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BACKGROUND: Low gestational vitamin D levels may increase offspring risk of cardiovascular disease from an early age. Studies
investigating the impact on offspring macrovascular function have been inconsistent. Few included pulse wave velocity as an
arterial stiffness indicator, and none included measures of microvascularization as an early marker of cardiovascular health.
This study explored the association between gestational vitamin D levels and macro- and microvascular health across early
adolescence.

METHODS AND RESULTS: We analyzed data from 430 mother—child pairs from a Spanish birth cohort. 25-hydroxyvitamin D; (vita-
min D,) levels were measured in serum at 13weeks of pregnancy. At 11 and 15years we assessed macrovascular parameters,
including systolic and diastolic blood pressure (mmHg) and pulse wave velocity (m/s), and microvascular parameters (central
retinal artery/vein equivalent (um)). We used continuous (in ng/mL) and categorical (deficient <20ng/mL versus adequate
>20ng/mL) deseasonalized 25(0OH)D; levels as exposure. Mixed effect and linear regression models were conducted. During
their pregnancies, nearly 23% of the mothers had deficient vitamin D, levels. We did not find statistically significant associa-
tions between pregnancy vitamin D, levels and macro- and microvascular function markers across adolescence. However,
subjects exposed to deficient vitamin D levels showed a nonstatistically significant decrease in pulse wave velocity (8=—0.09
[95% ClI, —0.19 to 0.01]) compared with those exposed to adequate levels. There was no evidence of a sex interaction.

CONCLUSIONS: Our findings show little evidence to support associations between low vitamin D levels during pregnancy and
macro- or microvascular health parameters through early adolescence.

Key Words: adolescence m arterial stiffness m blood pressure m cardiovascular health m pregnancy m retinal microcirculation m
vitamin D

ardiovascular diseases represent a significant lie in fetal life.? For example, elevated blood pressure
global health challenge, being the leading cause (BP) in children has been found to strongly predict hy-
of death and disability worldwide.! The origins of pertension in adulthood,® the primary modifiable risk
cardiovascular diseases can be traced back to vascular ~ factor for cardiovascular mortality.! Furthermore, chil-
or metabolic processes in childhood that may partially dren with obesity have increased pulse wave velocity
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CLINICAL PERSPECTIVE
What Is New?

Our study is among the first to introduce retinal
microcirculation measurements and to explore
the association with pulse wave velocity as early
markers of cardiovascular dysfunction in ado-
lescents, expanding the understanding of pre-
natal vitamin D, impact beyond childhood.

What Are the Clinical Implications?

e OQur findings provide little evidence to support
a relationship between gestational vitamin D,
levels and cardiovascular health markers in
adolescents, which may reduce the immediate
clinical urgency for vitamin D supplementation
aimed at long-term cardiovascular outcomes.

e Future research on the impact of early life vi-
tamin D on longer-term cardiovascular health
requires longitudinal studies with larger sample
sizes and consideration of postnatal vitamin D
levels.

Nonstandard Abbreviations and Acronyms

25(0H)D, 25-hydroxyvitamin Dy
AS arterial stiffness

CRAE central retinal artery equivalent
CRVE central retinal vein equivalent
INMA Infancia y Medio Ambiente
PWV pulse wave velocity

(PWV), the gold standard technique for assessing ar-
terial stiffness (AS), which has been linked with ath-
erosclerosis in adulthood.*® Additionally, structural
changes in the retinal microvasculature during child-
hood, assessed through retinal vein and artery diam-
eters, have been associated with later cardiovascular
diseases.®” Retinal vein widening is associated with in-
flammation and atherosclerosis and arterial narrowing
with arterial damage.” These findings underscore the
significance of these micro- and macrovascular mark-
ers measured in childhood as predictors of later-life
vascular damage.

Early-life vitamin D levels have been identified as
one of the risk factors for cardiovascular disease de-
velopment,® a concern given the common prevalence
of vitamin D deficiency in pregnant women and new-
borns.? Several studies have examined the relationship
between early-life vitamin D and childhood BP.2 but the
evidence is inconclusive. Some studies support a pro-
tective effect of higher vitamin D levels in pregnancy
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or cord blood on childhood BR,'°-"S whereas others
do not.'®19 The effects of early-life vitamin D on other
vascular markers such as PWV and retinal microcircu-
lation have hardly been studied. Two small observa-
tional studies (<200 participants) suggest that prenatal
vitamin D levels may not be linked to AS in children,'?18
and no studies explored the effects of prenatal vitamin
D levels on retinal microcirculation.

This study aims to investigate the relationship be-
tween maternal vitamin D levels during pregnancy
and BP, PWYV, and retinal microcirculation at ages 11
and 15.

METHODS

Data described in the article, code book, and analytic
code will be made available upon request, subject to
application and approval. External access procedures
for INMA (Infancia y Medio Ambiente, Environment and
Childhood) data are outlined in detail: https:/www.
proyectoinma.org/en/inma-project/inma-collaborat
ion-policy/

Study Population

We used data from the Spanish population-based
birth cohort INMA, specifically, from Sabadell, 1 of the
7 regions where the cohort is located. From July 2004
to July 2006, 657 women were recruited in the regional
hospital between the 10 and 13weeks of pregnancy.
The inclusion criteria included at least 16years old,
singleton pregnancy, intention to deliver at reference
hospital, and no assisted conception or communica-
tion issues.?® Children and their families were followed
up at 28 to 32 weeks gestation, birth, and child’s aged
6monthsand 1, 2, 4, 7, 9, 11, and 15years. Information
was obtained through medical registries, interview-
based questionnaires with the mothers, and physical
examinations of the children conducted by trained
personnel.’® The present analysis was limited to
mother—child pairs with information on vitamin D levels
during pregnancy and any cardiovascular measure-
ment available either in the 11-year or the 15-year fol-
low-up (N=259-423, depending on outcome and age)
(Figure). The Ethics Review Board approved this study,
and all participants signed a written consent (including
adolescents at 15years).

Vitamin D Assessment

Maternal vitamin D metabolic status was assessed
using plasmatic levels of 25-hydroxyvitamin D, (25(0H)
D,, referred to as vitamin D, in this article) from a single
maternal fasting blood sample. It was mainly collected
in the second trimester of pregnancy (mean=13.6
[SD=1.8] weeks of gestation). Quantification of plasma
levels of 25(0H)D, was performed by highperformance


https://www.proyectoinma.org/en/inma-project/inma-collaboration-policy/
https://www.proyectoinma.org/en/inma-project/inma-collaboration-policy/
https://www.proyectoinma.org/en/inma-project/inma-collaboration-policy/
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n =657

Mothers recruited at first
trimester of pregnancy

n=15
Excluded Mothers without
vitamin D measured during
pregnancy

n =642

25(0OH)D3 levels

Pregnant women with
information on maternal

n=212

Excluded Children without
outcomes measured

n =430

Children with at least one outcome measured

n =426
at 11 years

n =423 blood pressure
n =407 pulse wave

n =318
at 15 years

n =318 blood pressure
n =259 pulse wave

velocity velocity
n =391 central retinal n = 283 central retinal
arteriolar/venular arteriolar/venular
equivalent equivalent

Figure. Flow chart of the study population.

25(0OH)D, indicates 25-hydroxyvitamin D.

liquid chromatography using a BioRAD kit, according
to Clinical and Laboratory Standard Institute proto-
cols.?" The detection limit was 5 ng/mL and the varia-
tion coefficient between assays was 4.5%. The assay
was validated by German Programmes of External
Evaluation of Quality, and results were satisfactory in
100% of the cases. To remove the effect of the season
when the blood draw was obtained, we used desea-
sonalized vitamin D concentrations. The method was
described in detail by Morales et al.??

Cardiovascular Measurements

Cardiovascular measurements were conducted by
trained nurses from the INMA study during school hours
at 11years (mean 11.2years) and 15years (15.5years).

J Am Heart Assoc. 2025;14:e035273. DOI: 10.1161/JAHA.124.035273

Children were primarily visited at their school place but,
if not feasible, the visit occurred at a health care center.

Blood Pressure

Systolic blood pressure (SBP) and diastolic blood
pressure (DBP) were assessed using an automated
oscillometric device called OMROM 705IT (HEM-
759-E, Omron Corporation, Kyoto, Japan), equipped
with a brachial cuff. Following a 5-minute rest period,
3 consecutive measurements were taken at 1-minute
intervals. The average of all measurements was com-
puted, reported in millimeters of mercury (mmHgQ)
and used for the main analysis. For sensitivity analy-
sis, age-, sex-, and height-adjusted Z scores were
generated.?®
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Pulse Wave Velocity

Cardiofemoral PWV measurements were taken using
the VICORDER Arterial Stiffness Testing System. To
minimize measurement error, the 80% method was
employed (multiplying the directly measured carotid-
femoral distance by 0.8). Three waveform measure-
ments were recorded, ensuring the child remained
relaxed, and the nurse observed a stable wave pattern.
PWYV values were averaged from the 3 initial measure-
ments and reported in m/sec.

Central Retinal Artery/Vein Equivalent

Retinal images were captured using Canon CR2-Plus
Non-Mydriatic Retinal Camera for the 11-year follow-up
and Canon CR2 Non-Mydriatic Retinal Camera for the
15-year follow-up. High-resolution images were taken
for both eyes and analyzed using MONA-REVA soft-
ware (version 2.1.1) developed by VITO (Mol, Belgium;
http:\\mona.health). The central retinal vein equivalent
(CRVE) and central retinal artery equivalent (CRAE)
were calculated using the Parr—Hubbard-Knudtson
formula 21.24 To find the average CRVE and CRAE,
we followed the “big 6.”?° For the 11-year follow-up,
a trained researcher processed the measurements,
and for the 15-year follow-up, the average of meas-
urements by 2 trained researchers was calculated to
minimize observer variability. The values obtained are
presented in micrometers (um). Finally, age- and sex-
adjusted Z scores were created to facilitate the com-
parison of results between 11 and 15years.

Covariates

Maternal and child characteristics were obtained
through questionnaires administered to the mothers
during pregnancy (race, age at delivery, prepregnancy
body mass index, education, social class [coded ac-
cording to the International Standard Classification of
Occupations-88 system|, smoking during pregnancy,
parity, cardiovascular history [defined as any cardio-
metabolic event], adherence to Mediterranean diet
score,?® and self-perception of physical activity) and
at 1year of the child (duration of breastfeeding [any]).
Child’s sex, birth weight, and gestational age were ob-
tained from medical records.

Statistical Analysis

First, we compared the characteristics of children in-
cluded and not included in the study. We assessed
departures from linearity in the relationships between
deseasonalized pregnancy vitamin D, levels and the
cardiovascular outcomes at the 11- and 15-year follow-
ups using general additive models. A few of the as-
sociations deviated from linearity (data not shown).

J Am Heart Assoc. 2025;14:e035273. DOI: 10.1161/JAHA.124.035273

Vitamin D and Offspring Cardiovascular Health

Consequently, we decided to explore associations
using vitamin D, levels as a continuous variable (per
5ng/mL decrease) and as a categorical variable,
categorized as deficient (<20ng/mL) and adequate
(>20ng/mL, reference category).?” We also explored
mean+SD or percentages of sociodemographic and
anthropometric characteristics across the categories
of maternal vitamin D. To mitigate bias due to miss-
ing data (missing values between 0% and 2.8%) and
enhance statistical power, covariates were imputed by
the multiple imputation by chained equations package
in R.28 Ten imputed data sets were generated, and no
substantial differences in study population character-
istics were found between the original and the pooled
imputed data sets. The subsequent analyses are ex-
clusively based on the pooled imputed data set.

Second, we estimated associations between pre-
natal vitamin D, levels, both continuous and categor-
ical, and the different cardiovascular measurements
across adolescence using linear mixed-effects regres-
sion models to examine the overall effect of vitamin D,
levels across the 2 ages. We considered the identifica-
tion number of each subject as a random effect to ac-
count for the correlation between repeated measures
within the same individual across different ages. Then,
we used separate linear regression models to estimate
the associations at 11years and 15years. Estimates
are presented as p-coefficients and their correspond-
ing 95% Cils. Covariates were selected using directed
acyclic graphs, and all models were adjusted for mater-
nal race, prepregnancy body mass index, maternal age
at delivery, maternal education, maternal social class,
maternal smoking during pregnancy, parity, adherence
to Mediterranean diet and physical activity during preg-
nancy, and maternal cardiometabolic history. SBP, DBP,
and PWV models were adjusted for sex, height, and age
at the time of measurement (Figure S1).

We conducted a series of sensitivity analyses to as-
sess the robustness of our findings. First, we replicated
all models without adjusting for covariates and then,
using the complete case data set instead of the im-
puted. Second, we explored the association using raw
vitamin D levels while adjusting models for the season
of blood sampling. Third, to evaluate potential effect
modification by sex, we tested for interaction and per-
formed stratified models (P value for interaction <0.10).
Fourth, we introduced an alternative approach to BP
measurement using age-, sex-, and height-adjusted Z
scores. Fifth, we also repeated models for PWV re-
moving those children with incomplete measurements
(<8 measurements), and then adjusting models for
mean arterial pressure to assess AS independent of
variations in BP. Finally, we repeated CRAE and CRVE
models removing participants without “good quality”
measures for both eyes (as assessed by a trained
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researcher and computer software) and additionally,
we excluded 5% of pictures with the largest between-
operator difference from the 15-year follow-up.
Statistical significance was set at P <0.05 for multivar-
iate analyses. Statistical analyses were performed with
R version 4.1.2 (The R Foundation, Vienna, Austria).

RESULTS

Characteristics of the Population
Characteristics of the study population are shown in
Table 1. AlImost all mothers were of White origin and
were, on average, 32 years old. Twenty-eight percent
of the mothers had overweight or obesity, more than
a quarter smoked at the beginning of pregnancy
(27%), and slightly less than a quarter had 1 or more
cardiometabolic diagnoses (23%). Mean maternal
vitamin D, levels during pregnancy were 29.6ng/
mL, and 22.6% of the mothers had deficient levels
(<20ng/mL). There were few differences in the popu-
lation characteristics across categories of maternal
vitamin D. Mothers with deficient vitamin D, levels
were younger, lower educated, from higher social
class, and more likely to have no previous preg-
nancy compared with mothers with adequate levels
(Table 1). Differences in population characteristics
between included and excluded populations are
shown in Table S1.

Among the 426 participants included at 11 years, the
average height was 147cm and the mean body mass
index was 19.5kg/m?. Average SBP and DBP were
10831 mmHg and 60.9mmHg, respectively (Table 2).
The average PWV was 4.4m/s, and mean CRAE and
CRVE measures were 181.2um and 252.3 um, respec-
tively. The 15-year assessment was conducted in 318
participants. They were, on average, 167.1cm tall and
had a body mass index of 22.2kg/m?. Mean SBP and
DBP were 103.8mmHg and 64.1 mmHg, respectively
(Table 2). Average PWV was 5.1 m/s, and for CRAE and
CRVE measures were 131.8um and 205.9 um, respec-
tively. We found some sex-related differences in car-
diovascular measures. At 11years, boys had a slightly
higher PWV and lower CRAE and CRVE than girls. At
15years, boys were taller with higher SBP, lower DBP,
and increased PWV compared with girls. Averages and
SD for each cardiovascular measurement by sex can be
found in Table 2. Correlation coefficients between car-
diovascular measurements can be found in Figure S2.
Briefly, all cardiovascular measures exhibited positive
correlations when comparing their values between 11
and 15years, with BP measures showing a weak to
moderate correlation, PWV a moderate correlation, and
retinal measurements a strong correlation. Furthermore,
SBP and DBP exhibited moderate correlations across
age periods. PWV showed moderate associations with
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BP measures. Finally, retinal measurements showed
generally weak correlation with BP or PWV.

Vitamin D, and Cardiovascular Outcomes

Table 3 displays the associations between continuous
and categorical vitamin D, levels during pregnancy and
cardiovascular outcome measurements across both
ages and at 11 and 15years. There were no statisti-
cally significant associations between continuous or
categorical vitamin D, levels during pregnancy and
SBP, DBP, or PWV. We observed some associations
that did not reach statistical significance: deficient preg-
nancy 25(0H)D, levels (<20ng/mL) showed a tendency
toward higher SBP and DBP at 15years (=1.91 [95%
Cl, —0.51 to 4.33] and p=1.21 [95% CI, -0.77 to 3.18],
respectively), compared with adequate levels (>20ng/
mL). Also, there was a borderline nonsignificant asso-
ciation between lower vitamin D, levels during preg-
nancy and reduced PWV across adolescence (per
5ng/mL decrease, f=—0.02 [95% CI, —-0.04 to 0.00]
and deficient versus adequate, f=—0.09 [95% CI, -0.19
to 0.01]). This borderline nonsignificant association
was also observed at 15years (per 5 ng/ml decrease,
B=—0.02 [95% ClI, —0.05 to 0.01] and deficient versus
adequate, f=—0.14 [95% CI, —0.29 to 0.02)). Finally, we
found no associations between pregnancy vitamin D,
and retinal microvasculature across the 2 study visits.

Sensitivity Analysis

Results from crude and complete case analyses revealed
similar results. In the unadjusted models, the previous
borderline nonsignificant association with PWV was at-
tenuated (8=—0.00 [95% CI, —0.03 to 0.03)) (Table S2).
In addition, in the complete-case analyses, we observed
a borderline nonsignificant association between defi-
cient vitamin Dy levels during pregnancy and higher SBP
at 15years (8=2.40 [95% ClI, -0.12 to 4.91]) (Table S2).
Moreover, the associations using raw vitamin D, levels
as exposure variable revealed minor differences com-
pared with deseasonalized vitamin D levels, but no sta-
tistically significant associations or substantial changes
were observed (data not shown). Regarding effect modi-
fication analysis, there was no evidence for sex interac-
tion (P for interaction >0.1); therefore, stratified analysis
by sex displayed similar results for boys and girls (data
not shown). Similar findings were observed using BP Z
scores instead of the raw BP variables (Table S3). No sig-
nificant differences were observed between participants
with complete and incomplete PWV measures, except
at the 15-year follow-up, where the previously borderline
nonsignificant association was attenuated (Table SQ3).
Conversely, in models adjusting for mean arterial pres-
sure, lower pregnancy vitamin D, levels significantly
reduced PWV across adolescence and at the 15-year fol-
low-up (Table S3). Finally, models restricted to participants
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Table 1. Maternal and Child Characteristics of the Total Included Population (n=430), and Depending on the Vitamin D,
Category During Pregnancy (<20ng/mL) and Adequate (>20ng/mL)

Deficient Adequate
Included population n=97 N=333 P value*
Maternal characteristics t t f
Maternal race, % White 98.4 99.0 98.2 0.943
Maternal age, y (SD) 31.9 4.2 31.2 (4.0) 32.1(4.2) 0.044
Maternal prepregnancy body mass 23.8 (4.6) 23.6 (4.3) 23.9 (4.7) 0.678
index, kg/m? (SD)
Maternal education, % (428)*
Primary or les 243 34.4 214 0.015
Secondary 42.5 41.6 42.8
High 33.2 24.0 35.8
Maternal social class, %
Semiskilled/unskilled 23.3 15.5 255 0.030
Skilled manual/nonmanual 34.0 30.9 34.8
Professionals and managers 42.7 53.6 39.6
Maternal smoking pregnancy, % (425)
Never 72.9 66.0 75.0 0.190
Only early in pregnancy 14.8 17.5 14.0
During whole pregnancy 12.3 16.5 1.0
Parity, % (428)
No previous pregnancies 57.7 67.7 54.8 0.033
25-hydroxyvitamin Dat 13wks, ng/mL | 29.6 (11.1)
Deficient (<20ng/mL) 22.6
Adequate (>20ng/mL) 774
Physical activity, % (428)
Sedentary 6.3 6.2 6.3 0.646
Little active 23.6 26.0 22.9
Moderately active 43.2 45.8 42.5
Quite/very active 26.9 21.9 28.3
Adherence to Mediterranean diet, % (428)
Low 41.3 45.4 40.1 0.499
Medium 31.5 26.8 32.8
High 27.3 27.8 2741
Maternal cardiometabolic history, % 23.0 24.2 22.6 0.850
1 or more diagnoses (418)
Child characteristics
Sex, % male 50.7 52.6 50.2 0.760
Birth weight, gs (SD) 3263 (399) 3260 (427) 3263 (391) 0.941
Gestational age, wks (SD) 39.7 (1.3) 39.8 (1.4) 39.7 (1.3) 0.591
Preterm (<37 wks), % 2.1 4.1 1.5 0.236
Breastfeed, wks (SD) (429) 93.0 28.8 (19.9) 27.3 (20.1) 0.509

*N in brackets refer to total population where this deviates from 430 for a specific variable.
Values are percentages for categorical variables and mean+SD for continuous variables. Nonimputed data.
P value was estimated by using 1-way ANOVA or chi-square tests.

with “good quality” measures for microvasculature at both
eyes did not show substantial changes. Similarly, models
excluding the 5% of pictures with the largest between-
operator difference at the 15-year follow-up demonstrated
consistent results.

DISCUSSION

In this prospective population-based study conducted
in Spain there was insufficient evidence to support a
relationship between prenatal vitamin Dy levels during
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Table 2. Child Outcomes Characteristics for the Total Population and Distributed by Sex

Outcomes Total population Boys Girls P value

My N=426 n=218 n=208
Age, y (SD) 11.2 (0.5) 11.1(0.5) 11.2 (0.5) 0.307
Height, cm (SD) 146.7 (7.9) 146.3 (7.6) 147.2 (8.2) 0.237
BMI, kg/m? (SD) 19.5 (3.7) 19.7 (4.1) 19.3 (3.3) 0.176
SBP, mmHg (SD) 1031 (9.7) 103.8 (9.9) 102.3 (9.4) 0.114
DBP, mmHg (SD) 60.9 (7.4) 60.9 (7.5) 60.8 (7.4) 0.913
PWV, m/s 4.4(0.5) 4.5(0.5) 4.3(0.4) <0.001
CRAE, um 181.2 (12.8) 179.4 (12.4) 183.1 (13.1) 0.004
CRVE, um 252.3 (17.4) 250.5 (17.5) 254.2 (17.0) 0.033

15y N=318 n=157 n=161
Age, y (SD) 15.5 (0.6) 15.4 (0.7) 15.6 (0.6) 0.086
Height, cm (SD) 167.1 (8.1) 172.0 (7.0) 162.5 (6.0) <0.001
BMI, kg/m? (SD) 22.2 (4.2) 22.4 (4.6) 22.0 (3.8) 0.487
SBP, mmHg (SD) 103.8 (9.7) 107.4 (9.7) 100.2 (8.2) <0.001
DBP, mmHg (SD) 64.1 (7.3) 62.0 (7.3) 66.0 (6.8) <0.001
PWV, m/s 51(0.6) 5.3(0.6) 5.0 (0.5) <0.001
CRAE, um 131.8 (11.0) 130.4 (10.7) 133.2 (11.1) 0.035
CRVE, um 205.9 (15.0) 205.3 (15.6) 206.6 (14.3) 0.470

Values are mean+SD for continuous variables. P values (girls vs boys) were estimated by using t test. Nonimputed data. BMI indicates body mass index;
CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; DBP, diastolic blood pressure; PWYV, pulse wave velocity; and SBP, systolic

blood pressure.

pregnancy and offspring macro- and microvascular
function measurements in adolescence.

Previous research has explored the potential link
between pregnancy vitamin D levels and macrovas-
cular function parameters like BP or PWV. Although
several studies have examined the association with
BPR9-® often yielding inconsistent results, fewer have
explored the association with PWV. Consistent with
our findings, other studies have also found no signif-
icant association between maternal vitamin D levels
during pregnancy and BP in late childhood or ad-
olescence.® 1718 For example, the ALSPAC (Avon
Longitudinal Study of Parents and Children) cohort
(England) investigated this association at ages 10 and
15years, noting a borderline inverse association with
SBP at 10years (N=~4000), which disappeared by age
15 (N=~2000)." Similarly, a study in Denmark (N=410)
found no links between pregnancy vitamin D levels and
BP at 20years.”® Additionally, 2 studies assessing BP
at 9years, one in Southampton, England (N=178)'® and
another in India (N=225),"” reported no significant asso-
ciations. In contrast, a recent cohort study in Baltimore
(USA) involving 590 mother—child pairs found that both
low prenatal and childhood (1.2 years) vitamin D levels
were independently associated with higher BP during
school age and adolescence.”® Notably, the study in-
cluded participants aged 6 to 18 years old, with a mean
age of 10.3years, which may not precisely represent
the adolescence period. However, evidence from other
studies assessing younger age groups supports the

J Am Heart Assoc. 2025;14:e035273. DOI: 10.1161/JAHA.124.035273

association between prenatal vitamin D levels and
BR,2141519 glthough some conflicting findings exist.'®”
Our results indicate a tendency for higher SBP and
DBP in 15-year-old adolescents exposed to deficient
prenatal vitamin D levels. This trend was nearly sta-
tistically significant when analyzing the complete case
data set (§=2.40 [95% CI, —0.12 to 4.91]) or raw vitamin
D levels (8=2.42 [95% CI, —0.09 to 4.94]). Additionally,
we identified a potential association between defi-
cient prenatal vitamin D, levels and decreased PWYV,
although its significance varied across sensitivity anal-
yses. Previous studies examining the link between
prenatal vitamin D levels and offspring AS yielded null
results, similar to our findings.'>® These studies, like
ours, were conducted in healthy populations and had
smaller sample size (~150 participants). Limited sample
size and the relatively young ages of the participants
might have contributed to a reduced variability in AS or
insufficient arterial damage, potentially explaining the
lack of associations. Additionally, no previous studies
have investigated the link between maternal vitamin
D levels during pregnancy and retinal microvascular
measurements (CRAE and CRVE). Our study is the first
attempt to explore this association, but we did not find
any evidence of an influence, regardless of whether
vitamin D was treated as a continuous or a categori-
cal variable. Similar to PWV measures, our young and
healthy population displayed limited variability in reti-
nal measures, which may explain the absence of an
association.
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Table 3. Associations of Maternal 25(0H)D, Levels, per 5ng/mL Decrease and Categorical (Deficient vs Adequate), With
Cardiovascular Outcomes Across Adolescence and at 11-y and 15-y Follow-Ups With Systolic and Diastolic Blood Pressure,
Pulse Wave Velocity, Central Arteriolar, and Vein Equivalent

Across adolescence* 11yt 15yt
Outcome Vitamin D, No. B (95% ClI) No. B (95% CI) No. B (95% ClI)
Systolic blood pressure Continuous (5 ng/mL 317 -0.05(-0.38100.28) | 423 —0.30 (-0.70 to 0.10) 318 0.02 (-0.44 to 0.49)
decrease)
Deficient * 70 1.04 (-0.73t02.81) |95 012 (-1.98 t0 2.21) 70 1.91 (-0.51 t0 4.33)
Diastolic blood pressure Continuous (5 ng/mL 313 -0.12 (-0.38t0 0.15) | 422 —-0.24 (-0.57 t0 0.09) 318 0.04 (-0.3310 0.42)
decrease)
Deficient 70 0.59 (-0.83 10 2.02) 95 0.33 (-1.39 to 2.05) 70 1.21 (-0.77 t0 3.18)
Pulse wave velocity Continuous (5 ng/mL 247 -0.02 (-0.04 t0 0.00) | 407 —-0.01 (-0.03t0 0.01) 259 -0.02 (-0.05 t0 0.01)
decrease)
Deficient 58 -0.09 (-0.19t0 0.01) | 91 -0.05(-0.15t0 0.05) |61 -0.14 (-0.29 t0 0.02)
Age- and sex-adjusted Z Continuous (5 ng/mL 240 0.02 (-0.02 to 0.06) 383 0.01 (-0.04 to 0.05) 261 0.02 (-0.03 t0 0.07)
score for central retinal decrease)
arteriolar equivalent Deficient 57 0.05(-015100.26) |88 | 0.06 (~0.17 t0 0.29) 60 -0.05 (-0.32-0.22)
Age- and sex-adjusted Z Continuous (5 ng/mL 240 0.00 (-0.04 to 0.04) 383 —0.00 (-0.05 to 0.04) 261 0.01 (-0.04-0.06)
score for central retinal decrease)
venular equivalent Deficient 57 0.00 (-0.2010 0.21) |88 | -0.01(-0.24100.22) |60 ~0.03 (~0.30 to 0.25)

All models were adjusted for race, maternal age at conception, prepregnancy body mass index, maternal education level and social class, adherence to
Mediterranean diet and physical activity during pregnancy, and maternal cardiometabolic history. Systolic blood pressure, diastolic blood pressure, and pulse
wave velocity were additionally adjusted for child’s sex and child’s age and height at cardiovascular assessment.

*Multivariable mixed effect models using imputed data.
TMultivariate linear regression models using imputed data.

*Vitamin D, levels dichotomized: deficient: <20ng/mL; adequate (reference category): >220ng/mL.

Our results contrast with biological evidence sug-
gesting potential long-term impacts of low prenatal vi-
tamin D levels on the macro- and microvascular health
of offspring. Pregnancy vitamin D levels have been
linked to various aspects of development, including im-
mune system development,?® retinal maturation,® and
nephrogenesis.®! Animal studies indicate that vitamin
D deficiency during pregnancy may lead to increased
nephron and glomeruli numbers but reduced size and
delayed maturation.®" Moreover, it has been linked
to hypermethylation of the Panx? gene promoter,
which is associated with elevated SBP and DBP in
the offspring due to impaired endothelial relaxation.®?
However, these adverse effects of deficient early-life
vitamin D levels may be mitigated during childhood.
Vitamin D plays a multifaceted role in influencing car-
diovascular health,® influencing BP regulation via the
renin-angiotensin-aldosterone system and parathyroid
hormone regulation. It also affects inflammation, blood
vessel regulation, endothelial and vascular smooth
muscle cells, and atherosclerosis processes. Although
cross-sectional observational studies suggest a con-
nection between low serum vitamin D levels and higher
BP or other cardiovascular parameters in children, ad-
olescents, and adults, vitamin D supplementation has
generally shown limited efficacy in reducing BP or im-
proving other cardiometabolic markers.3334 However,
randomized control trials often vary in parameters such
as dosage, frequency of administration, trial duration,
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baseline vitamin D levels, and sample size, which may
contribute to inconsistent results.

Our study possesses several strengths. First, its
longitudinal design allowed us to explore the influ-
ence of prenatal exposure on offspring cardiovascu-
lar health across 2 time points in adolescence. This
extended observation period enabled us to capture
potential long-term effects, providing potential valu-
able insights into the impact of prenatal conditions
on offspring health. Additionally, we introduced novel
measures of vascular health, such as PWV and retinal
microcirculation, which contribute to a more compre-
hensive understanding of cardiovascular risk based on
both macro- and microvascular function. Investigating
the association between pregnancy vitamin D levels
and these specific vascular outcomes represents un-
explored territory in the scientific literature.

The study also had limitations. First, our reliance
on a single assessment of vitamin D during pregnancy
may not fully capture the dynamic changes throughout
gestation. However, it is noteworthy that our samples
were collected at the end of the first trimester, coin-
ciding with the initiation of nephrogenesis, which is
particularly relevant as vitamin D deficiency has been
shown to affect this process.®' Moreover, a recent
study examining vitamin D levels at different stages
of pregnancy reported that early pregnancy showed
the strongest associations with BP.'® Additionally, the
lack of data on vitamin D levels during adolescence is



G20z ‘T Yore\ uo Ag Bio'sfeuinofeye//:diy wouy pspeojumoq

Sanguesa et al

especially relevant because vitamin D has been linked
with cardiovascular markers and BP in some cross-
sectional studies.® In our study, we primarily assessed
vitamin D status using 25(0OH)D; levels. Despite the fact
that most of the 25(OH)D is in the 25(0H)D, form,®® it
does not reflect circulating levels of 25(0H)D,, or other
metabolites such as bioavailable 25(OH)D or the ac-
tive form (1,25(0OH),D), which have been associated to
certain health outcomes. This limitation may have con-
tributed to exposure misclassification. Furthermore,
even though vitamin D levels were determined using
high-performance liquid chromatography rather than
mass spectrometry, which is considered the gold
standard technique for assessing vitamin D levels,
existing evidence suggests a strong concordance be-
tween both methods in terms of accuracy and preci-
sion.3"38 Qur study’s outcome assessments, focusing
on macro- and microvascular markers in a healthy
population, may have limited our ability to detect asso-
ciations due to reduced variability between individuals.
However, previous research has linked these mark-
ers with future cardiovascular issues, even in asymp-
tomatic children.*® Nevertheless, it remains uncertain
how responsive these cardiovascular outcomes are
across adolescence. Also, these outcomes may be
influenced by other factors, such as pubertal status,
or child lifestyle factors, such as dietary habits, phys-
ical activity, and general health status. In our directed
acyclic graphs, these factors were not considered to
act as direct confounders and were not included in the
models; the models were adjusted for maternal lifestyle
factors. However, residual confounding by these are
other unmeasured factors cannot be entirely ruled out.
Also, factors such as pubertal status may act as effect
modifiers, but the relatively small sample size in our
study made it challenging to conduct a reliable effect
modification analysis, which is a limitation that should
be addressed in future studies.

Although many studies have investigated health
effects related to BP, fewer have explored PWV, and
our study represents the first to incorporate retinal im-
aging. Regarding retinal imaging, at 11 years 1 opera-
tor analyzed the images whereas at 15years we used
the mean between 2 new different operators, which
could account for the disparities in measurements be-
tween the 2 time points. However, the measurements
taken at both ages showed a strong positive correla-
tion and to overcome this limitation, we created sex-
and age-adjusted Z scores, generating comparable
values between the 2 ages. Future studies with larger
sample sizes could replicate our findings and explore
the potential modifying influences of lifestyle factors.
Additionally, some selection bias might be present due
to loss-to-follow-up, but previous work suggests it is
unlikely to bias associations between vitamin D and
child health outcomes.3°
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CONCLUSIONS

There is little evidence for an association between
pregnancy vitamin D3 levels and adolescent cardio-
vascular health, based on this prospective study that
includes macro- and microvascular health measure-
ments at the ages of 11 and 15 of the study partici-
pants. To enhance our understanding, replicating this
study with a larger sample size, enabling the analysis
of effect modification by other factors such as pubertal
status, and incorporating measures of vitamin D during
childhood and adolescence could be instrumental in
broadening our insights into these relationships.
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