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Abstract

Background—=Gestational weight gain is important to assess for epidemiological and public health
purposes: it is correlated with infant growth and may be related to maternal outcomes such as
reproductive health and chronic disease risk. Methods commonly used to assess weight gain
incorporate assumptions that are usually not borne out, such as a linear weight gain, or do not account
for differential length of gestation.

Methods—We introduce a novel method to assess gestational weight gain, the area under the weight
gain curve. This is easily interpretable as the additional pound-days carried due to pregnancy and
avoids many flaws in alternative assessments. We compare the performance of the simple difference,
weekly gain, Institute of Medicine categories and the area under the weight gain curve in predicting
birthweight and maternal weight retention at 6, 12, 24 and 36 months post-partum. The analytic
sample comprises 2016 participants in Project Viva, an observational prospective cohort study of
pregnant women in Massachusetts.

Results—For birthweight outcomes, none of the weight gain measures is a meaningfully superior
predictor. For 6-month postpartum weight retention the simple difference is superior, while for 12-,
24- and 36-month weight retention the area under the weight gain curve is superior.

Conclusions—These findings are plausible biologically: the same amount of weight gained early
vs later in the pregnancy may reflect increased maternal fat stores. The timing of weight gain is
reflected best in the area under the weight gain curve. Different methods of measuring gestational
weight gain may be appropriate depending on the context.
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Introduction

Methods

Prospectlve studies identify gestational welght gain as a predictor of both infant

birthweight 1-6 and pre-term dellvery7 ~14 Greater %estatlonal weight gain is associated with

increased risk of postpartum weight retention? 1518 and increased risk of caesarean section,
+ 20 gven after adjustment for infant birth- welght 1,22 \sarious methods for assessing

gestational weight gain have been used, including total weight gain during pregnancy, total

weekly rate of weight gain and weekly rate of gain over specific trimesters or months.

None of these methods has been universally adopted, possibly leading to conflicting results or
recommendations due to different definitions. Each of the methods currently in use has
limitations. For example, total weight gain necessarily correlates with length of gestation. Rate
of gain adjusts for gestation length, but only under the false assumption that weight increases
linearly. Both of these methods ignore the pattern of the weight gain over pregnancy. This may
lead to incorrect conclusions regarding the relationship of gestational weight gain to infant and
maternal outcomes if weight gain in different periods of a pregnancy affects outcomes in
different ways. There has been no systematic comparison of the different techniques.

We have developed a novel method of measuring gestational weight gain, obtained by
calculating the area under the gestational weight gain curve (AUC). This method, described in
detail subsequently, provides a single measure that reflects both the amount of weight gain and
the timing of gain. The purpose of this study is to compare the AUC with commonly used
gestational weight gain measurements as regards their association with fetal and maternal
outcomes.

Subjects and setting

Birth data

Study participants were women enrolled in Project Viva, a prospectlve observational study of
gestational exposures, pregnancy outcomes and offspring health.23 Women were recruited at
their initial pre-natal visit at eight obstetrical offices of a multi-specialty group practice in
eastern Massachusetts. Eligibility criteria included fluency in English, gestational age less than
22 weeks at the initial prenatal clinical appointment, and singleton pregnancy. We enrolled
2341 eligible participants, of whom 9% withdrew (n = 195) or were lost to follow-up (n = 18).
Of the 2128 remaining women, mothers who delivered prior to 34 weeks gestation (n = 45)
were excluded because the relationship between weight gain and outcomes is expected to be
qualitatively different in this group and few such deliveries occurred. Of the remaining mothers,
54 had insufficient pre-delivery weight data, leaving 2029 women. Further exclusion of women
missing race (n = 14) or birth outcome data (n = 1) left 2014. This article includes data available
as of December, 2006.

After obtaining informed consent, we collected demographic and health history information
by interview and self-administered questionnaire. All procedures were in accordance with the
ethical standards for human experimentation established by the Declaration of Helsinki. 24
Institutional Review Boards of participating institutions approved the study.

We obtained infant birthweight from the hospital medical record. We calculated the length of
gestation by subtracting the date of the last menstrual period (LMP) from the date of delivery.
If gestational age according to a 16—-20-week ultrasound differed from that according to the
LMP by >10 days, we used the ultrasound result to determine gestation length. We determined
birthweight for gestational age Z-values using as a reference a combined 1999-2000 US
Natality data set.25
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Maternal weight and height

Women self-reported their height and pre-pregnancy weight. Self-reported weight generally

correlates well with measured weight, although there is a tendency for overweight women to
underreport their Weight.26' 27 Data from 170 women in Project Viva with both self-reported
and clinical measurement of pre-pregnancy weight showed a correlation of 0.98. We obtained
missing heights from the clinical record (n = 55). For 71 women who were missing a reported
pre-pregnancy weight, we imputed pre-pregnancy weight, using as predictors maternal age and
height, and weight and weeks of gestation at the first pre-natal visit. We also calculated pre-

pregnancy body mass index (BMI, kg/m?).

We obtained serial pregnancy weights from the clinical obstetric record. We excluded from
analysis women who did not have a weight recorded within the 4 weeks preceding delivery.
The number of weights measured during pregnhancy per participant ranged from 4 to 36; 91%
had between 10 and 20 weights available.

Postpartum weights were not available on all women, mainly because women dropped out of
the study. Postpartum weights were available for 1179, 1196, 1313 and 1215 women at 6, 12,
24 and 36 months postpartum, respectively. In our analyses of weight retention, we exclude
women with intercurrent pregnancies as these would substantially alter the relationship
between the weight gain in a prior pregnancy and later weight. There were postpartum weights
available for 1179, 1054, 864 and 662 women with no intercurrent pregnancies at 6, 12, 24 and
36 months after the index delivery. Women self-reported their weights at 6, 12 and 24 months
postpartum. Research assistants measured weight at 36 months postpartum. We compared self-
reported weights with research assistant measured weights in 1133 women with both available
at 36 months and found a correlation of 0.99. In this sample, self-report and measured weights
are very similar.

We assessed gestational weight gain using four techniques, three based on methods often used
in the literature and one novel method: (i) Difference. We calculated the difference between
the self-reported pre-pregnancy weight and the final pre-delivery weight.5v 6,15,19, 28,29
(ii) Linear weekly gain. We estimated the weekly weight gain for each woman using the pre-
pregnancy weight as the weight at week 0 and estimating a linear regression across all weights
through the final pre-pregnancy Weight.ll 7,14 (iii) Institute of Medicine (IOM) category. We
determined whether a woman was below, within, or above the weight gain range recommended
by the IOM for her pre-pregnancy BMI.30 We combined the low and appropriate weight gain
categories because few women had low weight gain.

Finally, we introduce (iv) the area under the gestational weight gain curve (AUC). This
measures the area between the woman’s weight trend plotted over time and her pre-pregnancy
weight. The AUC is an estimate of the additional pound-days, relative to remaining at pre-
pregnancy weight, that are carried during pregnancy. We estimated the AUC by summing the
areas of the trapezoids formed between successive weight measures and perpendicular lines
drawn to the level of the pre-pregnancy weight, over the time from LMP to the last weight
measured before delivery. This calculation is illustrated in Figure 1. An example of a trapezoid
is defined by the points A, B, C and D; the AUC is the sum of the areas of all such trapezoids.
Some women have weights during pregnancy that are smaller than their pre-pregnancy weights.
Rather than considering these values as causing negative pound-days, we replaced them with
the pre-pregnancy weight.

One feature of the AUC bears particular emphasis: A pound gained on the first day of pregnancy
and retained throughout contributes over 200 pound-days to the AUC, while a pound gained
on the last day of pregnancy contributes only one pound-day. Thus a total gain of 30 Ibs, accrued
primarily in the early months of pregnancy, will result in a greater AUC than the same total
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weight gain accrued later in pregnancy. In contrast to the other three metrics, the AUC
incorporates in a single statistic not only the final weight but also the trajectory travelled to
reach it.

Others have suggested using only the weight gained after the first trimester, since first trimester
weight gain is typically smaller than that in the second and third trimesters, so we also measured
the weight gained after the first trimester by three of the above methods (excluding the IOM
recommendation).4' 11,15, 31 we substituted the weight at 98 days gestation for the pre-
pregnancy weight in each of the methods. For the linear method, we used only weight measures
on or after the 98th day in calculating the weekly gain; for the difference and AUC, we
performed a linear interpolation between the two surrounding weight measures to estimate the
weight on the 98th day if no day 98 measure was available, and used that weight in place of
the pre-pregnancy weight in the earlier described calculations.

We evaluated each gestational weight gain assessment method as a potential predictor of two
infant birth outcomes and four postpartum maternal outcomes. The birth outcomes were the
birthweight and birthweight-for-gestational-age z-value. The maternal outcomes were the
differences between the mother’s weight at 6, 12, 24 and 36 months postpartum and her pre-
pregnancy weight. We refer to these values as ‘weight retention’.

Statistical analysis

Results

To compare the utility of the various methods of assessing weight gain, we used the overall
F-statistic from linear models predicting each of the outcomes above. The models contained
either (i) the weight measure and gestational age at birth, or (ii) additionally: maternal age, pre-
pregnancy BMI, height, race/ethnicity, education and smoking behaviour during pregnancy,
and infant sex. Each model within a comparison group contains the same number of predictors,
so the relative values of the F-statistic reflect the predictive values of the models, as other tools
d0.32 The numerical values of such model-comparison tools have no intrinsic interpretation.
While larger F-statistics indicate improvements to the model, we consider that only a 5% or
greater difference between the largest and second-largest value indicates a meaningful
advantage for the largest.

Table 1 displays descriptive statistics. Average pre-pregnancy BMI was 24.8 kg/m?2; women
retained on average 7.9, 1.4, 1.1 and 3.1 pounds at 6, 12, 24 and 36 months postpartum. More
than half (52%) of the women gained more than the IOM recommendation for gestational
weight gain. Babies weighed 3500 g on average, and the positive mean z-value (0.17) shows
that they were slightly heavier than the US median for their gestational ages, on average.

Table 2 shows the differences among the women with no weight available at 6, 12, 24 and 36
postpartum, women with weight available at these times but with an intercurrent pregnancy
(who were thus excluded from the analyses of postpartum weight retention) and women
included in analyses of postpartum weight. The table shows that the mothers included in the
analysis were slightly older, lighter and thinner and that their infants were slightly heavier as
well as heavier for their gestational age. The mothers who are included in the analysis were
also much better educated, more likely to be white, and somewhat less likely to be primiparous
in the index pregnancy.

Table 3 contains descriptive statistics for the three continuous measures of weight gain in the
two different periods. Over their entire pregnancies, women carried an average extra 3997
pound-days, gaining an average 34.5 pounds at a rate of 0.96 pounds per week. After the 98th
day of gestation, women carried an extra 2337 pound-days relative to their weight at day 98
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of pregnancy, gaining an average 27.3 pounds at a rate of 1.13 pounds per week. Note the
skewed distribution, with outlying women who carried many extra pound-days. Women carried
only about half their extra pound-days after the 98th day, while about three-quarters of their
weight were gained in this period.

Table 4 shows the weight gain measures for the women who dropped out, were retained but
had intercurrent pregnancies, or were included in the analyses of weight retention at 6, 12, 24
and 36 months postpartum. The table shows that the included women carried somewhat fewer
excess pound-days in general, generally gained slightly fewer pounds and gained about the
same number of pounds per week.

Table 5 shows the best measures of weight gain for predicting the six outcomes. For
birthweight, no measure shows greater predictive value. For predicting maternal weight
retention at 6 months, the simple number of pounds gained was superior to any other method
of weight gain assessment. For longer-term weight retention at 12, 24 or 36 months postpartum,
the AUC was usually superior. Note the absence of post 98th-day weight gain measures; these
methods were markedly inferior to the full-pregnancy methods in every case.

In Table 6 we provide the full data used to generate Table 5. The table provides a sense of
summarizing necessary to combine all of the results into Table 5, and demonstrates the degree
of superiority achieved by the AUC for later time points.

We did not include the IOM status among the weight measures in models that included only
weight gain and gestational age as predictors, i.e. in the first rows of Tables 5 and 6. The IOM
recommendation varies based on BMI, meaning essentially that the BMI is included as a
covariate in any model including the IOM recommendation status. In comparison (data not
shown) between IOM status and other measures in models including only gestational age, the
IOM method was superior. However, in comparison (data not shown) between the IOM method
and other measures, including only gestational age and BMI as covariates, the other measures
were superior.

Discussion

In this article, we have compared several measures of gestational weight gain, including those
most frequently used in the literature and a novel measure, AUC. For birth-weight and
gestational-age-adjusted birthweight, none of the included measures of gestational weight gain
meets our criteria for superior prediction. In contrast, for weight retention at 6 months
postpartum, total gain is a better predictor than how fast or in what pattern the weight was
gained. For weight retention at 1, 2 or 3 years, the AUC, which incorporates both the pattern
and amount of weight gain, is more predictive.

There is a plausible biological reason why the pattern of weight gain may be important for
longer-term post-pregnancy weight retention. It has been argued that weight gain in the last
trimester primarily reflects fetal growth and weight gain early in pregnancy primarily reflects
accumulation of maternal fat stores.30 If this is the case, it would make sense that a higher
AUC, possibly reflecting earlier gain and thus greater gain of maternal stores, may predict a
more difficult time losing this weight after pregnancy.

Total wel ht %am is the most commonly employed measurement of gestational weight gain.
4 A variation on this method is net weight gain, in which the weight of the
mfant and placenta is subtracted from total weight gain. 11, 19, 35, 36 A second variation on
total weight gain is total proportional wel%ht gain, defined as the total or net weight gain divided
by the mother’s pre-pregnancy BMI.3 Because none of these approaches adjust for
gestational age, the weight gain-birthweight relationship is confounded by length of gestation:
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longer pregnancies allow both mother and fetus more time to gain weight. This limitation also
applies to the AUC and is discussed in that light subsequently.

To adjust for gestation length, several studies have used rate of WGIfht gain. Different studles
have used the entire pregnancy, 0 individual trimesters®: or specific weeks.2: 10,
11,13, 42,43 The present anaIyS|s used linear regression to estimate the rate of weight gain.
17,14 e principal limitation to using overall rate of gain, arrived at by any method, is the
false assumption of linearity of gain. In contrast, while calculating different rates of weight
gain for pre-defined sections of pregnancy can provide a more accurate (curvilinear) picture
of the weight gain pattern, these different rates generate other problems. For example, it is
difficult to interpret 9 monthly or even three trimester-specific rates simultaneously.

Two groups have fit the weight gain pattern to a quadratic curve.14 40 However, data provided
by Carmichael and colleagues14 and representative examples from our own cohort (data not
shown) demonstrate that in many individuals gestational weight gain slows in the final weeks
before delivery, in contrast to the steep upward slope typically predicted by quadratic models
of gestational weight gain. In addition, interpretation of the resulting linear and quadratic slopes
is at least as difficult as interpreting many linear slopes. This method has not been widely
adopted by subsequent publications and thus was not used as a comparison measure in this
analysis.

We included measures based on only the second and third trimesters, as suggested by others.
4,11, 15, 31 1hjs approach reduced the predictive value of all methods for all outcomes. We
conclude that weight gain during the first trimester is important in predicting both birthweight
and weight retention using any of these methods. A reviewer suggested that in light of the
current results, one might assess first-trimester weight gain as a predictor of future weight
retention; this is an interesting idea, and studies of weight retention may benefit from examining
that possibility.

The AUC, as presented, is correlated with the length of gestation. We considered an alternative
method of calculating the AUC, namely truncating the measure at 259 days (37 weeks) and
calculating the area under the weight gain curve between LMP and 259 days. This value is
calculable for all term pregnancies. We also calculated the difference and weekly gain between
LMP and 259 days. The results were similar to those described fully above, namely that the
summary results presented in Table 5 were unchanged. Thus future researchers who are
troubled by the correlation between gestation length and weight measures may calculate term-
independent measures of pregnancy weight gain and still be guided by the results presented in
full above.

Some limitations of our analysis bear further comment. Our models for weight retention
exclude breastfeeding practice. We excluded breastfeeding because it may be situated in the
causal pathway between weight gain and weight retention. Women with higher gestational
weight gain tend to have lower breastfeeding initiation rates and earlier termination®4: 4 while
breastfeeding may accelerate postpartum weight loss. Another potential problem with our
analysis is that pre-pregnancy and 6-, 12- and 24-month postpartum weights were self-reported,
weights during pregnancy were recorded clinically and 36-month postpartum weights were
measured according to a research standard. In general, we would expect that the errors in
measurement due to the clinical and self-reported weights would affect each weight gain
measure equally. Study participants were generally older, wealthier and better-educated
individuals than the pregnant population at large. The women and infants included in the
analyses were also older, better educated and more likely to be white than the women on whom
follow-up weight data could not be obtained. As such, these results may not be generalizable
to the low-income or higher-risk cohorts studied in past analyses.8‘13’ 37 Women included
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in the analyses also gained somewhat less weight during pregnancy than women on whom
follow-up weight data could not be obtained, according to any of the weight gain metrics
discussed. However, this discrepancy was too small to be likely to affect the conclusions here.

The AUC method encompasses two important characteristics of gestational weight gain—total
gain and timing of gain—in one variable. Thus the AUC will distinguish a woman who gains
weight at a constant rate from a woman who gains the same amount of weight, but
predominantly at the beginning or end of her pregnancy. This distinction is lost with difference-
based weight gain measurements. In addition, the AUC incorporates all of the observed weight
data with limited parametric assumptions. The importance of the pattern of weight gain is
illustrated in our results regarding postpartum weight retention. These results suggest that a
pattern of weight gain characterized by gain earlier in pregnancy is predictive of longer-term
weight retention, a finding that agrees with previous studies using different methods to assess
early weight gain.42

The area under the gestational weight gain curve is a relatively simple assessment of gestational
weight gain that does not rely on assumptions about the shape of the weight gain curve. The
AUC is reported as pound-days, a readily interpretable metric, and incorporates information
about both the amount and the timing of gain. If longer-term maternal outcomes are to be
studied, the AUC appears to be the best assessment of gestational weight gain. Future studies
are needed to investigate whether it is a superior measure for other pregnancy or post partum
outcomes of interest as well. We anticipate that the AUC will serve as a useful method for the
assessment of gestational weight gain by epidemiologists.

KEY MESSAGES

Gestational weight gain is correlated with infant growth and may be related to
important health outcomes.

Methods currently used to measure gestational weight gain at best needlessly
simplify a complex process and at worst incorporate false assumptions; this can
lead to mistaken conclusions about the association between weight gain and
potential correlates.

We propose a new measure of gestational weight gain, the area under the
pregnancy weight gain curve, and show that it is a superior predictor of long-term
weight retention than traditional measures such as the total weight gained and the
weight gain per week.

The new measure may be a useful tool for assessing risk of weight retention at 1
year postpartum and beyond.
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Figure 1.

Schematic diagram of gestational weight gain. The x-axis represents time, beginning with the
date of the last menstrual period (LMP), the y-axis represents weight, beginning with weight
at LMP. The squares represent weights measured during pregnancy, with vertical lines
intersecting the date of the measurement. Trapezoids are formed between successive measured
weights, e.g. A, B and the corresponding values on the x-axis, e.g. C, D. The area under the
curve is calculated by summing all such trapezoids
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Characteristics of 2016 women enrolled in Project Viva, an ongoing cohort study of pregnant women and their

children in Massachusetts

N (% of 2016) Mean (SD)
Age (years) 31.9(5.2)
Weight (Ibs, pre-pregancy) 148.8 (34.6)
Height (m) 1.65 (0.07)
BMI (kg/m?) 24.8 (5.46)
Weight retention 6 months postpartum (lbs, N = 1180) 7.9 (11.2)
Women with no intercurrent pregnancies
Weight retention 12 months postpartum (Ibs, N = 1055) 1.4 (11.3)
Weight retention 24 months postpartum (Ibs, N = 865) 1.1(11.3)
Weight retention 36 months postpartum (lbs, N = 663) 3.07 (14.3)
Gestational age (days) 277.4 (10.1)
Birthweight (g) 3500 (525)
Birthweight for gestational age z-value 0.17 (0.98)

Weight gain per IOM recommendation®
Low or appropriate

High

Education

High school diploma or less
Some college

College degree
Post-graduate
Race/ethnicity

Asian

Black

Hispanic

White

Other

First pregnancy

Yes

No

977 (48)
1039 (52)

245 (12)
465 (23)
708 (35)
598 (30)

112 (6)
329 (16)
148 (7)
1353 (67)
74 (4)

612 (30)
1404 (70)

aIOM recommendation incorporates pre-pregnancy BMI.30
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Table 5

Most-predictive measures of gestational weight gain for various outcomes

Page 16

Birthweight-for- gestational-age z- Birthweight Weight retention 6 months
value

Models

GWG +G? Difference Difference Difference®

GWG +CG Linearb Linear Difference
Weight Weight Weight
retention retention 2 retention 3
1year years years

Models

GWG +G2 AUC AUC AUC

GWG +CG AUC AUC AUC

a_ . - . . . TR .
Institute of Medicine status30 is excluded from this set of comparisons, as it implicitly includes BMI as a covariate.

b . . . . .
Linear: regression-estimated Linear weekly rate of gain.

Difference: difference between baseline and immediate pre-delivery weight.

AUC, area under the gestational weight gain curve GWG, gestational weight gain measured by one of the four methods: ‘Difference’, ‘Linear’, ‘IOM”’,
or ‘AUC’; G, Gestational length; C, additional covariates: infant sex and mother’s age, pre-pregnancy BMI, height, race/ ethnicity, education and smoking

behaviour during pregnancy.

Models included gestational weight gain measured any of four ways during both the full pregnancy and only after the 98th day. Measure with the largest
F-statistic is shown; measure appears in bold type if the F-statistic for the model was greater by 5% or more than the next largest F-statistic, in plain type
otherwise. Table results include only models for the full pregnancy because the models using data after 98th day were universally inferior.
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