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Abstract: Few studies have investigated the extent to which diet predicts body Cd concentrations
among women of reproductive age, and pregnant women in particular. The aim of this study was to
examine diet as a predictor of blood Cd concentrations in pregnant women participating in the UK
Avon Longitudinal Study of Parents and Children (ALSPAC). Whole blood samples were analysed for
Cd (median 0.26 (IQR 0.14–0.54) µg/L). Dietary pattern scores were derived from principal components
analysis of data from a food frequency questionnaire. Associations between dietary pattern scores and
foods/food groups with blood Cd ≥median value were identified using adjusted logistic regression
(n = 2169 complete cases). A health conscious dietary pattern was associated with a reduced likelihood
of B-Cd ≥0.26 µg/l (OR 0.56 (95% CI 0.39–0.81)). There were similarly reduced likelihoods for all leafy
green and green vegetables (0.72 (0.56–0.92) when consumed ≥4 times/week vs ≤1 to ≥3 times/week)
and with all meats (0.66 (0.46–0.95) when consumed ≥4 times/week vs ≤ once in 2 weeks). Sensitivity
analysis excluding smokers showed similar results. The evidence from this study provides continued
support for a healthy and varied diet in pregnancy, incorporating foods from all food groups in
accordance with national recommendations, without the need for specific guidance.

Keywords: ALSPAC; diet; dietary patterns; blood cadmium; pregnancy

1. Introduction

Metal contaminants may be incorporated into edible plants during cultivation or settle on plant
surfaces at any time during food production, transport, or processing, thus contributing to human
exposure [1,2]. Food is the main source of cadmium (Cd) exposure in non-smoking populations [3],
and this is particularly concerning in vulnerable groups, such as pregnant women. There are no
known safety thresholds for metal exposure and no recommendations for acceptable blood or urine Cd
concentrations specifically during pregnancy [4]. Estimated intestinal absorption ranges from 1% to
11% [5] but are thought to increase during pregnancy, at least in laboratory animals [6]. Cd accumulates
in the placenta [7] and is detectable in cord blood and plasma, albeit at lower concentrations than in the
pregnant woman’s blood [8–10]. Nevertheless, maternal Cd exposure has been linked with adverse
pregnancy outcomes, including lower birth weight [7,11,12].

The World Health Organization [13] lists Cd among its priority contaminants for monitoring in
total diet studies. Across several studies, risk of exposure from dietary sources has been found to be
generally low, but some foods, such as vegetables (particularly mushrooms), rice, seafood (particularly
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bivalves), products made with cacao beans, and offal, have particularly high Cd concentrations [14–20],
although foods that are more frequently eaten are likely to make the greatest overall contribution to
dietary Cd exposure [21]. There is some evidence that food consumption patterns may influence the
contribution of the diet to daily Cd exposure. For example, among 50–79-year-old women participating
in the US Women’s Health Initiative, higher consumption of vegetables and grains was associated with
higher dietary Cd exposure [22]. Among pregnant women from Mexico, the urinary Cd concentration
measured during the third trimester was positively associated with estimated Cd in the diet but only
among non-smokers [23]. A further study, however, found no associations between a range of food
items and blood Cd concentrations (B-Cd) in premenopausal women in the USA [24].

Relative absorption of Cd can be affected by a number of factors. Cd typically occurs as a divalent
element and can be absorbed via several intestinal transporters. Chief among these is the divalent
metal transporter-1 (DMT1), typically responsible for the absorption of iron [18,25]. In pregnant rats,
the upregulation of DMT1 in the latter part of pregnancy is the most likely explanation for higher Cd
absorption and at least twofold higher Cd accumulation in the intestine, liver, and kidney compared
with non-pregnant controls [6]. Low iron status, which induces DMT1 expression, has been associated
with higher blood Cd concentrations in both pregnant and non-pregnant women of reproductive age
who were non-smokers [26–28]. In smokers, concentrations of serum ferritin (a biomarker of iron
stores) were inversely associated with B-Cd only among women who were relatively light smokers (<5
cigarettes/day) [29].

Cd in plant foods, however, occurs in complexes with nutrients or bioactive components, which
may also affect the absorption of Cd from the diet [30]. For example, divalent metals may counteract
the absorption of Cd in the intestinal tract or promote the excretion of Cd [31]. Among US adults aged
20 years or older, total dietary zinc intake (from diet and supplements) was negatively associated with
both blood and urinary Cd concentrations, even when dietary calcium and iron intakes were also
considered [32]. Conversely, diets marginal in iron, calcium, and zinc were related to higher intestinal
absorption (40% vs. 20% in controls) and tissue retention of Cd in experimental animals [33], although
it is unclear whether this was due to the low nutrient content of the diet or to nutritional deficiencies
that result from long-term consumption of nutrient-poor diets.

A number of studies have estimated the potential exposure to Cd from the total diet and specific
foods; however, there is little understanding of how the typical diet is related to Cd concentrations in
blood or urine. Few studies have investigated the extent to which dietary intakes predict body Cd
concentrations among women of reproductive age, and pregnant women in particular. The aim of
this study was to examine diet (food groups and dietary patterns) as a predictor of B-Cd in pregnant
women participating in the UK Avon Longitudinal Study of Parents and Children (ALSPAC).

2. Materials and Methods

2.1. The ALSPAC Study

The sample was derived from ALSPAC, a population-based study investigating environmental
and genetic influences on the health, behaviour, and development of children. This database includes
a large number of participants and a wide range of social and demographic information to enable the
most appropriate selection of covariates. All pregnant women in the former Avon Health Authority
with an expected delivery date between 1 April 1991 and 31 December 1992 were eligible for the study.
In total, 14,541 pregnant women were enrolled. The social and demographic characteristics of this
cohort were similar to those found in UK national census surveys [34,35]. Further details of ALSPAC
are found at [36]. The study website contains details of all the data that are available through a fully
searchable data dictionary and variable search tool [37]. Ethics approval for the study was obtained
from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. Informed
consent for the use of data collected via questionnaires and clinics was obtained from participants
following the recommendations of the ALSPAC Ethics and Law Committee at the time.
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2.2. Exposures

2.2.1. Food Frequency Questionnaires

The dietary intakes were collected from a food frequency questionnaire (FFQ) sent to the ALSPAC
mothers at 32 weeks’ gestation. The FFQ asked about the current frequency of consumption of 43
different foods and drinks. Possible answers were: (i) never or rarely; (ii) once in 2 weeks; (iii) one to
three times per week; (iv) four to seven times per week; (v) more than once per day. This FFQ has
been shown to produce mean nutrient intakes [38] similar to those obtained for women in the UK
National Diet and Nutritional Survey for adults [39]. The specific question on the frequency of oily fish
consumption has also been validated by comparison with the erythrocyte fatty acid composition of
pregnancy blood samples: the erythrocyte docosahexaenoic acid (DHA) content increased significantly
with an increasing frequency of consumption of oily fish (p < 0.001) [40].

2.2.2. Food Groups

We combined individual foods of interest into 11 food groups: (1) meats; (2) fish; (3) pulses;
(4) nuts; (5) soya bean products; (6) root vegetables; (7) leafy greens and green vegetables; (8) breads
and cereals; (9) cakes and biscuits; (10) pastas and rice; (11) pies/pastries. The combinations of foods
are described in Table S1. According to the originally reported frequency of consumption per type of
food (categories i–v, above), mothers were then allocated to frequency categories for the new combined
food groups, using the original categories provided as part of the FFQ. When consumption varied by
food type, mothers were allocated to the subcategory representing the most frequent consumption.
For example, within “meats” where a mother reported the consumption of poultry to be “one to three
times per week” and red meat to be “never or rarely”, she would be assigned to “one to three times per
week” for the combined “meats” group.

2.2.3. Dietary Patterns

Principal components analysis (PCA) was used to derive underlying dietary patterns in this
population. This has been described in detail elsewhere [41]. Briefly, the number of components best
representing the data was chosen on the basis of a scree plot and the interpretability of the patterns.
A component score was created for each woman for each of the components identified, calculated by
multiplying the factor loadings by the corresponding standardised value for each food and summing
across the food items (see Northstone, Emmett, and Rogers [41] for factor loadings and variance
explained). Each score has a mean of 0 and a higher score indicates closer adherence to that dietary
pattern. Five components were obtained: ‘health conscious’ (high factor loadings for salad, fruit, rice,
pasta, oat and bran-based breakfast cereals, fish, pulses, fruit juices, and non-white bread); ‘traditional’
(high consumption of all types of vegetables and red meat and poultry); ‘processed’ (high intakes
of high-fat processed foods, such as meat pies, sausages and burgers, fried foods, pizza, chips, and
baked beans); ‘confectionery’ (high intakes of foods with high sugar content, such as chocolate, sweets,
biscuits, cakes, and other puddings), and ‘vegetarian’ (high loadings for meat substitutes, pulses, nuts,
and herbal teas, and high negative loadings for red meat and poultry).

2.3. Outcomes

2.3.1. Collection, Storage, and Analysis of Blood Samples

Whole blood samples were collected in acid-washed vacutainers (Becton and Dickinson, Oxford,
UK) by midwives as early as possible in pregnancy (median of 11 weeks’ gestation (IQR 9–13 weeks)
with a mode of 10 weeks). Whole blood samples were stored in the original tube at 4 ◦C at the collection
site before being transferred to the central Bristol laboratory within 1–4 days. Samples were at ambient
temperature during transfer (up to 3 h). They were then stored at 4 ◦C until analysis. Details of the
analysis have been reported previously [42]. In brief, inductively coupled plasma mass spectrometry
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in standard mode (R. Jones, Centers for Disease Control and Prevention (CDC), Bethesda, MD, USA;
CDC Method 3009.1) was used to measure B-Cd with appropriate quality controls. The analyses
were completed for 4286 women. In total, 1119 samples had a Cd concentration below the limit of
detection (LOD) (0.20 µg/L): these were assigned a value of 0.14 µg/L (LOD/

√
2) to reflect the log-normal

distribution [43,44]. In total, 4211 women with B-Cd data also had data on gestational age at the time
of sampling.

2.3.2. Potential Confounders

Potential confounding factors were defined a priori from the literature and included measures
of socio-economic positioning (SEP), body mass index (BMI), estimated energy intake, lifestyle
indicators (alcohol consumption and smoking status before and during pregnancy), and haemoglobin
concentrations. Indicators of SEP were: age at pregnancy (categorised as ≤19, 20–24, 25–29,
30–34, ≥35 years), highest level of educational attainment (none/Certificate of School Education,
vocational/Ordinary level, Advanced level and above), and Townsend score, a measure of material
deprivation based on geographical area, incorporating census-based data on unemployment, non–car
ownership, non-home ownership, and household overcrowding (quartiles from least deprived to most
deprived) [45]. Data on BMI (based on height and pre-pregnancy weight), smoking status (yes/no),
and alcohol consumption (yes/no) during the first trimester and smoking status pre-pregnancy (yes/no)
were obtained from questionnaires completed during pregnancy. Energy intake was estimated from
the FFQ at 32 weeks’ gestation [46]. Haemoglobin concentrations were extracted from obstetric clinic
records (the first recorded concentration was used to correspond with the gestational time of the blood
sample for Cd analysis).

2.4. Statistical Analysis

Statistical analysis was conducted using STATA version 14.2 (StataCorp, College Station, TX, USA).
We initially examined potential response bias in the sample by comparing mothers who completed

the FFQ and had available data on B-Cd with those who did not. The associations between B-Cd and
background characteristics were examined.

Continuous B-Cd results were transformed into a binary outcome variable by splitting the sample
at the statistical median of 0.26 µg/L to address the skewed nature of the data. Univariable and
multivariable logistic regression modelling were used to examine the likelihood of having B-Cd ≥
median of 0.26 µg/L in cases with complete exposure, outcome, and confounder data only. Two sets of
models were produced, whereby one set included the dietary pattern scores as separate predictors,
and a second set, the individual food groups. Dietary pattern scores and food groups were not
mutually adjusted for. A number of potential confounders were considered in the adjusted models:
indicators of SEP, BMI, energy intake, smoking status in the first trimester and alcohol consumption,
and haemoglobin concentrations. There was a decline in the prevalence of smoking of 7.6 percentage
points from pre-pregnancy to the first trimester (prevalence of smoking in the first trimester was
22.2%). B-Cd largely reflects recent exposure (previous 2–3 months) although it may also include
a contribution from longer term exposure [47]: as the blood samples were obtained at a median of
11 weeks, only smoking in the first trimester (which broadly represents the previous 2–3 months) was
used as a confounder in the main adjusted analyses. Results are reported as unadjusted and adjusted
odds ratios (OR) with 95% confidence intervals (CI).

2.5. Sensitivity Analyses

We also conducted three sensitivity analyses by repeating all descriptive statistics as well as
logistic regression modelling on subsets of the complete case sample: (1) only mothers who did not
smoke in the first trimester; (2) only mothers who did not smoke in the first trimester and did not
smoke immediately before becoming pregnancy; and (3) only mothers with B-Cd ≥ LOD.
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3. Results

3.1. Diet and Blood Cd Concentrations in Pregnant Women in the Main Analysis (Overall Sample)

The derivation of the sample included in the analysis of this study is summarised in the flow chart
(Figure 1). Table 1 summarises the included and excluded sample in terms of sociodemographic and
lifestyle characteristics. Compared with excluded participants, those included in the analysis were
more likely to be older, have higher educational attainment, live in less deprived geographical areas as
indicated by the Townsend score, and were less likely to be smokers in the first trimester.

Figure 1. Flow chart for selection of participants from the UK ALSPAC cohort.

Table 1. Included vs. excluded sample comparison: pregnant women enrolled in ALSPAC with
complete exposure, outcome, and confounder data (n = 2169) by indicators of socioeconomic positioning
and other background characteristics compared with the rest of the ALSPAC cohort vs. excluded sample.

Participant Characteristic
n (%)

Odds Ratio (95% CI) p Value
Excluded Included

115054 (84.2) 2169 (15.9)
Maternal age at pregnancy (years)
≤19 600 (5.2) 53 (2.4) 1.00
20 to <25 2341 (20.4) 313 (14.4) 1.51 (1.11, 2.05)
25 to <30 4437 (38.6) 850 (39.2) 2.17 (1.62, 2.90)
30 to <35 3014 (26.2) 709 (32.8) 2.67 (1.80, 3.58)
≥35 1113 (9.7) 242 (11.2) 2.46 (1.80, 3.37) <0.001

Maternal education
None/CSE 3104 (31.1) 541 (24.9) 1.00
Vocational/O-level 5672 (56.9) 1262 (58.2) 1.27 (1.14, 1.42)
A-level and above 1191 (12.0) 366 (16.9) 1.76 (1.52, 2.05) <0.001
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Table 1. Cont.

Participant Characteristic
n (%)

Odds Ratio (95% CI) p Value
Excluded Included

Maternal social class
I/II 2936 (36.9) 734 (39.2) 1.00
III non-manual/III manual 4041 (50.8) 936 (50.0) 0.93 (0.83, 1.03)
IV/V 982 (12.3) 203 (10.8) 0.83 (0.70, 0.98) 0.074

Paternal social class
Total n
I/II 3850 (44.3) 964 (48.3) 1.00
III non-manual/III manual 3733 (42.9) 795 (39.8) 0.85 (0.77, 0.94)
IV/V 1115 (12.8) 239 (12.0) 0.86 (0.73, 1.00) 0.055

Townsend score
1 2347 (32.5) 658 (30.3) 1.00
2 1398 (19.4) 341 (15.7) 0.87 (0.75, 1.01)
3 1907 (26.44) 578 (26.7) 1.08 (0.95, 1.23)
4 1560 (21.63) 592 (27.3) 1.35 (1.19, 1.54) <0.001

Smoking status in 1st trimester
No 7973 (74.4) 1687 (77.8) 1.00
Yes 2737 (25.6) 482 (22.2) 0.83 (0.75, 0.93) 0.001

Maternal dietary scores
Health conscious −0.022 ± 1.004 0.100 ± 0.975 <0.001
Traditional −0.002 ± 1.006 0.009 ± 0.217 0.531
Processed 0.013 ± 1.012 −0.056 ± 0.942 0.006
Confectionery 0.006 ± 1.009 −0.022 ± 0.960 0.200
Vegetarian −0.003 ± 0.994 0.010 ± 1.028 0.643

Educational attainment: none/Certificate of School Education, vocational/Ordinary level, Advanced level and above.
Townsend score is a measure of deprivation: 1 is the least deprived, score 4 the most deprived [45]. Social class: I,
higher managerial, administrative or professional; II, intermediate managerial, administrative or professional; III
non-manual, supervisory or clerical and junior management, administrative or professional; III manual, skilled
manual workers; IV, semi-skilled and unskilled manual workers; V, casual or lowest grade workers

The mean B-Cd concentration was 0.50 (SD 0.58), range 0.14–6.30, with a median value of 0.26
(IQR 0.14–0.54) µg/L, but 664 (31%) women had values below the LOD. The mean value for ‘never
vegetarian’ was 0.50 (SD 0.58), ‘vegetarian in the past’ 0.57 (SD 0.66), and ‘presently vegetarian’ 0.42
(SD 0.41) µg/L (p = 0.384 for ‘never vegetarian’ vs. ‘presently vegetarian’).

Participant characteristics according to the B-Cd category (< median or ≥ median) are shown
in Table 2. Compared with participants with B-Cd < median, those with B-Cd ≥median were more
likely to be younger, have lower educational attainment, reside in more deprived geographical areas
(Townsend score), and be smokers.
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Table 2. Blood cadmium concentrations in pregnant women enrolled in ALSPAC by indicators of
socio-economic positioning and lifestyle (complete case analysis including smokers, n = 2169).

Variable
Included Sample
Observations n

(%)

n (%)
Odds Ratio

(95% CI)
p ValueB-Cd <

Median
B-Cd ≥
Median

Maternal age (years)
≤19 53 (2.4) 15 (1.2) 38 (3.6) 1.00
20 to <25 313 (14.4) 126 (10.4) 187 (19.5) 0.59 (0.3, 1.1)
25 to <30 850 (39.2) 480 (39.7) 370 (38.5) 0.30 (0.2, 0.6)
30 to <35 711 (32.8) 444 (36.7) 267 (27.8) 0.24 (0.1, 0.4)
≥35 242 (11.7) 144 (11.9) 98 (10.2) 0.27 (0.1, 0.5) <0.001

Maternal education
None/CSE 541 (24.9) 231 (19.1) 310 (32.3) 1.00
Vocational/O-level 1262 (58.2) 714 (59.1) 548 (57.1) 0.57 (0.5, 0.7)
A-level and above 366 (16.9) 264 (21.8) 102 (10.6) 0.29 (0.2, 0.4) <0.001

Townsend score
1 658 (30.3) 420 (34.7) 238 (24.8) 1.00
2 341 (15.7) 208 (17.2) 133 (13.9) 1.13 (0.9, 1.5)
3 578 (26.7) 315 (26.1) 263 (27.4) 1.47 (1.2, 1.9)
4 592 (27.3) 266 (22.0) 326 (34.0) 2.16 (1.7, 2.7) <0.001

Smoking status in 1st
trimester

No 1687 (77.8) 1188 (98.3) 499 (52.0) 1.00
Yes 482 (22.2) 21 (1.74) 461 (48.0) 52.3 (33.3, 82.0) <0.001

Smoked regularly
pre-pregnancy

No 1522 (70.2) 1051 (96.5) 471 (43.6) 1.00 <0.001
Yes 647 (29.8) 38 (0.3) 609 (56.4) 28.6 (20.7, 39.4)

Alcohol consumption
No 959 (44.2) 548 (45.3) 411 (42.8) 1.00
Yes 1210 (55.8) 661 (54.7) 549 (57.2) 1.11 (0.9, 1.3) 0.241

BMI
Normal/underweight 1711 (78.9) 967 (80.0) 244 (77.5) 1.00
Overweight 343 (15.8) 185 (15.3) 158 (16.5) 1.11 (0.9, 1.4)
Obese 115 (5.3) 57 (4.7) 58 (6.04) 1.32 (0.9, 1.9) 0.268

Vegetarian diet
Never 1812 (85.3) 1024 (86.6) 788 (83.7) 1.00
In the past 180 (8.5) 87 (7.4) 93 (9.9) 1.39 (1.0, 1.9)
Present 131 (6.2) 71 (6.0) 60 (6.4) 1.10 (0.8, 1.6) 0.104

Educational attainment: none/Certificate of School Education, vocational/Ordinary level, Advanced level and above.
Townsend score is a measure of deprivation: 1 is the least deprived, score 4 the most deprived [45]. Social class: I,
higher managerial, administrative or professional; II, intermediate managerial, administrative or professional; III
non-manual, supervisory or clerical and junior management, administrative or professional; III manual, skilled
manual workers; IV, semi-skilled and unskilled manual workers; V, casual or lowest grade workers. Median B-Cd
0.26 µg/L. BMI (body mass index): normal/underweight <24.9; overweight 25.0–29.9; obese ≥30.0 kg/m2.

Only one of the five dietary patterns showed evidence of an association with B-Cd (Table 3).
Closer adherence to the health conscious pattern indicated a reduced likelihood of having B-Cd ≥
median in the unadjusted model (model 1: OR 0.27 (95% CI 0.21–0.35) for quartile 4 vs. quartile
1) as well as the adjusted model (model 2: 0.56 (0.39–0.81)). Women in the highest quartile of the
processed pattern had a higher likelihood of having B-Cd ≥ median (model 1: 1.99 (1.55–2.54)), but
this association was attenuated in the adjusted model (model 2: 1.19 (0.84–1.68)). Similarly, having a
vegetarian pattern was associated with a greater likelihood of B-Cd ≥median (model 1: 1.51 (1.19–1.92)
that was attenuated after adjustment (1.25 (0.93–1.68)). No other dietary patterns were associated with
B-Cd in the unadjusted or adjusted models.
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Table 3. Associations of dietary patterns with blood cadmium concentrations in pregnant women
enrolled in ALSPAC (complete case analysis including smokers, n = 2169).

Pattern Quartile
Median

B-Cd (µg/L)

n (%)
Unadjusted

Model 1
Adjusted
Model 2B-Cd <

Median
B-Cd ≥
Median

Group
median: 0.26

Health
conscious 1 0.40 173 (14.3) 285 (29.7) 1.00 1.00

2 0.29 262 (21.7) 260 (27.1) 0.60 (0.47–0.78) 0.86 (0.62–1.18)
3 0.25 362 (29.9) 232 (24.2) 0.39 (0.30–0.50) 0.69 (0.50–0.96)
4 0.22 412 (34.1) 183 (19.1) 0.27 (0.21–0.35) 0.56 (0.39–0.81)

p trend <0.001 p trend = 0.001
Traditional 1 0.28 279 (23.1) 254 (26.5) 1.00 1.00

2 0.25 302 (24.9) 209 (21.8) 0.76 (0.600.97) 0.81 (0.60–1.09)
3 0.27 314 (26.0) 252 (26.3) 0.88 (0.70–1.12) 0.88 (0.66–1.18)
4 0.26 314 (26.0) 245 (25.5) 0.86 (0.68–1.09) 0.94 (0.70–1.27)

p trend = 0.408 p trend = 0.903
Processed 1 0.23 362 (29.9) 205 (21.4) 1.00 1.00

2 0.25 338 (28.0) 231 (24.1) 1.21 (0.95–1.53) 1.07 (0.81–1.43)
3 0.29 266 (22.0) 250 (26.0) 1.66 (1.30–2.12) 1.46 (1.08–1.97)
4 0.31 243 (20.1) 274 (28.5) 1.99 (1.56–2.54) 1.19 (0.84–1.68)

p trend <0.001 p trend = 0.078
Confectionery 1 0.28 289 (24.3) 122 (24.5) 1.00 1.00

2 0.26 308 (25.9) 132 (26.5) 0.92 (0.731.16) 1.05 (0.79–1.41)
3 0.25 313 (26.4) 130 (26.1) 0.81 (0.64–1.03) 1.07 (0.79–1.45)
4 0.27 278 (23.4) 115 (23.1) 0.93 (0.73–1.19) 1.05 (0.74–1.48)

p trend = 0.375 p trend = 0.844
Vegetarian 1 0.24 365 (30.2) 214 (22.3) 1.00 1.00

2 0.27 303 (25.1) 240 (25.0) 1.35 (1.06–1.72) 1.13 (0.85–1.52)
3 0.29 258 (21.3) 255 (26.6) 1.69 (1.32–2.15) 1.13 (0.83–1.53)
4 0.28 283 (23.4) 251 (26.2) 1.51 (1.19–1.92) 1.25 (0.93–1.68)

p trend <0.001 p trend = 0.132

Model 2 adjusted for maternal age, maternal education, Townsend score, BMI and energy intake, alcohol consumption
and smoking status during first trimester, and haemoglobin concentrations.

In the analysis of the food groups (Table 4), two categories were negatively associated with B-Cd
in the unadjusted and adjusted models: (1) compared with consumption ≤1 to 3 times per week,
eating all leafy greens and green vegetables ≥4 times per week was negatively associated with B-Cd in the
unadjusted (model 1: 0.62 (0.51–0.76)) and adjusted (model 2: 0.72 (0.56–0.92)) analyses; (2) compared
with all meats < once in 2 weeks, consumption ≥4 times per week was negatively associated with B-Cd
in the unadjusted (model 1: 0.62 (0.47–0.83)) and adjusted (model 2: 0.66 (0.46–0.95)) model. The was a
trend for a negative association of increasing all fish consumption with B-Cd. There was evidence of a
negative association between the consumption of root vegetables and B-Cd in the unadjusted analysis
comparing never/rarely vs. ≥ 4 times per week (model 1: 0.42 (0.27–0.65)). However, it was attenuated
on adjustment (model 2: 0.77 (0.44–1.34)). Similarly, we observed negative associations between B-Cd
and bread and cereal, cakes and biscuits, pasta and rice, all pulses, and all nuts in the unadjusted but not in
the adjusted models.
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Table 4. Associations of the frequency of intakes of foods and food groups with blood cadmium
concentrations in pregnant women enrolled in ALSPAC (complete case analysis including smokers,
n = 2169).

n (%) OR (95% CI)

B-Cd <Median B-Cd ≥Median Unadjusted Model 1 Adjusted Model 2

Total n 1209 960
All meats combined
≤ Once in 2 weeks 148 (12.24) 151 (15.73) 1.00 1.00
≤3 times per week 752 (62.20) 613 (63.85) 0.80 (0.62–1.03) 0.77 (0.57–1.04)
≥4 times per week for at least one group 309 (25.56) 196 (20.42) 0.62 (0.47–0.83) 0.66 (0.46–0.95)

p trend = 0.001 p trend = 0.021

All fish
≤ Once in 2 weeks 545 (45.08) 537 (55.94) 1.00 1.00
≥1 to 3 times per week 614 (50.79) 391 (40.73) 0.65 (0.54–0.77) 0.76 (0.61–0.95)
≥4 to 7 times per week 50 (4.14) 32 (3.33) 0.65 (0.41–1.03) 0.82 (0.47–1.42)

p trend <0.001 p trend = 0.026

Milk (glasses per day) a

None/rarely 513 (43.62) 406 (43.80) 1.00 1.00
1 to 2 glasses per day 473 (48.72) 433 (46.71) 0.95 (0.80–1.14) 0.83 (0.66–1.03)
≥3 glasses per day 90 (7.65) 88 (9.49) 1.24 (0.90–1.70) 0.86 (0.58–1.29)

p trend = 0.548 p trend = 0.162

All pulses combined
≤ Once in 2 weeks 1.37 (11.3) 135 (14.1) 1.00 1.00
≤3 times per week 960 (79.4) 750 (78.1) 0.79 (0.61–1.02) 0.74 (0.57–1.00)
≥4 times per week for at least one group 112 (9.3) 75 (7.8) 0.68 (0.47–0.99) 0.71 (0.45–1.12)

p trend = 0.035 p trend = 0.105

All nuts combined
Never/rarely 137 (11.3) 135 14.1 1.00 1.00
≤ Once in 2 weeks 960 (79.4) 750 78.1 0.79 (0.61–1.02) 0.74 (0.54–1.00)
≥1 to 3 times per week 112 (9.3) 75 7.8 0.68 (0.47–0.99) 0.71 (0.45–1.12)

p trend = 0.009 p trend =0.875

Soya bean products
Never or rarely 1096 (90.7) 870 90.6 1.00 1.00
≤ Once in 2 weeks 113 (9.4) 90 9.4 1.00 (0.75–1.34) 1.37 (0.97–1.92)

p trend = 0.982 p trend = 0.051

Root vegetables
Never or rarely 35 (2.9) 56 5.8 1.00 1.00
≤ One to 3 times per week per food 700 (57.9) 588 61.3 0.53 (0.34–0.81) 0.70 (0.41–1.22)
≥4 to 7 times per week 474 (39.2) 316 32.9 0.42 (0.27–0.65) 0.77 (0.44–1.34)

p trend <0.001 p trend = 0.905

All leafy green and green vegetables
≤1 to 3 times per week 236 (19.5) 269 28.0 1.00 1.00
≥4 times per week 973 (80.5) 691 72.0 0.62 (0.51–0.76) 0.72 (0.56–0.92)

p trend <0.001 p trend = 0.005

Combined breads and cereals
≤ Once a week 101 (8.35) 162 (16.88) 1.00 1.00
≤ One to 3 times per week per food 321 (26.55) 282 (29.38) 0.55 (0.41–0.74) 0.76 (0.53–1.10)
≥4 to 7 times per week 787 (65.10) 516 (53.75) 0.41 (0.31–0.54) 0.71 (0.50–1.01)

p trend <0.001 p trend = 0.069

All cakes and biscuits
≤ Once a week 183 (15.14) 205 (21.35) 1.00 1.00
≤ One to 3 times per week per food 600 (49.63) 471 (49.06) 0.70 (0.56–0.88) 0.79 (0.59–1.06)
≥4 to 7 times per week 426 (35.24) 284 (29.58) 0.59 (0.46–0.76) 0.79 (0.57–1.11)

p trend <0.001 p trend = 0.204

All pies and pastries
Never or rarely 245 (20.26) 196 (20.42) 1.00 1.00
≤ Once in 2 weeks 687 (56.82) 511 (53.23) 0.93 (0.75–1.16) 1.01 (0.77–1.32)
≥1 to 3 times per week 277 (22.91) 253 (26.35) 1.14 (0.89–1.47) 0.87 (0.62–1.21)

p trend = 0.254 p trend = 0.343

All pasta and rice
Never or rarely 89 (7.36) 125 (13.02) 1.00 1.00
≤ Once in 2 weeks 335 (27.71) 318 (33.13) 0.68 (0.49–0.92) 0.84 (0.56–1.24)
≥1 to 3 times per week 785 (64.93) 517 (53.85) 0.47 (0.35–0.63) 0.78 (0.53–1.15)

p trend <0.001 p trend = 0.169

Model 2 adjusted for maternal age, maternal education, Townsend score + BMI and energy intake + alcohol
consumption, and smoking status during first trimester + haemoglobin concentration. a A standard glass of milk is
200 mL. Calcium intake (quartiles): p for trend 0.690 in adjusted model (data not shown).
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3.2. Sensitivity Analysis 1: Diet and Blood Cd Concentrations in Pregnant Women with Exclusion of Those
Who Smoked in the First Trimester

The demographic characteristics of participants who did not smoke in the first trimester by B-Cd
were similar to those in the main analysis: compared with participants with B-Cd < median, those
with B-Cd ≥median were more likely to be younger, have lower educational attainment, and reside in
more deprived geographical areas (Townsend score) (Table S2). When participants who smoked in the
first trimester were excluded, the results were broadly similar to those of the whole group. The health
conscious dietary pattern again predicted a likelihood of having B-Cd < median in the and adjusted
models, but the processed pattern was not associated even in the unadjusted model (Table S3). All meats,
all fish, and all leafy green and green vegetables were again associated with a lower likelihood of having
B-Cd ≥median in both the unadjusted and adjusted models. Breads and cereals, cakes and biscuits, and
pasta and rice consumption were also negatively associated with the likelihood of having higher B-Cd
in the unadjusted models but not in the adjusted models (Table S4).

3.3. Sensitivity Analysis 2: Diet and Blood Cd Concentrations in Pregnant Women with Exclusion of Those
Who Smoked in the First Trimester and Pre-Pregnancy

With the additional exclusion of those who smoked pre-pregnancy, the demographic characteristics
of participants by B-Cd showed similar but weaker associations compared with only the exclusion of
participants who smoked in the first trimester: Compared with participants with B-Cd < median, those
with B-Cd ≥median were more likely to be younger and reside in more deprived geographical areas
(Townsend score). However, there was no association with lower educational attainment (Table S5).
The results of the analyses of the association with dietary patterns and foods/food groups were broadly
similar to those of the whole group and the exclusion only of those who smoked in the first trimester:
The health conscious dietary pattern again predicted a likelihood of having B-Cd < median in the
unadjusted and adjusted models, but there were no other associations (Table S6). Negative associations
for all fish were again evident but not for all meat or all leafy green and green vegetables (Table S7).

3.4. Sensitivity Analysis 3: Diet and Blood Cd Concentrations Among Pregnant Women with Detectable B-Cd

The demographic characteristics of participants with detectable B-Cd were similar to the those
in the complete case analysis and to non-smokers: those with B-Cd ≥ median were more likely to
be younger, have lower educational attainment, and reside in more deprived geographical areas
(Townsend score) (Table S8). Associations with dietary patterns and food/food groups were generally
consistent with the main findings. The health conscious pattern was associated with a lower likelihood
of B-Cd ≥ median and the processed pattern with a higher likelihood, but these associations were
attenuated on adjustment. The confectionery pattern was associated with a lower likelihood of B-Cd ≥
median, whereas the vegetarian pattern was associated with a greater likelihood in both the unadjusted
and adjusted models (Table S9). This was not explained by vegetarians being more likely to have B-Cd
> LOD (Table S10). All cakes and biscuits and all pies and pastries were associated with a lower likelihood
of having B-Cd ≥median in both the unadjusted and adjusted models (Table S11).

4. Discussion

Diet is an important route of exposure to Cd in pregnancy for non-smokers, but there has been
little work on the dietary predictors of B-Cd in pregnant women. We found that a health conscious
dietary pattern was associated with a lower likelihood of B-Cd ≥median value in a group of pregnant
women in the UK. There was a similarly reduced likelihood of B-Cd ≥median value for the food group
all leafy green and green vegetables, which appears consistent with the health conscious pattern, and with
the food group all meats.

Cd is a persistent environmental pollutant that is readily incorporated into plant tissues during
cultivation [30], and hence into meat and meat products and into dairy foods by bioaccumulation.
Foods and food products can also be subject to external contamination (from dust, for example) during
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growth and processing [1,2]. Following exposure through food consumption and from other sources,
Cd accumulates in all tissues, with the greatest concentrations in the liver and kidney [30]. The overall
half-life is >26 years, with excretion through faeces and urine [5]. In pregnancy, the placenta acts as a
partial barrier to Cd [10,48].

The most frequently used biomarkers for Cd exposure are whole blood or urine concentrations.
B-Cd primarily indicates short-term exposure over 2–3 months at low to moderate exposures; urine
concentration reflects longer-term Cd storage, particularly in the kidney [49]. Exposure to Cd was
measured as B-Cd in this study: the concentration in this population (for complete cases: median 0.26
(IQR 0.14–0.54), mean 0.50 (SD 0.58), and geometric mean 0.33 µg/L) was similar to recent concentrations
from pregnant women in similar developed countries [4] (for example, USA: geometric mean 0.18
µg/L; Sweden: mean 0.30 µg/L) [50,51]. Cigarette smoking is the main non-dietary predictor of B-Cd in
populations not exposed through occupation [52]. Disparities in blood concentrations between cohorts
may therefore indicate differences in smoking prevalence as well as differences in dietary intakes.
Cohorts in which the prevalence of smoking is high tend to have high B-Cd. For example, in a French
cohort in which 28% of women smoked during pregnancy and 30% experienced passive smoking, the
median B-Cd was 0.8 (IQR 0.1–4.6) µg/L [53]. There are no national or international guidelines for
maximum B-Cd specifically for pregnancy to our knowledge. The German Human Biomonitoring
Commission for all non-smoking adults indicates a population reference value of 1 µg/L [54]. In total,
98% of our non-smoking complete case sample were below this concentration. In our sample, the
relative contribution of foods and food groups to B-Cd was similar in smokers and non-smokers:
upon excluding smokers from our cohort (22% of sample with complete data), we found broadly
similar results for the associations of dietary patterns, foods, and food groups with B-Cd to those in the
whole sample.

The mean dietary intake of Cd in the UK has been estimated at 1.54 (95% CI 1.49–1.54) µg/per kg
body weight per week, with 17.1% (95% CI 15.8–18.5) of individuals estimated to exceed the European
Food Standards Agency’s current tolerable weekly intake of 2.5 µg/kg body weight per week [55]. Rice,
bread and cereals, leafy vegetables, and some roots and tubers (carrots and potatoes) are relatively
high in Cd on a weight for weight basis in the UK [56], and in the USA, cereals/bread, leafy vegetables
and potatoes were the top three foods/food groups contributing to dietary Cd intake [57]. Potatoes
were identified as having a high median Cd concentration in northern Italy (10.5 µg/kg) [58], and in
Bangladesh, leafy green vegetables have been reported as having even higher Cd concentrations than
root vegetables [20]. In contrast, we found that greater all leafy green and green vegetables consumption
was associated with lower B-Cd, as was following a health conscious dietary pattern rich in plant-based
foods, and there was no association with root vegetable intake. It is possible that the high levels of
dietary fibre provided by the health conscious dietary pattern could reduce the relative absorption
of Cd though a faster gut transit time, or possibly by changes in the gut microbiome. However, in
assessing the contribution to overall dietary exposure to Cd, it is important to consider not only
absolute concentrations but also the frequency of consumption and portion sizes. For example, for
potatoes containing 10.5 µg Cd/kg, an average portion size of 175 g twice per week would contain 3.7
µg Cd, equivalent to only 2% of the UK’s tolerable weekly intake, assuming a woman weighs 60 kg.
Given the relative absorption of Cd of ≤11% [5], the contribution of any particular food item to Cd
exposure is likely to be relatively low even if its absolute Cd content is high.

Similar to all leafy green and green vegetables, greater consumption of the food group all meats was
associated with a reduced likelihood of B-Cd ≥ median value. Some studies have found lower Cd
concentrations in meats than in vegetables or cereals [20,58], but offal meats, such as kidney and liver,
were high in Cd in China [59]. This latter finding was confirmed in an exposure assessment study
based on food items from 14 European countries in which offal from farmed animals contained a mean
of 316 µg Cd/kg [56], although offal would be a rarely consumed food item in most European-style
diets. As noted earlier, for some individuals and population groups, meat consumption contributes
little to daily Cd exposure because of the consumption of relatively low amounts of meat. Among
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adults from Bangladesh, for example, the estimated daily intake of Cd from the diet was 35 µg/day, of
which only 2% came from meats/fish, with much greater contributions from green vegetables (35%) and
from steamed rice (54%) [20]. Similarly, among Mexican women, the contribution of meat and poultry
to daily Cd consumption was low compared with the contribution of vegetables, grains, corn, and
potatoes [23]. Among adults from northern Italy, whose average diet is about 8% meats, 10% vegetables,
and 12% grains by weight, meat also contributed only a small amount (IQR 0.05–0.12 µg/day) to the
estimated daily Cd exposure [58]. Similarly, meat was not amongst the main contributors to dietary
Cd intake in the USA [57].

It might be expected that in non-vegetarians, the high iron content of meats would result in better
iron status and thus lower competition for absorptive binding sites (DMT1), resulting in lower relative
Cd absorption, and hence lower B-Cd concentrations compared with vegetarians. In support of this,
concentrations of Cd were significantly higher in pregnant women with low plasma ferritin at 18 weeks’
gestation in a Norwegian study that included smokers and non-smokers [60]. Although we did not
find any difference in B-Cd among women who reported consuming vegetarian diets compared with
those who did not consume vegetarian diets, only 6% of women reported that they were vegetarian
at present. In the main regression analysis, there was a suggestion of an association between the
vegetarian pattern and B-Cd in the unadjusted analysis, although this was attenuated on adjustment.
However, in the sensitivity analysis when values < LOD were excluded, there was a strong association
with the vegetarian pattern. Non-vegetarians from the Slovak Republic had B-Cd of about 25% that
of vegetarians [61], although this was related to higher consumption of wholegrain products rather
than vegetables. It is possible that meat consumption could be proxy for another protective factor.
However, both our study and that of Krajcovicova–Kudladkova included a relatively small number of
women identifying themselves as vegetarian (n = 131 and n = 80, respectively), which may reduce the
reliability of the results in vegetarians in both studies.

Calcium, of which milk and other dairy products are a major dietary source, is a low affinity
inhibitor of DMT1 activity [62] and so a diet that is high in calcium might be expected to lower B-Cd.
We found no association of B-Cd with the frequency of drinking milk or with calcium intake, although
a previous study of East and South Asian women of reproductive age who had recently immigrated to
Canada (≤5 years) found that higher dairy product consumption was associated with a 14% lower
risk of elevated B-Cd [63]. In addition, increasing dietary calcium and vitamin D in pregnant women
also in Canada was associated with lower B-Cd [64]. The disparity between our study and these two
studies could be accounted for by differences in the mean frequency of milk/dairy consumption, but
comparison is difficult because of differences in the way in which variables are expressed [63] included
data on the consumption of dairy items (52 ± 34 times/month); the present UK study included data
specifically for milk (44% never or rarely consumed milk, 48% had 7–14 glasses per week, and 9% had
≥21 glasses per week). The disparity in the results could also indicate differences in the frequency of
consumption of other foods and food groups, which could have a secondary effect on both dietary
intake and absorption of Cd.

This study has several strengths. First, there are many advantages of using dietary patterns and
food groups: (1) they take into account the effects of combinations of nutrients and foods; (2) they
can provide information that is more meaningful in translation to public health messages; and (3)
identification of dietary patterns by PCA is less sensitive to inaccuracy and bias in the dietary data
collection than is the assessment of single nutrients [65]. Second, the study provides a valuable addition
to the body of literature on Cd and dietary patterns by including a relatively large population of
pregnant women, a vulnerable group for whom it is important to reduce Cd exposure to a minimum.
To our knowledge, these are the most recent data on Cd exposures in pregnant women in the UK. It is
likely that the prevalence of smoking will have declined, thus reducing exposures for some women.
Third, in addition to dietary patterns, we were able to look further at specific foods and food groups
that might have contributed to increased B-Cd (either because of being sources of cadmium, and/or
because they provided nutrients that interfered with cadmium absorption or metabolism). Fourth,
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we accounted for smoking status, which is a major source of Cd exposure. Smoking prevalence was
29.8% prior to pregnancy and 22.2% in the first trimester. In regression models conducted on the full
study sample, we added first trimester smoking status as a covariate. We also conducted sensitivity
analyses by excluding first trimester smokers and then first trimester smokers plus those who smoked
pre-pregnancy. Both approaches yielded similar findings.

There are also some limitations. First, the study was based in a largely urban population in the
UK and may have limited generalisability to other populations of pregnant women both in the UK and
in other countries. Second, Cd exposure was relatively low compared with the German recommended
population upper limit [54] and this may also limit generalisability to countries with higher levels.
Third, there were a large number of values for blood Cd concentrations below the limit of detection,
making the use of the measurement as a continuous variable in linear models less robust. However,
we used a well-documented means of correcting values below the limit of detection. We also modelled
B-Cd as a categorical variable to minimise the influence of values < LOD on the results. Fourth,
blood was sampled for Cd analysis in the first trimester, whereas the dietary data were collected in
the third trimester. The difference in timing for these assessments could make it difficult to infer
causation. However, it is important to point out that B-Cd reflects Cd exposure over the previous
2–3 months, which could reduce the effect of the time lag between the blood and dietary data collections.
In addition, both B-Cd and urine Cd are stable during pregnancy [66]. Dietary patterns in pregnancy
have also been shown to be stable [67], as have intakes of energy and macronutrients [68–70]. Dietary
patterns specifically in pregnancy in ALSPAC are similar to those at 4 years postpartum [71]. Thus,
it is likely that the data in the present study are representative of diet and biomarker concentrations
throughout pregnancy, strengthening the plausibility of inference of causation. It is also possible that the
consumption of vitamin and mineral supplements, which could affect Cd absorption, were imperfectly
captured by the food frequency questionnaire. Fifth, misreporting (both under- and over-reporting)
are inevitable in dietary data collection and this can undermine the validity of associations. Although
there are established methods to identify misreporting of energy, those for foods and food groups
are much less well understood. Sixth, the sub-sample of women included in this study were not
completely identical in sociodemographic characteristics to those that were excluded. It is possible
that they had higher B-Cd than those who were excluded, and this would drive the results toward the
null (no associations). Finally, in those who recently stopped smoking (either before pregnancy or very
early in pregnancy) and were classified as not smoking in the first trimester, it is possible that B-Cd
was elevated by the effect of previous exposure through smoking. This could have the effect of causing
misclassification bias. While it is known that current smokers have less healthy dietary patterns than
non-smokers [72], supporting the use of current smoking as a confounder in the present analyses, little
is known about the effect of smoking cessation on dietary patterns so it was not possible to take this
into account in the analyses.

5. Conclusions

In a group of UK pregnant women, a health conscious dietary pattern (characterised by high factor
loadings for salad, fruit, rice, pasta, oat and bran-based breakfast cereals, fish, pulses, fruit juices, and
non-white bread) was associated with a lower likelihood of B-Cd being ≥median value. There were
no associations for any food or food group with B-Cd in the adjusted models, with the exception of
a negative association for all leafy green and green vegetables, which appears consistent with the health
conscious pattern, and with all meats. This study provides evidence to support a healthy and varied
diet in pregnancy to minimise B-Cd, incorporating foods from all food groups in accordance with
national recommendations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/4/904/s1,
Table S1: Food groups and individual foods combined for the analyses, Table S2: Sensitivity analysis 1: Blood
cadmium concentrations in pregnant women enrolled in ALSPAC by indicators of socio-economic positioning
and lifestyle (complete case analysis excluding smokers in the first trimester, n = 1687), Table S3: Sensitivity
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analysis 1: Associations of dietary patterns with blood cadmium concentrations in pregnant women enrolled in
ALSPAC (complete case analysis excluding those who smoked in the first trimester, n = 1687), Table S4: Sensitivity
analysis 1: Associations of frequency of intakes of foods and food group with blood cadmium concentrations in
pregnant women enrolled in ALSPAC (complete case analysis excluding those who smoked in the first trimester, n
= 1687); Table S5: Sensitivity analysis 2: Blood cadmium concentrations in pregnant women enrolled in ALSPAC
by indicators of socio-economic positioning and lifestyle (complete case analysis excluding those who smoked in
the first trimester and pre-pregnancy, n = 1518), Table S6: Sensitivity analysis 2: Associations of dietary patterns
with blood cadmium concentrations in pregnant women enrolled in ALSPAC (complete case analysis excluding
current smokers and pre-pregnancy smokers, n = 1518), Table S7: Sensitivity analysis 2: Associations of frequency
of intakes of foods and food group with blood cadmium concentrations in pregnant women enrolled in ALSPAC
(complete case analysis excluding those who smoked in the first trimester and pre-pregnancy, n = 1518), Table S8:
Sensitivity analysis 3: Blood cadmium concentrations in pregnant women enrolled in ALSPAC by indicators of
socio-economic positioning and lifestyle (complete case analysis excluding < LOD, n = 1505), Table S9: Sensitivity
analysis 3: Associations of dietary patterns with blood cadmium concentrations in pregnant women enrolled in
ALSPAC (complete case analysis excluding < LOD, n = 1505), Table S10: Blood Cd concentration in participants
by vegetarian status in pregnant women enrolled in ALSPAC (in complete cases and in complete cases excluding
those with values below the limit of detection), Table S11: Sensitivity analysis 3: Associations of frequency of
intakes of foods and food group with blood cadmium concentrations in pregnant women enrolled in ALSPAC
(complete case analysis excluding < LOD, n = 1505)
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