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ABSTRACT

Background: Copper (Cu), an essential trace mineral regulating multiple actions of inflammation and oxidative stress, has been implicated in risk for
preterm birth (PTB).

Objectives: This study aimed to determine the association of maternal Cu concentration during pregnancy with PTB risk and gestational duration in a
large multicohort study including diverse populations.

Methods: Maternal plasma or serum samples of 10,449 singleton live births were obtained from 18 geographically diverse study cohorts. Maternal Cu
concentrations were determined using inductively coupled plasma mass spectrometry. The associations of maternal Cu with PTB and gestational duration
were analyzed using logistic and linear regressions for each cohort. The estimates were then combined using meta-analysis. Associations between
maternal Cu and acute-phase reactants (APRs) and infection status were analyzed in 1239 samples from the Malawi cohort.

Results: The maternal prenatal Cu concentration in our study samples followed normal distribution with mean of 1.92 pg/mL and standard deviation of
0.43 pg/mL, and Cu concentrations increased with gestational age up to 20 wk. The random-effect meta-analysis across 18 cohorts revealed that 1 pg/mL
increase in maternal Cu concentration was associated with higher risk of PTB with odds ratio of 1.30 (95% confidence interval [CI]: 1.08, 1.57) and
shorter gestational duration of 1.64 d (95% CI: 0.56, 2.73). In the Malawi cohort, higher maternal Cu concentration, concentrations of multiple APRs, and
infections (malaria and HIV) were correlated and associated with greater risk of PTB and shorter gestational duration.

Conclusions: Our study supports robust negative association between maternal Cu and gestational duration and positive association with risk for PTB. Cu
concentration was strongly correlated with APRs and infection status suggesting its potential role in inflammation, a pathway implicated in the mech-
anisms of PTB. Therefore, maternal Cu could be used as potential marker of integrated inflammatory pathways during pregnancy and risk for PTB.

Keywords: nutrition, pregnancy, low- and middle-income countries, copper, preterm birth, gestational duration, inflammation, acute-phase reactants

Introduction

Preterm birth (PTB), defined as birth before 37 completed wk (259
d) of gestation, is the leading cause of perinatal morbidity and mortality
worldwide [1]. Globally, it is estimated that approximately 15 million
babies are born preterm every year, with an average PTB rate of
approximately 11% [2], ranging from 5% to 18%, with higher rates
occurring in sub-Saharan African and South Asian low- and
middle-income countries. Despite the global burden, the underlying
drivers of PTB are uncertain. In particular, little is known about the role
of maternal essential trace metals in contributing to or predicting PTB.

Copper (Cu) is an essential trace element regulating several critical
biological processes through incorporation into Cu-dependent proteins.
These cuproproteins serve critical cellular homeostatic functions in
maintaining redox status and antioxidant defenses and modulating in-
flammatory processes [3—7]. Ceruloplasmin is the major Cu-carrying
protein in the blood, carrying approximately 75% to 95% of circu-
lating Cu [8]. The main function of ceruloplasmin is to oxidize ferrous
iron (Fe”) to the less damaging ferric iron (Fe3+), which enables the
iron to be bound by transferrin, the major iron-transport protein. Cu in
the form of ceruloplasmin possesses antioxidant activity by preventing
free radical damage [8]. Cu also has multiple actions implicated in the
modulation of inflammation including the rise in ceruloplasmin [9,10]
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whose expression levels increase during infection, stress, and inflam-
mation. Ceruloplasmin is an acute-phase reactant (APR) protein, the
expression of which increases with systemic inflammation similar to
C-reactive protein (CRP) and a1-acid glycoprotein (AGP) [11]. Animal
studies have demonstrated the role of Cu in modulation of inflamma-
tion and lipid peroxidation [10,12—-14]. Spontaneous PTB is thought to
be prompted by a cascade of inflammatory events, leading to cytokine
upregulation and subsequent induction of uterine activity by promoting
the expression and release of uterotonic factors [15]. Maternal Cu
concentration during pregnancy increases through early pregnancy and
reportedly plateaus by mid-second trimester [16]. Recently, some
studies have suggested higher maternal or cord blood Cu levels were
associated with increased risk of PTB [17,18] while some others sug-
gested an increased risk of PTB with Cu deficiency [19,20].

In this study, we aimed to examine the association of maternal Cu
concentration during early- and mid-pregnancy with PTB risk and
gestational duration in a large number of samples collected from
geographically diverse study cohorts with different social and ancestral
backgrounds and varying degrees of environmental exposures. We
leveraged the APRs and infection (malaria and HIV) data collected
from pregnant women at the same gestational age as Cu concentration
from the Malawi cohort to investigate the correlations between
maternal Cu concentration and inflammation and infection.

Methods

Study design and participants

The International Consortium on Selenium, Genetics and Preterm
Birth is a Bill & Melinda Gates Foundation funded project to study the
possible associations between maternal prenatal trace metals and risk of
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PTB using data and samples from established diverse birth cohorts
worldwide. The consortium comprises 18 international pregnancy co-
horts across a wide geographic distribution (Figure 1) with Cincinnati
Children’s Hospital Medical Center (CCHMC) serving as the coordi-
nating hub [21]. Our study protocol was approved by the Institute
Review Board of the CCHMC and by the corresponding Ethics
Committees of each participating institution. All study participants
provided informed consent as required by each study protocol. Among
the participating sites, the Malawi (iLINS-DYAD) [22] and Bangladesh
(MDIG) [23] cohorts were intervention trials and United States, CA
(CPPOP) was a case—control study. All the other cohorts were designed
to enroll eligible pregnant women in the community or at hospitals. The
description and study characteristics of these cohorts are provided in
Supplemental Text 1 and Supplemental Table 1.

Samples and sampling data

Demographic, prenatal, delivery and fetal/newborn data (Supple-
mental Table 2) as collected by the individual sites according to their
local protocols were shared with the coordinating hub (CCHMC). The
data collected from Bangladesh (GAPPS), Bangladesh (MDIG) [23],
Vietnam (PBB), United States (NEST, CPPOP) [24,25], and all
AMANHI cohorts [26] were case—control (preterm/term) samples. The
data collected from other sites, including Malawi (iLiNS-DYAD) [22],
Zambia (GAPPS), India (THSTI) [27], and the 6 INTERBIO-21st sites
[28] were population- or hospital-based samples. Gestational age dating
was assigned at the site level by ultrasound, last menstrual period (LMP),
or both (Supplemental Table 1). Preterm cases were defined as birth prior
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to 37 wk of gestation and term controls as birth at 37 wk or later. We
excluded stillbirths and multigestational pregnancies.

Cu measurement

Cu concentrations were measured in maternal plasma or serum [29]
stored at —70°C or —80°C freezers before and after use at the CCHMC
Biobank (Supplemental Table 1). To mitigate the potential batch effect,
samples from each site were randomized prior to analysis in batches.
Inductively coupled plasma mass spectrometry (ICP-MS) measurements
of Cu concentrations were performed using Agilent 7700 ICP-MS
(Agilent Technologies) at the laboratory of Clinical Chemistry and
Biochemistry, the University of Cincinnati as described in detail in the
protocol (Supplemental Text 2). The samples from India (THSTI) were
analyzed at the Inter University Accelerator Center at National
Geochronology Facility (Delhi, India) using the same method and pro-
tocol as CCHMC. The samples from Bangladesh (MDIG) were analyzed
at the Centers for Disease Control and Prevention (Atlanta, GA).

Acute-phase reactants in Malawi cohort

We obtained plasma concentrations of 3 APRs (CRP, AGP, and
albumin [ALB]) measured in Malawi (iLINS-DYAD) cohort samples
collected at the same time for Cu measurement. Plasma concentrations
of CRP and AGP were measured by immunoassay using a COBAS
Integra Analyzer (Roche Diagnostics). All samples were analyzed
singularly, except for 5%, which were randomly selected to be analyzed
in duplicate. None of the samples analyzed in duplicate had a coeffi-
cient of variation greater than 5%. HIV infection at study enrollment
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FIGURE 1. Geographic location of study sites.
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Samples and phenotype data of 11,160 pregnancies shared by 18 participating cohorts

|+ Excluding multiple pregnancies and
pregnancies with fetal death
* Excluding samples with missing data of
gestational duration and fetal sex

10,465 Singleton live births with gestational duration data and maternal plasma or serum sample

* Measuring maternal Cu concentration
using plasma or serum samples

Cu concentration was measured in 10,449 maternal plasma/serum samples

¢ Excluding outliers (N=12)

* Excluding Cu measurements obtained
from samples collected after 28 weeks
(N = 420)

[+ Analysis of gestational duration, PTB
and correlations with covariates
* Analysis of Cu concentration and its
changes during pregnancy

10,017 pregnancies with gestational duration and Cu measured in samples collected before 28 weeks

| « Association analysis of maternal Cu
concentration (before 28 weeks) with
PTB and gestational duration

Final association and meta-analysis

FIGURE 2. Flow chart of the study illustrating the total number of subjects and inclusion/exclusion criteria. The boxes on the left side list the exclusion criteria
applied at different stages, and the boxes on the right side describe the experiment and data analyses performed at different stages.

We examined the correlation of PTB and gestational duration with
other covariates (maternal age, height, fetal sex, and gestational age at
sampling) at each participant site (Supplemental Figure 3). Meta-
analysis using the DSL method showed that PTB risk was signifi-
cantly correlated with maternal height and fetal sex. Similarly, gesta-
tional duration was also significantly correlated with maternal height
(shorter mothers had shorter gestational duration) and fetal sex (males
had shorter gestational duration).

Maternal prenatal Cu concentration and its correlations
with other covariates

Cu concentrations were successfully measured in 10,449 mothers.
After excluding 12 outliers (3 outliers for gestational duration and 9
outliers for Cu concentration), the Cu concentrations followed a normal
distribution (Supplemental Figure 4) with a mean of 1.92 pg/mL and
standard deviation of 0.43 pg/mL. The Cu concentrations varied across
different sites (Supplemental Figure 5, Supplemental Figure 6) and
across different experimental batches for each site (Supplemental
Figure 7). The highest average Cu was observed in the Bangladesh
(MDIG) cohort with a mean level of 2.2 pg/mL, and the lowest Cu was
in the Bangladesh (AMANHI) cohort with a mean concentration of 1.4
pg/mL (Table 2). The Cu concentrations increased with gestational age
(see below); however, even after adjustment for gestational age at
sampling, the Cu concentrations still showed between-site differences
(Supplemental Figure 5B).

We examined the correlation of maternal Cu concentration with
other covariates in each site. When combined across sites, the Cu
concentration across sites was significantly positively correlated with
maternal age (p = 0.05, P = 0.0017) and negatively correlated with
maternal height (p = —0.05, P = 0.0001) and was higher in mothers
with female babies (P = 0.01). Cu concentration was also positively
correlated with selenium concentration measured from the same
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samples (p = 0.14, P = 0.0014) (selenium data was not available in
THSTI samples). In addition, there was a strong positive correlation
between Cu concentration and gestational age at the time of sample
collection (p = 0.28, P = 3.3e-9) (Supplemental Figure 8).

Change of maternal prenatal Cu concentration during
pregnancy

To inspect the change of maternal Cu concentration visually across
different gestational ages, we generated boxplots of Cu concentration at
each week of gestational age of sampling for the 10,432 samples
collected between 5 wk and 41 wk (Figure 3). The mean maternal Cu
concentration increased substantially during early gestation, from a
mean at 1.3 pg/mL to 2.0 pg/mL between week 5 to week 16 and
plateaued and gradually reached 2.2 pg/mL near delivery, with some
fluctuations. Given the nonlinear relationship between maternal Cu and
gestational age at sampling, the first 2 polynomials of gestational age at
sampling were included in later regression analysis.

The gestational age at sample collection varied substantially from
site to site, and at some sites, there were some samples collected after
the second trimester (>28 wk gestation) (Supplemental Figure 9). To
minimize the bias introduced by these samples (e.g., exclusion of
extremely PTB and the nonlinear increase of maternal Cu concentra-
tion), we excluded 420 samples that were collected at 28 wk gestation
or later (including 4 samples without a known date of sample collec-
tion) from the final association analysis.

Association of maternal Cu concentration with PTB and
gestational duration

We examined the association of maternal Cu concentration before
the third trimester with gestational age at sample collection <28 wk
with PTB and gestational duration in each individual site and then
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TABLE 2
Summary statistics of maternal copper (Cu) concentration at different study
sites

Site n Mean  SD Median  Min. Max.

Bangladesh 506 1.36 034 134 0.62 234
(AMANHI)

Bangladesh (GAPPS) 258 1.85 032 1.82 097 322

Bangladesh (MDIG) 205 2.21 0.4 2.18 1.06  3.48

Brazil INTERBIO) 389 1.81 034 1.8 084 345

India (THSTI) 504 1.7 048 1.67 0.16  3.74

Kenya (INTERBIO) 553 1.94 037 192 099  3.63

Malawi 1211 2.01 036 199 093 342
(iLiNS-DYAD)

Pakistan (AMANHI) 346 2.01 0.5 1.95 096 3.72

Pakistan (INTERBIO) 516 1.95 045 193 084  3.83

South Africa 352 1.99 0.41 1.96 0.82 344
(INTERBIO)

Tanzania (AMANHI) 350 1.88 0.4 1.87 0.9 3.16

Thailand (INTERBIO) 514 1.7 036 1.7 0.63  3.55

United Kingdom 644 1.74 038 1.71 0.69  3.17
(INTERBIO)

United Kingdom 525 2.1 0.41  2.06 023  3.57
(Liverpool)

United States, 966 2.08 037  2.07 0.14  3.57
California (CPPOP)

United States, North 657 1.98 049 196 023  3.65
Carolina (NEST)

Vietnam (PBB) 969 1.98 039 194 1.04 38

Zambia (GAPPS) 972 2.05 035  2.02 1.11 3.75

TOTAL 10437 1.92 043 191 0.14  3.83

! The total number of samples with maternal Cu concentrations measured
was 10,449. A total of 12 outliers were excluded: 3 for gestational duration
and 9 for Cu concentration.

combined the results using meta-analysis (Figure 4). In total, the as-
sociations were tested in 10,017 pregnancies (Figure 2). The covariate
factors that were found to be significantly associated (P < 0.05) with
either gestational duration or Cu concentration were incorporated as
covariates. These included maternal age, maternal height, fetal sex,
experimental batch, and the first 2 polynomials of gestational days at
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sample collection. Given the enrichment of preterm cases in the case-
—control studies that could potentially introduce bias, we conducted the
IPW analysis in the 8 case/control data sets in the regression analysis of
gestational duration to correct for the sampling bias (Figure 4B, Sup-
plemental Table 3).

In the combined meta-analysis and in several of the individual
cohorts, higher maternal Cu concentration was associated with higher
risk of PTB and shorter gestational duration, except for Brazil
(INTERBIO) and the United Kingdom (Liverpool), in which the
observed associations pointed in the opposite direction (Figure 4). The
P statistics indicated low to moderate heterogeneity among the cohorts
for both the estimated effect of maternal Cu concentration on PTB (P =
32.8%; P = 0.042) and on gestational duration (I2 = 43.9%; P =
0.022). Pooled effect-size estimates were an odds ratio [OR]: 1.30
(95% confidence interval [CI]: 1.08, 1.57) for PTB or 1.64 d (95% CI:
0.56, 2.73) shorter gestation per 1 pg/mL increase in Cu concentration.
The association between gestational age at sampling adjusted Cu
concentration and gestational duration followed a linear relationship
(Supplemental Figure 10) within a wide range of Cu concentration (up
to +£3 SD). The fraction of PTB cases also showed a monotonic in-
crease from the lowest to the top quartile group of the adjusted Cu
concentration (Supplemental Figure 11).

As maternal Cu concentration changed substantially during preg-
nancy especially prior to 16 wk of gestation, we performed a subgroup
analysis to explore the potential differences in the associations of
maternal copper concentration with PTB and gestational duration
before and after 16 wk gestation. For maternal samples collected before
16 wk, the estimated effects were OR 1.49 (95% CI: 1.17, 1.89) for
PTB or 2.22 d (95% CI: 0.80, 3.64) shorter gestation per 1 pg/mL
increase in Cu concentration compared to an OR 1.23 (95% CI: 0.87,
1.75) for PTB and 1.38 d (95% CI: 0.02, 2.75) shorter gestation in
samples collected at or after 16 wk (Supplemental Figure 12). Although
the association appears somewhat stronger in the samples collected
before 16 wk, the confidence intervals substantially overlap. Addi-
tionally, a meta-analysis did not find gestational age at sampling to be a
statistically significant moderator on the associations with PTB (P =
0.39) or gestational duration (P = 0.40). We conducted leave-one-out
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A. Preterm birth

Site Estimate [95% CI]
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B. Gestational duration

Site Estimate [95% Cl]

Bangladesh (AMANHI) (N=504) —— 1.47[0.76, 2.83] Bangladesh (AMANHI) (N=504) —_——iy -2.96 [-7.46, 1.55)
Bangladesh (GAPPS) (N=258) e 2.79[1.17,6.65] Bangladesh (GAPPS) (N=258) —_ -3.93 [-9.06, 1.20]
Bangladesh (MDIG) (N=205) e 1.21[0.57, 2.58] Bangladesh (MDIG) (N=205) r—-—c -3.19[-6.64, 0.26)
Brazil (INTERBIO) (N=320) e 0.20 [0.05, 0.75] Brazil (INTERBIO) (N=320) ——————i 4.50[0.26, 8.75)
India (THSTI) (N=503) Coe 1.17 [0.59, 2.31] India (THSTI) (N=503) r—-——« -1.34 [-4.67, 2.00)
Kenya (INTERBIO) (N=519) —— 1.19[0.36, 3.99] Kenya (INTERBIO) (N=519) —— 0.33[-2.59, 3.26]
Malawi (iLINS-DYAD) (N=1207) o 2.21[1.19,4.12) Malawi (iLINS-DYAD) (N=1207) —.—— -4.76 [-7.07, -2.45)
Pakistan (AMANHI) (N=330) - om 1.05[0.62, 1.80] Pakistan (AMANHI) (N=330) o—-—q 0.06 [-3.31, 3.44]
Pakistan (INTERBIO) (N=501) [ 1.69[0.98, 2.89] Pakistan (INTERBIO) (N=501) . -3.01 [-5.99, -0.02)
South Africa (INTERBIO) (N=351) i 1.54[0.67, 3.51] South Africa (INTERBIO) (N=351) —— -1.49[-6.37, 3.39]
Tanzania (AMANHI) (N=305) e 1.62[0.77, 3.39] Tanzania (AMANHI) (N=305) g -3.46 [-7.84, 0.92)
Thailand (INTERBIO) (N=494) beooee 1.66 [0.46, 6.00] Thailand (INTERBIO) (N=494) Pom - -1.32[-4.60, 1.95)
UK (INTERBIO) (N=643) b 1.99 [0.88, 4.50] UK (INTERBIO) (N=643) eoom -5.04 [-8.57, -1.52]
UK (Liverpool) (N=516) oo 0.59 [0.33, 1.05] UK (Liverpool) (N=516) ——— 3.49[-1.06, 8.04]
USA, California (CPPOP) (N=949) . 1.31[0.91, 1.87] USA, California (CPPOP) (N=949) r—-——i -1.36 [-4.27, 1.54]
USA, North Carolina (NEST) (N=381) B 1.88[1.03, 3.43] USA, North Carolina (NEST) (N=381) e -2.36 [-7.15, 2.43]
Vietnam (PBB) (N=969) . = 1.27 [0.89, 1.80] Vietnam (PBB) (N=969) . -1.80 [-3.90, 0.29]
Zambia (GAPPS) (N=902) - 0.79 [0.43, 1.46] Zambia (GAPPS) (N=902) — 0.04 [-3.20, 3.27]
RE Model (Q=28.2, df=17, p=0.042, °-32 8%) S 1.30[1.08, 1.57] RE Model (Q=30.7, di=17, p=0.022, °-43.9%) g -1.64 [-2.73, -0.56)
I T T T T 1 T T | T 1
005 0.14 037 1 272 7.39 10 -5 0 5 10

PTB odds ratio (log scale)

Gestational days

FIGURE 4. Meta-analysis of the association of maternal copper concentration with PTB (A) and gestational duration (B). This analysis was performed in

10,017 pregnancies with samples collected before 28 wk.

analysis to evaluate whether the observed associations were driven by
any particular site. The results demonstrate that each individual site did
not influence the overall estimates (Supplemental Figure 13). We
performed subgroup analysis of the effect-size estimates based on
different study designs (case—control sampling compared with popu-
lation random sampling, Supplemental Table 2); region of study site
(Asian, African and others); and different methods of gestational age
dating (i.e., LMP compared with ultrasound), and none of these com-
parisons showed any significant differences.

Correlation of maternal Cu concentration with APRs and
infections in the Malawi cohort

In the Malawi (iLiNS-DYAD) cohort, we examined correlations
between maternal Cu concentration and common analytes including
APRs (CRP, AGP, and ALB) and infections (HIV and malaria) in 1239
samples collected at enrollment. Participants of the Malawi cohort were
enrolled from 4 health facilities that covered mostly 1 continuous area
near Lake Malawi [21]. Some of the common analytes (including CRP,
AGP) followed log-normal distributions and were, therefore,
log-transformed in the statistical analyses. As significant differences in
gestational duration, gestational days at sampling, maternal Cu con-
centration and many analytes were observed among these 4 Malawi
subsites (Supplemental Figure 14), we performed statistical analyses
stratified by these 4 subsites using similar methods as we did in the
meta-analyses across the 18 major study sites.

Similar to the maternal Cu concentration (Figure 3), the concen-
trations of all the analytes were influenced by gestational age at
sampling (Supplemental Figure 15). Therefore, we calculated
adjusted values of these variables using the first 2 polynomials of
gestational age at sampling and tested their pairwise correlations and
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their associations with gestational duration and PTB. Strong pairwise
correlations were observed among maternal Cu and almost all the
APRs, malaria, and HIV infections (Figure 5). These measurements
were also significantly correlated with gestational duration or PTB
risk. Among these, higher maternal Cu, CRP, and AGP were asso-
ciated with a higher risk of PTB and shorter gestational duration, and
higher ALB was correlated with reduced risk of PTB and longer
gestational duration. The infection rates of HIV and malaria were also
positively and negatively correlated with maternal age at pregnancy
respectively.

The magnitudes of some of the pairwise correlations changed after
adjustment for gestational age at sampling (Figure 5). Particularly, the
correlations of AGP with PTB or gestational duration were only sig-
nificant after adjustment, and the correlations of ALB with PTB or
gestational duration were less significant after adjustment. After
adjustment for gestational age at sampling, the magnitude of the
observed association between Cu and AGP increased by 27% and the
magnitude of the association of Cu with ALB reduced by 50% (Sup-
plemental Figure 16). Because Cu and the APRs were correlated with
each other and all of them were correlated with PTB or gestational
duration at different magnitudes (Supplemental Figure 17), we exam-
ined whether the observed associations of Cu with PTB and gestational
duration were modulated by APRs or HIV and malaria infections. The
estimated associations of Cu with PTB and gestational duration were
attenuated after the inclusion of other analytes or infections as a co-
variate, and this was most apparent when adjusting for CRP or AGP
(Supplemental Figure 17A). If including all the APRs and infections as
covariates (ALL), the effect sizes of Cu reduced substantially; however,
the residual association between Cu and gestational duration was still
marginally significant (Supplemental Figure 17B).
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Correlogram of covariates at enroliment
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FIGURE 5. Correlogram of copper (Cu) concentration, acute-phase reactants (APRs), and phenotype measured in the Malawi (iLiNS-DYAD) cohort. As-
sociations between maternal Cu and APRs, infection status were analyzed in 1239 samples from the Malawi cohort.

Discussion

In this meta-analysis of diverse cohorts from multiple low- and
middle-income Asian and sub-Saharan African countries as well as in
high-income countries (United Kingdom and United States), we
measured maternal prenatal circulating Cu concentrations and tested
their association with risk of PTB and gestational duration. Our results
demonstrate that maternal Cu concentrations were normally distributed
and there was substantial variation among different sites. The lowest
Cu concentration was observed in Bangladesh (AMANHI) samples,
which was partially due to the early gestational age of sampling at this
site (<20 wk). However, even after adjusting for gestational age at
sample collection, important differences remained. Maternal Cu levels
even differed among sites in geographic and cultural proximity (e.g., 3
Bangladesh sites), indicating that local dietary and environmental
factors influence Cu concentrations. We also observed that Cu con-
centrations were higher in older women, women with shorter stature,
and among women gravid with female fetuses. Maternal Cu concen-
trations increased substantially during early pregnancy—the mean
increased by approximately 50% from week 5 to 16 and then reached a
plateau around 2.0 pg/mL.

For the association analysis of maternal Cu concentrations (before
the third trimester) with PTB and gestational duration, we found sig-
nificant positive associations between maternal Cu and PTB risk and
negative associations with gestational duration. The overall estimated
effect sizes are OR 1.30 for PTB risk and 1.64 d shorter gestation per 1
pg/mL increase in maternal Cu concentration. Although among-site
heterogeneity was observed, the estimated effects were generally
consistent across sites, except for Brazil (INTERBIO) and United
Kingdom (Liverpool), in which the associations point in the opposite
directions. Overall, the results of our meta-analysis agree with previous
studies, which also showed higher maternal Cu levels are associated
with increased risk of PTB [18,30]. In addition, we demonstrated that
the association between maternal Cu concentration and gestational
duration followed a linear relationship, and the PTB rates increased
monotonically in mothers with higher quartiles of Cu.

In the Malawi samples (12% of the total samples), higher maternal
Cu, CRP, and AGP were associated with a higher risk of PTB and
shorter gestational duration, and higher ALB was correlated with
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reduced risk of PTB and longer gestational duration. These results
indicate that Cu could be used as an indicator to capture the associa-
tions between acute-phase proteins (e.g., CRP and AGP) and gesta-
tional duration.

Significance and implications of this study

Our findings contribute to an emerging literature focused on the
association of Cu status and pregnancy outcomes, especially risk of
PTB and gestational duration [17,18,30,31]. Cu is an essential trace
element involved in numerous biological processes, and disorders of
Cu metabolism in pregnancy, either deficiencies or excesses, can lead
to adverse pregnancy outcomes such as preeclampsia and PTB [15].
However, the effect of Cu status on risk of PTB is not well understood,
with some suggesting increased PTB and others reporting contradicting
results [19,20]. A recent case—control study of pregnant women from
Malawi showed that higher maternal Cu at delivery was associated with
increased risk of PTB [30]. Hao et al. [18] collected plasma and serum
at the first antenatal visit between weeks 4 and 22 of gestation and
found that the overall median maternal serum Cu concentrations were
significantly higher for preterm births than for term births in the Chi-
nese population. However, there are also reports on gestational length
that found contradicting results. Evidence supporting the potential
involvement of Cu in PTB risk includes a study of the Maan’Shaan
Birth cohort in China, which showed that relatively low umbilical cord
Cu levels were associated with higher risk of PTB and early-term birth
[19]. These discrepancies may be due to differences in population,
study design, maternal or fetal origin of samples, or timing of sampling
in pregnancy. Most previous studies have been either case—control
studies or mostly focused on a single geographic region and are
generally based on small sample sizes.

The present study is the most extensive investigation of the asso-
ciation between early and mid-pregnancy Cu concentration and
gestational duration and PTB in global populations, including cohorts
from low-income Asian and sub-Saharan African countries with a very
high baseline PTB risk. Overall, our results support a consistent as-
sociation between maternal Cu concentration and PTB and gestational
duration. It is possible that Cu may play some functional roles in
inflammation and antioxidant mechanisms, the pathways that are
implicated in the mechanisms of PTB. Without ceruloplasmin
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measurements at the same gestational age as Cu measurements, we
cannot rule out the confounding effects of the inflammation leading to
upregulation of ceruloplasmin, which in turn drives up Cu. We cannot
draw causal inference from this observational study, and the observed
associations may potentially suggest that Cu is merely a bystander to
inflammatory processes. However, even after adjusting for various
other inflammatory markers, our results still show that Cu significantly
associated with gestational duration suggesting maternal Cu during
pregnancy could be a marker of the integrated inflammatory pathways
implicated in preterm birth.

The mechanisms underlying the association between higher serum
or plasma Cu and PTB are still not fully understood. We propose that
maternal circulating Cu concentrations at early or mid-gestation reflect
heightened inflammation in those pregnancies destined for spontaneous
preterm delivery. The hierarchy of biological activities of Cu calls for
biomarkers informative at different levels of Cu exposure assessing Cu
intake, placental or tissue Cu, Cu excretion, and Cu biological function.
Plasma or serum Cu concentration provides valuable information about
the Cu status over a wide range of Cu intake; however, there is need for
additional information regarding Cu, particularly for assessing the Cu
status and its specific mechanistic role in those at high risk for PTB.
Epidemiological reports and research examining the effects of Cu along
with specific markers of inflammation and oxidation such as cerulo-
plasmin, which is Cu-dependent protein, collected at the same gesta-
tional age using a standardized protocol are required.

Strength and limitations

Samples and phenotypic data were retrieved from existing bio-
repositories collected several years ago in different studies. Although
we harmonized and analyzed a set of key variables known to be
associated with PTB and gestational duration, we were unable to
include some important environmental and socioeconomic factors in
the analysis due to missing or incomplete data. We excluded stillbirth
due to missing data on cause-of-death, underreporting, and lack of
comparability in reporting stillbirths, especially in low- and middle-
income countries regarding the birth weight and gestational age
criteria. Also, our study only focused on overall PTB, and we have not
separated iatrogenic from spontaneous preterm birth as the data are
missing from several cohorts. This is a very significant confounder that
was not controlled for and likely had an impact on the statistical sig-
nificance and strength of the association found across the cohorts. It
will be key to include these variables across cohorts in future studies.

There were differences in how gestational age was determined and
distributed across cohorts. Some cohorts determined the duration by
ultrasound fetal biometry (parameters varied across cohorts) whereas
others used LMP (or both). This different dating methodology between
studies may have introduced some noise into the analysis. PTB rates
reported in some low- and middle-income cohort studies appear to be
low, and this might be due to underreporting and geographic location of
the recruitment site. Also, some cohorts were enriched for PTB sam-
ples, and the distribution of gestational duration did not follow a
normal distribution. Although regression analysis is generally robust
regardless of meeting the normality assumption, and we utilized IPW to
adjust for the case/control sampling in regression analysis of gesta-
tional duration, this difference in study design and data collection may
have introduced some bias in these analyses.

Also, of note with respect to the study limitations is that there was
large variation in gestational age when the plasma/serum samples were
collected. Given the gestational age at sample collection significantly
correlated with the Cu concentration, we accounted for this variance by
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including only women with samples collected during the first or second
trimesters and adjusted for gestational age at sampling in the associa-
tion analyses. Despite these methodological adaptations, it is possible
that we may not have entirely accounted for the influence of gestational
age at sample collection. More standardization with respect to the
timing of sample collection and storage times may simplify these types
of analyses in future studies.

Finally, although we tested several acute-phase proteins (e.g., CRP,
AGP, ALB) in Malawi samples, these data were not available in all the
study cohorts. Furthermore, we did not measure ceruloplasmin in this
current study, which is presumably the most important acute-phase
protein that influences the Cu concentration in blood. Future studies
of maternal ceruloplasmin and Cu concentration will be essential to
elucidate their role in pregnancy.

Conclusions

Across 18 international birth cohorts with diverse ethnic back-
grounds and geographic distribution, there were significant associa-
tions between maternal Cu concentration and PTB and gestational
duration. These associations were consistent across most study sites,
and the association was monotonic and linear across the full range of
Cu concentrations. Maternal Cu was strongly correlated with CRP,
AGP, and HIV and malaria infections measured in the Malawi samples.
Adjustments for these APRs and infections attenuated the observed
associations of maternal Cu with PTB and gestational duration, but the
associations persist, suggesting that maternal Cu concentration is an
indicator of diverse factors that reflect the acute-phase reaction and
inflammation that ultimately impact the duration of pregnancy.
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