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Novel approaches to examining weight changes in pregnancies affected
by obesity
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A B S T R A C T

Background: Current gestational weight change (GWC) recommendations for obese individuals were established with limited evidence of the pattern and
timing of weight change across pregnancy. Similarly, the recommendation of 5–9 kg does not differentiate by the severity of obesity.
Objectives: We sought to describe GWC trajectory classes by obesity grade and associated infant outcomes among a large, diverse cohort.
Methods: The study population included 22,355 individuals with singleton pregnancies, obesity (BMI �30.0 kg/m2), and normal glucose tolerance who
delivered at Kaiser Permanente Northern California between 2008 and 2013. Obesity grade–specific GWC trajectories were modeled at 38 wk using
flexible latent class mixed modeling (package lcmm) in R. Multivariable Poisson or linear regression models estimated the associations between the GWC
trajectory class and infant outcomes (size-for-gestational age and preterm birth) by obesity grade.
Results: Five GWC trajectory classes were identified for each obesity grade, each with a distinct pattern of weight change before 15 wk (including loss,
stability, and gain) followed by weight gain thereafter (low, moderate, and high). Two classes with high overall gain were associated with an increased risk
for large for gestational age (LGA) in obesity grade 1 (IRR ¼ 1.27; 95% CI: 1.10, 1.46; IRR ¼ 1.47; 95% CI: 1.24, 1.74). Both high (IRR ¼ 2.02; 95%
CI: 1.61, 2.52; IRR ¼ 1.98; 95% CI: 1.52, 2.58) and 2 moderate-gain classes (IRR ¼ 1.40; 95% CI 1.14, 1.71; IRR ¼ 1.51; 95% CI: 1.20, 1.90) were
associated with LGA in grade 2, and only early loss/late moderate-gain class 3 (IRR ¼ 1.30; 95% CI: 1.04, 1.62) was associated in grade 3. This class was
also associated with preterm birth in grade 2. No associations were detected between GWC and small for gestational age (SGA).
Conclusions: Among the pregnancies affected by obesity, GWC was not linear or uniform. Different patterns of high gain were associated with an
increased risk for LGA with the greatest magnitude in obesity grade 2, whereas GWC patterns were not associated with SGA.

Keywords: birthweight, gestational weight gain, GWG, maternal obesity, methods, obesity, pregnancy, prepregnancy BMI, preterm, z-score
Introduction

Evidence-based pregnancy weight gain recommendations are
limited for those with obesity, particularly those affected by severe
obesity [1]. The prevalence of prepregnancy obesity is rising in the
US, with estimates indicating an increase from 26.1% in 2016 to
29.0% in 2019 [2]. These high-risk pregnancies result in dispropor-
tionate rates of neonatal complications, including elevated risk for
large for gestational age (LGA, >90th percentile weight-for-age) and
preterm birth within <37 wk of gestation [3,4]. In addition to excess
preconception adiposity, nearly 50% of the pregnancies are affected
Abbreviations used: AIC, Akaike information criterion; BIC, Bayesian information crite
Northern California; LGA, large for gestational age; LBW, low birthweight; SGA, small for
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by weight gain, exceeding the Institute of Medicine (IOM) guidelines,
which may lead to weight-related prenatal complications and associ-
ated sequelae [3,5]. Excessive pregnancy weight gain is associated
with an increased risk of certain adverse infant outcomes, including
LGA, macrosomia (birthweight > 4000 g), and preterm birth [1,3,6].
This excess gestational weight change (GWC) among pregnancies
with obesity may synergistically increase the risk of weight-related
perinatal complications, such as LGA [3,7]. In pregnancies with
normal weight BMI, excess GWC is associated with an increased risk
of LGA, whereas inadequate GWC is associated with small for
gestational age (SGA, <10th percentile weight-for-age); however, the
rion; GA, gestational age; GWC, gestational weight change; KPNC, Kaiser Permanente
gestational age.

austin.utexas.edu (E.M. Widen).
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amount of weight change that balances these risks in pregnancies with
obesity is less clear [3].

In 2009, the IOM GWC guidelines recommended one weight gain
range (5–9 kg) for any BMI of �30 kg/m2 due to a lack of existing
evidence to support different weight change recommendations based
on the severity of obesity [1,8,9]. Furthermore, the IOM highlighted the
need for further research examining the impact of GWC pattern strat-
ified by the severity of obesity, particularly in those with low weight
gain or loss. More recent evidence supports gaining weight below that
per IOM guidelines or prenatal weight loss in those with obesity
[9–13]. To date, no studies have examined the associations between the
pattern and timing of actual GWC with infant or birth outcomes by the
severity of prepregnancy obesity.

In pregnancies characterized by obesity, the effects of pattern,
timing, and magnitude of GWC on perinatal and infant outcomes
remain unclear. Furthermore, it is unclear if recommendations should
differ by the severity of obesity. Therefore, we investigated weight
change trajectories across pregnancy by obesity grade and neonatal
outcomes in a maternal–infant cohort from Kaiser Permanente North-
ern California (KPNC). We hypothesized that higher BMI values,
specifically grade 3 obesity, and specific patterns of high weight gain
would be associated with increased risk for LGA and greater birth-
weight, as well as decreased risk for SGA and low birthweight (LBW,
�2500 g).
Methods

Study design and subjects
Data were abstracted from electronic medical records for singleton

livebirths delivered between January 1, 2008, and December 31, 2013,
at KPNC. KPNC serves the greater San Francisco Bay area and the
Central Valley across 14 urban and rural counties representative of the
diversity of this area [14]. The inclusion criteria for the present study
were as follows: a prepregnancy BMI of �30 kg/m2, a singleton index
pregnancy, maternal age of �18 y, a measured prepregnancy weight
within the prior 12 mo or at least one first trimester prenatal weight in
<14.0 wk based on the last menstrual period, and a minimum of 3
prenatal weights across pregnancy, including the first trimester weight.
Additionally, those with pre-existing diabetes were excluded due to the
known association between diabetes, total weight gain, and infant size
outcomes (e.g., LGA) [15]. Similarly, we excluded individuals diag-
nosed with gestational diabetes due to its effect on GWC after diag-
nosis and treatment.
Data preparation
The measured height, prepregnancy weight, and weights from all

prenatal visits were obtained from the entirety of the pregnancy. The
height and prepregnancy weight were used to calculate prepregnancy
BMI and categorized into obesity grade 1 (�30.0 to<35 kg/m2), grade
2 (�35.0 to <40 kg/m2), or grade 3 (�40.0 kg/m2). Total GWC was
calculated as the difference between the final measured prenatal weight
and the prepregnancy weight and then classified according to the 2009
IOM guidelines as below, within, or above the recommended range.
Observations with potentially spurious prepregnancy weight or BMI,
prenatal visit weight, and total GWC were examined by a registered
dietitian for clinical feasibility and inclusion in the trajectory analyses.
Weight values of >�2 SDs of an individual’s mean weight change
across pregnancy were examined for exclusion. Then, individual
weight change during the first week, during the first trimester, or at the
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final prenatal visit that was <5th or >95th percentile of the sample
mean was individually examined; dubious values visually identified by
individual trajectory scatterplots were excluded (n ¼ 3154 weights;
1.1% of all visits in the analytic sample). Considering that the analytic
sample contained 12.3 � 3.5 visits per pregnancy, the very low rate of
biologically implausible values, and the systematic inspection for
erroneous values with potential perturbations in shape, timing, and
pattern of individual weight change, imputation was deemed unnec-
essary. We conducted analyses to assess differences in demographic
characteristics between those who were included in the sample and
those who were excluded (n ¼ 12,671; Supplemental Table 1). For
trajectory analyses, prenatal weight change for the final sample was
censored at �38 wk for base models (mean total GWC in the analytic
sample: 38.9 � 1.9 wk) and at �34 wk for preterm models (mean GA
at delivery of preterm births: 34.1 � 2.8 wk) to prevent later weight
changes from influencing estimated GWC patterns.
Statistical methods
Our analyses were conducted sequentially: 1) We stratified the

sample by obesity grade, 2) we fit latent class mixed models with 4–6
identified classes of weight change for each obesity grade as outlined in
the Supplemental Methods [16–21], and 3) we conducted multivariable
Poisson regression with robust standard errors [22,23] or linear
regression to assess associations between identified latent classes and
infant outcomes.

We modeled GWC trajectories using latent class mixed models (R,
package lcmm function hlme) that were censored to<38 wk or<34 wk
in preterm models to prevent later weight change from driving latent
class predictions or skewing trajectory patterns. The five-class model
for each obesity grade was ultimately selected for analysis (Supple-
mental Table 2) based on the best overall fit statistics as outlined in the
Supplemental Methods.

Multivariable Poisson or linear regression models estimated the
associations between the GWC trajectory latent class and infant out-
comes stratified by obesity grade. Potential confounders were identified
by literature search and based on the data available in the electronic
medical records. Maternal age at delivery, height, parity, race and
ethnicity, gestational age at delivery, pre-existing or gestational hy-
pertension, smoking status, drug or alcohol use, and infant’s sex were
examined and retained in the model by evaluating the change in effect
size (�10%). The primary models by obesity grade were adjusted for
maternal age at delivery, race or ethnicity, gestational age at delivery
(except in preterm models) [24–26], infant’s sex [27], and maternal
height since greater torso volume in taller individuals may affect fetal
growth and gestational length [28–30]. Parity was excluded due to
definition imprecision (per individual compared with per medical re-
cord). Models included race and ethnicity as a marker of social expe-
riences, not as a measure of biological differences. Primary infant
outcomes included birthweight (in g), gestational age at delivery
(preterm <37 wk), and LGA (>90th percentile) or SGA (<10th
percentile), and continuous size-for-gestational age z-scores were
calculated for each infant [31]. Secondary outcomes include birth-
weight (in g) and macrosomia (birthweight �4000 g). To determine
whether the effects of GWC varied by prepregnancy BMI within each
obesity grade, we assessed effect modification by including interaction
terms between the GWC latent class and continuous prepregnancy
BMI. For comparison of these novel latent class models to the existing
methods, we replaced the GWC latent class with calculated GWC
z-scores in our models and compared the association of the GWC
z-score with that of the GWC latent class with our outcome measures
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[25,32]. As a second sensitivity analysis, we examined term deliveries
by restricting analyses with base models to pregnancies with delivery in
�37 wk (n¼ 1586 excluded). All analyses were performed using Stata
version 14.2 (StataCorp LLC).

Ethics
This data-only project was approved by the KPNC Institutional

Review Board that waived the requirement for informed consent from
participants.

Results

Sample characteristics
Of the 36,093 pregnancies identified, 22,355 pregnancies met the

inclusion criteria (Figure 1). Grade 1 obesity comprised the greatest
portion of our sample (59.0%), followed by grade 2 (25.9%) and grade
3 (15.2%) obesity (Table 1). The majority of this sample self-identified
as White (37.2%) or Hispanic (36.4%), followed by Black (12.5%) or
Asian (8.3%) (Table 1). Maternal age, height, parity, and gestational
age at delivery did not differ meaningfully by obesity grade. Compared
with those excluded from the analysis, those in the analytic sample
were younger (29.8 � 5.5 compared with 31.0 � 5.8 y), were more
likely to be classified as grade 1 obesity (59.0 compared with 47.4%),
and had GWC above the IOM guidelines (60.5 compared with 44.1%),
and were less likely to have a preterm delivery (7.1 compared with
10.8%); infants tended to be smaller, with lower birthweight for
gestational age (GA) z-score (0.34 � 1.10 compared with 0.48 � 1.18
SD) and reduced rates of macrosomia (16.5 compared with 17.0%),
LGA (14.3 compared with 18.9%), and LBW (4.5 compared with
6.1%; Supplemental Table 1).

Maternal weight change
The overall mean total GWC at delivery was 11.1 � 6.9 kg (range:

�25.0 to 46.2 kg), above the IOM guideline of 5–9 kg. A majority of
individuals (60.5%) gained weight above the IOM recommendation,
whereas 21.8% met the recommendation and 17.7% gained weight
below that per recommendation or lost weight (n ¼ 824; 3.7%). Total
GWC decreased across BMI categories from obesity grade 1 to obesity
grade 3 (Table 1). Accordingly, the incidence of excessive GWC
FIGURE 1. Flow chart of participants. GDM, gestational d
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decreased across the BMI categories from obesity grade 1 to obesity
grade 3 (66.3% to 46.3%), whereas the likelihood of meeting the IOM
recommendations was similar between groups (P ¼ 0.395). Although
many lost weight at various timepoints during pregnancy, only 756
(3.3%) maintained weight from prepregnancy to their final pregnancy
weight (�1 kg) and 824 (3.7%) lost weight (<0 kg).
Incidence of infant outcomes
The rate of preterm delivery within 37 wk of gestation increased

from obesity grade 1 (6.8%) to grade 3 (7.8%; Table 1). Birthweight
and birthweight for GA z-score markedly increased from grade 1
obesity (z-score: 0.31 � 1.08 SD) to grade 3 obesity (0.45 � 1.15 SD),
paralleled by similar trends in macrosomia and LGA. The incidence of
LBW increased from obesity grade 1 (4.2%) to grade 3 (5.1%), whereas
the rate of SGA decreased across the BMI categories from obesity
grade 1 to grade 3.
GWC trajectories and infant outcomes by obesity grade
The latent class trajectory models identified five gestational weight

change classes with notable similarities across obesity grades
(Figure 2). Class 1 (IOM), the reference class, exhibited steady gain
that followed a pattern most similar to the IOM recommendations; class
2 (slow moderate gain) demonstrated slower early weight gain than
class 1, but with a similar total weight gain at 38 wk. Class 3 (moderate
gain) was characterized by weight maintenance or a small loss in the
first half of pregnancy, followed by rapid, moderately high gain in the
second half of pregnancy. Generally, classes 4 and 5 exhibited high
weight gain. Class 4 (rapid high gain) exhibited early, rapid weight
gain; class 5 (high gain) exhibited the greatest weight loss followed by
the fastest and highest weight gain, but only during the second half of
pregnancy.

There are also noteworthy differences in GWC patterns across
obesity grades. The patterns identified in obesity grade 1 demonstrate
excessive weight gain with similar weight at 38 wk for classes 1–3 and
classes 4–5. The slopes for all classes in obesity grade 3 are shallower,
and the range of predicted final weight change is quite wide (Table 2).
The predicted weight change at 38 wk for all classes was above the
IOM recommendation in obesity grade 1, whereas the model for
obesity grade 3 estimated the lowest GWC (6.4 kg) for reference class 1
iabetes; KPNC, Kaiser Permanente Northern California.



TABLE 1
Sample characteristics by prepregnancy obesity grade (n ¼ 22,355)

Grade 1 Grade 2 Grade 3 All

n (%) 13,180 (59.0) 5787 (25.9) 3388 (15.2) 22,355
Age, y 29.9 � 5.5 29.6 � 5.4 29.7 � 5.4 29.8 � 5.5
Height, cm 162.6 � 7.3 163.4 � 7.2 163.7 � 7.1 163.0 � 7.3
Parity <3 11,802 (89.5) 5116 (88.4) 2993 (88.3) 19,911 (89.1)
GA,1 wk 38.9 � 1.8 38.9 � 2.0 38.8 � 2.0 38.9 � 1.9
BMI, kg/m2 32.2 � 1.4 37.1 � 1.4 44.4 � 4.4 35.3 � 4.9
Ethnicity
White 4829 (36.6) 2203 (38.1) 1276 (37.7) 8308 (37.2)
Hispanic 4859 (36.9) 2108 (36.4) 1166 (34.4) 8133 (36.4)
Black 1393 (10.6) 751 (13.0) 647 (19.1) 2791 (12.5)
Asian 1394 (10.6) 370 (6.4) 96 (2.8) 1860 (8.3)
Other2 705 (5.4) 355 (6.1) 203 (6.0) 1263 (5.7)

Total GWC,3 kg 12.0 � 6.5 10.3 � 7.0 8.7 � 7.2 11.1 � 6.9
GWC z-score �0.14 � 0.83 0.01 � 0.76 0.12 � 0.67 �0.06 � 0.80
Comparison to IOM4

Above IOM 8743 (66.3) 3203 (55.4) 1569 (46.3) 13,515 (60.5)
Within IOM 2788 (21.2) 1319 (22.8) 767 (22.6) 4874 (21.8)
Below IOM 1649 (12.5) 1265 (21.9) 1052 (31.1) 3966 (17.7)

Sex, m 6682 (50.7) 2971 (51.3) 1700 (50.2) 11,353 (50.8)
Preterm5 892 (6.8) 429 (7.4) 265 (7.8) 1586 (7.1)
Birthweight, g 3469.5 � 556.6 3480.5 � 601.8 3508.2 � 629.0 3478.2 � 580.1
Birthweight GA z-score 0.31 � 1.08 0.36 � 1.10 0.45 � 1.15 0.34 � 1.10
Macrosomia6 2005 (15.2) 1024 (17.7) 650 (19.2) 3679 (16.5)
Low birthweight7 554 (4.2) 281 (4.9) 171 (5.1) 1006 (4.5)
LGA8 1757 (13.3) 860 (14.9) 583 (17.2) 3200 (14.3)
SGA9 1013 (7.7) 430 (7.4) 225 (6.6) 1668 (7.5)

Values are expressed as n (%) or mean � SD.
1 Gestational age.
2 Includes unknown/not reported.
3 Gestational weight change
4 IOM guidelines: 5–9 kg.
5 Delivery in <37 wk.
6 Birthweight �4000 g.
7 Birthweight �2500 g.
8 Large for gestational age: birthweight >90th percentile.
9 Small for gestational age: birthweight <10th percentile.
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and the greatest GWC in high-gain class 5 (15.8 kg) of all the models.
Figure 3 depicts GWC latent class trajectory classes up to 34 wk for
assessing preterm delivery associations by obesity grade.

Obesity grade 1 GWC class and infant outcomes
In those with obesity grade 1, trajectory classes 2 and 4 showed gain

above the prepregnancy weight in the first 10 wk of pregnancy, while
FIGURE 2. Predicted gestational weight change from 0 to 38 wk of gestation
class 3: n ¼ 2303; class 4: n ¼ 2450; and class 5: n ¼ 1073. Obesity grade 2 – cl
class 5: n ¼ 412. Obesity grade 3 – class 1: n ¼ 729; class 2: n ¼ 1172; class 3
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moderate-gain class 3 and high-gain class 5 exhibited accelerated
weight gain above the prepregnancy weight, but only in the second half
of pregnancy; the estimated weight change was above the IOM
recommendation for all latent classes (Figure 2). However, in infants of
pregnancies with grade 1 obesity, only classes 2, 4, and 5 were asso-
ciated with an increased risk of adverse outcomes (Table 3). In high-
gain classes 4 and 5, the risks for LGA were 27% and 47% higher,
by obesity grade. Obesity grade 1 – class 1: n ¼ 2264; class 2: n ¼ 5090;
ass 1: n ¼ 1067; class 2: n ¼ 2368; class 3: n ¼ 1104; class 4: n ¼ 836; and
: n ¼ 725; class 4: n ¼ 606; and class 5: n ¼ 156.



TABLE 2
Predicted total, trimester, and weekly weight change (kg) to 38 wk for each gestational weight change latent class by prepregnancy obesity grade (n ¼ 22,355)

Week Obesity grade 1 Obesity grade 2 Obesity grade 3

Total Trimester rate Weekly rate Total Trimester rate Weekly rate Total Trimester rate Weekly rate

Class 1 14 3.61 0.26 2.80 0.20 2.45 0.17
28 7.59 3.99 0.28 5.78 2.97 0.21 4.42 1.98 0.14
38 10.51 2.92 0.29 8.29 2.52 0.25 6.44 2.02 0.20

Class 2 14 1.56 0.11 0.89 0.06 0.14 0.01
28 6.81 5.26 0.38 4.85 3.96 0.28 2.54 2.40 0.17
38 11.28 4.46 0.45 9.20 4.35 0.44 7.31 4.78 0.48

Class 3 14 �0.59 �0.04 �1.16 �0.08 �1.65 �0.12
28 5.01 5.60 0.40 3.98 5.14 0.37 3.48 5.12 0.37
38 12.01 7.00 0.70 11.02 7.04 0.70 10.56 7.09 0.71

Class 4 14 0.23 0.02 0.38 0.03 0.56 0.04
28 8.42 8.20 0.59 8.37 7.99 0.57 6.80 6.24 0.45
38 13.92 5.50 0.55 13.81 5.44 0.54 10.63 3.83 0.38

Class 5 14 �2.65 �0.19 �3.24 �0.23 �3.20 �0.23
28 6.85 9.51 0.68 5.59 8.83 0.63 5.23 8.43 0.60
38 15.48 8.63 0.86 14.25 8.66 0.87 15.75 10.52 1.05

Values are estimates from latent class mixed model analysis. Class 1 serves as the reference group for each prepregnancy obesity grade.
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respectively, compared to reference class 1; the predicted birthweight
for GA z-score was analogously elevated. Interestingly, slow moderate-
gain in class 2 was associated with a decreased risk of LBW. In the
preterm model for grade 1 obesity, no associations were observed be-
tween the GWC latent class and preterm delivery.
Obesity grade 2 GWC class and infant outcomes
In those with obesity grade 2, the predicted weight change was only

within the IOM recommendation for reference class 1 (8.3 kg at 38
wk). In adjusted infant outcome models, all 4 GWC patterns were
associated with increased risk for LGA compared to the reference class.
This was most pronounced in the high-gain classes (4 and 5) that were
each associated with a 2-fold increased risk for LGA and nearly 30%
higher estimated birthweight for GA z-score. Only the class 3 GWC
pattern of weight maintenance before 20 wk followed by rapid, mod-
erate gain was associated with a 55% increased risk for LBW and 44%
increased risk for preterm birth.
Obesity grade 3 GWC class and infant outcomes
The trajectory classes identified in those with grade 3 obesity

exhibited the highest (class 5) and lowest (class 1) predicted total
FIGURE 3. Predicted gestational weight change from 0 to 34 wk of gestation
class 3: n ¼ 2317; class 4: n ¼ 3177; and class 5: n ¼ 904. Obesity grade 2 – class
5: n ¼ 387. Obesity grade 3 – class 1: n ¼ 497; class 2: n ¼ 1530; class 3: n ¼
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weight change at 38 wk of gestation (Figure 2, Table 2); however,
obesity grade 3 trajectories were associated with few infant outcomes.
Rapid high-gain class 4 exhibited weight gain only slightly higher
than moderate-gain class 3 at term (Table 2), but only class 3 was
associated with an increased risk of LGA; in contrast, class 4 was
associated with increased birthweight for GA z-score (Table 3).
Weight gain in slow-gain class 2 was depressed through the first half
of pregnancy compared with that in class 2 in the other obesity grades,
and the estimated birthweight for GA z-score was reduced for this
trajectory in obesity grade 3. No associations were detected between
the GWC classes and preterm delivery for any class of weight
changes. Additional results for birthweight and macrosomia are pre-
sented in Supplemental Table 3.
GWC z-scores and infant outcomes by obesity grade
Similar patterns of risk for infant outcomes were observed across

GWC z-score and obesity grades (Table 4), as observed in the trajectory
class analyses (Table 3). Compared to the reference z-score of �1 to 1
corresponding to the expected weight gain based on the IOM guide-
lines [32], those with a GWC z-score of <�1 (lower GWC) were
associated with a decreased risk of LGA across obesity grades, whereas
by obesity grade. Obesity grade 1 – class 1: n ¼ 2359; class 2: n ¼ 4423;
1: n ¼ 1068; class 2: n ¼ 2526; class 3: n ¼ 971; class 4: n ¼ 835; and class
498; class 4: n ¼ 653; and class 5: n ¼ 210.



TABLE 3
Adjusted associations between gestational weight change latent class and infant outcomes by prepregnancy obesity grade (n ¼ 22,355)

LGA1 IRR
(95% CI)

SGA2 IRR
(95% CI)

Birthweight GA
z-score β (95% CI)

Low birthweight3

IRR (95% CI)
Preterm delivery4

IRR (95% CI)

Grade 1 (n ¼ 13,180)
Class 1 Referent
Class 2 1.00 (0.88, 1.14) 1.01 (0.86, 1.20) 0.05 (�0.00, 0.10) 0.76 (0.60, 0.97)5 0.87 (0.73, 1.05)
Class 3 1.02 (0.87, 1.19) 1.18 (0.97, 1.43) �0.02 (�0.08, 0.04) 0.99 (0.73, 1.35) 1.13 (0.92, 1.39)
Class 4 1.27 (1.10, 1.46)5 0.81 (0.66, 1.00) 0.18 (0.12, 0.24)5 0.77 (0.58, 1.01) 1.04 (0.86, 1.27)
Class 5 1.47 (1.24, 1.74)5 0.82 (0.62, 1.08) 0.18 (0.10, 0.26)5 0.93 (0.67, 1.29) 1.05 (0.79, 1.39)

Grade 2 (n ¼ 5787)
Class 1 Referent
Class 2 1.40 (1.14, 1.71)5 1.14 (0.88, 1.47) 0.08 (�0.00, 0.15) 1.05 (0.72, 1.53) 1.04 (0.80, 1.36)
Class 3 1.51 (1.20, 1.90)5 1.06 (0.78, 1.45) 0.07 (�0.02, 0.17) 1.55 (1.05, 2.28)5 1.44 (1.06, 1.95)5

Class 4 2.02 (1.61, 2.52)5 0.87 (0.61, 1.23) 0.27 (0.17, 0.36)5 0.68 (0.39, 1.16) 0.92 (0.65, 1.30)
Class 5 1.98 (1.52, 2.58)5 1.18 (0.79, 1.78) 0.28 (0.15, 0.40)5 1.12 (0.68, 1.85) 1.48 (1.00, 2.19)

Grade 3 (n ¼ 3388)
Class 1 Referent
Class 2 0.83 (0.67, 1.04) 1.12 (0.79, 1.58) �0.11 (�0.22, �0.01)5 1.14 (0.76, 1.72) 0.95 (0.67, 1.35)
Class 3 1.30 (1.04, 1.62)5 1.23 (0.84, 1.78) 0.07 (�0.05, 0.19) 1.27 (0.78, 2.06) 1.43 (0.94, 2.16)
Class 4 1.18 (0.94, 1.48) 0.72 (0.45, 1.14) 0.18 (0.06, 0.30)5 0.81 (0.47, 1.39) 0.93 (0.61, 1.41)
Class 5 1.20 (0.82, 1.73) 1.11 (0.60, 2.05) 0.13 (�0.07, 0.32) 1.56 (0.87, 2.80) 1.61 (0.98, 2.66)

Values are estimated incidence-rate ratios for multivariable Poisson regression with robust standard errors or β-coefficients for multivariable linear regression
models adjusted for maternal age, ethnicity, height (cm), gestational age at the time of delivery (except in preterm models), and infant’s sex. Weight trajectories
modeled to �38 wk in base models and to �34 wk in preterm models. Class 1 serves as the reference group for each prepregnancy obesity grade.
1 Large for gestational age: birthweight >90th percentile.
2 Small for gestational age: birthweight <10th percentile.
3 Birthweight �2500 g.
4 Delivery in <37 wk of gestation.
5 CI does not contain 0 (β-coefficient) or 1 (IRR).
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those with a GWC z-score of >1 (higher GWC) were associated with
an increased risk of LGA. Lower GWC z-scores were associated with a
greater risk of SGA in obesity grades 1 and 2, whereas higher GWC
z-scores were associated with a decreased risk of SGA only in grade 1
obesity. For birthweight for GA z-score, the patterns were similar to
those observed with LGA: the predicted birthweight for GA z-score
TABLE 4
Adjusted associations between gestational weight change z-score and infant outco

LGA1 IRR
(95% CI)

SGA2 IRR
(95% CI)

Bi
z-s

Grade 1 (n ¼ 13,180)
>1 1.64 (1.45, 1.86)5 0.57 (0.41, 0.79)5 0.2
�1 to 1 Referent
<�1 0.48 (0.40, 0.57)5 1.62 (1.41, 1.87)5 �0

Grade 2 (n ¼ 5787)
>1 1.82 (1.55, 2.13)5 0.66 (0.43, 1.02) 0.3
�1 to 1 Referent
<�1 0.47 (0.34, 0.65)5 1.74 (1.36, 2.22)5 �0

Grade 3 (n ¼ 3388)
>1 1.53 (1.19, 1.96)5 0.51 (0.26, 1.01) 0.4
�1 to 1 Referent
<�1 0.46 (0.27, 0.79)5 1.65 (1.01, 2.68)5 �0

Values are estimated incidence-rate ratios for multivariable Poisson regression or
age, ethnicity, height (cm), prepregnancy BMI, gestational age at delivery, and i
prepregnancy obesity grade.
1 Large for gestational age: birthweight >90th percentile.
2 Small for gestational age: birthweight <10th percentile.
3 Birthweight �2500 g.
4 Delivery within 37 wk of gestation.
5 CI does not contain 0 (β-coefficient) or 1 (IRR).
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was lower for those with lower GWC z-scores and higher for those with
higher GWC z-scores across obesity grades. Increased risk for preterm
delivery was only associated with a higher GWC z-score for grade 3
obesity, but no associations were detected between the GWC class
and LBW. Additional outcome data are presented in Supplemental
Table 4.
mes by prepregnancy obesity grade (n ¼ 22,353)

rthweight GA
core β (95% CI)

Low birthweight3

IRR (95% CI)
Preterm delivery4

IRR (95% CI)

7 (0.20, 0.34)5 0.82 (0.58, 1.15) 1.15 (0.91, 1.47)

.36 (�0.41, �0.31)5 1.21 (0.93, 1.56) 1.07 (0.89, 1.28)

1 (0.20, 0.41)5 0.90 (0.60, 1.37) 1.33 (0.98, 1.79)

.41 (�0.51, �0.32)5 1.16 (0.76, 1.78) 0.98 (0.71, 1.36)

0 (0.25, 0.56)5 1.12 (0.71, 1.77) 2.19 (1.55, 3.09)5

.41 (�0.59, �0.23)5 0.91 (0.48, 1.71) 1.54 (0.98, 2.43)

β-coefficients for multivariable linear regression models adjusted for maternal
nfant’s sex. GWC z-scores of �1 to 1 serve as the reference group for each
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Sensitivity analyses
In our sensitivity analyses restricted to the term sample (Supple-

mental Table 5), the observed associations were comparable with our
findings in the larger analytic sample. However, for obesity grade 2, the
association between slow gain class 2 and LBWwas fully attenuated in
the term sample.

Discussion

The 2009 IOM gestational weight gain recommendations are still
widely used despite a lack of evidence to distinguish optimal weight
change by obesity severity [1]. Although prepregnancy obesity has
been associated with LGA and elevated birthweight in prior studies,
our results indicate that the risk for adverse infant outcomes, particu-
larly LGA and elevated birthweight, may vary by obesity severity,
pattern, and timing of GWC—especially in obesity grades 1 and 2 with
higher gain in the second half of pregnancy, resulting in total GWC
above that recommended by the IOM guidelines.

Five analogous GWC patterns were identified by obesity grade
using latent class trajectory analysis. Overall, the associations between
the GWC pattern and SGAwere not detected for any obesity grade, but
LGAwas associated with several patterns: high-gain classes 4 and 5 for
grade 1, all classes for grade 2, and delayed moderate-gain class 3 for
grade 3. Of particular note in obesity grade 3, the estimated GWC for
class 3 was equal to high-gain class 4 at 38 wk, suggesting that the
delayed rapid weight gain may be driving the LGA association rather
than the total GWC. In parallel, increased birthweight for GA z-score
was estimated for high-gain classes 4 and 5 for grades 1 and 2, but only
in class 4 for obesity grade 3; indeed, moderate-gain class 2 in grade 3
was associated with a z-score decrease of �0.11. When compared to
the term sample in sensitivity analyses, our findings were comparable
except for LBW of class 2 in grade 2 obesity.

For LBW or preterm delivery, moderate-gain class 2 in obesity
grade 1 was associated with a decreased risk of LBW, whereas the
associated risk increased for delayed moderate-gain class 3 in obesity
grade 2. However, in our term sensitivity analyses, LBW was not
associated with any GWC class, suggesting that earlier births were
driving these results. Additionally, delayed moderate-gain class 3 in
obesity grade 2 was the only trajectory independently associated with
an increased risk (44%) of preterm delivery, despite total gain being
above the IOM recommendations at 38 wk. Previous evidence between
obesity and preterm birth is conflicting; some findings point to the
rising incidence of preterm birth across obesity grades and the
increasing risk with increasing weight gain [33], or increased risk with
an average of 0.5–1.5 lb/wk [34] or total gain above the IOM guidelines
[4]. Furthermore, previous methodologies investigating modifiable risk
factors for preterm birth are complicated by increasing GWC as the
pregnancy duration increases. Thus, some studies have relied on weight
gain for GA z-score charts for gestational age–dependent outcomes
[35–37]. In our analyses, a GWC z-score of >1 in grade 3 obesity was
associated with twice the risk of a preterm delivery; however, when
differentiated by trajectory, only the grade 2 association with preterm
birth was preserved (Table 4). Thus, a pattern of delayed moderate
GWC, rather than total gain, may be a stronger predictor of preterm
birth in obesity grade 2. The mechanism underlying this finding is
currently unknown, but should be confirmed in future studies.

GWC patterns may help determine when it is important to monitor
weight change. Although some trials have developed standardized
weight gain for gestational age charts [35–38], few studies have exam-
ined the patterns of actual weight change across pregnancy [39–43], only
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one trajectory study was adequately powered to stratify by obesity grade
[43], and none have reported on how patterns impact pregnancy and
birth outcomes. Santos et al. [43] used a generalized additive model to
summarize GWC distributions that distinguished 5 patterns varying by
prepregnancy BMI in a large pooled analysis of 218,216 pregnancies
from 33 countries primarily in Northern Europe. Compared to our study,
that sample included only a small portion of pregnancies with obesity
(8.1%), particularly grades 2 (1.6%) and 3 (0.5%), and used 3 weights
across pregnancy despite the availability of more, and weights between
conception and 8 wk of gestation were not available. Additionally, the
majority of the included cohorts relied on self-reported prepregnancy
weight and height, and some used self-reported prenatal weights and
gestational age. Unlike our results, at least one identified pattern in each
obesity grade resulted in weight maintenance or loss, but associations
with infant outcomes were not examined.

Our GWC trajectory results demonstrate that excessive weight gain
declined with the increase in prepregnancy BMI [24,33,36], consistent
with prior studies, and support prior evidence that excessive total gain
is associated with larger infant size [24,33,44]—but only for specific
GWC patterns. In a systematic review of 10 studies, Faucher et al. [44]
found that GWC varied by obesity grade with most individuals gaining
above that recommended by the IOM guidelines; the lowest combined
risks for LGA, SGA, and cesarean delivery were with gains of 5–9 kg
for grade 1, 1–5 kg for grade 2, and 0 kg for grade 3 obesity. This
contradicts our trajectory findings. When the total GWC was �12 kg,
grade 1 pregnancies were not at risk for LGA; the risk for LGA was
only elevated for obesity grade 3 with delayed moderate gain (class 3)
despite predicted GWC being above 0 kg in all GWC classes. In the
LifeCycle Project [33], the optimal GWC to reduce the risk for a
composite of adverse outcomes was 2.0–6.0 kg for obesity grades 1 and
3 and 0–4.0 kg for grade 2; however, 7 outcomes were equally
weighted such that more common, less severe outcomes may have
insensitively affected GWC ranges. In our analyses, despite excessive
weight gain in all GWC classes for obesity grade 1, classes 2–5 for
grade 2, and 3–5 for grade 3, not all of these trajectories were associ-
ated with an increased risk of LGA or greater birthweight. Thus, latent
class models provide insights that analyses based on the total weight
change cannot provide – the nuances of the timing and pattern and how
these might affect birth outcomes. Further work in this area, including
more outcomes and weighing them based on clinical importance, is
needed to better inform potential recommendations based on
trajectories.

This study has many strengths, including the application of novel
nonlinear methods of GWC trajectory analysis that surpass limitations
associated with total and rate of change that assume linear gain across
pregnancy. Similarly, although some findings were supported in GWC
z-score sensitivity analyses, estimation of trajectories provided nuances
between patterns and revealed specific associations with infant out-
comes. We used a large, socioeconomically and ethnically diverse US
sample adequately powered to stratify by obesity severity. The use of
measured weight and height provided evidence of very early weight
change and limited misclassification of BMI and GWC compared with
the approaches using self-reported measures or calculated BMI from
the first prenatal visit weight. This study also has limitations. Because
we excluded cardiometabolic conditions known to affect GWC, in-
dividuals in the included sample tended to have lower BMI and rates of
infant outcomes. Furthermore, our models did not identify trajectories
with low weight gain (13.6%) or loss (3.7%) due to small proportions
in our sample. In addition, while our findings could reflect naturally
occurring patterns in adipose tissue changes during pregnancy with
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those with higher stores needing to gain less weight [43,44], we could
also be observing regression to the mean or a combination of these
phenomena and regression to the mean. Finally, our health record data
lacked evidence of preconception or prenatal diet, activity, socioeco-
nomic status, food security, and other social determinants of health that
may affect weight and pregnancy outcomes.

GWC is neither linear nor consistent across or between pregnancies,
and the optimal pattern that balances perinatal risks may vary by obesity
severity. Informing evidence-based recommendations for pregnancy
weight change requires robust methods and clinically significant appli-
cations at the individual level. This may include assessing weight his-
tories and values, as well as support for achieving health goals while
optimizing nutrition prior to and during pregnancy [45]. Prenatal weight
change charts informed by our analyses would provide a useful instru-
ment for monitoring pregnancy health. This is the first study to use a
clinically translatable approach to generate weight trajectories and
associated risk patterns for a considerable population of pregnancies in
reproductive science—those affected by obesity. Indeed, for individuals
with obesity, optimizing GWC during pregnancy may aid risk reduction
of certain outcomes while respecting the lived experience.
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