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and involved. Currently, many pediatric laboratory
tests are inappropriately interpreted using refer-
ence intervals derived from either adult populations,
hospitalized pediatric populations, or from outdated
and/or inaccurate technology. Thus, many pediatric
reference intervals used in diagnostic laboratories
are incomplete and may be inappropriate for clinical
use. The use of inappropriate reference intervals im-
pacts clinical decision-making and has potential det-
rimental effects on the quality of patient healthcare
including misdiagnosis, delayed diagnosis, inappro-
priate treatments, and patient risk. These are criti-
cal gaps in pediatric healthcare and it is imperative to
update and establish appropriate reference intervals
for pediatric populations based on specific age- and
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sex-stratifications. In the present review, specif-
ic issues, challenges and deficiencies in pediat-
ric reference intervals for biochemical markers
will be discussed. Early studies using hospital-
ized patients will be examined, followed by a
review of recent national and global initiatives
on establishing reference intervals from healthy
pediatric population. We will highlight the
achievements and milestones of the Canadian
CALIPER project, including the establishment of
a comprehensive biobank and database which
has addressed several of these critical gaps.
CALIPER’s mandate is to establish and provide
comprehensive, up-to-date pediatric reference
intervals to all biochemical markers of pediat-
ric disease. CALIPER has also begun knowledge
translation initiatives to disseminate its data via
peer-reviewed publication, an online database,
and a smartphone application to allow greater
access to CALIPER pediatric reference interval
data. Finally, limitations, future perspectives
and harmonization of pediatric reference inter-
vals to improve pediatric diagnostics in Canada
and worldwide will be discussed.
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INTRODUCTION

The measurement of disease biomarkers in clin-
ical laboratories are used to screen, diagnose,
and monitor a wide range of medical conditions.
To interpret these laboratory test results, physi-
cians compare patient test results with a refer-
ence interval, defined as the typical values de-
rived from a healthy population [1]. Statistically,
reference intervals are defined as the limiting
values denoting a specified percentage (typi-
cally central 95%) of values from an apparently
healthy reference population with 90% confi-
dence. In the central 95% distribution model,
the reference limits are determined by calculat-
ing the 2.5" and 97.5" percentiles of test results
[2]. In this case, a total of 5% of values may be

interpreted as abnormal or higher risk of dis-
ease and require further follow-up and inves-
tigation. In other cases, the reference interval
definition may be modified, where a different
percentile may be used, or either the upper or
lower limit may be used if only a one-sided dis-
tribution is clinically significant [3]. Reference
intervals are therefore a fundamental tool in
test result interpretation and serve as a bench-
mark for health status [4].

Accurately established reference intervals are
critical to clinical decision-making as a lack or
inappropriate use of reference intervals may
lead to adverse consequences including misdi-
agnosis, patient risk, inappropriate treatment,
and/or higher healthcare costs, all of which im-
pact the overall quality of patient healthcare.
Many current reference intervals were deter-
mined decades ago with older and less accurate
laboratory instruments and testing method-
ologies. Furthermore, as instrumentation and
reagents are upgraded, reference intervals are
not always appropriately updated [4]. With rap-
id advances in technology, there is also a lack
of data on novel, emerging disease biomark-
ers. The lack of standardization and harmoniza-
tion of assay methodology further contributes
to variations of established reference intervals
for both adults and pediatrics. These variations
create confusion in the interpretation of test re-
sults for the same patient whose specimen may
be tested in different laboratories.

Additionally, there are specific challenges re-
lated to the determination of pediatric refer-
ence intervals. The same reference intervals
are sometimes used to interpret test results
for both adults and children. However, children
are not small adults; children have significant
differences in physiology and metabolic state,
physical size, organ maturity, bodily fluid com-
partments, and immune and hormone respon-
siveness when compared to adults [4]. Most
notably, dynamic physiological changes, growth
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and development profoundly influence bio-
marker concentrations. For example, it is well
known that sex hormones, growth hormones,
and bone alkaline phosphatase vary with a
child’s age and development [4]. Establishing
appropriate pediatric reference intervals in-
volves overcoming specific challenges mostly
related to volume and quantity of healthy pe-
diatric samples. Complex physiological factors
may also necessitate the separation of refer-
ence interval (called partitions) to be age- and
sex-specific, requiring a greater number of ref-
erence samples. Moreover, children also suf-
fer from, or are more susceptible to, diseases
that differ from adults, requiring unique or new
biomarker reference interval determinations.
To complicate this further, some of these dis-
eases may be genetically inherited and occur at
a lower frequency, posing challenges in acquir-
ing adequate sample size for statistical calcula-
tions. Gap analyses of pediatric reference inter-
vals have identified four major critical areas in
pediatrics including bone markers [5], cardio-
vascular disease and metabolic syndrome risk
markers [6,7], hormones of thyroid and growth
hormone axes [8], and inborn errors of metabo-
lism [9]. Data from published reference interval
studies often suffer from limitations in design,
small sample sizes, and the use of hospitalized
patients [3]. Currently pediatric clinicians and
laboratorians depend on scattered information
and incomplete data from published (scientific
journals and textbooks) and unpublished (hos-
pital, private, reference laboratories) sources in
laboratory test result interpretation. There is an
urgent need to establish and update reference
intervals for all populations and particularly pe-
diatric populations.

While the concept and utility of reference in-
tervals appear straightforward, the process to
accurately establish or verify reference inter-
vals is quite complex. The Clinical Laboratory
Standards Institute (CLSI) and International

Federation of Clinical Chemistry and Laboratory
Medicine (IFCC) provide a guideline (C28-A3) on
how to define, establish, and verify reference in-
tervals [10]. When judging the validity of refer-
ence intervals, several integral factors should be
considered including the use of a large healthy
population, appropriate inclusion/exclusion cri-
teria, awareness of physiological, pre-analytical
and analytical factors that affect analyte con-
centrations, careful outlier exclusion, and ap-
propriate statistical analysis.

The quality of reference intervals depends on
the recruitment of a large number of healthy
reference individuals within the age group(s)
of interest and well-defined inclusion/exclu-
sion criteria. Laboratories commonly verify and
adopt a reference interval provided by a manu-
facturer or transfer a pre-existing reference in-
terval with 20 healthy samples. One problem
with verification and transference of pre-exist-
ing reference intervals is the quality of the origi-
nal reference interval. Reference intervals sup-
plied by manufacturers often lack information
regarding the study’s sample size, age, sex, and
ethnic distribution, and often do not include pe-
diatric populations. The success of transference
also depends on comparability of the reference
populations and analytical methods between
the donor and receiving laboratories. To estab-
lish robust reference intervals, a de novo refer-
ence interval study with at least 120 healthy
subjects per partition is needed. This is typically
done for novel biomarkers. For a pediatric ref-
erence interval study that is divided into 5 age
groups, it would require 600 healthy subjects
or 1200 healthy subjects if also sex stratified
[4]. This undoubtedly requires an enormous
amount of effort, resources, time and cost.
There are many inter-related variables that con-
tribute to the validity of reference intervals in-
cluding ethnic composition, geographic factors
(climate), diet and food preferences, and life-
style factors. Laboratories that serve ethnically
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diverse population should evaluate and deter-
mine whether a single reference interval is valid
or whether ethnic-specific reference intervals
are necessary [4]. Inclusion and exclusion cri-
teria require documentation of covariates (e.g.
age, sex, and ethnicity) and assessment of gen-
eral health using surveys. Pre-analytical factors
include standardization of subject preparation
(fasting, diurnal variation), specimen collection
(posture, sample volume, tourniquet time), and
specimen-handling, transport, and storage con-
ditions [3]. Analytical factors include a detailed
description of methodology including calibra-
tion traceability, imprecision, limit of detection,
linearity, analytical measuring range, interfer-
ences, and variability factors. Outliers should be
excluded through robust statistical methods in-
cluding Dixon’s [11] or Tukey’s method [12] for
outlier exclusion, parametric or non-parametric
analysis, and covariate analysis. Overall, major
challenges in the determination of pediatric
reference intervals include the recruitment of
a sufficiently large healthy pediatric population,
the need for parental consent, and difficulties
with pre-analytical variables (i.e. sample collec-
tion, sample volume, and a specialized phlebot-
omist with pediatric experience) [3].

In this review, the important milestones in ad-
dressing these gaps and challenges in pediatric
reference interval determination will be high-
lighted. The early approaches to establishment
of pediatric reference intervals derived from
hospitalized patients as well as several recent
global initiatives to close the gaps in pediat-
ric reference intervals based on recruitment
of healthy children will be discussed. The sig-
nificant progress that the Canadian Laboratory
Initiative on Paediatric Reference Intervals
(CALIPER) project has achieved through pilot
studies, the establishment of age- and sex-
specific pediatric reference intervals for more
than 100 biomarkers, and various sub-studies
will be reviewed. Lastly, limitations, future

perspectives, and goals for pediatric reference
interval distribution and harmonization will also
be discussed.

INDIRECT APPROACHES TO REFERENCE
INTERVAL ESTABLISHMENT

Ideally, reference methods are determined
based on a healthy population using a direct a
priori approach where individuals are specifi-
cally selected for the study. However, the re-
cruitment of many healthy individuals can be
quite challenging, particularly in the pediatric
population, as it is very costly and time consum-
ing. Additionally, it is difficult to define an indi-
vidual as “normal” or “healthy” as the potential
for existing subclinical issues is unknown. Thus,
indirect methods, also known as data mining,
can be quite useful. The indirect approach uses
existing data to establish reference intervals by
identifying an acceptable reference population
retroactively. One example of using the indi-
rect approach is to identify a group of healthy
individuals from hospital in- and/or out-patient
populations to calculate reference intervals. In
addition to having data readily available through
the laboratory information system (LIS), indirect
methods remove the need to recruit healthy in-
dividuals. This method represents a strong al-
ternative to cases where laboratory markers are
measured at high volume in community outpa-
tient clinics and therefore should include a rela-
tively healthy population.

The Hoffmann method proposed by Robert G.
Hoffmann in 1963 [13], uses an indirect a pos-
teriori method to determine reference intervals
using available test results from hospital-based
data from in- and out-patients. This approach
makes two assumptions: 1) values obtained for
a specific analyte follows a Gaussian distribu-
tion; and 2) majority of measurements made
in the hospital represent normal individuals.
Reference intervals are determined by plotting
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the cumulative frequency of a result against the
analyte value. The linear portion of the result-
ing graph, centered on the 50™ percentile, is
chosen thereby giving these values the greatest
weight. By extrapolating the linear portion of
the graph, the 2.5" and 97.5" centiles are cal-
culated, representing the normal range of val-
ues, if the assumptions are held true. Hoffmann
used this approach with a relatively small num-
ber of patients (n=60) for glucose as a proof-of-
concept. The application of this method using
computer programs has eliminated much of the
subjectivity of the Hoffmann approach and al-
lows for the analysis of a very large number of
samples.

Although the Hoffmann approach is highly cited,
few authors have applied the Hoffmann method
in their calculations. One notable exception is
the study led by Steven Soldin at the Children’s
National Medical Center in Washington, DC,
USA. Reference intervals were calculated us-
ing hospital-based data collected from patients
from 1 day to 18 years old. This group reported
reference intervals for several analytes includ-
ing fertility hormones, thyroid hormones, adre-
nal hormones, and growth hormones [14]. As
expected, age and sex-specific differences were
identified for FSH, LH, estradiol, 17-hydroxy-
progesterone, DHEA and testosterone. Sex-
specific differences were also found for serum
iron, homocysteine, IGF-1 and IgE levels. Lastly,
age-related differences were found for free T4,
TSH and 25-hydroxy vitamin D levels. Levels of
25-hydroxy vitamin D showed seasonal varia-
tion, with higher levels found in the summer
months. This work, however, had some limita-
tions. Much of the data was collected on a small
number of Caucasian hospitalized patients and
may not accurately reflect levels in a healthy
multicultural population. Also, semimanual ap-
plication of the Hoffman analysis of data, added
subjectivity to the calculations.

To determine the accuracy of the Hoffmann
method, Katayev et al. applied a computerized
indirect Hoffmann approach to retrospectively
determine reference intervals for hemoglobin,
creatinine, calcium and thyroid stimulating hor-
mone (TSH) and compared to previously pub-
lished reference intervals [15]. Their method
calculated cumulative frequencies of each test
result and performed least squares analysis, ap-
plying a best-fit equation to the linear portion
of the data. The statistical difference between
the two methods was determined by calculat-
ing the reference change value (RCV), a factor
representing within individual variation and
analytical variation. They found that there was
no statistically significant difference between
the reference intervals calculated using the
Hoffmann method and published reference
intervals.

More recently, as part of the CALIPER initiative,
Shaw et al. compared pediatric reference inter-
vals calculated for 13 analytes (calcium, phos-
phate, iron, ALP, cholesterol, triglycerides, cre-
atinine, direct bilirubin, total bilirubin, ALT, AST,
albumin and magnesium) from hospital-based
data using the Hoffmann approach (Figure 1) to
reference intervals calculated by CALIPER [16].
They sought to determine; 1) whether the hos-
pital-based reference intervals fell within the
90% confidence intervals calculated by CALIPER;
2) whether the hospital-based reference inter-
vals fell within the RCV for each analyte; 3) by
completing a reference interval validation study
using reference samples from healthy children.
None of the reference intervals calculated using
the Hoffmann approach fell within the 90% con-
fidence intervals calculated by CALIPER. When
the RCV was used for comparison, only some of
the Hoffmann calculated reference intervals fell
within the RCV range calculated (creatinine 15
days—<1 year old and all phosphate partitions
with the exception of 0—<14 days old). Given
the wide biological variation in some analytes, it
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Figure 1
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is not surprising that more of the Hoffmann-
calculated reference intervals fell within the
RCV than fell within the 90% confidence in-
tervals calculated by CALIPER. Finally, all ref-
erence intervals were validated according to
CLSI guidelines except for ALP (13—<15 year old
male; 15—<17 year old male and female), cre-
atinine (15-19 year old male), and iron (14—<19
year old female). Validation data for some age
and/or sex partitions was not performed due to
insufficient numbers. In this study, reference in-
tervals calculated using the modified Hoffmann
approach, were much wider than those calcu-
lated by CALIPER, suggesting that the use of
hospital-based data may be limited in pediat-
rics, especially from a tertiary care center.

The main limitations of the Hoffmann approach
are based on the assumptions made for the
analysis. The method assumes that majority of
measurements made in the hospital represent
normal individuals, yet when using hospital-
based data, the true proportion of unhealthy
individuals included in the data set is unknown
[17]. This is especially problematic when deter-
mining reference intervals for low volume tests
that include a selective patient population, as
the fewer available samples would likely skew
the data due to the inclusion of unhealthy sub-
jects [18]. Additionally, this approach assumes
that the values obtained for a specific analyte
follows a Gaussian distribution of healthy re-
sults which may not be true in all cases [13].

NATIONAL AND GLOBAL PEDIATRIC
REFERENCE INTERVAL INITIATIVES
BASED ON HEALTHY COHORTS

In contrast to a hospitalized patient population,
the ideal reference population to establish pop-
ulation-based reference intervals is a group of
well-defined individuals that are similar to the
target patient in all respects other than the dis-
ease condition under investigation. Ultimately,

the quality of a laboratory measurement de-
pends on the quality of the reference interval
that the value is compared with. In turn, the
quality of reference intervals heavily depends
on the selection and recruitment of a large
number of appropriate reference individuals
[2,19]. Although this is a challenging task, sev-
eral national and international initiatives have
recognized the critical gaps in pediatric refer-
ence intervals and the need to establish ranges
that are robust and appropriate for the pediat-
ric population (Table 1) [20,21].

The German Health Interview and Examination
Survey for Children and Adolescents (KiGGS),
performed by the Robert Koch Institute (RKI),
is a national initiative aimed at providing infor-
mation on several health aspects of German
children and adolescents [22,23]. KiGGS has
successfully determined reference intervals for
numerous serum and urine laboratory biomark-
ers using healthy pediatric samples [20,23]. The
baseline KiGGS study collected whole blood, se-
rum and urine samples in addition to personal
information (i.e. age, sex, socioeconomic status,
geographical location, community population,
and immigration status) from 17,641 pediatric
subjects (aged 0-17 years) recruited from May
2003 to May 2006 [24]. Three main categories
of analytes were examined depending on their
relation to one of the following public health
interests: nutrition, risk of non-communicable
disease and immunization. 43 analytes were
analyzed, for some of which median and 90%
reference intervals were calculated, such as to-
tal, LDL and HDL cholesterol, triglycerides, and
calcidiol, based on age, sex and other subjective
information [24]. In an additional KiGGS study
[25], the median, 25" and 75" percentile values
for serum thyroid hormones and serum lipids
were determined in 12,756 subjects =3 years
of age. This study also examined biomarker
relationships and identified a positive relation-
ship between TSH and serum lipid biomarker
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concentrations, except for HDL, even after ad-
justing for smoking status, age and sex [25].

The Nordic Reference Interval Project (NORIP)
was established in 1998 to determine Nordic-
specific reference intervals for common blood
analytes [26,27]. Some of the general inclu-
sion criteria included feeling healthy, aged > 18
years, and individuals who are not pregnant,
ill or hospitalized. Personal information ob-
tained from subjects included age, sex, body
mass index (BMI), cigarette and alcohol usage,
ethnic origin and physical activity [28]. Serum,
plasma and whole blood samples were ob-
tained from 3,036 healthy adults (aged > 18
years) in 102 Nordic laboratories in Denmark,
Finland, Iceland, Norway and Sweden [21,26].
Reference intervals (central 95%) for 25 com-
mon serum biomarkers, including enzymes,
were calculated based on IFCC recommenda-
tions, with 90% confidence intervals around
upper and lower limits. Data were also par-
titioned based on age, sex and blood sample
(plasma or serum). Interestingly, a 2013 study
analyzed 21 blood biomarkers based on 1421
(596 males and 825 females) healthy Danish
pediatric subjects between ages 5-20 who par-
ticipated in The COPENHAGEN Puberty Study
(from 2006-2008) [29], and the results were
compared to the NORIP (adult) findings. This
study used nonparametric statistics to calculate
the central 95% Rls, and confidence intervals of
upper and lower limits; the Rls were calculat-
ed for both sexes and 6 age groups. This paper
compared the results from the oldest pediatric
age group to the youngest NORIP adult results
[29]. Although many of the results were similar,
there were some differences between the two
studies, some values being higher and others
being lower in the pediatric study compared to
the NORIP adult study. However, discrepancy in
some of these analytes, such as alkaline phos-
phatase, lactate dehydrogenase and creatinine,
was explained to be normal as these values are

expected to increase or decrease by age (from
adolescence to adulthood).

Children’s Health Improvement through
Laboratory Diagnostics (CHILDx) program has
been establishing pediatric RIs based on a
healthy cohort (6 months to 17 years) in Utah,
United States since 2002 [30-32]. This group has
determined RIs for a variety of analytes, such
as vitamins [33], enzymes [32], hormones [34],
coagulation tests [30] and bone markers [35].
A 2005 CHILDx paper describes reference inter-
vals for seven common coagulation tests that
were determined based on 902 healthy pedi-
atric participants with ages ranging from 7 to
17 years [30]. Median, 95% reference intervals
and 90% confidence intervals around upper and
lower limits were determined for each param-
eter. The results were reported based on 3-year
age groups. Another CHILDx study in 2011 fo-
cused on analyzing the serum levels of seven
analytes, consisting of enzymes, prealbumin
and uric acid, based on a healthy cohort of 1765
children and adolescents [32]. Participants were
divided into 3-year age groups (except for the
6m-2y age group), and mean, median, and sta-
tistical difference between age and sex groups
were determined. Subsequently, central 95%
age-specific and sex-specific (sex differences
for about one-third of analytes) Rls were deter-
mined using nonparametric statistics.

United States National Health and Nutrition
Examination Survey (NHANES) evaluates the
health status of pediatrics and adults in the U.S.
population by receiving laboratory and inter-
view details from their cohort, while recruiting
thousands of additional participants each year
[36-41]. The NHANES study examined the ef-
fects of age, sex, BMI, socioeconomic status and
ethnicity on various health parameters, includ-
ing biomarkers. For example, a study published
in 2000, looked at the upper 95™ percentile
limit of C-reactive protein (CRP) concentrations
in a sample size of more than 22,000 healthy
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pediatric and adult individuals (from NHANES
IIl) based on age, sex and ethnicity [42]. Females
generally had a higher concentration compared
to male counterparts. They also demonstrated
that Caucasians and Hispanics have similar up-
per limit CRP values, compared to black adults.
CRP levels were also higher in older adults
compared to children. Furthermore, in 2004,
NHANES Il data were used to determine refer-
ence intervals for whole blood count based on
approximately healthy 25,000 subjects rang-
ing from pediatric to geriatric age groups (aged
10 to >75 years), partitioned based on age,
sex and ethnicity (Mexican, white and black)
[40]. Age-, sex- and/or ethnic-related differ-
ences were observed in some of the analytes.
In 2012, NHANES data from 6062 healthy pe-
diatric (ages 2-19 years) individuals were used
to establish Rls for the same 3 ethnic groups
(Mexican, white and black) [43]. In addition,
95% Rls, geometric means and statistical dif-
ference between the ethnic groups were deter-
mined for vitamins and lipids (total, LDL- and
HDL-cholesterol). Rls were partitioned based on
sex, age and other factors; this is interesting as
it allowed for both genetic and environmental
comparisons between the three ethnic groups.
Overall, NHANES studies, along with other stud-
ies, highlight the importance of partitioning ref-
erence intervals based on sex, age and ethnicity
since reference values are highly influenced by
these factors [40,43,44].

The Lifestyle of Our Kids (LOOK) program is a
longitudinal study that was initiated in Australia
in order to study healthy children and adoles-
cents, and the effects of physical activity on
their health outcomes [45]. In one of the most
significant studies done by this group, central
95% Rls and medians of 37 blood analytes were
calculated from a sample of 852 healthy indi-
viduals [45]. Sex-specific as well as age-specific
RIs were calculated for ages 8, 10 and 12 based
on measurements in 2005, 2007 and 2009,

respectively. Interestingly, they compared their
results with those from other groups, including
CALIPERRIs for ferritin, CRP, cholesterol, TSH and
magnesium. In a 2012 paper, LOOK data from
854 pediatric individuals was used to calculate
blood NT-proBNP Rls [46]. Median, 95% Rls and
90% confidence intervals were calculated based
on sex (male, female and combined) and for the
same 3 age groups (ages 8, 10 and 12). In ad-
dition, pairwise comparisons in concentrations
between the sex groups and the 3 age groups
were conducted with the use of Mann—Whitney
U test. While no significant difference was ob-
served between the sex groups of the same
age, concentration differences were shown to
be statistically significant between certain age
groups.

Australasian Association of Clinical Biochemists
(AACB) Committee for Common Reference
Intervals and AACB Harmonisation Committee
have been promoting the adaptation of com-
mon reference intervals, based on the values
used in hospitals in Australia and New Zealand
[47,48]. In a 2014 preliminary publication, ref-
erence intervals used by each laboratory, along
with results of freshly obtained serum for vari-
ous analytes, were reported by each of the 123
laboratories, partitioning analytes by sex when
applicable [48]. This was used to identify dif-
ferences in reference intervals used by each
laboratory and analytical methods between
the laboratories. Interestingly, it was demon-
strated that for majority of analytes, reference
interval variation was greater than analytical
(i.e., measured sample) variation between the
laboratories. Linear regression was also used
to compare measured results against reported
upper and lower reference limits reported by
each laboratory [48]. Finally, the AACB group
determined the location of the measured
sample’s value with regards to each laborato-
ry’s reference range, determining its relative
location from upper and lower limits [48]; the
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results were then compared between the labo-
ratories. In another study published within the
same year, harmonized 95% reference intervals
were determined for 11 analytes in adults and
9 in pediatrics based on healthy subjects, while
partitioning further based on age in pediatrics
and sex in both pediatrics and adults (aged > 18
years), where applicable [47]. Throughout the
common reference interval selection process,
many workshops and validation processes were
held to identify analytical accuracy and bias-
es, consider clinical importance, and compare
the results to other studies (e.g. NORIP and
Aussie Normals). Similar to other studies, this
study highlights the importance of considering
between-instrument/analytical method differ-
ences and the significance of local validation
[44,49-51].

THE CANADIAN LABORATORY INITIATIVE
ON PEDIATRIC REFERENCE
INTERVALS (CALIPER) PROJECT

The Canadian Laboratory Initiative on Pediatric
Reference Intervals (CALIPER), is aimed at cre-
ating a comprehensive database of pediatric
reference intervals to disseminate for use by
other pediatric centres nationally and glob-
ally. This initiative was launched through the
Pediatric Focus Group of the Canadian Society
of Clinical Chemists (CSCC) and is a collabora-
tive effort amongst pediatric institutions across
Canada. CALIPER is an a priori prospective study
that has been recruiting thousands of healthy
community children and adolescents and estab-
lishing age- and sex-specific reference intervals
for many routine and specialized biochemical
markers.

The early stages of CALIPER involved extensive
planning to establish standardized procedures
for pre-analytical, analytical and post-analyti-
cal aspects of the project. For example, blood
collection, sample and statistical analysis were

standardized to ensure consistency among dif-
ferent collection sites. A CALIPER team consist-
ing of experienced research coordinators, proj-
ect coordinators and volunteers was formed to
help with promotion of the CALIPER campaign
and recruitment of participants. Trained phle-
botomists with expertise in pediatric sampling
were also recruited to ensure ease and efficien-
cy of collection.

Initially, preliminary pilot studies were conduct-
ed by CALIPER to refine project logistics and
gain experience in sample collection, sample
analysis, as well as statistical analysis and es-
tablishment of reference intervals. The initial
CALIPER pilot studies included 2,809 serum and
plasma specimens from apparently healthy and
metabolically stable children from outpatient
clinics. Overall, these initial studies analyzed
over 50 chemistry and immunoassay biomark-
ers on the Abbott ARCHITECT ci8200 analyzer
[52]. Using these data, CALIPER generated
preliminary reference intervals according to
CLSI and IFCC C28-A3 guidelines. Age and sex-
specific reference intervals were established
for five age groups. This was an important first
step for CALIPER and formed the basis for more
projects to come. However, as outlined by CLSI/
IFCC C28-A3 guidelines, establishment of ref-
erence intervals should include recruitment of
at least 120 healthy individuals per partition.
Initial CALIPER pilot studies recruited appar-
ently healthy children from outpatient clinics.
According to CLSI guidelines, this was less than
ideal since underlying disease in children from
outpatient clinics could confound interpreta-
tion and establishment of reference intervals.
Furthermore, a sufficient sample size of 120 pa-
tients per partition was not feasible in the initial
CALIPER preliminary studies.

To address this limitation, subsequent CALIPER
reference interval studies recruited healthy
children and adolescents from Toronto and the
Greater Toronto Area to establish a biobank
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of healthy serum samples. With the help of the
CALIPER team, over 9000 serum samples were
collected from healthy children and adolescents
allowing for appropriate sample size of 120 par-
ticipants per partition, as per CLSI guidelines

(Figure 2). Furthermore, to ensure adherence to
CLSI guidelines and only inclusion of healthy par-
ticipants, recruitment was limited to those with-
out a history of chronic illness or acute illness
within the previous month and without current

Inspect data for age and sex partitions using box plots

\ 4

Remove outliers for estimate partition using Tukey or adjusted Tukey
method twice for normally distributed and skewed data, respectively

\ 4

Determine statistically significant partitions

Using Harris & Boyd
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/\

Log transform data for

method for normally
distributed partitions

\

skewed partitions

h h .
Calculate 2.5 and 97.5" centiles as lower and upper
reference interval limits, respectively

/

Partitions > 120 sample size:
Calculate using nonparametric
rank method

\/

\

Partitions > 40 and < 120
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Calculate using Horn and
Pesce robust method

Calculate 90% confidence intervals around lower and upper limits

«
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use of prescribed medication. Diverse collection
sites, including community centres, day cares,
churches and schools, further strengthened
the CALIPER study and ensured that recruited
participants accurately reflected the Canadian
diversity. The first of these a priori studies, in-
cluded the establishment of age-specific ref-
erence intervals for over 40 routine chemistry
markers analyzed on the Abbott ARCHITECT
c8000 system [53]. This hallmark study was
the first of many CALIPER studies to begin to
fill the gap in pediatric reference intervals for
biomarkers routinely assessed in the pediatric
population, including bone markers, markers of
cardiovascular disease risk and metabolic syn-
drome. Findings from this study indicated that
many analytes required multiple age partitions
and the number of age partitions varied for
each analyte. Oftentimes, developmental mile-
stones are used to arbitrarily set age partitions.
However, this study demonstrated that age par-
titions did not necessarily correlate with age de-
velopmental milestones, which was a paradigm
shift from what was currently practiced. For
example, alkaline phosphatase (ALP) required
seven age partitions (0-14 days, 15 days - <1 yr,
1-<10yr, 10 - <13 yr, 13 - <15 yr, 15 - <17 yr,
and 17 - <19 yr), as shown in Figure 3A, whereas
alanine aminotransferase (ALT) required three
age partitions (0 - < 1yr, 1 - <13 yr, 13 - <19
yr), as shown in Figure 3B [53]. This study also
performed preliminary analysis of differences
between the major Canadian ethnic groups (i.e.
Caucasian, South Asian, and East Asian). This
analysis demonstrated biomarker concentra-
tion differences between ethnic groups for ALT,
amylase, IgG, IgM, magnesium, total protein
and transferrin [53]. While these three ethnic
groups comprise a large proportion of Canada,
future CALIPER studies will focus on expanding
the analysis to other ethnicities.

As children grow and undergo pubertal devel-
opment, there are significant changes in fertility

hormone concentration. In 2013, CALIPER re-
cruited healthy children and adolescents and
measured 7 fertility hormones [54]. Age-specific
reference intervals were required for all fertility
hormones, and aside from prolactin, sex parti-
tions were also required. This study also deter-
mined Tanner stage-specific reference intervals.
Tanner staging is used to monitor progress of
puberty in children. It is especially important to
have Tanner stage-specific reference intervals
for fertility hormones since every child enters
puberty at various ages. Tanner staging is based
on a 5-stage scale, with stage | correlating with
pre-pubertal development and stage V corre-
lating with adult development. Tanner staging
was determined by providing participants with
images of Tanner stages | to V and participants
self-assessed their development relative to the
diagram. Shortly following the examination of
fertility hormones, pediatric reference intervals
were established for additional endocrine and
biochemical markers on the Abbott analyzer
[55].

With the success of the initial CALIPER stud-
ies, the CALIPER initiative extended their stud-
ies to more specialized testing and moved be-
yond general automated analyzers. Age-specific
steroid hormone reference intervals were
completed on the AB SCIEX 4000 QTRAP mass
spectrometer [56], HPLC analysis aided in es-
tablishment of vitamin A and vitamin E pediatric
reference intervals [57], and 25-hydroxyvitamin
D reference intervals were determined using
LC-MS/MS analysis [58]. The 25-hydroxyvitamin
D study also demonstrated elevated concentra-
tions of 25-hydroxyvitamin D C3 epimer (C3-
epi-25-0H-D, and C3-epi-25-OH-D, ) in neonates
less than 1 year of age, which could interfere
with 25-OH vitamin D measurements in this pe-
diatric population [58,59]. Thus, caution should
be exercised in measurement of 25-hydroxyvi-
tamin D in neonates.
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In addition to these large milestones, CALIPER
allotted resources to smaller substudies. They
have analyzed the effect of freezing conditions
on samples and analyte stability [60], biological
variation [61], and fasting on biomarker con-
centrations [62]. The stability of serum chem-
istry, protein and hormones were analyzed on
three analyzers (Ortho Vitros Chemistry System,
Roche Cobas Integra 400 Plus and Siemens
Immulite 2500) using specimens that were
frozen at -80°C [60]. The results of this study
demonstrated that -80°C is a suitable storage
method for serum samples since no significant
deviations in analyte concentrations were ob-
served. An understanding of biological varia-
tion is important for accurate laboratory test
interpretation and for determining whether a
change in biomarker concentration is clinically
significant. This data is often lacking for many
biomarkers, especially for the pediatric popula-
tion, since it is often difficult to obtain sequen-
tial samples from one child. CALIPER analyzed
the within and between-individual biological
variation for the pediatric population. Four
samples were obtained from 29 healthy partici-
pants, and over 30 analytes were analyzed to
determine their biological variation [61].

To further expand the CALIPER database, recent
studies have established age- and sex-specific
reference intervals on the Abbott ARCHITECT
immunoassays for cancer biomarkers [63],
metabolic disease biomarkers [64], testoster-
one indices [65], and specialized biochemical
markers [66]. To expand the CALIPER database
to additional analyzers, a series of transference
and verification studies have been performed
to transfer reference intervals for chemistry
analytes established on Abbott assays to assays
on other analyzers including Beckman, Ortho,
Roche, and Siemens [44,49-51]. The statistical
algorithm CALIPER uses to transfer and verify
reference intervals is summarized in Figure 4.
To date, CALIPER has created a comprehensive

and robust age- and sex-specific pediatric refer-
ence interval database for over 100 biomark-
ers. Through knowledge translation initiatives,
CALIPER has also disseminated reference inter-
vals through peer-reviewed publications, devel-
opment of a free online database (www.caliper-
database.com), and a smartphone application
easily accessible for physicians.

LIMITATIONS OF PEDIATRIC REFERENCE
INTERVALS AND FUTURE DIRECTIONS

Despite several advances in addressing the criti-
cal gaps in pediatric reference intervals, limi-
tations of the completed and ongoing studies
leave additional gaps to be addressed. Current
initiatives have extensively examined how
analyte concentrations vary with age and sex.
However, the influence of additional covariates,
such as ethnicity and body mass index (BMl), on
analyte concentrations remain to be compre-
hensively analyzed. Several studies suggest that
analyte concentrations may vary by ethnicity.
For example, Gupta et al. discussed significant
differences in serum prostate-specific antigen
(PSA) concentration between various ethnici-
ties, with relatively higher concentrations in
African American subjects and lower concen-
trations in Asian subjects [67]. Therefore, eth-
nic specific PSA reference intervals should be
considered in accurate interpretation of test
results in cancer diagnosis. Another study by
Troy et al. measured hematologic and immuno-
logic reference intervals in healthy Zimbabwean
infants and compared them to those estab-
lished using mainly Caucasian subjects [68].
Interestingly, majority of Zimbabwean subjects
were considered to have adverse events and
immunodeficiency based on hemoglobin and
CD4% reference intervals established using
Caucasian subjects, respectively. Thus, ethnic-
specific and locally-validated reference inter-
vals are required for accurate laboratory test
interpretation. The influence of ethnicity on the
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concentration of several analytes may be due
to several factors including genetic differences,
environmental factors, and dietary patterns.
Several national pediatric reference interval
initiatives have established reference intervals
based on a reference population comprised of a
single ethnicity [69-72]. As Canada is comprised
of a multi-ethnic population, the reference pop-
ulation used in the CALIPER studies proportion-
ally represents the main ethnic groups of the
nation (i.e. Caucasian, South Asian, East Asian).
CALIPER performed analysis on these ethnic
groups, however, the relatively small sample
size of ethnicities, other than Caucasian, limited
the scope of this study to strictly preliminary
analysis [53-55]. Large, comprehensive studies
are warranted for a thorough understanding of
how analyte concentrations differ between eth-
nic groups and where warranted the establish-
ment of ethnic-specific reference intervals.

With pediatric obesity becoming an important
public health concern, it is also important to
understand how analyte concentrations change
with BMI [73,74]. A reference population should
be comprised of subjects who are representa-
tive of the local population, and therefore this
definition becomes challenging when covari-
ates such as BMI is constantly changing in the
general population. As the average BMI in the
general population increases, reference inter-
vals for analytes that change with BMI may also
be shifted, or a substantial subset of the local
population must be excluded from the refer-
ence population. Therefore, it is important to
understand which analytes are significantly in-
fluenced by BMI and if these changes are physi-
ological and not of clinical significance, or if this
change is clinically significant and may be indic-
ative of subclinical progression of a metabolic
disease. Understanding how analyte concentra-
tions change with BMI are critical for laboratory
specialists and physicians to interpret blood
tests from overweight and obese pediatric

patients. Some studies have been performed
to examine the effect of BMI on analyte levels
in a healthy population, however these studies
only included adults [75] or were performed for
a very limited number of analytes [76]. Further
studies are needed to comprehensively exam-
ine the influence of BMI on analyte concentra-
tions in the pediatric population.

The ultimate end goal of pediatric labora-
tory medicine is to achieve harmonization.
Laboratory test interpretation, based on ref-
erence intervals and decision limits, remain
highly variable and poorly harmonized across
laboratories. This leads to great potential for
inappropriate patient care when laboratory
test results on the same sample can be inter-
preted differently depending on the reference
interval reported by the laboratory. Several
groups have launched initiatives to harmonize
reference intervals including the NORIP [26],
the UK Pathology Harmony project [77], the
Australasian Harmonised Reference Intervals
for Adults (AHRIA) and Australasian Reference
Interval for Paediatrics (AHRIP) [47]. In Canada,
a Working Group on reference interval har-
monization has also been initiated to identify
the variation in reference intervals being used
in clinical practice and establish/recommend
practice guidelines on the use of harmonized
reference intervals in clinical laboratories across
Canada.

Major challenges have been overcome and
significant advances have been made in the
establishment and wide-spread dissemina-
tion of accurately established pediatric refer-
ence intervals. However, with the continuously
evolving technological and clinical advances,
national and international research initiatives
need to ensure pediatric reference intervals
continuously improve and adapt to the chang-
ing environment.
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Table 1

Age .
Statistical Examples of groups Refer-
S LI SRR || method of biomarkers studied ences
(years)
Australia and | All age Central Common blood analytes
AACB New Zealand | groups Both 95% (mostly ions and enzymes) [47,48]
Common biochemical
markers
. (4,6,8,
Endocrine markers 18,44,
Central Tumor markers 49-52,
CALIPER Canada 0-18 Both 95% —— 54-57,
Metabolic disease Ay
. 66]
biomarkers
Testosterone indices
Enzymes
Median, Coagulation tests
CHILDx UIEEl | = || ety || TREE EE Hormones [30-35]
States central
95% Vitamins
Bone markers
Central
COPENHAGEN Denmark 5-20 Both 95% Common blood analytes [29]
(o)
Nutrient deficiency markers
Median Non-communicable
KiGGS Germany 0-18 | Both and diseases and lipids [20,
central 22-25]
90% Immunology markers
Thyroid hormones
Median
Cardiac Biomarker
LOOK sogle | 220 | e I [45,46]
and 12 central Common blood analytes
95%
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Lipid profile
ted I Z'Sth('j.ZSth' Immunology and
NHANES Unite All age Both mehlan, hematologic markers [36-43]
States groups 75", or
97.5th Vitamins
Inflammatory markers
Nordic
R
’ i Tumor markers
NORIP Finland, | 218 | Both | PETcentile 21,
orcentral | Common blood analytes | 26-28]
Iceland,
95%
Norway and
Sweden)

AACB = Australasian Association of Clinical Biochemists

CALIPER = Canadian Laboratory Initiative on Paediatric Reference Intervals
CHILDx = Children’s Health Improvement through Laboratory Diagnostics

COPENHAGEN = The Copenhagen Puberty Study

KiGGS = German Health Interview and Examination Survey for Children and Adolescents

LOOK = Lifestyle of Our Kids

NHANES = National Health and Nutrition Examination Survey

NORIP = Nordic Reference Interval Project
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