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Dissertation abstract

Introduction: Reference intervals (RIs) provide benchmarks for interpreting laboratory test
results; however, inconsistencies in their development complicate clinical decision-making,
especially in pediatrics where biomarker levels change rapidly with age and development. My
dissertation synthesized existing evidence on pediatric RIs and reference curves (RCs) for
hemoglobin and ferritin and established RCs and optimal curves (OCs) for these biomarkers
using new methodological and computational frameworks. Although developed for hemoglobin
and ferritin, these frameworks can be applied to other pediatric biomarkers and tailored to other

populations.

Methods: I conducted two systematic reviews with meta-analyses to understand existing
evidence and methodological challenges in generating pediatric hemoglobin and ferritin RIs and
RCs. I evaluated heterogeneity using forest plots, heatmaps, web-based visualization tools, and
the 7 statistic. I also proposed a standardized age partitioning approach to enable quantitative
synthesis. I then analyzed data from the TARGet Kids! cohort study of healthy Canadian
children ages 2-weeks to 10-years. I developed RCs for pediatric hemoglobin and ferritin,
overcoming excessive partitions and small sample sizes in early childhood. I also introduced
novel pediatric OCs derived from a sub-sample of participants meeting predefined optimality
criteria. Finally, I created web-based tools for both the systematic reviews and cohort analyses,

to explore heterogeneity, visualize data, and aid in interpretation.

Findings: Both systematic reviews showed substantial heterogeneity across studies due to
differing age intervals, population characteristics, and analyzer types, with limited data available
for very young children. Lower limits from many published RIs differed from published World

Health Organization (WHO) thresholds. Among participants in our full cohort analysis and those



meeting predefined optimality criteria, the proportion of pre-adolescents who would be classified
as iron deficient according to the WHO thresholds and the American Society of Hematology

(ASH) thresholds varied substantially with age.

Conclusion: RCs and OCs provide essential benchmarks for interpreting results, evaluating
thresholds, and assessing population iron status. This work identified key methodological
limitations, addressed several of these, and established frameworks for synthesizing evidence
and developing pediatric RCs and OCs. Future studies should evaluate the clinical value of the

tools developed and extend these approaches to other key laboratory biomarkers.
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CHAPTER 1: INTRODUCTION AND OBJECTIVES

1.1. Reference intervals

Variation among humans in physiological processes due to, for example, differences in genetics,
diseases, and environmental influences, are reflected in laboratory measurements. Accurate
interpretations of laboratory results, therefore, require knowledge of the expected variation for a
given laboratory measurement or analyte. The concept of defining expected variation dates back
to the 19th century when in 1835, Adolphe Quetelet introduced the concept of the “average
man”.! More than one hundred years later, in 1969 a pivotal shift occurred when Grésbeck and
Saris challenged the concept of a universal “normal range” and introduced the modern
framework of “reference intervals” (RIs), emphasizing interpretations relative to well-
characterized reference populations rather than a fixed definition of normality.! RIs are
traditionally established based on data from samples of individuals taken from healthy
populations. Values between the lower and upper reference limits indicate what is considered
“normal”. The lower and upper reference limits typically correspond to the 2.5 and 97.5®
percentiles of the reference distribution, respectively, hence the RI encompasses the middle 95%
of the reference population.>* Clinically, values outside these reference limits may signal a need

for further evaluation.*

RIs are used by physicians and laboratory professionals for interpreting laboratory test
results.>® Over 70% of medical decisions are informed by results from laboratory tests.” The
International Federation of Clinical Chemistry and Laboratory Medicine has published
comprehensive sets of recommendations for the establishment of RlIs, defining concepts such as
reference limits and Rls, discussing the operational definition of “health,” and providing detailed

guidance on selecting reference populations, applying exclusion criteria, and partitioning by



factors such as age and sex. These recommendations are also outlined by the Clinical and
Laboratory Standards Institute (CLSI) guidelines.® In addition, the CLSI guidelines address
methodological considerations, including statistical approaches for calculating reference limits
and the challenges of transferring RIs between laboratories. While the CLSI guidelines generally
recommend that each laboratory establish its own RIs to account for the context of the local
population, full adherence to these protocols has been described to be difficult due to the

resources required®

In addition to RIs, clinical decision limits (CDLs) represent thresholds associated with
disease status or adverse clinical outcomes. CDLs can be established based on percentiles of a
reference population but also frequently involve analysis of associations with health outcomes
and consideration of expert opinion. In clinical settings, a result outside the RI limits does not
necessarily require intervention as it may still reflect physiological variation observed in a
healthy reference population, i.e., a value that is in the top or bottom 2.5% of what is expected in
the reference population. However, values outside a CDL may indicate a need for a decision

regarding a clinical action.

1.2 Pediatric reference intervals

RIs are conventionally estimated by dividing the study population into discrete age and sex
groups (which are often referred to as “partitions”). Rls are then calculated separately for each
distinct group. Children are continuously growing from birth through adolescence.
Consequently, more age partitions than for adult populations are often required to properly
reflect the changes that occur with various biological parameters.®%!® While some pediatric RIs
12-14

are estimated by 5-year age intervals!!, others are estimated by 2 or 3-years age intervals.

Some pediatric Rls require partitioning in even smaller age groups, including less than 1-year



age intervals,”!>1® which is especially common for the first year of life,”!” when monthly or
weekly partitioning may be required in order to provide accurate and reliable RIs. The large
number of age partitions required in pediatric populations can lead to very sparse data, especially
for younger children, leading to inadequate sample sizes.'® Blood procurement from small
children can also be difficult, because 10 mL of blood could constitute 10% of blood volume in
this population and the added layer of obtaining parental consent to draw blood from their

healthy child."

1.3 Reference Curves

Separate Rls are often required for different sub-groups of the population, which can be achieved
through partitioning, as described above.® This categorical partitioning may not fully reflect the
continuous nature of biological variation during development. In pediatric populations, where
biomarker concentrations often change rapidly with development, reliance on discrete age
partitions can thus create artificial boundaries. As a result, children at the edges of an age group
may be misclassified simply because of how partitions are assembled. Reference curves (RCs)
consist of a series of smooth curves which represent centiles of the distributions of the
measurements with respect to age.??! With RCs, age is modeled as a continuous variable, which
means RI estimates can be provided at any age. Therefore, RCs may better capture the true
dynamics of the pediatric population during development.?®2> Moreover, results for individuals
do not suddenly change when they move from one age group to another. Hence, results for those
who are close to the boundary of an age partition may be interpreted more accurately with RCs.?
In addition, avoiding the need for extensive age partitioning addresses the limitation related to

inadequate sample size in the pediatric population. Partitioning with respect to other variables



(e.g. sex, ethnicity, etc.) may still be needed depending on the nature of the biomarker,

necessitating the estimation of separate RCs in some cases.

1.4 Statistical methods for estimation of RIs and RCs
1.4.1 Estimation of RIs

Reference intervals are typically established using samples from a healthy reference population,
an approach known as the direct method of estimating reference intervals.® There are two general
methods of selecting reference individuals from the reference population. When the criteria for
selecting reference individuals are applied before samples are collected and analyzed, it is
referred to as a priori. If the same criteria are applied following sample selection, it is referred as
a posteriori. In addition, studies using indirect methods estimate reference intervals from large
databases, such as hospital information systems or community based datasets. The database
contains a mixture of measurements from both healthy and unhealthy individuals. Statistical
techniques are then used to estimate the distribution of values representing the underlying
healthy population within the overall dataset. These estimates are then used to derive reference
intervals. The CLSI guidelines acknowledge the use of indirect methods. However, they also

note reservations regarding these approaches and strongly encourage use of direct method.®

Once data from a healthy reference population is made available, there are four key steps
involved in the establishment of RIs. These steps consist of identifying outliers, partitioning into
homogenous groups, estimating the reference limits, and calculating the confidence intervals

(CIs) (typically 90% ClIs are reported ®) corresponding to estimates of the reference limits.

Identifying and removing outliers is an important first step as some apparently healthy
individuals may have an underlying disease that has not been detected or diagnosed. There are

several methods available to detect outliers, of which two of the most commonly used are the



Dixon method and the Tukey method.?*2¢ Both of these methods have been recommended in the
CLSI guidelines.® The Dixon method compares the distance between a suspected outlier and its
neighbour to a proportion of the distance between the suspected outlier and the opposite endpoint
of the data. It can only be applied to one suspected outlier at a time. The Tukey method identifies
outliers by evaluating both tails of the distribution simultaneously.?® Observations that fall below
the lower bound or above the upper bound are considered outliers and may be removed. These
limits are defined as: min = Q1 - 1.5 X IQR and max = Q3 + 1.5 x IQR, where Q1 represents the
first quartile, Q3 the third quartile, and IQR the interquartile range (IQR = Q3 - Q1). On the
other hand, the adjusted Tukey method modifies these fences to allow for asymmetry in the
distribution, creating non-symmetric boundaries that account for data skewness.?’ In addition,
Dunn—Smyth method applies a model-based approach that uses randomized quantile residuals
from a fitted model. Observations with residuals far from the expected distribution range are

flagged as outliers.?8

After screening for and removing outliers, data are partitioned into homogenous groups
to reflect the changes that occur with various biological parameters. Although outlier detection is
often performed at the initial stage, it is advisable to check again for outliers after partitioning is
done. There are several ways to compute partitions. A common way is through defining
intervals. For example, RIs can be calculated for every one-year age interval. Another way of
creating partitions is through previous clinical knowledge. For example, age can be divided into
the intervals that reflect well-known developmental stages, if the distribution of analyte
concentration is likely to be associated with those stages. Partitions can also be determined
through visual data inspection. For example, plotting the mean and standard deviation across age

and gender can reveal distinct patterns that can guide the selection of age partitions. After



creating initial partitions, each partition should be tested against subsequent partitions to confirm
whether these partitions should remain separate or be combined. The CLSI guideline suggests
several approaches proposed by Harris et al., Lahti et al., and Sinton et al.?*-3! for evaluation of
partitions. For example, the Harris et al.?® method accomplishes this based on differences in

means and variance between successive partitions.

Once data is checked for outliers and partitioning is appropriately done with respect to
relevant factors, RIs are estimated for each partition, and CIs for the estimated limits of the RI
are provided as a measure of their precision. There are three main approaches used to calculate
RIs: the parametric, non-parametric, and robust methods. The non-parametric method is most
commonly used; it is a simple way to calculate RIs empirically using ranks that does not require
any assumptions regarding the distribution of the data.® The robust method uses an iterative
process to compute a measure of the centre of a dataset.® The parametric method requires the
data to have an underlying Gaussian distribution. Non-Gaussian data may be transformed to an

approximate Gaussian distribution to permit the application of the parametric method.

The last key stage is estimation of Cls. Cls for the lower and upper limits of the RI can be
estimated for the parametric method using formulas provided by Daily 2014 and Soldberg
19863233 for non-parametric method using the order statistic (ranked observations)®>°, and for

the robust method using bootstrap percentiles.?*

1.4.2 Estimation of RCs

While the CLSI guidelines do not specify procedures for estimating RCs, common practice
follows some of the recommendations provided for RI estimation. This includes identifying
outliers, often using Tukey et al.?* based method; estimating the RCs; and generating 90%

confidence intervals for the RCs, typically through bootstrap resampling. Because age is



modeled as a continuous variable, a separate step to partition data into homogeneous age groups
is not required. Instead, RIs may be obtained from RCs at any age by deriving the corresponding
lower and upper Rls limits from the biomarker age specific regression model.

Several statistical methods for the estimation of RCs exist, each with advantages and
limitations. The methods range from non-parametric and semi-parametric to parametric. Quantile
regression is a commonly used non-parametric method, where quantiles (e.g., centiles) of a
specific continuous outcome are estimated as smoothed functions of age without the need to
make any assumptions about the corresponding distributions.?>-*¢ Directly modeling the observed
data without assuming any distribution makes this method more resistant to outliers compared to
parametric methods.>” However, a major concern associated with quantile regression is the
possibility that centiles may cross as they are modeled independently of each other.3%*7 Schnabel
& Eilers (2013)*° proposed the quantile sheets method to minimize the centiles crossing, where
curve centiles are estimated by simultaneously smoothing in direction of both the dependent
variable (outcome measure) and independent variable (e.g., age).** Muggeo and colleagues
(2013)37 developed methods of non-crossing quantile regression that can be used to completely
avoid centiles crossing.?” Quantile regression can be implemented in R with several packages
including quantreg*® and quantregGrowth.*'

One of the most common parametric methods for estimating RCs is fractional polynomial
regression.*®*? It provides estimates of the mean and standard deviation centile curves for a
continuous outcome of interest as separate polynomial functions of an explanatory variable such
as age. It assumes that the mean and standard deviation of the response variable vary smoothly as
a function of age, and that at each age, the response variable follows the normal distribution.?%+?

The fractional polynomial method is implemented in R through mfp package.*?



The Lambda (Box-Cox skewness transformation), Median (central tendency), Sigma
(coefficient of variation) (LMS) method developed by Cole (1988)* and Cole & Green (1992)*
is a commonly used semi-parametric method for RC estimation.>¢4¢ The LMS method is Cole's
generalisation of van't Hof, Wit, and Roede's (1985) method*’, which suggested removing
skewness at each age by power transformation of the response variable. The LMS method allows
the three parameters (L, M, and S) to vary as a function of time (typically age as the time
variable): L(t), M(t), and S(t).>® General Additive Models for Location, Scale, and Shape
(GAMLSS) are extensions of the LMS method with additional parameters that can model
kurtosis.*® GAMLSS methods are implemented in the R software gamlss package.*®
1.5 Providing reliable pediatric RIs for laboratory markers in Canada
Proper analysis of data from healthy pediatric populations is vital to provide reference values for
accurate and reliable interpretations of test results and their implications for a child's health.
Nevertheless, providing accurate and reliable RIs for the pediatric population in Canada has been
challenging. This was highlighted by the results of a national survey of Canadian clinical
laboratories, which documented a lack of harmonization in pediatric RIs in laboratories across
Canada.® The study indicated that many of the laboratories either used pediatric RIs from out-
of-date textbooks or from unknown sources, or they relied on Rls established based on non-
representative populations including RIs estimated based on data from adult populations.*>-3

Pre-analytical and analytical aspects of analytes and their measurements represent
another important determinant in the estimation of pediatric reference intervals.® These include
biological factors as well as methodological factors such as sample handling and storage
conditions, calibration procedures, analyzer type, and the reference materials used for assay

standardization. Different laboratory analyzers and assay platforms may rely on distinct



analytical principles and calibration systems, which can introduce systematic differences in
measured biomarker concentrations even when testing the same specimen. International
standardized reference material was adopted to improve comparability of results across assays.
This standardization enabled traceability of measurements to a recognized international reference
standard. Despite ongoing efforts toward laboratory standardization, measurable between-

method differences across assays and analyzer platforms persist for the same laboratory tests.*’

1.6 Overview of iron deficiency and anemia

Hematology and biochemistry markers are the most commonly ordered laboratory tests in
pediatrics and are often collected during routine examinations.>'>? This thesis will, therefore,
focus on these markers as we try to understand the broader issues around pediatric RIs. To limit
the scope of the thesis and to have a clinically focused objective, we will specifically consider
markers related to iron deficiency (ID) and iron deficiency anemia (IDA).

Iron is the fourth most common element on earth and is found in nature and in foods. It is
involved in many physiological functions in the body. Inadequate iron levels can impact a

number of essential body processes that require iron for their functioning, including hemoglobin

52 53,54
t ,

synthesis™, central nervous system development™, electron transport and DNA synthesis
and protection from infection. Iron levels can range from iron overload at one side of the
spectrum, iron sufficiency representing the status of sufficient amounts of iron for maintaining
normal physiological functions, ID without anemia (NAID) representing the status where iron
levels are insufficient to maintain normal physiological functioning, to IDA at the other end of
the spectrum representing inadequate numbers of red blood cells due to ID.3>> Studies have

shown an association between NAID in infancy and neuro-cognitive impairments, with evidence

of these impairments persisting into adulthood and being associated with poor emotional health



and failure to complete secondary school.%-¢ NAID represents an early stage of ID.3* It has been
shown that without treatment, NAID may progress to IDA.3%33-7-38 Studies have shown that IDA
may in turn cause weakness, headache as well as motor and cognitive impairment, and can lead
to death.>>%° ID and IDA affect over 750 million children worldwide.’>3%! In the United States
3% of children below 36 months of age are affected by IDA compared with less then 1% of
children between 37 to 60 months of age.®? In Canada, the prevalence of IDA for children in
general is between 3.5% and 10.5%°8, while some population groups exhibit higher prevalence.
For example, in some Northern Ontario First Nations communities and some Inuit communities,

the prevalence of IDA has been estimated at 36% and 56%, respectively.6!63

1.7 Overview of biomarkers — hemoglobin and serum ferritin

Hemoglobin (a hematology marker) and serum ferritin (a biochemistry marker) are used in
screening for iron deficiency in children.’? The assessment of these biomarkers is challenging
due to considerable variations in the biomarkers’ concentration levels particularly during early
development, which can complicate the interpretation of laboratory results.’> This often leads to
gaps in clinical understanding that increases the risk of delayed or inaccurate diagnoses.®* We,

therefore, focus on these markers as we try to understand the broader issues around pediatric RIs.

1.7.1 Hemoglobin and its RIs

Anemia is generally defined as a condition characterized by an insufficient number of healthy
red blood cells or an inadequate concentration of healthy hemoglobin to effectively deliver
oxygen to body tissues.%> Anemia can arise from causes including iron deficiency, hemolytic
anemias, anemia of chronic disease, heavy menstrual bleeding, and anemia related nutrient

deficiencies other than iron.>2
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Hemoglobin is an intra-cellular protein found in red blood cells whose main purpose is
oxygen transport and indirect transport of carbon dioxide. It is a tetrameric protein composed of
two a-globin and two B-globin subunits, each carrying a heme prosthetic group with a central
iron atom. The structural transitions between the tense and relaxed state facilitate oxygen loading
in the lungs and unloading in peripheral tissues.®® Mutations or deletions in a-globin and B-
globin genes underlie hemoglobinopathies such as sickle cell disease and thalassemias.®’
Historically, diagnosing anemia was largely clinical via symptoms including pallor, changes in
the nail beds (such as spooning), and glossitis (red tongue).®® Today, a hemoglobin test, typically

part of a complete blood count, measures the concentration of hemoglobin in the blood.

Pediatric RIs for hemoglobin are essential tools for determining whether a child’s
hemoglobin concentration falls within the expected range for their age and sex. These intervals
help guide interpretation of lab results and inform clinical decisions around follow-up, diagnosis,
and treatment. However, hemoglobin Rls vary significantly across regions due to geographic,
demographic, nutritional, and methodological differences.®® For example, in Mozambican
toddlers aged 1-2 years, lower reference limits have been reported as low as 68 g/L, with
similarly low values observed in Gambian children of the same age (~68 g/L).® In contrast,
studies conducted in North America, Europe, and Canada have reported higher RIs for children
aged 1-5 years, with lower bounds closer to 107109 g/L.%° The lower reference limits for
hemoglobin RIs have been documented to vary both below and above the widely used WHO
thresholds for anemia.®® Importantly, this discrepancy is partly methodological: WHO defines
anemia thresholds using the 5™ percentile of the distribution in healthy populations, whereas RlIs

typically capture the central 95% of this distribution, from the 2.5% to 97.5" percentiles. As a
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result, the lower limit of an RI is expected to fall below the WHO threshold simply due to how

the boundaries are defined.®

1.7.2 Ferritin and its RIs

Ferritin is an intracellular iron storage protein. Since ferritin also circulates in serum and plasma,
it is classified as a biochemical biomarker, in contrast to hemoglobin, which is considered a
hematological biomarker of red cells. Ferritin concentration in blood serum and plasma serves as
a key biomarker for assessing iron status.’”®’! The gold standard for diagnosing ID status is the
assessment of bone marrow iron content through iron staining while the assessment of liver iron
content through biopsy and measurement of iron concentration is important for diagnosing iron
overload.” These procedures are highly invasive and costly, which limits their use in clinical
settings. As an alternative, measurements of ferritin concentrations are used as indirect measures
for the assessment of iron status.”” Pediatricians can compare laboratory measurements of serum
ferritin concentrations to existing ferritin RIs that describe the distribution of ferritin
concentration in a healthy reference population.’®’* However, there are inconsistencies across
studies in their estimates of RIs for serum ferritin among children of the same age.” For
example, in the Canadian Laboratory Initiative on Pediatric Reference Intervals (CALIPER)
study based in Canada, the lower reference limit for ferritin in children aged 1 to <5 years was
reported for both sexes as 5.3 ug/L, with an upper limit around 99.9 pg/L.”> Meanwhile, RI
estimates obtained based on data from German populations showed for children aged 3 years, the
lower limit ranged from 11.9 to 13.8 pg/L for boys and girls, with upper limits ranging from 88
to 87.2 ug/L.”® Depending on the study, a ferritin value of 10 ug/L in a toddler might be
considered within the RI based on Canadian estimates but below normal with respect to

estimates from the German data. Additionally, the WHO defines iron deficiency in children aged

12



6-59 months as ferritin < 12 pg/L.”! In contrast, the 2025 American Society of Hematology
(ASH) draft recommendations suggest a ferritin threshold of <20 pg/L in children 9 months to 4
years.”” These inconsistencies complicate the interpretation of ferritin laboratory results and

create uncertainty for clinicians and in turn for children and their families.

1.8 Optimal curves for hemoglobin and serum ferritin

1.8.1 Concept of optimal curves

Traditionally Rls are developed using a sample from healthy individuals, referred to as the
reference population. An alternative to the conventional approach using a broad sample of
apparently healthy individuals is to define the reference population focusing on those with
characteristics favourable to achieving optimal biomarker status. This concept, described in
anthropometric research as the development of “reference standards”, involves selecting a sub-
sample of individuals free from health conditions, and without environmental or socioeconomic
constraints that could impair the biomarker of interest.”®”® As such, the resulting curves represent
not merely the range of values observed in the general healthy population but rather a
prescriptive reference standard, a target biomarker levels that reflects the physiological potential
under optimal conditions. While this methodology is well established in anthropometric
measurements for children such as height and weight, it has not been systematically applied in

laboratory medicine.

1.8.2 Iron optimal intervals and curves

The creation of such optimal curves for biochemical or hematologic parameters would provide a
benchmark for both individual clinical assessment and population level evaluation. In the context
of iron, several biological, environmental, and social factors are known to influence iron status;

these determinants are reviewed next to inform the selection of an optimal reference population.
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Prematurity and low birth weight are known risk factors for reduced iron stores at birth.
The Canadian Paediatric Society defines prematurity as birth before 37 weeks’ gestation and low
birth weight as less than 2,500 g.5® These factors are associated with incomplete iron transfer
from mother to child, which occurs primarily during the third trimester.>* As a result, infants
born preterm and/or with low birth weight are at increased risk of ID.> In contrast, full-term
infants are generally born with sufficient iron stores to meet their needs for the first four to six

months of life.’23

Socio-economic status has been consistently shown to be associated with iron status in
young children across multiple studies. Thane et al., (2000)%, analyzing data from British
toddlers aged 1.5 to 4.5 years, found that children from lower income households were at
significantly higher risk for poor iron status, as indicated by lower hemoglobin and serum ferritin
concentrations. The study suggested that dietary factors, such as lower intake of iron rich or
fortified foods, may mediate this relationship. Similarly, Baker and Greer (2010)°? highlighted
that children from economically disadvantaged backgrounds are at increased risk for ID, largely
due to limited access to iron-rich foods, inadequate nutrition education, and higher rates of food
insecurity. Bayoumi et al., (2020)8' further strengthened this evidence by analyzing data from the
TARGet Kids! cohort and showing an association between family income, food insecurity, and
iron status among young Canadian children. Children from low income families had higher odds

of low serum ferritin, even after adjusting for dietary iron intake and other covariates.®!

Inflammatory markers such as C-reactive protein (CRP) and a-1-acid glycoprotein (AGP)
are important for interpreting ferritin levels, which can become elevated in the presence of
infection or inflammation, potentially masking underlying ID.%>%3 Both the American

Association of Pediatrics and the WHO recommend measuring CRP and/or AGP alongside
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ferritin to account for this effect.’>”! CRP is more commonly used due to its greater availability

in clinical settings.34%

Multiple studies report that underweight, overweight and obese children are at increased
risk for ID. A Canadian study led by Borkhoff et al. (2023)3¢ demonstrated that ID was more
prevalent not only among underweight children but also among those who are overweight or
obese. In a Brazilian study, Bagni et al. (2012)%7 found that adolescent girls who are overweight
or obese had significantly lower hemoglobin levels compared to non overweight girls. Similar
findings were reported in studies from Saudi Arabia and Egypt, which showed a higher

prevalence of ID and IDA among obese children.3%8

Another risk factor identified by the Canadian Paediatric Society (CPS) is exclusive
breastfeeding beyond six months of age.’! Infant iron stores typically meet physiological
requirements only during the first six months of life, and breast milk contains relatively low
concentrations of iron.>!*> Consequently, prolonged exclusive breastfeeding without appropriate
iron supplementation may increase the risk of iron deficiency. In addition, studies have shown

that maternal anemia, hypertension, and diabetes may also influence neonatal iron status.>

1.9 Available databases and cohorts

Development of RIs, RCs, OCs and corresponding optimal intervals (Ols, which can be derived
from OCs) require the selection of a cohort of individuals who are representative of the
population and provide measurements of the biomarker of interest across the relevant age span,
including data on other characteristics needed for partitioning and for selection of subgroups

with characteristics associated with optimal iron status for OC estimation.
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Sources of data on healthy children for the purpose of establishing RIs and RCs exist
both globally and within Canada. For instance, the German Health Interview and Examination
Survey for Children and Adolescents (KiGGS) provides nationwide representative cross-
sectional data for the German pediatric population.”® Similarly, the Australian Harmonising Age
Pathology Parameters in Kids! (HAPPI Kids!) study collects cross-sectional blood sample data
from children aged 30 days to 18 years with aim of developing age specific RIs for the most
commonly tested biomarkers.’! In Scandinavia, the NORICHILD initiative, a collaborative effort
between Finland, Sweden, and Denmark, aims to establish harmonized pediatric Rls for 25
extensively used biomarkers.”>?* There are several Canadian cohorts and initiatives dedicated to
studying to the study of healthy pediatric populations. CALIPER, for instance, is a major
initiative established to provide pediatric RIs for wide range of biomarkers. It is a population-
based study that collects pediatric data directly from the community. On the other hand, the
Canadian Health Measures Survey (CHMS) is a national, cross-sectional study that collects
health related data on Canadians aged 3 to 79 years.”**° The Applied Research Group for Kids!
(TARGet Kids!) study collects both cross-sectional and longitudinal health data from a diverse
cohort of healthy Canadian children from age 2 weeks and older, including data on children
collected both from children and their parents.”® The TARGet Kids! cohort also reflects an

ethnically and socioeconomically diverse Canadian pediatric population.®®

As new data become available from ongoing studies that have been used to estimate Rls
and RCs, there is an opportunity to update the estimates to improve accuracy and precision by
making best use of data as soon as it becomes available. This strategy is conceptually similar to
the idea of a living systematic review and meta-analysis, an emerging approach that involves

updating systematic reviews and the pooled estimates as new primary studies become
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available.””-*® Similarly, the RI estimates obtained from the analysis of data from a healthy cohort
of children can also be updated as more data become available. As new knowledge for
maintaining optimal iron status becomes available, this information could be incorporated into
the “living” OCs and OlIs. Updating the estimates with the most up-to-date data and emerging

evidence also aligns with WHO recommendations that RIs should be regularly updated.®

1.10 Thesis objectives

This thesis aims to evaluate current practices in establishing pediatric RIs and RCs, develop Rls,
RCs, Ols and OCs and provide methodological and computational frameworks for synthesizing
evidence and generating more accurate and reliable reference and optimal intervals. The specific

objectives are:

1) to synthesize evidence on pediatric RIs and RCs for hemoglobin and ferritin and
examine heterogeneity to identify its potential sources (Chapters 2-4).

2) to establish pediatric RCs for hemoglobin and ferritin using data from Canadian
children and generate age- and sex-specific RIs based on the estimated RCs (Chapters 5-
6).

3) to establish pediatric OCs for hemoglobin and ferritin using the same data source as
that used for objective (2) and generate age- and sex-specific Ols based on OCs (Chapters
5-6).

4) to create interactive web-based computational and graphical tools related to objectives

1 through 3 (Chapters 3-6).

The method used to pursue the objective to synthesize published RIs/RCs from the current
literature (objective 1) is a systematic review and meta-analysis. The analysis of cross-sectional

data from a Canadian cohort of children was used to pursue objectives two and three. To enhance

17



the accessibility and applicability of our findings, these objectives are accompanied with an
interactive Shiny web application (objective 4) allowing researchers, clinicians, and health policy

makers to explore and apply the results dynamically.

1.11 Thesis organisation

This manuscript-based thesis is organized in accordance with the School of Epidemiology and
Public Health (SEPH), University of Ottawa, Guidance for Thesis by Article. The following five
consecutive chapters (Chapters 2-6) have each been formatted as manuscripts for publication,

with Chapter 7 presenting an integrated discussion.

Specifically, Chapters 2-4 present manuscripts addressing the first objective, including the
combined study protocol for hemoglobin and ferritin systematic reviews, followed by the results

from each systematic review and meta-analysis:

— Chapter 2 presents manuscript 1, titled “Pediatric reference intervals and curves for
hemoglobin and ferritin: protocol for a systematic review and meta-analysis” published in
BMJ Open.

— Chapter 3 presents manuscript 2, titled “Pediatric Reference Intervals and Curves for
Hemoglobin Estimated Using Direct Methods: A Systematic Review and Meta-Analysis”
published in International Journal of Laboratory Hematology.

— Chapter 4 presents manuscript 3, titled “Pediatric Reference Intervals and Curves for
Ferritin Estimated Using Direct Methods: A Systematic Review and Meta-Analysis”

under revision for publication to BMC Pediatrics.

Chapters 5-6 present manuscripts addressing the second and third thesis objectives, including the

estimated pediatric Rls, RCs, Ols, and OCs for pediatric hemoglobin and ferritin:
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— Chapter 5 presents manuscript 4, titled “Beyond reference intervals: optimizing lower and
upper limits for reporting normative hemoglobin levels for children” under revision for
publication to JAMA Network Open journal.

— Chapter 6 presents paper 5, titled “Ferritin reference and optimal curves compared with
thresholds in pre-adolescents” accepted with minor revisions for publication to JAMA

Network Open journal.

Finally, Chapter 7 draws upon the findings from the earlier six chapters and presents an
integrated discussion of the key findings and conclusions from all of the component articles and

the thesis as a whole, including recommendations to guide future work.
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CHAPTER 2: PEDIATRIC REFERENCE INTERVALS AND CURVES FOR
HEMOGLOBIN AND FERRITIN: PROTOCOL FOR A SYSTEMATIC REVIEW AND
META-ANALYSIS

2.1. Preface to Chapter 2

The first objective of this thesis is to addresses the limited understanding of the existing
knowledge concerning pediatric reference intervals for commonly used hematological and
biochemical biomarkers hemoglobin and serum and plasma ferritin. Specifically, our aim is to
identify and synthesize available literature on these selected hematological and biochemical
markers including describing what data sources and types are being used, quantify heterogeneity
across various studies establishing reference intervals, and identify and elucidate sources of
heterogeneity. To our knowledge no comprehensive systematic assessment of pediatric reference
intervals for this group of analytes have been conducted to date.

This manuscript corresponding to this chapter (a protocol to two systematic reviews) is
published in BMJ Open. We published the protocol to ensure transparency, reproducibility, and
methodological rigor in the systematic review and meta-analysis research process. By making
the protocol publicly available, we have enabled peer review scrutiny, provided a basis for
methodological comparison for the final completed review, and helped prevent unnecessary
duplication of effort by informing the peers of ongoing work.

VB was involved in the design and writing of the initial draft of the protocol. JSH, BP,

PP, FM, and ML were involved in the design, writing, and revision of the protocol.
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Abstract

Introduction: Reference intervals and reference curves provide clinicians with a point of
reference when evaluating patients' laboratory test results. In practical applications, the 2.5% and
97.5% percentiles of healthy reference population are typically used as lower and upper reference
limits. Guidelines outlining analytical and methodological steps involved in reference intervals
and curves estimation are available and there have been large-scale world-wide initiatives to
provide reference intervals and curves for children. However, there is a lack of synthesized
evidence regarding the results of such initiatives in general, but specifically in iron-related
biomarkers, ferritin (in serum and plasma) and hemoglobin. Objectives of this review are to
identify studies that have produced reference intervals and curves for ferritin and hemoglobin in
pediatric populations and to synthesize all available evidence. We also aim to quantify
heterogeneity across reference intervals and curves and identify and elucidate sources of

heterogeneity, including heterogeneity in the methods employed in their development.

Methods and analysis: Using a comprehensive search strategy, we will identify eligible studies.
Following electronic databases will be searched from inception: EMBASE, MEDLINE,
SCOPUS, and The Cochrane Library. We will also perform grey literature search to capture
unpublished reference intervals and curves from healthy cohorts. Two researchers will
independently screen retrieved citations against eligibility criteria in two stages, focusing first on
titles and abstracts and then on full-text articles. Studies that provide reference intervals and
curves for ferritin and hemoglobin for pediatric population will be eligible. Data extraction will
include study characteristics, characteristics of reference population, methodological and
analytical considerations and estimated reference intervals and curves. We will consider

narrative synthesis and quantitative synthesis when appropriate.
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Ethics and dissemination: Ethical approval is not required as data from already published
studies will be used. Results will be disseminated through peer-reviewed publications and

conference presentations.

PROSPERO registration number: CRD42023399802
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Strengths and limitations of this study

e This is the first systematic review that incorporates quantitative synthesis of pediatric
reference intervals and reference curves for ferritin (in serum and plasma) and
hemoglobin.

e This review will address inconsistency in estimating reference intervals and reference
curves for ferritin and hemoglobin for children of the same age.

e We will quantify heterogeneity across studies as well as identify and elucidate potential
sources of heterogeneity.

e This study is limited to articles in English language only.
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Introduction

Reference intervals (RIs) and reference curves (RCs) provide clinicians with a point of reference
when evaluating patients' laboratory test results '=. They are estimated using a sample of
individuals from a healthy population and are often presented as lower (often 2.5™ percentile)
and upper (often 97.5" percentile) limits, although there are scenarios where only lower or upper
limit is used '#-°. With RIs, separate RIs are often required for different sub-groups of the
population (for example, by sex or age groups), which can be achieved through partitioning !.
RCs consist of a series of smooth curves which represent centiles of the distributions of the
measurements with respect to age ~°. With RCs, age is modeled as a continuous variable,
avoiding the need for age partitioning "~°. For some analytes, separate RCs may be needed for

different subgroups of the population as well (e.g. male vs female).

Estimating RIs and RCs is particularly challenging for pediatric populations. Over the
course of childhood, rapid growth and physiological change occurs, necessitating finer age strata
than for adult populations '1%!!, In addition to the traditional partitioning factors used in adults
(e.g., age, sex), other partitioning variables may be needed for pediatric populations including
maturity markers, such as Tanner stage, because RIs and RCs for certain biomarkers may vary
according to developmental stages '%!%13. Achieving adequate enrollment in pediatric
populations can be challenging as blood procurement from small children can be difficult. For
example, 10ml of blood could constitute 10% of blood volume for a small child '*. This leads to
very sparse data and sample sizes that may be inadequate to provide accurate and reliable RI and

RC estimates °.
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While the last several decades have seen large-scale efforts to establish high-quality Rls for
children, there is a scarcity of synthesized evidence regarding available RIs for common
pediatric biomarkers. Among the most common pediatric laboratory tests are biomarkers
associated with iron deficiency (ID), where measurement of hemoglobin (Hb) concentration is
used for the assessment of anemia and ferritin (in serum and plasma) concentrations for the
assessment of iron status '°. Iron deficiency is defined as an iron status insufficient to maintain

normal physiological functioning '>-®, Tt affects about 42% of children worldwide 7.

Analytical factors are also important in reliable estimation of Rls and RCs.
Standardization efforts have been undertaken to ensure consistency in measurements of ferritin
(in serum and plasma) and Hb concentration. In 1966, haemiglobincyanide (HiCN)
spectrophotometric determination was accepted as the international method for determining Hb
concentration in human blood '%!°. Since its endorsement in 1966, the HiICN recommendations
have been subjected to regular revisions 2°22, To address comparability of ferritin results among
different assays, the first international standardized reference material (SRM) for serum
immunoassay was adopted in 1985 (IS 80/602) '*23. This allowed the tracing of the readings of a
measuring instrument to a known international reference standard '%?*. Three more SRM for
plasma and serum ferritin were released since 1985 2425, It has been shown that heterogeneity in

ferritin (in serum and plasma) estimates exists between different SRM 24,

To our knowledge an up to date and comprehensive systematic assessment and synthesis
of pediatric RIs and RCs for ferritin (in serum and plasma) and Hb do not exist. A previous
narrative review focused on variability of Hb across the life cycle and published in 2017 ¢ did
not include a meta-analysis. A number of pediatric RIs and RCs for Hb have been published

since 2017. A more recent narrative review of ferritin (in serum and plasma) and Hb Rls also did
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not incorporate a meta-analysis and focused only on studies published between 2015 and 2021

retrieved from a search in a single electronic database, PubMed 2’.

Objectives

The main objectives of this study are to identify studies that have produced RlIs and RCs for

ferritin (in serum and plasma) and Hb in the pediatric population and to synthesize all available
evidence. We also aim to quantify heterogeneity across studies as well as identify and elucidate
potential sources of heterogeneity, including heterogeneity in statistical and analytical methods

used in their development.

Materials and Methods

Writing of this protocol for a systematic review and meta-analysis is facilitated and informed by
the Preferred Reporting Items for Systematic Review and Meta-Analysis Protocol (PRISMA-P)
guidelines %, The study protocol is registered with PROSPERO (registration number:
CRD42023399802). After approval of the protocol, any important amendments to this protocol
will be documented in the final publication. If necessary, these changes will be registered with

PROSPERO.

Eligibility criteria
Studies that provide Rls or RCs for ferritin (in serum and plasma) and Hb are eligible. Studies

that focus on cut-offs, thresholds, or decision limits, but do not provide RI or RC will be
excluded. The population of interest is defined as a healthy reference population between birth
and 18 years of age. According to CLSI guideline “Health is a relative condition lacking a
universal definition.” and term "healthy” therefore becomes the problem in any study . In this
systematic review, we follow the CLSI guideline and include studies that, at a minimum,
evaluate the health status of reference population using questionnaire and endorse direct

sampling techniques. As such, we will include children without acute or chronic disease, not
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hospitalized or attending a specialized clinic. Reference intervals or curves established based on
samples from hospitalized patients requiring indirect sampling techniques will not be included.
Studies including both pediatric and adult populations will be included only if a pediatric
population can be separated from the adult population. Due to lack of expertise and resources for
translation from other languages the article search will be limited to English language articles.
Excluded documents based solely on language will be tracked and the feasibility of their
translation will be evaluated, which will depend on their number, potential importance, and funds
available. The systematic review for ferritin (in serum and plasma) and Hb will be conducted

from inception until July 31, 2023.

Data sources and search strategy
A comprehensive literature search will be conducted on the following electronic databases:

EMBASE, MEDLINE, SCOPUS, and The Cochrane Library. Three concepts were pre-identified
to inform the search criteria. These concepts are: “pediatric”, “RIs/RCs”, and
“hemoglobin/ferritin”. Within each concept, a list of MeSH headings and keywords or phrases
was developed. Search terms within each concept were combined with “OR”, and concepts were
combined with “AND”. The search strategy for EMBASE is shown in supplemental material
section. In addition, we will scan the reference lists of included studies to obtain studies not
captured by our literature search, as well as perform grey literature search for any additional non-
published (in scientific journals) RIs or RCs. This involves searching some of the well-
established pediatric studies and cohorts related to RIs and RCs. In situations where the Rls are
not published and are retrieved from websites, we will contact the authors for more information.
We will consider studies from Canadian Laboratory Initiative on Pediatric Reference Intervals
(CALIPER), the German Health Interview and Examination Survey for Children and

Adolescents (KiGGS), Australian Harmonising Age Pathology Parameters in Kids! (HAPPI
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Kids!), Scandinavian Initiative for the Establishment of Pediatric Reference Intervals
(NORICHILD), Lifestyle Of Our Kids! (LOOK), and any other major study or cohort our
literature review reveals. Our electronic search strategy, shown in supplemental material section,
was developed in collaboration with an experienced research librarian from the University of

Ottawa.

Study screening and selection
After removing duplicates, two reviewers will independently screen titles and abstracts of

retrieved citations. Those citations that are deemed eligible or potentially eligible (those that
cannot be ruled out) will move on to the second stage. Discrepancies will be resolved by
discussion. For stage 2, two reviewers will independently screen the full texts of articles that
passed the first stage. Prior to screening full text results, a pilot test of screening with 10 articles
will be conducted to ensure reliability of inclusion/exclusion amongst reviewers. Agreement
between reviewers will be assessed using the Kappa statistics. Kappa values will be calculated
and strong agreement with values > 0.8 will be sought ?°. Discrepancies between reviewers will
be discussed and, if necessary, mediated by a third reviewer. We will use the Covidence software

tool for screening 3°.

Data extraction
Data will be extracted according to a standardized data abstraction form. To ensure consistency

in data extraction, the data extraction form will be piloted on 5 studies by two independent
extractors. The extraction form will be modified based on the pilot data if needed (for example,
to clarify fields). The data extraction form will include study characteristics (e.g., publication
year, country in which the study was conducted), characteristics of the reference population (e.g.,
type and source, age and sex composition, any other covariates or partitioning variables related

to the reference population), methodological characteristics (e.g., statistical methods used to
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estimate RIs and RCs, how outliers were handled, partitioning variables, how partitioning was
done etc.), analytical characteristics of RIs and RCs (upper and lower limits for each partition for
RIs with the corresponding ClIs (e.g., 90%), sample size for each partition, partition ranges for
continuous variables, regression equation and parameters for RCs), and characteristics of analyte
measuring systems (e.g., machine manufacturing and stated traceability to SRM). We will also
extract any iron-related factors (e.g., prematurity and birthweight) used for excluding/including
children from the studies, as well as any relevant data related to regional and sub-population
differences. As values will be extracted for each partition from individual studies, each study will
be given a unique identifier to facilitate data management. The data extraction process will be

completed by the first reviewer. The extracted data will be verified by a second reviewer.

Risk of bias (RoB) assessment
The RoB of the included studies will be evaluated using the Quality Assessment of Diagnostic

Accuracy Studies (QUADAS-2) 3! tailored toward RIs and RCs estimation. We will also
consider CLSI guidelines and its recommendations for establishing RIs. In addition, we will
consider methodological aspects of RI estimation based on extensive simulations and empirical
evaluations published by Daly and colleagues . Daly’s paper compared performance of CLSI
recommended methods for various sample sizes, variabilities, and levels of skewness and
provides additional recommendations in terms of optimality of the methods, in particular when
establishing RlIs for analytes/biomarkers with skewed distributions. Once relevant RoB
components are identified and tailored toward RI and RC estimation, two authors will
independently assess each included study against the RoB components. Disagreements will be
resolved through discussions and/or by consensus with the second reviewer and other team

members. The quality of the studies will be presented in descriptive table(s).
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Data synthesis and analysis
The results from the systematic review will first be summarized descriptively, where study

characteristics, population characteristics, analytical and statistical methods as well as any
relevant data will be summarized and reported. We will consider narrative synthesis as well as
quantitative synthesis, when appropriate. Statistical heterogeneity of the reference limits will be
evaluated using the I? statistic 32, where the lower and upper reference limits are considered
separately. We expect significant heterogeneity across the reference limits estimates due to
differences in methodological and analytical considerations (e.g., analyte measuring systems) as
well as population and regional characteristics across studies. We will examine the extent of
heterogeneity and aim to identify and elucidate sources of heterogeneity. Where appropriate, we
will conduct random effects meta-analysis to provide pooled estimates for lower and upper
reference limits. If data allows, we will perform meta-regression and perform subgroup analysis
32

In our quantitative synthesis and meta-analysis, we will consider 1-year partitions for
children older than 3 years of age and 3 months partitions for those younger than 3 years of age,
with 15 days partition for ferritin (in serum and plasma) because of previous studies indicating
the dynamic nature of these biomarkers in early life 3°. Considering that there are no standardized
age partitions in reference interval literature, we feel one of the contributions of our systematic
review is to address this particular challenge involving partitions. As such, we will carefully
review studies for possible guidance and recommendations, and our age partitions will be guided
by those recommendations. For instance, we will consider studies by Parkin et. al. (2017) and
Hamid et. al. (2021) 3%, Age partitions will be limited to available data from the individual

studies included in our systematic review.
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Our literature search will include all studies that reported RIs and RCs for ferritin (in
serum and plasma) and Hb. However, some of the reference intervals may involve measurements
performed using outdated technology and/or the studies might have used outdated analytical
methodology. This information will be gathered during data abstraction/collection and necessary
sensitivity analyses will be performed. Sensitivity analysis will also be performed to understand
the effect of assay harmonization activities on the pooled results as well as in our risk of bias
assessment.

Publication bias and confidence in cumulative evidence

Our systematic review will synthesize studies that estimate RIs and RCs, and not those that test
hypothesized associations between variables. As such, publication bias, which is concerned
about the possibility of negative or null results not being published 33, is not relevant in our
systematic review.

The Grading of Recommendations Assessment, Development and Evaluation (GRADE)
adaptations exist for studies that do not incorporate comparative stud, for example the GRADE
adaptation for prognostic studies *’. However, to our knowledge, such an adaptation does not
exist for studies estimating RIs and/or RCs, and hence no specific tool for assessment of
confidence in cumulative evidence for such studies exists. Given that the GRADE handbook 33
discourages researchers from using “modified” GRADE approaches, we will describe confidence
in cumulative evidence narratively. This will be done in consultation with clinicians,
statisticians, and epidemiologists on our team, and in with consideration of recommendations in
the CLSI guidelines and the results of extensive simulations and methodological evaluation

conducted by Daly and colleagues ©.
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Patient and public involvement
The immediate knowledge users for this systematic review will be clinicians who use RIs and

RCs and developers of Rls and RCs, and we have individuals from both of those communities
involved as part of the research team. Patients, family members, and the public are not direct
knowledge users of the information that will be generated from this systematic review, so we

have not engaged them at this stage of our research.

Ethics and Dissemination

Ethical approval is not required as data from already published studies will be used. Results will

be disseminated through peer-reviewed publications and conference presentations.

Discussion

The goal of this systematic review is to perform a comprehensive review and to synthesize all
available evidence related to pediatric RIs and RCs for ferritin (in serum and plasma) and Hb.
We will quantify heterogeneity across RIs and RCs as well as identify and elucidate sources of
heterogeneity, including what data sources, types and methods were used. To minimize the risk
of missing key citations, we will include the SCOPUS broad subject area database in our search,
hand search for relevant studies in references of systematic reviews and primary studies, as well
as solicit articles from Canadian Laboratory Initiative on Pediatric Reference Intervals
(CALIPER), the German Health Interview and Examination Survey for Children and
Adolescents (KiGGS), Australian Harmonising Age Pathology Parameters in Kids! (HAPPI
Kids!), Scandinavian Initiative for the Establishment of Pediatric Reference Intervals
(NORICHILD), Lifestyle Of Our Kids! (LOOK), and any other major study or cohort our
literature review reveals.

Results from this systematic review will inform the assessment of iron deficiency in

children, which is associated with increased morbidity and mortality and affects millions of
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children worldwide 3%!7

. Indirectly, results from this review will help in our understanding of the
broader issues that surround pediatric laboratory RlIs and RCs, including providing a better
understanding of the methods that have been commonly used and the risk of bias associated with
studies publishing RIs and RCs. This systematic review will be limited to articles published in

English language.
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Supplemental materials
Hemoglobin search strategy - Medline (Ovid) <1946 to March 02, 2022>
1 Reference Values/ 163043

2 Reference interval*.ti,ab,kf. 5961
3 reference value*.ti,ab,kf. 21918
4 reference range*.ti,ab,kf. 12213
5 normal value* .ti,ab,kf. 25139
6 normal range*.ti,ab,kf. 45154
7 reference interval*.ti,abkf. 5961

8 reference curve* .ti,ab,kf. 881

9 cutoff.ti,ab,kf. 55747

10 cut-off.ti,ab,kf. 69610

11 or/1-10 367291

12 Hemoglobins/ 71162

13 H?emoglobin*.ti,ab kf. 186308
14 Hematology/ 7140

15 H?ematology*.ti,ab,kf. 28408
16 or/12-15 236295

17 adolescent/ or exp child/ or exp infant/ 3812167

18 (child* or youth? or (young adjl (people or person*)) or p?ediatric* or girl? or boy? or
adolescen™ or teen* or infant* or newborn*).ti,ab,kf. 2445610

19 (school* adj2 age*).ti,ab,kf. 33697
20 or/17-19 4446539
21 11 and 16 and 20 2751



Hemoglobin search strategy - Embase (Ovid) <1974 to 2022 March 03>
1 Reference Values/ 69648

2 Reference interval*.ti,ab,kw. 8658
3 reference value* .ti,ab,kw. 31299
4 reference range*.ti,ab,kw. 19985
5 normal value*.ti,ab,kw. 36338
6 normal range®.ti,ab,kw. 70607
7 reference interval*.ti,abkw. 8658
8 reference curve®.ti,ab,kw. 1166
9 cutoff.ti,ab,kw. 84304

10 cut-off.ti,ab,kw. 128822

11 or/1-10404465

12 Hemoglobins/ 176740

13 H?emoglobin*.ti,ab,kw. 261467
14 Hematology/ 93314

15 H?ematology*.ti,ab,kw. 74501
16 or/12-15 457990

17 adolescent/ or exp child/ or exp infant/ 3660545

18 (child* or youth? or (young adjl (people or person*)) or p?ediatric* or girl? or boy? or
adolescen* or teen* or infant* or newborn*).ti,ab,kw. 2985364

19 (school* adj2 age®).ti,ab,kw. 42018
20 or/17-19 4460807
21 11 and 16 and 20 3879
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Hemoglobin search strategy - SCOPUS

Query

Documents

(((reference PRE/2 (value® OR range* OR interval®* OR curve
* OR centile* OR chart*)) OR ( cutoff* OR cut-off* ) ) AND

( h?emoglobin® OR ( common PRE/2 h?ematolog® ) ) AND ( p?e
diatric® OR child* OR youth? OR (young PRE/Q ( people OR p
erson*)) OR qirl? OR boy? OR adolescen®* OR teen® OR infa
nt* OR newborn® OR (school® PRE/2Z age*)) AND ( PUBYEA

R = 2016))

1994
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Serum and Plasma Ferritin search strategy - Medline (Ovid) <1946 to March 03, 2022>

1 Reference Values/ 163049

2 Reference interval*.ti,ab kf. 5962

3 reference value*.ti,ab,kf. 21921

4 reference range*.ti,ab,kf. 12215

5 normal value*.ti,ab kf. 25143

6 normal range®.ti,ab,kf. 45155

7 reference interval*.ti,ab kf. 5962

8 reference curve*.ti,ab kf. 881

9 cutoff.ti,ab,kf. 55763

10 cut-off.ti,ab kf. 69625

11 or/1-10367331

12 Ferritins/ 20673

13 Ferritin*.ti,ab,kf. 31839

14 Hematology/ 7142

15 H?ematology*.ti,ab,kf. 28413

16 or/12-15 67550

17 adolescent/ or exp child/ or exp infant/ 3812718
18 (child* or youth? or (young adjl (people or person*)) or p?ediatric* or girl? or boy? or
adolescen* or teen* or infant* or newborn*).ti,ab,kf. 2445979
19 (school* adj2 age™*).ti,ab,kf. 33704

20 or/17-19 4447090

21 11 and 16 and 20 1180
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Serum and Plasma Ferritin search strategy - Embase (Ovid) <1974 to 2022 March 03>
1 Reference Values/ 69648

2 Reference interval*.ti,ab,kw. 8658
3 reference value* .ti,ab,kw. 31299
4 reference range*.ti,ab,kw. 19985
5 normal value*.ti,ab,kw. 36338
6 normal range®.ti,ab,kw. 70607
7 reference interval*.ti,abkw. 8658
8 reference curve®.ti,ab,kw. 1166
9 cutoff.ti,ab,kw. 84304

10 cut-off.ti,ab,kw. 128822

11 or/1-10404465

12 Ferritins/ 51864

13 Ferritin*.ti,ab,kw. 48848

14 Hematology/ 93314

15 H?ematology*.ti,ab,kw. 74501
16 or/12-15 205677

17 adolescent/ or exp child/ or exp infant/ 3660545

18 (child* or youth? or (young adjl (people or person*)) or p?ediatric* or girl? or boy? or
adolescen* or teen* or infant* or newborn*).ti,ab,kw. 2985364

19 (school* adj2 age®).ti,ab,kw. 42018
20 or/17-19 4460807
21 11 and 16 and 20 2118



Serum and Plasma Ferritin search strategy - SCOPUS

Query

Documents

( ((reference PRE/2 (wvalue* OR range® OR interval® OR curve
* OR centile* OR chart*)) OR ( cutoff* OR cut-off* ) ) AND (fe
rritin® OR ( common PRE/2Z h7ematolog® ) ) AND ( p?ediatric* O
R child®* OR youth? OR (young PRE/0 ( people OR person®))
OR qirl? OR boy? OR adolescen* OR teen* OR infant* OR ne
wborn* OR ( school* PRE/2 age*)))

4,723
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CHAPTER 3: PEDIATRIC REFERENCE INTERVALS AND CURVES FOR
HEMOGLOBIN ESTIMATED USING DIRECT METHODS: A SYSTEMATIC REVIEW
AND META-ANALYSIS

3.1. Preface to Chapter 3

While in Chapter 2 we presented the published protocol for conducting a systematic review and
meta-analysis, in Chapter 3 we present the results of the systematic review and meta-analysis of
pediatric hemoglobin reference intervals and curves, lower and upper limits, in males and
females under 18 years of age. This article also presents an interactive Shiny web application we
developed to visualize both the aggregated findings and individual study results (Pediatric
Reference Intervals and Curves Evidence Synthesis - Hemoglobin [PRINCES-H]:

https://svetric.shinyapps.io/princesH/). To our knowledge, this is the first systematic review of

pediatric hemoglobin reference intervals and curves to incorporate meta-analysis, provide a
comprehensive synthesis of both lower and upper limits from RIs and RCs, and present the data
through an interactive, web-based platform. This chapter corresponds to Manuscript 2 of the
thesis, and is published in International Journal of Laboratory Hematology.

VB led the study design, screening of references, full text review and selection, data
extraction of selected studies, quantitative and narrative data analysis, development of Shiny app,
presentation and interpretation of results and has drafted the initial manuscript. MB was involved
in screening of references, full text review and selection, data extraction of selected studies, and
the review of the manuscript. JL and MP were involved in data extraction from the included
studies and revision of the manuscript. BKP, PCP, and JSH were involved in the design, data
interpretation, writing and revision of the manuscript. FM and ML were involved in the design,

data interpretation and revision of the manuscript.
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3.2 Manuscript status: published in International Journal of Laboratory
Hematology

Pediatric Reference Intervals and Curves for hemoglobin estimated using direct methods:
A Systematic Review and Meta-analysis

Bijeli¢, V., Bijeli¢, M., Larock, J., Pham, M., Momoli, F., Liebman, M., Potter, B. K., Parkin, P.
C., & Hamid, J. S. (2025). Paediatric Reference Intervals and Curves for Haemoglobin Estimated

Using Direct Methods: A Systematic Review and Meta-Analysis. International journal of
laboratory hematology, 47(4), 588—599. https://doi.org/10.1111/ij1h.14489

Vid Bijeli¢!?, Marijana Bijeli¢!, Josh Larock®, Michael Pham?, Franco Momoli', Mira
Liebman?, Beth K. Potter!, Patricia C. Parkin®, Jemila S. Hamid?>"

1 School of Epidemiology and Public Health, Faculty of Medicine, University of Ottawa,
Ottawa, Ontario, Canada

2 Children’s Hospital of Eastern Ontario, Ottawa, Ontario, Canada

3 Department of Mathematics and Statistics, University of Ottawa, Ottawa, Ontario, Canada
4 The Hospital for Sick Children, Toronto, Ontario, Canada

* Corresponding Author:

Jemila S. Hamid, PhD

STEM Complex, 150 Louis-Pasteur Pvt
University of Ottawa

Ottawa, ON, K1N 6N5, Canada
jhamid@uottawa.ca

54



Abstract

Introduction: Hemoglobin is a commonly ordered laboratory test, used to assess both individual
and population-level health. To interpret test results, laboratories provide reference intervals
(RIs) with lower (2.5%%) and upper (97.5"%) limits according to age and sex. Reference curves
(RCs) treat age as a continuous variable. The objectives were to synthesize evidence on pediatric
hemoglobin RIs/RCs and investigate possible sources of heterogeneity. We placed our findings
in the context of the age- and sex-based hemoglobin thresholds to define anemia, recommended
for international use by WHO.

Methods: We conducted a systematic review of studies publishing pediatric hemoglobin
RIs/RCs (PROSPERO: CRD42023399802). EMBASE, MEDLINE, SCOPUS, and The
Cochrane electronic libraries were searched from inception to July 31, 2023. Studies involving
unhealthy children, lacking males and females RIs/RCs, or limited to cord-blood RIs/RCs were
excluded. Studies adhering to guidelines for RIs development from the Clinical Laboratory
Standards Institute (CLSI) and RCs studies reporting confidence intervals (Cls) were included in
meta-analysis. Lower and upper male and female Rls limits were pooled for age groups with
heterogeneity below 75% I?. All studies meeting eligibility criteria were included in narrative
synthesis. Sources of heterogeneity were analyzed using heatmaps, forest-plots, and Shiny-app.
Results: Of 9123 studies screened 177 were retained for full-text review. We identified 48
eligible studies (63 529 male and 59 969 female participants) from 25 countries (4 continents)
published 1938-2023. There was inconsistency in age partitioning and length of age intervals.
Meta-analysis was conducted on 13 studies reporting RIs and 2 studies reporting RCs. Pooled
estimates for the 0-3 months age group could not be generated for males or females due to
paucity of data. For children aged 3 months or older, both lower and upper RI hemoglobin limits

generally increased with age, from approximately 100 to 130 g/L and from approximately 130 to
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150 g/L, respectively. For visualization of our narrative synthesis of all 48 studies we created a
novel web-based computational tool. Sources of heterogeneity included child age, sex, analyzer
type, and country. For many studies, the lower RIs were substantially different than WHO
anemia thresholds. Study limitations include a small sample size for younger age groups,
potentially impacting heterogeneity estimates, reliance on CLSI guidelines due to the lack of a
suitable quality assessment tool for RIs/RCs, and restriction to English-language studies.
Conclusion: Evidence synthesis of locally developed pediatric hemoglobin RIs/RCs revealed
substantial heterogeneity, suggesting the need for more rigorously developed estimates that may
be used globally along with WHO thresholds to define anemia. Future research is needed on Rls
for the youngest children. Percentile curves should be explored to provide continuous

hemoglobin charts.
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Introduction

Hemoglobin is one of the most commonly ordered laboratory tests used to assess individual and
population health status globally'. Decreased hemoglobin levels may indicate anemia, a
prevalent condition with numerous etiologies that, if untreated, may lead to poor short term and
long term health outcomes?.

Laboratory tests play a crucial role in clinical decision-making for individual patients as
well as in population-based surveillance and policy for public health practitioners. Meaningful
interpretation of laboratory test results requires an accompanying range of values, calculated
from a healthy reference population. These values are commonly referred to as reference
intervals (RIs)>. It is essential to establish accurate and reliable Rls, which often involves
providing specific Rls for different sub-groups (termed partitions), such as age and sex, when
appropriate*. Interpretation of laboratory results to determine presence of high-risk or disease
requires an accompanying single threshold, known as a clinical decision limit (CDL)3. CDLs
may be derived from clinical outcome studies, guidelines, and expert consensus.

The International Federation of Clinical Chemistry and Laboratory Medicine Committee
on Reference Intervals and Decision Limits has developed the concepts of Rls and CDLs in
laboratory medicine?. The Clinical Laboratory Standards Institute (CLSI) develops laboratory
standards®.

CLSI provides guidelines for establishing Rls, including the selection of an apparently
healthy reference population and minimum sample size requirements*. Two RI limits (lower and
upper) are calculated using recommended statistical methods (parametric, non-parametric, or
robust methods). The lower limit represents the 2.5" percentile, and the upper limit represents
the 97.5" percentile the distribution of values (with corresponding 90% confidence intervals) in a
healthy reference population. Choice of appropriate statistical methods for estimating RIs is
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crucial to the accuracy and precision of Rls, and it is important that researchers carefully
examine the distribution of the analytes*. In addition to the CLSI guideline, recommendations for
choosing appropriate methods are available in literature®. Reference curves (RCs), which treat
age as a continuous variable, avoid the need for extensive age partitioning and address problems
arising from insufficient sample sizes and dynamic physiological changes’. Nevertheless, their
practical application in laboratory and clinical settings is limited. To our knowledge, there is no
clinical or methodological guideline (similar to RIs) available for estimating RCs.

Developing Rls for pediatric populations is particularly challenging because many
biomarkers show dynamic changes as children grow from birth through adolescence; thus,
narrower sex-specific age partitions may be needed to reflect their age, physiological changes,
and developmental stages®. Many studies struggle to achieve sufficient sample sizes for precise
RIs in pediatric populations, especially considering the difficulty of acquiring blood from
younger children®. Despite efforts over the last several decades to establish high-quality RIs for
pediatric biomarkers, they remain highly inconsistent®.

RIs for hemoglobin should be derived from apparently healthy populations 4. However,
unrecognized nutritional and genetic factors may cause geographic variation, especially affecting
the lower reference limit used for anemia assessment’. The World Health Organization (WHO)
recently updated hemoglobin thresholds to define anemia based on the 5™ percentile of the
hemoglobin distribution from a pooled international healthy reference sample'8. They applied
number of healthy criteria, but insufficient information was available for genetic factors. This
single threshold represents a hemoglobin threshold to define anemia. The WHO views this as “an
opportunity for global harmonization of hemoglobin thresholds to define anemia across

countries, clinical guidelines, and diagnostic laboratories”®. This presents a dilemma for
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clinicians and laboratories: should they use the lower RI limit from a local reference population
or the single WHO threshold? Understanding the global variation in RIs for hemoglobin may
help to address this dilemma.

In this study we conducted a systematic review and meta-analysis of the current
literature, to identify and synthesize (where possible) RIs and RCs for hemoglobin in healthy
pediatric populations. We also examined heterogeneity across studies and identified potential

sources of variation in RIs and RCs.

Methods

The protocol for our systematic review has been published and registered with PROSPERO
(CRD42023399802)°. We reported the results according to the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA) guidelines!.

Search, screening, and data extraction
The search strategy was developed in consultation with a librarian. We searched major medical

databases, MEDLINE, EMBASE, SCOPUS, and the Cochrane Library from inception to search
date (July 31, 2023). We also searched the reference lists of included studies. We included
studies that involved a healthy pediatric population (<18 years), provided RlIs or/and RCs for
hemoglobin, and were published in English. We excluded studies that did not report separately
male or female RIs or RCs, studies reporting only cord-blood RlIs or RCs and studies using
indirect methods. When multiple studies used the same database, only the study with the largest
sample size, or the most recent study if sample sizes were identical, was included in the
systematic review. Full search strategy is available in supplemental material section.

Two reviewers (VB, MB) independently performed the first and second stage of
screening; discrepancies were resolved by discussion. Two team members (JL, MP) extracted

data which was verified by VB. Study details (e.g., year and country), information on age
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partitioning and other methods (e.g., the analyzer used, the statistical methods), and the reported
lower and upper RI limits for each partition with their corresponding confidence intervals (Cls)
was extracted from each study. CIs for the parametric RI method, when not provided, were
calculated using the formula provided by Solberg'!. When the equations representing the RCs
were provided, the mid-point of pre-specified age partitions was used to calculate RIs (from the
RCs).

Risk of Bias Assessment

There is no established risk of bias (RoB) tool for RIs/RCs, therefore we were unable to perform
a formal risk of bias assessment. Instead, we examined whether or not studies adhered to the
CLSI guidelines, which is considered a gold standard for estimating Rls. Two reviewers (VB,
MB) independently reviewed each study using CLSI criteria for developing RI (outlier detection,
calculations/reporting of CIs for Rls, use of the recommended statistical methods for estimation
of RIs, and data partitioning). It is worth mentioning that CLSI guidelines were first published in
2008 using Solberg (1987) approved recommendations on RIs!!. Publication bias, which is
concerned about the possibility of negative or null results not being published, is not applicable
to this systematic review, which synthesized studies estimating RIs and RCs.

Evidence Synthesis

Data was synthesized using descriptive statistics and meta-analysis. Only Rls from studies that
adhered to the CLSI guidelines and RCs that provided Cls were included in the meta-analysis.
To overcome the challenges associated with different age partitions being used by different
studies, we employed a novel strategy whereby we created standardized age partitions. We used
3-month age ranges for children below 3 years, and 1-year age ranges for children above 3 years.

We defined terms “within range” (study age partition corresponded to or was fully embedded
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within our standardized age partitions) and “out of range” (study age partition was wider than
standardized age partitions) to indicate the extent to which a study’s age partition corresponded
to our standardized age partition. We used this information to study age partitioning as a source
of heterogeneity in the evidence synthesis of hemoglobin Rls and RCs. For each age partition,
we performed meta-analyses separately for males and females and for lower and upper RI limits.
Heterogeneity was studied graphically using forest plots, using the /2 statistic and displayed on a
heatmap. Pooled estimates of hemoglobin RIs were calculated only when % < 75%, as
recommended by the Cochrane Handbook for Systematic Reviews. Random effects meta-
analysis was used to account for heterogeneity.

Due to high heterogeneity in methods and results across studies, to complement and
extend the meta-analysis, we produced a narrative synthesis of all reviewed studies, inclusive of
those for which meta-analysis was not possible. We examined the distribution (using the 10% and
90 percentile) of the lower and upper RI limits across all included studies and provided
comparative evaluations of the lower RI limits in relation to the recently published age-specific
WHO thresholds for hemoglobin'. To facilitate visual evaluation of heterogeneity with respect to
the many factors our systematic review revealed, including regional and methodological
differences, and to overcome the challenge we faced in having too many partitions, we
developed a novel web-based graphical and computational tool (Pediatric Reference Intervals
and Curves Evidence Synthesis - Hemoglobin [PRINCES-H] tool). The web-based tool allows
investigation of heterogeneity of RIs by selecting specific age groups either using WHO or
standardized age partitions, choosing different geographic regions (Asia, Africa, North America,
Europe) or choosing if study adhered to CLSI guidelines. It provides dynamic visualizations,

stratified by age, sex, region, and adherence to the CLSI guidelines, together with detailed
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numerical summaries, including medians, interquartile ranges (IQRs), and CIs. The tool
highlights sex-specific differences, particularly during critical growth periods such as
adolescence, and enables comparisons of Rls across multiple studies to assess variability in
reporting. Additionally, users can input specific hemoglobin values for benchmarking against
reported RlIs. This tool serves as a practical resource for visualizing and analyzing heterogeneity
of hemoglobin Rls, facilitating understandings of regional and methodological differences.

All analyses were performed using the R statistical software version 4.3.1; the metagen
function from meta package version 7.0-0, metafor package, and the R Shiny App were used for

meta-analysis and developing the web-based tool'2.

Patient and public involvement
No patients or members of the public were involved in this systematic review.

Deviations from the published protocol
In the development of our protocol, we planned to use the Revised Tool for the Quality

Assessment of Diagnostic Accuracy Studies to assess RoB. However, after further evaluation the
tool was deemed not suitable for RoB assessment of RIs and RCs. As per our protocol, we
considered using both fixed and random effects meta-analysis. However, we encountered high
level heterogeneity across the studies, hence we decided to present (and interpret) the pooled
estimates from the random effects models, as it accounts for heterogeneity. Nevertheless, in the
forest plots, we still provided pooled estimates from both the fixed effects and the random effects

models, mainly to abide with our protocol for completeness of reporting.

Results

The search yielded 14897 citations of which 5774 were duplicates. A total of 9123 titles and

abstracts were screened at the first stage, 177 studies were retained for full-text review, and 48
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studies'30 met all eligibility criteria and were included in our final systematic review (Figure 1,

Table S1).

63



| PRISMA Flow Diagram

Studies identified from (n=14 887):
Embase (n=4 295)
Medline (n=3 043) | —
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: Scopus (n= 6 893) (n=5774)

E The Cochrane Library (n=665)
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¥
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Full text screened: Wrong patient population (n=7)
n=177) > Wrong health status (n = 10)
Wrong outcome (n = 31)
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Conference abstract/no full text (n = 40)
) Mumber of included studies:
(n=2a0)
Mumber of studies included after
reference list (n = 21): 101
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§ Ly Mo malesifemales RIs/RCs (n = 37)
Y Cord blood RIs/RCs (n=19)
E o i Same database set (n=5)
Mumber of studies included in Mulfiple countries (n=2}
review: (n = 48)
Mumber of studies included in
meta-analysis: (n = 16)

Figure 1. PRISMA flow diagram outlining results from search and screening process. (Adapted
from: Page et al. 2020)
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Estimates for the lower and upper limits for RIs from 13 studies!3-15-18.24.25.27.29.32,33,36,38,39

that adhered to CLSI guidelines and 2 studies reporting RCs!®?2 that provided CIs for lower and
upper limits were considered in the meta-analysis (Table S2) and pooled when appropriate. All
48 studies were included in the narrative synthesis as well as in the graphical examination of

heterogeneity.
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Table 1. Characteristics of included studies, analytical and methodological characteristics of

reference intervals (RIs) and curves (RCs), and study adherence to Clinical Laboratory Standards

Institute (CLSI) guidelines

Characteristics* Number of Studies, n (%)* Number of Children
(Sample Size)
Total 48 123 498
Sex
Male 48 (100) 63 529 (51.4)
Female 47 (97.9) 59 969 (48.6)
Regions
Africa 14 (29.2) 5843 (4.7)
Asia 12 (25.0) 66 038 (53.5)
Europe 9 (18.8) 6410 (5.2)
North America 13 (27.1) 45207 (36.6)
Interval Type
Discrete Reference Interval 44 (91.7) 68 361 (55.4)
Reference Curve 4(8.3) 55137 (44.6)
Estimation Method
Reference Intervals
Non-parametric 21 (47.7) 28 555 (41.8)
Parametric 18 (40.9) 15269 (22.3)
Robust 5(11.4) 668 (1.0)
Other 5(11.4) 23 869 (34.9)
Reference Curves
Lambda Mu and Sigma Method 3 (75.0) 54641 (99.1)
Quantile Regression 1(25.0) 496 (0.9)
Analyzer models
Abbott 3(6.2) 1643 (1.3)
Beckman Coulter 12 (25.0) 40 812 (33.0)
Horiba 2(4.2) 1091 (0.9)
Mindray 2(4.2) 780 (0.6)
Ortho 1 2.1 404 (0.3)
Sysmex 20 (41.7) 31535 (25.5)
Other 4(8.3) 4063 (3.3)
Not Provided 5(10.4) 43170 (35.0)
Adhered to CLSI Guidelines** 13 (29.5) 36 160 (52.9)
Outlier detection 22 (50.0) 40 881 (59.8)
Partitioning 42 (95.5) 68 108 (99.6)
Method for Rls estimation 32 (72.7) 59772 (87.4)
Estimation of Cls for RIs 32 (72.7) 60 968 (89.2)

* Does not add up to 100%
** Only applicable to Rls (n=44 studies)
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The publication year for the included studies ranged from 1938 to 2023. The geographic
distribution covered Africa (n=14, 29.2%), Asia (n=12, 25.0%), Europe (n=9, 18.8%), and North
America (n=13, 27.1%) (Table 1). The most commonly used analyzers were the Sysmex,
Beckman-Coulter, and Abbott models. Forty-four (91.7%) studies provided Rls; of these, 21
(47.7%) used the non-parametric method for estimating Rls, 18 (40.9%) used the parametric
method, and 5 (11.4%) used the robust method. Four of the 48 studies (8.3%) provided RCs, of
which 3 used the Lambda Mu and Sigma method and one used quantile regression. Additional

summary statistics are provided in the supplementary material section (Table S1).
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Figure 2. Interval width of the age partitioning used when establishing hemoglobin RIs
presented by sex. Studies were ordered (bottom to top) according to the minimum age for the

study (reference) population

We observed inconsistencies in age partitioning across studies, for both males and

females (Figure 2). The length of age intervals also varied considerably, ranging from less than

one month (e.g., birth to 4 days) to as wide as 16 years (e.g., 4 years to 20 years) for both sexes.
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Meta-analysis
Sixteen of the 48 (33.3%) studies were included in the meta-analysis. Fourteen RI studies

followed all four key recommendations from the CLSI guidelines and two RC studies provided
CI for lower and upper limits*. The most common reasons for considering a study to be non-
adherent to CLSI guidelines were lack of adherence to recommendations related to outlier
detection (n=22, 50%) and calculations/reporting of CIs for RIs (n=12, 27.3%), followed by use
of other than the recommended statistical methods for estimation of RIs (n=11, 25%), and data
partitioning (n=2, 4.5%). One study>® with missing CIs reported using the parametric method,
hence we were able to calculate Cls for this study (Table 1, Table S2). The pooled estimates for
the lower and upper limits by age and sex partition, with the corresponding 90% Cls are
provided in Table 2. The corresponding forest plots are provided in the supplemental material

section (Figures S1-S24).
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Table 2. The pooled estimates from random effects meta-analysis for hemoglobin (g/L) reference

intervals (RIs).

Pooled Lower RI Limit Pooled Upper RI Limit
(90% CI) (90% CI)

Age Partitions* Males Females Males Females
0_3 months Kok Kok Kok skk
3-6 months *x 102.3 (98.2-106.4) | 133.1(123.0-143.1) | 132.9 (122.8-143.1)
6-9 months 98.6 (94.8-102.4) *E 132.3 (123.6-141.0) wx
9-12 months 100.7 (95.3-106.1) 99.0 (93.5-104.5) 133.1 (120.8-145.3) wx
12-15 months *E *x *E ok
15-18 months *x *x *x woE
18-21 months 103.7 (99.9-107.4) | 104.6 (101.2-108.0) *x woH
21-24 months 104.9 (100.7-109.1) *x *x woH
24-27 months Hok Hok Hok ok
27-30 months *E *E *E HE
30-33 months *E *E *E *x
33-36 months *x *E *x ok
3.4 years ek ek ek k3
4-5 years *ok *% *ok *k
5_6 years skk kok skok skk
6-7 years 113.4 (111.4-115.4) *x *x ok
7_8 years koK koK koK skk
8-9 years 114.4 (112.1-116.7) o *x ok
9-10 years *ok * % *ok *k
10_11 years skok kek skok sk
11-12 years *x 116.5 (112.9-120.1) *x woH
12-13 years 122.0 (120.5-123.5) *x *x woH
13-14 years 124.1 (122.8-125.4) *x *x ok
14-15 years 126.0 (124.8-127.3) *x *x ok
15-16 years 128.5 (127.1-130.0) o o ok
16-17 years 130.7 (129.1-132.2) ok ok 152.2 (150.6-153.7)
17-18 years 131.7 (130.2-133.3) *E *x 152.2 (150.6-153.8)

* Represents the standardized age-partitions we used in our systematic review

** Pooling was not possible because of highly significant heterogeneity ’>75%

As shown in Table 2, Figures 3, and Figures S1-S24, we were able to pool the RI

estimates for only a limited number of partitions. This was mainly because of the high level of

heterogeneity (17 > 75%), which is displayed using a heatmap presented in Figure 3. There was a
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paucity of data for children aged 0-3 months (Figure S1-S4), and a pooled estimate could not be

generated for males or females in this subgroup. Lower limits of the RIs increased with age from

3 months onwards (from approximately 100 g/L to 130 g/L) (Table 2). Upper limits also

increased with age from 3 months onwards (from approximately 130 g/L to 150 g/L).
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Figure 3. Heatmap representing heterogeneity across age groups and methodological
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characteristics shown separately for lower and upper limits and males and females. Shown in

white are age groups with insufficient sample size to calculate heterogeneity.

In general, lower heterogeneity (1>< 75%, dark and light blue on the heatmap) was found

for males (compared with females), older age partitions with 1-year intervals (compared with

younger age partitions with 3-month intervals), narrower age partitions (compared with wider

age partitions), “within range” age partitions (compared with “out of range” age partitions), and

71



lower RI limits (compared with upper RI limits) (Figure 3). When heterogeneity could not be

calculated, due to an insufficient number of studies (n<2), cells were left blank on the heatmap.

Narrative Synthesis
Detailed descriptions of the full set of 48 studies are provided in Table S1. The distributions of

the RIs for all age partitions, separately for males and females, are presented in the forest plots
and descriptive statistics provided in the supplementary files (Figures S1-S24, Table S3), where
regional differences are also highlighted. A more comprehensive visualization of the Rls is
provided using our novel web-based PRINCES-H tool (https://svetric.shinyapps.io/princesH/)
where the user can specify age group, region, and adherence to the CLSI guidelines. The age-
specific hemoglobin thresholds published by WHO as well as the 10™ and 90™ percentiles of RIs
across the studies are displayed in figures generated by our tool. The tool also provides a
summary narrative synthesis based on the user-specified features. An illustrative example based
on one scenario is provided in the supplementary file (Figure S25, Table S3).

Based on the set of 48.0 studies, for children aged 0-6 months, the lower RI limits ranged
from 85.0 g/L (males) and 86 g/L (females)' to 147.0 g/L (males) and 142.0 g/L (females)*.
The upper RI limits in this age partition ranged from 117.4 g/L (males) and 116.6 g/L (females)’
to 224.0 g/L (males) and 227.0 g/L (females)* (Figure S26 and S27, Table S3).

For children aged 6-23 months, the lower RI limits ranged from 66.0 g/L (males) and 69
g/L (females)' to 112.5 g/L (males) and 122.2 g/L (females)°. In this age partition, the upper RI
limits ranged from 117.3 g/L (males) and 120.9 g/L (females)*® to 141.0 g/L (males)?® and 145.8
g/L (females)?' (Figure S28 and S29, Table S3).

For children aged 24-59 months, the lower RI limits ranged from 91.1 g/L. (males) and

93.0 g/L (females)?! to 150.8 g/L (males) and 138.0 g/L (females)?!. The upper RI limits in this
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age group ranged from 123.5 g/L (males) and 126.2 g/L (females)*° to 159.0 g/L (males) and
157.0 g/L (females)?’ (Figure S30 and S31, Table S3).

For children aged 5-12 years, the lower RI limits ranged from 80.9 g/L (males) and 85.9
g/L (females)?® to 150.8 g/L (males) and 138.0 g/L (females)?!. The upper RI limits ranged from
117.9 g/L (males) and 117.0 g/L (females)'” to 196.0 g/L (males)*° and 162.0 g/L (females)>®
(Figure S32 and S33, Table S3).

For children aged 12-15 years, lower RI limits ranged from 90.0 g/L (males)?* and 81.0
g/L (females)*¢ to 150.8 g/L (males)’! and 140.5 g/L (females)®. The upper RI limits ranged
from 133.2 g/L (males) and 133.2 g/L (females)’® to 196.0 g/L (males)** and 162.0 g/L
(females)*® (Figure S34 and S35, Table S3).

For children aged 15-18 years, lower RI limits ranged from 90 g/L (males)?* and 75.0 g/L
(females)*! to 154.0 g/L (males) and 140.5 g/L (females)®. The upper RI limits ranged from
140.5 g/L (males)?® and 131.5 g/L (females)>® to 196.0 g/L (males)*® and 162.0 g/L (females)>®
(Figure S36 and S37, Table S3).

The supplemental Figure S38 highlights the heterogeneity of hemoglobin reference
intervals across age groups and between sexes, and the complexity involved in visual
presentation of the all the RIs. Since the age ranges for RIs often span months or years, the RI
limits and their corresponding CIs were displayed on graphs as point estimates at the midpoint of
each age range. Significant variability is observed, particularly during adolescence, where males
and females show distinct variation in their reference intervals. Based on the visual presentation
of the studies using the PRINCES-H tool, we identified substantial variability related to study

characteristics, including child age and sex, analyzer type, and country. There also appeared to
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be significant variation by countries within continental regions. For many studies, the lower RI

was substantially different (lower or higher) than the WHO threshold to define anemia.

Discussion

We conducted a systematic review of pediatric RIs/RCs for hemoglobin (lower and upper limits)
in males and females under 18 years of age. We identified 48 studies from 25 countries spanning
4 continents published between 1938 and 2023. There was inconsistency in age partitioning and
length of age intervals across studies. Fourteen studies reporting Rls adhered to CLSI guidelines
and were included in the meta-analysis, along with 2 studies that reported RCs. RI estimates
were pooled for a limited number of age partitions due to high heterogeneity. A pooled estimate
for 0-3 months could not be generated due to a paucity of data. Lower RI limits increased with
age from 3 months onwards from approximately 100 g/L to 130 g/L. Upper limits increased from
3 months onwards from approximately 130 g/L to 150 g/L. We also conducted a narrative
synthesis of all 48 studies accompanied by a comprehensive visualization of the RIs using our
novel web-based PRINCES-H tool, according to our standardized age partitions as well as the
WHO age groups. We identified substantial heterogeneity in lower and upper RI limits related to
study characteristics, including child age and sex, analyzer type, and country.

To our knowledge, this is the first systematic review on pediatric hemoglobin Rls, yet it
has several limitations. First, we did not use a formal RoB or quality assessment because there is
no tool applicable for RIs/RCs; instead, we used adherence to the CLSI guideline as a criterion to
pool RI estimates. Second, our study was limited to publications in English, which may have led
to the exclusion of important studies published in other languages. Third, there was a small
number of studies for some of the age groups, especially the younger age groups, which could

affect heterogeneity estimates.
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While our review focused on RIs/RCs (lower and upper limits), there is another body of
literature focused on a single hemoglobin threshold to define anemia (a type of clinical decision
limit). Jorgensen et al., commissioned by WHO, conducted a narrative review of 60 studies
(1975-2018) reporting hemoglobin thresholds across the life cycle in males and females’.
Recognizing the substantial heterogeneity in study results and inclusion of individuals with iron
deficiency or inflammation, WHO supported a subsequent study by Braat et al. which pooled
international data sources and excluded individuals with clinical or laboratory evidence of
conditions that might reduce hemoglobin (i.e., creating a healthy reference population)'. The
authors estimated hemoglobin thresholds at the 5™ percentile for five age groups (6 months to 65
years), noting similar thresholds for males and females under 12 years of age!. Commenting on
the WHO guidelines, Pasricha et al. suggest there is “an opportunity for global harmonization of
hemoglobin thresholds to define anemia across countries, clinical guidelines, and diagnostic
laboratories™®. Our finding of substantial heterogeneity of locally developed RIs/RCs, suggests
that global harmonization of Rls is not yet possible, and it remains uncertain whether local or
global RIs will lead to improved clinical decision-making. More research on the rigorous
development of Rls is warranted. In addition, a discussion of the usefulness and precision of
local versus global pediatric RIs is warranted. The question related to the risk of erroneous
diagnosis of anemia using global limits for some populations should be investigated in future
studies.

Community- or hospital-based data, using indirect methods, play important roles in
establishing RIs and RCs. Indirect methods have been explored in several studies as an
alternative to direct approaches and have the potential to influence clinical practice, particularly

in vulnerable populations such as the pediatric population, where acquiring sufficient sample
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sizes from healthy children is often limited or not possible ©-%4. Studies utilizing indirect
methods estimate RIs using large databases from hospital information systems and/or
community-based datasets, leveraging traditional and emerging statistical techniques including
the Hoffmann method and methods involving the mixture distribution ¢1:6-6¢ The CLSI
guidelines, which is currently considered as the gold standard for RI estimation, acknowledge the
use of indirect techniques. However, the guidelines also highlight reservations, and the
recommendations often focus on RIs and RCs established using healthy populations. Considering
this and the ongoing debate around direct versus indirect methods, and the anticipated
heterogeneity and scale of data in this systematic review, we focused on RIs/RCs derived
exclusively from “healthy populations”, and only those that followed the CLSI guidelines were
combined quantitatively to provide pooled estimates. By identifying and highlighting areas
where the estimation of precise Rls is not yet possible, our review provides support for the use of
indirect methods using community-based data and hospital samples, as a provisional solution in
these areas. At the same time, our findings emphasize the critical importance of ongoing and
future pediatric data collection efforts for gathering sufficient samples from healthy children.
Our systematic review and meta-analysis employed novel strategies, such as standardized age
partitioning, to advance evidence synthesis methodologies specific to RIs/RCs. By limiting the
scope of this analysis to “healthy populations”, we presented this work as a proof-of-concept for
future studies in the field. The methods employed and the analysis strategies used, including our
novel web-based tool computational and graphical, can be adapted and used in evidence
synthesis involving RIs and RCs for other biomarkers of health, including RIs and RCs obtained

using indirect methods.
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There are several implications for practice, policy and future research. First, our evidence
synthesis of locally developed RIs/RCs revealed substantial heterogeneity, suggesting the need
for more rigorously developed estimates that may be used globally, similar to the approach by
Braat et al. for development of hemoglobin thresholds to define anemia. Second, standardized
age partitions are needed for RIs, and RCs may eliminate the need for age partitioning. Third,
future research is needed on RIs for the youngest children, using very narrow age partitions,
where hemoglobin changes significantly from birth to 6 months of age. Fourth, we support the
aspirational goal of global harmonization of RIs and RCs (lower and upper limits), and
hemoglobin thresholds to define anemia (single CDL) which will provide clinicians, public
health practitioners and laboratories with a comprehensive set of values to assess the health of
individuals and populations. Use of percentile curves should be explored to provide continuous
hemoglobin charts (similar to WHO growth charts), which will eliminate the need for age
partitioning. Fifth, at the same time we also advocate for regional RIs and RCs to understand the
range of values of the population.
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Supplemental tables and figures

Table S1. Studies included in systematic review

Author Year | Country | No.of | Analyzer Ref. Age Range 90%CI | CLSICited | Daly CLSI
sample Type 2017 Followe
Cited | d
Wilson 2023 | Canada 52500 Abbott RC Om-18y No Yes No No
Bohn 2021 Canada 165 Siemens RI 13y-19y Yes Yes No Yes
Hall 2021 Canada 17800 Not provided RC 6m-18y No Yes No Yes
Tahmasebi 2020 | Canada 229 Abbott RI Sm-19m Yes Yes No Yes
Bogner 2019 | Austria 102 Roche RI 14y-18y Yes Yes No No
Bohn 2019 | Canada 148 Roche RI 15y-19y Yes Yes No Yes
Hoq 2019 | Australia | 51300 Ortho, Abbott, RC Om-18y No Yes No No
Roche, Siemens,
Beckman Coulter

Larsson 2019 | Sweden 826 Roche RI Om-12m Yes Yes No No
Higgins 2018 | Canada 197 Ortho RI 13y-19y Yes Yes No Yes
Parkin 2017 | Canada 5007 Roche RI Om-11y Yes Yes No Yes
Karbasy 2016 | Canada 84 Beckman Coulter | RI l6y-19y Yes Yes No Yes
Rieger 2016 | Germany | 24906 Roche RC 4y-17y No Yes No No
Adeli 2015 | Canada 1470 Siemens RI 6y-25y Yes Yes No Yes
Bailey 2013 | Canada 304 Abbott RI 14y-19y Yes Yes No Yes
Southcott 2010 | Australia 986 Abbott RI 8y-13y No Yes No No
Hollowell 2005 | US 10279 Beckman Coulter | RI 12m-20y Yes No No No
Elmlinger 2002 | Germany 742 Siemens RI Om-18y No Yes No No
Chinn 1998 | Scotland 753 Other RI 8y-10y No No No
Wiedermann 1993 Germany 135 Abbott RI 14y-19y No Yes No No
Valberg 1976 | Canada 204 Not provided RI 10y-20y No No No No
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Table S2. Study adherence to CLSI guidelines

First Author Outlier Partitioning | Method for RIs Estimation of
Publication Year detection estimation CIs for RIs
Valberg et al., (1976) N N Y Y
Wiedermann et al., (1993) N Y Y N
Chinn et al., (1998) N Y Y N
Elmlinger et al., (2002) N Y N N
Hollowell et al., (2005) N Y Y Y
Southcott et al., (2010) Y Y Y N
Bailey et al., (2013) Y Y Y Y
Adeli et al., (2015) Y Y Y Y
Rieger et al., (2016) N NA NA N
Karbasy et al., (2016) Y Y Y Y
Parkin et al., (2017) Y Y Y Y
Higgins et al., (2018) Y Y Y Y
Hoq et al., (2019) Y NA NA N
Larsson et al., (2019) N Y Y Y
Bohn et al., (2019) Y Y Y Y
Bogner et al., (2019) Y Y N Y
Tahmasebi et al., (2020) Y Y Y Y
Hall et al., (2021) Y NA NA Y
Bohn et al., (2021) Y Y Y Y
Wilson et al., (2023) Y NA NA N
Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup=0-3m
America (N) Canada Hamid, 2021 1-6m 82 149 1007 [982: 103.1]
Asia (E®)  China  Li,2023 ) 5-28days 232 242 — 119.0 [113.0;121.0]
Heterogeneity: I~ = 98%
AgeGroup =3 -6m
America (N) Canada Hamid, 2021 1-6m 82 149 1007 [982: 103.1]
Asia(E®)  China  Wang, 2017 4-6m 66 1.92 = 101.0 [97.6; 104.0]
Asia (E®)  China  Yan, 2022 025y 6412 100 960 [94.1 977]

Heterogeneity: I* =78%

40 60 80 100 120 140 160
Lower Hemaoglobin Rls values for males

Figure S1. Forest plot of hemoglobin RIs lower limits for 0-6 months old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup=0-3m
America (N*) Canada Hamid, 2021 1-6m 82 146 1312 [128.8; 1336]
Asia (E”) China  Li, 2023 ) 5-28 days 232 182 = 1970 [195.0;201.0]
Heterogeneity: 1= = 100%
AgeGroup =3 -6m
America (N*) Canada Hamid, 2021 1-6m 82 146 1312 [128.8; 133.6]
Asia (E”) China  Wang, 2017 4-6m 66 1.80 &= 1350 [132.0;138.0]
Asia (E”) China  Yan, 2022 025y 6412 140 + 133.0 [131.5;136.1]
Common effect model 6560 & 132.8 [131.4; 134.3]
Random effects model —_— 133.1 [107.5; 158.6]
Heterogeneity: I~ = 26% : : : : : |
100 120 140 160 180 200

Upper Hemoglobin Rls values for males

Figure S2. Forest plot of hemoglobin RIs upper limits for 0-6 months old males

Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup=0-3m
America (N*) Canada Hamid, 2021 1-6m 62 1.76 102.0 [99.2;105.0]
Asia (E”) China  Li, 2023 5-28 days 265 1.82 0 114.0 [112.0; 118.0]
Heterogeneity: I* = 96%
AgeGroup =3 -6m
America (N*) Canada Hamid, 2021 1-6m 62 1.76 L 102.0 [99.2;105.0]
Asia (E”) China  Wang, 2017 4-6m 70 1.50 104.0 [101.0;106.0]
Asia (E”) China  Yan, 2022 025y 6412 125 101.0 [99.3;103.4]
Common effect model 6544 ¥ 102.2 [100.8; 103.6]

Random effects model
Heterogeneity: /- = 16%

< 102.3 [97.7;107.0]

T T T
40 60 80

T T T 1
100 120 140 160

Lower Hemoglaobin Rls values for females

Figure S3. Forest plot of hemoglobin RIs lower limits for 0-6 months old females
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Region Country Study Age Interval n* SE(RI)

Rl [90% CI]

AgeGroup =0-3m

America (N*) Canada Hamid, 2021 1-6m 62 161

Asia (E¥) China  Li, 2023 5-28 days 265 212 =
Heterogeneity: I* = 100%

AgeGroup =3 -6m

America (N*) Canada Hamid, 2021 1-6m 62 B

Asia (E¥) China  Wang, 2017 4-6m 70 . =

Asia (E*) China  Yan, 2022 025y 6412 1.40 -
Common effect model 6544 ¢
Random effects model —_—= T T

Heterogeneity: 1% = 49%

T T T T T 1
100 120 140 160 180 200

130.8 [128.2;133.5]
198.0 [195.0; 202.0]

130.8 [128.2; 133 5]
133.0 [130.0; 136.0]
1350 [131.6;136.2]
133.1 [131.6; 134.6]
132.9 [106.9; 159.0]

Upper Hemoglobin Rls values for females

Figure S4. Forest plot of hemoglobin RIs upper limits for 0-6 months old females
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Region Country Study Age Interval n* SE(RI) RI [90% CI"]

AgeGroup=6-9m

America (N*) Canada Hamid, 2021 7-12m 343 076 1006 [994;101.9]
America (N*) Canada Wilson, 2021 05y 255 5863 — 951 [84.0;106.1]
Asia (E®) China Wang, 2017 =7m-1y 120 6.03 — 101.0 [84.0;104.0]
Asia (E®) China Wang, 2017 4-6m 66 192 + 101.0 [976;104.0]
Asia (E¥) China Yan, 2022 05y 6412 097 970 [959; 991]
Common effect model 7196 ¥ 99.4 [98.4; 100.3]
Random effects model & 99.2 [96.8;101.7]
Heterogeneity: 17 = 60%
AgeGroup=9-12m
America (N*) Canada Hamid, 2021 7-12m 343 076 1006 [994;101.9]
Asia (E®) China Wang, 2017 z7Tm-1y 120 603 — 101.0 [84.0;104.0]
Common effect model 463 i 100.6 [99.4; 101.8]
Random effects model < 100.7 [96.8; 104.5]
Heterogeneity: 17 = 0%
AgeGroup=12-15m
America (N*) Canada Hamid, 2021 13-18m 292 079 102.3 [101.0;103.6]
America (N*) Canada Wilson, 2021 1y 255 391 — 969 [90.1;103.8]
America (N*) US Fulgoni, 2019 1y 680 3.01 — 1032 [98.2;108.1]
Asia (E®) China Wang, 2017 =7m-1y 120 6.03 — 101.0 [84.0;104.0]
Asia (E®) China Yan, 2022 1y 6412 079 100.0 [99.0;101.6]
Asia (E®) South Korea Lee, 2016 1y 247 087 107.0 [105.6;108.4]
Heterogeneity: 1*=87%
AgeGroup=15-18m
America (N*) Canada Hamid, 2021 13-18m 292 079 102.3 [101.0;103.6]
America (N*) US Fulgoni, 2019 1y 680 3.01 - 1032 [98.2;108.1]
Asia (E¥) China Wang, 2017 =Tm-1y 120 6.03 — 101.0 [84.0;104.0]
Asia (E®) South Korea Lee, 2016 ) 1y 247 087 107.0 [1056; 108 4]
Heterogeneity: I~ = 82%
AgeGroup =18 -21m
America (N*) Canada Hamid, 2021 19-24m 211 070 1055 [104.5; 106.8]
America (N*) Canada Wilson, 2021 15y 255 243 - 98.7 [94.0;103.35]
America (N*) US Fulgoni, 2019 1y 680 3.01 —- 1032 [98.2;108.1]
Asia (E®) China Wang, 2017 =Tm-1y 120 603 — 101.0 [84.0;104.0]
Asia (E¥) South Korea Lee, 2016 1y 247 087 107.0 [1056; 108 4]
Common effect model 1513 4 105.6 [104.8; 106.5]
Random effects model & 104.2 [101.9; 106.6]
Heterogeneity: I~ = 66%
AgeGroup =21 - 24m
America (N*) Canada Hamid, 2021 19-24m 211 070 1055 [104.5; 106.8]
America (N*) US Fulgoni, 2019 1y 680 3.01 —- 1032 [98.2;108.1]
Asia (E®) China Wang, 2017 =Tm-1y 120 603 — 101.0 [84.0;104.0]
Asia (E¥) South Korea Lee, 2016 1y 247 087 107.0 [1056; 108 4]
Common effect model 1258 i 106.0 [105.1; 106.8]
Random effects model & 105.4 [102.8; 108.0]

Heterogeneity: 1#=12%

40 60 80 100 120 140 160
Lower Hemoglobin Rls values for males

Figure SS. Forest plot of hemoglobin RIs lower limits for 6-24 months old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI*]
AgeGroup=6-9m
America (N*) Canada Hamid, 2021 7-12m 343 076 1331 [131.8;134.3]
America (N*) Canada Wilson, 2021 05y 255 268 — 1277 [122.4;1329]
Asia (E¥) China Wang, 2017 =Tm-1y 120 090 133.0 [131.0;134.0]
Asia (E®) China Wang, 2017 4-6m 66 1.80 * 1350 [132.0;138.0]
Asia (E¥) China Yan, 2022 05y 6412 1.31 B 1350 [132.9;1372]
Common effect model 7196 b 133.3 [132.5; 134.1]
Random effects model & 133.0 [130.0; 136.0]
Heterogeneity: 17 = 44%
AgeGroup=9-12m
America (N*) Canada Hamid, 2021 7-12m 343 076 1331 [131.8;134 3]
Asia (E¥) China Wang, 2017 =Tm-1y 120 090 133.0 [131.0;134.0]
Common effect model 463 ] 133.1 [132.1; 134.0]
Random effects model <= 133.1 [128.5; 137.6]
Heterogeneity: I~ = 0%
AgeGroup=12-15m
America (N*) Canada Hamid, 2021 13-18m 292 061 1320 [131.0;133.0]
America (N*) Canada Wilson, 2021 1y 255 204 = 1314 [127.4,135.4]
America (N*) US Fulgoni, 2019 1y 680 149 -'- 1401 [137.7,142 6]
Asia (E®) China Wang, 2017 =Tm-1y 120 0.90 133.0 [131.0;134.0]
Asia (E®) China Yan, 2022 1y 6412 112 L) 137.0 [1356;139.3]
Asia (E¥) South Korea Lee, 2016 . 1y 247 087 1410 [1396; 142 4]
Heterogeneity: I~ = 95%
AgeGroup=15-18m
America (N*) Canada Hamid, 2021 13-18m 292 061 1320 [131.0;133.0]
America (N*) U3 Fulgoni, 2019 1y 680 149 a 1401 [137.7,142 6]
Asia (E®) China Wang, 2017 =Tm-1y 120 090 133.0 [131.0;134.0]
Asia (E®) South Korea Lee, 2016 1y 247 087 141.0 [139.6; 1424
Heterogeneity: 1#=97%
AgeGroup=18-21m
America (N*) Canada Hamid, 2021 19-24m 211 082 1325 [131.2;133.9]
America (N*) Canada Wilson, 2021 15y 255 237 - 1341 [129.5; 138.8]
America (N*) US Fulgoni, 2019 1y 680 149 & 1401 [137.7,142 6]
Asia (E®) China Wang, 2017 =Tm-1y 120 090 133.0 [131.0;134.0]
Asia (E®) South Korea Lee, 2016 ) 1y 247 087 1410 [1396; 142 4]
Heterogeneity: I~ = 94%
AgeGroup =21 - 24m
America (N*) Canada Hamid, 2021 19-24m 211 082 1325 [131.2;133.9]
America (N*) US Fulgoni, 2019 1y 680 149 - 1401 [137.7,142 6]
Asia (E®) China Wang, 2017 =Tm-1y 120 090 133.0 [131.0;134.0]
Asia (E¥) South Korea Lee, 2016 1y 247 087 1410 [1396; 142 4]

Heterogeneity: 1* = 96%

100 120 140 160

180 200

Upper Hemoglobin Rls values for males

Figure S6. Forest plot of hemoglobin RIs upper limits for 6-24 months old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI*]

AgeGroup=6-9m

America (N*) Canada  Hamid, 2021 7-12m 208  0.85 101.0 [100.2; 103.0]
America (N*) Canada  Wilson, 2021 05y 241 122 = 106.3 [103.9;108.7]
Asia(E*)  China Wang, 2017 =7m-1y 120 392 — 953 [89.0;102.0]
Asia(E*)  China Wang, 2017 4-6m 70 150 - 104.0 [101.0; 106.0]
Asia(E*)  China Yan, 2022 05y 6412 1.09 v 101.0 [100.3; 103.9]

Heterogeneity: 17 =79%

AgeGroup=9-12m

America (N*) Canada Hamid, 2021 7-12m 298 085 101.0 [100.2;103.0]
Asia (E®) China Wang, 2017 z7Tm-1y 120 392 — 95.3 [89.0;102.0]
Common effect model 418 ¢ 100.7 [99.4; 1021]
Random effects model < 99.3 [94.8; 103.8]

Heterogeneity: 1# = 50%

AgeGroup=12-15m

America (N*) Canada  Hamid, 2021 13-18m 248 088 103.0 [101.1; 104.0]
America (N*) Canada  Wilson, 2021 1y 241 089 1057 [103.9 107 4]
America (N*) US Fulgoni, 2019 1y 637 468 —— 1057 [98.0;113.4]
Asia(E*)  China Wang, 2017 =7m-1y 120 392 — 953 [89.0;102.0]
Asia(E*)  China Yan, 2022 1y 6412 085 103.0 [102.0; 104.8]
Asia(E*)  South Korea Lee, 2016 1y 287 081 108.0 [106.7;109.3]

Heterogeneity: 17 =84%

AgeGroup=15-18m

America (N*) Canada  Hamid, 2021 13-18m 248 088 103.0 [101.1; 104.0]
America (N*) US Fulgoni, 2019 1y 637 468 — 1057 [98.0;113.4]
Asia(E*)  China Wang, 2017 =7m-1y 120 302 — 953 [89.0;102.0]
Asia(E")  SouthKorea Lee 2016 1y 287 081 108.0 [106.7;109.3]

Heterogeneity: I~ = 88%

AgeGroup =18 -21m

America (N*) Canada Hamid, 2021 19-24m 193 1.00 105.0 [103.7;107.0]
America (N*) Canada Wilson, 2021 15y 241 082 105.3 [103.7;106.9]
America (N*) US Fulgoni, 2019 1y 637 468 —— 1057 [98.0;1134]
Asia (E™) China Wang, 2017 =7Tm-1y 120 392 - 953 [890;102.0]
Asia (E¥) South Korea Lee, 2016 1y 287 081 108.0 [106.7;109.3]

Common effect model 1478 ¥ 106.1 [105.3; 106.9]

Random effects model & 104.9 [102.1; 107.6]

Heterogeneity: I*=74%

AgeGroup =21 - 24m

America (N*) Canada  Hamid, 2021 19-24m 103 1.00 105.0 [103.7;107.0]
America (N*) US Fulgoni, 2019 1y 637 468 —— 1057 [98.0;113.4]
Asia(E*)  China Wang, 2017 =7Tm-1y 120 392 — 953 [89.0;102.0]
Asia(E*)  South Korea Lee, 2016 1y 287 081 108.0 [106.7;109.3]

Heterogeneity: 1*=78%

40 60 80 100 120 140 160
Lower Hemoglobin Rls values for females

Figure S7. Forest plot of hemoglobin RIs lower limits for 6-24 months old females
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup=6-9m
America (N*) Canada Hamid, 2021 7-12m 2068 073 1308 [1296; 132.0]
America (N*) Canada Wilson, 2021 05y 241 219 1264 [1221;130.7]
Asia (E¥) China Wang, 2017 =Tm-1y 120 121 = 137.0 [133.0;137.0]
Asia (E¥) China Wang, 2017 4-6m 70 1.80 + 133.0 [130.0;136.0]
Asia (E¥) China Yan, 2022 05y 6412 119 = 136.0 [132.8;136.7]
Heterogeneity: 1% = 89%
AgeGroup=9-12m
America (N*) Canada Hamid, 2021 7-12m 298 073 1308 [1296; 132.0]
Asia (E¥) China Wang, 2017 =Tm-1y 120 121 = 137.0 [133.0;137.0]
Heterogeneity: 1* = 95%
AgeGroup =12 - 15m
America (N*) Canada Hamid, 2021 13-18m 248 088 1344 [133.0;135.9]
America (N*) Canada Wilson, 2021 1y 241 184 1275 [123.9;131.1]
America (N*) US Fulgoni, 2019 1y 637 1.00 1366 [136.9;140.2]
Asia (E¥) China Wang, 2017 =Tm-1y 120 121 - 137.0 [133.0;137.0]
Asia (E¥) China Yan, 2022 1y 6412 091 = 137.0 [134.9;137.9]
Asia (E®) South Korea Lee, 2016 1y 287 081 1400 [138.7;141.3]
Heterogeneity: 1% = 90%
AgeGroup =15 -18m
America (N*) Canada Hamid, 2021 13-18m 248 088 1344 [133.0;135.9]
America (N*) US Fulgoni, 2019 1y 637 1.00 1386 [136.9;140.2]
Asia (E¥) China Wang, 2017 =Tm-1y 120 121 = 137.0 [133.0;137.0]
Asia (E®) South Korea Lee, 2016 ) 1y 287 081 1400 [138.7;141.3]
Heterogeneity: I~ = 87%
AgeGroup =18 - 21m
America (N*) Canada Hamid, 2021 19-24m 193 09 1341 [132.6;135.6]
America (N*) Canada Wilson, 2021 15y 241 156 1286 [125.5;131.6]
America (N*) US Fulgoni, 2019 1y 637 1.00 1366 [136.9;140.2]
Asia (E¥) China Wang, 2017 =Tm-1y 120 121 - 137.0 [133.0;137.0]
Asia (E¥) South Korea Lee, 2016 1y 287 081 1400 [138.7;141.3]
Heterogeneity: 1* = 93%
AgeGroup =21 - 24m
America (N*) Canada Hamid, 2021 19-24m 193 091 1341 [132.6; 135.6]
America (N*) US Fulgoni, 2019 1y 637 1.00 1366 [136.9;140.2]
Asia (E¥) China Wang, 2017 =Tm-1y 120 121 = 137.0 [133.0;137.0]
Asia (E¥) South Korea Lee, 2016 1y 287 081 1400 [138.7;141.3]

Heterogeneity: 1* = 88%

100 120 140 160 180 200

Upper Hemoglobin Rls values for females

Figure S8. Forest plot of hemoglobin RlIs upper limits for 6-24 months old females
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup=24-27m
America (N*) Canada Hamid, 2021 25-30m 113 103 & 107.3 [105.6; 109.0]
America (N*) Canada Wilson, 2021 2y 255 201 -+ 1005 [96.5;104.4)]
America (N*) US Fulgoni, 2019 2y 714 149 = 106.6 [104.1;109.0]
Asia (E®) China  Wang, 2017 =2y-6y 120 060 115.0 [114.0; 116.0]
Asia (E®) China  Yan, 2022 ) 2y 6412 058 105.0 [103.9; 105.8]
Heterogeneity: I~ = 98%
AgeGroup = 27 - 30m
America (N*) Canada Hamid, 2021 25-30m 113 103 107.3 [105.6; 109.0]
America (N*) US Fulgoni, 2019 2y 714 149 * 106.6 [104.1;109.0]
Asia (E¥) China  Wang, 2017 =z2y-6y 120 060 1150 [114.0; 116.0]
Heterogeneity: I* = 97%
AgeGroup =30 -33m
America (N*) Canada Hamid, 2021 31-36m 41 213 —+ 1034 [999; 106.9]
America (N*) Canada Wilson, 2021 25y 255 179 # 1021 [98.6; 105.6]
America (N*) US Fulgoni, 2019 2y 714 149 = 106.6 [104.1;109.0]
Asia (E¥) China  Wang, 2017 =z2y-6y 120 060 1150 [114.0; 116.0]
Heterogeneity: I* = 96%
AgeGroup = 33 - 36m
America (N*) Canada Hamid, 2021 31-36m 41 213 -+ 103.4 [99.9; 106.9]
America (N*) US Fulgoni, 2019 2y 714 149 = 106.6 [104.1;109.0]
Asia (E¥) China  Wang, 2017 z2y-6y 120 060 115.0 [114.0; 116.0]
Heterogeneity: I~ = 96%
AgeGroup =3 -4y
America (N*) Canada Parkin, 2017 =3-<6y 979 061 107.0 [106.0;108.0]
America (N*) Canada Wilson, 2021 35y 255 159 —+ 1051 [102.0; 108.2]
America (N*) US Fulgoni, 2019 3y 531 137 + 111.7 [1094;113.9]
Asia (E™) China  Sun, 2020 =3-5y 2082 061 118.0 [117.0; 119.0]
Asia (E®) China  Wang, 2017 =2y-6y 120 060 1150 [114.0; 116.0]
Asia (E¥) China  Yan, 2022 3y 6412 061 108.0 [107.2; 109.2]
Heterogeneity: I* = 98%
AgeGroup =4 -5y
America (N*) Canada Parkin, 2017 =3-<6y 979 061 107.0 [106.0;108.0]
America (N*) Canada Wilson, 2021 45y 255 1.1 - 107.6 [104.5;111.2]
America (N*) US Fulgoni, 2019 4y 552 152 + 112.0 [109.5; 114.5]
Asia (E¥) China  Sun, 2020 =3-5y 2082 061 118.0 [117.0; 119.0]
Asia (E®) China  Wang, 2017 =2y-6y 120 060 1150 [114.0; 116.0]
Asia (E¥) China  Yan, 2022 4y 6412 064 111.0 [109.5; 111.6]
Heterogeneity: I* = 97% I : : : : : I
40 60 80 100 120 140 160

Lower Hemoglobin Rls values for males

Figure S9. Forest plot of hemoglobin RIs lower limits for 2-5 years old males

92



Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup =24 -27m
America (N*) Canada Hamid, 2021 25-30m 113 1.00 1321 [130.5; 133.8]
America (N*) Canada Wilson, 2021 2y 255 273 — 1358 [130.5; 141.2]
America (N*) US Fulgoni, 2019 2y 714 079 1402 [138.9; 141.5]
Asia (E™) China  Wang, 2017 z2y-6By 120 060 145.0 [144.0; 146.0]
Asia (E®) China  Yan, 2022 ) 2y 6412 079 = 1400 [139.8; 142 4]
Heterogeneity: /- = 97%
AgeGroup =27 - 30m
America (N*) Canada Hamid, 2021 25-30m 113 100 1321 [130.5; 133.8]
America (N*) US Fulgoni, 2019 2y 714 079 1402 [138.9; 141.5]
Asia (E™) China  Wang, 2017 z2y-6By 120 060 145.0 [144.0; 146.0]
Heterogeneity: 1#=98%
AgeGroup = 30 - 33m
America (N*) Canada Hamid, 2021 31-36m 41 213 - 1344 [1309; 137.9]
America (N*) Canada Wilson, 2021 25y 255 270 — 1366 [131.3;141.9]
America (N*) US Fulgoni, 2019 2y 714 079 1402 [138.9; 141.5]
Asia (E™) China  Wang, 2017 z2y-6By 120 060 145.0 [144.0; 146.0]
Heterogeneity: 17 =93%
AgeGroup = 33 - 36m
America (N*) Canada Hamid, 2021 31-36m 41 213 - 1344 [13009;137.9]
America (N*) US Fulgoni, 2019 2y 714 079 1402 [138.9; 141.9]
Asia (E¥) China  Wang, 2017 =2y-6y 120 060 1450 [144.0; 146.0]
Heterogeneity: I~ = 95%
AgeGroup =3 - 4y
America (N*) Canada Parkin, 2017 =3-<6y 979 061 1350 [134.0;136.0]
America (N*) Canada Wilson, 2021 35y 255 207 - 1359 [131.8;139.9]
America (N*) US Fulgoni, 2019 3y 531 100 = 1404 [138.7; 142.0]
Asia (E¥) China  Sun, 2020 =3-5y 2082 061 159.0 [158.0; 160.0]
Asia (E™) China  Wang, 2017 z2y-6By 120 060 145.0 [144.0; 146.0]
Asia (E®) China  Yan, 2022 3y 6412 049 143.0 [142.7; 144 3]
Heterogeneity: 1* = 99%
AgeGroup =4 - 5y
America (N*) Canada Parkin, 2017 =3-<6y 979 061 135.0 [134.0;136.0]
America (N*) Canada Wilson, 2021 45y 255 163 -+ 1352 [132.0; 138.4]
America (N*) US Fulgoni, 2019 4y 552 055 141.0 [140.1; 141.9]
Asia (E®) China  Sun, 2020 =3-5y 2082 061 159.0 [158.0; 160.0]
Asia (E¥) China  Wang, 2017 z2y-6y 120 060 1450 [144.0; 146.0]
Asia (E®) China  Yan, 2022 4y 6412 030 1440 [144.3; 145.3]

Heterogeneity: 1*=99%

100 120 140 160 180 200
Upper Hemoglobin Rls values for males

Figure S10. Forest plot of hemoglobin RIs upper limits for 2-5 years old males

93



Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup =24 -27m
America (N*) Canada Hamid, 2021 25-30m 101 1.31 + 105.0 [102.7;107.0]
America (N*) Canada Wilson, 2021 2y 241 092 105.0 [103.2; 106.8]
America (N*) US Fulgoni, 2019 2y 716 213 - 107.3 [103.8;110.8]
Asia (E®) China  Wang, 2017 =2y-6y 120 060 1150 [114.0; 116.0]
Asia (E¥) China  Yan, 2022 . 2y 6412 064 106.0 [1051;107.2]
Heterogeneity: I~ = 97%
AgeGroup =27 - 30m
America (N*) Canada Hamid, 2021 25-30m 101 1.3 * 105.0 [102.7;107.0]
America (N*) US Fulgoni, 2019 2y 716 213 - 107.3 [103.8; 110.8]
Asia (E¥) China  Wang, 2017 =2y-6y 120 060 1150 [114.0; 116.0]
Heterogeneity: 1* = 96%
AgeGroup = 30 - 33m
America (N*) Canada Hamid, 2021 31-36m 28 182 -+ 106.0 [105.0; 111.0]
America (N*) Canada Wilson, 2021 25y 241 105 B 1049 [102.8; 106.9]
America (N*) US Fulgoni, 2019 2y 716 213 -+ 107.3 [103.8; 110.8]
Asia (E¥) China  Wang, 2017 z2y-6y 120 060 1150 [114.0; 116.0]
Heterogeneity: 1* = 96%
AgeGroup = 33 - 36m
America (N*) Canada Hamid, 2021 31-36m 28 182 * 1086.0 [105.0;111.0]
America (N*) US Fulgoni, 2019 2y 716 213 - 107.3 [103.8; 110.8]
Asia (E®) China  Wang, 2017 =2y-6y 120 060 1150 [114.0; 116.0]
Heterogeneity: I~ = 91%
AgeGroup =3 -4y
America (N*) Canada Parkin, 2017 =3-<6y 844 061 108.0 [107.0;109.0]
America (N*) Canada Wilson, 2021 35y 241 133 - 1051 [102.5; 107.7]
America (N*) US Fulgoni, 2019 3y 444 240 -+ 107.7 [103.8; 111.7]
Asia (E¥) China  Sun, 2020 =3-5y 1952 061 1186.0 [117.0; 119.0]
Asia (E®) China  Wang, 2017 =2y-6y 120 060 1150 [114.0; 116.0]
Asia (E¥) China  Yan, 2022 3y 6412 064 108.0 [107.6;109.7]
Heterogeneity: 1* = 98%
AgeGroup =4 -5y
America (N*) Canada Parkin, 2017 =3-<6y 844 061 108.0 [107.0;109.0]
America (N*) Canada Wilson, 2021 45y 241 148 - 1059 [103.0; 108.8]
America (N*) US Fulgoni, 2019 4y 511 109 + 1123 [110.5; 114.1]
Asia (E¥) China  Sun, 2020 =3-5y 1952 061 1186.0 [117.0; 119.0]
Asia (E®) China  Wang, 2017 =2y-6y 120 060 1150 [114.0; 116.0]
Asia (E¥) China  Yan, 2022 4y 6412 067 110.0 [109.5; 111.7]
Heterogeneity: 1#=97% I : : : : : I
40 60 80 100 120 140 160

Lower Hemoglobin Rls values for females

Figure S11. Forest plot of hemoglobin RIs lower limits for 2-5 years old females
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Region Country Study Age Interval n* SE(RI) RI [90% CI*]
AgeGroup=24-27m
America (N*) Canada Hamid, 2021 25-30m 101 128 + 1345 [132.4;136.6]
America (N*) Canada Wilson, 2021 2y 241 138 * 1296 [126.9;132.3]
America (N*) US Fulgoni, 2019 2y 716 128 = 1427 [140.6; 144.8]
Asia (E®) China  Wang, 2017 =2y-6y 120 060 143.0 [142.0; 144.0]
Asia (E¥) China  Yan, 2022 . 2y 6412 052 140.0 [138.5; 140.2]
Heterogeneity: I~ = 96%
AgeGroup = 27 - 30m
America (N*) Canada Hamid, 2021 25-30m 101 128 * 1345 [132.4;136.6]
America (N*) US Fulgoni, 2019 2y 716 128 = 1427 [140.6; 144.8]
Asia (E¥) China  Wang, 2017 =2y-6y 120 060 143.0 [142.0; 144.0]
Heterogeneity: I* = 95%
AgeGroup = 30 - 33m
America (N*) Canada Hamid, 2021 31-36m 28 179 -+ 1293 [126.4;132.3]
America (N*) Canada Wilson, 2021 25y 241 128 = 1306 [128.1;133.1]
America (N*) US Fulgoni, 2019 2y 716 128 & 1427 [140.6; 144 8]
Asia (E¥) China  Wang, 2017 z2y-6y 120 060 143.0 [142.0; 144.0]
Heterogeneity: I* = 97%
AgeGroup =33 - 36m
America (N*) Canada Hamid, 2021 31-36m 28 179 * 1293 [126.4;132.3]
America (N*) US Fulgoni, 2019 2y 716 1.28 & 1427 [140.6; 144.8]
Asia (E¥) China  Wang, 2017 =2y-6y 120 060 143.0 [142.0; 144.0]
Heterogeneity: I~ = 96%
AgeGroup =3 -4y
America (N*) Canada Parkin, 2017 =3-<6y 844 030 136.0 [135.0;136.0]
America (N*) Canada Wilson, 2021 35y 241 130 - 1325 [129.9;135.0]
America (N*) US Fulgoni, 2019 3y 444 182 -+ 1411 [138.1; 144.1]
Asia (E¥) China Sun, 2020 =3-5y 1952 061 157.0 [156.0; 158.0]
Asia (E¥) China  Wang, 2017 z2y-6y 120 060 143.0 [142.0; 144.0]
Asia (E®) China  Yan, 2022 3y 6412 040 141.0 [140.7; 142.0]
Heterogeneity: I* = 100%
AgeGroup =4 - 5y
America (N*) Canada Parkin, 2017 =3-<6y 844 030 136.0 [135.0;136.0]
America (N*) Canada Wilson, 2021 45y 241 148 - 1342 [131.3;137 1]
America (N*) US Fulgoni, 2019 4y 511 128 + 1422 [140.1; 144 3]
Asia (E¥) China Sun, 2020 =3-5y 1952 061 157.0 [156.0; 158.0]
Asia (E¥) China  Wang, 2017 =2y-6y 120 060 143.0 [142.0; 144.0]
Asia (E¥) China  Yan, 2022 4y 6412 040 1430 [142.1;143 4]
Heterogeneity: I* = 100% I : : : I I
100 120 140 160 180 200

Upper Hemoglobin Rls values for females

Figure S12. Forest plot of hemoglobin RIs upper limits for 2-5 years old females
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup =5 - 6y
America (N*) Canada Parkin, 2017 =3-<6y 979 061 107.0 [106.0; 108.0]
America (N*) Canada Wilson, 2021 55y 255 187 - 1102 [106.6; 113.9]
America (N*) US Fulgoni, 2019 5y 509 140 + 1116 [109.3; 113.9]
Asia (E¥) China  Wang, 2017 =2y-By 120 060 1150 [114.0; 116.0]
Asia (E®) China  Yan, 2022 5y 6412 061 1120 [111.2,113.2]
Heterogeneity: I = 96%
AgeGroup=6-T7y
America (N*) Canada Parkin, 2017 =6-10y 422 121 - 111.0 [108.0; 112.0]
America (N*) Canada Wilson, 2021 65y 255 195 -+ 1123 [108.4; 116.1]
America (N*) US Fulgoni, 2019 By 535 061 1150 [114.0; 116.0]
Asia (E¥) China  Wang, 2017 =2y-6By 120 060 1150 [114.0; 116.0]
Asia (E¥) China  Yan, 2022 . By 6412 052 113.0 [112.5; 114.2]
Heterogeneity: I~ = 75%
AgeGroup =7 -8y
America (N*) Canada Parkin, 2017 =6-10y 422 121 * 111.0 [108.0; 112.0]
America (N*) Canada Wilson, 2021 75y 255 198 —+ 114.0 [110.1;117.9]
America (N*) US Fulgoni, 2019 Ty 580 222 -+ 117.0 [113.4;120.7]
Asia (E¥) China  Yan, 2022 Ty 6412 033 1140 [113.8; 114.9]
Common effect model 7669 i 113.9 [113.3; 114.4]
Random effects model & 113.8 [111.4; 116.1]
Heterogeneity: I*=61%
AgeGroup =8 -9y
America (N*) Canada Parkin, 2017 =6-10y 422 121 -+ 111.0 [108.0; 112.0]
America (N*) Canada Wilson, 2021 85y 255 2.0 - 115.5 [111.5; 119.4]
America (N*) US Fulgoni, 2019 8y 589 122 + 1164 [114.4; 118.4]
Asia (E¥) China  Yan, 2022 . 8y 6412 021 1150 [114.9; 115.6]
Heterogeneity: I~ = 75%
AgeGroup=9-10y
America (N*) Canada Parkin, 2017 =6-10y 422 121 -+ 111.0 [108.0; 112.0]
America (N*) Canada Wilson, 2021 95y 255 214 -+ 1166 [112.4;120.8]
America (N*) US Fulgoni, 2019 9y 546 085 * 1179 [116.5; 119.3]
Asia (E¥) China  Yan, 2022 9y 6412 024 116.0 [115.9; 116.7]
Heterogeneity: I* = 86%
AgeGroup=10-11y
America (N*) Canada Parkin, 2017 =6-10y 422 121 = 111.0 [108.0; 112.0]
America (N*) Canada Wilson, 2021 105y 255 249 - 1175 [112.6;122.4]
America (N*) US Fulgoni, 2019 10y 585 070 1181 [116.9; 119.2]
Asia (E¥) China  Yan, 2022 ) 10y 6412 036 117.0 [116.9; 118.1]
Heterogeneity: I~ = 89%
AgeGroup=11-12y
America (N*) Canada Adeli_a, 2015 11-14y 480 1.21 - 124.0 [122.0; 126.0]
America (N*) Canada Wilson, 2021 115y 255 278 — 1187 [113.3;124 2]
America (N*) US Fulgoni, 2019 11y 568 158 - 1173 [114.7,119.9]
Asia (E®) China  Yan, 2022 My 6412 046 1190 [118.3; 119.8]
Heterogeneity: I*=82% | | | | | | :
40 60 80 100 120 140 160

Lower Hemoglobin Rls values for males

Figure S13. Forest plot of hemoglobin Rls lower limits for 5-12 years old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup =5 - 6y
America (N*) Canada Parkin, 2017 =3-<6y 979 061 1350 [134.0; 136.0]
America (N*) Canada Wilson, 2021 55y 255 171 -+ 1350 [131.6; 138.3]
America (N*) US Fulgoni, 2019 5y 509 188 - 1432 [140.1; 146.3]
Asia (E®) China  Wang, 2017 =z2y-6y 120 060 1450 [144.0; 146.0]
Asia (E¥) China  Yan, 2022 5y 6412 036 1450 [145.0; 146.2]
Heterogeneity: I*=98%
AgeGroup=6-T7y
America (N*) Canada Parkin, 2017 =6-10y 422 061 1400 [139.0; 141.0]
America (N*) Canada Wilson, 2021 65y 255 214 —+ 1352 [131.0; 1394]
America (N*) US Fulgoni, 2019 6y 535 158 - 1464 [143.8; 149.0]
Asia (E¥) China  Wang, 2017 z2y-6y 120 060 1450 [144.0; 146.0]
Asia (E¥) China  Yan, 2022 ) 6y 6412 040 146.0 [145.4; 146.7]
Heterogeneity: I~ = 96%
AgeGroup=7 -8y
America (N*) Canada Parkin, 2017 =6-10y 422 061 140.0 [139.0; 141.0]
America (N*) Canada Wilson, 2021 75y 255 268 — 1359 [1306; 141.1]
America (N*) US Fulgoni, 2019 Ty 580 204 -+ 1479 [1446; 151.3]
Asia (E®) China  Yan, 2022 Ty 6412 043 146.0 [145.7; 147 1]
Heterogeneity: I = 96%
AgeGroup=8-9y
America (N*) Canada Parkin, 2017 =6-10y 422 061 1400 [139.0; 141.0]
America (N*) Canada Wilson, 2021 85y 255 309 — 137.0 [131.0; 143.1]
America (N*) US Fulgoni, 2019 8y 599 255 - 1501 [145.9; 154.3]
Asia (E¥) China  Yan, 2022 ) 8y 6412 043 1470 [146.4; 147 8]
Heterogeneity: I~ = 97%
AgeGroup =9 -10y
America (N*) Canada Parkin, 2017 =6-10y 422 061 1400 [139.0; 141.0]
America (N*) Canada Wilson, 2021 95y 255 332 — 1386 [132.1;1451]
America (N*) US Fulgoni, 2019 9y 546 149 * 1533 [150.9; 155.8]
Asia (E¥) China  Yan, 2022 9y 6412 043 1490 [147.7;1491]
Heterogeneity: I*=98%
AgeGroup=10-11y
America (N*) Canada Parkin, 2017 =6-10y 422 061 1400 [139.0; 141.0]
America (N*) Canada Wilson, 2021 105y 255 334 — 1406 [134.0; 147 1]
America (N*) US Fulgoni, 2019 10y 585 204 - 1532 [149.8; 156.9]
Asia (E¥) China  Yan, 2022 10y 6412 036 151.0 [149.8; 151.0]
Heterogeneity: I* = 99%
AgeGroup=11-12y
America (N*) Canada Adeli_a, 2015 11-14y 480 152 -+ 157.0 [154.0; 159.0]
America (N*) Canada Wilson, 2021 115y 255 319 — 143.0 [136.8; 149.3]
America (N*) US Fulgoni, 2019 My 568 161 + 1533 [150.7; 156.0]
Asia (E¥) China  Yan, 2022 . 11y 6412 0.33 153.0 [152.8; 153.9]
Heterogeneity: I~ = 82% | | | : | |
100 120 140 160 180 200

Upper Hemoglobin Rls values for males

Figure S14. Forest plot of hemoglobin Rls upper limits for 5-12 years old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI"]
AgeGroup =5 - 6y
America (N*) Canada Parkin, 2017 =3-<6y 844 061 108.0 [107.0; 109.0]
America (N*) Canada Wilson, 2021 55y 241 156 + 107.3 [104.3; 110.4]
America (N*) US Fulgoni, 2019 S5y 474 . ' 1116
Asia (E¥) China  Wang, 2017 =2y-6y 120 060 1150 [114.0; 116.0]
Asia (E¥) China  Yan, 2022 . 5y 6412 067 1120 [111.1;113.3]
Heterogeneity: I~ = 96%
AgeGroup=6-T7y
America (N*) Canada Parkin, 2017 =6-10y 355 061 110.0 [109.0; 111.0]
America (N*) Canada Wilson, 2021 6.5y 241 176 + 1092 [105.8; 112.7]
America (N*) US Fulgoni, 2019 By 529 167 + 1131 [110.3; 115.8]
Asia (E¥) China  Wang, 2017 z2y-6y 120 060 115.0 [114.0; 116.0]
Asia (E®) China  Yan, 2022 By 6412 052 1140 [112.7; 114 4]
Heterogeneity: #=91%
AgeGroup =7 -8y
America (N*) Canada Parkin, 2017 =6-10y 355 061 110.0 [109.0; 111.0]
America (N*) Canada Wilson, 2021 75y 241 209 -+ 1111 [107.0; 115.2]
America (N*) US Fulgoni, 2019 Ty 527 119 - 1159 [113.9; 117.8]
Asia (E¥) China  Yan, 2022 ) Ty 6412 046 1150 [114.0; 115.5]
Heterogeneity: I~ = 94%
AgeGroup =8 -9y
America (N*) Canada Parkin, 2017 =6-10y 355 061 110.0 [109.0; 111.0]
America (N*) Canada Wilson, 2021 85y 241 242 — 112.8 [108.0; 117.5]
America (N*) US Fulgoni, 2019 8y 538 198 -+ 1152 [112.0; 118.9]
Asia (E¥) China  Yan, 2022 8y 6412 036 116.0 [115.2; 1164]
Heterogeneity: I = 96%
AgeGroup=9-10y
America (N*) Canada Parkin, 2017 =6-10y 355 061 110.0 [109.0; 111.0]
America (N*) Canada Wilson, 2021 95y 241 268 - 114.3 [109.0; 119.5]
America (N*) US Fulgoni, 2019 9y 575 119 & 1173 [1154;119.3]
Asia (E¥) China  Yan, 2022 9y 6412 040 116.0 [115.8; 117.1]
Heterogeneity: I = 96%
AgeGroup=10-11y
America (N*) Canada Parkin, 2017 =6-10y 355 061 110.0 [109.0; 111.0]
America (N*) Canada Wilson, 2021 105y 241 281 - 1156 [110.1;121.1]
America (N*) US Fulgoni, 2019 10y 556 146 * 1173 [114.9;119.7]
Asia (E¥) China  Yan, 2022 ) 10y 6412 0.58 117.0 [115.8; 117.7]
Heterogeneity: I~ = 96%
AgeGroup=11-12y
America (N*) Canada Wilson, 2021 115y 241 281 —— 1167 [111.2;1222]
America (N*) US Fulgoni, 2019 My 629 125 1169 [114.9; 119.0]
Asia (E¥) China  Yan, 2022 1My 6412 0.70 116.0 [1154; 117.7]
Common effect model 7282 i 116.2 [115.3; 117.2]
Random effects model & 116.5 [113.4; 119.6]
Heterogeneity: I*=0% I : : : : : I
40 60 80 100 120 140 160

Lower Hemaoglobin Rls values for females

Figure S15. Forest plot of hemoglobin RIs lower limits for 5-12 years old females
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup =5 - 6y
America (N*) Canada Parkin, 2017 =3-<6y 844 030 136.0 [135.0;136.0]
America (N*) Canada Wilson, 2021 55y 241 163 -+ 135.8 [132.6; 139.0]
America (N*) US Fulgoni, 2019 5y 474 . * 1458 [144.6; 146.9]
Asia (E¥) China  Wang, 2017 z2y-6y 120 060 143.0 [142.0; 144.0]
Asia (E¥) China  Yan, 2022 ) 5y 6412 052 1440 [143.3; 145.0]
Heterogeneity: I~ = 99%
AgeGroup=6-T7y
America (N*) Canada Parkin, 2017 =6-10y 355 061 1400 [139.0; 141.0]
America (N*) Canada Wilson, 2021 65y 241 173 -+ 1372 [133.8; 140.6]
America (N*) US Fulgoni, 2019 6y 529 134 + 146.0 [143.8; 148.2]
Asia (E®) China  Wang, 2017 =2y-6y 120 060 143.0 [142.0; 144.0]
Asia (E¥) China  Yan, 2022 6y 6412 052 1450 [144.4; 146.1]
Heterogeneity: I* = 93%
AgeGroup =7 -8y
America (N*) Canada Parkin, 2017 =6-10y 355 061 140.0 [139.0; 141.0]
America (N*) Canada Wilson, 2021 75y 241 173 - 1385 [135.1;141.9]
America (N*) US Fulgoni, 2019 Ty 527 106 * 1467 [145.0; 148.5]
Asia (E¥) China  Yan, 2022 ) Ty 6412 0.52 146.0 [145.5; 147.2]
Heterogeneity: I~ = 96%
AgeGroup =8 -9y
America (N*) Canada Parkin, 2017 =6-10y 355 061 1400 [139.0; 141.0]
America (N*) Canada Wilson, 2021 85y 241 166 -+ 1397 [136.4; 142 9]
America (N*) US Fulgoni, 2019 8y 538 122 * 1459 [143.9; 147.9]
Asia (E®) China  Yan, 2022 8y 6412 046 1470 [146.8; 148.3]
Heterogeneity: I? = 97%
AgeGroup=9-10y
America (N*) Canada Parkin, 2017 =6-10y 355 061 140.0 [139.0; 141.0]
America (N*) Canada Wilson, 2021 95y 241 151 -+ 1407 [137.7,143.6]
America (N*) US Fulgoni, 2019 9y 575 158 - 1493 [146.7, 151.9]
Asia (E¥) China  Yan, 2022 ) 9y 6412 033 148.0 [148.3; 1494]
Heterogeneity: I~ = 98%
AgeGroup=10-11y
America (N*) Canada Parkin, 2017 =6-10y 355 061 1400 [139.0; 141.0]
America (N*) Canada Wilson, 2021 105y 241 135 -+ 1416 [138.9; 144 2]
America (N*) US Fulgoni, 2019 10y 556 210 -+ 153.6 [150.2; 157.1]
Asia (E¥) China  Yan, 2022 10y 6412 036 150.0 [149.7;150.09]
Heterogeneity: I = 99%
AgeGroup =11 - 12y
America (N*) Canada Wilson, 2021 115y 241 128 - 1423 [139.8; 144 8]
America (N*) US Fulgoni, 2019 1My 629 319 — 150.7 [1454; 155.9]
Asia (E¥) China  Yan, 2022 My 6412 036 151.0 [151.0; 152.2]
Heterogeneity: I* = 95% I : : I : I
100 120 140 160 180 200

Upper Hemoglobin Rls values for females

Figure S16. Forest plot of hemoglobin RIs upper limits for 5-12 years old females
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]

AgeGroup=12-13y

Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 271 — 126.0 [121.0;130.0]
America (N*) Canada Adeli_a, 2015 11-14y 480 1.21 = 1240 [122.0;126.0]
America (N*) Canada Wilson, 2021 125y 255 283 - 1205 [114.9;126.0]
America (N*) US Fulgoni, 2019 12y 738 143 + 1205 [118.1;122.8]
Asia (E®) China  Yan, 2022 12y 6412 049 121.0 [120.2;121.8]

Common effect model 8007 i 121.4 [120.7; 122.1]

Random effects model & 122.0 [120.5; 123.5]

Heterogeneity: I = 54%

AgeGroup =13 - 14y

Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 2.71 — 126.0 [121.0;130.0]
America (N*) Canada Adeli_a, 2015 11-14y 480 121 * 1240 [122.0;126.0]
America (N*) Canada Wilson, 2021 135y 255 262 —+ 1227 [117.5;127.8]
America (N*) US Fulgoni, 2019 13y 740 106 & 1224 [1206; 124 1]
Asia (E¥) China  Song, 2022 13-<16y 845 091 127.0 [126.0;129.0]
Asia (E™) China  Yan, 2022 13y 6412 055 123.0 [122.1;123.9]

Common effect model 8854 4 123.8 [123.2; 124.5]

Random effects model i 124.1 [122.8; 125.4]

Heterogeneity: F=T1%

AgeGroup =14 - 15y

Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 271 — 126.0 [121.0;130.0]
America (N*) Canada Adeli_a, 2015 11-14y 480 1.21 - 1240 [122.0;126.0]
America (N*) Canada Bohn, 2020 14 -<21y 89 180 * 129.0 [126.0;132.0]
America (N*) Canada Bohn, 2023 14-<19y 126 392 — 132.0 [120.0; 133.0]
America (N*) Canada Wilson, 2021 145y 255 217 —+ 1254 [121.1;129.6]
America (N*) US Fulgoni, 2019 14y 739 261 - 1249 [1206;129.2]
Asia (E™) China  Song, 2022 13-<16y 845 091 127.0 [126.0;129.0]
Asia (E¥) China  Yan, 2022 14y 6412 061 1250 [124.2;126.2]

Common effect model 9070 i 125.7 [125.0; 126.4]

Random effects model & 126.0 [124.8; 127.3]

Heterogeneity: I =28%

40 60 80 100 120 140 160
Lower Hemoglobin Rls values for males

Figure S17. Forest plot of hemoglobin RlIs lower limits for 12-15 years old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup=12-13y
Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 483 — 171.0 [170.0; 186.0]
America (N*) Canada Adeli_a, 2015 11-14y 480 152 - 157.0 [154.0; 159.0]
America (N*) Canada Wilson, 2021 125y 255 288 —— 1459 [140.3; 151.6]
America (N*) US Fulgoni, 2019 12y 738 337 —— 1581 [152.6; 163.7]
Asia (E¥) China  Yan, 2022 12y 6412 040 157.0 [156.1; 157 4]
Heterogeneity: I* = 83%
AgeGroup =13 - 14y
Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 483 — 171.0 [170.0; 186.0]
America (N*) Canada Adeli_a, 2015 11-14y 480 152 - 157.0 [154.0; 159.0]
America (N*) Canada Wilson, 2021 135y 255 242 — 1493 [144.5; 154.0]
America (N*) US Fulgoni, 2019 13y 740 188 - 1627 [159.6; 165.8]
Asia (E¥) China  Song, 2022 13-<16y 845 121 170.0 [168.0; 172.0]
Asia (E¥) China  Yan, 2022 ) 13y 6412 046 161.0 [160.1; 161.6]
Heterogeneity: I~ = 94%
AgeGroup =14 - 15y
Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 483 — 171.0 [170.0; 186.0]
America (N*) Canada Adeli_a, 2015 11-14y 480 152 -+ 157.0 [154.0; 159.0]
America (N*) Canada Bohn, 2020 14 - <21y 89 180 -+ 167.0 [164.0; 170.0]
America (N*) Canada Bohn, 2023 14 -<19y 128 211 - 167.0 [162.0; 169.0]
America (N*) Canada Wilson, 2021 145y 255 186 - 153.0 [1494;156.7]
America (N*) US Fulgoni, 2019 14y 739 152 + 166.5 [164.0; 169.0]
Asia (E¥) China  Song, 2022 13-<16y 845 121 170.0 [168.0; 172.0]
Asia (E¥) China  Yan, 2022 14y 6412 046 165.0 [164.4;165.9]

Heterogeneity: I*=92%

T T T T
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Upper Hemoglabin Rls values for males

Figure S18. Forest plot of hemoglobin RIs upper limits for 12-15 years old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup =12 -13y
Africa (E*) Ethiopia  Haileslasie, 2020 12-17y 127 302 — 120.0 [114.0; 124.0]
Africa (E*) Zimbabwe Gomani, 2015 ==12-<18y 128 @875 —_— 111.0 [90.0; 119.0]
America (N*) Canada  Wilson, 2021 125y 241 268 —— 1177 [112.5;123.0]
America (N*) US Fulgoni, 2019 12y 734 182 - 1154 [112.4;118.4]
Asia (E*) China Yan, 2022 12y 6412 073 116.0 [114.7; 117 1]
Common effect model 7642 4 116.2 [115.1; 117.2]
Random effects model & 116.5 [114.5; 118.5]
Heterogeneity: I = 0%
AgeGroup =13 - 14y
Africa (E*) Ethiopia  Haileslasie, 2020 12-17y 127 3.02 — 120.0 [114.0; 124.0]
Africa (E*) Zimbabwe Gomani, 2015 ==12-<18y 128 875 —_— 111.0 [90.0; 119.0]
America (N*) Canada  Wilson, 2021 135y 241 245 - 1185 [113.7;123.3]
America (N*) US Fulgoni, 2019 13y 750 255 - 1149 [110.7; 119.1]
Asia (E¥) China Song, 2022 13-<16y 928 152 d 1150 [112.0; 117.0]
Asia (E*) China Yan, 2022 13y 6412 061 1150 [113.8; 115.8]
Common effect model 8586 4 115.3 [114.4; 116.2]
Random effects model & 115.9 [114.1; 117.7]
Heterogeneity: 7= 0%
AgeGroup =14 - 15y
Africa (E*) Ethiopia  Haileslasie, 2020 12-17y 127 302 — 120.0 [114.0; 124.0]
Africa (E*) Zimbabwe Gomani, 2015 ==12-<18y 128 875 — 111.0 [90.0; 119.0]
America (N*) Canada  Bohn, 2020 14 -<21y 99 241 —+ 112.0 [107.0; 115.0]
America (N*) Canada  Bohn, 2023 14-<19y 155 1.21 - 118.0 [116.0; 120.0]
America (N*) Canada  Wilson, 2021 145y 241 219 - 1192 [114.9; 123.5]
America (N*) US Fulgoni, 2019 14y 759 1.09 * 1141 [112.3; 115.9]
Asia (E*) China Song, 2022 13-<16y 928 152 -+ 1150 [112.0; 117.0]
Asia (E¥) China Yan, 2022 14y 6412 052 113.0 [112.1;113.8]
Common effect model 8849 b 114.1 [113.5; 114.8]
Random effects model ¢ 115.3 [113.9; 116.7]
Heterogeneity: I~ = 72% : : : : : : |
40 60 80 100 120 140 160

Figure S19. Forest plot of hemoglobin RlIs lower limits for 12-15 years old females

Lower Hemoglobin Rls values for females
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Region Country Study Age Interval n* SE(RI) RI [90% CI"]
AgeGroup=12-13y
Africa (E*) Ethiopia Haileslasie, 2020 12-17y 127 3.02 - 154.0 [150.0; 160.0]
Africa (E*}  Zimbabwe Gomani, 2015 ==12-=<18y 128 241 - 157.0 [152.0; 160.0]
America (N*) Canada  Wilson, 2021 125y 241 1.30 * 143.0 [140.5; 145.6]
America (N*) US Fulgoni, 2019 12y 734 188 + 151.0 [147.9; 154 .1]
Asia (E™) China Yan, 2022 12y 6412 040 152.0 [151.9;153.2]
Heterogeneity: I*=92%
AgeGroup =13 - 14y
Africa (E*) Ethiopia Haileslasie, 2020 12-17y 127 3.02 — 154.0 [150.0; 160.0]
Africa (E*)  Zimbabwe Gomani, 2015 ==12-<18y 128 241 - 157.0 [152.0; 160.0]
America (N*) Canada  Wilson, 2021 135y 241 128 - 1441 [141.6; 146.6]
America (N*) US Fulgoni, 2019 13y 750 347 - 1525 [146.8; 158.2]
Asia (E™) China Song, 2022 13-<16y 928 061 154.0 [153.0; 155.0]
Asia (E™) China Yan, 2022 ) 13y 6412 040 153.0 [152.4;153.7]
Heterogeneity: I~ = 91%
AgeGroup =14 - 15y
Africa (E*) Ethiopia Haileslasie, 2020 12-17y 127 3.02 — 154.0 [150.0; 160.0]
Africa (E*}  Zimbabwe Gomani, 2015 ==12-=<18y 128 241 — 157.0 [152.0; 160.0]
America (N*) Canada  Bohn, 2020 14 -<21y 99  1.81 -+ 151.0 [148.0; 154.0]
America (N*) Canada  Bohn, 2023 14 -<19y 155 1.81 - 148.0 [147.0;153.0]
America (N*) Canada  Wilson, 2021 145y 241 122 - 1457 [143.3;148.1]
America (N*) US Fulgoni, 2019 14y 759 140 - 1542 [151.9; 156.5]
Asia (E™) China Song, 2022 13-«16y 9286 061 154.0 [153.0; 155.0]
Asia (E™) China Yan, 2022 14y 6412 0.36 153.0 [152.5;153.7]
Heterogeneity: I* = 86% | : : : : |
100 120 140 160 180 200

Upper Hemoglobin Rls values for females

Figure S20. Forest plot of hemoglobin RIs upper limits for 12-15 years old females
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]

AgeGroup =15 - 16y

Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 271 — 126.0 [121.0;130.0]
America (N*) Canada Adeli_a, 2015 15-19y 460 212 -+ 133.0 [129.0;136.0]
America (N*) Canada Bohn, 2020 14 -<21y 89 180 * 129.0 [126.0;132.0]
America (N*) Canada Bohn, 2023 14-<19y 126 392 — 132.0 [120.0; 133.0]
America (N*) Canada Wilson, 2021 155y 255 176 = 1285 [125.1;132.0]
America (N*) US Fulgoni, 2019 15y 726 179 -+ 1302 [127.2;133.1]
Asia (E™) China  Song, 2022 13-<16y 845 09 127.0 [126.0;129.0]
Asia (E¥) China  Yan, 2022 15y 6412 058 127.0 [126.3;128.2]

Common effect model 9037 i 127.6 [127.0; 128.3]

Random effects model 4 128.5 [127.1; 130.0]

Heterogeneity: /* = 44%

AgeGroup =16 - 17y

Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 271 — 126.0 [121.0;130.0]
America (N*) Canada Adeli_a, 2015 15-19y 460 212 & 133.0 [129.0;136.0]
America (N*) Canada Bohn, 2020 14 -<21y 89 180 * 129.0 [126.0;132.0]
America (N*) Canada Bohn, 2023 14-<19y 128 392 — 132.0 [120.0;133.0]
America (N*) Canada Wilson, 2021 165y 255 194 & 1322 [126.4;136.0]
America (N*) US Fulgoni, 2019 16y 789 134 & 1322 [130.0; 134 4]
Asia (E¥) China  Song, 2022 16-<18y 417 364 — 135.0 [127.0;139.0]
Asia (E™) China  Yan, 2022 16y 6412 067 129.0 [127.7;129.9]

Common effect model 8672 b 130.0 [129.1; 130.8]

Random effects model & 130.7 [129.1; 132.2]

Heterogeneity: 17 = 48%

AgeGroup =17 - 18y

Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 271 — 126.0 [121.0;130.0]
America (N*) Canada Adeli_a, 2015 15-19y 460 212 - 133.0 [129.0;136.0]
America (N*) Canada Bohn, 2020 14 -<21y 89 180 & 129.0 [126.0;132.0]
America (N*) Canada Bohn, 2023 14-<19y 126 392 — 132.0 [120.0; 133.0]
America (N*) Canada Wilson, 2021 175y 255 253 -+ 135.7 [130.7; 140.6]
America (N*) US Fulgoni, 2019 17y 748 103 1342 [1325;135.9]
Asia (E™) China  Song, 2022 16-<18y 417 364 — 135.0 [127.0;139.0]
Asia (E¥) China  Yan, 2022 17y 6412 106 130.0 [128.3;131.8]

Common effect model 8631 i 131.8 [130.9; 132.8]

Random effects model ¢ 131.7 [130.2; 133.3]

Heterogeneity: I*=62%

40 60 80 100 120 140 160
Lower Hemoglobin Rls values for males

Figure S21. Forest plot of hemoglobin RlIs lower limits for 15-18 years old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]

AgeGroup =15 - 16y
Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 483 —_— 171.0 [170.0; 186.0]
America (N*) Canada Adeli_a, 2015 15-19y 460 1.21 - 169.0 [167.0;171.0]
America (N*) Canada Baohn, 2020 14 - <21y 89 180 + 167.0 [164.0;170.0]
America (N*) Canada Baohn, 2023 14 -<19y 128 211 — 167.0 [162.0; 169.0]
America (N*) Canada Wilson, 2021 155y 255 122 * 1573 [154.9;159.7]
America (N*) US Fulgoni, 2019 15y 726 210 -+ 169.0 [165.6; 172.5]
Asia (E¥) China  Song, 2022 13-<16y 845 1.21 - 170.0 [168.0;172.0]
Asia (E¥) China  Yan, 2022 ) 15y 6412 043 169.0 [168.6;170.0]

Heterogeneity: I~ = 92%

AgeGroup =16 - 17y
Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 483 — 171.0 [170.0; 186.0]
America (N*) Canada Adeli_a, 2015 15-19y 460 1.21 - 169.0 [167.0;171.0]
America (N*) Canada Bohn, 2020 14 -<21y 89 180 + 167.0 [164.0;170.0]
America (N*) Canada Baohn, 2023 14 -<19y 128 211 —+ 167.0 [162.0; 169.0]
America (N*) Canada Wilson, 2021 165y 255 110 * 1619 [159.8; 164.1]
America (N*) US Fulgoni, 2019 16y 789 164 - 1733 [1706; 176.0]
Asia (E¥) China  Song, 2022 16-<18y 417 152 - 1750 [174.0;179.0]
Asia (E¥) China  Yan, 2022 ) 16y 6412 043 1730 [172.3;173.7]

Heterogeneity: I~ = 94%

AgeGroup =17 - 18y
Africa (E*)  Ethiopia Haileslasie, 2020 12-17y 122 483 — 171.0 [170.0; 186.0]
America (N*) Canada Adeli_a, 2015 15-19y 460 1.21 * 169.0 [167.0;171.0]
America (N*) Canada Bahn, 2020 14 - <21y 89 180 + 167.0 [164.0;170.0]
America (N*) Canada Bohn, 2023 14-<19y 128 211 - 167.0 [162.0; 169.0]
America (N*) Canada Wilson, 2021 175y 255 186 - 1671 [163.4;170.7]
America (N*) US Fulgoni, 2019 17y 748 143 * 1712 [168.8; 173.9]
Asia (E®) China  Song, 2022 16-<18y 417 152 = 1750 [174.0;179.0]
Asia (E¥) China  Yan, 2022 17y 6412 046 1750 [174.9;176.4]

Heterogeneity: 17 = 89%

100 120 140 160 180 200
Upper Hemoglobin Rls values for males

Figure S22. Forest plot of hemoglobin RIs upper limits for 15-18 years old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]

AgeGroup =15 - 16y
Africa (E*) Ethiopia  Haileslasie, 2020 12-17y 127 302 — 120.0 [114.0; 124.0]
Africa (E*) Zimbabwe Gomani, 2015 ==12-<18y 128 875 — 111.0 [90.0; 119.0]
America (N*) Canada  Bohn, 2020 14 - <21y 99 241 — 112.0 [107.0; 115.0]
America (N*) Canada  Bohn, 2023 14-<=19y 155 1.21 B 118.0 [116.0; 120.0]
America (N*) Canada  Wilson, 2021 155y 241 204 -+ 1197 [115.7;123.7]
America (N*) US Fulgoni, 2019 15y 656 213 = 1097 [106.2; 113.2]
Asia (E*) China Song, 2022 13-<16y 928 152 ® 1150 [112.0; 117.0]
Asia (E*) China Yan, 2022 . 15y 6412 064 111.0 [110.3; 112.4]

Heterogeneity: I~ = 85%

AgeGroup =16 -17y
Africa (E*) Ethiopia  Haileslasie, 2020 1217y 127 302 — 1200 [114.0; 124.0]
Africa (E*) Zimbabwe Gomani, 2015 ==12-<18y 128 @875 — 111.0 [90.0; 119.0]
America (N*) Canada  Bohn, 2020 14 - <21y 99 241 -+ 112.0 [107.0; 115.0]
America (N*) Canada  Bohn, 2023 14-<=19y 155 1.21 118.0 [116.0; 120.0]
America (N*) Canada  Wilson, 2021 165y 241 227 - 1200 [115.5; 124 4]
America (N*) US Fulgoni, 2019 16y 698 4.41 — 1086 [101.3;115.8]
Asia (E*) China Song, 2022 16-<18y 604 273 -+ 109.0 [105.0; 114.0]
Asia (E¥) China Yan, 2022 . 16y 6412 067 110.0 [108.6; 110.8]

Heterogeneity: I~ = 87%

AgeGroup =17 - 18y
Africa (E*)  Ethiopia  Haileslasie, 2020 12-17y 127 302 — 120.0 [114.0; 124.0]
Africa (E*) Zimbabwe Gomani, 2015 ==12-<18y 128 8.75 — 111.0 [90.0; 119.0]
America (N*) Canada  Bohn, 2020 14 - <21y 99 241 -+ 112.0 [107.0; 115.0]
America (N*) Canada  Bohn, 2023 14 -<19y 155 1.21 & 118.0 [116.0; 120.0]
America (N*) Canada  Wilson, 2021 175y 241 3.01 - 1201 [114.2;126.0]
America (N*) US Fulgoni, 2019 17y 673 210 -+ 1091 [105.6; 112.5]
Asia (E*) China Song, 2022 16-<18y 604 273 -+ 109.0 [105.0; 114.0]
Asia (E¥) China Yan, 2022 17y 6412 058 108.0 [107.4;109.3]

Heterogeneity: #=91% | : : : : : |

40 60 80 100 120 140 160

Lower Hemoglobin Rls values for females

Figure S23. Forest plot of hemoglobin RlIs lower limits for 15-18 years old females
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Region Country Study Age Interval n* SE(RI) RI [90% CI7]
AgeGroup =15 - 16y
Africa (E*)  Ethiopia  Haileslasie, 2020 12-17y 127 302 — 154.0 [150.0; 160.0]
Africa (E*) Zimbabwe Gomani, 2015 ==12-<18y 1286 241 - 157.0 [152.0; 160.0]
America (N*) Canada  Bohn, 2020 14 - <21y 99 181 -+ 151.0 [148.0; 154.0]
America (N*) Canada  Bohn, 2023 14 -<19y 155 1.81 — 148.0 [147.0; 153.0]
America (N*) Canada  Wilson, 2021 155y 241 128 -+ 1477 [145.2;150.2]
America (N*) US Fulgoni, 2019 15y 656 1.34 - 1522 [150.0; 154 4]
Asia (E*) China Song, 2022 13-<16y 928 061 154.0 [153.0; 155.0]
Asia (E¥) China Yan, 2022 15y 6412 033 153.0 [152.4; 153.5]
Heterogeneity: 1 =78%
AgeGroup =16 -17y
Africa (E*)  Ethiopia  Haileslasie, 2020 12-17y 127 302 - 154.0 [150.0; 160.0]
Africa (E*) Zimbabwe Gomani, 2015 ==12-<18y 128 241 - 157.0 [152.0; 160.0]
America (N*) Canada  Bohn, 2020 14 -<21y 99 181 - 151.0 [148.0; 154.0]
America (N*) Canada  Bohn, 2023 14 -<19y 155 1.81 — 148.0 [147.0; 153.0]
America (N*) Canada  Wilson, 2021 165y 241 176 -+ 1501 [146.7; 153.6]
America (N*) US Fulgoni, 2019 16y 698 340 — 1526 [147.0; 158.2]
Asia (E*) China Song, 2022 16-<18y 604 1.21 + 153.0 [151.0; 155.0]
Asia (E¥) China Yan, 2022 16y 6412 0.36 153.0 [152.1;153.3]
Common effect model 8464 i 152.8 [152.2; 1563.3]
Random effects model & 152.2 [150.6; 153.7]
Heterogeneity: I~ = 49%
AgeGroup =17 - 18y
Africa (E*) Ethiopia  Haileslasie, 2020 12-17y 127 302 — 154.0 [150.0; 160.0]
Africa (E*) Zimbabwe Gomani, 2015 ==12-<18y 128 241 — 157.0 [152.0; 160.0]
America (N*) Canada  Bohn, 2020 14 -<21y 99 181 -+ 151.0 [148.0; 154.0]
America (N*) Canada  Bohn, 2023 14 -<19y 155 1.81 = 148.0 [147.0; 153.0]
America (N*) Canada  Wilson, 2021 175y 241 273 - 153.0 [147.7,158.4]
America (N*) US Fulgoni, 2019 17y 673 268 — 1521 [147.7; 156.5]
Asia (E*) China Song, 2022 16-<18y 604 1.21 * 153.0 [151.0; 155.0]
Asia (E*) China Yan, 2022 17y 6412 043 152.0 [151.5; 152.9]
Common effect model 8439 4 152.1 [151.4; 152.7]
Random effects model ¢ 152.2 [150.6; 153.8]
Heterogeneity: 17 =35% I I : : : I
100 120 140 160 180 200

Upper Hemoglobin Rls values for females

Figure S24. Forest plot of hemoglobin RIs upper limits for 15-18 years old females
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Region —= Africa —= Asia —= Europe

Maorth America

Female
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Li, 2023 (5 - 28 days; Mindray; RI)

Yan, 2022 (0.25 y; Sysmex; RC)

Ringoringo, 2021 (wk 1; Sysmex; Rl)

QOuma, 2021 (1 - 6 m; Beckman Coulter; R}

Hamid, 2021 (1 - 6 m; Sysmex; RI)-

Wang, 2017 (4 - 6 m; Sysmex; RI)

Imoru, 2016 (0 - 24 hrs; Other; RI)

Study (First author, Year (Age Range, Analyzer, Rl Type))

Odutola, 2014 (2 - 5 m; Abbott; RI)+

Melioli, 2011 (0 - 4 days; Beckman Coulter; RI)

El-Hazmi, 2001 (0 - 1 y; Beckman Coulter; RI}
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Figure S26. Distribution of lower Hemoglobin RIs limits for 0-6 months old males and
females10™ and 90 percentile (orange shaded) and WHO anemia threshold for available age

ranges (solid vertical line)
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Region —= Africa —= Asia —* Europe

Morth America
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Yan, 2022 (0.25 y; Sysmex; RC)1
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Ouma, 2021 (1 - 8 m; Beckman Coulter; R}

Hamid, 2021 (1 - 6 m; Sysmex; Rl)+

Wang, 2017 (4 - 6 m; Sysmex; RI)-

Imoru, 2016 (0 - 24 hrs; Other; RI) 7

Odutola, 2014 (2 - 5 m; Abbott; RI}+

Study (First author, Year (Age Range; Analyzer, Rl Type))

Melioli, 2011 (0 - 4 days; Beckman Coulter; RI}
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Figure S27. Distribution of upper Hemoglobin RIs limits for 0-6 months old males and
females10™ and 90™ percentile (orange shaded) and WHO anemia threshold for available age

ranges (solid vertical line)
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Morth America
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COuma, 2021 (1 - 6 m; Beckman Coulter; RI}q

Hamid, 2021 (1 - 6 m; Sysmex; Rl)

Wang, 2017 (4 - 6 m; Sysmex; RI}1

Imoru, 2016 (0 - 24 hrs; Other; R}

Study (First author, Year (Age Range; Analyzer, Rl Type))
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Figure S28. Distribution of lower Hemoglobin RlIs limits for 6-23 months old males and
females10™ and 90" percentile (orange shaded) and WHO anemia threshold for available age

ranges (solid vertical line)
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Region —= Africa —= Asia —= Europe

Maorth America

Female

Male

Li, 2023 (5 - 28 days; Mindray; RI)

Yan, 2022 (0.25 y; Sysmex; RC)

Ringoringo, 2021 (wk 1; Sysmex; RI)-

Ouma, 2021 (1 - 6 m; Beckman Coulter; Rl)

Hamid, 2021 (1 - 6 m; Sysmex; RI)

Wang, 2017 (4 - 8 m; Sysmex; R}

Imaoru, 2016 (0 - 24 hrs; Other; RI)

Odutola, 2014 (2 - 5 m; Abbott; RI)+

Study (First author, Year (Age Range, Analyzer;, Rl Type))
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El-Hazmi, 2001 (0 - 1 y; Beckman Coulter; RI}

Burman, 1972 (3 m; Ortho; R}

China (198.0 giL)

cninéws.u ally

Indonesia (192.0 giL)
Kenya 1154.L all)
Canada (130.2 giL)

China (123.0 o)
Nigrria (149.? aill)

Gambia {129.0 giL)
*

Italy (227.0 giL) ®

Saudi Arabia (139.i= o)

HJKUHB.B all)

China (1|‘;?—.{_ICI giL)

China wau alL)
Indonesia§(201.4 aill)
L]
Keny:

(150.0 giL)

Canada (131.2 giL)

Chind (*3?'.0 gl)

Nigeria (146.4 giL)

Gambia {127.0 g/L)
*
ltaly (224.0 giL) ®

Saudi Arapia (1335 glL)

HJKéﬂu alL)

110 120 130 140 150 160 170 180 190200 210220230 110 120 120140 150 160 170 180 190 200210 220 230
Hemoglobin concentration (g/L)

Figure S29. Distribution of upper Hemoglobin RIs limits for 6-23 months old males and
females10™ and 90" percentile (orange shaded) and WHO anemia threshold for available age

ranges (solid vertical line)
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Region —= Africa —= Asia —= Europe

Morth America
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Figure S30. Distribution of lower Hemoglobin RIs limits for 24-59 months old males and
females10™ and 90" percentile (orange shaded) and WHO anemia threshold for available age

ranges (solid vertical line)

113




Region —= Africa —= Asia — Europe

Morth America

Female

Male

Li, 2023 (5 - 28 days; Mindray; RI)+

Yan, 2022 (0.25 y; Sysmex; RC)1
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Figure S31. Distribution of upper Hemoglobin RIs limits for 24-59 months old males and
females10™ and 90" percentile (orange shaded) and WHO anemia threshold for available age
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Figure S33. Distribution of upper Hemoglobin RIs limits for 5-12 years old males and
females10™ and 90™ percentile (orange shaded) and WHO anemia threshold for available age

ranges (solid vertical line)
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Figure S34. Distribution of lower Hemoglobin RIs limits for 12-15 years old males and
females10™ and 90" percentile (orange shaded) and WHO anemia threshold for available age
ranges (solid vertical line)
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Figure S35. Distribution of upper Hemoglobin RIs limits for 12-15 years old males and
females10™ and 90" percentile (orange shaded) and WHO anemia threshold for available age

ranges (solid vertical line)
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Figure S36. Distribution of lower Hemoglobin RIs limits for 15-18 years old males and
females10™ and 90™ percentile (orange shaded) and WHO anemia threshold for available age

ranges (solid vertical line)
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Figure S37. Distribution of upper Hemoglobin RlIs limits for 15-18 years old males and
females10™ and 90™ percentile (orange shaded) and WHO anemia threshold for available age
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CHAPTER 4: PEDIATRIC REFERENCE INTERVALS AND CURVES FOR FERRITIN
ESTIMATED USING DIRECT METHODS: A SYSTEMATIC REVIEW AND META-
ANALYSIS

4.1. Preface to Chapter 4

Chapter 4 presents the third manuscript of this thesis, which focuses on evidence synthesis of Rls
and RCs for serum and plasma ferritin as biomarkers for iron status in children. Based on
methods described in the published protocol in Chapter 2, this manuscript systematically
synthesizes the current evidence on pediatric ferritin reference intervals and reference curves,
summarizing both lower and upper limits for males and females under 18 years of age. Ferritin
has been studied less extensively than hemoglobin. To our knowledge, this is the first systematic
review with meta-analysis specifically addressing the pediatric ferritin reference intervals and
curves. This is also the first review to separately synthesize lower and upper limits, incorporate
both reference intervals and curves, and present the findings with this level of methodological
and graphical details. Furthermore, we extend to and tailor the previously developed PRINCES
Shiny application to include ferritin specific data and visualization features for interactive
exploration of results (Pediatric Reference Intervals and Curves Evidence Synthesis - Ferritin

[PRINCES-F]: https://monderic.shinyapps.io/FERRITINprinces/). The manuscript submitted for

review to BMC Pediatrics.

VB led the study design, screening of references, full text review and selection, data
extraction of selected studies, quantitative and narrative data analysis, development of Shiny app,
presentation and interpretation of results and has drafted the initial manuscript. MB was involved
in screening of references, full text review and selection, data extraction of selected studies, and
the review of the manuscript. JL and MP were involved in data extraction from the included

studies and revision of the manuscript. BKP, PCP, and JSH were involved in the design, data
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interpretation, writing and revision of the manuscript. FM and ML were involved in the design,

data interpretation and revision of the manuscript.
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Abstract

Introduction: Ferritin plays crucial role in assessing iron status in children. Clinicians rely on
reference intervals (RIs) and curves (RCs) that provide lower and upper limits of ferritin in
reference population. In contrast, WHO provides thresholds to define iron deficiency or overload
based on global expert consensus. Knowledge synthesis provides high-quality information which
is often used to inform guidelines and promote evidence-based practice.

Methods: Protocol was published in PROSPERO(CRD42023399802). EMBASE, MEDLINE,
SCOPUS, and Cochrane electronic libraries were searched from inception to August 31, 2023.
Studies including unhealthy children, missing sex-specific RIs/RCs, or limited to cord blood
were excluded. CLSI-adherent studies were meta-analyzed, while remaining eligible studies
were narratively synthesized. We pooled sex-specific RI limits with /2 <75%. We used forest
plots and an R Shiny tool to analyze heterogeneity.

Results: Twenty of 4508 studies were included in systematic review. Sixteen studies involved
RIs and four RCs. Eight RIs and one RC were meta-analyzed across standardized age partitions.
Lowest pooled Rls limits were observed for 24-33 months old children. Pooled upper RI limit
did not exceed maximum observed 95 pg/L at any age. High heterogeneity in upper RI limits
was observed for younger females. For many studies, lower RI estimated values were
substantially below or above WHO threshold used to define iron deficiency.

Conclusion: For accurate diagnosis and appropriate treatment of children with iron deficiency,
laboratories must reconcile RIs, WHO thresholds and other clinical decision limits. There is a
need for more rigorous development of RIs from a local reference population. Our study
revealed the methodological limitations and the knowledge gaps. We also provided strategies to
overcome these challenges, including a novel standardized age partitioning to allow quantitative

synthesis using meta-analysis.
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Introduction

Most intracellular iron in humans is stored in the ferritin protein.! A low concentration of ferritin
in serum and plasma has been commonly used over several decades for the diagnosis of iron
deficiency.? This is preferred to invasive bone marrow aspirate examination.® Although less
common, a high concentration of ferritin may indicate iron overload, prompting more advanced
investigations such as liver magnetic resonance imaging (MRI) or biopsy.'~ Detection of low or
high ferritin levels may lead to further testing and treatment including iron therapy for iron
deficiency or genetic testing for hereditary hemochromatosis for iron overload.**

Ferritin reference intervals (RIs), representing the lower and upper limits (2.5™ percentile
and 97.5" percentile) of ferritin in a healthy reference population, are used by clinicians to
determine patients’ iron status.?> Pediatric RIs need to consider physiologic changes related to
healthy child growth and development and thus frequently require extensive age partitioning.>~’
Reference curves (RCs) that treat age as a continuous variable offer an alternative to such
partitioning for Pediatric populations.®

The Clinical Laboratory Standards Institute (CLSI) guidelines, an internationally
developed set of recommendations for Rls, recommend that clinical laboratories develop their
own regional RIs or at the minimum determine if non-regional RIs developed elsewhere are
appropriate for their patient population.® Previous studies have shown large inconsistencies in the
use of published Pediatric Rls across laboratories.’ This may impact follow-up testing and care:
one study found that more than 50% of samples measured at local hospitals would be classified
differently (within or outside of the reference interval) depending on which RIs were used,’!°

In addition to RlIs, clinical decision limits (CDLs) based on clinical outcomes and expert
consensus are used for the identification of high-risk conditions using a single threshold.!' The

World Health Organization (WHO) updated their published CDL thresholds to define iron
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deficiency in 2020 based on global expert consensus.® This creates a challenge for clinicians
when reviewing laboratory results and diagnosing patients with iron deficiency: Should they use
RIs based on a local reference population or WHO CDLs based on global expert consensus? This
is an important health issue, as the WHO reports that iron deficiency affects 43% of children
worldwide.?

With the objective of filling the knowledge gap related to Pediatric ferritin RIs and
providing an improved evidence pool for future recommendations, we conducted a systematic
review and synthesized all available evidence on ferritin RIs and RCs for the Pediatric
population. We also used narrative synthesis to systematically synthesize evidence from studies
all included in the final systematic review. When appropriate, we used meta-analysis to
quantitatively synthesize evidence and provided pooled estimates for the lower and upper RI
limits. We studied heterogeneity across studies graphically and using formal statistical methods

and identified potential sources of heterogeneity in Pediatric ferritin RIs and RCs.

Methods
This systematic review was registered with PROSPERO (CRD42023399802) and the protocol

was published.!? We report the results according to the Preferred Reporting Items for Systematic

Reviews and Meta-Analyses (PRISMA) guidelines.'?

Search, screening, and data extraction
The search strategy was developed and implemented in consultation with a research librarian,

which involved a combination of words and MeSH terms specific to MEDLINE, EMBASE,
SCOPUS, and the Cochrane Library published from inception to the search date (August 31,
2023). VB and MB independently screened citations retrieved by the search against eligibility
criteria in each of two stages: titles and abstracts were screened in stage one and full-text articles

for citations passing the first stage were screened in stage two. Data was extracted by JL and MP
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and verified by VB. Studies that included a healthy Pediatric population, younger than <18 years
of age, provided Rls and/or RCs for ferritin, and published in English were included. We
extracted information on lower and upper RI limits for each age and sex partition (as provided in
the studies) with corresponding confidence intervals (CIs). For studies with missing Cls, the
Solberg formula!# was used to calculate Cls, provided that the studies used the parametric RI
method and provided standard deviation and sample size. For RCs, if a regression equation was
provided, the mid-point of a pre-specified age partition was used to calculate RI limits. Studies
that did not report male or female RIs and RCs separately, and studies that reported RIs and RCs
obtained only from cord-blood were excluded. In situations where multiple studies used the same
database or cohort, only the study with the largest sample size, or the most recent study if sample

sizes were identical, was included.

Risk of Bias Assessment and confidence in cumulative evidence
There is no risk of bias (RoB) tool that assesses the quality of studies involving RIs and RCs;

thus, formal RoB assessment was not possible. To overcome this challenge, we examined
whether or not the studies adhered to the CLSI guidelines’, as this guideline is a gold standard
for establishing RIs. The CLSI guidelines reflect long-established best practices in four key
areas: outlier detection, partitioning (finding homogeneous age subgroups), RI estimation
methods, and estimation of the corresponding confidence intervals for the upper and lower RI
limits.®

This systematic review synthesized studies that estimate RIs and RCs, and not the studies
that test hypothesized associations between variables. Thus, publication bias is not relevant to
this systematic review.!>!® To our knowledge, The Grading of Recommendations Assessment,
Development and Evaluation (GRADE)!”-'® adaptation nor any other tool exist for assessing

confidence in cumulative evidence for studies estimating RIs and/or RCs, hence we described
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quality and strength of evidence narratively using the CLSI guidelines and other available best

practices in terms of RI and RC estimation.

Evidence Synthesis
We used quantitative synthesis using meta-analysis as well as narrative synthesis. Only RIs and

RCs from studies that adhered to the CLSI guidelines were included in the meta-analysis.
Different age partitions were used across studies; therefore, we created standardized age
partitions, informed by literature and clinical practice. For children below 3 years, we used 3-
month age ranges; for children above 3 years, we used 1-year age ranges. To study age
partitioning as a source of heterogeneity in the evidence synthesis, the age partitions used in each
study were categorized as “within range” (study age partition corresponded to or was fully
embedded within our standardized age partitions) or “out of range” (study age partition was
wider than standardized age partitions). Meta-analyses within each age partition were performed
separately for males and females, and for lower and upper RI limits. Heterogeneity was assessed
graphically using forest plots and quantitatively using the /2 statistic. We also presented the I
statistic graphically using heatmaps. The pooled estimates for ferritin RIs were calculated only
when I? < 75%, as recommended by the Cochrane Handbook for Systematic Reviews.!” To
account for heterogeneity, random effects meta-analysis was used.

We were unable to include many studies in the meta-analysis due to heterogeneity and
lack of adherence to the CLSI guidelines. Therefore, we also conducted a narrative synthesis of
all included studies, using both qualitative and quantitative methods. In our narrative synthesis,
we examined the distribution of the lower and upper RI limits across all included studies in
relation to the recently published age-specific WHO thresholds for iron deficiency. We also
developed a novel web-based graphical and computational tool (entitled: Pediatric Reference

Intervals and Curves: Evidence Synthesis for Ferritin [PRINCES-FERRITIN
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https://monderic.shinyapps.io/FERRITINprinces/ ). The tool enables users to specify

combinations of factors that might be considered as potential sources of heterogeneity, including
age category, region, and methodological quality. It allows for the exploration of the impact of
these factors, either individually or in combination, on the variability of the lower and upper RI
limits for both males and females. All analyses were performed using the R statistical software
version 4.3.1, the metagen function from meta package version 7.0-0 and metafor package
version 4.6-0 were used for meta-analysis, and the web-based tool was developed using R Shiny

version 1.9.1,20:21

Patient and public involvement
No patients or members of the public were involved in this systematic review.

Deviations from the published protocol
In the development of our protocol, we planned to use the Revised Tool for the Quality

Assessment of Diagnostic Accuracy Studies (QUADAS-2)? to assess RoB. However, after
further evaluation QUADAS-2 was deemed not suitable for assessing RoB of RIs and RCs. As

such, we used the CLSI guidelines to examine RoB and assess evidence quality and strength.

Results

The search yielded 4508 citations of which 3040 were duplicates. A total of 1468 titles and
abstracts were screened at the first stage, leading to 46 studies to be retained for full text review.
After the full text review, 20 studies (involving 26,006 children)?*~*? met all eligibility criteria
for inclusion in the review (Figure 1, Table 1). Summary statistics are provided in Table 1 and a
more detailed description of the included studies is provided in the supplementary file (Table
S1). Of the 26, 006 children from which evidence was synthesized, 12,863 (49.5%) were girls
and 13,143 (50.5%) were boys. Eight studies (involving 7,604 children) reporting Rls that

adhered to CLSI guidelines were included in the meta-analysis, where pooling was done where
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appropriate. One RC study (involving 890 children) provided 90% Cls, hence was also included
in the quantitative synthesis. The narrative synthesis and the graphical examination included all

20 studies.
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Figure 1. The PRISMA Diagram outlining the search and screening process of the systematic
review (Adapted from: Page et al. 2020)
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The publication year for included studies ranged from 1976 to 2023 and their geographical
distribution covered North America (n=12, 60%), Europe (n=6, 30%), and Asia (n=2, 10%).
Sixteen (80%) studies provided Rls and four (20%) provided RCs (Table 1, Table S1). The most

commonly used analyzers were Abbott (30%), Roche (30%) and Siemens (20%) models.
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Table 1. Characteristics of studies included in the systematic review, including analytical and
methodological considerations for establishing RIs and RCs, and study adherence to the CLSI

guidelines
Characteristics n (%) Number of Children
Total 20 26006
Sex
Males 20 (100.0) 13143 (50.5)
Females 19 (95.0) 12863 (49.5)
Regions
Australia & Papua New Guinea 2 (10.0) 1366 (5.3)
Europe 6 (30.0) 4163 (16.0)
North America 12 (60.0) 20477 (78.7)
Publication Years (min - max) 1976 - 2023 -
Interval Type
Reference Intervals 16 (80.0) 21457 (82.5)
Reference Curves 4 (20.0) 4549 (17.5)
Estimation method
Reference Intervals
Non-parametric, n (%) 9 (56.2) 18323 (85.4)
Parametric, n (%) 4 (25.0) 2228 (10.4)
Robust, n (%) 6 (37.5) 804 (3.7)
Other (Method), n (%) 1(6.2) 102 (0.5)
Reference Curves
LMS, n (%) 2 (50.0) 3279 (72.1)
Quantile regression, n (%) 2 (50.0) 1270 (27.9)
Age (min - max) 0-24.99 -
Analyzer models
Abbott 6 (30.0) 3534 (12.8)
Beckman Coulter 3(15.0) 10743 (39.0)
Ortho 2 (10.0) 577 (2.1)
Roche 6 (30.0) 8242 (29.9)
Siemens 4 (20.0) 2583 (9.4)
Other 1(5.0) 753 (2.7)
Not provided 2 (10.0) 1094 (4.0)
Adhered to CLSI Guidelines** 8 (50.0) 7604 (35.4)
Outlier detection, n (%) 10 (62.5) 8692 (40.5)
Partitioning, n (%) 15 (93.8) 21253 (99)
Method for RIs estimation, n (%) 14 (87.5) 20787 (96.9)
Estimation of CIs for RIs 12 (75.0) 19015 (88.6)

* Does not always sum to 100% due to studies in some cases involving more than one option
** Only applicable to studies reporting Rls (n=16 studies, n=21457 children)
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Figure 2. Interval width of the age partitioning used when establishing ferritin Rls presented by
sex. Studies were ordered (bottom to top) according to the minimum age for the study (reference)

population

Figure 2 shows inconsistencies in age partitioning across twenty studies, for both sexes. The

length of age intervals varied from as narrow as less than one week (e.g., 48 to 72 hours) to as

wide as 19 years (e.g., 6 years to 25 years).
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Evidence Synthesis

Meta-Analysis
Eight RI studies??-2+26:27:31,34.36.39 fg]lowed all four key recommendations from the CLSI

guidelines® and one RC study?® provided CIs for lower and upper limits. Hence, nine (45%) of
twenty studies consisting of 8,494 children were included in the meta-analysis. The most
common reasons for non-adherence to the CLSI were lack of outlier detection (n=6, 37.5%) and
calculations/reporting of CIs for RIs (n=7, 35.0%), followed by the choice of statistical methods
for estimation of RIs (n=2, 12.5%), and related to data partitioning (n=1, 6.3%) (Table 1, Table
S2). The pooled RI limits are provided in Table 2 and forest plots corresponding to the meta-
analysis (leading to these pooled estimates) are presented in Figure 4 and supplemental material

section (Figures S1-S16).
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Table 2. The pooled estimates of the lower and upper RI limits for ferritin (ug/L) obtained from
random effects meta-analysis. The 16 studies adhering to the CLSI guidelines were included in
the analysis and pooling was only done when I’<75%. Standardized age partitions were used,
and analysis was performed for males and females separately.

Pooled Lower Rl limit

Pooled Upper Rl limit

RlIs (90% CI) RIs (90% CI)

Age partitions* Males Females Males Females
0-3 months ok ok *% * %

3-6 months 9.1(8.5,9.7) ok ok ok

6-9 months 10.4 (8.0, 12.9) ok 95.7 (71.8, 119.6) *x

9-12 months 9.7 (6.8, 12.5) ok *E *x

12-15 months *ok *E 79.6 (56.7, 102.6) 82.4 (76.5, 88.3)
15-18 months ok ok *x *x

18-21 months 7.5(4.8,10.2) 7.9 4.5,11.3) *E 78.4 (72.8, 83.9)
21-24 months ok ok ok ok

24-27 months 6.0 (5.5,6.5) 7.3 (4.7,10.0) 71.4 (65.5,77.3) *x

27-30 months ok ok *x *x

30-33 months 6.0 (5.5,6.5) 7.0 (4.3,9.7) 70.4 (64.6, 76.2) **

33-36 months ok ok ok ok

3-4 years 12.0 (11.5,12.5) ok 70.6 (67.7, 73.5) **

4-5 years 12.0 (11.5,12.5) *ok 70.3 (67.4,73.1) **

5-6 years 12.0 (11.5, 12.5) 11.0 (8.0, 14.0) 66.7 (46.9, 86.5) **

6-7 years 15.0 (14.1, 16.0) 11.2 (8.5, 13.9) *x *x

7-8 years 15.1 (14.1, 16.0) 11.6 (8.9, 14.4) *E **

8-9 years 15.1 (14.2,16.0) 12.0 (9.3, 14.8) ** 81.0(70.9,91.1)
9-10 years 15.2 (14.3,16.1) 12.5(9.8, 15.2) *x 82.1(71.8,92.5)
10-11 years 15.4 (14.4,16.1) ok *x 83.0(72.2,93.8)
11-12 years 15.6 (14.0, 17.1) ok *E 79.7 (66.2, 93.1)
12-13 years 15.2(13.3,17.1) 10.7 (8.2, 13.1) *x 80.8 (70.6, 89.4)
13-14 years 12.9 (11.6, 14.3) 8.2 (6.9, 9.6) *E 76.4 (69.4, 83.4)
14-15 years 12.6 (11.3,13.9) ok ** 70.3 (67.1,79.9)
15-16 years 13.9(11.2, 16.6) ok *x *E

16-17 years 14.5(11.8,17.1) ok *E *x

17-18 years ok ok ok ok

*Represents the standardized age-partitions we used in our systematic review

** Pooling was not possible because heterogeneity I was > 75%
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Region Country Study Age Interval n* SE(RI) Rl [90% CI"]
AgeGroup =0 -3m
America (N*) Canada Parkin, 2017 10days—<1y 266 030 9.0 [9.0; 10.0]
AgeGroup =3 - 86m
America (N*) Canada Parkin, 2017 10days-<1y 266 030 9.0 [9.0; 10.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 161 -+ 10.7 [9.3; 14.7]
Common effect model 438 ] 9.1 [8.6; 9.5]
Random effects model == 9.7 [7.0;12.3]
Heterogeneity: /° = 4%
AgeGroup =6 —9m
America (N*) Canada Hall, 2021 05y 448 225 —_— 13.0 [8.6; 17.4]
America (N*) Canada Parkin, 2017 10days - <1y 286 030 9.0 [9.0; 10.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 161 - 107 [9.3;14.7]
Common effect model 886 O 9.1 [8.6; 9.6]
Random effects model - 10.4 [8.0; 12.8]
Heterogeneity: /2 = 51%
AgeGroup =9 - 12m
America (N*) Canada Parkin, 2017 10days-<1y 266 030 9.0 [9.0; 10.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 161 - 10.7 [9.3;14.7]
Common effect model 438 & 9.1 [8.6; 9.5]
Random effects model == 9.7 [7.0; 12.3]
Heterogeneity: /° = 4%
AgeGroup =12 - 15m
America (N*) Canada Hall, 2021 1y 448 192 — 9.1 [54;12.9]
America (N*) Canada Parkin, 2017 =1 -<3y 909 030 6.0 [5.0; 6.0]
America (N*) Canada Tahmasebi_a, 2020 S5-<16m 172 161 - 10.7 [9.3; 14.7]
Heterogeneity: ?=81%
AgeGroup =15 - 18m
America (N*) Canada Parkin, 2017 »>1-<3y 909 0.30 6.0 [5.0; 6.0]
America (N*) Canada Tahmasebi_a, 2020 S-<16m 172 161 - 10.7 [9.3; 14.7]
America (N*) Canada Tahmasebi_a, 2020 16 -<19m 57 2353 — 12.0 [8.5; 16.9]
Heterogeneity: /* = 85%
AgeGroup =18 - 21m
America (N*) Canada Hall, 2021 15y 448 251 | —— 64 [1.5;114]
America (N*) Canada Parkin, 2017 =1 -<3y 909 030 6.0 [5.0; 6.0]
America (N*) Canada Tahmasebi_a, 2020 16 —<19m 57 253 s 12.0 [8.5; 16.9]
Commeon effect model 1414 @ 6.1 [5.6; 6.6]
Random effects model <= 7.5 [4.9; 10.0]
Heterogeneity: /2 = 64%
AgeGroup =21 - 24m
America (N*) Canada Parkin, 2017 »>1-<3y 909 030 : : — : 6.0 [5.0; 6.0]
0 5 10 15 20 25 30 35

Lower Ferritin RI Values for Males

Figure 3. Example forest plot of ferritin RIs estimates for males by standardized age partitions
(0—24 months). Studies are ordered by region, country, and first author's last name. Additional
forest plots are available in the supplemental material section. N* means North
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Pooled estimates were provided for a limited number of age partitions due to high
heterogeneity (Table 2, Figures S1-S16). The data for 0-3 months age group was exceedingly
heterogeneous to generate a pooled estimate for this age group (Figure 3; Figures S1-S2). The
pooled lower RI limit showed a decrease from 3 months to 12 years of age, reaching the lowest
value of 6.0 pg/L between the age of 24 and 33 months (Table 2). From 3 years to pre-
adolescence, the lower RI limit increased to approximately 12 pg/L (females) and 15 pg/L
(males), followed by a low value of 8 pg/L for adolescent females. The highest pooled upper RI

limit was 95.7 pg/L, recorded for age 6-9 months (Table 2; Figures S1-S16).

Narrative Synthesis
Detailed descriptions of the 20 studies are presented in the supplementary file (Table S1).

Variation of Rls across different age categories, as reported by the studies, is provided in Figure
4, where lower and upper reference interval limits are plotted against age. The results show that

the Rls indeed vary across age categories, especially for younger children.
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Figure 4. Age-specific ferritin RIs (lower limits in red and upper limits blue) for males (panel A)
and females (panel B) with corresponding confidence intervals (Cls), where available, from all

studies included in this systematic review
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A more comprehensive and in-depth assessment of both the lower and upper RI limits
across all age partitions and separately for males and females are depicted in narrative synthesis
figures (Figures S18-S25). We also explored regional differences in the narrative synthesis. Our
novel web-based graphical and computational tool (PRINCES-FERRITIN) is available online

(https://monderic.shinyapps.io/FERRITINprinces/) and gives a more comprehensive look at the

distribution of Pediatric RIs and RCs for ferritin and explores differences in respect to additional
factors and facilitates further interpretation of the of the narrative synthesis results provided in
this paper. Supplementary material section (Figure S17) offers a snapshot of one scenario
captured from our web-based tool.

Children 0 — 23 months of age
For children 0 — 23 months (Table 3; Figures S18-S19), the lower RI limits for males ranged

from 0.71 ug/L*? to 83.00 ug/L*’ and for females from 3.00 ug/L?*? to 109.00 ug/L*, reported in
the first 48-72 hours of life*>. The upper RI limits ranged from 49.82 ug/L (males) and 43.92

ug/L (females)* to 699.00 ug/L (males) and 735.00 ug/L (females).?*

Table 3. Descriptive statistics of lower and upper ferritin limits by WHO age partitions

Age Partition Lower Reference Limits Upper Reference Limits
Median (IQR) Range (Min, Max) Mean (SD) Median (IQR) Range (Min, Max) Mean (SD)
Females
0-23 months 11.9 (9.8, 16.0) (3.0,109.0) 15.2 (13.6) 82.7 (67.7,99.6) (43.9, 735.0) 112.1 (120.6)
24-59 months 8.7(74,9.5) (3.0,154) 8.7(2.1) 81.0 (66.2,97.9) (48.0, 109.8) 80.7 (16.7)
5-10 years 8.4 (4.6, 12.0) (3.0,19.1) 8.8 (4.5) 81.9(74.6,91.5) (55.2,119.0) 85.5(15.7)
10-18 years 6.0 (4.0, 8.5) (1.6,17.5) 6.8(3.7) 92.0 (75.7,104.9) (49.9,131.2) 90.4 (19.7)
Males
0-23 months 6.0 (4.8,8.5) (0.7, 83.0) 8.7(11.2) 81.5(72.7, 88.6) (49.8, 699.0) 101.4 (100.0)
24-59 months 6.8(52,7.7) (3.0,134) 6.9 (2.1 80.0 (65.5, 84.2) (57.5,99.9) 77.1(13.2)
5-10 years 11.5(8.7,14.2) (5.7,16.40 11.4 (3.0) 82.5(70.4, 89.9) (58.0,106.7) 81.5(13.6)
10-18 years 13.2(11.5,15.3) (3.0,22.7) 13.5(3.2) 94.9 (79.4,101.6) (57.5,197.2) 95.4 (24.6)

Children 24 — 59 months of age

For children 24 - 59 months (Table 3; Figures S20-S21), lower RI limits for males ranged from

3.00 ug/L*? to 13.40 ug/L37 and for females from 3.00 ug/L3? to 15.40 ug/L*’. The upper RI
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limits for males ranged from 57.50 ug/L* to 99.92 ug/L3? and for females from 48.00 ug/L*° and

109.84 ug/L3.

Children 5 — 10 years of age
For children 5 — 10 years (Table 3; Figures S22-S23), the lower RI limits for males ranged from

5.73 ug/L* to 16.40 ug/L*® and for females from 3.01 ug/L to 19.14 ug/L?°. The upper RI limits
for males ranged from 58.00 ug/L?® to 106.70 ug/L?* and for females ranged from 55.20 ug/L*°

to 119.01 ug/L*.

Children 10 —18 years of age
For children 10 — 18 years (Table 3; Figures S24-S25), the lower RI limits for males ranged from

3.00 ug/L* to 22.74 ug/L?® and for females from 1.60 ug/L?° to 17.46 ug/L*°. The upper RI
limits for males ranged form 57.45 ug/L? to 197.20 ug/L*? and for females from 49.89 ug/L to

131.20 ug/L%.

Substantial variability related to age, sex, and country was observed (Figures S18-S26;
PRINCES-FERRITIN-web-based tool). The lower RI was substantially different (below or
above) than the WHO threshold (12 pg/L for children under 5 years old and 15 pg/L for older

children) to define iron deficiency.

There also appears to be regional variation across the different continents. For many
studies, the lower RI was substantially different (lower or higher) than the WHO threshold to
define iron deficiency. However, this is to be expected considering that WHO thresholds are
calculated using 5 percentiles of the population, whereas lower limits of RIs correspond to the

2.5" percentile of the population.

Discussion

This systematic review of Pediatric RIs and RCs for ferritin includes 20 studies published in

English from 1976 to 2023 across Australia, Europe, and North America. Only eight Pediatric

142



studies involving ferritin RIs followed the CLSI guidelines and one study reporting RCs was
included in the meta-analysis. All 20 studies were included in the narrative synthesis. Our novel
web-based PRINCES- FERRITIN visualization tool presents all data discussed in the current
work alongside the WHO iron deficiency thresholds. None of the 20 studies excluded ferritin
data from participants with laboratory evidence of inflammation or anemia, or clinical risk
factors for iron deficiency. Thus, with respect to optimal iron health, the study reference

populations may not truly represent ‘healthy’ populations.

The pooled lower RI limit reached the lowest values in young males (6 pg/L) and females
(7 pg/L) children 24-33 months of age and adolescent females (8 pug/L). The pooled upper RI
limit did not exceed maximum observed 95 pg/L at any age. Substantially higher heterogeneity
was observed for younger compared to older children, females compared to males, and upper
compared to lower RI limits. The narrative synthesis showed that for many studies, the lower RI

was substantially different (lower or higher) than the WHO threshold to define iron deficiency.

There is a growing body of literature aimed at determining a CDL for iron deficiency
based on physiologic or clinical outcomes in Pediatric populations with high prevalence of iron
deficiency: young preschool age children and adolescent females.**~#¢ Several investigators have
examined the relationship between ferritin and hemoglobin to define a threshold for iron
deficiency in young children.***> Abdullah et al examined data from children 12-36 months
participating in a Canadian research cohort (excluding data from children with high CRP) and
identified a ferritin threshold of 18-24 ug/L.** Mei et al examined data from children 12-59
months using the U.S. National Health and Nutrition Examination Survey (NHANES) and
identified a ferritin threshold of about 20 pg/L.* Mukhtarova and colleagues examined data

from children 9-13 months undergoing screening in U.S. outpatient family medicine and
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Pediatric clinics and identified a ferritin threshold as high as 24-25 ug/L.* Parkin et al examined
the relationship between ferritin and cognitive function in children 12-40 months and identified a

ferritin threshold of 17 pg/L.4

For adolescent females, findings from studies on adults is informative. Mei et al
examined data from non-pregnant women 15-49 years (excluding data from individuals with
high CRP) using the U.S. National Health and Nutrition Examination Survey (NHANES) and
identified a ferritin threshold of 25 pg/L.** Truong et al conducted a systematic review of ferritin
RIs in adults and identified a median lower RI limit of 8 pg/L in females and advocated for the

use of CDLs for the diagnosis of iron deficiency.*’

Clinicians and laboratories are now confronted with widely different thresholds for
interpreting ferritin results when considering the diagnosis of iron deficiency. This is especially
true for Pediatric populations at highest risk. For young preschool age children, the lower RI
limit (according to our systematic review and meta-analysis) may be as low as 6 pg/L; the WHO
threshold (derived by consensus) is 12 pg/L; and the CDL (using physiologic or clinical
outcomes) may be as high as 25 pg/L. For adolescent females, the lower RI limit (according to
our systematic review and meta-analysis) may be as low as 8 pg/L; the WHO threshold (derived
by consensus) is 15 ug/L; and the CDL (using physiologic or clinical outcomes) may be as high
as 25 pg/L. To address this, in July 2024 the Ontario Association of Medical Laboratories
published new guidelines on the interpretation of ferritin for iron deficiency, recommending a
CDL of <30 pg/L in adults and < 20 pg/L in children which have been adopted by community

laboratories.*®

This systematic review represents the first attempt to provide analysis of published

ferritin Pediatric lower and upper RIs and RCs, utilizing both meta-analysis and narrative
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synthesis. In this study the effort was made to compare WHO cut-off points with published
literature and present findings in a novel and user-friendly web-based tool. Nevertheless, this
study also has several limitations. Formal risk of bias assessment was not possible because there
is no risk of bias tool for the assessment of studies involving RIs and RCs. However, we
attempted to identify higher quality studies by examining adherence to the CLSI guidelines,
considered internationally as a gold standard for establishing RIs. Also, our review was limited
to studies published in English. This may have led to exclusion of important studies published in
other languages. High heterogeneity and low number of studies in a number of standardized age

partitions precluded us from providing pooled estimates for those partitions.

There are several implications for clinicians, laboratories and future research. Clinicians
must recognize that RIs from their local reference population may not represent optimal iron
status; for example, using the ferritin lower RI limit may lead to underdiagnosis and
undertreatment when considering WHO defined cut-off points to define iron deficiency.
Laboratories must reconcile the various thresholds derived using different approaches. For
example, for the diagnosis of iron deficiency, laboratories could provide both RlIs from a local
reference population as well as a single CDL derived from consensus or based on physiological
or clinical outcomes. For future research, our evidence synthesis of ferritin RIs/RCs derived from
local reference populations revealed substantial heterogeneity and varying age partitions. These
findings suggest the need for more rigorous development of RIs ensuring clinically meaningful
age and sex partitions that follow developmental variations, and enrollment of healthy
participants with optimal iron status, where the health status of participants is investigated with
respect to known risk factors. Further, development of RCs may eliminate the need for extensive

age partitioning and may be accompanied by percentile curves and charts similar to WHO
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growth charts. Curve estimations are valid both for estimating RIs as well as thresholds and
clinical decision limits, where continuous curves representing different percentiles of the
population can be provided as a continuous function of age.
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Supplemental tables and figures

Table S1. Characteristics of the included studies

Author Year Country No. of Analyzer Ref. Age Range 90%CI CLSI Cited Daly CLSI
sample Type 2017 Followed
Cited
Bohn 2023 Canada 670 Mindray RI Im-19y Yes Yes No Yes
Li 2023 China 497 Mindray RI Om-1m Yes Yes Yes Yes
Song 2022 China 11750 Sysmex RI Im-18y Yes Yes Yes Yes
Yan 2022 China 12823 Sysmex RC 3m-17y Yes Yes Yes Yes
Baudouin 2021 Cote 310 Sysmex RI Sy-12y Yes No No No
d’Ivoire
Hamid 2021 Canada 2012 Sysmex RI Im-36m Yes Yes Yes Yes
Ouma 2021 Kenya 1509 Beckman RI Im-17m Yes Yes No No
Coulter
Ringoringo 2021 Indonesia 277 Sysmex RI Om-0m No No No No
Sachdev 2021 India 38920 Not provided | RC 12m-18y No No No No
Wilson 2021 Canada 496 Sysmex RC 6m- 18y No Yes No Yes
Beavogui 2020 Guinea 802 Horiba RI 6y-16y No Yes No No
Bohn 2020 Canada 634 Sysmex RI Om-2ly Yes Yes No Yes
Haileslasie 2020 Ethiopia 249 Sysmex RI 12y-18y Yes Yes No Yes
Kieh 2020 Liberia 694 Abbott RI 6y-18y No Yes No No
Sun 2020 China 9944 Sysmex RI 6m-7y Yes Yes No Yes
Bogner 2019 Austria 102 Sysmex RI 14y-18y Yes Yes No No
Fulgoni 2019 (SN 21285 Beckman RI 12m-18y Yes, No Yes No Yes
Coulter
Bimerew 2018 Ethiopia 334 Sysmex RI Sy-18y No Yes No No
Yanamandra 2018 India 335 Sysmex RI 4y-20y Yes No No No
Parkin 2017 Canada 2600 Sysmex RI 3y-1ly Yes Yes No Yes
Wang 2017 China 616 Sysmex RI 4m-Ty Yes Yes No Yes
Du 2016 China 698 Sysmex RI Ty-1l4y Yes No No No
Imoru 2016 Nigeria 72 Other RI Om-0m Yes No NA No
Lee 2016 South 534 Sysmex RI 12m-24m Yes Yes No Yes
Korea
Rieger 2016 Germany 1779 Sysmex RC 4y-17y No Yes No No
Adeli_a 2015 Canada 2570 Sysmex RI 3y-20y Yes Yes No Yes
Gomani 2015 Zimbabwe 224 Sysmex RI 12y-18y Yes Yes No Yes
Lim 2015 South 1865 Sysmex RI 10y-18y Yes No No No
Korea
Odhiambo 2015 Kenya 242 Beckman RI l6y-18y No Yes No No
Coulter
Dosoo 2014 Ghana 1272 Horiba RI 6m-18y No Yes No No
Odutola 2014 Gambia 696 Abbott RI 2m-10m No No No No
Aldrimer 2013 Sweden 253 Abbott RI 12y-19y No Yes No No
Melioli 2011 Italy 820 Beckman RI Om-0m No No No No
Coulter
Zeh 2011 Kenya 133 Beckman RI 13y-18y No Yes No No
Coulter
Buchanan 2010 Tanzania 600 Beckman RI Om-18y No Yes No No
Coulter
Buseri 2010 Nigeria 1021 Not provided | RI Om-18y Yes No NA No
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Author Year Country No. of Analyzer Ref. Age Range 90%CI1 CLSI Cited Daly CLSI
sample Type 2017 Followed
Cited
Hollowell 2005 usS 10245 Beckman RI 12m-20y Yes No No No
Coulter
El-Hazmi 2001 Saudi 1526 Beckman RI Om-15y Yes No No No
Arabia Coulter
Flegar-Mestric 2000 Croatia 996 Beckman RI 8y-20y No Yes No No
Coulter
Taylor 1997 Ireland 2120 Beckman RI 4y-20y Yes No No No
Coulter
Dallman 1984 usS 2662 Beckman RI 12m-18y No No No No
Coulter
Scheer 1981 usS 1894 Other RI 6y-15y No No No No
Kelly 1977 Canada 601 Beckman RI 10y-20y Yes No NA No
Coulter
Valberg 1976 Canada 408 Not provided | RI 12m-20y Yes No No No
Burman 1972 UK 1121 Ortho RI 3m-25m Yes No NA No
Natvig 1967 Norway 1203 Not provided | RI Ty-21ly Yes No No No
Hawkins 1954 Canada 1797 Other RI 6y-18y Yes No NA No
Faergeman 1938 Sweden 300 Other RI 8y-15y Yes No No No

CLSI - Clinical Laboratory Standards Institute; RI — reference interval; RC — reference curve
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Table S2. Study adherence to Clinical Laboratory Standards Institute (CLSI) guidelines

First Author
Publication Year

Outlier
detection

Partitioning

Method for
RIs estimation

Estimation of
ClIs for RlIs

Fargemanet al., (1938)

Hawkins et al., (1954)

Natvig et al., (1967)

Burman et al., (1972)

Valberg et al., (1976)

Kelly et al., (1977)

Scheer et al., (1981)

Dallman et al., (1984)

Taylor et al., (1997)

Flegar-Mestric et al., (2000)

El-Hazmi et al., (2001)

Hollowell et al., (2005)

Buseri et al., (2010)

Buchanan et al., (2010)

Melioli et al., (2011)

Zehetal., (2011)

Aldrimer et al., (2013)

Dosoo et al., (2014)

Odutola et al., (2014)

Adeli et al., (2015)

Lim et al., (2015)

Odhiambo et al., (2015)

Gomani et al., (2015)

Rieger et al., (2016)

A

A

A

Imoru et al., (2016)

Lee et al., (2016)

Du etal., (2016)

Wang et al., (2017)

Parkin et al., (2017)

Bimerew et al., (2018)

Yanamandra et al., (2018)

Bogner et al., (2019)

Fulgoni et al., (2019)

Kieh et al., (2020)

Haileslasie et al., (2020)

Bohn et al., (2020)

Beavogui et al., (2020)

Sun et al., (2020)
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Sachdev et al., (2021) NA NA NA N
Wilson et al., (2021) NA NA NA Y
Hamid et al., (2021) Y Y Y Y
Ringoringo et al., (2021) N Y N Y
Ouma et al., (2021) N Y Y Y
Baudouin et al., (2021) N Y N Y
Yan et al., (2022) NA NA NA Y
Song et al., (2022) Y Y Y Y
Bohn et al., (2023) Y Y Y Y
Lietal., (2023) Y Y Y Y

RIs — reference intervals; RCs — reference curves
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Region Country Study Age Interval n* SE(RI) RI [90% CI*]
AgeGroup =0 - 3m
America (N*) Canada Parkin, 2017 10days-<1y 266 0.30 9.0 [9.0; 10.0]
AgeGroup =3 - 6m
America (N*) Canada Parkin, 2017 10days-<1y 266 0.30 9.0 [9.0; 10.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 1.61 -— 10.7 [9.3; 14.7]
Common effect model 438 @ 9.1 [8.6; 9.5]
Random effects model = 9.7 [7.0; 12.3]
Heterogeneity: /* = 4%
AgeGroup =6 -9m
America (N*) Canada Hall, 2021 05y 448 2.25 — 13.0 [8.6;17.4]
America (N*) Canada Parkin, 2017 10days-<1y 266 0.30 9.0 [9.0; 10.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 1.61 —-— 10.7 [9.3;14.7]
Common effect model 886 0 9.1 [8.6; 9.6]
Random effects model < 10.4 [8.0; 12.8]
Heterogeneity: 1> =51%
AgeGroup =9 - 12m
America (N*) Canada Parkin, 2017 10days-<1y 266 0.30 9.0 [9.0;10.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 1.61 -— 10.7 [9.3;14.7]
Common effect model 438 Y 9.1 [8.6; 9.5]
Random effects model <= 9.7 [7.0; 12.3]
Heterogeneity: 1% = 4%
AgeGroup =12 - 15m
America (N*) Canada Hall, 2021 1y 448 1.92 — 9.1 [6.4;,12.9]
America (N*) Canada Parkin, 2017 >1-<3y 909 0.30 6.0 [5.0; 6.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 1.61 —-— 10.7 [9.3;14.7]
Heterogeneity: 1?=81%
AgeGroup =15 - 18m
America (N*) Canada Parkin, 2017 >1-<3y 909 0.30 6.0 [5.0; 6.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 1.61 —-— 10.7 [9.3;14.7]
America (N*) Canada Tahmasebi_a, 2020 16-<19m 57 2.53 — 12.0 [8.5; 16.9]
Heterogeneity: I* = 85%
AgeGroup =18 - 21m
America (N*) Canada Hall, 2021 15y 448 251 | ——— 6.4 [1.5;11.4]
America (N*) Canada Parkin, 2017 >1-<3y 909 0.30 6.0 [5.0; 6.0]
America (N*) Canada Tahmasebi_a, 2020 16-<19m 57 2.53 —_— 12.0 [8.5;16.9]
Common effect model 1414 ¢ 6.1 [5.6; 6.6]
Random effects model < 7.5 [4.9; 10.0]
Heterogeneity: 1% = 64%
AgeGroup =21 - 24m
America (N*) Canada Parkin, 2017 >1-<3y 909 0.30 - S 6.0 [5.0; 6.0]
0 5 10 15 20 25 30 35

Lower Ferritin Rl Values for Males

Figure S1. Forest plot of ferritin RIs lower limits for 0-24 months old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI*]
AgeGroup=0-3m
America (N*) Canada Parkin, 2017 10days-<1y 266 12.12 115.0 [99.0; 139.0]
AgeGroup =3 - 6m
America (N*) Canada Parkin, 2017 10days-<1y 266 12.12 115.0 [99.0; 139.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 6.32 85.9 [68.5; 89.5]
Heterogeneity: 12=78%
AgeGroup =6 -9m
America (N*) Canada Hall, 2021 05y 448 9.39 88.7 [70.4;107.2]
America (N*) Canada Parkin, 2017 10days-<1y 266 12.12 115.0 [99.0; 139.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 6.32 859 [68.5; 89.5]
Common effect model 886 91.2 [83.3; 99.2]
Random effects model 95.7 [72.2; 119.2]
Heterogeneity: 1*=57%
AgeGroup =9 -12m
America (N*) Canada Parkin, 2017 10days-<1y 266 12.12 115.0 [99.0; 139.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 6.32 85.9 [68.5; 89.5]
Heterogeneity: 12 =78%
AgeGroup =12 - 15m
America (N*) Canada Hall, 2021 1y 448 7.80 83.5 [68.2; 98.8]
America (N*) Canada Parkin, 2017 >1-<3y 909 4.25 70.0 [65.0; 79.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 6.32 85.9 [68.5; 89.5]
Common effect model 1529 76.4 [71.1; 81.7]
Random effects model 79.6 [57.1;102.2]
Heterogeneity: /° = 63%
AgeGroup =15-18m
America (N*) Canada Parkin, 2017 >1-<3y 909 4.25 70.0 [65.0; 79.0]
America (N*) Canada Tahmasebi_a, 2020 5-<16m 172 6.32 859 [68.5; 89.5]
America (N*) Canada Tahmasebi_a, 2020 16-<19m 57 9.05 133.1 [119.3; 149.5]
Heterogeneity: 12 = 95%
AgeGroup =18 -21m
America (N*) Canada Hall, 2021 15y 448 7.19 78.8 [64.8; 92.9]
America (N*) Canada Parkin, 2017 >1-<3y 909 4.25 70.0 [65.0; 79.0]
America (N*) Canada Tahmasebi_a, 2020 16 -<19m 57 9.05 133.1 [119.3; 149.5]
Heterogeneity: 12 = 95%
AgeGroup = 21 - 24m
America (N*) Canada Parkin, 2017 >1-<3y 909 4.25 = 70.0 [65.0; 79.0]

[ T T T 1

50 100 150 200 250
Upper Ferritin RI Values for Males

Figure S2. Forest plot of ferritin RIs upper limits for 0-24 months old males
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Region Country Study Age Interval n* SE(RI) Rl [90% CI*]
AgeGroup =0-3m

America (N*) Canada Parkin, 2017 10days-<1y 233 091 = 10.0 [8.0;11.0]
AgeGroup =3 - 6m

America (N*) Canada Parkin, 2017 10days-<1y 233 091 = 10.0 [8.0;11.0]
AgeGroup =6 - 9m

America (N*) Canada Hall, 2021 05y 442 115 —& 15.4 [13.2;17.7]

America (N*) Canada Parkin, 2017 10days-<1y 233 0.91 = 10.0 [8.0;11.0]
Heterogeneity: 1?=93%
AgeGroup =9 -12m

America (N*) Canada Parkin, 2017 10days-<1y 233 0.91 - 10.0 [8.0;11.0]
AgeGroup =12 - 15m

America (N*) Canada Hall, 2021 1y 442 091 - 11.3 [9.5;13.0]

America (N*) Canada Parkin, 2017 >1-<3y 817  0.61 = 7.0 [6.0; 8.0]
Heterogeneity: 17 =93%
AgeGroup =15 -18m

America (N*) Canada Parkin, 2017 >1-<3y 817 0.61 7.0 [6.0; 8.0]
AgeGroup =18 - 21m

America (N*) Canada Hall, 2021 15y 442 1.24 —— 9.0 [6.5;11.4]

America (N*) Canada Parkin, 2017 >1-<3y 817 0.61 7.0 [6.0; 8.0]
Common effect model 1259 & 74 [6.5; 8.3]
Random effects model = 7.9 [4.5;11.3]
Heterogeneity: 1* = 50%
AgeGroup =21 - 24m

America (N*) Canada Parkin, 2017 >1-<3y 817  0.61 : N — 7.0 [6.0; 8.0]

0 5 10 15 20 25 30 35

Lower Ferritin Rl Values for Females

Figure S3. Forest plot of ferritin RIs lower limits for 0-24 months old females

157



Region Country Study Age Interval n* SE(RI) RI [90% CI*]

AgeGroup =0 -3m

America (N*) Canada Parkin, 2017 10days-<1y 233 3452 —— 194.0 [157.0; 271.0]
AgeGroup =3 - 6m

America (N*) Canada Parkin, 2017 10days-<1y 233 34.52 —=—— 194.0 [157.0; 271.0]
AgeGroup =6 - 9m

America (N*) Canada Hall, 2021 05y 442 895 - 99.9 [82.3;117.4]

America (N*) Canada Parkin, 2017 10days-<1y 233 34.52 —— 194.0 [157.0; 271.0]

Heterogeneity: 1% = 86%

AgeGroup =9 - 12m
America (N*) Canada Parkin, 2017 10days-<1y 233 34.52 —— 194.0 [157.0; 271.0]

AgeGroup =12 -15m

America (N*) Canada Hall, 2021 1y 442 6.74 —— 858 [72.6; 99.1]

America (N*) Canada Parkin, 2017 >1-<3y 817 425 = 81.0 [75.0; 89.0]
Common effect model 1259 Lo 82.4 [76.5; 88.3]
Random effects model < 82.4 [76.5; 88.3]
Heterogeneity: I = 0%
AgeGroup =15 -18m

America (N*) Canada Parkin, 2017 >1-<3y 817 425 81.0 [75.0; 89.0]
AgeGroup =18 - 21m

America (N*) Canada Hall, 2021 15y 442 552 & 740 [63.2; 84.8]

America (N*) Canada Parkin, 2017 >1-<3y 817 425 = 81.0 [75.0; 89.0]
Common effect model 1259 & 78.4 [72.8; 83.9]
Random effects model & 78.4 [72.8; 83.9]
Heterogeneity: 1?=2%
AgeGroup = 21 - 24m

America (N*) Canada Parkin, 2017 >1-<3y 817 425 81.0 [75.0; 89.0]

[ T T T 1

50 100 150 200 250
Upper Ferritin RI Values for Females

Figure S4. Forest plot of ferritin RIs upper limits for 0-24 months old females
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Region Country Study Age Interval n* SE(RI) Rl [90% CI*]
AgeGroup =24 - 27Tm

America (N*) Canada Hall, 2021 2y 448 277 ——— 5.0 [0.0;10.9]

America (N*) Canada Parkin, 2017 >1-<3y 909 0.30 6.0 [5.0; 6.0]
Common effect model 1357 Q 6.0 [5.5; 6.5]
Random effects model ¢ 6.0 [5.5; 6.5]
Heterogeneity: 1*=0%
AgeGroup = 27 - 30m

America (N*) Canada Parkin, 2017 >1-<3y 909 0.30 6.0 [5.0; 6.0]
AgeGroup = 30 - 33m

America (N*) Canada Hall, 2021 25y 448 279 —— 48 [0.0;11.0]

America (N*) Canada Parkin, 2017 >1-<3y 909 0.30 6.0 [5.0; 6.0]
Common effect model 1357 Q 6.0 [5.5; 6.5]
Random effects model @ 6.0 [5.5; 6.5]
Heterogeneity: %= 0%
AgeGroup = 33 - 36m

America (N*) Canada Parkin, 2017 >1-<3y 909 0.30 6.0 [5.0; 6.0]
AgeGroup =3 - 4y

America (N*) Canada Hall, 2021 35y 448 319 |——— 7.1 [0.8;13.3]

America (N*) Canada Parkin, 2017 >3-<6y 1069 0.30 12.0 [11.0;12.0]
Common effect model 1517 ¢ 12.0 [11.5; 12.5]
Random effects model ¢ 12.0 [11.5; 12.5]
Heterogeneity: I* = 58%
AgeGroup =4 - 5y

America (N*) Canada Hall, 2021 45y 448 368 —— 95 [2.3,16.7]

America (N*) Canada Parkin, 2017 >3-<6y 1069 0.30 12.0 [11.0;12.0]
Common effect model 1517 ¢ 12.0 [11.5; 12.5]
Random effects model 0 12.0 [11.5; 12.5]
Heterogeneity: 1= 0% | | | : | | |

0 5 10 15 20 25 30 35

Lower Ferritin RI Values for Males

Figure SS. Forest plot of ferritin RIs lower limits for 2-5 years old males
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Region Country Study Age Interval n* SE(RI) Rl [90% CI*]
AgeGroup = 24 - 27m

America (N*) Canada Hall, 2021 2y 448 6.64 - 74.7 [61.7;87.7]

America (N*) Canada Parkin, 2017 >1-<3y 909 4.25 = 70.0 [65.0;79.0]
Common effect model 1357 1 71.4 [65.5; 77.3]
Random effects model & 71.4 [65.5; 77.3]
Heterogeneity: 1= 0%
AgeGroup = 27 - 30m

America (N*) Canada Parkin, 2017 >1-<3y 909 4.25 - 70.0 [65.0;79.0]
AgeGroup = 30 - 33m

America (N*) Canada Hall, 2021 25y 448 632 = 71.2 [58.8; 83.6]

America (N*) Canada Parkin, 2017 >1-<3y 909 4.25 = 70.0 [65.0;79.0]
Common effect model 1357 < 70.4 [64.6; 76.2]
Random effects model & 70.4 [64.6; 76.2]
Heterogeneity: /> = 0%
AgeGroup = 33 - 36m

America (N*) Canada Parkin, 2017 >1-<3y 909 425 = 70.0 [65.0;79.0]
AgeGroup =3 - 4y

America (N*) Canada Hall, 2021 35y 448 613 — 65.8 [53.8;77.8]

America (N*) Canada Parkin, 2017 >3-<6y 1069 1.82 71.0 [68.0;74.0]
Common effect model 1517 [ 70.6 [67.7; 73.5]
Random effects model 0 70.6 [67.7; 73.5]
Heterogeneity: 1?=0%
AgeGroup = 4 - 5y

America (N*) Canada Hall, 2021 45y 448 590 — 62.8 [51.2;74.3]

America (N*) Canada Parkin, 2017 >3-<6y 1069 1.82 71.0 [68.0; 74.0]
Common effect model 1517 ¢ 70.3 [67.4; 73.1]
Random effects model ¢ 70.3 [67.4; 73.1]
Heterogeneity: 1% = 44% | | I | 1

50 100 150 200 250

Figure S6. Forest plot of ferritin RIs upper limits for 2-5 years old males

Upper Ferritin RI Values for Males
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Region Country Study Age Interval n* SE(RI) Rl [90% CI*]
AgeGroup = 24 - 27m

America (N*) Canada Hall, 2021 2y 442  1.51 —— 7.8 [4.8,10.7]

America (N*) Canada Parkin, 2017 >1-<3y 817 0.61 7.0 [6.0; 8.0]
Common effect model 1259 < 7.1 [6.2; 8.0]
Random effects model < 7.3 [4.7,10.0]
Heterogeneity: 1= 0%
AgeGroup = 27 - 30m

America (N*) Canada Parkin, 2017 >1-<3y 817 0.61 7.0 [6.0; 8.0]
AgeGroup = 30 - 33m

America (N*) Canada Hall, 2021 25y 442 177 —— 7.0 [3.5;10.5]

America (N*) Canada Parkin, 2017 >1-<3y 817 0.61 7.0 [6.0, 8.0]
Common effect model 1259 < 7.0 [6.1; 7.9]
Random effects model <= 7.0 [4.3; 9.7]
Heterogeneity: /> = 0%
AgeGroup = 33 - 36m

America (N*) Canada Parkin, 2017 >1-<3y 817 0.61 7.0 [6.0; 8.0]
AgeGroup = 3 - 4y

America (N*) Canada Hall, 2021 35y 442 195 —— 6.6 [2.8;,104]

America (N*) Canada Parkin, 2017 >3-<6y 949 0.30 12.0 [11.0; 12.0]
Heterogeneity: 1= 87%
AgeGroup =4 - 5y

America (N*) Canada Hall, 2021 45y 442 166 — 78 [46;11.1]

America (N*) Canada Parkin, 2017 >3-<6y 949 0.30 12.0 [11.0; 12.0]
Heterogeneity: /° = 84% N —
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Figure S7. Forest plot of ferritin RIs lower limits for 2-5 years old females
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Region Country Study Age Interval  n* SE(RI) RI [90% CI*]
AgeGroup =24 - 27Tm
America (N*) Canada Hall, 2021 2y 442 500 = 64.3 [54.4; 74.1]
America (N*) Canada Parkin, 2017 >1-<3y 817 4.25 == 81.0 [75.0; 89.0]
Heterogeneity: 12 = 85%
AgeGroup = 27 - 30m
America (N*) Canada Parkin, 2017 >1-<3y 817 4.25 81.0 [75.0; 89.0]
AgeGroup =30 - 33m
America (N*) Canada Hall, 2021 25y 442 485 56.7 [47.2; 66.2]
America (N*) Canada Parkin, 2017 >1-<3y 817 4.25 = 81.0 [75.0; 89.0]
Heterogeneity: /I = 93%
AgeGroup = 33 - 36m
America (N*) Canada Parkin, 2017 >1-<3y 817 425 81.0 [75.0; 89.0]
AgeGroup =3 - 4y
America (N*) Canada Hall, 2021 35y 442 443 =+ 48.0 [39.3; 56.7]
America (N*) Canada Parkin, 2017 >3-<6y 949 3.04 74.0 [71.0; 81.0]
Heterogeneity: 12 = 96%
AgeGroup =4 - 5y
America (N*) Canada Hall, 2021 45y 442 3.05 = 48.0 [42.0; 53.9]
America (N*) Canada Parkin, 2017 >3-<6y 949 3.04 74.0 [71.0; 81.0]
Heterogeneity: 1> =97% | | | ‘ |
50 100 150 200 250

Upper Ferritin RI Values for Females

Figure S8. Forest plot of ferritin RIs upper limits for 2-5 years old females
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Region Country Study Age Interval n* SE(RI) Rl [90% CI*]
AgeGroup =5 - 6y
America (N*) Canada Hall, 2021 55y 448 3.93 —_— 115 [3.8,19.2]
America (N*) Canada Parkin, 2017 >3-<6y 1069 0.30 12.0 [11.0;12.0]
Common effect model 1517 ¢ 12.0 [11.5; 12.5]
Random effects model o 12.0 [11.5; 12.5]
Heterogeneity: /* = 0%
AgeGroup=6-Ty
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 — 16.2 [12.7;19.6]
America (N*) Canada Hall, 2021 65y 448 3.64 13.1 [6.0;20.2]
America (N*) Canada Parkin, 2017 26-10y 411 0.61 - 15.0 [13.0; 15.0]
Common effect model 1539 <& 15.0 [14.1; 16.0]
Random effects model < 15.0 [14.1; 16.0]
Heterogeneity: 2= 0%
AgeGroup =7 - 8y
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 — 16.2 [12.7,19.6]
America (N*) Canada Hall, 2021 75y 448 2.82 14.3 [8.8;19.8]
America (N*) Canada Parkin, 2017 26-10y 411 0.61 - 156.0 [13.0; 15.0]
Common effect model 1639 < 16.1 [14.1; 16.0]
Random effects model ¢ 15.1 [14.1; 16.0]
Heterogeneity: 1?=0%
AgeGroup = 8 - 9y
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 — 16.2 [12.7; 19.6]
America (N*) Canada Hall, 2021 85y 448 1.93 — 15.1 [11.4;18.9]
America (N*) Canada Parkin, 2017 26-10y 411 061 — 15.0 [13.0; 15.0]
Common effect model 1539 < 15.1 [14.2; 16.0]
Random effects model ¢ 16.1 [14.2; 16.0]
Heterogeneity: /* = 0%
AgeGroup =9 - 10y
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 —— 16.2 [12.7,19.6]
America (N*) Canada Hall, 2021 95y 448 1.24 —— 15.6 [13.2; 18.0]
America (N*) Canada Parkin, 2017 26-10y 411 0.61 - 156.0 [13.0; 15.0]
Common effect model 1539 & 15.2 [14.3; 16.1]
Random effects model < 15.2 [14.3; 16.1]
Heterogeneity: 1?=0%
T 1T 1T T T 1
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Lower Ferritin Rl Values for Males

Figure S9. Forest plot of ferritin RIs lower limits for 5-10 years old males
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Region Country Study Age Interval n* SE(RI) RI [90% CI*]
AgeGroup =5 - 6y
America (N*) Canada Hall, 2021 55y 448 519 =+ 62.0 [51.8; 72.2]
America (N*) Canada Parkin, 2017 >3-<6y 1069 1.82 71.0 [68.0; 74.0]
Common effect model 1517 o 70.0 [67.2; 72.8]
Random effects model = 66.7 [45.8; 87.5]
Heterogeneity: I =63%
AgeGroup =6 -7y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 106.7 [101.3; 112.2]
America (N*) Canada Hall, 2021 65y 448 392 = 636 [559; 71.2]
America (N*) Canada Parkin, 2017 26-10y 411 485 -+ 81.0 [71.0; 87.0]
Heterogeneity: 12=97%
AgeGroup =7 - 8y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 = 106.7 [101.3; 112.2]
America (N*) Canada Hall, 2021 75y 448 274 67.3 [62.0; 72.7]
America (N*) Canada Parkin, 2017 26-10y 411  4.85 - 81.0 [71.0; 87.0]
Heterogeneity: 1% = 98%
AgeGroup =8 - 9y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 = 106.7 [101.3; 112.2]
America (N*) Canada Hall, 2021 85y 448 282 73.5 [68.0; 79.0]
America (N*) Canada Parkin, 2017 26-10y 411  4.85 -+ 81.0 [71.0; 87.0]
Heterogeneity: 1= 97%
AgeGroup =9 - 10y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 & 106.7 [101.3; 112.2]
America (N*) Canada Hall, 2021 95y 448 3.21 L 81.1 [74.9; 87.4]
America (N*) Canada Parkin, 2017 26-10y 411  4.85 - 81.0 [71.0; 87.0]
Heterogeneity: 1% = 94% | | | | |
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Upper Ferritin Rl Values for Males

Figure S10. Forest plot of ferritin RIs upper limits for 5-10 years old males
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Region Country Study Age Interval n* SE(RI) Rl [90% CI*]

AgeGroup =5 - 6y
America (N*) Canada Hall, 2021 55y 442 170 —— 95 [6.2;12.9)]
America (N*) Canada Parkin, 2017 >3-<6y 949 0.30 12.0 [11.0;12.0]
Common effect model 1391 ¢ 11.9 [11.4; 12.4]
Random effects model < 11.1 [8.7;13.5]
Heterogeneity: 1> =51%
AgeGroup =6 -7y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 . 96 [7.6 11.7]
America (N*) Canada Hall, 2021 65y 442 221 —— 11.2 [6.9;15.6]
America (N*) Canada Parkin, 2017 26-10y 353 1562 —&- 13.0 [10.0; 15.0]
Common effect model 1585 < 11.0 [9.6; 12.5]
Random effects model <> 11.2 [8.9; 13.5]
Heterogeneity: I* = 34%
AgeGroup =7 - 8y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 = 96 [7.6 11.7]
America (N*) Canada Hall, 2021 75y 442 252 — 129 [8.0;17.9]
America (N*) Canada Parkin, 2017 26-10y 353 1562 —&- 13.0 [10.0; 15.0]
Common effect model 1585 < 11.2 [9.7;12.7]
Random effects model S 11.5 [9.2;13.9]
Heterogeneity: /1 = 43%
AgeGroup =8 - 9y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 . 96 [7.6;11.7]
America (N*) Canada Hall, 2021 85y 442 2.50 — 146 [9.7,19.5]
America (N*) Canada Parkin, 2017 26-10y 353 1562 —&- 13.0 [10.0; 15.0]
Common effect model 1585 < 11.4 [10.0; 12.9]
Random effects model - 11.9 [9.6;14.2]
Heterogeneity: I* = 58%
AgeGroup =9 - 10y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 = 96 [7.6 11.7]
America (N*) Canada Hall, 2021 95y 442 2.3 —— 16.2 [11.7; 20.7]
America (N*) Canada Parkin, 2017 26-10y 353 1.52 —&- 13.0 [10.0; 15.0]
Common effect model 1585 < 11.7 [10.3; 13.2]
Random effects model < 12.3 [10.0; 14.6]
Heterogeneity: I* = 73% —
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Lower Ferritin Rl Values for Females

Figure S11. Forest plot of ferritin RIs lower limits for 5-10 years old females
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Region Country Study Age Interval n* SE(RI) Rl [90% CI*]

AgeGroup =5 - 6y
America (N*) Canada Hall, 2021 55y 442  2.21 55.2 [50.8; 59.5]
America (N*) Canada Parkin, 2017 >3-<6y 949 3.04 & 74.0 [71.0; 81.0]
Heterogeneity: 1% = 96%

AgeGroup =6 -7y

America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Hall, 2021 6.5y 442 339 = 62.6 [56.0; 69.3]
America (N*) Canada Parkin, 2017 26-10y 353 7.88 - 92.0 [83.0; 109.0]

Heterogeneity: 1?=91%

AgeGroup =7 - 8y

America (N*) Canada Adeli_b, 2015 6-24y 790 2.98 819 [76.9; 86.7]
America (N*) Canada Hall, 2021 7.5y 442 415 L3 68.3 [60.2; 76.4]
America (N*) Canada Parkin, 2017 26-10y 353 7.88 -— 92.0 [83.0; 109.0]

Heterogeneity: /* = 81%

AgeGroup = 8 - 9y

America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Hall, 2021 85y 442 453 = 721 [63.3; 81.0]
America (N*) Canada Parkin, 2017 26-10y 353 7.88 - 92.0 [83.0; 109.0]
Common effect model 1585 ¢ 80.1 [76.2; 84.0]
Random effects model < 81.1 [70.2; 92.1]

Heterogeneity: /> = 65%

AgeGroup =9 - 10y

America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Hall, 2021 95y 442 595 = 744 [62.7, 86.0]
America (N*) Canada Parkin, 2017 26-10y 353 7.88 - 92.0 [83.0; 109.0]
Common effect model 1685 ¢ 81.6 [77.4; 85.7]
Random effects model < 82.2 [71.0; 93.4]

Heterogeneity: 1% = 38%
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Upper Ferritin Rl Values for Females

Figure S12. Forest plot of ferritin RIs upper limits for 5-10 years old females
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Region Country Study Age Interval n* SE(RI) Rl [90% CI*]

AgeGroup =10 - 11y
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 — 16.2 [12.7; 19.6]
America (N*) Canada Hall, 2021 105y 448  0.95 —- 15.7 [13.8;17.5]
America (N*) Canada Parkin, 2017 z26-10y 411 0.61 - 15.0 [13.0; 15.0]
Common effect model 1539 Lo 15.2 [14.4; 16.1]
Random effects model <= 15.5 [13.0; 18.1]
Heterogeneity: IZ = 0%
AgeGroup =11 - 12y
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 —— 16.2 [12.7;19.6]
America (N*) Canada Hall, 2021 1.5y 448 1.07 E 15.4 [13.3;17.5]
Common effect model 1128 < 15.6 [14.0; 17.1]
Random effects model = 15.7 [12.4; 19.0]
Heterogeneity: 1% = 0%
AgeGroup =12 - 13y
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 —s— 16.2 [12.7;19.6]
America (N*) Canada Hall, 2021 125y 448  1.33 - 14.8 [12.2;17.4]
Common effect model 1128 <> 16.2 [13.3; 17.0]
Random effects model < 15.4 [12.0; 18.8]
Heterogeneity: I° = 0%
AgeGroup =13 - 14y
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 — 16.2 [12.7,19.6]
America (N*) Canada Bohn, 2021 13-<19y 82 147 —— 10.9 [8.5;13.4]
America (N*) Canada Hall, 2021 135y 448 157 —F— 13.8 [10.8; 16.9]
America (N*) Canada Higgins, 2018 13-<19y 105 1.48 —i- 125 [9.7,14.6]
Common effect model 1315 < 12.9 [11.6; 14.2]
Random effects model < 13.2 [10.8; 15.6]
Heterogeneity: 12 = 37%
AgeGroup = 14 - 15y
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 — 16.2 [12.7;19.6]
America (N*) Canada Bailey, 2013 14-<16y 65 171 —-— 12.7 [10.0; 15.7]
America (N*) Canada Bohn, 2021 13-<19y 82 147 —=— 10.9 [8.5;13.4]
America (N*) Canada Hall, 2021 145y 448 1.0 — 12.5 [8.8;16.3])
America (N*) Canada Higgins, 2018 13-<19y 105 1.48 —8— 12,5 [9.7;14.6]
Common effect model 1380 < 12.6 [11.4; 13.8]
Random effects model <<= 12.8 [10.7; 15.0]
Heterogeneity: F=7%
AgeGroup =15 - 16y
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 — 16.2 [12.7; 19.6)
America (N*) Canada Bailey, 2013 14 -<16y 65 1.71 —— 12.7 [10.0; 15.7]
America (N*) Canada Bohn, 2019 15-<19y 73 240 — 20.9 [17.4; 25.4]
America (N*) Canada Bohn, 2021 13-<19y 82 147 —— 109 [8.5;13.4)
America (N*) Canada Hall, 2021 155y 448 272 10.9 [5.6;16.3]
America (N*) Canada Higgins, 2018 13-<19y 105 1.48 —8— 12,5 [9.7;14.6]
Common effect model 1453 < 13.3 [12.1; 14.5)
Random effects model < 13.8 [11.7; 15.8]
Heterogeneity: I° = 68%
AgeGroup =16 - 17y
America (N*) Canada Adeli_b, 2015 6-16y 680 2.09 —— 16.2 [12.7,19.6]
America (N*) Canada Bailey, 2013 16-<19y 88 292 EE— 111 [7.6;17.3)
America (N*) Canada Bohn, 2019 15-<19y 73 240 — 20.9 [17.4;254]
America (N*) Canada Bohn, 2021 13-<19y 82 147 —— 10.9 [8.5;13.4]
America (N*) Canada Hall, 2021 165y 448 446 89 [02,17.7]
America (N*) Canada Higgins, 2018 13-<19y 105  1.48 —— 125 [9.7;14.6]
America (N*) Canada Karbasy, 2016 16-<19y 41 2.03 — 18.7 [15.3; 22.1]
Common effect model 1517 < 14.1 [12.8; 15.3]
Random effects model <> 14.5 [12.4; 16.5]
Heterogeneity: F=73%
AgeGroup =17 - 18y
America (N*) Canada Bailey, 2013 16-<19y 88 292 EE— 111 [7.6;17.3)
America (N*) Canada Bohn, 2019 15-<19y 73 240 — 20.9 [17.4;25.4]
America (N*) Canada Bohn, 2021 13-<19y 82 147 —-— 10.9 [8.5;13.4]
America (N*) Canada Hall, 2021 175y 448 530 ———— 6.6 [0.0;20.8]
America (N*) Canada Higgins, 2018 13-<19y 105 1.48 —= 125 [9.7;14.6]
America (N*) Canada Karbasy, 2016 16-<19y 41 2.03 — 18.7 [15.3; 22.1]
Heterogeneity: 2=77% ‘ ‘ | | | | ‘
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Figure S13. Forest plot of ferritin RIs lower limits for 10-18 years males
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Region Country Study Age Interval n* SE(RI) RI [90% CI*]
AgeGroup =10 - 11y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 106.7 [101.3;112.2]
America (N*) Canada Hall, 2021 105y 448  3.61 = 85.8 [78.7, 92.9]
America (N*) Canada Parkin, 2017 26-10y 411 4.85 = 81.0 [71.0; 87.0]
Heterogeneity: /° = 93%
AgeGroup =11 - 12y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 106.7 [101.3;112.2)
America (N*) Canada Hall, 2021 115y 448 3.85 B 86.4 [78.9; 94.0]
Heterogeneity: /° = 94%
AgeGroup =12 - 13y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 106.7 [101.3;112.2]
America (N*) Canada Hall, 2021 125y 448 452 = 83.0 [74.2; 91.9]
Heterogeneity: I = 94%
AgeGroup =13 - 14y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 106.7 [101.3;112.2]
America (N*) Canada Bohn, 2021 13-<19y 82 10.03 —— 134.8 [118.8;152.2]
America (N*) Canada Hall, 2021 135y 448 5.29 = 78.4 [68.0; 88.7]
America (N*) Canada Higgins, 2018 13-<19y 105 11.96 — 114.0 [91.3;131.0]
Heterogeneity: 12=91%
AgeGroup =14 - 15y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 106.7 [101.3; 112.2]
America (N*) Canada Bailey, 2013 14-<16y 65 4.01 | 828 [74.5, 87.9]
America (N*) Canada Bohn, 2021 13-<19y 82 10.03 —— 134.8 [118.8;162.2]
America (N*) Canada Hall, 2021 145y 448 535 = 81.8 [71.3; 92.3]
America (N*) Canada Higgins, 2018 13-<19y 105 11.96 —_— 114.0 [91.3;131.0]
Heterogeneity: 12=91%
AgeGroup =15 - 16y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 106.7 [101.3;112.2]
America (N*) Canada Bailey, 2013 14-<16y 65 4.01 = 828 [74.5, 87.9]
America (N*) Canada Bohn, 2019 15-<19y 73 1215 —_— 173.1 [1563.1;193.6]
America (N*) Canada Bohn, 2021 13-<19y 82 10.03 —— 134.8 [118.8; 152.2]
America (N*) Canada Hall, 2021 155y 448 578 - 949 [83.6;106.3]
America (N*) Canada Higgins, 2018 13-<19y 105 11.96 —— 114.0 [91.3;131.0]
Heterogeneity: 1% =93%
AgeGroup =16 - 17y
America (N*) Canada Adeli_b, 2015 6-16y 680 3.31 106.7 [101.3;112.2]
America (N*) Canada Bailey, 2013 16-<19y 88 11.64 e 171.9 [149.7, 188.4]
America (N*) Canada Bohn, 2019 15-<19y 73 12.15 — 173.1 [153.1; 193.6]
America (N*) Canada Bohn, 2021 13-<19y 82 10.03 —— 134.8 [118.8; 152.2]
America (N*) Canada Hall, 2021 165y 448  9.09 —— 117.8 [99.9; 135.6]
America (N*) Canada Higgins, 2018 13-<19y 105 11.96 — 114.0 [91.3;131.0]
America (N*) Canada Karbasy, 2016 16-<19y 41  7.39 —— 102.1 [89.8; 114.7]
Heterogeneity: 1% = 90%
AgeGroup =17 - 18y
America (N*) Canada Bailey, 2013 16 -<19y 88 11.64 —— 171.9 [149.7; 188.4]
America (N*) Canada Bohn, 2019 15-<19y 73 12.15 —— 173.1 [153.1;193.6]
America (N*) Canada Bohn, 2021 13-<19y 82 10.03 —— 134.8 [118.8;162.2]
America (N*) Canada Hall, 2021 175y 448 14.35 — 160.2 [122.1;178.3]
America (N*) Canada Higgins, 2018 13-<19y 105 11.96 —— 114.0 [91.3;131.0]
America (N*) Canada Karbasy, 2016 16-<19y 41 7.39 -5 1021 [89.8;114.7]
Heterogeneity: 1% =89% | l : l |
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Figure S14. Forest plot of ferritin RIs upper limits for 10-18 years males
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Region Country Study Age Interval n* SE(RI) Rl [90% CI*]
AgeGroup =10 - 11y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 = 96 [7.611.7]
America (N*) Canada Hall, 2021 105y 442 235 —— 17.5 [12.9;22.1]
America (N*) Canada Parkin, 2017 26-10y 353 1.52 —&- 13.0 [10.0; 15.0]
Heterogeneity: /% = 79%
AgeGroup =11 - 12y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 - 96 [7.6,11.7]
America (N*) Canada Hall, 2021 115y 442 259 — 16.7 [11.6; 21.8]
Heterogeneity: 12 = 84%
AgeGroup =12 - 13y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 - 96 [7.6;11.7]
America (N*) Canada Hall, 2021 125y 442 268 — 13.6 [8.4;18.9]
Common effect model 1232 < 10.3 [8.5;12.2]
Random effects model = 10.9 [7.8;13.9]
Heterogeneity: /° = 46%
AgeGroup =13 - 14y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 —— 96 [7.6;11.7]
America (N*) Canada Bohn, 2021 13-<19y 83 091 - 6.8 [54; 84]
America (N*) Canada Hall, 2021 135y 442 242 —_— 9.2 [4.4;13.9]
America (N*) Canada Higgins, 2018 13-<19y 92 051 = 83 [7.8; 9.5
Common effect model 1407 ¢ 81 [7.5; 8.8]
Random effects model < 8.3 [6.5; 10.1]
Heterogeneity: ?=21%
AgeGroup =14 - 15y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 —— 96 [7.6;11.7]
America (N*) Canada Bailey, 2013 14 -<19y 151 045 =+ 55 [44; 5.9]
America (N*) Canada Bohn, 2021 13-<19y 83 09 - 6.8 [54; 84]
America (N*) Canada Hall, 2021 145y 442 200 | —— 6.2 [2.2;101]
America (N*) Canada Higgins, 2018 13-<19y 92 0.51 = 83 [7.8; 9.5]
Heterogeneity: /% = 82%
AgeGroup =15 - 16y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 —— 96 [7.6;11.7]
America (N*) Canada Bailey, 2013 14 -<19y 151 045 = 55 [44; 59]
America (N*) Canada Bohn, 2019 15-<19y 75 120 — 40 [22 6.2]
America (N*) Canada Bohn, 2021 13-<19y 83 09N - 6.8 [54; 84]
America (N*) Canada Hall, 2021 155y 442 164 | — 48 [1.5; 8.0]
America (N*) Canada Higgins, 2018 13-<19y 92 051 + 83 [7.8; 9.5]
Heterogeneity: I? = 82%
AgeGroup =16 - 17y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 —— 96 [7.611.7]
America (N*) Canada Bailey, 2013 14-<19y 151 045 L 55 [44; 59
America (N*) Canada Bohn, 2019 15-<19y 75 120 — 40 [22 6.2]
America (N*) Canada Bohn, 2021 13-<19y 83 0.91 - 6.8 [54; 84]
America (N*) Canada Hall, 2021 16.5y 442 109 | —— 50 [29; 71]
America (N*) Canada Higgins, 2018 13-<19y 92 051 B 83 [7.8; 9.5
America (N*) Canada Karbasy, 2016 16-<19y 43 112 | — 3.2 [1.7; 5.8
Heterogeneity: /% = 84%
AgeGroup =17 - 18y
America (N*) Canada Adeli_b, 2015 6-24y 790 1.24 — 96 [7.6;11.7]
America (N*) Canada Bailey, 2013 14 -<19y 151 045 =+ 55 [44; 5.9]
America (N*) Canada Bohn, 2019 15-<19y 7B 120 — 40 [22; 6.2
America (N*) Canada Bohn, 2021 13-<19y 83 09N - 6.8 [54; 84
America (N*) Canada Hall, 2021 175y 442 047 = 57 [438; 6.6]
America (N*) Canada Higgins, 2018 13-<19y 92 0.51 = 83 [7.8; 9.5
America (N*) Canada Karbasy, 2016 16-<19y 43 112 | =— 32 [1.7, 55]
Heterogeneity: I? = 84% : [ | I | 1 :
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Lower Ferritin RI Values for Females

Figure S15. Forest plot of ferritin RIs lower limits for 10-18 years females
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Region Country Study Age Interval n* SE(RI) RI [90% CI*]
AgeGroup =10 - 11y
America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Hall, 2021 105y 442  8.80 —— 75.1 [67.9; 92.4]
America (N*) Canada Parkin, 2017 26-10y 353 7.88 —-— 92.0 [83.0; 109.0]
Common effect model 1585 ¢ 82.4 [78.1; 86.8]
Random effects model < 83.1 [70.8; 95.3]
Heterogeneity: 1?=9%
AgeGroup =11 - 12y
America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Hall, 2021 115y 442 11.67 —— 74.5 [561.6; 97.3)
Common effect model 1232 ¢ 81.4 [76.7; 86.2]
Random effects model <> 79.4 [64.0; 94.8]
Heterogeneity: 12 = 0%
AgeGroup =12 - 13y
America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Hall, 2021 125y 442 1157 —— 72.3 [49.7; 95.0]
Common effect model 1232 < 81.3 [76.6; 86.0]
Random effects model = 78.6 [63.3; 94.0]
Heterogeneity: 1*=0%
AgeGroup =13 - 14y
America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Bohn, 2021 13-<19y 83 6.55 —-— 75.7 [64.5; 86.3]
America (N*) Canada Hall, 2021 135y 442 810 —— 68.8 [52.9; 84.6]
America (N*) Canada Higgins, 2018 13-<19y 92 1032 —— 70.0 [47.3; 81.6]
Common effect model 1407 ¢ 79.1 [75.0; 83.2]
Random effects model < 75.1 [64.3; 85.8]
Heterogeneity: 12 =16%
AgeGroup =14 - 15y
America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Bailey, 2013 14 -<19y 151 5.26 -— 67.4 [61.4; 78.8]
America (N*) Canada Bohn, 2021 13-<19y 83 6.55 —- 75.7 [64.5; 86.3]
America (N*) Canada Hall, 2021 145y 442 558 = 64.4 [53.5; 75.3]
America (N*) Canada Higgins, 2018 13-<19y 92 1032 —— 70.0 [47.3; 81.6]
Common effect model 1558 o 756.6 [72.1; 79.2]
Random effects model < 72.3 [62.9; 81.6]
Heterogeneity: 12 = 64%
AgeGroup =15 - 16y
America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Bailey, 2013 14 -<19y 151 5.26 -— 67.4 [61.4; 78.8]
America (N*) Canada Bohn, 2019 15-<19y 75 8.55 —— 113.9 [99.7; 128.2]
America (N*) Canada Bohn, 2021 13-<19y 83 6.55 —— 75.7 [64.5; 86.3]
America (N*) Canada Hall, 2021 155y 442 628 —— 62.3 [50.0; 74.6]
America (N*) Canada Higgins, 2018 13-<19y 92 1032 — 70.0 [47.3; 81.6]
Heterogeneity: /% = 84%
AgeGroup =16 - 17y
America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Bailey, 2013 14 -<19y 151 5.26 -— 67.4 [61.4; 78.8]
America (N*) Canada Bohn, 2019 15-<19y 75 8.55 —— 113.9 [99.7; 128.2]
America (N*) Canada Bohn, 2021 13-<19y 83 6.55 —-— 75.7 [64.5; 86.3]
America (N*) Canada Hall, 2021 165y 442 634 —— 63.2 [50.8; 75.6]
America (N*) Canada Higgins, 2018 13-<19y 92 1032 —— 70.0 [47.3; 81.6]
America (N*) Canada Karbasy, 2016 16-<19y 43 7.38 - 75.1 [63.0; 87.8]
Heterogeneity: I* = 80%
AgeGroup =17 - 18y
America (N*) Canada Adeli_b, 2015 6-24y 790 298 81.9 [76.9; 86.7]
America (N*) Canada Bailey, 2013 14-<19y 151 5.26 -— 67.4 [61.4; 78.8]
America (N*) Canada Bohn, 2019 15-<19y 75 8.55 —— 113.9 [99.7; 128.2]
America (N*) Canada Bohn, 2021 13-<19y 83 6.55 —-— 75.7 [64.5; 86.3]
America (N*) Canada Hall, 2021 175y 442 657 —— 67.1 [54.2; 80.0]
America (N*) Canada Higgins, 2018 13-<19y 92 1032 —— 70.0 [47.3; 81.6]
America (N*) Canada Karbasy, 2016 16-<19y 43 7.38 — 75.1 [63.0; 87.8]
Heterogeneity: 1% = 78% | ‘ | ‘ |
50 100 150 200 250

Upper Ferritin Rl Values for Females

Figure S16. Forest plot of ferritin RIs upper limits for 10-18 years females
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Study (First author, Year (Age Range; Analyzer; Rl Type))

Region —=— Australia & Papua New Guinea —> Europe - North America

Female

Male

Wilson, 2023 (1.9 y; Abbott; RC)

Wilson, 2023 (1.8 y; Abbott; RC) 4

Wilson, 2023 (1.7 y; Abbott; RC)

Wilson, 2023 (1.6 y; Abbott; RC) -

Wilson, 2023 (1.5 y; Abbott; RC) -

Wilson, 2023 (1.4 y; Abbott; RC)

Wilson, 2023 (1.3 y; Abbott; RC)

Wilson, 2023 (1.2 y; Abbott; RC) -

Wilson, 2023 (1.1 y; Abbott; RC) 4

Wilson, 2023 (1 y; Abbott; RC)

Hall, 2021 (1.5 y; Not provided; RC)

Hall, 2021 (1 y; Not provided; RC)

Hall, 2021 (0.5 y; Not provided; RC) -
Tahmasebi_a, 2020 (16 - <19 m; Abbott; RI) 1
Tahmasebi_a, 2020 (5 - <16 m; Abbott; RI) -
Larsson, 2019 (12 m; Roche; RI) -

Larsson, 2019 (4 m; Roche; RI) 4

Larsson, 2019 (48 - 72 hrs; Roche; RI) 1

Hoq, 2019 (21 -< 24m; Siemens; RC) -

Hog, 2019 (18 -< 21m; Siemens; RC) 1

Hoq, 2019 (15 -< 18m; Siemens; RC)

Hoq, 2019 (12 -< 15m; Siemens; RC) -

Hoq, 2019 (9 -< 12m; Siemens; RC) -

Hog, 2019 (6 -< 9m; Siemens; RC)

Hog, 2019 (3 -< 6m; Siemens; RC) -

Hog, 2019 (0 -< 3m; Siemens; RC)

Hoq, 2019 (21 -< 24m; Roche; RC) 4

Hogq, 2019 (18 -< 21m; Roche; RC)

Hoq, 2019 (15 -< 18m; Roche; RC) A

Hoqg, 2019 (12 -< 15m; Roche; RC) 4

Hoq, 2019 (9 -< 12m; Roche; RC) 4

Hog, 2019 (6 -< 9m; Roche; RC)

Hog, 2019 (3 -< 6m; Roche; RC)

Hogq, 2019 (0 -< 3m; Roche; RC) -

Hog, 2019 (21 -< 24m; Ortho; RC) 4

Hogq, 2019 (18 -< 21m; Ortho; RC)

Hogq, 2019 (15 -< 18m; Ortho; RC) A

Hog, 2019 (12 -< 15m; Ortho; RC) 4

Hoq, 2019 (9 -< 12m; Ortho; RC) A

Hoq, 2019 (6 -< 9m; Ortho; RC)

Hoq, 2019 (3 -< 6m; Ortho; RC) -

Hoq, 2019 (0 -< 3m; Ortho; RC)

Hogq, 2019 (21 -< 24m; Beckman Coulter; RC)
Hoq, 2019 (18 -< 21m; Beckman Coulter; RC)
Hogq, 2019 (15 -< 18m; Beckman Coulter; RC) 1
Hoq, 2019 (12 -< 15m; Beckman Coulter; RC) 1
Hog, 2019 (9 -< 12m; Beckman Coulter; RC)
Hoq, 2019 (6 -< 9m; Beckman Coulter; RC) -
Hog, 2019 (3 -< 6m; Beckman Coulter; RC) -
Hoq, 2019 (0 -< 3m; Beckman Coulter; RC) -
Hog, 2019 (21 -< 24m; Abbott; RC)

Hog, 2019 (18 -< 21m; Abbott; RC) 1

Hog, 2019 (15 -< 18m; Abbott; RC) -

Hog, 2019 (12 -< 15m; Abbott; RC)

Hog, 2019 (9 -< 12m; Abbott; RC) 1

Hoq, 2019 (6 -< 9m; Abbott; RC) -

Hoq, 2019 (3 -< 6m; Abbott; RC)

Hogq, 2019 (0 -< 3m; Abbott; RC) A

Parkin, 2017 (=1 - <3 y; Roche; RI) A

Parkin, 2017 (10 days - <1 y; Roche; RI)
Hollowell, 2005 (1-2 y; Beckman Coulter; RI) -
Elmlinger, 2002 (16 d - 3 y; Siemens; RI) 1
Elmlinger, 2002 (8 - 15 days; Siemens; RI)

Elmlinger, 2002 (1 - 7 days; Siemens; RI)
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Region —= Australia & Papua New Guinea —*> Europe

North America

Female

Male

Wilson, 2023 (1.9 y; Abbott; RC)

Wilson, 2023 (1.8 y; Abbott; RC)

Wilson, 2023 (1.7 y; Abbott; RC)

Wilson, 2023 (1.6 y; Abbott; RC)

Wilson, 2023 (1.5 y; Abbott; RC)

Wilson, 2023 (1.4 y; Abbott; RC)

Wilson, 2023 (1.3 y; Abbott; RC)

Wilson, 2023 (1.2 y; Abbott; RC)

Wilson, 2023 (1.1 y; Abbott; RC)

Wilson, 2023 (1 y; Abbott; RC) 4

Hall, 2021 (1.5 y; Not provided; RC)1

Hall, 2021 (1 y; Not provided; RC)-

Hall, 2021 (0.5 y; Not provided; RC)~
Tahmasebi_a, 2020 (16 - <19 m; Abbott; RI)
Tahmasebi_a, 2020 (5 - <16 m; Abbott; RI)-
Larsson, 2019 (12 m; Roche; RI)

Larsson, 2019 (4 m; Roche; RI)

Larsson, 2019 (48 - 72 hrs; Roche; RI)

Hog, 2019 (21 -< 24m; Siemens; RC) -

Hog, 2019 (18 -< 21m; Siemens; RC)

Hoqg, 2019 (15 -< 18m; Siemens; RC)

Hogq, 2019 (12 -< 15m; Siemens; RC)

Hog, 2019 (9 -< 12m; Siemens; RC)

Hog, 2019 (6 -< 9m; Siemens; RC)

Hoq, 2019 (3 -< 6m; Siemens; RC) A

Hog, 2019 (0 -< 3m; Siemens; RC)

Hogq, 2019 (21 -< 24m; Roche; RC)

Hoq, 2019 (18 -< 21m; Roche; RC)+

Hoq, 2019 (15 -< 18m; Roche; RC)

Hoq, 2019 (12 -< 15m; Roche; RC)+

Hoq, 2019 (9 -< 12m; Roche; RC) A

Hogq, 2019 (6 -< 9m; Roche; RC)

Hog, 2019 (3 -< 6m; Roche; RC)

Hoq, 2019 (0 -< 3m; Roche; RC)

Hoq, 2019 (21 -< 24m; Ortho; RC)

Hoq, 2019 (18 -< 21m; Ortho; RC)1

Hoq, 2019 (15 -< 18m; Ortho; RC)

Hoq, 2019 (12 -< 15m; Ortho; RC)1

Hog, 2019 (9 -< 12m; Ortho; RC)

Hog, 2019 (6 -< 9m; Ortho; RC)+

Hog, 2019 (3 -< 6m; Ortho; RC)

Hoq, 2019 (0 -< 3m; Ortho; RC)1

Hog, 2019 (21 -< 24m; Beckman Coulter; RC)
Hoq, 2019 (18 -< 21m; Beckman Coulter; RC)
Hoqg, 2019 (15 -< 18m; Beckman Coulter; RC)
Hog, 2019 (12 -< 15m; Beckman Coulter; RC)
Hog, 2019 (9 -< 12m; Beckman Coulter; RC)
Hog, 2019 (6 -< 9m; Beckman Coulter; RC)
Hoq, 2019 (3 -< 6m; Beckman Coulter; RC)
Hoqg, 2019 (0 -< 3m; Beckman Coulter; RC)
Hog, 2019 (21 -< 24m; Abbott; RC)

Hog, 2019 (18 -< 21m; Abbott; RC)

Hog, 2019 (15 -< 18m; Abbott; RC)

Hoq, 2019 (12 -< 15m; Abbott; RC)+

Hoq, 2019 (9 -< 12m; Abbott; RC)+

Hog, 2019 (6 -< 9m; Abbott; RC)

Hoq, 2019 (3 -< 6m; Abbott; RC)+

Hogq, 2019 (0 -< 3m; Abbott; RC)

Parkin, 2017 (>1 - <3 y; Roche; RI)

Parkin, 2017 (10 days - <1 y; Roche; RI) A
Hollowell, 2005 (1-2 y; Beckman Coulter; RI)
Elmlinger, 2002 (16 d - 3 y; Siemens; RI) -
Elmlinger, 2002 (8 - 15 days; Siemens; RI)-
Elmlinger, 2002 (1 - 7 days; Siemens; RI)
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Australia (52.4 g/L)
Australia (49.8:g/L)
.:Auslra\ia (80 S all)
Australia (812 g/L)_

L) 0.9 9 ®

Ausftralla (81.8aiL)
Australia (82.7 g/L)

.Au'slralia (83.9g/L)

Australiai (85.7 gfL).. :
Australia (%‘8 6 g/l)
Auslralla (94.6 g/L)
Canada (70.0 g.‘L)
us: (GQ 1g/l) Canada (115.0 g/L)
Germany (77.9 glL)

Sweden.(303.0 /L)
Swede.(699.0 g/l )1

Germany.(238.3 /L) Germany(242.0 g/L)
H Germang 651.2 g/l B . Germang{ﬁjﬁ 3g/l)
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Figure S19. Distribution of ferritin RIs upper limits for 2-5 years old males and females
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Region -+ Australia & Papua New Guinea —=— Europe —+ North America

Female

Male

Wilson, 2023 (4.5 y; Abbott; RC)
Wilson, 2023 (3.5 y; Abbott; RC)
Wilson, 2023 (2.9 y; Abbott; RC) A
Wilson, 2023 (2.8 y; Abbott; RC)
Wilson, 2023 (2.7 y; Abbott; RC) A
Wilson, 2023 (2.6 y; Abbott; RC)
Wilson, 2023 (2.5 y; Abbott; RC)
Wilson, 2023 (2.4 y; Abbott; RC)
Wilson, 2023 (2.3 y; Abbott; RC)
Wilson, 2023 (2.2 y; Abbott; RC) A
Wilson, 2023 (2.1 y; Abbott; RC)
Wilson, 2023 (2 y; Abbott; RC) A
Hall, 2021 (4.5 y; Not provided; RC)
Hall, 2021 (3.5 y; Not provided; RC)+
Hall, 2021 (2.5 y; Not provided; RC)
Hall, 2021 (2 y; Not provided; RC)
Hoq, 2019 (4 y; Siemens; RC)-
Hoq, 2019 (3 y; Siemens; RC) -
Hogq, 2019 (33 -< 36m; Siemens; RC)-
Hoq, 2019 (30 -< 33m; Siemens; RC)
Hogqg, 2019 (27 -< 30m; Siemens; RC)+
Hoq, 2019 (24 -< 27m; Siemens; RC)
Hoq, 2019 (4 y; Roche; RC)-|
Hog, 2019 (3 y; Roche; RC)|
Hoq, 2019 (33 -< 36m; Roche; RC)+
Hoq, 2019 (30 -< 33m; Roche; RC)
Hoq, 2019 (27 -< 30m; Roche; RC)+
Hoq, 2019 (24 -< 27m; Roche; RC)
Hoq, 2019 (4 y; Ortho; RC)
Hogq, 2019 (3 y; Ortho; RC)
Hoq, 2019 (33 -< 36m; Ortho; RC)
Hogq, 2019 (30 -< 33m; Ortho; RC)+
Hoq, 2019 (27 -< 30m; Ortho; RC)
Hoq, 2019 (24 -< 27m; Ortho; RC)+
Hog, 2019 (4 y; Beckman Coulter; RC)-|
Hogq, 2019 (3 y; Beckman Coulter; RC)
Hogq, 2019 (33 -< 36m; Beckman Coulter; RC)
Hog, 2019 (30 -< 33m; Beckman Coulter; RC) -
Heoq, 2019 (27 -< 30m; Beckman Coulter; RC)
Hog, 2019 (24 -< 27m; Beckman Coulter; RC)+
Hoq, 2019 (4 y; Abbott; RC)
Hog, 2019 (3 y; Abbott; RC)
Hog, 2019 (33 -< 36m; Abbott; RC)
Hoq, 2019 (30 -< 33m; Abbott; RC)
Hoq, 2019 (27 -< 30m; Abbott; RC)
Hoq, 2019 (24 -< 27m; Abbott; RC)
Parkin, 2017 (>3 - <6 y; Roche; RI)
Parkin, 2017 (=1 - <3 y; Roche; RI) A
Rieger, 2016 (4.5 y; Roche; RC) A
Rieger, 2016 (3.5 y; Roche; RC)
Hollowell, 2005 (3-5 y; Beckman Coulter; RI)
Hollowell, 2005 (1-2 y; Beckman Coulter; RI)
Elmlinger, 2002 (4 - 6 y; Siemens; RI) -

Study (First author, Year (Age Range; Analyzer; Rl Type))

Elmlinger, 2002 (16 d - 3 y; Siemens; R}

: Canada (9.5 ug/L)
Canada (9.4 ug/L)

Cénada (9.4 tgiL)

Carfiada (Q.Sfu a/L)
Cénad (Q,Sf /L)
Canada (9.5 ugiL)
Canada (9.5.ug/L)
Car;ada (9 5;ugIL)

Canada (9.5ug/lL) :
H Carjada (9.5 ug/L)

Ca:nada (9.@ ug/L)

Caéwada © aiugm
Canada (7.8 ugA.
Canada (6 6 ugiL)
Canada i,'? 0 ugﬂ'L)
Canada (7.8 ug,‘L

.
Australia (5.7 ug/L)
.——Ausl alia (6.7 ug/L)

Australia (7.4 ugg)
Austraha.('f 8 ug/l.

Australia 2 (8.3 dgfL
Australla (8 7J.l /L)
Australia (5 2 ugt‘L)

Auslralla &E .2 ugiL) :
Australia (7.0 ug/L
‘e :

‘e 3
Australid (7.4 ugll;.)
®
Australn (? 8 ug.!L
Auslra]la (8 2 ug.’ L)

Australia (9.0 4g/L)  Austalia (10.0 ug/L)
r L

-
Australia (10/9 ug/L)
- L d
3 ug/l)
$ Australid (1.7 ug/L)
‘e

Australia

Australia (5.?.L§gfL) Austialia (12.3 ugi.)
Australia (5 7 ug.’l.')
Austra\la g 5 ugIL
Auslral»a g 8 ugiL

Auslralla (8 ] ug L
Australla (8 8 :u /L)
Australia {6 3 ug.’L3

Australia (7.4 ugn‘_)
: f 1)
Australla (8.7 :Ll g/L)
Auelra\la.g 2 dg/L)
Australla (9 7 g/L)

Canada (7. 0 ugt‘L) Canada (12.0 ug/L)

Ger:" any‘l4,4 ug/L)

Ger many15.4 ugiL)

Canadal
Canada (i 3 ug.’L

Caglada (7.4;ug!L
Canada (7.4 ag/L)
Cali'lada (7 5. ug/L]
Caé\ada (7.&? ug/l
Cahada (7.5 ug/L|
Canfada 76 fugm
Caiweda (raf ug/l

Canada (7.7 ug/L
Cariada 7. T;ugIL
Canada (7. ﬁ ug/|
—_—
: Cans
Carlada (7- 1 ugH T
Canada (4 8 ugfL)
Canada (5. El ug.i_)/ Austr
Austra\l (6.6 ug.‘L)
Australla (B 1 ugt‘L)

Austra\la (5 L] ugIL)
Auslral\a (5 rd ugtL)
Australla;(.fu 4 uglL;)
Austéalia (.7,4 i-Jgr’L)
Australia (.6.0 ugé\_)
Australia {5.0 ugILi
Auslralla.{d 6 ugt’L)
Auslral\a.@ 1 ugiL)
Auslralla (3 :5 ug/L) Aust
Auslralla (9 2
Australla (E 3ug
Auslralla (T 9 ug.
Australla (7 5 ug/L
Australla (T 0 ug.’L
Au.slra_]la.(ﬁ,l ugJL)
Australi;a.(s.:f ug%’L)

Australia (5.4 ugh)

Auslralia;.(5,2 ugl/i)

. 3
Australia {5.1 ug/L}

L 1

Australia (5.1 ug/t)

&

Australia C4 8 ugIL}
Austral 49 /L

ustralia (- ug/l) : Austr
Australia g:n 2 ugiL)

Australia (5.4 ugiL)

Cana:da (_"
Canada (6.0 ugi’L)

(7.7 ug/L)

)

)
da (9 5 ug/l)

lia (7.2 ug/L)

alia (10.5 ug/L)
/L)

L)

L)

)

alia (5.0 ug/L)

2.0 ug/L)

Gefrmar* 3.4 ug/L)

3 E Gerj'nany 12.4 ugl/L)
US (3.0 ug/L) EUS (10-d a/L) US (3.0ugll) US (9.0ugil)
e i 1 L 1
| : i Germany (10.6 ug/L)
Germany (8 4 ug 'L)
“Germany (9.7 uglL) Germany (5% ug/L) |
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Figure S20. Distribution of ferritin RIs lower limits for 2-5 years old males and females
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Wilson, 2023 (4.5 y; Abbott; RC) A
Wilson, 2023 (3.5 y; Abbott; RC) -
Wilson, 2023 (2.9 y; Abbott; RC)
Wilson, 2023 (2.8 y; Abbott; RC)
Wilson, 2023 (2.7 y; Abbott; RC) A
Wilson, 2023 (2.6 y; Abbott; RC)
Wilson, 2023 (2.5 y; Abbott; RC)
Wilson, 2023 (2.4 y; Abbott; RC) A
Wilson, 2023 (2.3 y; Abbott; RC) -
Wilson, 2023 (2.2 y; Abbott; RC)
Wilson, 2023 (2.1 y; Abbott; RC)

Wilson, 2023 (2 y; Abbott; RC) 1

Hall, 2021 (4.5 y; Not provided; RC)
Hall, 2021 (3.5 y; Not provided; RC)

Hall, 2021 (2.5 y; Not provided; RC)

Hall, 2021 (2 y; Not provided; RC) 4

Hog, 2019 (4 y; Siemens; RC)1

Hoq, 2019 (3 y; Siemens; RC) -

Hoqg, 2019 (33 -< 36m; Siemens; RC)

Hoqg, 2019 (30 -< 33m; Siemens; RC)

Hoq, 2019 (27 -< 30m; Siemens; RC) 1

Hogq, 2019 (24 -< 27m; Siemens; RC) 1

Hog, 2019 (4 y; Roche; RC) A

Hog, 2019 (3 y; Roche; RC)+

Hogqg, 2019 (33 -< 36m; Roche; RC)

Hogq, 2019 (30 -< 33m; Roche; RC) 1

Hogqg, 2019 (27 -< 30m; Roche; RC)

Hoq, 2019 (24 -< 27m; Roche; RC)

Hog, 2019 (4 y; Ortho; RC)

Hoq, 2019 (3 y; Ortho; RC)

Hog, 2019 (33 -< 36m; Ortho; RC)-

Hog, 2019 (30 -< 33m; Ortho; RC)-

Hog, 2019 (27 -< 30m; Ortho; RC)-

Hogq, 2019 (24 -< 27m; Ortho; RC) 1

Hog, 2019 (4 y; Beckman Coulter; RC) -

Hogqg, 2019 (3 y; Beckman Coulter; RC)

Hoq, 2019 (33 -< 36m; Beckman Coulter; RC) 1
Hoq, 2019 (30 -< 33m; Beckman Coulter; RC)
Hogq, 2019 (27 -< 30m; Beckman Coulter; RC)
Hoq, 2019 (24 -< 27m; Beckman Coulter; RC) -
Hoq, 2019 (4 y; Abbott; RC) 1

Hoq, 2019 (3 y; Abbott; RC)

Hogq, 2019 (33 -< 36m; Abbott; RC) -

Hog, 2019 (30 -< 33m; Abbott; RC) -

Hog, 2019 (27 -< 30m; Abbott; RC)-

Hog, 2019 (24 -< 27m; Abbott; RC)-

Parkin, 2017 (>3 - <6 y; Roche; RI)

Parkin, 2017 (>1 - <3 y; Roche; RI) 1

Rieger, 2016 (4.5 y; Roche; RC) 1

Rieger, 2016 (3.5 y; Roche; RC) A

Hollowell, 2005 (3-5 y; Beckman Coulter; RI) 4
Hollowell, 2005 (1-2 y; Beckman Coulter; RI)
Elmlinger, 2002 (4 - 6 y; Siemens; Rl) 1
Elmlinger, 2002 (16 d - 3 y; Siemens; RI)-

Study (First author, Year (Age Range; Analyzer; Rl Type))

Region —= Australia & Papua New Guinea —=— Europe

North America

Female

Male

Canada ;(SE,Q g/L)
Canada ;65.9 g/L)
Canada (66.0 /L)
Canadd (66.1 g/L)
Canada f(ﬁﬁj g/L)
Canada E(GS 2g/l)
Canadd (66.3 g/L)
Canada :§66,4 all)
Canada ;:55.5 gLy
Canada (66,6 g/L)
Canada {66.8 g/L)
Canada (66.9 g/L)
Canada (48. O gIL)
—a—
Canada (48.0;gIL)
Canad’rsﬁg'l' all)
Canada (6‘4.

alL) Aus.lralf;a (916glL)
. Australia (93 7all)
Australla (95 8a/l)
Australia 96 9 g/L)
Australia (98.1 g/L)
Australia:(fsg.s a/L)
Auslra\laf“! 04.2 g/L)
Auslra\ia&ﬂ 01.9 g/L)
Australla&ﬁOG 1g/L)
Australia (99 2gll)
Australia (98 4 giL)
7.4 /L)

Australla

Auslraﬁa“log 8 g/l)

Australia (103.5 g/L)
Australia $1 02.4 g/L)

Australia (saéz. glL) Austlia (101.2g/L)

Australia:.(65.9 all)
Australia ?4 1giL)
Auslra\ia.3(63.3 alL)

.
Australia (62.4 g/L)
-
Australia (61 4 g/L) Aus

a (87.4 g/L)
Australla (85 OQ.’L)
Auslralla (53 1 gt‘L)

Austral\a ?2 2 gIL)

Australla (51 2 gJL)

Auséralia ®00g
Canaéa (r4.0g/L
Garé\adagto gil)
Gedmany (79.8 giL)

Gesrmany (84.3 g;t‘L)

Germany (75.4 g/l
Germany (98.8 g/L)":

Canada (57.:5 a/L)
Canada (§9.1 g/L)

Canada (62.2 g/L)

Canada {62.9 g/L)
Canadai(63.7 g/L)
Canadai(64.5 g/L)
Canada (65.3 g/L)
Canada (66.3 g/L)
Canada (67.2 glL) :
Canada EES 3g/lL)
Canada (69.. 31 giL)

Canad

canadai (62.8 g/L)
Canada (658 g/L) :
Canada (71.2 g.’L)

Canada (74.7 ng)
Ll

AJ.lstraIla (84 'g.’L)
Austrella (83 g/L)
Australia (B‘t 6all)e Ausiralia (82.3 g/L)
Ahslralla (80 9 agll)
Australla (80

Ausnmha 1(98.1 6/L)

Australla.(ge 8gil)
Australia.(ss.s alL)
i Austral\a.(94,9 g/L)
Australia g4.2 afL)
Australia (B3.3 g/L)
Austr; .a.(QQ.Q aiL)

Australia (98.6 g/l
J alL)

Australia (:36.7 all)
Australia (96.0 g/L)
Australia (61558 glL) P\us?;ralla (95.3 /L)
Australla:.(GO 7 g/L)
Australia &59 8 g/L)
Auslra\ia}ﬁg.tt all)

Australia {59.0 g/L)
L)

« {
Australia (585 g/L)  Aust
! PRLLLL

Alstralia (80,
} e

Aufstralia (.80,1 é/u
Auzstralla (.80 2 g:IL)
Australla (80 3 glL)
Ganada (71:‘0 an) Austraha (80.5g/L)
Canada (70.0 gy :
G;ermangm

G:ermanyﬂss '2 all)
i Us(84.0 g.’L)
US (691 o)

Germany (32
Germany (77.9 g/l
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Figure S21. Distribution of ferritin RIs upper limits for 2-5 years old males and females
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Region —= Australia & Papua New Guinea —= Europe -+ North America

| Female Male

Wilson, 2023 (9.5 y; Abbott; RC)1  ©anada (10.3 ugily ; :
Wilson, 2023 (8.5 y; Abbott; RC) - Canada 0.4 ugl
Wilson, 2023 (7.5 y; Abbott; RC)-
Wilson, 2023 (6.5 y; Abbott; RC) 4
Wilson, 2023 (5.5 y; Abbott; RC) 4
Hall, 2021 (9.5 y; Not provided; RC) 1
Hall, 2021 (8.5 y; Not provided; RC) 1
Hall, 2021 (7.5 y; Not provided; RC) 1
Hall, 2021 (6.5 y; Not provided; RC)+
Hall, 2021 (5.5 y; Not provided; RC)+

: Canada (136 ug/L)

Canada (10.3 ug/L) Canada (12.4 ydiL)

Canada (10.0 ug/L| Canada (11.0 ug/l}

Canada (9.7 ug/L) Canada (9.5 ug/L)

Canada (8:4 ug/l) Canada (15.6 ug/L)
4 —e—

Canadal (16.2 ug/L) Canada (15.1 ug/L)

Canada (12.9 ug/L) $anada (14.6 ug/L)
E T EEE
Canada (11.2 ug/l)
—

Canada (
— bl

ug/L)

‘Canada (13.1

e e
Australia 9 9ug/L) Canada (9

N 3 Canada 5 ug/lL)
Hog, 2019 (9 y; Siemens; RC) - o ) Australia (9.9 ug/L)®
Hog, 2019 (8 y: Siemens: RC) 4 ~Sreog® 1 ual) eAustralia (B4 ugiL)

Australia'.(d.a ug/L) Auslra:\ia.(ﬂ.g ug/L)

Hogq, 2019 (7 y; Siemens; RC)+

Hoq, 2019 (6 y; Siemens; RC)+

Hog, 2019 (5 y; Siemens; RC)

Hoq, 2019 (9 y; Roche; RC) -

Hoq, 2019 (8 y; Roche; RC) -

Hoq, 2019 (7 y; Roche; RC) -

Hoq, 2019 (6 y; Roche; RC) -

Hoq, 2019 (5 y; Roche; RC) -

Hoq, 2019 (9 y; Ortho; RC) -+

Heq, 2019 (8 y; Ortho; RC) 1

Hogq, 2019 (7 y; Ortho; RC)+

Hogq, 2019 (6 y; Ortho; RC)+

Hogq, 2019 (5 y; Ortho; RC)+

Hoq, 2019 (9 y; Beckman Coulter; RC)+
Hog, 2019 (8 y; Beckman Coulter; RC)-
Hog, 2019 (7 y; Beckman Coulter; RC)-
Hog, 2019 (6 y; Beckman Coulter; RC)-
Hogq, 2019 (5 y; Beckman Coulter; RC) 1
Hogq, 2019 (9 y; Abbott; RC)+

Australia .(4 6 ugfl) Australia .(5 4 ugil)

Austraﬁa.(fm ug/L) Austral\a"('f,g ug/L)

SAuistralia (3.0 ug/L) Australia (1.7 ud/L)
:\Lstralia (3.3 ug/l) i :

: °
Australia.(a,ﬁ ug/L) Aus‘tralia (11.0 ug.

Australia (‘;1 0 uglL) Austléalia .(1.0.3 ug/L
Australia (4.5 ug/l) Auslra;\ii (9.5 ugrl)
Australia (7.0 ugiL) Australid (85 uall) |

] £.8 uglL)

ustralia (14.1 ug/L)

Australia (
*

E e :
Australia (7.2 ug/L i
ustralia (7.2 ug/L) Australia {13.3 ug/l)

3 *
Australia (7.4 ug/L) EAustraIia“lZ

7. SarL)
Australia (7.8 ug/L) Australia (115 ufgiL)

Australia (8

: 'Y :
Australia ga 9 ug/L) Australia (8.5 ug/L)
R J

Australia e,ﬂ ug/L) -
Australia:.(zt,? ug/L) Auslraliaiﬁ,() ug/L)
Australia (7.6 ug/L)

Australia a'l ug/L)

Austrauén.(a.a ugiL)

e CH :
Australia (5.1 ug/L) Australia (6.6 ud/L) australia {9.7 ug/L)
] T e :

.
Australia: (4.7 ug/L)

Study (First author, Year (Age Range; Analyzer; Rl Type))

Hog, 2019 (8 y; Abbott; RC)+

Hogq, 2019 (7 y; Abbott; RC)+

Hogq, 2019 (6 y; Abbott; RC)+

Hogq, 2019 (5 y; Abbott; RC)+
Parkin, 2017 (26 - 10 y; Roche; RI)+
Parkin, 2017 (>3 - <6 y; Roche; RI) 1
Rieger, 2016 (9.5 y; Roche; RC) 1
Rieger, 2016 (8.5 y; Roche; RC) -

Austral\a:

Germany (16.4 ug/L) Germarly (16.0 ug/L)
Rieger, 2016 (7.5 y; Roche; RC) 1 8
Germany (16.7 ug/L) Germany|(15.7 ug/L)
Rieger, 2016 (6.5 y; Roche; RC) -
Germany (16.7 ug/L) Germany (
Rieger, 2016 (5.5 y; Roche; RC) 1

.
Australia (4.7 ug/L)
1@

.9 ug/L)
Australia (5.2 ug/L)
e
Australia (5.6 ug/L)
] Canada (13.0 ugiL)
@ 3
Canada (12.0 ug/L})

Germany|(15.8 ug/L)

Adeli_b, 2015 (6 - 16 y; Siemens; RI)+

German

Canada (9.6 ug/L)

y (16.2 ug/L)

Australia 2 (8.5 uglL)
®
Australia (7.5 ug/L)
e :
Australia (6._5 ug/L)

®
Australia (5.7 wg/L) Canada
1 T

1 @ 3
Canada (12.0 ug/iL)

Germanyj ?5.5 ug/L)

Germany (

Canada|

Adeli_b, 2015 (6 - 24 y; Siemens; RI)+
Southcott, 2010 (8 y; Abbott; RI)

Hollowell, 2005 (9—11 y; Beckman Coulter; Rl) -
Hollowell, 2005 (6—8 y; Beckman Coulter; Rl) 1
Hollowell, 2005 (3-5 y; Beckman Coulter; Rl) 1
Elmlinger, 2002 (9 - 10 y; Siemens; RI)1
Elmlinger, 2002 (7 - 8 y; Siemens; RI)+
Elmlinger, 2002 (4 - 6 y; Siemens; RI)+

Chinn, 1998 (8.12 - 9.87 y; Other; RI)+

Australia (12.5 UgiL) i . |

: Australia (12.9|4g/L)
L 2 + - .
US (10.0 ug/L)

ius (12.0 ug‘fL)r;
US(

1 — &
ugiL) US (@ 0ugl) US [13.0ugl)
—&— —e— :
US (10.0 ug/L) 3 3
4 - -l
Germany (8.5 ug/L) Germany (14.8 ug/L)

. 3 . 4 T e
Germany (8.4 ug/L) ‘Sermany (19.1 ug/L) Germany {10.6 ug/L) Gftmany (16.4 ugiL)

Scot\and‘1 3.0 ug/L) 1 Scctland‘13

o] 10 20 30 0 10 20
Ferritin concentration (ug/L)

Figure S22. Distribution of ferritin RIs lower limits for 5-10 years old males and females
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Study (First author, Year (Age Range; Analyzer; Rl Type))

Region —=— Australia & Papua New Guinea —= Europe —=

North America

Female

Male

Wilson, 2023 (9.5 y; Abbott; RC)
Wilson, 2023 (8.5 y; Abbott; RC)
Wilson, 2023 (7.5 y; Abbott; RC)-
Wilson, 2023 (6.5 y; Abbott; RC)
Wilson, 2023 (5.5 y; Abbott; RC)

Hall, 2021 (9.5 y; Not provided; RC)
Hall, 2021 (8.5 y; Not provided; RC)
Hall, 2021 (7.5 y; Not provided; RC)
Hall, 2021 (6.5 y; Not provided; RC)
Hall, 2021 (5.5 y; Not provided; RC)
Hoq, 2019 (9 y; Siemens; RC)

Hoq, 2019 (8 y; Siemens; RC)

Hoq, 2019 (7 y; Siemens; RC)

Hoq, 2019 (6 y; Siemens; RC)

Hog, 2019 (5 y; Siemens; RC) -

Hog, 2019 (9 y; Roche; RC)

Hoq, 2019 (8 y; Roche; RC)

Hoq, 2019 (7 y; Roche; RC)

Hoq, 2019 (6 y; Roche; RC)

Hoq, 2019 (5 y; Roche; RC)

Hoq, 2019 (9 y; Ortho; RC)A

Hoq, 2019 (8 y; Ortho; RC) A

Hogq, 2019 (7 y; Ortho; RC)

Hogq, 2019 (6 y; Ortho; RC)

Hogq, 2019 (5 y; Ortho; RC)

Hoq, 2019 (9 y; Beckman Coulter; RC)
Hog, 2019 (8 y; Beckman Coulter; RC)
Hog, 2019 (7 y; Beckman Coulter; RC) A
Hog, 2019 (6 y; Beckman Coulter; RC)
Hog, 2019 (5 y; Beckman Coulter; RC)

Canada (77.7 g/L)
Canadé (76.7 g/L)

Canada (74.8 g/L)
Canadaﬁ(?z.l alL)
Canada iGS.Z alL)
Canada (74.4 g/L)
Cana»d_a;i%ﬁ all)
Canadi('éiﬂ.:i alL)
Canada (si 6gll)
Canada (55 2 alL)
Aumralla (90 8 gIL)

Australla (90 2 gﬂ‘L)
Australla (BQ ] g.’L)
Australla (59 ] g.’L)
Australia 190 4 gIL) ALtslraIla (110.7 giL)
i Australia (ﬂ:-g 8gi)
Australia &1 08.7 giL)
Auslralia“l:OT,S g/L)

i Australia (?o'a ogiL)
: Auslralla (?19 0g/L)
Austraha (117 7 g/l)
Auslralla (116 1g/L)
Australia (1 14.4 /L)
Austra“é gsaom) § ® australia (112.3 g/L)
Auslra\lga.(ﬂi 3 g/L)
Australia (73.191L)
Australid (71.8 g/L)
Australa (702 glL)
Australia 2(92.3 o)

Canads (76.4 g/L)
Canada (70.9 g/L)}

Canada @65 9gil)
Canada (61 6g/L)
Canada (58. B a/l) Canada (81.1 giL)
Canada (73.5 g.’L)
T e 9
Canada:(67.3 g/L)
=N
Canada {63.6 g/L)
=

g :

Ganada (62.09/L) _Australia (81.4 giL)
Aléstralia 2 (82.5 zg,'L)
Alstrale (83.51/L)
Auslralla (54 2: g.'L)

Austral\a (54 5 gIL)

Australia (99.1 all)
Australia (‘99.3 alL)
Austral\a.ij99.4 alL)
Australia (‘99.3 glL)
Auslralia‘(ge,g all)
Australia (;01 T gll)
Australia (;01 7 gll)
Australia (1.01 Bgll)
Australia (1.01 3giL)
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Auslralla (91 8 gIL) Australla (86. 4 alL)
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Australla g)l 2 gfL) Aus(raha (84 B:QIL)
Hogq, 2019 (7 y; Abbott; RC) 3 L) ]

Hog, 2019 (6 y; Abbott; RC)

Hog, 2019 (5 y; Abbott; RC)

Parkin, 2017 (26 - 10 y; Roche; RI)+

Parkin, 2017 (>3 - <6 y; Roche; RI)-

Rieger, 2016 (9.5 y; Roche; RC) A

Rieger, 2016 (8.5 y; Roche; RC) A

Rieger, 2016 (7.5 y; Roche; RC) A

Rieger, 2016 (6.5 y; Roche; RC)

Rieger, 2016 (5.5 y; Roche; RC)

Adeli_b, 2015 (6 - 16 y; Siemens; RI)-
Adeli_b, 2015 (6 - 24 y; Siemens; RI)-
Southcott, 2010 (8 y; Abbott; RI) 4

Hollowell, 2005 (9—-11 y; Beckman Coulter; RI)+
Hollowell, 2005 (6-8 y; Beckman Coulter; RI)+
Hollowell, 2005 (3-5 y; Beckman Coulter; RI)+
Elmlinger, 2002 (9 - 10 y; Siemens; RI)-
Elmlinger, 2002 (7 - 8 y; Siemens; RI)-
Elmlinger, 2002 (4 - 6 y; Siemens; RI)

Chinn, 1998 (8.12 - 9.87 y; Other; RIl)+
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e
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Figure S23. Distribution of ferritin RIs upper limits for 5-10 years old males and females
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Region —=— Australia & Papua New Guinea —=— Europe - North America

Female

Male

Wilson, 2023 (17.5 y; Abbott; RC) -
Wilson, 2023 (16.5 y; Abbott; RC) -+
Wilson, 2023 (15.5 y; Abbott; RC) A
Wilson, 2023 (14.5 y; Abbott; RC) A
Wilson, 2023 (13.5 y; Abbott; RC)A
Wilson, 2023 (12.5 y; Abbott; RC)+
Wilson, 2023 (11.5 y; Abbott; RC) -
Wilson, 2023 (10.5 y; Abbott; RC) -

Hall, 2021 (17.5 y; Not provided; RC) -
Hall, 2021 (16.5 y; Not provided; RC) -
Hall, 2021 (15.5 y; Not provided; RC)
Hall, 2021 (14.5 y; Not provided; RC) -
Hall, 2021 (13.5 y; Not provided; RC) -
Hall, 2021 (12.5 y; Not provided; RC) -
Hall, 2021 (11.5 y; Not provided; RC) -
Hall, 2021 (10.5 y; Not provided; RC) -
Bohn, 2021 (13 - <19 y; Siemens; RI)A
Hoq, 2019 (17 y; Siemens; RC)
Hog, 2019 (16 y; Siemens; RC) -
Hoq, 2019 (15 y; Siemens; RC) -
Hoq, 2019 (14 y; Siemens; RC)+
Hoq, 2019 (13 y; Siemens; RC)
Hogq, 2019 (12 y; Siemens; RC)
Hogq, 2019 (11 y; Siemens; RC)
Hoq, 2019 (10 y; Siemens; RC)
Hog, 2019 (17 y; Roche; RC)+
Hog, 2019 (16 y; Roche; RC)+
Hog, 2019 (15 y; Roche; RC) A
Hog, 2019 (14 y; Roche; RC)+
Hog, 2019 (13 y; Roche; RC)-
Hogq, 2019 (12 y; Roche; RC)
Hog, 2019 (11 y; Roche; RC)
Hog, 2019 (10 y; Roche; RC)
Hog, 2019 (17 y; Ortho; RC)
Hog, 2019 (16 y; Ortho; RC)
Hog, 2019 (15 y; Ortho; RC)
Hogq, 2019 (14 y; Ortho; RC)
Hoq, 2019 (13 y; Ortho; RC)~
Hoq, 2019 (12 y; Ortho; RC)A
Hoq, 2019 (11 y; Ortho; RC)A
Hog, 2019 (10 y; Ortho; RC)
Hoq, 2019 (17 y; Beckman Coulter; RC)A
Hoq, 2019 (16 y; Beckman Coulter; RC) A
Hoq, 2019 (15 y; Beckman Coulter; RC)A
Hogq, 2019 (14 y; Beckman Coulter; RC)
Hoq, 2019 (13 y; Beckman Coulter; RC)
Hoq, 2019 (12 y; Beckman Coulter; RC)A
Hoq, 2019 (11 y; Beckman Coulter; RC)
Hoq, 2019 (10 y; Beckman Coulter; RC)
Hoq, 2019 (17 y; Abbott; RC)
Hoq, 2019 (16 y; Abbott; RC)-
Hoq, 2019 (15 y; Abbott; RC) -
Hoq, 2019 (14 y; Abbott; RC)
Hoq, 2019 (13 y; Abbott; RC)
Hog, 2019 (12 y; Abbott; RC)
Hoq, 2019 (11 y; Abbatt; RC)A
Hoq, 2019 (10 y; Abbott; RC)A
Bohn, 2019 (15 - <19 y; Roche; R}
Bogner, 2019 (14 - 17 y; Roche; RI)A
Higgins, 2018 (13 - <19 y; Ortho; RI)A
Parkin, 2017 (26 - 10 y; Roche; R}
Rieger, 2016 (16 y; Roche; RC) -
Rieger, 2016 (15.5 y; Roche; RC)1
Rieger, 2016 (14.5 y; Roche; RC)+
Rieger, 2016 (13.5 y; Roche; RC)+
Rieger, 2016 (12.5 y; Roche; RC) -
Rieger, 2016 (11.5 y; Roche; RC) -
Rieger, 2016 (10.5 y; Roche; RC) -
Karbasy, 2016 (16 - < 19 y; Beckman Coulter; RI)
Adeli_b, 2015 (6 - 16 y; Siemens; RI)-
Adeli_b, 2015 (6 - 24 y; Siemens; RI) -
Bailey, 2013 (16 - <19 y; Abbott; RI)-
Bailey, 2013 (14 - <16 y; Abbott; RI)
Bailey, 2013 (14 - <19 y; Abbott; R}
Southcott, 2010 (12 y; Abbott; RI) -
Hollowell, 2005 (15-19 y; Beckman Coulter; RI) -
Hollowell, 2005 (12-14 y; Beckman Coulter; RI)
Hollowell, 2005 (9—11 y; Beckman Coulter; R}
Elmlinger, 2002 (17 y; Siemens; R}
Elmlinger, 2002 (16 y; Siemens; R}
Elmlinger, 2002 (15 y; Siemens; RI)1
Elmlinger, 2002 (14 y; Siemens; RI)A
Elmlinger, 2002 (13 y; Siemens; RI)A
Elmlinger, 2002 (12 y; Siemens; RI)A
Elmlinger, 2002 (11 y; Siemens; RI) -
Elmlinger, 2002 (9 - 10 y; Siemens; RI) -
Wiedermann, 1993 (16 - 18 y; Abbott; RI)-
Wiedermann, 1993 (14 - 15 y; Abbott; RI)
Wiedermann, 1993 (14 - 18 y; Abbott; RI)

Study (First author, Year (Age Range; Analyzer; Rl Type))
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Figure S24. Distribution of ferritin RIs lower limits for 10-18 years old males and females
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Region -+ Australia & Papua New Guinea —= Europe - North America

Female

Male

Wilson, 2023 (17.5 y; Abbott; RC)-
Wilson, 2023 (16.5 y; Abbott: RC)-
Wilson, 2023 (15.5 y: Abbott: RC)-
Wilson, 2023 (14.5 y: Abbott: RC)-
Wilson, 2023 (13.5 y: Abbott: RC)-
Wilson, 2023 (12.5 y; Abbott: RC)-

Wilson, 2023 (1 1:5 y; Abbott; RC) -
Wilson, 2023 (10.5 y; Abbott; RC) -
Hall, 2021 (17.5 y; Not provided; RC) -

Hall, 2021 (16.5 y; Not provided; RC) -
Hall, 2021 (15.5 y; Not provided; RC) -
Hall, 2021 (14.5 y; Not provided; RC) -
Hall, 2021 (13.5 y; Not provided; RC)~

Hall, 2021 (12.5 y; Not provided; RC)~

Hall, 2021 (11.5 y; Not provided; RC)~

Hall 2021 (10.5 y; Not provided; RC)-

Bohn 2021 (13 - <19 y; Siemens; RIl)-

oq, 2019 (17 y; Siemens; RC) -

Hoq, 2019 (16 y; Siemens; RC)-

Hoq, 2019 (15 y; Siemens; RC) -

Hoq, 2019 (14 y; Siemens; RC) -

Hoq, 2019 (13 y; Siemens; RC)+

Hoq, 2019 (12 y; Siemens; RC)

Hoq, 2019 (11 y; Siemens; RC)

Hog, 2019 (10 y; Siemens; RC) -

Hogq, 2019 (17 y; Roche; RC)-

Hoq, 2019 (16 y; Roche; RC)+

Hoq, 2019 (15 y; Roche; RC)-

Hoq, 2019 (14 y; Roche; RC)-

Hoq, 2019 (13 y; Roche; RC)+

Hogq, 2019 (12 y; Roche; RC) A

Hogq, 2019 (11 y; Roche; RC) -

Hogq, 2019 (10 y; Roche; RC)+

Hog, 2019 (17 y; Ortho; RC) -

Hoq, 2019 (16 y; Ortho; RC)

Hoq, 2019 (15 y; Ortho; RC)

Hoq, 2019 (14 y; Ortho; RC)

Hog, 2019 (13 y; Ortho; RC)

Hog, 2019 (12 y; Ortho; RC)

Hog, 2019 (11 y; Ortho; RC)

Hog, 2019 (10 y; Ortho; RC)-

Hogq, 2019 (17 y; Beckman Coulter; RC)
Hogq, 2019 (16 y; Beckman Coulter; RC)
Hog, 2019 (15 y; Beckman Coulter; RC)
Hog, 2019 (14 y; Beckman Coulter; RC) -
Hog, 2019 (13 y; Beckman Coulter; RC)
Hoq, 2019 (12 y; Beckman Coulter; RC) -
Hogq, 2019 (11 y; Beckman Coulter; RC) -
Hogq, 2019 (10 y; Beckman Coulter; RC)+
Hogq, 2019 (17 y; Abbott; RC)-

Hoq, 2019 (16 y; Abbott; RC)-

Hogq, 2019 (15 y; Abbott; RC)-

Hogqg, 2019 (14 y; Abbott; RC)-

Hogqg, 2019 (13 y; Abbott; RC)-

Hogqg, 2019 (12 y; Abbott; RC)-

Hogqg, 2019 (11 y; Abbott; RC)-

Hog, 2019 (10 y; Abbott; RC)-

Bohn, 2019 (15 - <19 y; Roche; RI)+
Bogner 2019 (14 - 17 y; Roche; RI)+
Higgins, 2018 (13 - <19 y; Ortho; RI)
Parkin, 2017 (=6 - 10 y; Rnche; RI)A
Rieger, 2016 (16 y; Roche; RC)+

Rieger, 2016 (15.5 y; Roche; RC)~

Rieger, 2016 (14.5 y; Roche; RC)+

Rieger, 2016 (13.5 y; Roche; RC)~

Rieger, 2016 (12.5 y; Roche; RC)~

Rieger, 2016 (11.5 y; Roche; RC)+

Rieger, 2016 (10.5 y; Roche; RC)+
Karbasy, 2016 (16 - < 19 y; Beckman Coulter; RI)
Adeli_b, 2015 (6 - 16 y; Siemens; RI)
Adeli_b, 2015 (6 - 24 y; Siemens; RI)
Bailey, 2013 (16 - <19 y; Abbott; RI)-
Bailey, 2013 (14 - <16 y; Abbott; RI)-
Bailey, 2013 (14 - <19 y; Abbott; RI)-
Southcott, 2010 (12 y; Abbott; RI)
Hollowell, 2005 (15-19 y; Beckman Coulter; RI) 4
Hollowell, 2005 (12-14 y; Beckman Coulter; RI) 4
Hollowell, 2005 (9—11 y; Beckman Coulter; RI)
Elmlinger, 2002 (17 y; Siemens; RIl)A
Elmlinger, 2002 (16 y; Siemens; RIl)-
Elmlinger, 2002 (15 y; Siemens; RI)
Elmlinger, 2002 (14 y; Siemens; RI)
Elmlinger, 2002 (13 y; Siemens; RI)
Elmlinger, 2002 (12 y; Siemens; RI)
Elmlinger, 2002 (11 y; Siemens; RI)
Elmlinger, 2002 (9 - 10 y; Siemens; RI)
Wiedermann, 1993 (16 - 18 y; Abbott; RI)+
Wiedermann, 1993 (14 - 15 y; Abbott; RI) -
Wiedermann, 1993 (14 - 18 y; Abbott; RI)+
Valberg, 1976 (10 - 19 y; Not provided; RI)+

Study (First author, Year (Age Range; Analyzer; Rl Type))
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Figure S25. Distribution of ferritin RIs upper limits for 10-18 years old males and females
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CHAPTER 5: BEYOND REFERENCE INTERVALS: OPTIMIZING LOWER AND
UPPER LIMITS FOR REPORTING NORMATIVE HEMOGLOBIN LEVELS FOR
CHILDREN

5.1. Preface to Chapter 5

Chapter 5 presents the fourth manuscript of this thesis, addressing the second objective of our
research. In this manuscript, we establish reference curves for hemoglobin based on a cohort of
healthy children in Canada. In addition to conventional reference intervals and curves, we
develop optimal reference curves. This manuscript also outlines a methodological framework for
estimating reference curves using data from cohort studies. In addition, we created an interactive
Shiny web application that allows a user to obtain both traditional and optimal hemoglobin
intervals for a child of any age between 2-weeks and 10.99 years old (Optimized Reference
Assessment for Clinical Laboratory Evaluation of Hemoglobin [ORACLE-H]:

https://svijetric.shinyapps.io/ORACLE-H/). The web tool also supports a multi-measure

assessment approach, allowing individual laboratory results to be evaluated simultaneously
against traditional reference intervals, optimal intervals, and global WHO thresholds. The

manuscript submitted for review to Blood.

VB led the study design, review and selection of optimality criteria, performed all
analysis including estimation of reference and optimal interval and curves and missing data
imputation, development of Shiny app, presentation and interpretation of results and has drafted
the initial manuscript. BKP, PCP, and JSH were involved in the design, data interpretation,
writing and revision of the manuscript. FM and ML were involved in the design, data
interpretation and revision of the manuscript. CMB, CSB, and JLM were involved in data

acquisition and revision of the manuscript.
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Abstract

Introduction: Clinicians traditionally rely on reference intervals for interpretation of their
patients’ laboratory test results. In the pediatric population, estimating reference intervals from
population normative data requires partitioning with respect to age, sex and other important
factors related to children’s growth and development. This leads to limited sample sizes, which
impacts the precision of the estimates. This study sought to address these limitations by using
curve estimation, where age is incorporated as a continuous variable. To compliment the recently
published World Health Organization (WHO) thresholds for hemoglobin, we also aimed to
estimate optimal hemoglobin curves for children, which has the potential to inform more

appropriate hemoglobin reporting standards.

Methods: We used cross-sectional data from an existing cohort of healthy Canadian children
(TARGet Kids!) aged 11 years or younger to estimate reference and optimal hemoglobin curves.
Reference curves were estimated using the complete population, while optimal curves excluded
children with iron deficiency, prematurity, or low birthweight, those whose households were
considered low-income based on defined thresholds, and those meeting criteria to be considered
underweight or overweight. Nonparametric quantile regression with restricted cubic splines was
used to create sex-specific reference and optimal hemoglobin curves, from which age-specific
reference and optimal intervals can be derived. Missing data on these characteristics for defining
optimal hemoglobin curves were estimated using multiple imputation by chained equations.
Sensitivity analyses were conducted to assess the impact of missing data and different imputation
strategies. We developed a web-based graphical and computational algorithm for visualization of
the estimated reference and optimal hemoglobin curves and for calculating the reference and

optimal limits for a user-specified age interval.
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Results: Hemoglobin data were available from 2451 males and 2146 females aged 2 weeks to
less than 11 years. Optimal lower limit curves were higher than the reference curves for females
across all ages and for males up to two years of age. No meaningful differences were observed
for upper limits. WHO hemoglobin thresholds were consistently higher than the optimal curve
lower limits (2.5™ percentile curve) across all ages but only higher than the 5™ percentile curve in
children 5-10 years. Narrowly defined sex- and age-specific reference and optimal intervals were
calculated from the curves. Sensitivity analyses revealed minimal differences between
imputation strategies, although complete-case analysis curves were below hemoglobin reference

and optimal curves, especially in females.

Conclusion: Our study provides hemoglobin reference curves for the pediatric population, where
age is used as a continuous variable, hence eliminating excessive age partitioning and mitigating
the limitation of sample size. Our study also presents novel pediatric optimal hemoglobin curves
by applying health-based criteria, employing robust statistical methods and comprehensively
addressing missing data. The findings emphasize the clinical value of optimal curves over
traditional reference intervals. Future research should aim to validate these curves in diverse

populations and extend the age range studied.
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Introduction

Hemoglobin is a critical biomarker in clinical practice, serving as an essential indicator for
diagnosing and managing various hematological and systemic conditions. To effectively
interpret hemoglobin levels in pediatric populations, clinicians rely on established reference
intervals.! The Clinical Laboratory Standards Institute (CLSI) has developed guidelines for
establishing reference intervals; the guidelines recommendations include the selection of a
healthy reference population and outline methods and sample size requirements.? The interval
includes the lower 2.5" percentile and the upper 97.5™ percentile, with corresponding CLSI
recommended 90% confidence intervals, according to sex (female/male) and specific age
groupings. Following CLSI guidelines assists clinical laboratories to meet accreditation

standards.?

Reference curves, which treat age as a continuous variable rather than defining finite
partitions for estimation, have been shown to have distinct advantages over reference intervals,
including highlighting the distributional characteristics of hemoglobin levels and facilitating
more precise clinical decision-making.! This enhanced granularity is especially beneficial in
pediatric settings where growth and development can influence hemoglobin levels.! We recently
conducted a systematic review of pediatric reference intervals and curves for hemoglobin and
identified 48 studies, of which only 13 reported reference intervals adherent to CLSI guidelines
and only 2 reported reference curves.* We identified substantial heterogeneity related to age

groupings, further supporting the advantage of continuous reference curves.*

In 2024, the World Health Organization (WHO) updated their guideline on defining
anemia.’ The guideline was based on an analysis by Braat et al of a pooled international sample

of an optimally healthy population using specific clinical and laboratory exclusion criteria.® Sex-
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specific thresholds for three pre-adolescent age groups (6-23 months, 24-59 months, 5-11 years)
were calculated based on the 5™ percentile of the hemoglobin distribution for each age group. A
strength of the WHO hemoglobin thresholds for anemia is their basis in a rigorous definition of
an optimally healthy population. However, the WHO thresholds provide only a lower limit based
on the 5" percentile, whereas CLSI guidelines recommend that reference intervals provide a
lower limit based on the 2.5" percentile and an upper limit based on the 97.5™ percentile.
Furthermore, the WHO thresholds apply to age groupings rather than treating age as a

continuous variable.

Our aim was to incorporate the strengths of the approach taken by Braat et al to establish
the WHO thresholds (i.e. include an optimally healthy population), with the standards developed
by the CLSI to create intervals defined by 2.5% and 97.5" percentiles, using a curve-based
approach (which we refer to as optimal curves) to address concerns related to small sample sizes.
Our objectives were to: (i) create sex-specific reference curves and optimal curves for
hemoglobin among pre-adolescent children; (ii) examine differences between reference and
optimal curves in this context; (iii) examine the lower limit reference and optimal curves in
relation to WHO hemoglobin thresholds; (iv) calculate reference intervals and optimal intervals
using narrow age groupings; and (v) create a web-based interactive tool to facilitate the

translation of our results into practice.

Methods

Study design and population
We used a cross-sectional design, relying on data collected from healthy children living in the

Greater Toronto Area (GTA), Canada, who participated in the TARGet Kids! primary care study.
TARGet Kids! is an ongoing longitudinal study started in 2008 where data is being collected

during the participants’ regular scheduled well-child/well-baby visits. In this study, pre COVID-
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19 data collected from 2008 to 2020 was used.” These routine visits are accessible to almost all
children in the province of Ontario who have a primary care provider, with costs covered by the
publicly-funded provincial health insurance program.” Visits are scheduled to occur at 2 weeks,
2,4,6,9,12, 15, 18 months and then annually.® Parents who provided informed consent for their
child to participate in TARGet Kids! were invited to complete an enrollment questionnaire that
included information regarding the child’s birthweight and maternal gestational age as well as
other variables such as household income. Research assistants embedded in each participating
primary care practice, who are trained in pediatric phlebotomy, collected anthropometric
measures and a blood sample at multiple time points.” Collection of blood samples on multiple

points was optional.’

For this study, data were available for children in the TARGet Kids! cohort at ages 2
weeks to 10 years. Exclusion criteria were: children with diagnosed health conditions affecting
growth (for example, failure to thrive or cystic fibrosis), children with any additional diagnosed
acute or chronic health conditions (other than asthma and high-functioning autism), children with

severe developmental delay, and families unable to communicate in English.”

Sample collection and analysis
Blood samples were collected in lavender EDTA tubes and transported to the laboratory at

Mount Sinai Services (MSS) the same day. MSS is accredited by Accreditation Canada
Diagnostics to ISO 15189 Plus™ standards (https://www.sinaihealth.ca/areas-of-care/pathology-
and-laboratory-medicine/licence-and-accreditation) and complies with regulatory standards
(http://www.mountsinaiservices.com/). At the laboratory, blood samples were analyzed within

4—6 hours from collection. The Sysmex XN-9000 Hematology Analyzer (Japan) was used to

186



measure hemoglobin.” Serum ferritin and CRP were measured using a modular platform Roche

Diagnostics (Switzerland).’

Optimality criteria
To create optimal curves and intervals, we pre-specified optimality criteria based on previous

research’'? and recommendations for good iron status.!*!> Based on these criteria, we excluded
data from children with the following characteristics ascertained at the time of the blood
collection for the hemoglobin value used in the optimality curve estimation: iron deficiency
(serum ferritin <12 ug/L), living in low-income households (< CAD $40,000)'¢, and under or
overweight (zBMI+/-1.96*SD). zBMI was derived from height/length and weight
measurements, collected by trained TARGet Kids! research assistant at each visit, used to
calculate BMI (kg/m2), which was then standardized by age and sex based on WHO growth
standards.”!%!7 Data from children younger than 2 years of age were also excluded if the child
had been premature (< 37 weeks gestational age) or low birthweight (< 2,500 grams).'> Finally,
data were excluded if the C-reactive protein was above 5 mg/L (which may falsely elevate

ferritin).!?

Reference and Optimal Hemoglobin Curve Estimation
We used cross-sectional data for RC estimation; therefore, repeated measurements from the same

child were removed using a method we named “lean pick”. In a “lean pick” method if a child had
a blood sample collected at multiple visits, data from the visit with the least covered age group
was used. This allowed us to efficiently use the available data and overcome sparseness in some

age groups.

Sex-specific reference and optimal hemoglobin curves, defined by 2.5" and 97.5%
percentiles for hemoglobin across all ages, were estimated using non-parametric quantile

regression with restricted cubic splines. The numbers of knots were chosen based on the
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Bayesian information criterion (BIC).'® Outliers were identified with adjusted Tukey’s method.!
Hemoglobin values that were 3 times the inter-quartile range (IQR) below the 25™ percentiles or
three times the IQR above the 75" percentiles were considered outliers, and were excluded prior
to the analysis. We calculated 90% confidence intervals (CI) for the fitted percentiles, which
were determined using 200 bootstrap percentile replicates. We also estimated the 5™ percentile,
with corresponding 90% CI, for comparative purposes with the WHO hemoglobin thresholds to
define anemia.® Lower and upper limits of the reference and optimal intervals were calculated for
standardized age intervals*: monthly, three-month age intervals for children below age 3 years,
and 1 year age intervals for children from age 3. We also created a web-based computational tool
using the R Shiny app Optimized Reference Assessment for Clinical Laboratory Evaluation of
Hemoglobin (ORACLE-H), allowing the user to specify age (or age interval) and sex to generate
the desired reference and optimal intervals. We used the quantreg package version 5.98 in the R

software version 4.4.1 to perform the quantile regression.?%2!

Handling of missing data
Prior to applying “lean-pick” method for cross-sectional data selection, we used multiple

imputations by chained equations to address missing data for the optimality criteria. The method
is available through mice package in the R statistical software and miceadds package.?
Imputation was performed only for visits that occurred and specific measurements were not
taken. In order to account for repeated measures within individuals, imputation for both time-
varying variables (e.g., ferritin, BMI) and time-invariant variables (e.g., sex, prematurity) were
incorporated using respectively 2/.pmm and 2lonly.pmm mice R package for imputation.
Restricted cubic splines were used within imputation models to accommodate for nonlinearity in
age and ferritin. The rms package in the R statistical software was used to implement restricted

cubic spline (rcs).?* The imputation model included age in months (as rcs), hemoglobin, ferritin
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(as rcs), total household income (defined as the middle of the reporting interval, for example,

20,000-39,000 was defined as 30,000), zBMI score, prematurity, and low birthweight.

Description of the imputation strategies for the main and sensitivity analyses are shown
on Figure 1. Our main imputation strategy followed an multiple imputation, then deletion (MID)
approach, where missing data were imputed using the full dataset under the missing at random
(MAR) assumption.?* The full dataset includes individuals with missing hemoglobin values.
After imputation, individuals with imputed hemoglobin values were excluded, hence our primary
analysis uses only observed values of hemoglobin but incorporates imputed values of the
optimality criteria variables. To assess robustness of the results, we conducted two sensitivity
analyses: (1) a deletion then multiple imputation (DMI) approach?®, in which individuals with
missing hemoglobin values were excluded prior to imputation; (2) a complete-case approach,
retaining only fully observed records. Because the household income variable was missing in
19% percent of children in the sample, we conducted sensitivity analysis to assess differences in

the optimality curves when low-income household status was excluded as an optimality criterion.

Based on the overall proportion of records with missing data, eighty-one imputed datasets
were generated in IMD approach and twenty-one in DMI approach. The results from multiple

imputed data sets were combined into final estimates based on Rubin rules.?
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Figure 1. The primary analysis using multiple imputation, then deletion (MID) strategy to
impute missing data and two sensitivity analysis using deletion, then multiple imputation (DMI)
and complete-case analysis. Solid arrows represent the main imputation strategy path and dashed
arrows represent sensitivity analysis strategies, colour coded as per legend. RC and OC represent
reference and optimal hemoglobin curves, respectively.

Results
From 11857 children in TARGet Kids! enrolled from 2008 to 20207, samples from 2451 males

and 2146 females, age 2 weeks to less than 11 years, were used to estimate sex-specific reference
hemoglobin curves (Table 1). Samples from a subgroup of children meeting optimality criteria,
including 1628 males and 1798 females, were used to estimate sex-specific optimal hemoglobin
curves. Values from five males and four females were considered outliers and removed when
estimating reference hemoglobin curves; values from two males were considered outliers and

removed when estimating optimal hemoglobin curves.
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Table 1. Characteristics of cross-sectional samples using “lean pick” method of hemoglobin in

children 2 weeks to 10 years old*.

MID sample Original Complete case DMI sample* Optimal
for primary TK! Sample* sample* N = 4,597 Sample*
analysis® | 0 11,802/ N =3,448' N=3426'
N =4,597'
Characteristic
Age in months, median (IQR) 38 (18, 63) 34 (11, 69) 36 (18, 61) 38(18,63) 45 (24, 68)
Sex, n (%)
Female 2,146 (47) 5,672 (48) 1,611 (47) 2,146 (47) 1,628 (48)
Male 2,451 (53) 6,130 (52) 1,837 (53) 2,451 (53) 1,798 (52)
Hemoglobin (g/L), median (IQR) 121 (115, 127) | 121 (116, 127) 121 (115, 126) | 121 (115,127)| 121 (116, 127)
Missing 9,562
Low income cut-off (LICO), n (%)
Above LICO 4,151 (90) 7,688 (89) 3,110 (90) 4,148 (90) 3,426 (100)
Below LICO 446 (9.7) 941 (11) 338(9.8) 449 (9.8)
Missing 3,173
Prematurity (applicable to the first 24 months), n
(%)
Not premature 4,405 (96) 9,850 (96) 3,280 (95) 4,395 (96) 3,426 (100)
Premature 192 (4.2) 417 (4.1) 168 (4.9) 202 (4.4)
Missing 1,535
Low birthweight (applicable to the first 24
months), n (%)
Low birthweight 176 (3.8) 409 (3.8) 151 (4.4) 181 (3.9)
Not low birthweight 4,421 (96) 10,285 (96) 3,297 (96) 4,416 (96) 3,426 (100)
Missing 1,108
Obese/Underweight (Above or Below ZBMI +/-
1.96*SD), n (%)
Not Obese/Underweight 4,231 (92) 10,313 (91) 3,192 (93) 4,236 (92) 3,426 (100)
Obese/Underweight 366 (8.0) 1,071 (9.4) 256 (7.4) 361 (7.9)
Missing 418
Iron deficiency (ID)**, n (%)
1D 319 (6.9) 154 (6.4) 244 (7.1) 323 (7.0)
No ID 4,278 (93) 2,264 (94) 3,204 (93) 4,274 (93) 3,426 (100)
Missing 9,384

* All datasets were converted to cross-sectional format using the “lean pick” method. "MID sample for primary analysis" and
"DMI sample" were based on the first imputed dataset generated from multiple imputation MID and DMI approaches

respectively. "Optimal sample” was derived after applying predefined exclusion criteria on the first MID-imputed dataset. The
"Original TARGet Kids! sample" includes the full analytic sample. "Complete case" sample consists of data after records with

missing values were removed.

** ID was defined using WHO ferritin threshold?®

Sex-specific reference and optimal hemoglobin curves with corresponding 90% Cls are

presented in Figure 2 and corresponding sample size across standardized age groups was
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presented in Supplementary Table S2. For pre-adolescent females and for the first two years of

life for males, the lower limits from optimal hemoglobin curves were higher than those from

reference hemoglobin curves. There appeared to be no substantial differences between the upper

limits of reference and optimal hemoglobin curves, for both females and males.

E Optimal Curves

Reference Curves

Males

Females

[RE R

BRI ————

7 8 9 10 11 0
Age (years)

1 2 3 4 5 6 7 8 9 10

Figure 2. Male and female reference and optimal hemoglobin curves lower and upper limits with

90% confidence intervals.

Figure 3 shows the sex and age-specific WHO hemoglobin thresholds to define anemia 7

super-imposed on the optimal lower limit (2.5" percentiles) hemoglobin curves from our

analysis, with the 5%, 10%, and 20™ percentiles from our analysis also shown. The WHO

hemoglobin thresholds were higher than the lower 2.5™ percentile of the optimality hemoglobin
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curves for all ages, but only higher than the 5" percentile for ages 5 to 10 years for both males

and females.
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Figure 3. Male and female optimal hemoglobin curve with lower optimal limits (2.5 percentile)
and WHO hemoglobin thresholds (solid black lines). Optimality 5*, 10%, and 20, percentile
hemoglobin curves were shown for orientation.

In Table 2, sex-specific reference and optimal intervals with the corresponding 90% Cls
are provided for relatively narrow age partitions. For each month of age, from 0.5 to 131 months,
sex-specific reference and optimal intervals with corresponding 90% confidence intervals are
presented in Supplemental Table S1. Differences between reference and optimal intervals were

similar to the differences described earlier for the differences between reference and optimal

hemoglobin curves.
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Table 2. Hemoglobin (g/L) sex-specific reference and optimal intervals with 90% confidence

intervals averaged over narrow age groupings.

Age Group Lower Limit Upper Limit
Males Males Females Females Males Males Females Females
Optimal Reference Optimal Reference Optimal Reference Optimal Reference
2 weeks - 2 94.7 88.2 97.9 98.9 1333 1343 132.9 1323
months (90.6,98.8) (83.2,93.3) (95.3,100.4) (96.3,101.6) (129.8,136.8) (131.6,136.9) (130.5,135.4) (130.7,133.9)
3-5 96.3 91.0 98.6 99.6 133.4 1343 133.2 132.7
months (93.0,99.6) (86.9,95.1) (96.3,100.9) (97.2,102.0) (130.2,136.6) (131.9,136.8) (131,135.4) (131.3,134.2)
6-7 97.9 (95.4, 93.7 99.4 100.2 133.6 134.4 1335 133.1
months 100.5) (90.6,96.9) (97.3,101.5) (98.1,102.4) (130.7,136.5) (132.3,136.6) (131.5,135.5) (131.8,134.4)
9-11 99.6 96.5 100.2 100.9 133.8 134.5 133.8 1335
months (97.7,101.4) (94.2,98.8) (98.3,102.0) (99.0,102.8) (131.1,136.4) (132.6,136.5) (131.9,135.6) (132.4,134.7)
12-14 101.1 99.2 100.9 101.6 1339 134.6 134.1 133.9
months (99.8,102.5) (97.6,100.7) (99.3,102.6) (99.9,103.3) (131.6,136.3) (132.9,136.4) (132.4,135.7) (132.9,135)
15-17 102.6 101.6 101.7 102.2 134.1 134.7 134.4 1343
months (101.4,103.8) (100.3,102.8) (100.3,103.1) (100.7,103.7) (132,136.2) (133.1,136.3) (132.9,135.8) (133.4,135.3)
18-20 103.7 103.5 102.5 102.9 134.2 134.8 134.6 134.7
months (102.5,105.0) (102.2,104.8) (101.2,103.7) (101.6,104.2) (132.3,136.1) (133.4,136.2) (133.4,135.9) (133.9,135.5)
21-23 104.6 104.8 103.2 103.5 134.4 1349 1349 135.1
months (103.3,105.9) (103.5,106.1) (102.1,104.3) (102.4,104.7) (132.6,136.1) (133.6,136.2) (133.8,136.0) (134.4,135.8)
24 -26 105.2 105.6 103.9 104.1 134.5 135.0 135.2 135.5
months (103.9,106.4) (104.3,106.9) (102.9,104.9) (103.1,105.2) (132.9,136.2) (133.8,136.2) (134.2,136.2) (134.9,136.1)
27-29 105.5 105.9 104.6 104.7 134.7 135.1 135.5 1359
months (104.2,106.8) (104.6,107.2) (103.7,105.5) (103.7,105.7) (133.1,136.3) (133.9,136.3) (134.6,136.4) (135.3,136.5)
30-32 105.7 106.0 105.3 105.3 134.9 1352 135.7 136.2
months (104.2,107.2) (104.6,107.4) (104.4,106.2) (104.3,106.2) (133.3,136.4) (134,136.4) (134.9,136.6) (135.6,136.8)
33-35 105.8 105.9 105.9 105.8 135.0 135.3 136.0 136.5
months (104.0,107.6) (104.4,107.5) (105.0,106.8) (104.9,106.8) (133.4,136.6) (134.1,136.6) (135.2,136.8) (136,137.1)
3-<4 106.2 105.9 107.2 106.9 1354 135.7 136.6 137.2
years (104.0,108.3) (104.0,107.8) (106.2,108.2) (105.9,107.9) (133.7,137.2) (134.3,137.1) (135.7,137.4) (136.6,137.8)
4-<5 107.3 107.0 108.8 108.2 136.1 136.3 137.3 138.0
years (105.6,109.0) (105.4,108.5) (107.7,109.8) (107.1,109.2) (134.2,138.0) (134.8,137.8) (136.5,138.2) (137.4,138.6)
5-<6 108.7 108.6 109.7 108.9 136.8 137.1 138.0 138.5
years (107.0,110.5) (107.0,110.2) (108.7,110.8) (107.7,110.0) (135.0,138.7) (135.6,138.5) (137.1,138.8) (137.9,139.1)
6-<7 110.0 110.0 110.3 109.2 137.6 137.9 138.5 138.8
years (108.1,111.9) (108.2,111.8) (108.9,111.6) (107.6,110.7) (136.0,139.2) (136.7,139.1) (137.6,139.4) (138.0,139.5)
7-<8 111.1 111.1 110.6 109.3 138.3 138.8 139.0 138.9
years (109.1,113.1) (109.3,113.0) (108.6,112.5) (106.9,111.6) (137.0,139.7) (137.7,139.9) (137.9,140.1) (137.8,140.0)
8-<9 112.1 112.2 110.8 109.3 139.1 139.7 139.4 139.0
years (109.4,114.8) (109.7,114.7) (108.0,113.5) (106.0,112.6) (137.7,140.4) (138.6,140.8) (137.9,140.9) (137.4,140.5)
9-<10 113.1 113.1 111.0 109.3 139.8 140.6 139.9 139.1
years (109.0,117.2) (109.4,116.9) (107.4,114.5) (105.1,113.5) (138.2,141.5) (139.3,141.9) (137.9,141.8) (137,141.1)
10-<11 114.1 114.1 111.2 109.3 140.6 141.5 140.3 139.1
years (108.4,119.8) (108.8,119.3) (106.8,115.6) (104.1,114.6) (138.5,142.7) (139.8,143.2) (137.8,142.8) (136.6,141.7)
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We conducted sensitivity analysis to evaluate the impact of different imputation
strategies on estimation of optimal hemoglobin curves. Figures 4 and 5 show optimal
hemoglobin curves comparing three different imputation strategies: MID, DMI and complete
case approach, separately for males and females. The MID and DMI methods (Supplemental
Figure S1) show almost identical estimates for optimal hemoglobin curves across both sexes and
for both lower and upper limits, suggesting minimal effect of imputation-deletion order on

hemoglobin curve estimation.

Supplemental Figure S2 presents the comparison between MID approach (the primary
analysis) and complete-case optimal hemoglobin curve estimation. The results show that
complete-case estimation tends to underestimate hemoglobin levels for pre-school children and
pre-adolescent females. The results also show greater variability for estimates from complete-
data analysis compared to those based on imputed data. This result is consistent with the general
characteristic of complete-case analysis, demonstrating that deleting observations with missing
data, in most cases, is a less efficient approach than any of the established methods for handling

missing data. Much less difference is observed for males.

As part of our sensitivity analysis, we removed family income as an optimality criterion,
because of its large percentage of missingness. The results from this sensitivity analysis show no

differences in the optimal hemoglobin curves (Supplemental Figures S3 and S4).

The ORACLE-H Shiny app (https://svijetric.shinyapps.io/ORACLE-H/) provides a user-

friendly platform for visualizing the study’s findings and exploring hemoglobin reference and
optimal intervals in children. This tool is designed to specifically enhance clinical interpretation
and evaluation of hemoglobin levels in pediatric patients; however, the approach can be used for
any population and any biomarker. ORACLE-H allows clinicians to view sex- and age-specific
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lower and upper reference/optimal limits for an individual child, based on their exact age. Users
can also calculate reference and optimal intervals for custom-defined age ranges (age-partitions)
within the age range of the study dataset (0 to 10 years). We also specifically incorporated
WHO'’s age categories as well as the standardized age groups we introduced in a previous study
to allow evidence synthesis* (these are 3-month intervals for children under 3 years and 1-year
intervals for children older than 3 years). The app supports individualized assessment at a
specific age (allowing the entry of a child’s birth date or exact age in years, months, and days) by
providing corresponding age- and sex-specific optimal and reference intervals. In addition,
clinicians can input a hemoglobin measurement for a specific child, which will be visualized
against optimality regions, reference hemoglobin curves, and WHO hemoglobin thresholds.

Supplementary Figure S5 provides interface for ORACLE-H app.

Discussion

In this study, we aimed to move beyond traditional approaches to developing pediatric reference
intervals for hemoglobin. We estimated sex-specific reference hemoglobin curves for the lower
(2.5%) and upper (97.5%) limits from a large sample of healthy children 2 weeks to 10 years,
recruited from primary care settings following CLSI guidelines. We then derived age interval
specific reference intervals from these hemoglobin curves. We also applied pre-specified
optimality criteria and created optimal hemoglobin curves. For the lower limits, optimal
hemoglobin curves were higher than reference hemoglobin curves for early school age and pre-
adolescent females; and for the first two years of life for males. Furthermore, when examined in
relation to the 2024 WHO hemoglobin thresholds in three pre-adolescent age groups, WHO
hemoglobin thresholds were often higher not only than the lower 2.5" but also 5™ percentile for

the optimal hemoglobin distribution. To provide a comprehensive visualization of the optimal
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hemoglobin curves, we created a web-based tool, where the user can specify an individual
child’s age and sex and the application returns reference and optimal hemoglobin curves with
customized age-specific intervals. Interpretation of hemoglobin levels may be improved when
accompanied by lower and upper limits created using an age- and sex-specific curve-based

approach and optimality criteria.

TARGet Kids! is an ongoing longitudinal observational cohort study and a certain
amount of missing data is expected. In previous studies based on TARGet Kids! data, all missing
data were assumed to be missing at random and multiple imputation was used for missing
data.!%122831 A study by Maguire and colleagues (2013)3? analyzed TARGet Kids! data using
both complete case analysis, removing records with missing observations, as well as analysis
based on imputed data. Although 24% of participants were missing survey, anthropometric, and
lab measurements information, they found no difference between results using the two missing
data strategies. In this study we analyzed data using MID approach, which included all available
data in a missing data imputation model and then deleted records with imputed hemoglobin
values prior to hemoglobin curve estimation. This approach was first introduced by von Hippel
(2007)** for handling missing data. This approach protects from potentially poorly imputed
outcome data, while still using maximum information from observed data. We also conducted
sensitivity analysis to investigate how sensitive hemoglobin curve estimation is to difference
imputation strategies. While the order of imputation had minimal effect on hemoglobin curve
estimation, the complete-case analysis occasionally produced estimates that were lower than
imputed model and wider confidence intervals. This observation contradicts the findings from
the previous study that found no difference in imputed and complete case analysis results when

answering a different question from this same dataset. While their conclusion supports
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robustness of a complete case approach, our results highlights that such an approach may

misrepresent important differences in the lower and upper extremes of data distribution.

We recently conducted a systematic review and meta-analysis of studies reporting
pediatric reference intervals and curves for hemoglobin.* We identified 13 studies involving
more than 35,000 children reporting on reference intervals adhering to CLSI guidelines.* Of
these, six were from North America (Canada, USA), five from Asia (China, South Korea), and
two from Africa (Ethiopia, Zimbabwe). Ten of the 13 studies used the Sysmex analyzer. Some
studies reported on a restricted age group, for example one study focused on neonates’?, five
studies on preschool and school aged children®3*437, and two studies on adolescents.*®3° Most
studies reported reference intervals for broad age groups. Only one study excluded children with
laboratory evidence of iron deficiency (as defined by a low serum ferritin)*’; however, this study
only included children attending their 1-year medical check-up. For our meta-analysis, pooling
of reference interval estimates was limited due to a high level of heterogeneity.* Sources of

heterogeneity included age, sex and width of the age group.

The largest study used data from more than 20,000 children in the U.S. National Health
and Nutrition Examination Survey (NHANES) to create reference intervals for children 1-19
years of age excluding children who reported medical conditions.*’ Using piecewise regression
analysis, the authors reported an age-related increase in reference intervals for both males and
females, with a decrease in the lower limit for females 15-19 years. The analysis yielded eight
age categories for males (1-2 years, 3-5 years, 6 years, 7-11 years, 12 years, 13 years, 14-15
years, 16-19 years) and five age categories for females (1-3 years, 4 years, 5-6 years, 9-14 years,
15-19 years). However, this is the only study that used the Beckman Coulter analyzer and the

authors note that transferability of their intervals need to be verified by local laboratories.
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Furthermore, there was no data reported on children under 1 year of age. Except for the first two
years of life, hemoglobin levels (male and female) we have estimated where lower than Fulgoni

and colleagues.

In our systematic review, we identified two studies reporting on pediatric reference
curves for hemoglobin by Wilson et al (Canada, n=496) and Yan et al (China, n=12,823).4142 In
both studies, healthy children were recruited from hospital outpatient clinics and community
sites, young infants were excluded (under 1 year in Wilson et al and under 3 months in Yan et
al), and Sysmex was the analyzer used. Neither study excluded data on children with a low
serum ferritin. While authors of both studies highlighted the advantages of reference curves over
reference intervals, both noted current challenges of implementing reference curves into

laboratory information systems.

We have identified some similarities and differences between our reference hemoglobin
curves and the hemoglobin curves by Wilson et al and Yan et al.*'*> Wilson et. al., (2021)
observed a constant trend for females below age of 5 years, while Yan et. al., (2022) and our
study observed an increasing trend during the same age period. Overall estimates in our study
were generally lower than what was found in Yan et. al., (2022). Our hemoglobin curve and the
hemoglobin curve from Yan et al show a downward trend in the lower limit in pre-adolescent
and adolescent females; however, this is not shown in the curve from Wilson et al. Similar to our
study, Yan et al. included children below one year of age; however, while our study included

children as young as two weeks, their study was limited to those six months and older.

Strengths of our study include our novel approach to create optimal hemoglobin curves
by applying optimality criteria, specifically excluding children with iron deficiency, living in
low-income households, under or overweight, elevated C-reactive protein, and (if under 2 years
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of age) prematurity or low birthweight. Additional strengths include our analytic approach which
employed nonparametric quantile regression, utilizing restricted cubic splines as a smoothing
function of age, handling missing data using multiple imputation strategies and conducting
sensitivity analysis. The quantile regression method is independent of the underlying data
distribution, enhancing its robustness against outliers and making it particularly advantageous
when no suitable transformation is available to achieve normality.?®* Furthermore, the use of
restricted cubic splines improves the model's ability to handle estimation in the tails of a
distribution where data is usually sparse??, which is common for pediatric populations.! Finally,
our study underscores the value of performing sensitivity analysis and cautions against solely
relying on complete case analysis when estimating lower and upper limits of reference and

optimal hemoglobin curves.

Our study has some limitations. Data was collected from children in Toronto, Canada
which may limit the generalizability of our findings to other populations. Exclusion of non-
English-speaking families may limit the generalization of our study findings to these
populations. In addition, we did not have sufficient data for children under 2 weeks of age and
over 11 years of age. Moreover, while CLSI guideline suggests minimum of 120 sample for
estimation of reference intervals using non-parametric method, there are no CLSI guidelines for
sample size requirement for estimating reference curves. Further simulation studies similar to
extensive reference intervals simulation studies conducted by Daly et al., (2017)! are needed to
establish sample size requirements for reference curve estimation. Furthermore, for optimality
criteria, while we excluded children with any known chronic disease, we did not have
information to allow exclusion of children with asymptomatic hematologic conditions which

may have been accompanied by a lower hemoglobin. Another limitation that may influence our
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optimal curve is measurement error related to variables used to define optimality criteria. For
example, parent reported birthweight may be subject to recall bias. Research conducted in North

America*

445 suggests it is a reasonably reliable alternative when hospital records are unavailable,
while studies conducted in some Asian*® settings have found that parent-reported low
birthweight can underestimate the actual weight. Future studies may consider validating or
directly obtaining this information from medical charts; however, this may require additional
consent and data access permissions. In addition, while a previous study using TARGet Kids!
data assumed that missingness was due completely at random and performed complete-case
analysis*2, our comparison between imputed and complete-case results showed that, in addition
to some differences appearing to be due to random variation and reduced sample size, we also
observed systematic differences across specific age and sex combinations, indicating that the
data were not missing completely at random. To assess the potential impact, we conducted a
sensitivity analysis excluding the optimality criterion with the highest proportion of missingness,
that is, socioeconomic status defines as household income. The results showed no meaningful
differences in the estimated curves with or without this exclusion criterion applied. Finally, the
large number of missing hemoglobin measurement may have influenced the estimation of
reference and optimal hemoglobin curves. However, sensitivity analyses comparing imputation

strategies using both observed and imputed hemoglobin values and using only observed values

showed negligible differences in the estimated curves.

Conclusion

Our study presents novel pediatric optimal hemoglobin curves using TARGet Kids! cohort of
healthy ethnically diverse Canadian children (Toronto area) ages 2-weeks up to 11 years,

employing robust statistical methods and comprehensively addressing missing data. We showed
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that for this population globally established WHO thresholds were often higher than lower 2.5"
and 5" percentiles for the OCs indicating the need for revisiting currently recommended
hemoglobin recommendations for these ages. Further research is needed to establish optimal
hemoglobin curves for other iron related biomarkers such as serum and plasma ferritin for the

same age group and extend the age range studied.
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Supplemental Figure S1. Optimal curves estimated using data from two different imputation
strategies: multiple imputation, then deletion (MID, solid green lines) and deletion, then multiple
imputation (DMI, dashed red). Curves are presented for both sexes. Ninety-percent confidence
intervals for two strategies are shown in shaded green for MID and dashed red lines for DMI.
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Supplemental Figure S2. Optimal curves estimated using data from two different imputation

strategies: multiple imputation, then deletion (MID, solid green lines) and complete case (CC,

dashed red). Curves are presented for both sexes. Ninety-percent confidence intervals for two
strategies are shown in shaded green for MID and red for CC.

208

10

11




Females Males

145

1401

1351

-
w
o

-
N
a

=y
[
o

s
-
(43}

Haemoglobin (g/L)
o

1051

1001

95+

90+

o 1 2 3 4 5 6 7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 11
Age (years)

Supplemental Figure S3. Optimal curves estimated using data from multiple imputations, then
deletion (MID, solid green lines) strategy and MID without LICO optimality criteria used
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(dashed red line). Ninety-percent confidence intervals for two strategies are shown in transparent
green for MID and red for MID without LICO.
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Supplemental Figure S4. Optimal curves estimated using data from complete case analysis

(solid green lines) strategy and complete case without LICO optimality criteria used (dashed red

line). Ninety-percent confidence intervals for two strategies are shown in transparent green for
complete case and red for complete case without LICO.
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ORACLE-H
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Birth Date:

2023-06-15

w

ex:

Haemoglobin (g/L):

120 <

Reference Interval Mode:

ExactAge

Calculate

I

731 days (~2 years) Non-Anemic Within Reference

Child's Age WHO Threshold: 110g/L 105-135g/L

Within Optimal

105-134 g/L

Haemoglobin - Male

140 )
(Patient,1,NA)
s (Optimality Region, 1,NA)
—— (Reference Curves,1,NA)
3 = = (Reference Curves,CI,1)
o9
E 120
sl
2
=
o
E
@
@
I

100

[ 1 2 3 4 5 6 7 & 9 10 11
Age (years)

e Interval Summary

Mode: Exact Age
Age: 2.00 years

Interval Lower (Cl) Upper (Cl)
Reference 105.38 (104.05-106.71) 134.97 (133.71-136.22)
Optimal 105.02 (103.76-106.28) 134.49 (132.83-136.14)

Supplemental Figure S5. Web-based Shiny app tool Optimized Reference Assessment for
Clinical Laboratory Evaluation of Hemoglobin (ORACLE-H) for obtaining child’s reference and
optimal intervals at any age and WHO, standardized (3m/1y), and custom age intervals. Tools
also allow for aiding hemoglobin level assessment based on multiple evaluation criteria.
ORACLE-H can be accessed at: https://svijetric.shinyapps.io/ORACLE-H/
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Supplemental Table S1. Sex-specific reference intervals (RI) and optimal intervals (OI) with
90% confidence intervals for 0 — 131 months of age.

Lower Limits

Upper Limits

Age (months)

Reference Intervals

Optimal Intervals

Reference Intervals

Optimal Intervals

Males

87.3 (82.0-92.7)

94.2 (89.8-98.5)

134.2 (131.5-136.9)

133.2 (129.6-136.9)

88.2 (83.2-93.3)

94.7 (90.6-98.8)

134.3 (131.6-136.9)

133.3 (129.8-136.8)

89.2 (84.4-93.9)

95.2(91.4-99.1)

134.3 (131.7-136.8)

133.3 (129.9-136.7)

90.1 (85.7-94.5)

95.8 (92.2-99.4)

134.3 (131.8-136.8)

133.4 (130.1-136.7)

91.0 (86.9-95.1)

96.3 (93.0-99.6)

134.3 (131.9-136.8)

133.4 (130.2-136.6)

91.9 (88.1-95.7)

96.9 (93.8-99.9)

134.4 (132.0-136.7)

133.5 (130.4-136.6)

92.8 (89.4-96.3)

97.4 (94.6-100.2)

134.4 (132.2-136.7)

133.5 (130.5-136.6)

93.7 (90.6-96.9)

97.9 (95.4-100.5)

134.4 (132.3-136.6)

133.6 (130.7-136.5)

94.7 (91.8-97.5)

98.5 (96.2-100.8)

134.5 (132.4-136.6)

133.6 (130.8-136.5)

95.6 (93.0-98.1)

99.0 (97.0-101.1)

134.5 (132.5-136.5)

133.7 (131.0-136.4)

10

96.5 (94.2-98.8)

99.6 (97.7-101.4)

134.5 (132.6-136.5)

133.8 (131.1-136.4)

11

97.4 (95.4-99.4)

100.1 (98.5-101.7)

134.6 (132.7-136.4)

133.8 (131.3-136.3)

12

98.3 (96.5-100.1)

100.6 (99.2-102.1)

134.6 (132.8-136.4)

133.9 (131.4-136.3)

13

99.2 (97.6-100.7)

101.1 (99.8-102.5)

134.6 (132.9-136.4)

133.9 (131.6-136.3)

14

100.0 (98.6-101.4)

101.6 (100.4-102.9)

134.6 (133.0-136.3)

134.0 (131.7-136.2)

15

100.8 (99.5-102.1)

102.1 (100.9-103.3)

134.7 (133.0-136.3)

134.0 (131.8-136.2)

16

101.6 (100.3-102.8)

102.6 (101.4-103.8)

134.7 (133.1-136.3)

134.1 (132.0-136.2)

17

102.3 (101.0-103.5)

103.0 (101.8-104.2)

134.7 (133.2-136.3)

134.1 (132.1-136.2)

18

102.9 (101.7-104.2)

103.4 (102.2-104.6)

134.8 (133.3-136.2)

134.2 (132.2-136.1)

19

103.5 (102.2-104.8)

103.8 (102.5-105.0)

134.8 (133.4-136.2)

134.2 (132.3-136.1)

20

104.0 (102.7-105.3)

104.1 (102.8-105.3)

134.8 (133.5-136.2)

134.3 (132.4-136.1)
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21

104.4 (103.1-105.8)

104.4 (103.1-105.6)

134.9 (133.5-136.2)

134.3 (132.5-136.1)

22

104.8 (103.5-106.1)

104.6 (103.3-105.9)

134.9 (133.6-136.2)

134.4 (132.6-136.1)

23

105.1 (103.8-106.5)

104.8 (103.6-106.1)

134.9 (133.7-136.2)

134.4 (132.7-136.1)

24

105.4 (104.1-106.7)

105.0 (103.8-106.3)

135.0 (133.7-136.2)

134.5 (132.8-136.1)

25

105.6 (104.3-106.9)

105.2 (103.9-106.4)

135.0 (133.8-136.2)

134.5 (132.9-136.2)

26

105.7 (104.4-107.0)

105.3 (104.0-106.6)

135.0 (133.8-136.3)

134.6 (133.0-136.2)

27

105.9 (104.6-107.2)

105.4 (104.1-106.7)

135.1 (133.9-136.3)

134.6 (133.1-136.2)

28

105.9 (104.7-107.2)

105.5 (104.2-106.8)

135.1 (133.9-136.3)

134.7 (133.1-136.3)

29

106.0 (104.7-107.3)

105.6 (104.2-107.0)

135.1 (133.9-136.3)

134.8 (133.2-136.3)

30

106.0 (104.7-107.3)

105.7 (104.2-107.1)

135.2 (134.0-136.4)

134.8 (133.2-136.4)

31

106.0 (104.6-107.4)

105.7 (104.2-107.2)

135.2 (134.0-136.4)

134.9 (133.3-136.4)

32

106.0 (104.6-107.4)

105.7 (104.1-107.4)

135.3 (134.0-136.5)

134.9 (133.3-136.5)

33

106.0 (104.5-107.5)

105.8 (104.1-107.5)

135.3 (134.1-136.5)

135.0 (133.4-136.6)

34

105.9 (104.4-107.5)

105.8 (104.0-107.6)

135.3 (134.1-136.6)

135.0 (133.4-136.6)

35

105.9 (104.2-107.5)

105.8 (103.9-107.7)

135.4 (134.1-136.6)

135.1 (133.5-136.7)

36

105.9 (104.1-107.6)

105.9 (103.9-107.8)

135.4 (134.1-136.7)

135.1 (133.5-136.8)

37

105.8 (104.0-107.6)

105.9 (103.8-108.0)

135.5 (134.2-136.8)

135.2 (133.5-136.9)

38

105.8 (104.0-107.6)

105.9 (103.8-108.1)

135.5 (134.2-136.8)

135.2 (133.6-136.9)

39

105.8 (103.9-107.7)

106.0 (103.8-108.2)

135.5 (134.2-136.9)

135.3 (133.6-137.0)

40

105.8 (103.9-107.7)

106.0 (103.8-108.2)

135.6 (134.2-137.0)

135.4 (133.6-137.1)

41

105.8 (103.9-107.8)

106.1 (103.9-108.3)

135.6 (134.3-137.0)

135.4 (133.7-137.2)

42

105.9 (103.9-107.8)

106.2 (103.9-108.4)

135.7 (134.3-137.1)

135.5 (133.7-137.2)

43

105.9 (104.0-107.8)

106.2 (104.0-108.4)

135.7 (134.3-137.2)

135.5 (133.7-137.3)

44

106.0 (104.0-107.9)

106.3 (104.1-108.5)

135.8 (134.4-137.2)

135.6 (133.8-137.4)

45

106.0 (104.1-107.9)

106.4 (104.3-108.5)

135.8 (134.4-137.3)

135.6 (133.8-137.5)
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46

106.1 (104.3-108.0)

106.5 (104.4-108.6)

135.9 (134.4-137.4)

135.7 (133.8-137.5)

47

106.2 (104.4-108.0)

106.6 (104.5-108.6)

135.9 (134.5-137.4)

135.8 (133.9-137.6)

48

106.3 (104.5-108.0)

106.7 (104.7-108.7)

136.0 (134.5-137.5)

135.8 (133.9-137.7)

49

106.4 (104.7-108.1)

106.8 (104.9-108.7)

136.1 (134.6-137.5)

135.9 (134.0-137.8)

50

106.5 (104.9-108.2)

106.9 (105.0-108.8)

136.1 (134.6-137.6)

135.9 (134.0-137.8)

51

106.6 (105.0-108.2)

107.0 (105.2-108.8)

136.2 (134.7-137.7)

136.0 (134.1-137.9)

52

106.8 (105.2-108.3)

107.1 (105.4-108.9)

136.2 (134.7-137.7)

136.0 (134.1-138.0)

53

106.9 (105.4-108.4)

107.2 (105.5-108.9)

136.3 (134.8-137.8)

136.1 (134.2-138.0)

54

107.0 (105.6-108.5)

107.4 (105.7-109.0)

136.3 (134.8-137.9)

136.2 (134.2-138.1)

55

107.2 (105.7-108.6)

107.5 (105.9-109.1)

136.4 (134.9-137.9)

136.2 (134.3-138.1)

56

107.3 (105.9-108.7)

107.6 (106.0-109.2)

136.5 (134.9-138.0)

136.3 (134.4-138.2)

57

107.4 (106.0-108.9)

107.7 (106.1-109.3)

136.5 (135.0-138.0)

136.3 (134.4-138.3)

58

107.6 (106.2-109.0)

107.8 (106.3-109.4)

136.6 (135.1-138.1)

136.4 (134.5-138.3)

59

107.7 (106.3-109.2)

108.0 (106.4-109.6)

136.6 (135.1-138.2)

136.5 (134.5-138.4)

60

107.9 (106.4-109.3)

108.1 (106.5-109.7)

136.7 (135.2-138.2)

136.5 (134.6-138.4)

61

108.0 (106.5-109.5)

108.2 (106.6-109.9)

136.8 (135.3-138.3)

136.6 (134.7-138.5)

62

108.1 (106.6-109.6)

108.3 (106.7-110.0)

136.8 (135.4-138.3)

136.6 (134.8-138.5)

63

108.3 (106.7-109.8)

108.4 (106.8-110.1)

136.9 (135.4-138.4)

136.7 (134.8-138.6)

64

108.4 (106.8-110.0)

108.6 (106.8-110.3)

137.0 (135.5-138.4)

136.8 (134.9-138.6)

65

108.5 (106.9-110.1)

108.7 (106.9-110.4)

137.0 (135.6-138.5)

136.8 (135.0-138.7)

66

108.7 (107.0-110.3)

108.8 (107.0-110.6)

137.1 (135.7-138.5)

136.9 (135.1-138.7)

67

108.8 (107.1-110.4)

108.9 (107.1-110.7)

137.2 (135.7-138.6)

136.9 (135.1-138.7)

68

108.9 (107.2-110.6)

109.0 (107.2-110.9)

137.2 (135.8-138.6)

137.0 (135.2-138.8)

69

109.0 (107.3-110.7)

109.1 (107.3-111.0)

137.3 (135.9-138.7)

137.1 (135.3-138.8)

70

109.1 (107.4-110.9)

109.2 (107.3-111.1)

137.4 (136.0-138.8)

137.1 (135.4-138.9)
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71

109.3 (107.5-111.0)

109.3 (107.4-111.2)

137.4 (136.1-138.8)

137.2 (135.5-138.9)

72

109.4 (107.6-111.1)

109.4 (107.5-111.3)

137.5 (136.2-138.9)

137.2 (135.5-139.0)

73

109.5 (107.7-111.3)

109.5 (107.6-111.5)

137.6 (136.3-138.9)

137.3 (135.6-139.0)

74

109.6 (107.8-111.4)

109.6 (107.7-111.6)

137.7 (136.3-139.0)

137.4 (135.7-139.0)

75

109.7 (107.9-111.5)

109.7 (107.8-111.7)

137.7 (136.4-139.0)

137.4 (135.8-139.1)

76

109.8 (108.0-111.6)

109.8 (107.9-111.8)

137.8 (136.5-139.1)

137.5 (135.9-139.1)

77

109.9 (108.2-111.7)

109.9 (108.0-111.9)

137.9 (136.6-139.1)

137.6 (136.0-139.1)

78

110.0 (108.3-111.8)

110.0 (108.1-112.0)

137.9 (136.7-139.2)

137.6 (136.0-139.2)

79

110.1 (108.4-111.9)

110.1 (108.2-112.1)

138.0 (136.8-139.2)

137.7 (136.1-139.2)

80

110.2 (108.5-112.0)

110.2 (108.3-112.2)

138.1 (136.9-139.3)

137.7 (136.2-139.3)

81

110.3 (108.6-112.1)

110.3 (108.4-112.3)

138.2 (137.0-139.3)

137.8 (136.3-139.3)

82

110.4 (108.7-112.2)

110.4 (108.5-112.3)

138.2 (137.1-139.4)

137.9 (136.4-139.3)

83

110.5 (108.8-112.3)

110.5 (108.6-112.4)

138.3 (137.2-139.5)

137.9 (136.5-139.4)

84

110.6 (108.9-112.4)

110.6 (108.7-112.5)

138.4 (137.2-139.5)

138.0 (136.6-139.4)

85

110.7 (109.0-112.5)

110.7 (108.8-112.6)

138.4 (137.3-139.6)

138.1 (136.6-139.5)

86

110.8 (109.1-112.6)

110.8 (108.9-112.7)

138.5 (137.4-139.6)

138.1 (136.7-139.5)

87

110.9 (109.1-112.7)

110.9 (109.0-112.8)

138.6 (137.5-139.7)

138.2 (136.8-139.6)

88

111.0 (109.2-112.8)

111.0 (109.0-112.9)

138.7 (137.6-139.8)

138.2 (136.9-139.6)

&9

111.1 (109.3-112.9)

111.1 (109.1-113.0)

138.7 (137.7-139.8)

138.3 (137.0-139.7)

90

111.2 (109.4-113.0)

111.2 (109.2-113.1)

138.8 (137.8-139.9)

138.4 (137.0-139.7)

91

111.3 (109.4-113.1)

111.2 (109.2-113.2)

138.9 (137.8-139.9)

138.4 (137.1-139.8)

92

111.4 (109.5-113.2)

111.3 (109.3-113.4)

139.0 (137.9-140.0)

138.5 (137.2-139.8)

93

111.5(109.5-113.4)

111.4 (109.3-113.5)

139.0 (138.0-140.1)

138.6 (137.2-139.9)

94

111.5 (109.6-113.5)

111.5 (109.4-113.6)

139.1 (138.1-140.2)

138.6 (137.3-139.9)

95

111.6 (109.6-113.6)

111.6 (109.4-113.8)

139.2 (138.2-140.2)

138.7 (137.4-140.0)
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96

111.7 (109.6-113.8)

111.7 (109.4-113.9)

139.3 (138.2-140.3)

138.7 (137.4-140.0)

97

111.8 (109.7-113.9)

111.8 (109.5-114.1)

139.3 (138.3-140.4)

138.8 (137.5-140.1)

98

111.9 (109.7-114.1)

111.8 (109.5-114.2)

139.4 (138.4-140.5)

138.9 (137.6-140.2)

99

112.0 (109.7-114.2)

111.9 (109.5-114.4)

139.5 (138.4-140.6)

138.9 (137.6-140.2)

100

112.0 (109.7-114.4)

112.0 (109.5-114.5)

139.6 (138.5-140.6)

139.0 (137.7-140.3)

101

112.1 (109.7-114.5)

112.1 (109.5-114.7)

139.6 (138.6-140.7)

139.1 (137.7-140.4)

102

112.2 (109.7-114.7)

112.2 (109.5-114.9)

139.7 (138.6-140.8)

139.1 (137.8-140.5)

103

112.3 (109.7-114.9)

112.3 (109.4-115.1)

139.8 (138.7-140.9)

139.2 (137.8-140.5)

104

112.4 (109.7-115.1)

112.3 (109.4-115.3)

139.9 (138.8-141.0)

139.2 (137.9-140.6)

105

112.4 (109.6-115.2)

112.4 (109.4-115.5)

139.9 (138.8-141.1)

139.3 (137.9-140.7)

106

112.5 (109.6-115.4)

112.5 (109.4-115.7)

140.0 (138.9-141.2)

139.4 (138.0-140.8)

107

112.6 (109.6-115.6)

112.6 (109.3-115.8)

140.1 (138.9-141.3)

139.4 (138.0-140.9)

108

112.7 (109.6-115.8)

112.7 (109.3-116.0)

140.2 (139.0-141.4)

139.5 (138.0-141.0)

109

112.8 (109.5-116.0)

112.8 (109.3-116.3)

140.2 (139.0-141.5)

139.6 (138.1-141.0)

110

112.8 (109.5-116.2)

112.8 (109.2-116.5)

140.3 (139.1-141.5)

139.6 (138.1-141.1)

111

112.9 (109.5-116.4)

112.9 (109.2-116.7)

140.4 (139.1-141.6)

139.7 (138.1-141.2)

112

113.0 (109.4-116.6)

113.0 (109.1-116.9)

140.5 (139.2-141.7)

139.7 (138.2-141.3)

113

113.1 (109.4-116.8)

113.1 (109.1-117.1)

140.5 (139.2-141.8)

139.8 (138.2-141.4)

114

113.2 (109.3-117.0)

113.2 (109.0-117.3)

140.6 (139.3-142.0)

139.9 (138.2-141.5)

115

113.2 (109.3-117.2)

113.2 (109.0-117.5)

140.7 (139.3-142.1)

139.9 (138.3-141.6)

116

113.3 (109.3-117.4)

113.3 (108.9-117.7)

140.8 (139.4-142.2)

140.0 (138.3-141.7)

117

113.4 (109.2-117.6)

113.4 (108.9-117.9)

140.8 (139.4-142.3)

140.1 (138.3-141.8)

118

113.5(109.2-117.8)

113.5 (108.8-118.2)

140.9 (139.5-142.4)

140.1 (138.3-141.9)

119

113.6 (109.1-118.0)

113.6 (108.8-118.4)

141.0 (139.5-142.5)

140.2 (138.4-142.0)

120

113.6 (109.1-118.2)

113.7 (108.7-118.6)

141.1 (139.6-142.6)

140.2 (138.4-142.1)
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121

113.7 (109.0-118.4)

113.7 (108.7-118.8)

141.2 (139.6-142.7)

140.3 (138.4-142.2)

122

113.8 (109.0-118.6)

113.8 (108.6-119.0)

141.2 (139.7-142.8)

140.4 (138.4-142.3)

123

113.9 (108.9-118.8)

113.9 (108.5-119.3)

141.3 (139.7-142.9)

140.4 (138.5-142.4)

124

114.0 (108.9-119.0)

114.0 (108.5-119.5)

141.4 (139.7-143.0)

140.5 (138.5-142.5)

125

114.0 (108.8-119.2)

114.1 (108.4-119.7)

141.5 (139.8-143.1)

140.6 (138.5-142.6)

126

114.1 (108.8-119.4)

114.1 (108.4-119.9)

141.5 (139.8-143.2)

140.6 (138.5-142.7)

127

114.2 (108.7-119.6)

114.2 (108.3-120.2)

141.6 (139.9-143.3)

140.7 (138.5-142.8)

128

114.3 (108.7-119.8)

114.3 (108.2-120.4)

141.7 (139.9-143.4)

140.7 (138.6-142.9)

129

114.3 (108.6-120.1)

114.4 (108.2-120.6)

141.8 (139.9-143.6)

140.8 (138.6-143.0)

130

114.4 (108.6-120.3)

114.5 (108.1-120.8)

141.8 (140.0-143.7)

140.9 (138.6-143.1)

131

114.5 (108.5-120.5)

114.6 (108.1-121.1)

141.9 (140.0-143.8)

140.9 (138.6-143.2)

Females

98.7 (96.0-101.4)

97.6 (95.0-100.2)

132.2 (130.6-133.8)

132.8 (130.3-135.3)

98.9 (96.3-101.6)

97.9 (95.3-100.4)

132.3 (130.8-133.9)

132.9 (130.5-135.4)

99.1 (96.6-101.7)

98.1 (95.7-100.6)

132.5 (130.9-134.0)

133.0 (130.6-135.4)

99.4 (96.9-101.8)

98.4 (96.0-100.8)

132.6 (131.1-134.1)

133.1 (130.8-135.4)

99.6 (97.2-102.0)

98.6 (96.3-100.9)

132.7 (131.3-134.2)

133.2 (131.0-135.4)

99.8 (97.5-102.1)

98.9 (96.7-101.1)

132.9 (131.5-134.3)

133.3 (131.1-135.5)

100.0 (97.8-102.3)

99.1 (97.0-101.3)

133.0 (131.7-134.4)

133.4 (131.3-135.5)

100.2 (98.1-102.4)

99.4 (97.3-101.5)

133.1 (131.8-134.4)

133.5 (131.5-135.5)

100.5 (98.4-102.5)

99.7 (97.6-101.7)

133.3 (132.0-134.5)

133.6 (131.6-135.5)

100.7 (98.7-102.7)

99.9 (98.0-101.8)

133.4 (132.2-134.6)

133.7 (131.8-135.6)

10

100.9 (99.0-102.8)

100.2 (98.3-102.0)

133.5 (132.4-134.7)

133.8 (132.0-135.6)

11

101.1 (99.3-103.0)

100.4 (98.6-102.2)

133.7 (132.6-134.8)

133.9 (132.1-135.6)

12

101.3 (99.6-103.1)

100.7 (99.0-102.4)

133.8 (132.7-134.9)

134.0 (132.3-135.7)
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13

101.6 (99.9-103.3)

100.9 (99.3-102.6)

133.9 (132.9-135.0)

134.1 (132.4-135.7)

14

101.8 (100.2-103.4)

101.2 (99.6-102.8)

134.1 (133.1-135.1)

134.2 (132.6-135.7)

15

102.0 (100.4-103.6)

101.4 (99.9-103.0)

134.2 (133.3-135.2)

134.3 (132.8-135.8)

16

102.2 (100.7-103.7)

101.7 (100.3-103.1)

134.3 (133.4-135.3)

134.4 (132.9-135.8)

17

102.4 (101.0-103.9)

102.0 (100.6-103.3)

134.5 (133.6-135.3)

134.4 (133.1-135.8)

18

102.7 (101.3-104.0)

102.2 (100.9-103.5)

134.6 (133.8-135.4)

134.5 (133.2-135.9)

19

102.9 (101.6-104.2)

102.5 (101.2-103.7)

134.7 (133.9-135.5)

134.6 (133.4-135.9)

20

103.1 (101.8-104.3)

102.7 (101.5-103.9)

134.9 (134.1-135.6)

134.7 (133.5-135.9)

21

103.3 (102.1-104.5)

103.0 (101.8-104.1)

135.0 (134.3-135.7)

134.8 (133.7-136.0)

22

103.5 (102.4-104.7)

103.2 (102.1-104.3)

135.1 (134.4-135.8)

134.9 (133.8-136.0)

23

103.7 (102.6-104.8)

103.4 (102.4-104.5)

135.3 (134.6-135.9)

135.0 (133.9-136.1)

24

103.9 (102.9-105.0)

103.7 (102.6-104.7)

135.4 (134.7-136)

135.1 (134.1-136.1)

25

104.1 (103.1-105.2)

103.9 (102.9-104.9)

135.5 (134.9-136.1)

135.2 (134.2-136.2)

26

104.3 (103.3-105.3)

104.2 (103.2-105.1)

135.6 (135-136.2)

135.3 (134.3-136.2)

27

104.5 (103.5-105.5)

104.4 (103.4-105.3)

135.7 (135.1-136.3)

135.4 (134.5-136.3)

28

104.7 (103.8-105.7)

104.6 (103.7-105.5)

135.9 (135.3-136.5)

135.5 (134.6-136.4)

29

104.9 (104.0-105.9)

104.8 (103.9-105.8)

136.0 (135.4-136.6)

135.6 (134.7-136.4)

30

105.1 (104.2-106.0)

105.1 (104.1-106.0)

136.1 (135.5-136.7)

135.6 (134.8-136.5)

31

105.3 (104.3-106.2)

105.3 (104.4-106.2)

136.2 (135.6-136.8)

135.7 (134.9-136.6)

32

105.5 (104.5-106.4)

105.5 (104.6-106.4)

136.3 (135.8-136.9)

135.8 (135.0-136.6)

33

105.6 (104.7-106.6)

105.7 (104.8-106.6)

136.4 (135.9-137.0)

135.9 (135.1-136.7)

34

105.8 (104.9-106.8)

105.9 (105.0-106.8)

136.5 (136.0-137.1)

136.0 (135.2-136.8)

35

106.0 (105.0-106.9)

106.1 (105.2-107.0)

136.6 (136.1-137.2)

136.1 (135.3-136.9)

36

106.1 (105.2-107.1)

106.3 (105.4-107.2)

136.7 (136.2-137.3)

136.1 (135.3-137.0)

37

106.3 (105.3-107.3)

106.5 (105.5-107.4)

136.8 (136.3-137.4)

136.2 (135.4-137.0)
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38

106.4 (105.5-107.4)

106.6 (105.7-107.6)

136.9 (136.3-137.5)

136.3 (135.5-137.1)

39

106.6 (105.6-107.6)

106.8 (105.9-107.8)

137.0 (136.4-137.6)

136.4 (135.6-137.2)

40

106.7 (105.7-107.7)

107.0 (106.0-107.9)

137.1 (136.5-137.7)

136.5 (135.6-137.3)

41

106.9 (105.9-107.9)

107.2 (106.2-108.1)

137.2 (136.6-137.8)

136.5 (135.7-137.4)

42

107.0 (106.0-108.0)

107.3 (106.3-108.3)

137.3 (136.7-137.9)

136.6 (135.8-137.4)

43

107.1 (106.1-108.2)

107.5 (106.5-108.4)

137.4 (136.7-138.0)

136.7 (135.8-137.5)

44

107.2 (106.2-108.3)

107.6 (106.6-108.6)

137.4 (136.8-138.0)

136.7 (135.9-137.6)

45

107.4 (106.3-108.4)

107.8 (106.8-108.7)

137.5 (136.9-138.1)

136.8 (136.0-137.7)

46

107.5 (106.4-108.5)

107.9 (106.9-108.9)

137.6 (137.0-138.2)

136.9 (136.0-137.7)

47

107.6 (106.5-108.6)

108.0 (107.0-109.0)

137.6 (137.0-138.3)

136.9 (136.1-137.8)

48

107.7 (106.6-108.7)

108.2 (107.2-109.2)

137.7 (137.1-138.3)

137.0 (136.1-137.9)

49

107.8 (106.7-108.8)

108.3 (107.3-109.3)

137.8 (137.1-138.4)

137.1 (136.2-137.9)

50

107.9 (106.8-108.9)

108.4 (107.4-109.4)

137.8 (137.2-138.5)

137.1 (136.3-138.0)

51

108.0 (106.9-109.0)

108.5 (107.5-109.5)

137.9 (137.3-138.5)

137.2 (136.3-138.1)

52

108.1 (107.0-109.1)

108.6 (107.6-109.6)

137.9 (137.3-138.6)

137.3 (136.4-138.1)

53

108.1 (107.1-109.2)

108.7 (107.7-109.7)

138.0 (137.4-138.6)

137.3 (136.4-138.2)

54

108.2 (107.2-109.3)

108.8 (107.8-109.8)

138.1 (137.4-138.7)

137.4 (136.5-138.2)

55

108.3 (107.2-109.3)

108.9 (107.9-109.9)

138.1 (137.5-138.7)

137.4 (136.5-138.3)

56

108.4 (107.3-109.4)

109.0 (108.0-110.0)

138.1 (137.5-138.8)

137.5 (136.6-138.4)

57

108.4 (107.4-109.5)

109.1 (108.1-110.1)

138.2 (137.6-138.8)

137.5 (136.7-138.4)

58

108.5 (107.4-109.5)

109.2 (108.2-110.2)

138.2 (137.6-138.9)

137.6 (136.7-138.5)

59

108.6 (107.5-109.6)

109.3 (108.3-110.3)

138.3 (137.7-138.9)

137.6 (136.8-138.5)

60

108.6 (107.6-109.7)

109.4 (108.3-110.4)

138.3 (137.7-138.9)

137.7 (136.8-138.6)

61

108.7 (107.6-109.7)

109.4 (108.4-110.5)

138.4 (137.7-139.0)

137.7 (136.9-138.6)

62

108.7 (107.6-109.8)

109.5 (108.5-110.5)

138.4 (137.8-139.0)

137.8 (136.9-138.7)
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63

108.8 (107.7-109.9)

109.6 (108.5-110.6)

138.4 (137.8-139.1)

137.8 (137.0-138.7)

64

108.8 (107.7-109.9)

109.6 (108.6-110.7)

138.5 (137.8-139.1)

137.9 (137.0-138.7)

65

108.9 (107.7-110.0)

109.7 (108.6-110.8)

138.5 (137.9-139.1)

137.9 (137.1-138.8)

66

108.9 (107.8-110.0)

109.8 (108.7-110.8)

138.5 (137.9-139.2)

138.0 (137.2-138.8)

67

108.9 (107.8-110.1)

109.8 (108.7-110.9)

138.5 (137.9-139.2)

138.0 (137.2-138.9)

68

109.0 (107.8-110.1)

109.9 (108.8-111.0)

138.6 (137.9-139.2)

138.1 (137.3-138.9)

69

109.0 (107.8-110.2)

109.9 (108.8-111.0)

138.6 (137.9-139.3)

138.1 (137.3-139.0)

70

109.0 (107.8-110.3)

110.0 (108.8-111.1)

138.6 (138.0-139.3)

138.2 (137.3-139.0)

71

109.1 (107.8-110.3)

110.0 (108.9-111.2)

138.6 (138.0-139.3)

138.2 (137.4-139.1)

72

109.1 (107.8-110.4)

110.1 (108.9-111.2)

138.7 (138.0-139.4)

138.3 (137.4-139.1)

73

109.1 (107.8-110.4)

110.1 (108.9-111.3)

138.7 (138.0-139.4)

138.3 (137.5-139.1)

74

109.1 (107.7-110.5)

110.1 (108.9-111.4)

138.7 (138.0-139.4)

138.4 (137.5-139.2)

75

109.1 (107.7-110.6)

110.2 (108.9-111.4)

138.7 (138.0-139.5)

138.4 (137.5-139.2)

76

109.2 (107.7-110.6)

110.2 (108.9-111.5)

138.7 (138.0-139.5)

138.4 (137.6-139.3)

71

109.2 (107.7-110.7)

110.2 (108.9-111.6)

138.8 (138.0-139.5)

138.5 (137.6-139.3)

78

109.2 (107.6-110.8)

110.3 (108.9-111.7)

138.8 (138.0-139.6)

138.5 (137.6-139.4)

79

109.2 (107.6-110.8)

110.3 (108.9-111.7)

138.8 (138.0-139.6)

138.6 (137.7-139.4)

80

109.2 (107.5-110.9)

110.3 (108.9-111.8)

138.8 (138.0-139.6)

138.6 (137.7-139.5)

81

109.2 (107.5-111.0)

110.4 (108.9-111.9)

138.8 (137.9-139.7)

138.6 (137.7-139.5)

82

109.2 (107.4-111.1)

110.4 (108.8-112.0)

138.8 (137.9-139.7)

138.7 (137.8-139.6)

83

109.2 (107.4-111.1)

110.4 (108.8-112.0)

138.8 (137.9-139.7)

138.7 (137.8-139.7)

84

109.3 (107.3-111.2)

110.4 (108.8-112.1)

138.8 (137.9-139.8)

138.8 (137.8-139.7)

85

109.3 (107.3-111.3)

110.5 (108.7-112.2)

138.8 (137.9-139.8)

138.8 (137.8-139.8)

86

109.3 (107.2-111.3)

110.5 (108.7-112.3)

138.9 (137.8-139.9)

138.8 (137.8-139.8)

87

109.3 (107.1-111.4)

110.5 (108.7-112.3)

138.9 (137.8-139.9)

138.9 (137.8-139.9)
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88

109.3 (107.1-111.5)

110.5 (108.6-112.4)

138.9 (137.8-140.0)

138.9 (137.9-140.0)

89

109.3 (107.0-111.6)

110.5 (108.6-112.5)

138.9 (137.8-140.0)

138.9 (137.9-140.0)

90

109.3 (106.9-111.6)

110.6 (108.6-112.6)

138.9 (137.7-140.0)

139.0 (137.9-140.1)

91

109.3 (106.8-111.7)

110.6 (108.5-112.6)

138.9 (137.7-140.1)

139.0 (137.9-140.2)

92

109.3 (106.8-111.8)

110.6 (108.5-112.7)

138.9 (137.7-140.1)

139.1 (137.9-140.2)

93

109.3 (106.7-111.9)

110.6 (108.4-112.8)

138.9 (137.7-140.2)

139.1 (137.9-140.3)

94

109.3 (106.6-112.0)

110.6 (108.4-112.9)

138.9 (137.6-140.2)

139.1 (137.9-140.4)

95

109.3 (106.5-112.0)

110.7 (108.3-113.0)

138.9 (137.6-140.3)

139.2 (137.9-140.4)

96

109.3 (106.5-112.1)

110.7 (108.3-113.1)

138.9 (137.6-140.3)

139.2 (137.9-140.5)

97

109.3 (106.4-112.2)

110.7 (108.2-113.1)

138.9 (137.5-140.3)

139.2 (137.9-140.6)

98

109.3 (106.3-112.3)

110.7 (108.2-113.2)

138.9 (137.5-140.4)

139.3 (137.9-140.7)

99

109.3 (106.2-112.4)

110.7 (108.1-113.3)

139.0 (137.5-140.4)

139.3 (137.9-140.7)

100

109.3 (106.2-112.4)

110.7 (108.1-113.4)

139.0 (137.5-140.5)

139.4 (137.9-140.8)

101

109.3 (106.1-112.5)

110.8 (108.0-113.5)

139.0 (137.4-140.5)

139.4 (137.9-140.9)

102

109.3 (106.0-112.6)

110.8 (108.0-113.6)

139.0 (137.4-140.6)

139.4 (137.9-141.0)

103

109.3 (105.9-112.7)

110.8 (108.0-113.6)

139.0 (137.4-140.6)

139.5 (137.9-141.0)

104

109.3 (105.8-112.8)

110.8 (107.9-113.7)

139.0 (137.3-140.7)

139.5 (137.9-141.1)

105

109.3 (105.8-112.8)

110.8 (107.9-113.8)

139.0 (137.3-140.7)

139.5 (137.9-141.2)

106

109.3 (105.7-112.9)

110.8 (107.8-113.9)

139.0 (137.3-140.8)

139.6 (137.9-141.3)

107

109.3 (105.6-113.0)

110.9 (107.8-114.0)

139.0 (137.2-140.8)

139.6 (137.9-141.3)

108

109.3 (105.5-113.1)

110.9 (107.7-114.1)

139.0 (137.2-140.9)

139.7 (137.9-141.4)

109

109.3 (105.4-113.2)

110.9 (107.6-114.2)

139.0 (137.2-140.9)

139.7 (137.9-141.5)

110

109.3 (105.4-113.3)

110.9 (107.6-114.2)

139.0 (137.1-140.9)

139.7 (137.9-141.6)

111

109.3 (105.3-113.3)

110.9 (107.5-114.3)

139.0 (137.1-141.0)

139.8 (137.9-141.6)

112

109.3 (105.2-113.4)

111.0 (107.5-114.4)

139.1 (137.1-141.0)

139.8 (137.9-141.7)
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113

109.3 (105.1-113.5)

111.0 (107.4-114.5)

139.1 (137.0-141.1)

139.8 (137.9-141.8)

114

109.3 (105.0-113.6)

111.0 (107.4-114.6)

139.1 (137.0-141.1)

139.9 (137.9-141.9)

115

109.3 (105.0-113.7)

111.0 (107.3-114.7)

139.1 (137.0-141.2)

139.9 (137.9-142.0)

116

109.3 (104.9-113.8)

111.0 (107.3-114.8)

139.1 (136.9-141.2)

140.0 (137.9-142.0)

117

109.3 (104.8-113.8)

111.0 (107.2-114.9)

139.1 (136.9-141.3)

140.0 (137.9-142.1)

118

109.3 (104.7-113.9)

111.1(107.2-114.9)

139.1 (136.9-141.3)

140.0 (137.9-142.2)

119

109.3 (104.6-114)

111.1 (107.1-115)

139.1 (136.8-141.4)

140.1 (137.9-142.3)

120

109.3 (104.6-114.1)

111.1 (107.1-115.1)

139.1 (136.8-141.4)

140.1 (137.9-142.3)

121

109.3 (104.5-114.2)

111.1 (107.0-115.2)

139.1 (136.8-141.5)

140.1 (137.9-142.4)

122

109.3 (104.4-114.3)

111.1 (107.0-115.3)

139.1 (136.7-141.5)

140.2 (137.9-142.5)

123

109.3 (104.3-114.4)

111.2 (106.9-115.4)

139.1 (136.7-141.6)

140.2 (137.9-142.6)

124

109.3 (104.2-114.4)

111.2 (106.9-115.5)

139.1 (136.6-141.6)

140.3 (137.8-142.7)

125

109.3 (104.1-114.5)

111.2 (106.8-115.6)

139.1 (136.6-141.7)

140.3 (137.8-142.7)

126

109.3 (104.1-114.6)

111.2 (106.8-115.7)

139.2 (136.6-141.7)

140.3 (137.8-142.8)

127

109.3 (104.0-114.7)

111.2 (106.7-115.7)

139.2 (136.5-141.8)

140.4 (137.8-142.9)

128

109.3 (103.9-114.8)

111.2 (106.7-115.8)

139.2 (136.5-141.8)

140.4 (137.8-143.0)

129

109.3 (103.8-114.9)

111.3 (106.6-115.9)

139.2 (136.5-141.9)

140.4 (137.8-143.1)

130

109.3 (103.7-115.0)

111.3 (106.5-116.0)

139.2 (136.4-141.9)

140.5 (137.8-143.2)

131

109.3 (103.6-115.0)

111.3 (106.5-116.1)

139.2 (136.4-142.0)

140.5 (137.8-143.2)
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Supplemental Table S2. Number of children used in estimations of reference and optimal

hemoglobin curves by sex and standardized age groups.

Reference Curves

Optimal Curves

Age Group, n (%) Female Male Female Male
N=2,146 | N=2451 | N=1,628 | N=1,798
2 weeks - 2 months | 12 (0.6) 21 (0.9) 10 (0.6) 13 (0.7)
3 - 5 months 23 (1.1) 26 (1.1) 14 (0.9) 12 (0.7)
6 - 7 months 67 (3.1) 65 (2.7) 43 (2.6) 38 (2.1)
9 - 11 months 110 (5.1) | 138(5.6) |71 (4.4) 78 (4.3)
12 - 14 months 149 (6.9) | 161 (6.6) |93 (5.7) 93 (5.2)
15 - 17 months 107 (5.0) | 121(4.9) |61 3.7 74 (4.1)
18 - 20 months 137 (6.4) | 160 (6.5) |83 (5.1) 94 (5.2)
21 - 23 months 40 (1.9) 62 (2.5) 22 (1.4) 34 (1.9)
24 - 26 months 189 (8.8) | 189(7.7) | 150(9.2) | 147 (8.2)
27 - 29 months 44 (2.1) 49 (2.0) 32 (2.0) 36 (2.0)
30 - 32 months 26 (1.2) 41 (1.7) 19 (1.2) 24 (1.3)
33 - 35 months 25(1.2) 39 (1.6) 21 (1.3) 27 (1.5)
3 - <4 years 294 (14) | 298 (12) |242(15) |239(13)
4 - <5 years 259 (12) | 322(13) |[211(13) |267(15)
5 - <6 years 228 (11) | 252(10) [ 172(11) | 197(11)
6 - <7 years 113(5.3) | 143(5.8) [93(5.7) 119 (6.6)
7 - <8 years 114 (5.3) | 102(4.2) | 104 (6.4) | 86 (4.8)
8 - <9 years 100 (4.7) | 107 (4.4) |89 (5.5) 87 (4.8)
9 - <10 years 65 (3.0) 88 (3.6) 58 (3.6) 75 (4.2)
10 - <11 years 44 (2.1) 67 (2.7) 40 (2.5) 58 (3.2)
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CHAPTER 6: ESTABLISHING FERRITIN REFERENCE AND OPTIMAL CURVES IN
PRE-ADOLESCENTS: PROVIDING CONTEXT TO CLINICAL DECISION
THRESHOLDS

6.1. Preface to Chapter 6

Chapter 6 presents the fifth manuscript of this thesis, addressing the second objective of our
research. In this manuscript, we establish reference curves for ferritin based on a cohort of
healthy children in Canada. In addition to conventional reference intervals and curves, we
develop optimal reference curves. In addition, we created an interactive Shiny web application
that allows a user to obtain both traditional and optimal ferritin intervals for a child of any age
between 2-week to 10.99 years old (Optimized Reference Assessment for Clinical Laboratory
Evaluation of Ferritin [ORACLE-FER]: https://svetrcocfer.shinyapps.io/ORACLE-FER/). The
web tool also supports a multi measure assessment approach, allowing individual laboratory
results to be evaluated simultaneously against traditional reference intervals, optimal intervals,

and global WHO thresholds. This Manuscript is currently submitted to Blood.

VB led the study design, review and selection of optimality criteria, performed all
analysis including estimation of reference and optimal interval and curves and missing data
imputation, development of Shiny app, presentation and interpretation of results and has drafted
the initial manuscript. BKP, PCP, and JSH were involved in the design, data interpretation,
writing and revision of the manuscript. FM and ML were involved in the design, data
interpretation and revision of the manuscript. CMB, CSB, and JLM were involved in acquisition

of data and revision of the manuscript.

224



6.2 Manuscript status: revision submitted to JAMA Network Open

Ferritin reference and optimal curves in pre-adolescents: contextualizing iron deficiency
thresholds

Vid Bijeli¢ PhD!?#, Franco Momoli PhD', Mira Liebman MD?, Beth K. Potter PhD!,
Cornelia M. Borkhoff PhD*, Catherine S. Birken MD MSc*, Jonathon L. Maguire MD MSc?,
Patricia C. Parkin MD**, Jemila S. Hamid PhD?3

1 School of Epidemiology and Public Health, Faculty of Medicine, University of Ottawa,
Ottawa, Ontario, Canada

2 Children’s Hospital of Eastern Ontario, Ottawa, Ontario, Canada

3 Department of Mathematics and Statistics, University of Ottawa, Ottawa, Ontario, Canada
4 The Hospital for Sick Children Research Institute, Toronto, Ontario, Canada

5 MAP Centre for Urban Health Solutions, St. Michael’s Hospital, Unity Health Toronto

* Corresponding Author:

Patricia C. Parkin, MD, FRCPC

The Hospital for Sick Children Research Institute
686 Bay St, Toronto, ON, M5G 0A4, Canada
416-813-7654

Email: patricia.parkin@sickkids.ca

Date of revision: March 13, 2026

Word count: 2,994

225


mailto:patricia.parkin@sickkids.ca

KEY POINTS
Question: What are the lower and upper limits of the ferritin reference curves for pre-

adolescents and how do these relate to physiologically-based iron deficiency thresholds?

Findings: Limits were highest in early infancy, declined at 1.5 years (lower limit 5-6pg/L), then
gradually increased at 9-10 years (lower limit 15-17pg/L). From 3 months to 10 years of age, the

lower limit of ferritin was below the physiologically-based threshold of <20ug/L.

Meaning: Reference curves, which provide lower and upper limits continuously across age, may

improve clinical utility; however, lower limits are below the proposed threshold for identifying

iron deficiency in pediatrics.
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ABSTRACT

Importance: Ferritin is commonly used to assess iron status. For interpretation, clinicians
traditionally rely on age-partitioned reference intervals (RIs) which report 2.5" (lower) and 97.5"

(upper) percentiles.

Objectives: To estimate sex-specific continuous ferritin reference curves (RCs) and optimal
curves (OCs) for pre-adolescents; to create age- and sex-specific RIs and optimal intervals (OIs);
to interpret our estimates alongside ferritin thresholds for iron deficiency; to develop an

interactive web-based computational tool.
Design: Cross-sectional analysis using data from a longitudinal cohort study.

Setting: Children attending scheduled primary care health supervision visits from June 2008 to

February 2020 in Toronto, Canada.
Participants: 4935 children ages 2-weeks to 10-years.

Exposure: Blood samples were collected and analyzed for ferritin, hemoglobin and C-reactive

protein. Parents completed a questionnaire collecting optimality criteria for iron status.

Main Outcomes: Sex-specific RCs were estimated using generalized additive models for
location, scale, and shape (GAMLSS). OCs were derived from a sub-sample of participants
meeting predefined optimality criteria, using multiple imputation to address missing data. RCs
and OCs were interpreted in the context of the WHO threshold (<12pg/L) and the proposed

American Society of Hematology (ASH) threshold (<20ug/L).

Results: RCs were estimated from 4935 children (2322 females, 2613 males) aged 2-weeks to
10-years (median 37 months). OCs were estimated from a subset of 3630 children (1909 males,
1721 females). Curves were highest in early infancy, declined sharply at 1.5 years (lower limit 5-
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6ug/L), then gradually increased at 9-10 years (lower limit 15-17pg/L). RCs and OCs showed
similar trajectories, with slightly higher limits for OCs. The proportion of pre-adolescents in the
optimal population who would be classified as iron deficient for existing (WHO) and proposed
(ASH) thresholds differed with age. Using the ASH threshold in this cohort, 55% males and 37%

females would be considered iron deficient at 18 months.

Conclusion and Relevance: In this cross-sectional study, we estimated ferritin RCs and OCs
from a low-risk pre-adolescent population. The lower limits of curves and intervals were
substantially lower than physiologically-based thresholds to define ID. These findings further
inform the current discussion regarding distributional versus physiological approaches to

interpreting ferritin measurements and guiding clinical decision-making.
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INTRODUCTION

Ferritin, measured in serum or plasma, is commonly used in clinical practice to assess
iron stores, with low levels indicating iron deficiency (ID) and high levels indicating iron-
overload or inflammation.'? In pediatrics, ID prevalence is highest in early childhood for both
sexes and for adolescent females. ID is the leading cause of anemia, and is associated with
neurodevelopmental impairment, fatigue and decreased concentration.! Iron-overload is much
less common in children but high levels of ferritin are associated with inflammation, malignancy,

and obesity.!

To interpret ferritin levels, clinicians rely on reference intervals (RIs) developed
following Clinical Laboratory Standards Institute (CLSI) guidelines,>* from samples of healthy
reference populations with adequate sample sizes.® Rls are defined by the 2.5" and 97.5%
percentiles corresponding to lower and upper RI limits, with 90% confidence intervals (CI) for
each limit. Sex- and age-specific partitions may be required, particularly in the pediatric
population. Our systematic review of pediatric Rls for ferritin identified different age partitions
across studies and significant heterogeneity among reported Rls, limiting our ability to perform

meta-analysis to generate reliable pooled estimates.’

Reference curves (RCs), which model biomarkers as a continuous function of age, offer
an alternative to age-partitioned RIs, especially important in pediatrics considering physiological
changes from infancy through adolescence.®’ The method is similar to the approach taken for
developing the World Health Organization (WHO) growth standards.® In our systematic review,
we identified four studies on pediatric RCs for ferritin and only one provided CIs for inclusion in

our meta-analysis.’
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An alternative approach, described in anthropometric research, involves selecting a sub-
sample of individuals free from health conditions and environmental or socioeconomic risk
factors related to the biomarker of interest.!%!! Our systematic review found no studies that
excluded children at risk of ID or anemia, suggesting existing estimates may not reflect optimal
iron health. Applying optimality criteria may provide more clinically meaningful reference

limits.

Emerging evidence suggests that reliance on the distribution-based lower limit of the
ferritin RI (2.5 percentile) leads to underdiagnosis of ID in children and adults, with experts
advocating for physiologically-based thresholds (Clinical Decision Limits).!>?> The WHO
recommends a ferritin threshold of <12ug/L to define ID for children younger than 5 years and
<15pg/L over 5 years, largely based on consensus.! The 2025 American Society of Hematology
(ASH) draft recommendations suggest a ferritin threshold of <20ug/L for children ages 9 months
to 4 years, based on a single pediatric study comparing ferritin with bone marrow iron.?® Using
these thresholds rather than the lower RI limit will substantially increase the number of children

considered to have ID.!8

Our objectives were to estimate sex-specific ferritin RCs for pre-adolescents; estimate
optimal curves (OCs), using pre-defined optimality criteria; create age- and sex-specific RIs and
optimal intervals (Ols); contextualize our estimates alongside WHO and proposed ASH ID

thresholds; and develop an interactive web-based computational and graphical tool.
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METHODS

Population and study design
We used cross-sectional data from healthy children who participated in longitudinal cohort study

from a primary care research network in Toronto, Canada.?” Children were recruited at any of the
following scheduled health supervision visits: 2-weeks, 2-, 4-, 6-, 9-, 12-, 15-, 18-months of age,
then annually to 5 years. Parents completed questionnaires covering demographics and medical
history, including birthweight, gestational age, and household income. Trained research
assistants in participating clinics collected anthropometric measures and blood samples at
multiple visits, with blood sample collection being optional. Pre-COVID19 data (June 2008-
February 2020) from children 2-weeks to 10-years were included. Children with health
conditions affecting growth, acute or chronic conditions (other than asthma and high-functioning
autism), or severe developmental delay, and those with families unable to communicate in
English were excluded.?” Blood samples were collected in serum-separator and
Ethylenediaminetetraacetic acid (EDTA) tubes, transported at room temperature on the same day
to the accredited research laboratory at Mount Sinai Services, Toronto, Canada, and analysed
within 4-6 hours for ferritin. Hemoglobin was measured in whole blood using the Sysmex XN-
9000 Analyzers (Japan).?” Serum ferritin and c-reactive protein were measured using a modular

platform Roche Diagnostics (Switzerland).?’

The Research Ethics Boards at the Hospital for Sick Children and St Michael’s Hospital
granted approval and consent was obtained from parents of participating children. We followed
the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting

guideline.?®
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Optimal curve sub-group
To create a sub-group at low risk of ID, we used pre-specified optimality criteria obtained

from previous research?*2 and recommendations*—° regarding factors associated with iron
status. Data were excluded from children with anemia (hemoglobin for ages 6-23 months
<105g/L, 24-59 months <110g/L, and >60 months <115g/L)*, living in low-income households
(<$42,000 Canadian)*’, and/or under or overweight (above or below zBMI+/-1.96*SD,
respectively).>! BMI (kg/m?) was calculated from measured height/length and weight
standardized for age and sex using WHO growth standards.?”3!-*8 The income threshold
approximates the average Statistics Canada low income cut-off before tax for a family of four
residing in urban area with population over 100,000 between 2008-2020.” We excluded data
from children <2 years if born prematurely (<37 weeks gestational age) or with low birth weight
(<2,500grams);* or if the C-reactive protein (CRP) was above 5mg/L suggesting acute systemic

inflammation which can falsely elevate ferritin.*

Data analysis
Some children had repeated measurements, therefore we selected one ferritin

measurement per child prioritizing observations from ages with sparse data (referred to as ‘lean
pick’).’> We estimated sex-specific RCs and OCs using the same analytic methods. RCs included
the overall cohort. OCs included the sub-group meeting optimality criteria. The generalized
additive models for location, scale and shape (GAMLSS) method was used to model the age-
dependent distribution of ferritin separately for males and females. We applied the Box-Cox-t
(BCTo) transformation that accommodates skewed and heavy tailed distributions, and selected
the log-link function based on generalized Akaike information criteria (AIC).*® We used the
gamlss package in R version 5.4-22 4142 Parameters of distributions were estimated as a smooth

function of age using penalized B-splines.** Outliers were identified using Dunn-Smyth residuals
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(+/-3 z-scores) and removed.* The model was refitted to remaining observations. This process
was iteratively repeated until no additional outliers were identified. Ninety percent CIs* for the
fitted centile curves were estimated using the non-parametric bootstrap method (200 bootstrap

samples).

We estimated 5, 10" and 20™ centile curves to allow comparisons with WHO and ASH

46.47 we derived

ID thresholds for children 2-weeks to 5-years.*> Informed by previous studies,
age- and sex-specific RIs and Ols from the RCs and OCs by estimating ferritin values at 2.5™
and 97.5" centiles using predictions from fitted GAMLSS models. Lower and upper limits were

calculated for each month of age and for previously proposed standardized age-intervals®: 3-

month age intervals for children under 3-years, and one-year intervals afterwards.

Using the Shiny application, we developed a web-based computational and graphical tool
to visualize estimated curves, comparison with WHO and ASH thresholds, and allow interactive
age- and sex-specific estimation of Rls and OIs based on fitted models. Statistical analyses were
performed using R version 4.4.1.4> RCs were compared descriptively through visual inspection

across the age range. No formal statistical tests were performed.

Missing data
RCs were estimated using data from participants with at least one ferritin measurement,

maximizing our sample size for younger children using a lean-pick approach. For OCs, we used
multiple imputations (MI) by chained equations to handle missing data for variables used to
define the optimality criteria.*®* In our MI model, we incorporated available repeated
measurements and both time-varying and time-invariant variables. Restricted-cubic-splines were

used to model non-linear relationships. MI models included age in months and ferritin (both with
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knot terms), hemoglobin, household income (defined as the middle of the reporting interval),

zBMI score, prematurity, and low birthweight.

To manage missing ferritin data when imputing optimality criteria variables, our primary
OC estimation analysis followed the multiple-imputation-then-deletion (MID) approach under
the missing-at-random (MAR) assumption.>® Initially, we relied on the full dataset including
participants with and without ferritin values to impute data on optimality criteria. We then
excluded participants with no ferritin values or missing CRP values to estimate OCs. Two
sensitivity analyses were conducted to assess robustness of the findings to this strategy for
managing missing data: deletion-then-multiple-imputation (DMI), where records with missing
ferritin values were excluded prior to imputation; and complete-case analysis, where only
participants with observed optimality criteria were included in OC estimation. Eighty-one
imputed datasets were generated in the primary MID approach and twenty-seven in the DMI
approach.’! For each approach, results were combined using Rubin rules.*® Imputation was
implemented using R mice package version 3.17.0, miceadds version 3.17.44.%°, and for

restricted-cubic-splines rms package version 6.8-2.%2

RESULTS

Study characteristics
Of 11,802 children enrolled, blood work was obtained including ferritin for 4935 children

(2322 females, 2613 males) ages 2-weeks to 10-years (median 37 months); we used these values
to estimate sex-specific RCs (Table 1). Children in the cohort with and without ferritin appeared

to have similar characteristics. Sample size by age is shown in eTable 1.

Sex-specific OCs were estimated using a sub-sample of 3630 children (1909 males, 1721

females) meeting the optimality criteria. From 3.8% (low birthweight) to 9.5% (household
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income below low-income cut-off) of participants were in a non-optimal category when each
variable was considered separately, with 26% excluded due to being in a non-optimal category
for one or more of the criteria (Table 1). Eight males and three females, considered extreme

outlier observations, were removed in both RC and OC analyses.
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Table 1. Characteristics of study participants.

Full| Participants with Participants with ferritin values,
Characteristics TARGetKids! ferritin values® imputation?
Cohort' N=4,935| All participants | Participants meeting
N=11,802 N = 4,935 optimality criteria®
N =3,630
Age in months, median (IQR) 34 (11, 69) 37 (18, 62) 37 (18, 62) 40 (21, 64)
Sex, n (%)
Female 5,672 (48.1) 2,322 (47.1) 2,322 (47.1) 1,721 (47.4)
Male 6,130 (51.9) 2,613 (52.9) 2,613 (52.9) 1,909 (52.6)
Ferritin (ug/L), median (IQR) 30 (21,43) 29 (20, 41) 29 (20, 41) 29 (21, 40)
Missing, n (%) 9,384 (79.5) 0 (0) 0(0) 0 (0)
CRP (mg/L), median (IQR) 0.3(0.2,0.7) 0.3 (0.2, 0.6) 0.3 (0.2, 0.6) 0.2 (0.2, 0.5)
Missing, n (%) 9,121 (77.3) 0(0) 0(0) 0(0)
Low income cut-off (LICO), n (%)
Above LICO 7,688 (89.1) 3,985 (90.5) 4,464 (90.5) 3,630 (100.0)
Below LICO 941 (10.9) 417 (9.5) 471 (9.5) 0 (0)
Missing 3,173 (26.9) 533 (10.8) 0(0) 0(0)
Prematurity? n (%)
Not premature 9,850 (95.9) 4,555 (96.0) 4,734 (95.5) 3,630 (100.0)
Premature 417 (4.1) 189 (4.0) 201 (4.1) 0 (0)
Missing 1,535 (13.0) 191 (3.9) 0(0) 0 (0)
Low birthweight® n (%)
Not low birthweight 10,285 (96.2) 4,678 (96.3) 4,746 (96.2) 3,630 (100.0)
Low birthweight 409 (3.8) 181 (3.7) 189 (3.8) 0(0)
Missing 1,108 (9.4) 76 (1.5) 0(0) 0 (0)
Overweight/Underweight® n (%)
Not Overweight/Underweight 10,313 (90.6) 4,447 (92.0) 4,539 (92.0) 3,630 (100.0)
Overweight/Underweight 1,071 (9.4) 385 (8.0) 396 (8.0) 0(0)
Missing 418 (3.5) 103 (2.1) 0(0) 0(0)
Anemia, n (%)
No anemia 3,650 (95.6) 4,189 (92.5) 4,569 (92.6) 3,630 (100.0)
Anemia 169 (4.4) 341 (7.5) 366 (7.4) 0 (0)
Missing 7,983 (67.6) 405 (8.2) 0(0) 0(0)

“Applicable when ferritin measured in first 24 months of life
b4bove or Below zBMI +/- 1.96*SD, where zBMI is BMI z-score relative to WHO reference population adjusted for age and sex

cSample for reference curve estimation

dMissing data (not included in denominator for other category) for optimality criteria variables imputed with multiple imputation
then deletion (MID) approach (see Methods)

¢Sample for optimal curve estimation

/Cross-sectional sample was derived firom the full TARGet Kids! longitudinal dataset using the lean-pick method
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Reference and optimal curves
For both males and females aged 2-weeks to 10-years, RCs and OCs showed a similar

pattern with respect to age, with higher variation in older females (Figure 1). Although the OC
lower limits were consistently above the RC lower limits, the two curves generally overlapped.
Both lower and upper limits were high in early infancy and sharply declined during the first year
of life, reaching a minimum at approximately 1-1.5 years of age, with the lower limit reaching
approximately 5-6pg/L. Both curves gradually increased after the second year of life, reaching a

maximum at approximately 9-10 years, with the lower limit reaching approximately 15-17pg/L.

237



1250

10004

7501

500+

Ferritin ug/L

2504

1250

Age (Years)

10001

-
o
=

Ferritin ug/L
en
=

250+

Age (Years)

Figure 1. Ferritin reference curves (red) and optimal curves (green) with the corresponding 90%
confidence intervals for children aged 2 weeks to 10 years. The actual measurements of ferritin

from the 2322 children are presented using scatter plots (black) for 2613 males (A), and 2322
females (B).

ID thresholds
Age-specific 5%, 10%, and 20™ percentile thresholds as well as WHO and ASH thresholds

for the optimal populations of children 2-weeks to 5-years are shown in Figure 2 (males) and
Figure 3 (females). For both males and females, the WHO threshold generally fell between the

5% and 10™ percentile of our OCs, but with fluctuation over age. The ASH threshold exceeded
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the 20 percentile between 9-months and 3.5 to 4-years of age. The proportion of children in the
optimal population who would be classified with ID for each threshold differed by child age. For
example, at 18-months of age, the proportion for males and females would be 19.7% and 15.1%

using the WHO threshold, and 54.7% and 37.0% using the ASH threshold, respectively.
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Figure 2. Lower limits of ferritin reference curves (red) and optimal curves (green) for males
with the corresponding 90% confidence intervals (shaded) for children aged 2 weeks to 5 years.

20™) are shown in green.

The WHO and ASH ferritin thresholds for iron deficiency are also presented. Regions between

the age of 6 months and 5 years are magnified. Additional optimality centile cures (5%, 10", and
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Figure 3. Lower limits of ferritin reference curves (red) and optimal curves (green) for females
with the corresponding 90% confidence intervals (shaded) for children aged 2 weeks to 5 years.
The WHO and ASH ferritin thresholds for iron deficiency are also presented. Regions between
the age of 6 months and 5 years are magnified. Additional optimality centile cures (5%, 10", and
20™) are shown in green.
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Reference intervals
Table 2 provides RlIs and Ols (lower and upper limits) with the corresponding 90%Cls

for males and females, based on three-month age intervals for children under 3-years and yearly

intervals after 3-years. Results using monthly age intervals are presented in eTable 2.
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Table 2. Age- and sex-specific reference and optimal intervals for ferritin (ng/L) with the
corresponding 90% confidence intervals.

Age Group Lower Upper

Optimal Limit | Reference Limit Optimal Limit Reference Limit
Males
2 weeks - 2 months 26.2 (14.6-37.9) 23.7 (12.3-38) 496 (231.1-760.9) 592 (389-836)
3 - 5 months 15.5(11-19.9) 11.1(8.1-14.4) 252.9 (195.4-310.4) 245.7 (203.4-298.4)
6 - 8 months 10.1 (8.2-12.1) 7 (5.8-8.7) 146.4 (124.2-168.5) 135.7 (113-164.2)
9 - 11 months 7.6 (6.5-8.7) 5.8 (5-6.9) 97.5 (86.1-109) 99 (88.8-112.9)
12 - 14 months 6.3 (5.6-7.1) 5.4 (4.7-6.5) 73.8 (66.5-81.1) 81.3 (73.9-90.6)
15 - 17 months 5.9 (5.2-6.5) 5.1 (4.6-5.8) 62.4 (56.9-67.9) 68.5 (63.3-75)
18 - 20 months 6 (5.4-6.6) 5.1 (4.6-5.8) 58.1 (53.3-63) 61.4 (56.5-67.2)
21 - 23 months 6.5 (5.9-7.1) 5.6 (5-6.2) 58.5(53.9-63.2) 61 (56.9-66.3)
24 - 26 months 7.2 (6.5-7.9) 6.3 (5.6-7) 60.7 (55.7-65.7) 63.3 (58.9-69.3)
27 - 29 months 7.9 (7.1-8.6) 6.9 (6.2-7.5) 61.8 (56.5-67.2) 63.9 (58.6-70.3)
30 - 32 months 8.3 (7.5-9.1) 7.3 (6.5-8.1) 61.6 (56.2-67) 62.9 (56.9-69.3)
33 - 35 months 8.7 (7.9-9.5) 7.6 (6.9-8.6) 61.4 (56.4-66.4) 62.4 (57.1-68.9)
3 - <4 years 10.2 (9.4-11) 9.2 (8.3-10.2) 65.1 (60.1-70) 66.1 (60.8-72.7)
4 - <§ years 11.9 (11.1-12.8) 10.9 (9.9-11.9) 69.3 (64.6-73.9) 69 (63.8-75.1)
5 - <6 years 12.6 (11.6-13.6) 12 (11-13.2) 68.3 (63.5-73.1) 71.3 (65.8-76.8)
6 - <7 years 13.7 (12.4-15) 12.6 (11.2-14) 70.5 (64.8-76.1) 70.5 (64.3-78.4)
7 - <8 years 15.3(13.9-16.8) 14.5 (13-16.3) 76.8 (70-83.7) 77.8 (69.8-87.3)
8 - <9 years 15.8 (14.2-17.4) 15.2 (13.3-17) 78.8 (71.5-86.2) 78.7 (70.6-88.2)
9 - <10 years 17.9 (15.9-19.9) 17.3 (15-20.1) 86.9 (78-95.9) 86.9 (76.6-96.9)
10 - <11 years 16.6 (14.1-19.1) 16.5 (13.9-19.4) 76.7 (65.5-88) 78.6 (64-92.2)
Females
2 weeks - 2 months 30.3 (8.2-52.3) 21.5(12.9-41) 653.7 (378.2-929.3) 589.2 (382.1-928.3)
3 - 5 months 15.6 (9-22.3) 12.9 (9.4-17.8) 303.8 (237-370.5) 305.6 (239.9-380.2)
6 - 8 months 9.8 (7.4-12.2) 8.5 (7-10.3) 167.5 (140.8-194.2) 180.4 (153.1-208)
9 - 11 months 7.5 (6.3-8.7) 6.6 (5.6-7.6) 111.3 (95.5-127.2) 122.7 (107.6-138.2)
12 - 14 months 6.7 (5.8-7.5) 5.7 (4.9-6.5) 86.3 (75.9-96.7) 95.3 (85.9-106.2)
15 - 17 months 6.6 (5.9-7.3) 5.5(4.9-6.3) 75.2 (67.5-82.9) 81.7 (74.8-89.7)
18 - 20 months 7(6.3-7.7) 5.7 (5.1-6.4) 71.1(64.3-77.9) 75.9 (68.8-82.1)
21 - 23 months 7.7 (7-8.5) 6.3 (5.5-7) 70.4 (63.8-76.9) 73.6 (67.2-79.6)
24 - 26 months 8.5(7.6-9.3) 6.9 (5.9-1.7) 70.1 (63.3-76.9) 72.3 (65.8-78.9)
27 - 29 months 8.9 (7.9-9.8) 7.3 (6.5-8.3) 68.2 (61.4-75) 70.1 (62.9-77.2)
30 - 32 months 9 (8-10.1) 7.7 (6.9-8.7) 65.3 (58.8-71.9) 68.2 (60.2-75.1)
33 - 35 months 9.2 (8.2-10.2) 8.2(7.3-9.1) 63.6 (57.8-69.5) 66.9 (59.5-73.3)
3 - <4 years 10.4 (9.4-11.4) 9.7 (8.6-10.7) 66.6 (60.9-72.3) 69.6 (63.2-75.8)
4 - <5 years 12.1 (10.9-13.3) 11.2 (10-12.4) 73.9 (67.9-79.9) 77.3 (70.9-84.6)
5 - <6 years 12.8 (11.5-14.2) 11.8 (10.4-13.1) 75.3 (68.1-82.6) 80.1 (72.6-89.9)
6 - <7 years 14.1 (12.3-15.9) 12.4 (10.9-14.7) 72.6 (65.5-79.7) 73.8 (65.4-82.2)
7 - <8 years 15.8 (13.9-17.6) 14.6 (12.6-17.2) 78.8 (70-87.5) 81.3(71.8-91.1)
8 - <9 years 14.7 (12.8-16.7) 14 (12.1-15.8) 81.4 (70.6-92.2) 85.4 (75.2-99.0)
9 - <10 years 15.8 (13.5-18.2) 14 (11.4-16.5) 88 (74.5-101.4) 91.3 (78.9-110.1)

10 - <11 years

17.6 (13.3-22.0)

15.1 (10.6-20.4)

88.5 (71.1-106)

97.8 (77.6-123.9)
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Sensitivity analysis
Sensitivity analyses using the DMI strategy instead of MID yielded no substantive

differences in OCs for males and females (eFigures 1 and 2 and eTable 3). In complete-case
analysis, OC estimates for males were also similar but the MID approach yielded slightly
narrower Cls, particularly in infancy and late childhood (eFigures 3 and 4). In females,
complete-case analysis generated similar OC estimates to the MID approach except at ages 8-
years and older, where complete case analysis estimates were more variable with notably wider

Cls, especially in the upper limit of OCs.

Interactive web-based tool
The Optimized Reference Assessment for Clinical Laboratory Evaluation for Ferritin

(ORACLE-FER) Shiny app is an interactive web-tool designed to support the interpretation of
ferritin concentrations for pediatric populations based on our study findings.> The app enables
users to explore ferritin RIs and Ols, respectively generated from RCs and OCs, for children
aged 2-weeks to 10-years. The user can enter the child’s sex and birthdate or age to view age-
and sex-specific RIs and Ols, visualize the optimality zone (area between lower/upper OCs), and
compare values with WHO and ASH thresholds. The app supports multiple age formats (custom
ranges, WHO age categories, standardized intervals) and displays an individual child’s ferritin

value relative to RCs and OCs.

DISCUSSION

In this study, we generated sex-specific ferritin RCs based on cross-sectional data from a
healthy cohort of 4935 Canadian children (2322 females, 2613 males) aged 2-weeks to 10-years.
We then applied pre-specified optimality criteria to define a sub-population at lower risk of ID to
estimate sex-specific OCs. Given pronounced skewness of the distribution of ferritin

measurements, we selected GAMLSS modeling, which accommodates asymmetry and enables
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simultaneous modeling of the distribution’s mean, variance, skewness, and kurtosis as smooth
functions of age. Multiple imputation was used to handle missing data for optimality criteria.
From RCs and OCs, we generated age- and sex-specific RIs and Ols with their corresponding
Cls. We developed a web-based tool that enables users to obtain individualized RI and OI
estimates for ferritin based on a child’s exact age and sex and contextualizes the results with

respect to WHO and ASH ID thresholds.

Our curves for ferritin show a dynamic relationship with age in pre-adolescents, with the
lower-limit reaching a minimum of 5-6ug/L at 1.5 years and maximum of 15-17pg/L at 9-10
years. The similarity between ferritin RCs and OCs likely reflects the profile of the cohort, which
was designed to represent a generally healthy population.?” Furthermore, while our optimality
criteria aimed to create a low risk sub-group, this is not equivalent to ideal iron status. Applying

optimality criteria did not appear to substantially add incremental interpretive value.

Of four studies we identified that have developed pediatric ferritin RCs, two”*® used
quantile regression and two used the Lambda-Mu-Sigma (LMS) method.>*3 Three of the four

studies?®:46-55

reported ferritin RCs below four years of age and no studies reported values below
one year of age. In our study, the lowest ferritin values at 18-months of age were 5.9ug/L
(90%Cl, 5.3-6.5png/L) from the OC for males and 6.8ug/L (90%CI, 6.1-7.5ug/L) from the OC
for females. By comparison, the single study that provided 90%CI °, reported 6.5ug/L (90%CI,
1.5-11.4pg/L) for males and 9.0ug/L (90%CI, 6.5-11.5ng/L) for females at 18-months. The other

two studies that reported values at 18-months*6->3

reported values of 2.5 and 7.1pug/L for males
and 9.0 and 11.5ug/L for females, respectively. Across studies, the lower limit is lower for males

as compared to females, which may be due to more rapid growth in males.>¢
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There is a developing consensus that the distribution-based lower RI limit (2.5%
percentile) leads to underdiagnosis of ID.?® The ASH threshold of <20ug/L is based on a single
diagnostic accuracy study comparing ferritin measurements with bone marrow iron in 87
Malawian children (6-66 months) undergoing elective surgery.?®>’ More recent studies using a
physiologically-based approach comparing ferritin with hemoglobin support this threshold.!?-!7
Our findings suggest that applying a threshold of <20ug/L (rather than the lower RI limit or
WHO threshold) will substantially increase the proportion of children diagnosed with ID. This is

especially true for young children <3 years for whom prevalence may be higher than 50%.

The development of lower and upper limits of RIs and RCs has inherent limitations due
to its distribution-based approach. Thresholds (also known as Clinical Decision Limits) are
established based on clinically important outcomes. Using data from the same cohort, we have
previously identified a ferritin threshold of 17-23.7ug/L for ID in children 1-3 years using a
physiological outcome (hemoglobin) and a functional outcome (cognition).'>>3 However, ID
thresholds do not provide an upper limit, which also has clinical utility. Furthermore, the ID
threshold may vary across age, as seen in the continuous lower limit of the curves, suggesting a

single pediatric threshold may not suffice.

Our interactive web-based tool is intended to complement, rather than replace existing
current laboratory reporting standards which include reporting Rls. In addition, the tool
contextualizes ID thresholds in terms of normative and optimal levels that vary across age and
sex. However, the tool requires further validation by clinical and laboratory users. Future work
will focus on expanding the underlying model using international datasets to improve

generalizability.
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Strengths and limitations
Strengths of our study include the large sample size of pre-adolescent children including

those in the higher-risk age group of 1-3 years, use of data from a healthy community cohort,
application of pre-specified optimality criteria, use of rigorous statistical methods following
CLSI, use of multiple imputation to address missing data on optimality criteria, and

contextualizing our findings alongside WHO and recently proposed ASH ID thresholds.

Our study has several limitations. Data were collected from a single urban Canadian
center with exclusion of non-English-speaking families which may limit generalizability.
Therefore, the curves and intervals should not be adopted internationally without local
verification. It is notable that physiologically-based thresholds for young children from our
Canadian cohort!'# are similar to those from U.S.!¢!8 and 12 other countries.!” Excluding children
with a CRP>5 mg/L may have excluded some children with low-grade inflammation related to
adiposity. In previous research in this cohort, we examined the complex relationship between
ferritin, ZBMI and CRP in young children and found no interaction between zBMI and CRP.3!
We lacked sufficient representation of neonates younger than 2-weeks and children older than 10
years. [ron disorders are rare in neonates, but ID is prevalent in adolescent females.
Physiologically-based ID thresholds have been reported in a cohort of non-pregnant women
including those as young as 15 years.!®!® Missingness was assumed to be Missing at Random
(MAR); however, the MAR assumption cannot be empirically confirmed from observed data

alone, which remains an inherent limitation.

CONCLUSION

In this cross-sectional study, we derived ferritin RCs and OCs from a low-risk pre-
adolescent population. In contrast to Rls, the curve approach addressed the limitations of age

partitioning and sample size. However, the lower limit of curves and intervals were substantially
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lower than physiologically-based thresholds to define ID. These findings further inform the
current discussion regarding distributional versus physiological approaches to interpreting

ferritin measurements and guiding clinical decision-making.
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Supplemental tables and figures

eTable 1. Number of children used in estimations of reference and optimal ferritin curves by sex
and standardized age groups.

Characteristic Reference Curves Optimal Curves
Female Male Female Male
N=2,322" | N=2,613' | N=1,721' | N=1,909’
Age Group, n (%)
2 weeks - 2 months | 12 (0.5%) | 22 (0.8%) | 10 (0.6%) | 13 (0.7%)
3 - 5 months 25 (1.1%) | 25(1.0%) | 14(0.8%) | 13 (0.7%)
6 - 7 months 68 (2.9%) | 65(2.5%) |47 (2.7%) |41 (2.1%)
9 - 11 months 113 (4.9%) | 145 (5.5%) | 73 (4.2%) | 80 (4.2%)
12 - 14 months 165 (7.1%) | 185 (7.1%) | 104 (6.0%) | 107 (5.6%)
15 - 17 months 120 (5.2%) | 140 (5.4%) | 76 (4.4%) | 98 (5.1%)
18 - 20 months 161 (6.9%) | 165 (6.3%) | 111 (6.4%) | 106 (5.6%)
21 - 23 months 45 (1.9%) | 62(2.4%) |29 (1.7%) | 36(1.9%)
24 - 26 months 214 (9.2%) | 208 (8.0%) | 154 (8.9%) | 163 (8.5%)
27 - 29 months 49 (2.1%) | 53(2.0%) | 35(2.0%) |41 (2.1%)
30 - 32 months 29 (1.2%) |43 (1.6%) |18 (1.0%) |21 (1.1%)
33 - 35 months 28 (1.2%) |44 (1.7%) |21 (1.2%) |30 (1.6%)
3 - <4 years 326 (14%) | 319 (12%) | 261 (15%) | 252 (13%)
4 - <5 years 288 (12%) | 354 (14%) | 232 (13%) | 288 (15%)
5 - <6 years 249 (11%) | 266 (10%) | 176 (10%) | 203 (11%)
6 - <7 years 110 (4.7%) | 146 (5.6%) | 92 (5.3%) | 117 (6.1%)
7 - <8 years 110 (4.7%) | 102 (3.9%) | 94 (5.5%) | 83 (4.3%)
8 - <9 years 101 (4.3%) | 112 (4.3%) | 88 (5.1%) | 90 (4.7%)
9 - <10 years 65 (2.8%) |89 (3.4%) |50(2.9%) |69 (3.6%)
10 - <11 years 44 (1.9%) | 68 (2.6%) |36(2.1%) | 58 (3.0%)

'n (%)
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eTable 2. Age- and sex -specific reference intervals (RIs) and optimal intervals (Ols) with 90%
confidence intervals (CIs) for children aged 0 - 131 months.

Month Lower Limit Upper Limit

Optimal Limit \ Reference Limit Optimal Limit Reference Limit
Males
0 31.3(15.7-46.9) | 30.6 (13.9-53.1) | 620.8 (149.5-1092.1) | 790.6 (466.6-1219.6)
1 25.9(14.7-37.1) | 23.2(12.2-35.8) | 484.3 (283.6-685.1) 570.7 (382.6-764.1)
2 21.5(13.4-29.6) 17.5 (10.6-25) 383 (260.3-505.6) 414.8 (317.9-524.3)
3 18 (12.2-23.9) 13.6 (9.3-17.9) 306.4 (226.4-386.5) 309.3 (253.7-376.5)
4 15.3 (11-19.5) 10.8 (8-13.9) 248.3 (194-302.6) 237.5 (199.9-288)
5 13.1 (9.9-16.3) 8.9 (7-11.4) 204 (165.7-242.3) 190.3 (156.7-230.8)
6 11.4 (8.9-13.8) 7.7 (6.3-9.7) 170.2 (142.1-198.3) 155.8 (128.4-191.7)
7 10 (8.1-11.9) 6.9 (5.7-8.5) 144.4 (123-165.8) 133.3(110.5-161.9)
8 9 (7.5-10.5) 6.4 (5.4-7.7) 124.4 (107.6-141.3) 118 (100.2-139)
9 8.2(6.9-94) 6 (5.1-7.1) 108.9 (95.3-122.5) 106.7 (94.5-123.4)
10 7.5 (6.4-8.6) 5.8 (4.9-7) 96.7 (85.5-107.9) 98.3 (88.6-112.1)
11 7(6.1-7.9) 5.7 (4.8-6.8) 87.1(77.6-96.5) 92 (83.4-103.3)
12 6.6 (5.8-7.4) 5.5 (4.8-6.6) 79.4 (71.2-87.6) 86.3 (78-95.8)
13 6.3 (5.6-7.1) 5.4 (4.7-6.5) 73.4 (66.2-80.6) 81.3 (73.8-90.9)
14 6.1 (5.4-6.8) 5.3 (4.6-6.2) 68.6 (62.2-75.1) 76.4 (69.9-85.2)
15 6 (5.3-6.6) 5.2 (4.6-6) 64.9 (59-70.8) 72 (66.1-79.7)
16 5.9 (5.2-6.5) 5.1 (4.6-5.8) 62.1 (56.7-67.6) 68.2 (63-74.7)
17 5.8(5.2-6.5) 5.1 (4.5-5.7) 60.1 (54.9-65.3) 65.2 (60.7-70.7)
18 5.9 (5.3-6.5) 5(4.6-5.7) 58.7 (53.7-63.7) 62.6 (57.9-68.5)
19 6 (5.3-6.6) 5.1 (4.6-5.7) 58 (53.1-62.8) 61.1 (56.1-67)
20 6.1 (5.5-6.7) 52(4.7-5.9) 57.7 (53-62.5) 60.5 (55.6-66.1)
21 6.3 (5.7-6.9) 5.4 (4.8-6) 57.9 (53.3-62.6) 60.4 (55.8-65.6)
22 6.5 (5.9-7.1) 5.6 (5.1-6.2) 58.4 (53.8-63.1) 61 (56.9-66.3)
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23 6.7 (6.1-7.4) 5.8 (5.2-6.5) 59.2 (54.5-63.8) 61.8 (58-67.1)
24 7(6.3-7.7) 6.1 (5.5-6.8) 60 (55.1-64.8) 62.6 (58.5-68)

25 7.2 (6.5-8) 6.3 (5.6-7.1) 60.7 (55.7-65.8) 63.4 (59-69.7)

26 7.5 (6.7-8.2) 6.5 (5.8-7.3) 61.4 (56.2-66.5) 63.9 (59.1-70.4)
27 7.7 (6.9-8.4) 6.7 (6-7.4) 61.7 (56.4-67) 64.1 (58.9-70.4)
28 7.9 (7.1-8.6) 6.9 (6.2-7.5) 61.9 (56.5-67.2) 64.1 (58.9-70.3)
29 8 (7.2-8.8) 7(6.3-7.7) 61.9 (56.5-67.2) 63.6 (58.1-70.3)
30 8.2 (7.4-9) 7.2 (6.4-7.9) 61.8 (56.4-67.1) 63.1 (57.3-69.5)
31 8.3 (7.59.1) 7.3 (6.5-8.1) 61.6 (56.2-67) 62.9 (56.9-69.2)
32 8.4 (7.6:9.2) 7.4 (6.6-8.4) 61.4 (56.1-66.8) 62.7 (56.6-69.4)
33 8.5 (7.7-9.4) 7.5 (6.7-8.5) 61.3 (56.1-66.5) 62.5 (56.7-69.6)
34 8.7 (7.9-9.5) 7.6 (6.8-8.6) 61.3 (56.3-66.3) 62.4 (57.1-68.7)
35 8.8 (8-9.6) 7.8 (7.1-8.8) 61.4 (56.6-66.2) 62.4 (57.6-68.5)
36 9 (8.2-9.8) 8 (7.2-9) 61.6 (57-66.3) 62.9 (58.2-68)

37 9.2 (8.4-10) 8.2 (7.4-9.1) 62 (57.4-66.6) 63.3 (58.4-68)

38 9.4 (8.6-10.2) 8.4 (7.6-9.4) 62.4 (57.8-67) 63.8 (58.5-69.2)
39 9.6 (8.8-10.4) 8.7 (7.8-9.7) 63 (58.3-67.7) 64.5 (58.9-70.2)
40 9.8 (9-10.6) 8.9 (8-9.9) 63.7 (58.9-68.5) 65.2 (59.3-71.4)
41 10 (9.2-10.9) 9.2 (8.3-10.2) 64.5 (59.6-69.4) 66 (60.4-72.4)

42 103 (9.5-11.1) | 9.4 (8.5-10.4) 65.4 (60.4-70.4) 66.7 (61.5-73.5)
43 10.5(9.7-11.4) | 9.6 (8.7-10.6) 66.3 (61.1-71.4) 67.5 (62.3-74.3)
44 10.8 (9.9-11.6) | 9.8(8.9-10.9) 67.1 (61.8-72.3) 68.1 (62.8-75.6)
45 11 (10.1-11.8) 10 (9-11.1) 67.8 (62.5-73.1) 68.4 (62.9-76)

46 11.2(10.3-12) | 10.1(9.2-11.2) 68.4 (63.1-73.6) 68.6 (63.1-77)

47 11.3(10.5-12.1) | 10.2(9.3-11.3) 68.7 (63.7-73.8) 68.4 (63.5-76.6)
48 11.4 (10.6-12.2) | 10.3 (9.4-11.3) 69 (64.1-73.8) 68.3 (63.5-75.6)
49 11.6 (10.8-12.3) | 10.4 (9.3-11.4) 69 (64.3-73.8) 68.1 (63.2-74.8)
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50 11.6 (10.8-12.5) | 10.4 (9.3-11.5) 69.1 (64.4-73.7) 68 (62.7-74.3)
51 11.7 (10.9-12.6) | 10.5 (9.5-11.6) 69.1 (64.4-73.7) 68 (62.5-74.2)
52 11.8 (10.9-12.7) | 10.6 (9.5-11.8) 69.1 (64.3-73.8) 67.8 (62.5-74)
53 11.9(11-12.8) | 10.7 (9.7-11.9) 69.1 (64.3-73.9) 67.9 (63-74.6)
54 12(11.1-12.9) | 10.8(9.8-12) 69.2 (64.5-73.9) 68.3 (63.3-74.1)
55 12.1 (11.2-13) 11 (10-12.1) 69.3 (64.7-74) 68.9 (63.8-74.8)
56 12.2(11.3-13.1) | 11.2(10.2-122) |  69.5 (64.9-74.1) 69.6 (64-75.5)
57 123 (11.4-13.2) | 11.3(10.4-12.3) 69.6 (65-74.1) 70.4 (65.1-76.1)
58 123 (11.4-13.3) | 11.5(10.6-12.5) |  69.6 (65.1-74.2) 71 (65.8-76.5)
59 12.4 (11.5-13.3) | 11.6 (10.7-12.6) |  69.6 (65.1-74.1) 71.4 (65.9-76.9)
60 12.5(11.6-13.4) | 11.7(10.9-12.7) |  69.5 (65.1-73.9) 71.5 (65.9-76.9)
61 12.5 (11.6-13.4) | 11.8(10.9-12.8) |  69.3 (64.9-73.7) 71.5 (66.2-76.8)
62 12.5(11.6-13.5) | 11.8(10.9-12.9) |  69.1 (64.6-73.5) 71.4 (66.6-77)
63 12.5 (11.6-13.5) | 11.9(10.9-13) 68.8 (64.3-73.3) 71.3 (66.2-76.9)
64 12.6 (11.6-13.5) | 11.9(10.8-13.1) |  68.5 (63.8-73.2) 71.2 (65.6-76.5)
65 12.6 (11.5-13.6) | 11.9(10.8-132) |  68.2(63.4-73.1) 71 (65.4-76.5)
66 12.6 (11.5-13.6) | 12(10.9-13.3) 68 (63-73) 71.1 (65.5-76.7)
67 12.6 (11.5-13.7) | 12.1(10.9-13.4) |  67.8 (62.8-72.8) 71 (65.5-76.7)
68 12.7 (11.6-13.8) | 12.1(11-13.5) 67.7 (62.7-72.7) 71 (65.9-76.7)
69 12.7(11.6-13.8) | 122 (11.1-13.5) |  67.6 (62.6-72.7) 71.3 (65.6-76.6)
70 12.8 (11.6-13.9) | 123 (11.1-13.5) |  67.7 (62.5-72.8) 71.4 (65.3-76.9)
71 12.8 (11.7-14) | 12.3 (11.2-13.5) 67.7 (62.5-73) 71.4 (65.7-77.6)
72 12.9 (11.7-14.1) | 123 (11.2-13.6) | 67.9(62.6-73.3) 71.3 (65.3-78.4)
73 13(11.8-142) | 123 (11.1-13.6) | 68.1 (62.7-73.6) 70.8 (65.1-78)
74 13.1 (11.9-14.4) | 123 (11.1-13.5) |  68.4 (62.9-73.9) 70.4 (64.9-78.2)
75 133 (12-145) | 12.4(11-13.6) 68.8 (63.2-74.3) 69.9 (64.8-77.5)
76 13.4 (12.2-14.7) | 12.3(11-13.6) 69.2 (63.6-74.9) 69.4 (63.6-77.5)
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77

13.6 (12.3-14.8)

123 (11-13.7)

69.7 (64-75.5)

69.3 (63.2-78.3)

78

13.7 (12.4-15)

12.4 (10.9-13.9)

70.3 (64.5-76.2)

69.3 (62.4-78.5)

79

13.9 (12.6-15.2)

12.5 (11-14.1)

71 (65.1-76.9)

69.3 (62.3-78.6)

80

14.1 (12.8-15.4)

12.7 (11.1-14.2)

71.8 (65.9-77.7)

70 (62.9-78.5)

81

14.3 (13-15.7)

12.9 (11.4-14.3)

72.6 (66.7-78.4)

70.9 (64.1-78.3)

82

14.5 (13.2-15.9)

13.1 (11.7-14.6)

73.4 (67.6-79.2)

72.1 (65.3-79)

83

14.7 (13.3-16.1)

13.4 (12-15)

74.2 (68.4-80)

73.5 (67.3-80.4)

84

14.9 (13.5-16.3)

13.7 (12.3-15.3)

75 (69.1-80.8)

74.7 (68.7-81.9)

85

15.1 (13.6-16.5)

14 (12.4-15.6)

75.7 (69.7-81.7)

75.8 (69.4-82.6)

86

15.2 (13.7-16.7)

14.2 (12.6-15.8)

76.3 (70.1-82.4)

77 (70.4-84.3)

87

15.3 (13.8-16.8)

14.3 (12.9-16)

76.7 (70.4-83)

77.4 (71-85.2)

88

15.4 (13.9-16.9)

14.5 (13-16.1)

77.1 (70.6-83.6)

78.2 (71.1-86.4)

89

15.4 (13.9-16.9)

14.6 (13.2-16.3)

77.3 (70.6-84)

78.5 (70.9-87.5)

90

15.4 (14-16.9)

14.7 (13.2-16.5)

77.4 (70.4-84.4)

78.6 (70.4-88.8)

91

15.5 (14-16.9)

14.8 (13.2-16.5)

77.5 (70.2-84.7)

78.6 (69.9-89.2)

92

15.5 (14-16.9)

14.8 (13.2-16.8)

77.4 (70-84.9)

78.7 (69.4-90.9)

93

15.4 (14-16.9)

14.8 (13.2-16.9)

77.4 (69.8-84.9)

78.7 (69.3-90.2)

94

15.4 (14-16.9)

14.8 (13.2-16.8)

77.3 (69.7-84.8)

78.6 (68.7-90.6)

95

15.4 (14-16.8)

14.8 (13.2-16.8)

77.2 (69.6-84.7)

78.5 (68.8-90.1)

96

15.4 (14-16.8)

14.8 (13.1-16.8)

77.1 (69.6-84.6)

78 (69.4-89.3)

97

15.4 (14-16.8)

14.8 (13-16.7)

77.1 (69.6-84.6)

77.7 (69.1-88.6)

98

15.4 (14-16.8)

14.8 (13.1-16.5)

77.1 (69.7-84.6)

77.5 (69.1-88.2)

99

15.4 (14-16.9)

14.9 (13.1-16.5)

77.3 (69.9-84.6)

77.4 (69.9-87.7)

100

15.5 (14-17)

15 (13.1-16.5)

77.5 (70.3-84.8)

77.5(70.1-87.8)

101

15.6 (14.1-17.1)

15 (13.2-16.5)

77.9 (70.7-85.1)

77.7 (70.3-87.5)

102

15.7 (14.1-17.3)

15.2 (13.4-16.6)

78.4 (71.3-85.6)

78.2 (70.6-87.1)

103

15.8 (14.2-17.5)

15.3 (13.3-17)

79 (71.8-86.3)

78.6 (71.2-87.5)
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104

16 (14.3-17.8)

15.5 (13.2-17.3)

79.8 (72.5-87.1)

79.2 (71-87.1)

105

16.2 (14.4-18)

15.7 (13.2-17.7)

80.6 (73.2-88.1)

80 (71.5-87.8)

106

16.4 (14.5-18.3)

15.8 (13.5-17.9)

81.6 (74-89.1)

81 (72-89.3)

107

16.7 (14.7-18.6)

16.1 (13.8-18.1)

82.6 (75-90.2)

82 (73.1-90.6)

108

16.9 (15-18.9)

16.4 (14.1-18.4)

83.7 (76-91.3)

82.8 (74.4-92)

109

17.2 (15.2-19.1)

16.6 (14.5-19)

84.7 (77-92.5)

84.3 (76-93)

110

17.4 (15.4-19.4)

16.8 (14.6-19.6)

85.8 (77.8-93.7)

85.6 (77.5-94.1)

111

17.7 (15.6-19.7)

17.1 (14.7-20.4)

86.7 (78.5-94.9)

87 (78.2-95.5)

112

17.9 (15.8-19.9)

17.4 (14.9-20.8)

87.5 (79-96)

87.9 (78.8-97.4)

113

18.1 (16-20.1)

17.6 (14.9-20.8)

88.1 (79.3-96.9)

88.4 (78.3-98.9)

114

18.2 (16.2-20.2)

17.7 (15.2-20.5)

88.4 (79.3-97.5)

88.7 (77.9-99.5)

115

18.3 (16.3-20.3)

17.8 (15.3-20.5)

88.5 (79.2-97.9)

88.3 (78.1-98.9)

116

18.3 (16.3-20.3)

17.8 (15.5-20.6)

88.4 (78.7-98)

88.2 (77.1-99)

117

18.3 (16.3-20.3)

17.8 (15.6-20.5)

87.9 (78-97.9)

87.9 (75.7-98.8)

118

18.2 (16.3-20.2)

17.7 (15.5-20.3)

87.2(77.1-97.4)

87.3 (74.2-98)

119

18.1 (16.1-20)

17.5 (15.5-20)

86.2 (75.9-96.6)

86 (73.4-97.3)

120

17.9 (15.9-19.9)

17.4 (15.4-19.7)

85 (74.5-95.5)

84.9 (71.8-96.5)

121

17.7 (15.7-19.7)

17.2 (15.3-19.5)

83.5(72.9-94.1)

83.6 (70.4-96.4)

122

17.4 (15.4-19.4)

17.1 (14.9-19.5)

81.9 (71.3-92.5)

82.4 (68.4-95)

123

17.1 (15.1-19.2)

16.9 (14.6-19.4)

80.2 (69.6-90.9)

81.3 (67.2-94.4)

124

16.9 (14.7-19)

16.7 (14.3-19.6)

78.6 (67.9-89.3)

80.2 (65.5-93.5)

125

16.6 (14.3-18.9)

16.5 (14.1-19.5)

76.9 (66.2-87.7)

78.8 (63.9-92.5)

126

16.4 (14-18.7)

16.3 (13.8-19.3)

75.4 (64.6-86.3)

77.7 (62.5-91.1)

127

16.1 (13.6-18.7)

16.1 (13.6-19.1)

74.1 (63.1-85)

76.8 (62-89.6)

128

16 (13.3-18.7)

16 (13.3-19.2)

72.8 (61.6-84.1)

75.5 (61.2-89.3)

129

15.8 (12.9-18.7)

16 (13.1-19.2)

71.7 (59.9-83.5)

74.6 (60.2-88.3)

130

15.7 (12.5-18.9)

16.1 (12.7-19.3)

70.7 (58.1-83.4)

74.1 (58.8-89.3)
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131 15.6 (12-19.2) 16.2 (12.2-19.9) 69.9 (56.1-83.6) 73.9 (55.9-90.9)
Females

0 38 (6.5-69.4) 254 (14.1-54.5) | 841 (424.6-1257.5) | 733.9(438.5-1251.7)
1 29.6 (8.7-50.4) | 21.3(12.9-39.3) | 635.2 (380.5-889.9) 577.4 (379.7-892.1)
2 23.3(9.5-37.2) | 17.8(11.7-29.1) 485 (329.7-640.4) 456.3 (328.1-641.2)
3 18.7 (9.4-28) 14.9 (10.4-22.1) 376 (280.1-472) 368.1 (278.2-475.6)
4 15.4 (9-21.7) 12.7 (9.4-17.4) 296.6 (235-358.3) 300.4 (238.4-372)
5 12.9 (8.5-17.2) 11 (8.4-13.9) 238.6 (195.9-281.3) 248.4 (202.9-292.9)
6 11(7.9-14.2) 9.5(7.6-11.7) 196.2 (163.9-228.5) 208.3 (174.4-243.6)
7 9.7 (7.4-12) 8.5 (7-10.1) 164.9 (138.8-190.9) 178.3 (152.1-205.6)
8 8.7 (6.9-10.4) 7.6 (6.4-9) 141.5 (119.7-163.2) 154.7 (132.9-174.7)
9 8 (6.6-9.4) 7(5.9-8.1) 123.8 (105.4-142.2) 136.2 (118.1-152.8)
10 7.4 (6.3-8.6) 6.5 (5.6-7.5) 110.3 (94.6-126) 121.3 (106.8-137.2)
11 7 (6.1-8) 6.2 (5.3-7.1) 99.9 (86.4-113.4) 110.5 (97.9-124.7)
12 6.8 (5.9-7.7) 5.9(5.1-6.8) 92 (80.2-103.7) 101.7 (91.1-114.5)
13 6.6 (5.8-7.4) 5.7 (4.9-6.5) 85.8 (75.5-96.1) 95.1 (85.4-105.6)
14 6.5 (5.8-7.3) 5.6 (4.9-6.4) 81.1(72-90.3) 89.2 (81.2-98.5)
15 6.5 (5.8-7.3) 5.5(4.8-6.4) 77.6 (69.3-85.8) 84.8 (77.8-93.4)
16 6.6 (5.9-7.3) 5.5(4.9-6.3) 75 (67.3-82.6) 81.4 (74.8-89.5)
17 6.7 (6-7.4) 5.6 (4.9-6.3) 73.1 (65.9-80.3) 78.9 (71.8-86.2)
18 6.8 (6.1-7.5) 5.6 (5-6.3) 71.8 (64.9-78.7) 77.2 (70-83.8)
19 7 (6.3-7.7) 5.7(5.1-6.4) 71 (64.2-77.8) 75.7 (68.6-81.9)
20 7.2 (6.5-8) 5.9(5.2-6.5) 70.6 (63.9-77.2) 74.7 (67.9-80.6)
21 7.5 (6.7-8.2) 6.1 (5.3-6.7) 70.4 (63.8-76.9) 74 (67.5-79.9)
22 7.7 (7-8.5) 6.3 (5.5-7) 70.3 (63.8-76.9) 73.6 (67.2-79.5)
23 8 (7.2-8.8) 6.5 (5.6-7.2) 70.4 (63.8-77) 73.1 (66.9-79.6)
24 8.2(7.4-9.1) 6.7 (5.8-7.5) 70.3 (63.7-77) 72.8 (66.5-79.4)
25 8.5(7.6-9.3) 6.9 (5.9-7.7) 70.2 (63.4-77) 72.3 (65.9-79)
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26 8.7 (7.7-9.6) 7(6.1-7.9) 69.8 (62.9-76.6) 71.7 (65.1-78.4)
27 8.8 (7.99.7) 7.2 (6.3-8.1) 69.1 (62.2-75.9) 70.7 (64-77.9)
28 8.9 (7.9-9.8) 7.4 (6.5-8.3) 68.2 (61.4-75) 70 (62.8-77.2)
29 9 (8-9.9) 7.5 (6.6-8.5) 67.2 (60.5-74) 69.4 (61.8-76.5)
30 9 (8-10) 7.6 (6.7-8.6) 66.2 (59.5-72.9) 68.8 (61-75.7)
31 9 (8-10.1) 7.7 (6.9-8.7) 65.3 (58.7-71.9) 68.2 (60.3-75.1)
32 9.1 (8.1-10.1) 7.9 (7-8.9) 64.5 (58.1-70.9) 67.5 (59.3-74.4)
33 9.1 (8.1-10.2) 8 (7.1-9) 63.9 (57.8-70.1) 67.1 (59.1-73.7)
34 9.2 (8.2-10.2) 8.2 (7.39.1) 63.6 (57.7-69.4) 66.8 (59.4-73.2)
35 9.3 (8.4-10.3) 8.4(7.5:9.2) 63.4 (57.9-69) 66.8 (60-73)
36 9.4 (8.5-10.4) 8.6 (7.7-9.5) 63.5 (58.1-68.8) 66.8 (60.7-72.8)
37 9.6 (8.6-10.5) 8.8 (7.9-9.8) 63.7 (58.4-69) 66.9 (61.1-73)
38 9.7 (8.8-10.7) 9 (8-10.1) 64 (58.6-69.5) 67.3 (61.3-73.3)
39 9.9 (8.9-10.9) | 9.2(8.1-10.3) 64.6 (59-70.1) 67.7 (61.6-73.6)
40 10.1 (9.1-11.1) | 9.4 (8.3-10.5) 65.2 (59.5-70.9) 68.4 (61.9-73.9)
41 10.3(9.3-11.3) | 9.6 (8.5-10.6) 65.9 (60.1-71.7) 69.1 (62.4-74.7)
42 10.5(9.5-11.5) | 9.8(8.7-10.8) 66.7 (60.8-72.6) 69.8 (63-75.6)
43 10.7(9.7-11.7) | 10 (8.8-11.1) 67.5 (61.6-73.5) 70.4 (63.7-76.5)
44 10.9 (9.9-12) 10.3 (9-11.3) 68.4 (62.3-74.4) 71 (64.5-77.6)
45 11.1(10.1-12.2) | 10.4 (9.2-11.4) 69.2 (63.2-75.2) 71.8 (65.5-78.5)
46 11.3(10.3-12.3) | 10.5 (9.4-11.6) 70 (64-75.9) 72.6 (66.1-79.5)
47 11.5 (10.5-12.5) | 10.7 (9.6-11.8) 70.7 (64.9-76.5) 73.5 (66.6-80.1)
48 11.6 (10.6-12.6) | 10.8 (9.8-11.9) 71.4 (65.7-77.1) 74.2 (67.7-80.6)
49 11.8 (10.8-12.8) | 10.9 (9.8-12.1) 72 (66.3-77.7) 74.8 (68.4-81.7)
50 11.9(10.9-12.9) | 11 (9.9-12.2) 72.6 (66.8-78.3) 75.6 (68.9-82.2)
51 12 (10.9-13.1) | 11.1(9.9-12.2) 73.1 (67.2-78.9) 76.1 (69.7-82.9)
52 12.1(11-13.2) | 11.2(10-12.3) 73.6 (67.6-79.5) 76.8 (70.4-83.6)
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53

12.1 (11-13.3)

11.2 (10.1-12.3)

74 (67.9-80)

77.3 (70.6-84.2)

54

122 (11-13.4)

11.3 (10.1-12.5)

743 (68.2-80.4)

77.8 (71.1-85.1)

55

122 (11-13.4)

11.4 (10.1-12.6)

74.6 (68.5-80.7)

78.3 (71.5-85.5)

56

12.3 (11-13.5)

11.4 (10.1-12.6)

74.9 (68.8-81.1)

78.9 (72.2-86.1)

57

12.3 (11-13.6)

11.4 (10.1-12.6)

75.2 (68.9-81.4)

79.1 (73-86.9)

58

12.3 (11-13.6)

11.4 (10.1-12.7)

75.4 (69.1-81.6)

79.4 (73.8-87.9)

59

12.4 (11-13.7)

11.4 (10-12.7)

75.6 (69.3-81.9)

79.9 (73.8-88.6)

60

12.4 (11.1-13.7)

11.5 (10.1-12.7)

75.7 (69.4-82.1)

80.1 (73.7-89.7)

61

12.5 (11.2-13.8)

11.5 (10.2-12.7)

75.9 (69.4-82.3)

80.2 (73.6-90.1)

62

12.5 (11.3-13.8)

11.6 (10.3-12.8)

76 (69.3-82.7)

80.7 (73.3-90.3)

63

12.6 (11.3-13.9)

11.6 (10.3-13)

76 (69-83.1)

80.6 (73-90.3)

64

12.7 (11.4-14)

11.7 (10.3-13.1)

76 (68.6-83.5)

80.7 (72.7-90.7)

65

12.8 (11.5-14.1)

11.8 (10.4-13.2)

75.9 (68.1-83.7)

80.7 (72.1-91.1)

66

12.9 (11.5-14.2)

11.9 (10.5-13.2)

75.7 (67.7-83.6)

80.5 (72.3-91)

67

12.9 (11.6-14.3)

11.9 (10.6-13.2)

75.4 (67.5-83.2)

80.5 (72.2-90.6)

68

13 (11.7-14.3)

12 (10.6-13.3)

75 (67.3-82.7)

80.1 (72.5-89.8)

69

13.1 (11.8-14.4)

12.1 (10.6-13.3)

74.6 (67.2-82)

79.7 (72.6-89.2)

70

13.2 (11.8-14.6)

12.1 (10.6-13.5)

74.2 (67.1-81.3)

79 (72.1-88.7)

71

13.3 (11.9-14.7)

12.2 (10.7-13.6)

73.8 (66.9-80.6)

78.3 (71.5-87.9)

72

13.4 (11.9-14.9)

12.2 (10.7-13.7)

73.4 (66.8-80)

77.5 (71.3-86.8)

73

13.5 (12-15.1)

12.3 (10.8-13.8)

73.1 (66.6-79.6)

76.6 (69.9-85.6)

74

13.7 (12-15.3)

12.3 (10.8-14)

72.8 (66.4-79.3)

75.7 (69-84.1)

75

13.8 (12.1-15.5)

12.3 (10.8-14.2)

72.6 (66.1-79.1)

75 (68.2-82.5)

76

14 (12.2-15.7)

12.3 (10.8-14.5)

72.5 (65.8-79.1)

74.1 (66.2-81.2)

77

14.1 (12.3-15.9)

12.3 (10.9-14.7)

72.4 (65.5-79.2)

73 (64.6-80.4)

78

14.2 (12.3-16.1)

123 (11-14.8)

72.3 (65.2-79.3)

72.4 (63.4-80.4)

79

14.4 (12.4-16.3)

12.4 (10.9-15)

72.3 (65-79.5)

72 (62.7-80.4)

264



80

14.5 (12.5-16.4)

12.4 (11-15.2)

72.3 (64.8-79.8)

71.8 (62.2-80.9)

81

14.6 (12.7-16.6)

12.6 (10.9-15.3)

72.4 (64.7-80.1)

71.8 (62.2-80.5)

82

14.7 (12.8-16.7)

12.7 (11.1-15.6)

72.6 (64.7-80.6)

72.4 (62.2-81.1)

83

14.9 (12.9-16.8)

12.9 (11.1-15.7)

73 (64.9-81.2)

72.9 (62.6-82.1)

84

15 (13.1-17)

13.1 (11.2-15.8)

73.6 (65.1-82)

73.9 (62.9-82.9)

85

15.2 (13.2-17.1)

13.4 (11.4-16.3)

743 (65.6-83)

74.7 (64.2-84.2)

86

15.4 (13.4-17.3)

13.7 (11.9-16.5)

75.2 (66.4-84.1)

75.9 (65.7-85.3)

87

15.6 (13.7-17.5)

14.1 (12.1-16.8)

76.4 (67.4-85.3)

77.4 (67.3-87.1)

88

15.8 (13.9-17.6)

14.4 (12.3-17.1)

77.6 (68.5-86.6)

79.3 (69.5-88.9)

89

15.9 (14.1-17.8)

14.7 (12.7-17.5)

78.8 (69.7-87.9)

81.6 (71.3-90.9)

90

16.1 (14.2-17.9)

14.9 (13.1-17.8)

79.9 (70.8-89.1)

82.9 (73.1-92.9)

91

16.2 (14.3-18)

15.2 (13.4-18)

81 (71.9-90)

84.6 (75.2-94.7)

92

16.2 (14.4-18)

15.3 (13.5-18)

81.7 (72.8-90.6)

85.9 (76.9-95.9)

93

16.1 (14.3-17.9)

15.4 (13.5-17.8)

82.2 (73.6-90.7)

86.4 (77.9-97.1)

94

16 (14.2-17.8)

15.3 (13.4-17.6)

82.3 (74.1-90.5)

86.7 (78.6-97.3)

95

15.8 (14-17.6)

15.2 (13.3-17.3)

82.2 (74.2-90.3)

86.5 (79.1-96.4)

96

15.6 (13.8-17.4)

15 (13.1-17.1)

82 (73.9-90)

86.3 (78.6-95.9)

97

15.3 (13.5-17.1)

14.7 (13-16.7)

81.6 (73.3-90)

86 (77.2-95.9)

98

15.1 (13.3-16.9)

14.4 (12.7-16.2)

81.3 (72.4-90.1)

85.5 (77.1-96.3)

99

14.9 (13-16.8)

14.2 (12.3-15.9)

81 (71.5-90.4)

85.3(76.9-97.2)

100

14.7 (12.8-16.6)

13.9 (12.1-15.8)

80.8 (70.7-90.8)

84.9 (76.1-98.1)

101

14.5 (12.6-16.5)

13.8 (12-15.7)

80.7 (70-91.4)

84.5 (75.3-99.3)

102

14.4 (12.4-16.5)

13.7 (11.9-15.6)

80.7 (69.5-92)

84.3 (74.5-99.4)

103

14.4 (12.3-16.4)

13.6 (11.7-15.4)

80.9 (69.1-92.7)

84.6 (73.8-101.2)

104

14.3 (12.3-16.4)

13.6 (11.7-15.4)

81.2 (69-93.4)

85.1(73.7-101.1)

105

14.4 (12.3-16.4)

13.5 (11.7-15.5)

81.6 (69.1-94.2)

85.5 (73.3-100.5)

106

14.4 (12.4-16.5)

13.5(11.5-15.5)

82.2 (69.4-95)

86.3 (72.9-100.6)
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107

14.5 (12.5-16.6)

13.6 (11.6-15.5)

82.9 (69.9-95.9)

86.8 (73.2-103.1)

108

14.7 (12.6-16.7)

13.6 (11.6-15.5)

83.7 (70.6-96.7)

87.2 (74.3-104.8)

109

14.8 (12.8-16.9)

13.6 (11.6-15.6)

84.5 (71.3-97.7)

88 (74.8-105.6)

110

15 (13-17.1)

13.7 (11.6-15.6)

85.4 (72-98.7)

88.7 (75.5-107.9)

111

15.3 (13.2-17.4)

13.8 (11.5-15.7)

86.2 (72.7-99.8)

89.7 (76.9-109.7)

112

15.5 (13.3-17.6)

13.9 (11.5-15.8)

87.1 (73.5-100.7)

90.2 (78.2-109.8)

113

15.7 (13.5-17.9)

14 (11.5-15.9)

88 (74.3-101.6)

91.1 (78.8-108.7)

114

16 (13.6-18.3)

14 (11.4-16.2)

88.8 (75.1-102.4)

91.6 (79.7-108.8)

115

16.2 (13.8-18.6)

14.1 (11.3-16.6)

89.5 (75.9-103)

92.2 (80.1-110.3)

116

16.4 (13.9-18.9)

143 (11.2-17)

90.1 (76.6-103.6)

93.3 (80.8-111.8)

117

16.6 (14-19.3)

143 (11.1-17.5)

90.6 (77.1-104)

93.9 (81.7-112.8)

118

16.8 (14.1-19.6)

14.5 (11.3-18.3)

90.9 (77.4-104.4)

94.3 (83.1-114.8)

119

17 (14.1-19.9)

14.6 (11.3-18.8)

91 (77.5-104.6)

95.2 (83.1-116.8)

120

17.1 (14.1-20.2)

14.7 (11.3-19.2)

91 (77.3-104.6)

96.1 (82.7-117)

121

17.3 (14.1-20.5)

14.8 (11.5-19.4)

90.8 (76.9-104.6)

96.7 (82.1-117.3)

122

17.4 (14-20.7)

14.9 (11.3-19.2)

90.4 (76.3-104.5)

97.1 (82-118.7)

123

17.4 (13.9-21)

15 (11.1-19)

89.9 (75.5-104.4)

97.9 (81.1-119.8)

124

17.5 (13.8-21.3)

15 (10.9-19.4)

89.4 (74.4-104.5)

98.2 (30.8-121)

125

17.6 (13.6-21.6)

14.9 (10.6-19.9)

88.8 (73-104.6)

98.5 (81-122)

126

17.6 (13.4-21.9)

15.1 (10.5-20.2)

88.3 (71.5-105)

98.9 (78.7-122.7)

127

17.7 (13.1-22.3)

15.2 (10.3-20.5)

87.7 (69.9-105.6)

98.3 (76.8-125.7)

128

17.8 (12.9-22.8)

15.3 (10.1-21.2)

87.2 (68-106.5)

97.8 (74.8-127.3)

129

17.9 (12.5-23.3)

15.3 (9.9-21.4)

86.7 (65.8-107.6)

97.8 (72.8-129.1)

130

18.1 (12.2-24)

15.3 (9.7-22)

86.3 (63.5-109.1)

98.1 (70.6-131.7)

131

18.2 (11.7-24.7)

15.3 (9.6-23.3)

85.9 (61-110.9)

98 (67.7-134)
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eFigure 1. Ferritin optimal curves for males aged between 2 weeks and 10 years, estimated using
two different imputation strategies: multiple imputation first then delete (MID) in green and
delete then multiple imputation (DMI) in purple. The 90% ClIs for the lower and upper limits of
the optimal curves are presented using dotted lines. The two row inserts (row panels) show lower
and upper limits separately, for better visualization.
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eFigure 2. Ferritin optimal curves for females aged between 2 weeks and 10 years, estimated

using two different imputation strategies: multiple imputation first then delete (MID) in green

and delete first then multiple imputation (DMI) in purple with 90% confidence intervals

presented using dotted lines. The wo inserts shown in the two row panels provide the lower and
upper limits of the optimal curves separately.
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eTable 3. Characteristics of study participants in imputed and complete case datasets used for
optimal curve estimation, prior to excluding those not meeting optimality criteria

All participants Participants in Participants in Participants in
Characteristics with ferritin primary MID DMI sensitivity complete case
values® analysis* analysis® sensitivity
N =4,935 N =4,935 N =4,935 analysis®
N =3,414
Age in months, median (IQR) 37 (18, 62) 37 (18, 62) 37 (18, 62) 36 (18, 61)
Sex, n (%)
Female 2,322 (47.1) 2,322 (47.1) 2,322 (47.1) 1,593 (46.7)
Male 2,613 (52.9) 2,613 (52.9) 2,613 (52.9) 1,821 (53.3)
Ferritin (ug/L), median (IQR) 29 (20,41) 29 (20,41) 29 (20, 41) 29 (20,41)
Missing, n (%) 0(0) 0(0) 0(0) 0(0)
CRP (mg/L), median (IQR) 0.3 (0.2, 0.6) 0.3 (0.2, 0.6) 0.3 (0.2, 0.6) 0.2 (0.2,0.5)
Missing, n (%) 0(0) 0(0) 0(0) 0(0)
Low income cut-off (LICO), n (%)
Above LICO 3,985 (90.5) 4,464 (90.5) 4,461 (90.4) 3,079 (90.2)
Below LICO 417 (9.5) 471 (9.5) 474 (9.6) 335(9.8)
Missing 533 (10.8) 0(0) 0(0) 0(0)
Prematurity! n (%)
Not premature 4,555 (96.0) 4,734 (95.9) 4,719 (95.6) 3,248 (95.1)
Premature 189 (4.0) 201 (4.1) 216 (4.4) 166 (4.9)
Missing 191 (3.9) 0(0) 0(0) 0(0)
Low birthweight! n (%)
Not low birthweight 4,678 (96.3) 4,746 (96.2) 4,744 (96.1) 3,263 (95.6)
Low birthweight 181 (3.7) 189 (3.8) 191 (3.9) 151 (4.4)
Missing 76 (1.5) 0(0) 0(0) 0(0)
Obese/Underweight? n (%)
Not Obese/Underweight 4,447 (92.0) 4,539 (92.0) 4,540 (92.0) 3,158 (92.5)
Obese/Underweight 385 (8.0) 396 (8.0) 395 (8.0) 256 (7.5)
Missing 103 (2.1) 0(0) 0(0) 0(0)
Anemia, n (%)
No anemia 4,189 (92.5) 4,569 (92.6) 4,556 (92.3) 3,165 (92.7)
Anemia 341 (7.5) 366 (7.4) 379 (7.7) 249 (7.3)
Missing 405 (8.2) 0(0) 0(0) 0(0)

!Applicable when ferritin measured in first 24 months of life
24bove or Below zBMI +/- 1.96*SD, where zBMI is BMI z-score relative to WHO reference population adjusted for age and sex
3Sample for reference curve estimation, also included in Table 1 of main paper
“Missing data for optimality criteria variables imputed with multiple imputation then deletion (MID) approach (see Methods),

also included in Table 1 of main paper for primary analysis to estimate optimality curves

SMissing data for optimality criteria variables imputed with deletion then multiple imputation (DMI) approach (see Methods), for
sensitivity analysis to estimate optimality curves

SParticipants with missing data on optimality criteria excluded, for sensitivity analysis to estimate optimality curves
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eFigure 3. Ferritin optimal curves for males aged between 2 weeks and 10 years, comparing the
estimates obtained using the multiple imputation then delete (MID) approach presented in green
and complete case analysis presented in sky blue. The 90% Cls are presented using dotted lines.
Two inserts show lower (lower inset) and upper (upper inset) optimal curve limits magnified.
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eFigure 4. Ferritin optimal curves for females aged between 2 weeks and 10 years, comparing
estimated derived using the multiple imputation then delete (MID) approach (green) and
complete case analysis (sky blue), with dotted lines representing the 90% confidence intervals.
The two inserts in the top row panels provide the lower and upper limits, separately.
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CHAPTER 7: INTEGRATED DISCUSSION

Over seventy percent of medical decisions are informed by laboratory test results !, making Rls
an essential clinical tool used by both physicians and laboratory professionals when interpreting
these values.!? The International Federation of Clinical Chemistry and Laboratory Medicine has
published a comprehensive series of recommendations for the establishment of Rls, including
detailed protocols for selecting reference populations specifying exclusion criteria, and methods
for partitioning the reference population by relevant factors such as age and sex. These steps,
considered to be gold standard procedures for establishing Rls, are also outlined by the CLSI
guidelines.? While these guidelines generally recommend that each laboratory establish its own
RIs to reflect local population characteristics, full adherence to these recommendations is often

resource demanding.’

In pediatrics, the challenge is even greater. Children undergo rapid physiological changes
from birth through adolescence, requiring more age partitions than adults in RI estimation to
accurately reflect biomarker variation.>*> This results in sparse data especially in infancy and
early childhood, making it difficult to meet the sample size requirements recommended by CLSI
guidelines.>? Moreover, acquiring blood samples from pediatric populations has consistently
proven to be challenging.® RCs, which model age as a continuous variable, offer a potential
solution by enabling RI estimation at any age while eliminating the need for partitions with
respect to age. RCs are, therefore, better suited to capturing the dynamic, non-linear trajectories
of physiological biomarkers across development.” Despite this, a national survey of Canadian
clinical laboratories revealed significant variability and lack of harmonization in pediatric RIs

across institutions and a lack of use of RCs.!0:11
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In this thesis we aimed to characterize the current state of hemoglobin and ferritin RIs
and RCs for the pediatric population, address key methodological and computational gaps, and
offer comparative evaluations to inform their clinical interpretation and use. Hematological tests
for iron deficiency are among the most commonly ordered tests in pediatric care, often obtained
during routine visits.!>!* Their clinical importance is highlighted by the fact that iron deficiency
affects more than 750 million children worldwide.!3~!> Ferritin is often ordered together with
hemoglobin for assessing iron status in children.!*!>1¢ Hence, we focused on hemoglobin and
ferritin, key biomarkers of iron status, to better understand the broader picture of pediatric RIs in
Canada and globally. We began by synthesizing existing evidence on hemoglobin and ferritin
RIs and RCs, then developed new RCs for both biomarkers from which sex-specific Rls can be
generated at any age or age interval, and finally we identified key criteria for optimal biomarker
status and utilized them to establish OCs and Ols. Alongside this, we established methodological
frameworks to support the work and developed web-based computational and graphical tools that
allow further investigation of global variations, enable comparative analysis and facilitate
clinical interpretations.

7.1 Summary of manuscript 2 (Chapter 3): Pediatric reference intervals and

curves for hemoglobin estimated using direct methods: A systematic review
and meta-analysis

This manuscript presents a systematic review and meta-analysis of pediatric RIs and RCs for
hemoglobin. Hemoglobin measurement is a fundamental laboratory test for assessing individual
and population-level health.!”"!° To interpret hemoglobin test results, laboratories provide Rls
with lower (2.5" percentile) and upper (97.5" percentile) limits, typically stratified by age and
sex.? RCs that treat age as a continuous variable offer a more precise understanding of

hemoglobin levels across pediatric developmental stages relative to RIs.?° There is substantial
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variability in the estimation of hemoglobin RIs across regions and countries, with notable

discrepancies between RlIs used in pediatric laboratories in Canada and globally.!%-!1.17

In this paper, we presented the results of a systematic review and meta-analysis that
synthesized existing pediatric RIs and RCs for hemoglobin. The paper also investigated
heterogeneity and identified its potential sources.?! Out of 9 123 studies screened, 48 met the
inclusion criteria, encompassing data from 63 529 male and 59 969 female participants across 25
countries and four continents, published between 1938 and 2023. The analysis revealed
inconsistencies in age partitioning and age interval lengths among studies. Thirteen studies
reporting RIs and two studies reporting RCs were included in the meta-analysis. Due to high
heterogeneity, pooled estimates for the 0-3 months age group could not be generated. For
children aged 3 months and older, both lower and upper RI limits generally increased with age,
ranging approximately from 100 to 130 g/L and from 130 to 150 g/L, respectively. Notably, the
lower RI limits in many studies differed substantially from WHO anemia thresholds. A lower RI
limit compared to WHO thresholds was expected, as WHO anemia thresholds are based on the
5™ percentile while RIs use the 2.5" percentile. However, instances where RI lower limits were

higher than WHO thresholds were less expected.?!

We concluded that there is substantial heterogeneity in pediatric hemoglobin RIs and
RCs, which hindered quantitative synthesis for some of the age groups, underscoring the need for
more rigorously and consistently developed estimates that can be used globally alongside WHO
thresholds to define anemia. The paper advocated for future research focusing on establishing
RIs for the youngest children and the exploration of percentile curves to provide continuous

hemoglobin charts.
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7.2 Summary of manuscript 3 (Chapter 4): Pediatric reference intervals and
curves for ferritin estimated using direct methods: A systematic review and
meta-analysis

This manuscript presents a systematic review and meta-analysis of pediatric RIs and RCs for
ferritin. Ferritin is the most widely used biomarker for assessing iron status in children.!3!>:16
Concentration levels of ferritin represent a non-invasive alternative to bone marrow and kidney
biopsy for identifying ID and iron overload respectively.!® In clinical practice, ferritin levels are
interpreted using Rls derived from healthy populations or in reference to clinical decision limits
(CDLs), similar to WHO ferritin thresholds!®, derived from expert consensus.>!'> The systematic
review presented in this chapter synthesized pediatric RIs and RCs for ferritin, examined
methodological quality of studies establishing RIs and RCs, quantified heterogeneity across

studies, and identified sources of heterogenity.?

The systematic review included 20 eligible studies published between 1976 and 2023,
representing data from 26,006 healthy children (13,143 male and 12,863 female) across North
America, Europe, and Asia. Rls from 8 studies and a RC from one study that adhered to the
CLSI guidelines were included in the meta-analysis. The pooled lower RI limits for ferritin
showed a U-shaped trajectory, declining from infancy to toddlerhood and increasing thereafter,
with a low point at 6-9 ug/L between 24-33 months of age. The u-shaped trajectory is consistent
with results of the relationship of ferritin with age for a healthy pediatric population estimated in
our serum ferritin RCs and OCs study presented in Chapter 6. Substantial heterogeneity was
identified in both upper and lower RI limits, especially in younger children and for females.
Factors contributing to heterogeneity included inconsistent age partitioning, geographic location,
and laboratory analyzer types. Included studies failed to assess or exclude participants with

inflammation, anemia, or known risk factors for ID, which may have biased RI estimates and
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contributed to the observed heterogeneity. Lower RI limits from many studies differed from the
WHO’s age-specific thresholds for defining ID.!® While RIs and WHO thresholds are defined
differently and are expected to differ, they are both used in the definition and treatment of ID.
For example, in children aged 24-33 months, the pooled estimates of the lower RI limit from the

systematic review was 6-7 ng/L, whereas WHO recommends a threshold for ID of 12 pg/L.

We concluded the paper by calling for the development of rigorous, locally derived Rls
aligned with known risk factors. Furthermore, RCs employing continuous age modeling were
recommended as a means to mitigate the limitations of fixed age partitions and the substantial
inconsistencies that contributed significantly to the heterogeneity across the RI estimates.

7.3 Summary of manuscript 4 (Chapter 5): Beyond reference intervals:

optimizing lower and upper limits for reporting normative hemoglobin levels
for children

In this paper, we presented novel RCs and OCs for hemoglobin. Traditional methods for
interpreting hemoglobin levels based on RIs may lack the clinical granularity needed for detailed
decision-making.?%?3 In this study, we moved beyond fixed age partitioned RIs and developed
sex-specific reference and “optimal” curves. RCs overcome common sample size related
limitations and allow RI estimates to be provided for any age or age interval. OCs may more
accurately define hemoglobin distributions in optimally growing healthy children by excluding

individuals with physiological, environmental, or clinical risk factors for ID.>*2

Using a cross-sectional sample from a cohort of healthy Canadian children, we estimated
RCs. Based on previous research?®2?° and recommendations'3!33% on factors associated with iron
status we also created OCs, using pre-specified optimality criteria. We used nonparametric

quantile regression models with restricted cubic splines to estimate both RCs and OCs (2.5™ and
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97.5™ percentile curves with respect to age) for hemoglobin.>!33 Rls and OlIs for specific age or
age group were then generated from RCs and OCs. The OCs were compared to RCs and WHO
anemia thresholds.!” Reference limits for relatively narrower age intervals and an interactive
web-based tool were provided. Among this study’s key findings, we identified that the lower
limits for the OCs were consistently higher than the lower limits for the RCs for females across
all ages and for males under two years of age. Differences in upper limits between RCs and OCs
were negligible. When compared to WHO anemia thresholds,'¢ the lower OC limits (2.5"
percentile of the optimal population) was always lower, which is expected since WHO threshold
is based on the 5 percentile of the distribution. Nevertheless, WHO thresholds were often
higher than 5 percentile for children who met all optimality criteria. The difference is important
given that both estimates were derived from the 5" percentile, indicating the need for revisiting
currently recommended hemoglobin thresholds for these ages.

7.4 Summary of manuscript 5 (Chapter 6): Ferritin reference and optimal
curves compared with thresholds in pre-adolescents

In this paper, reference and optimal curves for ferritin are presented. Similar to hemoglobin,
interpretation of ferritin in the pediatric population is complicated by the dynamic developmental
changes observed, especially in early childhood, with traditional ferritin RIs potentially failing to
reflect these dynamic changes.** In this paper, we developed ferritin RCs, treating age as a
continuous variable, and OCs, where measurements for children without physiological,

environmental, or clinical risk factors for ID were used.

We used data from the same cohort as for manuscript 4 to estimate RCs for children aged

26-29

2 weeks to 10 years. Based on prior evidence and recommendations on determinants of iron

status'3133% to estimate OCs we applied optimality criteria excluding children with ID, elevated
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C-reactive protein, prematurity, low birth weight, underweight or overweight status, and low
household income. Both reference and optimal ferritin limits were markedly elevated in early
infancy, followed by a steep decline during the first year of life, aligned with our systematic
review findings from manuscript 3. Throughout infancy and early childhood, lower limits
derived from OCs were consistently higher than those from RCs, reflecting the exclusion of
children with clinical, environmental, or socioeconomic risk factors for ID. These differences
narrowed with age, suggesting that such risk factors have the greatest influence when ferritin
stores are the most variable. The 5th, 10%, and 20" percentiles of ferritin derived from the
population with optimal iron status can be used to reveal differences in classification of iron
status based on thresholds used. For instance, the WHO threshold for ferritin (<12 pg/L)'¢
typically aligned between the 5™ and 10" percentiles, while ASH threshold for ferritin (<20
ug/L)* often exceeded the 20 percentile, particularly after nine months of age, suggesting a
potential for overdiagnosis. At twelve months, for example, ten percent of children meeting all
optimality criteria would be labeled iron deficient using the WHO threshold, and more than

twenty percent using the Ontario threshold.

7.5 Main points of integration

7.5.1 Current practice related to pediatric biomarkers of iron status

My dissertation examined current practices related to the development of pediatric RIs and RCs
for hemoglobin and ferritin through two systematic reviews. In both systematic reviews,
substantial heterogeneity was identified in published pediatric RIs and RCs for both biomarkers.
Studies varied extensively in age partitioning, inclusion criteria, analyzer type, and sample size.
Few studies followed CLSI guidelines and no study excluded children with anemia or risk

factors for good iron status. Pooled estimates were only possible for selected age groups due to
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inconsistent utilization of age intervals and sparse data. These limitations underline the need for

standardized approaches and international harmonization.

The study by Braat et al. (2024), commissioned by WHO, pooled international
databases.!” The authors estimated hemoglobin thresholds at the 5th percentile for discrete age
groups. The study by Pasricha et al. (2024) argued that this is “an opportunity for global
harmonization of hemoglobin thresholds to define anemia across countries, clinical guidelines,
and diagnostic laboratories”.’® Nevertheless, a key finding in both of our systematic reviews?!
and through detail exploration of our Canadian estimates was the discrepancy between locally
derived RIs, the new WHO thresholds, and emerging CDLs. For ferritin, we similarly identified
that lower RIs in early childhood were often noticeably lower than WHO thresholds and
extensively lower than emerging CDLs reported in recent studies. This underscores the need to

reconcile the value of local versus global thresholds.

In particular, the evidence behind current ferritin cut-offs to define ID in children is
extremely limited. A recent Cochrane review of the diagnostic accuracy of ferritin compared
with bone marrow iron identified one study only conducted in Malawian children, a small study
done by Jonker et al. (2014). Both the WHO and the ASH Guideline Panel’s draft
recommendation for pediatric ferritin thresholds are based in part on the findings from this single
study, rather than use of ferritin distributions such as the 5™ percentile or lower limit of reference
or optimal intervals and curves. Two studies by Mei and colleagues (2021, 2023),37-8 using
multiple NHANES national surveys, developed ferritin thresholds by examining the point at
which hemoglobin begins to decline and soluble transferrin receptor begins to rise. They
identified a physiological inflection point of approximately 20 pug/L for young children, which is

substantially higher than WHO threshold of 12 pg/L but aligned with the proposed new ASH
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guideline. Abdullah et al. (2017)3° similarly evaluated ferritin cut-offs in relation to hemoglobin
among 1-3 year old children using data from the TARGet Kids! cohort. Applying restricted cubic
spline models to 1,257 healthy preschoolers, the authors demonstrated a non-linear relationship
between hemoglobin and ferritin, with hemoglobin increasing steeply until a plateau was reached
at ferritin concentrations around 18-24 pg/L and then rising only minimally thereafter.
Furthermore, a recent modified Delphi study by Naveed et al. (2023)* reached expert consensus
that currently used ferritin cut-offs are set too low and contribute to substantial underdiagnosis of
ID across clinical settings. The study supported raising ferritin CDLs to below 30 pg/L in adults.
Tang and colleagues (2025)*' have launched the “Raise the Bar” initiative, a targeted advocacy
effort encouraging laboratories and clinicians to adopt higher ferritin thresholds. In the 2025
draft recommendations, the ASH Guideline Panel formally suggested that clinicians use a

pediatric ferritin threshold of < 20 pg/L for diagnosis of ID in children aged 9 months to 4 years.

Thus, while there is ongoing controversy about a lower serum ferritin threshold to define
ID in children, most expert groups are converging on a cut-off that is much higher than the lower
reference limit (2.5™ percentile) from available RIs/RCs, including those we established. Jiger et
al. (2024) demonstrated that the choice of a threshold is consequential as the prevalence of ID
changes sharply depending on whether clinicians use a ferritin cut-off of 15 ug/L or 30 ug/L.*?
Their work shows that controversies around ferritin thresholds have real clinical consequences,
and this dissertation mirrors this pattern in pediatrics.

7.5.2 Beyond traditional approaches for developing pediatric reference
intervals

Traditional RIs in pediatrics are often partitioned by age and sex, but this discrete approach does

not fully capture the continuous biological variation that occurs throughout development.?®>3 For
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rapidly changing biomarkers such as hemoglobin and ferritin, discrete partitions can create
artificial boundaries and lead to misclassification, particularly for children who fall near the
boundaries of an age partition.?%3* The RCs provide a more robust alternative by modeling age as
a continuous variable. In this way, RCs avoid abrupt shifts in interpretation when children
transition between partitions.?’ This mirrors the use of growth centile curves in pediatric practice,
which are already widely accepted for height and weight.>*2> Moreover, use of RCs eliminates
excessive partitioning, hence overcomes the common problem in the pediatric populations
related to acquiring adequate samples. Furthermore, OCs extend the concept of RCs by further
restricting the healthy reference population to those with characteristics associated with optimal
iron status. In this dissertation, for both hemoglobin and ferritin, OCs based on pre-specified
optimality criteria excluding children with factors unfavourable to good iron status were
consistently higher than RCs, though differences were small. The small differences we observed
likely reflects the underlying healthy status of children participating in the TARGet Kids! cohort,
which may already have been favourable to good iron status. This finding translates the rationale
behind WHO growth standards that in population where children “grow” under near optimal
conditions, the observed reference curve may closely approach the optimal curve of how children

“should grow” 2423

Both RCs and OCs provide information about the distribution of biomarkers in a
reference population, against which international thresholds, such as WHO and those proposed
by ASH, can be contextualized. RCs show how many children in a healthy reference population
would be classified as iron deficient or anemic under a fixed international threshold at each age.
OCs may help researchers and clinicians to better understand whether those fixed thresholds are

appropriate for the local population. Together, these curves do not validate international
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thresholds but rather help clarify how these fixed thresholds intersect with age dependent
biomarker patterns. For ferritin, for example, a threshold of <20 pg/L proposed by the ASH
classifies substantially more young children as having ID than either the 2.5™ percentile of the
OC or WHO'’s threshold of 12 pg/L. For hemoglobin, WHO 2024 anemia thresholds were
frequently higher than even the 5™ percentile of the optimal distribution in certain age groups.
Our findings also illustrated that the proportion of children classified as having ID based on a
fixed threshold may vary substantially by age. For example, using the ASH ferritin cut-off at 18
months of age, 55% of males and 37% of females in our cohort would be considered iron

deficient, a prevalence far higher than what would be at 9 months or after 3.5 years.

7.5.3 Computational and methodological frameworks

A central challenge across both of the systematic reviews I conducted was the substantial
inconsistency in age partitioning across the studies, which fundamentally limited the researcher’s
ability to synthesize evidence on pediatric RIs. Hemoglobin and ferritin vary continuously with
age, yet published studies used age categories that ranged from 48-hour neonatal windows to age
intervals spanning more than a decade. This huge difference in age intervals used and the

significant heterogeneity it induces prevented direct pooling in many cases.

To address the limitation of inconsistency in age partitioning, this dissertation introduced
a standardized age partitioning framework: 3-month intervals from birth to 3 years and 1-year
intervals thereafter. This structure allowed heterogeneous studies to be mapped onto a
standardized age partitions, enabling quantitative synthesis and improving narrative synthesis
where pooling was not possible. Standardized partitioning also supports the PRINCES-H and
PRINCES-FERRITIN Shiny applications developed as part of this dissertation. These interactive

tools support harmonization by allowing users to overlay dozens of RI and RC studies, examine

282



sex-specific distributions, and compare RI and RC results against WHO thresholds and the ASH
draft recommendations. Because the apps dynamically reorganize evidence into standardized age
partitions, they support real time synthesis of complex data from multiple studies that is not
feasible with static tables or figures. This approach not only mitigates a major obstacle in
evidence synthesis involving RIs and RCs but also creates a framework and infrastructure for
future updates, allowing new studies or CDLs to be integrated seamlessly into living RIs and Ols

as well as RCs and OCs.

The integrated framework presented here combining evidence synthesis, harmonized age
partitioning, robust curve estimating approaches, and introduction of OCs and OlIs offers several
contributions. First, it provides a methodological roadmap for synthesizing heterogeneous
literature on pediatric RIs and RCs, including tools for visualizing global variation (PRINCES-H
and PRINCES-FERRITIN), which can be tailored and adapted for any pediatric biomarker.
Second, it demonstrates the feasibility and value of curve based approaches that treat age as
continuous, improving precision while reducing arbitrary age partitioning and optimizing
available sample size. Third, it lays groundwork for use of optimality criteria in pediatric
biomarker research, extending the conceptual logic of WHO growth standards to iron related
biomarkers and laboratory biomarkers in general. Fourth, by developing interactive web
applications, this dissertation establishes a “living reference and optimal interval and curve”
platform that can integrate new data, compare distributions to existing (WHO or ASH) and
emerging thresholds, and support both clinical interpretation and health assessment of iron status

of a population.
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7.6 Strengths and limitations

A major strength of this dissertation is that this is the first comprehensive systematic review and
meta-analysis that allowed for synthesizing, in manuscripts 2 and 3, existing literature on
pediatric RIs and RCs for hemoglobin and ferritin using standardized age partitioning. We
concluded that robust RCs that treat age as continuous variable were needed, which was another
contribution of this dissertation through manuscripts 2 and 3. An additional strength was the use
of a large-scale dataset (TARGet Kids! cohort study)* for RC estimation that included children
as young as 2-weeks of age, which allowed estimation of both reference and optimal curves for
pre-adolescent’s population in manuscripts 4 and 5. I was also able to rely on cohort data
documenting risk factors for good irons status to estimate OCs, which was a novel contribution
of this research. Finally, an overarching strength across all 4 manuscripts was the development of
graphical interactive tools that allow for complex visualization of the findings: heterogeneity
across published literature, narrative synthesis by custom age-specific intervals, and direct
comparison with existing or emerging international thresholds and individualized patient’s lab

results.

There are several limitations in manuscripts 2 and 3. One such limitation was that we did
not conduct formal risk of bias or quality assessment for studies estimating RIs/RCs. We used
adherence to the CLSI guideline as an indicator of quality given the lack of appropriate
established risk of bias tools for these studies. We also included only English-language
publications in the reviews, which might have led to missing important studies published in other
languages. We also excluded non-English speaking families from the cohort study-based
analyses presented in manuscripts 4 and 5, which was an exclusion made by the cohort study

researchers that may limit the generalizability of our findings.
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7.7 Future research directions

Findings of this dissertation emphasize the critical importance of ongoing and future pediatric
data collection efforts, including gathering blood samples together with health information from
healthy children, especially for children under 2-weeks of age and over 11-years. The
dissertation presented work as proof-of-concept for future studies in the field of laboratory
medicine, including the methods employed and the analysis strategies used, and my novel
computational and graphical web-based applications. This work can be adapted and used in
evidence synthesis of RIs and RCs and estimation of RCs and OCs for other pediatric
biomarkers. Future studies should utilize knowledge translation, engaging laboratories,
clinicians, and public health practitioners to understand the feasibility, usability, and clinical
value of these web-based applications. And lastly, future collaborative efforts should be made for
future studies to assemble and integrate international pediatric datasets to derive multi country

RCs and OCs estimates and examine the impact of regional factors on these curves.

7.8 Overall conclusion

This dissertation identifies key gaps and limitations in the current landscape of pediatric Rls for
hemoglobin and ferritin and their interpretation, presents new RCs and OCs based on robust data
from Canadian children, and proposes frameworks for generating future reliable Rls, Ols, RCs,
and OCs. The integrated findings support three overarching conclusions: (1) existing pediatric
RIs and RCs are highly heterogeneous and often misaligned with global thresholds for
identifying and defining ID; (2) curve-based estimation can improve precision and
interpretability, especially during early childhood when biomarker distributions change rapidly,
and (3) even as single thresholds gain prominence, understanding age- and sex-specific reference

and optimal distributions remain essential for accurate diagnosis, health surveillance, and
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evaluation of emerging clinical guidelines. This research can be extended to other pediatric

biomarkers and eventually to other populations.
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