary Figure 4 displays the standardized beta values for each of the relationships 

and Figure 4 displays the associated simplified model.
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DISCUSSION

Linking prenatal and early life exposures to later health outcomes has been a primary goal 

of those exploring the developmental origins of health and disease (DOHaD) hypothesis 

(Barker, 1990). The evidence in this study links PAE to mid-life health outcomes on vascular 

function using a prospective cohort initially identified while in utero. When contrasted to 

a cohort of individuals of similar age, ethnicity, social economic status, and educational 

background, PAE was associated with negative impacts on endothelial function and arterial 

elasticity but not to arterial BP. These findings suggest a long-term impact of PAE on 

particular aspects of vascular function and extends previous findings of disruption to 

cerebral vascular development while in utero (see review, (Bukiya and Dopico, 2018)) and in 

later childhood (Cook et al., 2019, Morley et al., 2010) after a history of PAE.

In the case of BP, PAE was found to be protective relative to the Contrast group used 

in this study who had elevated risk for vascular impairment based on the high frequency 

of being categorized as overweight and obese (91.9%). The protection provided by PAE 

was through its effects on lowering physical stature and body mass. Caution should be 

used in interpreting that PAE is protective against elevated arterial BP relative to a general 

population as both groups in this study had increased risk for hypertension when compared 

to large-scale population databases. The National Health and Nutrition Examination Survey 

(NHANES) data collected between 2007–2010 indicated that 24.4% of males and 17.6% of 

females between 35–44 years have hypertension (Go et al., 2013) as compared to 70.3% 

of the Contrast group and 58.8% of the PAE group in this study, suggesting both groups 

have increased risk for vascular disease associated with their lower socioeconomic status 

and history of social adversity (Coles et al., 2022) when compared to the overall population 

of the United States. Even when the NHANES data are stratified by race (39.9% Black 

men and 42.7% Black women had hypertension after adjusting for age), participants in this 

study sample appear to carry increased risk for vascular disease. Previous results on the 

effect of PAE on BP have been mixed (Morley et al., 2010, Cook et al., 2019). The findings 

from this study are more supportive of an increased risk relative to the general population 

but not an increased risk when compared to groups who are matched in sociodemographic 

characteristics and social adversity. Discrepancies in the previous literature may simply be 

an artifact of these types of group differences in other factors that may also influence arterial 

BP, suggesting the relative importance of other biological and environmental influences on 

arterial BP outcomes that may co-occur with PAE histories. The Cook et al study involved 

clinical patients diagnosed with an FASD rather than an exposure cohort as was used in 

this sample where a continuum of PAE effects would be anticipated. In contrast, support 

for an adverse effect of PAE on arterial pressure has been reported in preclinical models 

of PAE (Turcotte et al., 2002, Gray et al., 2010) where environmental factors are typically 

comparable between exposed and non-exposed groups.

In contrast, PAE was found to adversely impact endothelial function. PAE had a direct 

negative effect on endothelial function and total alcohol-related dysmorphic features had an 

indirect negative effect on endothelial function that was statistically independent or unique 

relative to the effect of PAE. This suggests that the extent of alcohol-related dysmorphic 

features is linked to the extent of the vascular damage and provides unique information 
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over and above documentation of PAE alone. The extent of total alcohol-related dysmorphic 

features may be flagging PAE exposure early in pregnancy where it could have more 

impact on the early developing vascular system or simply flagging a nonlinear relationship 

between higher dosage levels of PAE and vascular outcome. Endothelial dysfunction is 

an early predictor of atherosclerosis and its associated cardiovascular disease (Motozato 

et al., 2020). Besides PAE, the other big contributor to impaired microvascular function 

was hyperlipidemia, which had a direct effect of its own and served as the final point 

along the path for the indirect effects of dysmorphic features and insulin. Hyperlipidemia 

is well-known for producing atherosclerosis, which involves the accumulation of lipids, 

cholesterol, and plaques within the walls of arteries, that reduce blood flow and the delivery 

of oxygen throughout the body (Mszar et al., 2022). Dietary intake was not assessed in this 

study so it is not possible to differentiate whether individual differences in lipid metabolism 

or intake may have contributed to the indirect negative effect of alcohol-related dysmorphic 

features had on endothelial function. Future research should include dietary intake measures 

to explore whether disruption to lipid metabolism is associated with PAE or simply impaired 

cognitive function may lead to less optimal dietary choices relative to dietary lipid intake.

The increased arterial stiffness found in this study is supportive of the previous studies 

of PAE related to arterial functioning, including findings of less contractile force in the 

umbilical cord arteries (Iveli et al., 2007) and increased stiffness using pulse wave analysis 

in 9 year-olds (Morley et al., 2010), suggesting these alterations to vascular elasticity last 

well into adulthood. Arterial stiffness is seen as a symptom of peripheral vascular disease 

and an independent risk factor for cardiovascular disease. The combination of reduced 

renal and vascular capacity seen after PAE was proposed by Parkington and colleagues 

(2010) as being key to predicting increased cardiovascular disease with ageing in those 

with PAE but others (Saha et al., 2021) have proposed that the on-going impact of arterial 

stiffness to everyday neural functioning resulting from reductions in cerebral blood flow 

may be problematic under conditions of high demand, leading to emotional and behavioral 

dysfunction. Understanding the biological mechanisms of arterial stiffening related to PAE 

may help with identifying potential therapeutic interventions that could have impact on both 

the long-term cardiovascular risk but also may help to improve everyday functioning of 

individuals with an FASD who struggle frequently when put in situations where they are 

over-stimulated.

Our study has several limitations. Both the Contrast and PAE group were from high-risk 

social backgrounds which may adversely impacted our ability to detect PAE-related effects. 

This would be the case if there were ceiling effects on the outcomes such that PAE-related 

group differences would be obscured by other factors that influence the outcomes. This 

concern is most pertinent to our results regarding the arterial BP and the findings that PAE 

was protective of hypertension in our sample. Both our Contrast and PAE groups were 

from backgrounds that were associated with elevated cardiovascular risk and a contrast 

group that was more representative of the typical U.S. sample may have provided aid in 

our analysis. Our sample size was also relatively small, making the findings vulnerable to 

spurious findings. Future replications in larger samples would help reduce these concerns. 

The sample size is also vulnerable to potential over-fitting of the data when using the 

path analysis chosen for this study. A minimum of 100 subjects are often recommended 
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(Sarwono, 2017). Tanaka (1987) recommends 20 to 1 subject to variable ratios but others 

have argued that a 5 to 1 can be used (Bentler and Chou, 1987). Finally, the measure of 

arterial stiffness derived from Endo-PAT finger-tip tonometry in our study is not the most 

commonly used measure of arterial stiffness, which is typically carotid to femoral pulse 

wave analysis. PAT-derived AI, however, is still a reliable measure with strong repeatability 

and reasonable correlations have been reported between this technique and radial artery 

tonometry-derived arterial stiffness (Haller et al., 2007, McCrea et al., 2012, Heffernan et 

al., 2010).

Given that acute alcohol intoxication has effects on maternal vascular function (Cook et al., 

2001), it is not surprising that there appears to be a cascade of impact on placental and 

fetal vascular development (Ramadoss and Magness, 2012, Lo et al., 2017, Parkington et 

al., 2014), including reductions in umbilical cord blood flow (Tseng et al., 2019, Pinson et 

al., 2022), reductions in fetal cerebral blood flow (Raghunathan et al., 2020, Tobiasz et al., 

2018), increased vasoconstriction (Raghunathan et al., 2018, Shan et al., 2020), alterations 

in expression of genes linked to angiogenesis and vascular development (Xu et al., 2005), 

impaired cortical vascular network formation (Siqueira et al., 2021), decreased oxygen 

perfusion and saturation in fetal vasculature (Shan et al., 2020), and altered cerebral artery 

mitochondria (Bukiya, 2019). Our study provides support for the persistence of these early 

effects on peripheral vascular and microvascular function into adulthood.

The impact of PAE to the vascular system may also serve as a potential biochemical 

signature of PAE, leading to a much needed biomarker of PAE effect. Placental protein 

profiles linked to angiogenesis and early vascular development (i.e., VEGFR2 and 

annexin-A4) had moderate to high levels of diagnostic accuracy in predicting later 

neurodevelopmental impairment associated with PAE (Holbrook et al., 2019). Other 

promising candidates for biomarkers of PAE’s impact on vascular and brain development 

include PAE-related reductions in placental growth factor, which is critical for brain 

angiogenesis (Lecuyer et al., 2017), and changes in proteomics of cerebral arteries 

associated with binge drinking models in primates (Bisen et al., 2019).

PAE appears to have a long-term impact on vascular function that can increase an 

individual’s risk for cardiovascular disease. The severity of alcohol-related dysmorphia was 

predictive of more adverse effects on endothelial function and vascular stiffness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
displays the simplified model for systolic blood pressure (BP) with the significant PAE-

related effects (direct and indirect) plotted in red and dysmorphia effects independent of 

PAE in green. A blue line reflects direct or indirect relationships with the outcome variable 

that are independent of PAE or dysmorphia.
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Figure 2. 
displays the simplified model for diastolic blood pressure (BP) with the significant PAE-

related effects (direct and indirect) plotted in red and dysmorphia effects independent of 

PAE in green. A blue line reflects direct or indirect relationships with the outcome variable 

that are independent of PAE or dysmorphia.
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Figure 3. 
displays the simplified model for reactive hyperemia index (RHI) with the significant PAE-

related effects (direct and indirect) plotted in red and dysmorphia effects independent of 

PAE in green. A blue line reflects direct or indirect relationships with the outcome variable 

that are independent of PAE or dysmorphia.
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Figure 4. 
displays the simplified model for the augmentation index (AI) with the significant PAE-

related effects (direct and indirect) plotted in red and dysmorphia effects independent of 

PAE in green. A blue line reflects direct or indirect relationships with the outcome variable 

that are independent of PAE or dysmorphia.
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