Maternal intake of fat in pregnancy and offspring metabolic health
-a prospective study with 20 years of follow-up
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ABSTRACT
Background: Maternal fat intake during pregnancy in relation to offspring metabolic outcomes has been studied primarily in animal models, yet little is known about the association in humans. The aim of this study was to examine the association of total and subtype of fat consumption in pregnancy with anthropometric measures and biomarkers of adiposity and glucose metabolism in the offspring.
Methods: A source population was 965 Danish pregnant women recruited in 1988–1989 with offspring follow-up at 20 years. Information on fat intake was collected in the 30th week of gestation, and we subdivided fat according to saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fat. Offspring body mass index (BMI) and waist circumference (WC) were recorded at follow-up (n=670-678), and biomarkers were quantified in a subset (n=443) of participants. Multivariable linear and log-binomial regression were used to calculate effect estimates and 95% CI for a 1:1%energy substitution of carbohydrates for fat. 
Results: The mean (standard deviation) BMI was 22.1 (3.3) and 22.8 (2.9) kg/m2 in female and male offspring, respectively. The median (10th to 90th percentile) of maternal fat intake was 31% of energy (23, 39). We found no overall associations for maternal fat intake with female offspring anthropometry. However, for male offspring higher intake of MUFA during pregnancy was associated with higher insulin levels at 20 years (Q4 vs. Q1: %Δ: 37, 95% CI: 1, 86) accompanied by a non-significant 3.6 (95% CI: -1.1, 8.2) cm increase in WC. High maternal total fat intake (>=35% energy) was also associated with higher BMI (0.9, 95% CI: 0.2, 1.6) and WC (4.0, 95% CI: 1.6, 2.3) among male offspring.
Conclusions: A high fat diet during pregnancy may increase adiposity in adult male offspring. We surmise that maternal MUFA intake during this time included both MUFA and trans fat misclassified as MUFA, and that the associations observed may be more reflective of the latter exposure.   
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[footnoteRef:1]INTRODUCTION [1:  Abbreviations: BMI, Body Mass Index; GDM, gestational diabetes mellitus; HOMA-IR, homeostatic model assessment for insulin resistance; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; RR, relative risk; SFA, saturated fatty acids; TFA, trans fatty acids
] 

	Since the birth of the fetal origins hypothesis, there has been significant interest in the effect of macronutrient in pregnancy on the development of offspring metabolic health (1). The role of fat intake has  been considered relevant largely due to its relationship with metabolic and cardiovascular outcomes in adults (2, 3). Studies in animals have shown that maternal consumption of a diet high in saturated fat during gestation resulted in increased body fat, and elevated circulating glucose, insulin, and triglyceride concentrations in the offspring (4, 5); other have noted a decreased beta-cell mass and reduced insulin sensitivity in the offspring (6, 7). Also human studies have implicated maternal fat intake during pregnancy in reduced insulin secretion in the offspring (8). Many studies have focused specifically on gestational high fat programming of insulin sensitivity and secretion, while less is known about programming effects of fat and types of fat on offspring adiposity. While it has long been thought that higher fat intake leads to increased body fat, we now know that the issue is far more complex and depends not only on the quantity but also the quality of fat (9). The implications of high fat intake and subtypes of fat in pregnancy on offspring adiposity have been far less studied. A study of 174 pregnant women in Australia showed an increased percentage of fetal mid-thigh fat with higher intake of maternal saturated fat, while the opposite was true for polyunsaturated fat (10). This study could not conclude what, if any, effects this may have beyond the womb. Maternal n-3 fatty acid intake was also inversely related to obesity at age 3 years in a US cohort (11). A UK study found that maternal postnatal, but not prenatal, fat intake was weakly associated with lower child adiposity and lean mass at age 9 after adjusting for parental underreporting (12). However, the study did not evaluate subtypes of maternal fat intake. A previous study in the present cohort examined the relation between maternal marine n-3 fatty acid intake in pregnancy, and offspring anthropometry and cardiometabolic biomarkers did not show any association (13). A randomized clinical trial of fish oil (versus olive oil) in pregnancy similarly did not find any association with offspring BMI and waist circumference19 years later (14). No information was provided on saturated and monounsaturated fat. 
	Given a general lack of understanding of maternal fat intake in pregnancy in relation to offspring adiposity, especially as it pertains to subtypes of fat, we decided to examine this association in a unique research setting with follow-up data 20 years post-pregnancy on offspring body mass index (BMI), waist circumference, and biomarkers of adiposity, and glucose and lipid homeostasis.

METHODS
Study Population
     We recruited 965 women with singleton pregnancies April 1988 to January 1989 for a birth cohort study in Aarhus, Denmark(15). These women constituted 80% of a consecutive sample of 1,212 women attending prenatal care in the city. Prior to a routine antenatal visit in gestational week 30, a dietary questionnaire and a questionnaire on lifestyle and health were mailed to the women, which were returned at the visit. We extracted other information on the women’s health, birth outcomes, and medical history from hospital records and the Danish Medical Birth Registry. 
	A follow-up study on the offspring was conducted in 2008-2009 when mothers were contacted and informed about the study. We then asked the offspring to fill out an online questionnaire and to participate in a clinical visit. Approximately 95% (n=915) mother-child dyads were identified in the central registration registry. Out of these, 690 of the offspring filled out the questionnaire and 443 attended the clinical examination. The online questionnaire asked about lifestyle and health, including anthropometry. During the clinical visit, we performed standardized anthropometric measures and drew a fasting blood sample. We used body mass index (BMI) and waist circumference measures from the clinical examination when available (n=443). Self-reported measures of BMI (n=252) and waist circumference (n=254) from the web-based questionnaire were employed for the remaining subjects. Out of these 695-697 subjects, n=10 were missing maternal dietary data and one offspring was excluded due to an implausible BMI value (<10 kg/m2), leaving a total of 684-686 mother-offspring pairs.  
	The study was approved by the Danish Data Protection Agency and the Danish Council of Ethics (Reference No. 20070157).

Exposure Assessment
In gestational week 30, the women filled out a self-administered dietary questionnaire covering the previous 3 months and participated in a face-to-face interview. The objective of the interview was to quantify main ingredients of cooked meals and to complement the information from the questionnaire with quantitative estimates for commonly consumed food items. Photographs modelling portion sizes were used in the quantification procedure. Our emphasis was on obtaining an accurate assessment of macronutrient and energy intake, which we quantified using the 1996 Danish food composition table v. 4. The questionnaire has been well validated against erythrocyte measurements of marine fatty acids, but not any other fatty acids or nutrients (15). 
Total fat intake was divided into saturated, monounsaturated, and polyunsaturated fatty acids to distinguish between potentially differential biological roles and effects. All nutrients were energy–adjusted using the residual method (16). Residuals were scaled to intake at mean energy and converted from grams to kcal. 

Outcome Assessment
Standardized anthropometric measures were used to measure offspring BMI and waist circumference during the clinical visit. To measure their waist circumference, all offspring received a tape measure by mail with instructions on how to carry out the measurement. It is known that subjects tend to underestimate their weight by self-report (on average 0.4 kg/m2 lower based on n=400 with both measurements). However, relative rank of subjects was retained in our cohort with the correlation (Spearman rho) between measured and self-reported BMI and waist circumference being 0.91 and 0.78, respectively. We defined overweight as >=25 kg/m2 and high waist circumference as >88 cm for females and >102 cm for males (17). Birth weight was retrieved from the Danish Medical Birth Registry and linked to the cohort data using the participants’ unique national identity number. 
	
Offspring biomarkers
	Quantification of biomarker levels has been described in an earlier publication (13). In brief, serum triglycerides and cholesterol were measured according to standard methods on a Modular P (Roche Diagnostics). We used a time-resolved immunofluorometric assay based on two antibodies and recombinant human adiponectin (R&D Systems, Abingdon, United Kingdom) to quantify adiponectin levels; the analysis was similarly carried out for leptin (18). Plasma insulin concentrations were determined by a commercial ELISA kit (DAKO). Blood glucose was measured using bedside equipment (Accu-chek; Roche Diagnostics) following blood sampling and HbA1c was quantified using an HPLC assay (Bio-Rad Laboratories) on a Variant II Turbo. The homeostatic model assessment for insulin resistance (HOMA-IR) was calculated as previously described (19).

Covariate Assessment
	The following covariates were included in the multivariable model: maternal age (continuous), maternal education (elementary schooling, high-school or technical schooling, university education, higher academic education, other education), maternal smoking (never, <10 and ≥10 cigarettes/day), pre-pregnancy body mass index (BMI, continuous), parity (0, 1, 2+), and sibling overweight (binary). Covariate missing data ranged from 0 to 7% for most covariates with at most 6% missing data on two covariates. Sibling overweight had the largest proportion of missing data (35%). Further analysis showed that sibling overweight was not associated with maternal fat intake in either male or female offspring (P=0.82-0.93); it was therefore decided to disregard this information as a potential confounder in the analyses. We used a missing indicator to account for missing data in our study sample for the following covariates: maternal education, smoking, and BMI, and sibling overweight. 
	Maternal pre-pregnancy BMI and parity are known predictors of offspring anthropometry (20). We included maternal education and smoking, and sibling overweight to adjust for confounding due to potential social, lifestyle or genetic factors related to offspring overweight. Maternal gestational diabetes mellitus (GDM) was examined as a potential confounder in a sensitivity analysis.    
	In supplementary analyses we also included offspring lifestyle factors as potential, postnatal confounders. These were weight satisfaction (weight too low, appropriate, or too high), attempts to lose weight, perception of parental overweight, smoking, and frequency of physical activity, alcohol, vegetables, fruit, and fish intake collected from the web-based questionnaire. 

Statistical Analysis
	We initially examined the distribution of crude total fat intake across categories of maternal characteristics and intake of macronutrients. Significance was determined by Chi-square test for categorical covariates and partial F-test for continuous covariates. We introduced covariates a priori identified as potential confounders into the multivariable model. Covariates suspected of being intermediates on the causal pathways, e.g. birth weight and gestational age, were initially excluded from the model to avoid over-adjustment. Further adjustment for these covariates as well as other risk factors of overweight identified in this cohort (21) did not alter the results.
We evaluated fat intake both as continuous and in quartiles to account for potential non-linearity. For quartiles, indicator variables were created and assessed against the lowest quartile. We included all energy-contributing macronutrients in the model apart from carbohydrates. In such a model the effect estimates for fat have the interpretation of a 1:1 energy substitution for carbohydrates. We evaluate total fat intake as well as intake of saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acids in relation to offspring BMI, waist circumference, and log-transformed metabolic biomarkers. We also examined maternal total fat intake >=35%. We used linear regression to evaluate the mean change (95% CI) in offspring BMI, waist circumference, and biomarkers. Log-binomial models were used to estimate relative risks (RR) and 95% CI (22, 23). In a few instances, the models did not converge and log-Poisson models, which provide consistent but not fully efficient estimates of the RR and its confidence intervals, were used (24). Median values for the exposure categories were entered separately into the models as a continuous variable to evaluate P-value for trend. We examined the model residuals for linear regressions involving biomarkers and found them to be normally distributed. All analyses were conducted separately for males and females to evaluate potential sex-specific associations.      
All tests were two-sided and we used a threshold of P<0.05 to denote statistical significance. The analyses were performed using the Statistical Analyses System software (release 9.3; SAS Institute, Cary, NC).

RESULTS
Study Population
A total of 684 mother-child pairs were eligible for the analysis by virtue of having both exposure and outcome data. The mean (SD) maternal age was 29.1±4.1 years, 54% had a university or a higher academic education, and 59% had not given birth before (Table 1). Thirty-five percent of pregnant women reported smoking during pregnancy and mean (SD) prepregnancy BMI was within the normal-weight range at 21.3(2.9) kg/m2 (7.5% were overweight or obese). Nine percent of pregnant women had GDM and 6% took medication for hypertension. Comparing sociodemographic and macronutrient across quartiles of maternal total fat intake, we found that prepregnancy BMI and gestational diabetes decreased with higher fat intake. All types of fat, total protein, and total carbohydrate intake increased across total fat intake. No differences were found for any of the other variables. 
Of the 964 pregnant women with exposure data, 684 had data on offspring BMI and 280 did not. Compared to the mother-child pairs without BMI data, those with outcome data were more likely to be educated past high school (57% vs. 39%), not smoke (63% vs. 52%), and to work during pregnancy (88% vs. 82%). There were no significant differences in maternal age, prepregnancy BMI, parity, GDM, pregnancy complications, and child birth weight and gestational age (data not shown). Furthermore, there were no substantial differences in maternal total fat, SFA, MUFA, or PUFA intake. Results were similar for those with (n=686) and without (n=278) waist circumference data; in addition, mothers with vs. without offspring waist circumference data were more likely to be normal-weight (83% vs. 76%).

Maternal fat intake and offspring BMI and overweight at age 19-21 years
	The mean(SD) BMI was 22.1(3.3) and 22.8(2.9) kg/m2 in female and male offspring, respectively. Prevalence of overweight (BMI>=25 kg/m2) at age 19-21 was 16.9% (61/360) in female offspring and 19.1 (62/324) % in males. We found no associations for maternal total fat intake, nor SFA, MUFA, and PUFA, with BMI (Table 2 and 3); neither was maternal fat intake related to risk of offspring overweight. A maternal high-fat intake (>=35% vs. <35%) was associated with a higher mean difference in BMI (0.9, 95% CI: 0.2, 1.6) in male offspring only (Table 4). Results were similar, though non-significant when compared to a lower cut-off of fat intake (>=35% vs. <30% and <25%). Adjusting for GDM or excluding the 23 women reporting GDM did not substantially change effect estimates or alter the statistical significance though some effect estimates were attenuated towards the null and confidence interval widened. 
We also examined the distributions of potential postnatal confounders across quartiles of maternal fat intake (Supplementary table 1, example of MUFA). Maternal SFA and MUFA intake in pregnancy was associated with weight satisfaction in male offspring. Weight satisfaction was furthermore associated with BMI and waist circumference in men. Adjustment for weight satisfaction in the main analysis slightly strengthened the effect estimates for MUFA and weaken those for SFA with BMI, but did not change statistical significance of either association. For women, weight loss was associated with maternal SFA, MUFA, and PUFA intake as well as with the offspring anthropometry. However, adjusting for weight loss did not substantially change the effect estimates. 

Maternal fat intake and offspring waist circumference at age 19-21 years
	Mean (SD) waist circumference in female offspring was 79.8(9.3) cm and 15.5% (56/361) were classified with a high waist circumference. The respective figures in men were 84.5(9.3) cm and 3.4% (11/325). Analyses of MUFA in quartiles approached a direct relation with waist circumference in male offspring, but this association failed to reach statistical significance (Table 3). Similarly, a 100 kcal substitution of maternal carbohydrate for MUFAs was associated with a mean change of 6.34 (95% CI: 0.58, 12.1) cm in waist circumference (Table 2). Male offspring were at a higher risk of high waist circumference if their mother consumed in the highest quartile of MUFA (RR: 9.23, 95% CI: 1.44, 59.4), but cell numbers were small in this analysis (n=0-7) (Table 3). Also in female offspring, we found an increased risk of a high waist circumference with increased maternal MUFA intake (RR for 100 kcal substitution: 3.39, 95% CI: 1.00, 11.6)(Table 2) . Conversely, maternal SFA intake was inversely related to a high waist circumference in women (RR for 100 kcal substitution: 0.56, 95% CI: 0.32, 0.98). Maternal intake of total fat >=35% increased the mean waist circumference (4.0, 95% CI: 1.6, 6.3 cm) in men, but not women (Table 4). Adjusting for GDM or excluding the 23 women reporting GDM did not substantially change effect estimates or alter the statistical significance. When adjusting for postnatal confounders only for the association between MUFA and mean waist circumference in men strengthened (Q4 vs. Q1 meanΔ: 5.58, 95% CI: 1.53, 9.62). No substantial changes were noted for the other associations. 

Maternal fat intake and cardio-metabolic biomarkers at age 19-21 years
   	We found that, in female offspring, maternal SFA and PUFA were both associated with reduced levels of total cholesterol and LDL (Figure 1A-B); PUFA was also related to reduced levels of TG (Figure 1C). In male offspring, maternal SFA intake was associated with increased total cholesterol; no associations were found for LDL or TGs (Figure 2A-C). High intake of maternal MUFA appeared to increase offspring insulin in men (P for trend=0.05), but had no influence of HbA1c or HOMA-IR (Figure 3A-C). No associations were found with any of the other biomarkers or for the high-fat diet exposure. F1urther adjusting for offspring BMI did not change these associations. 

DISCUSSION
	In this study we examined the associations of maternal intake of different types of fat with offspring overweight and levels of cardio-metabolic biomarkers. While the overall findings were null, we found that fat intake >=35% of total energy was associated with both higher both BMI and waist circumference in male offspring. High intake of MUFA in pregnancy appeared to be associated with increased waist circumference in primarily men. Sex differences were present for cardio-metabolic biomarkers where maternal SFA was related to lower cholesterol in women and higher cholesterol in men. A larger sample size and a wider range of fat intake would be needed to clarify these associations.
	Maternal exposure to fat during pregnancy and offspring anthropometry has not previously been examined in this level of detail. Compared to previous studies our findings provide little clarification on prenatal fat exposure. One recent study found that fetal mid-thigh fat increased with higher maternal SFA and decreased with PUFA (10), but found no associations for MUFA; while another study reported no association (12). A US study found decreased odds of obesity in 3 year old children with a higher intake of DHA+EPA in mid-pregnancy; however, these associations were not present for intake in late pregnancy, neither did they translate to differences in skinfold thickness (11). Consistent with a previous study in this cohort on marine n-3 fatty acids in pregnancy, we did not find any association with BMI and waist circumference (13). Likewise, compared to olive oil supplementation, fish oil supplementation in pregnancy did not result in anthropometric changes in the 19-year old offspring (14). 
In our study population vegetable oils, including margarine, and snacks such as popcorn accounted for most of the variability in MUFA (data not shown). We speculate that during this time, before public awareness and a country-wide ban, at least part of the MUFA were accounted for by trans fatty acids (TFA) that were misclassified and listed as MUFAs on nutritional labels and in food data bases. The association between intake of TFA and increased adiposity, reduced insulin sensitivity, and adverse lipid and cardiometabolic outcomes in humans is now well-established (25, 26). TFAs travel across the placenta and are found in breast milk and may therefore exert influence on the development of fetal and infant tissues and physiology. While the effect of prenatal TFA exposure has been less studied, experiments in animal suggests that intake of TFA during gestation and lactation increases body fat, cholesterol, and insulin in offspring postnatally (27, 28). This is consistent with our findings in men, but not women, where maternal MUFA intake was associated with higher waist circumference, total cholesterol, and insulin. The exact mechanism guiding these changes has not been fully elucidated but may involve changes in appetite regulation (29). The sex dichotomy and increased susceptibility to poor metabolic outcomes among males has also been observed in animal studies of prenatal programming (5, 30), and may depend on sex-specific differences in hormone levels (31).
	In our study, total fat, SFA, and PUFA intake in pregnancy were not associated with later offspring adiposity. Maternal SFA was shown to reduce levels of cholesterol and LDL in female offspring, but showed no overall association with the anthropometric outcomes. These findings are only partially consistent with data from animal studies which showed an increase in body/carcass fat (4, 30, 32-34), but not cholesterol (33, 35) in offspring exposure to a high fat diet composed primarily of SFA (30, 33-35) during gestation and/or lactation. On the other hand, we find strong support for our finding for total fat in animal studies. We found that intake of >=35% of energy from fat in pregnancy was directly associated with BMI and waist circumference in male offspring. Likewise, animal experiments have found that a high fat diet (ranging 26-60% energy from fat) in gestation and/or lactation increases body weight (30, 36-38), body fat (30, 32-34), and abdominal fat (32, 33, 37) in the offspring. High maternal fat intake may influence the offspring appetite regulation by altering sensitivity to neuromodulators and hormones that govern food intake, such as neuropeptide Y (39) and leptin (30, 35), and by skewing early life preference towards more high fat/high sugar foods (40). Placental studies in animals have also shown an up-regulation of nutrient transporters and fetal overgrowth among dams fed a high fat diet in gestation (41). It can be hypothesized that altered physiological adaptations in utero may predispose the offspring to changes in body composition and increased risk of excess adiposity in adulthood. Whether similar mechanisms may act in humans remained unexplored, but our findings provide some initial support to this hypothesis.   
Our study was primarily limited by the misclassification of MUFA and the inability to distinguish between MUFA and TFA in the maternal diet. Therefore, we are unable to say how much of the effect estimate with offspring metabolic outcomes can be attributed to intake of TFAs in pregnancy. We also lacked information on mother’s diet during lactation or whether the infants were formula or breastfed. We can therefore not determine whether our findings could have been mediated or determined by diet during lactation. However, another prenatal cohort overlapping geographically and temporarily with our cohort recruitment, showed that most Danish children during this time were exclusively breastfed for up to 4 months (42). We would therefore expect frequencies of breastfeeding not to vary across categories of maternal fat intake and completely account for the observed associations. It is possible that in our analyses maternal fat consumption acted as a marker of offspring postnatal fat intake and that our findings could be accounted for by fat consumption after birth. Yet dietary changes during the past decades, also among very young children, have been towards a reduction in fat intake; and infant diets are now more characterized by high protein and low fat intake (43). Furthermore, energy from fat in infancy has not been associated with childhood adiposity (44). We further found associations of maternal fat intake in pregnancy with weight satisfaction in men and weight loss in women but no other offspring dietary or lifestyle factors measured at age 20 years, though we cannot exclude confounding by other, unmeasured, postnatal covariates. Finally, as we did not have outcome data on body composition, our results would need to be replicated in DXA studies. 
The main strength of our study is the 20 years follow-up, which enabled us to examine potential long-term consequences of exposure to fat and different types of fat in fetal life. The cohort collected detailed information on diet during pregnancy and put an emphasis on accurately estimating total energy intake. The outcome in our study was primarily based on clinical measures, including biomarkers of adiposity and glucose metabolism, which are less susceptible to measurement error. We would expect any measurement error for the outcome measures to have been non-differential as participants and clinical personnel were unaware of the study hypothesis. Nonetheless, the measurement error may be larger for the self-reported outcomes due to underreporting. Examining the significant associations using the self-reported outcomes did not alter the conclusions for men but reduced the relation between maternal SFA intake and waist circumference in women to null. We were able to adjust for several potential confounders, including maternal prepregnancy BMI, smoking during pregnancy, and GDM.   
In this prospective cohort study on maternal fat intake in pregnancy and offspring metabolic health, we found that high fat and MUFA intake was associated with higher BMI and waist circumference in men only. While it may be argued that these results are less relevant for children conceived in era of TFA bans, these bans are still quite recent and rare in most places. Furthermore, the extent and impact of long-term consequences of adverse programming by maternal fat intake is unclear. 
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FIGURE LEGENDS:

 Figure 1. Multivariable adjusted1 relations between maternal fat intake (by substitution for carbohydrates in %energy) in pregnancy and offspring blood total cholesterol (A), LDL (B), and TG (C) at 19-21 years of age in women (N=263). 

Figure 2. Multivariable adjusted1 relations between maternal fat intake (by substitution for carbohydrates in %energy) in pregnancy and offspring blood total cholesterol (A), LDL (B), and TG (C) at 19-21 years of age in men (N=174).

Figure 3. Multivariable adjusted1 relations between maternal fat intake (by substitution for carbohydrates in %energy) in pregnancy and offspring serum insulin (A), HOMA-IR (B), and HbA1C (C) at 19-21 years of age in men (N=175).

Table 1. Maternal characteristics during pregnancy among 684 participants from the Aarhus Birth Cohort (1988–1989).
	Total fat (mean±SD, g/day)
	Overall
74±31
	Q1
43±9
	Q2
62±4
	Q3
78±5
	Q4
114±31
	P-value

	
	
	
	
	
	
	

	Saturated fat (g/day)
	34±17
	18±4
	27±4
	35±5
	54±19
	<0.0001

	Monounsaturated fat (g/day)
	21±9
	12±3
	18±2
	22±2
	32±9
	<0.0001

	Polyunsaturated fat (g/day)
	9±3
	6±2
	8±2
	10±3
	12±3
	<0.0001

	Total protein (g/day)
	80±19
	65±16
	76±14
	83±15
	95±16
	<0.0001

	Total carbohydrates (g/day)
	280±74
	220±52
	264±51
	295±69
	341±64
	<0.0001

	
	
	
	
	
	
	

	Age (years)
	29.1±4.1
	28.8±3.9
	29.2±4.1
	29.3±4.1
	29.2±4.1
	0.73

	Height (cm)
	168±6
	167±6
	167±6
	168±5
	168±6
	0.11

	Prepregnancy BMI (kg/m2)
	21.3±2.9
	22.0±3.5
	21.2±2.4
	21.3±2.9
	20.9±2.5
	0.002

	
	
	
	
	
	
	

	Smoking during pregnancy (%)
	35
	34
	33
	32
	42
	0.17

	Parous women (%)
	41
	41
	37
	38
	49
	0.11

	Maternal education (%)
	
	
	
	
	
	0.63

	  Elementary schooling
	10
	14
	9
	6
	10
	

	  High school or technical  schooling
	21
	21
	19
	22
	23
	

	  University education
	37
	34
	40
	42
	33
	

	  Higher academic
	17
	18
	18
	16
	17
	

	  Other education or don’t know
	10
	9
	10
	9
	11
	

	Sibling overweight (%)
	9
	8
	6
	9
	11
	0.81

	Gestational diabetes (%)
	9
	21
	7
	7
	4
	0.02

	Hypertension medication (%)
	6
	20
	5
	0
	6
	0.25


Abbreviations: Q - quartile 


Table 2. The multivariable1 relation between continuous maternal fat intake (by substitution for carbohydrates in %energy) in pregnancy and offspring BMI and waist circumference at 19-21 years in women (N=360) and men (N=324).
	
	ΔBMI (kg/m2) [mean (95% CI)]
	[bookmark: _GoBack]RR for overweight 
(BMI≥ 25 kg/m2)
[(95% CI)]
	ΔWaist circumference (cm) [mean (95% CI)]
	RR for high waist
circumference2
[(95% CI)]

	Women
	
	
	
	

	Total fat (100 kcal substitution)
	0.16 (-0.17, 0.49)
	1.16 (0.92, 1.46)
	0.04 (-0.91, 0.99)
	1.07 (0.83, 1.39)

	
	
	
	
	

	Saturated fat (100 kcal substitution)
	-0.72 (-1.71, 0.27)
	0.76 (0.42, 1.38)
	-2.66 (-5.48, 0.17)
	0.56 (0.32, 0.98)

	
	
	
	
	

	Monounsaturated fat (100 kcal substitution)
	1.91 (-0.12, 3.95)
	2.44 (0.69, 8.67)
	4.73 (-1.09, 10.6)
	3.39 (1.00, 11.6)

	
	
	
	
	

	Polyunsaturated fat (10 kcal substitution)
	-0.13 (-0.35, 0.08)
	0.91 (0.79, 1.06)
	-0.35 (-0.96, 0.26)
	0.92 (0.80, 1.05)

	Men
	
	
	
	

	Total fat (100 kcal substitution)
	0.16 (-0.14, 0.47)
	1.14 (0.94, 1.39)
	0.84 (-0.12, 1.81)
	1.46 (0.86, 2.48)

	
	
	
	
	

	Saturated fat (100 kcal substitution)
	-0.51 (-1.61, 0.59)
	1.14 (0.64, 2.03)
	-1.67 (-4.53, 1.19)
	0.76 (0.13, 4.39)

	
	
	
	
	

	Monounsaturated fat (100 kcal substitution)
	0.42 (-1.60, 2.44)
	0.97 (0.31, 3.03)
	6.34 (0.58, 12.1)
	5.87 (0.47, 73.7)

	
	
	
	
	

	Polyunsaturated fat (10 kcal substitution)
	-0.11 (-0.30, 0.08)
	1.00 (0.86, 1.15)
	-0.38 (-0.96, 0.21)
	0.90 (0.58, 1.42)


1Adjusted for saturated/monounsaturated/polyunsaturated fatty acids, total protein, energy, maternal age, maternal education, parity, maternal prepregnancy BMI, maternal smoking during pregnancy, and sibling overweight.
2Waist circumference > 88 cm for females and > 102 cm for males (Lean et al. 1995).



Table 3. The multivariable1 relation between maternal fat intake in quartiles (by substitution for carbohydrates in %energy) in pregnancy and offspring BMI and waist circumference at 19-21 years in women (N=360) and men (N=324). 
	
	ΔBMI, kg/m2
[mean (95% CI)]
	Overweight (BMI
≥ 25 kg/m2)
[RR (95% CI)]
	ΔWaist circumference, cm
[mean (95% CI)]
	High waist
circumference2  
[RR (95% CI)]

	Women
	
	
	
	

	Total fat in quartiles (median, n)
	
	
	
	

	1 (499, n=93)
	0.00 (ref)
	1.00 (ref)
	0.00 (ref)
	1.00 (ref)

	2 (587, n=86)
	0.03 (-0.93, 0.99)
	0.96 (0.50, 1.85)
	0.14 (-2.62, 2.89)
	0.73 (0.35, 1.50)

	3 (658, n=98)
	0.11 (-0.83, 1.06)
	0.88 (0.45, 1.74)
	0.47 (-2.25, 3.18)
	0.97 (0.50, 1.86)

	4 (756, n=83)
	0.70 (-0.32, 1.72)
	1.66 (0.89, 3.10)
	0.70 (-2.24, 3.64)
	1.30 (0.67, 2.52)

	P for trend
	0.21
	0.18
	0.61
	0.41

	Saturated fat in quartiles (median, n)
	
	
	
	

	1 (203, n=96)
	0.00 (ref)
	1.00 (ref)
	0.00 (ref)
	1.00 (ref)

	2 (254, n=83)
	-0.77 (-1.80, 0.27)
	0.72 (0.36, 1.43)
	-2.12 (-5.07, 0.84)
	0.43 (0.19, 0.95)

	3 (298, n=93)
	-0.25 (-1.40, 0.91)
	0.91 (0.43, 1.94)
	0.26 (-3.05, 3.57)
	0.83 (0.41, 1.64)

	4 (358, n=88)
	-0.30 (-1.84, 1.24)
	0.97 (0.41, 2.33)
	-1.42 (-5.82, 2.99)
	0.58 (0.22, 1.49)

	P for trend
	0.80
	0.98
	0.76
	0.42

	Monounsaturated fat in quartiles (median, n)
	
	
	
	

	1 (140, n=93)
	0.00 (ref)
	1.00 (ref)
	0.00 (ref)
	1.00 (ref)

	2 (167, n=90)
	-0.42 (-1.53, 0.68)
	0.80 (0.37, 1.76)
	-0.83 (-3.99, 2.32)
	0.32 (0.12, 0.87)

	3 (186, n=85)
	0.12 (-1.17, 1.40)
	1.31 (0.61, 2.82)
	1.64 (-2.02, 5.30)
	1.14 (0.55, 2.37)

	4 (214, n=92)
	0.68 (-0.93, 2.28)
	1.57 (0.61, 4.03)
	2.35 (-2.24, 6.93)
	1.12 (0.48, 2.62)

	P for trend
	0.29
	0.22
	0.20
	0.43

	Polyunsaturated fat in quartiles (median, n)
	
	
	
	

	1 (54, n=84)
	0.00 (ref)
	1.00 (ref)
	0.00 (ref)
	1.00 (ref)

	2 (67, n=92)
	0.75 (-0.30, 1.81)
	1.85 (0.81, 4.21)
	1.79 (-1.23, 4.82)
	1.36 (0.64, 2.90)

	3 (78, n=100)
	-0.02 (-1.08, 1.04)
	1.29 (0.57, 2.93)
	0.75 (-2.29, 3.78)
	1.18 (0.58, 2.41)

	4 (90, n=84)
	-0.04 (-1.27, 1.19)
	1.01 (0.36, 2.81)
	-0.63 (-4.16, 2.90)
	0.96 (0.40, 2.30)

	P for trend
	0.48
	0.47
	0.40
	0.68

	Men
	
	
	
	

	Total fat in quartiles (median, n)
	
	
	
	

	1 (508, n=87)
	0.00 (ref)
	1.00 (ref)
	0.00 (ref)
	1.00 (ref)

	2 (587, n=73)
	-0.82 (-1.69, 0.05)
	0.65 (0.30, 1.42)
	-3.30 (-6.02, -0.58)
	-3

	3 (662, n=85)
	-0.55 (-1.39, 0.29)
	1.09 (0.59, 1.98)
	-1.63 (-4.27, 1.01)
	0.33 (0.03, 3.27)

	4 (741, n=79)
	0.55 (-0.32, 1.43)
	1.40 (0.80, 2.45)
	2.35 (-0.42, 5.13)
	2.33 (0.84, 6.49)

	P for trend
	0.22
	0.16
	0.09
	0.41

	Saturated fat in quartiles (median, n)
	
	
	
	

	1 (196, n=80)
	0.00 (ref)
	1.00 (ref)
	0.00 (ref)
	1.00 (ref)

	2 (253, n=88)
	-0.21 (-1.17, 0.75)
	0.91 (0.41, 2.03)
	-1.26 (-4.30, 1.78)
	0.11 (0.02, 0.81)

	3 (295, n=79)
	0.07 (-1.07, 1.22)
	1.66 (0.69, 3.96)
	-1.35 (-4.98, 2.28)
	0.32 (0.04, 2.46)

	4 (347, n=77)
	0.08 (-1.34, 1.51)
	1.26 (0.43, 3.72)
	-1.62 (-6.17, 2.92)
	0.20 (0.01, 3.66)

	P for trend
	0.81
	0.49
	0.52
	0.54

	Monounsaturated fat in quartiles (median, n)
	
	
	
	

	1 (143, n=89)
	0.00 (ref)
	1.00 (ref)
	0.00 (ref)
	1.00 (ref)

	2 (166, n=81)
	-0.36 (-1.35, 0.62)
	0.97 (0.43, 2.17)
	-0.74 (-3.84, 2.35)
	1.86 (0.18, 19.3)

	3 (185, n=79)
	0.13 (-1.00, 1.26)
	1.33 (0.60, 2.92)
	1.40 (-2.18, 4.97)
	-3

	4 (212, n=75)
	0.23 (-1.21, 1.67)
	0.87 (0.29, 2.61)
	3.56 (-1.05, 8.17)
	9.23 (1.44, 59.4)

	P for trend
	0.81
	0.92
	0.07
	0.41

	Polyunsaturated fat in quartiles (median, n)
	
	
	
	

	1 (54, n=77)
	0.00 (ref)
	1.00 (ref)
	0.00 (ref)
	1.00 (ref)

	2 (67, n=71)
	-0.50 (-1.46, 0.46)
	1.05 (0.56, 1.99)
	-1.92 (-4.95, 1.11)
	0.32 (0.04, 2.90)

	3 (78, n=83)
	-0.12 (-1.06, 0.83)
	0.93 (0.50, 1.76)
	-1.65 (-4.64, 1.34)
	0.39 (0.07, 2.28)

	4 (97, n=93)
	-0.69 (-1.74, 0.36)
	0.76 (0.36, 1.60)
	-2.95 (-6.28, 0.38)
	0.41 (0.09, 1.94)

	P for trend
	0.17
	0.33
	0.12
	0.43


1Adjusted for saturated/monounsaturated/polyunsaturated fatty acids, total protein, energy, maternal age, maternal education, parity, maternal prepregnancy BMI, maternal smoking during pregnancy, and sibling overweight.
2Waist circumference > 88 cm for females and > 102 cm for males (Lean et al. 1995).
3No estimates generated due to low cell count.



 Table 4. Multivariable relations between maternal high fat intake (>=35% of energy) and mean (95% CI) offspring birth weight, BMI, and waist circumference at 19-21 years in women and men.
	
	Females
	Males

	Outcome
	ΔBirth weight1, g 
[mean 
(95% CI)]

N=465
	ΔBMI2, kg/m2
[mean 
(95% CI)]

N=360
	ΔWaist
circumference2, cm
[mean 
(95% CI)] 
N=361
	ΔBirth weight1, g
[mean 
(95% CI)] 

N=494
	ΔBMI2, kg/m2
[mean 
(95% CI)] 

N=324
	ΔWaist
circumference2, cm
[mean 
(95% CI)] N=325

	>=35% vs. <35% of energy
	11
(-95, 117)
	-0.2
(-0.6, 1.0)
	-0.2
(-2.5, 2.1)
	111
(-22, 244)
	0.9
(0.2, 1.6)
	4.0
(1.6, 6.3)

	P
	0.84
	0.62
	0.88
	0.10
	0.02
	0.001

	>=35% vs. <30% of energy
	1 
(-116, 119)
	0.5
(-0.5, 1.5)
	0.3
(-2.4, 3.0)
	90
(-70, 250)
	0.7
(-0.1, 1.6)
	3.8
(1.0, 6.5)

	P
	0.98
	0.30
	0.84
	0.27
	0.09
	0.01

	>=35% vs. <25% of energy
	8
(-163, 180)
	-0.2
(-1.6, 1.1)
	-1.7 
(-5.6, 2.2)
	136
(-75, 347)
	0.7
(-0.4, 1.8)
	5.4
(1.6, 9.2)

	P
	0.92
	0.72
	0.39
	0.21
	0.23
	0.01


1Adjusted for total energy, maternal age, maternal education, parity, maternal prepregnancy BMI, maternal smoking during pregnancy, maternal height and gestational age.   
2Adjusted for total energy, maternal age, maternal education, parity, maternal prepregnancy BMI, maternal smoking during pregnancy, and sibling overweight.   



