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Abstract

Goals—Fetal growth depends on placental growth; the fetoplacental weight ratio (FPR) is a 

common proxy for the balance between fetal and placental growth. Male and female infants are 

known to have differing vulnerabilities in fetal life, during parturition and in infancy. We 

hypothesized that these differences may be paralleled by differences in how birth weight (BW) 

and the fetoplacental weight ratio (FPR) are affected by changes in placental proportions.

Materials and Methods—Placental proportion measures (disk shape, larger and smaller 

chorionic diameters, chorionic plate area calculated as the area of an ellipse with the 2 given 

diameters, disk thickness, cord eccentricity and cord length) were available for 24,601 participants 

in the Collaborative Perinatal Project delivered between>34 - <43 completed weeks. The variables 

were standardized and entered into multiple automated regression splines (MARS 2.0, Salford 

Systems, Vista CA) to identify nonlinearities in the relationships of placental growth measures to 

BW and FPR with results compared for male and female infants.

Results—Changes in chorionic plate growth in female compared to male infants resulted in a 

greater change in BW and FPR. The positive effects of umbilical cord length on BW reversed at 

the mean umbilical cord length in females and at +0.08 SD in male infants.

Conclusions—Female infants' BW and FPR are each more responsive to changes in placental 

chorionic plate growth dimensions than males; this may account for greater female resilience (and 

greater male vulnerability) to gestational stressors. The effect of umbilical cord length on FPR 

may be due to longer cords carrying greater fetal vascular resistance. Again male fetuses show a 

higher “threshold” to the negative effects of longer cords on FPR.
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Introduction

Birth weight is a simple measure of birth outcome with enormous implications for perinatal 

survival. Increasingly, evidence has emerged that the influence of birth weight echoes across 

the life course and may influence risk of cardiovascular disease (including hypertension], 

[1-11] heart attack and stroke, [4, 12] diabetes[13-16] and obesity,[17, 18] osteoporosis, [19] 

breast[20-23] and prostate cancers, [24] and neurodevelopmental[25-31] and 

neuropsychiatric outcomes including schizophrenia. [32-36] Birth weight, however, is not 

necessarily the underlying cause but might more accurately be described as a surrogate 

indicator of conditions occurring in the intrauterine environment. [37-40] The principal 

determinant of birth weight is the transfer efficiency of placental nutrients and oxygen, a 

mechanism highly dependent on a well grown placenta. [41-46] Measures that reflect the 

growth of the placenta, with regard to the transfer of nutrients and oxygen that enable fetal 

growth, might provide a window onto the underlying mechanism by which birth weight is 

associated with morbidity and mortality in infants, children, and adults.

We have previously shown that the fetoplacental weight ratio varies with placental 

proportions, suggesting that differently proportioned placentas have different functional 

efficiency. [47] We now hypothesize that male and female infants might respond differently 

to changes in placental proportion in terms of their birth weight and/or fetoplacental weight 

ratio. Gender differences exist in these associations[48-53] that suggest that male and female 

fetuses may not have identical responses to intrauterine stressors. Specifically, we 

hypothesized that male infants' growth might be less responsive to altered placental 

proportions than female fetal growth. Using data from the National Collaborative Perinatal 

Project,[54, 55] we tested for subgroup differences in the relationships of placental gross 

growth dimensions (measures of size, structure and indirectly function) to birth weight in 

male as compared to female infants. Such differences could help elucidate the pathways that 

may produce differences by sex/gender in fetal,[56-58] neonatal, [59-62] and, potentially, 

more distally in child and adult health.[48-53]

Materials and Methods

Subjects were a subset of the National Collaborative Perinatal Project (NCPP). Details of the 

study have been described elsewhere.[54, 55] Briefly, from 1959 to 1965, women who 

attended prenatal care at 12 hospitals were invited to participate in the observational, 

prospective study. At entry, detailed demographic, socioeconomic and behavioral 

information was collected by in-person interview. A medical history, physical examination 

and blood sample were also obtained. In the following prenatal visits, women were 

repeatedly interviewed and physical findings were recorded. During labor and delivery, 

placental gross morphology was examined and samples were collected for histologic 

examination. The children were followed for up to seven years of age. Maternal race was 

self-reported and was, for the purposes of this analysis, recoded into two groups, African-

American as compared to all other categories (overwhelmingly Caucasian and Hispanic in 

this decades-old population). Among 41,970 women delivering their first or only singleton 

liveborn infant in the cohort, 36,017 (86%) contributed placenta data; those who contributed 

placental data were essentially identical to those who did not, [63] suggesting that this 
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sample is not biased. The analytic sample was restricted to those with complete data on the 

necessary placental gross measures (see below), placental weight, birth weight, and known 

gestational age >= 34 weeks and less than 43 completed weeks (N=24,061, 67%).

Placental gross measures, assessed with a standard protocol [66], included: 1) placental 

weight; 2) placental shape; 3) the larger and smaller diameters of the chorionic elliptical disc 

(the middle layer of the placenta between the maternal membrane side and the fetal 

membrane side; comprises the fetal vasculature); 4) chorionic disk thickness; 5) umbilical 

cord length. The original coding as well as the recoding and calculated variables used for 

this analysis are described below.

Predictors (independent variables)

• Placental weight was measured in decagrams at delivery and converted to grams.

• Chorionic plate area (square cm) was estimated by calculation of the area of an 

ellipse from the measured (cm) larger diameter and smaller diameters of the 

chorionic disc.

• Chorionic disk thickness at the center of the chorionic disc was recorded in units 

of 0.1 cm, by piercing the disc with a knitting needle on which millimeter marks 

were inscribed.

• Umbilical cord length was recorded in centimeters as it was measured in the 

Labor and Delivery Room.

Outcomes (dependent variables)

• Birth weight was measured in grams at delivery.

• The fetoplacental weight ratio (FPR) was calculated as birth weight divided bythe 

placental weight.

Statistical analysis

Spline regression[64] and multivariate adaptive splines (MARS [65]) in particular have been 

identified as methods to efficiently discriminate subgroup differences. [66] MARS is a 

procedure for fitting adaptive non-linear regression that uses piece-wise linear basis 

functions to define relationships between a response variable and some set of predictors[49]. 

Basis functions are defined in pairs by using a knot that defines a change point along the 

range of a predictor. For example, in our analysis,

bn = max(0,c-plcwt)

bn+1 = max(0,plcwt-c)

where c is the knot and plcwt is one predictor. When fitting a MARS regression splines 

model, knots are chosen in a forward stepwise manner [68]. At each step, the model selects 

the knots and basis functions that give the greatest decrease in the residual sum of squares.

MARS spline regression also provides some insight regarding the importance of variables as 

predictors of the dependent variable. MARS spline regression refits the model after 
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removing all terms involving the variable to be assessed and calculates the reduction in 

goodness of fit. All variables are then ranked according to their impact on goodness of fit. 

An optimal MARS spline regression model, in terms of goodness of fit, is the one with the 

lowest generalized cross-validation (GCV) measure. In our analyses, MARS local solutions, 

or splines, were generated by a two-stage selection procedure to identify the predictor 

variables and then estimate their respective knot locations based on a recursive partitioning 

procedure. [65, 67, 68]As described above, basis functions were then used as the new 

independent variables of regression estimation models. Knots marked the critical values 

above and below which the predictors-outcome relationship changes. We set no constraints 

on spline length, defaults were set to optimize accuracy rather than speed, and maxima set at 

20 basis functions per solution and two interactions between variables. The “best solution”, 

balancing explanatory power and parsimony, was selected by the software defaults. The cut-

points, or knots, that define junctions of regions of data with differing local solutions for the 

placental gross growth dimensions, were compared between the outcomes of birth weight 

and fetoplacental weight ratio.

We ran two models in subgroups of male and female infants controlling for the race 

covariate (Caucasian and/or Hispanic v. African-American): 1) regressing birth weight on 

placental weight and the 5 placental measures (chorionic plate area, umbilical cord length, 

placental disk thickness, larger placental diameter and smaller placental diameter); 2) 

regressing fetoplacental weight ratio on the five placental dimensions. R-squares were 

compared between MARS models and simple linear models. If non-linearities were 

identified, the analyses were rerun using standardized (z-scored) variables to identify the 

intervals at which the linear relationship changed. To compare different variables on the 

same scales, z-scored values are presented in bivariate plots.

Results

Characteristics of the study sample are presented in Table 1. MARS analyses of the 

relationships of the placental gross growth measures with birth weight and feto-placental 

weight ratio were performed stratifying on infant sex. All presented results are adjusted for 

all other placental measures and thus are independent of one another. We present the results 

visually through a series of figures (Figures 1, 2A, 3A, 4A, birth weight outcome; Figures 

2B, 3B, 4B, fetoplacental ratio outcome) that illustrate the male-female differences more 

clearly than tables. The complete set of data (including cut-points and slopes) can be found 

in the Appendix (Tables A1 and A2).

Birth Weight

As expected, male infants were larger than females (mean 3251± 497 g v. 3134 ± 482 g, 

p<0.0001. The relationship of placental weight to birth weight (Figure 1) was similar 

between sexes with the exception of an additional knot with reduced slope at higher 

placental weight ranges in male infants. However, the relations of the other placental 

parameters to birth weight showed several differences between male and female infants. The 

birth weight effect of estimated chorionic plate area was strongly positive throughout the 

variable range in female infants; ; there was also a strong association for male infants but 

Misra et al. Page 4

Placenta. Author manuscript; available in PMC 2015 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



this effect was present only up to the z score of 1 (approximately one standard deviation 

above the mean) (Figure 2A). Chorionic disk thickness (Figure 3A) differed in its 

relationship to birth weight in male as compared to female infants with a strong positive 

relationship in both at lower ranges but negative statistically significant effects at higher 

values in females with no corresponding significant effects in males. Umbilical cord length 

(Figure 4A) also differed in its relationship to birth weight in males as compared to female 

infants in a manner similar to what was seen for chorionic disk thickness. Umbilical cord 

length had both positive and negative effects on the fetoplacental weight ratios in both sexes, 

but the inflection point was found at approximately the mean (0.011 SD) in female infants, 

and at 0.76 SD in male infants. There was a strong and statistically significant positive 

relationship in both sexes at lower ranges, but the negative effects at longer cords were seen 

for only females.

Fetoplacental Weight Ratio (FPR)

The FPR was, on average, greater for male compared with female infants (7.58± 1.29 v. 7.39 

±1.26, p<0.0001). The point estimates of effects of selected placental predictors on the FPR 

were also different in male as compared to female infants. (Placental weight was not 

examined as predictor for this outcome given that it is a component of the FPR). As with 

birth weight, the effect of the chorionic plate area on FPR was very different between male 

and female infants. The FPR of male infants was independent of the chorionic plate area, but 

was monotonically positive in female infants (Figure 2B). In additional analyses (not 

shown), we found that the effects of larger and smaller chorionic plate diameters intersected 

at the mean values; in essence, the more elliptical the placenta, the less the FPR in female 

infants. In contrast to our findings for birth weight, effects of chorionic disk thickness and 

umbilical cord length did not appear to differ between male and female infants. The effects 

of chorionic disk thickness (Figure 3B) on FPR ratio were negative over the majority of the 

variable range for both male and female infants. The effects of umbilical cord length on FPR 

also did not differ substantially between male and female infants and had a similar inflection 

point at which the direction of the effect shifted from increases in cord lengths positively 

associated with the FPR to a negative association with longer cords (Figure 4B).

Finally we tested the robustness of these findings to race/ethnicity, in the following ways. 

First, when race was added as a covariate, all significant relationships were retained and all 

point-estimates of effect remained within 10-15% of their estimates unadjusted for race. 

Second, product terms were created to test for interactions between race and the placental 

variables selected by MARS in spline regression as having significant independent effects. 

No significant interaction between ethnicity and placental variables were identified. We also 

compared figures created for each subgroup (e.g. female African-American vs. female 

White and/or Hispanic) and found no detectable changes in the results.

Discussion

Spine regression analysis identified potentially important differences in the relationships 

between placental gross growth measures and the FPR in male as compared to female 

infants. As expected, male infants were larger than females, and their FPR was on average, 
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also greater. We discovered, however, that the FPR for males changes less in relation to 

expansion of the chorionic plate, a dimension that reflects the uterine surface area (and by 

extension the number of uteroplacental arteries available to supply the placenta). 

Considering birth weight as the outcome, we found birth weights for female infants to be 

more responsive to changes in chorionic disk thickness and umbilical cord length in addition 

to variation in the chorionic plate area that were consistent with those on FPR. We speculate 

that this may reflect that male fetal growth is driven by extra-placental effects such as 

hormones including testosterone and thus is less responsive to changes in placental growth 

than females. In population terms, this could be a partial explanation for the apparent greater 

vulnerability of male infants to gestational complications; that is, their underlying 

“developmental program” does not permit adjustments and accommodations to changes in 

the intrauterine environment to the same degree as that of female infants.

Regardless of sex differences in points of inflection or linearity of associations, these results 

can be also used to address important aspects of the biological relationship between fetal and 

placental growth. Are the relationships of placental growth measures to birth weight and 

fetoplacental weight ratio linear? Our data indicate that the placental growth variables have 

linear relationships to birth weight and the fetoplacental weight ratio over a large portion of 

their range for both males and females. However, for analyses of other populations such as 

diabetic or macrosomic infants (which might have greater proportions of larger placentas 

with extreme measurement values) or preterm infants (which might have more extremely 

small placental measure values), non-linear analytic methods may be necessary to describe 

these relationships.

The fetoplacental weight ratio, the ratio of birth weight to placental weight, is considered to 

reflect the physiologic balance between these two interdependent but potentially competing 

growth trajectories. The placenta is the single greatest oxygen consumer in utero; in times of 

deprivation, the placenta can metabolize fetally derived glucose, potentially to fetal 

detriment. If the fetal growth outstrips the placenta, the fetus may face the stresses of 

parturition with reduced functional reserves. If the different dimensions of placental growth 

(e.g., the lateral expansion within the uterine lining measured as larger and smaller placental 

diameters and disk thickness) have similar effects on birth weight and placental weight 

across variable ranges, the fetoplacental weight ratio will not change. A greater effect on 

birth weight than placental weight will increase the fetoplacental weight ratio. Conversely, if 

placental weight increases with a steeper slope than birth weight (placental growth enhanced 

to a greater extent than fetal growth), the fetoplacental weight ratio will fall. If any placental 

gross growth dimensions, or even distinct ranges of any variables, showed such 

relationships, they would be potential markers of fetuses with distinctive intrauterine 

environments (fetal-growth promoting>placental growth promoting, “balanced”, and 

placental-growth promoting>fetal growth promoting). Either of the “unbalanced” 

relationships could be hypothesized to mark stressful fetal-placental physiologic states. It is 

hard to think of a biologically plausible “healthy” reason why a placenta should be getting 

larger while the fetus it is supplying does not. In general, maximal fetal growth would be 

considered a biologically “good outcome”, the baby with a fetoplacental weight ratio of 10:1 

would be expected to have a different intrauterine cardiovascular and endocrine 
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“experience” (to name two examples) than a baby with a normal fetoplacental weight ratio 

of 7.5±1.1, or a baby with a fetoplacental weight ratio of 5:1.

Consistent with our previous work in this data set that showed that, for a given placental 

weight, the thicker the placenta, the smaller the birth weight, [69] when the placental weight 

is distributed laterally, so that the placenta “covers” more uterine surface area, and thus can 

be fed by potentially a larger number of uteroplacental vessels, we speculate that the 

placenta is more efficient (in terms of making birth weight) than a “cupcake” placenta, 

covering a smaller surface area (and potentially containing longer or more numerous fetal 

stem vessels, creating a different, possibly greater, placental vascular resistance and 

rendering the placenta less efficient.

While the National Collaborative Perinatal Project (NCPP) was conducted several decades 

ago, there is little reason to expect that secular trends would change our findings. The 

measurements of the placental dimensions, placental weight, and birth weight were 

conducted at the time of the data collection and the methods of measurement have not 

appreciably changed. Furthermore, misclassification of infant sex would be rare and random 

if it occurred. The very large sample size of the NCPP with its wealth of information is 

advantageous with regard to modeling of complex statistical parameters as we have done 

here. Very few large scale cohort studies have placental measures available for such a large 

and unbiased proportion of the sample. Placentas are often available only for cases with 

adverse outcomes, greatly impeding our ability to examine hypotheses such as those studied 

here.

Significantly, our data suggest that two identically shaped placentas may pose a different 

stress to the male as compared to the female fetus that depends on the relationship of his/her 

placental dimensions within the (sex-specific) distribution (e.g. at particular z-scores of 

placental parameters). This may have important implications for understanding sex 

differences in the incidence of childhood and adult disorders with fetal origins, a hypothesis 

that is under current investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Standardized placental weight versus birth weight
Y-axis: Birth weight (grams)

X-axis: Standardized (z-scored) placental weight
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Figure 2A. Standardized chorionic plate area (square cm) versus birth weight
Y-axis: Birth weight (grams)

X-axis: Standardized (z-scored) chorionic plate area (square cm)
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Figure 2B. Standardized chorionic plate area (square cm) versus fetoplacental weight ratio
Y-axis: Fetoplacental weight ratio

X-axis: Standardized (z-scored) chorionic plate area (square cm)
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Figure 3A. Standardized chorionic plate thickness (cm) versus birth weight
Y-axis: Birth weight (grams)

X-axis: Standardized (z-scored) chorionic plate thickness (cm)
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Figure 3B. Standardized chorionic plate thickness (cm) versus fetoplacental weight ratio
Y-axis: Fetoplacental weight ratio

X-axis: Standardized (z-scored) chorionic plate thickness (cm)
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Figure 4A. Standardized umbilical cord length (cm) versus birth weight (g)
Y-axis: Birth weight (grams)

X-axis: Standardized (z-scored) umbilical cord length (cm)
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Figure 4B. Standardized umbilical cord length (cm) versus fetoplacental weight ratio
Y-axis: Fetoplacental weight ratio

X-axis: Standardized (z-scored) umbilical cord length (cm)
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