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Abstract
Background  Congenital heart disease (CHD) is a common birth defect. Our previous studies suggest that indoor air 
pollution, especially total volatile organic compounds (TVOCs), may increase fetal CHD risk, whereas vitamin and folic 
acid (FA) supplements in early pregnancy might offer protection against CHD. However, limited research has explored 
whether FA or multivitamin supplementation can mitigate the effects of TVOCs exposure on CHD.

Methods  We conducted a case-control study to investigate the association between maternal nutrient 
supplementation, household indoor air pollutant exposure during pregnancy, and CHD in offspring. Pregnant 
women with 22–30 gestational weeks were recruited from two hospitals in East China between January 2016 and 
March 2022. A comprehensive approach was used, incorporating questionnaires to collect nutrient supplement 
information, blood sample analysis to detect serum folate, vitamin B12, and homocysteine (HCY) concentrations, and 
field investigations to assess indoor benzene, toluene, xylene, formaldehyde, and TVOCs exposures. Logistic regression 
analysis was performed to identify CHD risk factors, and stratified analysis was used to evaluate the combined effects 
of nutrient supplementation and TVOCs on CHD.

Results  The study included 53 cases and 77 controls. Logistic regression analysis identified high maternal serum 
HCY (> 6.125 µmol/L) and high household TVOCs exposure (> 0.0165 mg/m³) as risk factors for CHD in offspring, 
with adjusted odds ratios of 2.98 (95% CI: 1.31–6.36) and 9.23 (95% CI: 3.78–22.53), respectively. Regular multivitamin 
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Introduction
Congenital heart disease (CHD) is a significant, rap-
idly emerging global problem in child health. The global 
prevalence of CHD at birth, in 2017, was estimated to be 
approximately 1.8 cases per 100 live births [1]. Van Mil 
et al. [2] estimated that 80% or more of congenital mal-
formations are the result of interactions between subtle 
genetic variations and environmental exposures.

People are exposed to air pollutants on a daily basis. 
Previous studies revealed the relationship between envi-
ronmental contaminants and CHD, but those exposure 
assessments were generally based on routine monitor-
ing of pollutant concentrations at the fixed-site monitor-
ing stations closest to maternal residence at the time of 
the birth [3]. Given that pregnant women, a particularly 
vulnerable population, spend most of their time indoors, 
assessing indoor pollutant exposure levels is critical. 
However, few studies have focused on the effects of 
indoor pollutant exposure on maternal and fetal health. 
Total volatile organic compounds (TVOCs) consist of 
various volatile organic compounds (VOCs), such as 
formaldehyde, trichloroethylene, benzene series, and 
hydrocarbon compounds, and are primarily attributed 
to indoor sources, including renovation materials, furni-
ture, and related items [4]. Past research has shown that 
elevated exposure to TVOCs during the prenatal period 
may adversely influence early postnatal growth [5] and 
even lead to birth defects [6]. Our previous research has 
also suggested that maternal exposure to indoor TVOCs 
may increase the risk of giving birth to fetus with CHD 
[7]. Additionally, a zebrafish study provides evidence that 
exposure to a mixture of VOCs can induce embryonic 
cardiovascular development abnormalities [8].

Folate and vitamin B12 are essential water-soluble 
vitamins that play a significant role in one-carbon 
metabolism [9]. These vitamins play a significant role in 
cardiovascular disease development through their effects 
on HCY metabolism [10]. Prior studies have demon-
strated that folic acid (FA) supplementation and multivi-
tamin use have protective effects against CHD, and high 
maternal serum HCY levels are considered a risk factor 
for CHD [11–13].

However, no studies have investigated whether FA or 
multivitamin supplementation can protect against the 
cardiac developmental toxicity caused by TVOCs. To fill 
these knowledge gaps, our study aimed to (1) assess the 

effects of low and high TVOCs concentrations on CHD; 
(2) study the relationship between nutrient supplemen-
tation, serum biomarkers and CHD; and (3) investigate 
whether nutrient supplementation can moderate the 
effect of TVOCs on CHD.

Methods
Study population and subjects
This study utilized a case-control design with frequency 
matching. Participants were recruited from Shanghai 
Xinhua Hospital and Jiaxing Maternity and Child Health 
Care Hospital from January 2016 and March 2022. 
Inclusion criteria were: (1) a single-fetus pregnancy, (2) 
gestational age between 22 and 30 weeks at the time of 
prenatal diagnosis, and (3) completion of a comprehen-
sive fetal echocardiography. Exclusion criteria included: 
(1) fetuses diagnosed with chromosomal abnormalities or 
other genetic syndromes, (2) pregnancies with multiple 
fetuses, and (3) mothers experiencing mental health con-
ditions preventing them from providing informed con-
sent and responding to inquiries. The study was approved 
in 2016 by the Ethics Committee of Xinhua Hospital 
(Approval No. XHEC-D-2016-401-2). The investigation 
followed the ethical principles set forth in the 1964 Hel-
sinki Declaration. Only participants written informed 
consent was obtained from all participants in this study.

Fetuses diagnosed with CHD through fetal echocar-
diography or postnatal heart malformation detection 
were categorized as cases. Controls were defined as 
fetuses without CHD or other congenital malforma-
tions, were chosen from the same hospitals within the 
study period, maintaining a case-control ratio of 1:2. 
Control group gestational ages differed by no more than 
two weeks from those of the case group. All live births 
in both groups underwent comprehensive neonatal echo-
cardiography by pediatric cardiologists post-delivery to 
ensure correct case or control group classification. Still-
birth and abortion cases were reviewed by a panel of 
four national specialists in ultrasound, pediatrics, obstet-
rics, and pathology to validate diagnoses. A total of 195 
samples were enlisted, comprising 130 controls and 65 
cases. Among these, 53 controls and 2 cases were lost to 
follow-up, 5 cases exhibited genetic abnormalities, and 5 
cases presented with extra-cardiac malformations. Ulti-
mately, 53 cases and 77 controls were included for analy-
sis (Fig. 1).

supplementation mitigated the risk of high TVOCs exposure on fetal CHD, while the adverse effect of high serum HCY-
related CHD risk was attenuated in the group with regular FA supplementation.

Conclusion  Exposure to high indoor TVOCs concentrations increases the risk of fetal CHD. Regular multivitamin 
supplementation may reduce the adverse effects of high TVOCs exposure on fetal CHD.

Keywords  Total volatile organic compounds, Multivitamin supplement, Congenital heart disease, Folic acid
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Sample size was determined using PASS v.19 (NCSS, 
LLC, Kaysville, UT, USA). Considering the reported 
indoor VOC exposure rate in China of 20–60%, we 
assumed a high-level TVOCs exposure rate of 20% in 
the control group and 60% in the case group [14]. To 
achieve 80% power for detecting different TVOCs expo-
sures between the groups with an alpha error of 0.05, a 
total sample size of 108 (72 controls and 36 cases) was 
required.

Questionnaire survey data collection
Face-to-face interviews were conducted by trained 
researchers with the mothers of the case and control 
groups. A standardized, structured questionnaire was 
used to obtain information about (1) sociodemographic 
factors (including maternal and paternal age, education, 
occupation, ethnicity, and residence); (2) reproductive 
history (including gravidity and pregnancy history); (3) 
maternal health and lifestyle (covering basic diseases, 
medication use, lifestyle factors, and environmental 
exposures during the first trimester, such as exposure to 
indoor renovations, environmental pollutants around the 

Fig. 1  The flow chart of study population recruitment
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residence, and second-hand smoke); and (4) FA and mul-
tivitamin supplement use.

Maternal FA supplementation was classified as “regu-
larly” if mothers reported taking at least 0.4  mg of FA 
daily for more than 5 days per week continuously during 
pregnancy. It was classified as “irregularly” if they took 
no more than 0.4 mg of FA daily for 5 or fewer days per 
week or did not take FA at all. Similarly, maternal multi-
vitamin use, defined as a dietary supplement containing 
a combination of essential vitamins and minerals, was 
considered as “regularly” if mothers reported taking one 
multivitamin tablet at least 5 days per week continuously 
during pregnancy; otherwise, it was classified as “irregu-
lar”. Multivitamin tablets primarily contained essential 
vitamins such as folic acid, iron, calcium, vitamin A, C, 
D, E, K, and B-complex vitamins (B1, B2, B3, B5, B6, B7, 
B9, and B12).

Maternal serum folate, vitamin b12, and hcy detection
Approximately 5  ml of peripheral blood was collected 
from each subject within two weeks of completing the 
questionnaire. Serum was separated and subsequently 
used to measure the concentrations of serum folate, vita-
min B12 and HCY, which are commonly used as clinical 
indicators for assessing the nutritional status of preg-
nant women. Serum folate and vitamin B12 levels were 
determined using the chemiluminescence method, while 
serum HCY concentrations were measured using the cir-
culating enzymatic method with automated biochemical 
techniques.

Air pollutant measurements during pregnancy
Air samples were collected from the participants’ resi-
dential environments within two weeks of completing 
the questionnaire and blood sample collection. The con-
centrations of benzene, toluene, xylene (BTX), form-
aldehyde and TVOCs in households were monitored 
as previously described in detail [7]. Briefly, the living 
room, where people spend the most time, was selected 
as the sampling area for assessing health risks in preg-
nant women. VOCs were collected using active samplers 
(TenaxTA, SUPELCO, USA) and analyzed by gas chro-
matography with flame ionization detection (GC-FID). 
Target VOCs (BTX) were quantified using multipoint 
external standard curves, and total quantified VOCs were 
included for TVOCs concentration analysis. Formalde-
hyde was measured and analyzed using the 3-methyl-
2-benzonthiazolinone hydrazine (MBTH) method with 
a UV-VIS spectrophotometer. Indoor temperature and 
relative humidity were recorded when the samples were 
obtained. Additional sampling and analytical method 
details are provided in the Chinese National Standard 
GB/T 18,883–2022 [15].

Observations below the method detection limits 
(MDLs), 0.01 mg/m3 for formaldehyde, BTX and TVOCS 
concentrations, were replaced with half the detection 
limit for statistical analyses.

Statistical analysis
Statistical analyses were performed using IBM SPSS soft-
ware, version 25.0. Data are presented as median val-
ues within interquartile ranges (IQR), and proportions, 
where relevant. Comparative bivariate analysis between 
case and control groups was conducted using t-tests for 
normally distributed variables, Mann-Whitney U tests 
for non-normally distributed variables, and chi-squared 
tests for categorical variables. The serum folate, vitamin 
B12, and HCY levels were categorized into low and high 
concentration groups based on the 75th percentile of the 
control group. Similarly, due to the skewed distribution 
of the indoor air pollutant concentrations, TVOCs expo-
sure levels were categorized as “low” (below the 75th per-
centile) and “high” (above the 75th percentile) based on 
control group distribution. Benzene exposure levels were 
categorized as “low” (≤ the MDL) and “high” (> the MDL). 
Univariate logistic regression was used to evaluate asso-
ciations between nutrient supplementation, serum bio-
markers, TVOCs exposure levels, and CHD, with results 
expressed as crude odds ratios (COR) and 95% confi-
dence intervals (CI). Adjusted odds ratios (AORs) were 
obtained using multivariate logistic regression, adjust-
ing for potential confounders identified with a p-value 
less than 0.05 in the bivariate analysis of baseline char-
acteristics. Correlations between the TVOCs concentra-
tions and nutrient serum biomarkers were assessed using 
Spearman rank correlation coefficients. To further clarify 
the effect of nutrient supplementation on CHD risk in 
relation to serum nutrient biomarkers and TVOCs expo-
sure, FA and multivitamin use were stratified as regular 
or irregular. AORs for CHD risk were then compared 
among mothers with different levels of serum biomarkers 
and TVOCs exposure. The Benjamini-Hochberg method 
was employed to control the false discovery rate, and 
adjusted p-values were calculated to account for multiple 
comparisons.

Results
Basic features of the study population
The demographic characteristics, reproductive his-
tory and periconceptional health status of the study 
population were presented in Table  1. Significant dif-
ferences were observed between the case and control 
groups in maternal age (P = 0.009), maternal education 
level (P = 0.009), paternal education level (P = 0.002), and 
the place of residence (P = 0.043), as determined by chi-
squared tests. In summary, the case group demonstrated 
younger maternal ages, lower parental education levels, 
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and a higher proportion of rural residence compared to 
the control group.

Maternal nutrient supplement and serum biomarkers of 
the study subjects
The percentage of individuals regularly taking FA supple-
ments was similar between the case and control groups. 
However, the proportion of individuals regularly supple-
menting with multivitamins was significantly lower in the 
case group (26.4% vs. 44.2%, P = 0.039).

In terms of serum nutrient biomarkers, no significant 
difference was observed in serum folate levels between 
the two groups. However, vitamin B12 levels were sig-
nificantly higher in the control group [median (IQR): 284 
(139.5) pmol/L] compared to the case group [253 (108.5) 
pmol/L] (P = 0.029). Serum HCY concentrations were 
notably elevated in the case group [median (IQR): 6.44 
(3.3) µmol/L] compared to the control group [4.5 (3.0) 

µmol/L], with a highly significant difference (P < 0.001) 
(Table 2).

Further analysis of the effects of nutrient supplementa-
tion on serum nutrient biomarkers (Table S1) revealed 
that regular multivitamin supplementation was associ-
ated with significantly higher serum folate levels and 
lower HCY levels compared to irregular supplementa-
tion. FA supplementation did not show significant differ-
ences in these biomarkers.

Maternal exposure to indoor air pollution during 
pregnancy
In this study, the highest TVOCs levels were signifi-
cantly higher in the case group (7.02  mg/m³) compared 
to the control group (1.85  mg/m³). The median (IQR) 
TVOCs level in cases was 0.400 (0.98) mg/m³, which is 
significantly higher than in controls [0.005 (0.01) mg/m³, 
P < 0.001] (Table  3). According to the Chinese National 
Standard GB/T 18,883–2022 [15], the limits are 0.60 mg/

Table 1  Baseline Characteristics of Cases and Controls
Control(N = 77) n(%) Case(N = 53) n(%) P value

Maternal age (years) 0.009
  <25 1(1.3) 4(7.5)
  25 ≤ Y<30 20(26.0) 23(43.4)
  ≥ 30 56(72.4) 26(49.1)
Maternal education level 0.009
  Below the undergraduate level 8(10.4) 15(28.3)
  College or higher 69(89.6) 38(71.7)
Paternal education level 0.002
  Below the undergraduate level 8(10.4) 17(32.1)
  College or higher 69(89.6) 36(67.9)
Residence 0.043
  Urban 40(51.9) 18(34.0)
  Rural 37(48.1) 35(66.0)
Parity 0.719
  Primiparous 47(61.0) 34(64.2)
  Multiparous 30(39.0) 19(35.8)
Cold/ Fever in early pregnancy 0.183
  no 44(57.1) 24(42.3)
  yes 33(42.9) 29(54.7)
Maternal passive smoking 0.613
  no 47(61.0) 30(56.6)
  yes 30(39.0) 23(43.4)
Maternal alcohol consumption 0.651
  never/irregularly 76(98.7) 52(98.1)
  regularly 1(1.3) 1(1.9)
Environmental pollutants around the residence* 0.070
  no 40(51.9) 19(35.8)
  yes 37(48.1) 34(64.2)
House Renovation 0.551
  no 56(72.7) 41(77.4)
  yes 21(27.3) 12(22.6)
*Environmental pollutants around the residence: Within a 5-minute walking distance from home, there are farmlands/orchards, plastic greenhouses, or busy roads 
(served by public transportation), chemical emission sources, factories emitting smoke, and public places or large garbage disposal areas with high noise levels
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m³ for TVOCs, 0.08 mg/m³ for formaldehyde, 0.03 mg/
m³ for benzene, 0.20 mg/m³ for toluene, and 0.20 mg/m³ 
for xylene. For TVOCs, benzene, toluene and xylenes, in 
a sample of 130, approximately 23%–46% of the samples 
exceeded the MDL. For formaldehyde, over 90% of the 
samples had detection values that exceeded the MDL. A 

significantly higher proportion of cases (37.7%) exceeded 
the TVOCs reference limit compared to controls (5.2%) 
(P < 0.001).

Formaldehyde and BTX concentrations were gener-
ally low in both groups, with median (IQR) values nearly 
zero. However, benzene levels above the reference limit 

Table 2  Maternal nutrient supplement and serum biomarkers of the study subjects
Control (N = 77)
n (%) or median (interquartile)

Case (N = 53)
n (%) or median (interquartile)

P value

Nutrient supplement
FA supplementation 0.939a

  Irregularly 30(39.0) 21(39.6)
  Regularly 47(61.0) 32(60.4)
Multivitamin supplementation 0.039a

  Irregularly 43(55.8) 39(73.6)
  Regularly 34(44.2) 14(26.4)
Nutrient serum biomarkers
  Folate (nmol/L) 29.3(13.3) 33.9(15.8) 0.113b

  Vitamin B12 (pmol/L) 284.0(139.5) 253.0(108.5) 0.029b

  Homocysteine (µmol/L) 4.5(3.0) 6.44(3.3) <0.001b

a: P value was calculated by chi-squared test; b: P value was calculated by Mann–Whitney U-test

Table 3  Indoor air pollutions measurements in the case and control groups
Control(N = 77) Case(N = 53) P value

TVOCsc

  Median(IQR) (mg/m3) 0.005(0.01) 0.40(0.98)
  Range (mg/m3) 0.005–1.85 0.005–7.02
  Number at or above the MDL[n(%)] 20[28.6%] 41[77.4%]
  Number over reference limit [n(%)] 4[5.2%] 20[37.7%] <0.001a

Benzenec

  Median (IQR) (mg/m3) 0.005(0) 0.005(0.06)
  Range (mg/m3) 0.005-1.0 0.005-1.0
  Number at or above the MDL[n(%)] 9[11.7%] 22[41.5%]
  Number over reference limit[n(%)] 9[11.7%] 22[41.5%] <0.001a

Toluenec

  Median (IQR) (mg/m3) 0.005(0) 0.005(0.20)
  Range (mg/m3) 0.005-0.6 0.005-1.0
  Number at or above the MDL[n(%)] 11[14.3%] 24[45.3%]
  Number over reference limit [n(%)] 3[3.9%] 2[3.8%] 1a

Xylenec

  Median (IQR) (mg/m3) 0.005(0) 0.005(0.16)
  Range (mg/m3) 0.005-0.6 0.005-1.4
  Number at or above the MDL[n(%)] 10[13.0%] 22[41.5%]
  Number over reference limit [n(%)] 5[6.5%] 2[3.8%] 0.7a

Formaldehydec

  Median (IQR) (mg/m3) 0.02(0.033) 0.01(0.015)
  Range (mg/m3) 0.005–0.79 0.005–0.609
  Number at or above the MDL[n(%)] 72[93.5%] 52[98.1%]
  Number over reference limit [n(%)] 11[14.3%] 7[13.2%] 0.86 a

Temperature
  Median (IQR) (℃) 28.7(5) 25(6) <0.001b

Humidness
  Median (IQR) (%) 47(15) 38(10.5) 0.002b

a: P value was calculated by Chi-square analysis or Fisher exact tests. b: P value was calculated by Mann–Whitney U-test. c: TVOCs, Benzene, toluene and xylene and 
formaldehyde concentrations below the method of detection limit (MDL) of 0.01mg/m3 were replaced with 0.005 mg/m3 in all analyses
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were more common in the case group (41.5%) compared 
to the control group (11.7%) (P < 0.001).

Additionally, the control group had higher average 
temperature [28.7  °C vs. 25.0  °C, P < 0.001] and humid-
ity [47.8% vs. 38%, P = 0.002]. Despite these conditions, 
which are known to increase VOCs concentrations with 
higher temperature and humidity, the case group still 
exhibited significantly higher TVOCs levels, suggesting 
that under similar environmental conditions, the case 
group’s exposure would be even more pronounced [16, 
17].

Correlation analysis of serum nutrient biomarkers and 
TVOCs concentrations
Table S2 showed the correlation between serum folate, 
vitamin B12, HCY, and TVOCs concentrations. The 
analysis revealed a negative correlation between serum 
vitamin B12 and HCY, which aligns with previous 
research findings. Notably, there was a positive corre-
lation (r = 0.263) between TVOCs concentration and 
serum HCY levels. Both TVOCs and serum HCY have 
been identified as risk factors for CHD in our study. This 
interaction further highlights the necessity of monitoring 

nutrient status in pregnant populations exposed to high 
levels of indoor pollutants.

Associations between nutrient supplementation, serum 
biomarkers, TVOCs exposure levels, and CHD
This study investigated the associations between nutri-
ent supplementation, serum biomarkers, TVOCs expo-
sure levels, and CHD (Table  4). Regular multivitamin 
use appeared to reduce CHD risk (COR = 0.45, 95% CI: 
0.21–0.97), but this association was not statistically sig-
nificant after adjusting for confounders (AOR = 0.58, 95% 
CI: 0.26–1.30). High serum HCY levels (> 6.125 µmol/L) 
were linked to an increased CHD risk (AOR = 2.98, 
95% CI: 1.31–6.36). Elevated TVOCs (> 0.0165  mg/
m³) and benzene (> 0.01  mg/m³) exposures significantly 
increased CHD risk (AOR = 9.23, 95% CI: 3.78–22.53 
and AOR = 4.56, 95% CI: 1.75–11.89, respectively). Nota-
bly, high serum folate (≥ 34.55 nmol/L) was identified as 
a risk factor for CHD (AOR = 3.03, 95% CI: 1.33–6.88), 
contrary to previous studies suggesting a protective role, 
indicating the need for further research.

Given the correlations between HCY, vitamin B12, 
and TVOCs, as shown in Table S3, we conducted a sen-
sitivity analysis where models were co-adjusted for these 

Table 4  Associations between nutrient supplement, serum biomarkers and air pollutants exposure levels and CHD
Controls
N(%)

Cases
N(%)

COR AOR#

Nutrient supplement
FA
  Irregularly 30(39.0) 21(39.6) Reference Reference
  Regularly 47(61.0) 32(60.4) 0.97(0.48–1.99) 1.13(0.52–2.44)
Multivitamin
  Irregularly 43(55.8) 39(73.6) Reference Reference
  Regularly 34(44.2) 14(26.4) 0.45(0.21–0.97)* 0.58(0.26–1.30)
Serum biomarkersa

Folate
  Low(≤ 34.55 nmol/L) 58(75.3) 21(39.6) Reference Reference
  High(>34.55 nmol/L) 19(24.7) 32(60.4) 2.53(1.20–5.34)* 3.03(1.33–6.88)**

Vitamin B12
  Low(≤ 370 pmol/L) 58(75.3) 44(83.0) Reference Reference
  High(>370 pmol/L) 19(24.7) 9(17.0) 0.62(0.26–1.51) 0.79(0.31–2.07)
Homocysteine
  Low(≤ 6.125µmol/L) 58(75.3) 24(45.3) Reference Reference
  High(>6.125µmol/L) 19(24.7) 29(54.7) 3.69(1.70–7.80)** 2.98(1.31–6.36)**

Indoor air pollution
TVOCsa

  Low(≤ 0.0165 mg/m3) 58(75.3) 12(22.6) Reference Reference
  High(>0.0165 mg/m3) 19(24.7) 41(77.4) 10.43(4.57–23.82)*** 9.23(3.78–22.53)***

Benzeneb

  Low(≤ 0.01 mg/m3) 68(88.3) 31(58.5) Reference Reference
  High(>0.01 mg/m3) 9(11.7) 22(41.5) 5.36(2.22–12.98)*** 4.56(1.75–11.89)**

#Adjusted for maternal age, maternal education level, paternal education level, and residence. *Significant differences (p < 0.05) between the case and control 
groups are indicated. ** Significant differences (p < 0.01) between the case and control groups are indicated. *** Significant differences (p < 0.001) between the case 
and control groups are indicated. a: Serum folate, Vitamin B12, homocysteine and TVOCs exposure levels were categorized into low and high concentrations based 
on the 75th percentile of the control group. b: Benzene exposure levels were categorized into low and high concentrations based on the MDL
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three variables. The results showed that after adjusting 
for confounding factors, high levels of TVOCs exposure 
still significantly increased the risk of CHD, but the risk 
associated with homocysteine was no longer statistically 
significant.

Effect of CHD in relation to TVOCs exposure and 
serum HCY levels in a stratified analysis of nutrient 
supplementation
Building upon the established correlation between 
TVOCs, serum HCY biomarkers, and CHD, we further 
analyzed whether the AOR of TVOCs and serum HCY 
in relation to CHD would be strengthened or weakened 
under irregular and regular nutrient supplementation.

As shown in Table  5, the adverse effect of high HCY 
levels on CHD was somewhat attenuated in the group 
with regular FA supplementation compared to the irregu-
lar supplementation group, with AOR values of 7.65 (95% 
CI: 1.79–32.66) and 2.90 (95% CI: 0.97–8.64), respec-
tively. However, regular FA supplementation did not 
show a significant protective effect against high TVOCs 
exposure.

In participants with irregular multivitamin supplemen-
tation, the AOR for high TVOCs exposure and CHD was 
estimated to be 17.87 (95% CI: 5.11–62.53). This risk was 
lower in participants with regular multivitamin supple-
mentation, with an AOR of 5.99 (95% CI: 1.14–31.49).

In Table S4, we adjusted for relevant factors, and the 
results were similar to those in Table 5. Regular folic acid 
(FA) supplementation did not show a significant protec-
tive effect against high TVOCs exposure, while regular 
multivitamin supplementation reduced the risk of CHD 
associated with high TVOCs exposure.

These results indicate that both high serum HCY lev-
els and high TVOCs exposure are significant risk fac-
tors for CHD, and the risks are particularly pronounced 

in individuals with irregular nutrient supplementation. 
Regular supplementation with FA and multivitamins 
appears to mitigate some of the risks associated with high 
HCY levels and TVOCs exposure, though not entirely. 
This underscores the importance of consistent nutrient 
supplementation in populations exposed to high levels of 
indoor air pollutants.

Discussion
Adverse effects of TVOCs on fetal CHD
Volatile organic compounds (VOCs) encompass a wide 
range of chemicals known for their carcinogenic, irri-
tant, and toxic properties. Indoor environments, particu-
larly new or recently renovated homes, often have higher 
concentrations of VOCs than outdoor air due to numer-
ous sources of emissions, such as paints, adhesives, and 
building materials, coupled with lower ventilation rates 
and prolonged indoor occupancy[ [18–20]. Notably, two 
case-control studies in China highlighted a significant 
increase in the risk of cardiac defects in offspring when 
pregnant women moved into newly decorated homes 
shortly before or during the early stages of pregnancy [21, 
22].

Despite the recognized sources and potential impacts 
of VOCs, our study did not find a significant difference 
in the history of home decoration between the case and 
control groups. This suggests that long-term exposure 
to products and materials commonly found in homes, 
ranging from building materials to daily use products like 
personal care and cleaning agents [23], may contribute to 
TVOCs levels indoors.

We reported indoor TVOCs concentrations ranging 
from 0.005 to 7.02 mg/m3, with a median concentration 
of 0.40 mg/m³ in cases and 0.005 mg/m³ in controls. For 
the target VOCs, such as formaldehyde and BTX, con-
centrations in most houses were below the MDLs in our 

Table 5  Effect of CHD in relation to TVOC exposure and serum HCY levels in a stratified analysis of nutrient supplementation
Folic acid supplementation Multivitamin supplementation

Irregularly(N = 51) Regularly(N = 79) Irregularly(N = 82) Regularly(N = 48)

N,
controls/cases

AOR# N,
controls/cases

AOR# N,
controls/cases

AOR# N,
controls/
cases

AOR#

Serum 
Homocysteine
  Low(≤ 6.125µmol/L) 21/6 Reference 37/18 Reference 31/15 Reference 27/9 Reference
  High(>6.125µmol/L) 9/15 7.65(1.79–

32.66)**
10/14 2.90(0.97–

8.64)
12/24 3.63(1.33–

9.93)*
7/5 3.35(0.70-

15.94)
TVOCs
  Low(≤ 0.0165 mg/
m3)

22/6 Reference 36/6 Reference 33/7 Reference 25/5 Reference

  High(>0.0165 mg/
m3)

8/15 11.95(2.68–
53.39)**

11/26 15.23(4.06–
53.70)***

10/32 17.87(5.11–
62.53)***

9/9 5.99(1.14–
31.49)*

# Adjusted for maternal age, maternal education level, paternal education level, and residence. * Significant differences (p < 0.05) between the low and high groups 
are indicated. ** Significant differences (p < 0.01) between the low and high groups are indicated. *** Significant differences (p < 0.001) between the low and high 
groups are indicate
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study. A study calculated the concentrations of median 
benzene, toluene, and xylenes in over 17,000 residences 
from 2000 to 2021 using a systematic review method, 
with the results being 24.2  µg/m3, 40.9  µg/m3, 49.9  µg/
m3, respectively [24]. According to the Chinese National 
Air Quality Standards GB/T 18,883 − 2022 [15], the rates 
of exceeding the current reference value in both groups 
were below 20% for most indoor air pollutants except for 
TVOCs and benzene in the case group (37.7% and 41.5%, 
respectively). Although the maternal exposure levels to 
indoor air pollutants in our study were generally lower 
than the previous study of the general population and fell 
below the Chinese national standard reference values, 
our findings suggest that the risk of CHD in offspring 
may still be linked to maternal exposure to high levels of 
TVOCs and benzene, even at low concentrations.

Prenatal exposure to high levels of TVOCs has been 
previously associated with adverse outcomes, includ-
ing impaired mental and psychomotor development and 
reduced postnatal growth rates in children [5]. While 
research on TVOCs exposure and CHD is limited, our 
findings, alongside prior studies [7], suggest a strong 
association between high TVOCs levels during early 
pregnancy and an increased risk of CHD in offspring, 
reaffirming the need for heightened awareness and miti-
gation strategies to protect maternal and fetal health. 
Our current study further validates the link between high 
TVOCs exposure level and fetal CHD, revealing a more 
than ninefold increase in risk compared with low level 
(AOR: 9.23(3.78–22.53), thus highlighting the critical 
need for continued research and preventive measures in 
managing indoor air quality to safeguard against develop-
mental risks in fetuses.

Relationship between nutrient supplementation, serum 
biomarkers and CHD
Folic acid, a crucial vitamin in nucleotide synthesis, 
amino acid conversion, and methylation, is widely rec-
ognized for its role in preventing early embryonic devel-
opmental abnormalities and birth defects [25]. In a 
periconceptional study conducted in the same region of 
China, the average serum folic acid concentration mea-
sured in pregnant women was 20.3 nmol/L [26], and the 
serum folic acid concentration we measured was slightly 
higher than that in this study(case 33.9 nmol/L, control 
29.3nmol/L). However, in another study conducted in 
other regions of China, the average serum concentra-
tions of folic acid for pregnant women who were supple-
mented and not supplemented with folic acid were 17.1 
ng/ml(38.7nmol/L) and 14.7 ng/ml(33.3nmol/L) [27], 
respectively, which is slightly higher than in our study 
(regularly 31.5 nmol/L, irregularly 29.3 nmol/L). Possible 
reasons include regional differences, dietary habits, and 
varying health perceptions.

Research indicates that multivitamin supplements, par-
ticularly those enriched with vitamins D, B, and folic acid, 
are implicated in potentially lowering the risk of CHD 
in offspring, underscoring the critical nature of optimal 
maternal vitamin D levels during pregnancy [28, 29]. 
The collective evidence supports the beneficial impact of 
comprehensive prenatal multivitamin supplementation 
on mitigating CHD risk, with a specific emphasis on the 
importance of vitamins D and B, alongside folic acid, in 
prenatal nutrition strategies [11, 30, 31].

Our findings align with this perspective, demonstrat-
ing a significant reduction in CHD risk associated with 
regular multivitamin use (COR = 0.45, 95% CI: 0.21–
0.97). Conversely, our study revealed no direct correla-
tion between FA supplementation and CHD, suggesting 
that the impact of nutrient supplementation on CHD is 
complex. It appears that multivitamin supplementation, 
which includes a variety of essential vitamins and min-
erals, offers greater benefits in reducing CHD risk com-
pared to folic acid alone. This highlights the superior 
protective effect of comprehensive multivitamins over 
single-nutrient supplementation in mitigating CHD risk.

The one-carbon metabolism pathway offers insight into 
how deficiencies in folic acid or vitamin B12 can lead 
to elevated HCY levels, which is a known risk factor for 
CHD[ [32–34]. Our research corroborates this, showing 
a negative correlation between serum HCY and vitamin 
B12 levels and identifying elevated maternal serum HCY 
as a significant risk factor for CHD (COR = 3.69, 95% CI: 
1.70–7.80; AOR = 2.98, 95% CI: 1.31–6.36).

The relationship between nutrient supplementation 
and serum nutrient biomarkers is complex, involving 
intricate metabolic reactions in vivo. Our study revealed 
that regular multivitamin supplementation was associ-
ated with significantly higher serum folate levels and 
lower HCY levels compared to irregular supplementa-
tion. However, FA supplementation did not show signifi-
cant differences in serum nutrient biomarkers. Moreover, 
the associations between nutrient supplementation, 
serum nutrient biomarkers, and CHD are influenced 
by various confounding factors. In our research, the 
adverse effect of high HCY levels on CHD was somewhat 
attenuated in the group with regular FA supplementa-
tion compared to the irregular supplementation group. 
Interestingly, our results also indicated that high levels of 
serum folate might increase the AOR for CHD compared 
to low levels. This deviation suggests that the protec-
tive effects of folic acid on CHD might be influenced by 
complex factors such as air pollutant exposure, maternal 
dietary habits, and the transient nature of serum folate 
concentrations.

Briefly, while our study reinforces the protective role 
of comprehensive multivitamin supplementation against 
CHD and highlights the adverse effect of high serum 
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HCY levels on CHD, it also underscores the complex 
interplay between nutrient supplementation, serum bio-
markers, and CHD risk. The role of FA supplementation 
remains less clear, emphasizing the importance of com-
prehensive prenatal nutrition and the need for further 
research to understand the underlying mechanisms and 
optimize strategies for preventing CHD in populations 
exposed to high levels of indoor air pollutants.

Nutrient supplementation modified the effect of TVOCs on 
CHD
Previous research has suggested that maternal exposure 
to indoor TVOCs may increase the risk of giving birth to 
a fetus with CHD. However, few studies have investigated 
whether nutrient supplementation can modulate the rela-
tionship between air pollution exposure and CHD, par-
ticularly with TVOCs. In other research areas, one study 
found that an intake of supplemental folate of ≥ 800 µg/
day appeared to attenuate the adverse association 
between estimated NO2 exposure and the probability of 
live birth following assisted reproductive technology [35]. 
Additionally, research analyzing children’s IQ and mater-
nal serum folate levels during mid-pregnancy suggested 
that maternal folate might mitigate the neurotoxic effects 
of prenatal air pollution [36]. The potential molecular 
mechanism may involve exposure to high concentrations 
of air pollutants leading to increased DNA methylation 
levels [37, 38], which can be improved with dietary modi-
fications, including folate and vitamin B [39].

Our study found that TVOCs concentration was posi-
tively correlated with serum HCY concentration, and 
regular multivitamin supplementation reduced the AOR 
of high TVOCs for CHD risk. We hypothesize that the 
effect of high TVOCs on cardiac development may be 
moderated by increasing serum HCY concentration, 
and that multivitamin supplementation can reduce HCY 
accumulation in the body. Further studies in laboratory 
cells or animals are needed to confirm this hypothesis.

However, we did not find that regular FA supplementa-
tion significantly attenuated the impact of high TVOCs 
exposure on CHD risk. Nonetheless, the adverse effect 
of high HCY levels on CHD was somewhat attenuated 
in the group with regular FA supplementation compared 
to the irregular supplementation group. As previously 
discussed in the section on the relationship between 
FA supplementation, serum folate levels, and CHD, the 
impact of FA supplementation on TVOCs-related CHD 
risk must consider numerous confounding factors.

In summary, our study supports the beneficial effect of 
multivitamin supplementation in mitigating the cardiac 
developmental toxicity associated with prenatal TVOCs 
exposure. The role of FA supplementation in reducing 
the adverse effects of TVOCs on cardiac development 
remains less clear. Further research is needed to explore 

the mechanisms of nutrient supplementation on air pol-
lution-induced developmental toxicity and their meta-
bolic pathways.

Strengths and limitations of this study
This study has several strengths. Unlike traditional expo-
sure assessments using urban air monitoring stations and 
residential addresses, our study employed a door-to-door 
air sample collection method, providing a more accurate 
reflection of individual exposure to air pollutants. Addi-
tionally, the relationship between TVOCs and CHD was 
explored through a comprehensive approach, incorpo-
rating questionnaires (nutrient supplementation), blood 
sample analysis, and air pollutant exposure assessment. 
This multi-faceted design allowed for a robust analy-
sis and offered a theoretical basis for understanding the 
correlation between maternal nutrient supplementa-
tion, household air pollutant exposure, and CHD in off-
spring. The combination of questionnaires, blood sample 
analysis, and field investigations enhances the credibility 
and robustness of the findings, ensuring a well-rounded 
approach to data collection and analysis.

However, several limitations should be considered 
when interpreting our results. The door-to-door detec-
tion and blood sample collection methods required sig-
nificant effort and resources, resulting in a small sample 
size. This limitation led to wider confidence intervals and 
limited statistical power, although the current sample 
size was deemed sufficient based on sample size calcu-
lations. Air samples were collected at 22–30 gestational 
weeks, after the critical cardiac development period, 
possibly leading to nondifferential misclassification and 
reduced exposure assessment accuracy. Despite poten-
tial inaccuracies due to indoor air pollution volatility, the 
study’s focus on unaltered lifestyles and stable indoor liv-
ing environments aimed to reflect relatively quantifiable 
exposure. Additionally, the lack of specific dosage infor-
mation for FA and multivitamin supplementation could 
lead to misclassification and inaccurate assessments of 
their effects on CHD risk. However, standardized ques-
tionnaires and data collection by trained researchers 
helped mitigate this limitation by accurately defining and 
isolating FA and multivitamin use.

Conclusions
This study highlights significant associations between 
household TVOCs exposure, maternal serum HCY lev-
els, and CHD risk in offspring. Regular multivitamin 
supplementation was shown to reduce the risk of CHD, 
particularly by mitigating the adverse effects of high 
TVOCs exposure, while the role of FA supplementation 
remains less clear and warrants further investigation. 
These findings suggest that multivitamins, containing 
various essential vitamins and minerals, offer greater 
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protective benefits against CHD compared to FA alone. 
Emphasizing comprehensive prenatal nutrition and tar-
geted interventions to reduce indoor air pollution expo-
sure during pregnancy is crucial for protecting maternal 
and fetal health.
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