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Abstract 

Newborn screening programs measure analyte levels in neonatal blood spots to 

identify individuals at high risk of disease. Carnitine and acylcarnitine levels are primary 

markers used in the detection of fatty acid oxidation disorders. These analytes may be 

influenced by certain pre/perinatal or newborn screening related factors. The primary 

objective of this study was to explore the association between these characteristics and levels 

of blood carnitines and acylcarnitines in the newborn population. The study was composed 

of two parts: a systematic review and a clinical database analysis of existing newborn 

screening data. The systematic review results suggested considerable variability across 

studies in the presence and directionality of associations between analyte levels and birth 

weight, gestational age, age at time of blood spot collection, type of sample, and storage 

time. Sex was not significantly associated with carnitine or acylcarnitine levels in neonatal 

blood. We identified a need to more fully investigate a potential interaction between 

gestational age and birth weight in regard to analyte levels. The secondary data analyses 

indicated a statistically significant relationship between analyte levels and all perinatal / 

infant and newborn screening related factors of interest, but effect sizes were generally small. 

The interaction between gestational age and birth weight was significant in all models; when 

further explored through graphical analysis with conditional means, extremely premature 

neonates stood out as having distinct analyte patterns in relation to birth weight. Variation in 

the ratio of total acylcarnitine to free carnitine was better accounted for by the perinatal and 

newborn factors than was variation in any individual carnitine or acylcarnitine, indicating 

that proportions of carnitine and acylcarnitines may be more important in understanding an 

individual’s metabolic functioning than individual analyte levels. A low proportion of 
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variation was explained in all multivariate models, supporting the use of universal algorithms 

in newborn screening and suggesting the need for further large scale empirical research 

targeted at previously unaccounted for perinatal factors such as birth stress.   
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1.0   Introduction   

Population based newborn screening programs rely on analyte levels to identify 

neonates who are at high risk of disease. These analytes include carnitine and acylcarnitines, 

which are related largely to pathways in fatty acid metabolism. Certain pre/perinatal factors 

may influence carnitine and acylcarnitine levels in neonatal blood spots. It is important to 

understand these associations in order to better comprehend and interpret neonatal screening 

results.    

 

1.1 Fatty Acid Metabolism 

During periods of fasting or prolonged exercise, human energy needs are met by the 

breakdown of fatty acids through the carnitine cycle and mitochondrial β-oxidation, 

primarily in liver and muscle cells. In the liver, resulting acetyl-CoA is converted into ketone 

bodies which undergo further oxidation and are used for energy in tissues such as the brain. 

In cardiac and skeletal muscle, acetyl-CoA is oxidized completely to create energy via the 

tricarboxylic acid cycle 
1
. This metabolic pathway is particularly important in the early 

neonatal period, when infants are typically in a catabolic state. 

 

 Once inside liver or muscle cells, the transport of fatty acids into the mitochondria 

and subsequent oxidation to create acetyl-CoA involves two processes: the carnitine cycle 

and the beta oxidation spiral (Figure 1). The first of these, the carnitine cycle, applies only 

to long-chain fatty acids. The carnitine cycle functions to transport long chain fatty acids (as 

fatty acid CoA) into the mitochondria and to transform them into mitochondrial fatty acyl-

CoA. Medium chain fatty acids do not undergo the carnitine cycle as they are able to pass 
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Figure 1 – Fatty Acid Oxidation Pathway 
2
 

 

 

 directly into the mitochondria where they are activated to form acyl-CoA by acyl-CoA 

synthetase 
1
. The carnitine cycle is composed of four steps:  

1) Carnitine is transported across the plasma membrane into the cell cytosol via 

carnitine uptake proteins.  
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2) The fatty acid CoA’s acyl group is transferred to carnitine via carnitine palmitoyl 

transferase I in the outer mitochondrial membrane, yielding acylcarnitine. Released CoA 

rejoins the cytosolic pool of CoA.  

3) The acylcarnitine is then transferred into the mitochondrial matrix by the carnitine 

carrier protein carnitine/acylcarnitine translocase, which is embedded in the inner 

mitochondrial membrane.  

4) Within the matrix of the mitochondria, carnitine palmitoyl transferase II facilitates 

the transfer of the acylcarnitine’s acyl group to CoA resulting again in fatty acyl-CoA, now 

inside the mitochondria 
1
. 

  

Within the mitochondria, fatty acyl-CoA compounds originating from medium and 

long chain fatty acids cycle through the beta oxidation spiral multiple times, creating as 

many two-carbon acetyl-CoA units as possible given the original chain length (Figure 1). Of 

particular importance is the mitochondrial trifunctional protein which houses three of the 

four enzymes used for the breakdown of long chain fatty acids in the beta oxidation spiral 
1
. 

The steps involved in beta oxidation include:  

1) Dehydrogenation of fatty acyl-CoA by acyl-CoA dehydrogenases creating 2-trans-

enoyl-CoA. During this process FAD is reduced to FADH2 which then goes on to be 

reoxidized and enter the electron transport chain. The dehydrogenase used is dependent upon 

the chain length of the fatty acid (short [4-6 carbons or C4-C6], medium [C4-C12], long 

[C12-C18], or very long [C14-C20] chain acyl-CoA dehydrogenase).  

2) Hydration of 2-trans-enoyl-CoA by 2-enoyl-CoA hydratase to create L-3-hydroxy-

CoA.  
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3) Dehydrogenation of L-3-hydroxy-CoA by L-3-hydroxyacyl-CoA dehydrogenase 

resulting in beta-ketoacyl-CoA. NAD is also reduced to NADH+H+.  

4) Thiolytic cleavage of the alpha-beta bond catalyzed by 3-ketoacyl-CoA thiolase 

and CoA to form a fatty acyl-CoA two carbons smaller than the original molecule that 

entered the beta oxidation spiral, as well as a acetyl-CoA. The acetyl-CoA units are then 

oxidized directly to produce energy or are converted into ketone bodies in the liver for 

further oxidation 
1
.  

 

1.2 Inborn Errors of Metabolism 

In inborn errors of fatty acid oxidation, individuals cannot complete the carnitine 

cycle or beta oxidation spiral, resulting in an accumulation in the blood of intermediate 

components, which may include acylcarnitines (fatty-acid carnitine esters). The specific 

acylcarnitines that accumulate depend upon the step in the metabolic pathway where the 

defect occurs 
3
.  

 

Several of the more common fatty acid oxidation disorders (FAODs) include primary 

and secondary carnitine deficiency, short chain acyl-coenzyme A dehydrogenase deficiency 

(SCADD), medium-chain acyl-coenzyme A dehydrogenase deficiency (MCADD), long 

chain 3-hydroxyacyl-coenzyme A dehydrogenase deficiency (LCHADD), very long chain 

acyl-coenzyme A dehydrogenase deficiency (VLCADD), multiple acyl-coenzyme A 

dehydrogenase deficiency (MADD), carnitine palmitoyltransferase I or II (CPT-I; CPT-II) 

deficiency, and mitochondrial trifunctional protein deficiency (MTPD). In each case, the 

excess acylcarnitines in the blood correspond to the part of the metabolic process in which 
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the specific enzyme or transporter protein is used 
1
. Eight analytes are the focus of this study 

(Table 1). All carnitine and acylcarnitine concentrations are measured in µM (micromolar) 

which is equivalent to micromoles / litre. The analytes that are used as the dependent 

variables throughout this study are: free carnitine (C0 or FC), octanoylcarnitine (C8), total 

carnitine (TC), total acylcarnitine (TA), short chain acylcarnitine (SCA), medium chain 

acylcarnitine (MCA), long chain acylcarnitine (LCA), and the ratio of total acylcarnitine to 

free carnitine.  

 

Free carnitine (C0 or FC) is necessary for the transportation of fatty acids into the 

mitochondria in lipid metabolism. Free carnitine binds long chain fatty acids to create long 

chain acylcarnitine which is then able to move from the cytosol of a cell into the 

mitochondrial matrix where it can be broken down by β-oxidation 
1
. It is an important 

marker in neonatal screening both independently and in terms of the ratio of free carnitine to 

acylcarnitines. Free carnitine concentration is of particular importance in screening for 

conditions including primary carnitine deficiency and acquired carnitine deficiency 
4
.  

 

Octanoylcarnitine (C8) is a medium-chain acylcarnitine. It is used as a primary 

marker to identify infants at risk of medium chain acyl-CoA dehydrogenase deficiency 

(MCADD). In individuals with MCADD, deficiencies in the activity of medium chain acyl-

CoA dehydrogenase lead to increased levels of medium chain acylcarnitines including C8. 

Screening for abnormally high C8 levels is a primary method of detecting MCADD, as it 

identifies individuals at high risk of the disorder regardless of variation in the specific 

underlying genetic mutation or symptoms 
5
.  
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Table 1 – Primary & Derived Analytes  

 

 



    7 

Short, medium, and long chain acylcarnitines each represent a different step in the 

metabolism of long chain fatty acids. Short chain acylcarnitines refer to acylcarnitines of 

chain lengths C2 - C5. Abnormal levels of these analytes may indicate a range of disorders 

characterized by ketosis, primary or secondary carnitine deficiency, as well as other FAODs 

6
. Medium chain acylcarnitines have a chain length of C6 – C12. Abnormal concentrations 

may indicate disorders including MCADD 
6
. Long chain acylcarnitines have a chain length 

of C14 – C18. Abnormal levels may indicate very-long-chain acyl-CoA dehydrogenase 

deficiency (VLCADD), long-chain acyl-CoA dehydrogenase deficiency (LCHADD), or 

carnitine palmitoyltransferase II deficiency (CPT-II) among other disorders 
7
. For the 

purpose of this study, total short, medium, and long chain acylcarnitine values were 

determined through the addition of concentrations of all individual acylcarnitines included in 

the specified category.  

 

Total acylcarnitine level is determined through the addition of levels of all short, 

medium, and long chain acylcarnitines. This summed total of carnitine that has undergone 

esterification is a useful marker of metabolic status both alone and in comparison with other 

carnitine and acylcarnitine concentrations. Increases in all acylcarnitine concentrations may 

indicate multiple acyl-coA dehydrogenase deficiency among other disorders 
6
. 

 

Total carnitine level is determined through the addition of total acylcarnitine and free 

carnitine levels. Total carnitine concentration is useful both alone and as a baseline for 

determining what proportion of total blood carnitine has been esterified and in what form 

(short, medium, and long chain acylcarnitines). Abnormal total carnitine levels may indicate 

disorders such as primary carnitine deficiency 
4
.  
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The ratio of acylcarnitine to free carnitine level is an important marker in fatty acid 

metabolism and neonatal screening because it provides insight into the dynamic process of 

fatty acid metabolism and the catabolic state by comparing multiple analyte markers. 

Abnormal ratios may indicate disorders including CPT-II or MCADD among others. The 

ratio of acylcarnitine to free carnitine is also used as a factor of interest in the diagnosis of 

other disorders including primary carnitine deficiency 
7
. 

 

1.3 Newborn Screening for FAODs and the Role of Acylcarnitines 

Newborn screening is a process in which all neonates in a specified population are 

screened for a number of rare but treatable diseases. Population based newborn screening 

programs have been in place for decades in most developed countries, including Canada. 

Their purpose is to identify infants at risk for diseases that may not be apparent at birth for 

which early diagnosis and treatment are likely to be beneficial. In Canada, newborn 

screening programs are organized at the provincial level 
8
.  

 

Within the first few days of life and typically while mothers and newborns are still in 

hospital, a heel prick is used to deliver a small whole blood sample onto newborn screening-

specific filter paper. To identify infants at a high risk for one of the screened diseases, these 

blood spot samples are checked for integrity and analyzed for the presence of disease-

specific biomarkers, using enzyme activity testing, immunoassays, high performance liquid 

chromatography, and tandem mass spectrometry. Notably, the technology of tandem mass 

spectrometry (MS/MS) has been incorporated into many newborn screening programs in the 
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past few years.  MS/MS can be used to detect newborns at risk for a range of metabolic 

diseases (>20) simultaneously, based on concentrations of various amino acids and 

acylcarnitines. This generally entails setting dichotomous cut-points for the analytes (in the 

case of newborn screening, these cut-points are typically within the highest 99.8
th

 percentile) 

9
. If a patient screens positive for any disorder, confirmatory testing is done in order to verify 

the diagnosis 
8
.  

 

While the panel of disorders tested in newborn screening varies across programs both 

within and among countries, FAODs have recently been added as targets of many such 

programs around the world. FAODs are identified by characteristic acylcarnitine profiles 

generated using MS/MS 
10

. Early detection is important for this group of diseases because a 

combination of increased monitoring and changes to lifestyle and diet can lead to reduced 

morbidity and mortality associated with FAODs 
11

.  

 

Understanding sources of variation in carnitine and acylcarnitine levels in the 

newborn population is of particular importance because of the impact variations in these 

analytes may have on screening test results and associated diagnoses of specific conditions. 

Screening programs use algorithms that combine acylcarnitine markers and set cut-offs to 

yield high sensitivity for detecting FAODs while minimizing false positives 
9
. High 

sensitivity is important because it increases the probability that an individual who is affected 

by a disorder will screen positive (i.e., with high sensitivity there will be fewer missed cases) 

12
. Prevention of false positives, or high test specificity, is also important. False positives 

increase the number of tests that need to be repeated, creating an additional burden on the 
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health care system. Affected families are also subject to the unnecessary psychological 

impact of a false positive result 
13

.  

 

Research has shown that newborn screening false positive rates are considerably 

higher in certain population subgroups including extremely premature, low birth weight, or 

ill neonates 
14,15

. This is due in part to both biological immaturity and increased likelihood of 

having received medical intervention. The exact nature of these relationships, and the 

specific roles that various acylcarnitines play, is unclear 
14,15

. In several metabolic disorders, 

such as the FAODs MTPD and LCHADD, the cut-off for a screen positive result is quite 

close to the reference interval for the healthy population. As a result, minor differences may 

seriously impact screening results, and possibly the resulting diagnosis of disease 
16

. 

 

1.4 Rationale for Studying Sources of Variation in Metabolite Levels 

From the above discussion it follows that studying the relationships between perinatal 

and infant characteristics (e.g., sex, gestational age, birth weight) and acylcarnitine levels in 

newborns is likely to be useful to newborn screening programs, for adjusting or tailoring 

screening algorithms and cut-offs. Beyond screening for rare metabolic diseases, the 

complexity of mitochondrial energy metabolism, with multiple interacting pathways, 

suggests that such research may also provide insights that inform the science of metabolism 

and have implications for the care of infants who do not have single gene disorders. For 

example, in 2004 a study found that infants with octanoylcarnitine (C8) levels in the high-

normal range were more likely than those in the low-normal range to be heterozygous 

carriers for mutations in the MCAD gene or to have experienced a high degree of metabolic 
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stress due to prematurity, low birth weight, or other pre/perinatal factors 
17

. Indeed, 

metabolic profiling, which includes the analysis of metabolite levels in blood and the study 

of their association with health outcomes, represents a new epidemiological approach to 

identifying the contributions of genetics and environmental factors to health and disease in 

general 
18

.  

 

 Thus, there is clear value to exploring and documenting important predictors of 

variation in infant metabolite levels. Several pre/perinatal characteristics (for example, sex, 

gestational age, feeding status) and newborn screening related factors (for example, blood 

sampling methods, analytic technique) have been reported to affect observed concentrations 

of carnitine and its esters 
3,6,17-20

. However, there is inconsistency in the literature regarding 

which factors influence levels and the degree to which these levels are affected. 

 

For example, several studies have found no association between sex and carnitine or 

acylcarnitine levels 
10

, while others have observed minor differences 
21

. Still others have 

found significantly higher levels of free and total carnitine in male infants as compared to 

females 
22,23

. Evidence of a relationship between birth weight and metabolite levels are even 

more diverse, with studies reporting a range of effects from inverse 
24

  to positive 

correlations 
10

. Studies on gestational age have likewise shown mixed results 
10,23,24

. 

Furthermore, little information is available regarding the relationship between carnitine and 

acylcarnitine levels and variables such as feeding type, socioeconomic status, or newborn 

screening related factors including infant age at the time of blood sample collection, time 

between sample collection and analysis, and the nature of the sample.  
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1.5 Role of Newborn Screening Ontario 

 Prior to April of 2006, newborn screening in Ontario was conducted by the public 

health lab in Toronto and consisted of testing for two disorders: PKU (phenylketonuria) and 

congenital hypothyroidism. In 2006, funded by the Ontario Ministry of Health and Long-

term Care, the Children’s Hospital of Eastern Ontario opened Newborn Screening Ontario 

(NSO). NSO now performs screening for the entire province at this Ottawa facility. Since re-

locating to Ottawa, Ontario’s newborn screening program has also undergone a major 

expansion, implementing a new electronic database to house both demographic and medical 

information and growing to include over twenty additional conditions (including FAODs) 

beyond the two traditionally included. This presents a unique opportunity for exploring the 

relationship between environmental factors and metabolite levels in the infant population. By 

January 2010 the expanded program at NSO had collected health information from over 

611,000 samples, allowing for large scale exploration of factors associated with metabolic 

variation at the population level 
25

.                 

 

1.6 Significance    

Through this thesis project, I conducted a systematic review and a clinical database 

analysis of the Newborn Screening Ontario database to consolidate existing evidence and to 

form a more comprehensive picture of the potential influence of pre/perinatal factors and 

newborn screening factors on observed carnitine and acylcarnitine levels in newborn infants. 

This research has the potential to contribute to the understanding of fatty acid metabolism 

and related metabolic pathways, which may in turn aid in the improvement of diagnosis and 

treatment of metabolic conditions.   
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2.0 Goal and Objectives 

2.1 Overall Goal 

The primary goal of this study was to explore the association of pre/perinatal factors 

and newborn screening factors with levels/ratios of blood carnitines and acylcarnitines in the 

newborn population. This project was composed of two main components: a systematic 

review and a clinical database analysis of an existing newborn screening dataset. 

 

2.2 Systematic Review Objectives 

The systematic review component investigated carnitine and acylcarnitine 

levels/ratios and their relationship with pre/perinatal and newborn screening related factors. 

Pre/perinatal factors of particular interest included: socioeconomic status, birth weight, 

gestational age, and sex. Newborn screening related factors of interest included: age of child 

at time of blood sample collection, nature of sample, time between sample collection and 

analysis, analysis technique, and conditions of storage of sample. Results of the systematic 

review were used in part to determine which variables to include in the clinical database 

analysis. 

 

2.3 Clinical Database Analysis Objectives 

The clinical database analysis component investigated carnitine and acylcarnitine 

levels/ratios and their relationship with pre/perinatal and newborn screening related factors in 

the Ontario newborn population. Pre/perinatal factors of interest included socioeconomic 

status, birth weight, gestational age, feeding status, and sex. Newborn screening related 
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factors included age of child at time of blood sample collection and time between sample 

collection and analysis. 
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3.0 Systematic Review of Sources of Population Variation in 

Carnitine & Acylcarnitine Levels in Neonates 

3.1 Methods 

3.1.1 Literature Search 

We conducted a systematic search in the electronic bibliographic databases OVID 

Medline, Embase, Cochrane, and Scopus for articles published before January 1, 2011. 

Search strategies for each database included MESH terms and free text terms and were 

created using predetermined inclusion and exclusion criteria with the aid of a specialist 

librarian (Medline search strategy, Appendix A - strategies for other databases were adapted 

from the Medline strategy). We also searched the reference lists of included articles to 

identify additional relevant studies.  

 

3.1.2 Inclusion Criteria & Screening Process 

In the broad screen, two independent reviewers (SCS, BKP) screened citation titles 

and abstracts using the predetermined inclusion and exclusion criteria to exclude reports that 

clearly did not meet the inclusion criteria. Articles deemed potentially relevant by at least 

one reviewer proceeded to the focused screening level where full articles were considered 

(again independently by SCS, BKP) to determine final eligibility. Disagreements were 

resolved by discussion. Inter-reviewer reliability at the focused screening level was assessed 

using the Kappa score. 

 

Articles included in the systematic review had to present primary research reporting 

on carnitine and/or acylcarnitine levels (from our list of 8 analytes, see Table 1 in Chapter 1) 
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or their ratios in neonatal (≤1 month of age) blood samples and their association with one or 

more specific perinatal factors. These were divided into two groups: factors originating from 

the infant (birth weight, gestational age, and/or infant sex) and factors related to newborn 

screening (age at bloodspot collection, nature of sample, and/or storage of sample). We 

excluded articles that reported these metabolites solely among children at high risk of rare 

metabolic diseases, since our aim was to gain insight into sources of population variation in 

carnitine and acylcarnitine levels. 

 

3.1.3 Data Abstraction & Synthesis of Findings 

Articles that passed the focused screen underwent data abstraction using standardized 

forms developed for this project (Appendix B). Information on study characteristics, design, 

participants, outcome measures, analyses, and results was included. Data abstraction for each 

article was performed by one primary reviewer (SCS) and verified by a second reviewer 

(BKP). Discrepancies were addressed through discussion. 

 

No standard tool exists for conducting risk of bias assessment of observational 

studies. We considered the potential value of a variety of tools for this review but none fully 

met its needs 
21-24

. We therefore drew on the domains from these previous tools and 

considered our study objectives to identify two study characteristics that we believed could 

be related to results: 1) degree to which the study represents natural carnitine variation 

independent of intervention in an unspecialized population; and 2) centrality of pre/perinatal 

or newborn screening factors to the purpose of the study. We incorporated these two 

characteristics into our data abstraction process. 
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A quantitative synthesis of the literature on each perinatal factor of interest was not 

possible due to the diversity of outcomes considered and methods of investigation of the 

studies. Instead, a narrative synthesis of the evidence focused on factors associated with 

carnitine and acylcarnitine levels among infants. In studies where significant differences 

were observed, effect sizes were expressed as the difference in means wherever possible.  

 

3.2 Results  

Using the predetermined inclusion and exclusion criteria, 1502 articles were 

examined at the broad screening level (Figure 2 – prepared according to PRISMA 

guidelines). Of these, 84 articles deemed potentially relevant by at least one reviewer 

advanced to the focused screening level. High levels of inter-reviewer reliability were noted 

at the focused screen. The two reviewers were in complete agreement on allocation status of 

all 84 articles. Disagreement over the primary reason for exclusion for 3 articles was 

resolved via discussion (kappa score of 0.85).  

 

3.2.1 Perinatal & Infant Characteristics 

Ten articles were deemed eligible for inclusion in the review of pre/perinatal factors 

intrinsic to the neonate (birth weight, gestational age, sex). Articles included in the review 

were published from 1980 to 2010 (Table 2). Three of the ten articles originated in Germany, 

two in the USA, and one each in Japan, Italy, Belgium, Australia, and both Australia and the 

UK. The five most recently published studies used tandem mass spectrometry to measure 

carnitine and acylcarnitine levels, while radioisotopic assays were used in the other five. 

Seven studies used exclusively hospital based data, two used newborn screening based data, 
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and one included both.  Four studies were cross-sectional, while six used a longitudinal study 

design. Sample sizes were considered small (<50) in five studies, medium (50 - 2000) in 

three studies, and large (>2000) in two studies.  

 

With respect to the predetermined study characteristics that we believed may be 

associated with study findings, in 6 of 10 studies, the sample population was either 

somewhat or very representative of the general population (Table 3) 
3,25,27-30

. The other 4 

reflected study samples comprised of high proportions of preterm or ill/hospitalized neonates 

31-34
. Pre/perinatal factors of interest were central to 7 of 10 studies 

3,25,27-31
. In the other 3, 

data on birth weight, gestational age, and/or sex were presented but were not the central 

purpose of the study 
32-34

.     

 

Figure 2 – Systematic Review Flow Diagram 
26

 

 

 



 

1
9
 

Table 2 – Characteristics of Studies Measuring Effects of Perinatal & Infant Factors on Carnitine & Acylcarnitine Levels   
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Table 3 - Quality Assessment Tool Results 

  

 

 

3.2.1.1 Birth Weight 

Four studies examined the association between birth weight and carnitine or 

acylcarnitine levels in neonatal blood (Table 2). In two studies, birth weight was positively 

correlated with either selected or all carnitine and acylcarnitine levels 
3,27

. In one of these, 

free carnitine levels increased significantly with birth weight in premature neonates weighing 

<1.8 kg at birth but was not associated with birth weight in term neonates or those above 1.8 

kg (Table 4) 
27

. Meyburg et al. investigated birth weight in association with total carnitine, 

total acylcarnitine, and short, medium, and long chain acylcarnitine levels (free carnitine was 

also investigated) (Tables 4-7) 
3
. A positive correlation was found between birth weight and 

all of these analytes among full term neonates with birth weight appropriate for gestational 

age (except for the medium chain acylcarnitines where no data were available). However, no 

significant association with the analytes existed when comparing full term neonates of 

appropriate birth weight with those small for gestational age 
3
. A third study found an inverse 

association between free carnitine and birth weight although the statistical significance of 

this association was not reported (Table 4):  free carnitine was higher in neonates weighing 

<2000g compared with those >2000g
 30

. Finally, a fourth study found no clinically 

significant association between birth weight (>1.5 kg versus ≤1.5 kg) and a single medium-

chain acylcarnitine, octanoylcarnitine (C8) (Table 7) 
29

.  
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3.2.1.2 Gestational Age 

Eight studies examined the association between gestational age and carnitine or 

acylcarnitine levels in neonatal blood (Table 2). Results were mixed. With respect to free 

carnitine, 3 of 5 studies found at least one positive correlation with gestational age 
3,33,34

, 

while 2 of 5 identified at least one inverse association 
25,27

 (Table 4). For total carnitine, 3 of 

6 studies found at least one positive association with gestational age 
3,33,34

 (Table 5), while 

Meyburg and colleagues (2002) found an inverse association. In terms of total acylcarnitines, 

2 of 4 studies identified a positive correlation with gestational age at birth 
3,32

 (Table 6), 

while again Meyburg and colleagues (2002) found an inverse association, this time in one 

subgroup of very premature as compared to full term neonates. Only two studies, both from 

the same group of investigators 
3,25

, examined the association of gestational age with 

acylcarnitines across chain length (Table 7). In one of these studies, Meyburg and colleagues 

found either an inverse association with gestational age or no significant association for short 

and medium chain acylcarnitines 
25

, while in a second study these investigators found a 

positive association with gestational age in one short and one medium chain acylcarnitine 
3
. 

Results for long chain acylcarnitines were mixed, with both studies finding positive 

associations in certain acylcarnitines and no significant association with gestational age in 

others. In one of these studies
 25

, certain long chain acylcarnitines were also inversely 

associated with gestational age. In a further study, Khalid and colleagues investigated only 

the medium chain acylcarnitine C8 and found no clinically meaningful difference (statistical 

significance not reported) when comparing infants born at ≥ 37 weeks gestational age with 

those born at < 37 weeks gestational age (Table 7)
 29

. 
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Table 4 – Associations between Perinatal & Infant Factors and Free Carnitine Levels       
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Table 5 – Associations between Perinatal & Infant Factors and Total Carnitine Levels       

 

 
 

  



 

2
4
 

Table 6 – Associations between Perinatal & Infant Factors and Total Acylcarnitine Levels 
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Table 7 – Associations between Perinatal & Infant Factors and Chain Length Specific 

Acylcarnitine Levels 
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3.2.1.3 Sex 

Five studies examined the relationship between sex and carnitine or acylcarnitine 

levels in neonatal blood (Table 2). Sex was not significantly associated with any carnitine or 

acylcarnitine group level in any study (Tables 4-7). In one study, Cavedon and colleagues 

stated that there was a difference in males versus females for three of ten individual long 

chain acylcarnitines (C14, C16, C18:1) but the nature of the association was not specified 

(Table 7) 
28

.  

 

3.2.2 Newborn Screening Related Factors 

Eleven articles were deemed eligible for inclusion in the review of newborn 

screening related factors (age at blood spot collection, nature of sample, storage of sample). 

Articles included in the review were published from 1980 to 2010 (Table 8). Four of the 11 

studies took place in Germany, 2 in Australia, and 1 each in Belgium, the Czech Republic, 

Italy, the USA, and both Australia and the UK. Tandem mass spectrometry was used by the 7 

most recently published studies, while the other 4 used radioisotopic assays. Newborn 

screening based data were used exclusively in 5 of 12 studies. Hospital based data were used 

exclusively in 5 studies with 1 study using a combination of newborn screening and hospital 

based data. Seven studies used a cross sectional study design, while 4 used a longitudinal 

approach. Sample sizes were considered small (<50) in 2 studies, medium in 6 studies (50 – 

2000), and large (>2000) in 3 studies.  

 

In regard to the predetermined study characteristics that we believed may be 

associated with study findings, in 10 of 11 studies the sample population was either 

somewhat or very representative of the general population (Table 3) 
3,25,27-30,35-38

. The 
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remaining sample populations were comprised entirely of hospitalized neonates. Newborn 

screening related factors of interest were central to all 11 studies. 

 

 

Table 8 – Characteristics of Studies Measuring Effects of Newborn Screening Related 

Factors on Carnitine & Acylcarnitine Levels  
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3.2.2.1 Age of the Newborn at the Time of the Blood Sample Collection 

Nine studies examined the association between the age of the newborn at the time of 

the blood sample collection and carnitine or acylcarnitine levels in neonatal blood (Table 8). 

Results were mixed in the six studies that examined this association for free carnitine levels 

(Table 9). In two such studies, free carnitine levels were not significantly different when cord 

blood was compared to samples taken at several postnatal days of age 
3,28

. In another study, 

free carnitine levels were seen to increase significantly in the postnatal period consistently 

throughout the first 14 days of life 
27

 and in a different study levels appeared higher postnatal 

days 5-8 as compared to day 2 
30

, though significance was not tested.  Schmidt-Sommerfeld 

and associates demonstrated a pattern wherein free carnitine levels increased for the first 8 

hours of life, then decreased through days 2-7, increasing again through days 8-28 
38

. A 

similar pattern was found by Meyburg and colleagues (though significance was not reported) 

in neonates born at 28-31 weeks gestation. In these infants, free carnitine increased 

postnatally to day 3, decreased days 3-7, then increased to day 28. No significant difference 

in free carnitine level was found in this group between postnatal days 1 and 28. In the same 

study, neonates born at less than 27 weeks experienced a consistent postnatal decrease in free 

carnitine from days 1-14, with levels remaining steady from days 14-28. Free carnitine levels 

declined approximately 50% between days 1 and 28. Infants born at 37-42 weeks gestational 

age saw an increase in free carnitine of approximately one third between days 5 and 28 
25

.  

 

Four studies examined the relationship between age at blood collection and total 

carnitine level (Table 10). One found no significant difference in age of collection between 

neonates with total carnitine levels of ≤ 13 nmol/ml vs. those with > 13 nmol/ml 
31

. Another 

study found that total carnitine level was increased significantly in blood drawn on postnatal
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Table 9 – Associations between Newborn Screening Related Factors and Free Carnitine Levels 
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Table 10 – Associations between Newborn Screening Related Factors and Total Carnitine Levels 
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Table 11 – Associations between Newborn Screening Related Factors and Total Acylcarnitine Levels 
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Table 12 – Associations between Newborn Screening Related Factors and Chain Length Specific Acylcarnitine Levels 
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day 5 as compared with cord blood 
3
. Both Schmidt-Sommerfeld and associates as well as 

Meyburg and colleagues found the same patterns in total carnitine level as were present in 

free carnitine 
25,38

.    

 

Three studies addressed the relationship between total acylcarnitines and age at blood 

collection (Table 11). In one, total levels of acylcarnitine were seen to increase significantly 

in blood drawn on postnatal day 5 as compared with cord blood 
3
. Schmidt-Sommerfeld and 

colleagues presented findings in which total acylcarnitine level increased for the first 8 hours 

of life, then decreased through days 2-7, but underwent no significant difference between 

days 2-7 and 8-28 
38

. Though significance was not tested, Meyburg and associates further 

grouped the study population by gestational age and found that acylcarnitine levels remained 

steady days 1-3 in neonates born at less than 27 weeks, and then experienced a consistent 

decrease from days 4-7, with levels remaining steady from days 7-28. Total acylcarnitine 

level declined approximately 50% between days 1 and 28 for these neonates.  In the same 

study, acylcarnitine levels remained steady days 1-5 in neonates born at a gestational age of 

28-31 weeks, decreased days 5-7, and remained steady through day 28. In this group, no 

significant difference in total acylcarnitine level was found between postnatal days 1 and 28. 

Infants born at 37-42 weeks gestational age saw an increase in free and total carnitine and 

total acylcarnitine of approximately one third between days 5 and 28 
25

.  

 

Short, medium, and long chain acylcarnitines all displayed mixed results in regard to 

association with age of collection (Table 12). In one study, postnatal increases in 

acylcarnitine level were seen in 5 of 9 short, 6 of 7 medium, and 6 of 10 long chain 

acylcarnitines. Postnatal decreases were present in 1 of 5 short and 1 of 10 long chain 
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acylcarnitines 
28

. In another, postnatal increases were seen in 3 of 5 short, 4 of 6 medium, 

and 5 of 10 long chain acylcarnitines. Combined totals of short, medium, and long chain 

acylcarnitines were each shown to independently increase between the collection of cord 

blood and that at several postnatal days 
3
. Two additional studies examining only specific 

medium chain acylcarnitines presented with no significant difference associated with age of 

collection 
29,35

.    

 

3.2.2.2 Nature of Sample 

Two studies examined the relationship between the nature of a blood sample (whole 

blood versus plasma) and carnitine or acylcarnitine levels in neonatal blood (Table 8). Barns 

and associates compared median levels of free carnitine and total carnitine in whole blood 

(free carnitine: 44 µM (95% CI 26-76); total carnitine: 60 µM (95% CI 35-102)) and plasma 

(free carnitine: 33 µM (95% CI 12-60); total carnitine: 51 µM (95% CI 23-84)) samples but 

did not report the significance of their findings (Tables 9 & 10) 
37

. Meyburg et al. compared 

whole blood with plasma for total carnitines and long chain acylcarnitines (Tables 10 & 12), 

finding levels of both these analytes to be significantly higher in whole blood vs. plasma 

only samples 
3
. No study investigated the other analytes we considered with respect to 

differences in whole blood versus plasma. 

 

3.2.2.3 Length of Storage of Sample 

Two studies examined the relationship between the length of storage of the blood 

sample and carnitine or acylcarnitine levels in neonatal blood (Table 8). Strnadova and 

associates found that free carnitine increased from years 1-5 of storage at a rate of 7.6% per 

year, then decreased in years 6-15 at a rate of 1.4% per year (Table 9) 
36

. In the same study, 
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C2 and C3 levels were also shown to decrease with years of storage at rates ranging from 

7.5% (C2 years 6-15) to 27.4% (C3 years 1-5) per year of storage (Table 12). Barns and 

colleagues found total carnitine extraction reliability to be significantly compromised by 6 

years of storage (Table 10) 
37

.  

 
3.3 Discussion 

3.3.1 Perinatal & Infant Characteristics 

Birth weight and gestational age were significantly associated with carnitine and 

acylcarnitine levels in the majority of studies. The presence and directionality of these 

associations varied between and within studies for both variables. With respect to birth 

weight, when a significant association with carnitine and/or acylcarnitines was identified, it 

was typically positive. The only exception was a single comparison in one study of free 

carnitine
 30

. The relationship with gestational age was more varied. Gestational age was 

observed to have both positive and inverse associations with every carnitine and 

acylcarnitine type investigated, with effect sizes ranging from -56 to +194 (% difference in 

means). In contrast to the findings for birth weight and gestational age, sex was not 

associated with carnitine or acylcarnitine levels with the exception of three individual long 

chain acylcarnitines which were investigated in only one study 
28

. The direction and strength 

of association was not reported in that study. Quantitatively, gestational age was the most 

important perinatal factor associated with carnitine and acylcarnitine levels in neonates.  

 

The associations of carnitine or acylcarnitines with gestational age and birth weight 

are further complicated by the relationship between these two perinatal factors. A strong 

positive correlation exists between gestational age and birth weight, such that it is difficult to 
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separate the effect of one from the other
 39

. In particular, low birth weight can result from 

prematurity and/or from fetal growth restriction; these conditions may have different 

underlying causes 
40

. While some studies of birth weight in relation to 

carnitine/acylcarnitines examined this association independent of gestational age (e.g., by 

defining low birth weight in terms of “small for gestational age” or by restricting the analysis 

to full-term infants) 
3,27

, others have mixed these effects 
33,34

. Furthermore, fetal growth and 

gestational age may interact in their association with carnitine/acylcarnitines, as well as 

having potentially independent relationships. The three studies in this review to include both 

birth weight and gestational age approached these challenges in different ways. Battistella 

and colleagues separated participants into groups based upon gestational age and examined 

birth weight as a continuous variable. Furthermore, preterm neonates were divided into 1.15-

1.80 and >1.80 kg birth weight for analysis
 27

. Meyburg et al. used categories that grouped 

full term appropriate weight for gestational age (term AGA), full term small for gestational 

age (term SGA), and preterm neonates 
3
. Khalid et al. grouped participants into birth weight 

categories of ≤ 1.5kg versus > 1.5 and into gestational age categories of preterm vs. full term 

29
. Studies directly examining only birth weight or gestational age also encountered this 

challenge, as not acknowledging the other variable does not discount its impact. In these 

studies, participants of all gestational ages or birth weights were examined together. These 

divergent approaches yielded results that were difficult to compare directly and this may in 

part explain the inconsistencies in their findings. 
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3.3.2 Newborn Screening Related Factors 

The age of the newborn at the time of blood sample collection was significantly 

associated with carnitine and acylcarnitine levels in the majority of studies, though the 

presence and nature of the relationship varied across studies. Where a significant association 

was identified, free and total carnitine levels typically increased in the days following birth 

25,27,30,38
. Where a pattern existed, free and total carnitine as well as acylcarnitine increased to 

8 hours of age then decreased over the first week of life 
25,38

. Free and total carnitine then 

increased over the first month while total acylcarnitine levels remained constant.  

 

The potential interaction between a neonate’s gestational age and age at collection of 

a blood sample is an important factor to consider in relation to carnitine and acylcarnitine 

levels. Carnitine and acylcarnitine levels change naturally over time, with samples obtained 

from the same infant over the course of the first month potentially yielding substantially 

different carnitine and acylcarnitine levels
 25

. In premature neonates, these changes in the 

carnitine and acylcarnitine profile may be delayed compared to those of term neonates. 

Consequently, age of collection becomes particularly important, as a cord blood sample from 

a term neonate may have a similar profile to one taken from a premature neonate at an older 

age
 25

. This may explain some of the variation found in this research where levels of free 

carnitine, total carnitine, and total acylcarnitine were found to decrease over the first month 

of life in highly premature infants while increasing in term neonates. In this study, significant 

differences were observed over the first month of life depending upon level of prematurity. 

In the most premature group, free  

and total carnitine as well as total acylcarnitine levels decreased by 50% in the first two 

weeks of life and remained constant for the rest of the month. In neonates of 28-31 weeks 
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gestational age, free and total carnitine levels varied, increasing then decreasing over the first 

week; while total acylcarnitine levels stayed steady then decreased. From birth to day 28 of 

life, average levels of free carnitine, total carnitine, and total acylcarnitine remained 

unchanged in this group. In term infants, free and total carnitine as well as acylcarnitine 

levels increased by a third over the first month of life. The net increase in free carnitine, total 

carnitine, and total acylcarnitines in the most premature category; their unchanged nature in 

less premature infants; and their increase among term neonates suggests that the interaction 

between the age of the baby at the time of sample collection and gestational age may be an 

important consideration in understanding carnitine and acylcarnitine levels in neonates. 

Further supporting this assertion, while combined totals of short, medium, and long chain 

acylcarnitines each increased significantly between birth and several postnatal days, the 

presence and directionality of associations between individual short, medium, and long chain 

acylcarnitines and age of collection varied within each category. 

 

 Carnitine and acylcarnitine profiles may also vary based on the type of blood sample 

used. Newborn screening programs use whole blood spot analysis to screen for disease, but 

clinical research may rely on either whole blood or plasma
 3,27,29

. Studies included in this 

review used primarily one of two types: plasma only 
27,31-34

 or whole blood 
3,25,28-30

. Whole 

blood levels of carnitine and acylcarnitines have been shown to be consistently higher than 

plasma levels 
3
, however the degree to which carnitine and acylcarnitine levels vary between 

whole blood and plasma analysis may differ for different analytes 
3
 and little research exists 

detailing these potential differences. Of the studies examined, where significant, whole blood 

had higher levels of total carnitine and long chain acylcarnitines than plasma samples 
3
. This 
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association was also seen in free and total carnitine in another study, but statistical 

significance was not reported 
37

.  

 

The effect of storage on levels of carnitine and acylcarnitines in neonatal blood spots 

varied, but changes were generally larger in years 1-5 of storage than in years 6-15 
36

. 

Similarly, total carnitine extraction reliability was found to be significantly compromised by 

year 6 of storage 
37

. Modern newborn screening programs’ relatively uniform use of whole 

blood spots and short storage times mean that differences in analyte levels over longer term 

storage are of less concern. The effect of longer storage on dried blood spots is important, 

however, when considering their use for secondary purposes such as research or later clinical 

use 
41

. 

 

3.3.3 Supplementation 

Though data directly comparing neonates receiving carnitine supplementation versus 

non-supplemented individuals were excluded from this review, it is possible that infants in 

some of the studies may have received a form of supplementation. This may confound the 

association between perinatal characteristics and analyte levels. Understanding the impact of 

neonatal illness and interventions to manage or mitigate illness on carnitine or acylcarnitine 

levels in neonatal blood, and the relationship between these factors and the perinatal 

characteristics we studied, is an important direction for future research.  

 

3.3.4 Statistical vs. Clinical Significance  

Heterogeneity in the findings of the included studies also highlights the importance of 

distinguishing between statistically significant and clinically significant differences in the 
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context of neonatal bloodspot analyte levels. Statistical significance 
3,25,27,28,30-34

 provides 

evidence that an association exists but does not necessarily denote a clinically important 

difference. Clinical significance 
29

 implies practical relevance and is of greatest interest to 

decision-making in the areas of newborn screening and clinical management. There are no 

standards in this field for determining effect sizes that are likely to be clinically significant, 

and clinical significance is likely to differ depending on the purpose of measuring analytes 

(e.g., comparing values with cut-offs denoting positive newborn screening results, 

monitoring the impact of interventions, investigating the cause of symptoms). For these 

reasons, our study relied mainly on statistical significance (p <0.05) for summarizing 

findings across studies. However, we also reported the observed effect sizes (e.g., difference 

between means) whenever possible. Even relatively small differences may be important 

when applied across an entire population, and may lead to hypotheses that further our 

understanding of the physiology of neonatal metabolism and related questions regarding the 

impact of prematurity, growth restriction, illness, and intervention. Ultimately, these insights 

may contribute to the management of both well and ill newborns. 

 

Statistical significance is dependent upon the power of a study which is affected by 

sample size. Sample size was not related to any discernable patterns in the relationship 

between analyte levels and perinatal and infant characteristics or newborn screening related 

factors, though comparisons were challenging due to the disparate methods of measuring the 

exposure variables.  

 

3.3.5 Risk of Bias 
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While every study in this review passed broad and detailed level screening, their 

methods were heterogeneous, suggesting that it may be useful to assess the potential risk of 

bias for each study individually. We researched published tools for evaluating the risk of bias 

/ methodological quality in observational studies 
21,22,24

, but found that none had been 

definitively established as a standard and none seemed ideally applicable to our study. For 

these reasons, we identified two study characteristics that may be related to results, informed 

by existing instruments. These addressed the representativeness of the study sample in terms 

of the general population of newborns, and the centrality of the associations of interest in 

terms of the stated purpose of the study. These two characteristics reflect themes that are 

common across generic quality assessment tools: namely, generalizability 

(representativeness) and adequacy of reporting of methods (centrality of the associations of 

interest). We found that 10 of 14 studies included a somewhat or very representative sample; 

and that pre/perinatal factors were of central importance in 11 of 14 studies. However, if the 

4 studies without representative samples and/or where pre/perinatal factors were not of 

central importance were removed from this review, no considerable differences would exist 

in the results with the exception that we would have reviewed no information on the 

association between sex and total carnitine. 

 

3.3.6 Limitations 

Despite the systematic nature of this review, several limitations exist. Notably, 

considerable variation across studies in terms of their design, measurement, and subgroup 

definitions precluded a quantitative summary of findings. In addition, sample sizes were 

generally small (with three notable exceptions) (Tables 2 & 8), limiting representativeness of 

the studies to the general population of neonates.   
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3.4 Conclusion 

Our review results indicate a significant association between carnitine and 

acylcarnitine levels in neonates and birth weight, gestational age, age at time of blood spot 

collection, type of sample (plasma vs. whole blood), and storage time, though the presence 

and directionality of these associations varied. Sex was not significantly associated with 

carnitine and acylcarnitine levels in neonatal blood. Complex interactions may exist between 

gestational age and birth weight in regard to analyte levels, though this relationship is not 

fully investigated in the literature.  

 

The use of unstandardized methods, generally small sample sizes, and heterogeneity 

of results highlight the importance of further research directed at examining the association 

between perinatal factors and carnitine and acylcarnitine concentrations in neonatal blood. In 

particular, attention should be paid to the association of gestational age with these analyte 

levels, incorporating a thoughtful consideration of its potential complex interactions with 

birth weight / fetal growth, and age at the time of sample collection. Empirical, large scale 

cross-sectional studies in representative samples would be most informative, as would 

longitudinal studies for assessing the trajectories of analyte levels over time.  
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4.0 Clinical Database Analysis 

4.1 Methods 

4.1.1 Data Source 

To further investigate the relationship between perinatal factors and levels of 

carnitine and acylcarnitines in neonatal blood, we conducted a clinical database analysis of 

the Newborn Screening Ontario (NSO) database.  This database houses information on the 

approximately 140,000 babies born in Ontario every year since its inception in 2006. 

Hospitals, physicians, midwives, and other neonatal health care provides from across Ontario 

collect newborn screening bloodspots and the associated health information from their 

patients, usually within the first few days after birth. These bloodspots and information cards 

are mailed to NSO where they are analyzed. Demographic and other health information from 

the bloodspot screening card is entered into the NSO database and critical fields are 

reentered for confirmation by a second clerk. Where vital fields are missing, data entry clerks 

contact the submitter to obtain this information 
8
.   

 

Data were obtained from Newborn Screening Ontario with ethics approval from the 

Children’s Hospital of Eastern Ontario (Appendix C). The data sharing agreement 

encompassed individual levels of carnitine and acylcarnitine markers, as well as information 

on pre/perinatal factors including gestational age, birth weight, sex, feeding status, 

transfusion status, postal code (six characters to link with census data and create a proxy for 

socioeconomic status), screen positive & true positive status, transit time (the time between 

collection of a blood sample and receipt of the sample by Newborn Screening Ontario), age 

of collection, and date of birth among others. 
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4.1.2 Data Cleaning  

Data included in this analysis were screened using predetermined inclusion criteria. 

Samples included in the analysis had to belong to patients born between the beginning of 

electronic data collection by Newborn Screening Ontario (January 1, 2007) and December 

31, 2009. Only the data for the first satisfactory sample for each unique patient were 

included. Samples belonging to patients found to be true positives for metabolic disorders 

were excluded.  

 

Satisfactory samples are defined as those collected from an infant >24 hours of age 

and received by NSO within 14 days of collection. All important information including the 

identification of the child, and date and time of birth as well as date and time of blood spot 

collection have to be recorded. In addition, a sample must be of appropriate quality for 

screening in the lab. Data that met these inclusion criteria were further cleaned to remove 

corrupted entries and address issues such as data entry field misalignment.  

 

4.1.3 Variable Definitions 

Variables in the final dataset can be subdivided into independent variables of interest, 

dependent (carnitine or acylcarnitine) variables of interest, and covariates. Independent 

variables of interest included: age of the baby at the time of the collection of the bloodspot 

sample, the baby’s birth weight, gestational age, and sex, an area-based proxy indicator of 

socioeconomic status (derived from the six character postal code), and the transit time from 

the date of blood sample collection until analysis at Newborn Screening Ontario. The 

dependent variables included the following carnitines, acylcarnitines, and their ratios and 

sums: C0 (free carnitine), C8 (octanoylcarnitine), the total of all short chain acylcarnitines, 
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the total of all medium chain acylcarnitines, the total of all long chain acylcarnitines, the total 

of all measured acylcarnitines, total carnitine, and the ratio of total acylcarnitines to free 

carnitine (refer to Chapter 1, Table 1). Covariates were included to assess and/or address 

potential selection bias, confounding, and effect modification of the main associations of 

interest. These variables included: infant feeding, transfusion status, screen positive status, 

true positive status, first acceptable sample status (first sample received from an infant that is 

of acceptable quality for newborn screening), and date of birth. 

 

4.1.3.1 Independent Variables  

Age of collection measures the number of hours between birth and the collection of 

an infant’s blood spot sample for newborn screening. Protocols dictate that samples are not 

to be taken until 24 hours post-birth, as the neonatal metabolic profile changes drastically 

within the first day of life. As a result, test results from samples taken prior to the 24 hour 

cutoff are not valid for some of the conditions screened by NSO. In cases where a child is 

transfused, transferred, or released from the hospital prior to 24 hours of age, a bloodspot 

sample may be taken earlier than the 24 hour minimum. In these cases, a second sample is 

required and is usually collected within 5 days 
42

.    

 

The vast majority of samples are collected from infants between 24 and 72 hours of 

age, however, for a variety of reasons including unsatisfactory original samples, sampling 

may occur at a later date. For the purposes of this study, we included data only for those 

infants with age of collection between 1 and 14 days of age in order to eliminate outliers that 

might have a significantly different metabolic profile as a result of age. The age of the baby 

at the time of the blood sample collection is recorded on the bloodspot card sent to NSO. 
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Age of collection was further divided into four meaningful categories corresponding 

to the age of the infant in days and reflecting that the majority of valid samples are taken in 

the first twelve hour period of eligibility for screening: 24-35 hours (the majority of samples 

are taken early on the second day of life), 36-47 hours (i.e., by the end of the second day of 

life), 48-71 hours (on the third day of life), and 72+ (beyond day 3 of life). Categories were 

used in order to mitigate the effect of the right skewed nature of the age of collection 

variable.  

  

Infant sex refers to the biological sex of the patient (female, male, or not recorded). 

The sex of the infant is also recorded on the bloodspot card. 

 

Gestational age refers to the length of time between conception and birth. Gestational 

age was divided into five categories based on standard definitions: extremely premature (< 

28 weeks), very premature (28 - 31 weeks), medium premature (32 – 33 weeks), late 

premature (34 – 36 weeks), and term (≥ 37 weeks) 
43

. These categories were chosen in order 

to comply with previous studies and current definitions as used by the medical community 

43,44
. The gestational age of the baby at birth is recorded on the bloodspot card. However, it is 

common practice for submitting centers to record the gestational age only when the baby is 

not full term. Therefore, for our study, when no gestational age was recorded it was assumed 

that the child was full term.   

 

Birth weight measures the weight of a child in grams at birth and was also recorded 

on the bloodspot card. For analysis, birth weight was divided into quintiles within categories 
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of sex and gestational age. Birth weight is highly correlated to gestational age and connected 

to sex. Correcting for these two variables allowed the impact of birth weight to be examined 

independently, without confounding by sex and gestational age 
45

. 

 

Socioeconomic status quintile was determined by linking infants’ reported postal 

codes (recorded on the bloodspot card) with data from the 2006 Canadian Census, using the 

Postal Code Conversion File (PCCF) 
46

. We used the income quintile variable that is 

included in the PCCF, which calculates quintiles within small geographic regions.  

 

The method of infant feeding prior to blood spot collection is recorded on the 

bloodspot card. Infant feeding was divided into four categories: breast milk only, formula 

only, a combination of breast milk and formula only, and other (including total parenteral 

nutrition and combinations of feeding strategies other than the exclusive use of breast milk 

and formula).  

 

Transit time measures the amount of time in days between collection of a blood spot 

sample and its receipt by Newborn Screening Ontario. Transit time can vary between 0 and 

14 days. Samples with a transit time of greater than 14 days are considered to be 

unsatisfactory by Newborn Screening Ontario.  
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4.1.3.2 Dependent Variables 

 The dependent variables were described thoroughly in the introduction and in Table 

1. This chapter will refer back to the following eight variables: free carnitine, C8, total 

carnitine, total acylcarnitine, short chain acylcarnitine, medium chain acylcarnitine, long 

chain acylcarnitine, and the ratio of total acylcarnitine to free carnitine.  

 

4.1.3.3 Covariates    

Date of birth (recorded on the bloodspot card) was used to restrict the sample 

population to children born between January 1, 2007 and December 31, 2009.  

 

First satisfactory sample status (derived from the NSO database) was used to restrict 

the sample population to the first satisfactory sample received for each unique, eligible 

patient within the specified time. First satisfactory sample status was divided into two 

categories: yes, and no.   

 

Screen positive status refers to whether a blood spot sample met the criteria to be 

considered positive for a disorder by Newborn Screening Ontario. In cases where a screen 

positive sample is obtained, a repeat sample is requested in order to determine whether the 

patient the original sample was a true or false positive. Screen positive status was divided 

into two categories: yes, and no.  

  

True positive status refers to whether a patient was confirmed positive for a disorder 

by Newborn Screening Ontario. When an infant receives a positive screening result for any 

one of the disorders on the Ontario newborn screening panel, that positive result is reported 
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by NSO to a treatment centre (one of five tertiary children’s hospitals in Ontario) nearest the 

residence of the infant. The treatment centre is responsible for contacting the infant’s family 

and arranging for confirmatory diagnostic testing as well as any necessary ongoing care. 

Once confirmatory testing is complete, the treatment centre reports the final result (true 

positive, false positive, or uncertain) back to NSO for the purposes of evaluating the 

screening program. For our study, true positive status was used to restrict the sample 

population to blood spot samples received from individuals who were not confirmed to be 

affected by disorders. True positive status was divided into three categories: yes, no, and 

unknown. 

 

The transfusion status variable refers to whether a patient received a transfusion prior 

to blood spot collection. Since blood transfusions may affect the analyte levels for some of 

the newborn screening tests, receipt of a blood transfusion prior to the bloodspot sample 

collection is recorded on the bloodspot card. Transfusion status was divided into two 

categories: yes, and no. Samples with no recorded transfusion status or transfusion date were 

assumed to be untransfused.  
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Table 13 – Variable Characteristics 

 

Variable Type Description 
Independent Variables 

Age of Collection Categorical 24-35 hours 
36-47 hours 
48-71 hours 
72+ hours 

Infant Sex Categorical Male 
Female 
Unknown 

Gestational Age Categorical Extremely premature 
Very premature 
Medium premature 
Late premature 
Term 

Birth Weight Quintile Categorical 1-5 (quintile within gestational age & sex 

category) 
Socioeconomic Quintile Categorical 1-5 (quintile) 
Infant Feeding Categorical Breast milk only 

Formula only 
Breast milk & formula 
Other  

Transit Time Continuous 0-14 days 
Dependent Variables 

C0 Numeric n/a 
C8 Numeric n/a 
Short chain acylcarnitine Numeric n/a 
Medium chain acylcarnitine Numeric n/a 
Long chain acylcarnitine Numeric n/a 
Total acylcarnitine Numeric n/a 
Total carnitine Numeric n/a 
Ratio acylcarnitines / free 

carnitine 
Numeric n/a 

Covariates 
Date of Birth Date (YYYY/MM/DD) 
First Satisfactory Sample Categorical Yes 

No 
Screen Positive Status Categorical Yes 

No 
Unknown 

True Positive Status Categorical Yes 
No 

Transfusion Status Categorical Yes 
No    
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4.1.4 Analysis  

All analyses were conducted using SAS version 9.1. The distribution and properties 

of each variable were explored, reporting frequencies for categorical variables and means 

with standard deviations as well as medians for continuous variables. We addressed the 

skewed nature of the analytes by re-defining the outcome variables into percentiles, with 

each participant in a percentile being assigned the median analyte concentration of that 

percentile. Based upon the distribution and variance within the dependent variables, no 

further transformations were necessary.  

 

Bivariate analyses were used to examine the association between each independent 

variable of interest and each dependent variable. Since all dependent variables were 

continuous, bivariate analysis relied on simple linear regression. Correlations between 

individual dependent variables were assessed using Pearson correlations. To identify the 

unique associations of each independent variable with each outcome, multiple linear 

regression was used to model the relationship between carnitine and acylcarnitine levels and 

ratios and all independent variables of interest. One multivariable model was developed for 

each dependent variable. Multivariable models included all of the independent variables of 

interest that were prespecified (Table 13); no statistical variable selection methods (e.g., 

stepwise regression) were used. 

 

The potential interaction between birth weight and gestational age in regard to 

carnitine and acylcarnitine levels and ratios in neonatal blood was also examined in each 

multiple linear regression model. The birth weight and gestational age interaction term is a 

combination of birth weight quintile (within sex and gestational age) and gestational age 
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category. Because a significant interaction was present between these two highly 

interconnected variables in the analyses for every dependent variable, we used graphical 

analysis to examine each of the gestational age and birth weight variables while taking into 

account the influence of the other variable and the other independent variables. Specifically, 

graphs displayed conditional mean values of the dependent variable for each unique 

combination of gestational age and birth weight category, adjusted for all other independent 

variables of interest. 

 

Several sensitivity analyses were conducted. Specifically, we were concerned about 

the potential impact of transfusion status and feeding status. Newborns who are ill are more 

likely to be transfused and to receive nutrition by means other than breast milk or formula 

(e.g., total parental nutrition). Transfused blood is known to affect some newborn screening 

analyte levels and special nutrition formulas including TPN may contain nutrients (e.g., 

carnitine) that also affect levels. To examine the potential impact of these effects, we 

restricted the sample population. Specifically, in one sensitivity analysis, all patients who had 

received a transfusion prior to their blood sample collection were excluded. In the other 

sensitivity analysis, all patients receiving nutrition through means other than breast milk or 

formula were excluded from the sample population. These were of particular interest since 

we anticipated that our findings would have implications for newborn screening, where the 

potential effects of variation in feeding methods and medical interventions may be important 

due to the large population size.  

 

All sensitivity analyses were run with both C0 and C8 as outcome variables. In 

addition, to further examine the data in a way that would be highly relevant to newborn 
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screening, we also examined the probability of a false positive newborn screening result by 

category of birth weight or gestational age. 

 

In all analyses, P-values < 0.05 were used to denote significant relationships. Due to 

the large sample size, it was expected that most associations would be statistically 

significant. This held true even after applying the Bonferroni correction accounting for all 

eight independent variables (including the interaction term) for each of the eight dependent 

variables. Therefore, we chose to examine trends and make judgments based on effect size, 

using regression coefficients and r-squared values as indicators of strength of association, 

rather than make interpretations based mainly on statistical significance.  

 

Regression diagnostics were performed to assess the sample for outliers, linearity, 

constant variance, and multicollinearity. Carnitine and acylcarnitine concentrations in 

neonatal blood samples are measured through tandem mass spectrometry and results are 

directly recorded into a computerized database. Outliers were examined though most were 

removed when individuals who were true positives for the disorders were eliminated from 

the sample. After the dependent variables were re-defined into percentiles, the skewed nature 

of the analyte distribution was minimized. Linearity and constant variance were visually 

assessed through plotting the analyte levels and their residuals. Multicollinearity was 

assessed both numerically and graphically in independent variables. 
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4.2 Results  

4.2.1 Main Dataset 

Newborn Screening Ontario collected 425,822 samples from neonates born between 

January 1, 2007 and December 31, 2009 that met the inclusion criteria for this study (Table 

14). After reviewing the preliminary results from the clinical database analysis, the decision 

was made to remove all samples with an age of collection of ≥ 72 hours from our population, 

due to the considerably different metabolic profile demonstrated by this group. In particular, 

there was evidence of an important interaction between age of collection and gestational age 

for some analytes (notably short-chain and medium-chain acylcarnitines) whereby the 

relationship between gestational age and the metabolite level was quite different among 

infants at least 72 hours old at the time of the blood sample collection (Figures 3 & 4). One 

of the primary goals of the clinical database analysis was to examine the interaction between 

gestational age and birth weight (as suggested by the results of the systematic review). 

Inclusion of samples taken at an age of ≥ 72 hours would have necessitated consideration of 

the potential three way interaction between gestational age, birth weight, and age of 

collection, making it challenging to interpret the findings. Considering the small proportion 

of the total sample population in this minority group (8.5%), we decided that it made sense to 

remove these samples. The remainder of the results focus only on those newborns whose 

screening sample was collected at < 72 hours of age. After this removal, 389,714 samples 

remained. 

 

Female infants made up 49.0% of the population (Table 15). Only 0.5% of samples 

screened positive (false positives) once true positives were eliminated. Term children 
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comprised 95.7% of the sample, with 3.6% late premature, 0.4% medium premature, and 

0.1% of each very and extremely premature as defined in the methods section. Birth weight 

 

Table 14 – Clinical Database Analysis Flow Diagram 

 

Dataset Sample size (#) 

Original dataset (all samples in timeframe) 448355 
Data cleaning (remove samples that are): 

-          NSO unsatisfactory (6019) 
-          Repeats (12226) 
-          Feeding status = TPN (6782) 
-      True positives (2420) 
-     Corrupted or missing critical data (371) 

Cleaned dataset (all samples meeting inclusion criteria)  425822 

Remove all samples with age of collection = 72+ hours (36108)* 

Main dataset 389714 

Remove transfused = yes  Remove feeding status = ‘other’ 

Sensitivity analysis: No transfused 389472  Sensitivity analysis: Feeding 387671 

* refer to text for more details (Section 4.2: Clinical Database Analysis; Results) 

 

Figure 3 – Short Chain Acylcarnitine Level Predicted by Gestational Age & Age of 

Collection 
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Figure 4 – Medium Chain Acylcarnitine Level Predicted by Gestational Age & Age of 

Collection 

 

 
 

 

 

ranged from 501 g to 9947 g with a mean weight of 3393 g and a median of 3396 g (Table 

15). For the purposes of analysis, birth weight was divided into quintiles within categories of 

gestational age and sex. The majority of children were reported to be fed exclusively with 

breast milk at the time of the blood sample collection (73.8%), with 14.0% receiving a 

combination of breast milk & formula, 11.7% on formula exclusively, and 0.6% on another 

form of nutrition (Table 15). Less than 0.1% of children were reported to have had a blood 

transfusion before their sample was taken.  The age of the baby at the time of the blood 

sample collection ranged from 24 to 71 hours (samples taken ≥ 72 hours were removed from 

the sample population as explained in section 4.2). Most samples were collected when the 

neonate was between 24 and 35 hours of age (60.4%), followed by 36-47 hours (21.3%), and 
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48-71 hours (18.3%). The average age of the baby at the time of sample collection was 35.6 

hours and the median was 31.0 hours (Table 15). The transit time (time between the sample 

collection and receipt by newborn screening) ranged from 0 to 14 days with a mean of 4.3 

days and a median of 4.0 days.  

 

Table 15 – Description of the Sample 

 

Categorical Variable Categories % # 

Infant Feeding Breast Milk & Formula 14.0 50389 

Breast Milk Only 73.8 264964 

Formula Only 11.7 41871 

Other 0.6 2043 

Sex Female 49.0 188893 

Male 51.0 196920 

Gestational Age Extremely Premature 0.1 345 

Very Premature 0.1 601 

Medium Premature 0.4 1478 

Late Premature 3.6 14204 

Term 95.7 373086 

Age of Collection 24-35 Hours 60.4 235501 

36-47 Hours 21.3 83057 

48-71 Hours 18.3 71156 

Screen Positive No 99.5 387773 

Yes 0.5 1941 

Transfusion No 99.9 389472 

Yes 0.1 242 

Continuous Variable Mean Standard 

Deviation 

Median 25
th

 

Percentile 

75
th

 

Percentile 

Age of Collection (hours) 35.6 12.2 31.0 25.0 43.0 

Birth Weight (g) 3392.7 525.6 3396.0 3070.0 3725.0 

Transit Time (days) 4.3 1.8 4.0 3.0 5.0 
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Mean levels of the analytes we considered as dependent variables (after redefining 

into percentiles) were as follows (Table 16): C0 (mean 33.437 μM), C8 (mean 0.085 μM), 

total carnitine (mean 66.324 μM), total acylcarnitine (mean 32.884 μM), short chain 

acylcarnitine (mean 26.376 μM), medium chain acylcarnitine (mean 0.524 μM), long chain 

acylcarnitine (mean 5.982 μM), ratio of total acylcarnitine to free carnitine (mean 1.026). 

Information on the median and 25
th

 and 75
th

 percentiles of each analyte level is provided in 

Table 16.  

 

Correlations between levels of each combination of carnitine and acylcarnitine (free 

carnitine, C8, total carnitine, total acylcarnitine, short chain acylcarnitine, medium chain 

acylcarnitine, long chain acylcarnitine, ratio total acylcarnitine to free carnitine) were all 

significant with P-values of <0.0001 (Table 17). The highest positive correlations were 

detected between total acylcarnitine and short chain acylcarnitine (0.991); and total carnitine 

with free carnitine (0.953), total acylcarnitine (0.928), and short chain acylcarnitine (0.917). 

The highest inverse correlation existed between the ratio of acylcarnitine to free carnitine and 

free carnitine (-0.510). 

 

 



 

5
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Table 16 – Dependent Variable Distribution (all in units of uM except the ratio of total acylcarnitine / free carnitine, which is 

unitless) 

 

 Mean Standard Deviation Median 25
th
 Percentile 75

th
 Percentile 

C0 33.437 12.169 31.000 25.000 39.300 
C8 0.085 0.042 0.080 0.060 0.110 
Total Carnitine 66.324 20.769 63.000 51.730 77.310 
Total Acylcarnitine 32.884 9.858 31.420 25.800 38.300 
Short Chain Acylcarnitine 26.376 8.543 25.040 20.230 30.970 
Medium Chain Acylcarnitine 0.524 0.160 0.500 0.410 0.610 
Long Chain Acylcarnitine 5.982 1.695 5.780 4.770 6.990 
Ratio Total Acylcarnitine / 

Free Carnitine 
1.026 0.228 1.007 0.864 1.165 

 

 

Table 17 – Dependent Variable Correlations 
 

 C0 C8 Total 

Carnitine 
Total 

Acylcarnitine 
Short Chain 

Acylcarnitine 
Medium Chain 

Acylcarnitine 
Long Chain 

Acylcarnitine 
Ratio Total 

Acylcarnitine / 

Free Carnitine 

C0 1.000 ----- ----- ----- ----- ----- ----- ----- 
C8 0.147 1.000 ----- ----- ----- ----- ----- ----- 
Total Carnitine 0.953 0.178 1.000 ----- ----- ----- ----- ----- 
Total Acylcarnitine 0.775 0.193 0.928 1.000 ----- ----- ----- ----- 
Short Chain Acylcarnitine 0.764 0.169 0.917 0.991 1.000 ----- ----- ----- 
Medium Chain Acylcarnitine 0.141 0.637 0.219 0.286 0.246 1.000 ----- ----- 
Long Chain Acylcarnitine 0.641 0.208 0.748 0.786 0.703 0.328 1.000 ----- 
Ratio Total Acylcarnitine / 

Free Carnitine 
-0.510 0.016 -0.256 0.091 0.098 0.149 0.021 1.000 
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Next, a detailed analysis of predictors of analyte levels is presented. We begin each 

section with a text box summarizing a few key findings for each analyte. We then present 

tables and figures for each analysis. Finally, we include the detailed description of the 

results. Please refer back to Table 1 for the definition of each analyte. 

 

Linearity and variance were considered acceptable. Birth weight and gestational age 

are highly correlated. In our analysis, birth weight quintiles were defined within categories of 

gestational age and sex, minimizing confounding effects. In addition to confounding, birth 

weight and gestational age each act as effect modifiers of the other. These issues were 

addressed through an interaction term in the multivariate analyses.  

 

4.2.1.1 Associations of Independent Variables with Free Carnitine (C0) 

Multivariate R-Square: 0.042 (P < 0.0001) 

Most important predictors: sex (1.4%) and infant feeding status (1.3%) 

Interaction between birth weight & gestational age (trends):  

      ● Free carnitine level varied with birth weight quintile (level of variation decreased 

with increasing gestational age) 

      ● Inverse association between C0 level and birth weight quintile 

      ● Inverse association between C0 level and gestational age 

 



 

6
1
 

Table 18 – Factors Associated with Free Carnitine in Newborn Infants in Ontario (2007-2009) 
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Figure 5 – C0 Level Predicted by Gestational Age & Birth Weight Quintile 

 

 
 

There was little difference in the bivariate and multivariate results (Table 18). 

Bivariate analyses of the association between free carnitine and each independent variable 

were statistically significant at P < 0.0001. These associations were individually able to 

account for between 0.2% and 1.4% of variation in C0 levels. In the bivariate analysis, free 

carnitine level was explained most strongly by sex (1.4%) and infant feeding status (1.3%). 

Gestational age, transit time, and the age of the baby at the time of the blood sample 

collection each explained less than 0.4% of the variance in C0 (0.3%, 0.2%, and 0.2%, 

respectively). The multivariate analysis involving all independent variables (including the 

interaction term between gestational age and birth weight) was statistically significant at P < 

0.0001 and accounted for 4.2% of variation in free carnitine.  
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In the multivariate analysis, female infants had on average levels of C0 that were 

close to 2.86 μM lower than their male counterparts. Infants receiving formula alone, a 

combination of breast milk and formula, or TPN / other undisclosed forms of nutrition all 

had generally higher levels of C0 than those reported to be exclusively breastfed (coefficients 

2.27, 2.94, and 1.53, respectively). In the multivariable results, newborns receiving a 

combination of formula and breast milk had the highest concentrations of C0, since the 

regression coefficient for the “TPN/Other” group (which had the highest levels of C0 in the 

bivariate analysis) was lower after adjusting for potential confounding factors. Samples 

collected from newborns of ages 36-47 and 48-71 hours had generally lower levels of C0 

than those collected from infants 24-35 hours of age (coefficients -1.28, and -1.09, 

respectively), though the effect sizes were small. Free carnitine level decreased as 

socioeconomic quintile increased. Compared with newborns in the highest income quintile, 

those in lower quintiles had higher levels of C0 (from lower to higher income quintiles, 

compared with the highest quintile, coefficients were 2.31, 1.58, 1.08, and 0.60, 

respectively). C0 level also increased by approximately 0.22 μM for every unit increase in 

transit time (days).  

 

In the bivariate analysis, in comparison with term infants, all categories of premature 

neonates had higher levels of C0 (from extremely premature through late premature 

categories related to term infants, coefficients 7.76, 7.72, 6.15, and 1.81, respectively). 

Infants in birth weight quintiles 1 and 2 had on average higher levels of C0 than those in 

birth weight quintile 5 (coefficients 2.02 and 0.09, respectively). Infants in birth weight 

quintiles 3 and 4 had generally lower levels, though the effect sizes were small (coefficients -

0.43 and -0.59, respectively).  
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In the multivariate analysis, the interaction between birth weight and gestational age 

was significant (P < 0.0001). We explored this interaction by graphing the conditional mean 

levels of free carnitine (y axis) by gestational age (x axis) stratified by birth weight (Figure 5 

& Appendix D) and adjusted for all other variables in the multivariable model. Free carnitine 

level varied considerably with birth weight quintile in extremely, very, and medium 

premature infants. This level of variation generally decreased with increasing gestational age. 

In term infants, the level of variation with birth weight was considerably lower than in any 

category of preterm neonates. Figure 5 also shows that in general, newborns in a lower birth 

weight quintile tended on average to have higher levels of C0 than those in higher quintiles, 

with the largest difference between quintile 1 and quintile 2. Generally, C0 levels decreased 

with increased gestational age, the exception being in neonates in the lowest quintile of birth 

weight, where C0 levels in very premature infants were higher than those in the extremely 

premature (Figure 5).  

 

4.2.1.2 Associations of Independent Variables with C8 

Multivariate R-Square: 0.017 (P < 0.0001) 

Most important predictors: infant feeding status (0.7%) and sex (0.5%) 

Interaction between birth weight & gestational age (trends):  

      ● C8 level was most strongly associated with birth weight quintile in extremely 

premature (highest birth weight quintile had lowest C8 levels by 20% - 25%) 

      ● Level of variation with birth weight decreased with increasing gestational age 

      ● Inverse association between C8 level and birth weight quintile 

      ● C8 stable across gestational age (with exception of extremely premature) 
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Table 19 – Factors Associated with C8 in Newborn Infants in Ontario (2007-2009) 
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Figure 6 – C8 Level Predicted by Gestational Age & Birth Weight Quintile 

 

 
 

There was little difference in the bivariate and multivariate results (Table 19). 

Bivariate analyses of the association between C8 level and each independent variable were 

statistically significant at P < 0.0001 with the exception of the relationship between C8 level 

and socioeconomic quintile (P = 0.0392), and C8 level and transit time (P = 0.0019). These 

associations were individually able to account for between 0.0% - 0.7% of variation in C8. In 

the bivariate analysis, C8 level was explained most strongly by infant feeding status (0.7%) 

and sex (0.5%). The multivariate analysis involving all independent variables (including the 

interaction term between gestational age and birth weight) was statistically significant at P < 

0.0001 and accounted for 1.7% of variation in C8.  

 

In the multivariable analysis, female neonates had on average levels of C8 that were 

0.006 μM lower than their male counterparts. Infants receiving formula alone, a combination 
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of breast milk and formula, or TPN / other undisclosed forms of nutrition all had generally 

lower levels of C8 than those reported to be exclusively breastfed (coefficients -0.012, -

0.005, and -0.009, respectively), with newborns receiving formula alone demonstrating the 

lowest concentrations of C8. As with free carnitine, the category of “TPN/Other” 

experienced the greatest change (from -0.003 to -0.009) after adjusting for potential 

confounding factors. Samples collected from newborns of ages 36-47 and 48-71 hours had 

generally lower levels of C8 than those collected from 24-35 hours of age (coefficients -

0.002, and <0.001, respectively), though the effect sizes were small. In the multivariable 

model, C8 level decreased on average by very small amounts with increasing socioeconomic 

quintile (coefficients 0.001, <0.001, <0.001, and <0.001, respectively), whereas in the 

bivariate analysis C8 level generally increased with socioeconomic quintile, though the 

effect size was also very small. With a similarly small effect size, C8 level increased by less 

than 0.001 μM for every unit increase in transit time (days). 

 

In the bivariate analysis, in comparison with term infants, extremely premature, very 

premature, and late premature neonates had generally higher levels of C8 (coefficients 0.025, 

<0.001, and 0.002, respectively), while medium premature neonates had generally lower 

levels (coefficient -0.003). C8 level decreased with increasing birth weight quintile 

(coefficient 0.006, 0,004, 0.002, and 0.001, respectively).  

  

In the multivariable model, the interaction between birth weight and gestational age 

was again statistically significant (P < 0.0001). The mean C8 level conditional on all other 

independent variables in the analysis appeared to be strongly associated with birth weight 

quintile in extremely premature infants (Figure 6 & Appendix D); specifically, newborns in 
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the highest quintile of birth weight had 20% - 25% lower levels of C8 compared with those 

in the other birth weight quintiles. This level of variation generally decreased with increasing 

gestational age. In term and late premature infants, C8 levels were similar across quintiles of 

birth weight. Where differences were observed, neonates in lower birth weight quintiles had 

on average higher levels of C8 than those in higher quintiles.  

 

4.2.1.3 Associations of Independent Variables with Total Carnitine 

Multivariate R-Square: 0.026 (P < 0.0001) 

Most important predictors: sex (1.4%) and socioeconomic status (0.5%) 

Interaction between birth weight & gestational age (trends):  

      ● Total carnitine level varied with birth weight quintile (level of variation decreased 

with increasing gestational age) 

      ● Inverse association between total carnitine level and birth weight quintile 

      ● Inverse association between total carnitine level and gestational age (with the 

exception of the highest birth weight quintile) 
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Table 20 – Factors Associated with Total Carnitine in Newborn Infants in Ontario (2007-2009) 

 

 



    70 

Figure 7 – Total Carnitine Level Predicted by Gestational Age & Birth Weight Quintile 

 

 
 

There was very little difference in the bivariate and multivariate results (Table 20). 

Bivariate analyses of the association between total carnitine level and each independent 

variable were statistically significant at P < 0.0001 with the exception of the relationship 

with transit time (P = 0.0004). These associations were individually able to account for 

between 0.0% - 1.4% of variation in total carnitine. Total carnitine level was explained most 

strongly by sex (1.4%) and socioeconomic status (0.5%) in the bivariate analyses. The 

multivariate analysis involving all independent variables (including the interaction term 

between gestational age and birth weight) was statistically significant at P < 0.0001 and 

accounted for 2.6% of variation in total carnitine. 

 

In the multivariable analysis, female infants had on average levels of total carnitine 

that were approximately 4.80 µM lower than their male counterparts. Infants receiving 
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formula alone or a combination of breast milk and formula had generally higher levels of 

total carnitine than those reported to be exclusively breastfed (coefficients 1.16 and 3.16, 

respectively), while neonates receiving TPN / other undisclosed forms of nutrition had 

generally lower levels (coefficient -1.60); this latter finding differed from the bivariate 

results. Infants receiving a combination of breast milk and formula had the highest levels of 

total carnitine. Similarly, total carnitine concentration was highest in samples collected from 

newborns of ages 48-71 hours (coefficient 0.65), although the effect was stronger in the 

bivariate analysis; and was lowest in those collected between 36-47 hours of age (coefficient 

-0.18). Total carnitine level decreased with increasing socioeconomic quintile. Compared 

with newborns in the highest income quintile, those in lower quintiles had higher levels of 

total carnitine (relative to the highest quintile, coefficients for the lowest to second highest 

quintiles were 3.69, 2.40, 1.57, and 0.82, respectively). Total carnitine level decreased by 

approximately 0.10 μM for every unit increase in transit time (days).  

 

In the bivariate analysis, in comparison with term infants all categories of premature 

neonates had higher levels of total carnitine. With the exception of very premature neonates 

(who had on average the highest total carnitine levels), total carnitine decreased as 

gestational age increased (coefficients 7.15, 7.60, 6.00, and 1.42, respectively). Infants in 

birth weight quintile 1 had on average higher levels of total carnitine than those in birth 

weight quintile 5 (coefficient 1.36), while infants in quintiles 2, 3, and 4 had generally lower 

levels (coefficients 1.38, -1.86, and -1.72, respectively).  

 

In the multivariable model, the interaction of gestational age and birth weight in 

relation to total carnitine concentration was statistically significant (P < 0.0001). Total 
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carnitine level varied considerably with birth weight quintile in extremely, very, and medium 

premature infants (Figure 7 & Appendix D). This level of variation generally decreased with 

increasing gestational age. In term infants, the concentration of total carnitine varied little 

across birth weight quintiles. Infants in lower birth weight quintiles had on average higher 

levels of total carnitine than those in higher quintiles. In these lower birth weight individuals, 

total carnitine concentrations generally declined with increased gestational age, with the 

exception of an increase in very premature relative to extremely premature newborns. Total 

carnitine levels in higher birth weight individuals remained fairly constant across gestational 

age (Figure 7).  

 

4.2.1.4 Associations of Independent Variables with Total Acylcarnitine 

Multivariate R-Square: 0.026 (P < 0.0001) 

Most important predictors: sex (1.0%), age of collection (0.5%), and transit time (0.4%) 

Interaction between birth weight & gestational age (trends):  

      ● Total acylcarnitine level varied with birth weight quintile (level of variation 

decreased with increasing gestational age) 

      ● Inverse association between total acylcarnitine level and birth weight quintile in 

extremely, very premature; no consistent association in later gestational age 

categories 

      ● Total acylcarnitine level steady across gestational age with exception of late 

premature and term, where levels were higher than in earlier gestational ages 
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Table 21 – Factors Associated with Total Acylcarnitine in Newborn Infants in Ontario (2007-2009) 
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Figure 8 – Total Acylcarnitine Level Predicted by Gestational Age & Birth Weight 

Quintile 

 

 
 

There was very little difference in the bivariate and multivariate results (Table 21). 

Bivariate analyses of the association between total acylcarnitine level and each independent 

variable were statistically significant at P < 0.0001. These associations were individually 

able to account for between 0.0% - 1.0% of variation in total acylcarnitine. Total 

acylcarnitine level was explained most strongly by sex (1.0%), age of collection (0.5%), and 

transit time (0.4%) in the bivariate analyses. The multivariate analysis involving all 

independent variables (including the interaction term between gestational age and birth 

weight) was statistically significant at P < 0.0001 and accounted for 2.6% of variation in 

total acylcarnitine.    
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In the multivariable analysis, female infants had levels of total acylcarnitine that were 

on average close to 1.94 µM lower than their male counterparts. Infants receiving formula 

alone or TPN / other undisclosed forms of nutrition had generally lower levels of total 

acylcarnitine than those reported to be exclusively breastfed or receiving a combination of 

breast milk and formula (coefficients -1.11 and -3.08, respectively). Infants fed on a 

combination of breast milk and formula had the highest average levels of total acylcarnitine 

(coefficient 0.21). Total acylcarnitine level increased with age at collection. Samples 

collected from newborns of ages 36-47 and 48-71 hours had generally higher levels of total 

acylcarnitine than those collected from 24-35 hours of age (coefficients 1.09 and 1.75, 

respectively). Total acylcarnitine level decreased with increasing socioeconomic quintile. 

Compared with newborns in the highest income quintile, those in lower quintiles had higher 

levels of total acylcarnitine (for lower to higher quintiles, relative to the highest income 

quintile, coefficients 1.39, 0.82, 0.50, and 0.23, respectively). Total acylcarnitine level 

decreased by approximately 0.32 μM for every unit increase in transit time (days).  

 

In the bivariate analysis, in comparison with term infants all categories of premature 

neonates had lower levels of total acylcarnitine (coefficients -0.57, -0.24, -0.26, and -0.40, 

respectively). In comparison with infants in the highest birth weight quintile, those in 

quintiles 1, 2, 3, and 4 had on average lower levels of total acylcarnitine (coefficients -0.66, -

1.46, -1.42, and -1.13, respectively), with the lowest average concentrations occurring in 

quintiles 2 and 3.  

    

As with the other analytes reported, in the multivariate model the interaction between 

gestational age and birth weight was significantly associated (P < 0.0001) with the 
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concentration of total acylcarnitine in neonatal blood. Specifically, total acylcarnitine level 

varied considerably with birth weight quintile in extremely, very, and medium premature 

infants (Figure 8 & Appendix D). Again, this level of variation generally decreased with 

increasing gestational age. In term infants, the concentration of total acylcarnitine varied 

little across birth weight quintiles. Neonates in the lowest birth weight quintile demonstrated 

generally higher levels of total acylcarnitine than those in higher quintiles. In this group, total 

acylcarnitine level decreased with increased gestational age with the exception of the 

extremely premature category (where levels were similar to those in term neonates). In 

higher birth weight categories, levels of total acylcarnitines generally increased with 

gestational age (Figure 8), although results were quite variable.  

 

4.2.1.5 Associations of Independent Variables with Short Chain Acylcarnitine 

Multivariate R-Square: 0.026 (P < 0.0001) 

Most important predictors: sex (0.8%) and age of collection (0.6%) 

Interaction between birth weight & gestational age (trends):  

      ● Short chain acylcarnitine level varied with birth weight quintile (level of variation 

decreased with increasing gestational age) 

      ● Inverse association between short chain acylcarnitine level and birth weight quintile 

in extremely, very premature; no consistent association in later gestational age 

categories 

      ● Short chain acylcarnitine level steady across gestational age  
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Table 22 – Factors Associated with Short Chain Acylcarnitine in Newborn Infants in Ontario (2007-2009) 
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Figure 9 – Short Chain Acylcarnitine Level Predicted by Gestational Age & Birth 

Weight Quintile 

 

 
 

There was very little difference in the bivariate and multivariate results (Table 22). 

Bivariate analyses of the association between short chain acylcarnitine level and each 

independent variable were statistically significant at P < 0.0001. These associations were 

individually able to account for between 0.0% - 0.8% of variation in short chain 

acylcarnitine. In the bivariate analysis, short chain acylcarnitine level was explained most 

strongly by sex (0.8%) and age of collection (0.6%). The multivariate analysis involving all 

independent variables (including the interaction term between gestational age and birth 

weight) was statistically significant at P < 0.0001 and accounted for 2.6% of variation in 

short chain acylcarnitine.  
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In the multivariable analysis, female infants had on average levels of short chain 

acylcarnitines that were 1.52 μM lower than their male counterparts. Infants receiving 

formula alone or TPN / other undisclosed forms of nutrition had generally lower levels of 

short chain acylcarnitine than those reported to be exclusively breastfed (coefficients -0.46 

and -2.23, respectively). Infants fed on a combination of breast milk and formula had the 

highest levels of short chain acylcarnitine (coefficient 0.42). Short chain acylcarnitine level 

increased with age of collection. Samples collected from newborns of ages 36-47 and 48-71 

hours had generally higher levels of short chain acylcarnitine than those collected from 24-35 

hours of age (coefficients 1.00 and 1.51, respectively). Short chain acylcarnitine level 

decreased with increasing socioeconomic quintile. Compared with newborns in the highest 

income quintile, those in lower quintiles had higher levels of short chain acylcarnitine 

(coefficients for the lowest to second highest quintiles, 1.28, 0.77, 0.46, and 0.22, 

respectively). Short chain acylcarnitine level also decreased by approximately 0.31 μM for 

every unit increase in transit time (days).  

 

In the bivariate analysis, in comparison with term infants, extremely, very, and 

medium premature neonates had generally higher levels of short chain acylcarnitine 

(coefficients 1.02, 0.91, and 0.59, respectively), while late premature infants had the lowest 

levels (coefficient -0.18). Infants in birth weight quintiles 1, 2, 3, and 4 had on average lower 

levels of short chain acylcarnitines than those in birth weight quintile 5 (coefficients -0.70, -

1.43, -1.37, and -1.08, respectively). Neonates in birth weight quintiles 2 and 3 had the 

lowest levels of short chain acylcarnitines.  

 



    80 

In the multivariable model, the interaction between gestational age and birth weight 

was a significant predictor of the analyte concentration (P < 0.0001). Short chain 

acylcarnitine concentrations varied considerably with birth weight quintile in extremely, 

very, and medium premature infants (Figure 9 & Appendix D). Again, this level of variation 

generally decreased with increasing gestational age and was not apparent in term infants. 

Infants in lower birth weight categories had generally elevated levels of short chain 

acylcarnitine as compared to those in higher birth weight quintiles, with the largest 

differences seen in quintile 1 versus the higher birth weight categories. Neonates of medium 

premature or higher gestational age in birth weight quintile 5 were the exception to this 

trend. This group had generally higher levels of short chain acylcarnitines than those of 

comparable gestational age in birth weight quintiles 2, 3, and 4. Short chain acylcarnitine 

rates remained fairly consistent across gestational age (Figure 9).  

 

4.2.1.6 Associations of Independent Variables with Medium Chain Acylcarnitine 

Multivariate R-Square: 0.060 (P < 0.0001) 

Most important predictors: infant feeding status (4.9%) and sex (0.6%) 

Interaction between birth weight & gestational age (trends):  

      ● Medium chain acylcarnitine level increased with gestational age (with the exception 

of the extremely to very premature categories) 

      ● Medium chain acylcarnitine steady across birth weight quintiles (except in late 

premature neonates where it increased with birth weight, and term neonates where an 

inverse association was present) 
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Table 23 – Factors Associated with Medium Chain Acylcarnitine in Newborn Infants in Ontario (2007-2009) 
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Figure 10 – Medium Chain Acylcarnitine Level Predicted by Gestational Age & Birth 

Weight Quintile 

 

 
 

 

There was very little difference in the bivariate and multivariate results (Table 23). 

Bivariate analyses of the association between medium chain acylcarnitine level and each 

independent variable were statistically significant at P < 0.0001 with the exception of the 

relationship between medium chain acylcarnitine level and age of collection (P = 0.3513), 

and medium chain acylcarnitine level and transit time (P = 0.4215). These associations were 

individually able to account for between 0.0% - 4.9% of variation in medium chain 

acylcarnitine. Medium chain acylcarnitine level was explained most strongly by infant 

feeding status (4.9%) and sex (0.6%) in the bivariate analyses. The multivariate analysis 

involving all independent variables (including the interaction term between gestational age 
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and birth weight) was statistically significant at P < 0.0001 and accounted for 6.0% of 

variation in medium chain acylcarnitine.  

 

In the multivariable model, female infants had on average lower levels of medium 

chain acylcarnitines than their male counterparts (coefficient -0.025) but the effect size was 

small. Infants receiving formula alone, a combination of breast milk and formula, or TPN / 

other undisclosed forms of nutrition all had generally lower levels of medium chain 

acylcarnitine than those reported to be exclusively breastfed (coefficients -0.100, -0.054, and 

-0.115, respectively). Newborns receiving a combination of formula and breast milk had the 

lowest concentrations of medium chain acylcarnitines after adjusting for confounding factors 

in the multivariable model. In contrast to the bivariate results (where the association was not 

statistically significant), in the multivariable model, medium chain acylcarnitine level 

increased with age at time of collection, with samples taken from newborns of ages 36-47 

and 48-71 hours having generally higher levels of medium chain acylcarnitine than those 

collected from 24-35 hours of age (coefficients 0.002 and 0.007, respectively), though the 

effect sizes were small. As in the bivariate analysis, income quintiles 1, 2, 3, and 4 each had 

lower levels of medium chain acylcarnitine than quintile 5 (coefficients -0.003, -0.004, -

0.003, and -0.003, respectively). In the multivariate model, the lowest levels presented in 

neonates of socioeconomic quintile 2, whereas in the bivariate model the lowest 

concentrations were seen in quintile 1. Medium chain acylcarnitine level also increased with 

transit time but the amount increase for every unit increase in transit time (days) was less 

than 0.001 μM. 
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In the bivariate model, in comparison with term infants all categories of premature 

neonates had lower levels of medium chain acylcarnitine (coefficients -0.097, -0.137, -0.121, 

and -0.017, respectively). Infants in the lower categories of gestational age had generally 

lower levels of medium chain acylcarnitines. This level decreased as birth weight quintile 

increased, but effect sizes were small compared with the association with gestational age. 

Infants in birth weight quintiles 1, 2, 3, and 4 had on average higher levels of medium chain 

acylcarnitines than those in birth weight quintile 5 (coefficients 0.021, 0.016, 0.011, and 

0.007, respectively). 

 

In the multivariable results, the interaction between gestational age and birth weight 

was significantly associated with the concentration of medium chain acylcarnitines in the 

multivariable model. The mean concentration, adjusted for all of the other predictors in the 

analysis, generally increased with gestational age, with the exception of a small decline 

between extremely and very premature individuals (Figure 10 & Appendix D). In late 

premature neonates, medium chain acylcarnitine levels increased with birth weight, while in 

term neonates the opposite correlation was observed, although in both cases the relationship 

with birth weight appeared smaller relative to the differences across categories of gestational 

age. No relationship with birth weight was apparent in extremely, very, and medium 

premature neonates (Figure 10).  
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4.2.1.7 Associations of Independent Variables with Long Chain Acylcarnitine 

Multivariate R-Square: 0.031 (P < 0.0001) 

Most important predictors: sex (1.4%) and infant feeding status (1.2%) 

Interaction between birth weight & gestational age (trends):  

      ● Long chain acylcarnitine level increased with gestational age  

      ● Long chain acylcarnitine level stable across birth weight 
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Table 24 – Factors Associated with Long Chain Acylcarnitine in Newborn Infants in Ontario (2007-2009) 
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Figure 11 – Long Chain Acylcarnitine Level Predicted by Gestational Age & Birth 

Weight Quintile 

 

 
 

There was very little difference in the bivariate and multivariate results (Table 24). 

Bivariate analyses of the association between long chain acylcarnitine level and each 

independent variable were statistically significant at P < 0.0001. These associations were 

individually able to account for between 0.0% - 1.4% of variation in long chain acylcarnitine 

concentrations. Long chain acylcarnitine level was explained most strongly by sex (1.4%) 

and infant feeding status (1.2%) in the bivariate analyses. The multivariate analysis involving 

all independent variables (including the interaction term between gestational age and birth 

weight) was statistically significant at P < 0.0001 and accounted for 3.1% of variation in 

long chain acylcarnitine.  
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In the multivariable analysis, female infants had levels of long chain acylcarnitine 

that were approximately 0.40 μM lower on average than those found in their male 

counterparts. Infants receiving formula alone, a combination of breast milk and formula, or 

TPN / other undisclosed forms of nutrition all had generally lower levels of long chain 

acylcarnitine than those reported to be exclusively breastfed (coefficients -0.55, -0.15, and -

0.72, respectively), with newborns receiving TPN / alternative forms of nutrition having the 

lowest concentrations of long chain acylcarnitine. Long chain acylcarnitine level increased 

with age at which the blood sample was collected. Samples taken from newborns of ages 36-

47 and 48-71 hours had generally higher levels of long chain acylcarnitine than those 

collected from 24-35 hours of age (coefficients 0.09, and 0.24, respectively). Long chain 

acylcarnitine level decreased with increasing socioeconomic quintile. Compared with 

newborns in the highest income quintile, those in lower quintiles had higher levels of long 

chain acylcarnitine (coefficients for quintiles 1,2,3, and 4 relative to quintile 5: 0.11, 0.06, 

0.04, and 0.02, respectively). Long chain acylcarnitine level also decreased by approximately 

0.02 μM for every unit increase in transit time (days). 

 

In the bivariate model, in comparison with term infants all categories of premature 

neonates had progressively (with increased prematurity) lower levels of long chain 

acylcarnitines (from extremely premature through to late premature infants, relative to term 

infants, coefficients -1.51, -1.01, -0.73, and -0.21, respectively). Infants in birth weight 

quintiles 2, 3, and 4 had on average lower levels of long chain acylcarnitine than those in 

birth weight quintile 5 (coefficients -0.05, -0.06, and -0.05, respectively), while infants in 

birth weight quintile 1 had the highest levels (coefficient 0.01), though the effect sizes were 

small. 
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In the multivariable model, the interaction of gestational age and birth weight was a 

significant predictor of the concentration of long chain acylcarnitines, but gestational age 

appeared to be a much stronger predictor than birth weight when comparing the conditional 

means (Figure 11 & Appendix D). The degree of variation in long chain acylcarnitines across 

birthweight quintiles remained relatively steady and small within each category of premature 

gestational age, with virtually no differences in concentration across birth weight quintiles 

among term infants. Long chain acylcarnitine levels increased with gestational age (Figure 

11).  

 

4.2.1.8 Associations of Independent Variables with the Ratio of Acylcarnitine to Free 

Carnitine 

Multivariate R-Square: 0.110 (P < 0.0001) 

Most important predictors: transit time (2.0%) and sex (1.4%) 

Interaction between birth weight & gestational age (trends):  

      ● The ratio of total acylcarnitine to free carnitine increased with birth weight 

      ● The ratio of total acylcarnitine to free carnitine increased with gestational age 
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Table 25 – Factors Associated with the Ratio of Acylcarnitine to Free Carnitine in Newborn Infants in Ontario (2007-2009)  
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Figure 12 – Ratio Total Acylcarnitine to Free Carnitine Level Predicted by Gestational 

Age & Birth Weight Quintile 

 

 
 

 

There was very little difference in the bivariate and multivariate results (Table 25). 

Bivariate analyses of the association between the ratio of acylcarnitine to free carnitine and 

each independent variable were statistically significant at P < 0.0001. These associations 

were individually able to account for up to 2.0% of variation in this ratio. The ratio of total 

acylcarnitine to free carnitine was explained to the greatest degree by transit time (2.0%) and 

sex (1.4%) in the bivariate analyses. The multivariate analysis involving all independent 

variables (including the interaction term between gestational age and birth weight) was 

statistically significant at P < 0.0001 and accounted for 11.0% of variation in the ratio of 

acylcarnitine to free carnitine.  

 

In the multivariable analysis, female infants had on average a higher ratio of total 

acylcarnitine to free carnitine than their male counterparts (coefficient 0.03). Infants 
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receiving TPN / other undisclosed forms of nutrition, formula alone, or a combination of 

breast milk and formula all had generally lower ratios than those reported to be exclusively 

breastfed (coefficients -0.14, -0.11, and -0.08, respectively), with newborns receiving TPN or 

other forms of nutrition having the lowest ratios of acylcarnitine to free carnitine. This ratio 

increased with age at time of sample collection. Samples taken from newborns of ages 36-47 

and 48-71 hours had generally higher ratios than those collected from 24-35 hours of age 

(coefficients 0.08, and 0.10, respectively). The ratio of acylcarnitine to free carnitine 

increased with socioeconomic quintile. Income quintiles 1, 2, 3, and 4 all had lower ratios 

than quintile 5 (coefficients -0.03, -0.02, -0.02, and -0.01, respectively). This ratio decreased 

by approximately 0.02 for every unit increase in transit time (days).  

 

In the bivariate analysis, in comparison with term infants all categories of premature 

neonates had progressively (with increased prematurity) lower ratios of acylcarnitine to free 

carnitine (coefficients from extremely premature to late premature, relative to term, of -0.21, 

-0.20, -0.16, and -0.06, respectively). The ratio increased with birth weight quintile. Infants 

in quintiles 1, 2, 3, and 4 had on average lower ratios of acylcarnitine to free carnitine than 

those in birth weight quintile 5 (coefficients -0.08, -0.05, -0.03, and -0.02, respectively). 

 

In the multivariable model, the interaction between gestational age and birth was a 

significant predictor of the ratio between total acylcarnitine level and free carnitine level (P < 

0.0001). The conditional mean ratio varied with birth weight in all categories of gestational 

age (Figure 12 & Appendix D). Neonates in lower birth weight categories had generally 

lower ratios of total acylcarnitine to free carnitine than those in higher quintiles. On average, 
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this ratio increased with gestational age, although there was little difference in the mean ratio 

between extremely premature and very premature infants (Figure 12).  

 

4.2.2 False Positives 

With 1941 samples, false positives comprised approximately 0.5% of the main 

dataset. The false positive rate decreased with increased gestational age. In extremely 

premature individuals, 6.1% of samples were false positives. Overall, false positives 

comprised 8.2% of all very premature samples, 6.2% of medium premature, 2.4% of late 

premature, and 0.4% of term samples. The false positive rate was marginally increased in 

neonates in the lowest birth weight quintile (0.6%), but rates remained constant across the 

other four categories (0.5%). Infants receiving nutrition from sources other than breast milk 

and formula had a higher proportion of false positives at 4.5% versus 0.7% with formula 

alone, 0.6% with breast milk and formula, and 0.4% when fed exclusively on breast milk. 

False positive rates remained relatively steady across categories of sex, age at time of blood 

collection, socioeconomic quintile, and transit time. Infants who had received a transfusion 

had a higher proportion of false positives (2.5%) than those who had not (0.5%) (Table 26). 
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4.2.3 Sensitivity Analyses 

4.2.3.1 Restricted by Feeding Status (No TPN / Other) 

A sensitivity analysis was conducted in which all samples with a feeding status of 

TPN / other was removed. After this reduction, 387,671 samples remained. In this case the 

multivariate analysis explained 4.1% of variation in free carnitine and 1.7% of variation in 

C8 concentration (Table 27). The interaction between birth weight and gestational age was 

significant (P < 0.0001). The patterns of their combined associations with free carnitine were 

the same as in the main model. The interaction between birth weight and gestational age was 

also statistically significant (P < 0.0001) in relation to concentrations of C8. As in the main 

model, the mean C8 level conditional on all other independent variables in the analysis 

appeared to be strongly associated with birth weight quintile in extremely premature infants 

(Figure 14, Appendix E). In the main model, neonates in the highest quintile of birth weight 

had levels of C8 that were 20% - 25% lower than those in the other four categories. In this 

sensitivity analysis, C8 levels decreased steadily, with infants in the highest quintile of birth 

weight recording levels over 40% lower than those in the single lowest birth weight quintile. 

 

4.2.3.2 Restricted by Transfusion Status (No Transfusions) 

A sensitivity analysis was conducted in which all samples in which the neonate had 

received a blood transfusion were removed. After this reduction, 389,472 samples remained. 

In this case, the multivariate analysis explained 4.2% of variation in free carnitine and 1.7% 

of variation in C8 concentration (Table 27). The interaction between birth weight and 

gestational age was significant (P < 0.0001) in relation to concentrations of both free 

carnitine and C8. The patterns of their combined association with free carnitine and C8 were 

also the same as in the main model.  
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Table 26 – False Positive Rates 
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Table 27 – Interaction Term (BW & GA) Bivariate & Multivariate R-square Value 

Results 

 

 

 

 

Figure 13 – Free Carnitine Level Predicted by Gestational Age & Birth Weight 

(Sensitivity Analysis: Feeding Status) 

 

 
 

 

 

 

Sample Population R-Square  

C0 C8 

Main Dataset (unrestricted) 0.042 (p < 0.0001) 0.017 (p < 0.0001) 
Feeding Status Restricted (No TPN / Other) 0.041 (p < 0.0001) 0.017 (p < 0.0001) 
Transfusion Status Restricted (No Transfused) 0.042 (p < 0.0001) 0.017 (p < 0.0001) 
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Figure 14 – C8 Level Predicted by Gestational Age & Birth Weight (Sensitivity 

Analysis: Feeding Status) 

 

 
 

 

Figure 15 – Free Carnitine Level Predicted by Gestational Age & Birth Weight 

(Sensitivity Analysis: Transfusion Status) 
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Figure 16 – C8 Level Predicted by Gestational Age & Birth Weight (Sensitivity 

Analysis: Transfusion Status) 

 

 
 

 

4.3 Discussion of Clinical Database Analysis Results and Integration with 

Systematic Review Findings 

4.3.1 Age of Collection & Gestational Age 

During preliminary analysis, it became clear that the minority of samples obtained at 

an age of collection greater than 72 hours exhibited a considerably different metabolic profile 

than the majority, collected between 24 and 71 hours of age, with respect to the association 

between gestational age and analyte levels (Figures 3 & 4). As this discrepancy was present 

in nearly every carnitine or acylcarnitine level or ratio examined, and could potentially 

impact the associations between analyte levels and other independent variables (notably 

gestational age and the interaction between gestational age and birth weight), a post hoc 
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decision was made to eliminate samples collected at an age of 72 hours or higher from the 

main dataset.  

 

4.3.2 Statistical & Clinical Significance 

These analyses benefitted from a large sample size. As sample size increases, effect 

size can be measured with a greater degree of confidence. However, with the increase in 

statistical power, even minor differences may be found significant. In this study, nearly every 

association investigated was significant at a level of P = 0.05. Therefore, we relied not only 

on statistical significance, but also on describing the effect size and on the proportion of the 

variation in the outcome variable explained by a given predictor. In this study, the 

multivariate models (encompassing every independent variable including the gestational age 

& birth weight interaction term) explained from 1.7% to a maximum of 11% of all variability 

in the carnitine or acylcarnitine level being measured. This means that a minimum of 

approximately 90% of variability remained unexplained after accounting for all of the 

independent variables in our study.  

 

4.3.3 Associations between Independent Variables and Analyte Levels 

Both multivariate and bivariate models were best able to explain variation in the ratio 

of total acylcarnitines to free carnitine (multivariate R-squared = 0.110), followed by levels 

of medium chain acylcarnitines (multivariate R-squared = 0.060), and free carnitine 

(multivariate R-squared = 0.042). Only 1.7% of the variation in concentrations of C8 was 

explained by the independent variables in our analysis.  
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The low proportion of variation in analyte concentrations explained by the variables 

included in this study has implications for newborn screening. These factors were chosen as 

they are clinically considered important. The persistence of variation in analyte levels when 

these variables are accounted for may implicate unmeasured factors such as birth stress or 

may reflect fundamental differences within children. These results support the use of 

universal algorithms instead of ones tailored to the specific perinatal and newborn screening 

related characteristics we considered in order to determine cut-offs for carnitine and 

acylcarnitine concentrations and ratios.  

 

This is particularly true of C8, the major screening marker for MCADD, which is the 

most common FAOD included in newborn screening. Variation in C8 was not well explained 

by either the bivariate or multivariate analyses. This was surprising, as C8 is a medium chain 

acylcarnitine central to fatty acid oxidation. The modest association of C8 with perinatal and 

infant characteristics or associated newborn screening related factors may be beneficial to 

newborn screening programs, suggesting that algorithms involving C8 are robust to 

differences across these characteristics. However, our findings also suggest that gestational 

age, specific forms of nutrition, and transfusion status are highly related to false positive 

status (Table 26) and may warrant consideration in interpretation of results by newborn 

screening programs. 

 

4.3.4 False Positives 

False positive rates (for all disorders included in neonatal screening in Ontario) were 

highest in infants of high prematurity and those having received a blood transfusion or 

nutrition from sources other than breast milk or formula. Proportionally, infants of a 
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gestational age of ≤ 33 weeks had the highest rates of false positives with 12.2 to 16.4 times 

the rate seen in the general population. False positive rates were generally stable across 

categories of age at time of blood spot collection, sex, socioeconomic status, and transit time.  

 

False positive rates decreased with increasing gestational age. Rates of false positives 

were highest in extremely premature individuals, followed by very, medium, and late 

premature, and lowest in samples taken from term neonates. This may be due to the generally 

higher C0 and C8 levels (two major screening markers) in premature neonates as compared 

to term individuals (Tables 18 - 19).  

 

Infants in the lowest birth weight quintile had slightly higher rates of false positive 

screening results as compared to those in the higher four categories of birth weight, but the 

differences were minor. In previous studies, very low birth weight individuals were found to 

account for significantly higher percentages of false positives 
14

. Differences in the impact of 

low birth weight on false positive rates may be the result of variation in definitions of low 

birth weight between studies. Previous studies where significant differences were found have 

defined the lowest birth weight category with an objective cut off weight. In our study, birth 

weight categories were defined by quintiles within categories of sex and gestational age. Due 

to the low number of objectively defined extremely low birth weight individuals in the 

newborn screening population, the lowest birth weight quintile category included a range of 

birth weights with a mean that was likely higher than that of the objectively defined 

categories. In addition, objectively defined low birth weight categories used in other studies 

may not have taken gestational age into account, in which case the significant increase in 

false positives for low birth weight infants in those studies may have been influenced by the 
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overlap between extremely low birth weight and extremely premature individuals. Our study 

found little impact of birth weight on false positive results, after accounting for confounding 

by gestational age.  

 

4.3.5 Correlations 

Correlations among analyte levels were statistically significant with p <0.0001. 

Significant correlations between analyte levels were to be expected, as long chain 

acylcarnitines are broken down into medium chain acylcarnitines, which are further 

metabolized into short chain acylcarnitines. Total acylcarnitine level is the combined sum of 

all short, medium, and long chain acylcarnitines, while free carnitine is used in the 

metabolism of fatty acids and the creation of acylcarnitines. The highest correlations were 

detected between total acylcarnitine and short chain acylcarnitine; and total carnitine with 

free carnitine, total acylcarnitine, and short chain acylcarnitine. Short chain acylcarnitines 

comprise approximately 80.2% of all acylcarnitines, while total carnitine is comprised of 

approximately 50.4% free carnitine and 49.6% total acylcarnitine. A surprisingly small 

correlation was found between total acylcarnitine and the ratio of total acylcarnitine to free 

carnitine (0.091). In the clinical database analysis, the strength and direction of associations 

with independent variables were generally similar for analytes that were more highly 

correlated. This was especially true of total acylcarnitine and short chain acylcarnitine 

(Figures 8 & 9, Tables 21 & 22).  

 

4.3.5.1 Infant Feeding 

Infant feeding status was not examined in the systematic review. In the clinical 

database analysis, infants receiving breast milk had on average the lowest levels of free 
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carnitine and C8, and relatively high levels of total acylcarnitine, short, medium, and long 

chain acylcarnitine, and the ratio of acylcarnitine to free carnitine. Infants receiving both 

breast milk and formula had high levels of all analytes including the ratio of acylcarnitine to 

free carnitine. Infants receiving formula exclusively had moderate levels of all analytes 

except for C8, where they had the highest levels. This may be due in part to the inclusion of 

C8 supplements in modern neonatal formula. Neonates receiving TPN / alternative forms of 

nutrition generally had the highest levels of free carnitine and relatively high levels of total 

carnitine, but the lowest levels of total acylcarnitine, short, medium, and long chain 

acylcarnitine, and the ratio of total acylcarnitine to free carnitine. In general, the effect of 

receiving TPN / alternative forms of nutrition was more important in the bivariate analyses 

than in the multivariate analyses. These effects were especially pronounced in free carnitine, 

C8, and total carnitine levels. The difference in this association may be the result of the 

multivariate analysis adjusting for potential confounding factors such as prematurity which 

are associated with the likelihood of a neonate receiving TPN / alternative forms of nutrition.    

 

4.3.5.2 Sex 

Infant sex consistently explained a relatively high degree of variation in analyte 

levels compared with other independent variables. This was surprising as sex was not found 

to be an important predictor of analyte concentration in studies included in the systematic 

review. This may be a result of generally low sample sizes in the systematic review, and 

small effect sizes in the clinical database analysis. With exception of the study by Khalid et 

al., no studies examining the association of sex and carnitine or acylcarnitine levels had a 

sample size exceeding 200 participants. With a sample population of 389,714, our clinical 

database analysis would likely have had better sensitivity to detect interactions. With small 
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effect sizes, sex did not necessarily explain a large degree of variation in any particular 

analyte concentration, but it was more important than some of the other infant and newborn 

screening related factors we examined. Female infants had on average lower levels of C0, 

C8, total carnitine, total acylcarnitine, and short, medium, and long chain acylcarnitines than 

their male counterparts. Females had on average higher ratios of total acylcarnitine to free 

carnitine.  

 

4.3.5.3 Age of Collection 

Age of the newborn at the time of blood sample collection was found to be 

significantly associated with analyte levels in both bivariate and multivariate analyses, 

though effect sizes tended to be smaller than for most other independent variables. In the 

systematic review, the presence and directionality of a possible association between age of 

collection and analyte levels varied between and within studies. The effect of age of 

collection was difficult to compare between studies in the systematic review, and between 

the systematic review and our clinical database analysis, because the range of age of 

collection is considerably different depending upon the study. In the database analysis, age of 

collection ranged from 24 to 71 hours of age. In the systematic review, age of collection 

ranged from birth to as late as 28 postnatal days.  

 

The variable representing the age of the newborn at the time of blood sample 

collection consistently yielded relatively low r-square values in comparison with the other 

independent variables in predicting analyte levels. This is likely in part a result of the 

removal of all samples taken at or after 72 hours of age, thereby limiting the range of ages 

within this variable. Total acylcarnitine, short chain acylcarnitine, long chain acylcarnitine, 
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and the ratio of acylcarnitine to free carnitine increased with age at time of collection. Free 

carnitine and C8 levels were highest in samples collected between 24 and 35 hours of age 

and lowest in those collected between 36 and 47 hours, while total carnitine and medium 

chain acylcarnitine levels were generally highest in samples collected from 48 -71 hours of 

age and lowest in those collected from 36 – 47 hours.  

 

4.3.5.4 Socioeconomic Status Quintile 

No studies on socioeconomic status were identified in the systematic review. In the 

clinical database analysis, postal code was linked to 2006 census data and used as an area 

based measure of socioeconomic status. Despite relatively small effect sizes, most analytes 

demonstrated a relatively consistent trend with concentrations either increasing or decreasing 

steadily with each increase in income quintile. These trends remained generally unchanged 

between the bivariate and multivariate models. It is possible that this may be related to 

residual confounding whereby income quintile is related to maternal nutritional status, access 

to healthcare during pregnancy, ethnicity, or other unaccounted for variables.   

 

 In the clinical database analysis, free carnitine, total carnitine, total acylcarnitine, 

short chain acylcarnitine, and long chain acylcarnitine decreased progressively as 

socioeconomic quintile increased, with the highest levels occurring in quintile 1 and the 

lowest in quintile 5. Medium chain acylcarnitine levels and the ratio of acylcarnitine to free 

carnitine increased with income quintile, though effect sizes were small. C8 concentrations 

also increased with income quintile in the bivariate analysis but decreased in the multivariate 

analysis. The C8 effect sizes were also small.   
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4.3.5.5 Transit Time 

No studies on transit time were identified in the systematic review. In the clinical 

database analysis, transit time was not generally a strong predictor of variation in analyte 

levels. Free carnitine and C8 levels increased on average with transit time. Total carnitine, 

total acylcarnitine, short chain acylcarnitine, long chain acylcarnitine, and the ratio of total 

acylcarnitine to free carnitine all decreased on average as transit time increased. Medium 

chain acylcarnitine decreased with increasing transit time in the bivariate model, though the 

effect size was small, and increased with transit time in the multivariate model. It is uncertain 

why this shift occurred though it may simply be a chance finding.  

 

4.3.5.6 Gestational Age & Birth Weight 

Gestational age was found to be significantly associated with analyte levels in both 

our clinical database analysis and in the majority of studies we reviewed, though in the 

systematic review the nature and presence of these associations varied between studies and 

little information was available on the association between gestational age and total short, 

medium, and long chain. In the clinical database analysis, the effect of gestational age on 

analyte levels was also variable. Total carnitine and total acylcarnitine concentrations were 

higher in every category of premature neonates than in term infants. Likewise, free carnitine 

decreased as gestational age increased, with the lowest levels occurring in the term category. 

Short chain acylcarnitine levels were also generally higher in preterm categories than in 

term, with the exception of late premature infants, who had the lowest levels of short chain 

acylcarnitine. C8 levels were generally higher in premature neonates than in term children, 

with the exception of those in the medium premature category, who had on average the 

lowest levels. The opposite was true of long chain acylcarnitines and the ratio of total 
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acylcarnitine to free carnitine, both of which increased as gestational age increased. For 

medium chain acylcarnitines, every preterm category had generally lower concentrations 

than term infants.  

 

Birth weight was found to be significantly associated with analyte levels in our 

clinical database analysis as well as the majority of studies included in the systematic review. 

The directionality of the associations varied, likely as a result of variation in the additional 

characteristics of the sample populations among the different studies. In the clinical database 

analysis, C8 and medium chain acylcarnitine levels decreased with increasing birth weight. 

Infants in lower birth quintiles had on average lower levels of total acylcarnitine, short chain 

acylcarnitine, and the ratio of acylcarnitine to free carnitine than those in birth weight 

quintile 5. Likewise, levels of long chain acylcarnitine were lower in most low categories of 

birth weight than in quintile 5, with the exception of those in quintile 1 who had the highest. 

Free carnitine levels were highest in birth weight quintile 1 and lowest in quintiles 2, 3, and 

4, while total carnitine levels were highest in quintiles 1 and 2, and lowest in quintiles 3 and 

4.  

 

The relationships between variables of birth weight and gestational age, and their 

association with carnitine and acylcarnitine levels and ratios are complex and confounded. 

Graphs provided a way to clarify these relationships by visually interpreting trends across 

both gestational age and birth weight. The interaction term between gestational age and birth 

weight was generally a comparably strong predictor of analyte levels. In the systematic 

review, Battistella et al. found that free carnitine level varied with birth weight in premature 

neonates, but that birth weight was not associated with significant variance in infants of term 
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gestational age or those in the highest category of birth weight regardless of gestational age. 

This was consistent with our clinical database analysis of the interaction between birth 

weight and gestational age: in general, the amount of variability in analyte levels across birth 

weight categories was considerably larger in extremely, very, and medium premature 

neonates and decreased as gestational age increased. This variability across birth weight 

quintiles was generally lowest in term neonates. Free carnitine and total carnitine levels were 

highest on average in earlier premature neonates and those of a low birth weight quintile. 

Total acylcarnitine and short chain acylcarnitine levels were fairly steady across gestational 

age but tended to be higher in low birth weight quintiles. C8 level was highest in extremely 

premature neonates and those in the lower quintiles of birth weight, but stabilized in the 

remaining four categories of birth weight. Medium chain acylcarnitine levels were lower in 

early premature categories of birth weight but increased rapidly between the medium and late 

premature groups, levelling out between late premature and term neonates. Infants in the 

higher categories of birth weight tended to have higher levels of medium chain acylcarnitine. 

Long chain acylcarnitine levels and the ratio of acylcarnitine to free carnitine both increased 

with gestational age. Birth weight had no clear impact on the ratio of acylcarnitine to free 

carnitine, but long chain acylcarnitine levels increased with birth weight quintile.  

  

The fact that in extremely premature infants, analyte levels varied considerably with 

birth weight may reflect birth weight providing a proxy marker for metabolic developmental 

status. Extremely premature neonates of low birth weight are likely underdeveloped or ill in 

comparison to those of a higher birth weight quintile, thus levels of metabolic markers vary 

considerably with birth weight quintile. Also, premature infants with a higher birth weight 

may be metabolically closer to term neonates than those of lower birth weight. In neonates of 
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higher gestational age, we hypothesize that the lesser variation in analyte level associated 

with birth weight may be because the metabolic pathways in a higher percentage of term or 

late premature neonates have developed to the point that infant size and birth weight are no 

longer as important. This is consistent with the results of the bivariate and multivariate 

analyses, where the highest differences from median analyte levels were seen in extremely 

premature neonates with low birth weight, and late premature or term infants in the lowest 

birth weight quintile. 

 

Term neonates comprised 96% of the sample population. This posed a challenge for 

creating predictive models, as only 4% of the population was spread over 4 of the 5 

categories of gestational age. This may have been a factor in the small effect sizes found for 

gestational age in association with some analyte levels, such as C8, although the sample size 

for our study was large enough that the estimates were likely to be fairly robust. In addition, 

it is in the extremely premature or extremely low birth weight groups where we might expect 

a higher degree of variability, and this was supported by the graphs showing mean analyte 

concentrations adjusted for potential confounders. 

 

Through Figure 6 it is clear that a large interaction was present between birth weight 

and gestational age in association with C8. In this case, the impact of gestational age 

(especially the extremely premature category) was much smaller in individuals of higher 

birth weight. This may be because individuals in higher birth weight categories were not 

being supplemented. This would be especially important in children of extreme prematurity, 

where rates of supplementation are highest, which is consistent with our findings.  Another 

theory is that extremely premature neonates with low birth weight may have underdeveloped 
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metabolic pathways that are less capable of effectively metabolizing C8 to C6, therefore C8 

levels remain high. A third theory involves extremely premature neonates and lower birth 

weights infants being more likely to experience a catabolic state. If this is the case, levels of 

C8 may be higher without additional supplementation and would reflect breakdown of body 

stores of fatty acids.  

   

4.3.6 Sensitivity Analyses 

Sensitivity analyses were conducted to assess the impact of feeding and transfusion 

status on analyte concentrations; specifically the effect of receiving TPN or other 

undisclosed nutrition or having received a blood transfusion. These interventions were 

examined due to their increased likelihood of being used in ill infants and the possibility that 

they may have a direct effect on analyte levels. In the restricted datasets, the multivariate 

analyses explained 4.1% (feeding status) and 4.2% (transfusion status) of variation in free 

carnitine concentration. In the unrestricted dataset, 4.2% of variation was explained. This 

indicates that the removal of these potentially ill neonates did not significantly impact the 

overall strength of the model for free carnitine. Multivariate analyses of each restricted 

dataset explained 1.7% of variation in concentrations of C8. The unrestricted dataset also 

explained 1.7% of variation. This indicates that the removal of these infants did not 

significantly impact the overall strength of the model for C8 either. The associations of the 

independent variables sex, age of collection, socioeconomic status, and transit time with C0 

and C8 remained largely unchanged between the main dataset and the sensitivity analyses.   

 

The interaction between birth weight and gestational age was also examined in each 

of the restricted datasets. When infants receiving TPN / other forms of nutrition besides 
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formula and breast milk were removed from the sample, little change was seen in this 

interaction. The primary difference occurred in neonates of extreme prematurity who were in 

birth weight quintile 1. In the main dataset, these infants had lower levels of free carnitine 

than those of very or medium prematurity in the same birth weight quintile. In the dataset 

restricted on feeding status, these neonates had the highest levels of free carnitine of any 

combination of birth weight and gestational age. These higher levels may be a result of the 

elimination of sick individuals in the lowest category of birth weight and gestational age. The 

individuals remaining in this category would then be those strong enough to receive 

traditional forms of nutrition (breast milk and formula). That the only obvious change 

occurred in this specific group of small, premature neonates highlights the fact that it is these 

individuals that are most likely to be ill and require TPN or other forms of alternative 

nutrition in the first place. When the sample was restricted on transfusion status, no 

appreciable changes (from the main unrestricted dataset) occurred in the interaction between 

gestational age and birth weight.  

 

When infants receiving TPN / other forms of nutrition besides formula and breast 

milk were removed from the sample, a small degree of change was seen in the interaction 

between gestational age and birth weight in relation to concentrations of C8. Two main 

differences were observed in this dataset, both of which concern extremely premature 

neonates. In the unrestricted dataset, the range of average C8 concentrations in extremely 

premature neonates based upon birth weight quintile is between 0.091 - 0.156 μM (Figure 

14). In the restricted dataset, the upper limit in extremely premature neonates is over 30% 

higher than the upper limit in the unrestricted dataset. This may be a consequence of 

eliminating samples in which sick infants were not receiving the same level of dietary C8 as 
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their breast or formula fed peers. By removing these potentially sick individuals, the 

neonates remaining in the extremely premature categories may have been both healthier and 

receiving higher amounts of exogenous C8 or C8 precursors, resulting in generally higher 

levels of C8 throughout the extremely premature categories. Infants in birth weight quintile 5 

did not experience a strong increase in C8 level, possibly because larger infants may be 

naturally healthier and a smaller proportion of these neonates would have been receiving 

TPN or alternative forms of nutrition, leaving this section of the population less changed than 

those in lower birth weight quintiles of the same gestational age.  

 

In addition to the generally higher concentrations of C8, in the feeding restricted 

dataset the difference between C8 levels in birth weight quintiles were much more evenly 

distributed than in the main dataset. In the unrestricted model, there was a large discrepancy 

between extremely premature neonates in the highest birth weight quintile and those in the 

lower 4. In the restricted model, mean analyte concentrations vary, but no one specific 

quintile is separated to a large degree from the rest. When the sample was restricted on 

transfusion status, no appreciable changes (from the main unrestricted dataset) occurred in 

the interaction between gestational age and birth weight. 

 

4.3.7 Potential relationships to Metabolic Pathways and implications for combining Analytes 

Short chain acylcarnitines (chain lengths C2-C5) are not exclusively the end products 

of fatty acid oxidation. They may also result from other metabolic pathways including 

branched chain amino acid catabolism 
47

. As a result, medium and long chain acylcarnitines 

be more consistently representative of changes in the fatty acid oxidation pathways that were 

the main focus of our interest in this work. The short, medium, and long chain acylcarnitine 
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variables in this study were each created from the sum of all acylcarnitines within the 

specified range. One potential issue with this method is that within a category, certain 

specific acylcarnitines were present in much higher levels than others. In these cases, the 

higher individual acylcarnitine levels may overpower and mask differences in those with 

naturally lower levels. 

 

The independent variables we studied were collectively better able to account for 

variation in the ratio of total acylcarnitine to free carnitine than the variation in any single 

analyte. This indicates that the relationship between analytes may be more important than 

individual analyte levels. Fatty acid metabolism is a dynamic process, and acylcarnitine 

levels are not independent of each other. Ratios are important because individual analyte 

marker levels may be affected by many different variables. For example, a high C8 level 

could be indicative of a catabolic state, lack of adequate nutrition, or interruption in the 

metabolic pathway between C8 and C6. If C8 is the only analyte level available, it is 

impossible to know what is causing this variation. Ratios are a comparison of analyte levels 

present at different stages of the metabolic process, thus providing a more complete picture 

of the metabolic state of the neonate.  

 

4.3.8 Newborn Screening Thresholds 

 Newborn screening programs use algorithms and set cut-off points to detect FAODs 

in the neonatal population but do not generally account for differences in natural metabolic 

profile as a result of factors such as sex, gestational age, or birth weight. While this works 

well for term infants of average or high birth weight, high false positive rates among preterm 

individuals (and to a lesser extent those in the lowest birth weight quintile) indicate that a 
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tailored screening profile for these higher risk individuals may be beneficial. In particular, 

extremely premature neonates and low birth weight infants of gestational age ≥34 weeks 

(both of which indicate a higher likelihood of underdeveloped metabolic pathways or illness) 

may benefit from customized screening thresholds or special consideration in the 

interpretation of screening results. It is important to note, in this study false positive status 

was general and not specific to metabolic disorders. As a result, the associations between 

false positive status and perinatal and infant characteristics and newborn screening related 

factors are also not specific to FAODs and may be related to positive screens for other 

disorders. Even so, the high false positive rate associated with extreme prematurity or low 

birth weight indicates that specialized screening or interpretation may be beneficial in these 

individuals. 

 

4.4 Conclusion 

Our clinical database analyses indicate a statistically significant relationship between 

carnitine and acylcarnitine concentrations and all perinatal / infant characteristics and 

newborn screening related factors of interest. In the bivariate analyses, though strength and 

directionality of associations varied between analytes, the individual factors that 

demonstrated a consistently comparatively high impact on analyte levels were sex and infant 

feeding status, while age of collection, transit time, and gestational age were commonly 

among the least individually influential factors. We also identified clinically meaningful 

associations by investigating false positive rates in relation to independent variables; the 

results highlighted the potential importance of gestational age, transfusion status, and a 

nutritional source other than breast milk or formula. 
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The interaction between gestational age and birth weight had an important impact on 

carnitine and acylcarnitine levels, especially among extremely premature individuals. The 

effect of birth weight on these analytes was most pronounced in neonates of < 28 weeks 

gestational age, and decreased as gestational age increased. In neonates of high gestational 

age, birth weight was generally not a strong predictor of analyte concentrations. Free 

carnitine levels generally decreased with gestational age while the ratio of total acylcarnitine 

to free carnitine increased. Acylcarnitine concentrations tended to increase or remain steady 

as gestational age increased, with the exception of medium chain acylcarnitines in neonates 

of extremely premature gestational age.  

 

Both bivariate and multivariate regression models were best able to account for 

variation in the ratio of total acylcarnitine to free carnitine (11.0%) and least able to account 

for variation in C8 concentrations (1.7%). The analyte that represents most closely the 

dynamic process of fatty acid metabolism was better explained than any individual carnitine 

or acylcarnitine concentration in this study. This supports the idea that proportions of 

carnitine and acylcarnitines may be more important in understanding an individual’s 

metabolic functioning than individual analyte levels. 

 

  The low proportion of variation explained by all multivariate models does not support 

the use of algorithms in newborn screening tailored to specific perinatal and newborn 

screening related factors, as major diagnostic markers should ideally not be influenced to a 

large extent by external factors. However, high false positive rates associated with 

characteristics of premature or ill neonates (low gestational age, a positive transfusion status, 



    116 

 

or TPN or alternative sources of nutrition) indicate that these cases may warrant additional 

consideration in the interpretation of results by newborn screening.  

 

Understanding the ways in which perinatal and newborn screening related 

characteristics relate to metabolite levels has potentially important implications for the 

interpretation of newborn screening results and the results of associated diagnostic 

investigations 
16

. This may be especially important in promoting understanding of results in 

cases where a child’s carnitine or acylcarnitine levels are borderline according to current 

threshold values in disease screening, or where characteristics commonly associated with 

high false positive rates are present. The low proportion of variation explained by these 

results also suggest the need for further large scale empirical research targeted at previously 

unaccounted for perinatal factors such as birth stress and their association with carnitine and 

acylcarnitine levels in neonatal blood.  
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Appendix A   

Ovid Medline Search Strategy 

 

October 1st, 2009 

Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and Ovid 

MEDLINE(R) 1950 to Present 

 

# Searches Results 

1 carnitine/ or acetylcarnitine/ 6629 

2 carnitine.mp. 10479 

3 acylcarnitine.mp. 1083 

4 acylcarnitine.nm. 306 

5 carnitine.nm. 7854 

6 or/1-5 10724 

7 mass screening/ or neonatal 

screening/ 

70167 

8 metabolism, inborn errors/ 

or exp lipid metabolism, 

inborn errors/ 

33613 

9 newborn screening.mp. 1975 

10 metabolism inborn 

error$.mp. [mp=title, 

original title, abstract, name 

of substance word, subject 

heading word] 

18075 

11 fatty acid oxidation.mp. 4304 

12 or/7-11 114532 

13 6 and 12 1944 

14 limit 13 to "all infant (birth 

to 23 months)" 

476 

 

Search strategies in additional databases were adapted from the Ovid Medline strategy. 
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Appendix B 

Data Abstraction Forms 

Main Attributes of Paper 

Study ID#  

Data Extracted By  

Date Extracted  

Main Authors (up to 

3) 

 

Journal 

Name/Reference 

Source 

 

Date Published  

Title  

Type of Publication Full 

Paper Short report Abstract Letter 

Unpublished 

Report Other 

Funding Sources  

 

Main Attributes of Study 

Year study conducted  NR If reported: 

In which 

country/province/state was the 

study conducted? 

NR If reported: 

Description of study design  

Study sample size  

Study Duration  

Single or multi-centre study NR If reported: 

Age distribution of patients NR If reported: 

 Mean: SD: Median: 

Sex distribution of patients NR If reported: 

 # Male (%): # Female (%): # Intersex (%): 

Is there a comparison/control 

group 

 

Other factors of note (ex: 

multiple births, grouped ages) 

 

 

Carnitines, acylcarnitines and pre/perinatal factors assessed in the study 

Carnitines & Acylcarnitines Pre/Perinatal Factors 

C6 Socio-economic status 

C8 Birth weight 

C10 Gestational age 

C8/C10 Feeding status 

C14 Sex        
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Free carnitine Complications during pregnancy 

Total carnitine Complications during birth 

 Neonatal infection status     

 Ethnicity 

 Age at blood collection 

 Time between collection and analysis 

 Nature of sample           

 Analysis technique  

Describe how outcomes are assessed 

(follow-up period/s, number of assessments, 

units, how measured, etc.), distinguishing 

between multiple outcomes where 

appropriate 

 

Reporting quality for outcomes generally Acceptable Poor 

Describe statistical analysis for examining 

relationship between factors and outcome/s 

(or indicate if none), distinguishing between 

multiple outcomes where appropriate 

 

Describe findings, distinguishing between 

multiple outcomes where appropriate 

 

 

Summary Comments 

Additional comments about study  

Key conclusions by authors (if reported)  
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Appendix C   

CHEO Ethics Approval 

 

 



 

 

1
2
1
 

Appendix D   

Analyte Level Conditional Means Dependent upon the Interaction Term (Birth Weight & Gestational 

Age) 

 



 

 

1
2
2
 

 

 

  



 

 

1
2
3
 

Appendix E   

Analyte Level Conditional Means Dependent upon the Interaction Term (Birth Weight & Gestational 

Age) (Sensitivity Analysis) 
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