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Abstract

Monitoring gestational weight gain (GWG) throughout pregnancy among adolescents is
important for detecting individuals at risk and timely intervention. However, there are no spe-
cific tools or guidelines for GWG monitoring of this group. We aimed to construct GWG
charts for pregnant adolescents (10—19 years old) according to pre-pregnancy body mass
index (BMI) using a pooled dataset from nine Latin American countries. Datasets from
Argentina, Brazil, Chile, Colombia, Mexico, Panama, Paraguay, Peru, and Uruguay col-
lected between 2003 and 2021 were combined after data cleaning and harmonization. Ado-
lescents free of diseases that could affect GWG and who gave birth to newborns weighing
between 2,500—4,000 g and free of congenital malformations were included. Multiple impu-
tation techniques were applied to increase the sample size available for underweight and
obesity categories. Generalized Additive Models for Location, Scale, and Shape were used
to construct the charts of GWG according to gestational age. Internal and external validation
procedures were performed to ensure that models were not over-adjusted to the data. The
cohort included 6,414 individuals and 29,414 measurements to construct the charts and
1,684 individuals and 8,879 measurements for external validation. The medians (and inter-
quartile ranges) for GWG at 40 weeks according to pre-pregnancy BMI were: underweight,
14.9 (11.9-18.6); normal weight, 14.0 (10.6—17.7); overweight, 11.6 (7.7-15.6); obesity,
10.6 kg (6.7—14.3). Internal and external validation showed that the percentages above/
below selected percentiles were close to those expected, except for underweight
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adolescents. These charts describe the GWG throughout pregnancy among Latin American
adolescents and represent a significant contribution to the prenatal care of this group. GWG
cut-offs based on values associated with lower risks of unfavorable outcomes for the
mother-child binomial should be determined before implementing the charts in clinical
practice.

Introduction

Gestational weight gain (GWG) is an important indicator of maternal nutritional status.
Weight gain in this period is fundamental to promoting the health of the mother-child bino-
mial, storing the necessary fat for milk production and adequate fetal growth and develop-
ment, allowing for optimal weight and body composition in the newborn [1,2].

Deviations in GWG are associated with adverse outcomes for the mother-child binomial.
Excessive GWG increases the probability of developing hypertensive disorders of pregnancy,
gestational diabetes, cesarean delivery, postpartum weight retention and, in the newborn, it
may increase the risk of birth of large-for-gestational-age infants, macrosomia, and, in the
long term, childhood obesity [3-7]. In contrast, insufficient GWG may result in an inadequate
reservoir to support lactation in the mother and the newborn, it may increase the probability
of intrauterine growth restriction, small-for-gestational-age, low birth weight, and preterm
birth [2,4,8].

Monitoring GWG throughout pregnancy is important for detecting at-risk individuals and
timely intervention, especially among adolescents who face pregnancy under biological and
psychological immaturity conditions, increasing the risk of unfavorable outcomes for mother-
child binomial health [9]. According to the World Bank [10], by 2021, Latin America and the
Caribbean had the second-highest adolescent birth rate globally (53.2 births per 1,000 adoles-
cents), surpassed only by Sub-Saharan Africa (101 births per 1,000 adolescents). Teenage preg-
nancy rates in 2020 exceeded 60 births per 1,000 women in countries such as Venezuela,
Panama, Colombia, Argentina, and Paraguay. In Mexico, Uruguay, Brazil, and Peru, preg-
nancy rates between adolescents were between 50 and 60 births per 1,000 women, while in
Chile, this rate is approximately 40 births [10].

The World Health Organization (WHO) recommends GWG as an indicator to be moni-
tored during pregnancy [11]. However, despite the magnitude of adolescent pregnancy and its
implications for the health of the mother and the child, there are no proposals to assess GWG
in this group nor specific guidelines or differentiated care for adolescents. This situation has
led countries to use GWG charts developed for adult women [12], which have not considered
the specific characteristics of adolescents in their design and have also been constructed with
different methodologies, anthropometric indicators, and cut-off points for estimating GWG,
which limits comparability between countries. Thus, the objective of this study was to con-
struct GWG charts for pregnant adolescents from Latin America, according to pre-pregnancy
body mass index (BMI), to contribute to the nutritional monitoring of this group during this
phase of life.

Methods
Study design and sample

An observational, retrospective, longitudinal study was conducted based on secondary data
from research projects, information systems, maternal clinical records, and prenatal care
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institutions in Argentina, Brazil, Chile, Colombia, Mexico, Panama, Paraguay, Peru, and Uru-
guay. The initial database comprised data from 33,446 women with approximately 150,000
weight measurements. After the data harmonization process by Standardized Site Differences
(SSD) technique, 6,414 pregnant adolescents and 34,943 weight records were included in the
study (S1 Fig).

We included women between 10 and 19 years old; with at least one weight measurement
(kg) in the second and third trimesters of pregnancy, with their respective gestational age
(weeks); without hypertension, preeclampsia, diabetes mellitus or gestational diabetes, tuber-
culosis, or cardiovascular diseases; and who gave birth to a term newborn (37 to 42 weeks),
with birth weight between 2,500 and 4,000 g. In addition, records with a biologically implausi-
ble weight gain trajectory (very high weight gains or losses between controls), total GWG > 30
kg, height-for-age z score (HAZ) <-2 according to the WHO charts [13] (childhood stunting),
and no data on pre-pregnancy weight or BMI were excluded. The methodological details
regarding the database constitution, cleaning, and data harmonization are described in detail
elsewhere [14].

Main variables

Maternal age in years was estimated as the difference between the date of birth of the pregnant
adolescents and the date of conception. The date of conception was estimated from the gesta-
tional ages available in the databases using the ’ob Wheel algorithm (https://obwheel.
quartertone.net/). Gestational age was already calculated in the combined datasets, and it was
not possible to know how it was obtained (whether from ultrasonography or based on the last
menstrual period date). Pre-pregnancy BMI (kg/m?*) was classified according to the WHO cri-
teria for adolescents as underweight: <-2 SD; normal weight: > -2 SD to < +1 SD; overweight:
> +1 SD to < +2SD; and obesity: > +2 SD [13]. GWG (kg) was calculated as the difference
between the weight in each visit and pre-pregnancy weight, self-reported or abstracted from
clinical records. The heterogeneity of the GWG was verified within each pre-pregnancy BMI
category, and the data was homogeneous across the nine participating countries [14]. Birth
weight and length were available in the datasets from each country. The homogeneity of the
GWG and height-for-age z scores and similar maternal age distributions across the included
countries reinforce the possibility of combining the data into a single dataset to construct
GWG graphs for adolescents aged 10-19 years.

Statistical analysis

Medians and interquartile ranges (IQR) were calculated for height (cm), pre-pregnancy weight
(kg), maternal age (years), gestational age at birth (weeks), birth weight (g), birth length (cm),
and GWG (kg) according to the pre-pregnancy BMI category.

A proportion of records of GWG that varied from 10.4% (underweight) to 12.8% (over-
weight) did not present values between the fifth and thirteen weeks of pregnancy (first trimes-
ter), which generated an overdispersion (high variance) in the data. Thus, the adjustments of
the models to build the GWG charts were complex. The overdispersion of the data was espe-
cially present among adolescents with pre-pregnancy under and overweight. Thus, for those
women who did not have a weight measurement in the first trimester, it was assumed that the
lack of a weight measurement in this gestation period was a real observation that could be
imputed. These new observations were assumed as missing not at random (MNAR), and a
data imputation approach was considered for GWG in the first trimester. For each pregnant
adolescent with missing data, a random week was established between the fifth and thirteenth
week to expand the data matrix [14].
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Subsequently, the Linear Regression Bootstrap imputation method [15] was applied, which
extracted a bootstrap sample from the complete part of the data to estimate the coefficients of
the model by minimal squares iteratively and to each missing data found the case that most
closely agreed with the prediction. The method considered the longitudinal nature of the data.
The adolescent gestational age at each prenatal visit (in weeks) and the number of prenatal vis-
its during pregnancy were included as covariates in the imputation model. For these multiple
imputations, Rubin’s rules were used to combine the results, and 10 rounds of imputations
were performed (m = 5) [16].

The selection of the best imputation method to control for overdispersion in the first tri-
mester (in individuals with pre-pregnancy BMI under and overweight) took into account the
Generalized Akaike Information Criterion (GAIC) [17], the Akaike Information Criterion
(AIC) and global deviation methods [18]. For all BMI categories, the diagnostic of the model
comprised the evaluation of normality using QQ plots [19] and Mardia’s test [20].

To construct the charts of GWG according to gestational age for each pre-pregnancy BMI,
generalized additive models of location, scale, and shape (GAMLSS) were used [18]. The mod-
els were fitted using Box-Cox Power Exponential (BCPE) and Box-Cox t-student (BCT) distri-
butions. Because these distributions are defined for positive real numbers, a 20-kg constant
was added to the GWG measurements to ensure that all records were positive. Using these
models, we obtained the equations to calculate GWG z scores considering the four parameters
modeled in GAMLSS. Eq 1 presents the equation for calculating the z scores and an example
of its use.

Eql. Equation for calculation of pre-pregnancy body mass index-specific gestational weight
gain z-scores, based on a Box-Cox t or Box-Cox Power Exponential model, where Y is the
weight gain at a given gestational age, v is lambda, p is mu, and o is sigma. The random vari-
able Z is assumed to follow a t-distribution with degrees of freedom, T > 0, treated as a contin-
uous parameter. Parameters of BCT or BCPE model for each pre-pregnancy BMI group are
given for rounded gestational ages. To fit the GAMLSS models, the parameters were calculated
based on weight gain + 20 kg, so 20 kg must be added to the weight gain when using this equa-

tion.
1 Y +20\"
—K +O> —1] ifv+£0
ov u

lln(Y+20) ifv=0
4 u

Consider an adolescent with a normal pre-pregnancy BMI, with GWG of 5kg at week 15.
According to S3 Table in S1 File, the following parameters are found p=21.540=0.12v =

0.08 T = 4.24, as v#0. Thus:
2 0.08
(52:_54(:)) - 1] =1.23

This z-score of 1.23 is equivalent to the percentile 89.06%.

The biological plausibility of the predicted GWG values for each model was evaluated,
emphasizing the presence of negative GWG for each category of pre-pregnancy BMI and the
magnitude of weight loss throughout pregnancy (between the first and third trimesters). The
smoothing of the graphs in the first trimester and the percentile amplitude of GWG were also
considered in the decision for the final models. Additionally, the internal validation of the
model was carried out by calculating the percentage of measurements above/below selected

1
(0.12)(0.08)
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percentiles. For example, if the model has good internal validation, 10% of the observations
are expected to be below the 10" percentile and 10% above the 90™ percentile. For the external
validation of the model, the machine learning cross-validation methodology was used [21]. In
this approach, the datasets for each pre-pregnancy BMI category were divided into 70% for the
training of the GAMLSS model and 30% for the external validation. In the 30% dataset, the
percentage of observations above/below selected percentiles was also calculated. The internal
and external validation results were considered satisfactory if the difference between the
expected and the obtained percentages did not exceed 5%. All statistical analyses were carried
out in R version 4.0.3.

Ethics

This study was approved by the Bioethics Committee of the Faculty of Dentistry of the Univer-
sidad de Antioquia, act number 12 of October 18, 2019. Only de-identified data was used in
the analyses, which were performed by authorized investigators. The principal investigator of
the University of Antioquia signed a confidentiality and custody agreement for the data with
the investigator or institutional representative of each country.

Results

A total of 6,414 pregnant adolescents aged 10 to 19 and their neonates were included. Most
adolescents were classified with pre-pregnancy normal weight (71.8%), and only 1.5% were
underweight. The median birth weight increased progressively as the pre-pregnancy BMI cate-
gory increased (Table 1). In the first trimester of pregnancy, fewer measurements were avail-
able, especially for underweight and obesity categories, between 5 and 13 weeks (S1 Table in
S1 File).

For underweight, positive values for GWG (representing weight gain, not loss) started at
the 17 gestational week in the 3rd percentile and sooner (5" week) for the 25, 50, 75™, and
97" percentiles. GWG in more advanced weeks presented a gradual and sustained increase
(Fig 1A, S2 Table in S1 File). A progressive increase was observed at the 3™ percentile begin-
ning at the 14 gestational week for women with pre-pregnancy normal weight. The 25™, 50",
75", and 97" percentiles presented similar behaviors, with small GWG starting at the 5™ week
and becoming more noticeable from weeks 14-16 (Fig 1B, S3 Table in S1 File).

Table 1. Characteristics of Latin American pregnant adolescents aged 10 to 19 years and their newborns (n = 6,414 women).

Quantitative variables

Maternal age
(years)
Pre-pregnancy weight
(kg)

Maternal height (cm)
Gestational age at birth (weeks)
Birth weight (g)

Birth length (cm)

Pre-pregnancy BMI category (SD from the WHO charts)

Underweight Normal weight Overweight Obesity
(n =6,414) (< -2SD) (>-2SDand < +1SD) | (> +1SD and < +2SD) (> +2SD)
(n=94) (n =4,603) (n=1,374) (n=343)
Median (P25—P75) Median (P25—P75) Median (P25—P75) Median (P25—P75) Median (P25—P75)
17 (16-18) 18 (16-18) 17 (16-18) 17 (16-18) 17 (16-19)
54 (49-60) 40 (37.2-42) 52 (48-55) 62 (58.5-67) 75 (70-82)

157 (152-161) 160 (157-162) 157 (153-161) 155 (151-159) 156 (152-160)
37 (35-39) 37 (33-38) 37 (35-39) 37 (34-39) 37 (35-39)
3,212 (2,980-3,470) 3,070 (2,906.3-3,438.7) 3,200 (2,960-3,450) 3,280 (3,024-3,520) 3,300 (3,406.5-3,519)
49.5 (48-51) 49.8 (48-50) 49.0 (48-50.6) 50.0 (48.5-51) 50.0 (49-51)

Notes: n refers to the number of adolescents. BMI: Body mass index; IQR: Interquartile range; SD: Standard deviation; WHO: World Health Organization.

https://doi.org/10.1371/journal.pone.0292070.t001
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Fig 1. Gestational weight gain curves according to pre-pregnancy BMI for Latin American adolescents. A. underweight (BMI/age <-2 SD; 94 women and

535 records); B. normal-weight (BMI/age > -2 SD and < +1 SD; 4,603 women and 26,273 records); C. overweight (BMI/age > +1 SD and < +2SD; 1,374
women and 6,528 records); D. obesity (BMI/age > +2 SD; 343 women and 1,607 records).

https://doi.org/10.1371/journal.pone.0292070.9001

For overweight, positive values for GWG began at the 19" week for the 3™ percentile. At
percentiles 25, 50™, and 75", weight losses of a maximum of 1kg were observed between
weeks 13 and 19, when GWG was restored. At the 97" percentile, there were always positive
values throughout pregnancy (Fig 1C, S4 Table in S1 File). For women with obesity, positive
values for GWG began at the 20" gestational week for the 3™ percentile, the 15" week for the
25" and 50™ percentiles, and the 16™ week for the 75" percentile. In the percentile 97™, a pro-
gressive gain throughout pregnancy was observed (Fig 1D, S5 Table in S1 File).

The median (P50) GWG differed across the pre-pregnancy BMI categories. The highest val-
ues for the 50" percentile in the first, second, and third trimesters were observed for adoles-
cents who started their pregnancy with underweight, followed by normal, overweight, and
obesity. The median GWG observed among adolescents with underweight at the end of the
first and second trimesters of pregnancy was considerably higher than in adolescents with nor-
mal weight. However, at the end of pregnancy, it was similar between both categories (14.9 v.
14.0 kg for underweight and normal weight, respectively) (Table 2).

At 40 weeks, it was possible to observe that the median (P50) and IQR (P25 and 75) pre-
sented a similar pattern, i.e., the highest values were observed among underweight, followed
by normal, overweight, and obesity. The difference between the underweight and obesity
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Table 2. Gestational weight gain (kg) at the selected percentiles by trimesters.

Underweight
(<-2SD)
Trimester P25 P50
1° (13 weeks) 1.50 3.64
2" (28 weeks) 7.77 10.52
3" (40 weeks) 11.93 14.89

Notes: SD: Standard deviation.

https://doi.org/10.1371/journal.pone.0292070.t002

Normal weight Overweight Obesity
(>-2SDand < +1 SD) (> +1 SD and < +2SD) (>+2SD)
P75 P25 P50 P75 P25 P50 P75 P25 P50 P75
6.25 -0.47 1.20 3.00 -0.64 0.90 2.42 -1.24 0.40 2.07
13.95 5.11 7.81 10.74 2.44 5.63 8.98 1.26 4.59 7.93
18.59 10.57 13.99 17.67 7.74 11.58 15.60 6.68 10.58 14.32

categories was 5.2 kg in the 25™ percentile (11.9 for underweight v. 6.7 kg for obesity), 4.3 kg
in the 50" percentile (14. 9 kg for underweight v. 10.6 for obesity), and 4.3 kg in the 75 per-
centile (18.6 kg v. 14.3). At 40 weeks, the largest differences between subsequent categories
were observed between normal and overweight, for the 25™, 50, and 75" percentiles

(Table 2).

In the internal validation, the differences between the percentiles estimated in the sample
and the theoretical percentiles were close to 1%. For example, for normal weight, we expected
25% of values below the 25™ percentile, and the internal validation results were 24.3%. The
pre-pregnancy BMI category with the greatest differences between the estimated and expected
values was overweight. For the external validation, the differences between observed and
expected values were within the 5% accepted difference for normal, overweight, and obesity.
For underweight, the differences between observed and expected percentages varied between
0.7% for the 90" percentile and 12.9% for the 50™ percentile (Table 3).

Discussion

This study presents the first GWG charts for Latin American adolescents, according to pre-
pregnancy BMI classified using WHO cut-off points for adolescents [13]. The charts should be
validated in each country before they are proposed for Health Ministries adoption as monitor-
ing nutritional instruments. The charts were designed using data from apparently healthy
women who gave birth to infants at term with adequate weight. The graphs were constructed
using GAMLSS, with satisfactory internal and external validation results for almost all pre-
pregnancy BMI categories. These charts can potentially help monitor the GWG of pregnant
adolescents in routine prenatal care.

Table 3. Results of the internal and external validation procedures, data from 6,414 individuals from Latin America.

Pre-pregnancy BMI (SD from WHO charts)

Underweight
(< -2SD)

Normal weight
(>-2SDand < +1 SD)
Overweight

(> +1SD and < +2SD)

Obesity
(>+2SD)

Percentage (%) of observations below/above the selected centiles

Internal validation (6,414 individuals and 29,414 External validation (1,684 individuals and 8,879
records) records)

<P3 | <P10 | <P25 | <P50 | <P75 | <P90 | <P97 | <P3 | <P10 | <P25 | <P50 | <P75 | <P90 | <P97

3.80 |9.40 25.00 |53.20 |75.00 |89.60 |96.80 |6.75 |10.97 |26.58 |62.87 |82.70 |90.72 |94.09

290 |9.73 24.31 |50.60 |7530 |89.57 |96.69 |3.34 |9.82 23.32 | 4983 |75.11 |89.79 |97.03

3.04 | 894 22.67 |50.60 |73.15 |88.85 |96.63 |3.78 |9.34 23.62 |53.36 |75.10 |90.94 |98.17

3.74 |10.17 |22.89 |50.24 |7297 [90.70 |96.74 |4.32 |9.51 2594 | 5331 |72.62 |91.64 |96.83

Notes: BMI: Body mass index; SD: Standard deviation; WHO: World Health Organization.

https://doi.org/10.1371/journal.pone.0292070.t003
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There are no international or country-specific guidelines for monitoring weight gain
among adolescents. The use of weight gain charts developed for adult women is common
worldwide [12]. The most common GWG guideline adopted in several countries, including
Latin America, is the 2009 US Institute of Medicine (IOM) guidelines [2]. The IOM suggested
classifying the pre-pregnancy BMI of adolescents using the cut-offs established by the WHO
for adults. However, this proposal has been questioned because it underestimates the BMI cat-
egory and recommends greater GWG, which favors postpartum weight retention and the
maintenance of excess weight among those women [22,23]. In this sense, classifying the pre-
pregnancy BMI of adolescents using the specific WHO charts and cut-offs may be a better
approach for any tool for GWG counseling of this group.

Many tools are available for monitoring the GWG of adult individuals in Latin America.
One of the first charts used in the Latin American region to evaluate the weight gain of preg-
nant adults is the one proposed by Mardones and Rosso [24]. This proposal uses cut-off points
for BMI before pregnancy that are different from those currently established by the WHO,
which does not allow a comparison with the data from our curve.

Another reference used in several Latin American countries is the pregnancy charts pro-
posed by Atalah et al., which establish recommended gain ranges according to the pre-preg-
nancy BMI category and presents a table and a graph that allows evaluating the behavior of the
GWG [25,26]. The authors also designed a theoretical proposal that a pregnant individual with
anormal pre-gestational BMI and 1.55 m tall should gain 600 g in the first 10 weeks of preg-
nancy. Besides, an increase of 20% of the initial weight during pregnancy was recommended
since this percentage was associated with lower maternal-fetal morbidity and mortality [26].
For all pre-pregnancy BMI categories, the 25 percentiles of the current charts, for all BMI cat-
egories, were close to the lower limit of the weight gain range proposed by Atalah et al. [25,26].
On the other hand, the 75™ percentile of our charts corresponded to the Atalah et al. [25,26]
upper limit for the underweight category only and was notably higher than the upper limit of
those ranges in the other pre-pregnancy BMI categories.

More recently, in 2021, Kac & Carrilho et al. published GWG charts for adult Brazilian
women [27]. These charts were developed using data from multiple studies conducted in Bra-
zil, in a similar approach to what we have adopted in this study. When we compare the 25,
50, and 75" percentiles of our charts at 40 weeks with the Brazilian charts, for all pre-preg-
nancy BMI categories, the GWG values were similar, with the largest difference in the obesity
category. At the 50 percentile, underweight adolescents had higher GWG than Brazilian
adults in the three trimesters of pregnancy. For the normal-weight category, adults gained
more weight than adolescents in the first and second trimesters, and adolescents had greater
GWG in the third trimester. Overweight adults had slightly greater gains than adolescents in
all trimesters. For obesity, adolescents had lower GWG in the first and higher GWG in the sec-
ond and third trimesters. These results reinforce the differences between GWG among adults
and adolescents and the need for specific tools for the latter.

International GWG standards were developed by the INTERGROWTH-21% study [28]. These
standards were created using data from a multicenter study conducted in eight countries, including
Brazil as the representant from Latin America. However, they were created only for adult normal-
weight women according to first-trimester BMI. When we compare the results of the 25", 50", and
75™ percentiles of our charts with the same percentiles of the INTERGROWTH-21% standards for
normal-weight individuals at 40 weeks, the values are similar (P25 10.9 kg v. 10.6 kg, P50 13.7 kg v.
14.0 kg, P75 16.9 kg v. 17.7 kg, for INTERGROWTH-21* and our study, respectively). However,
the lack of charts for the other BMI categories and the fact that the INTERGROWTH-21* standards
do not consider the possibility of GWG in the first trimester of pregnancy makes it challenging to
use those standards as a tool for GWG monitoring worldwide, particularly for adolescents.
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The values observed in our charts for the 25™ and 75" percentiles for individuals with
under and normal weight are similar to the GWG ranges recommended in the 2009 IOM
guidelines [2]. For underweight, the 25 percentile was 11.9 kg v. 12.5 kg at the IOM lower
limit; and the 75™ percentile was 18.6 kg v. 18 kg at the IOM upper limit. For normal weight,
the 25" percentile was 10.6 kg v. 11.5 kg for the IOM lower limit, and the 75 percentile was
17.7 kg v. 16 kg for the IOM upper limit. For overweight and obesity, the lower limits of the
IOM and the 25" percentile of our charts were similar. However, the upper limits of the IOM
value are considerably lower than our 75™ percentiles. Although the 2009 IOM guidelines are
the most established GWG recommendations, they were designed for adult women from the
USA. Therefore, they may not apply to contexts where women are shorter or with limited
access to health services [2]. Thus, adopting those ranges for monitoring GWG among adoles-
cents living in Latin America may not be appropriate.

It is necessary to highlight that the charts proposed in this study are only a first step towards
establishing a comprehensive system to monitor GWG in adolescents. The next phase shall
identify optimal GWG cut-offs associated with the lowest maternal and infant adverse out-
comes risk. In addition, there is a need to strengthen the information systems of prenatal con-
trol programs and the early start of GWG surveillance to contribute to the timely detection
and intervention of maternal-perinatal risks among adolescents from Latin American
countries.

Strengths and limitations

The development of GWG monitoring charts for Latin American adolescents is a pioneering
initiative consolidating data from nine countries. From this harmonized dataset, a significant
number of weight measurements were obtained, with their respective gestational age, which,
together with an imputation process in the first trimester, made it possible to build GWG
charts according to the four pre-pregnancy BMI categories, starting at the fifth week of gesta-
tion. Using WHO charts and cut-offs to classify pre-pregnancy BMI is another important
strength. In addition, applying several statistical models with various diagnostic measures and
internal and external validations to select the best model is aligned with what is recommended
when constructing growth charts [29,30].

As limitations of the study, the insufficient amount of data for underweight adolescents,
which resulted in limited satisfactory results in the external validation, needs to be mentioned.
In addition, not knowing the origin of pre-pregnancy weight, the lack of a high-quality mea-
surement of gestational age that could be standardized across the datasets, and the lack of
information regarding other outcomes, which could have led the charts towards an even more
prescriptive approach, are worth mentioning.

On the other hand, the study is influenced by the origin of the data, which impacts the qual-
ity and inclusion of records because it relies on secondary data. The data acquired from inves-
tigative projects provided complete information that met the study’s criteria. In contrast, data
obtained from institutional or national information systems exhibited significant data loss due
to missing variables and potential errors in weight records. This introduces a selection bias
that could impact the generalizability of the data. Consequently, prior validation within each
respective country is imperative before utilizing this data. Besides, the charts apply up to the
40th week of gestation.

Conclusion

The charts created in this study describe the GWG throughout pregnancy among Latin Ameri-
can adolescents, according to pre-pregnancy BMI, and represent a significant contribution to
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prenatal control programs. GWG is an indicator that is easy to be understood by women and
used by different health professionals. With these new charts, we expect to start changes in the
nutritional surveillance of pregnant adolescents, which could positively affect maternal and
child health in Latin America during pregnancy and in the medium and long term. The follow-
ing steps to create final tools to be implemented in prenatal care include defining GWG cut-
offs in the graphs based on values associated with lower risks of unfavorable outcomes for the
mother-child binomial and disseminating this new tool in the included Latin American coun-
tries and others with similar characteristics.

Supporting information

S1 Fig. Flowchart for the constitution of the final dataset. *Notes: Diseases considered:
Chronic hypertension or hypertensive disorders during pregnancy, diabetes mellitus or gesta-
tional diabetes, tuberculosis, or cardiovascular diseases. Abbreviations: BMI: Body mass index;
GA: Gestational age; GWG: Gestational weight gain; HAZ: Height-for-age z score.

(TIF)

S1 File. Supplementary tables.
(DOCX)

Acknowledgments

The authors thank the collaborators from the different countries who contributed their data to
make this project possible: ESE Metrosalud (Colombia), Vicente Aguirre Arango, Julian
Andrés Gallego Vargas (ASSBASALUD, Colombia), Pediatric residents (Caldas University),
Guadalupe Herrera (Faculty of Medicine, Universidad of Republic, Uruguay), Fanny Cas-
tafieda Alvarez (Panama Ministry of Health), Federico Mangione, Maria Emilia Costas Olmos,
Veroénica Mamani (Public Hospital Maternal and Child, Salta, Argentina), Edgar Tullo,
Adriano Rumich (Paraguay Ministry of Health), CHiMINCs research “the Chilean Maternal
and Infant Nutrition Cohort study”, Institute of Nutrition and Food Technology of the Uni-
versity of Chile, Brazilian Maternal and Child Nutrition Consortium especially: Michele Dreh-
mer, Fernanda Surita, Maria do Carmo Leal, Marco Aurélio Knippel Galletta (Faculty of
Medicine, University of Sao Paulo, Brazil), Reyna Samano (National Institute of Perinatology
of Mexico), Hugo Martinez Rojano (Higher School of Medicine, National Polytechnic Insti-
tute), Elizabeth Fuentes Rivera Medina, Maria del Pilar Cotrina (Instituto Nacional Materno
Perinatal de Peru).

Author Contributions

Conceptualization: Sandra Lucia Restrepo-Mesa, Maria Victoria Benjumea Rincén, Alejan-
dro Estrada Restrepo, Cecilia Severi, Odalis Sinisterra, Carlos Grandi, Eduardo Atalah
Samur.

Data curation: Josué Santiago Cano Pulgarin, Cecilia Severi, Maria del Carmen Zimmer
Sarmiento.

Formal analysis: Sandra Lucia Restrepo-Mesa, Cristian David Santa Escobar.
Funding acquisition: Sandra Lucia Restrepo-Mesa.

Investigation: Sandra Lucia Restrepo-Mesa, Keren Cano-Pulgarin, Gabriela Chico-Barba,
Nelida Pinto Arteaga.

PLOS ONE | https://doi.org/10.1371/journal.pone.0292070 November 1, 2023 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292070.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292070.s002
https://pubmed.ncbi.nlm.nih.gov/?term=Brazilian+Maternal+and+Child+Nutrition+Consortium%5BCorporate+Author%5D
https://doi.org/10.1371/journal.pone.0292070

PLOS ONE

Gestational weight gain charts for Latin American adolescents

Methodology: Sandra Lucia Restrepo-Mesa, Maria Victoria Benjumea Rincén, Alejandro
Estrada Restrepo, Thais Rangel Bousquet Carrilho, Gilberto Kac, Marcela Araya Bannout,
Cristian David Santa Escobar.

Project administration: Sandra Lucia Restrepo-Mesa.
Resources: Sandra Lucia Restrepo-Mesa, Maria Isabel Lopez Ocampos.
Supervision: Sandra Lucia Restrepo-Mesa.

Visualization: Cristian David Santa Escobar.

Writing - original draft: Sandra Lucia Restrepo-Mesa, Maria Victoria Benjumea Rincén, Ale-

jandro Estrada Restrepo, Thais Rangel Bousquet Carrilho, Gilberto Kac, Keren Cano-
Pulgarin.

Writing - review & editing: Sandra Lucia Restrepo-Mesa, Maria Victoria Benjumea Rincon,

Alejandro Estrada Restrepo, Thais Rangel Bousquet Carrilho, Gilberto Kac, Josué Santiago

Cano Pulgarin, Keren Cano-Pulgarin, Cecilia Severi, Odalis Sinisterra, Maria del Carmen
Zimmer Sarmiento, Maria Isabel Lopez Ocampos, Marcela Araya Bannout, Gabriela

Chico-Barba, Nelida Pinto Arteaga, Carlos Grandi, Eduardo Atalah Samur, Cristian David

Santa Escobar.

References

1.

10.

Martinez Garcia RM, Jimenez Ortega Al, Peral Suarez A, Bermejo Lopez LM, Rodriguez-Rodriguez E.
Importance of nutrition during pregnancy. Impact on the composition of breast milk. Nutr Hosp. 2021;
37(Spec No2): 38—42.

Institute of Medicine (U.S.). Committee to Reexamine IOM Pregnancy Weight Guidelines. Weight gain
during pregnancy: reexamining the guidelines. Washington, DC: National Academies Press; 2009.
xiv, 854 p. p.

Rogozinska E, Zamora J, Marlin N, Betran AP, Astrup A, Bogaerts A, et al. Gestational weight gain out-
side the Institute of Medicine recommendations and adverse pregnancy outcomes: analysis using indi-
vidual participant data from randomised trials. BMC Pregnancy Childbirth. 2019; 19(1): 322. Available
from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6719382/. https://doi.org/10.1186/s12884-019-
2472-7 PMID: 31477075

Goldstein RF, Abell SK, Ranasinha S, Misso M, Boyle JA, Black MH, et al. Association of Gestational
Weight Gain With Maternal and Infant Outcomes: A Systematic Review and Meta-analysis. Jama.
2017; 317(21): 2207-25. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5815056/.
https://doi.org/10.1001/jama.2017.3635 PMID: 28586887

Brunner S, Stecher L, Ziebarth S, Nehring |, Rifas-Shiman SL, Sommer C, et al. Excessive gestational
weight gain prior to glucose screening and the risk of gestational diabetes: a meta-analysis. Diabetolo-
gia. 2015; 58(10):2229-37. Available from: https://link.springer.com/article/10.1007/s00125-015-3686-
5. https://doi.org/10.1007/s00125-015-3686-5 PMID: 26141788

Hutcheon JA, Stephansson O, Cnattingius S, Bodnar LM, Wikstrom AK, Johansson K. Pregnancy
Weight Gain Before Diagnosis and Risk of Preeclampsia: A Population-Based Cohort Study in Nullipa-
rous Women. Hypertension. 2018; 72(2):433—41. Available from: https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC6043369/. https://doi.org/10.1161/HYPERTENSIONAHA.118.10999 PMID: 29915016

Poston L. Maternal obesity, gestational weight gain and diet as determinants of offspring long term
health. Best Pract Res Clin Endocrinol Metab. 2012; 26(5):627-39. https://doi.org/10.1016/j.beem.
2012.03.010 PMID: 22980045

Champion ML, Harper LM. Gestational Weight Gain: Update on Outcomes and Interventions. Curr Diab
Rep. 2020; 20(3):11. https://doi.org/10.1007/s11892-020-1296-1 PMID: 32108283

Kawakita T, Wilson K, Grantz KL, Landy HJ, Huang CC, Gomez-Lobo V. Adverse Maternal and Neona-
tal Outcomes in Adolescent Pregnancy. J Pediatr Adolesc Gynecol. 2016; 29(2):130—6. Available from:
https://www.ncbi.nIm.nih.gov/pmc/articles/PMC4886236/. https://doi.org/10.1016/j.jpag.2015.08.006
PMID: 26327561

World Bank. Adolescent fertility rate (births per 1,000 women ages 15—19). 2020. [Cited 2022 Septem-
ber 17] [Available from: https://data.worldbank.org/indicator/SP.ADO.TFRT?end=2020&start=
1960&view=map.

PLOS ONE | https://doi.org/10.1371/journal.pone.0292070 November 1, 2023 11/12


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6719382/
https://doi.org/10.1186/s12884-019-2472-7
https://doi.org/10.1186/s12884-019-2472-7
http://www.ncbi.nlm.nih.gov/pubmed/31477075
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5815056/
https://doi.org/10.1001/jama.2017.3635
http://www.ncbi.nlm.nih.gov/pubmed/28586887
https://link.springer.com/article/10.1007/s00125-015-3686-5
https://link.springer.com/article/10.1007/s00125-015-3686-5
https://doi.org/10.1007/s00125-015-3686-5
http://www.ncbi.nlm.nih.gov/pubmed/26141788
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6043369/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6043369/
https://doi.org/10.1161/HYPERTENSIONAHA.118.10999
http://www.ncbi.nlm.nih.gov/pubmed/29915016
https://doi.org/10.1016/j.beem.2012.03.010
https://doi.org/10.1016/j.beem.2012.03.010
http://www.ncbi.nlm.nih.gov/pubmed/22980045
https://doi.org/10.1007/s11892-020-1296-1
http://www.ncbi.nlm.nih.gov/pubmed/32108283
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4886236/
https://doi.org/10.1016/j.jpag.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26327561
https://data.worldbank.org/indicator/SP.ADO.TFRT?end=2020&start=1960&view=map
https://data.worldbank.org/indicator/SP.ADO.TFRT?end=2020&start=1960&view=map
https://doi.org/10.1371/journal.pone.0292070

PLOS ONE

Gestational weight gain charts for Latin American adolescents

11.

12

13.

14.

15.
16.
17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

World Health Organization. WHO recommendations on antenatal care for a positive pregnancy experi-
ence. Geneva: World Health Organization; 2016. 152 pages.

Scott C, Andersen CT, Valdez N, Mardones F, Nohr EA, Poston L, et al. No global consensus: a cross-
sectional survey of maternal weight policies. BMC Pregnancy Childbirth. 2014; 14:167. Available from:
https://bmcpregnancychildbirth.biomedcentral.com/articles/10.1186/1471-2393-14-167. https://doi.org/
10.1186/1471-2393-14-167 PMID: 24884985

de Onis M, Onyango AW, Borghi E, Siyam A, Nishida C, Siekmann J. Development of a WHO growth
reference for school-aged children and adolescents. Bull World Health Organ. 2007; 85(9):660—7. Avail-
able from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2636412/. https://doi.org/10.2471/blt.07.
043497 PMID: 18026621

Benjumea MV, Restrepo-Mesa SL, Carrilho TRB, Kac G, Samur EA, Pulgarin JSC, et al. Establishment
of a Latin American dataset to enable the construction of gestational weight gain charts for adolescents.
Submitted to Plos One. 2023.

van Buuren S. Flexible Imputation of Missing Data. Second Edition ed: Boca Ratén: CRC Press; 2018.
Rubin DB. Multiple Imputation for Nonresponse in Surveys: Wiley; 1987.

Bozdogan H. Akaike’s Information Criterion and Recent Developments in Information Complexity. J
Math Psychol. 2000; 44(1):62—91. https://doi.org/10.1006/jmps.1999.1277 PMID: 10733858

Stasinopoulos DM, Rigby RA. Generalized Additive Models for Location Scale and Shape (GAMLSS) in R.
Journal of Statistical Software. 2007; 23(7):46. Available from: https://www.jstatsoft.org/article/view/v023i07.

Jones MC. Estimating densities, quantiles, quantile densities and density quantiles. Annals of the Insti-
tute of Statistical Mathematics. 1992; 44(4):721-7. Available from: https://www.ism.ac.jp/editsec/aism/
pdf/044_4_0721.pdf.

Mardia KV. Applications of Some Measures of Multivariate Skewness and Kurtosis in Testing Normality
and Robustness Studies. Sankhya: The Indian Journal of Statistics, Series B (1960—-2002). 1974; 36
(2):115-28.

Voncken L, Albers CJ, Timmerman ME. Model Selection in Continuous Test Norming With GAMLSS.
Assessment. 2019; 26(7):1329-46. Available from: https://journals.sagepub.com/doi/10.1177/
1073191117715113. PMID: 28662589

Amaral JFA, Vasconcelos GM, Torloni MR, Fisberg M, Sampaio de P, Guazzelli CA. Nutritional assess-
ment of pregnant adolescents: comparison of two popular classification systems. Matern Child Nutr.
2015; 11(3):305-13. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6860249/. https://
doi.org/10.1111/mcn.12016 PMID: 23230989

Samano R, Chico-Barba G, Martinez-Rojano H, Godinez E, Rodriguez-Ventura AL, Avila-Koury G, et al.
Pre-pregnancy body mass index classification and gestational weight gain on neonatal outcomes in ado-
lescent mothers: A follow-up study. PLoS One. 2018; 13(7):e0200361. Available from: https://www.ncbi.
nim.nih.gov/pmc/articles/PMC6053897/. https://doi.org/10.1371/journal.pone.0200361 PMID: 30001386

Mardones F, Rosso P. A weight gain chart for pregnant women designed in Chile. Matern Child Nutr.
2005; 1(2):77-90. Available from: https://www.ncbi.nim.nih.gov/pmc/articles/PMC6860947/. https://doi.
org/10.1111/j.1740-8709.2005.00013.x PMID: 16881883

Atalah E, Castillo C, Castro R, Aldea A. Proposal of a new standard for the nutritional assessment of
pregnant women. Rev Med Chil. 1997; 125(12):1429-36.

Uauy R, Samur EA, Barrera C, Behnke E. Alimentacion y nutricion durante el embarazo. In Burrows R,
Castillo C, Atalah E, Uauy R, editores. Guias de alimentacion para la mujer. Santiago: Universidad de
Chile; 2001. p. 55-73.

Kac G, Carrilho TRB, Rasmussen KM, Reichenheim ME, Farias DR, Hutcheon JA, et al. Gestational
weight gain charts: results from the Brazilian Maternal and Child Nutrition Consortium. Am J Clin Nutr.
2021; 113(5):1351-60. https://doi.org/10.1093/ajcn/ngaa402 PMID: 33740055

Ismail LC, Bishop DC, Pang R, Ohuma EO, Kac G, Abrams B, et al. Gestational weight gain standards
based on women enrolled in the Fetal Growth Longitudinal Study of the INTERGROWTH-21st Project:
a prospective longitudinal cohort study. BMJ. 2016; 352:i555. Available from: https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC4770850/. https://doi.org/10.1136/bm;.i555 PMID: 26926301

Ohuma EOQ, Altman DG, International F, Newborn Growth Consortium for the 21st C. Statistical method-
ology for constructing gestational age-related charts using cross-sectional and longitudinal data: The
INTERGROWTH-21(st) project as a case study. Stat Med. 2019; 38(19):3507-26. Available from:
https://www.ncbi.nIm.nih.gov/pmc/articles/PMC6767451/.

Ohadike CO, Ismail LC, Ohuma EO, Giuliani F, Bishop D, Kac G, et al. Systematic Review of the Meth-
odological Quality of Studies Aimed at Creating Gestational Weight Gain Charts. Adv Nutr. 2016; 7
(2):313-22. Available from: https://www.ncbi.nim.nih.gov/pmc/articles/PMC4785472/. https://doi.org/
10.3945/an.115.010413 PMID: 26980814

PLOS ONE | https://doi.org/10.1371/journal.pone.0292070 November 1, 2023 12/12


https://bmcpregnancychildbirth.biomedcentral.com/articles/10.1186/1471-2393-14-167
https://doi.org/10.1186/1471-2393-14-167
https://doi.org/10.1186/1471-2393-14-167
http://www.ncbi.nlm.nih.gov/pubmed/24884985
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2636412/
https://doi.org/10.2471/blt.07.043497
https://doi.org/10.2471/blt.07.043497
http://www.ncbi.nlm.nih.gov/pubmed/18026621
https://doi.org/10.1006/jmps.1999.1277
http://www.ncbi.nlm.nih.gov/pubmed/10733858
https://www.jstatsoft.org/article/view/v023i07
https://www.ism.ac.jp/editsec/aism/pdf/044_4_0721.pdf
https://www.ism.ac.jp/editsec/aism/pdf/044_4_0721.pdf
https://journals.sagepub.com/doi/10.1177/1073191117715113
https://journals.sagepub.com/doi/10.1177/1073191117715113
http://www.ncbi.nlm.nih.gov/pubmed/28662589
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6860249/
https://doi.org/10.1111/mcn.12016
https://doi.org/10.1111/mcn.12016
http://www.ncbi.nlm.nih.gov/pubmed/23230989
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6053897/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6053897/
https://doi.org/10.1371/journal.pone.0200361
http://www.ncbi.nlm.nih.gov/pubmed/30001386
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6860947/
https://doi.org/10.1111/j.1740-8709.2005.00013.x
https://doi.org/10.1111/j.1740-8709.2005.00013.x
http://www.ncbi.nlm.nih.gov/pubmed/16881883
https://doi.org/10.1093/ajcn/nqaa402
http://www.ncbi.nlm.nih.gov/pubmed/33740055
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4770850/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4770850/
https://doi.org/10.1136/bmj.i555
http://www.ncbi.nlm.nih.gov/pubmed/26926301
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6767451/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4785472/
https://doi.org/10.3945/an.115.010413
https://doi.org/10.3945/an.115.010413
http://www.ncbi.nlm.nih.gov/pubmed/26980814
https://doi.org/10.1371/journal.pone.0292070

