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ABSTRACT
Background/Objectives: Pregnancy triggers a physiological change in weight status. Postpartum weight retention in the childbearing years can substantially alter a woman’s weight gain trajectory, with several potential contributing factors identified. Most research has relied on women’s recall of pre-pregnancy weight during pregnancy or later, and not considered risk factors in combination. Using measured pre-pregnancy weight, this study aimed to examine the associations of maternal postpartum weight retention with parity, pre-pregnancy BMI, excessive gestational weight gain (GWG), maternal serum vitamin D concentration and dietary Glycaemic Index in early and late pregnancy and breastfeeding duration, including analysis of the combined impact of potentially modifiable risk factors.
Subjects/Methods: Prospective cohort study of 12,583 non-pregnant women aged 20-34 years in Southampton (UK) who were assessed prior to pregnancy, with those who subsequently became pregnant followed up in early and late gestation, and after delivery (n=2,559 in the final sample). Linear regression models examined potential predictors of weight retention in adjusted individual and multivariate analyses, and as a risk factor score.
Results: Compared with pre-pregnancy weight, 73% of women retained some weight at six months postpartum [mean (SD): 3.5 (6.2) kg]. In the adjusted multivariate model, women who were primiparous, had a lower pre-pregnancy BMI, excessive GWG, a lower early pregnancy vitamin D concentration and breastfed for <6 months had greater weight retention six months postpartum (p<0.05 for all variables). For each additional modifiable risk factor (excessive GWG, low vitamin D concentration in early pregnancy and short breastfeeding duration; scale 0-3), women retained an additional 2.49 kg (95%CI: 2.16, 2.82; p<0.001). 
Conclusions: Having a greater number of modifiable risk factors was associated with greater weight retention six months postpartum. Initiatives supporting women to target these risk factors in the years prior to, during and after pregnancy could impact on their weight gain trajectory and later risk of adverse weight related outcomes.
INTRODUCTION
Pregnancy triggers physiological changes in body composition and weight cycling 1. UK National Institute for Health and Clinical Excellence (NICE) Guidelines identified pregnancy and the first year postpartum as key periods when women are vulnerable to excess weight gain and long term weight retention 2. Postpartum weight retention is highly variable, with women on average retaining 1-5.5 kg at 6-12 months postpartum 3. Importantly, weight retention during the child bearing years can substantially alter a woman’s lifetime weight gain trajectory 1, 4.
Factors associated with greater postpartum weight retention include excess gestational weight gain (GWG) 3, 5, with varied findings for parity 6, 7, pre-pregnancy BMI 8-10, and short breastfeeding duration 11-13. An inverse association between obesity and serum vitamin D concentrations is well established 9; with evidence that vitamin D metabolism, storage, and action both influence, and are influenced by, adiposity1. Low vitamin D concentration during pregnancy has been associated with pregnancy complications 6, 7 and poor child health outcomes 6, 7, although it has not previously been examined as a determinant of postpartum weight retention. Observational evidence has shown that a high Glycaemic Index (GI) diet is associated with obesity 16, with a review of Randomised Control Trials (RCTs) also concluding that a low GI diet promoted weight loss 17. Few studies have directly investigated the association between postpartum weight retention and maternal dietary GI or Glycaemic Load (GL) in pregnancy, although one study has demonstrated that high GL diet in pregnancy may be related to excessive GWG and greater postpartum weight retention for overweight or obese women 18. Gaining insight into associations between potential contributing factors and postpartum weight retention would enable the development of more targeted behaviour change interventions.
A limitation of postpartum weight retention research is use of self-report pre-pregnancy weight or estimates from first trimester measurements 16, 17. Pregnancy cohorts relying on maternal recall may introduce bias as such weights are ~1kg lower than measured pre-pregnancy weight; the underestimation being greater with increasing BMI (~5kg underreported by women in higher BMI groups) 18-21. Underestimation of pre-pregnancy weight not only inflates estimates of postpartum weight retention, but also overestimates GWG, impacting on the validity of findings. Some evidence suggests that first trimester GWG is more strongly linked with postpartum weight retention than second or third trimester GWG 19, therefore key variability in weight retention data may be lost if early pregnancy weight measures are used. Research investigating postpartum weight retention using measured pre-pregnancy weight is needed.
Using data from a UK mother-offspring cohort with measurements of pre-pregnancy weight, we examined the role of six factors in maternal weight retention; parity, pre-pregnancy BMI, GWG, serum vitamin D concentration and GI in early and late pregnancy, and duration of breastfeeding. Additionally, we sought to gain insight into the combined impact of modifiable risk factors on weight retention.

MATERIALS AND METHODS
The Southampton Women’s Survey (SWS) is a prospective preconception mother-offspring cohort of 12,583 non-pregnant women aged 20-34 years, residing in Southampton (UK) and recruited through their general practitioners 20. At recruitment (between April 1998 and December 2002), SWS research nurses visited the women in their homes and lifestyle, anthropometry, and dietary assessments were undertaken. SWS women who subsequently became pregnant were followed up in early and late pregnancy at the SWS Ultrasound Unit at the Princess Anne Hospital in Southampton, and postpartum in their homes. SWS women who became pregnant, had term live singleton births and were assessed six months postpartum were considered in this study.
A total of 3,158 women had live singleton births in the SWS, of which 205 women gave birth <37 weeks gestation, leaving 2,953 women with term live singleton births. Of these, 100 women were excluded from this analysis as they were ‘possibly already pregnant’ at the time of pre-pregnancy assessments (<38 weeks between pre-pregnancy measures and expected date of delivery for term births). A further 294 had missing pre-pregnancy or six month postpartum weight measures, leaving 2,559 in the final sample.
Ethical approval was obtained from the Southampton and South West Hampshire Local Research Ethics Committee (approval number: 06/Q1702/104) and the study carried out according to the guidelines laid down in the Declaration of Helsinki. Written informed consent was obtained.
Measures
Outcome measure: Pre-pregnancy weight was measured (removing shoes and heavy items of clothing/jewellery to 0.1kg) using a portable scale (Seca, Hamburg, Germany), and height measured (to 0.1cm) using a portable stadiometer (Harpenden, CMS Weighing Equipment Ltd., London, UK). Pre-pregnancy data were collected a median (1st and 3rd quartile) of 1.8 (0.8; 3.2) years before conception. Maternal weight (kg) was re-measured at six months postpartum. Postpartum weight retention was calculated by subtracting pre-pregnancy weight from six month postpartum weight.
Exposures: Maternal data on parity was collected prior to pregnancy and analysed as a binary variable; i) primiparous or ii) multiparous. Pre-pregnancy maternal BMI was calculated using measured pre-pregnancy weight and height (see above), and BMI categories (underweight, healthy weight, overweight and obese) defined according to World Health Organisation (WHO) cut-points 11. GWG was calculated as the difference between measured pre-pregnancy weight and measured weight at 34 weeks gestation, with weekly gains used to estimate GWG on the day of birth 12. Women were categorised as gaining inadequate, adequate, or excessive weight, according to the 2009 Institute of Medicine (IOM) recommendations 10. Maternal serum 25-hydroxy-vitamin D concentration (nmol/l) in early pregnancy was analysed by liquid-liquid extraction followed by HPLC/MS/MS and in late pregnancy by radioimmunoassay (Liaison, Diasorin, Stillwater, Minnesota, USA). Maternal diet during pregnancy was measured using an interviewer-administered, 100-item Food Frequency Questionnaire (FFQ) assessing habitual intake over the previous three months 13. GI values were assigned to each food item in the FFQ according to the GI database published by the Medical Research Council Human Nutrition Research (MRC NHR), Cambridge, United Kingdom 14. Each participant’s average dietary GI in early and late pregnancy was calculated by determining their GL and dividing their GL by their total daily intake of available carbohydrates 15. Direct GI matches were provided for 83.5% of foods assessed, and the remaining foods were assigned GI values of similar foods (13.5%) or an arbitrary value of 70 (3.3%) 15, according to the procedure developed by the MRC HNR  14. For infants who were breastfed, the date of the last breastfeed was recorded at interview at six, 12 and 24 months postpartum. Breastfeeding duration was analysed as a binary variable; <6 months and ≥6 months.
Possible confounders: Potential confounding variables included gestational age at birth, maternal age, pre-pregnancy walking speed and diet quality, and postpartum maternal smoking. Gestational age at birth was determined using a computerised algorithm based on menstrual and early ultrasound data 29. Maternal age was ascertained at birth, and smoking status (yes/no) assessed at six months postpartum. Pre-pregnancy walking speed and diet quality were included as proxies of postpartum physical activity and dietary behaviour. Women were asked to describe their pre-pregnancy walking speed according to five categories (very slow, stroll at an easy pace, normal speed, fairly brisk and fast) as an indication of usual physical activity level. Maternal diet before pregnancy was measured using the same FFQ as used to measure maternal diet during pregnancy 27. Principal Component Analysis (PCA) was performed on reported frequencies of consumption of the 48 foods and food groups from the FFQ data, based on the correlation matrix to adjust for unequal variances of the original variables score 30. The first principal component identified a ‘prudent’ pattern that was consistent with UK dietary recommendations 31, 32. From this pattern ‘prudent’ diet scores before pregnancy were calculated by multiplying the coefficients from the PCA by each woman’s standardised reported frequencies of pre-pregnancy consumption and were interpreted as a measure of diet quality 30. 
Statistical analysis
Statistical analyses were performed using Stata version 14.1 (Statacorp LP, College Station, TX, USA). All data were assessed for normality; the mean and standard deviation were reported for normally distributed variables, the median and 1st and 3rd quartile for non-normally distributed data. Data were transformed using log transformations where possible, and z-scores of the transformed variable calculated to express the value as a standard deviation from the mean. T-tests (for normally distributed variables), Mann-Whitney U-Tests (for non-normally distributed variable) and chi-squared tests (for categorical variables) were used to compare differences in sociodemographic, anthropometric and breastfeeding variables of mothers included, with those not in the study.
Parity, pre-pregnancy BMI, GWG categories, serum vitamin D concentration, GI in early and late pregnancy, and breastfeeding duration were examined as predictors of weight retention at six months using linear regression models.  Gestational age at birth, maternal age at birth, pre-pregnancy diet quality, pre-conception walking speed and postpartum maternal smoking were all included as confounding variables.  The combined effects of the predictor variables were considered by including those that were significantly associated with weight retention at 6 months (as determined by backward elimination stepwise regression) in one linear regression model, adjusting for the same confounding variables. A p-value of <0.05 was considered statistically significant. A sensitivity analysis restricted to participants who fell pregnant within one year of their pre-pregnancy weight measurement was conducted to reduce the likelihood of large fluctuations in weight prior to conception affecting the analysis.
Modifiable risk factor analysis:
Modifiable risk factors found to be independently associated with weight retention at six months in the mutually-adjusted multivariate model were examined as a risk factor score. Binary variables were derived for each risk factor, and these were summed to given an integer risk factor score, ranging from zero to three. Linear regression models were fitted with the risk factor score as a categorical predictor (zero as reference category), with and without adjustment for potential confounders. The same models were also fitted with the risk factor score as a continuous variable to assess trends in relation to the number of risk factors.

RESULTS
Study population
Table 1 summarises the baseline characteristics of the 2,559 women included in this analysis. Women with term live singleton births who were excluded from the analysis were more likely to have a lower education level, slower walking speed, poorer pre-pregnancy prudent diet score, lower mean dietary GI index in early pregnancy, lower serum vitamin D concentration in late pregnancy, to have gained excess weight according to the IOM guidelines and retained less weight at six months postpartum compared to women included in the analysis (Table 1).
Weight trajectories and characteristics of postpartum weight retention
Figure 1 shows weight change trajectories across pregnancy to six months postpartum according to pre-pregnancy BMI. At six months postpartum, 73% of women had retained weight (mean (SD): 3.5 (6.2) kg); 35% retained >5 kg. Women who were underweight (n=36) or of healthy weight (n=1460) in pre-pregnancy retained 3.6 (3.9) kg and 3.5 (5.2) kg above their pre-pregnancy weight, respectively. Women who were overweight (n=717) or obese (n=344) pre-pregnancy retained 4.1 (7.1) and 2.4 (7.8) kg, respectively. 
Women who gained excess weight according to the IOM GWG guidelines retained an additional 4.4 (95%CI: 3.9, 4.9) kg at six months postpartum compared with women who gained weight within the recommendations (p<0.001). Overweight women were most likely to exceed the IOM GWG guidelines (64%), followed by obese (51%), healthy weight (39%) and underweight women (28%). Primiparous women were also more likely to exceed the guidelines than multiparous women (52% and 44%, respectively; p<0.001), although their pre-pregnancy BMI was lower (24.6 (4.2) vs 25.9 (5.0) kg/m2); p<0.001). 
Predictors of postpartum weight retention: individual and multivariate analysis
The individual and mutually-adjusted multivariate analyses found similar predictors of postpartum weight retention (Table 2). The final multivariate analysis included 1564 women as many did not provide an early pregnancy sample for serum vitamin D analyses. Primiparous women, women who had a lower pre-pregnancy BMI, gained excess GWG, had lower vitamin D concentration in early pregnancy and breastfed for less than six months retained more weight six months postpartum. The effect sizes were slightly greater for pre-pregnancy BMI and smaller for breastfeeding duration in the multivariate analyses. There were no associations between GI in early or late pregnancy and postpartum weight retention. The sensitivity analysis in women who fell pregnant within one year of their pre-pregnancy measurements produced similar coefficients to the main multivariate analysis, although the coefficients were greater for pre-pregnancy BMI and lower for excess GWG in the sensitivity analysis (Supplementary File 1). 
Modifiable risk factor analysis:
Three potentially modifiable risk factors identified as independently associated with weight retention at six months postpartum in the mutually-adjusted multivariate analyses were examined. The factors were dichotomised and defined as: excess GWG according to IOM guidelines 26, low 25-hydroxy-vitamin D concentration in early pregnancy (<64 nmol/L) as used in the SWS population previously 33, and less than six months breastfeeding duration according to the WHO recommendations 34 (Table 3). Primiparity and a lower pre-pregnancy BMI, although associated with postpartum weight retention, were not considered modifiable risk factors since parity cannot be modified through a behaviour change intervention, and it would be counterintuitive to recommend that women with a healthy weight BMI gain weight prior to pregnancy to reduce their overall risk of postpartum weight retention. Parity and pre-pregnancy BMI were tested as interaction factors in the model, and the interaction between i) parity - risk factor score and ii) pre-pregnancy BMI – risk factor score, were both found to be non-significant (p=0.07 and p=0.33, respectively).
Of the 1571 women, 117 (7%) had no early-life risk factors, 477 (30%) had one, 655 (42%) had two, and 322 (21%) had three. Table 4 shows weight retention six months postpartum according to the number of modifiable risk factors. Taking account of potential confounding influences, there was a graded increase in weight retention at six months postpartum with an increasing number of risk factors. For each additional risk factor, weight retention increased by 2.49 kg (95% CI: 2.16, 2.82; p<0.001) six months postpartum, adjusted for confounders.

DISCUSSION
The current study examined six factors in relation to maternal weight retention six months postpartum using measured pre-pregnancy weight, with a focus on modifiable risk factors for postpartum weight retention. Women who were: i) primparous, ii) underweight or of a healthy weight prior to pregnancy, iii) had excess GWG, iv) lower serum 25-hydroxy-vitamin D concentrations in early pregnancy and v) breastfed for less than six months, retained more weight at six months postpartum. Having more of the three modifiable risk factors (excess GWG, lower serum Vitamin D concentration in early pregnancy, and breastfeeding < 6 months) was associated with greater weight retention; for each additional modifiable risk factor women retained an extra 2.49 kg six months postpartum. To our knowledge, this is the first study to examine the factors associated with weight retention using measured pre-pregnancy weight, and to evaluate the combined effects of modifiable risk factors on postpartum weight retention. 
The mean weight retention of 3.5 kg in the SWS is consistent with previous studies using self-report weight which indicate that, on average, women retain 1-5.5 kg at 6-12 months postpartum 18, and considering that women underestimate their self-report pregnancy weight by ~1kg 18-21. Given the 6 month follow-up period, it is not surprising that 73% of SWS women still retained some weight. While some of the risk factors identified here (i.e. lower pre-pregnancy BMI 8 and excess GWG 3, 5, 35) are consistent with the findings from studies that used self-report pre-pregnancy weight measures and monitored weight retention over a longer term from one to three years, it will be important to extend the findings on early pregnancy serum vitamin D concentration in future studies over a longer follow-up time.
Greater GWG has consistently been associated with postpartum weight retention 3, 5, 35. From a public health perspective, we found that women who gained adequate weight according to IOM GWG guidelines 26, retained 4.45 kg less than women who gained excess weight. These findings are higher than other pregnancy cohorts that used self-report pre-pregnancy weight and measured weight retention up to one year postpartum, where women who exceeded the guidelines retained 2.98 kg (95% CI: 1.77, 4.18) more weight 3. Almost half of SWS women exceeded the IOM GWG guidelines, indicating the magnitude of the issue. This highlights the importance of adequate weight gain during pregnancy to minimise postpartum weight retention and prevent overweight and obesity in childbearing women. Greater efforts are needed to support women in terms of optimal GWG, but monitoring and managing weight gain in pregnancy is challenging 36.
A lower pre-pregnancy BMI was associated with greater weight retention. These findings are consistent with a recent meta-analysis of 10 studies (n=116 735 women) which found a linear association between pre-pregnancy BMI and weight retention, where overweight and obese women retained -0.81 kg and -2.34 kg less weight respectively, compared with healthy weight women 8. Weight retention was assessed at varying time points between 1 month and 15 years, although there were no differences between the short and long term effects of BMI on weight retention 8. Evidence from SWS and other studies 8 suggests that underweight and healthy weight women experience greater weight retention. However, it is important to note that categorising GWG according to the IOM GWG guidelines somewhat adjusts for pre-pregnancy BMI as the GWG guidelines differ according to BMI groups. Considering that overweight women were most likely to exceed the IOM GWG guidelines (64%) followed by obese women (51%), continuing to intervene and prevent excess GWG in these higher BMI groups remains a high priority.
On average SWS women who maintained ‘any’ intensity of breastfeeding to six months retained 0.66 kg less than those who did not. There is inconsistent evidence that reduced breastfeeding is associated with greater weight retention 12. A recent systematic review 12 of prospective and retrospective observational studies found little or no association between duration of breastfeeding and weight loss (n=27/43), or change in body composition (n=16/18) in the majority of studies, but the heterogeneous nature of the study designs precluded the synthesis of findings 12. Some evidence of a time-dependent association was evident in the systematic review 12 and also in a study published since 37, such that breastfeeding duration of less than three months tended to have little impact, whereas continued breastfeeding to six months was associated with lower weight retention, although this was not consistent across all studies. Theoretically, the increased energy cost of lactation (approximately 2.62 MJ/d 38) should lead to weight loss 39, but the multifactorial nature of weight retention and the contextual factors associated with breastfeeding means that this may not be generalisable to all women. If a longer duration of breastfeeding is protective against weight retention as well as its many other benefits 40-42, it is concerning that only one third of UK women 43, or 27% of SWS women, breastfed to six months 12. 
To our knowledge, this is the first data linking serum vitamin D concentration in early pregnancy with postpartum weight retention. This may be because, for practical reasons, many pregnancy cohorts have recruited women mid-pregnancy (~16-20 weeks gestation), and were unable to explore early pregnancy factors. For each 10nmol/l reduction in vitamin D concentration, women retained an additional 100g of weight. While statistically significant, this is unlikely to be clinically significant for individuals. One explanation for the relationship between vitamin D and weight retention could be an association between adiposity and lower circulating 25-hydroxyvitamin D [25(OH)D] levels 23. Since vitamin D is stored in fatty tissues, obese individuals have a larger capacity to store vitamin D, which may lower circulating 25(OH)D levels, or 25(OH)D levels may influence fat accumulation 1, 2. A bi-directional Mendelian randomization analysis 1 provided evidence for obesity as a causal factor in vitamin D deficiency, but no evidence of reverse causation. In SWS, both pre-pregnancy BMI and early pregnancy vitamin D concentration were associated with weight retention in the multivariate model, suggesting that higher adiposity levels do not solely explain the variation in postpartum weight retention. Further research is needed to replicate these findings and explore the potential causal mechanisms of vitamin D on weight retention, particularly in regards to timing during early gestation.
Few studies have examined GI or GL in relation to postpartum weight retention; the majority of studies have focused on other pregnancy outcomes including gestational diabetes mellitus and small-for-gestational age 49. In a study of 47,003 women from the Danish National Birth Cohort, GL during pregnancy, with diet assessed using a validated FFQ, was associated with postpartum weight retention at 18 months 15. The association was greater for women who were obese prior to conception, with an increase in weight retention of 1.3 kg from the lowest to higher GL quintile 15. Given the limited evidence, further research is needed to examine if there is an association between GI and postpartum weight retention, particularly in regard to pre-pregnancy BMI and timing during gestation.
Strengths and weaknesses
The SWS provides data from a large contemporary cohort of women recruited from the general population regardless of whether they were planning a pregnancy. Women were characterised before pregnancy, and in early and late pregnancy for those who became pregnant, making the SWS cohort a rare preconception study. The prevalence of the risk factors examined (e.g. BMI, excess GWG and breastfeeding rates) and amount of weight retention are similar to other countries in the western world, increasing the generalisability of the study findings. Measured pre-pregnancy weight was used to calculate weight retention, pre-pregnancy BMI and GWG, reducing the risk of misreporting and maternal recall bias associated with self-report and estimated pre-pregnancy weight. Women’s behaviours through the pre-pregnancy, pregnancy and early postpartum periods were characterised in detail, enabling comprehensive analysis of risk factors and accounting for potential confounding influences.
Limitations to our study include that pre-pregnancy weight may have been measured some years prior to conception (median (1st and 3rd quartile) = 1.8 (0.8; 3.2) years) and fluctuations in weight during the study pre-pregnancy period may have occurred. However, a sensitivity analysis assessing only women who became pregnant within one year of their pre-pregnancy measures identified similar coefficients for the predictors of weight retention to the main multivariate analysis. While 2559 women were followed-up six months postpartum, the final multivariate analysis included 1564 women (many did not provide an early pregnancy sample for serum vitamin D analyses). However, individual models (with larger sample sizes) identified the same predictors of weight retention. Despite adjusting for potential confounding factors, some confounders may have been omitted. Pre-pregnancy diet and walking speed were included as proxies of postpartum diet and physical activity behaviour due to a lack of diet and physical activity data collected on women between birth and six months.
Recommendations for research and practice
Modifiable early life risk factors have previously been identified for adiposity and overweight in SWS children; including maternal obesity, GWG above the IOM guidelines, low pregnancy vitamin D concentration, short breastfeeding duration and smoking in pregnancy 50. Adjusting for potential confounders, the risk of being overweight or obese for children who had four or five of these early life risk factors was 3.99 at four years and 4.65 at six years, compared with children with no risk factors 50. Behaviour change interventions that address these common modifiable risk factors that are associated with both postpartum weight retention in women and adiposity in their offspring, may offer an opportunity to simultaneously optimise health, and prevent overweight and obesity, in two generations. Behavioural support spanning the entire period from pre-pregnancy through to postpartum is warranted, a strategy supported by the IOM GWG guidelines 26.
In comparison to primiparous women, multiparous women retained 1.06 kg less weight six months postpartum. These findings contrast with other studies which found that weight retention is greater in multiparous women 13, 51; however, a recent study indicated that while multiparous women had a higher pre-pregnancy BMI, primiparous women reported greater GWG 52, consistent with the SWS.
Excess GWG has consistently been associated with greater weight retention 3, 5. However, GWG is not regularly monitored in prenatal care, or its implications on maternal and child health risk discussed 53. There have been calls to formally integrate weight management and monitoring into routine prenatal care through practice-level policies 53. Health practitioners, particularly obstetricians and midwives, have frequent contact with women during pregnancy and are well placed to support women to manage GWG 54, or refer women to dietitians if further dietary support is required. Additional health professional training on the importance of adequate GWG and how to facilitate sensitive conversations on weight management may be needed 54, 55.
Conclusions
Most women in this study retained weight six months postpartum, with 35% retaining more than 5 kg. Having more modifiable risk factors was associated with large differences in postpartum weight retention; women who had three risk factors retained 7.20 kg more than those without any. Primary prevention initiatives that target these risk factors and support women of child bearing age prior to, during, and after pregnancy could alter their weight trajectory, reducing the risk of overweight and obesity across a woman’s life time and having benefits for their children.
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