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A B S T R A C T

Objective: This scoping review aims to provide a systematic overview of the literature on statistical models to
estimate weight growth curves among infants, examining key features such as study design, sample size, and
statistical approaches.

Introduction: Growth models were first developed to estimate individuals’ growth curves by modeling each
individual separately. Later, with the aim of estimating mean trajectories, approaches using mixed effects
regression models were proposed. More flexible models were also applied in this context, enabling the estimation
of more parameters (eg, Generalized Additive Models for Location, Scale, and Shape; SuperImposition by Trans-
lation and Rotation models).

Inclusion criteria: Studies of statistical/mathematical methodologies for estimating weight growth curves of
infants under 24 months of age, based on prospective/retrospective cohorts, or cross-sectional studies will be
included. Only studies published in English, Portuguese, or Spanish will be considered. Case series reports, reviews,
short letter publications, books, and abstract-only papers, such as conference proceedings, will be excluded.

Methods: This review will be conducted in accordance with the JBI methodology for scoping reviews. The
databases, PubMed, Scopus, Web of Science Core Collection, SciELO, and LILACS, will be searched for published
studies, while ProQuest and RCAAP will be searched for unpublished studies. Search results will be imported into
Rayyan to remove duplicates. Two reviewers will independently screen titles, abstracts, and full-text articles. Any
disagreements will be resolved through discussion or with a third reviewer. The resulting data, namely mathemati-
cal/statistical approaches and models, will be summarized in tabular format, accompanied by a narrative summary.

Review registration: Open Science Framework https://osf.io/95udq

Keywords: growth curves; infants; scoping review; statistical models; weight
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Introduction

H uman growth involves both gradual enlarge-
ment of the entire body or specific parts, and

individual aging. Human physical growth is a com-
plex phenomenon that depends on individual and
environmental factors, such as nutritional status,
genetics, socioeconomic status, the occurrence of

diseases in childhood and adolescence, physical
activity, geographic region, and climatic conditions.1

Anthropometric measurements, including length or
height, weight, waist circumference, and head cir-
cumference, are used to assess this growth. In chil-
dren, assessing their growth is crucial to ensure it
aligns with healthy development standards. The early
years are marked by rapid growth, and therefore,
regular assessments are essential for tracking a child’s
well-being and identifying any deviations from
expected growth trajectories. These years are also
critically important and highly sensitive to changes inDOI: 10.11124/JBIES-24-00152
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dietary habits.2–5 Feeding recommendations vary
across countries depending on the sociocultural
characteristics of the population, and consequently,
on breastfeeding practices. Growth patterns differ if
we consider exclusively breastfed infants or formula-
fed infants.6,7 Moreover, cultural, ethnic, and gender
differences exist in the growth pattern. For instance,
regarding gender, boys tend to have a slightly higher
birth weight than girls, although during infancy they
follow similar growth trajectories. Nonetheless, the
World Health Organization (WHO) recommends
growth reference curves for infants separately by sex.

Growth curves are instrumental in assessing
infant growth using various mathematical and sta-
tistical models, classified into non-structural (non-
parametric) or structural (parametric) categories.8

Non-structural models, which include fractional
polynomials9 and splines,10 do not assume a specific
shape for the growth curve, making them easy to fit.
However, their major limitation is the parameters’
lack of biological interpretability.8 In contrast, struc-
tural models assume a basic functional form of the
growth curve, often achieving a good fit with fewer
parameters, thus allowing some biological interpre-
tation.11 Early parametric models were pioneered by
Jenss-Bayley (1937),12 using an exponential func-
tion; Count (1943),13 employing a logarithmic
approach; and Berkey and Reed (1987),14 enhancing
model fit by adding extra terms.

In the early 2000s, a novel approach was pro-
posed using mixed effects regression models (that
considers the autocorrelation structure between the
longitudinal observations).15,16 Several of the re-
ferred models were adapted to this new method-
ology. Effectively, any structural or non-structural
model can be expressed using a mixed effects regres-
sion approach considering all children simulta-
neously rather than fitting them individually. Fixed
effects represent the mean population growth curve,
while the random effects allow the estimation of
between-subject variability (individual variation
around the mean population curve).17

In 2005, Rigby and Stasinopoulos18 proposed a
class of more flexible univariable statistical models
—the Generalized Additive Models for Location,
Scale, and Shape (GAMLSS)—that enable the model-
ing of the parameters that characterize the distribution
of the response variable. In this human growthmodel-
ing context, the WHOMulticenter Growth Reference
Study has developed growth standards describing the

growth of healthy breastfed infants living in 6 coun-
tries from diverse geographical regions with socio-
economic conditions that are favorable for growth,
assuming that breastfeeding is the biological norm for
growth and development.19 The model is based on the
Box–Cox power-exponential distribution, with 4
parameters (location, scale, skewness, and kurtosis),
developed by Rigby and Stasinopoulos.20 This model
was adopted for estimating theWHO children growth
curves. This approach, where curve smoothing is
obtained by using cubic splines, allows to model
moments of the distribution as smooth curves in
age. The WHO standards demonstrated for the first
time, that when given an optimum start in life, chil-
dren born in different regions of the world have the
potential to grow to reach the same ranges of weight
and height for their age.19 These standards show how
healthy breastfed children are supposed to grow,
wherever they come from. Therefore, they can help
health professionals and parents to check, by plotting
a child’s growth on the chart, whether growth and
development are as expected. Moroever, this may
help with the early identification and treatment of
some growth disorders. These growth charts are also
important tools in the definition of public health
policies, mainly in lower-middle-income countries,
to approximate their infant growth with the WHO
standards.

Five years later, in 2010, Cole et al.21 proposed
the SuperImposition by Translation and Rotation
(SITAR) semi-parametric model, an extension of
the shape-invariant random effects model intro-
duced by Beath.22 SITAR became popular because
it overcomes the problem of the lack of biological
interpretation of the estimated parameters.23 This
model estimates an average growth curve for the
study population using a natural cubic spline func-
tion. It also summarizes individual growth relative to
the average trajectory through 3 key parameters:
size, tempo, and velocity.24 These parameters are
seen as the deviation of an individual’s growth tra-
jectory from the average curve.25

A scoping review is appropriate for identifying
and mapping the available evidence in a given field
and analyzing knowledge gaps.26 The various ap-
proaches to modeling infant growth described above
indicate a fragmented field with diverse methods and
outcomes. Therefore, it is necessary to map the sta-
tistical and mathematical approaches/models used
for estimating growth curves for weight in infants
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under 24 months. This review will identify knowl-
edge gaps, trace the evolution of the models, and
examine the models used, including study design,
sample size, and specific characteristics. By provid-
ing such a comprehensive review, the findings will be
of major importance; they will be useful for devel-
oping models with higher performance, while weight
estimates will be less biased and more precise.
Accordingly, the information that health profes-
sionals and parents retrieve from the growth curves
will be more accurate.

A preliminary search of MEDLINE, the Cochrane
Database of Systematic Reviews, and JBI Evidence
Synthesis was conducted and no current or in-
progress scoping reviews or systematic reviews on
the topic were identified. Only one systematic review
was identified, but it offers recommendations about
statistical models to be used for estimating linear
growth velocity, not weight growth. Our purpose
is to identify and map the available evidence about
statistical/mathematical approaches to estimate
growth curves for weight among infants under
24 months of age. The review will also identify
knowledge gaps and establish the evolution of sta-
tistical growth models for weight over the years.

Review questions

What types of approaches/models are used for esti-
mating weight growth curves among infants?
i) What are the strengths and weaknesses of the

selected models?
ii) What are the knowledge gaps in the existing

models?

Inclusion criteria
Participants
This review will consider studies on infants aged 0 to
24 months. This specific age range was chosen due
to the importance of monitoring infant growth dur-
ing this critical developmental phase.

Concept
This review will identify studies on growth curve
estimation, focusing on the development of new
models, the application of existing models, or both.

Context
This review will include studies from all populations,
regardless of geographical location, cultural and

ethnic background, breastfeeding practices, and
socioeconomic status.

Types of sources
This scoping review will only consider studies with
an epidemiological design suitable for this research
subject. Accordingly, quantitative study designs (ie,
observational studies such as prospective or retro-
spective cohort studies and cross-sectional studies)
will be included. Conversely, qualitative studies, case
series reports, reviews, short letter publications,
books, and abstract-only papers such as conference
proceedings, will be excluded.

Methods

The proposed review will be conducted in accord-
ance with the JBI methodology for scoping re-
views,27 and in line with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
extension for Scoping Reviews (PRISMA-ScR).28

Search strategy
The search strategy will aim to locate both published
and unpublished studies. An initial limited search of
PubMed was undertaken to identify articles on the
topic. The text words contained in the titles and
abstracts of relevant articles, and the index terms
used to describe the articles, were used to develop a
full search strategy for PubMed (see Appendix I).
The design and refinement of the search strategy will
be undertaken with consultation from an experi-
enced librarian. The search strategy, including all
identified keywords and index terms, will then be
adapted for each included information source.

Only articles published in Portuguese, English,
and Spanish will be included due to lack of transla-
tion resources. Articles published from database in-
ception up to 2024 will be included in this review.

The databases to be searched will include
PubMed, Scopus, Web of Science Core Collection,
SciELO Citation Index, and LILACS. The search for
unpublished studies will include ProQuest Disserta-
tions and Theses Citation Index and RCAAP (Re-
positórios Científicos de Acesso Aberto de Portugal).

Study/Source of evidence selection
Following the search, the authors will screen all the
identified records uploaded into Rayyan (Qatar
Computing Research Institute, Doha, Qatar), where
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duplicates will be removed. The selection of articles
for inclusion in the review will be conducted in 2
steps. In the first step, titles, keywords, and abstracts
will be screened against the eligibility criteria.
Abstracts not meeting all inclusion criteria will be
excluded. The second step will involve full-text
screening of papers that are potentially relevant after
being retrieved and imported into Rayyan. Eligibility
assessment will be undertaken in duplicate by 2
reviewers working independently. Additionally, to
locate articles not identified during the database
search process, the references of the included articles
will be reviewed. The titles that suggest a relation-
ship with the topic will be selected and entered into
Rayyan for screening according to the steps above.
Articles that meet the inclusion criteria will be added
to the existing list of previously included articles.
Reasons for exclusion of full-text papers that do
not meet the inclusion criteria will be recorded and
reported in the scoping review. Any disagreements
that arise between the 2 reviewers in the first step of
the selection process will be resolved through discus-
sion, while in the second step, the final decision will
be made by a third reviewer. The results of the
search will be reported in full in the final scoping
review and presented in a PRISMA flow diagram.29

Data extraction
Data will be extracted by 2 independent reviewers
using a data extraction tool developed by the re-
viewers based on the JBI template. The extracted
data will include specific details about author(s),
year of article publication, country, aims/purpose,
study design, sample size, age range, statistical/math-
ematical approaches, and key findings relevant to
the review question. A draft extraction tool is pro-
vided in Appendix II. The tool will be piloted on 3
potentially eligible studies and modified and revised
if needed. Further refinements to the extraction tool
may be made during the process of extracting data
from each paper. Modifications will be detailed in
the full scoping review. Any disagreements that arise
between the reviewers will be resolved through dis-
cussion. The corresponding authors of papers will be
contacted up to 3 times to request missing or
additional data.

Data analysis and presentation
A descriptive analysis of the findings will be con-
ducted and presented in tabular format, followed

by a comprehensive narrative approach describing
how the results relate to the review question. Studies
will be organized according to their approach
(statistical or mathematical) and class (structural or
non-structural). No quantitative analyses using the
selected papers will be performed. If knowledge gaps
are found, they will also be described in tabular
format, as well as strengths and weaknesses of the
identified models. Many of these positive and nega-
tive aspects of the models that are commonly used to
analyze weight data are known a priori (e.g. biolog-
ical interpretability of the results, ease of fitting, flexi-
bility, complexity, ease of implementation, ability to
model complex distributions, and ability to cope with
missing data). For less used models, a comprehensive
and detailed reading of the papers will be required to
analyze them regarding the previous aspects. How-
ever, if some of these papers are exclusively about
applications to specific weight data without referring
to the model’s details, the lacking information will be
obtained in the corresponding theoretical papers.
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Appendix I: Search strategy

PubMed
Search conducted on July 25, 2024.

Search Query Records retrieved

#1 “Growth Chart*”[All fields] OR “centile curve*”[All fields] OR “child growth curve*”[All fields] OR “childhood growth”[All
fields] OR “Growth Curve*”[All fields] OR “growth curve estimates”[All fields] OR “growth trajector*”[All fields] OR “infant
growth curve estimates”[All fields] OR “reference centile curves”[All fields] OR “WHO growth standard curve*”[All fields]

20,831

#2 Body Weight[MeSH Terms] OR Body-Weight Trajectory[MeSH Terms] OR weight[All fields] OR “weight data”[All fields] OR
“weight growth”[All fields] OR “weight trajector*”[All fields] OR “weight velocity curve*”[All fields] OR weight-for-age
[All fields] OR weight-for-length[All fields] OR “growth in weight”[All fields] OR “longitudinal weight”[All fields]

1,903,787

#3 Models, Statistical[MeSH Terms] OR “growth model*”[All fields] OR “longitudinal child growth model*”[All fields] OR
“Mathematical growth model*”[All fields] OR “mathematical model*”[All fields] OR “statistical model*”[All fields] OR
“Growth curve model*”[All fields] OR model*[All fields]

4,949,477

#4 #1 AND #2 AND #3 2263

#5 #1 AND #2 AND #3 NOT (“fetale”[All Fields] OR “fetals”[All Fields] OR “fetus”[MeSH Terms] OR “fetus”[All Fields] OR
“fetal”[All Fields] OR “foetal”[All Fields])

1854

#6 Limit 5 to (Humans) 1310

#7 Limit 5 to (Humans) and (Infant: birth-23 months) 551
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Appendix II: Data extraction instrument

Scoping review title

Author(s)

Journal

Year of publication

Country

Aims/purpose

Study design

Sample size

Age range

Statistical/Mathematical approaches

SCOPING REVIEW PROTOCOL M.S.F.L. Alves das Lages et al.
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