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Abstract

Background The use of antioxidant-rich foods to treat female infertility has received significant attention in recent
years. The aim of this study was to investigate the potential correlation between the composite dietary antioxidant
index (CDAI) and female infertility.

Methods The participants in the cross-sectional data were women between the ages of 20 and 45 who had
complete CDAl-related data and infertility information, which were taken from the National Health and Nutrition
Examination Survey (NHANES) conducted between 2013 and 2020. The independent association between CDAI
and infertility was investigated using multivariate logistic regression analysis. Trends between the two variables were
examined using smoothed curve fitting, and subgroup analysis and interaction tests were conducted.

Results The prevalence of infertility was 12.57% of the 3,259 participants included in the study; individuals in higher
CDAI quartiles tended to have a lower percentage of infertility. The risk of infertility was 44% lower among individuals
in the highest quartile of the CDAI compared to those in the lowest quartile (OR=0.56, 95%Cl: 0.36-0.85, P=0.0072),
and the test for trend was also significant (Pfor trend =0.0235). Smoothed curve fitting showed a negative non-
linear relationship between CDAI and infertility. Subgroup analysis and interaction tests showed that there was an
interaction of BMI in the relationship between CDAI and infertility risk (Pfor interaction =0.0497) and that education,
PIR, marital status, smoking status, hypertension, diabetes, age at menarche, ever having been treated for pelvic
infection, ever having used female hormones, and ever been pregnant had no significant dependence on this
negative association (all Pfor interaction > 0.05).

Conclusion There was a negative non-linear correlation between CDAI and infertility among reproductive-aged
women in the US. The risk of infertility may be reduced by increasing the intake of antioxidant-rich foods.
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Introduction

Infertility is defined as the inability to conceive after 12
months or more of regular, unprotected sexual behavior
or due to reduced fertility, either alone or with a part-
ner [1]. The prevalence of infertility has been increas-
ing annually in recent years, affecting 15% of couples of
reproductive age globally [2, 3]. In addition to its defi-
nition as the inability to conceive, infertility has been
demonstrated to have a significant impact on women’s
psychological well-being, quality of life, and long-term
health [4, 5]. Consequently, it has become a significant
public health issue.

An individual’s dietary antioxidant capacity is mea-
sured by the composite dietary antioxidant index (CDAI),
which is calculated based on the dietary intake of miner-
als and vitamins that possess antioxidant qualities, such
as zinc, magnesium, selenium, and vitamins A, C, and E
[6]. The current literature indicates that diseases related
to oxidative stress (OS), such as heart failure, hyperlipid-
emia, and chronic obstructive pulmonary disease, are all
associated with CDAI [7-9].

OS is characterized by an imbalance between the
body’s reactive oxygen species (ROS) and antioxidants.
This imbalance represents a significant contributing
factor to the pathogenesis of reproductive disorders,
including endometriosis, premature ovarian failure, and
infertility [10, 11]. Research has been shown that exces-
sive ROS production can lead to damage and senescence
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Fig. 1 Flowchart of the sample selection from NHANES 2013-2020
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of oocyte, failure of implantation, and placental damage,
ultimately leading to infertility [12, 13]. Therefore, anti-
oxidants are now commonly included in infertility treat-
ment to mitigate the damage of OS and enhance blood
circulation of endometrium [14]. In recent years, there
has been growing interest in the relationship between
dietary intake of antioxidants and female fertility. Studies
have reported that naturally occurring antioxidant com-
pounds found in dietary sources may be useful in treating
OS-mediated infertility across both natural and assisted
reproductive settings [15]. It has also been observed that
supplementing selenium and vitamin E helps improve
OS status in women with ovulatory disorders [16, 17].
A greater intake of vitamin C and vitamin E has been
shown to reduce the time taken for infertile couples to
conceive, according to a study examining the relationship
between women’s dietary antioxidant consumption and
the time to pregnancy in couples undergoing treatment
for infertility-related diseases [18]. Previous research has
also indicated a link between a decreased rate of infertil-
ity and consumption of various antioxidant substances
[19]. However, less attention has been given to evaluat-
ing the effect of CDAI, an indicator of dietary antioxidant
capacity, on infertility risk.

Therefore, the purpose of this study is to investigate the
association between CDAI and infertility using informa-
tion from the National Health and Nutrition Examination
Survey (NHANES), which may provide new approaches
to infertility treatments and dietary recommendations.

Materials and methods

Data sources

The NHANES database (www.cdc.gov/nchs/nhanes.
com) provided the data for this study. It is designed to
assess the general health and nutritional status of the US
population by collecting data on demographics, socio-
economic status, dietary habits, and health-related data.
NHANES was approved by the Ethics Review Board of
the National Center for Health Statistics, and informed
permission was obtained from each survey respondent
before their participation in the study.

Study population

This cross-sectional analysis used data from 2013 to 2020
for a total of 35,706 study participants, excluding 17,616
males, 13,430 females younger than 20 or older than 45
years of age, and 1,401 who did not respond to the “his-
tory of infertility” question or had missing data related to
the CDAI and finally. The final analysis sample consisted
3,259 participants. Details of the screening process and
the size of the participants are shown in Fig. 1.
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Assessment of CDAI

The food and nutrient intake of each participant was
collected during the dietary interview section of the
NHANES database. Each participant was required to
complete a non-continuous 24-hour dietary recall inter-
view for two days. The first dietary interview was con-
ducted in person at the Mobile Examination Center, and
the second was conducted by telephone 3 to 10 days later,
with the amounts per-intake calculated from dietary
recall data on both days. We determined the CDAI using
the Wright et al. suggested measure, which is consists of
six dietary antioxidants, including magnesium, selenium,
zinc, and vitamins A, C, and E [6].

The following formula was calculated by subtracting
the global mean from the average daily intake of the six
antioxidants and dividing the result by the global stan-
dard deviation:

n=6 vi al intake — Mea
CDAI — Z._l Individual 1;1;1((‘ Mean

Assessment of infertility

Infertility is measured by self-reported Reproductive
Health Questionnaires for each woman: “Have you ever
tried to conceive a child for at least one year without get-
ting pregnant?” Women who answered “yes” were con-
sidered infertile.

Covariates

Covariates in this study included age, race (Mexican
American/other  Hispanic/non-Hispanic  white/non-
Hispanic black/other races), education level (Less than
9th grade/9th—11th grade/High school or GED/Some
college or AA degree/College graduate or above), ratio
of family income to poverty(PIR) (<1.3/1.3-3.49/23.5),
energy(kcal), body mass index (BMI) (<25/25-29.9/>30),
marital status (married or living with a partner/wid-
owed or divorced or separated/never married), smoking
status (according to the standard of at least 100 ciga-
rettes per year, it is divided into current>100 cigarettes,
former>100 cigarettes and have quit smoking, and
never<100 cigarettes), hypertension (yes/no), Diabe-
tes (yes/no), age when first menstrual period occurred
(Age<10/10<Age<15/Age>15), ever treated for a pelvic
infection/pelvic inflammatory disease(PID) (yes/no), ever
use female hormones (yes/no), ever been pregnant (yes/
no).

Statistical analysis

Infertility was categorized as a dichotomous vari-
able with or without infertility. CDAI as a continuous
variable is presented as quartiles. Continuous covari-
ates are expressed as meanzstandard deviation, and
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categorical variables are expressed as percentages. We
used weighted chi-squared tests for categorical variables
and weighted linear regression models for continuous
variables to assess differences between individuals cat-
egorized by CDAI quartiles. The independent associa-
tion between CDAI and infertility was examined in three
separate models using multivariate logistic regression
models. Model 1 did not adjust for covariates. Model 2
was adjusted for age and race. Model 3 was adjusted for
age, race, education level, PIR, energy, BMI, marital sta-
tus, smoking status, hypertension, diabetes, age when
first menstrual period occurred, ever treated for a pelvic
infection/PID, ever use female hormones, and ever been
pregnant. Subgroup analyses were performed to assess
the stability of the association between CDAI and infer-
tility, with stratification factors including education level,
PIR, BMI, marital status, smoking status, hypertension,
diabetes, age when first menstrual period occurred, ever
treated for a pelvic infection/PID, ever use female hor-
mones, and ever been pregnant. An interaction term was
included to test for heterogeneity of associations between
subgroups. Missing values were input by median for
continuous variables or mode for categorical variables
of existing cases of those variables. All statistical analy-
ses were performed using EmpowerStats (http://www.
empowerstats.com, X&Y Solutions, Inc., Boston, MA)
and R software, and P<0.05 was considered statistically
significant.

Results

Baseline characteristics of study participants

Table 1 shows the baseline characteristics of all partici-
pants. A total of 3,259 participants were enrolled in this
study, with a mean age of 32.32+7.60 years. The overall
prevalence of infertility was 12.57%, and the prevalence
of infertility in quartiles 1-4 was 14.52%, 12.57%, 14.00%,
and 9.48%respectively. Compared with the lowest quar-
tile of the CDAI, participants in the highest quartile of
the CDAI had lower BMI, smoking rates, age of men-
arche, PID prevalence, and ever been pregnant, and
higher levels of education, family income, calorie intake,
and marriage rate when compared to those in the low-
est quartile. (all P<0.05). There was no statistically sig-
nificant difference in age, hypertension and diabetes
between the different quartiles (P>0.05).

Association of CDAI with infertility

Table 2 shows the association between CDAI and infer-
tility. In comparison to the lowest quartile of CDAI, par-
ticipants with the highest quartile of CDAI exhibited a
44% reduction in the likelihood of developing infertil-
ity, which was statistically significant (OR=0.56, 95%
CIL: 0.36-0.85; P=0.0072), and the test for trend was
also statistically significant (Pfor trend=0.0235). The
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Table 1 Baseline characteristics of the study population according to CDAI quartiles
CDAI Overall Q1 Q2 Q3 Q4 P-value
N=815 N=814 N=815 N=815
Age, mean=+SD (years) 32.32+7.60 3244+8.07 31.92+7.60 32.10+£7.54 32.79+7.21 0.0908
Race(%) 0.0062
Mexican American 12.53 11.31 11.31 11.72 15.53
Other Hispanic 7.83 10.10 6.40 7.39 7.64
Non-Hispanic White 5563 52.94 55.77 58.35 55.11
Non-Hispanic Black 13.60 1541 15.97 11.82 11.58
Other Race 1042 10.24 10.55 10.72 10.14
Education Level (%) <0.0001
Less than 9th grade 293 393 2.88 2.58 246
9th-11th grade 740 9.73 7.84 6.09 6.31
High school or GED 19.41 28.64 18.72 17.34 14.20
Some college or AA degree 3522 38.19 41.65 29.23 3259
College graduate or above 3503 19.52 2891 44.76 4445
PIR (%) <0.0001
<13 2595 3293 29.21 22.85 19.95
1.3-349 40.24 39.57 38.85 40.07 42.29
>35 33.81 27.50 31.94 37.08 37.76
Energy, mean+SD (kcal) 1847.07+636.89 1230.15+388.86 1731.77+400.07 1950.07+430.73 2383.99+660.28 <0.0001
BMI (%) 0.0316
<25 35.09 35.19 32.20 35.25 37.54
25-29.9 24.85 2230 2542 27.87 2349
>30 40.07 42.51 4238 36.88 3897
Marital status (%) <0.0001
Married/Living with partner 59.78 52.04 61.25 60.37 64.47
Widowed/Divorced/Separated 9.69 14.75 9.13 7.99 7.54
Never married 30.53 33.21 29.62 31.64 27.99
Smoking status (%) <0.0001
Current 17.35 28.54 18.94 12.59 10.96
Former 13.60 9.76 13.70 13.87 16.54
Never 69.05 61.70 67.35 73.53 7251
Hypertension (%) 0.1183
Yes 1235 13.82 11.52 10.56 13.66
No 87.65 86.18 88.48 89.44 86.34
Diabetes (%) 0.0894
Yes 3.80 396 4.75 246 413
No 96.20 96.04 95.25 97.54 95.87
Age when first menstrual period occurred (%) 0.0010
Age<10 944 12.88 9.60 6.44 9.31
10<Age<15 8448 79.94 84.32 87.84 85.17
Age>15 6.09 7.18 6.08 572 5.52
Ever treated for a pelvic infection/PID (%) 0.0001
Yes 4.56 7.61 3.46 3.73 3.79
No 95.44 9239 96.54 96.27 96.21
Ever use female hormones (%) <0.0001
Yes 436 5.28 5.02 1.20 6.09
No 95.64 94.72 94.98 98.80 9391
Ever been pregnant (%) 0.0491
Yes 69.17 7212 70.88 66.48 67.73
No 30.83 27.88 29.12 3352 3227
Tried for a year to become pregnant (%) 0.0089
Yes 12.57 14.52 1257 14.00 948
No 8743 8548 8743 86.00 90.52
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Table 2 Association of CDAI with infertility
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CDAI OR(95%Cl), P-value

Model 1 Model 2 Model 3
Q1 1.0 1.0 1.0
Q2 0.70(0.52,0.94) 0.0184 0.71(0.53,0.96) 0.0256 0.65 (0.47,0.90) 0.0086
Q3 0.83(0.62,1.10) 0.1941 0.84 (0.63,1.12) 0.2467 0.76 (0.53,1.07) 0.1122
Q4 0.75 (0.56, 1.00) 0.0478 0.74 (0.55,0.99) 0.0442 0.56 (0.36, 0.85) 0.0072
P for trend 0.1167 0.1073 0.0235

Model 1 adjusted for none

Model 2 adjusted for age and race

Model 3 adjusted for age, race, education level, PIR, energy, BMI, marital status, smoking status, hypertension, diabetes, age when first menstrual period occurred,
ever treated for a pelvic infection/PID, ever use female hormones, ever been pregnant

Infertility
0.10 0.15 0.20 0.25
l l

0.05

0.00

Fig. 2 Smooth curve fitting for CDAI and infertility

relationship between CDAI and infertility was further
investigated with smoothed curve fitting, which showed
negative nonlinear associations (Fig. 2).

Subgroup analysis

To further explore the factors associated with the asso-
ciation between CDAI and infertility risk, we performed
subgroup analysis. All covariables in each subgroup
analysis model were adjusted, with the exception of
the stratified variables themselves. The results indi-
cated a substantial inverse relationship between CDAI
and infertility among individuals with grades 9-11 in

education (OR=0.91, 95% CI: 0.83-1.00), BMI<25 kg/
m? (OR=0.94, 95% CI: 0.90-0.99), who were married or
living with a partner (OR=0.97, 95% CI: 0.94-0.99), had
no history of hypertension (OR=0.97, 95% CI: 0.95-1.00)
and had not been infected with pelvic inflammatory dis-
ease (OR=0.98, 95% CI: 0.95-1.00) (all P<0.05). The
interaction test demonstrated that there was an interac-
tion between BMI in the relationship between CDAI and
infertility risk (Pfor interaction=0.0497). The negative
association between CDAI and infertility risk was more
pronounced in those with a BMI<25 kg/m?% Further-
more, no significant association was observed between
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the negative association and other factors, including edu-
cation level, PIR, marital status, smoking status, hyper-
tension, diabetes, age of menarche, previous treatment
for pelvic infection, previous use of female hormones,
and previous pregnancy (all Pfor interaction>0.05)
(Fig. 3).

Discussion

In the cross-sectional study of 3,259 participants, we
observed an inverse association between CDAI and infer-
tility. Subgroup analyses showed that the association
between CDAI and infertility risk was influenced by BML
Our study suggest that increased intake of antioxidant-
rich foods may help reduce the risk of infertility.

Effects of antioxidants on infertility
Research on the connection between diet and male fertil-
ity have been extensively studied in the past, while there

Page 6 of 9

have been few studies on the relationship between CDAI
and female infertility. Nowadays, using dietary antioxi-
dants to intervene female infertility has gradually gained
attention. Previous research has indicated that antioxi-
dants may be beneficial for women experiencing infer-
tility. In a randomized controlled clinical experiment
conducted by Safiyeh et al. on 70 infertility individuals
with occult ovarian dysfunction, it was found that sup-
plementation of selenium and vitamin E may decrease
ROS overexpression and boost ovarian reserve [20]. In
their study, Jurczewska et al. concluded that antioxidant
vitamins (A, C, and E) and minerals have a positive effect
on ovulation and fertility in women [21]. In a cross-sec-
tional study involving 1,713 women, Ji et al. found that
a high intake of vitamins A, C, magnesium, and other
nutrients was associated with a lower incidence of female
infertility [19]. In cross-sectional research, Adeniyi et
al. observed serum zinc and selenium concentrations in

Subgroup OR (95%CI) P value P for interaction
Education Level 0.3593
Less than 9th grade 0.92(0.71, 1.18) 0.5059

9th-11th grade — 0.91 (0.83, 1.00) 0.0454

High school or GED — e 0.99 (0.93, 1.05) 0.6369

Some college or AA degree ———i 0.98 (0.94, 1.02) 0.2529

College graduate or above —— 1.00 (0.97, 1.04) 0.9439

PIR 0.2871
<13 —— 0.97 (0.93, 1.01) 0.1783

1.3-349 —— 1.00 (0.97, 1.04) 0.9106

= 35 — 0.96 (0.92, 1.01) 0.0869

BMI 0.0497
<25 —— 0.94 (0.90, 0.99) 0.0101

25-29.9 ———— 0.98 (0.92, 1.03) 0.4098

=30 ———i 1.01 (0.98, 1.04) 0.7167

Marital status 0.2320
Married/Living with partner ——i 0.97 (0.94, 0.99) 0.0205
Widowed/Divorced/Separated —_—— 1.02 (0.96, 1.08) 0.5461

Never married —_— 1.00 (0.95, 1.07) 0.8858

Smoking status 0.7790
Current —_—— 0.96 (0.91, 1.02) 0.1706

Former —_— 0.98 (0.92, 1.04) 0.5296

Never —— 0.98 (0.96, 1.01) 0.2227

Hypertension 0.2485
Yes —— 1.00 (0.96, 1.05) 0.8566

No ——i 0.97 (0.95, 1.00) 0.0323

Diabetes 0.4851
Yes 0.94 (0.83, 1.06) 0.3154

No ——r 0.98 (0.96, 1.01) 0.1070

Age when first menstrual period occurred 0.9283
Age<10 —_— 0.97 (0.90, 1.05) 0.4270

l1I1<Age<15 —— 0.98 (0.95, 1.00) 0.0617

Age=16 —— 0.99 (0.93, 1.05) 0.6907

Ever treated for a pelvic infection/PID 0.3013
Yes 1.02 (0.94, 1.12) 0.5949

No —e— 0.98 (0.95, 1.00) 0.0438

Ever use female hormones 0.3123
Yes 0.93(0.84, 1.03) 0.1710

No —e— 0.98 (0.96, 1.00) 0.1027

Ever been pregnant 0.6750
Yes —— 0.98 (0.96, 1.01) 0.1935

No —— 0.97 (0.92, 1.03) 0.3009

0.70 0. 80 0.90 1.00 1.10 1.20

Fig. 3 Subgroup analysis of the association between CDAI and infertility
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Nigerian women with unexplained infertility were signifi-
cantly lower than in fertile women [22]. In a case-control
study, Kabodmehri et al. identified that the dietary anti-
oxidant index was inversely related to the risk of infertil-
ity among Iranian women [23]. Consistent with previous
research reports, this study shows that CDALI is inversely
associated with the risk of infertility, suggesting that
increased dietary antioxidant intake has a positive effect
on infertility.

Effect of OS on infertility

OS is an important pathological process that leads to
infertility. It has been demonstrated that OS can acceler-
ate oocyte senescence by increasing the level of inflam-
matory factors, proteins, and lipid peroxidation, and
disrupting vascular homeostasis, thereby reducing ovar-
ian reserve function, potentially leading to infertility and
other serious consequences [24]. Furthermore, excessive
ROS may also exert an influence on the normal separa-
tion of chromosomes during oocyte meiosis, impair
oocyte viability, and reduce the possibility of fertilization
[12]. In addition, OS can also induce endometrial inflam-
mation to make embryo implantation fail and hinder
embryo development by altering gene expression [25].
OS is associated with various reproductive diseases, and
excessive ROS in endometriosis may cause adhesions,
impair uterine peristalsis, cause developmental incon-
sistencies between the endometrium and the embryo,
and ultimately lead to infertility [26]. In patients with
polycystic ovary syndrome, increased OS markers in
oocyte follicular fluid lead to abnormal follicular growth
and maturation, poor oocyte or embryo quality, and
thus infertility [27]. Therefore, reducing the detrimen-
tal effects of OS on the female reproductive system is of
great significance to prevent and improve the reduction
of female fertility.

Dietary antioxidants can improve OS to increase
pregnancy rates

Antioxidant vitamins and minerals can restore or main-
tain the oxidation-antioxidant balance in the blood and
tissues and are essential for normal ovulation, maintain-
ing pregnancy and reducing adverse pregnancy outcomes
[21, 28]. According to research by Amini et al., vitamin
C and E supplements can effectively reduce the expres-
sion level of OS markers in women with endometriosis
[29]. Shi YQ et al. found that natural antioxidants such as
vitamins C and E could delay the disease process of pre-
mature ovarian aging by reducing ROS levels in the body
[24]. Ozkaya et al. observed that multivitamin and min-
eral supplementation can reduce OS levels in the serum
and follicular fluid of women undergoing in vitro fertiliza-
tion [30]. Numerous studies have confirmed that antioxi-
dant supplementation can effectively prevent or assist in
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the treatment of infertility-related diseases and improve
the pregnancy rate [31, 32]. The benefits of consuming
natural antioxidants from food include their high safety
and minimal side effects, garnering increasing interest
in its application for treating infertility [33]. The CDAI
is a well-established marker for evaluating the intake
of dietary antioxidants, which mirrors an individual’s
antioxidant status. Therefore, using the CDAI to assess
a patient’s antioxidant capacity might be a more effec-
tive approach to assess the relationship between intake
of antioxidant-rich food intake and infertility. In Model
3, the risk of infertility in the Q4 group was lower than
that in the Q1 group, suggesting that higher CDAI had
a positive effect on infertility. Subgroup analysis showed
that this negative association was significant in people
with grades 9-11, a BMI<25 kg/m?, who were married
or living with a partner, had no history of hypertension,
and had not been infected with pelvic inflammatory
disease. The results showed that for these participants,
higher CDAI was associated with a lower risk of infertil-
ity. Interaction tests showed that the negative association
between CDAI and infertility risk was more significant in
those with a BMI<25 kg/m?% However, education, PIR,
marital status, smoking status, hypertension, diabetes,
age at menarche, previous treatment for pelvic infection,
previous use of female hormones, and ever having been
pregnant were not dependent on the negative association
between CDAI and infertility, suggesting that these nega-
tive associations were similar across populations. The
results of this study complement and confirm the positive
effect of higher CDAI on reducing the risk of infertility in
the general population.

This study used NHANES data to make the study more
reliable and representative. In addition, based on the
information we could find, we included the largest sam-
ple size of previous research looking at the relationship
between CDAI and the risk of infertility. Furthermore,
we adjusted covariates related to exposure and outcome
to ensure that our results are applicable to a broad popu-
lation. However, this study has certain limitations. First,
the cross-sectional research design of the NHANES
made it impossible for us to establish a causal relation-
ship between CDAI and the risk of infertility. Second, the
NHANES database lacks information on the causes of
infertility, and some infertile populations may be caused
by factors unrelated to dietary intake, such as uterine
malformations and tubal obstruction. It was also not pos-
sible to explore in depth the relationship between CDAI
and infertility-related gynecological disorders, such as
polycystic ovary syndrome and endometriosis. Third,
the evaluation of an individual’s dietary intake relies on
the mean of two 24-hour dietary recall interviews, and it
could be subject to bias.
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Conclusion

Our study shows that there is a negative non-linear corre-
lation between CDAI and infertility among reproductive-
aged women in the US, suggesting that increasing dietary
intake of antioxidants may play a key role in reducing the
risk of infertility. Further prospective studies are needed
to verify our findings.

Abbreviations
BMI Body mass index

CDAI Composite dietary antioxidant index

NHANES  National Health and Nutrition Examination Survey
oS Oxidative stress

PID Pelvic inflammatory disease

PIR Ratio of family income to poverty

ROS Reactive oxygen species
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