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Abstract 

Introduction: Reference intervals (RI) are an important clinical assessment tool used by 

physicians and laboratory professionals to interpret test results. A RI is commonly defined as 

a range between the 2.5th and 97.5th percentile and represents the middle 95% of the reference 

population. The estimation of RIs is a complex process which involves defining a reference 

population, selecting reference individuals, collecting, and testing reference samples, and 

applying appropriate statistical methods.  

 

Estimation of RIs in children is challenging for a number of reasons. There is a need for 

adequate representation of the general population in the reference population. Analytes are 

influenced by the nutrition, development, and growth of a child. Hence, RIs should reflect 

these age-dependent changes in the analytes as children grow older. Most laboratory tests are 

instrument dependent and variation between different analysers has been documented in 

several studies. In addition, the best statistical methods for estimating and reporting RIs 

varying with continuous age are still not widely agreed upon. Finally, there are no available 

guidelines for laboratories to validate continuous age-specific RIs for their use. 

 

Hence, this project addressed the following four gaps: 1) the lack of appropriate and reliable 

continuous age-specific paediatric RIs, 2) an absence of head-to-head comparison of 

laboratory results on different analysers, 3) the lack of clear evidence and accompanying 

guidelines regarding the best statistical methods for constructing continuous age-specific 

paediatric RIs, and 4) the lack of guidelines for validating continuous age-specific RIs.  

 

Methods: This research project consists of four studies. Data collected as part of the HAPPI 

Kids study, from children 30 days to < 18 years, were used to compare laboratory test results 
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on different analysers and to establish and validate continuous age-specific RIs. Differences 

in mean test results of analytes by analyser types were investigated using mixed-effects 

regression analysis and by comparing maximum variation between analysers with analyte-

specific allowable total error reported in the Westgard QC database. Continuous age-specific 

paediatric RIs were estimated using quantile regression where power variables in age were 

selected based on fractional polynomial regression for the mean, with modification by sex 

when appropriate. The continuous age-specific paediatric RIs were considered valid if more 

than 90% of test results from a routine laboratory were within the intervals. A systematic 

review was conducted to examine the range of statistical methods used over the past 25 years 

for the estimation of age-specific RIs and to identify trends in usage and reporting. A 

simulation study was conducted to evaluate and compare statistical methods for constructing 

continuous age-specific RIs in children under different scenarios and for different sample 

sizes.   

 

Results: The variation in the mean test results across five analysers was not clinically 

significant for 24 out of 30 biochemistry analytes examined and common continuous age-

specific RIs were established for children 30 days to 18 years. The continuous age-specific 

paediatric RIs were validated in a routine laboratory after initial analysis for most analytes 

and after secondary analysis for a few analytes. 

 

According to the results of the systematic literature review, a wide variety of statistical 

methods have been used for estimating age-specific RIs in children over the past 25 years. 

However, there has been insufficient uptake of modern statistical methods in estimating 

continuous age-specific paediatric RIs for analytes that change with age. The results of the 

simulation study show that in comparison to the commonly used methods for estimating 
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continuous age-specific paediatric RIs, the applied novel method that we applied performed 

better in most scenarios for sample sizes of 400 and over. 

 

Discussion: The comparison of test results for common biochemistry analytes should provide 

evidence of lack of differences between analysers and in turn improve clinical interpretation. 

It is recommended that continuous age-specific RIs are used as a gold standard for 

interpreting test results. Laboratories should estimate or validate continuous age-specific 

paediatric RIs for their use by applying appropriate statistical methods based on the evidence 

provided in this research.   
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Preface 

This thesis makes use of data from the HAPPI Kids study. The HAPPI Kids study is 

conducted in collaboration among 1) four tertiary hospitals in the greater Melbourne area: 

Royal Children’s Hospital, Royal Women’s Hospital, Northern Hospital, and Western 

Health-Sunshine Hospital, 2) six laboratories: Royal Children’s Hospital, Royal Melbourne 

Hospital, Melbourne Pathology, Monash Health, Australian Clinical Labs and Dorevitch 

Pathology, and 3) Murdoch Children's Research Institute in Melbourne, with advice provided 

by a consortium of leading researchers, clinicians, biochemists, chemical pathologists, 

biostatisticians etc. The ethical approval and sample collection of the project started before 

the commencement of the PhD. However, I led the process of publishing the study protocol 

in BMJ Open and highlighted the uniqueness of the protocol. These unique aspects of the 

protocol are 1) prospective collection of samples from healthy children, 2) justification of the 

sample size based on the existing literature, and 3) a novel statistical method for estimating 

continuous age-specific paediatric reference intervals (RIs). The protocol was published in 

BMJ Open and is included as the body of Chapter 2. The contribution of many people 

involved in the study is noted in the Supplementary Table 1 of the appendix B and C.  

 

One of the main aims of the thesis was to estimate continuous age-specific paediatric RIs for 

30 biochemistry analytes. The existing literature suggests that the traditional approach of 

estimating discrete age-group-based paediatric RIs is misleading and does not appropriately 

address the changes in analytes with age. Addressing this gap, I have applied a novel 

statistical method estimating RIs varying with continuous age using data available from The 

HAPPI Kids study. I have also applied a combination of statistical and clinical approaches to 

propose common RIs across five commercial analysers. This study was published in Clinical 

Chemistry and is included as the body of Chapter 3.  
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The collaborative focus of this PhD meant that the initial work was to analyse and report 

continuous age-specific RIs for the HAPPI Kids data, but this highlighted three critical issues 

for practical application and reliability. These were 1) validity of the continuous age-specific 

paediatric RIs and process of validation, 2) adequacy of the sample size for estimating 

continuous age-specific RIs for analytes with varying complexity of the relationship with age, 

and 3) performance of the novel statistical method in comparison to other commonly used 

statistical methods. Addressing these gaps, I led the following three studies.  

 

The Clinical Laboratory and Science Institute (CLSI) recommends that established RIs 

should be validated before use in a routine laboratory. However, there are no guidelines for 

validating continuous RIs. Hence, we conducted the validation study immediately after the 

estimation of continuous RIs. I have demonstrated that the estimated continuous age-specific 

paediatric RIs were valid for use in routine laboratories using the data from the HAPPI Kids 

study, tested in two different routine laboratories applying the same analytical principal and 

analyser. In the process of validating the continuous age-specific paediatric RIs, I have 

proposed some modifications to the existing validation guidelines. The validation study was 

published in The Journal of Applied Laboratory Medicine and is included as the body of 

Chapter 4.  

 

To assess the adequacy of the sample size and compare performance of our novel statistical 

method, I needed to explore commonly used sample sizes and uses of previously proposed 

statistical methods in the estimation of continuous age-specific paediatric RIs. Hence, I led a 

systematic review of published papers reporting age-specific paediatric RIs. Specific 

recommendations in terms of reporting statistical methods and estimating continuous age-

specific RIs are made based on the findings of the review. This study was presented at a 
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conference as a poster and was published in Clinical Biochemistry. The final submitted 

version of the paper is included as the body of Chapter 5.   

 

Finally, I have led a statistical simulation study that aimed to explore the performance of our 

novel proposed method under different scenarios and for different sample sizes compared to 

other methods identified in the systematic review. The findings of the simulation study were 

presented at three conferences and submitted for publication in Biometrical Journal. The 

latest submitted version of the manuscript is included as the body of Chapter 6.  

 

A review of current status, gaps, challenges and future considerations regarding paediatric 

RIs was published in Clinical Biochemist Reviews in response to a request from the editor. 

My contributions to the manuscript are included as the body of the thesis on pages 1, 4 - 10, 

16 - 17, 47 - 48, 79 - 81, 102, 133 and 163 - 169. A copy of the author accepted manuscript is 

provided in Appendix F.  

 

I am the primary co-author of the six publications and contributed more than half of their 

content. I was responsible for data management, statistical analysis (including programming) 

and drafting the initial manuscript for all six papers. In addition, I was responsible for 

planning the validation, systematic review, and simulation studies. I have contributed to the 

final manuscripts with feedback from the journal editors and reviewers, and support from my 

supervisors and co-authors.   

 

The references to all six articles are: 

1. Hoq M, Karlaftis V, Matthews S, Burgess J, Donath SM, Carlin J, Monagle P, 

Ignjatovic V.A prospective, cross-sectional study to establish age-specific reference 

https://www.ncbi.nlm.nih.gov/pubmed/30948591/
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intervals for neonates and children in the setting of clinical biochemistry, immunology 

and haematology: the HAPPI Kids study protocol. BMJ Open. 2019; 9(4):e025897. 

2. Hoq M, Matthews S, Karlaftis V, Burgess J, Donath S, Carlin J, Yen T, Ignjatovic V, 

Monagle P.  Reference values for 30 common biochemistry analytes across five 

different analyzers in neonates and children 30 days to 18 year olds, Clinical 

Chemistry. 2019; 65(10): 1317 - 1326. 

3. Hoq M, Matthews S, Karlaftis V, Burgess J, Donath S, Carlin J, Ignjatovic V, 

Monagle P. Validation of the HAPPI Kids Continuous Age-Specific Pediatric 

Reference Intervals. The Journal of Applied Laboratory Medicine. 2020: jfaa045 

4. Hoq M, Canterford L, Matthews S, Khanom G, Ignjatovic V, Monagle P, Donath S, 

Carlin J, Statistical methods used in the estimation of age-specific paediatric reference 

intervals for laboratory blood tests: A systematic review. Clinical Biochemistry. Aug 

2020.  

5. Hoq M, Monagle P, Donath S, Carlin J. Comparison of statistical methods for 

constructing age-specific paediatric reference intervals: A simulation study. BMC 

Research Methodology. 2021. (Submitted) 

6. Hoq M, Matthews S, Donath S, Carlin J, Ignjatovic V, Monagle P. Paediatric 

Reference Intervals: Current Status, Gaps, Challenges and Future Considerations. 

Clinical Biochemist Review. 2020; 41 (2).  

 

Based on the work of this thesis, I have presented the primary findings in three conferences. 

The references to these conference abstracts are:  

1. Hoq M, Monagle P, Donath S, Carlin J. Comparison of statistical methods for 

constructing age-specific paediatric reference intervals: A simulation study. in Young 

Statistician Conference. 2019. Canberra ACT. 

https://www.ncbi.nlm.nih.gov/pubmed/30948591/
https://www.ncbi.nlm.nih.gov/pubmed/30948591/
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2. Hoq, M, Canterford L, Khanom G, Monagle P, Donath S, Carlin J. Statistical methods 

applied in the estimation of age-specific paediatric reference intervals for a laboratory 

blood test: A systematic review. in Australasian Association of Clinical Biochemists' 

57th Annual Scientific Conference. 2019. Adelaide, SA: Clinical Biochemist Review. 

2020; 41 (1) Supplement.  

3. Hoq, M, Monagle P, Donath S, Carlin J. Comparison of statistical methods for 

constructing age-specific paediatric reference intervals: A simulation study. in 

Australasian Association of Clinical Biochemists' 57th Annual Scientific Conference. 

2019. Adelaide SA: Clinical Biochemist Review. 2020; 41 (1) Supplement.  

4. Hoq, M, Monagle P, Donath S, Carlin J. Comparison of statistical methods for 

constructing age-specific paediatric reference intervals: A simulation study. In 41st 

Annual Conference of the International Society for Clinical Biostatistics. 2020. 

Virtual.  

 

My PhD research was supported by the Royal Children’s Hospital Foundation (RCHF, grant 

number 233, 2014), The Victorian Centre for Biostatistics (ViCBiostat), and a National 

Health and Medical Research Council (NHMRC) Postgraduate scholarship (grant number 

APP1168363, 2019).   
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Chapter 1: Introduction 

1.1 Reference intervals and their clinical importance 

Laboratory test results are critical to modern clinical medicine, with claims that nearly 70% 

of physicians’ medical decisions are based on information provided by laboratory test reports 

[1]. The importance of laboratory test results is further evident from the sheer number of 

pathology tests performed. According to the Royal College of Pathologists of Australasia 

(RCPA), approximately 500 million laboratory tests are performed each year in Australia and 

more than 11 million Australians have at least one test per year [2]. 

 

A blood test result by itself is of little value unless it is reported with a reliable and 

appropriate clinically related interpretation. A reference interval (RI) is one such clinical 

assessment tool used frequently to interpret test results. Statistically, a RI is defined as a 

range within which (100 - α) % ( 0 < α < 100) of the observations fall, where lower and upper 

limits are (α/2 and (100 - α/2) centiles respectively [3]. The interval between two extreme 

percentiles represents the central part of a defined reference population, in most cases 

consists of healthy individuals. The basic concept of a RI is that observations that are outside 

the interval are considered unusual or abnormal, with the understanding that this will falsely 

classify α% of the reference population as “unusual”. Soldin et al further explained this 

concept arguing that usually there will be some overlap in the distribution of test results 

between diseased and non-diseased population (Figure 1-1) [4]. The classification of α% of 

the reference population as “unusual” will be of varying clinical value, depending on the 

distribution of the analyte in whatever disease population is of clinical interest.  

 

The value α is arbitrary. However, 95% RIs are commonly used in which case 5% of the test 

results will be outside the 2.5th and 97.5th percentile. There is no clinical justification for 
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considering the central 95% test results as physiologically normal. The value of α could be 

80%, 90% or even 99% based on the clinical interest specific to the analyte.  

 

 

Figure 1-1: Distribution of test results of patients with or without the disease [5] 

 

RI is also known as a reference range (RR). Unlike a range defined by the maximum and 

minimum values, a RI is defined by an interval between two percentiles. RI is sometimes 

confused with clinical decision limit (CDL). However, there is a clear distinction between the 

two assessment tools. Statistically, a RI refers to the distribution occurrence in a reference 

population, while a CDL indicates disease status associated with adverse clinical outcomes 

[6]. Clinically, a person with a test result outside a RI may or may not need a decision 

regarding clinical intervention while test results below or above a CDL depending on the 

analyte will need a decision regarding clinical intervention [6].  

 

The appropriateness of any RI is a critical factor in the clinical interpretation of a test result 

and subsequent patient diagnosis and treatment. For this reason, the International 

Organisation for Standardisation (ISO) has specified requirements for all aspects of 

laboratory testing, including pre-analytical, analytical and post-analytical phases [7, 8]. 
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According to these requirements, clinical laboratories need to periodically demonstrate the 

appropriateness of the RIs to the population served and the measurement system in use [7, 8] 

Hence, it is important that RIs are estimated with appropriate recognition of variation by age 

and sex for the population [9].  

 

RIs are used in other disciplines of health for interpreting, for example, heart rates, 

respiratory rates, blood pressure, kidney and renal pelvis measurement, and bone turnover 

markers. The child growth curve is the most commonly used RI worldwide [10].  

 

1.2 Paediatric reference intervals 

In children, changes in specific analytes (e.g. creatinine and alkaline phosphatase (ALP)) are 

associated with normal physiological growth and development (Figure 1-2) [11-13]. These 

changes in analytes are often linked to the four stages of childhood development: neonatal, 

infancy, childhood and adolescence [14]. In the early stages of life, the developing organ 

systems contribute to a considerable change in the concentration of biomarkers. Similarly, the 

onset of puberty contributes to changes in analytes, which may start as early as eight years of 

age in females and around 10 to 12 years of age in males [14]. For example, serum creatinine 

concentrations are elevated in newborns due to the known contribution of maternal 

creatinine, but rapidly decline in the first month as renal function improves. Subsequently, the 

creatinine concentrations rise continuously from one month of age and differ by sex during 

the onset of puberty due to body growth and muscle mass. Hence, RIs must reflect these age-

dependent variations from birth through adolescence. The age-specific changes is one of the 

most important factors in the interpretation of paediatric RIs [14].  
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Figure 1-2: Changes in serum creatinine with age and sex, adapted from Colantonio et al [15] 

 

1.3 Challenges in estimating paediatric reference intervals 

The estimation of RIs, in particular paediatric RIs, is a complex and time-consuming process, 

[16]. The RI estimation process is broadly classified into five steps: (i) definition of a 

reference population; (ii) selection of the reference individual; (iii) collection of reference 

samples; (iv) laboratory testing of the reference samples according to routine, standardised 

operating procedures; and (v) application of statistical methods to the laboratory results 

generated in step (iv) [16]. For children, the estimation of RIs is difficult because it requires 

recruitment of adequate numbers of healthy children, collection of relatively large blood 

volumes proportional to the patient’s blood reserve and an understanding of the physiological 

changes in analytes associated with normal growth and development [17-19]. These 

challenges are discussed below in brief.   

 



5 
 

1.3.1 Recruitment of healthy children 

One of the main steps in establishing paediatric RIs is recruiting healthy children 

representative of the community that a specific laboratory or hospital serves [20]. Ideally, 

each child in the community should have the same probability of being selected as a 

representative of the reference population. Hence, the recruitment of children should occur 

prospectively from a community, having no current interaction with a health service.  

 

The recruitment of children prospectively from a community is extremely difficult, both 

ethically and pragmatically. A reasonable compromise is to actively recruit otherwise healthy 

children who present to health care services for minor surgical procedures, who would 

usually not be having clinically investigative blood tests because they are assumed to be 

normal. From a neonatal perspective, healthy term newborns on the post-natal wards of 

hospitals represent an ideal sampling population. However, very low consent rates, 

restrictions in the amount of blood that can be safely collected from children with respect to 

body weight, a requirement for specialist phlebotomy procedures and staff combined with 

other ethical (e.g. single collection attempt) and logistical challenges (e.g. storage, 

transportation and cost), limit the ease with which many laboratories worldwide can attain 

prospective collection of paediatric blood samples [21, 22]. This is particularly true for 

smaller, non-specialised laboratories that service regional health centres.  

 

An alternative approach has been to conduct retrospective studies, with data extraction, often 

referred to as “data mining”, from existing laboratory information systems (LIS) or testing 

leftover samples from laboratory storage [11, 12, 23, 24]. Data mining has the advantage of 

generating large datasets compared to the direct approach of obtaining and testing samples 

for the single purpose of establishing RIs [24]. Considering the high likelihood that some test 
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results will derive from individual or patients who have diseases, rigorous statistical analysis 

are conducted for removing outlier or selecting a subset of test results under the assumption 

that the individuals were healthy or without specific conditions. Hoffmann method, 

Bhattacharya method or the method developed by Arzideh are commonly used to estimate the 

RIs [23]. A detailed discussion of different methods and recommendations on indirect 

methods has been published by Jones et al [23]. However, despite the large sample size and 

rigorous statistical analysis, the representativeness of the findings, and thus generated RIs is 

influenced by the fact that the majority of the blood tests were initially conducted for 

investigation of possible disease states, an issue that may affect paediatric testing more so 

than adult testing [23, 24].  

 

1.3.2 Analytical factors 

Pre-analytical and analytical aspects of testing blood samples is another crucial factor in the 

estimation of paediatric RIs [19]. The highest source of error in the entire testing process is 

attributed to the pre-analytical phase, which involves biological (e.g., fasting status, recent 

exercise, diet) and methodological factors (e.g., type of sample container, preservatives in the 

sample container, length of time between sample collections, how sample is collected, and 

storage conditions) [19]. Hence, to reduce error in laboratory testing due to pre-analytical 

issues, blood samples from the reference sample should be tested according to the same 

procedure used for testing in general [19].  

 

Biological variation, physiological changes that occur within an individual and between 

individuals, is another critical factor in interpreting the test results and in the estimation of 

paediatric RIs [25]. Biological variation provides information on the clinical significance of a 

change in the concentration of a specific biomarker [25]. The information can also be used to 
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establish a quality specification and provides insights regarding the usefulness of RIs for 

different analytes [25]. The biological variation and total error acceptable for different 

analytes reported in the Westgard database, mostly determined in adults, are used as a quality 

indicator worldwide [26]. In Australia, the Royal Australasian College of Pathologists 

(RACP), has also defined the allowable limits of performance for several general serum 

chemistry analytes based on a set of analytical quality specification [27]. However, only a 

few studies have reported biological variation for serum biochemistry analytes specific for 

the paediatric population [25, 28]. 

 

Despite recent activities to achieve standardisation of laboratory results, between-method 

differences remain for the same tests [29-31]. As sequential paediatric specimens on the same 

patient are often tested by different laboratories, the application of appropriate reagent and 

analyser-specific RIs for reliable clinical decision is imperative. Most importantly, the 

clinical implication of any inter-analyser variation must be understood when making a 

decision based on analyser-specific RIs [32].  

 

There are several initiatives to harmonise paediatric RIs used between different laboratories 

and/or different analysers. The decision to harmonise is often based on clinical consensus 

between pathologists [33] or analysing secondary data applying Bhattacharya analysis [34, 

35], a method for isolating Gaussian distribution in the presence of other data. However the 

decision to harmonise should be based on a clinical evaluation of test results that were 

outside the RIs [25].   
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1.3.3 Changes in analytes with growth and development  

Traditionally, RIs were estimated for different discrete age-groups to reflect the age-specific 

changes in biomarkers with growth and development [16, 32]. However, several studies have 

identified that discrete age-group RIs are misleading, specifically when testing children 

whose age is close to the defined age-group cut-off values [11, 12]. For example, the 

continuous increase of creatinine concentration with increased muscle mass (and therefore 

age) or increase in ALP associated with the osteoplastic activity during the pubertal growth 

spurt, make it evident that discrete age-group RIs alone are not sufficient to capture these 

physiologically based changes [12, 36]. An additional challenge in estimating age and sex-

specific paediatric RIs is that a large sample size is needed to enable reliable estimation of 

changes with age.  

 

1.4 Current status of paediatric reference interval initiatives 

1.4.1 Population-based, prospective paediatric studies 

The quality of RIs depends on the selection and recruitment of the individuals chosen to 

provide a specific RI, the control and quality of the laboratory’s pre-analytical, analytical and 

post-analytical process, and the statistical methods applied. While controlling all these 

aspects has been challenging, several national and international initiatives have demonstrated 

that estimating paediatric RIs using samples collected prospectively from population-based 

studies is feasible. According to the International Federation of Clinical Chemistry and 

Laboratory Medicine (IFCC), several countries and regions have taken initiatives to estimate 

paediatric RIs [37]. In Germany, the German Health Interview and Examination Survey for 

Children and Adolescents (KiGGS) presented the age and sex-specific percentile distribution 

of key laboratory parameters based on more than 14,000 blood and serum samples [38]. In the 

USA, the Children’s Health Improvement through Laboratory Diagnostics (CHILDx) study is 
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focusing on estimating paediatric RIs for several clinical laboratory assays by collecting both 

blood and urine specimens from healthy subjects [39]. In Scandinavian countries, the 

Scandinavian Initiative for the Establishment of Paediatric Reference Intervals” 

(NORICHILD) has reported discrete age-group paediatric RIs based on blood collected from 

nation-wide community surveys [40].  

 

The Canadian Laboratory Initiative on Paediatric Reference Intervals (CALIPER) is one of 

the largest paediatric RIs project completed to date, and its numerous publications of 

paediatric RIs have contributed significantly to improving the clinical diagnosis and 

interpretation of paediatric test results [32]. CALIPER has collected thousands of samples 

from healthy children in Canada across several ethnic groups and has estimated paediatric 

RIs for several analytes on Abbott Architect analysers [15]. CALIPER has also 

mathematically transferred the estimated paediatric RIs to other analytical platforms except 

for immunoassays, published a systematic review of the statistical methods applied in the 

estimation of RIs, and performed a simulation study comparing statistical methods for 

estimation of discrete age-group RIs [41-43]. 

 

Addressing the lack of accurate paediatric RIs in China, the Paediatric Reference Intervals in 

China (PRINCE) project aims to establish and verify paediatric RIs for 31 analytes using data 

collected from approximately 15,000 healthy children from 10 children’s hospitals [44]. To 

date, the project has evaluated the feasibility and efficiency of the method using data from 

602 children [44]. The project has also conducted a study comparing different statistical 

methods for estimating continuous age-specific RIs [45].   
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In Australia, the Lifestyle Of Our Kids (LOOK) study, a community-based longitudinal 

study, followed a cohort of 852 healthy eight-year-old children and reported RIs for 37 

analytes at age 8, 10 and 12 years [46].  

 

1.4.2 Analyser-specific or common paediatric reference intervals 

Addressing inter-analyser variation, the CALIPER study mathematically transferred and 

validated discrete age-group paediatric RIs from Abbott Architect analysers to other systems 

including the Beckman Coulter DxC800, Ortho Vitros 5600, Roche Cobas 6000, and 

Siemens Vista 1500 analysers for common biochemical and immunological analytes [15, 43]. 

The authors reported that the transferred RIs were similar for most analytes to the RIs 

estimated on the Abbott Architect c800, while in some cases (e.g. lipase on Siemens Vista 

and apoliopoprotein B on Ortho Vitros) the reference limits were higher than those for the 

Abbott Architect [43]. The Australasian Association of Clinical Biochemists (AACB) and 

RCPA endorsed harmonised paediatric RIs for 9 biochemical analytes (sodium, serum and 

plasma potassium, chloride, bicarbonate, creatinine, calcium, phosphate, magnesium and 

ALP for children aged 0 week to < 18 years), based on the paediatric data from 15 

laboratories (i.e. over 200,000 test results) using Bhattacharya analysis [31, 34]. However, the 

comparison of analytical methods to estimate variability between manufacturers was 

performed using adult samples and may not be representative of the paediatric population, 

particularly for neonates [31]. 

 

1.4.3 Discrete age-group or continuous age-specific reference intervals 

Considering the challenges in clinical diagnosis based on the discrete age-group RIs for 

biomarkers that change with age, several studies have estimated continuous age and sex-

specific paediatric RIs [11, 12, 36, 47]. Bussler et al estimated continuous RIs for alanine 
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aminotransferase (ALT), aspartate aminotransferase (AST), and gamma-glutamyl transferase 

(GGT) as 3rd and 97th percentiles using a widely used semi-parametric statistical method 

(“LMS”), based on data from 1746 healthy children (3131 cases) aged 11 months to 16 years 

[47]. Zierk et al reported continuous age and sex-specific RIs for 22 haematological and 

biochemical analytes also using an LMS-type method based on data available from a hospital 

laboratory database for children aged 6 months to 18 years [12]. Recently, CALIPER reported 

continuous RIs for 38 biochemical markers using non-parametric quantile regression based 

on the data from the CALIPER database for children aged 6 months to < 19 years [36]. 

 

More details on different national and international initiatives and approaches have been 

published earlier in 2015 [48].   

 

1.5 Statistical analysis of the laboratory results to estimate reference limits  

Statistical analysis of the laboratory results is the final critical step for obtaining paediatric 

RIs. The analysis process can be broadly divided into four steps consisting of identifying 

outliers, assessing the distribution of reference values, estimating the reference limits, and 

calculating the 95% confidence interval (CI) of the reference limit. These steps are briefly 

discussed below and commonly used statistical methods in each step of estimating age-

specific RIs are reported in Chapter 5 along with my recommendations. 

 

1.5.1 Identifying outliers 

It is assumed that the reference values come from the same underlying population of test 

results. However, in some instances a few values that lie outside the range of the reference 

values, may arise from a different population of test results with an underlining condition or 

due to the analytical issues, are easily identified as “Outliers” [16]. 
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Identification and treatment of outliers is an integral part of data processing and has been 

used for centuries [49]. It is also an essential step in the estimation of RIs as it removes the 

effect of the outlier on the estimated reference limits. Horn et al  (2001) revealed that the RIs 

were on average 10% narrower when outliers were removed compared to when outliers were 

not removed [50].  

 

There are several statistical methods available for identifying outliers. However, the Clinical 

Laboratory Standards Institute (CLSI) recommends tests proposed by Dixon and Reed, and 

Tukey [16]. Both methods assume data follow a normal distribution and identify outliers 

based on the distance from other values [16].  

 

1.5.2 Assessing the distribution of the reference values 

For most statistical methods, one of the main underlying assumptions is that data are 

normally distributed. However, there are alternative methods that do not require data to be 

normally distributed. Hence, distribution of the data should be assessed before applying 

statistical methods that require data to be normally distributed.  

 

Several formal statistical tests of univariate normality are available for assessing the 

distribution of the reference values [51]. However, a visual inspection of the frequency 

distribution is useful in examining the distribution.     

 

1.5.3 Estimating reference limits 

There are two well-known approaches of estimating age-specific RIs. One approach has 

adopted age partitioning to obtain RIs for discrete age groups. However, there are no well-

defined statistical methods for partitioning age into small subgroups. Traditionally, the 
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reference values are divided into age-groups of 6 to 12 months or 2 to 5 years, and mean 

reference values for these groups are estimated. The subgroups are then combined if the 

difference in mean is not statistically significant i.e. 95% CI includes 0 or p value <0.05. 

Commonly used statistical methods for comparing mean, median or distribution such as t-

test, Kruskal-Wallis test, Mann-Whitney test etc. were used. However, for large sample any 

difference will be statistically significant regardless of its clinical significance. Considering 

the challenges in partitioning reference values into subgroups of age, the CLSI guidelines 

recommended that existing literature i.e. pertinent physiological information and potential 

usefulness of the subclass RIs in clinical practice should be considered [16]. Another 

approach has considered age as a continuous variable to obtain reference curve. 

 

There is a wide variety of statistical methods available for estimation of reference limits 

depending on the approach. Wright and Royston (1999) provided a brief review of these 

methods and discussed issues related to goodness-of-fit, sample size, and confidence bands 

[52]. Based on a systematic review of 22 articles, Daly et al. (2013) reported that statistical 

methods such as nonparametric, parametric, robust, and semi-parametric curve-fitting 

approaches are the commonly used methods in the estimation of paediatric RIs [41]. A brief 

description of these statistical methods used in the estimation of paediatric RIs for laboratory 

measurement is provided below.    

 

Estimating a reference limit  

Nonparametric method: To standardise the process, the CLSI has recommended a 

nonparametric method for estimating RIs due to the simplicity of the method and that it 

avoids the need for an assumption about the distribution of the values in the population [16]. 

The nonparametric method involves ordering the values from smallest (1) to largest (n) and 
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simply calculating 0.025(n+1)th and 0.975(n+1)th ranked observation. Since, in most cases, 

the values of these two ranks are non-integers, the two limits are estimated by interpolating 

between the data points corresponding to the ranks on either side. A minimum sample size of 

120 is recommended for this method, in which case the lower and upper limits will be the 3rd 

and 118th rank observations, respectively [16, 20]. However, the estimates are sensitive to 

outliers.  

 

Kernel method: Addressing large variation in the estimates determined by the nonparametric 

method, a weighting function called a kernel is applied to all of the quantiles in the sample to 

produce a weighted average quantile as the new estimator [20]. The kernel function is 

expressed as the expected values of the ith order statistics,  𝜁𝜌 =  ∑ 𝑊𝑛,𝑖(𝑝)𝑥𝑖
𝑛
𝑖=1  where the 

weights are controlled by smoothing parameters and  ∑ 𝑊𝑛,𝑖(𝑝) = 1𝑛
𝑖=1  [20]. A kernel 

estimator is a smooth device whereby the estimate at a specified percentile of the population 

values is a weighted average of all the values observed [20]. Compared to the nonparametric 

method, this method is rarely used in recent times [41].  

 

Parametric method: Where reference values follow a normal distribution, the 2.5th and 97.5th 

percentiles may be estimated by subtracting and adding 1.96 times the standard deviation 

(SD) from the mean, respectively [16]. Nevertheless, in most cases, the analytes measured in 

clinical laboratories do not follow a normal distribution[16]. In such cases, simple log 

transformation could convert the skewed distribution to approximately normal distribution 

[16]. Box-Cox transformation has also been used to transform skewed distribution to 

approximately normal distribution [16].  
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Robust method: The CLSI’s recommendation for a nonparametric test is 120 samples. 

However, 120 samples are not readily available in all cases for a specific group. In such 

cases, when the sample size is fewer than 120 samples, a robust method is recommended as a 

potential alternative [16]. The robust method is an iterative process. Initially, the median (Tbi) 

and median absolute deviation about the medians (MAD) are calculated using the actual 

observations. Subsequently observations down-weighted according to their distance from the 

median, and median and MAD are calculated using the weighted observations. This process 

continues until the change in median in the consecutive iterative process is minimal [16]. 

With median calculated, the 95% RIs are calculated using 𝑇𝑏𝑖 ±  𝑡𝑛−1
0.025√𝑆 , where  t is the 

upper 2.5th percentile of a student’s t with (n-1) degrees of freedom, n is the sample size and 

S is a the bi-weight estimator for range of tuning constant and variability of Tbi. [16]. 

 

Estimating continuous age-specific reference limits:  

Healy et al method.: Healy et al described a nonparametric approach to estimating continuous 

age-specific RIs, based on the assumption that the centiles of the distribution at any age will 

be a smooth function of age and the distribution as a whole will change slowly and smoothly 

with age [20, 52]. According to the method, reference limits are estimated using a 

nonparametric method for a series of overlapping age-groups [20, 52]. The centiles are then 

modelled by a polynomial of degree p, where coefficients are a function of a standard normal 

variable corresponding the ith centile of another polynomial of order q [20, 52]. An 

advantage of this method is that age is considered as a continuous variable. However, 

selecting the appropriate polynomial of degree, p requires experience [20, 52].  
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Cole’s lambda, mu and sigma (LMS) method: For this method, age is divided into integer 

ages (e.g. 1, 2, 3, …). For each age-group, the parameters of the Box-Cox transformation i.e. 

the skewness (L), median (M) and coefficient of variation (S) of a measurement are 

estimated. These estimates are then smoothed by using any regression smoothing procedure 

e.g., polynomial regression or kernel estimation or cubic splines. However, there are no clear 

guidelines regarding model selections [53]. Centiles of the transformed values are calculated 

and back-transformed to the original scale [53]. A modification to the method was suggested 

by Cole and Green (1990), where the parameters were estimated as a smooth function of 

continuous age using cubic splines removing the need for the partition of age into small 

groups [54].  

 

Generalised Additive Models for Location Shape and Scale (GAMLSS) method: Rigby and 

Stasinopoulos (2005) proposed a new method, GAMLSS, which might be considered a 

modification of the LMS method. The GAMLSS method can be applied for any distribution 

of the measurement and the parameters of the distribution (i.e. mean, variance, skewness and 

kurtosis) can be modelled as a linear, nonlinear or smooth function of continuous age [55, 

56].  

 

Royston’s method: Royston (1991) recommended lower order polynomial regression for 

estimating continuous age-specific RIs based on the assumption that data are normally 

distributed, or can be easily converted to normality by logarithmic transformation at each 

value of age [3, 57]. According to this method, the mean reference value is modelled as a low 

order polynomial (linear, quadratic or cubic) function of age, and RIs are constructed by 

adding or subtracting a multiple of the standard deviation, which is assumed to be constant 

with age[57]. In 1998, Royston extended this method and proposed fractional polynomials of 
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age to model the mean reference values for more complex relationships between the 

biomarker and age, and to model absolute residual for biomarkers with SDs of reference 

values that are dependent on age [58].    

 

Quantile regression: In recent years, quantile regression has been applied in the estimation of 

RIs. Gannoun (2002) proposed a non-parametric quantile regression for estimating 

continuous age-specific RIs [59]. Wei (2006)  demonstrated how quantile regression based on 

spline functions could be used in estimating the child growth chart [60]. Cameron and Trivedi 

applied quantile regression where the conditional distribution of the quantile is expressed as a 

linear function of age and sex [61].  

 

1.5.4 Calculating a confidence interval for the limits  

A confidence interval (CI) for the reference limit indicates the reliability of the estimated 

reference limit. It is a quantitative measure of the variability of estimates under the 

assumptions that the reference samples are selected randomly either from the community or 

from a described pool and independent of each other [16]. According to Harris and Boyd 

(1995), the width of the confidence interval should be acceptably small relative to the width 

of the reference limit [16]. For a discrete age-group RI, their recommended width of the 90% 

CI is 0.2 times the width of the 95% RI [16]. For a continuous age-specific RIs, Royston 

(1991) suggested that the standard error of the limit of the RIs should be no more than 10% of 

the residual SD from the parametric model and demonstrated how to determine a sample size 

that would achieve the desired precision [57].   
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1.6 Validation and transference of estimated paediatric RIs   

Considering the challenges in establishing paediatric RIs as discussed in section 1.3, the 

process is likely to be practically limited to large scale paediatric specialist centres with 

dedicated research resources or multi-national diagnostic manufacturers. Laboratories that 

analyse a small number of paediatric specimens amongst predominantly adult cohorts and/or 

smaller regional laboratories may only be able to adopt previously published paediatric RIs. 

Hence, the verification and validation of RIs in paediatric populations play an important role 

in ensuring appropriate RIs are in use at local laboratory sites.  

 

To assess the validity of estimated discrete age-group RIs in a laboratory, the CLSI 

recommends a less costly and more convenient process [16]. Under the assumption that the 

test subject population and analytical system are comparable, the acceptability of the RIs is 

assessed by testing samples from 20 children [16]. The estimated discrete age-group RIs  are 

considered valid for use in the laboratory if 18 or more test results fall within the interval 

[16]. If the estimated RI of any age-group is valid, the estimated RIs for all age-groups for the 

biomarkers are considered valid.   

 

The CLSI guidelines for validation are appropriate for the validation of discrete age-group 

RIs [16]. Considering several studies have published continuous age-specific paediatric RIs, 

there are no current recommendation or endorsed guidelines for the validation of continuous 

age-specific RIs by a routine laboratory. So, it is uncertain to what extent the existing 

guidelines apply to continuous age-specific RIs.    

 

To transfer the estimated RIs between two different analytical methods or analysers in a 

laboratory, CLSI recommends a linear regression model is fitted for the test results from the 
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new analytical methods or analysers based on the test results from the existing analytical 

methods or analysers [16]. The fitted model then can be used for estimating the RIs of the 

new analytical methods or analysers based on the existing RIs.  

 

1.7 Synopsis of the research problem 

Reliable and appropriate RIs are essential for correct interpretation of laboratory tests, which 

in turn is increasingly important for improving the quality of clinical assessment and care of 

children [15]. In Australia, the AACB has defined harmonised RIs for selected analytes in 

children [31]. However, there is inadequate uptake of these RIs for routine pathology analytes 

in children [62].  

 

The process of estimating accurate and reliable RIs is complex, especially for children [15]. 

Several issues need to be addressed to create reliable, accurate RIs for children. First, there is 

a need for adequate representation of the general population in the reference population. 

Second, biomarkers measured from blood samples (such as creatinine and alkaline 

phosphatase) are influenced by the development, and growth of a child. To address this issue, 

RIs should be viewed as continuously changing with age, which creates a potential statistical 

challenge. Third, laboratory tests are instrument dependent and variation between different 

analysers has been documented in several studies. However, no comparison of RIs by 

analysers for the same reference population has been reported. Fourth, the best statistical 

methods for estimating and reporting continuous age-specific RIs are still not widely agreed 

upon. In biochemistry, observed α/2 and (100 – α/2) percentiles are frequently used as the 

RIs, whereas various more sophisticated curve-fitting approaches are applied in 

anthropometry and other disciplines of clinical medicine. And last, there is no available 

guideline for laboratories to validate the estimated continuous RIs for their use.  
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Hence, the four main knowledge gaps that this project aimed to address are: 1) the lack of 

appropriate and reliable continuous age-specific paediatric RIs in Australian population for 

common biochemistry analytes for commercially available analysers, 2) an absence of head-

to-head comparison of laboratory results on different analysers using aliquots from the same 

blood sample from a healthy participant, 3) the lack of clear evidence and accompanying 

guidelines regarding the best statistical methods for constructing continuous age-specific 

paediatric RIs under various scenarios, and 4) the lack of guidelines for validating continuous 

age-specific RIs.  

 

1.8 Research aims and objective  

Aim: Evaluation and application of methods for estimating continuous age-specific RIs for 

laboratory blood tests in children. 

 

Specific objectives:  

• To estimate and report continuous age-specific paediatric RIs in Australian population 

for common biochemistry analytes including direct head-to-head comparison of 

reference values on five major analysers. 

• To validate the estimated continuous age-specific paediatric RIs for use in a routine 

laboratory.  

• To investigate the range of current statistical practices in this area and how they have 

changed over recent decades, if at all. 

• To evaluate and compare statistical methods for constructing continuous age-specific 

paediatric RIs for common biochemistry analytes.  
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1.9 Thesis structure 

Chapter 2 describes the Harmonising Age Pathology Parameters in Kids (HAPPI Kids) 

study protocol and highlights the importance of the prospective collection of blood samples 

from healthy children. The chapter describes the sample collection, handling, and processing, 

which are crucial for the reliability of the estimated RIs and generalisability of the findings. 

An examination of what the sample size implied for the variability of the estimated RIs is 

provided.  

 

Chapter 3 describes a novel statistical approach for estimating continuous age-specific RIs 

and reports the RIs as a function of age and sex for 30 biochemistry analytes in children using 

data from the HAPPI Kids study. The chapter also reports the head-to-head comparison of 

reference values across the five major biochemistry analysers and provides a quantitative and 

qualitative measure of the extent to which the reference values vary across five analysers.  

 

Chapter 4 describes the process of validation for the continuous age-specific RIs based on 

some modification to the validation process recommended by the CLSI. The results of the 

proposed validation method are applied to assess validation (in a routine lab) of the 

continuous age-specific RI for 18 analytes established in chapter 3.   

 

Chapter 5 reports the findings from a systematic review of original research publications 

from the past 25 years estimating paediatric RIs, with a focus on the statistical methods 

applied. This chapter highlights whether the statistical methods applied in different steps of 

the estimation process have been reported, the choice between estimating discrete age-group 

or continuous age-specific RIs and its implication for the statistical methods applied, the 

trend in practices and emerging methods, and the sample sizes used for different methods.  
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Chapter 6 reports the findings from a simulation study that aimed to provide guidance on the 

most appropriate statistical methods for estimating continuous age-specific paediatric RIs 

under different scenarios. Four statistical methods for estimating continuous age-specific RIs 

were compared based on root mean-squared error using hypothetical true values based on 

multiple scenarios including different sample sizes. This chapter reports the findings of the 

simulation study and justifies the novel approach and sample size used in the estimation of 

the HAPPI Kids continuous age-specific paediatric RIs. 

 

Chapter 7 provides a detailed discussion of the key findings of the research project including 

challenges and future priorities. 
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Chapter 2: Study design, data collection method and analysis plan of the 

Harmonising Age Pathology Parameters in Kids (HAPPI Kids) study 

2.1 Introduction 

Previously documented paediatric RI studies have frequently been based on the retrospective 

analysis of laboratory data or paediatric hospitals data [11, 12]. The retrospective collection 

of data has been justified since collecting blood samples from children is challenging, the 

blood volume that can be safely collected from children is small, and ethical concerns 

surrounding obtaining blood from healthy children [23, 24]. However, concerns have been 

raised regarding the generalisability of the RIs estimated using laboratory results from 

children who were initially referred for clinical investigation [23, 24]. Addressing this, 

several studies have demonstrated the feasibility of collecting blood samples prospectively 

from children in the community [32, 38, 40]. However, there has been no RI study in 

Australia which collected blood samples from children aged 0 – 18 years in the community. 

Addressing this gap, the HAPPI Kids study collected blood samples from healthy children in 

the hospital outpatient services in Victoria, Australia.  

 

Considering the changes in biomarkers with age, several studies have estimated RIs for 

discrete age groups while a few studies estimated RIs for continuous age. While CLSI 

recommend nonparametric method for discrete age-group RIs, there are no guidelines for 

statistical methods for estimating continuous age-specific RIs [16]. Coles LMS, GAMLSS 

and Royston’s methods are commonly used. However, all three methods rely on 

transformation to normal distribution and require estimating parameters (e.g. mean, median, 

SD, etc) of the transformation to calculate reference limits [55, 58, 63]. The integration of 

continuous RIs in the existing LIS has also been challenging since except for Royston’s 

method Coles LMS and GAMLSS do not provide any equation which could be used for 
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calculating RIs for any age. Addressing these challenges while analysing the HAPPI Kids 

data our proposed novel statistical method appeared to be effective as the method does not 

require the data to be normally distributed and expresses the continuous age-specific RIs as 

functions of age. Our method also appeared worth comparing with other commonly used 

methods and motivated us to do a simulation study.   

 

This chapter describes the HAPPI Kids study protocol, highlighting a) the feasibility of 

prospective collection of blood samples from healthy children, b) the sample collection and 

testing procedure, c) the rationale for the sample size, and d) the proposed novel statistical 

approach for the estimation of continuous age-specific RIs. The study protocol was published 

in BMJ Open in April 2019 and the author approved manuscript is presented as the body of 

this chapter [64]. 

 

This chapter highlights the biochemistry analytes for which i) sample aliquots from the same 

healthy participants were tested for the same analyte using different automated analysers, ii) 

sample aliquots of the same sample were tested in a routine laboratory using the same 

analyser type and test method and c) samples from pre-term children were tested. By the end 

of 2018, analysis of samples from 30 biochemistry analytes was completed and continuous 

age-specific RIs for those analytes are reported in chapter 3. In addition, a routine laboratory 

completed analysis of samples from children (not included as part of the original cohort) for 

18 of the 30 biochemistry analytes. The test results for those 18 analytes were used for 

validation of the established continuous age-specific RIs and are reported in chapter 5.  

 

2.2 Publication 
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ABSTRACT 

Introduction: The clinical interpretation of laboratory tests is reliant on reference intervals. 

However, the accuracy of a reference interval is dependent on the selected reference 

population, and in paediatrics, the ability of the reference interval to reflect changes 

associated with growth and age, as well as sex and ethnicity. Differences in reagent 

formulations, methodologies, and analysers can also impact on a reference interval. To date, 

no direct comparison of reference intervals for common analytes using different analysers in 

children has been published. The HAPPI Kids study aims to establish age-appropriate 

reference intervals for commonly used analytes in the routine clinical care of neonates and 

children, and to determine the feasibility of paediatric reference interval harmonisation by 

comparing age-appropriate reference intervals in different analysers for multiple analytes.  

 

Methods and analysis: The HAPPI Kids study is a prospective cross-sectional study, 

collecting paediatric blood samples for analysis of commonly requested biochemical, 

immunological and haematological tests. Venous blood samples are collected from healthy 

premature neonates (32 to 36 weeks gestation), term neonates (from birth to a maximum of 

72 hours post-birth), and children aged 30 days to ≤ 18 years (undergoing minor day surgical 

procedures). Blood samples are processed according to standard laboratory procedures and, if 
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not processed immediately, stored at – 800C. A minimum of 20 samples is analysed for every 

analyte for neonates and then each year of age until 18 years. Analytical testing is performed 

according to the standard operating procedures used for clinical samples. Where possible, 

sample aliquots from the same patients are analysed for an analyte across multiple 

commercially available analysers.  

 

Ethics and dissemination: The study protocol was approved by The Royal Children’s 

Hospital, Melbourne, Ethics in Human Research Committee (34183 A). The study findings 

will be published in peer-reviewed journals and shared with clinicians, laboratory-scientists 

and laboratories.   

 

Keywords: paediatrics, neonates, children, reference intervals 

 

STRENGTHS AND LIMITATIONS OF THIS STUDY 

1. The prospective design of the study ensures blood samples are collected from healthy 

neonates and children aged 30 days to ≤ 18 years.  

2. Aliquots from the same blood sample are tested for common analytes on multiple 

commercially available analysers allowing direct head to head comparison.  

3. Samples are obtained from a minimum of 20 neonates and then for 20 children within 

each year of age until 18 years with equal numbers of males and females (total 380 

samples per analyte).  

4. Parametric statistical methods are to be applied for estimating reference intervals that 

vary continuously with increasing age.  

5. Changes in analytes associated with age are based on samples collected cross-

sectionally not based on individuals followed longitudinally.  
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INTRODUCTION 

Reference intervals are important for the correct interpretation of clinical laboratory tests and 

affect the clinical assessment and care of patients. Reference intervals are used for 

determining normal versus abnormal for a measurement of interest, and are usually defined as 

a range encompassing 95% of the reference population, where lower and upper limits are 

2.5th and 97.5th centile respectively [1].  

 

Obtaining accurate data from a suitable reference population is an essential element in 

determining reference intervals, and therefore the characteristics of a reference population 

need to be matched to a “normal” or a healthy population using strict criteria. However, 

collecting blood samples from children for different laboratory tests is challenging due to the 

small blood volume that can be safely collected from children and the ethical concern of 

obtaining blood from healthy children [2]. For these reasons, previously documented 

paediatric reference interval studies are frequently based on retrospective analysis of 

laboratory data, prospective sample collection from school children in the community (i.e. 

limited age groups) or from paediatric hospitals where children are undergoing minor elective 

surgery [3-7]. Regardless of how the samples are collected, very few of these studies have 

included neonates through to 18 years of age [8]. 

 

In children, development and growth are among the key challenges in determining reference 

intervals for different analytes [2]. The dynamic nature of different analytes as children grow 

and develop influences the representation of paediatric reference intervals, which have often 

historically been established or partitioned for different age-ranges [8, 9]. This approach can 

often lead to misdiagnosis, especially when the age of the child that is being investigated is in 

close proximity to the borders of the partitions. For example, a child aged three years and 360 
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days may have clinical results that would be classified as outside the reference interval of 0 to 

4 years for a blood test of interest, but within the reference interval for children aged 4 to 9 

years. Hence, the difference of 5 days results in the test result being labelled as abnormal. 

Misdiagnosis leads to repeated blood tests for the child, increased utilisation of health 

services, and is often associated with anxiety for parents and children alike. The 

determination of the age-specific partition points has often been arbitrary and often there is 

not an even distribution of the number of reference subjects included across different 

partitions. For these and other reasons, the process of determining age-specific reference 

intervals for different analytes based on the artificial partitioning of age has been found to be 

problematic [4]. A preferred approach, which addresses the age-related changes in analyte 

levels, is to construct age-appropriate reference intervals considering age as a continuous 

variable [1, 4, 10].  

 

The laboratory test results for most analytes are dependent on the analyser and reagents used 

for analysis and therefore, analyser- and reagent-specific reference intervals should be 

determined. In several studies, mathematical algorithms or “transference” mechanisms have 

been applied to compare and construct reference intervals for different analysers based on the 

reference values for one specific analyser [11, 12]. However, to date, direct comparison of the 

reference intervals for common analytes using different analysers has not been undertaken in 

neonates and children.  

 

The Harmonizing Age Pathology Parameters in Kids (HAPPI Kids) study is designed to 

address the existing gaps in reference interval studies with prospectively collected blood 

samples from healthy neonates and children, from birth until 18 years of age.  
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METHODS AND ANALYSIS 

The HAPPI Kids study: Aims 

• Establish age-appropriate reference intervals for commonly used analytes in clinical 

practice in the setting of neonates and children.  

• Determine whether analyser characteristics alter age-appropriate reference intervals 

for multiple analytes, in order to determine whether paediatric reference intervals can 

be harmonised. 

 

Study design 

The HAPPI Kids study is a prospective cross-sectional study for the collection of paediatric 

blood samples for commonly requested biochemical, immunological and haematological 

analysis.  

 

Study subjects 

The study subjects consist of healthy premature neonates (32 to 36 weeks gestation), term 

neonates (from birth up to a maximum of 72 hours post-birth and children aged 30 days to 18 

years (undergoing minor day surgical procedures).   

 

Participant recruitment and sample collection 

Participant recruitment commenced in February 2015 in four major public hospitals in 

Melbourne, Australia. Parents or guardians of eligible study participants are approached by 

Pathology Collection staff at each site and written consent is obtained following a verbal and 

written explanation of the study and participation requirements. Following patient consent, 

the Pathology Collection staff interview the parents or guardian using the study questionnaire 

(Supplementary Table 1 of Appendix A) to confirm study inclusion and exclusion criteria 
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status (Table 1). In addition, the child’s medical record is reviewed to assess and document 

the child’s general health.   

 

Three distinct routes of patient recruitment are utilised:  

1. Pre-term neonatal samples are collected from “healthy" neonates about to be 

discharged from post-natal wards, born at 32 to 36 weeks gestation, at The Royal 

Women’s Hospital. Samples are collected in the first three days of life via direct 

venepuncture, using a 23-gauge needle, into required blood collection tubes. The pre-

term neonates do not have any systemic abnormalities i.e. underlying diseases and 

comorbidities, abnormal foetal monitoring and do not require any mechanical 

ventilation.  

2. Term neonatal samples are collected from “healthy” term neonates about to be 

discharged from post-natal wards following routine intramuscular administration of 

one milligram of vitamin K in the delivery suites at The Royal Women’s Hospital, 

Northern Health and Western Health - Sunshine Hospital. Samples are collected from 

birth up to a maximum of 72 hours post-birth in hospital via direct venepuncture, 

using a 23-gauge needle into the required blood collection tubes (Sarstedt). To 

minimise the number of blood collection procedures performed, the venous sample is 

also utilised for application to the routine newborn screening Guthrie card. 

3. Blood samples from healthy children aged 30 days to 18 years are collected at The 

Royal Children’s Hospital, Northern Hospital and Western Health - Sunshine 

Hospital. The samples are obtained from “healthy” children prior to minor elective 

day surgery (e.g. circumcision). Other than elective surgery, these children are 

deemed “healthy” and are not receiving any medications. All children are fasted 

before their elective surgery.  



33 
 

Only one attempt to collect blood per participant, per sample is made during the HAPPI Kids 

study. Blood samples are collected into specific tubes required by the analyser manufacturer 

depending on the analytes being tested (e.g. serum vs citrate). The participant recruitment and 

sample collection are currently on going.  

Table 1: Summary of the inclusion and exclusion criteria at screening 

 Inclusion criteria Exclusion criteria (any one) 

Age groups 

Premature 

neonates 
• Gestational age of 32 to 36 

weeks 

• Generally healthy 

• Presence of systemic 

abnormalities 

• Requires interpreter 

Term neonates • From birth up to the 

maximum 72 hours post-

birth  

• Gestational age ≥37 weeks 

• Weight ≥ 2500 grams 

• APGAR Score ≥7 at five 

minutes 

Paediatric • Attending hospital for minor 

elective surgery requiring 

general anaesthetic (30 days 

to 18 years) OR volunteer to 

participate in the study after 

seeing a flyer related to the 

study (15 to 18 years) 

Category 

Haematology  • Presence of coagulation 

disorders 

• Family history of 

coagulation disorders 

• Currently on 

anticoagulation medication 

Immunology  • Presence of immune 

system disorder or immune 

deficiency syndrome 

• Presence of genetic 

disorder 

• Presence of rheumatologic 

disorder 

• Family history of 

rheumatologic disorder or 

immune deficiency 

syndrome  

• Infection or a febrile illness 

within the last 7 days 
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• Infection or a febrile illness 

within the last 4 weeks 

• Hospital admission for 

intravenous (IV) antibiotics 

to clear an infection on 

more than 2 occasions in 

life 

• Has needed 2 or more 

months of oral antibiotics 

more than 2 occasions in 

their life 

• Failure to thrive 

• Recipient of blood products 

in the last 3 months  

• Diagnosed with food 

allergy, asthma, eczema or 

hayfever 

• Family history of food 

allergy, asthma, eczema or 

food allergy 

Biochemistry  • History of liver and renal 

disease 

• Presence of endocrine 

diseases 

• Presence of metabolic 

disease 

• Presence of renal disease 

• Presence of hepatic disease 

• Failure to thrive 

 

Sample size 

A minimum of 20 samples is collected for 19 specific age groups e.g. neonates and every 

year of life from 30 days to 18 years [1]. For the biochemical and haematological parameters, 

a total of 380 samples are analysed. For the immunological analysis, the number of age 

groups is increased from 19 to 22 (i.e. 1 to 2 months, 2 to 6 months, 6 to 9 months, 9 to 12 

months, 12 to 18 months, 18 to 24 months, and every year of life from 3 years to 18 years), 

equating to a total of 440 samples. For pre-term neonates, a total of 100 samples are collected 

to facilitate analysis of 20 samples for each week of gestation from 32 to 36 weeks.  
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The sample size of 380 or 440 for estimating 95% reference intervals of an analyte using 

parametric methods with samples distributed uniformly across 30 days to < 18 years  is 

considered adequate based on the approach proposed by Royston [1]. Using a formula for the 

approximate standard error of the reference limit at the mean value of age, he suggested 292 

as a suitable sample size for constructing a 95% reference intervals based on restricting the 

standard error of the limits of the resulting reference intervals to be no more than 10 percent 

of the residual standard deviation from the parametric model [1].  

 

Sample processing and storage 

Samples are thawed as per standard clinical laboratory practice for the analyte in question. 

There are no repeat freeze-thaw cycles for any of the samples. For some analytes the samples 

are processed immediately and not frozen, within the same time frame and conditions under 

which clinical samples would be handled. Analytes that can be frozen will be tested in 

batches. Testing will be done with samples from all ages included in each batch with 

randomly assigned orders of testing to avoid any batch to batch bias.  

 

For biochemistry analytes, samples are collected into S-Monovette serum gel tubes 

(Sarstedt), centrifuged at 5000rpm and 6 °C for 5 minutes, separated and stored in 400 μL 

aliquots at -80 °C within four hours of collection. 

 

For immunology analytes, samples are collected into either S-Monovette serum gel tubes 

(Sarstedt), or S-Monovette neutral tubes (Sarstedt), depending on the downstream tests. The 

samples are spun at 5000rpm and 6 °C for 5 minutes, separated and the resultant serum stored 

in 400μL aliquots at -80 °C within four hours of collection. 
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For haematology analytes, samples are collected into S-Monovette citrate 3.2% tubes 

(Sarstedt). The samples are centrifuged at 3800rpm at room temperature for 5 minutes, and 

plasma is stored in 500μL aliquots at -80 °C within four hours of collection, using a 

previously established collection protocol [13].  

 

Samples utilised for determination of blood groups (ABO) and the thalassemia screen are 

collected into 500uL S-Monovette EDTA tubes and processed in the laboratory within 24 

hours of collection.  

 

Cell count samples are collected in S-Monovette EDTA tubes (Sarstedt) and processed by the 

laboratory within 3 hours of collection. 

 

The details of blood tubes used in sample collection is provided in the Table 2.  

Table 2: Blood tubes used in sample collection 

Analytes 

category 

Tube 

Type 

Manufacturer Subtype Volume Product 

Code 

Age 

group 

Biochemistry SST Sarstedt S-Monovette 7.5 mL 01.1602.001 Neonate 

and 

Paediatric 

Haematology EDTA Sarstedt S-Monovette 2.7 mL 05.1167.001 Paediatric 

EDTA Sarstedt Micro Tube 0.5 mL 41.1395.002 Neonate 

Sodium 

Citrate 

Sarstedt S-Monovette 3 mL 05.1165.100 Paediatric 

Sodium 

Citrate 

Sarstedt S-Monovette 1.4 mL 06.1668.100 Neonate 

Lithium 

Heparin 

Sarstedt S-Monovette 7.5 mL 01.1608.001 Paediatric 

Lithium 

Heparin 

Sarstedt  0.5 mL 20.1345 Neonate 

Immunology SST Sarstedt S-Monovette 7.5 mL 01.1602.001 Neonate 

and 

Paediatric 

Neutral Sarstedt S-Monovette 7.5 mL 01.1728.001 Neonate 

and 

Paediatric 
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Sample testing  

Blood samples collected from the study participants are tested according to documented and 

accredited standard operating procedures used for the testing of patient samples within the 

participating laboratories. The biochemical, immunological and haematological analytes 

tested are listed in table 3. Where indicated (*), sample aliquots from the same patient are 

tested for the same analyte using different automated analysers commonly in clinical use to 

facilitate direct head to head comparison. In addition, where indicated in Table 3 (+), aliquots 

of the same sample are tested in different laboratories using the same analyser type and test 

method. The sample testing is currently ongoing. 

 

Table 3: List of analytes tested for the HAPPI Kids study. 

Biochemical Immunological Haematological 

Sodium*+ Ϯ Immunoglobulin G* 
Factors: XII, XI, IX, X, II, 

VII, VIII, V 

Potassium*+ Ϯ Immunoglobulin A* 

Inhibitors: Protein C, 

Protein S, Antithrombin, 

Alpha-2-macroglobulin 

Chloride*+ Ϯ Immunoglobulin M* Von Willebrand factor 

Bicarbonate*+ Ϯ Rheumatoid factor* Collegen binding assay 

Urea*+ Ϯ 
Complement component 

3* 
Ristocetin cofactor assay 

Creatinine *+ Ϯ 
Complement component 

4* 

Activated Partial 

Thromboplastin Time Ϯ 

Total Bilirubin Ϯ Cystatin C* Prothrombin Time Ϯ 

Conjugated Bilirubin*+ Ϯ 
ANTI-STREPTOLYSIN O 

TEST* 
Fibrinogen Ϯ 

Alkaline Phosphate*+ Ϯ Thyroid peroxidase*  Thrombin clotting time 

Aspartate Aminotransferase *+ 

Ϯ 
Thyroglobulin*  D-Dimers Ϯ 

Alanine  Aminotransferase *+ Ϯ Iron* 
Full Blood Examination 

and Reticulocytes 

Gamma-Glutamyl Transferase 

*+ Ϯ 
Ferritin* Ϯ Red Cell Folate  

Total Protein*+ Transferrin* 
Glucose-6-phosphate 

dehydrogenase 

Albumin*+ Antinuclear antibody Active B12 

Calcium*+Ϯ Soluble FAS Ligand Total Homocysteine  

Magnesium*+ Ϯ Soluble CD25 Total B12 

https://en.wikipedia.org/wiki/Immunoglobulin_G
https://en.wikipedia.org/wiki/Complement_component_3
https://en.wikipedia.org/wiki/Complement_component_3
https://en.wikipedia.org/wiki/Complement_component_4
https://en.wikipedia.org/wiki/Complement_component_4
https://www.sgh.com.sg/clinical-departments-centers/pathology/pathology-handbook/lab-discipline-special-instructions/tests/pages/anti-streptolysin-test-asot.aspx
https://www.sgh.com.sg/clinical-departments-centers/pathology/pathology-handbook/lab-discipline-special-instructions/tests/pages/anti-streptolysin-test-asot.aspx
http://pathology.imperial.nhs.uk/index.php?mact=Products,cntnt01,details,0&cntnt01productid=2712&cntnt01returnid=43
https://labtestsonline.org/understanding/analytes/ast/tab/test/
https://labtestsonline.org/understanding/analytes/alt/tab/test/
https://labtestsonline.org/understanding/analytes/ggt/tab/test/
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Phosphate*+ Ϯ Immunoglobulin E Serum Folate 

Lactate dehydrogenase*+ 
Classic Haemolytic 

Complement Pathway 

 

Creatine Kinase *+ 
Alternative Haemolytic 

Complement Pathway 

 

Lipase*+ 
Mannose-binding lectin 

Complement Pathway 

 

Amylase*+   

Uric Acid*+   

Triglycerides *+   

Cholesterol*+   

High-density lipoprotein*+   

Thyroid Stimulating Hormone 

*+ 

  

Free Thyroxine *+   

Free Triiodothyronine *+   

Anti-Müllerian hormone *   

Oestradiol*   

Sex hormone binding globulin *   

Dehydroepiandrosterone – 

Sulphate*  

  

Cortisol*   

Growth Hormone*   

Testosterone*   

25-hydroxyvitamin D*    

High Sensitivity Oestradiol*   

Androstenedione*   

17α-Hydroxyprogesterone *   

Insulin-like growth factor 1*    

Insulin-like growth factor-

binding protein-3 * 

  

* Sample aliquots from the same patient are tested for the same analyte using different 

automated analysers in common clinical use to facilitate direct head to head comparison.  

+ Aliquots of the same sample are tested in different laboratories using the same analyser 

type and test method.  

 Ϯ Samples from pre-term children are tested.  

 

Data management system  

Study data are collected and managed using the REDCap (Research Electronic Data Capture) 

electronic data capture system hosted at the Murdoch Children’s Research Institute 

https://labtestsonline.org/understanding/analytes/ck/tab/test/
https://labtestsonline.org/understanding/analytes/triglycerides/tab/test/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5345161/
https://www.ncbi.nlm.nih.gov/pubmed/22032408
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1187088/
https://www.ncbi.nlm.nih.gov/pubmed/21383009
https://www.ncbi.nlm.nih.gov/pubmed/21383009
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[14]. REDCap is a secure, web-based application designed to support data capture for 

research studies, providing: 1) an intuitive interface for validated data entry; 2) audit trails for 

tracking data manipulation and export procedures; 3) automated export procedures for 

seamless data downloads to common statistical packages; and 4) procedures for importing 

data from external sources. 

 

Data analysis 

Test results for different analytes will be plotted according to age in order to identify outliers, 

explore normality of distributions, and to assess the association between analyte level and 

age. Outliers will to be excluded from analysis following a detailed examination, including 

visual inspection, appropriate statistical tests e.g. Tukey’s test and assessment of biological 

implausibility e.g. haemolysis index for biochemistry samples. Reference intervals will be 

constructed using parametric statistical methods in two steps. In the first step, a fractional 

polynomial regression model of age will be fitted to the mean of normally distributed or log 

transformed test results of an analyte, using sex as a covariate [15]. In the second step, the 

2.5th and 97.5th centiles will be estimated using quantile regression where the power 

variables of age from the fractional polynomial regression model are used as covariates [16]. 

Potential interaction with sex will be examined. The 95% confidence interval of the reference 

intervals will be estimated based on the fitted model for the reference limits. A combination 

of statistical testing, i.e. goodness of fit and variance component analysis, and clinical 

expertise will be used to determine the extent to which the reference intervals of an analyte 

based on different analysers can be compared.  

 

Stata 15 will be used for data analysis [17].  
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Study timeframe 

The participant recruitment and sample collection commenced on February 2015 and is 

expected to be completed by August 2021. The testing of samples for 30 biochemical 

analytes has commenced, while testing of samples for the remaining biochemical analytes 

and immunological and haematological analytes are currently on going. We plan to complete 

the testing of sample by February 2021.  

 

Patient and public involvement 

The study was conceived in response to patient complaints about having blood tests done at 

community pathology laboratories and their children requiring repeat testing because age-

appropriate normal data was not available. The recruitment and consent processes were 

piloted and parental/ child feedback incorporated into the main study protocol.  A summary 

of the results will be shared by mail with all the participants involved. If any child has a 

clinically abnormal result the parents are contacted and appropriate plans for review of the 

child are made.  

 

ETHICS AND DISSEMINATION 

The study protocol has been approved (34183 A) by The Royal Children’s Hospital, 

Melbourne, Ethics in Human Research Committee (HREC) and subsequently approved by 

the HREC committees of all participating hospitals including, The Royal Women’s Hospital, 

Northern Health and Western Health - Sunshine Hospital. The study is primarily supported 

by The Royal Children’s Hospital Foundation and is based at the Haematology Research 

Laboratory, Murdoch Children’s Research Institute, Melbourne, Australia.  
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Written consent is obtained from parents or guardians of eligible study participants following 

a verbal and written explanation of the study and participation requirements by Pathology 

Collection staff at each site after. Less than 3% of the blood volume is collected from a child 

considering the amount of blood volume a child has, while only one attempt is made to 

minimise risk associated with collecting intravenous blood.  

 

Participants’ identifying information is replaced by a study number (ID) at recruitment to 

maintain confidentiality. This ID is used in all laboratory specimens, evaluation forms, 

reports and other records that leaves the site. Electronic data are stored in REDCap which can 

only be accessed by the authorised members of the research team. Similarly, paper-based 

information are stored in a locked filing cabinet and can only be accessed by the designated 

persons. The blood samples are stored in freezers that are only accessible to authorised 

members of the research team by using their individual swipe card maintaining a record of 

who has accessed the samples and at what time. 

 

All results that fall outside the existing reference range used by the clinical laboratory are 

referred immediately to the study coordinator to determine whether there is any clinical 

significance that requires follow-up for the child. If necessary, families are contacted and the 

blood tests repeated, or an appropriate referral will be made and the individual will be 

followed up by the appropriate specialist.  

 

At the conclusion of the study, blood samples collected as part of this study will be destroyed, 

unless consent has been given for them to be stored in a bio-bank located at the Haematology 

Research Laboratory for use in future research.  
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The study results will be summarised for submission to peer-reviewed journals. Results will 

be shared with participating hospitals and laboratories and presented at local meetings, 

national and international conferences.  

 

DISCUSSION 

Reference intervals are used on a daily basis by clinicians to interpret measurements obtained 

from patients [18]. The accuracy and reliability of the reference intervals are highly 

dependent on the reference population utilised to define those reference intervals [11, 19]. As 

recommended by Harris and Boyd [20], the characteristics of the sample from the reference 

population should be similar to those of the patients [20]. Paediatric reference intervals 

established by laboratories using retrospective data mining techniques provide extensive 

sample numbers. However, the representativeness of the population is often compromised by 

using the laboratory results of children who were initially referred for a significant clinical 

investigation [8]. Samples collected prospectively from pre-schools are useful in constructing 

reference intervals, but are applicable to pre-school aged children only [6]. Addressing this 

issue, the Canadian Initiative in Paediatric Reference Intervals (CALIPER) and German 

Health Interview and Examination Survey for Children and Diagnosis (KiGGS) collected 

data prospectively using a community-based approach ensuring representativeness [10, 21, 

22]. Similarly, the HAPPI Kids study is one of the very few studies collecting data 

prospectively from pre-defined healthy preterm neonates and term neonates from birth until 

72 hours post birth, as well as children from 30 days to 18 years of age.  

 

Samples collected for HAPPI Kids utilise paediatric Pathology Collectors with specific skills 

and documented competency to collect venous samples from neonates. All collected samples 

meet RCH laboratory standard operating procedures for collection and storage as documented 
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in the Specimen Collection Handbook (SCH) for the analytes [23]. All participating 

laboratories perform daily quality control, participated in external quality assurance programs 

(Royal College of Pathologists of Australasia Quality Assurance Programs (RCPA QAP)) 

and were accredited by the National Association of Testing Authorities (NATA). The 

prospective design of the HAPPI Kids study also ensures quality of sample collection, storage 

and testing in different laboratories.  

 

The CLSI recommended sample size for establishing reference intervals for a discrete age 

group is 120 [12]. However, there is no recommendation for sample size when reference 

intervals are constructed for continuous age.  Few papers have previously reported 

continuous reference intervals across childhood and are based on retrospective data mining of 

samples taken for clinical purposes over many years [4, 24]. No previous studies have 

collected prospective samples (which were not required for clinical management) from 

neonates and children specifically screened to be a “well population” for the purpose of 

developing continuous reference intervals. In that context the exact numbers required remain 

unknown. We judged that a similar degree of precision in estimation of the limits of 

agreement to that proposed by Royston (1991), i.e. requiring the ratio of the SE of the 

estimated limits to be no greater than 10% of the SD of the variation in the population, would 

be appropriate in our setting. Planning to recruit 380 children assured us of meeting this 

criterion. [1]. However, it is our intention to do a simulation study to develop better guidance 

for appropriate numbers of samples required to allow reliable characterisation of age-specific 

analyte dynamics.   

 

The direct comparison of reference intervals by analysers is not possible using data mining 

techniques, nor when testing remainder of clinically driven samples (due to sample aliquot 
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limitations). To overcome this problem CALIPER program which initially established 

reference intervals using the Abbott ARCHITECT analyser transferred reference intervals in 

line with Clinical & Laboratory Standards Institute (CLSI) recommendations by testing only 

100 samples on Beckman Coulter DxC800, Ortho Vitros 5600, Roche Cobas 600 and 

Siemens Vista 1500 using an algorithm [11, 12]. The study used r2 < 0.70 as an indicator of 

non-transference between Abbott ARCHITECT and another platform and reported several 

analytes as non-transferable between analysers[11]. The challenges in transference from the 

Abbott ARCHITECT to another analyser were discussed by the authors including the lack of 

an appropriate number of samples per age group since only 100 samples were tested to 

predict the linear relationship [11]. The HAPPI Kids study utilises aliquots of the same blood 

sample from the same patient and tests the aliquots on different analysers, enabling the first 

documented head-to-head comparison between analysers for the age spectrum covering 

neonates to children 18 years of age. Therefore, we expect the results of the HAPPI Kids 

study to be very useful in improving interpretation of pathology results for neonates and 

children.  
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2.3 Discussion 

The HAPPI Kids study is one of few studies worldwide, and first in Australia, that collected 

blood samples prospectively from healthy children from birth until 18 years of age with the 

aim of estimating continuous age-specific RIs. The study demonstrated that it is feasible to 

collect blood samples from an adequate number of healthy children for testing in multiple 

analysers in collaboration with hospitals, laboratories and manufacturers. However, the study 

had its limitations too.    

 

Accurate and reliable paediatric RIs that reflect dynamic changes during the first few days of 

life, are still lacking. Difficulties in recruiting adequate numbers of healthy term neonates and 

infants have been acknowledged by all the major population-based paediatric RI studies [32, 

65, 66]. The CALIPER paediatric RIs for neonates and infant (0  to < 1 year) are limited as 

children were recruited from outpatient clinics [32]. Similarly, studies from Denmark and 

Sweden addressed the limitation of small sample sizes (6 months to 18 years) by merging 

datasets to establish paediatric RIs [65]. The HAPPI Kids study successfully collected blood 

samples from term neonates within 72 hours of birth, albeit with a low consent rate (16%). 

However, the study was unsuccessful at collecting adequate samples from pre-term neonates 

born at 32- 36 weeks gestation and no sample was collected from children aged between 72 

hours and one month of age [66].      

 

Routine pre-analytical and analytical processes are important factors that require control 

when establishing paediatric RIs [19]. Following safe clinical practice, blood collection for 

the HAPPI Kids study was limited to less than 3% of the total blood volume for a child [64]. 

In addition, ethical consideration of younger children limited multiple or repeated blood 

collection attempts in this study [66]. Post-collection, standard operating procedures defined 
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the HAPPI Kids Study specimen processing, but nevertheless data were excluded due to pre-

analytical interferences in certain subsets of samples (e.g. sodium, total protein (due to 

evaporations), and total bilirubin (due to light exposure)) [66]. Adeli et al also raised 

concerns regarding the ability of the automated laboratory equipment to handle small volume 

specimens, leading to frequent manual processing and difficulties in standardising specimen 

processing [13]. This problem was also observed in the analysis of the HAPPI Kids Study 

specimens, where automated processing was overridden to prevent the analyser from aborting 

automated specimen analysis due to inadequate sample volumes [66].  

 

The samples were collected prospectively and given the ethical difficulties; every sample is 

precious. Hence, the exclusion criteria were designed to try and identify children in whom 

there would be no purpose collecting any sample as there would be no analytes that could be 

considered normal. In many circumstances however, children with some diseases may be 

likely to be normal for analytes known not to be affected by the disease process. For example, 

children with thalassemia minor are thought to have normal biochemical parameters.  

 

The magnitude of intra-individual biological variation and total allowable error for different 

analytes estimated based on adult samples may not be similar to the paediatric population, 

especially during the first few years of life [13]. Addressing the lack of data on biological 

variation specific to paediatric populations, the CALIPER study first published paediatric 

within-day biological variation and quality specification for 38 biomarkers using nested 

analysis of variation techniques [25]. Considering the challenges in recruiting healthy 

children using a direct sampling approach, Loh et al proposed an indirect method for 

estimating within-individual biological variation and estimated between-individual biological 

variation for 22 biomarkers, which was comparable to those reported in the CALIPER study 
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[28, 67]. In comparison, the HAPPI Kids study was unable to repeat the testing on the sample 

analysers to estimate technical variation since the aliquots from the blood sample were used 

for testing in multiple analysers [64]. However, the HAPPI Kids study is one of the few 

studies that tested the aliquots from the blood samples on five analysers [29, 30, 64].   
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Chapter 3: Reference values for 30 common biochemistry analytes across 

five different analysers in neonates and children 30 days to 18 year olds 

3.1 Introduction 

As presented in the previous chapter, the HAPPI Kids study prospectively collected blood 

samples from equal numbers of neonates and children at every year of life from age 30 days 

to 18 years [64]. While the HAPPI Kids study plans to collect specimen for more than 80 

analytes and test aliquots from the same sample on different analysers [64], the specimen 

collection and testing on five commercially available analysers were completed for 30 

biochemistry analytes by the end of 2018. This created a unique opportunity to compare the 

continuous reference values across five analysers and estimate continuous age-specific RIs 

from neonates to < 18 years.   

 

This chapter describes the findings of the direct head-to-head comparison of clinically 

important biochemistry assays across these five major analysers used throughout the world. 

This enabled consideration of the question as to whether results on a patient in one laboratory 

can be compared to results on the same patient elsewhere, which is important in the current 

model of the hub and spoke medical systems. The data also addressed the ability of RIs to be 

harmonised across analysers, a topic which has been of considerable interest recently. This 

chapter also reports continuous RIs as a function of age and sex. The continuous RIs has 

potential to substantially improve health care through the ability to more accurately assess 

children over time. The study finding was published in Clinical Chemistry in September 2019 

and the author approved manuscript is presented as the body of this chapter [66].  

 

3.2 Publication 

  



53 
 

Reference values for 30 common biochemistry analytes across five different analysers in 

neonates and children 30 days to 18 year olds 

 

Running head: Paediatric reference intervals across 5 analysers  

 

Monsurul Hoq 

Murdoch Children’s Research Institute, Parkville, Australia; The University of Melbourne, 

Parkville, Australia.  

 

Susan Matthews 

The Royal Children’s Hospital, Parkville, Australia; International Centre for Point of Care 

Testing, Flinders University, Bedford Park, Australia. 

 

Vicky Karlaftis 

Murdoch Children’s Research Institute, Parkville, Australia.  

 

Janet Burgess 

The Royal Children’s Hospital, Parkville, Australia.  

 

Jessica Cowley 

Murdoch Children’s Research Institute, Parkville, Australia; The Royal Children’s Hospital, 

Parkville, Australia.  

  



54 
 

Susan Donath 

Murdoch Children’s Research Institute; Parkville, Australia; The University of Melbourne; 

Parkville, Australia.  

 

John Carlin 

Murdoch Children’s Research Institute, Parkville, Australia; The University of Melbourne, 

Parkville, Australia.  

 

Tina Yen  

The Royal Children’s Hospital, Parkville, Australia.  

 

Vera Ignjatovic* 

Murdoch Children’s Research Institute, Parkville, Australia; The University of Melbourne, 

Parkville, Australia.  

 

Paul Monagle* 

Murdoch Children’s Research Institute, Parkville, Australia; The University of Melbourne, 

Parkville, Australia 

 

On behalf of the HAPPI Kids study team  

*Contributed equally 

  



55 
 

Corresponding Author: 

Associate Prof Vera Ignjatovic, PhD, B.Sc. (Hons) 

Co-Group Leader, Haematology Research Laboratory, Murdoch Children’s Research 

Institute 

Principal Fellow, Department of Paediatrics, The University of Melbourne 

 

Address 

Haematology Research Laboratory  

Murdoch Children’s Research Institute 

50 Flemington Road, Parkville, Victoria, 3052, Australia  

Email: vera.ignjatovic@mcri.edu.au, T: +61 3 9936 6520, M: +61 439 363 891  

 

Key words: pediatric, reference standards, biochemistry, biomarkers, age factors 

 

List of abbreviations  

Reference interval (RI) 

Laboratory information system (LIS) 

Harmonising Age Pathology Parameters in Kids (HAPPI Kids) 

Ethics in Human Research Committee (HREC)  

Ear, Nose & Throat (ENT) 

Thyroid stimulating hormone (TSH) 

Free thyroxine (FT4)  

Free triiodothyronine (FT3) 

National Association of Testing Authorities (NATA) 

Analytical performance specifications (APS) 

mailto:vera.ignjatovic@mcri.edu.au


56 
 

Alanine amino transferase (ALT) 

Aspartate amino transferase (AST) 

Gamma-glutamyl transferase (GGT) 

Inter-quartile range (IQR) 

Coefficient of variation (CV) 

Confidence intervals (CI) 

Alkaline phosphatase (ALP) 

Bromocresol green (BCG 

Lactate dehydrogenase (LDH)  

Creatinine kinase (CK) 

Aspartate amino transferase (AST) 

High-density lipoprotein (HDL) 

Canadian Laboratory Initiative on Paediatric Reference Intervals (CALIPER) 

Pyruvate to Lactate (P-L) 

Lactate to Pyruvate (L-P) 

International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) 

Pyridoxal-5-Phosphate (P5P) 

Bromocresol purple (BCP) 

Australasian Association of Clinical Biochemistry (AACB) 

Randomized controlled trials (RCTs) 

Food and Drug Authority (FDA) 

In-vitro diagnostics (IVDs)  



57 
 

ABSTRACT  

Background 

Age-specific reference intervals (RIs) have been developed for biochemistry analytes in 

children. However, the ability to interpret results from multiple laboratories for one 

individual is limited. This study reports a head-to-head comparison of reference values and 

age-specific RIs for 30 biochemistry analytes for children across five analyser types.  

 

Methods 

Blood was collected from healthy newborn and children aged 30 days to <18 years. Serum 

aliquots from the same individual were analysed on five analyser types. Differences in the 

mean reference values of the analytes by the analyser types were investigated using mixed-

effect regression analysis and by comparing maximum variation between analysers with 

analyte-specific allowable total error reported in the Westgard QC database. Quantile 

regression was used to estimate age-specific RIs using power variables in age selected by 

fractional polynomial regression for the mean, with modification by sex where appropriate.   

 

Results 

The variations of age-specific mean reference values between analyser types was within 

allowable total error (Westgard QC) for most analytes and common age-specific reference 

limits were reported as functions of age and/or sex. Analyser-specific reference limits for all 

analytes on five analyser types are also reported as functions of age and/or sex.   

 

Conclusion 

This study provides quantitative and qualitative measures of the extent to which results for 

individual children can or cannot be compared across analyser types and the feasibility of RI 
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harmonization. The reported equations enable incorporation of age-specific RIs into 

laboratory information systems for improving evidence-based clinical decisions in children.   

 

INTRODUCTION 

Clinical laboratory test results are critical to evidence-based medicine, with nearly 80% of 

physicians’ decisions based on information provided by laboratory reports (1). A laboratory 

test result should be reported with a reference interval (RI) appropriate to the patient’s 

demographic that facilitates accurate clinical interpretation. Statistically, RIs are defined by a 

range between the 2.5th and 97.5th percentile, representing 95% of the “normal” population. 

However, the establishment of accurate RIs is a complex process.  

 

Reference samples should be selected at random (2). However, access to “healthy” 

individuals is challenging, especially for neonates and children. Even with access to “normal” 

paediatric patients, low patient consent rates and small blood volume availability create 

difficulties (3). Consequently, most paediatric studies have extracted data from laboratory 

information systems (LISs) to establish RIs (4, 5). Few studies have collected samples 

prospectively (6).   

 

Pre-analytical and analytical factors such as specimen collection, transport, processing and 

laboratory analysis must be rigorously controlled and ideally mimic the processes used for 

patient specimens, to ensure the data used formulating the RIs are accurate. There is an 

increasing range of automated analyser types, analytical methodologies, and reagent 

formulations. Several studies reported inter-analyser variation for common biochemistry 

analytes (7-9). However, there are very few analyser-to-analyser comparisons of reference 

values using samples from the same patient (8, 9).   
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Age, sex, and ethnicity can influence RIs (4-6). Studies demonstrated the continual 

physiological changes of biomarkers in children by establishing RIs for different categories 

of sex, ethnicity (and other categorical variables) and for discrete age groups by partitioning 

age into several groups (2, 3, 6). This approach can often lead to misclassification for 

children, specifically close to the age “cut-off” points (4, 10). These artificial, arbitrary, age 

groups may not be inclusive of the overall variation of a specific analyte with age (4, 11). An 

alternative to age-grouped RIs, is paediatric reference curves for biochemical analytes (4, 5, 

12). Furthermore, as LISs evolve, the incorporation of centile charts for clinical decisions 

should ensue.   

 

An understanding of the direct comparison of biochemical results, as measured by different 

analyser types, will provide evidence based data that will assist in development of common 

paediatric age-specific RIs. Addressing this clinically important issues, this study recruited 

equal numbers of participants from neonates and children aged 30 days to < 18 years, 

aliquoted patient samples for direct comparison across five analyser types and reported age-

specific RIs as functions of age and/or sex. 

 

MATERIALS AND METHODS 

Study design 

The Harmonising Age Pathology Parameters in Kids (HAPPI Kids) study is a prospective, 

cross-sectional study of paediatric blood samples for commonly requested biomarkers. The 

study protocol was approved by The Royal Children’s Hospital, Melbourne, Australia, Ethics 

in Human Research Committee (HREC) and subsequently approved by the HRECs of all 

participating hospitals (HREC 34183 A). An outline of the study protocol is provided and full 
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details published elsewhere (13). The study contributors are listed in Supplementary Table 1 

of the Appendix B.    

 

Study setting and participant recruitment 

Participants were recruited after written consent from parents/ legal guardians and 

conformance with study inclusion criteria. Participation was excluded on the presence of 

reported acute or systemic illness, endocrine diseases or metabolic disease, history of liver or 

renal disease and/or failure to thrive or a requirement for an interpreter.   

 

Neonatal blood samples were collected from healthy term neonates following routine 

intramuscular administration of one milligram of vitamin K in three delivery suites in 

Melbourne, Australia (13,14). Venous blood samples from healthy children aged 30 days to < 

18 years were obtained from Hospital Outpatient Services who were undergoing minor 

elective day surgery (e.g. orthopaedic, plastic surgery, Ear, Nose & Throat (ENT), minor 

genitourinary and/or dermatological). Subjects met study inclusion criteria and were not 

receiving regular medication. All subjects were fasted prior to elective surgery. Only one 

attempt to collect blood per patient was allowed (13). All specimens were collected during 

the period February 2015 – December 2017.  

 

Sample size 

A maximum of 20 samples, with equal numbers of male and female participants, were 

collected for neonates (birth up to a maximum of 72 hours post-birth) and for every year of 

life from 30 days to < 18 years, resulting in a total of 380 samples per analyte. However, the 

blood volumes collected were not adequate to perform tests for all analytes on five analysers. 

Hence, a total 616 children were recruited.   
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Sample processing and testing 

Standardized laboratory procedures used are described elsewhere (13). Briefly, blood was 

centrifuged at 5000 rpm (4472 g-force) at 6°C for 5 minutes, separated into 400 µL aliquots 

and stored for a maximum period of 24 months at -80 °C. Pre-analytical processing was 

completed within four hours of collection. 

 

Samples were transported on ice, in batches to each participating laboratory and processed 

amongst routine clinical analysis during December 2015 – December 2017. Each laboratory 

followed identical pre-analytical specimen thawing, specimen mixing and internal quality 

control protocols. Biochemical analysis was performed according to accredited standard 

operating procedures used for patient sample testing within the participating laboratories. 

Specimens within each batch represented all study age groups, to minimize systematic bias.  

 

Samples from the same patient were tested for 24 biochemistry biomarkers on five, 

automated analysers: Ortho Clinical Diagnostics Vitros 5600, Abbott Architect c8000, Roche 

Cobas c701, Siemens ADVIA 1800, and Beckman Coulter AU5800, in five collaborating 

laboratories. Iron, ferritin, and transferrin were measured using Roche Cobas c501/c502, 

Abbott Architect c800, Roche Cobas c701, Siemens ADVIA 1800, and Beckman Coulter 

AU5800. Thyroid stimulating hormone (TSH), free thyroxine (FT4) and free triiodothyronine 

(FT3) were tested on OCD Vitros 5600 (Immunoassay), Abbott Architect (i1000SR, 

i2000SR, i4000SR) Roche Cobas e602, Siemens ADVIA Centaur/XP/XPT, and Beckman 

Counter Unicel DXL 600/800. This facilitated direct head-to-head comparisons of the same 

individual across the five analysers. Analytical methods have been detailed in Supplementary 

Table 2 of the Appendix B. 
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All participating laboratories were accredited to ISO: 15189 by the National Association of 

Testing Authorities (NATA) at the time of testing and met required analytical performance 

specifications (APS). 

 

Statistical methods 

Histograms, scatter plots and boxplots were used to visually check the test results for outliers, 

distributions, and assessing the association with age and/or sex. Subsequently, linear or non-

linear regression model using fractional polynomials in age, with or without sex and/or 

interaction between age and sex as covariates, as supported by the data and previous 

literature, were fitted to the mean values of each analyte for children aged 30 days to < 18 

years (4-6, 15-17). Data were log transformed for alanine amino transferase (ALT), aspartate 

amino transferase (AST), gamma-glutamyl transferase (GGT), and ferritin. Afterwards, 

outliers were identified by calculating the residuals i.e. by subtracting the predicted values 

from the observed values. If the residual was greater than three times the inter-quartile range 

(IQR) above or below the 3rd and 1st quartile respectively, the result was considered an outlier 

(18). 

 

Following outlier exclusion, mixed-effects regression analyses were performed utilizing age, 

analyser and the interaction between age and analyser as fixed effects and individual as a 

random effect to investigate whether the mean reference values varied by analyser types. The 

mean reference value for each analyser type was estimated using the model at each integer 

age until 18 years and the coefficient of variation (CV) between these estimated means (i.e. 

between the five analyser types or between analyser types for different methods of creatinine, 

ALT, AST, and albumin) were calculated at each integer age. The variation by analyser types 

was considered clinically insignificant, if the maximum CV of the predicted mean values 
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across the 18 integer age values was less than “the allowable total error” according to the 

quality requirements specified in the Westgard QC database (19). For analytes, for which the 

mean reference values did not vary between analyser types in a clinically significant manner, 

the data for each child across the different analysers were combined and a common mean and 

RIs were established.  

 

Age-specific RIs were determined for children aged 30 days to < 18 years by using quantile 

regression estimating the 2.5th and 97.5th percentiles as smooth functions of age, using the 

same power variables of age that were identified from the fractional polynomial regression 

model for the mean (20). Sex and interactions between power variables of age and sex as 

covariates were included in the final models based on the initial model for the mean. The age-

specific (and, where necessary, sex-specific) reference limits with 95% confidence intervals 

(CI) were calculated using the fitted model for children and plotted against age.  

 

Initial visual inspection suggested different ranges for neonates compared to children in early 

infancy after the neonatal period. Hence neonatal data were included in the regression model 

only when the observed mean reference value at birth was consistent with the 95% CI for the 

mean at age zero based on the model estimated using the non-neonatal data. If the observed 

mean was different, the 20 neonatal data values were summarized separately using median, 

maximum and minimum values. 

 

Statistical analyses was performed using Stata 15 (21).  Further details of the analytic method 

using alkaline phosphatase (ALP) as an example are provided in Supplementary Document 1 

of the Appendix B.  
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RESULTS 

The majority (94%) of the study participants (n=616) were born in Australia. The birth 

country of the parents of participants included Australia (55%), and countries from South-

East Asia (6%), South Asia (5%), Europe (5%), Middle East (4%), and Africa (3%). The 

ethnic distribution of the study cohort was in line with the Australian population (22).  

 

Datum from one specimen was excluded from all analytes due to the biological implausibility 

of creatinine. Data from 35 samples were excluded from calcium, total protein, and ALT; and 

135 from sodium as pre-analytical interference was recorded by the testing laboratory. The 

number of data excluded based on the statistical criteria have been documented in Table 3 of 

the Appendix B. No sample data were excluded for haemolysis, icterus or lipemia.  

 

The findings of the mixed-effect regression models suggest there were variations in the age-

specific mean reference values between analysers for all analytes. However, the maximum 

CV for mean reference values across age was not clinically significant when compared with 

“allowable total error” for most analytes (Table 1). In contrast, the variation in the mean 

reference values between analyser types was both statistically and clinically significant for 

bicarbonate, total bilirubin, creatinine(Jaffe), albumin (bromocresol green (BCG)), ferritin, 

transferrin, FT3 and FT4 (Table 1). The findings of the mixed-effect regression analysis and 

CVs of age-specific mean reference values by analyser types (and for different methods) at 

each integer ages until 18 years for creatinine and GGT are presented in Supplementary 

Document 2 of the Appendix B as examples of a) both statistically and clinically significant 

variations and b) statistically but not clinically significant variation respectively.  
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Table 1: Comparison of variation of age-specific mean reference values between analyser 

types and “allowable total error” (Westgard QC). 

Analyte Variation between 

analyser type 

Allowable total 

errora 

Sodium 0.7%  0.7% 

Potassium 1.7% 5.6% 

Chloride 1.2%  1.5% 

Bicarbonate 18.6%  10.0%b 

Urea 3.9% 15.5% 

Creatinine  27.8%  

8.9% Creatinine (enzymatic)c 8.7% 

Creatinine (jaffe)d 36.0% 

Calcium 1.3%  2.5% 

Magnesium 4.5% 4.8% 

Phosphate 5.1%  10.1% 

Triglyceride 4.9%  26.0% 

Total Cholesterol 3.4%  9.0% 

High-density lipoprotein Cholesterol  3.4%  11.6% 

Alkaline Phosphatase  11.8%  12.0% 

Aspartate Amino Transferase 2.2%  

16.7% Aspartate Amino Transferase (with P5P)e 1.4% 

Aspartate Amino Transferase (without P5P)f 3.7% 

Alanine Amino Transferase 10%  

27.5% Alanine Amino Transferase (with P5P)e 12.4% 

Alanine Amino Transferase (without P5P)f 5.7% 

Gamma-Glutamyl Transferase 2.8%  22.1% 

Total Protein 2.0%  3.7% 

Total Bilirubin 35.1%  26.9% 

Albumin 5.4%  

4.1% Albumin (BCP)g 2.3% 

Albumin (BCG)h 4.9% 

Lactate dehydrogenase (L-P) 4.2%  11.4% 

Creatine Kinase 7.8%  30.3% 

Lipase (Wet chemistry methods) 28.5%  37.9% 

Amylase 12.4%  14.6% 

Uric Acid 5.6%  12.0% 

Iron 3.7%  30.7% 

Ferritin 95.0%  16.9% 
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Transferrin 7.0%  3.8% 

Thyroid Stimulating Hormone 11.0%  23.7% 

Free Thyroxine 15.3%  8.0% 

Free Triiodothyronine 13.0%  11.3% 

The analytes for which the age-specific mean reference values vary by analysers types 

are highlighted by bold font.   

a. According to the Westgard QC Database (19) 

b. According to the Royal College of Pathologist of Australasia Quality Assurance 

Program 

c. Creatinine (enzymatic) on Ortho and Roche 

d. Creatinine (jaffe) on Abbott, Roche, Siemens and Beckman 

e. AST(with P5P)  or ALT (with P5P) on Ortho, Abbott, Roche and Beckman 

f. AST (without P5P) or ALT (without P5P) on Roche and Siemens.  

g. Albumin (BCP) on Abbott, Roche, Siemens and Beckman 

h. Albumin (BCG) on Ortho and Roche 

 

The common reference limits for the 2.5th and 97.5th percentile have been reported as 

functions of age and/or sex in Table 2 for 24 analytes, for which the age-specific mean 

reference values do not vary between analyser and presented in Figures 1 & 2. All analyser-

specific reference limits as function of age and/or sex are provided in Table 4 and presented 

in Supplementary Figures 1 through 30 of the Appendix B. Except for potassium, the 

observed mean values for neonates fall outside the 95% CI of the predicted mean based on 

the model using non neonatal data. Hence summary statistics of the data from neonates for all 

analytes are tabulated in Supplementary Table 5 of the Appendix B.  
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Table 2: Parametric equations for common lower and upper limits of 24 biochemistry 

analytes for children aged 30 days to 18 years. 

Analytes Lower Limit (Y2 .5) Upper limit (Y97.5) 

Sodium 137.04 + 0.07 Agea 142.20+0.09 Age 

Potassium 4.03 – 0.02 Age 5.05 – 0.02 Age 

Chloride 103.68 – 0.13 Age 109.58 – 0.02 Age 

Urea 
2.34 + 0.65 Maleb – 0.02 

Age*Male 

6.24 + 0.02 Age + 0.08 Male  

– 5.29*10-3 Age*Male 

Creatinine 

(enzymatic)  

16.70 + 1.72 Age – 1.56 Male 

+ 0.12 Age*Male 

26.30 + 3.00 Age – 2.22 Male 

+ 0.98 Age*Male 

Calcium 2.22 + 0.03 Age-1 2.55 + 0.03 Age-1 

Magnesium 
0.80 – 0.03 ln(Age) + 0.01 

Male 

1.01 – 0.04 ln(Age) + 0.02 

Male 

Phosphate 
1.37 + 0.15 Age-1 – 8.36*10-5 

Age3 

2.00 + 0.14 Age-1 – 6.82*10-5 

Age3 

Triglyceride 0.36 + 0.01 Age 1.50 + 0.06 Age 

Cholesterol 
2.57 + 1.25*10-2 Age2 – 

7.51*10-4 Age3 

5.13 + 1.64*10-2 Age2 – 

8.15*10-4 Age3 

HDL Cholesterol 
0.37 + 0.19 Age – 0.06 

Age*ln(Age) 

1.49 + 0.16 Age – 0.05 

Age*ln(Age) 

Alkaline 

Phosphatase 

153.100 – 0.146 Age3 + 

0.043 Age3ln(Age) + 0.129 

Male*Age3 – 0.043 

Male*Age3ln(Age) 

387.700 + 0.216 Age3 – 

0.089 Age3ln(Age) + 0.338 

Male*Age3 – 0.115 

Male*Age3ln(Age) 

Aspartate Amino 

Transferase  

(with P5P) 

30.76 – 0.71 ln(Age)  – 1.80 

(ln(Age))2 + 0.40 Male 

57.07 – 10.17 ln(Age)+ 1.28 

(ln(Age))2 + 2.47 Male 

Aspartate Amino 

Transferase 

(without P5P) 

26.85 – 1.01 ln(Age)  – 1.22 

(ln(Age))2 + 1.57 Male 

54.07 – 8.27 ln(Age)+ 0.40 

(ln(Age))2 + 3.16 Male 

Alanine Amino 

Transferase 

(with P5P) 

10.73 + 1.48 Age-1 + 0.18 

Male 

37.18 + 0.73 Age-1 – 0.75 

Male 

Alanine Amino 

Transferase 

(without P5P) 

8.86 + 2.25 Age-1 + 0.95 

Male 

32.48 + 0.25 Age-1 + 1.48 

Male 

Gamma Glutamyl 

Transferase 
5.67 + 0.09 Age 16.05 + 0.82 Age 

Albumin (BCP) 34.23 + 0.07 Age 41.47 + 0.31 Age 

Total Protein 53.70 + 3.90 ln(Age) 66.05 + 5.40 ln(Age) 

Lactate 

dehydrogenase 

 (L to P) 

276.53 – 33.01 Age0.5 463.63 – 45.38 Age0.5 

Amylase 
12.89 + 9.22 ln(Age) – 

2.57*10-2 Age2 

76.49 + 33.85 ln(Age) – 0.24 

Age2 
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Lipase (Wet 

Chemistry 

methods) 

9.78 +0.12 Age  – 1.34 Male 31.41 + 0.36 Age – 0.96 Male 

Uric Acid 
148.16 + 0.14 Age2 – 32.67 

Male + 0.25 Age2*Male 

319.53 + 0.21 Age2 + 11.39 

Male + 0.50 Age2*Male 

Iron 2.48 + 0.18 Age 22.53 + 0.35 Age 

Creatinine Kinase 
68.99 – 2.91 Age - 1.83 Male 

+ 1.83 Age*Male 

248.60 – 3.30 Age + 28.78 

Male + 2.21 Age*Male 

Thyroid 

Stimulating 

Hormone 

0.89 5.20 

a. In years 

b. Replace male with “1”, if subject is male. Otherwise replace male with “0” if subject is 

female.   

 

Most of the analytes demonstrated substantial relationship with age, especially during the 

first year of life and the pubertal periods of both male and female subjects. As expected, 

reference values increased with age for creatinine (due to muscle mass), total protein, 

albumin (due to blood volume) and iron (due to dietary intake/stores) (Figure 1 and 2) while 

decreased with age for potassium, lactate dehydrogenase (LDH), and creatinine kinase (CK) 

(Figure 1 and 2). The RIs decreased substantially during earlier years of life for phosphate 

and AST (Figure 1 and 2). For triglyceride, GGT, and total bilirubin the upper reference 

limits increased with age, but there were minimal changes in lower reference limits (Figure 1 

and 2). The age-related changes in the RIs may not be of clinical significance for sodium, 

potassium, chloride, bicarbonate, urea, calcium, total cholesterol, high-density lipoprotein 

(HDL) cholesterol, lipase, ferritin, transferrin and FT3 (Figure 1 and 2). The age-specific RIs 

differ by sex for magnesium, FT3 and FT4 consistently over age (Figure 2). Sex-specific 

differences in the age-specific RIs were emerging during puberty in both males and female 

study participants for creatinine, ALP, CK, uric acid, ferritin and transferrin (Figure 2). 

However, the difference in RIs by sex may not be of clinical importance for urea, AST, ALT 

and lipase (Figure 2). 
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Figure 1: Age-specific paediatric reference intervals for common biochemistry analytes. 
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Figure 2: Age-specific paediatric reference intervals for common biochemistry analytes (continued). 
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The model-based age-specific RIs for creatinine and ALP were similar to the RIs based on 

discrete age-groups reported by the Canadian Laboratory Initiative on Pediatric RIs 

(CALIPER) study, in terms of changes with age and during puberty (Figure 3) (6). In 

contrast, our results were different from age-specific RIs for ALP based on retrospective data 

from hospital patients in Germany (Figure 4) (5).  

 

 

Figure 3: Age-specific (common) compared with CALIPER age-grouped reference intervals. 
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Figure 4: Age-specific reference intervals using direct (common) compared with indirect 

sampling (Zierk et al). 

 

DISCUSSION 

This study reports the first head-to-head comparison of paediatric reference values across five 

analyser types for common biochemistry analytes, using serum aliquots from the same child. 

The unique study design, the age and even distribution of study participants from 30 days to 

< 18 years, facilitated estimation of age-specific RIs using statistical models that can be 

adopted into current LISs. We also present neonatal data for the same analytes and analysers. 

This study demonstrates the feasibility of obtaining RIs using data from representative 

healthy children, highlights clinically significant differences in reference values between 

analyser types for some analytes and reports reference limits as functions of age and/or sex. 
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Whether patient samples tested at different laboratories, using different analysers, can be 

directly compared is of global importance, particularly as “hub-and-spoke” models of 

paediatric care for complex children, (e.g. shared care with tertiary centres (hub) and local 

health care providers (spoke)) request laboratory testing by different providers for clinical 

management of the same patient. No previous study has directly compared biochemical 

reference values on five analysers across the paediatric age span using samples from the same 

subject. CALIPER collected specimens from healthy children for establishing age-grouped 

RIs, and its numerous publications have provided important data for clinical care of children 

(6). However, the majority of the RIs established by the CALIPER study utilized Abbott 

assays and “transferred” the Abbott intervals to other analysers except for immunoassays (6).   

 

We chose total error to compare the mean reference values between analysers as this has been 

used in another study (8). The total error is also accepted as a reasonable method of 

comparing results in paediatric population (23). 

 

Of the biochemical analytes tested within this study, the reference values varied across 

analyser types for bicarbonate, creatinine (Jaffe), total bilirubin, albumin (BCG), ferritin, 

transferrin, FT3 and FT4. These differences may be due to pre-analytical issues (i.e. 

bicarbonate) or analysis method or calibration that are non-standardized or not traceable to 

standardized source. For creatinine, the average intra-analyser coefficient of variation for 

mean reference values was 11.9%, was higher than between laboratories coefficients of 

variation (4.37% to 8.74%) reported by Delanghe et al. (8). The differences in reference 

values between Jaffe and Enzymatic were also similar to the results of Delanghe et al., who 

reported a significant difference between the methods in the earlier years of life and that 

values of dry chemistry were higher than Jaffe for higher values of creatinine (8). The 
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differences in reference values for bicarbonate may be explained by the use of frozen instead 

of fresh samples due to logistical issues and the reported analyser-specific RIs may not be 

clinically useful (24). In the case of ferritin, since the antibodies to ferritin used in 

immunoassays may not react well to all forms, RIs should be established for each analyser 

type. Similarly, free thyroid hormone immunoassays are not standardized, which accounts for 

method specific differences. For LDH, the analytical method for the OCD Vitros 5600 was 

pyruvate to lactate (P-L), whereas other analyers utilized lactate to pyruvate (L-P), hence 

method specific RIs for LDH were expected. Method difference also existed for lipase, the 

OCD Vitros 5600 utilized dry slide chemistry with 1-oleoyl-2, 3-diacetylglycerol as a 

substrate, whereas wet chemistry methods using either 1,2-diglyceride or glutaric acid-(6-

methyresorufin) ester substrates were utilized on the other analysers.   

 

Differences in reference values were statistically negligible for GGT. All analysers utilized 

International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) standardized 

GGT methods. Similarly, Steinmetz el al. found no significant difference in reference values 

for seven laboratories when compared to the IFCC recommended GGT method (9). The use 

of pyridoxal-5-phosphate (P5P) as co-factors for the AST and ALT methods are the 

recommended IFCC methods while bromocresol purple (BCP) as one of the dye-binding 

methods for measurement of albumin is preferred (25). However, no significant differences in 

age-specific mean reference values between analysers or in reference values between two 

different methods on the same analyser (Roche Cobas) for AST, ALT and albumin were 

reported in this study (See Supplementary Document 3 of the Appendix B). Our findings of 

clinically non-significant differences in mean reference values between analysers for most 

electrolytes were similar to the Australasian Association of Clinical Biochemistry (AACB) 
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(26). Even though we have reported common RIs for those analytes, the clinical significance 

of the common RIs against analyser-specific RIs in sick children need to be tested.     

 

To avoid clinical misdiagnosis of laboratory results in children of ages close to age cut-offs 

using age grouped RIs, other studies have endorsed the implementation of continuous 

paediatric RIs across ages (4, 5, 12). Higgins and Adeli have recently discussed the 

advantages of using continuous age-related paediatric RIs. The implementation of continuous 

RIs into LISs was seen as challenging and more innovative, interpretative tools were 

suggested (11). In an effort to address such challenges, we have applied modern best practice 

statistical methods such as fractional polynomial and quantile regression, and presented 

paediatric RIs as functions of age and/or sex (27, 28). A similar statistical method has been 

used in other fields of medicine (29).  

 

The physiological trends in age-specific RIs observed in this study for most biochemistry 

analytes, were similar to centile charts reported by Loh et al., Zierk et al., and Bussler et al. 

and to the age-grouped RIs reported by CALIPER Study (4-6, 12). The differences in RIs for 

ALP from hospital patients in Germany could be due to inclusion of neonates, distribution of 

the sample over age, the sampling techniques and statistical technique applied (5). The 

changes in measurement with age for sodium, potassium, chloride, bicarbonate, urea, calcium 

and magnesium reported in this study were not clinically significant and common paediatric 

RIs across age, similar to those reported by the AACB, could be adopted (26).  

 

Considering the recent trend to presenting RIs for continuous age, the provision of RIs as 

equations of age and/or sex for common biochemical analytes, will facilitate their integration 

into current LISs. However, there is considerable variation in LIS systems among vendors 
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(e.g. age of the software, programming complexity and capacity to present RI graphically). 

The modern LISs integrated with the electronic medical recording system can incorporate 

these equations and graphical representation, therefore potentially facilitating widespread 

access and improving patient care in children.  

 

The different ranges of neonatal values could be explained by wash out of maternal 

parameters and did not fit the equations for older children. The ranges of neonatal data are 

similar to previous studies and useful in comparing between analysers (6).  

The sample size of 360 provided reasonably precise reference limits for each analyte using 

fractional power variables of age. Royston suggested 292 as a suitable sample size for 

constructing 95% continuous RIs, based on the standard error of the limits of the resulting 

RIs being no more than 10% of the age-specific standard deviation, using an even spread of 

samples over time (15). Bellera et al. proposed a sample size of 436 to establish age-specific 

RIs in the presence of and accounting for inconsistent variation of the analyte with age (30). 

In contrast, a simulation study suggested sample sizes greater than 500 may be required to 

identify subtle changes associated with age and sex (31).  

 

Few RI studies are conducted in children not referred for clinical testing, because of 

perceived difficulties in recruiting reference subjects. These challenges are particularly 

difficult in small laboratories, who may only perform occasional paediatric testing. Similar 

challenges in the pharmaceutical industry were assisted by the 1997 Food and Drug 

Modernization Act (and its subsequent reauthorization) incentive program. There have been 

almost 1000 paediatric trials since the enactment of the Food and Drug Modernization Act 

(32). While full discussion is beyond the scope of this paper, the implementation of 

regulatory incentives for manufacturers of laboratory medicine in-vitro diagnostics (IVDs) 
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and laboratory information systems to partner with clinical care providers to assist with the 

development of paediatric RIs may address the paucity of paediatric normative data readily 

adaptable for clinical care. 

 

In conclusion, the establishment of paediatric, age-specific RIs by collection and testing of 

specimens from healthy neonates and children of all years of life until 18 extends our 

understanding of physiological changes in biochemical analytes with age and will improve 

clinical result interpretation. The head-to-head comparison improves evidence-based, clinical 

decision making for biomarkers with specific differences between analyser type and / or 

analytical methodologies. Furthermore, the data clarify the true differences of biochemical 

values reported by different analysers when considering harmonized paediatric RIs. This 

should in turn lead to better care of children. 
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3.3 Discussion 

Most analytes (e.g sodium, potassium) have standardised methods of testing. As part of the 

quality assurance the laboratories or manufacturers are required to trace the rest results to the 

industry standard [4]. Hence, among the 30 analytes tested, the differences in mean test 

results between analysers were within the allowable limit of performance for 24 analytes. 

Whereas for the analytes which do not have any traceable industry standard (e.g. thyroid 

stimulating hormone), the test results differed by analysers [4].    

 

Deciding the statistical method for comparing test results between analysers across age was 

challenging as there were only a few studies that compared test results between analysers [29, 

30]. I initially considered correlation and the Bland Altman test to assess the bias [68]. 

However, this method was only suitable for comparing test results between two 

analysers[16]. Hence, I have applied mixed effect regression analysis taking both analyser 

and between sample variation into consideration where analysers were considered as a fixed 

effect and individual patient as a random effect. However, deciding whether test results of a 

biomarker vary among analysers based on the statistical evidence alone was considered 

inappropriate. Hence, variation between analysers was compared against the allowable limit 

of performance for the analytes.   

 

Based on the findings of variation in test results across analysers, we estimated common 

continuous age-specific RIs. This is the first study which reported common continuous age-

specific RIs across analysers. This finding will be helpful for small laboratories that do not 

have the capacity to establish continuous age-specific RIs for common biochemistry analytes. 

The Royal Children’s Hospital, The Royal Melbourne Hospital and The Royal Women’s 
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Hospital are currently validating these common continuous age-specific paediatric RIs for use 

across the three hospitals.   

 

Several studies have reported continuous age-specific paediatric RIs [11, 12, 36]. However, 

considering the challenges in incorporating the continuous age-specific RIs into the LIS, 

these studies reported the RIs for every six month or one year age group [11, 12, 36]. 

Contrary to these studies, we have reported the continuous age-specific paediatric RIs as a 

function of age and sex using a novel statistical method [66]. These functions can be used for 

calculating RIs for any age between 1 month and 18 years and would facilitate incorporation 

of continuous age-specific RIs into the LIS. We have also reported 95% CIs for the RI limits, 

providing an indication of reliability, which was possible due to the regression-based 

parametric methods we applied [66]. Similarly, the CALIPER study also estimated 

continuous age-specific RIs applying nonparametric quantile regression and reported 95% 

CIs for the limits [36].     

 

We could not incorporate neonates in the model-based analysis as there were not enough 

samples, and due to the dynamic nature of change in test results for most analytes between 

birth and the first month of life [66]. While we have provided summary statistics of the test 

results for neonates, we would have liked more samples between 72 hours and 30 days to 

model the change in biomarker with age.  

 

Despite the results demonstrated, incorporating continuous RIs into existing LIS designed for 

discrete intervals remains challenging [69]. At present, LIS have limited capacity to visually 

display continuous reference curves or calculate continuous age-specific RIs from equations 

based on age and sex [66]. Moreover, some laboratories still report test results in a portable 
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document format (PDF) or hard copy, making it difficult to track sequential changes in test 

results appropriately over time. In addition to the challenges associated with the translation of 

continuous RIs into LIS, many pathology results are also viewed in other online systems, 

including electronic medical records (EMR), and Medical Practitioner desktop or mobile 

software packages. In these situations, developments are not only required to the LIS, but 

also to prepare the RIs, display them if this is required in a rendered format (e.g. PDF or 

directly on-screen) and also systematically transfer the results to receiving systems that have 

the capacity to accurately and safely render the results. This poses additional complexity for 

the electronic management of patient results and applicable RIs, but as the diversity in 

receiving systems and software expands, standardisation is vital. Recent studies endorsing the 

use of continuous paediatric RIs provide impetus for the development of improved modern 

LIS functionality and associated integrated EMR and other mobile and desktop software used 

to view and interpret patient results at the medical practitioner interface [11, 36, 47, 66]. 
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Chapter 4: Validation of the HAPPI Kids continuous age-specific 

paediatric reference intervals  

4.1 Introduction 

The validation process is considered an internal quality assurance procedure. RI studies need 

to demonstrate the validity of the estimated RIs in the reference population in which they 

were initially intended to be used. However, no study except for CALIPER and Zierk et al 

has validated the estimated continuous RIs (2, 3).  

 

For the HAPPI Kids continuous RIs, reported in chapter 3, to be adopted by routine 

laboratories, they need to be validated for the local population, or in laboratories using the 

same analytical methods and analysers [66]. However, there is no recommendation available 

in the current CLSI guidelines regarding the process of validation for continuous RIs. 

Addressing this gap, this chapter demonstrates that the current CLSI guidelines can be 

applied to validate the continuous RIs, with some minor modifications.  

 

This chapter reports the validity of the HAPPI Kids continuous RIs and highlights important 

issues regarding the validation process for continuous RIs. These findings are useful for 

laboratories and policymakers in adopting continuous RIs in the clinical/pathology settings.  

The findings were published in the Journal of Applied Laboratory Medicine in February 2020 

and the author accepted manuscript is presented as the body of this chapter [70].  

 

4.2 Publication 
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ABSTRACT 

Introduction 

To facilitate best possible patient care, reference intervals (RIs) adopted by a laboratory must 

be appropriate for the population demographics and where applicable, the analytical principle 

and/or the analytical instrument used. Whilst guidelines from the Clinical and Laboratory 

Standard Institute recommend a validation process for discrete RIs, there are no current 

recommendations for the validation process for continuous RIs. This study aimed to validate 

recently published, HAPPI Kids continuous RIs, in a routine laboratory. 

 

Methods 

Initially, the difference in test results between the primary study laboratory that contributed to 

previous RIs development and a routine laboratory was assessed using specimens from 77 

children tested in both laboratories using the Siemens ADVIA 1800 or Centaur/XP/XPT. 



90 
 

Later, validation of the HAPPI Kids RIs was undertaken using 279 paediatric samples tested 

on the same analyser type in the routine laboratory. The previously published RIs were 

validated if more than 90% of results in the routine laboratory were within the RIs. 

 

Results 

There was minimal evidence of clinically significant differences in test results between the 

primary and routine laboratories. The continuous RIs were validated after initial analysis for 

16 of the 18 biochemistry analytes tested, and after secondary analysis for the remaining 2 

analytes. 

 

Conclusion  

This study validates the HAPPKI Kids RIs in a routine laboratory, satisfying the laboratory 

accreditation requirements for evaluation, implementation and sourcing of RIs. In addition, 

this study presents a modification of the current CLSI method for validation of continuous 

RIs that will benefit routine laboratories in general. 

 

IMPACT STATEMENT 

According to the Clinical Laboratory and Science Institute (CLSI), previously published 

reference intervals (RIs) need to be validated prior to use. However, there is currently no 

specific guidelines for the validation process when it comes to continuous RIs. Addressing 

this gap, our study validates, the recently published HAPPI Kids RIs, in a routine 

laboratory, satisfying the laboratory accreditation requirements for evaluation, 

implementation and sourcing of RIs. In addition, this study presents a modification to the 

current CLSI method for validation of continuous RIs that will benefit routine laboratories 

in general. 
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INTRODUCTION  

The majority of clinical pathology laboratories do not have the resources to prospectively 

determine paediatric reference intervals (RIs) specific for their setting (e.g. population, 

analyser, reagents) (1). For this reason, paediatric RIs used in laboratories are historically 

derived from: i) clinical decision limits; ii) published professional recommendations; iii) 

settings by regulatory bodies, iv) post-analytical quality control data, or v) from large scale 

population based studies (2). The International laboratory accreditation requirements (e.g. 

ISO15189) mandate that laboratories verify RIs as appropriate for the methodologies and 

the patient population they serve. The Clinical and Laboratory Standards Institute (CLSI) 

provides guidelines for assessing the validity of a discrete RI by using 20 samples from 

healthy children, in the scenario where population characteristics and pre-analytic 

variables are consistent with the population used for the established RIs (3,4). If 18 or 

more (≥ 90%) of 20 samples fall within the discrete 95% RI, the established RIs are 

accepted for use (3, 4). 

 

Recent studies have published continuous RIs and demonstrated improvement in test result 

interpretation and clinical decision making (5-8). To improve paediatric RIs for Australia, 

the Harmonising Age Pathology Parameters in Kids (HAPPI Kids) study has published 

continuous RIs for children aged 30 days to < 18 years for 30 biochemistry analytes (6). 

For these continuous RIs to become widely adopted, validation by routine laboratories is 

important (4). However, there are currently no guidelines for validating such RIs. Hence, 

this study aimed to validate the HAPPI Kids RIs in a routine laboratory with some 

modification to the current CLSI guidelines. 
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METHODS 

Study protocol and statistical analysis 

This study followed-up our previously published HAPPI Kids study reporting continuous 

RIs for 30 biochemistry analytes (6). The Royal Children’s Hospital, Melbourne, 

Australia, Ethics in Human Research Committee (HREC) and subsequently HRECs of all 

participating hospitals approved the study protocol (HREC 34183 A). The study 

contributors are listed in the Supplementary Table 1 of the Appendix C. All statistical 

analysis was conducted in Stata 15.1 (9). 

 

Assessment of difference in test results between laboratories 

Within the recruited paediatric samples used for establishing the HAPPI Kids RIs, aliquots 

from 77 study participants were subsequently tested in a routine laboratory for as many as 18 

analytes as sample volume allowed (Supplementary Figure 1 of the Appendix C). Matched 

analysis of these results with the paired results available from the HAPPI Kids study, enabled 

assessment of difference in test results between the primary HAPPI Kids study laboratory and 

the routine laboratory. Similar to the HAPPI Kids RIs, these aliquots were analysed using a 

Siemens ADVIA 1800 or a Siemens ADVIA Centaur/XP/XPT for 18 analytes. Due to 

insufficient blood volume from each participant, sample numbers available from the routine 

laboratory were less than 77 for many of the analytes. The list of analytes and the analytical 

methods used in both laboratories were identical and are provided in the Supplementary 

Table 2 of the Appendix C. 

 

Outliers were removed using Tukey’s test based on the difference between the paired results. 

The mean difference in test results was assessed using 95% confidence interval and paired t-

test. The coefficient of variation (CV) for each study participant was defined as half of the 
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absolute difference (equivalent to the standard deviation in case of n=2) divided by the mean 

of test results from the two laboratories. The differences in test results between the two 

laboratories for each analyte were considered clinically insignificant if the median of the CVs 

was less than individual biologic variation (CVI) reported in the Westgard QC database, 

mostly determined in adults (10).  If the difference was clinically insignificant the HAPPI 

Kids RI for the analyte was considered for validation in the routine laboratory. 

 

Assessment of validation of the HAPPI Kids RIs in a routine laboratory 

 A total of 279 paediatric subjects, aged 30 days to < 18 years, undergoing minor elective day 

surgery were recruited from the outpatient service of four major public hospitals in Victoria, 

Australia for the validation of the HAPPI Kids RIs and are referred to as the ‘validation 

cohort’ (Supplementary Figure 1 of the Appendix C). Details of the participant exclusion 

criteria, blood collection method, sample processing and storage condition prior to analysis 

have been published as part of the HAPPI Kids protocol (11). Briefly, participants with 

presence of systematic abnormalities were excluded and only one attempt was made to 

collect the blood per participant. Blood sample for each participant was centrifuged at 5000 

rpm (4472g) at 6 °C for 5 min, separated into 400-µL aliquots, and stored at -80 °C within 4 

h of collection. These samples were sent to the routine laboratory and were analysed on a 

Siemens ADVIA 1800 or a Siemens ADVIA Centaur/XP/XPT for a maximum of 18 analytes 

as specified above (Supplementary Table 2 of the Appendix C). 

 

Outliers were identified for exclusion based on the residual being greater than 3 times the 

inter-quartile range as a conservative approach considering samples were obtained from 

healthy children, with residuals defined as the differences between observed and predicted 

values from a fractional polynomial regression model for the mean. For the remaining data on 
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each analyte, the proportion of test results from the validation cohort within the HAPPI Kids 

RIs across age and gender was calculated. The HAPPI Kids RIs were considered valid if 

more than 90% of the test results from the validation cohort were within the continuous RIs 

(3, 4, 12). Further secondary analysis of test results in the routine laboratory was done based 

on age and date of analysis if the HAPPI Kids RIs were initially invalid. 

 

RESULT AND DISCUSSION 

The ethnic distribution of the participants was consistent with the HAPPI Kids study 

participants and the Australian population, as 92.5% were born in Australia with 52.5% of 

both of the participants’ parents born in Australia (13). The samples were uniformly 

distributed across age and with approximately equal numbers of male and female for every 

year of life from 30 days to < 18 years. 

 

Agreement between the two laboratories for all analyses are presented in the Supplementary 

Figure 2 of the Appendix C. There was evidence supporting mean differences in test results 

between the two laboratories for sodium, urea, creatinine, alkaline phosphatase, alanine 

amino transferase, aspartate amino transferase, calcium, magnesium, phosphate, free 

triiodothyronine and free thyroxine (Table 1). However, these differences were considered 

clinically insignificant since the median CVs were less than CVI reported in the Westgard QC 

database. 
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Table 1: The mean difference (95% CI) and median coefficient of variation (in comparison to Westgard) in reference values between 

two laboratories for 18 biochemistry analytes on Siemens analyser  

Analyte 

 

Total 

number of 

samples 

tested,n1
a 

Outliers 

exclude

d, n0 

n = 

 n1 – n0 

rhob 

 

Rangec 

 

Mean 

differenced 

 

95% CI 

 

CVI
e (%) 

Observed 

(Median) 

Westgard 

(14)  

Sodium (mmol/L) 76 0 76 0.55 137, 145 0.76 0.44, 1.08 0.5 0.6 

Potassium (mmol/L) 75 2 73 0.97 3.7, 4.9 0.01 0.00,  0.03 0.0 4.6 

Chloride (mmol/L) 76 0 76 0.83 101, 111 0.07 -0.20,  0.33 0.6 1.2 

Urea (mmol/L) 72 2 70 0.99 2.3, 7.0 0.07 0.030,  0.10 1.9 12.1 

Creatinine (µmol/L) 73 4 69 0.98 11.4, 82.4 2.22 1.65,  2.80 4.3 6.0 

Alkaline Phosphate 

(U/L) 

74 2 72 0.98 47, 513 13.58 11.02, 16.15 5.1 6.5 

Alanine Amino 

Transferase (U/L) 

73 2 71 0.84 9, 43 3.48 2.79,  4.17 12.9 19.4 

Aspartate Amino 

Transferase (U/L) 

73 1 72 0.97 19, 66 1.33 0.77,  1.90 5.3 12.3 

γ-Glutamyl 

Transferase (U/L) 

73 1 72 0.98 5.0, 28.0 0.04 -0.24,  0.41 5.9 13.4 

Total Protein (g/L) 74 2 72 0.97 57, 83 0.08 -0.30, 0.46 1.1 2.75 

Total Bilirubin 

(µmol/L) 

73 3 70 0.98 1.5, 19.5 0.03 -0.13,  0.19 0 21.8 

Calcium (mmol/L) 71 3 68 0.80 2.18,  2.70 0.03 0.02,  0.05 1.4 2.1 

Magnesium 

(mmol/L) 

71 1 70 0.66 0.72,  1.07 0.05 0.04, 0.06 3.4 3.6 

Albumin (g/L) 72 3 69 0.96 34.0, 52.5 -0.17 -0.36, 0.02 1.3 3.2 

Phosphate (mmol/L) 71 1 70 0.98 0.88,  2.21 0.03 0.02,  0.04 1.9 8.2 

Thyroid Stimulating 

Hormone (mlU/L) 

68 1 67 0.99 0.42,  4.88 -0.03 -0.06,  0.01 2.9 19.3 
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Free 

Triiodothyronine 

(ρmol/L) 

75 0 75 0.90 3.9, 8.2 0.30 0.21, 0.37 3.0 7.9 

Free Thyroxine 

(ρmol/L) 

75 3 72 0.87 10.7, 22.0 -0.31 -0.58,  -0.05 3.3 5.7 

The evidence of a difference in test results between the two laboratories is highlighted by bold font.  

a. Due to insufficient blood volume from each participant, sample numbers available from the routine laboratory were less than 77 for many of 

the analytes. 

b. Concordance correlation coefficient 

c. Range of the average reference values between shared samples 

d. Using a paired t-test 

e. Coefficient of variation within samples  
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The proportion of test results from the validation cohort that were within the HAPPI Kids 

RIs, was more than 90% for all analytes except creatinine and albumin (Table 2, 

Supplementary Figure 3 of the Appendix C). The RIs for albumin were considered valid after 

exclusion of the albumin test results (n=67 from 278), analysed on 2 individual days with 

nearly 50% of results outside the RIs (Table 2, Supplementary Document 1 of the Appendix 

C). The RI for creatinine appears to be valid for children older than 2 years (Table 2, 

Supplementary Document 1 of the Appendix C).  

 

The assessment of difference in test results between laboratories and/or analysers or reagents 

is feasible for a laboratory with different testing sites or when a laboratory introduce a new 

analysers or reagents. However, this may not be feasible when adopting established RIs as 

samples tested for establishing RIs are not shared for validation. Testing difference in test 

results is also not essential to validate the established RIs. However, this was useful in 

explaining the excess of departures from the reference limit at the lower end for both sodium 

and γ-glutamyl transferase, and the high end for chloride, compensated by a deficit at the 

other end, i.e. that the 90% was achieved in an asymmetrical way. 
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Table 2: Proportion of samples that were within the HAPPI Kids RIs for 18 Biochemistry analytes  

Analytes (unit) No. of 

outlier 

excluded 

No. of 

sample 

used for 

validation 

The HAPPI Kids RI (6)c,d Proportion of 

samples within 

The HAPPI Kids 

RIs (%) 
Lower Limit (Y2 .5) Upper limit (Y97.5) 

Sodiuma (mmol/L) 1 278 137.04 + 0.07 Age 142.20+0.09 Age 91.4 (87.4, 94.2) 

Potassiuma (mmol/L) 4 276 4.03 – 0.02 Age 5.05 – 0.02 Age 91.6 (87.7, 94.4) 

Chloridea  (mmol/L) 3 276 103.68 – 0.13 Age 109.58 – 0.02 Age 93.8 (90.3, 96.1) 

Ureaa (mmol/L) 0 279 2.34 + 0.65 Male – 0.02 

Age*Male 

6.24 + 0.02 Age – 0.08 

Male + 5.29*10-3 

Age*Male 

93.2 (89.5, 95.6) 

Calciuma (mmol/L) 1 278 2.22 + 0.03 Age-1 2.55 + 0.03 Age-1 91.0 (87.0, 93.9) 

Magnesiuma (mmol/L) 2 277 0.80 – 0.03 ln(Age) + 0.01 

Male 

1.01 – 0.04 ln(Age) + 0.02 

Male 

91.7 (87.8, 94.4) 

Phosphatea  (mmol/L) 0 279 1.37 + 0.15 Age-1 – 8.36*10-5 

Age3 

2.00 + 0.14 Age-1 – 

6.82*10-5 Age3 

93.5 (90.0, 95.9) 

Alkaline Phosphatasea 

(U/L) 

2 277 153.100 – 0.146 Age3 + 0.043 

Age3ln(Age) + 0.129 

Male*Age3 – 0.043 

Male*Age3ln(Age) 

387.700 + 0.216 Age3 – 

0.089 Age3ln(Age) + 

0.338 Male*Age3 – 0.115 

Male*Age3ln(Age) 

92.4 (88.6, 95.0) 

Aspartate Amino a 

Transferase (without P5P, 

U/L) 

1 273 26.85 – 1.01 ln(Age)   

– 1.22 (ln(Age))2  

+ 1.57 Male 

54.07 – 8.27 ln(Age) 

+ 0.40 (ln(Age))2  

+ 3.16 Male 

96.0 (92.8,  97.8) 

Alanine Amino 

Transferase a 

(without P5P, U/L) 

10 269 8.86 + 2.25 Age-1  

+ 0.95 Male 

32.48 + 0.25 Age-1 

– 1.48 Male 

91.8 (87.9, 94.6) 

γ-Glutamyl Transferasea  

(U/L) 

 

 

10 269 5.67 + 0.09 Age 16.05 + 0.82 Age 91.4 (87.4,94.3) 
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Albumin a 

(BCP, g/L) 

Total 1 

 

278 34.23 + 0.07 Age 41.47 + 0.31 Age 79.1 (73.9, 83.5) 

After 

exclusion 

211 89.6 (84.6, 93.1) 

Total Proteina  (g/L) 1 278 53.70 + 3.90 ln(Age) 66.05 + 5.40 ln(Age) 90.6 (86.6, 93.6) 

Thyroid Stimulating 

Hormonea (mlU/L) 

 267 0.89 5.20 92.1 (88.2,94.8) 

Creatinine 

(Jaffe, µmol/L) 

30 day to 

18 years 

0 279 12.34 + 1.70 Age + 2.27 

Male – 0.46 Male*Age 

22.97 + 2.96 Age – 4.72 

Male +1.12 Male*Age 

86.4 (81.2, 89.9) 

2 – 18 

years 

257 90.2 (86.0, 93.3) 

Total Bilirubinb (µmol/L)  270 1.67 + 0.19 Age 9.28 + 1.35 Age 97.0 (94.2, 98.5) 

Free Thyroxine b (ρmol/L) 1 278 13.13 – 8.20*10-3Age3 – 0.72 

Male  + 4.43*10-3 Male*Age-

3 + 2.71*10-3  Age3 ln(Age3) - 

1.42*10-3 Age3 ln(Age)*Male 

20.02 – 6.91*10-3Age3 – 

2.00 Male  + 8.06*10-3 

Male Age-3 + 2.25*10-3  

Age3 ln(Age3) – 2.42*10-3 

Age3 ln(Age3) Male 

95.0 (91.7, 97.0) 

Free Triiodothyronine b 

(ρmol/L) 

0 279 5.87 – 0.07 Age- 0.97 Male + 

0.09 Age*Male 

9.43 –0.10 Age– 0.9 Male 

+  0.07 Age*Male 

92.8 (89.1, 95.3) 

The proportion < 90% were highlighted by bold font.  

a. Common RI for Abbott Architect, Roche Cobas, Siemens ADVIA, Ortho Vitros and Beckman Coulter 

b. Analyser specific RI for Siemens ADVIA 

c. In years 

d. For analytes with difference in reference limit by sex, replace male with “1”, if subject is male. Otherwise replace male with “0” if subject is 

female, which is the reference category.  
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The initial failure to validate RIs for albumin prompted further analysis of the routine 

laboratory albumin results and the albumin quality control (QC) data since pre-analytic, 

analytic and post-analytical factors have been reported as important when establishing and 

validating RIs (Supplementary Document 1 of the Appendix C) (14-15). Analysis of the 

laboratory’s QC data for albumin demonstrated stable assay performance at two levels over 

the duration of the specimen testing period (Supplementary Document 1 of the Appendix C). 

In contrast to the stability of the albumin QC data, the median albumin results from the 

routine laboratory were higher on 2 individual days of testing, which may be suggestive of 

variations in pre-analytical specimen handling (e.g. specimen mixing) in the routine 

laboratory for these batches. Similar analysis of study participant’s test results for calcium 

and phosphate, ions that are albumin bound, did not show the same trend. The CLSI 

recommendation to test a set of new samples when initial validation attempts fail, was not 

possible for this study due to restricted sample volume. Instead we excluded the poorly 

performing batches for albumin for which RIs were considered valid. However, we 

acknowledge that the best laboratory practice would be to repeat the validation for albumin 

RIs using a new set of specimens. 

 

The initial failure to validate RIs for creatinine was less concerning, given the known 

interference of bilirubin in Jaffé creatinine method for children < 1 year, such as that used in 

this study (14, 16). The coefficient of variation between analysers for the Jaffé creatinine 

method in children < 2 years reported in our previous study suggests that reference values for 

early years of life vary by > 30% between analysers (6, 10). The linear model for the 

reference limits starting from as early as 30 days perhaps failed to reflect the rapid decline in 

the first month of life as renal function matured. Hence, the age range was limited to children 

aged 2 to < 18 years for creatinine RIs and was considered valid.  
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For validating the continuous RIs, we have adopted modified process of the current CLSI 

guidelines. We have considered total proportion of samples outside the RIs across all age and 

sex as a measure of validation (12). The Canadian Laboratory Initiative on Paediatric 

Reference Intervals (CALIPER) study used a similar approach addressing the limitation of 

the CLSI guidelines, which considers RIs for all groups are valid if RI for any group is valid 

(12). We have considered 279 samples distributed uniformly across age and with 

approximately equal numbers between males and females sufficient to estimate a proportion 

of 0.90 with a standard error of the proportion of 0.018. However, most laboratories cannot 

test large number of paediatric samples for validation. Hence, based on analysis of 

probability of validating 95% RIs (i.e. RIs including 95% of a healthy cohort) as a function of 

sample size when at least 90% of the samples fall within the intervals, we would recommend 

at least 100 paediatric samples are tested with a 98.9% chance of validating the continuous 

RIs. This approach is further explained in the Supplementary Document 2 of the Appendix C. 

The CALIPER study also used 100 samples for validation of the transferred RIs from Abbott 

analyser to other analytical platforms for given analytes (12). 

 

In conclusion, the published HAPPI Kids RIs were validated for 16 of the 18 analytes 

investigated after primary analysis for use in a routine Australian laboratory, thereby 

satisfying International laboratory accreditation requirements for evaluation, 

validation/verification and sourcing of RIs for the laboratory’s local population. Validation of 

the RIs for albumin and creatinine were achieved by exclusion of a subset of data and by 

limiting the RIs for children aged 2 to <18 years, respectively. Moreover, this study 

demonstrates that with some modification the current CLSI guidelines for validation of 

discrete age-grouped RIs can be used for validation of continuous age-specific RIs. This will 
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be important as laboratory information systems evolve to fully accommodate continuous RI 

reporting for paediatric patients. 
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4.3 Discussion 

Whilst continuous age-specific RIs have improved our understanding of the changes in 

analyte concentrations with age, there was no recommendation or endorsed guideline for the 

validation of continuous age-specific RIs for use by a routine laboratory. In contrast, the 

CLSI’s published guidelines for validation are available for the validation of discrete age-

group RIs [16]. It is uncertain to what extent these guidelines are applicable to continuous 

age-specific RIs. As such, we developed a method to validate  the continuous age-specific 

RIs with some modification of the current guidelines [70]. Publication and endorsement of a 

standard protocol for continuous age-specific RIs validation would provide direction and 

support for the adoption of continuous age-specific paediatric RIs in local laboratories.   
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Chapter 5: Statistical methods used in the estimation of age-specific 

paediatric reference intervals for laboratory blood tests: A systematic 

review  

5.1 Introduction 

Identification of an appropriate statistical method for estimating age-specific RIs depends on 

the choice between considering age as a discrete or continuous variable [52]. In addition, 

there are a wide range of statistical methods available for estimating age-specific RIs with no 

clarity around their relative merits nor the extent to which any method might be regarded as 

better in practice. Hence, it is important to examine the range of statistical methods used for 

the estimation of age-specific RIs and identify trends in usage and reporting. These findings 

may provide a motivation for performing statistical investigation comparing different 

methods in various scenarios.  

 

This chapter reports the findings from a systematic review of original research publications 

estimating age-specific paediatric RIs, with a focus on the statistical methods applied. This 

chapter highlights whether the statistical methods applied in different steps of the estimation 

process were reported. This chapter also reports the trends in the uptake of statistical methods 

for producing age-specific RIs, especially for analytes that display strong age-dependence. 

The findings of the systematic review were published in Clinical Biochemistry and author 

accepted manuscript is included as the body of this chapter [71].   

 

5.2 Publication 
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ABSTRACT  

Introduction 

There is an emerging realisation that paediatric reference intervals (RIs) estimated using 

discrete age-groups may be misleading, especially close to age cut-off values. This limitation 

has been addressed by estimating RIs that vary continuously with age. This systematic review 

examines the range of statistical methods used over the past 25 years for estimation of age-

specific RIs, and identifies trends in usage and reporting. 

 

Methods 

Literature searches were conducted using predefined search criteria for original publications 

between 1993 and 2018 on the MEDLINE and Embase databases. Data related to sample 

size, treatment of age (as categorical or continuous), and statistical methods were extracted 

from the selected publications. 

 

Results 

A total of 238 publications were reviewed. Not all publications reported the statistical 

methods used in different steps. Among the publications, 167 (70%) reported discrete age-

group RIs, 54 (23%) reported continuous RIs and 17 (7%) reported both types of RIs. The 

nonparametric statistical method was commonly used for discrete age-group RIs (64%, 

n=117), whereas a wide variety of curve-fitting approaches, including Cole's lambda-mu-

sigma method (28%, n = 20), parametric curve-based methods (28%, n = 20), generalised 

additive model for location shape and scale method (13%, n = 9) and quantile regression 

(11%, n = 8) were used for continuous RIs. 
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Conclusions 

Improvement in the reporting of statistical methods used for estimating age-specific 

paediatric RIs is required. There has been insufficient uptake of methods for producing 

continuous RIs, especially for biomarkers that display strong age-dependence. 

 

Keywords: Age-specific, continuous, reference intervals, systematic review, statistical 

methods 

 

Abbreviations  

Reference intervals (RIs) 

Confidence intervals (CIs) 

The Clinical Laboratory and Science Institute (CLSI) 

Standard deviation (SD) 

Lambda-mu-sigma (LMS) 

Generalised additive model for location shape and scale (GAMLSS) 

Inter quartile range (IQR) 

Equivalent degree of freedom (EDF) 

Laboratory information system (LIS) 

Electronic medical recording (EMR) 

 

INTRODUCTION  

Reference intervals (RIs) are essential clinical assessment tools used to identify whether a 

laboratory test result falls within an acceptable range of population values. The conventional 

statistical definition of a (100 – α)% RI is the range between the α/2 and (100 – α/2) 

percentiles (0 < α < 100) [1]. Whilst the definition of a RI is uncomplicated, estimating 
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paediatric RIs, where biomarkers may change with age, involves complexities associated 

with reference population definition, blood collection, laboratory testing and statistical 

analysis [2]. The statistical analysis of the laboratory data is a critical component of this 

process and consists of outlier identification, sample distribution, RI estimation and 

calculation of 95% confidence intervals (CIs) [2, 3]. 

 

Traditionally, the approach to addressing variation in reference values with increasing age, 

sex or ethnicity in paediatric populations, has been to estimate RIs for specific age groups, 

sometimes by sex or ethnicity [2, 4]. Estimating RIs for subgroups of sex or ethnicity is 

reasonable as there is no ordering among the subgroups [5]. However, estimation of these 

“discrete RIs” by age-group instead of continuous age, without clear clinical justification for 

the age partitions, may lead to misdiagnosis of children whose ages fall close to the specified 

age cut-off values [4-6]. The misdiagnosis of children may lead to repeated blood tests, 

additional follow-ups leading to increased utilisation of health service and anxiety for parents 

and children, or mistreatment [7]. As such, there is an emerging realisation that the clinical 

limitations of discrete RIs can be improved by developing RIs that vary continuously with 

age, which we will refer to as “continuous RIs” [4, 6]. For example, the continuous RIs 

capture the steady increase in creatinine with age or in alkaline phosphatase during puberty 

better than discrete RIs [8-10]. The choice between discrete or continuous RIs has 

implications for each step of the statistical analysis. 

 

Identification of outliers is an important consideration in the estimation of RIs from a dataset. 

The Clinical Laboratory and Science Institute (CLSI) recommends outlier-screening tests by 

Dixon and Tukey [2]. These methods are suitable for univariate analysis settings and identify 
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extreme values based on the overall data. However, for age-dependent biomarkers, methods 

that take account of changes with age are needed to identify age-specific extreme values. 

 

An assumption of the majority of statistical methods commonly applied is that observations 

are normally distributed. It is important to examine this assumption against the data in order 

to select the most appropriate statistical method. The CLSI guidelines do not specifically 

recommend a normality assessment process, but visual data inspection is preferred [2]. 

Nevertheless, formal statistical tests of univariate normality [11] are often adopted. 

 

For age-specific RIs, the CLSI recommends partitioning data by age-group followed by 

nonparametric ranking of observations (smallest to largest) and determination of percentile 

values (α/2 and (100 – α/2)) for each age-group [2]. Alternatively, parametric methods based 

on the normal distribution can be utilised, whereby the pth centile value is estimated as: �̅� +/- 

zp s (where �̅� is the mean value of the measurement; zp is the pth centile of the standard normal 

distribution with mean 0 and variance 1 and s is the standard deviation (SD)) [2]. 

 

An alternative to estimating discrete age-group RIs was first proposed in 1988 by Cole, who 

estimated parameters of a Box-Cox transformation for subgroups of age, known as the 

lambda-mu-sigma (LMS) method, and used these parameters for the estimation of smooth 

reference centile curves [12]. In 1991, Royston proposed an alternative method for 

continuous age-specific RIs using flexible parametric curves [1]. In 1992, Cole and Green 

proposed a modification of Cole’s LMS method by estimating the parameters using cubic 

splines for continuous age to estimate smooth reference centile curves [13]. Most recently, in 

the mid-2000s, Rigby and Stasinopoulos proposed a new method called the generalised 

additive model for location shape and scale (GAMLSS), which can be applied for any 
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distribution type across continuous age [14]. Additionally, quantile regression, which 

estimates a quantile of the dependent variable (without assuming any parametric distribution) 

as a smooth function of the independent variable has also been used in estimating continuous 

RIs [15, 16]. These methods have been commonly used in other disciplines of medicine e.g. 

child growth chart, kidney function, hand osteopathy, etc to establish centile charts for 

continuous age [17-19].  

 

Sample size is a major consideration for any study aiming to estimate age-specific paediatric 

RIs. The recommendation by CLSI for minimum subgroup sample size required for 95% RI 

(i.e. α = 5%) is 120, because the 2.5th and 97.5th percentiles correspond to the 3rd and 118th 

ranked observations, respectively. For biomarkers that change with age, discrete RIs usually 

comprise 2 to 7 age-groups between 0 to 19 years, resulting in 240 to 840 total observations. 

For continuous RIs, Royston recommended a minimum sample size of 292, based on 

requiring the standard error of the reference limits to be less than 10 percent of the residual 

standard deviation from the parametric model. This assumes the samples are uniformly 

distributed across the age range [1]. Bellera et al. recommend greater than 400 samples for 

estimating continuous RIs, based on the complexity of the relationship of biomarkers with 

age [20]. 

 

In summary, there are several methods available for each steps of the statistical analysis for 

estimating age-specific paediatric RIs, which vary depending on the choice between 

estimating discrete or continuous RIs. However, at present no systematic review of the 

statistical methods used in the estimation of age-specific paediatric RIs for laboratory blood 

tests has been published. Whilst Daly et al. reviewed current practices when constructing 

paediatric RIs, key search terms were not included (e.g. “reference curve," “centile chart," 
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and “centile curve"), which may have influenced the study findings to age partitioning [3]. 

Hence, the aim of this systematic review was to evaluate age-specific paediatric RI 

development studies, following the advent of methodology for continuous RIs. This will 

serve to overview (i) the completeness of reporting of statistical methods used, (ii) the range 

of statistical methods used, and (iii) the sample sizes used, over the past 25 years. 

 

MATERIALS AND METHODS 

Search methods used to identify original research publications  

The search strategy utilised in this systematic review aimed to identify all publications that 

reported the estimation of age-specific paediatric RIs and included keyword search domains 

“estimation”, “reference interval” and “children” (Figure 1). Within each domain, search 

terms were either combined using "OR". The “reference intervals” and “estimation” domains 

were then merged within six words using “AND”, followed by a final merge of this search 

with “children” domain using “AND” (Figure 1). Original publications estimating age-

specific paediatric RIs for laboratory blood tests, written in English, between January 1, 

1993, and December 12, 2018, were deemed eligible for this systematic review. Using the 

search strategy and eligibility criteria defined in Table 1, electronic literature searches of 

MEDLINE and Embase databases were conducted on December 12, 2018. Full search details 

have been provided in Supplementary Document 1 of the Appendix D. 
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Figure 1: Diagram representing search strategy for the systematic review with keywords [3, 

21] defining pre-identified search terms. 

 

Table 2: Inclusion and exclusion criteria for publications in systematic review 

Inclusion for Publication Exclusion for Publication 

Paediatric RIs estimated for a laboratory 

blood test 

Subjects did not include paediatric 

population (0 – 18 years) 

Written in English Subjects were from non-human population 

Published between January 1, 1993 and 

December 12, 2018 

RIs were not established for blood 

biomarkers 

 Change in RIs with age was not considered 

 Did not estimate de novo RIs (i.e. validated 

existing RIs for use in another laboratory or 

transferred published RIs to another method 

or analyser) 

 Statistical methods paper that estimated 

paediatric age-specific RIs 

 Total samples used for establishing RIs 

were less than 100 

 

 

reference interval(s) OR 

reference range(s) OR

reference limit(s) OR

reference curve(s) OR

centile chart(s) OR

centile curve(s) OR 

referene value(s) OR 

reference standard(s)

calculating  OR

constructing OR

creating OR 

developing OR

establishing OR

estimating

pediatric(s) OR 

paediatric(s) OR

child (mp) OR

adoloscent OR

neonate
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Selection of publications 

Resultant publication titles and abstracts were initially screened for duplicates by the primary 

author (MH) and then assessed against the defined inclusion and exclusion criteria by MH 

and a co-author (GK). If the eligibility of the publication was unable to be determined from 

the title and abstract, the full article was examined by MH and GK. An independent review of 

10% of the titles and abstracts was performed by an additional co-author (LC) with all 

discrepancies in eligibility discussed and resolved by MH, GK and LC. The bibliography 

management, duplicate publication removal process and data storage was performed using 

EndNote X7.7 [22]. 

 

Data extraction 

The data extraction questionnaire was developed in line with CLSI guidelines and previous 

systematic reviews of statistical methods used in the estimation of RIs [2, 3, 23]. The 

questionnaire was piloted using four articles and then reviewed by MH and LC. The 

questionnaire included information specific to: a) sample size, b) use of age as a categorical 

or continuous variable, and c) the statistical methods applied in different steps of analysis. 

MH reviewed all resultant publications (n=238), while 25% of the publications were 

independently reviewed by LC to ensure consistency in the review. The authors (MH and 

LC) discussed and resolved review outcome discrepancies in study design, sample selection, 

and evaluating the influence of sex on RIs for all publications prior to the final data being 

entered into a REDCap database [24].  

 

Data analysis 

The reporting of statistical methods by the eligible publications and differences in reporting, 

pre- and post- the release of the 3rd edition CLSI guidelines in 2010, were investigated [2]. 
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Additionally, consideration of age as a discrete or a continuous variable, and its effect on the 

statistical method applied, were investigated. In summary, discrete age variables were further 

classified as age-groups of several days, weeks, months, or years e.g. 1 - 3 years, 3 - 6 years, 

6 – 12 years etc. or as integer ages of consecutive days, weeks, months, or years e.g. 1, 2, 3, 

…, 7 days or 1, 2, 3…, 18 years. Compared to age-groups or integer ages with a limited 

number of categories, integer ages with a wide range of values e.g. 1, 2, 3…, 18 years were 

treated similarly to continuous age in fitting smooth curve. The number of samples used for 

the different statistical techniques was also examined. The extracted information was 

summarised using the frequency and percentage by RI type (discrete vs. continuous) and time 

period (pre vs. post 2010). Stata 15 and Microsoft Excel 2013 were used for these analyses 

[25].  

 

RESULTS  

Results of the search  

The search results are presented diagrammatically in Figure 2. Briefly, from a total of 5274 

publications, 2087 duplicates were removed, leaving 3187 unique publication titles and 

abstracts for screening. Of these, 2362 publications were excluded according to the defined 

criteria. The remaining 825 full text publications were assessed for eligibility and 557 were 

subsequently excluded. Whilst 268 publications were deemed eligible for the systematic 

review, 30 publications from 11 studies were also identified as having multiple publications 

using the same statistical methods and only one publication from each of these studies was 

retained [26-35]. The final number of publications systematically reviewed was 238. A 

summary of all publications reviewed has been provided in Supplementary Table 1 of the 

Appendix D.   
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Figure 2: Flowchart outlining the systematic review article section process. 

238 articles reviewed. 

5274 articles identified through database 

screening.  

• Medline (n= 2742) 

• EMBASE (n=2532) 

 

268 articles deemed eligible.  

2362 articles excluded.  

• RIs were not established for a 

laboratory blood test (n =119). 

• Statistical methods articles (n = 10)  

• At least one of the following criteria 

was not satisfied (n = 2233).  

o Included children aged < 18 years. 

o Considered change with age.  

o Samples were from human.  

o Estimated de novo RIs. 

o Total sample size was minimum 

100.  

825 full-text articles assessed for 

eligibility 

3187 titles and abstracts screened 

2087 duplicate articles removed. 

557 articles were excluded after reviewing 

full text if any of the following criteria 

were satisfied.  

• Children were considered as a single 

group. 

• Adult RIs were determined including 

children aged 15 years and over.  

• Total sample size used in the 

estimation was less than 100.  

• Didn’t estimate de novo RIs.  

30 articles from 11 studies were identified 

reporting same methods. Hence 1 article 

per study was included.  

• CALIPER ( n=16)  

• Soldin et al (n = 5) 

• Stanislas Cohort (n=1) 

• Maewaha et al (n=1) 

• Other (n=7)  
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Design characteristics of the study 

Among publications (78%, n = 185) that provided reference population description, 90% (n = 

167) defined “healthy" using predefined inclusion and exclusion criteria. Few RIs were 

established for children with conditions such as preterm birth, obesity, kidney or heart disease 

(8%, n = 18). Among the studies (86%, n = 205) that included population sources, 

approximately half (42%, n = 87) recruited children from hospital inpatient or outpatient 

services, approximately two out of five studies (38%, n = 78) used existing data from various 

sources e.g. laboratory/hospital records and approximately one quarter (24%, n = 49) 

recruited children from communities or schools. Amongst the publications included in the 

systematic review, 93% (n = 221) were cross-sectional (using only one measurement per 

subject). 

 

Discrete versus continuous age 

The majority of publications reviewed (67%, n = 160) considered age a discrete variable by 

partitioning into several age-groups. In addition, approximately one fifth (21%, n=50) of the 

reviewed publications reported age as a discrete variable using integer ages. Age was treated 

as a continuous variable in only a small proportion of publications reviewed (17%, n = 40). 

Among the publications reviewed, a few (5%, n=12) analysed the data for both discrete and 

continuous age.  

 

Influence of sex on RIs 

Among the publications reviewed, one-third (33%, n = 78) did not report the influence of sex 

on the RIs. RIs were reported separately for male and female in 40% (n = 95) of the 

publication either based on the existing literatures (7%, n = 16) or did not provide any 
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justifications (33%, n = 79). One-fourth of the publications (27%, n =65) statistically 

evaluated the influence of sex on reference values and estimated RIs based on the findings. 

  

Discrete versus continuous RIs 

Among the publications reviewed, 167 (70%) reported discrete age-group RIs, 54 (23%) 

reported continuous RIs and 17 (7%) reported both discrete age-group and continuous RIs. 

The proportion of publications reporting discrete age-group RIs increased from 2010. In 

contrast, the proportion of publications reporting continuous RIs plateaued from around 2010 

and appears to have decreased since 2014 (Figure 3). 

 

 

Figure 3: Number and proportion (as %) of publications reporting discrete age-group or 

continuous-agea paediatric RIs for a laboratory blood test between 1993 and 2018. 

a. Publications reporting both discrete age-group and continuous RIs were counted twice as 

part of discrete age-group and continuous RIs.  
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The completeness of reporting of statistical methods used 

Among the publications reviewed (n=238), 99 (42%) were published in or before 2010 and 

139 (58%) were published after 2010. Approximately one third (32%, n = 77) of the 

publications mentioned the assessment of outliers. The proportion of publications reporting 

treatment of outliers improved to 40% (n=55) post-2010 from 22% (n = 22) in or before 

2010. Half (50%, n = 118) of the publications reviewed reported some assessment of the 

normality of the distribution. The proportion of publications reporting assessment of data 

distribution was similar between pre-2010 (52%, n=51) and post-2010 (48%, 67). In terms of 

the statistical methods used for the estimation of RIs, 12 (5%) publications did not provide 

adequate details to facilitate study replication, of which 5 (5%) were published pre-2010 and 

7 (5%) were published post-2010. More than half (56%, n = 133) of the publications did not 

provide any reference to guidelines, publications on statistical methods, or justification of the 

methods used to estimate RIs. However, there was an increase in publications that provided a 

reference to statistical methods used from 34% (n=34) pre-2010 to 51% (n=70) post-2010. 

Only 36 (15 %) studies reported CIs for the limits of the RIs, of which 32 (89%) were 

published post-2010. Similarly, the proportion of papers that reported the statistical software 

used for the analysis increased from 59% (n=58) in or before 2010 to 91% (n=127) post-

2010. A detailed breakdown of the completeness of reporting of statistical methods by RIs 

type is provided in Table 2. 

 

Table 2: Detailed breakdown of the completeness of statistical methods reported for different 

steps in estimation of RIs by types of RIs 

 Discrete RIa  

n, % (n=184) 

Continuous RIa  

n, % (n=71) 

1. Outlier exclusion  64 (34.8 %) 18 (25.4 %) 

Dixon/Reed  23 (35.9 %) 2 (11. 1 %) 

Tukey’s fence 17 (26.6 %) 3 (16.7 %) 

Grubb’s test 2 (3.1 %) 0 (0%) 
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SD method 3 (4.7 %) 1 (5.6 %) 

Subjective eliminationb 15 (23.4 %) 9 (50.0 %) 

Others 11 (17.2 %) 4 (22.2 %) 

2. Normality of data check 96 (52.5 %) 27 (38.6 %) 

Graphical presentation 21 (21.6 %) 2 (7.4 %) 

Formal testing  52 (53.6 %) 7 (25.9 %) 

No method stated 32 (33.0 %) 18 (66.7 %) 

3. Statistical method used   

Nonparametric (Ranks /Percentile) 117 (63.6 %) - 

Robust 10 (5.4 %) - 

Parametric (mean +/- SD) 62 (33.7 %) - 

Lambda-Mu-Sigma - 20 (28.2 %) 

Generalised Additive model for local, 

scale and shape 

- 9 (12.7 %) 

Regression based using parametric 

function of age  

- 20 (28.2 %) 

Quantile regression using parametric 

or nonparametric function of age 

- 8 (11.3 %) 

Not specifiedc 8 (4.2 %) 4 (5.4 %) 

Others  25 (13.3 %) 10 (14.1 %) 

4. Reported confidence interval 36 (19.8 %) 2 (7.1 %)d 

5. Justification for statistical method 

provided 

67 (28.0 %) 49 (69.0 %) 

CLST/IFCC/ INFCC 42 (62.7 %) 3 (6.1 %) 

Statistical methods publication 13 (19.4 %) 39 (79.6 %) 

Other publication 12 (17.9 %) 7 (14.3 %) 

6. Statistical software used 143 (77.7 %) 59 (83.1 %) 

Excel (MicroSoft) 19 (13.3 %) 2 (3.4 %) 

Stata (StataCorp LP) 13 (9.1 %) 6 (10.2 %) 

R (R Core Team) 15 (10.5 %) 21 (35.6 %) 

GraphPad (GraphPad Software, Inc) 8 (5.6 %) 1 (1.7 %) 

MedCal (MedCalc Software) 11 (7.7 %) 2 (3.4 %) 

SPSS (IBM Corporation) 46 (32.2 %) 14 (23.7 %) 

SAS (SAS Institute) 21 (14.7 %) 12 (20.3 %) 

LMS ChartMaker (Harlow printing ltd) - 8 (13.5 %) 

Others 39 (27.3) 10 (16.9 %) 

a. Some of the studies used more than one statistical methods and are therefore reported for 

more than one method category.  

b.  Removed outliers based on clinical or graphical examination.  

c.  Did not report enough details to classify the method.  

d. Among the publications that applied regression based methods (n=28) 

 

https://www.google.com/search?rlz=1C1GCEU_enAU832AU832&biw=1920&bih=969&sxsrf=ALeKk01jA0cQOHietBiObvoZ84l1vdLe6w:1583216756765&q=IBM+Corporation&stick=H4sIAAAAAAAAAONgVuLQz9U3MC5OtljEyu_p5KvgnF9UkF-UWJKZnwcAFAIy4x4AAAA&sa=X&ved=2ahUKEwjLs46D1v3nAhWGb30KHYaHCpwQmxMoATAlegQIChAD
https://www.google.com/search?rlz=1C1GCEU_enAU832AU832&biw=1920&bih=969&sxsrf=ALeKk01raqmxllZfxgy7UClFvHIf8bxS0w:1583216805960&q=SAS+Institute&stick=H4sIAAAAAAAAAOPgE-LSz9U3MMoxqEyzUOIEsQ2TCoxStFQyyq30k_NzclKTSzLz8_SL89NKyhOLUq1SUstSc_ILUlMUkioXsfIGOwYreOYVl2SWlJak7mBlBABvWmknUgAAAA&sa=X&ved=2ahUKEwiniMma1v3nAhVHQH0KHQJ-D9kQmxMoATAregQICxAD
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Statistical methods applied in the estimation of age-specific paediatric RIs 

Among the studies that reported discrete age-group RIs, more than half chose statistical 

methods used for identifying and excluding outliers that were consistent with the CLSI 

guidelines, stating the Dixon-Reed (36%, n = 23) or Tukey’s (27%, n= 17) methods. In 

contrast, of the studies that reported continuous RIs, nine eliminated outliers by informal 

definition as extreme values or clinically implausible. Only four studies considered the 

influence of age on the reference values, and excluded outliers based on the assessment of 

residuals [36-39]. 

 

For normality assessment, formal testing methods such as the Kolmogorov-Smirnov test, the 

Shapiro-Wilk test or D'Agostino-Pearson Omnibus tests were preferred (54%, n = 52), 

compared to visual inspection (22%, n = 21), among the publications that reported discrete 

age-group RIs. Similarly, formal testing methods were preferred (26%, n=7) among 

publications that reported continuous RIs. However, Takala et al. and Brabant et al. assessed 

the normal distribution graphically by plotting reference values against age [38, 40].   

 

The nonparametric method was used most frequently (64%, n = 117) to estimate discrete age-

group RIs. The “robust” statistical method was also used for small sample sizes as per the 

CLSI guidelines, which involves an iterative process of estimating median and median 

absolute deviation about the median until the change in consecutive iterations is minimal 

(5%, n= 10) [2]. Among other methods, the Hoffman method [27] was also applied. 

 

There was a wide variety of statistical methods applied in the estimation of continuous RIs. 

The LMS method [12, 13] (28%, n = 20) was used back to 1993 and has been applied 

consistently since then (Figure 4). Within LMS, different statistical methods such as cubic 
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splines, fractional polynomials, or quantile regressions were used for smoothing the 

modelling parameters across age. Parametric regression-based methods were reported in 20 

(28%) publications since 1993 (Figure 4). Among these, 14 publications applied the method 

proposed by Royston [1], that of fitting a linear or polynomial model in age for the mean 

values of the biomarker and estimating the 95% reference limits by subtracting or adding two 

SDs from the fitted mean values or similar methods. Six publications (8%) estimated discrete 

RIs for different age-groups of children and fitted linear or polynomial curves for the RIs [35, 

41-45]. Since 2004, quantile regression using linear or polynomial models in age or spline 

curves [15, 16] have been used to estimate the RIs (11%, n=8, Figure 4). In recent years, the 

GAMLSS method [14] has gained popularity (13%, n = 9, Figure 4). Four studies (5%) that 

used nonparametric methods or regression-based methods did not provide enough 

information or only mentioned the statistical software used for the estimation of continuous 

RIs [33, 46-48]. 

 

Range of sample sizes used 

The minimum sample size used for any of the age-groups ranged between 4 and 1,654 tests 

or individuals, with a median of 38.5 (IQR 17 – 92). The total sample sizes used for 

estimating continuous RIs ranged between 100 and 361,405, with a median of 1,156 (IQR 

460, 3127). The median sample size for the parametric regression-based approach was 789 

(IQR 394, 1485), for LMS or GAMLSS method was 1300 (IQR 539, 4218), and for quantile 

regression was 1,029 (IQR 549, 1802). 
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Figure 4: Statistical methods used in estimation of continuous paediatric RIs for a laboratory 

blood test between 1993 and 2018 (*where LMS stands for Lambda-mu-sigma and GAMLSS 

stands for Generalised additive model for location shape and scale) 

 

DISCUSSION  

This systematic review provides an overview of the statistical methods used to estimate age-

specific paediatric RIs over the past 25 years. Overall, it was noted that most publications 

reviewed did not include full details of the statistical methods used in the various steps of 

analysis. However, there was an increase in publications reporting the statistical methods 

used in the estimation of age-specific RIs post 2010. Continuous RIs were reported from 

1993 and have been established using several sophisticated curve-fitting approaches. The 

number (and the proportion) of publications reporting continuous RIs, however, has 

decreased in recent years. The sample sizes reported in the publications reviewed also varied 

across a wide range. 
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The statistical methods used in each step of the RI estimation process must be reported 

adequately to ensure reproducibility. At a minimum, publications should describe whether 

(and how) outliers were identified and removed, whether the distribution of the data was 

assessed and the statistical methods used for establishing RIs. In the absence of this 

information, it is difficult to determine whether statistical analysis of the data used to estimate 

RIs was appropriate and thus valid, for the reported RIs. Gaps in reporting of statistical 

methods, including outlier detection and CI for the RIs, were also highlighted by Daly et al. 

and Arseneau et al., and their findings were similar to this study [3, 23].  

 

The Dixon and Reed method and Tukey method for outlier identification are currently 

recommended by the CLSI and have been commonly used [2]. Apparent outliers can be 

excluded from the overall data using these methods. However, for RIs estimated for 

biomarkers that are known to vary physiologically with age (e.g. creatinine, phosphate, etc.), 

outlier exclusion should be performed for each age-group or be based on the residuals defined 

as the differences between the observed and predicted values fitted using a model. Sensitivity 

analysis has also been proposed to assess the influence of apparent outliers [3].  

 

Visual inspection is the most informative method to assess the distribution of data, as it 

provides a graphical representation of the distribution (e.g. normally distributed, skewed, bi-

modal, etc) and aids in the identification of gaps in the data and potential outlying 

observations. In the case of assessing the normality assumption of the values with respect to 

age, histograms, quantile-quantile plots, scatter plots of the values against age, or visual 

inspection of the residual can be useful. However, this systematic review reports that formal 

testing methods were often preferred over visual inspection for assessing the normality of the 

data. Such tests lack statistical power to reject the null hypothesis of normality for small 
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sample sizes, while such methods will reject the null hypothesis for even a small deviation for 

large samples [11]. Hence, there is limited value in using these formal methods.   

 

The nonparametric, parametric, and robust methods were the three commonly used statistical 

methods for estimating discrete age-group RIs and except for the parametric method are 

recommended in the CLSI guidelines [2]. Daly et al. recommended laboratories to use the 

parametric method for normally distributed or transformed data, based on a simulation study 

comparing these three methods under different scenarios and for different sample sizes [49]. 

The choice between these should be based on the distribution of the data and available 

sample sizes, not predefined.  

 

There were several sophisticated curve-fitting methods applied in the estimation of 

continuous RIs. In all of these methods, the smoothness of the curve depends on the 

smoothing parameter i.e. the number of 'equivalent degree of freedom' (EDF), order of the 

polynomial or “knots” and “bandwidths” depending on the methods applied [1, 12, 14, 15]. 

There have been only a few comparative studies that compared the statistical methods for 

age-specific RIs [15, 50]. These comparative studies provide an understanding of how the 

methods perform for a given dataset but do not provide users with a broader perspective on 

how these methods will perform under different scenarios and for different sample sizes. For 

the latter, a simulation study comparing methods for estimating continuous RIs across a range 

of hypothetical scenarios would be valuable [51]. In addition, there is an urgent need for a 

consensus RI guidelines incorporating the recent development in statistical methods used to 

estimate continuous RIs. 
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While continuous RIs improve clinical interpretation for biomarkers that change with age, 

there are barriers to implementation. One of the key barriers highlighted in several 

publications is the limited capacity of existing laboratory information system (LIS) to 

visually display or incorporate equations to calculate continuous RIs [4, 8-10]. Preference in 

the traditional approach with test results of multiple analytes reported along with the age-

group RIs in comparison to viewing multiple charts is another barrier in the implementation 

of continuous RIs. There is also a lack of clear guidelines in terms of statistical methods for 

estimating continuous RIs and expertise required in biostatistics. However, with several 

studies publishing continuous RIs [4, 8-10] and the ability of modern electronic medical 

recording (EMR) to display continuous RIs, the LIS and EMR developers have a role to play 

in improving practice in this area [52].   

 

Identifying publications that reported de novo age-specific paediatric RIs is difficult as there 

is no validated search strategy or keyword for RIs.  Addressing these issues, we implemented 

a broad search strategy similar to Daly et al., including additional search terms, “reference 

curve(s)”, “centile chart(s)” and “centile curve(s)”,specific to continuous RIs [3]. We also 

assessed entire publications that did not specify age-specific changes in the title or abstract, 

resulting in a comprehensive review.  

 

We were interested in the range of statistical methods used in the estimation of age-specific 

RIs. Hence, we considered only one publication per study when the same statistical methods 

were applied in the estimation of RIs across different publications within the same broad 

project. This ensured that major studies with multiple publications that used the same 

statistical methods were weighted equally with studies with one publication using a unique 

statistical method.    
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CONCLUSIONS 

This systematic review highlights that i) the statistical methods used in the estimation of RIs 

are frequently inadequately reported, and ii) the number of studies that reported continuous 

RIs has decreased in recent years. Despite the observed lack of consensus on the method to 

be used, it is important to establish continuous RIs for age-dependent biomarkers given the 

clinical implications – therefore, researchers should try to select the most appropriate method 

for their dataset, based on the current literature. For study reproducibility and regulation of RI 

quality, adequate reporting of statistical methods should be ensured by developing a checklist 

with a minimum requirement for reporting. This would enhance clinician and consumer 

confidence surrounding the laboratory assessment, validation and adoption of paediatric RIs 

in real clinical settings.  
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5.3 Discussion 

Cole’s LMS method was first proposed in 1988 and modified in 1992 [63, 72] . Royston’s 

method was published in 1991[57]. Hence 1993 was selected as the starting year of the 

literature search since two statistical methods were available for estimating continuous RIs. 

Statistical methods used prior to 1993 for estimating continous RIs are likely to be no longer 

relevant given more recent methods.   

 

The number of articles that have published continuous RIs has been declining since 2015. 

However, prior to 2015 there was an upward trend. This could be attributed to the 

improvement in statistical software that allows estimation of continuous RIs using different 

packages in R, Stata, MedCal, etc. In the past execpt for LMS there was no such software 

package available. In addition, the improvement in Electronic Medical Record, which can 

incorporate RIs curve, created demand among medical practitioners.  

 

Cole’s LMS method has been widely applied in the estimation of continuous age-specific RI 

[72]. The method is based on the Box-Cox transformation with three parameters representing 

the median, coefficient of variation and shape. The parameters are estimated for different age 

groups and smoothing using polynomials of age. The method was further improved by 

estimating three parameter using cubic splines removing the need to initial estimation of 

parameters by age-groups [54]. However, in both cases the degree of smoothness is 

controlled by the order of polynomials or number of ‘equivalent degree of freedom’ (edf). 

The GAMLSS, a modification of the LMS method, has also been used in the estimation of 

continuous age-specific reference intervals in recent years [56]. This method can be applied 

to highly skewed or kurtotic continuous response variable and to estimate other parameters of 

distribution of the response variable. However, similar to LMS methd, the smoothness of the 
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curve depends on the edf.  Royston’s parametric method has also been used where the 

polynomial regression was used to model the mean of normality distributed or log 

transformed response variable [73]. The reference limits were calculated using the standard 

deviation within age-groups for heteroscedasticity. One of the advantage of Royston’s 

method is the z-score may be calculated based on normality assumption. However, not all 

analytes are normally distributed or can be transformed and the width of age-groups needs 

careful consideration in case of heteroscedasticity. Nonparametric quantile regression method 

has been used by few studies, which offers more flexibility in terms of estimating the 

reference curve. However, the smoothness depend on the choice of knots and bandwidths. 

The parametric quantile regression which fits a linear model that minimises the sum of the 

absolute residuals are used to estimate the RIs and have expressed the RIs as a function of 

age and/or sex.  

 

The median and inter-quartile range of sample sizes reported in this review are useful in 

understanding the practical implications of recommending sample sizes required for 

estimating continuous age-specific RIs applying different statistical methods. However, the 

median sample sizes presented in our review are upper bounds as we have excluded 

publications with sample sizes less than 100.  

 

Based on the search criteria used in two previously published systematic reviews [41, 74], we 

had updated our search strategy, which resulted in finding more publications that reported 

age-specific RIs. While those two studies explored statistical methods in general, our focus 

was on the statistical methods incorporating the choice between representing age as a 

categorical or continuous variable. We have also evaluated the applications of methods over 

time. Daly’s systematic review only considered publications which reported paediatric RIs 
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from January 1, 2021 to May 18, 2012 [41]. The authors reported that only 1 in 22 

publications reported paediatric continuous age-specific RIs [41]. In comparison we have 

reviewed publications that reported paediatric RIs from January 1, 1993 to December 12, 

2018. We have reported that 1 in 3 publications reported paediatric continuous age-specific 

RIs for blood analytes among the publications reviewed. The extensive review allowed us to 

make recommendations for improving reporting and statistical methods used in different 

steps.  

 

To ensure the reliability and validity of the estimated age-specific RIs, studies should report 

the statistical method applied in different steps of the statistical analysis [41, 71]. We 

recommend that publications at minimum should provide information about identification of 

outliers, assessment of the distribution of measurement, and the method of estimation of 

reference limits and corresponding 95% CIs [71]. To improve reporting of the statistical 

method used in the estimation process, the peak professional bodies (e.g.  IFCC Reference 

Intervals and Decision Limits Committee (C-RIDL)) could introduce reporting guidelines for 

studies that estimate RIs [37]. 

 

The current guidelines of CLSI and IFCC also do not provide any guidance in terms of 

statistical methods which should be used for estimating continuous age-specific RIs [16, 37]. 

The poor uptake of continuous age-specific RIs could also be explained by the 

recommendation of CLSI and IFCC for age-partitioning for analytes that changes with age 

[16, 37]. Hence, we recommend that these guidelines should be updated and information for 

using modern statistical methods for estimating age-specific RIs should be incorporated. 
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Chapter 6: Comparison of statistical methods for constructing continuous 

paediatric reference intervals: a simulation study 

6.1 Introduction 

In chapter 3, I reported continuous age-specific RIs calculated by applying a novel statistical 

method using 360 samples for 30 biochemistry analytes, with varying complexity of 

association with age [66]. In chapter 4, I have demonstrated that these RIs are valid for use in 

a routine laboratory and proposed a modification of the existing method for validating 

continuous age-specific RIs [70]. In chapter 5, I have reported that there are a wide range of 

statistical methods available for estimating continuous age-specific RIs [71]. However, how 

our proposed novel method would perform in comparison to other commonly used statistical 

methods is unknown. The reliability of the continuous age-specific RIs, especially for 

complex shapes like ALP reported in chapter 3, is also of concern as we only used 360 

samples in comparison to the median sample size of 1156 used for estimating continuous age-

specific RIs found in our systematic review [71]. 

 

The generally accepted requirement of a statistical method is that it should obtain the “true” 

results “on average” when used repeatedly for samples taken from a population. However, 

defining true values and repeated sampling are challenging in real life unless we have a very 

large sample. But we can examine by simulation, where we set up a data-generating model 

(with random components), use this to create repeated “versions” of hypothetical data and 

apply the methods to each simulated dataset, comparing the results (between methods) with 

respect to how close they are on average to the true values implied by the model and how 

much variance they display across the repeated samples. Using this structured approach, I 

developed a simulation study evaluating and comparing statistical methods for estimating 
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continuous age-specific paediatric RIs under different scenarios and for different sample 

sizes. 

 

This chapter reports the methodology of the simulation study, highlights the performance of 

our proposed novel method, in comparison to other statistical methods for estimating 

continuous age-specific RIs, and compares the precision for different sample sizes [75]. The 

manuscript was submitted to BMC Research Methodology in January, 2021. The author 

accepted submitted version is presented as the body of this chapter.   

 

6.2 Publication 
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ABSTRACT 

Background: Reference intervals (RIs), which are used as an assessment tool in laboratory 

medicine, change with age for most biomarkers in children. Addressing this, RIs that vary 

continuously with age have been developed using a range of curve-fitting approaches. The 

choice of statistical method may be important as different methods may produce substantially 

different RIs. Hence, we developed a simulation study to investigate the performance of 

statistical methods for estimating continuous paediatric RIs.  

 

Methods: We compared four methods for estimating age-varying RIs. These were Cole’s 

LMS, the Generalised Additive Model for Location Scale and Shape (GAMLSS), Royston’s 

method based on fractional polynomials and exponential transformation, and a new method 

applying quantile regression using power variables in age selected by fractional polynomial 

regression for the mean. Data were generated using hypothetical true curves based on five 

biomarkers with varying complexity of association with age, i.e. linear or nonlinear, constant 

or nonconstant variation across age, and for four sample sizes (100, 200, 400 and 1000). Root 

mean square error (RMSE) was used as the primary performance measure for comparison.  

 

Results: Regression-based parametric methods performed better in most scenarios. Royston’s 

and the new method performed consistently well in all scenarios for sample sizes of at least 

400, while the new method had the smallest average RMSE in scenarios with nonconstant 

variation across age.  

 

Conclusions: We recommend methods based on flexible parametric models for estimating 

continuous paediatric RIs, irrespective of the complexity of the association between 

biomarkers and age, for at least 400 samples.  
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BACKGROUND 

In laboratory medicine, a reference interval (RI) is an important clinical assessment tool, used 

for identifying patients who may need further clinical investigation. Statistically, a RI is 

defined by a range between the α/2th and (100 – α/2)th percentiles where 0 < α < 100, within 

which (100 – α)% of the population values should fall. The definition may be 

straightforward, but estimating RIs is a complex process which requires appropriately 

selected samples from a well-defined reference population, collection and testing of blood 

samples and lastly, appropriate statistical methods for estimation [1]. Although all the steps 

are important, the issues associated with the selection of appropriate statistical methods are 

often ignored, and these are complex for biomarkers that change with age especially in 

children [2]. 

  

Traditionally, for biomarkers that vary with age, paediatric RIs have been estimated 

separately for different subgroups of age. However, this approach is considered misleading as 

children whose ages are close to the age cut-off values may be misdiagnosed [3,4]. 

Addressing this, several studies have reported paediatric RIs that vary with continuous age, 

commonly known as “continuous RIs” [5-8].  

 

There are several statistical methods available for estimating continuous RIs. Cole’s lambda-

mu-sigma (LMS) method for fitting smooth centile curves is the most commonly used 

approach, based on the power transformation of Box and Cox, assuming the age-specific 

distribution is normal or may be transformed to normality [9]. Royston’s (1998) parametric 

method, which has also been applied in several studies, is based on fitting a fractional 
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polynomial model in age for each parameter of a normal, exponential normal (EN) or 

modulus-exponential normal (MEN) density, with estimation by maximum likelihood [10]. 

These parameters are then used to transform the data towards normality and centiles are 

calculated. Quantile regression has also been used in estimating continuous RIs, predicting a 

conditional quantile of the dependent variable without assuming any parametric conditional 

distribution [11]. Finally, in recent years, the Generalised Additive Model for Location Shape 

and Scale (GAMLSS) method has been used increasingly [12]. This method is a modification 

of the LMS method and can be applied for any distribution of the values and continuous age 

[12]. A few modifications of the Royston method have also been used in the estimation of 

continuous RIs [7,13,14].     

 

The choice of statistical method is important as there may be differences in RIs due to the 

underlying assumptions. Studies investigating the performance of the different statistical 

methods in estimating continuous RIs using real datasets are unable to compare the various 

estimated RIs against the “true” RIs [11,15]. Li et al compared four methods which require 

age partitioning, but they did not consider regression-based parametric methods such as 

Royston’s method [16]. On the other hand, only one simulation study compared the 

performance between two methods involving a nonparametric method and Royston’s method 

[13]. There is also no recommendation for minimum sample sizes required for different 

statistical methods except for Royston’s and Griffith et al’s method [13,17].   

 

In summary, there are several sophisticated curve-fitting approaches available for estimating 

continuous RIs. However, there is no comparison of the statistical methods across different 

scenarios to provide a clear understanding of the way in which sampling variation may affect 

the capacity of each method to reproduce the true underlying pattern of variation with age. 
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Guidelines for minimum samples sizes required are also needed.  Hence, we developed a 

simulation study to investigate the performance of four statistical methods used in estimating 

continuous RIs for a range of (true) relationships with age and varying sample sizes. In 

addition, we provided an illustration of differences between the RIs obtained by the four 

methods for two biomarkers using data from the HAPPI Kids study [18], for two different 

sample sizes.  

 

METHODS  

We performed a simulation experiment comparing four statistical methods for estimating 

continuous paediatric RIs. We examined how these methods performed under five scenarios 

chosen to provide examples of biomarkers that displayed increasing complexity in their age 

dependence e.g. potassium, creatinine, total protein, alkaline phosphatase (ALP) and 

phosphate (Figure 1) and four sample sizes (n = 100, 200, 400, and 1000) for each scenario. 

The details of the simulation design are provided below, following reporting guidelines 

proposed by Morris et al [19].  

 

Data generation  

For each replication (n=1000), we first generated two covariates i.e. age and sex. The age 

variable was generated between 1 month and 18 years based on a uniform distribution, while 

half of the samples were assigned as male and the other half as female. The reference values 

of the biomarkers were generated using the models presented in Table 1 based on the 

relationships with age that were observed in the HAPPI Kids study: see Figure 1 [7].  
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Figure 1: Distribution of measurement across age (in years) for five biomarkers from the 

HAPPI Kids Study 

 

Target of analysis  

The parameters of interest were the 2.5th and 97.5th percentiles at each integer age from 1 to 

18 years and by sex. The true 2.5th and 97.5th percentiles denoted by 𝜃𝑗𝑘
(𝛼)

(where α =2.5 or 

97.5) at each age j for sex k were calculated using 𝜇𝑗𝑘 − 1.96 ∗ 𝜎𝑗𝑘 and 𝜇𝑗𝑘 + 1.96 ∗ 𝜎𝑗𝑘 

respectively, where 𝜇𝑗𝑘  is the mean and 𝜎𝑗𝑘 is the standard deviation (SD), using the 

parametric data-generating equations in Table 1. 
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Table 1: Mean response and standard deviation, as functions of age and sex, for the simulated scenarios 

Scenario Relationship with age and sex Mean response Standard deviation 

1 Linear in age (separately by sex), SD 

increasing linearly with age e.g. 

creatinine 

21.50 + 2.50 × 𝑎𝑔𝑒 –  3.00 × 𝑠𝑒𝑥 +  0.75 ×
𝑎𝑔𝑒 × 𝑠𝑒𝑥   

2.50 + 0.50 × 𝑎𝑔𝑒 

2 Nonlinear in age (separately by sex), 

SD increasing nonlinearly with age 

e.g. alkaline phosphatase 

 233.200 + 0.082 ×  𝑎𝑔𝑒3 –  0.042 × 𝑎𝑔𝑒3 ×
ln(𝑎𝑔𝑒) if sex is male 

54.0
+ 0.0713
× 𝑎𝑔𝑒3  –  0.0268 × 𝑎𝑔𝑒3  
× ln(𝑎𝑔𝑒) 

209.064 + 0.301 × 𝑎𝑔𝑒3 –  0.112 × 𝑎𝑔𝑒3 ∗
ln(𝑎𝑔𝑒) if sex is female 

45.0 –  0.167
× 𝑎𝑔𝑒3 –  0.0586 × 𝑎𝑔𝑒3

× ln(𝑎𝑔𝑒)) 

3  Linear in age, constant variance, no 

sex difference e.g. potassium 
4.50 −  0.01 × 𝑎𝑔𝑒 +  0.10 × 𝑠𝑒𝑥  0.3 

4 Nonlinear in age, SD increasing 

linearly with age, sex difference e.g. 

total protein 

62.15 –  0.01 × 𝑎𝑔𝑒 +  3.50 × ln(𝑎𝑔𝑒) +
0.10 × 𝑠𝑒𝑥  

3.00 +  0.15 × 𝑎𝑔𝑒 −
 0.2 × 𝑠𝑒𝑥  

5 Nonlinear in age, constant variance, 

no sex difference e.g. phosphate 
1.28 +  0.53 × 𝑎𝑔𝑒 − 0.5 +  0.01 × 𝑎𝑔𝑒2  −
 0.0035 × 𝑎𝑔𝑒2 × ln(𝑎𝑔𝑒)   

0.15 
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Statistical methods for estimating continuous RIs  

The statistical methods to be compared were selected based on a systematic review of 

research reporting estimates of age-specific paediatric RIs [20]. The review found that Cole’s 

LMS, Royston’s method, GAMLSS and quantile regression were commonly used methods 

[12’17,20,21] A brief summary of these four statistical methods for estimation of continuous 

RIs is provided below.  

 

Royston’s method [10] 

This method is described by Royston and Wright [10]. Initially, the best fitting model for the 

mean and SD values are identified from 44 different models fitted using the fractional powers 

of age from the set (-2, -1, -0.5, 0, 0, 1, 2, 3), following the model selection procedure 

described by Royston and Altman [22]. In summary, the best fitting model for the mean 

values is chosen to use powers of age for a given degree of fractional polynomial model 

according to the criterion of identifying the model with lowest deviance. The best fitting 

model is selected based on the evidence of a difference in deviance between higher and lower 

degree fractional polynomial models [23]. A generalised least squares method is used for 

identifying the best fractional polynomial models of mean and SD, due to its availability in 

most statistical software. Later, using the best fitting powers of mean and SD, normal, EN 

(with a constant value for skewness) and MEN (with constant values for skewness and 

kurtosis) models are fitted by maximum likelihood method. The final model between normal, 

EN and MEN is selected by comparing deviance between these models.   

 

As an extension of the Royston approach, in order to evaluate the influence of sex on the RIs 

in our context, the difference in mean values by sex and the interaction between age and sex 

are evaluated for the selected model. If the regression coefficient for sex reaches conventional 
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statistical significance (i.e. p < 0.05), sex is included in the final model, otherwise it is 

excluded. If the difference in deviance between the model with and without an age-by-sex 

interaction is significant, the data are analysed separately by sex. 

 

Hoq et al’s method [7] 

We have used this method to estimate continuous paediatric RIs for 30 biomarkers [7]. 

Initially, the best fitting fractional polynomial model for the mean values of the biomarker is 

identified following the model selection procedure described as part of Royston’s method 

[10]. Subsequently, the influence of sex on the RIs is evaluated applying the procedure 

described above. However, instead of analysing the data separately by sex, the interaction 

between sex and the fractional polynomial representation of age is included in the final model 

when the age-by-sex interaction is significant. Finally, quantile regression is used to estimate 

RIs representing the quantiles of the biomarker, constrained to follow the same power 

variables of age as identified (with sex interaction where indicated).  

  

Cole’s lambda, mu and sigma (LMS) method [9]   

For this method, measurements are divided into each year of life from birth to 18 years. For 

each year, the parameters of the Box-Cox transformation i.e. the median, coefficient of 

variation and skewness of a measurement are estimated. These estimates are then smoothed 

by using cubic splines. Centiles of the transformed smoothed values are calculated and back-

transformed to the original scale.  

 

In this simulation study, we have used generalised additive models (GAM) to obtain 

predicted values of the parameters of the Box-Cox transformation due to their flexibility for 

modelling complex nonlinear relations, similar to the approach proposed by Cole and Green 
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[9, 14]. The smoothness of the curve depends on the number of equivalent degrees of 

freedom (EDF) selected for each of the three parameters. Hence, to decide on the optimal 

smoothing parameter, we apply a statistical approach known as cross-validation to minimise 

error in predicting the new data for the selected EDF. As part of the cross-validation, we omit 

data for each year of life once and estimate the average error in predicting the mean 

measurement of the omitted group. This process is repeated for EDF from 2 to 6, and the 

value producing minimum error in predicting the mean measurement is considered for 

predicting the three parameters for each year of life. The RIs were estimated separately for 

each sex.   

 

Generalised additive models for location scale and shape (GAMLSS) [12] 

The GAMLSS is a modification of Cole's LMS method where age is considered a continuous 

variable and curve fitting is controlled by the values of four parameters. This method applies 

to a wide variety of distributional forms. To estimate continuous RIs, we have used cubic 

spline functions to fit the age trend for each parameter. The cubic spline is chosen because 

the main feature of the method is to allow greater flexibility than polynomials or fractional 

polynomials for modelling complex nonlinear relations [24]. Since the simulated datasets 

were generated using a normal distribution, we have used Box-Cox 𝑡 distribution as the data 

distribution [25]. The smoothing of the cubic spline function depends on the EDF and 

optimum EDF is identified based on minimising the generalised Akaike information criterion 

(GAIC), −2𝑙(𝜃)̂ + (. 𝑑𝑓), where 𝑙(𝜃)̂ is the log likelihood function and  is the penalty for 

each EDF [26]. We have used the Schwarz Bayesian information criterion (SBC) where  =

log 𝑛 [12]. The influence of sex on the RIs is assessed by backward stepwise search among 

models with or without sex and with interaction between age and sex, with the preferred 

model based on the difference in GAIC [26].   
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Performance measures  

The performance of each method was evaluated based on the average root mean squared error 

(RMSE) over age and sex i.e. 
∑ ∑ √E(�̂�
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  where the true parameter is denoted 

𝜃𝑗𝑘
(𝛼)

, its estimate 𝜃𝑗𝑘
(𝛼)

 ,  𝑗 is the integer age from 1 to 18, k = 0 or 1 stands for male or female 

respectively,  α indexes the 2.5th and 97.5th percentiles and E(𝜃𝑗𝑘
(𝛼)

− 𝜃𝑗𝑘
(𝛼)

)
2

 is estimated by 

averaging the squared difference between estimated and true values across 1000 simulated 

datasets. Coverage and confidence interval (CI) width were also compared between Hoq et al 

and Royston’s method, for which 95% CIs for the RI limits were available.  

 

Software packages 

Stata 15.1 was used for data generation and analysis of data [27]. The Stata commands –mfp-  

[23], -mfpi- [28] and –qreg- were used for Hoq et al’s method, and –fp-,-lrtest-,-xrigls- [10] 

and –xriml- [10] were used for Royston’s method. To estimate continuous RIs using Cole’s 

LMS method, we modified the –colelms- [29] package to incorporate cross-validation. 

Except for –mfp- and –qreg-, all the other commands are user-written packages. For the 

GAMLSS method, we used the –gamlss- package in R [26]. The Stata and R source code to 

reproduce the results is available in the supplementary document 1 A-D of the Appendix E.    

 

RESULTS  

Results from the simulaton study 

The average RMSE across age and sex for the four methods in the five scenarios, each with 

four sample sizes, is presented in Table 2. The average estimated and true RIs for five 

scenarios are presented in the Supplementary Figure 1-5 of the Appendix E.  
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Table 2: Average RMSE for each of four methods for estimating RIs across integer age and sex, for five scenarios and four sample sizes. Bolded 

figures indicate minimum values across methods. 

Performance Measure Average RMSE 

Limit Lower limit  Upper limit 

Sample size 100 200 400 1000  100 200 400 1000 

Scenario Range  Method         

1a 20 - 100 Hoq et al 3.87 2.74 1.90 1.16  3.80 2.65 1.80 1.17 

Royston 2.89 2.07 1.59 1.29 3.64 2.88 2.43 2.17 

Cole’s LMS 5.82 4.53 2.43 1.27 7.80 5.97 2.48 1.60 

GAMLSS 2.84 2.19 1.78 1.45 4.00 3.13 2.59 2.23 

2b 0 - 500 Hoq et al 30.91 23.54 16.80 10.88  51.30 29.96 18.77 12.19 

Royston 26.39 21.67 14.93 8.75 40.77 28.48 20.17 13.90 

Cole’s LMS 49.95 39.56 25.67 15.16 100.48 76.59 42.54 30.65 

GAMLSS 24.05 16.32 11.50 8.04 32.69 24.86 20.32 17.23 

3c 

 

3.5 – 5 Hoq et al 0.12 0.08 0.06 0.04  0.12 0.08 0.06 0.04 

Royston 0.07 0.05 0.04 0.02 0.07 0.05 0.04 0.02 

Cole’s LMS 0.37 0.30 0.16 0.07 0.36 0.31 0.15 0.06 

GAMLSS6 0.11 0.07 0.05 0.03 0.11 0.07 0.05 0.03 

4d 50 – 90 Hoq et al 1.78 1.27 0.98 0.78  1.83 1.31 1.03 0.86 

Royston 1.60 1.04 0.73 0.58 1.61 1.15 0.87 0.71 

Cole’s LMS 5.42 4.53 2.15 1.07 4.88 4.11 1.90 0.85 

GAMLSS 1.92 1.44 1.07 0.78 1.96 1.44 1.07 0.80 

5e 1 – 2.5 Hoq et al 0.07 0.05 0.04 0.04  0.08 0.06 0.05 0.04 

Royston 0.07 0.06 0.05 0.04 0.07 0.06 0.05 0.05 

Cole’s LMS 0.18 0.15 0.09 0.05 0.20 0.19 0.11 0.08 

GAMLSS 0.07 0.05 0.04 0.04 0.10 0.08 0.08 0.08 

a. Linear in age (separately by sex), SD increasing linearly with age e.g. Creatinine. Values < 0 or > 150 were excluded. 

b. Nonlinear in age (separately by sex), SD increasing nonlinearly with age e.g. Alkaline Phosphatase. Values < 0 or > 100 were excluded. 

c. Linear in age, constant variance, no sex difference e.g. Potassium. Values < 3 or > 7 were excluded 

d. Nonlinear in age, SD increasing linearly with age, sex difference e.g. Total Protein. Values < 0 or > 100 were excluded. 

e. Nonlinear in age, constant variance, no sex difference e.g. Phosphate. Values < 0 were excluded. 
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The regression-based parametric methods, i.e. Hoq et al and Royston’s methods, estimated 

the continuous RIs with lowest average RMSE for all scenarios except scenario 2. For 

scenario 1, the better performing of the two regression-based parametric methods varied 

between the lower and upper limits. For scenario 2, GAMLSS performed better for the lower 

limit, while Hoq et al’s method performed better for the upper limit for larger sample sizes. 

For scenarios 3 and 4, Royston’s method estimated the continuous RIs with lowest average 

RMSE for all sample sizes. For scenario 5, all methods except Cole’s LMS performed very 

similarly for the lower limit, while regression-based parametric methods had the lowest 

average RMSE for the upper limit. 

 

The RMSEs by age, sex, scenario, sample size and method are presented in Figures 2 - 3 and 

in the Supplementary Figure 6 – 8 of the Appendix E. As shown in these figures, the RMSE 

varied by age with the lowest values for ages in the middle of the range. However, as the 

sample size increased the variation in RMSEs by age reduced. The differences in RMSE by 

sex were negligible.  

 

The average coverage of estimated CIs for the RI limits and average CI width across integer 

age and sex for Hoq et al and Royston’s method are presented in Supplemental Table 1 and 2 

of the Appendix E respectively. For both methods the coverage was poor except for scenario 

3. CI widths were narrower for Royston’s method compared to Hoq et al’s.   
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Figure 2: Root Mean Square Error (RMSE) by Age, sex, sample size and method for scenario 1. The first row represents RMSE of the upper 

limit and second row represents RMSE of the lower limit. 
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Figure 3: Root Mean Square Error by Age, sex, sample size and method for scenario 2. The first row represents RMSE of the upper limit and 

second row represents RMSE of the lower limit. 
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The required number of samples depends on the pattern of age dependence and the statistical 

methods applied. Considering the decrease in average RMSE and overall coverage as sample 

size increases, a sample size of 200 appears to be sufficient for any of the statistical methods 

except Cole’s LMS for a biomarker with reference values that are linearly associated with age 

with SD independent of age (as in Scenario 3). However, for a biomarker with SD that varies 

nonlinearly with age and a level that is influenced by sex (Scenarios 2, 4), a minimum of 400 

samples may be required for Hoq et al, Royston’s and GAMLSS method. For Cole’s LMS 

method only achieved similar average RMSEs for most scenarios (1, 3, 4 and 5) at sample 

size 1000.  

 

Results from the HAPPI Kids Study 

Finally, we provide an illustration of differences between the RIs obtained by the various 

methods for two biomarkers, creatinine and ALP in data from the HAPPI Kids (Hoq, 

Karlaftis, et al., 2019) study, for sample sizes 350 and 630 (Figures 4 and 5). The differences 

in the continuous RIs for creatinine across the four methods were minimal. For ALP, the 

upper limits of the continuous RIs varied a little by method while the differences were 

negligible for the lower limits. For both creatinine and ALP, the difference in RIs applying 

regression-based parametric methods were minimal between sample sizes 350 and 630.  



158 
 

 

Figure 4: RIs for creatinine from the HAPPI Kids Study applying four methods for two 

sample sizes. 

 

Figure 5: RIs for alkaline phosphatase form the HAPPI Kids Study applying four method for 

two sample sizes.  
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DISCUSSION 

We have used a simulation study to compare the performance of four statistical methods for 

estimating continuous paediatric RIs in five scenarios for four different samples sizes. 

Regression-based parametric methods (Hoq et al [7] and Royston [10]) performed better in 

most scenarios and for most sample sizes. For the parametric methods and GAMLSS, the 

difference in RIs may not be clinically meaningful for sample size over 400. In contrast, a 

minimum of 1000 samples may be required to produce stable estimates using Cole’s LMS 

methods. In a real data illustration, Hoq et al’s, Royston’s and the GAMLSS method 

performed quite well and the results provided little basis to prefer one over the other in 

general.  

 

The regression-based parametric methods performed well in most scenarios. For Royston’s 

method, the exponential-normal and modulus-exponential-normal transformation allowed 

estimation of RIs for biomarkers with SDs associated with age including skewness and 

kurtosis [10]. Similarly, for Hoq et al’s method, the use of quantile regression (instead of 

estimating parameters of a complex parametric model) reduced RMSE, especially for 

biomarkers when the SD of the reference values was associated with age and curves differed 

by sex. In addition, the polynomial powers of age selected based on the mean values 

prevented estimates from being influenced by the reference values close to the limits. 

Compared to semi-parametric methods, the regression-based parametric methods may not be 

flexible enough to allow a dynamic variation for any age group based on sample reference 

values [15, 30]. 

 

The smoothness of the RI curves depends on identifying the polynomial powers of age for the 

regression-based methods or the EDF for each parameter of the transformation for the semi-
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parametric methods. The selection procedure for the polynomial powers of age is well 

defined for the regression-based parametric methods [22]. In the absence of any clear 

recommendation for identifying EDF for the best fitting curves, we have applied a cross-

validation approach based on minimising the error in prediction for Cole’s LMS method [9] 

and used SBC i.e. log n instead of 2 as the penalty minimising the log likelihood for 

GAMLSS method [12].  

 

Royston recommended 292 samples based on restricting the standard error (SE) of the limits 

of the estimated RIs to less than 10% of the constant SD [17]. Similarly, we found that 200 

samples are sufficient to estimate age-specific RIs for a biomarker with reference values that 

are linearly associated with age with SD independent of age. However, Griffiths et al’s 

recommended more than 500 samples based on a simulation study for complex relationship 

between age and biomarker [13]. This recommendation is also similar to the findings of this 

study. Most studies that have used Cole’s LMS and GAMLSS methods had large sample 

sizes [20, 31, 32]. This study confirms that these two methods perform well for large sample 

sizes.  

 

The differences seen in the estimated RIs for biomarkers from the HAPPI Kids study using 

the four methods were consistent with the findings of our simulation study. The small 

differences in the estimated RIs from sample size 350 to 630 using Hoq et al’s and Royston’s 

method may not be clinically significant [2, 30]. As already discussed, the flexibility of the 

GAMLSS methods suggested dynamic variations during pubertal ages for ALP. However, for 

large sample sizes the differences between methods may be minimal.   
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The regression-based parametric methods have some advantages over semi-parametric 

methods, such as expressing continuous RIs as an explicit function of age and sex, and 

estimation of SE of the estimated RIs [7, 10, 14]. These functions could easily be 

incorporated in the modern laboratory information system, a challenge highlighted by several 

studies in implementing continuous RIs [5, 7, 31, 33]. Estimation of a standard error enables 

assessment of the precision of the RI limits [7, 10, 14]. However, the CIs for the continuous 

RI limits were too narrow for large samples, resulting in poor coverage [10]. Unlike the 

parametric methods, Cole's LMS and GAMLSS methods do not provide estimates of 

variability of estimation [12,21]. For these methods, a standard error could be estimated by 

bootstrapping of subsamples [8, 15, 30].  

 

In this study, we have only modelled age and sex-specific variation, where sex is a binary 

variable. Further research is needed to understand the performance of different methods 

based on the relationship of the biomarker with age and a second continuous variable such as 

height [16].  

 

For the simulations, the data were generated using parametric functions that may have 

favoured the parametric methods. An alternative approach for data generation could be to 

take multiple sub-samples from a real dataset [16]. However, defining the true values, which 

is essential in assessing the performance, would have been difficult unless we had a very 

large sample.   

 

CONCLUSIONS 

In summary, we compared four statistical methods for estimating continuous paediatric RIs. 

Our findings indicate that the regression-based parametric methods described by Hoq et al 
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and Royston performed consistently well in most scenarios and for sample sizes 400 and 

over. The findings of the simulation study should provide evidence for future guidelines on 

the statistical method for estimating continuous RIs.    
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6.3 Discussion 

RIs are used as an assessment tool. It is important for the estimated RIs to be accurate. In our 

comparison in performance between the four methods, we have prioritised the method with 

minimum overall error of estimation of reference limits. Hence, we have considered RMSE 

that combines bias and variance, as the main performance measure since minimum error in 

estimation could be achieved by reducing bias or variance. RMSE was useful in aggregating 

the measure of estimation error across the age range 1 to 18 years into a single measure. 

 

RMSE is dependent on age as failure to capture the change in biomarker with age (i.e. 

fractional polynomial powers of age or other parameters of transformation) would introduce 

bias specific to the age. However, as the sample size increase the model specification 

improve resulting in RMSE being less influenced by age. The RMSEs are lowest in middle 

ages most specifically at age 9.  

 

Our proposed novel method performed consistently and similar if not better compared to 

other statistical methods in most scenarios [75]. The flexibility of the quantile regression 

allowed us to model complex shapes like ALP and phosphate with lowest average RMSE for 

the upper limit for sample size 400 and over. For biomarkers with a linear relationship with 

age e.g. creatinine and potassium, the differences in the average RMSE between our proposed 

novel method and Royston’s method are minimal, with lowest average RMSE. The 

identification of fractional power of age depending on the mean reference values ensured the 

shape of the intervals were not influenced by the values close to the limits. Our method is 

also applicable for any distribution and does not depend on the parameters of distributions. 

Expressing the continuous RIs as an explicit function of age and sex, and estimation of SE of 

the estimated RIs are other advantages of our proposed method.   
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The sample size used by the HAPPI Kids Study was consistent with Royston's 

recommendation and was adequate for estimating continuous age-specific RIs [57]. In 

addition, the findings of the simulation study provided evidence that the sample size close to 

400 was adequate and the differences in biases were minimal when compared with larger 

sample sizes (i.e. n = 1000) including biomarkers like creatinine and ALP. A sample size of 

200 may be enough for a biomarker with linear relationship with age and SDs of the 

reference values that are linearly associated with age e.g. potassium, total protein, which is 

the case for most biomarkers. However, most RIs studies include a panel of biomarkers 

which may include a biomarker with complex relationship with age. Hence, we would 

recommend that a sample size of 400 or more is used for our method and Royston’s method, 

whereas close to 1000 samples are required for GAMLSS, Cole's LMS [75].   
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Chapter 7: Discussion & Conclusion 

7.1 Summary of findings 

The HAPPI Kids study is one of the very few studies that collected data prospectively from 

pre-defined healthy children [64]. The study is also the first to utilise aliquots of the same 

blood sample from  the same healthy participant and test the aliquots on different analysers, 

enabling head-to-head comparison between analysers in children [64]. However, the 

uniqueness of the study presented analytical challenges in terms of comparing the reference 

values between analysers taking the association with age into consideration, identifying the 

appropriate statistical methods for estimating continuous age-specific RIs with available data 

and validating the continuous age-specific RIs for use. In this thesis, I have addressed these 

analytical challenges and presented the findings of four studies.  

 

Data from the HAPPI Kids study were used to estimate the continuous age-specific mean 

reference values on five analysers using mixed-effects regression analysis with fractional 

polynomial modelling of the means as a function of age and subsequently, to calculate 

coefficients of variation between the estimated mean values across age [66]. The findings 

revealed that the variations between analysers were clinically insignificant for 24 out of 30 

biochemistry analytes tested since the maximum variation in mean reference values between 

five analysers for any age between 1 month and 18 years was less than the allowable limit of 

performance [66]. Consequently, common continuous age-specific paediatric RIs were 

reported as a function of age and sex for 24 biochemistry analytes applying a novel statistical 

method using 360 samples [66]. In addition, analyser-specific continuous paediatric RIs were 

reported for all the 30 biochemistry analytes [66].  
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To validate the continuous RIs for use in a routine laboratory, the existing validation 

guidelines were modified. We have proposed that at least 100 paediatric samples are tested, 

and samples are distributed uniformly across the range of the age and sex. The continuous 

RIs are considered valid for use in a routine laboratory if more than 90% of test results from 

the routine laboratory across all age and sex are within the intervals. Using the modified 

approach, the continuous RIs established using the HAPPI Kids data were validated for use in 

a routine laboratory [70].  

 

There are a wide range of statistical methods available for estimating age-specific RIs with no 

consensus about the best method in practice. Hence, a systematic review was conducted 

examining the range of statistical methods used over the past 25 years for the estimation of 

age-specific RIs. The review revealed that statistical methods applied in previous research 

were not reported adequately and there was insufficient uptake of modern statistical methods 

for estimating age-specific paediatric RIs for analytes with age dependency [76].  

 

Finally, we performed a simulation study to evaluate and compare statistical methods for 

constructing continuous age-specific RIs in children under different scenarios and for 

different sample sizes. The study findings demonstrated that our proposed novel statistical 

method performed similarly if not better in terms of differences between estimated and 

hypothetical true RIs in most scenarios compared to other commonly used statistical 

methods, and a sample size of 400 was adequate [75].  

 

This research project also highlighted limitations in acquiring adequate samples from 

neonates and during the first month from birth, challenges in incorporating continuous age-



172 
 

specific RIs into the existing LIS, and lack of guidelines to improve the uptake of modern 

statistical methods in estimating continuous age-specific RIs [77].  

Some parts of the following sections are based on work published in the review paper 

highlting the current status, gaps, challenges and future considerations for paediatric RIs  

[77]. 

 

7.2 Translation of research findings into practice  

7.2.1 Interpretation of pathology results obtained from multiple laboratories  

Due to potential variation in pathology reference values derived from different analytical 

principles and/or analyser types (from the same or multiple laboratories), laboratories have a 

responsibility to report patient results with valid RIs for the method in use and the population 

they serve. Laboratories also play an important role in the education of physicians for the 

interpretation of pathology tests obtained from multiple laboratories [13, 66]. At present, it 

remains extremely difficult for physicians to identify, from the patient pathology report, 

biomarkers with adopted harmonised or common RIs (e.g. results comparable between 

laboratories), versus laboratory specific RIs that cannot be compared. This issue is of 

particular importance in health system models in which patients are diagnosed, managed and 

treated within both core and peripheral services and clinics.  

 

CALIPER has taken the initiative in addressing the assessment of paediatric laboratory test 

results for physicians, healthcare workers, parents and patients worldwide, by the 

development and launch of a mobile application. The CALIPER App is an easy and 

transportable tool for the assessment of the latest reference value database (CALIPER) based 

on healthy children and adolescents [78]. The development of mobile Apps and complex LIS 

that enable the end user to access all RIs relevant to the patient’s assessment would enable 

better clinical use of our understanding of inter-analyser differences.  
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7.2.2 Comparison of proportion of reference values outside the reference intervals using 

discrete versus continuous paediatric reference intervals 

Zierk et al compared the flagging rate i.e. proportion of test results lying outside the RIs, in 

sick children and a reference population between discrete age-group RIs used in laboratories 

and published continuous age-specific RIs [12]. The authors reported that the flagging rate of 

test results outside the RIs for continuous age-specific RIs reduced substantially in 

comparison to discrete age-group RIs indicating improvement in clinical diagnosis for most 

blood count analytes and biochemical analytes, except for red cell distribution width, AST, 

ALT, potassium and lactate dehydrogenase (LDH) [12]. However, the proportion of samples 

and patients considered pathologic based on the continuous RIs was more than 5% for all 

analytes [12].  

 

A recent CALIPER study reported that the flagging rate of test results outside the continuous 

RIs was approximately 2.5% below or above the lower or upper limit respectively for most 

analytes [36]. The flagging rate did not differ substantially when discrete age-group and 

continuous age-specific RIs using the same sample were compared [36]. However, the 

authors discussed that for continuous age-specific RIs the flagging rate of test results outside 

the RIs were consistent across age while discrete age-group RIs performed better near the 

centre of the age-group [36].  

 

The difference in flagging rates between the study of Zierk et al and the CALIPER study is 

expected as one is an indirect study based on patient samples and the other is based on 

presumed healthy children [12, 36]. While the overall flagging rate can be made the same 

with both types of intervals, the continuous RIs are more likely to correctly classify each 

patient and should be used as a gold standard to compare the discrete age-group RIs. 
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7.2.3 Updating guidelines for statistical methods 

As outlined in the systematic review study in Chapter 5, the statistical methods used in 

different steps of the RI estimation were not reported adequately in most publications [76]. 

This raises concern about the RIs estimated in different studies, and reproducing the RIs 

using the statistical methods will be challenging [76]. Hence, we recommend developing a 

checklist with a minimum requirement for reporting the statistical methods used for 

identifying outliers, assessing the distribution of the data and establishing RIs [76]. In 

addition, studies should report the 95% CI for the estimated RIs, which should be available in 

most statistical software.  

 

The statistical methods applied in estimation of continuous age-specific RIs are very different 

from those utilised in the derivation of discrete age-group RIs [52]. Additionally, there is a 

variety of suitable methods applied for estimating continuous age-specific RIs [76], without 

any available consensus, guidelines or standards from peak professional bodies (e.g. IFCC 

Reference Intervals and Decision Limits Committee (C-RIDL)) to assist medical 

professionals and biostatisticians in this task. Hence, based on the findings from our 

simulation study reported in Chapter 6 [75] and other comparable studies [45, 79, 80], we 

recommend that regression based parametric methods should be used for estimating 

continuous age-specific RIs due to its minimal differences from the hypothetical true RIs. 

The regression based parametric methods are also useful in expressing the RIs as a function 

of age and allowing for estimaton of the SE (and thus 95% CI) for the estimated RIs.  

 

7.2.4 Test results presented as a percentile 

The representation of an individual's pathology test result outcome with appropriate RIs at 

discrete time-points (e.g. elevated biomarker at day x) can complicate clinical interpretation 

by masking of the trend in longitudinal test results that are not associated with the intra-
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individual variation. This has been depicted in Figure 7-1, where 5, 10 and 15-year creatinine 

results for hypothetical patients, Eden and Ella, fell within the HAPPI Kids RIs and the 

“Australasian Harmonised Reference Intervals for Paediatrics” (AHRIP), but longitudinal 

trends in their respective creatinine levels in comparison with the trend observed for the 

HAPPI Kids (e.g. increasing for Eden and decreasing for Ella) in comparison with the trend 

observed for the HAPPI Kids continuous RI may be of clinical concern. In contrast, Eleanor's 

creatinine results of 30, 45 and 60 µmol/L (at 5, 10 and 15 years respectively) demonstrate 

her creatinine value remained stable on the 50th percentile. Future consideration should be 

given to the representation of paediatric pathology test results as percentiles, as commonly 

used for other child growth parameters (e.g. weight, height, and head circumference) and the 

potential advantages that this may have in assisting physicians in the clinical interpretation of 

individual data and thus monitoring of physiological conditions.  

 

 

Figure 7-1: Visual comparison of trends in reference values over time between discrete age-

group and continuous age-specific RIs.   
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7.3 Further research addressing the gaps and challenges 

7.3.1 Targeted studies to establish neonatal and infant RIs  

Physiological change in neonates is very dynamic, with the first few days of life being noted 

as “the most dramatic period of change that occurs in human life” [81]. As such, 

concentrations of respiratory and cardiovascular biomarkers can change within minutes after 

birth, whilst other biomarkers change more slowly as organ systems evolve to transition the 

neonate from the intrauterine environment to adult physiology [81]. These dramatic changes 

in biomarkers make the interpretation of pathological test results challenging, especially in 

the context of currently available paediatric RIs. As discussed previously in chapter 2, there is 

a lack of reliable and accurate neonatal and infantile RIs. Targeted studies of children aged 0, 

1, 2, 3, 7, 14 and 28 days, and during the 2nd, 3rd, 4th, 5th, 6th, 9th, and 12th months of life are 

required. In an effort to address the limitations of available data, the CALIPER study has 

undertaken the recruitment of expectant mothers to facilitate the monitoring of circulating 

biomarkers at birth and throughout the first year of life [32]. Priority should be given to 

analytes with proven clinical utility during the neonatal and infancy periods.  

 

7.3.2 Comparison of paediatric reference intervals between countries 

Several countries have established continuous age-specific RIs and have harmonised RIs 

across laboratories or methods [31, 32, 66]. However, to date there has been no comparison 

of these RIs between countries. Considering CALIPER, Zierk et al and the HAPPI Kids study 

have published RIs for common biochemistry analytes, a unique opportunity now exists to 

compare the documented paediatric RIs between countries using an indirect approach [12, 36, 

66]. While this type of comparative study will be confounded by pre- and post-analytical 

differences, and the statistical methods applied, it may still assist in understanding ethnic and 

geographic differences in certain biomarkers after adjusting for confounding factors. The 
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findings would significantly contribute to the establishment of global harmonisation 

guidelines and standards for paediatric RIs.   

 

7.3.3 Incorporating results in an electronic database 

The inability of existing LIS to incorporate advanced mathematical functions or graphical 

representation of patient pathology data has been identified and remains a key challenge to 

the incorporation of continuous age-specific RIs. Overcoming these post-analytical reporting 

issues may enable easier visual recognition of biomarker trends over time and thus improved 

longitudinal follow up of paediatric patients (See Figure 7-1).  

 

Multi-national LIS and/or EMR developers have an active role to play in the future 

development and delivery of end-user requested functionality to improve clinical care in 

paediatric patient cohorts. From a commercial perspective, these types of LIS and EMR 

advancements would be directly transferrable to a wide variety of different patient cohort 

sub-sets, where physiological or treatment-based changes in biomarkers are evident (e.g. 

oxygen rates in newborn, therapeutic drug monitoring regimes, oncology patients etc.). 

 

7.4 Conclusion 

Paediatric RIs appropriate for the population being served by the servicing laboratory are 

essential for improving clinical interpretation and subsequent clinical decisions. As are the 

pre-analytical, analytical and post-analytical procedures utilised in the generation of test 

results. Despite the past and present challenges of establishing paediatric reference values and 

estimating paediatric RIs, the HAPPI Kids study has demonstrated that prospective collection 

of blood from healthy children is feasible. Addressing the analytical challenges, in this study, 

I have established continuous age-specific paediatric RIs for 30 biochemistry analytes on five 



178 
 

analysers as well as common RIs across analysers for 24 biochemistry analytes. I have 

provided further evidence by validating the established RIs and comparing our novel 

statistical method with other commonly used methods. I have made recommendation in terms 

of steps that should be applied in statistical analysis of the data and improvement in uptake of 

modern statistical methods in estimating age-specific RIs. I have also demonstrated that 

regression-based parametric methods perform better and a sample size of 400 is adequate for 

estimation of continuous age-specific RIs. These findings offer exciting improvements to 

pathology result interpretation, patient safety and ease of clinical management. However, 

with rapid advancement in technologies, both testing processes of the laboratory and the ways 

of reporting patient results are changing quickly. Hence, long-term planning to direct future 

research, software development and best practice clinical and statistical guidelines for 

paediatric RI development, implementation, review and accreditation will be critical for the 

sustainability of quality and acceptance into routine laboratory practise. 
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Appendices 

Appendix A: Supplementary documents for the publication included in Chapter 2 (Hoq 

et al. A prospective, cross-sectional study to establish age-specific reference 

intervals for neonates and children in the setting of clinical biochemistry, 

immunology and haematology: the HAPPI Kids study protocol. BMJ 

Open. 2019; 9(4):e025897) 

Supplementary Table 1: Questionnaire for assessing inclusion and exclusion criteria.  

Participant/Category Questions / Data fields 

All Sample Study ID 

Date of Recruitment 

Site of Recruitment 

Date Sample Collected 

Hospital 

UR 

First Name 

Surname 

Date of Birth 

Sex 

Address 

Ethnicity of Mother 

Ethnicity of Father 

Tube Type Collected and Volume of blood 

collected 

 

Neonates Gestation 

Time of Birth 

Day of Bleed 

Nature of Delivery 

Weight 

APGAR Score at 5 minutes 

Feeding Method  

Date/Time of Vitamin K 

Current Medications 

 

Paediatric Procedure performed 

Current Medications 

Clinical Information 

 

Haematology Dose the participant have a presence of 

coagulation disorders? 

Does the participant have a family history of 

coagulation disorders? 

https://www.ncbi.nlm.nih.gov/pubmed/30948591/
https://www.ncbi.nlm.nih.gov/pubmed/30948591/
https://www.ncbi.nlm.nih.gov/pubmed/30948591/
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Is there participant currently on anticoagulation 

medication? 

 

Immunology Does the participant have a presence of an 

immune system disorder or immune deficiency 

syndrome? 

Does the participant have a presence of a 

genetic disorder? 

Does the participant have a presence of a 

rheumatologic disorder? 

Has any family member or relative of your child 

ever been diagnosed with an immune system 

disorder or immune deficiency syndrome? 

Has the participant had an infection or a febrile 

illness within the last 7 days? 

Has the participant had a hospital admission for 

intravenous (IV) antibiotics to clear an infection 

on more than 2 occasions in life? 

Has the participant needed 2 or more months of 

oral antibiotics more than 2 occasions in their 

life 

Does the participant have a history of a failure 

to thrive? 

Has the participant been a recipient of blood 

products in the last 3 months? 

Has a doctor ever diagnosed your child with 

food allergy, asthma, eczema or hayfever? 

Has anyone in your child’s immediate family 

(that is, your child’s parents and/or siblings) 

ever been diagnosed with food allergy, asthma, 

eczema or hayfever? 

 

Biochemistry Does the participant have a history of liver and 

renal disease? 

Does the participant have a presence of 

endocrine diseases? 

Does the participant have a presence of 

metabolic disease? 

Does the participant have a presence of renal 

disease? 

Does the participant have a presence of hepatic 

disease? 

Does the participant have a history of failure to 

thrive? 
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Appendix B: Supplementary documents for the publication included in Chapter 3 (Hoq 

et al.  Reference values for 30 common biochemistry analytes across five 

different analyzers in neonates and children 30 days to 18 year olds, Clinical 

Chemistry. 2019; 65(10): 1317 - 1326.) 

Supplementary Table 1: HKI Contributors 

Role Person  

Principle Investigator    

 Prof Paul Monagle  

 A/Prof Vera Ignjatovic  
Study Coordinators    

 Ms Vicky Karlaftis  

 Ms Chantal Attard  

 Ms Wincy Au-Yang  

 Ms Janet Burgess  

 Ms Jessica Cowley  
Participating 

Laboratories for 

sample testing   Testing Scientist 

 

The Royal Children's 

Hospital Angela Chiriano 

  Erik Haworth 

  Chuong Tran 

 

The Royal Melbourne 

Hospital Tina Nhan 

 Melbourne Pathology Mrs Daniella Angeleski 

  Mr Warren Louey 

 Monash Health Dr Julie Newman 

  Peter Edwards 

 Dorevitch Alan Webster 

 

Australian Clinical 

Laboratories Daniel Cochrane 

  Michelle Webber 

Collaborating Clinicians for sample collection Site 

 Dr Ian McKenzie Royal Children's Hospital 

 Ms Jenny Ryan Royal Women's Hospital 

 Ms Anna Bourke Royal Women's Hospital 

 A/Prof Christine Rodda Western Hospital 

 Dr Martin Wright Western Hospital 

 A/Prof Wei Qi Fan Northern Hospital 

 Dr Simon Hauser Northern Hospital 
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Pathology collectors    

 Ms Chauvy Burgess  

 Ms Jody Hand  

 Ms Kyra Hijniakoff  

 Ms Kathryn Bowers  

 Ms Lisa Howieson  

 Ms Aimee Chua  
Steering Committee    

 Prof Paul Monagle Co-Chair 

 A/Prof Vera Ignjatoivc Co-Chair 

 Dr Bill Renwick 

Australian Clinical 

Laboratories 

 Dr Sharon Choo Royal Children's Hospital 

 Dr Ellen Maxwell Melbourne Pathology 

 Cathy Cockshott Dorevitch Pathology 

 Dr Sue Matthews Royal Children's Hospital 

 Dr Kuang-Chih Hsiao Royal Children's Hospital 

 Dr Tina Yen Royal Children's Hospital 

 Mr Ray Czajko Royal Melbourne Hospital 

 Mr Peter Edwards 

Biochemistry - Principal 

Scientist 

 Mr Nick Drossos Dorevitch 

 Mr Daniel Cochrane 

Australian Clinical 

Laboratories 

 Ms Donna McNally 

Australian Clinical 

Laboratories 

 Ms Vicky Karlaftis Study Coordinator 

 Chantal Attard Study Coordinator 

 Jessica Cowley Study Coordinator 

 Mr Monsurul Hoq Statistician 

Biochemistry advisory 

panel    

 Dr Sue Matthews Royal Children's Hospital 

 Dr Tina Yen Royal Children's Hospital 

 A/Prof Ken Sikaris Melbourne Pathology 

 Dr Jim Doery Monash Health 

 Mr Ray Czajko Royal Melbourne Hospital 

Statistical analysis    

 Mr Monsurul Hoq  

 Prof John Carlin  

 A/Prof Susan Donath  
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Supplementary Table 2: Analytical methods 

Measurand Analyser ORTHO Vitros 5600 ABBOTT Architect                

(c4000, c8000, c16000) 

Roche Cobas c701/c702 Siemens ADVIA 1650/1800 Beckman Coulter AU5800 

Sodium Analytical 

principle 

Ion Selective Electrode - Direct 

(Undiluted) 

Ion Selective Electrode Indirect 

(Diluted) 

Ion Selective Electrode 

Indirect (Diluted) 

Ion Selective Electrode Indirect 

(Diluted) 

Ion Selective Electrode Indirect 

(Diluted) 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 919. Flame Atomic Emission 

Spectroscopy 

NIST Reference Material - 

Flame Photometry 

The ISE Compensator is 

traceable against Flame 

Photometry (Sodium, 
Potassium) and Coulometry 

(Chloride). 

CDC Flame Photometry 

Reference Method NIST SRM 

909b 

NIST SRM 919 

Potassium (Serum) Analytical 

principle 

Ion Selective Electrode - Direct 
(Undiluted) 

Ion Selective Electrode Indirect 
(Diluted) 

Ion Selective Electrode 
Indirect (Diluted) 

Ion Selective Electrode Indirect 
(Diluted) 

Ion Selective Electrode Indirect 
(Diluted) 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 918. Flame Atomic Emission 

Spectroscopy 

NIST Reference Material - 

Flame Photometry 

The ISE Compensator is 

traceable against Flame 
Photometry (Sodium, 

Potassium) and Coulometry 

(Chloride). 

CDC Flame Photometry 

Reference Method NIST SRM 
909b 

NIST SRM 918 

Chloride Analytical 

principle 

Ion Selective Electrode - Direct 

(Undiluted) 

Ion Selective Electrode Indirect 

(Diluted) 

Ion Selective Electrode 

Indirect (Diluted) 

Ion Selective Electrode Indirect 

(Diluted) 

Ion Selective Electrode Indirect 

(Diluted) 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 919. Coulometric-

amperometric titration method 

NIST Reference Material - 

Flame Photometry 

The ISE Compensator is 

traceable against Flame 

Photometry (Sodium, 
Potassium) and Coulometry 

(Chloride). 

NIST Coulometric Reference  

Method     NIST SRM 919 

NIST SRM 919 

Bicarbonate  Analytical 

principle 

Enzymatic (Phosphoenolpyruvate 
carboxylase/Malate dehydrogeanse) 

Endpoint 

Enzymatic Enzymatic Enzymatic Enzymatic 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 351. Corning model 965 

Analyser with thermal conductivity 

detection 

This method has been 

standardized against a primary 

standard. 

This method has been 

standardized against a primary 

standard. 

Corning 965 Reference Method  

 NIST SRM 192 

NIST SRM 351 

Urea Analytical 

principle 

Urease. End Point with Ammonia 

generation 

UREASE, Kinetic  UREASE, Kinetic  UREASE, Kinetic UREASE, Kinetic  

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 912. CDC Urease/GLDH 

method. 

NIST SRM 912 - Differential 

Scanning Calorimetry 

ID/MS CDC Reference Method                                                                                  

NIST SRM 912a,  NIST SRM 

909b 

NIST SRM 909b, Level 1 
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Creatinine Analytical 

principle 1 

Creatinine Amido Hydrolase (enzymatic) Alkaline Picrate (Jaffe), Kinetic Enzymatic, Creatininase Alkaline Picrate (Jaffe), Kinetic Alkaline Picrate (Jaffe), Rate 
compensated 

Analytical 

principle 2 

NA NA Alkaline Picrate (Jaffe), 

Kinetic 

NA NA 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

Standardised to SRM 914 by GC/IDMS Standardised to SRM 914/967 by 

IDMS 

Standardised to SRM 914/967 

by IDMS 

IDMS Reference Method                            

NIST SRM 967 

Standardised to SRM 914/967 by 

IDMS 

Bilirubin, Total  Analytical 

principle 

Caffeine Sodium Benzoate, End Point  Diazo reaction, Diazonium Salt Diazo reaction, Diazonium 

Salt 

Chemical Oxidation (Vanadate) Diazo reaction with Caffeine 

Benzoate 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

Internal Manufactuer Master Lots to 

HPLC (Lauff et. al.) 

The Doumas method/NIST SRM 

916 

The Doumas method. AACC Reference Method                           

NIST SRM 916 

NIST SRM 916a 

Alkaline 

Phosphatase  

Analytical 

principle 

p-Nitrophenyl Phosphate Substrate - AMP 

Buffer - Multiple-point rate  

p-Nitrophenyl Phosphate 

Substrate - AMP Buffer - Other 
Rate Reaction 

p-Nitrophenyl Phosphate 

Substrate - AMP Buffer - Rate 
Reaction IFCC Recommended 

p-Nitrophenyl Phosphate 

Substrate - AMP Buffer - Rate 
Reaction IFCC Recommended 

p-Nitrophenyl Phosphate 

Substrate - AMP Buffer - Rate 
Reaction IFCC Recommended 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

Internal manufacturer Calibrator 3. ALP 

IFCC method adapted to a centrifugal 

analyser at 37C. 

IFCC method IFCC method (2011).  IFCC Reference Method Beckman Coulter master 

calibrator 

Aspartate Amino 

Transferase  

Analytical 

principle 1 

Aspartate with Pyridoxal-5-phosphate 

multiple-point rate. 

TRIS Buffer - Aspartate Approx. 

240 mmolar with Pyridoxal-5-

Phosphate (IFCC Recommended 

method) 

TRIS Buffer - Aspartate 

Approx. 240 mmolar with 

Pyridoxal-5-Phosphate (IFCC 

Recommended method) 

IFCC "Modified" without 

Pyridoxal-5-Phosphate 

TRIS Buffer - Aspartate Approx. 

240 mmolar with Pyridoxal-5-

Phosphate (IFCC Recommended 

method) 

Analytical 
principle 2 

NA NA IFCC "Modified" without 
Pyridoxal-5-phosphate 

NA NA 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

Internal manufacturer Calibrator 3. AST 

IFCC method adapted to a centrifugal 
analyser at 37C. 

IFCC method The original IFCC 

formulation using calibrated 
pipettes together with a 

manual photometer providing 

absolute values and the 
substrate-specific absorptivity, 

ε. 

IFCC Reference Method IFCC method 

Alanine Amino 

Transferase  

Analytical 

principle 1 

Alanine with Pyridoxal-5-Phosphate 

multiple-point rate 

TRIS Buffer - Alanine approx. 

500 mmolar with Pyridoxal-5-
Phosphate (IFCC recommended 

method) 

TRIS Buffer - Alanine approx. 

500 mmolar with Pyridoxal-5-
Phosphate (IFCC 

recommended method) 

IFCC "modified" without 

Pyridoxal-5- phosphate 

TRIS Buffer - Alanine approx. 

500 mmolar with Pyridoxal-5-
Phosphate (IFCC recommended 

method) 

Analytical 

principle 2 

NA NA D - IFCC "modified" without 

Pyridoxal-5-phosphate 

NA NA 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 



194 
 

Traceability of 

Calibrator 

Internal manufacturer Calibrator 3. ALT 
IFCC method adapted to a centrifugal 

analyser at 37C. 

IFCC method The original IFCC 
formulation using calibrated 

pipettes together with a 

manual photometer providing 
absolute values and the 

substrate-specific absorptivity, 

ε. 

Standardised against IFCC IFCC method and IRMM/IFCC-
454 

Gamma-Glutamyl 

Transferase  

Analytical 

principle 

L-Gamma-Glutamyl-p-nitroanilide and 

glycylglycine substrate multple-point rate. 

Other Gamma-Glutamyl-3-

carboxy-4-nitroanilide Substrate 

Gamma-Glutamyl-3-Carboxy-

4-nitroanilide  Substrate - 6.- 
mmolar (IFCC recommended 

method) 

Other Gamma-Glutamyl-3-

carboxy-4-nitroanilide Substrate 

Gamma-Glutamyl-3-Carboxy-4-

nitroanilide  Substrate - 6.- 
mmolar (IFCC recommended 

method) 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

Internal manufacturer Calibrator 3. GGT 

IFCC method adapted to a centrifugal 

analyser at 37C. 

IFCC method The original IFCC 

formulation (2002) and against 

the GGT method published by 
Persijn and van der Slik 

(1976), respectively. 

Standardised against IFCC IFCC method and IRMM/IFCC-

452 

Protein, total Analytical 

principle 

Biruet End Point - No Blank Biruet End Point - No Blank End Point with Blank End Point with Blank End Point with Blank 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 927. NCCLS credentialed 

Biruet method 

NIST SRM 927 - Biuret NIST SRM 927 Biuret Reference Method                           

NIST SRM 927a 

NIST SRM 927c 

Albumin Analytical 

principle 1  

Bromocresol Green Bromocresol Purple Bromocresol Green - Citrate 

Buffer 

Bromocresol Purple Bromocresol Purple 

Analytical 

principle 2 

NA NA Bromocresol Purple NA NA 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 927 assigned values to 

working human albumin standards 
prepared from human albumin. BCG 

Method. 

ERM-DA470 - Visible 

Spectrophotomtery 

ERM-DA470k / IFCC 

reference preparation 

ERM-DA470k / IFCC Reference 

Material 

Albumin reference material 

DA470 (IFCC) 

Calcium Analytical 

principle 

Arsenazo III Dye Arsenazo Dye MN-BAPTA (5-nitro-

5'methyl-BAPTA) 

Arsenazo Dye Arsenazo Dye 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 915. Flame atomic absorption 
spectroscopy. 

NIST SRM 956 -  ID-ICP-MS SRM 956 c level 2 reference 
material 

Inductively Coupled Atomic 
Emission Method                                                                  

NIST SRM 915, NIST SRM 

909b 

NIST SRM 909b, Level 1 

Magnesium Analytical 

principle 

Formazan Dye Enzymatic Xylidyl Blue Xylidyl Blue Xylidyl Blue 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 929. Flame atomic absorption 

spectroscopy. 

NIST SRM 956 -  ID-ICP-MS Atomic absorption 

spectrometry 

Atomic Absorption Method             

NIST SRM 929 

NIST SRM 909b, Level 1 
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Phosphate Analytical 

principle 

Phosphomolybdate Formation (and 
reduction). 

Phosphomolybdate Formation  Phosphomolybdate Formation  Phosphomolybdate Formation  Phosphomolybdate Formation  

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 200. 

Phosphomolybdate/phenylenediame 
method 

NIST SRM 2186-I - Gravimetric NERL primary 

Reference Material 

Ammonium Molybdate 

Reference Method                                                            
NIST  SRM 937 

Beckman Coulter master 

calibrator 

Lactate 

dehydrogenase 

Analytical 

principle 

Pyruvate to Lactate - multiple-point rate 

Reaction - Pyruvate 17ug 

Lactate to Pyruvate - IFCC 

recommended method 

Lactate to Pyruvate - IFCC 

recommended method 

Lactate to Pyruvate - Rate 

Reaction 

Lactate to Pyruvate - IFCC 

recommended method 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

Pyruvate to lactate total LDH method 

adapted to a centrifugal analyser. 

Standardised against IFCC  The original IFCC6 

formulation using calibrated 

pipettes together with a 

manual photometer providing 
absolute values and the 

substrate-specific absorptivity, 

ε. 

Standardised against IFCC IFCC method and IRMM/IFCC-

453 

Creatine Kinase  Analytical 

principle 

Multiple-point Rate Reaction - NAC 
Activator  

Rate Reaction - NAC Activator - 
IFCC recommended method - 2 

part Imidazole Buffer 

Rate Reaction - NAC 
Activator - IFCC 

recommended method - 2 part 

Imidazole Buffer 

NAC Activator/Other Buffer Rate Reaction - NAC Activator - 
IFCC recommended method - 2 

part Imidazole Buffer 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

Modified Scandinavian Committee on 

enzymes method for CK determination at 

37C. 

IFCC method IFCC method Standardised against IFCC IFCC method 

Lipase Analytical 

principle 

Spectrophotometric - 1 - oleoyl-2,3-

diaectylglycerol substrate 

Spectrophotometric - 1,2 - 

diglyceride substrate 

Spectrophotometric - glutaric 

acid - (6 - methylresorufin) 
ester 

Spectrophotometric - glutaric 

acid - (6 - methylresorufin) ester 

Spectrophotometric - 1,2 - 

diglyceride substrate 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

Lipase activity in a standard triolein 

emulsion with a pH-Stat analyser. 

Standard manufactured from 

purified human pancreatic lipase. 

Calibrator is matched to this 
standard.  

Roche reagent using calibrated 

pipettes together with a 

manual photometer providing 
absolute values and the 

substrate-specific absorptivity, 

ε. 

Internal Standard Beckman Coulter master 

calibrator 

Amylase Analytical 

principle 

Starch (amylopectin) - Dye (2 point Rate) 2-Chloro-PNP-alpha-

maltotrioside 

IFCC based ethylidene-G7-

PNP hydrolysis to PNP 

IFCC based ethylidene-G7-PNP 

hydrolysis to PNP 

IFCC based ethylidene-G7-PNP 

hydrolysis to PNP 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 
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Traceability of 

Calibrator 

Amylase paranitrophenol maltopentaoside 
method at 37C 

Extinction Coefficient Roche system 
reagent using calibrated 

pipettes together with a 

manual photometer providing 
absolute values and substrate-

specific absorptivity, ε. 

Standardised against IFCC IFCC method and IRMM/IFCC-
456 

Uric Acid Analytical 

principle 

Uricase/peroxidase Uricase/peroxidase Uricase/peroxidase Uricase/peroxidase Uricase/peroxidase 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 
Calibrator 

NIST SRM 913 using the CDC uricase 
method. 

NIST SRM 913 - Gravimetric  ID/MS CDC Candidate Reference 
Method   (uricase)                                                                              

NIST SRM 913a,  NIST SRM 

909b 

IDMS 

Triglyceride  Analytical 

principle 

Lipase / Glycerol Kinase/Glycerol-
phophate oxidase (GPO)/Peroxidase 

Lipase / Glycerol Kinase/ GPO-
PAP (4-aminophenazone or 4-

aminoantipyrine)  

Lipase / Glycerol Kinase/ 
GPO-PAP (4-aminophenazone 

or 4-aminoantipyrine)  

Lipase / Glycerol Kinase/ GPO-
PAP (4-aminophenazone or 4-

aminoantipyrine)  

Lipase / Glycerol Kinase/ GPO-
PAP (4-aminophenazone or 4-

aminoantipyrine)  

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 1951. GPO triglyceride 

spectrophometric method 

ACS Grade Glycerol - Gas 

Chrotatography. 

 ID/MS Reference Method                                  

NIST SRM 909c 

IDMS 

Cholesterol Analytical 

principle 

Cholesterol ester hydrolase/Cholesterol 

Oxidase/Peroxidase 

Cholesterol Oxidase/Peroxidase Cholesterol 

Oxidase/Peroxidase 

Cholesterol Oxidase/Peroxidase Cholesterol Oxidase/Peroxidase 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 911. Centers for disease 
control (CDC) modified Abell-Kendall 

method. 

SPRL Total Cholesterol 
Verification set - Abell-Kendall 

Abell/Kendall and also by 
isotope dilution/mass 

spectrometry 

CDC Reference Method                                         
(modified Abell-kendall)                                          

NIST SRM 909b 

NIST SRM 909b, Level 1 

HDL Cholesterol  Analytical 

principle 

Separation method - Phosphotungstic acid 
(PTA)/Mg2+/Emulgen B-66 Cholesterol 

oxidase/peroxidase 

Non Separation Method  - 
Cholesterol esterase/Oxidase - 

Accelerator/Selective Detergent 

Non Separation Method  - 
Cholesterol esterase/Oxidase - 

Cyclodextrin Sulphate/Peg 

modified enzymes 

Elimination Separation methods - Cholesterol 
oxidase/peroxidase - 

DxSO4/Mg2+ 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 
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Traceability of 

Calibrator 

NIST SRM 911. Cholesterol Reference 
Method Laboratory Network (CRMLN) 

Designated Comparison method. 

CDC reference method  The designated 
CDC reference method 

(ultracentrifugation method). 

The standardization meets the 
requirements of the “HDL 

Cholesterol Method 

Evaluation Protocol for 
Manufacturers” of the US 

National Reference System for 

Cholesterol, CRMLN 
(Cholesterol Reference 

Method Laboratory Network), 

November 1994. 
  

NCEP Designated Comparison 
Method  

CDC reference method 

Iron Analyser Roche Cobas c501/c502 ABBOTT Architect                

(c4000, c8000, c16000) 

Roche Cobas c701/c702 Siemens ADVIA 1650/1800 Beckman Coulter AU5800 

Analytical 

principle 

Ferrozine Method without 

Deproteinisation 

Colorimetric No Protein 

Removal - Ferrozine or Ferene 
Colour Reagent 

Colorimetric No Protein 

Removal - Ferrozine or Ferene 
Colour Reagent 

Colorimetric No Protein 

Removal - Ferrozine or Ferene 
Colour Reagent 

Colorimetric No protein removal 

- Other colour Reagent 

Reagent Roche Diagnostic Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 

Traceability of 

Calibrator 

NIST SRM 937. NIST SRM 3126 - Gravimetric SRM 937 Candidate AACC Reference 

Method (Ferrozine) NIST SRM 

937 

Beckman Coulter master 

calibrator 

Ferritin Analyser Roche cobas e601/e602 ABBOTT Architect                

(c4000, c8000, c16000) 

Roche Cobas c701/c702 Simens ADVIA 

Centaur/XP/XPT 

Beckman Counter Unicel Dxl 

600/800 

Analytical 

principle 

Electrochemiluminescence (ECLIA) 
immunoassay (monoclonal ferritin-

specific antibody) 

Immunochemiluminometric  
Assay (ICMA) 

Immunoturbidimetric Immunochemiluminometric  
Assay (ICMA) 

Immunochemiluminometric  
Assay (ICMA) 

Reagent Roche Diagnostic Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Counter 

Traceability of 

Calibrator 

National Institute for Biological Standards 

and Control (NIBSC) 80/602 with the 
enzymun-test ferritin method. 

WHO 1st IS 80/602 WHO 1st IS 80/602 WHO 1st IS 80/602 WHO 2nd IS 80/578 

Transferrin Analyser Roche Cobas c501/c502 ABBOTT Architect                

(c4000, c8000, c16000) 

Roche Cobas c701/c702 Siemens ADVIA 1650/1800 Beckman Coulter AU5800 

 
Analytical 

principle 

Immunoturbidimetric  (Anti-rabbit Ab) Immunoturbidimetric Immunoturbidimetric Immunoturbidimetric Immunoturbidimetric 

 
Reagent Roche Diagnostic Abbott Diagnostic Roche Diagnostic Siemens (Bayer) Beckman Coulter (AU) 
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  Traceability of 

Calibrator 

Institute for Reference Materials and 
Measurements (IRMM) 

BCR470/CRM470 reference preparation 

for proteins in human serum (RPPHS) 

Calibrators referenced against 
the International Protein 

Standard ERM - DA470 

Calibrators referenced against 
the International Protein 

Standard ERM - DA470 

Calibrators referenced against 
the International Protein 

Standard ERM - DA470 

Calibrators referenced against 
the International Protein 

Standard ERM - DA470 

  Analyser ORTHO Vitros 5600 ABBOTT Architect                

(i1000SR, i2000SR, i4000SR) 

Rohe Cobas e602 Simens ADVIA 

Centaur/XP/XPT 

Beckman Counter Unicel Dxl 

600/800 

Thyroid Stimulating 

Hormone 

Analytical 

principle 

Immunometric Immunoassay Immunochemiluminometric 

Assay (ICMA - Sandwich Asay) 

Electrochemluminescence Immunochemiluminometric 

Assay (ICMA - Sandwich Asay) 

Immunochemiluminometric 

Assay (ICMA - Sandwich Asay) 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Roche Diagnostics (Hitachi) Siemens (Bayer) Beckman Counter 

Traceability of 

Calibrator 

2nd International Reference Preparation 

(IRP) 80/558 

WHO 2nd IRP 80/558 WHO 2nd IRP 80/558 WHO 3rd IS 81/565 Traceable to WHO 3rd IS 

81/565. Based on EN ISO 17511 

Free Thyroxine Analytical 

principle 

Luminescent Immunoassay (LIA - 
Competitive Assay) 

Luminescent Immunoassay (LIA 
- Competitive Assay) 

Luminescent Immunoassay 
(LIA - Competitive Assay) 

Luminescent Immunoassay (LIA 
- Competitive Assay) 

Luminescent Immunoassay (LIA 
- Competitive Assay) 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Abbott Diagnostic Siemens (Bayer) Beckman Counter 

Traceability of 

Calibrator 

In-house reference calibrators correlated to 

another commercially available test 

Calibrators are matched to an 

abbott internal reference 
standard. Standard is 

manufactured by Gravimetric 

method. 

The Elecsys FT4 

method. The Elecsys FT4 
assay is traceable to the 

Enzymun-Test which was 

standardized using equilibrium 
dialysis. 

Traceable to an internal standard 

manufactured using 
U.S.P.(United States 

Pharmacopeia) material 

Beckman Coulter working 

calibrators based on EN ISO 
17511 

Free 

Triiodothyronine 

Analytical 

principle 

Luminescent Immunoassay (LIA - 

Competitive Assay) 

Luminescent Immunoassay (LIA 

- Competitive Assay) 

Luminescent Immunoassay 

(LIA - Competitive Assay) 

Luminescent Immunoassay (LIA 

- Competitive Assay) 

Luminescent Immunoassay (LIA 

- Competitive Assay) 

Reagent Ortho-Clinical Diagnostics Abbott Diagnostic Abbott Diagnostic Siemens (Bayer) Beckman Counter 

Traceability of 

Calibrator 

In-house reference calibrators correlated to 

another commercially available test 

Calibrators are matched to an 

abbott internal reference 

standard. Standard is 
manufactured by Gravimetric 

method. 

The FT3 assay 

( REF 03051986). The FT3 

assay ( REF 03051986) is 
traceable to the FT3 assay ( 

REF 11731386) which was 

standardized using equilibrium 
dialysis. 

Traceable to an internal standard 

manufactured using 

U.S.P.(United States 
Pharmacopeia) material 

Beckman Coulter working 

calibrators based on EN ISO 

17511 
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Supplementary Table 3: Number of outliers excluded based on statistical criteria 

 Ortho 

Vitros 

Abbott 

Archiotect 

Roche Cobas Siemens 

ADVIA 

Beckman 

Coulter 

Analyte N n N n N n N n N n N n 

Sodium 358 1 240 3 359 2   357 1 359 1 

Potassium 358 0 359 2 359 0   357 0 359 2 

Chloride 358 1 359 9 359 0   358 0 359 0 

Bicarbonate 357 2 359 0 359 0   353 3 352 0 

Creatinine 
Enzymatic Jaffe Enzymatic Jaffe Jaffe Jaffe 

357 1 358 1 358 1 333 2 359 2 348 2 

Urea 358 0 359 0 359 0   341 0 348 1 

Calcium 357 1 334 0 359 0   342 1 325 1 

Magnesium 357 0 360 0 359 1   342 0 332 0 

Phosphate 357 0 360 0 359 0   342 0 350 0 

Triglyceride 359 3 357 7 357 6   359 5 358 5 

Cholesterol 359 0 358 0 357 0   359 0 359 0 

HDL 

cholesterol 

359 0 358 0 357 0   359 0 358 0 

ALP 358 2 359 1 359 1   349 1 356 1 

AST 

With P5P With P5P With P5P Without 

P5P 

Without 

P5P 

With P5P 

360 3 361 3 361 3 327 3 361 3 348 3 

ALT 

With P5P With P5P With P5P Without 

P5P 

Without 

P5P 

With P5P 

358 8 334 7 359 10 359 8 359 8 358 21 

GGT 339 3 361 3 361 3   348 3 354 3 

Total 

protein 

358 0 333 0 312 1   354 0 178 0 

Total 

bilirubin 

271 86 244 0 340 0   342 0 277 0 

Albumin 
BCG BCP BCP BCG BCP BCP 

358 0 359 0 359 2 339 0 359 0 346 0 

Ldh 359 2 357 3 357 2   357 3 359 3 

CK 357 11 357 11 356 9   358 9 358 10 

Lipa 361 7 360 4 359 6   361 5 360 4 

Amy 359 1 358 1 357 1   358 1 346 1 

Uric Acid 359 0 358 0 358 0   358 0 358 0 

Iron 356 0 358 0 358 0   359 0 353 0 

Ferritin 359 8 358 9 357 8   359 11 359 8 

Transferrin 358 0 358 2 358 0   359 0 358 0 

TSH 359 5 358 4 359 4   324 4 359 4 

FT3 358 0 358 0 359 0   348 0 312 0 

FT4 357 2 356 0 359 3   356 2 312 1 
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Supplementary Table 4: Parametric equations for lower and upper limits of 30 

biochemistry analytes by five analyser types for children aged 30 days to 18 years. 

Analytes/Analyser Lower Limit (Y2 .5) Upper limit (Y97.5) 

Sodium (mmol/L) 

Ortho  135.77 + 0.08 Agea 141.37 + 0.23 Age 

Abbott 135.01 + 0.12 Age 140.90+0.18 Age 

Roche 138 143.17 + 0.12 Age 

Siemens 138 145 

Beckman 135.93 + 0.07 Age 142.97+0.07 Age 

Potassium (mmol/L) 

Ortho  4.14 – 0.03 Age 5.10 – 0.01 Age 

Abbott 3.86 – 0.02 Age 5.00 – 0.02 Age 

Roche 3.96 – 0.02 Age 5.01 – 0.01 Age 

Siemens 3.98 – 0.02 Age 5.10 – 0.02 Age 

Beckman 3.90 – 0.02 Age 4.92 – 0.02 Age 

Chloride (mmol/L) 

Ortho 102.35 – 0.10 Age 119 

Abbott 102 110 

Roche 99.75 – 0.20 Age  113.72 – 0.13 Age 

Siemens 104.45– 0.14 Age 111.0 

Beckman 103.30 - 0.11 Age 110.0 – 0.08 Age 

Bicarbonate (mmol/L) 

Ortho  17.67 + 0.13 Age 23.68 + 0.22*Age 

Abbott 15.33 + 0.19 Age 26.71 + 0.19*Age 

Roche 17.05+ 0.13 Age 41 

Siemens 18.37 + 0.17 Age 37 

Beckmann 11.62 + 0.60 Age0.5  16.35 + 1.18 Age0.5  

Urea (mmol/L) 

Ortho  
2.30 + 0.71 Maleb – 0.02  

Age*Male  

5.93 + 0.04 Age + 0.14 Male - 

0.01 Age *Male 

Abbott 
2.45 – 0.02 Age + 0.61 Male 

– 0.02 Age*Male 

5.91 + 0.04Age + 0.02 Male - 

0.01 Age*Male 

Roche 
2.20 + 0.72 Male – 0.03 

Age*Male 

6.30 – 0.18 Male + 0.01 

Age*Male 

Siemens 
2.81 – 0.02 Age + 0.49 Male 

– 2.00*10-3 Age*Male  

6.70 + 0.61 Male – 0.03 

Age*Male 

Beckman 
 2.40 – 0.23 Male + 0.03 

Age*Male 

6.45 – 0.02 Age + 0.58 Male – 

0.01 Age*Male 

Creatinine (µmol/L) 

Ortho (Enzymatic) 
14.89 + 1.66 Age – 1.55 Male 

+ 0.16 Age*Male 

25.98 + 2.65 Age – 0.96 Male + 

0.95 Age*Male 

Roche (Jaffe) 
13.43 + 1.79 Age – 2.42 Male 

+ 0.37 Male*Age 

26.13 + 2.95 Age – 6.17 Male + 

1.28 Male*Age 

Roche (Enzymatic) 
16.22 + 1.93 Age –1.79 Male 

- 0.70*10-2 Male*Age 

27.03 + 3.32 Age – 0.52 Male + 

0.78 Age*Male 

Abbott (Jaffe) 
24.72 + 1.36 Age + 2.28 

Male - 0.24 Male*Age 

37.23 + 1.98 Age – 2.97 Male + 

0.79 Male*Age 
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Analytes/Analyser Lower Limit (Y2 .5) Upper limit (Y97.5) 

Creatinine 

(µmol/L) 
  

Siemens (Jaffe) 
12.34 + 1.70 Age + 2.27 

Male – 0.46 Male*Age 

22.97 + 2.96 Age – 4.72 Male 

+1.12 Male*Age 

Beckman (Jaffe) 
7.77 + 1.96 Age + 3.46 Male 

– 0.53 Male*Age 

21.87 + 2.55 Age – 3.13 Male + 

0.92 Male*Age 

Calcium (mmol/L) 

Ortho  2.22 + 0.09 Age-0.5 2.57 + 0.03 Age-0.5 

Abbott 2.16 + 0.08 Age-0.5 2.55 

Roche 2.25 + 0.03 Age-1 2.57 + 0.04 Age-1 

Siemens 2.24 + 0.03 Age-1 2.59 + 0.02 Age-1 

Beckman 2.18 + 0.02 Age-1 2.52 + 0.03 Age-1 

Magnesium (mmol/L) 

Ortho  
0.75 – 0.03 ln(Age) + 

1.72*10-3 Male 
0.95 – 0.03 ln(Age) + 0.03 Male 

Abbott 
0.77 – 0.03 Age0.5 + 0.04 

Male 
1.03 – 0.04 Age0.5 + 0.01 Male 

Roche 
0.80 – 0.03 ln(Age) + 0.01 

Male 

1.02 – 0.03 ln(Age) + 3.31*10-3  

Male 

Siemens 
0.84 – 0.03 ln(Age) + 0.02 

Male 
1.10 – 0.04 ln(Age) + 0.02 Male 

Beckman 
0.77– 0.03 ln(Age) + 0.01 

Male 
0.98– 0.03 ln(Age) + 0.02 Male 

Phosphate (mmol/L) 

Ortho  
1.44 + 0.12 Age-1 – 7.38*10-5 

Age3 
2.08 + 0.15 Age-1 - 6.12*10-5 Age3 

Abbott 
1.25 + 0.19 Age-1 – 8.46*10-5 

Age3 
1.98 + 0.19 Age-1 - 6.71*10-5 Age3 

Roche 
1.35 + 0.16 Age-1 – 9.10*10-5 

Age3 

1.94 + 0.18 Age-1 – 5.70*10-5 

Age3 

Siemens 
1.37 + 0.27 Age-1 – 9.16*10-5 

Age3 

2.07 + 0.14 Age-1 – 8.67*10-5 

Age3 

Beckman 
1.33 + 0.15 Age-1 – 9.03*10-5 

Age3 

1.98 + 0.14 Age-1 – 7.36*10-5 

Age3 

Triglyceride (mmol/L) 

Ortho 0.4 1.51 + 4.8*10-2 Age 

Abbott 0.4 1.38 + 6.7*10-2 Age 

Roche 0.37 + 8.50*10-3Age 1.60 + 5.7*10-2 Age 

Siemens 0.4 1.57 + 5.25*10-2 Age 

Beckman 0.4 1.48 + 6.90*10-2 Age 

Cholesterol (mmol/L) 

Ortho 
2.49 + 2.70*10-2 Age2 – 

9.40*10-3 Age2ln(Age) 

4.97 + 2.40*10-2 Age2 – 7.50*10-3 

Age2ln(Age) 

Abbott 
2.58 + 3.4*10-2 Age2 – 

1.20*10-2 Age2ln(Age) 

5.13 + 2.69*10-2 Age2 – 8.67*10-3 

Age2ln(Age) 

Roche 
2.49 + 1.24*10-2 Age2 – 

0.74*10-3 Age3 

5.16 + 1.00*10-2 Age2 – 0.50*10-3 

Age3 
 

Analytes/Analyser Lower Limit (Y2 .5) Upper limit (Y97.5) 
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Cholesterol (mmol/L) 

Siemens 
2.59 + 1.41*10-2 Age2 – 

8.40*10-4 Age3 

5.36 + 1.39*10-2 Age2 – 7.11*10-4 

Age3 

Beckman 
2.68 + 3.01*10-2 Age2 – 

1.08*10-2 Age2ln(Age) 

5.39 + 2.21*10-2 Age2 – 6.68*10-3 

Age2ln(Age) 

HDL Cholesterol (mmol/L) 

Ortho 
0.43 + 0.14 Age – 0.04  

Age* ln(Age) 

1.41 + 0.21 Age – 0.06 

Age*ln(Age) 

Abbott 
0.39 + 0.17 Age – 0.05 

Age*ln(Age) 

1.44 + 0.13 Age – 0.04 

Age*ln(Age) 

Roche 
0.28 + 0.22 Age – 0.07 

Age*ln(Age) 

1.58 + 0.13 Age – 0.04 

Age*ln(Age) 

Siemens 
0.38 + 0.22 Age – 0.07 

Age*ln(Age) 

1.65 + 0.12 Age – 0.04 

Age*ln(Age) 

Beckman 
0.38 + 0.23 Age – 0.07 

Age*ln(Age) 

1.45 + 0.15 Age – 0.05 

Age*ln(Age) 

Alkaline Phosphatase (U/L) 

Ortho 

134.840 - 0.138 Age3 + 0.043 

Age3ln(Age) + 0.160 

Male*Age3 – 0.055 

Male*Age3ln(Age) 

324.311+ 0.171 Age3 – 0.070 

Age3ln(Age) + 0.328 Male*Age3 

– 0.112 Male*Age3ln(Age) 

Abbott 

130.834 - 0.081 Age3 + 0.020 

Age3ln(Age) + 0.005 

Male*Age3 + 0.002 

Male*Age3ln(Age) 

338.568+ 0.378 Age3 – 0.145 

Age3ln(Age) – 0.028 Male*Age3 

+ 0.014 Male*Age3ln(Age) 

Roche 

146.728 - 0.118 Age3 + 0.033 

Age3ln(Age) + 0.091 

Male*Age3 – 0.029 

Male*Age3ln(Age) 

361.003+ 0.484 Age3 – 0.182 

Age3ln(Age) + 0.224 Male*Age3 

– 0.075 Male*Age3ln(Age) 

Siemens 

172.579 - 0.136 Age3 + 0.038 

Age3ln(Age) + 0.091 

Male*Age3 – 0.028 

Male*Age3ln(Age) 

430.929 + 0.610 Age3 – 0.229 

Age3ln(Age) + 0.155 Male*Age3 

– 0.050 Male*Age3ln(Age) 

Beckman 

165.013 - 0.1655 Age3 + 

0.050 Age3ln(Age) + 0.149 

Male*Age3 – 0.049 

Male*Age3ln(Age) 

440.898 + 0.208 Age3 – 0.088 

Age3ln(Age) + 0.469 Male*Age3 

– 0.161 Male*Age3ln(Age) 

Aspartate Amino Transferase (U/L) 

Ortho (P5P) 
30.43 – 0.66 ln(Age)  – 1.59 

(ln(Age))2 + 0.75 Male 

59.13 – 10.71 ln(Age)+ 1.78 

(ln(Age))2 – 0.17 Male 

Abbott (P5P) 
28.47 – 1.69 ln(Age) – 1.18 

(ln(Age))2 + 1.15 Male 

56.74 – 6.90 ln(Age) -0.52 

(ln(Age))2 + 7.84 Male 

Roche (P5P) 
30.65 – 0.77 ln(Age) – 1.72 

(ln(Age))2  + 1.41*10-1 Male 

59.07 – 10.67 ln(Age) + 1.73 

(ln(Age))2  – 6.6*10-2 Male 

Beckman (P5P) 
25.36 – 0.33 ln(Age) – 1.37 

(ln(Age))2  + 1.54 Male 

54.62 – 10.83 ln(Age) + 1.47 

(ln(Age))2  + 2.439 Male 

Siemens (no P5P) 
29.52 – 1.45 ln(Age) – 1.28 

(ln(Age))2  + 2.07 Male 

57.05 – 8.30 ln(Age) + 0.44 

(ln(Age))2  + 5.15 Male 

Analytes/Analyser Lower Limit (Y2 .5) Upper limit (Y97.5) 
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Aspartate Amino Transferase (U/L) 

Roche (no P5P) 
26.23 – 0.53 ln(Age)– 1.57 

(ln(Age))2  + 0.66 Male 

50.58 – 8.62 ln(Age) + 0.97 

(ln(Age))2 + 1.15 Male 

Alanine Amino Transferase (U/L) 

Ortho (P5P) 
15.71 + 2.16 Age-1 + 0.50 

Male 
40.82 + 2.56 Age-1 + 3.89 Male 

Abbott (P5P) 
2.81 + 1.83 Age-1 + 3.04*10-2 

Male 
23.22 + 5.07 Age-1 + 5.47 Male 

Roche (P5P) 
9.88 + 1.81 Age-1 + 0.66 

Male 
37.04 – 0.52 Age-1 + 1.01 Male 

Beckman (P5P) 
7.87 + 2.11 Age-1 + 0.61 

Male 

35.03 – 0.51 Age-1 + 0.52*10-2 

Male 

Siemens (no P5P) 
9.44 + 2.53 Age-1 + 1.40 

Male 
36.65 – 0.82 Age-1 + 0.44 Male 

Roche ( no P5P) 
7.88 + 2.11 Age-1 + 0.69 

Male 
29.96 + 0.52 Age-1 + 2.00 Male 

Gamma Glutamyl Transferase (U/L) 

Ortho  5 17.32 + 0.89 Age 

Abbott 5.69 + 7.65*10-2 Age 14.77 + 0.82 Age 

Roche 4.88 + 1.32*10-1 Age 15.53 + 0.88 Age 

Siemens 4.81 + 1.23*10-1 Age 15.47 + 0.83 Age 

Beckman 3 17.08 + 0.85 Age 

Total Protein (g/L) 

Ortho 54.94 + 2.87 ln(Age) 66.18 + 5.75 ln(Age) 

Abbott 53.37 + 4.10 ln(Age) 67.10 + 5.43 ln(Age)  

Roche 55.45 + 3.29 ln(Age) 67.60 + 5.15 ln(Age)  

Siemens 57.87 + 2.12 ln(Age) 66.94 + 5.61 ln(Age) 

Beckman 52.80 + 2.67 ln(Age) 65.83 + 4.82 ln(Age) 

Total Bilirubin (μmol/L) 

Ortho  1 5.3 + 1.47 Age 

Abbott 5 10.53 + 1.23 Age 

Roche 1.62 + 7.9*10-2 Age 6.29 + 1.32 Age 

Siemens 1.68 + 0.19 Age 9.28 + 1.35 Age 

Beckman 2.29 + 0.11 Age 6.91 + 1.34 Age 

Albumin (g/L) 

Ortho (BCG) 35.92 + 0.15 Age 43.57 + 0.48 Age 

Abbott (BCP) 30 41.99 + 0.30 Age  

Roche (BCP) 35 41.94 + 0.31 Age 

Roche (BCG) 38.30 + 0.18 Age 47.15 + 0.27 Age 

Siemens (BCP) 34.58 + 0.08 Age 41.94 + 0.32 Age 

Beckman (BCP) 33.88 + 0.09 Age 41.88 + 0.23 Age 

Lactate dehydrogenase (U/L) 

Ortho  (P to L) 586.73 - 54.35 Age0.5 1193.72 – 130.30 Age0.5 

Abbott (L to P) 145.91– 23.78 Age0.5 520.79 – 62.58 Age0.5  

Roche (L to P) 263.50 – 31.10 Age0.5 510.39 – 63.37 Age0.5  

Siemens (L to P) 275.74 – 31.45 Age0.5 475.55 – 48.34 Age0.5 

Beckman (L to P) 280.44 – 34.34 Age0.5 484.06 – 49.84 Age0.5 

Analytes/Analyser Lower Limit (Y2 .5) Upper limit (Y97.5) 
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Creatinine Kinase (U/L) 

Ortho  
65.12 – 3.24 Age – 8.61 Male 

+ 2.20 Age*Male 

251.56 – 4.19 Age + 16.98 Male + 

3.29 Age*Male 

Creatinine Kinase  (U/L)  

Abbott 
68.24 – 2.84 Age – 1.56 Male 

+ 1.77 Age*Male 

250.04 – 3.58 Age + 28.35 Male + 

2.49 Age*Male 

Roche 
66.81 – 2.65 Age + 1.38 Male 

+ 1.18 Age*Male 

250.57 – 4.65 Age – 8.72 Male + 

5.09 Age*Male 

Siemens 
73.54 – 2.98 Age + 1.90 Male 

+ 1.63 Age*Male 

300.15 – 5.70 Age + 26.11 Male + 

2.11 Age*Male 

Beckman 
71.24 – 2.84 Age + 2.60 Male 

+ 1.59 Age*Male 

263.47 – 4.09 Age + 25.26 Male + 

2.85 Age*Male 

Lipase (U/L) 

Ortho 21.39 + 0.48 Age – 6.18 Male 151.06 – 1.09 Age – 35.60 Male 

Abbott  4.12 + 0.18 Age – 2.15 Male 53.96 – 0.11 Age + 1.10 Male 

Roche 13.00 – 2.00 Male 31.68 + 0.30 Age + 3.55 Male  

Siemens 17.84 + 0.08 Age – 1.97 Male 33.78 + 0.43 Age – 0.80 Male 

Beckman 4.96 + 0.06 Age – 1.70 Male 34.00 – 1.0 Male 

Amylase (U/L) 

Ortho 15 
68.14 + 22.93 ln(Age) – 0.13 

Age2 

Abbott 
11.56 + 8.90 ln(Age)– 

2.69*10-2 Age2 

74.07 + 30.61 ln(Age) – 0.22 

Age2 

Roche 
12.35 + 10.84 ln(Age) – 

5.11*10-2 Age2 

83.54 + 30.18 ln(Age) – 0.22 

Age2 

Siemens 
14.14 + 10.34 ln(Age) – 

4.14*10-2 Age2 

83.51 + 37.77 ln(Age) – 0.30 

Age2 

Beckman 
10.02 + 12.54 ln(Age) – 

4.15*10-2 Age2 
89.1 + 39.2 ln(Age) – 0.32 Age2 

Uric Acid (μmol/L) 

Ortho 
144.81 + 0.12 Age2 – 23.11 

Male + 0.14 Age2*Male 

308.82 + 0.20 Age2 + 14.07 Male 

+ 0.43 Age2*Male 

Abbott 
143.58 + 0.13 Age2 – 25.47 

Male + 0.24 Age2*Male 

319.62 + 0.22 Age2 + 18.70 Male 

+ 0.35 Age2*Male 

Roche 
137.51 + 0.19 Age2 – 29.39 

Male + 0.19 Age2*Male 

311.74 + 0.21 Age2 – 3.90 Male +  

0.52 Age2*Male 

Siemens 
153.10 + 0.18 Age2 – 27.62 

Male + 0.22 Age2*Male 

345.77 + 0.17 Age2 + 13.84 Male 

+ 0.61 Age2*Male 

Beckman 
146.81 + 0.16 Age2 – 30.2 

Male + 0.23 Age2*Male 

322.65 + 0.22 Age2 + 30.31 Male 

+ 0.45Age2*Male 

Iron (µmol/L) 

Ortho 3.45 + 0.07 Age 21.62 + 0.50 Age 

Abbott 2.21 + 0.18 Age 23.29 + 0.45 Age 

Roche 2.57 + 0.13 Age 21.72 + 0.45 Age 

Siemens 2.33 + 0.14 Age 23.19 + 0.45 Age 
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Analytes/Analyser Lower Limit (Y2 .5) Upper limit (Y97.5) 

Iron (µmol/L) 

Beckman 1.95 + 0.12 Age 21.88 + 0.42 Age 

Ferritin (µg/L) 

Ortho 

33.14 -17.27 Age0.5 -36.76 

Male + 25.26 Male*Age0.5 + 

3.91 Age0.5ln(Age) – 4.81 

Male* Age0.5ln(Age) 

65.60 + 27.98 Age0.5 – 4.86 Male 

+ 0.93 Male*Age0.5 – 4.73 

Age0.5ln(Age) -2.21Male* 

Age0.5ln(Age) 

Abbott 

33.19 – 19.52 Age0.5 –  3.11 

Male – 2.59Male*Age0.5 + 

4.56 Age0.5ln(Age) + 2.32 

Male*Age0.5ln(Age) 

35.54 + 36.58 Age0.5 + 75.55 

Male – 64.40 Male* Age0.5 –  8.07 

Age0.5ln(Age) + 17.12 

Male*Age0.5*ln(Age) 

Roche 

24.90 – 13.63 Age0.5 – 36.26 

Male + 25.23 Male*Age0.5 

+2.90 Age0.5ln(Age) – 4.73 

Male* Age0.5ln(Age) 

66.31 +24.78 Age0.5 – 12.32 Male 

+ 8.44 Male*Age0.5 – 4.61 

Age0.5ln(Age) – 3.65 Male* 

Age0.5ln(Age) 

Siemens 

27.96 – 15.90 Age0.5 – 

26.53Male +18.64 

Male*Age0.5 +3.6 

Age0.5ln(Age) – 3.6 Male* 

Age0.5ln(Age) 

169.75 – 59.49 Age0.5 – 144.27 

Male + 106.56 Male*Age0.5 + 

15.05 Age0.5ln(Age) – 27.90 

Male* Age0.5ln(Age) 

Beckman 

27.87 -15.80 Age0.5  – 20.44 

Male + 13.25 Male*Age0.5 + 

3.56 Age0.5ln(Age) – 2.27 

Male* Age0.5ln(Age) 

33.37 + 22.08 Age0.5 + 11.24 

Male – 11.17Male*Age0.5 – 3.75 

Age0.5ln(Age) + 1.90 Male* 

Age0.5ln(Age) 

Transferrin (g/L) 

Ortho 

2.16 – 3.80*10-3Age – 

4.84*10-2 Male + 2.44*10-2 

Age*Male 

3.60 + 4.84*10-2Age + 0.27 Male 

– 6.76*10-2 Age*Male 

Abbott 
0.70 + 7.80*10-2Age + 0.4 

Male – 3.8*10-2 Age*Male 

2.75 + 8.32*10-2Age + 0.78 Male 

– 0.10 Age*Male 

Roche 
2.10  – 2.80*10-2 Male + 

1.30*10-2 Age*Male 

3.50 + 3.10*10-2Age + 0.30 Male 

– 4.40*10-2 Age*Male 

Siemens 

2.10 + 1.40*10-3Age + 

4.80*10-2 Male + 1.20*10-2 

Age*Male 

3.50 + 4.40*10-2Age + 6.60*10-2 

Male – 4.80*10-2 Age*Male 

Beckman 

2.20 – 1.20*10-3Age – 

6.20*10-2 Male + 1.40*10-2 

Age*Male 

3.60 + 3.50*10-2Age + 0.10 Male 

– 5.30*10-2 Age*Male 

Thyroid Stimulating Hormone (mlU/L) 

Ortho  0.91 5.41 

Abbott 0.76 4.37 

Roche 1 6 

Siemens 0.81 4.62 

Beckman 0.89 5.28 
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Analytes/Analyser Lower Limit (Y2 .5) Upper limit (Y97.5) 

Free Thyroxine (ρmol/L) 

Ortho  

12.50 – 1.21*10-3Age3  + 

5.46*10-3 Male* Age3 + 

1.25*10-4 Age3ln(Age) - 

1.81*10-3 Age3ln(Age) Male 

- 1.25 Male 

22.94 – 1.12*10-2Age3  – 1.00*10-

2 Male *Age3 + 3.61*10-

3Age3ln(Age) + 3.67*10-3 

Age3ln(Age) Male + 0.55 Male  

Free Thyroxine (ρmol/L) 

Abbott 

11.87 – 5.52*10-3Age3 – 0.47 

Male  + 1.76*10-3 Male*Age3 

+ 1.8510-3  Age3 ln(Age) – 

0.61*10-3 Age3 ln(Age)*Male 

17.86 – 5.04*10-3Age3 – 1.23 

Male  – 5.33*10-3 Male *Age3 + 

1.82*10-3  Age3 ln(Age) + 

1.94*10-3 Age3 ln(Age)*Male  

Roche 

15.28 – 7.6*10-3Age3 – 0.78 

Male  + 5.46*10-4 Male*Age3 

+ 2.47*10-3  Age3 ln(Age) – 

5.10*10-5 Age3 ln(Age)*Male 

23.18 – 3.00*10-3Age3 – 1.55 

Male – 5.00*10-3 Male*Age3 + 

0.84*10-3  Age3 ln(Age) + 2.1*10-3 

Age3 ln(Age)*Male 

Siemens 

13.13 – 8.20*10-3Age3 – 0.72 

Male  + 4.43*10-3 Male*Age3 

+ 2.71*10-3  Age3 ln(Age) - 

1.42*10-3 Age3 ln(Age)*Male 

20.02 – 6.91*10-3Age3 – 2.00 

Male  + 8.06*10-3 Male Age3 + 

2.25*10-3  Age3 ln(Age) – 2.42*10-

3 Age3 ln(Age) Male 

Beckman 

9.90– 5.10*10-3Age3 – 0.78 

Male + 2.28*10-3 Male Age3 

+ 1.70*10-3  Age3 ln(Age) -

7.21*10-4 Age3 ln(Age) Male 

17.12 – 8.89*10-3Age3 – 2.40 

Male  + 4.50*10-4 Male *Age3 + 

2.90*10-3  Age3 ln(Age) + 

1.11*10-4 Age3 ln(Age)*Male 

Free Triiodothyronine (ρmol/L) 

Ortho  
6.30 – 0.08Age – 0.80 Male + 

0.10  Age *Male 

10.32 – 0.11 Age – 1.16 Male + 

0.17  Age *Male 

Abbott 
4.1 – 0.03 Age+ 0.32 Male – 

0.005 Age*Male 

6.8 – 0.05Age – 0.06 Male –0.02 

Age *Male 

Roche 
5.15 – 0.02 Age - 0.05 Male + 

0.02 Age*Male 

8.69 – 0.05 Age+ 0.67 Male – 

0.02 Age*Male 

Siemens 
5.87 – 0.07 Age – 0.97 Male + 

0.09 Age*Male 

9.43 –0.10 Age– 0.9 Male +  

0.07 Age*Male 

Beckman 
5.92 – 0.09 Age – 0.82 Male + 

0.09 Age*Male 

9.35 – 0.06 Age – 0.85 Male + 

0.06 Age*Male 

a. In years 

b. Replace male with “1”, if subject is male. Otherwise replace male with “0” if subject is 

female. 

  



207 
 

Supplementary Table 5A: Summary data of neonates on Ortho Vitros 

Analytes n Median Min Max  

Sodium (mmol/L) 20 144 134 148 

Potassium (mmol/L) 20 4 4 6 

Chloride (mmol/L) 20 106 101 111 

Bicarbonate (mmol/L) 20 22.5 18.0 27.0 

Urea (mmol/L) 20 3.8 1.5 10.3 

Creatinine (µmol/L) 20 59.0 40.0 157.0 

Calcium (mmol/L) 20 2.39 2.07 2.59 

Magnesium (mmol/L) 20 0.77 0.65 0.88 

Phosphate (mmol/L) 20 2.31 1.90 2.79 

Triglyceride (mmol/L) 20 1.10 0.50 2.60 

Total Cholesterol (mmol/L) 20 2.20 1.40 3.20 

High-density lipoprotein Cholesterol (mmol/L) 20 0.64 0.37 1.03 

Alkaline Phosphatase (U/L) 20 125 79 384 

Aspartate Amino Transferase (U/L) 20 60 38 106 

Alanine Amino Transferase (U/L) 20 29 17 40 

Gamma-Glutamyl Transferase (U/L) 20 102.0 49.0 190.0 

Total Protein (g/L) 20 60 52 67 

Total Bilirubin (µmol/L) 20 110 56 198 

Albumin (g/L) 20 36.0 31.0 41.0 

Lactate dehydrogenase (U/L) 20 1505 1012 2150 

Creatine Kinase (U/L) 20 488 244 1208 

Lipase (U/L) 20 41 19 165 

Amylase (U/L) 20 15 15 34 

Uric Acid (µmol/L) 20 0.294 0.191 0.389 

Iron (µmol/L) 20 8.6 4.6 11.5 

Ferritin (µg/L) 20 342 140 584 

Transferrin (µg/L) 20 1.77 1.42 2.29 

Thyroid Stimulating Hormone (mlU/L) 20 10.2 2.9 18.2 

Free Thyroxine (ρmol/L) 20 51.1 36.6 68.6 

Free Triiodothyronine (ρmol/L) 20 11.2 5.9 18.6 
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Supplementary Table 5B: Summary data of neonates on Abbott Architect 

 
n Median Min Max 

Sodium (mmol/L) 20 140 134 148 

Potassium (mmol/L) 20 4 4 6 

Chloride (mmol/L) 20 107 100 112 

Bicarbonate (mmol/L) 20 23.0 16.0 27.0 

Urea (mmol/L) 20 3.8 1.6 10.2 

Creatinine (µmol/L) 20 53.0 39.0 168.0 

Calcium (mmol/L) 18 2.03 1.70 2.36 

Magnesium (mmol/L) 18 0.74 0.60 0.90 

Phosphate (mmol/L) 18 2.09 1.58 2.74 

Triglyceride (mmol/L) 16 1.25 0.70 2.20 

Total Cholesterol (mmol/L) 5 2.30 1.20 2.60 

High-density lipoprotein Cholesterol (mmol/L) 20 0.60 0.30 1.00 

Alkaline Phosphatase (U/L) 20 113 70 307 

Aspartate Amino Transferase (U/L) 20 55 31 110 

Alanine Amino Transferase (U/L) 5 6 6 11 

Gamma-Glutamyl Transferase (U/L) 18 77.5 33.0 154.0 

Total Protein (g/L) 20 53 38 65 

Total Bilirubin (µmol/L) 20 114 58 218 

Albumin (g/L) 20 31.0 24.0 35.0 

Lactate dehydrogenase (U/L) 20 587 427 823 

Creatine Kinase (U/L) 20 517 258 1304 

Lipase (U/L) 16 14 4 52 

Amylase (U/L) 5 15 8 30 

Uric Acid (µmol/L) 16 0.315 0.200 0.410 

Iron (µmol/L) 16 8.8 4.5 11.6 

Ferritin (µg/L) 20 297 134 616 

Transferrin (µg/L) 20 1.57 1.30 2.14 

Thyroid Stimulating Hormone (mlU/L) 20 7.6 2.1 14.9 

Free Thyroxine (ρmol/L) 20 29.4 23.0 39.6 

Free Triiodothyronine (ρmol/L) 20 7.1 4.3 12.1 
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Supplementary Table 5C: Summary data of neonates on Roche Cobas 

Analytes n Median Min Max  

Sodium (mmol/L) 20 145 136 149 

Potassium (mmol/L) 20 4 4 6 

Chloride (mmol/L) 20 106 95 115 

Bicarbonate (mmol/L) 20 27.5 17.0 36.0 

Urea (mmol/L) 20 3.5 1.2 10.0 

Creatinine (µmol/L) Enzymatic 20 60.5 42.0 175.0 

Creatinine (U/L) Jaffe  20 55.0 34.0 181.0 

Calcium (mmol/L) 20 2.39 2.11 2.65 

Magnesium (mmol/L) 20 0.79 0.68 0.92 

Phosphate (mmol/L) 20 2.19 1.76 2.64 

Triglyceride (mmol/L) 20 1.20 0.70 2.50 

Total Cholesterol (mmol/L) 20 1.95 1.30 3.00 

High-density lipoprotein Cholesterol (mmol/L) 20 0.48 0.14 0.85 

Alkaline Phosphatase (U/L) 20 129 84 434 

Aspartate Amino Transferase (U/L) – P5P 20 57 39 109 

Aspartate Amino Transferase (U/L) – No P5P 20 49 36 93 

Alanine Amino Transferase (U/L) – P5P 20 18 10 35 

 Alanine Amino Transferase (U/L) – No P5P 20 16 8 30 

Gamma-Glutamyl Transferase (U/L) 20 99.0 44.0 211.0 

Total Protein (g/L) 18 57 48 68 

Total Bilirubin (µmol/L) 20 113 66 193 

Albumin (g/L) - BCP 20 39.0 30.0 38.0 

Albumin (g/L) - BCG 20 33.0 35.0 44.0 

Lactate dehydrogenase (U/L) 0 562 396 763 

Creatine Kinase (U/L) 20 455 235 1157 

Lipase (U/L) 20 13 8 31 

Amylase (U/L) 20 14 5 35 

Uric Acid (µmol/L) 20 0.290 0.190 0.380 

Iron (µmol/L) 20 8.0 3.0 11.0 

Ferritin (µg/L) 20 310 134 605 

Transferrin (g/L) 20 1.70 1.40 2.20 

Thyroid Stimulating Hormone (mlU/L) 20 11.5 3.2 20.0 

Free Thyroxine (ρmol/L) 20 41.0 29.8 63.8 

Free Triiodothyronine (ρmol/L) 20 9.1 5.0 15.8 
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Supplementary Table 5D: Summary data of neonates on Siemens ADVIA 

Analytes n Median Min Max  

Sodium (mmol/L) 21 145 136 149 

Potassium (mmol/L) 21 4 4 6 

Chloride (mmol/L) 21 107 102 113 

Bicarbonate (mmol/L) 21 25.0 17.0 37.0 

Urea (mmol/L) 21 4.2 1.8 11.3 

Creatinine (µmol/L) 21 56.0 19.0 160.0 

Calcium (mmol/L) 21 2.41 2.10 2.64 

Magnesium (mmol/L) 21 0.86 0.73 0.94 

Phosphate (mmol/L) 21 2.28 1.73 2.72 

Triglyceride (mmol/L) 20 1.20 0.60 2.90 

Total Cholesterol (mmol/L) 20 2.35 1.50 3.60 

High-density lipoprotein Cholesterol (mmol/L) 20 0.65 0.40 1.10 

Alkaline Phosphatase (U/L) 21 144 92 478 

Aspartate Amino Transferase (U/L) 21 53 33 111 

Alanine Amino Transferase (U/L) 21 20 10 38 

Gamma-Glutamyl Transferase (U/L) 21 94.0 11.0 201.0 

Total Protein (g/L) 21 62 55 70 

Total Bilirubin (µmol/L) 21 121 4 205 

Albumin (g/L) 21 33.0 30.0 37.0 

Lactate dehydrogenase (U/L) 20 604 437 880 

Creatine Kinase (U/L) 20 540 260 1287 

Lipase (U/L) 20 18 13 27 

Amylase (U/L) 20 16 7 37 

Uric Acid (µmol/L) 20 0.330 0.210 0.430 

Iron (µmol/L) 20 7.6 2.7 11.1 

Ferritin (µg/L) 20 316 114 679 

Transferrin (g/L) 20 1.71 1.43 2.31 

Thyroid Stimulating Hormone (mlU/L) 16 9.6 2.5 17.1 

Free Thyroxine (pmol/L) 21 8.6 5.5 14.4 

Free Triiodothyronine (ρmol/L) 21 33.0 15.7 48.3 
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Supplementary Table 5E: Summary data of neonates on Beckman Coulter 

Analytes n Median Min Max  

Sodium (mmol/L) 20 147 136 152 

Potassium (mmol/L) 20 4 4 6 

Chloride (mmol/L) 20 108 99 112 

Bicarbonate (mmol/L) 20 17.0 13.0 20.0 

Urea (mmol/L) 20 3.8 1.5 11.2 

Creatinine (µmol/L) 20 57.0 38.0 171.0 

Calcium (mmol/L) 20 2.34 2.03 2.62 

Magnesium (mmol/L) 20 0.81 0.69 0.93 

Phosphate (mmol/L) 20 2.25 1.88 2.70 

Triglyceride (mmol/L) 18 1.2 0.60 2.90 

Total Cholesterol (mmol/L) 18 2.05 1.20 3.10 

High-density lipoprotein Cholesterol (mmol/L) 18 0.74 0.46 1.18 

Alkaline Phosphatase (U/L) 20 152 94 520 

Aspartate Amino Transferase (U/L) 18 53 36 103 

Alanine Amino Transferase (U/L) 20 16 6 32 

Gamma-Glutamyl Transferase (U/L) 20 99.0 45.0 205.0 

Total Protein (g/L) 15 57 50 66 

Total Bilirubin (µmol/L) 20 111 66 191 

Albumin (g/L) 20 32.0 29.0 36.0 

Lactate dehydrogenase (U/L) 18 611 410 819 

Creatine Kinase (U/L) 18 8 5 13 

Lipase (U/L) 18 9 4 50 

Amylase (U/L) 18 17 5 39 

Uric Acid (µmol/L) 18 0.318 0.195 0.423 

Iron (µmol/L) 18 8.0 3.0 11.0 

Ferritin (µg/L) 18 223 87 463 

Transferrin (g/L) 18 1.80 1.47 2.35 

Thyroid Stimulating Hormone (mlU/L) 20 9.0 2.6 17.0 

Free Thyroxine (ρmol/L) 18 34.4 24.0 52.6 

Free Triiodothyronine (ρmol/L) 18 7.8 4.6 12.7 
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Supplementary Document 1: Estimation of age-specific reference intervals for alkaline 

phosphatase (ALP) 

Initially we visually investigated the presence of outliers, normality assumptions and relations 

of biomarkers with age. Figure 1 suggests that there is an outlier with measurement > 800; 

ALP varies with age, and sex differences are evident after year 10. The distribution is 

approximately normal. However, the ranges are wide during puberty.  

 

Figure 1: Scatter plot of ALP on Roche and age of the child 

 

Following initial investigation we fitted a fractional polynomial regression model for the 

mean reference values, using the –fp- command in Stata.  

 

For a degree-2 fractional polynomial model, a total of 44 models are fitted using different 

combination of powers from (-2, -1, -0.5, 0, 0.5, 1, 2, 3).  The following table shows the best 
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model for each degree. The deviance as defined by twice the negative log likelihood is given 

for each model. If the difference in deviance between the model deviance and the model with 

lowest deviance is negligible, the model is selected. Otherwise the model with lowest 

deviance is selected.  For example the difference in deviance between the model m =1 and m 

=2 is 13.9, is significant. Hence there is enough evidence that the model m = 2 fits the data 

better than the mode m = 1.  

 

fp <age>, replace all: reg alp_mp sex <age> 

(fitting 44 models) 

(....10%....20%....30%....40%....50%....60%....70%....80%....90%....100%) 

 

Fractional polynomial comparisons: 

------------------------------------------------------------------------------- 

         age |   df    Deviance  Res. s.d.   Dev. dif.   P(*)   Powers 

-------------+----------------------------------------------------------------- 

     omitted |    0   4245.388     89.716    103.464    0.000                

      linear |    1   4185.969     82.706     44.045    0.000   1            

       m = 1 |    2   4155.831     79.307     13.908    0.001   3            

       m = 2 |    4   4141.924     77.895      0.000       --   3 3          

------------------------------------------------------------------------------- 

(*) P = sig. level of model with m = 2 based on F with 353 denominator dof. 

 

      Source |       SS           df       MS      Number of obs   =       359 

-------------+----------------------------------   F(3, 355)       =     44.04 

       Model |  801709.188         3  267236.396   Prob > F        =    0.0000 

    Residual |  2154000.81       355   6067.6079   R-squared       =    0.2712 

-------------+----------------------------------   Adj R-squared   =    0.2651 

       Total |  2955709.99       358  8256.17317   Root MSE        =    77.895 

 

----------------------------------------------------------------------------- 

      alp_mp |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+---------------------------------------------------------------- 

         sex | 

       Male  |   30.48784   8.222574     3.71   0.000     14.31676    46.65892 

       age_1 |   .1634509   .0506174     3.23   0.001     .0639032    .2629987 

       age_2 |  -.0670206   .0178976    -3.74   0.000    -.1022194   -.0318219 

       _cons |    211.854   8.469113    25.01   0.000     195.1981      228.51 

------------------------------------------------------------------------------ 

 

 

In order to exclude serious outliers, we used the above model to predict the mean values and 

calculate residuals. Since all the samples were collected from healthy children, we defined 

upper and lower bounds using 3*IQR of the residuals following the same principle as 

Tukey’s test.  The following box plot (figure 2) confirms that there is an outlying observation 

and the corresponding sample value was excluded from further analysis. The histogram in 

Figure 3 also suggests that the distribution is sufficiently close to normal.  



214 
 

 

Figure 2: Box plot of residual 

 

Figure 3: Distribution of residual 
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The observed mean of the neonatal data does not fall within the 95% confidence interval of 

the predicted values at age 0 using the model. Hence we decided to exclude neonatal data 

from the model.  

  

Figure 4: Comparison of observed mean for neonates and predicted mean values (95% CI) at 

birth by sex 

 

A separate Stata command mfpi was used to assess the interaction between age and sex. 

 

mfpi regress alp_mp age, showmodel with(sex) linear(age) fp1(age) fp2(age) 

 

Variables in adjustment model 

----------------------------- 

      age: power(s) = 3 3 

 

Interactions with sex (359 observations). Flex-1 model (least flexible) 

 

------------------------------------------------------------------------------- 

Var         Main        Interact     idf   Chi2     P     Deviance tdf   AIC 

------------------------------------------------------------------------------- 

age         Linear      Linear        1   13.63   0.0002  4172.338  3  4178.338 

age         FP1(3)      FP1(3)        1   14.98   0.0001  4140.851  4  4148.851 

age         FP2(3 3)    FP2(3 3)      2   17.78   0.0001  4124.147  7  4138.147 

------------------------------------------------------------------------------- 

idf = interaction degrees of freedom; tdf = total model degrees of freedom 

 

Based on the initial fractional polynomial model for the mean we selected Age3 and 

Age3ln(Age) as the two power variables of age for the quantile regression models. Even 

though sex differences of 30 unit at birth was statistically significant in the model fitted for 
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the mean, we decided to exclude sex as a main effect from the models since the difference at 

birth is not clinically significant based on other studies. However, we included the interaction 

with age and sex in the model as it was both statistically and clinically significant. Hence we 

fitted the following models for 2.5th and 97.5th percentile using –qreg- command in Stata 

and presented the fitted values in figure 5.  

 

 

qreg alp_mp age_1 age_2 c.age_1#i.sex c.age_2#i.sex, quantile(2.5) 

 

Iteration  1:  WLS sum of weighted deviations =  6603.1196 

Iteration  1: sum of abs. weighted deviations =  5392.0996 

Iteration  2: sum of abs. weighted deviations =  5351.2363 

Iteration  3: sum of abs. weighted deviations =  3176.5897 

Iteration  4: sum of abs. weighted deviations =  1730.7407 

Iteration  5: sum of abs. weighted deviations =  1191.3461 

Iteration  6: sum of abs. weighted deviations =  1151.0573 

Iteration  7: sum of abs. weighted deviations =  1089.6686 

Iteration  8: sum of abs. weighted deviations =  979.60176 

Iteration  9: sum of abs. weighted deviations =  946.63298 

Iteration 10: sum of abs. weighted deviations =  933.72091 

Iteration 11: sum of abs. weighted deviations =  925.47102 

Iteration 12: sum of abs. weighted deviations =  924.44862 

Iteration 13: sum of abs. weighted deviations =  923.15481 

Iteration 14: sum of abs. weighted deviations =  922.37864 

 

.025 Quantile regression                            Number of obs =        358 

  Raw sum of deviations 1385.825 (about 56) 

  Min sum of deviations 922.3786                    Pseudo R2     =     0.3344 

 

------------------------------------------------------------------------------ 

         alp |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+---------------------------------------------------------------- 

       age_1 |  -.1173602    .101026    -1.16   0.246    -.3160486    .0813283 

       age_2 |    .033487   .0361058     0.93   0.354    -.0375227    .1044966 

             | 

 sex#c.age_1 | 

       Male  |   .0906227   .1182441     0.77   0.444    -.1419288    .3231741 

             | 

 sex#c.age_2 | 

       Male  |  -.0288957   .0430876    -0.67   0.503    -.1136364    .0558449 

             | 

       _cons |   146.7276   11.97321    12.25   0.000     123.1798    170.2754 

------------------------------------------------------------------------------ 

 

 

qreg alp_mp age_1 age_2 c.age_1#i.sex c.age_2#i.sex, quantile(97.5) 

 

Iteration  1:  WLS sum of weighted deviations =  7997.3596 

Iteration  1: sum of abs. weighted deviations =  7958.9515 

Iteration  2: sum of abs. weighted deviations =    6172.32 

Iteration  3: sum of abs. weighted deviations =  4632.2411 

Iteration  4: sum of abs. weighted deviations =  3502.0649 

Iteration  5: sum of abs. weighted deviations =  3324.7528 

Iteration  6: sum of abs. weighted deviations =  2856.2231 

Iteration  7: sum of abs. weighted deviations =  2437.2813 

Iteration  8: sum of abs. weighted deviations =  2428.3601 

Iteration  9: sum of abs. weighted deviations =  2232.8033 

Iteration 10: sum of abs. weighted deviations =  2195.2005 

Iteration 11: sum of abs. weighted deviations =  2099.2172 
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Iteration 12: sum of abs. weighted deviations =  1951.6933 

Iteration 13: sum of abs. weighted deviations =  1945.7383 

 

.975 Quantile regression                            Number of obs =        358 

  Raw sum of deviations 2215.925 (about 381) 

  Min sum of deviations 1945.738                    Pseudo R2     =     0.1219 

 

------------------------------------------------------------------------------ 

         alp |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+---------------------------------------------------------------- 

       age_1 |   .4844109   .3342036     1.45   0.148    -.1728697    1.141691 

       age_2 |  -.1816445   .1194416    -1.52   0.129    -.4165512    .0532622 

             | 

 sex#c.age_1 | 

       Male  |   .2242867   .3911628     0.57   0.567     -.545016    .9935894 

             | 

 sex#c.age_2 | 

       Male  |  -.0754658   .1425379    -0.53   0.597    -.3557961    .2048646 

             | 

       _cons |    361.003   39.60852     9.11   0.000     283.1046    438.9013 

------------------------------------------------------------------------------ 

 

 

Figure 5: Reference intervals for ALP on Roche 
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Supplementary Document 2: Comparison of mean reference values between analysers 

A. Creatinine:  

Mixed-effect regression analysis was performed to investigate whether the mean reference 

values of creatinine vary by analysers (compared to Roche Cobas c701, Enzymatic).  

Table 3: Findings of the mixed-effect regression analysis for creatinine. 

creatinine Coefficients 95% Confidence intervals P value 

age 2.76 2.62 2.90 0.00 

Analysers 
    

Roche Cobas c701, enzymatic 1 
   

Ortho VITROS 5600,Enzymatic -1.06 -1.83 -0.29 0.01 

Roche Cobas c701, Jaffe -3.13 -3.89 -2.36 0.00 

Abbott Architect c800, Jaffe 11.67 10.91 12.44 0.00 

Siemens ADVIA 1800,Jaffe -3.80 -4.57 -3.02 0.00 

Beckman Coulter AU5800, Jaffe -6.62 -7.40 -5.83 0.00 

Analysers*age 
    

Roche Cobas c701, enzymatic 1.00 
   

Ortho VITROS 5600,Enzymatic -0.39 -0.46 -0.32 0.00 

Roche Cobas c701, Jaffe -0.05 -0.12 0.03 0.22 

Abbott Architect c800, Jaffe -1.04 -1.11 -0.97 0.00 

Siemens ADVIA 1800,Jaffe -0.21 -0.29 -0.14 0.00 

Beckman Coulter AU5800, Jaffe -0.26 -0.33 -0.18 0.00 

Constant 19.94 18.47 21.41 0.00 

 

Using the mixed-effect model, mean reference values were predicted for different analysers at 

specific ages (Table 2 & Figure 1).  
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Figure 1: Age-specific mean reference values by analyser types for creatinine. 

Table 4: Mean reference values for creatinine by analysers types at each interger ages 

age Ortho 

Vitros, 

Enz 

Roche 

Cobas, 

Enz 

Roche 

Cobas, 

Jaffe 

Abbott 

Architect, 

Jaffe 

Siemens  

ADVIA, 

Jaffe 

Beckman 

Coulter, 

Jaffe 

1 21.3 22.7 19.5 33.3 18.7 15.8 

2 23.6 25.5 22.2 35.1 21.2 18.3 

3 26.0 28.2 25.0 36.8 23.8 20.8 

4 28.4 31.0 27.7 38.5 26.3 23.3 

5 30.7 33.8 30.4 40.2 28.9 25.9 

6 33.1 36.5 33.1 42.0 31.4 28.4 

7 35.5 39.3 35.8 43.7 34.0 30.9 

8 37.9 42.0 38.5 45.4 36.5 33.4 

9 40.2 44.8 41.3 47.1 39.1 35.9 

10 42.6 47.6 44.0 48.8 41.6 38.4 

11 45.0 50.3 46.7 50.6 44.2 40.9 

12 47.4 53.1 49.4 52.3 46.7 43.4 

13 49.7 55.9 52.1 54.0 49.3 45.9 

14 52.1 58.6 54.8 55.7 51.8 48.4 

15 54.5 61.4 57.6 57.5 54.4 50.9 

16 56.8 64.1 60.3 59.2 57.0 53.4 

17 59.2 66.9 63.0 60.9 59.5 55.9 

18 61.6 69.7 65.7 62.6 62.1 58.4 
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Subsequently coefficient of variation (CV) i.e. variations by analysers were calculated for all 

five analysers and between analysers for specific method at each integer age until 18 to 

investigate whether variation between analysers were within acceptable limit.  

 

Table 3: Mean reference values for creatinine by analysers types for enzymatic method and 

coefficient of variation between analysers for enzymatic method at each interger ages 

 Over all Enzymatic method Jaffe method 

age Mean SD CV Mean SD CV Mean SD CV 

1 21.9 6.1 27.8 22.0 1.0 4.7 21.7 7.8 36.0 

2 24.3 5.8 23.7 24.6 1.3 5.4 24.1 7.4 30.7 

3 26.8 5.5 20.5 27.1 1.6 5.9 26.5 7.0 26.4 

4 29.2 5.2 17.8 29.7 1.9 6.3 28.9 6.6 22.9 

5 31.6 4.9 15.6 32.3 2.1 6.6 31.3 6.2 19.9 

6 34.1 4.7 13.7 34.8 2.4 6.9 33.6 5.8 17.3 

7 36.5 4.4 12.2 37.4 2.7 7.2 36.0 5.4 15.1 

8 39.0 4.2 10.9 40.0 3.0 7.4 38.4 5.1 13.2 

9 41.4 4.0 9.8 42.5 3.2 7.6 40.8 4.7 11.6 

10 43.8 3.9 8.8 45.1 3.5 7.8 43.2 4.4 10.2 

11 46.3 3.7 8.1 47.7 3.8 8.0 45.6 4.1 8.9 

12 48.7 3.6 7.5 50.2 4.1 8.1 48.0 3.8 7.9 

13 51.2 3.6 7.0 52.8 4.3 8.2 50.3 3.5 7.0 

14 53.6 3.6 6.7 55.4 4.6 8.3 52.7 3.3 6.3 

15 56.0 3.6 6.4 57.9 4.9 8.5 55.1 3.1 5.7 

16 58.5 3.6 6.2 60.5 5.2 8.5 57.5 3.0 5.3 

17 60.9 3.7 6.1 63.1 5.4 8.6 59.9 3.0 5.0 

18 63.3 3.9 6.1 65.6 5.7 8.7 62.3 3.0 4.8 

 

Overall:  Maximum CV= 8.7, Minimum CV = 4.7 and Average CV = 7.3 

For enzymatic method: Maximum CV= 36.0, Minimum CV = 4.8 and Average CV = 9.3 

For Jaffe method: Maximum CV= 27.8, Minimum CV = 6.1 and Average CV = 11.9 

 

The maximum variation of 28% (or 36% for Jaffe method) at age 1 year was more than the 

desirable specification for allowable total error of 8.9% for creatinine. However, the 

maximum variation of 8.7% for enzymatic method at age 18 was less than the allowable total 
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error.  Hence, there is enough evidence that the reference values of creatinine vary both 

statistically and clinically and would require analyser specific reference intervals for Jaffe 

method to identify children with elevated level.  

 

B. GGT:  

Similarly for GGT we initially investigated the difference in mean values by analysers and 

predicted the mean values at specific aged based on the model. 

 

Table 3: Findings of the mixed-effect regression analysis for GGT. 

  Coefficients 95% Confidence intervals P value 

Age 0.03 0.02 0.04 0.00 

Analysers 
    

Ortho Vitros 5600 1 
   

Abbott Architect c800 0.08 0.00 0.17 0.05 

Roche Cobas c701 0.07 -0.01 0.16 0.09 

Siemens ADVIA 1800 0.08 0.00 0.17 0.05 

Beckman Coulter AU5800 0.10 0.02 0.19 0.02 

Analysers*age 
    

Ortho Vitros 5600 1 
   

Abbott Architect c800 -0.01 -0.02 0.00 0.01 

Roche Cobas c701 -0.01 -0.02 0.00 0.07 

Siemens ADVIA 1800 -0.01 -0.02 0.00 0.03 

Beckman Coulter AU5800 -0.02 -0.02 -0.01 0.00 

Constant 2.12 2.03 2.20 0.00 

 

Using the mixed-effect model, mean reference values were predicted for different analysers at 

specific ages (Figure 2).  



222 
 

 

Figure 2: Age-specific mean reference values by analyser types for GGT. 

Table 4: Mean reference values for GGT by analysers types and coefficient of variation 

between analysers at each interger ages 

age Ortho 

Vitros 

Abbott 

Architect 

Roche 

Cobas 

Siemens 

ADVIA 

Beckman 

Coulter 

Average Standard 

Deviation 

Coefficient 

of 

Variation 

(%) 

1 2.1 2.2 2.2 2.2 2.2 2.2 0.0 1.6 

2 2.2 2.2 2.2 2.2 2.2 2.2 0.0 1.3 

3 2.2 2.3 2.3 2.3 2.3 2.3 0.0 1.1 

4 2.2 2.3 2.3 2.3 2.3 2.3 0.0 0.8 

5 2.3 2.3 2.3 2.3 2.3 2.3 0.0 0.7 

6 2.3 2.3 2.3 2.3 2.3 2.3 0.0 0.6 

7 2.3 2.3 2.4 2.4 2.3 2.3 0.0 0.6 

8 2.4 2.4 2.4 2.4 2.3 2.4 0.0 0.7 

9 2.4 2.4 2.4 2.4 2.4 2.4 0.0 0.9 

10 2.4 2.4 2.4 2.4 2.4 2.4 0.0 1.1 

11 2.5 2.4 2.5 2.4 2.4 2.4 0.0 1.3 

12 2.5 2.4 2.5 2.5 2.4 2.5 0.0 1.5 

13 2.5 2.5 2.5 2.5 2.4 2.5 0.0 1.7 

14 2.6 2.5 2.5 2.5 2.4 2.5 0.0 1.9 

15 2.6 2.5 2.5 2.5 2.4 2.5 0.1 2.1 

16 2.6 2.5 2.6 2.6 2.5 2.5 0.1 2.4 

17 2.7 2.5 2.6 2.6 2.5 2.6 0.1 2.6 

18 2.7 2.6 2.6 2.6 2.5 2.6 0.1 2.8 



223 
 

Maximum CV = 2.8, minimum CV = 0.6, mean CV = 1.4 

The coefficient of variation between analyser is mostly consistent across age and maximum 

coefficient of variation is less than desirable specification for allowable total error of 22% for 

GGT.  
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Supplementary Document 3: Comparison of values between two methods for 

Creatinine, AST, ALT and Albumin 

 

Figure 1: (Left plot) Creatinine measurement based on Jaffe versus enzymatic method on 

Roche Cobas and (right plot) Bland-Altman Plot.  

 

Figure 2: (Left plot) AST measurement based on TRIS Buffer - Aspartate Approx. 240 

mmolar with Pyridoxal-5-Phosphate versus without Pyridoxal-5-Phosphate and (right plot) 

Bland-Altman Plot.  
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Figure 3: (Left plot) ALT measurement based on TRIS Buffer - Alanine approx. 500 mmolar 

with Pyridoxal-5-Phosphate versus without Pyridoxal-5-Phosphate and (right plot) Bland-

Altman Plot. 

 

Figure 4: (Left plot) Albumin measurement based on Bromocresol Purple versus 

Bromocresol Green - Citrate Buffer phosphate and (right plot) Bland-Altman Plot. 
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Supplementary Figure 1 to 30: Age-specific RIs for 30 analytes on five analysers 
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Appendix C: Suplementatry documents included in Chapter 4 (Hoq et al. Validation of 

the HAPPI Kids Continuous Age-Specific Pediatric Reference Intervals. The 

Journal of Applied Laboratory Medicine. 2020: jfaa045) 

Supplementary Table 1: HKI Contributors 

Role Person  

Principle Investigator    

 Prof Paul Monagle  

 A/Prof Vera Ignjatovic  
Study Coordinators    

 Ms Vicky Karlaftis  

 Ms Chantal Attard  

 Ms Wincy Au-Yang  

 Ms Janet Burgess  

 Ms Jessica Cowley  
Participating 

Laboratories for 

sample testing   Testing Scientist 

 

The Royal Children's 

Hospital Angela Chiriano 

  Erik Haworth 

  Chuong Tran 

 

The Royal Melbourne 

Hospital Tina Nhan 

 Melbourne Pathology Mrs Daniella Angeleski 

  Mr Warren Louey 

 Monash Health Dr Julie Newman 

  Peter Edwards 

 Dorevitch Alan Webster 

 

Australian Clinical 

Laboratories Daniel Cochrane 

  Michelle Webber 

Collaborating Clinicians for sample collection Site 

 Dr Ian McKenzie Royal Children's Hospital 

 Ms Jenny Ryan Royal Women's Hospital 

 Ms Anna Bourke Royal Women's Hospital 

 A/Prof Christine Rodda Western Hospital 

 Dr Martin Wright Western Hospital 

 A/Prof Wei Qi Fan Northern Hospital 

 Dr Simon Hauser Northern Hospital 

Pathology collectors    

 Ms Chauvy Burgess  
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 Ms Jody Hand  

 Ms Kyra Hijniakoff  

 Ms Kathryn Bowers  

 Ms Lisa Howieson  

 Ms Aimee Chua  
Steering Committee    

 Prof Paul Monagle Co-Chair 

 A/Prof Vera Ignjatoivc Co-Chair 

 Dr Bill Renwick 

Australian Clinical 

Laboratories 

 Dr Sharon Choo Royal Children's Hospital 

 Dr Ellen Maxwell Melbourne Pathology 

 Cathy Cockshott Dorevitch Pathology 

 Dr Sue Matthews Royal Children's Hospital 

 Dr Kuang-Chih Hsiao Royal Children's Hospital 

 Dr Tina Yen Royal Children's Hospital 

 Mr Ray Czajko Royal Melbourne Hospital 

 Mr Peter Edwards 

Biochemistry - Principal 

Scientist 

 Mr Nick Drossos Dorevitch 

 Mr Daniel Cochrane 

Australian Clinical 

Laboratories 

 Ms Donna McNally 

Australian Clinical 

Laboratories 

 Ms Vicky Karlaftis Study Coordinator 

 Chantal Attard Study Coordinator 

 Jessica Cowley Study Coordinator 

 Mr Monsurul Hoq Statistician 

Biochemistry advisory 

panel    

 Dr Sue Matthews Royal Children's Hospital 

 Dr Tina Yen Royal Children's Hospital 

 A/Prof Ken Sikaris Melbourne Pathology 

 Dr Jim Doery Monash Health 

 Mr Ray Czajko Royal Melbourne Hospital 

Statistical analysis    

 Mr Monsurul Hoq  

 Prof John Carlin  

 A/Prof Susan Donath  
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Supplementary Table 2: Analytical methods 

Measurand Analyser Siemens ADVIA 1650/1800 

Sodium Analytical principle Ion Selective Electrode Indirect 

(Diluted) 

Reagent Siemens (Bayer) 

Traceability of Calibrator CDC Flame Photometry Reference 

Method NIST SRM 909b 

Potassium (Serum) Analytical principle Ion Selective Electrode Indirect 

(Diluted) 

Reagent Siemens (Bayer) 

Traceability of Calibrator CDC Flame Photometry Reference 

Method NIST SRM 909b 

Chloride Analytical principle Ion Selective Electrode Indirect 

(Diluted) 

Reagent Siemens (Bayer) 

Traceability of Calibrator NIST Coulometric Reference  

Method     NIST SRM 919 

Bicarbonate  Analytical principle Enzymatic 

Reagent Siemens (Bayer) 

Traceability of Calibrator Corning 965 Reference Method  

 NIST SRM 192 

Urea Analytical principle UREASE, Kinetic 

Reagent Siemens (Bayer) 

Traceability of Calibrator CDC Reference Method                                                                                  

NIST SRM 912a,  NIST SRM 909b 

Creatinine Analytical principle 1 Alkaline Picrate (Jaffe), Kinetic 

Analytical principle 2 NA 

Reagent Siemens (Bayer) 

Traceability of Calibrator IDMS Reference Method                            

NIST SRM 967 

Bilirubin, Total  Analytical principle Chemical Oxidation (Vanadate) 

Reagent Siemens (Bayer) 

Traceability of Calibrator AACC Reference Method                           

NIST SRM 916 

Alkaline Phosphatase  Analytical principle p-Nitrophenyl Phosphate Substrate 

- AMP Buffer - Rate Reaction 

IFCC Recommended 

Reagent Siemens (Bayer) 

Traceability of Calibrator IFCC Reference Method 

Aspartate Amino 

Transferase  

Analytical principle 1 IFCC "Modified" without 

Pyridoxal-5-Phosphate 

Analytical principle 2 NA 

Reagent Siemens (Bayer) 

Traceability of Calibrator IFCC Reference Method 

Alanine Amino 

Transferase  

Analytical principle 1 IFCC "modified" without 

Pyridoxal-5- phosphate 

Analytical principle 2 NA 
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Reagent Siemens (Bayer) 

Traceability of Calibrator Standardised against IFCC 

Gamma-Glutamyl 

Transferase  

Analytical principle Other Gamma-Glutamyl-3-

carboxy-4-nitroanilide Substrate 

Reagent Siemens (Bayer) 

Traceability of Calibrator Standardised against IFCC 

Protein, total Analytical principle End Point with Blank 

Reagent Siemens (Bayer) 

Traceability of Calibrator Biuret Reference Method                           

NIST SRM 927a 

Albumin Analytical principle 1  Bromocresol Purple 

Analytical principle 2 NA 

Reagent Siemens (Bayer) 

Traceability of Calibrator ERM-DA470k / IFCC Reference 

Material 

Calcium Analytical principle Arsenazo Dye 

Reagent Siemens (Bayer) 

Traceability of Calibrator Inductively Coupled Atomic 

Emission Method                                                                  

NIST SRM 915, NIST SRM 909b 

Magnesium Analytical principle Xylidyl Blue 

Reagent Siemens (Bayer) 

Traceability of Calibrator Atomic Absorption Method             

NIST SRM 929 

Phosphate Analytical principle Phosphomolybdate Formation  

Reagent Siemens (Bayer) 

Traceability of Calibrator Ammonium Molybdate Reference 

Method                                                            

NIST  SRM 937 

Thyroid Stimulating 

Hormone 

Analytical principle Immunochemiluminometric Assay 

(ICMA - Sandwich Asay) 

Reagent Siemens (Bayer) 

Traceability of Calibrator WHO 3rd IS 81/565 

Free Thyroxine Analytical principle Luminescent Immunoassay (LIA - 

Competitive Assay) 

Reagent Siemens (Bayer) 

Traceability of Calibrator Traceable to an internal standard 

manufactured using U.S.P.(United 

States Pharmacopeia) material 

Free Triiodothyronine Analytical principle Luminescent Immunoassay (LIA - 

Competitive Assay) 

Reagent Siemens (Bayer) 

Traceability of Calibrator Traceable to an internal standard 

manufactured using U.S.P.(United 

States Pharmacopeia) material 
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Supplementary Document 1: Secondary analysis assessing the validation of the RIs for 

Albumin and Creatinine using the test results from the Validation Cohort.  

A: Albumin 

The following figure revealed that the test results that were outside the RIs are distributed 

uniformly across age. However majority of the values are outside the upper reference limit.  

 

Figure 1: Validation of RIs for Albumin 

The majority of the test results that were outside the RIs were tested on two dates i.e. 19th and 

25th October 2017.  

Table 5: Proportion of test results that were outside the RI by date of testing 

Date of Testing Proportion of test results that were outside 

the published RI, % (n) 

18 May 2017 100 (1) 

17 August 2017 0 

18 August 2017 15.8 (3) 

22 August 2017 3.3 (1) 

11 October 2017 0 
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12 October 2017 10.2 (5) 

13 October 2017 6.5 (5) 

16 October 2017 11.5 (3) 

17 October 2017 12.5 (3) 

18 October 2017 12.5 (4) 

19 October 2017 37.9 (11) 

25 October 2017 59.6 (28) 

Total  20.9 (58) 

 

However, the QC reported the laboratories on those days were within limit. 

Table 6 : Quality control data for albumin reported by the routine laboratory 

 Date 

Pre-Run Post-Run 

Albumin L1 Albumin L2 Albumin L1 Albumin L2 

Result Z score Result Z score Result 

Z 

score Result Z score 

Panel 1 Batch 1 Run 1 17/08/2017 25.6 0.14 40.1 0.43 25.5 0.01 39.9 0.43 

Panel 1 Batch 1 Run 2 22/08/2017 25.7 0.23 40.2 0.46 25.5 -0.04 38.8 0.05 

Panel 1 Batch 1 Run 3 11/10/2017 24.8 -1.01 38.8 -1.20 24.7 -1.13 38.8 -1.21 

Panel 1 Batch 1 Run 4 12/10/2017 25.4 -0.09 39.4 -0.52 24.6 -1.30 38.4 -1.75 

Panel 1  Batch 2 Run 1 12/10/2017 24.6 -1.30 38.4 -1.75 24.7 -1.17 38.3 -1.89 

Panel 1  Batch 2 Run 2 13/10/2017 24.7 -1.17 38.3 -1.89 24.7 -1.11 39.3 -0.59 

Panel 1  Batch 2 Run 3 13/10/2017 24.7 -1.17 38.3 -1.89 24.7 -1.11 39.3 -0.59 

Panel 1  Batch 2 Run 4 13/10/2017 24.7 -1.17 38.3 -1.89 24.7 -1.11 39.3 -0.59 

Panel 1 Batch 3 Run 1 16/10/2017 24.7 -1.19 38.5 -1.68 24.5 -1.39 38.6 -1.54 

Panel 1 Batch 3 Run 2 17/10/2017 26.2 0.94 40.8 1.23 126.1 0.81 40.9 1.36 

Panel 1 Batch 3 Run 3 18/10/2017 25.8 0.41 41.2 1.79 26.1 0.83 40.6 0.99 

Panel 1 Batch 4 Run 1 19/10/2017 26.1 0.84 40.9 1.39 25.9 0.60 40.6 1.05 

Panel 1 Batch 4 Run 2 25/10/2017 26.0 0.70 40.9 1.40 26.5 1.41 41.0 1.56 

Panel 1 Batch 4 Run 3 25/10/2017 26.5 1.41 41.0 1.56 26.4 1.33 41.0 1.46 

S.D. 0.7 g/L 0.8 g/L 0.7 g/L 0.8 g/L 

 

The summary statistics of Albumin by date of testing also confirmed that the median 

Albumin on 19th and 25th October 2017 was 44 and 45 respectively and were higher than 

upper limit.  
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Figure 2: Box plot for albumin by date of test 

Hence we decided to exclude the test results tested on October 19th and 25th for albumin 

from the Validation cohort. 

Table 7 : Proportion of test results for calcium that were outside the published RI by date of 

testing 

Date of Testing Proportion of test results for calcium that 

were outside the published RI, % (n) 

18 May 2017 0 

17 August 2017 0 

18 August 2017 7.7 (1) 

22 August 2017 21.4 (3) 

11 October 2017 0 

12 October 2017 8.8 (3) 

13 October 2017 8.8 (6) 

16 October 2017 25.0 (4) 

17 October 2017 12.5 (3) 

18 October 2017 9.4 (3) 

19 October 2017 0 

25 October 2017 4.4 (2) 

Total  9.0 (25) 
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Table 8: Proportion of test results for phosphate that were outside the published RIs by date 

of testing 

Date of Testing Proportion of test results for phosphate that 

were outside the published RI, % (n) 

18 May 2017 0 

17 August 2017 0 

18 August 2017 7.7 (1) 

22 August 2017 0 

11 October 2017 0 

12 October 2017 11.8 (4) 

13 October 2017 4.4 (3) 

16 October 2017 6.3 (1) 

17 October 2017 8.3 (2) 

18 October 2017 12.5 (4) 

19 October 2017 0 

25 October 2017 6.5 (3) 

Total  6.5 (18) 

 

The overall proportion of test results for Calcium and Phosphate that were outside the 

published RIs was satisfactory.  

 

Figure 4: Comparison of mean Calcium tested on 2 days with high albumin flagging rate 
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Figure 5: Distribution of the calcium on 2 days with high albumin flagging rate with respect 

to the published RIs 

 

Based on figure 3 and 4, we assume that the pre-analytical issues have influenced the 

measurement of calcium. However, the results were within the RIs and validated the RIs.   
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B: Creatinine  

The following figure revealed that the test results that were outside the RIs are distributed 

around early years of life. 

 

Figure 6: Validation of RIs for Creatinine 

Table 9: Proportion of test results that were outside the RIs by age 

Age Proportion of test results that were outside 

the published RI, % (n) 

1* 70.0 (7) 

2 50.0 (6) 

3 12.5 (2) 

4 26.3 (5) 

5 5.5 (1) 

6 5.0 (1) 

7 0 

8 17.6 (3) 

9 10.5 (2) 

10 0 

11 13.3 (2) 

12 6.3 (1) 

13 21.4 (3) 
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14 21.4 (3) 

15 0 

16 6.3 (1) 

17 7.1 (1) 

18 0 

Total 13.6 (38) 
*1 year refers to children 30 days to 365 days, 2 year refers to children 366 days to 730 days, 

etc.  

The above table revealed that the proportion of test results that were outside the RIs are much 

higher for children aged less than 2 years compared to children older than 2 years.   
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Supplementary Document 2: Minimum sample size required for validating age-specific 

RIs 

Probability of validating 95% reference intervals as a function of sample size when the 

criterion is that at least 90% of the samples fall within the interval 

 

For validation of continuous reference intervals (ris),  

• We considered each sample as an independent trial, where the sample will either fall 

within the ris or be outside the ris.  

• For 95% ris, the probability that a sample will be within the ris is 0.95.  

• For validation of 95% ris, the proportion of samples that should be within the ris is at 

least 90%.  

 

Hence, based on the binomial distribution formula in (i) and using microsoft excel’s 

“binom.dist” function (see figure s4.1), we calculated the cumulative probability of at least 

90% of n samples that are within the ris for samples sizes between 20 and 240, and presented 

in the table s4.1 and in figure s4.2.  

𝑃 (𝑋 ≥ 𝑘) = 1 − 𝑃(𝑋 < 𝑘) = 1 − ∑
𝑛!

!(𝑘−1)!
 𝑝𝑘−1(1 − 𝑝)𝑛−(𝑘−1)𝑘−1

𝑗=0   … (i) 

Where n = number of samples, p = proportion of samples within 95% RIs, and k = required 

number of samples within the RIs 
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Figure 1: BINOM.DIST function in Microsoft Excel 2013 

Table 1: Probability of validating 95% RIs with at least 90% samples within the RIs 

Proportion of 

samples within 

95% RIs 

Sample size 

n 

Required no. of sampled 

that should be within RIs 

for validation 

k = n x 0.90 

Pr (X >=k)* 

0.95 20 18 0.9245 

0.95 40 36 0.9520 

0.95 60 54 0.9703 

0.95 80 72 0.9816 

0.95 100 90 0.9885 

0.95 120 108 0.9928 

0.95 140 126 0.9955 

0.95 160 144 0.9971 

0.95 180 162 0.9982 

0.95 200 180 0.9988 

0.95 220 198 0.9993 

0.95 240 216 0.9995 

0.95 260 234 0.9997 

*Based on binomial distribution formula in (i) 
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Figure.2: Probability of validating 95% RIs with at least 90% samples within the RIs 

 

The probability of validating 95% RIs increases slightly as the sample size increases from 

100 to 260. Hence, at least 100 paediatric samples should be tested for validation of 95% RIs 

with at least 90% samples falling with the interval. 
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Supplementary Figure 1: Flow diagram of study settings for validation of HAPPI Kids RIs
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Supplementary Figure 2: Agreement and difference in test results between HAPPI Kids 

study laboratory and a routine laboratory 

 

Figure S 2-A: Sodium 

 

Figure S 2-B: Chloride 

 

Figure S 2-C: Urea 
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Figure S 2-D: ALP 

 

Figure S 2-E: ALT 

 

Figure S 2-F: AST 
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Figure S 2-G: GGT 

 

Figure S 2-H: Total Protein 

 

Figure S 2-I: Total Bilirubin 
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Figure S 2-J: Calcium 

 

Figure S 2-K: Magnesium 

 

Figure S 2-L: Albumin 



260 
 

 

Figure S 2-M: Phosphate 

 

Figure S 2-N: TSH 

 

Figure 2 S - 0: FT3 
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Figure 2 S-P: FT4 

 

Figure 2 S – Q: Potassium 

 

Figure 2 S – R: Creatinine 
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Supplementary Figure 3: Reference values from the validation cohort that were within 

the HAPPI Kids RIs. 
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Appendix D: Supplementary documents of the publication included in Chapter 5 (Hoq 

et al. Statistical methods used in the estimation of age-specific paediatric 

reference intervals for laboratory blood tests: A systematic review. Clinical 

Biochemistry. Aug 2020.)  

Supplementary Document 1: Search strategy  

Database(s): Ovid MEDLINE(R) and Epub Ahead of Print, In-Process & Other Non-Indexed 

Citations and Daily 1946 to December 06, 2018  

# Searches Results 

1 

(reference adj (value* or standard* or interval* or range* or limit* or curve* 

or chart*)).mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, floating sub-heading word, keyword heading word, 

protocol supplementary concept word, rare disease supplementary concept 

word, unique identifier, synonyms] 

227518 

2 

(centile adj (chart* or curve*)).mp. [mp=title, abstract, original title, name of 

substance word, subject heading word, floating sub-heading word, keyword 

heading word, protocol supplementary concept word, rare disease 

supplementary concept word, unique identifier, synonyms] 

366 

3 1 or 2 227660 

4 

(construct* or creat* or develop* or establish* or estimat* or calculat* or 

defin*).mp. [mp=title, abstract, original title, name of substance word, subject 

heading word, floating sub-heading word, keyword heading word, protocol 

supplementary concept word, rare disease supplementary concept word, 

unique identifier, synonyms] 

7774889 

5 

(child or pediatric* or paedatric* or infant* or children or neonat* or 

Adolescen*).mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, floating sub-heading word, keyword heading word, 

protocol supplementary concept word, rare disease supplementary concept 

word, unique identifier, synonyms] 

3854194 

6 

(((reference adj (value* or standard* or interval* or range* or limit* or curve* 

or chart*)) or (centile adj (chart* or curve*))) adj6 (construct* or creat* or 

develop* or establish* or estimat* or calculat* or defin*)).mp. 

9171 

7 6 and 5 3277 

8 limit 7 to "english language" 2998 

9 limit 8 to yr="1993 - Current" 2742 

Pediatric total fractionated metanephrine. Age-related reference intervals in spot urine. 

Roli L; Veronesi A; De Santis MC; Baraldi E. 

Minerva Pediatrica. 2018 Dec 03. 

[Journal Article] 

UI: 30511558 
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Authors Full Name 

Roli, Laura; Veronesi, Agnese; De Santis, Maria C; Baraldi, Enrica. 

 

Database(s): Embase Classic+Embase 1947 to 2018 December 10  

Search Strategy: 

# Searches Results 

1 

(reference adj (value* or standard* or interval* or range* or limit* or 

curve* or chart*)).mp. [mp=title, abstract, heading word, drug trade name, 

original title, device manufacturer, drug manufacturer, device trade name, 

keyword, floating subheading word, candidate term word] 

115108 

2 

(centile adj (chart* or curve*)).mp. [mp=title, abstract, heading word, drug 

trade name, original title, device manufacturer, drug manufacturer, device 

trade name, keyword, floating subheading word, candidate term word] 

511 

3 1 or 2 115428 

4 

(construct* or creat* or develop* or establish* or estimat* or calculat* or 

defin*).mp. [mp=title, abstract, heading word, drug trade name, original 

title, device manufacturer, drug manufacturer, device trade name, keyword, 

floating subheading word, candidate term word] 

10509932 

5 

(child or pediatric* or paedatric* or infant* or children or neonat* or 

Adolescen*).mp. [mp=title, abstract, heading word, drug trade name, 

original title, device manufacturer, drug manufacturer, device trade name, 

keyword, floating subheading word, candidate term word] 

4036264 

6 

(((reference adj (value* or standard* or interval* or range* or limit* or 

curve* or chart*)) or (centile adj (chart* or curve*))) adj6 (construct* or 

creat* or develop* or establish* or estimat* or calculat* or defin*)).mp. 

13493 

7 6 and 5 3903 

8 limit 7 to "english language" 3540 

9 limit 8 to yr="1993 - Current" 3348 

10 limit 9 to conference abstract status 816 

11 9 not 10 2532 

 

Accuracy of Administrative Health Data for Surveillance of Traumatic Brain Injury: A 

Bayesian Latent Class Analysis. 

Lasry O., Dendukuri N., Marcoux J., Buckeridge D.L. 

Epidemiology (Cambridge, Mass.). 29 (6) (pp 876-884), 2018. Date of Publication: 01 Nov 

2018. 

[Article] 

Publisher 

NLM (Medline) 
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Supplementary Table 1: Summary of all publications included in the systematic review 

First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

discrete or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Garcia-Part et al 

[1] 

2018 Cross-

sectional 

Healthy 

children 

Didn't specify 159 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 

Grunewald et al 

[2] 

2018 Cross-

sectional 

Healthy 

children 

Unused 

samples from 

hospital 

456 Age-groups Discrete RIs Dixon/Reed 

method and 

Tukey's method 

Formal tests Robust Yes CLSI/IFCC 

Jayasuriya et al 

[3] 

2018 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

569 Age-groups Discrete RIs Didn't mention Formal tests Both 

nonparametric and 

parametric 

No Didn’t mention 

Jopling  et al [4] 2018 Cross-

sectional 

Children 

with a 

particular 

condition 

Unused 

samples from 

hospital 

704 Age-groups 

and as a 

continuous 

variable 

Both 

discrete and 

continuous 

Ris 

Didn't mention Didn't mention Robust & quantile 

regression (using 

non-parametric 

function of age) 

No Other published 

paper 

Karn et al [5] 2018 Cross-

sectional 

Healthy 

children 

Communities 

or school, 

Hospitals 

207 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 

Li et al [6] 2018 Cross-

sectional 

Healthy 

children 

Communities 

or school, 

Hospitals 

1394 Age-groups Discrete RIs Dixon/Reed 

method 

Visually/graphi

cally 

Nonparametric Yes CLSI/IFCC 

Lofving et al [7] 2018 Longitudinal Healthy 

children 

From another 

study 

456 Age-groups Discrete RIs Clinically 

implausible 

Visually/graphi

cally 

Parametric No Other published 

paper 

Oh et al [8] 2018 Cross-

sectional 

Healthy 

children 

From another 

study 

2487 Integer ages Discrete RIs Didn't mention Didn't mention Both 

nonparametric and 

parametric 

No Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Peng et al [9] 2018 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

136546 Age-groups Discrete RIs Tukey's method Visually/graphi

cally 

Nonparametric No CLSI/IFCC 

Ridefelt et al 

[10]  

2018 Cross-

sectional 

Healthy 

children 

From another 

study 

1988 Age-groups Discrete RIs Dixon/Reed 

method and 

extremely large 

values 

Didn't mention Nonparametric Yes CLSI/IFCC 

Strand et al [11]  2018 Cross-

sectional 

Healthy 

children 

Didn't specify 1340 Age-groups 

and as a 

continuous 

variable 

Both 

discrete and 

continuous 

RIs 

Dixon/Reed 

method 

Didn't mention Nonparametric & 

GAMLSS 

Yes Statistical 

methods paper 

Uaariyapanichk

ul et al [12]  

2018 Cross-

sectional 

Healthy 

children 

Communities 

or school, 

Hospitals 

277 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 

Wang et al [13]  2018 Cross-

sectional 

Healthy 

children 

Hospitals 1143 Age-groups Discrete RIs Didn't mention Didn't specify Parametric and 

other methods 

Yes CLSI/IFCC 

Weidhofer et al 

[14]  

2018 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

 
Integer ages 

(overlapping 

age-groups) 

Continuous 

RIs 

Didn't mention Didn't mention Indirect algorithm No Other published 

paper 

Welter et al [15] 2018 Cross-

sectional 

Healthy 

children 

Communities 

or school 

1067 Age-groups Discrete RIs Tukey's method Formal tests Nonparametric Yes CLSI/IFCC 

Ziegelasch  et al 

[16] 

2019 Longitudinal Healthy 

children 

From another 

study 

2803 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't mention GAMLSS No Statistical 

methods paper 

Ata et al [17] 2018 Cross-

sectional 

Healthy 

children 

From another 

study 

6116 Integer ages Continuous 

RIs 

Didn't mention Didn't mention LMS (but gamlss 

package in R) 

No Statistical 

methods paper 

de Melo et al 

[18] 

2018 Cross-

sectional 

Healthy 

children 

Hospitals 246 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Fulgoni et at 

[19] 

2019 Cross-

sectional 

Healthy 

children 

From another 

study 

23831 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric 

and Piecewise 

Regression-

Derived 

Reference 

Intervals 

No Other published 

paper 

Aral et al [20] 2018 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

11230 Age-groups Discrete RIs Extremely 

large values 

Both visually 

and using 

format tests 

Parametric No Didn’t mention 

Adeli et al [21] 2017 Cross-

sectional 

Healthy 

children 

Communities 

or school, 

Hospitals 

2188 Age-groups Discrete RIs Tukey's method 

and extremely 

large values 

Both visually 

and using 

format tests 

Both 

nonparametric and 

robust 

Yes CLSI/IFCC 

Gannage-Yared 

et al [22] 

2017 Cross-

sectional 

Healthy 

children 

Communities 

or school 

974 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Gitaka et al  

[23] 

2017 Cross-

sectional 

Healthy 

children 

Communities 

or school 

1070 Age-groups Discrete RIs Tukey's method Didn't mention Nonparametric Yes CLSI/IFCC 

Kulle et al [24]  2017 Cross-

sectional 

Healthy 

children 

Unused 

samples from 

hospital 

4334 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Statistical 

methods paper 

Lorennz et al 

[25]  

2017 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

512 Age-groups Discrete RIs Didn't mention Didn't mention Both 

nonparametric and 

parametric 

No Didn’t mention 

MacQueen et al 

[26] 

2017 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

20614 Integer ages Continuous 

RIs 

Didn't mention Didn't mention Did not specify 

(RIs presented as 

a chart). 

No Didn’t mention 

Narula et al [27] 2017 Cross-

sectional 

Healthy 

children 

Hospitals 403 Age-groups Discrete RIs Didn't mention Didn't mention Parametric 
 

Didn’t mention 

  



276 
 

First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Parkin et al [28] 2017 Didn't 

mention 

Healthy 

children 

Hospitals 4334 Age-groups Discrete RIs Horn et al Visually/graphi

cally 

Others Yes CLSI/IFCC 

Saravanabhavan 

et al [29] 

2017 Cross-

sectional 

Healthy 

children 

From another 

study 

250 Age-groups Discrete RIs Tukey's method Didn't mention Nonparametric Yes CLSI/IFCC 

Sokou et al [30] 2017 Cross-

sectional 

Healthy 

children 

Hospitals 282 Age-groups Discrete RIs Didn't mention Both visually 

and using 

format tests 

Nonparametric No Other published 

paper 

Supriya et al 

[31] 

2017 Cross-

sectional 

Healthy 

children 

Didn't specify 3441 Age-groups Discrete RIs Tukey's method 

and extremely 

large values 

Didn't specify Nonparametric No Other published 

paper 

Wanjian et al 

[32] 

2017 Cross-

sectional 

Healthy 

children 

Hospitals 502 Age-groups Discrete RIs Dixon/Reed 

method 

Both visually 

and using 

format tests 

Both 

nonparametric and 

parametric 

No CLSI/IFCC 

Zhai et al [33] 2017 Cross-

sectional 

Healthy 

children 

Hospitals 3210 Age-groups Discrete RIs Dixon/Reed 

method 

Didn't mention Nonparametric No Didn’t mention 

Zierk et al [34]  2017 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

361405 Integer ages  Both 

discrete and 

continuous 

Ris 

Didn't mention Didn't mention Nonparametric 

(centre-wise) & 

Indirect 

algorithm.  

No Other published 

paper 

Arslan et al [35] 2016 Cross-

sectional 

Didn’t 

mention 

Hospitals 320 Age-groups Discrete RIs Dixon/Reed 

method 

Formal tests Both 

nonparametric and 

robust 

Yes CLSI/IFCC 

Berron-Ruiz et 

al [36] 

2016 Cross-

sectional 

Healthy 

children 

Didn't specify 112 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Choi et al [37] 2016 Cross-

sectional 

Healthy 

children 

From another 

study 

1585 Age-groups Discrete RIs Didn't mention Didn't specify Parametric 

method but 

geometric mean 

instead of 

arithmetic mean 

Yes Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Cuerq et al [38] 2016 Didn't 

mention 

Healthy 

children 

Hospitals 156 Age-groups Discrete RIs Tukey's method Didn't mention Robust No CLSI/IFCC 

Demirdjian et al 

[39] 

2019 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

864 Age-groups Discrete RIs Didn't mention Didn't mention Robust Yes Other published 

paper 

Fuzukzumi et al 

[40] 

2016 Cross-

sectional 

Didn’t 

mention 

Hospitals 283 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Gennai et al 

[41] 

2016 Cross-

sectional 

Children 

with a 

particular 

condition 

Hospitals 1502 Age-groups 

and as a  

continuous 

variable 

Both 

discrete and 

continuous 

Ris 

Didn't mention Formal tests Nonparametric 

and regression 

based method 

using parametric 

function of age 

No Didn’t mention 

Kim et al [42] 2016 Cross-

sectional 

Children 

with a 

particular 

condition 

Hospitals 413 Age-groups Discrete RIs Didn't mention Formal tests Robust Yes CLSI/IFCC 

Kira et al [43] 2016 Cross-

sectional 

Healthy 

children 

Communities 

or school 

538 Age-groups Discrete RIs Didn't mention Formal tests Both 

nonparametric and 

parametric 

Yes Didn’t mention 

La’ulu et al [44] 2016 Cross-

sectional 

Healthy 

children 

From another 

study 

2540 Age-groups Discrete RIs Dixon/Reed 

method 

Didn't mention Nonparametric Yes Didn’t mention 

Lausten-

Thomsen et al 

[45] 

2016 Cross-

sectional 

Healthy 

children 

Didn't specify 1196 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Formal tests GAMLSS No Statistical 

methods paper 

Lopez-Ruzafa et 

al [46] 

2016 Cross-

sectional 

Healthy 

children 

From another 

study 

  

1037 Age-groups Discrete RIs Didn't mention Didn't mention Parametric Yes Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

MacQueen et al 

[47] 

2016 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

5281 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Okebe et al [48] 2016 Cross-

sectional 

Healthy 

children 

Communities 

or school 

1261 As a 

continuous 

Continuous 

RIs 

Tukey's method 

and based on 

Q-Q plot 

Didn't specify GAMLSS No Statistical 

methods paper 

Shashaj et al 

[49] 

2016 Cross-

sectional 

Healthy 

children 

Hospitals 2573 Integer ages Continuous 

RIs 

Clinically 

implausible 

Didn't mention LMS No Didn’t mention 

Toulon et al 

[50] 

2016 Cross-

sectional 

Healthy 

children 

Hospitals 1437 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No CLSI/IFCC 

Bateman et al 

[51] 

2015 Longitudinal Children 

with a 

particular 

condition 

Hospitals 218 Integer ages Continuous 

RIs 

Didn't mention Didn't mention Locally weighted 

scatterplot 

smoothing 

(LOWESS) 

No Statistical 

methods paper 

Castagna et al 

[52] 

2015 Cross-

sectional 

Healthy 

children 

Hospitals 2740 Integer ages Continuous 

RIs 

Didn't mention Didn't specify LMS No  Statistical 

methods paper 

Franscini et al 

[53] 

2015 Didn't 

mention 

Healthy 

children 

Hospitals 
 

As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't mention Regression based 

method using 

parametric 

function of age 

No Statistical 

methods paper 

Ghasemi et al 

[54] 

2015 Cross-

sectional 

Healthy 

children 

From another 

study 

1502 Age-groups Discrete RIs Dixon/Reed 

method 

Didn't mention Nonparametric No CLSI/IFCC 

Jia et al [55] 2015 Cross-

sectional 

Healthy 

children  

Communities 

or school 

1027 Integer ages Discrete RIs 

 

 

 

  

Dixon/Reed 

method 

Didn't mention Nonparametric No Other published 

paper 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Lausten-

Thomsen et al 

[56]  

2015 Cross-

sectional 

Healthy 

children 

Communities 

or school 

1193 Integer ages Both 

discrete and 

continuous 

Ris 

Didn't mention Formal tests Nonparametric 

and regression 

based method 

using parametric 

function of age 

Yes Didn’t mention 

Perez-de-

Heredia et al 

[57] 

2015 Cross-

sectional 

Healthy 

children 

Communities 

or school 

1089 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 

Schlapbach et al 

[58] 

2015 Cross-

sectional 

Healthy 

children 

Hospitals 311 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Slhessarenko et 

al [59] 

2015 Cross-

sectional 

Healthy 

children 

Communities 

or school 

1994 Age-groups Discrete RIs +/- 3SD Visually/graphi

cally 

Parametric No CLSI/IFCC 

Soeby et al [60] 2015 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

11702 Age-groups Discrete RIs Visually and by 

fitting a linear 

model 

Visually/graphi

cally 

Nonparametric Yes CLSI/IFCC 

Teixeira et al 

[61] 

2015 Cross-

sectional 

Healthy 

children 

Unused 

samples from 

hospital 

311 Age-groups Discrete RIs Dixon/Reed 

method 

Both visually 

and using 

format tests 

Robust Yes CLSI/IFCC 

Temel et al [62] 2015 Cross-

sectional 

Healthy 

children 

Hospitals 21897 Integer ages Both 

discrete and 

continuous 

Ris 

Didn't mention Didn't mention Nonparametric & 

Multivariate 

Additive 

Regression Spline 

(MARS) 

No Statistical 

methods paper 

Tosato et al [63] 2015 Cross-

sectional 

Healthy 

children 

Hospitals 195 Age-groups Discrete RIs Dixon/Reed 

method 

Formal tests Nonparametric No Didn’t mention 

Uemura et al 

[64] 

2015 Cross-

sectional 

Healthy 

children 

Hospitals 1137 Age-groups 

and Integer 

ages 

Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Yamamoto et al 

[65] 

2015 Cross-

sectional 

Healthy 

children 

Didn't specify 118 Age-groups Discrete RIs  Didn't mention Didn't mention Parametric No Didn’t mention 

  



280 
 

First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Zierk et al [66] 2015 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

 
Integer ages 

(overlapping 

age-groups) 

Both 

discrete and 

continuous 

Ris 

Didn't mention Didn't mention Kernel method 

(nonparametric) & 

using smooth 

spline method in 

R 

No Statistical 

methods paper 

Zwiers et al [67] 2015 Cross-

sectional 

Healthy 

children 

Hospitals 106 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't mention GAMLSS No Statistical 

methods paper 

Cho et al [68] 2014 Cross-

sectional 

Healthy 

children 

Hospitals 2474 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No CLSI/IFCC 

Bidlingmaier et 

al [69] 

2014 Didn't 

mention 

Healthy 

children 

From another 

study 

4252 Integer ages Continuous 

RIs 

Didn't mention Didn't mention LMS  No Statistical 

methods paper 

Christensen et 

al [70] 

2014 Cross-

sectional 

Children 

with a 

particular 

condition 

Hospitals 175 Age-groups Discrete RIs Didn't mention Didn't specify Both 

nonparametric and 

parametric 

No Didn’t mention 

Duchamp et al 

[71] 

2014 Cross-

sectional 

Healthy 

children 

Hospitals 242 Age-groups Discrete RIs Dixon/Reed 

method 

Didn't mention Nonparametric No Didn’t mention 

Erhardt et al  

[72] 

2014 Cross-

sectional 

Healthy 

children 

From another 

study 

539 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't mention GAMLSS No Statistical 

methods paper 

Friedrich et al 

[73] 

2014 Didn't 

mention 

Didn’t 

mention 

From another 

study 

4218 Integer ages Continuous 

RIs 

Didn't mention Didn't mention LMS  No Statistical 

methods paper 

Greaves et al 

[74] 

2014 Cross-

sectional 

Children 

with a 

particular 

condition 

Communities 

or school 

107 Age-groups Discrete RIs Didn't mention Visually/graphi

cally 

Parametric No Didn’t mention 

Hahn et al [75] 2014 Cross-

sectional 

Didn’t 

mention 

Didn't specify 883 Age-groups Discrete RIs Tukey's method Formal tests Parametric Yes CLSI/IFCC 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Hirfanoglu et al 

[76] 

2014 Cross-

sectional 

Healthy 

children 

Hospitals 583 Integer ages Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Hu et al [77] 2014 Cross-

sectional 

Healthy 

children 

Hospitals 308 Integer ages Continuous 

RIs 

Didn't mention Formal tests Regression based 

method using 

parametric 

function of age 

No Didn’t mention 

Koester-Weber 

et al [78] 

2014 Cross-

sectional 

Healthy 

children 

Communities 

or school 

972 Integer ages Continuous 

RIs 

Didn't mention Didn't specify LMS No Didn’t mention 

Loh et al [79] 2014 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

47311 Integer ages Continuous 

RIs 

Clinically 

implausible 

Didn't mention LMS No Statistical 

methods paper 

Macit et al [80] 2014 Cross-

sectional 

Healthy 

children 

Didn't specify 945 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 

Moraes-Pinto et 

al [81] 

2014 Cross-

sectional 

Healthy 

children 

Didn't specify 408 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Odutola et al 

[82] 

2014 Cross-

sectional 

Healthy 

children 

Communities 

or school 

717 As a 

continuous 

Continuous 

RIs 

Tukey's method 

and extremely 

large values 

Didn't specify Regression based 

method using 

parametric 

function of age 

No Statistical 

methods paper 

Oh et al [83]  2014 Cross-

sectional 

Children 

with a 

particular 

condition 

Available test 

results from 

Laboratory 

331 Integer ages Continuous 

RIs 

Didn't mention Didn't mention LMS No Didn’t mention 

Savino et al [84] 2014 Cross-

sectional 

Healthy 

children 

Hospitals 317 Age-groups Discrete RIs Didn't mention Formal tests Quantile 

regression 

Yes Didn’t mention 

Schlenz et al 

[85] 

2014 Cross-

sectional 

Healthy 

children 

Communities 

or school 

16228 As a 

continuous 

variable 

Continuous 

RIs 

Extremely 

large values 

Didn't mention GAMLSS No Statistical 

methods paper 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Shaw et al [86] 2014 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

200627 Age-groups Discrete RIs Tukey's method Didn't specify Modified 

Hoffmann 

approach 

No Statistical 

methods paper 

Sheikhbahaei et 

al [87] 

2014 Cross-

sectional 

Healthy 

children 

Hospitals 246 Age-groups Discrete RIs Extremely 

large values 

Formal tests Nonparametric No Didn’t mention 

Sun et al [88] 2014 Cross-

sectional 

Children 

with a 

particular 

condition 

Hospitals 308 Age-groups Discrete RIs Tukey's method Didn't mention Nonparametric Yes CLSI/IFCC 

Voss et al [89] 2014 Cross-

sectional 

Healthy 

children 

Communities 

or school 

140 Age-groups Discrete RIs Didn't mention Formal tests Parametric No Didn’t mention 

Wolters et al 

[90] 

2014 Cross-

sectional 

Healthy 

children 

From another 

study 

1653 As a 

continuous 

Continuous 

RIs 

Didn't mention Didn't mention GAMLSS No  Statistical 

methods paper 

Yi et al  [91] 2014 Cross-

sectional 

Healthy 

children 

From another 

study 

2116 Integer ages Discrete RIs Didn't mention Didn't mention Both 

nonparametric and 

parametric 

No Didn’t mention 

Mortensen et al 

[92] 

2014 Didn't 

mention 

Healthy 

children 

From another 

study 

7841 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Aldrimer et al 

[93] 

2013 Cross-

sectional 

Healthy 

children 

Communities 

or school, 

Hospitals 

689 Age-groups Discrete RIs Dixon/Reed 

method 

Didn't specify Nonparametric No CLSI/IFCC 

Aitkenhead et al 

[94] 

2013 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

2369 Age-groups Discrete RIs Dixon/Reed 

method 

Didn't specify Both 

nonparametric and 

parametric 

Yes CLSI/IFCC 

Biino et al [95] 2013 Cross-

sectional 

Healthy 

children 

Communities 

or school 

43807 Age-groups Discrete RIs Dixon/Reed 

method and 

extremely large 

values 

Visually/graphi

cally 

Both 

nonparametric and 

parametric 

Yes CLSI/IFCC 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Can et al [96] 2013 Cross-

sectional 

Healthy 

children 

Didn't specify 4102 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Guven et al [97] 2013 Cross-

sectional 

Healthy 

children 

Hospitals 571 Integer ages Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Heinze et al 

[98]  

2013 Cross-

sectional 

Healthy 

children 

Hospitals 100 Integer ages Continuous 

RIs 

Resampling Didn't mention LMS No Statistical 

methods paper 

Hilsted et al 

[99] 

2013 Cross-

sectional 

Healthy 

children 

Hospitals 2141 Age-groups Discrete RIs Dixon/Reed 

method 

Formal tests Nonparametric No Other published 

paper 

Joncquel-

Chevalier Curt 

et al [100] 

2013 Cross-

sectional 

Children 

with a 

particular 

condition 

Didn't specify 6334 Age-groups Discrete RIs Didn't mention Didn't mention Both 

nonparametric and 

parametric 

No Didn’t mention 

Kulle et al [101]  2013 Cross-

sectional 

Healthy 

children 

Unused 

samples from 

hospital 

754 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 

Mendez et al 

[102] 

2013 Cross-

sectional 

Didn’t 

mention 

Hospitals 73 Age-groups Discrete RIs Dixon/Reed 

method 

Both visually 

and using 

format tests 

Nonparametric Yes 
 

Morovat et al 

[103]  

2013 Cross-

sectional 

Healthy 

children 

Didn't specify 407 Age-groups Discrete RIs Tukey's method Formal tests Both 

nonparametric and 

parametric 

Yes Didn’t mention 

Osta et al [104] 2013 Cross-

sectional 

Healthy 

children 

Didn't specify 200 Age-groups Discrete RIs Didn't mention Formal tests Not specified No Didn’t mention 

Radicioni et al 

[105]  

2013 Cross-

sectional 

Healthy 

children 

Hospitals 692 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No CLSI/IFCC 

Tauseef Bukhari 

et al [106] 

2013 Cross-

sectional 

Healthy 

children 

Hospitals 2000 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Zhu et al [107] 2013 Cross-

sectional 

Healthy 

children 

Hospitals 247 Age-groups Discrete RIs Didn't mention Didn't specify Both 

nonparametric and 

parametric 

Yes Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Eisenhofer et al 

[108] 

2013 Cross-

sectional 

Children 

with a 

particular 

condition 

Didn't specify 1226 As a 

continuous 

Continuous 

RIs 

Didn't mention Didn't specify Quantile 

regression (using 

parametric 

function of age) 

No Didn’t mention 

Zec et al [109] 2012 Cross-

sectional 

Healthy 

children 

Hospitals 966 Age-groups Discrete RIs Dixon/Reed 

method and 

Tukey's method 

Didn't specify Parametric and 

nonparametric 

method 

Yes CLSI/IFCC 

Troy et al [110] 2012 Longitudinal Healthy 

children 

Didn't specify 269 Integer ages Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Shatat et al 

[111]  

2012 Cross-

sectional 

Healthy 

children 

From another 

study 

1725 Age-groups Discrete RIs Didn't mention Didn't mention quantile 

regression 

No Didn’t mention 

Shahabi et al 

[112] 

2012 Cross-

sectional 

Healthy 

children 

From another 

study 

792 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Ridefelt et al 

[113] 

2012 Cross-

sectional 

Healthy 

children 

Communities 

or school, 

Hospitals 

692 Age-groups Discrete RIs Dixon/Reed 

method 

Didn't specify Nonparametric No CLSI/IFCC 

Olney et al 

[114]   

2012 Cross-

sectional 

Healthy 

children 

Communities 

or school 

258 Integer ages Continuous 

RIs 

Didn't mention Didn't mention LMS No Statistical 

methods paper 

Liu et al [115] 2012 Cross-

sectional 

Healthy 

children 

Hospitals 4044 Integer ages Discrete RIs Dixon/Reed 

method 

Didn't mention Nonparametric No Didn’t mention 

Lin et al [116] 2012 Cross-

sectional 

Healthy 

children 

Communities 

or school 

2115 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 

Lem et al [117] 2012 Cross-

sectional 

Healthy 

children 

Hospitals 512 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Formal tests LMS No Statistical 

methods paper 

Kardar et al 

[118] 

2012 Cross-

sectional 

Healthy 

children 

Hospitals 800 Age-groups Discrete RIs Didn't mention Formal tests Parametric No Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Isojima et al 

[119] 

2012 Cross-

sectional 

Healthy 

children 

From another 

study 

586 Integer ages Continuous 

RIs 

Extremely 

large values 

Didn't mention LMS No Statistical 

methods paper 

Hyun  et al 

[120] 

2012 Cross-

sectional 

Healthy 

children 

Hospitals 1378 Integer ages 

and age 

groups (tanner 

stage) 

Both 

discrete and 

continuous 

Ris 

Didn't mention Didn't mention Nonparametric & 

quantile 

regression (using 

nonparametric 

function of age) 

No  Didn’t mention 

Gonzalez-Gross 

et al [121]  

2012 Cross-

sectional 

Healthy 

children 

Communities 

or school 

1051 Integer ages Continuous 

RIs 

Didn't mention Didn't mention LMS No Statistical 

methods paper 

D’Apolito et al 

[122] 

2012 Cross-

sectional 

Healthy 

children 

Unused 

samples from 

hospital 

131 Age-groups Discrete RIs Tukey's method Didn't specify Both 

nonparametric and 

parametric 

No Didn’t mention 

Chaler et al 

[123] 

2012 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

7581 Age-groups Discrete RIs Tukey's method Didn't mention Using Statistic 9 

program 

No Didn’t mention 

Cangemi et al 

[124] 

2012 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

3127 Integer ages 

and 

continuous 

age  

Both 

discrete and 

continuous 

Ris 

Using the 

CBstata 

program 

Formal tests Nonparametric 

and regression 

based method 

using parametric 

function of age 

No Other published 

paper 

Bedogni et al 

[125] 

2012 Cross-

sectional 

Didn’t 

mention 

Hospitals 24403 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't mention Quantile 

regression (using 

parametric 

function of age) 

No Statistical 

methods paper 

Appel et al 

[126] 

2012 Cross-

sectional 

Healthy 

children 

Didn't specify 218 Age-groups Discrete RIs Didn't mention Didn't mention did not specify No Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Yuksel et 

al[127]  

2011 Cross-

sectional 

Healthy 

children 

Communities 

or school 

566 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Yi et al [128] 2011 Cross-

sectional 

Healthy 

children 

Didn't specify 108 Age-groups Discrete RIs Didn't mention Didn't specify Nonparametric No Didn’t mention 

Uemura  et 

al[129] 

2011 Cross-

sectional 

Didn’t 

mention 

Hospitals 1151 Integer ages Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Turan  et al 

[130] 

2011 Cross-

sectional 

Healthy 

children 

Hospitals 1741 Age-groups Discrete RIs Didn't mention Didn't specify Parametric No Didn’t mention 

Tamimi et al 

[131] 

2011 Cross-

sectional 

Healthy 

children 

Communities 

or school 

1168 Age-groups Discrete RIs based on 

transformation 

Didn't specify Parametric No Didn’t mention 

Roehrl et al 

[132] 

2011 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

2571 Age-groups Discrete RIs Tukey's method Didn't mention Nonparametric Yes CLSI/IFCC 

Marwaha et al 

[133] 

2011 Cross-

sectional 

Healthy 

children 

Communities 

or school 

3076 Integer ages Continuous 

RIs 

Extremely 

large values 

Didn't mention LMS No Statistical 

methods paper 

Huang et al 

[134] 

2011 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

1769 Age-groups Discrete RIs Tukey's method Didn't specify Both 

nonparametric and 

robust 

Yes CLSI/IFCC 

Verburg et al 

[135] 

2011 Cross-

sectional 

Healthy 

children 

Unused 

samples from 

hospital 

654 Integer ages Continuous 

RIs 

removed 10 

outliers - But 

did not mention 

Formal tests LMS No Statistical 

methods paper 

Clifford et al 

[136] 

2011 Cross-

sectional 

Healthy 

children 

Didn't specify 1765 Age-groups Discrete RIs Outliers were 

eliminated 

manually  

Both visually 

and using 

format tests 

Nonparametric Yes CLSI/IFCC 

Bouvier et al 

[137]  

2011 Cross-

sectional 

Healthy 

children 

Hospitals 236 Integer ages 

and a 

continuous 

variable 

Both 

discrete and 

continuous 

Ris 

Didn't mention Didn't mention Parametric & 

Quantile 

regression 

(nonparametric 

function of age) 

No Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Alberti et al 

[138] 

2011 Cross-

sectional 

Healthy 

children 

From another 

study 

1119 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't mention Regression based 

method using 

parametric 

function of age 

No Statistical 

methods paper 

Langer et al 

[139] 

2011 Cross-

sectional 

Healthy 

children 

Hospitals 150 Age-groups Discrete RIs Didn't mention Didn't specify Not specified No Didn’t mention 

Xu et al [140] 2010 Cross-

sectional 

 
Communities 

or school 

837 Integer ages Continuous 

RIs 

Clinically 

implausible 

Didn't specify Regression based 

method using 

parametric 

function of age 

No Didn’t mention 

Takala et al 

[141] 

2010 Longitudinal Healthy 

children 

Hospitals 150 As a 

continuous 

variable 

Continuous 

RIs 

Values with the 

absolute value 

of residuals that 

were > 3 from 

the calculated 

RIs. 

Visually/graphi

cally 

Regression based 

method using 

parametric 

function of age 

No Other published 

paper 

Southcott  et al 

[142] 

2010 Longitudinal Healthy 

children 

Communities 

or school 

852 Age-groups Discrete RIs Clinically 

implausible 

Didn't mention Nonparametric No Didn’t mention 

Salameh et al 

[143] 

2010 Cross-

sectional 

Healthy 

children 

Communities 

or school 

499 Age-groups Discrete RIs Residual Didn't mention Segmented 

Regression 

No Didn’t mention 

Piatosa et al 

[144] 

2010 Cross-

sectional 

Didn’t 

mention 

Didn't specify 264 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Oswald et al 

[145] 

2010 Didn't 

mention 

Healthy 

children 

Hospitals 407 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No CLSI/IFCC 

Morbach et al 

[146] 

2010 Cross-

sectional 

Healthy 

children 

Hospitals 158 Age-groups  Both 

discrete and 

continuous 

Ris 

Didn't mention Didn't mention Nonparametric & 

GAM where a 

smooth spline was 

used   

No Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Marwaha et al 

[147]  

2010 Cross-

sectional 

Healthy 

children 

From another 

study 

3700 Integer ages Discrete RIs Visually by 

histogram and 

confirmed by 

Leverage 

statistics, 

Cook's distance 

and Jack-knife 

residuals. 

Didn't specify Both 

nonparametric and 

parametric 

No Didn’t mention 

Kushnir  et 

al[148] 

2010 Cross-

sectional 

Healthy 

children 

Didn't specify 2157 Age-groups Discrete RIs Didn't mention Didn't mention Robust No Statistical 

methods paper 

Klarmann et al 

[149] 

2010 Cross-

sectional 

Healthy 

children 

Didn't specify 592 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No CLSI/IFCC 

Fideleff et al 

[150]  

2010 Cross-

sectional 

Didn’t 

mention 

Didn't specify 338 Age-groups Discrete RIs Did not 

mention the 

method 

Formal tests Nonparametric No Didn’t mention 

Dawson et al 

[151] 

2010 Cross-

sectional 

Healthy 

children 

Hospitals 813 Integer ages Continuous 

RIs 

Didn't mention Didn't specify LMS No Statistical 

methods paper 

Christensen et 

al [152] 

2010 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

63371 Integer ages Continuous 

RIs 

Didn't mention Didn't mention Not specified 

(Regression based 

parametric 

function of age 

from graph). 

No Didn’t mention 

Buchanan et al 

[153] 

2010 Cross-

sectional 

Healthy 

children 

Hospitals 655 Age-groups Discrete RIs Dixon/Reed 

method 

Didn't mention Nonparametric Yes CLSI/IFCC 

Boer et al [154] 2010 Cross-

sectional 

 
Available test 

results from 

Laboratory 

12205 As a 

continuous 

Continuous 

RIs 

Didn't mention Didn't mention The mean values 

are estimated in 

three groups 

based on prior 

knowledge.  

No Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Wu et al [155] 2009 Cross-

sectional 

Didn’t 

mention 

Hospitals, 

Available test 

results from 

Laboratories 

337 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Wiedmeier et al 

[156] 

2009 Cross-

sectional 

 
Hospitals, 

Available test 

results from 

Laboratories 

34146 Integer ages Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Sfar et al [157] 2009 Cross-

sectional 

Didn’t 

mention 

Communities 

or school 

200 A continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't specify Regression based 

method using 

parametric 

function of age 

No Didn’t mention 

Ooi et al [158] 2009 Cross-

sectional 

Healthy 

children 

Hospitals 436 Age-groups Discrete RIs Didn't mention Formal tests Both 

nonparametric and 

parametric 

No Didn’t mention 

Lai et al[159] 2009 Cross-

sectional 

Didn’t 

mention 

Communities 

or school 

4326 Age-groups Discrete RIs Extremely 

large values 

Didn't specify Nonparametric No Didn’t mention 

Jopling et al 

[160]  

2009 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

22621 Integer ages Discrete RIs Extremely 

large values 

Didn't mention Nonparametric No Didn’t mention 

Johnson-Davis 

et al [161] 

2009 Cross-

sectional 

Healthy 

children 

Didn't specify 1136 Age-groups Discrete RIs Didn't mention Visually/graphi

cally 

Nonparametric 

and other 

Yes CLSI/IFCC 

Heiduk et al 

[162]  

2009 Cross-

sectional 

Didn’t 

mention 

Unused 

samples from 

hospital 

833 Age-groups 

and as a 

continuous 

variable 

Both 

discrete and 

continuous 

Ris 

Extremely 

large values 

Didn't mention Nonparametric & 

quantile 

regression (using 

nonparametric 

function of age) 

No CLSI/IFCC 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Adetifa et 

al[163]  

2009 Cross-

sectional 

Healthy 

children 

Hospitals 1279 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't specify Regression based 

method using 

parametric 

function of age 

No Statistical 

methods paper 

Abrahamsson et 

al [164] 

2009 Longitudinal Children 

with a 

particular 

condition 

Hospitals 471 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't specify Piecewise linear 

regression method 

No Didn’t mention 

Thayyil et al 

[165] 

2008 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

172 Integer ages Discrete RIs Didn't mention Didn't specify Only mean No Didn’t mention 

Soldin et 

al[166] 

2008 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

1352 Age-groups Discrete RIs Hoffman Didn't specify Hoffman No Statistical 

methods paper 

Shine, B et al 

[167] 

2008 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

75328 Integer ages Both 

discrete and 

continuous 

Ris 

Hoaglin 

(Performance 

of some 

resistant rules 

for outlier 

labelling. J Am 

Stat Assoc 

1986;81:991-

999).  

Didn't mention Nonparametric & 

LMS 

No Statistical 

methods paper 

Kushnir  

et al [168] 

2008 Cross-

sectional 

Healthy 

children 

Didn't specify 319 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric 

and other 

No Didn’t mention 

Kratzsch et al 

[169] 

2008 Cross-

sectional 

Healthy 

children 

From another 

study 

1004 Age-groups Discrete RIs Didn't mention Didn't specify Nonparametric No Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Sobrero et al  

[170] 

2007 Cross-

sectional 

Didn’t 

mention 

Didn't specify 228 Age-groups Discrete RIs Didn't mention Didn't mention Not specified Yes Didn’t mention 

Rauchenzauner 

et al [171] 

2007 Cross-

sectional 

Healthy 

children 

Hospitals 572 As a 

continuous 

Continuous 

RIs 

Didn't mention Didn't specify Regression based 

method using 

parametric 

function of age 

No Statistical 

methods paper 

Lippi et al [172] 2007 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

1758 Age-groups Discrete RIs Didn't mention Formal tests Parametric 

method but 

geometric mean 

instead of 

arithmetic mean 

No Didn’t mention 

Koskas et al 

[173] 

2007 Cross-

sectional 

Didn’t 

mention 

Unused 

samples from 

hospital 

696 Age-groups Discrete RIs Didn't mention Didn't mention Not specified No Didn’t mention 

Kong et al [174] 2007 Cross-

sectional 

Healthy 

children 

Communities 

or school 

1692 Integer ages Continuous 

RIs 

Didn't mention Didn't mention LMS No Statistical 

methods paper 

Arndt et al 

[175] 

2007 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

128 Age-groups Discrete RIs Didn't mention Didn't mention Mean and 

percentiles 

No Didn’t mention 

Akuyam et al 

[176]  

2007 Cross-

sectional 

Healthy 

children 

Hospitals 115 Age-groups Discrete RIs Didn't mention Didn't specify Parametric No Didn’t mention 

Kapelari et al  

[177] 

2008 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

1209 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 

Castellani  et al 

[178] 

2008 Cross-

sectional 

Didn’t 

mention 

Hospitals 394 As a 

continuous 

variable 

Continuous 

RIs 

Tukey's method Didn't specify Quantile 

regression (using 

nonparametric 

function of age) 

No Other published 

paper 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Yip  et al [179]   2006 Cross-

sectional 

Didn’t 

mention 

Unused 

samples from 

hospital 

499 Age-groups Discrete RIs Chauvenet's 

criteria 

Didn't mention Nonparametric No Didn’t mention 

Vietri  et al 

[180] 

2006 Cross-

sectional 

Healthy 

children 

Communities 

or school 

2288 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Ritchie et al 

[181]  

2006 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

27635 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't specify Regression based 

method using 

parametric 

function of age 

No Didn’t mention 

Quinto et al 

[182] 

2006 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

2226 Integer ages 

and as a 

continuous 

variable 

Both 

discrete and 

continuous 

Ris 

Dixon/Reed 

method 

Didn't specify Nonparametric & 

quantile 

regression (using 

parametric 

function of age) 

No Statistical 

methods paper 

Monagle et al 

[183] 

2006 Cross-

sectional 

Healthy 

children 

Hospitals 400 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Berrahmoune et 

al [184] 

2006 Cross-

sectional 

Healthy 

children 

From another 

study 

340 Age-groups Discrete RIs Didn't mention Visually/graphi

cally 

Nonparametric No Didn’t mention 

Kempers et al 

[185] 

2005 Cross-

sectional 

Children 

with a 

particular 

condition 

Hospitals 142 Age-groups Discrete RIs Didn't mention Didn't specify Parametric No Didn’t mention 

Chailurkit et al 

[186] 

2005 Cross-

sectional 

Healthy 

children 

Communities 

or school 

600 Age-groups Discrete RIs Didn't mention Formal tests Parametric 

method but 

median instead of 

arithmetic mean 

No Didn’t mention 

Lugada et al 

[187] 

2004 Cross-

sectional 

Didn’t 

mention 

Communities 

or school 

3421 Age-groups Discrete RIs Didn't mention Both visually 

and using 

format tests 

Nonparametric No Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Elmlinger et al 

[188] 

2004 Cross-

sectional 

Healthy 

children 

Didn't specify 1584 Integer ages Continuous 

RIs 

Didn't mention Didn't mention Local regression 

analysis (using S-

Plus) 

No Didn’t mention 

Brinkworth et al 

[189] 

2004 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

2965 Integer ages Discrete RIs Didn't mention Formal tests Both 

nonparametric and 

parametric 

No Didn’t mention 

Schauer et al 

[190] 

2003 Cross-

sectional 

Healthy 

children 

Didn't specify 235 Age-groups Continuous 

RIs 

Didn't mention Didn't mention Box-Cox 

transformation, 

mean +/- SD and 

polynomial 

regression for 

centile 

No Other published 

paper 

Perrone et al 

[191] 

2003 Cross-

sectional 

Children 

with a 

particular 

condition 

Hospitals 101 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Najam et al 

[192] 

2003 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

1148 Age-groups Discrete RIs Did not specify Didn't specify Both 

nonparametric and 

parametric 

No Didn’t mention 

de paula et al 

[193] 

2003 Cross-

sectional 

Healthy 

children 

Hospitals 463 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Statistical 

methods paper 

Brabant [194] 2003 Cross-

sectional 

Healthy 

children 

Available test 

results from 

Laboratory 

1469 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Visually/graphi

cally 

Regression based 

method using 

parametric 

function of age 

No Didn’t mention 

Blomme et al 

[195] 

2003 Cross-

sectional 

Children 

with a 

particular 

condition 

Available test 

results from 

Laboratory 

151 Age-groups Discrete RIs Clinically 

implausible 

Didn't mention Nonparametric No CLSI/IFCC 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Schlebusch[196

] 

2002 Cross-

sectional 

Didn’t 

mention 

Hospitals 521 Integer ages Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Muntau[197]  2002 Cross-

sectional 

Healthy 

children 

Hospitals 1010 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 

Kawahara [198] 2002 Cross-

sectional 

Healthy 

children 

Hospitals 228 Age-groups Discrete RIs Didn't mention Didn't specify Parametric No Didn’t mention 

Hubner [199] 2002 Cross-

sectional 

Healthy 

children 

Hospitals 460 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't specify Regression based 

method using 

parametric 

function of age 

No Statistical 

methods paper 

Crofton et al  

[200] 

2002 Cross-

sectional 

Didn’t 

mention 

Unused 

samples from 

hospital 

542 Age-groups Discrete RIs Didn't mention Didn't specify Both 

nonparametric and 

parametric 

No Didn’t mention 

Lagerstedt et al 

[201] 

2001 Cross-

sectional 

Didn’t 

mention 

Unused 

samples from 

hospital 

196 Age-groups Discrete RIs Didn't mention Didn't mention Not specified No Didn’t mention 

Georges-

Gobinet et al 

[202] 

2001 Cross-

sectional 

Healthy 

children 

Hospitals 242 Age-groups Discrete RIs Didn't mention Didn't specify Nonparametric No Didn’t mention 

Elmlinger et al 

[203] 

2001 Cross-

sectional 

Healthy 

children 

From another 

study 

742 Integer ages 

(with a few 

integer ages 

combined) 

Both 

discrete and 

continuous 

Ris 

Didn't mention Didn't specify Nonparametric 

and regression 

based method 

using parametric 

function of age 

No CLSI/IFCC 

Clark et al [204] 2001 Cross-

sectional 

Healthy 

children 

Hospitals 120 Age-groups Discrete RIs Grubb's Test Formal tests Parametric No Didn’t mention 

Ahmed et al  

[205] 

2001 Cross-

sectional 

Healthy 

children 

Communities 

or school 

261 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Harmoinen et al 

[206] 

2000 Cross-

sectional 

Healthy 

children 

Hospitals 407 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric Yes Other published 

paper 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Haraldsson et al 

[207] 

2000 Didn't 

mention 

Healthy 

children 

Hospitals 184 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't mention Nonlinear 

regression by the 

SPSS Statistical 

package 

No Didn’t mention 

Finney et al 

[208] 

2000 Cross-

sectional 

 
Available test 

results from 

Laboratory 

291 Age-groups Discrete RIs Didn't mention Formal tests Parametric No Didn’t mention 

Sherriff et al 

[209] 

1999 Cross-

sectional 

Didn’t 

mention 

Communities 

or school 

1213 Age-groups Discrete RIs Didn't mention Both visually 

and using 

format tests 

Nonparametric No Didn’t mention 

Shahabuddin et 

al [210] 

1998 Cross-

sectional 

Healthy 

children 

Hospitals 102 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Ngamphaiboon  

et al [211] 

1998 Cross-

sectional 

Healthy 

children 

Hospitals 195 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Jagarinec [212] 1998 Cross-

sectional 

Healthy 

children 

Communities 

or school 

996 Age-groups Discrete RIs more than 3sd Didn't mention Nonparametric No Other published 

paper 

Cullen et al 

[213] 

1998 Cross-

sectional 

 
Communities 

or school 

100 Age-groups Discrete RIs did not specify Visually/graphi

cally 

Parametric No Didn’t mention 

Bokenkamp et 

al [214] 

1998 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

258 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No CLSI/IFCC 

Blohm et al 

[215] 

1998 Cross-

sectional 

Didn’t 

mention 

Unused 

samples from 

hospital 

390 Age-groups Discrete RIs Didn't mention Didn't mention Regression to 

estimate the mean 

with 95% CI 

 

  

No Didn’t mention 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Winklhofer-

Roob et al [216] 

1997 Cross-

sectional 

Healthy 

children 

Communities 

or school 

208 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't mention Regression based 

method using 

parametric 

function of age 

No Statistical 

methods paper 

Rukgauer et al 

[217] 

1997 Cross-

sectional 

Didn’t 

mention 

Hospitals 137 Age-groups Discrete RIs Didn't mention Formal tests Parametric No Didn’t mention 

Khan et al [218] 1997 Cross-

sectional 

Didn’t 

mention 

Communities 

or school 

460 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Blum et al [219] 1997 Cross-

sectional 

Healthy 

children 

Didn't specify 713 Age-groups Discrete RIs Didn't mention Didn't specify Parametric No Didn’t mention 

Rauch et al 

[220] 

1996 Cross-

sectional 

Children 

with a 

particular 

condition 

Didn't specify 133 Age-groups Discrete RIs Didn't mention Didn't specify Nonparametric No Didn’t mention 

Jensen et al 

[221] 

1995 Cross-

sectional 

Children 

with a 

particular 

condition 

Communities 

or school 

6688 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't specify Regression based 

method using 

parametric 

function of age 

No Statistical 

methods paper 

Adams et al 

[222] 

1995 Cross-

sectional 

Didn’t 

mention 

Hospitals 170 Age-groups Discrete RIs Grubb's Test Formal tests Parametric No CLSI/IFCC 

Miles et al  

[223] 

1994 Cross-

sectional 

Children 

with a 

particular 

condition 

Hospitals 180 As a 

continuous 

variable 

Discrete RIs Didn't mention Didn't mention Nonparametric No Statistical 

methods paper 

Miles et al [224]  1994 Didn't 

mention 

 
Communities 

or school 

180 Age-groups Discrete RIs Didn't mention Didn't specify Nonparametric No Didn’t mention 

  Lau et al [225] 1993 Cross-

sectional 

Healthy 

children 

Communities 

or school, 

Hospitals 

350 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't mention LMS No Statistical 

methods paper 

Jonetz-Mentzel 

et al [226] 

1993 Cross-

sectional 

Didn’t 

mention 

Didn't specify 687 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 



297 
 

First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Kumar et al 

[227] 

2003 Cross-

sectional 

Didn’t 

mention 

Communities 

or school 

586 Age-groups Discrete RIs Didn't mention Didn't mention Nonparametric No Didn’t mention 

Elmlinger et al 

[228] 

1999 Cross-

sectional 

Healthy 

children 

Didn't specify 145 Age-groups Discrete RIs Didn't mention Didn't mention Both 

nonparametric and 

parametric 

  

No Didn’t mention 

Juul et al [229]  1995 Cross-

sectional 

Healthy 

children 

Communities 

or school 

921 As a 

continuous 

variable 

Continuous 

RIs 

Didn't mention Didn't mention Mean and 

variance curve 

was estimated 

with a smoothing 

spline 

No Didn’t mention 

wood et al [230]  2004 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

115755 Age-groups Discrete RIs Didn't mention Formal tests Nonparametric No Didn’t mention 

Genc et al  

[231] 

1997 Cross-

sectional 

Healthy 

children 

Communities 

or school 

1967 Age-groups Discrete RIs Didn't mention Didn't mention Both 

nonparametric and 

parametric 

No Didn’t mention 

Custer et al  

[232] 

1995 Cross-

sectional 

Didn’t 

mention 

Available test 

results from 

Laboratory 

22464 Integer ages Continuous 

RIs 

Didn't mention Didn't specify LMS No Statistical 

methods paper 

Berkel et al 

[233] 

1994 Cross-

sectional 

Healthy 

children 

Hospitals 329 Age-groups 

and as a 

continuous 

variable 

Both 

discrete and 

continuous 

Ris 

Didn't mention Didn't mention Parametric and 

regression based 

method using 

parametric 

function of age 

No CLSI/IFCC 

Theunis et al 

[234] 

1993 Cross-

sectional 

Healthy 

children 

Hospitals 181 Age-groups Discrete RIs Didn't mention Visually/graphi

cally 

Nonparametric No CLSI/IFCC 
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First author Year Study 

design 

Study 

popn 

Source No. of 

sample 

Age as a 

categorical or 

continuous 

variable 

Type of RIs Identification 

of outliers 

Assessment of 

distribution 

Method 95 CI 

of the 

RI 

Provided 

justification or 

reference to the 

Statistical 

method 

Tommasi et al 

[235] 

1996 Cross-

sectional 

Healthy 

children 

Hospitals 241 Age-groups Discrete RIs Didn't mention Didn't mention Parametric No Didn’t mention 

Wiedenann et al 

[236] 

1993 Cross-

sectional 

Healthy 

children 

Didn't specify 714 Age-groups Discrete RIs Obvious Formal tests Nonparametric 

 

 

  

 
CLSI/IFCC 

Brown et al 

[237] 

1994 Longitudinal Children 

with a 

particular 

condition 

Hospitals 694 Integer ages Both 

discrete and 

continuous 

RIs 

Didn't mention Didn't mention Nonparametric 

and regression 

based method 

using parametric 

function of age 

No Statistical 

methods paper 

Kogner et al 

[238] 

1994 Cross-

sectional 

Healthy 

children 

Hospitals 112 Age-groups Discrete RIs Didn't mention Didn't mention Both 

nonparametric and 

parametric 

No Statistical 

methods paper 
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Appendix E: Supplementary documents of the publication included in Chapter 6 (Hoq el al. Comparison of statistical methods for 

constructing age-specific paediatric reference intervals: A simulation study. Biometrical Journal. 2020. (Submitted)) 

 

Supplementary Table 1: Average coverage across integer age and sex for Hoq et al and Royston’s methods, for five scenarios and four 

sample sizes  

Performance Measure Coverage 

Limit Lower limit  Upper limit 

Sample size 100 200 400 1000  100 200 400 1000 

Scenario Method          

1a Hoq et al 63.0 84.1 93.8 93.9  65.3 83.5 95.0 93.4 

Royston 84.5 87.8 83.7 65.6 66.0 60.4 47.9 25.5 

2b Hoq et al 58.4 81.7 95.1 95.5  49.4 79.6 95.1 94.5 

Royston 76.3 74.4 81.4 86.1  63.6 69.4 72.5 67.8 

3c Hoq et al 79.7 94.7 95.1 95.7  79.4 95.3 95.0 95.9 

Royston 85.1 85.0 89.4 90.5  85.5 89.1 89.1 91.5 

4d Hoq et al 77.1 92.7 88.4 77.3  

 

76.2 90.8 87.2 70.9 

Royston 76.3 84.0 83.4 75.3 73.8 76.0 73.6 60.3 

5e Hoq et al 68.6 87.4 84.5 67.2  68.2 83.4 82.1 67.1 

Royston 69.5 63.7 49.5 30.6  70.0 61.5 49.3 34.7 

Coverage more than 90% are highlighted with bold font. 

a. Linear in age (separately by sex), SD increasing linearly with age e.g. Creatinine.  

b. Nonlinear in age (separately by sex), SD increasing nonlinearly with age e.g. Alkaline Phosphatase. 

c. Linear in age, constant variance, no sex difference e.g. Potassium. 

d. Nonlinear in age, SD increasing linearly with age, sex difference e.g. Total Protein.  

e. Nonlinear in age, constant variance, no sex difference e.g. Phosphate. 
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Supplementary Table 2: Average 95% confidence interval width for lower and upper reference limits for Hoq et al and Royston’s 

methods across integer age and sex, for five scenarios and four sample sizes  

Performance Measure Average confidence interval width 

Limit Lower limit  Upper limit 

Sample size 100 200 400 1000  100 200 400 1000 

Scenario Method          

1a Hoq et al 7.6 8.8 8.6 5.0  8.0 8.6 8.6 4.9 

Royston 8.3 6.2 4.4 2.8 8.3 6.2 4.4 2.8 

2b Hoq et al 58.9 74.9 81.7 49.2  69.5 81.3 88.3 52.8 

Royston 68.3 55.2 42.1 27.3  75.0 57.7 43.0 27.4 

3c Hoq et al 0.35 0.38 0.26 0.15  0.35 0.39 0.26 0.15 

Royston 0.22 0.16 0.12 0.08  0.22 0.16 0.12 0.08 

4d Hoq et al 5.17 5.72 3.61 2.18  5.11 5.48 3.54 2.15 

Royston 3.73 2.76 1.98 1.25  3.75 2.75 1.98 1.25 

5e Hoq et al 0.17 0.20 0.14 0.09  0.18 0.19 0.14 0.08 

Royston 0.13 0.09 0.07 0.04  0.13 0.09 0.07 0.04 

Lowest confidence interval width between Hoq et al and Royston’s method was highlighted with bold font.  

a. Linear in age (separately by sex), SD increasing linearly with age e.g. Creatinine.  

b. Nonlinear in age (separately by sex), SD increasing nonlinearly with age e.g. Alkaline Phosphatase. 

c. Linear in age, constant variance, no sex difference e.g. Potassium. 

d. Nonlinear in age, SD increasing linearly with age, sex difference e.g. Total Protein.  

e. Nonlinear in age, constant variance, no sex difference e.g. Phosphate. 
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Supplemental Document 1: Stata and R codes of all four methods 

 
A: Stata Code for Royston’s method 

* Developed by Monsurul Hoq for the purpose of the comparing four methods for estimating continuous RI.  

 

* The following program is applicable for estimating RIs (2.5th - 97.5th) using age and sex (where 1 = Male and 0 = Female).  

* A brief discussion of the method is include in the masnucript.  

* Further details including "xrigls" and "xriml" can be found in Royston et al, JRSS 1998. 161(1): p. 79-101.  

 

 

clear 

set more off 

cap log close 

version 15.1 

 

 

 

cap program drop rri 

program rri 

 * step 1: identify the best fitting model for mean and SD  

 * For the entire code 1=analyte, 2=age and 3=sex  

  xrigls `1' `2', nograph fp(m:df 4, s:df 4) centile(2.5 97.5) // xrigls is a user-defined package in Stata develped 

by P. Royston (JRSS 1998. 161(1): p. 79-101) 

  local m_fp `r(mpow)' // store the polynomial powers of age for the mean 

  local s_fp `r(spow)' // store the polynomial powers of age for the standard deviation 

   

 if "`m_fp'"=="" { // If no or linear association with age and constant SD 

  xriml `1' `2', dist(n) se centile(2.5 97.5) nograph noscaling // xriml is a user-defined package in Stata develped 

by P. Royston (JRSS 1998. 161(1): p. 79-101) 

   } 

    

 else { 

  

 * Step 2: Assess the difference in mean response by sex for the model 

 * using the best fitting power variables of age in the previous step 

  

  if strlen("`m_fp'") <= 2 { // if the 1-degree polynomials were identified for the mean 

   fp <`2'>, replace powers(`m_fp') dim(1): reg `1' `3' <`2'> 

   mat b  = e(b) // store the estimates of b coefficients 

   mat se = e(V) // store the variance-covarience matrix 

   } 

   

  else if strlen("`m_fp'") > 2 { // if the 2-degree polynomials were identified for the mean 
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   fp <`2'>, replace powers(`m_fp') dim(2): reg `1' `3' <`2'> 

   mat b  = e(b) 

   mat se = e(V) 

   } 

   

  estimate store a // store the findings from the regression y = a + b1*age+b2*sex  

   

  * store the p-value corresponding to the b-coefficient of sex 

  local t_sex  = b[1,1] / sqrt(se[1,1]) 

  local p_sex  = tprob(e(N)-2,`t_sex') 

   

  di `p_pex' 

 

 * Step 3: Is there an interaction between the age (selected degree of FP models) and sex ? 

 *(so far the power variables selected in the -mfpi- were consistent with -mfp-) 

   

 reg `1' c.`2'_?##i.`3'  // here `2'_? will recall the power variables of age i.e `m_fp' 

 estimate store b // store the findings from the regression y = a + b1*age+b2*sex+b3*age*sex  

 lrtest a b, stats // compare the two models with or without interaction term 

 local p_int `r(p)' // Ho: No difference in deviance between the model significant. Store the p-value 

    

 di `p_int'   

 

 if `p_sex' > 0.05 & `p_int' > 0.05 { // if both sex and interaction with sex is insignificant 

   

  if "`s_fp'"=="" { // if SD is constant 

   xriml `1' `2', dist(n) fp(m:`m_fp') se centile(2.5 97.5) nograph noscaling // normal distribution 

   local dev_n = 2*e(ll) 

   xriml `1' `2', dist(en) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling // exponential normal 

distribution 

   local dev_en = 2*e(ll) 

   xriml `1' `2', dist(men) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling // modulus exponential normal 

distribution 

   local dev_men = 2*e(ll) 

    

   *Comparison of deviance between the 3 modeles 

   local diff1 = abs(`dev_n' - `dev_en') 

   local diff2 = abs(`dev_en' - `dev_men') 

   local p1 = 1-chi2(1,`diff1') 

   local p2 = 1-chi2(1,`diff2') 

    

   * Selection of the final model 

   if `p1' > 0.05 { 

    xriml `1' `2', dist(n) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling   
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    } 

   else if (`p1' <.05) & (`p2' > .05) { 

    xriml `1' `2', dist(en) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling   

    } 

   else { 

    xriml `1' `2', dist(men) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling  

    } 

   } 

 

  else { // if s is a function of age 

   xriml `1' `2', dist(n) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling 

   local dev_n = 2*e(ll) 

   xriml `1' `2', dist(en) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling 

   local dev_en = 2*e(ll) 

   xriml `1' `2', dist(men) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling 

   local dev_men = 2*e(ll) 

   local diff1 = abs(`dev_n' - `dev_en') 

   local diff2 = abs(`dev_en' - `dev_men') 

   local p1 = 1-chi2(1,`diff1') 

   local p2 = 1-chi2(1,`diff2') 

   if `p1' > 0.05 { 

    xriml `1' `2', dist(n) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling   

    } 

   else if (`p1' <.05) & (`p2' > .05) { 

    xriml `1' `2', dist(en) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling   

    } 

   else { 

    xriml `1' `2', dist(men) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling  

    } 

   } 

  } 

  

 else if `p_sex' < 0.05 & `p_int' > 0.05 { // there is a difference by sex but not seperate by sex 

  

  if "`s_fp'"=="" { // if S is constant 

   xriml `1' `2', dist(n) fp(m:`m_fp') se centile(2.5 97.5) nograph noscaling covar(m:`3', s:`3') 

   local dev_n = 2*e(ll) 

   xriml `1' `2', dist(en) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling covar(m:`3', s:`3') 

   local dev_en = 2*e(ll) 

   xriml `1' `2', dist(men) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling covar(m:`3', s:`3') 

   local dev_men = 2*e(ll) 

   local diff1 = abs(`dev_n' - `dev_en') 

   local diff2 = abs(`dev_en' - `dev_men') 

   local p1 = 1-chi2(1,`diff1') 
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   local p2 = 1-chi2(1,`diff2') 

   if `p1' > 0.05 { 

    xriml `1' `2', dist(n) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling covar(m:`3', s:`3')   

    } 

   else if (`p1' <.05) & (`p2' > .05) { 

    xriml `1' `2', dist(en) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling  covar(m:`3', s:`3')  

    } 

   else { 

    xriml `1' `2', dist(men) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling  covar(m:`3', s:`3') 

    } 

   } 

 

  else { // if s is a function of age 

   xriml `1' `2', dist(n) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling covar(m:`3', s:`3') 

   local dev_n = 2*e(ll) 

   xriml `1' `2', dist(en) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling covar(m:`3', s:`3') 

   local dev_en = 2*e(ll) 

   xriml `1' `2', dist(men) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling covar(m:`3', s:`3') 

   local dev_men = 2*e(ll) 

   local diff1 = abs(`dev_n' - `dev_en') 

   local diff2 = abs(`dev_en' - `dev_men') 

   local p1 = 1-chi2(1,`diff1') 

   local p2 = 1-chi2(1,`diff2') 

   if `p1' > 0.05 { 

    xriml `1' `2', dist(n) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling covar(m:`3', 

s:`3')   

    } 

   else if (`p1' <.05) & (`p2' > .05) { 

    xriml `1' `2', dist(en) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling  covar(m:`3', 

s:`3')  

    } 

   else { 

    xriml `1' `2', dist(men) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling  covar(m:`3', 

s:`3') 

    } 

   } 

  } 

 

 else if `p_int' < 0.05 { // seperately by sex 

  *since its not possible to include interaction term in the model, RIs are estimated seperately by sex 

  if "`s_fp'"=="" { // if S is consistent 

   tempfile male female 

   preserve 

   keep if `3'==1  
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   xriml `1' `2', dist(n) fp(m:`m_fp') se centile(2.5 97.5) nograph noscaling 

   local dev_n = 2*e(ll) 

   xriml `1' `2', dist(en) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling 

   local dev_en = 2*e(ll) 

   xriml `1' `2', dist(men) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling 

   local dev_men = 2*e(ll) 

   local diff1 = abs(`dev_n' - `dev_en') 

   local diff2 = abs(`dev_en' - `dev_men') 

   local p1 = 1-chi2(1,`diff1') 

   local p2 = 1-chi2(1,`diff2') 

   if `p1' > 0.05 { 

    xriml `1' `2', dist(n) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling 

    } 

   else if (`p1' <.05) & (`p2' > .05) { 

    xriml `1' `2', dist(en) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling 

    } 

   else { 

    xriml `1' `2', dist(men) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling 

    } 

   save `male', replace 

   restore  

   keep if `3'==0 

   xriml `1' `2', dist(n) fp(m:`m_fp') se centile(2.5 97.5) nograph noscaling 

   local dev_n = 2*e(ll)  

   xriml `1' `2', dist(en) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling 

   local dev_en = 2*e(ll) 

   xriml `1' `2', dist(men) fp(m:`m_fp')  se centile(2.5 97.5) nograph noscaling 

   local dev_men = 2*e(ll) 

   local diff1 = abs(`dev_n' - `dev_en') 

   local diff2 = abs(`dev_en' - `dev_men') 

   local p1 = 1-chi2(1,`diff1') 

   local p2 = 1-chi2(1,`diff2') 

   if `p1' > 0.05 { 

    xriml `1' `2', dist(n) fp(m:`m_fp') se centile(2.5 97.5) nograph noscaling  

    } 

   else if (`p1' <.05) & (`p2' > .05) { 

    xriml `1' `2', dist(en) fp(m:`m_fp') se centile(2.5 97.5) nograph noscaling  

    } 

   else { 

    xriml `1' `2', dist(men) fp(m:`m_fp') se centile(2.5 97.5) nograph noscaling 

    } 

   append using `male' 

   } 
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  else { // if s is a function of age   

   tempfile male female 

   preserve 

   keep if `3'==1  

   xriml `1' `2', dist(n) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling 

   local dev_n = 2*e(ll) 

   xriml `1' `2', dist(en) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling 

   local dev_en = 2*e(ll) 

   xriml `1' `2', dist(men) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling 

   local dev_men = 2*e(ll) 

   local diff1 = abs(`dev_n' - `dev_en') 

   local diff2 = abs(`dev_en' - `dev_men') 

   local p1 = 1-chi2(1,`diff1') 

   local p2 = 1-chi2(1,`diff2') 

   if `p1' > 0.05 { 

    xriml `1' `2', dist(n) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling 

    } 

   else if (`p1' <.05) & (`p2' > .05) { 

    xriml `1' `2', dist(en) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling 

    } 

   else { 

    xriml `1' `2', dist(men) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling 

    } 

   save `male', replace 

   restore  

   keep if `3'==0 

   xriml `1' `2', dist(n) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling 

   local dev_n = 2*e(ll)  

   xriml `1' `2', dist(en) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling 

   local dev_en = 2*e(ll) 

   xriml `1' `2', dist(men) fp(m:`m_fp', s: `s_fp')  se centile(2.5 97.5) nograph noscaling 

   local dev_men = 2*e(ll) 

   local diff1 = abs(`dev_n' - `dev_en') 

   local diff2 = abs(`dev_en' - `dev_men') 

   local p1 = 1-chi2(1,`diff1') 

   local p2 = 1-chi2(1,`diff2') 

   if `p1' > 0.05 { 

    xriml `1' `2', dist(n) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling  

    } 

   else if (`p1' <.05) & (`p2' > .05) { 

    xriml `1' `2', dist(en) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling  

    } 

   else { 

    xriml `1' `2', dist(men) fp(m:`m_fp', s: `s_fp') se centile(2.5 97.5) nograph noscaling 
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    } 

   append using `male' 

   } 

  } 

  

 } 

 

end 

 

 

B: Stata codes for Hoq et al’s method 

 

* Developed by Monsurul Hoq for the purpose of the comparing four methods for estimating continuous RI.  

 

* The following program is applicable for estimating RIs (2.5th - 97.5th) using age and sex (where 1 = Male and 0 = Female).  

* A brief discussion of the method is include in the masnucript.  

* Further details can be found in Hoq et al, Clin Chem 2019 65(10).  

 

 

clear 

set more off 

cap log close 

version 15.1 

 

cap program drop ri 

program ri 

 

  * Regress the mean of y on age and sex to identify the best fitting power variable of age 

  * For the entire code 1=analyte, 2=age and 3=sex  

  mfp, center(no, `2':mean): reg `1' `2' `3'   

   

  local pw `e(fp_k1)' // store selected powers of age for the mean 

  

  * Is the difference in mean response by sex significant ? 

  mat b  = e(b) // store the estimates of b coefficients 

  mat se = e(V) // store the variance-covarience matrix 

  local col = `e(rank)'-1 // to understand the position of the sex variable in the model 

   

  * store the p-value corresponding to the b-coefficient of sex 

  local t_sex  = b[1,`col'] / sqrt(se[`col',`col']) 

  local p_sex  = tprob(e(N)-2,`t_sex') 

 

  * Is there an interaction between the age (selected powers) and sex ? 
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  * For a linear model 

  if "`pw'"=="1" {  // `pw' stores the power variables as string 

   mfpi reg `1' `2', showmodel with(`3') linear(`2') 

   local p_int `r(Plin)'  // Ho: No difference in deviance between the model significant. Store the p-value 

   } 

  * For a 1-Degree Fractional Polynomial model 

  else if strlen("`pw'") <= 2 { 

   mfpi reg `1' `2', showmodel with(`3') fp1(`2') 

   local p_int `r(Pfp1)' 

   } 

  * For a 2-Degree Fractional Polynomial model 

  else if strlen("`pw'") > 2 { 

   mfpi reg `1' `2', showmodel with(`3') fp2(`2') 

   local p_int `r(Pfp2)' 

   }  

  

  if `p_sex' > 0.05 & `p_int' > 0.05 { // both sex and interaction with sex is insignificant 

 

   fp <`2'>, fp("`pw'") replace all : reg `1' <`2'> // This will generate the power variables of age (age_?) 

    

   *estimate the RIs (i.e. upper and lower limits) applying quantile regression where power variables of age are 

the covriates 

   qreg `1' `2'_?, quantile(2.5) vce(,bof)  

   predict `1'_ll 

   predict `1'_ll_se1, stdp  

    

   qreg `1' `2'_? , quantile(97.5) vce(,bof) 

   predict `1'_ul 

   predict `1'_ul_se1, stdp  

    } 

  

  else if `p_sex' < 0.05 & `p_int' > 0.05 { // there is a difference by sex but not seperate by sex 

 

   fp <`2'>, fp("`pw'") replace all : reg `1' i.`3' <`2'> 

  

   qreg `1' `2'_? i.`3', quantile(2.5) vce(,bof) 

   predict `1'_ll 

   predict `1'_ll_se1, stdp  

  

   qreg `1' `2'_? i.`3', quantile(97.5) vce(,bof) 

   predict `1'_ul 

   predict `1'_ul_se1, stdp  

    }  
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  else if `p_int' < 0.05 { // seperate by sexage 

 

   fp <`2'>, fp("`pw'") replace all : reg `1' i.`3' <`2'> 

  

   qreg `1' c.`2'_?##i.`3', quantile(2.5) vce(,bof) 

   predict `1'_ll 

   predict `1'_ll_se1, stdp  

  

   qreg `1' c.`2'_?##i.`3', quantile(97.5) vce(,bof) 

   predict `1'_ul 

   predict `1'_ul_se1, stdp  

  

   }   

    

 end 

 

C: State code for Cole’s LMS method 

* The following code from ZWANG was update by Monsurul Hoq to select the EDF based on a cross-validation. 

 

*! version 0.1 ZWANG Nov 1998, Menzies School of Health Research 

*! version 0.2 M.S. Pearce Nov 1998, Child Health, University of Newcastle 

*  upon Tyne 

cap program drop colelms2_cx 

program define colelms2_cx 

 version 5.0 

 local varlist "req ex min(1) max(1)" 

 #delimit ; 

 local options "AGEgroup(string) SEX(string) df(string) 

 NOSmooth CENtile(string) save(string) "; 

 #delimit cr 

 parse "`*'" 

 parse "`varlist'", parse(" ") 

 tempvar xlog xrec mg mh ma sg sa sh A B sd sdlog sdr 

 if "`centile'"=="" { local centile "2.5 10 25 50 75 90 97.5" /// 

} age-sp 

 gen `xlog'=ln(`1') 

 gen `xrec'=1/`1' 

 local GM "`1'" 

 if "`save'"==""{local save "LMStemp" /// 

} 

 if "`sex'"!=""{ 

  # delimit ; 

  collapse (mean) "`1'" `xlog' `xrec' (sd) sd="`1'" `sdlog'=`xlog' 

  `sdr'=`xrec' (count) num=`1', by(`sex' `agegroup'); 
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  # delimit cr 

  } 

 if "`sex'"==""{ 

  # delimit ; 

  collapse (mean) "`1'" `xlog' `xrec' (sd) sd="`1'" `sdlog'=`xlog' 

  `sdr'=`xrec' (count) num=`1', by(`agegroup'); 

  # delimit cr 

  } 

 gen `mg'=exp(`xlog') 

 gen `mh'=1/`xrec' 

 gen `ma'=`1' 

 gen `sg'=`sdlog' 

 gen `sa' =sd/`mg' 

 gen `sh'=`sdr'*`mg' 

 gen `A'=ln(`sa' /`sh') 

 gen `B'=ln((`sa' *`sh')/(`sg'^2)) 

 qui { 

  gen L=-`A'/(2*`B') 

  gen S=`sg'*exp(`A'*L/4) 

  gen M=`mg'+(`ma'-`mh')*L/2+(`ma'-2*`mg'+`mg')*(L^2)/2 

  

 * Cross-validation to select the optimum EDF for fitting a model for mu 

  forvalue i = 1/18 { 

    forvalue o = 0/1 { 

    forvalue b = 2/6 { 

 * Drop each interage age at a time and estimate the model using the reamining age and mean for df = 2 - 6   

  

    gam M `agegroup' if `sex'==`o' & `agegroup'!=`i', df(`b')  

    rename GAM_mu MS1m`i'`o'`b'  

    } 

   } 

  } 

   

 gen diff2 = .  

 gen diff3 = .  

 gen diff4 = .  

 gen diff5 = .  

 gen diff6 = . 

 

 * Calcuate the error in predicting the new data  

 forvalue i = 2/17 { 

  forvalue o = 0/1 { 

   forvalue b = 2/6 { 
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   local j = `i'-1 

   local k = `i'+1 

   sum MS1m`i'`o'`b' if inlist(age, `j' , `k') & sex==`o' 

   replace MS1m`i'`o'`b' = r(mean) if age==`i' & sex==`o' 

   replace diff`b'  = M - MS1m`i'`o'`b' if age==`i' & sex==`o' 

   } 

  } 

 }  

  

 * identify the EDF between 2 and 6 with minimum error in predicting the mean 

 forvalue i = 2/6 { 

  gen diff_s`i' = sqrt((diff`i')^2) 

  sum diff_s`i' 

  } 

 preserve  

 collapse (mean) diff_s? 

 gen id=1 

 reshape long diff_s, i(id) 

 sort diff_s 

 local df = _j[1] 

 di "`df'" 

 restore 

  

 * use the the identified EDF for calculating the centiles 

  if "`nosmooth'"==""{ 

   if "`sex'"==""{ 

    gam L `agegroup', df(`df')  

    gen LS=GAM 

    gam M `agegroup', df(`df')  

    gen MS=GAM 

    gam S `agegroup', df(`df')  

    gen SS=GAM 

    } 

   if "`sex'"!=""{ 

    quietly summ `sex' 

    local one=_result(5) 

    local two=_result(6) 

    gam L `agegroup' if `sex'==`one', df(`df')  

    gen LS=GAM if `sex'==`one' 

    gam L `agegroup' if `sex'==`two', df(`df')  

    replace LS=GAM if `sex'==`two' 

    gam M `agegroup' if `sex'==`one', df(`df')  

    gen MS=GAM if `sex'==`one' 

    gam M `agegroup' if `sex'==`two', df(`df')  
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    replace MS=GAM if `sex'==`two' 

    gam S `agegroup' if `sex'==`one', df(`df')  

    gen SS=GAM if `sex'==`one' 

    gam S `agegroup' if `sex'==`two', df(`df')  

    replace SS=GAM if `sex'==`two' 

    } 

   lab var LS "L smoothed" 

   lab var MS "M smoothed" 

   lab var SS "S smoothed" 

   drop s_ r_ e_ GAM 

   parse "`centile'", parse(" ") 

   while "`1'" !="" { 

    local tcent = `1'/100 

    local new = subinstr("`1'", ".", "x",.) 

    local Z`new' = invnorm(`tcent') 

    gen C`new' = MS*((1+LS*SS*`Z`new'')^(1/LS)) 

    mac shift 

    } 

   } 

  } 

 end 

 

D: R code for GAMLSS  

The following steps were applied to estimate RIs using GAMLSS method.  

 

 

rm(list=ls()) 

#setwd("Y:/PhD/Simulation/ALP") 

#call the packages 

library(gamlss) 

library(haven) 

library(MASS) 

source("extract_centiles.R") 

SS=c(100,200,400,1000) 

for (k in 1:4) { 

  for (i in 1:1000) { 

    S=Sys.time() 

   tryCatch(  

      { 

        print(i) 

# reading the data 

        datafile1 <-read_stata(paste0("Data/",SS[k],"/size",SS[k],"_sim",i,".dta")) 
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        alp_all <- subset(datafile1, select=c(age,sex,alp)) 

        alp_all0 <- na.omit(alp_all) 

        alp_all0$alp[alp_all0$alp<1]<-1 

        alp_all0$id<-1:nrow(alp_all0) 

# finding the hyper parameters for mean and SD i.e. edf for model including age and sex 

        m1 <- quote(gamlss(alp~cs(age,df=p[1])+as.factor(sex), data=alp_all0, family=BCT(), control=gamlss.control(trace=FALSE))) 

        op <-find.hyper(model=m1, par=c(3), lower=c(1), steps=c(.1), k=log(SS[k])) 

        m2 <- gamlss(alp~cs(age,df=op$par[1])+as.factor(sex),data=alp_all0, family=BCT()) 

# assess the difference in mean by sex 

        m3<-stepGAIC.VR(m2) 

        m3$anova 

# assess the interaction between age and sex 

        m4<-stepGAIC.VR(m2, scope=list(lower=~cs(age,df=op$par[1]), upper=~(cs(age,df=op$par[1])+as.factor(sex))^2)) 

        m4$anova 

# assess the difference in SD by sex 

        m5<-stepGAIC.VR(m4, what="sigma",scope=~(cs(age,df=op$par[1])+as.factor(sex))) 

        m5$anova 

# Find the hyper parameter for mean and SD for the selected model 

        m6 <- quote(gamlss(m4$mu.formula,sigma.fo=m5$sigma.formula, data=alp_all0, family=BCT(), 

control=gamlss.control(trace=FALSE))) 

        op <-find.hyper(model=m6, par=c(3,3), lower=c(1,1), steps=c(.1,.1), k=log(SS[k])) 

        m7 <- gamlss(m4$mu.formula,sigma.fo=m5$sigma.formula,data=alp_all0, family=BCT()) 

 

# calculate the centile         

        o1<-extract_centiles(m7,xvar=alp_all0$age,idvar=alp_all0$id,groupvar = alp_all0$sex, col.cent=1,  

                             cent=c(2.5,97.5),  

                             lty.centiles=c(3,3, 2,2,1,2, 2,3, 3), 

                             lwd.cent=c(1,1,1.5,1.5,2,1.5,1.5,1,1),  

                             ylab = "ALP", 

                             xlab = "Age (years)", 

                             legend = F,  

                             xlim = c(min(alp_all0$age),18), 

                             save=F, 

                             las=1) 

        results<-read.csv("Coordinates for selected percentiles.csv" ) 

        write.csv(results,paste0("Results/",SS[k],"/methods5_size",SS[k],"_sim",i,".csv"), row.names = FALSE) 

         

      }, error=function(e){/// 

}) 

  } 

} 
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Appendix F: Author accepted manuscript published in Clinical Biochemist reviews 

(Hoq et al. Paediatric Reference Intervals: Current Status, Gaps, Challenges and 

Future Considerations. Clinical Biochemist Review. 2020; 41 (2).)  
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Email: paul.monagle@rch.org.au 

 

Abstract:  

Establishing paediatric reference intervals (RIs) is a challenging task due to difficulties in 

subject recruitment, collection of adequate blood volume and the inherent, physiological 

changes of many biomarkers with age. Despite these challenges, several national and 

international initiatives have demonstrated a) the feasibility of prospectively designed 

paediatric RI studies, b) the development of continuous RIs and c) the comparison of 

reference values across analyser types to harmonise paediatric RIs. Whilst these studies have 

improved the interpretation of paediatric test results and compliance with international 

accreditation (ISO15189) requirements, several gaps and challenges in translating current 

paediatric RIs into routine laboratory practice remain. Future priorities for paediatric RI 

studies include: a) determination of the impact of discrete versus continuous RIs; analyser-

specific versus harmonised RIs, and prospective collection versus data mining on the 

proportion of results outside the RIs, b) understanding the clinical implications of analyser-

to-analyser variation in reference values and use of evidence-based paediatric harmonised 

RIs, where applicable, c) adaptation of laboratory information systems to incorporate 

continuous RIs, d) further understanding of the biological variation in paediatric biomarkers, 

e) studies to address the paucity of accurate data for neonatal RI development, f) periodic 

demonstration of RIs being clinically ‘fit-for purpose’ and g) agreement and policy updates 

mailto:paul.monagle@rch.org.au
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for use of modern, best practice statistical methods in estimation of paediatric RIs. 

Furthermore, in vitro diagnostic (IVD) manufacturers may require incentivised paediatric RI 

studies and publications through co-ordinated grants and collaboration at end user sites to 

reduce the burden on sole users.   

 

Introduction  

Laboratory test results are critical to modern clinical medicine, with claims that nearly 70% 

of physicians’ medical decisions based on information provided by laboratory test reports.1 

The importance of laboratory test results is further evident from the sheer number of 

pathology tests performed. According to the Royal College of Pathologists of Australasia 

(RCPA), approximately 500 million laboratory tests are performed each year in Australia and 

more than 11 million Australians have at least one test per year.2 

 

A test result by itself is of little value unless it is reported with a reliable and appropriate 

clinically related interpretation. A reference interval (RI) is one of such clinical assessment 

tools used frequently to interpret test results. Statistically, a RI is defined as a range that 

includes α% (0 < α < 100) of the reference population, where lower and upper limits are 

(100-α)/2 and (100 +α)/2 centiles respectively.3 The interval between the two extreme 

percentiles represents the central part of the population, and is frequently estimated by 

performing the relevant test/s on healthy individuals or a defined reference population. The 

basic concept of a RI is that observations that are outside the interval are considered unusual 

or abnormal, with the understanding that this will falsely classify (100-α) % of the reference 

population as “unusual”.  
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The appropriateness of any RI is a critical factor in the clinical interpretation of a test result 

and subsequent patient diagnosis and treatment. For this reason, the International 

Organisation for Standardisation (ISO) have specified requirements for all aspects of 

laboratory testing, including pre-analytical, analytical and post-analytical (e.g. RIs) phases.4, 5 

According to these requirements, clinical laboratories need to periodically demonstrate the 

appropriateness of the RIs to the population served and the measurement system in use.4, 5 

The establishment of a RI is a complex and time-consuming process, especially for children.6 

The RI establishment process is broadly classified into four steps: (i) definition of a reference 

population; (ii) selection of the reference individuals, (iii) collection of reference samples; 

(iv) laboratory testing of the reference samples according to routine, standardised operating 

procedures; and (v) application of statistical methods to the laboratory results generated in 

step (iv).6 For children, the determination of RIs is difficult because it requires recruitment of 

adequate numbers of healthy children, collection of relatively large blood volumes 

proportional to the patient’s blood reserve and an understanding of the physiological changes 

in biomarkers associated with normal growth and development.7-9 

 

One of the main steps in establishing paediatric RIs is recruiting healthy children 

representative of the community that a specific laboratory or hospital serves.10 Ideally, each 

child in the community should have the same probability of being selected as a representative 

of the reference population. Hence, recruitment of children should occur prospectively from a 

community, having no current interaction with a health service. However, this is extremely 

difficult, both ethically and pragmatically. A reasonable compromise is to actively recruit 

otherwise heathy children who present to health care services for minor surgical procedures, 

who would usually not be having clinically investigative blood tests because they are 

assumed to be normal. From a neonatal perspective, healthy term newborns on the post-natal 
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wards of hospitals represent an ideal sampling population. However, very low consent rates, 

restrictions in the amount of blood that can be safely collected from children with respect to 

body weight, a requirement for specialist phlebotomy procedures and staff combined with 

other ethical (e.g. single collection attempt) and logistical challenges (e.g. storage, 

transportation and cost), limit the ease with which many laboratories worldwide can attain 

prospective collection of paediatric blood samples.11, 12 This is particularly true for smaller, 

non-specialised laboratories that service regional health centres. An alternative approach has 

been to conduct retrospective studies, with data extraction, often referred to as “data mining”, 

from existing laboratory information systems (LIS) or testing leftover samples from 

laboratory storage, have been used in the estimation of paediatric RIs.13-16 Data mining has 

the advantage of generating large datasets compared to the direct approach of obtaining and 

testing samples for the single purpose of establishing RIs.16 However, despite the large 

sample size and rigorous statistical analysis, the representativeness of the findings and thus 

generated RIs, is influenced by the fact that the majority of the blood tests were initially 

conducted for investigation of possible disease states, an issue that may affect paediatric 

testing more than adult.15, 16 

 

In children, changes in specific biomarkers are associated with normal, physiological growth 

and development (e.g. creatinine and alkaline phosphatase (ALP)) and hence appropriate 

paediatric RIs must also reflect these changes from birth through adolescence.13, 14, 17 

Traditionally, RIs were estimated for different discrete age-groups to reflect these age-

specific changes in biomarkers.6, 18 However, several studies have identified that discrete age-

group RIs are misleading, specifically when testing children whose age is close to the defined 

age-group cut-off values.13, 14 For example, the continuous increase of creatinine 

concentration with increased muscle mass (and therefore age) or increase in ALP associated 
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with the osteoblastic activity during the pubertal growth spurt, make it evident that discrete 

age-group RIs alone are not sufficient to capture these physiologically based changes.14, 19 

 

Despite recent activities to achieve standardisation of laboratory results, between-method 

differences remain for the same tests.20-22 As sequential paediatric specimens on the same 

patient are often tested by different laboratories, the application of appropriate reagent and 

analyser-specific RIs for reliable clinical decision making is important. Most importantly, the 

clinical implication of any inter-analyser variation must be understood when making a 

decision based on an-analyser-specific RIs.17 While there are initiatives to harmonise 

paediatric RIs used between different laboratories and/or different analysers, the decision to 

harmonise is often based on clinical consensus between pathologists in The United Kingdom 

or using Bhattacharya analysis in Australia, rather than clinical evaluation of test results that 

were outside the RIs.22, 23   

 

Considering the challenges in establishing paediatric RIs, the process is likely to be 

practically limited to large scale, paediatric specialist centres with dedicated research 

resources or multi-national diagnostic manufacturers. Laboratories that analyse small number  

of paediatric specimens amongst predominantly adult cohorts and/or smaller regional 

laboratories may only be able to adopt previously published paediatric RIs. Hence the 

verification and validation of RIs in paediatric populations will play an important role in 

ensuring appropriate RIs are in use at local laboratory sites.  

  

In this context, the aim of this review is to briefly outline the current status of paediatric RI 

studies, describe some of the existing gaps and challenges in paediatric RIs and highlight 
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important future priorities in the practical implementation of paediatric RIs, in order to 

improve clinical diagnosis and reduce patient risk.   

 

Current Status  

Population-based, prospective paediatric studies 

The quality of RIs depends on the selection and recruitment of the individuals chosen to 

provide a specific RI, the control and quality of the laboratory’s pre-analytical, analytical and 

post-analytical process and the statistical methods applied. While controlling all these aspects 

is challenging, several national and international initiatives have demonstrated that 

establishing paediatric RIs using samples collected prospectively from population-based 

studies is feasible. According to the International Federation of Clinical Chemistry and 

Laboratory Medicine (IFCC), several countries and regions have taken initiatives to establish 

paediatric RIs.24 In Germany, the German Health Interview and Examination Survey for 

Children and Adolescents (KiGGS) presented the age and sex-specific percentile distribution 

of key laboratory parameters based on more than 14,000 blood and serum samples.25 In the 

USA, the Children’s Health Improvement through Laboratory Diagnostics (CHILDx) study is 

focusing on determining paediatric RIs for a number of clinical laboratory assays by 

collecting both blood and urine specimens from healthy subjects.26 In Scandinavian countries, 

the Scandinavian Initiative for establishment of paediatric reference intervals (NORICHILD) 

has reported discrete age-group paediatric RIs based on blood collected from nation-wide 

community surveys.27  

 

The Canadian Laboratory Initiative on Paediatric Reference Intervals (CALIPER) is one of 

the largest paediatric RIs projects completed to date and its numerous publications of 

paediatric RIs have contributed significantly to improving the clinical diagnosis and 
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interpretation of paediatric test results.18 CALIPER has collected thousands of samples from 

healthy children in Canada across several ethnic groups and has established paediatric RIs on 

Abbott Architect analysers.28 CALIPER has also mathematically transferred the established 

paediatric RIs on other analytical platforms, published a systematic review of the statistical 

methods applied in the estimation of RIs and a simulation study comparing statistical 

methods for estimation of age-group RIs.29-31 

 

Australia, the Lifestyle Of Our Kids (LOOK) study, which is a community-based longitudinal 

study, followed a cohort of 852 healthy eight year old children and reported RIs for 37 

analytes at age 8, 10 and 12 years.32 Most recently, the Australian Harmonising Age 

Pathology Parameters in Kids (HAPPI Kids) study also reported continuous age-and sex-

specific RIs as a function of age and sex for common biochemistry analytes across five 

commercially available analysers.19, 33 The HAPPI Kids study was the first study to directly 

compare test results across analysers and provide scientific evidence in support of 

harmonising RIs for the majority of biochemistry analytes.19, 33 The HAPPI Kids study has 

collected and tested samples from more than 5000 children with the aim to publish age and 

sex-specific RIs for common haematology and immunology analytes, as well as to investigate 

the impact of blood group on RIs.19, 33 Furthermore, the HAPPI Kids team has conducted a 

systematic review of statistical methods, focussing on the choice between age as a discrete or 

continuous variable, and a simulation study comparing the statistical methods applied in the 

estimation of continuous RIs.34, 35 

 

Addressing the lack of accurate paediatric RIs in China, the Pediatric Reference intervals in 

China (PRINCE) project aims to establish and verify paediatric RIs for 31 analytes using data 

collected from approximately 15,000 healthy children from 10 children’s hospital.36 To date 
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the project has evaluated the study feasibility and efficiency of the method using data from 

602 children.36 

 

Discrete age-group or continuous age-specific reference intervals 

Considering the challenges in clinical diagnosis based on the discrete age-group RIs for 

biomarkers that change with age, several studies have established continuous age and sex-

specific paediatric RIs.13, 14, 33, 37, 38 Bussler et al established continuous RIs for alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), and gamma-glutamyl transferase 

(GGT) as 3rd and 95th percentiles using a widely used semi-parametric statistical method 

(“LMS”) based on data from 1746 healthy children (3131 cases) aged 11 months to 16 

years.37 Zierk et al reported continuous age and sex-specific reference intervals for 22 

haematological and biochemical analytes also using an LMS-type method based on data 

available data from a hospital laboratory database for children aged 6 months to 18 years.14 

Recently, CALIPER reported continuous RIs for 38 biochemical markers using non-

parametric quantile regression based on the data from the CALIPER database for children 

aged 6 months to < 19 years.38 As mentioned, the HAPPI Kids study also established 

continuous age-specific RIs for 30 biochemistry analytes across five analysers using quantile 

regression where (fractional) power variables of age and sex were used as the covariates, 

using prospectively collected data from 360 healthy children aged 1 month to <18 years.33 

With this method, the HAPPI Kids study reported continuous age-specific RIs as a function 

of age and sex, enabling a RI to be calculated for any age.33  

 

Analyser-specific or common paediatric reference intervals 

Addressing inter-analyser variation, CALIPER study mathematically transferred and 

validated discrete age-grouped paediatric RIs from Abbott Architect analysers to other 
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systems including the Beckman Coulter DxC800, Ortho Vitros 5600, Roche Cobas 6000 and 

Siemens Vista 1500 analysers for common biochemical and immunological analytes.28, 31, 39 

The authors reported the transferred RIs were similar for most analytes to the RIs established 

on the Abbott Architect c800 while in some cases (e.g. lipase on Siemens Vista and apoB on 

Ortho Vitros) the reference limits were higher than those for the Abbott Architect.31 The 

Australasian Association of Clinical Biochemists (AACB) and Royal College of Pathologists 

(RCPA) endorsed paediatric harmonised RIs for 9 biochemical analytes (i.e. sodium, serum 

and plasma potassium, chloride, bicarbonate, creatinine, calcium, phosphate, magnesium and 

ALP for children 0 week to <18 years), established based on the paediatric data from 15 

laboratories (i.e. over 200,000 test results) using Bhattacharya analysis.22 However, the 

comparison of analytical methods to estimate variability between manufacturers were 

performed using adult samples and may not be representative of paediatric population 

particularly for neonates.22  Most recently, the HAPPI Kids study reported common paediatric 

RIs for 24 biochemical analytes in addition to analyser-specific RIs for 30 biochemical 

analytes on Ortho Vitros 5600, Abbott Architect c8000, Roche Cobas c701, Siemens ADVIA 

1800, and Beckman Coulter AU5800.19, 33 The HAPPI Kids study is the first study to provide 

scientific evidence of statistical and clinical significance of differences in age-specific mean 

reference values across analysers for the paediatric population19. This head-to-head 

comparison of reference values was possible as each blood sample was divided into five 

aliquots and tested directly on the 5 different analysers.33   

 

Gaps and Challenges 

Recruitment of healthy neonates and infants 

Accurate and reliable paediatric RIs that reflect dynamic changes during the first few days, 

weeks and months of life, are still lacking. Difficulties in recruiting adequate numbers of 
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healthy term neonates and infants were acknowledged by all the major population-based 

paediatric RI studies.18, 19, 40 The CALIPER paediatric RIs for neonates and infant (0 - < 1 

year) are limited as children were recruited from outpatient clinics.18 Similarly, studies from 

Denmark and Sweden addressed the limitation of small sample sizes (6 months to 18 years) 

by merging datasets to establish paediatric RIs.40 The HAPPI Kids study successfully 

collected blood samples from term neonates within 72 hours of birth, albeit with low consent 

rates (16%) but was unsuccessful at collecting adequate samples from pre-term neonates born 

at 32- 36 weeks gestation (unpublished data). However, the HAPPI Kids study had no 

samples collected from children aged between 72 hours and one month of age.19      

 

Pre-analytical and analytical processes for testing paediatric samples 

Routine pre-analytical and analytical processes are important factors that require control 

when establishing paediatric RIs.9 Following safe clinical practice, blood collection for the 

HAPPI Kids study was limited to less than 3% of the total blood volume for a child.33 In 

addition, ethical consideration of younger children limited multiple or repeated blood 

collection attempts in this study.19 Post-collection, standard operating procedures defined 

HAPPI Kids specimen processing, but nevertheless authors reported data exclusion due to 

pre-analytical interferences in certain subsets of samples (e.g. sodium, total protein (due to 

evaporations), and total bilirubin (due to light exposure)).19 Adeli et al also raised concerns 

regarding the ability of the automated laboratory equipment to handle small volume 

specimens, leading to frequent manual processing and difficulties in standardising specimen 

processing.17 This problem was also observed in the analysis of the HAPPI Kids specimens, 

where automated processing was overridden to prevent the analyser from aborting automated 

specimen analysis due to inadequate sample volumes.19 In addition to operational pre-

analytical and analytical concerns, intra-individual biological variation or total allowable 
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error for different analytes based on adult samples may not be applicable for the paediatric 

population, especially during the first few years of life.17 Addressing the lack of data on 

biological variation specific to paediatric populations, the CALIPER study first published 

paediatric within-day biological variation and quality specification for 38 biomarkers using 

nested analysis of variation techniques.41 Considering the challenges in recruiting healthing 

children using direct sampling approach, Loh et al proposed an indirect method for estimating 

within-individual biological variation and estimated between-individual biological variation 

for 22 biomarkers which were comparable to those reported in the CALIPER study.42, 43 

 

Validation and assimilation of the continuous paediatric reference intervals in a routine 

laboratory 

Whilst continuous age-specific RIs improve our understanding of the changes in biomarker 

concentrations with age, there is no current recommendation or endorsed guidelines for the 

validation of continuous age-specific RIs for use by a routine laboratory. In contrast, the 

CLSI published guidelines for validation is available for the validation of age-group RIs.6 It 

is uncertain to what extent this guideline is applicable to continuous age-specific RIs. As 

such, the HAPPI Kids study developed a method to validate its published continuous age-

specific RIs with some modification of the current guideline.44 Publication and endorsement 

of a standard protocol for continuous RI validation would provide direction and support for 

the adoption of continuous paediatric RIs in local laboratories.   

 

Even so, incorporating continuous RIs into existing LIS designed for discrete intervals 

remains challenging45. At present, LIS have limited capacity to visually display continuous 

reference curves or calculate continuous RIs from equations based on age and/or sex.19 

Moreover, some laboratories still report test results in a portable document format (PDF) or 
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hard copy, making it difficult to track sequential changes in test results appropriately over 

time. In addition to the challenges associated with the translation of continuous RIs into LIS, 

many pathology results are also viewed in other online systems, including electronic medical 

records and Medical Practitioner desktop or mobile software packages. In these situations, 

developments are not only required to the LIS, but also to prepare the RIs, display them if 

this is required in a rendered format (e.g. PDF or directly on-screen) and also systematically 

transfer the results to receiving systems that have the capacity to accurately and safely render 

the results. This poses additional complexity for the electronic management of patient results 

and applicable RIs, but as the diversity in receiving systems and software expands, 

standardisation is vital. Recent studies endorsing the use of continuous paediatric RIs provide 

impetus for the development of improved modern LIS functionality and associated integrated 

electronic medical records (EMR) and other mobile and desktop software used to view and 

interpret patient results at the medical practitioner interface.13, 19, 37, 38 

 

Future Considerations 

Further research addressing the gaps and challenges 

Target studies to establish neonatal and infant reference intervals  

Physiological change in neonates is very dynamic, with the first few days of life being noted 

as “the most dramatic period of change that occurs in human life”.46 As such, concentrations 

of respiratory and cardiovascular biomarkers can change within minutes after birth, whilst 

other biomarkers change more slowly as organ systems evolve to transition the neonate from 

the intrauterine environment to adult physiology.46 These dramatic changes in biomarkers 

make the interpretation of pathological test results challenging, especially in the context of 

currently available paediatric RIs. As discussed previously, there is a further lack of reliable 

and accurate neonatal and infantile RIs. Targeted studies of children aged 0, 1, 2, 3, 7, 14 and 
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28 days, and during the 2nd, 3rd, 4th, 5th, 6th, 9th, and 12th months of life are required. In an 

effort to address the existing limitations of available data, the CALIPER study has undertaken 

the recruitment of expectant mothers to facilitate the monitoring of circulating biomarkers at 

birth and throughout the first year of life.18 Hence, priority should be given to analytes with 

proven clinical utility during the neonatal and infancy periods.  

 

Statistical methods applied in the estimation of RIs 

There is a wide variety of statistical methods that have been applied in the estimation of age-

specific RIs. These include Royston’s parametric curves, Cole’s LMS, generalised additive 

models for location, scale and shape (GAMLSS) and quantile regression.3, 47-49 Underlying 

each method is a set of defined assumptions under which the method will provide optimum 

results. While there have been a few studies comparing the performance of different 

statistical methods based on available data, there is a lack of well-designed statistical 

simulation studies comparing the performance of these methods for different scenarios i.e. 

complexity of relationship between age and biomarkers, distribution of samples across age 

and sample size48, 50. The minimum sample size required to estimate age-specific paediatric 

RIs is also frequently not agreed upon. Royston proposed a formula for sample size 

calculation for estimating age-specific RIs using samples distributed uniformly across age 

and requiring the ratio of the standard error (SE) of the estimated limits to be no more than 

10% of the standard deviation of the variation in the population.3 A modification to the 

formula for various age distributions has also been proposed.3, 51 However, this approach 

based on the SE of the limit is not applicable for LMS or GAMLSS. There is also no 

recommendation for sample size requirement when utilising these statistical methods. Hence, 

statistical simulation studies may provide guidance for minimum sample size required to 

minimise bias for different scenarios mentioned earlier.  
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Comparison of flagging rates using discrete versus continuous paediatric reference intervals 

One justification for the use of continuous age-specific RIs is the improvement in clinical 

decision making, particularly in children with ages close to the age “cut-off” values used in 

discrete age-group RIs. As shown in figure 1, a girl aged 7 years with creatinine results of 55 

µmol/L is within the discrete age-group RIs and outside the continuous RIs. In contrast,  a 

girl aged 12 years with creatinine results of 65 µmol/L is outside the discrete age-group RIs 

and within the continuous RIs. Zierk el al compared the flagging rate of test results as lying 

outside the RIs in sick children and a reference population between discrete age-group RIs 

used in laboratories and published continuous age-specific RIs, and reported that the flagging 

rate of test results outside the RIs for continuous age-specific RIs in comparison to discrete 

age-group RIs reduced substantially for most blood count analytes and biochemical analytes, 

except for red cell distribution width, AST, ALT, potassium and lactate dehydrogenase 

(LDH).14 However, the proportion of samples and patients considered pathologic based on 

the continuous RIs was more than 5% for all analytes.14 Contrary to Zierk et al, the recent 

CALIPER study reported that the flagging rate of test results outside the continuous RIs was 

approximately 2.5% below or above the lower or upper limit respectively for most analytes.38 

The flagging rate did not reduce substantially when discrete age-group and continuous age-

specific RIs using the same sample were compared38. However, the authors discussed that for 

continuous age-specific RIs the flagging rate of test results outside the RIs were consistent 

across age while discrete age-group RIs performed better near the centre of the age-group.38 

The difference in flagging rates between the study of Zierk et al and the CALIPER study is 

expected as one is an indirect study based on patient samples and the other is based on 

presumed healthy children.14, 38 While the overall flagging rate can be made the same with 

both types of intervals, the continuous RI is more likely to correctly classify each patient and 

should be used as a gold standard to compare the discrete age-group RIs. 
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Figure 1: Visual comparison of trends in reference values over time between hypothetical 

individuals.  

 

Explanation of Figure 1: Creatinine results (µmol/L) for hypothetical patients, Eden and Ella, 

are within the Harmonising Age Pathology Parameters in Kids (HAPPI Kids) Reference 

Intervals (RIs) and the Australasian Harmonised Reference Intervals for Paediatrics 

(AHRIP). However, longitudinal changes (e.g. increasing for Eden and decreasing for Ella) in 

their creatinine in comparison with the trend observed for the HAPPI Kids continuous RI 

may be of clinical concern and would allow the physician to better monitor their 

physiological condition. 
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Comparison of paediatric reference intervals between countries 

Several countries have established age-specific continuous RIs and have harmonised RIs 

across laboratories or methods.18, 19, 22 However, to date there has been no comparison of 

these RIs between countries. Considering CALIPER, Zierk et al and HAPPI Kids study have 

published RIs for common biochemistry analytes, a unique opportunity now exists to 

compare the documented paediatric RIs between countries using an indirect approach.14, 19, 38 

While this type of comparative study will be confounded by pre and post-analytical 

differences, and statistical methods applied, it may still assist in understanding ethnic and 

geographic differences in certain biomarkers after adjusting for confounding factors. The 

findings would significantly contribute to the establishment of global harmonisation 

guidelines and standards for paediatric RIs.   

 

Translation of research findings into practice 

Interpretation of pathology results obtained from multiple laboratories  

Due to potential variation in pathology reference values derived from different analytical 

principles and/or analyser types (from the same or multiple laboratories), laboratories have a 

responsibility to report patient results with valid RIs for the method in use and the population 

they serve and also play an important role in the education of physicians for the interpretation 

of pathology test differences results obtained from multiple laboratories.17, 19 At present, it 

remains extremely difficult for physicians to identify from the patient pathology report 

biomarkers with adopted harmonised or common RI’s (e.g. results comparable between 

laboratories), versus laboratory specific RIs that cannot be compared. This issue is of 

particularly importance in health system models in which patients are diagnosed, managed 

and treated within both core and peripheral services and clinics. CALIPER has taken the 

initiative in addressing the assessment of paediatric laboratory test results for physicians, 
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healthcare worker, parents and patients worldwide by the development and launch of a 

mobile application. The CALIPER App is an easy and transportable tool for the assessment 

of the latest reference value database (CALIPER) based on healthy children and 

adolescents.52 The development of mobile Apps and complexes LIS that enable the end user 

to access all RIs’ relevant to the patient’s assessment would enable better clinical use of our 

understanding of inter analysers differences.  

 

Incorporating results in electronic databases 

The inability of existing LIS to incorporate advanced mathematical functions or graphical 

representation of patient pathology data has been identified and remains a key challenge to 

incorporate continuous age-specific RIs. Overcoming these post-analytical reporting issues 

may enable easier visual recognition of biomarker trends over time and thus improved 

longitudinal follow up of paediatric patients. An example of a visual comparison of trends in 

reference values over time between hypothetical individuals is shown in Figure 1.   

 

Beyond the LIS, the need for universal standards for patient data and RI data transmission 

becomes even more apparent when the wide variety of medical interfaces used for this 

purpose are considered. This extends to both larger electronic medical record systems and 

also desktop and mobile software applications used by medical practitioners to promptly 

view, interpret and action patient results. In these situations, further technological 

advancement is required not only to the LIS, but also to prepare the RIs, display them in a 

rendered format (e.g. PDF or directly on-screen) and also systematically transfer the results to 

receiving systems. All of these process require a capacity to accurately and safely render the 

results. 
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Multi-national LIS and/or EMR developers have an active role to play in the future 

development and delivery of end-user requested functionality to improve clinical care in 

paediatric patient cohorts. From a commercial perspective, these types of LIS and EMR 

advancements would be directly transferrable to a wide variety of different patient cohort 

sub-sets, where physiological or treatment-based changes in biomarkers are evident (e.g. 

obstetric patients, therapeutic drug monitoring regimes, oncology patients etc.). 

 

Updating guidelines for newer statistical methods 

As outlined, several studies recently published continuous age-specific RIs for the 

interpretation of pathological data in children.13, 14, 19, 38 The statistical methods applied in 

estimation of continuous age-specific RIs are very different from those utilised in the 

derivation of discrete age-group RIs. Additionally, there is a variety of suitable methods for 

estimating continuous age-specific RIs, without any available consensus, guideline or 

standards from peak professional bodies (e.g. IFCC Reference Intervals and Decision Limits 

Committee (C-RIDL)) to assist medical professionals and biostatisticians in this task. Hence, 

further tasks that lie ahead for relevant professional bodies are the discussion of, consensus 

agreement on and guideline development of statistical best practice for the estimation of 

continuous RIs (or revision of guidelines for generation of discrete age-group RIs). It is likely 

that statistical simulation and comparative studies will be of methodological significance for 

guideline development. 

 

Sustainability of paediatric reference intervals and clinical interpretation 

Collaboration with diagnostic industry partners  

International accreditation standards for medical laboratories (e.g. ISO15189) mandate 

individual laboratories as responsible for the periodic review of biological RIs and, where 
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applicable, the further investigation and corrective action of RIs that are: a) no longer 

appropriate for the reference population served or b) when pre-analytical or analytical 

laboratory procedures have changed (ISO 15189:2012).4, 5 This requirement is aimed at 

maintaining the analytical and clinical interpretative quality of pathology results and 

acknowledges the relevance of changes in the ethnic distribution of local populations and 

advancements in automated analyser technologies, analytical methods, reagents and 

calibrators (as previously discussed). Depending on the origin of the RIs, the commutability 

of the RI values and the traceability of available metrological and pre-metrological 

information, the task of individual laboratories maintaining “accurate” RIs can range from 

onerous (e.g. production of reference values and estimation of the RI) to minimal (e.g. 

adoption of a published RI without validation). For paediatric patients, where reference 

values and published RIs have been historically sparse and laboratory testing is commonly 

performed by non-paediatric specialist laboratories, establishing or adopting paediatric RIs 

can be particularly difficult to attain. Even in laboratories with access to large numbers of 

paediatric specimens or major studies (e.g. CALIPER or HAPPI Kids), the cost and time 

associated with the continual review of and/or re-establishment of appropriate paediatric RIs 

for changed laboratory conditions, remain extremely challenging. The ethical and resource 

burden on sole laboratories to complete paediatric RI studies and publications may be 

improved if there was incentivised grants to facilitate further collaborative between vendors 

and end user groups, potentially coordinated by vendor agents. A further step would be if 

existing regulatory frameworks for IVDs were extended to specifically mandate IVD 

manufacturers for the provision of paediatric RIs for IVD products developed, marketed and 

sold as ‘fit for purpose’ for intended paediatric use. The ability of IVD manufacturers to meet 

such paediatric RI regulatory obligations would require continued collaborations and future 

development of collective commercial partnerships with major paediatric research teams. 
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Once established, the on-going verification of RIs can be achieved by the use of EQA to 

ensure analytical stability, with a focus on analyte concentrations found in paediatric samples, 

the application of an “average of normal” or alternative indirect techniques. 

 

Test results presented as a percentile 

The representation of an individual’s pathology test result outcome with appropriate RIs at 

discrete time-points (e.g. elevated biomarker at day x) can complicate clinical interpretation 

by masking of the trend in longitudinal test results that is not associated with intra-individual 

variation. This has been depicted in Figure 1, where 5, 10 and 15 year creatinine results for 

hypothetical patients, Eden and Ella, fell within the HAPPI Kids RIs and the Australasian 

Harmonised Reference Intervals for Paediatrics (AHRIP), but longitudinal trends in their 

respective creatinine levels (e.g. increasing for Eden and decreasing for Ella) in comparison 

with the trend observed for the HAPPI Kids continuous RI may be clinical concern. In 

contrast, Emily’s creatinine results of 30, 45 and 60 mol/L (at 5, 10 and 15 years 

respectively) demonstrate her creatinine value remained stable on the 50th percentile. Future 

consideration should be given to the representation of paediatric pathology test results as 

percentiles, as commonly used for other child growth parameters (e.g. weight, height, and 

head circumference) and the potential advantages that this may have in assisting physicians in 

the clinical interpretation of individual data and thus monitoring of physiological conditions.  

 

Conclusion:  

Paediatric RIs appropriate for the population being served by the servicing laboratory and the 

pre-analytical, analytical and post-analytical procedures utilised in generation of test results 

are essential for improving clinical interpretation and subsequent clinical decisions. Despite 

the past and present challenges of establishing paediatric reference values and estimating 
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paediatric RIs, there have been new and significant developments published that offer 

exciting improvements to pathology result interpretation, patient safety and ease of clinical 

management. However, with rapid advancement in technologies, both testing processes of the 

laboratory and the ways of reporting patient results are changing quickly. Hence, long-term 

planning to direct future research, software development and best practice clinical and 

statistical guidelines for paediatric RI development, implementation, review and accreditation 

will be critical for sustainability of quality and acceptance into routine laboratory practise.   
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