[image: image1]Reference Standards for Newborn Screening of Metabolic Disorders by Tandem Mass Spectrometry: A Nationwide Study on Millions of Chinese Neonatal Populations

		ORIGINAL RESEARCH
published: 16 December 2021
doi: 10.3389/fmolb.2021.719866


[image: image2]
Reference Standards for Newborn Screening of Metabolic Disorders by Tandem Mass Spectrometry: A Nationwide Study on Millions of Chinese Neonatal Populations
Falin He1†, Rulai Yang2†, Xinwen Huang2†, Yaping Tian3, Xiaofang Pei4, Mary Kathryn Bohn5, Lin Zou6, Yan Wang3, Haibo Li7, Ting Wang8, Maosheng Gu9, Tao Jiang10, Xigui Chen11, Hui Zou12, Hongwei Wei13, Weibing Tian14, Tian Tang4*, Khosrow Adeli5* and Zhiguo Wang1*
1National Center for Clinical Laboratories, Beijing Engineering Research Center of Laboratory Medicine, Beijing Hospital, National Center of Gerontology, Institute of Geriatric Medicine, Chinese Academy of Medical Sciences, Beijing, China
2Department of Genetics and Metabolism, Children’s Hospital of Zhejiang University School of Medicine, National Clinical Research Center for Child Health, Hangzhou, China
3Chinese PLA General Hospital and Medical School of Chinese PLA, Beijing, China
4Department of Laboratory Sciences, West China School of Public Health and West China Fourth Hospital, Sichuan University, Chengdu, China
5Department of Pediatric Laboratory Medicine, CALIPER Program, The Hospital for Sick Children, Toronto, ON, Canada
6The Children’s Hospital of Chongqing Medical University, Chongqing, China
7Ningbo Women and Children’s Hospital, Ningbo, China
8Suzhou Municipal Hospital, Suzhou, China
9The Xuzhou Maternity and Child Health Care Hospital, Xuzhou, China
10Nanjing Maternity and Child Health Care Hospital, Nanjing, China
11Jining Maternal and Child Health Family Planning Service Center, Jining, China
12Jinan Maternity and Child Care Hospital Affiliated to Shandong First Medical University, Jinan, China
13Linyi Maternity and Child Health Care Hospital, Linyi, China
14W. F. Maternal and Child Health Hospital, Weifang, China
Edited by:
Wolfram Weckwerth, University of Vienna, Austria
Reviewed by:
Daniel Bia, Universidad de la República, Uruguay
Carmen Gherasim, University of Michigan, United States
* Correspondence: Tian Tang, tangtian12345@scu.edu.cn, tangtian12345@aliyun.com; Khosrow Adeli, khosrow.adeli@sickkids.ca; Zhiguo Wang, zgwang@nccl.org.cn
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Metabolomics, a section of the journal Frontiers in Molecular Biosciences
Received: 16 July 2021
Accepted: 15 November 2021
Published: 16 December 2021
Citation: He F, Yang R, Huang X, Tian Y, Pei X, Bohn MK, Zou L, Wang Y, Li H, Wang T, Gu M, Jiang T, Chen X, Zou H, Wei H, Tian W, Tang T, Adeli K and Wang Z (2021) Reference Standards for Newborn Screening of Metabolic Disorders by Tandem Mass Spectrometry: A Nationwide Study on Millions of Chinese Neonatal Populations. Front. Mol. Biosci. 8:719866. doi: 10.3389/fmolb.2021.719866

Introduction: The major clinical problem presently confronting the Chinese newborn screening (NBS) programs by tandem mass spectrometry (MS/MS) is the lack of comprehensive reference intervals (RIs) for disease biomarkers. To close this gap, the Chinese National Center for Clinical Laboratories (NCCL) launched a nationwide study to investigate the dynamic pattern of 35 MS/MS NBS biomarkers and establish accurate and robust RIs.
Methods: Blood spot samples from 4,714,089 Chinese neonates were tested in participating centers/laboratories and used for study analysis. MS/MS NBS biomarker trends were visually assessed by their concentrations over age. Specific partitions were determined arbitrarily by each day and sex or by the statistical method of Harris and Boyd. RIs, corresponding to the 2.5th and 97.5th percentiles, as well as the 1th, 25th, 75th and 99th percentiles were calculated for each reference partition using a non-parametric rank approach.
Results: Most MS/MS NBS biomarkers fluctuated during the first week of life, followed by a relatively stable concentration. Age and sex-specific RIs were established and presented an improved specificity over the RIs used in participating centers/laboratories. Females demonstrated higher 2.5th and 97.5th percentiles in all amino acids except arginine and ornithine than males, whereas males showed higher 2.5th and 97.5th percentiles in most acylcarnitines.
Conclusion: The present study determined the dynamic trends of 35 MS/MS biomarkers and established age and sex-specific RIs, valuably contributing to the current literature and timely evaluation of neonatal health and disease.
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INTRODUCTION
The introduction of tandem mass spectrometry (MS/MS) has been a tremendous advance in newborn screening (NBS) programs. By assessing the concentrations of clinically important biomarkers in neonatal dried blood spot (DBS) samples, MS/MS is capable of recognizing dozens of inborn errors of metabolism, including amino acid, organic acid and fatty acid disorders (Wilcken et al., 2003). Consequently, determining whether the levels of disease biomarkers are within the normal or “healthy” range, commonly referred to as a reference interval (RI), is critical for clinical decision-making in early life. Several studies have highlighted serious consequences for patients when inappropriate RIs are used in clinical practice. One report by Cavedon and colleagues indicated that the diagnosis of long-chain acyl-CoA dehydrogenase and trifunctional protein deficiencies could be missed if the neonatal long-chain acylcarnitines test results were interpreted using RIs for older children (Cavedon et al., 2005). Another report suggested that age-adjusted cutoffs for thyroid stimulating hormone are essential to reduce false positive rates of congenital hypothyroidism (CH) (Ogunkeye et al., 2007). These investigations underscore the importance of establishing accurate and robust RIs for disease biomarkers in MS/MS NBS programs.
The region four stork (R4S) collaborative project has made great advances in establishing comprehensive RIs for disease biomarkers in MS/MS NBS programs (McHugh et al., 2011). However, recent evidence suggested that the RIs provided by R4S were not entirely suitable for the Chinese newborns because several true-positive cases of hyperprolinemia or β-ketothiolase deficiency were missed while using the RIs of R4S as reference standards (Zhenzhen et al., 2018). Hence, the establishment of Chinese neonatal population specific RIs of biomarkers becomes a priority for the nationwide MS/MS NBS programs.
The Chinese National Center for Clinical Laboratories (NCCL) is the National Newborn Screening Laboratory Quality Control Center of China, which has been authorized to evaluate the neonatal screening quality among different laboratories since 1998 (Zhan et al., 2009). In early 2014, the NCCL initiated a large-scale NBS survey where 114 newborn screening laboratories/centers distributed in 29 provinces or municipalities participated. The resultant and unpublished data demonstrated that the criteria of sampling age among different MS/MS NBS centers/laboratories varied significantly. In addition, 56 of the 114 (49.1%) MS/MS NBS facilities adopted default RIs from manufacturers. The remaining laboratories developed their own RIs and their “new standard” was derived based on a limited number of samples, which did not reflect the general healthy population. To address these critical gaps, the NCCL launched a national newborn health care initiative, namely, Nationwide Newborn Screening Cooperative Program (NNSCP). The specific objectives of NNSCP were: 1) to investigate the baseline level of disease biomarkers in healthy Chinese newborns; 2) to monitor the dynamic change of biomarkers through the neonatal age range; 3) to develop a formal guideline on sampling age for MS/MS NBS programs; 4) to establish Chinese neonatal RIs for disease biomarkers; and 6) to address whether the variance in demographics (e.g. sex, age, ethnicity), environment (e.g. climate, seasonal changes) and/or diet preferences influenced the concentration of biomarkers. Since its inception in 2014, NNSCP has become a National Key Research and Development Program of China. As of December 31, 2019, more than 7.2 million neonates participated in this initiative, contributing a total of 6,447,276 DBS samples. In the present study, we report age- and sex-specific variations observed in NNSCP and establish robust RIs for 35 MS/MS NBS biomarkers, including 11 amino acids and 24 acylcarnitines.
METHODS
Participating Study Centers
To recruit eligible MS/MS NBS centers/laboratories for the NNSCP, strict criteria was applied. Only MS/MS NBS centers/laboratories that passed three consecutive external quality assessments (EQA) by NCCL could join the program. The details of the NCCL EQA procedure include the following: the NCCL distributed a batch of quality control products containing low, median and high concentration of certain target analytes to each enrolled NBS center/laboratory; study centers were required to test all quality control products and return the results to the NCCL; the acceptable performance for any test analytes was ±3 standard deviation (SD) from the median value of the peer group laboratories. Reference value data for the current study were not collected from participating centers/laboratories until they passed quality requirements. All participating centers/laboratories adopted the uniform screening panel covering 39 conditions. The details of disorders screened in participating centers/laboratories are reported in Table 1.
TABLE 1 | The newborn screening panel in the MS/MS NBS participating centers/laboratories of NNSCP.
[image: Table 1]Sample Acquisition and Analysis
Full-term neonates (37 0/7 weeks of gestation through 41 6/7 weeks of gestation) from birth to 14 days of age with birth weight of 2.5–4.0 kg from the NNSCP were selected as the study population. Subjects were excluded in the case of acute/chronic illness, family history of inborn errors, use of medications or receiving parenteral nutrition. A heel prick blood sample was taken from each subject and dripped on a WhatmanTM 903 filter paper (GE Healthcare Ltd., Cardiff, UK). After evaporating to dryness in ambient temperature, the DBS samples were sent immediately to the local NNSCP participating centers/laboratories for testing. The time interval between sampling and testing was ≤1 week. The MS/MS platforms for sample analysis included: Waters Acquity TQD-, Xevo TQD- or Quattro micro API-triple quadrupole mass spectrometry; AB Sciex QTRAP 3200-, 4,000- or 4500-hybrid triple quadrupole/linear ion trap mass spectrometry. The allowable bias between the analyte concentrations obtained from analytical platforms was ≤10%, which is in line with the criteria of clinical laboratory standard institute (CLSI) (CLSI, 2017). In all study centers/laboratories, the procedures for sample preparation and analysis were uniformly performed with NeoBase™ Non-derivatized MS/MS kit (PerkinElmer, MA, United States ) according to the manufacturer’s instructions. In brief, a single disc of 3.2 mm diameter was punched from each DBS and placed on a 96-well plate. An aliquot of 100 µL working solution (containing stable-isotope labeled internal standards) was added to each well. The plate was immediately covered with aluminum foil and incubated in a heating shaker at 45°C for 45 min at a speed of 750 rpm. Then, 75 µL contents from each well was transferred to a V-bottomed, heat resistant microplate for testing. The multiple reaction monitoring (MRM) mode was used in each examination, and the running parameters per instrument are listed in Supplementary Table S1. The MassLynx 4.1 and NeoLynx 4.1 software (PerkinElmer, MA, United States ) were used to analyze the raw data. The limits of detection (LoD), limits of quantification (LoQ), linear dynamic range and the total imprecision (TI) of analytes were estimated according to the protocols described in FDA 510 k documents (FDA, 2010), and the resultant data are reported in Supplementary Tables S2–S8.
Data Collection
All participating centers/laboratories submitted a worksheet to the appointed chief of the NNSCP, which included: 1) age of subject; 2) gender of subject; 3) residence of subject; 4) ethnicity of subject (if possible); 5) health associated information of subject; 6) RIs used in routine screening practice; and 7) complete set of available amino acids and acylcarnitines test results.
Data for RIs Calculation and the Performance Validation of RIs
The MS/MS data used in RI derivation were from subjects who passed the MS/MS NBS screening test without showing any abnormalities in the subsequent 1 year following birth. Subjects who failed the MS/MS test, or passed the MS/MS inspection but demonstrated any physical/mental retardation or suspect clinical manifestation of inborn errors of metabolism within the first year of life, were excluded from RI derivations. The performance validation of RIs was conducted in each participating center/laboratory where the level of target biomarkers in true-positives, false-positives and false-negative cases were compared to the RIs.
Statistical Analysis
Data were analyzed in accordance with CLSI EP28-A3c guidelines (CLSI, 2010). Statistical analysis was performed using Python and R. In brief, boxplots were used to visually inspect the data; extreme outlying observations (e.g., due to a mistake in the analysis) was identified by Box-Cox transformation in conjunction with Tukey’s fences (BCT) and remove (CLSI, 2010). The distribution of each analyte was inspected by the Kolmogorov-Smirnov test. The RIs of any given analytes were partitioned arbitrarily by each day and sex or by the method of Harris and Boyd (CLSI, 2010).
The central 95% interval, corresponding to the range between the 2.5th and 97.5th percentiles, was defined as the RI. For each RI, the 90% confidence intervals were also calculated for the end points, using the bootstrapping resampling method. The nonparametric rank method was used to calculate the 1st, 2.5th, 25th, 50th, 75th, 97.5th and 99th percentiles of each reference partition.
The differences between any two arbitrarily partitioned age groups of a given analyte were determined by the Kruskal-Wallis test. The resultant p value was adjusted to a Q value using the false discovery rate (FDR) algorithm (Storey, 2003), and the Q value <0.05 indicated statistically significant. The Mann-Whitney U test was used to examine the differences between males and females within age partitions, and the p value <0.05 was considered statistically significant.
RESULTS
Samples from 4,714,089 newborns who met the inclusion criteria were included in study analysis. Screening results were submitted from 43 participating centers/laboratories located in 27 provinces/municipalities of mainland China. No data were available from Tibet, Qinghai or Inner Mongolia due to the short MS/MS NBS implementation duration (Figure 1A). Most provinces/municipalities had only one or two participating centers/laboratories, whereas Shandong, Anhui and Jiangsu had four or more participating centers (Figure 1A). The number of samples examined varied among provinces/municipalities, wherein, Zhejiang screened more than two million specimens, contributing most to the dataset. In comparison, only hundreds of specimens were collected and analyzed in Xinjiang province (Figure 1B). The details of sample collection date at each province/municipality are listed in Supplementary Table S9.
[image: Figure 1]FIGURE 1 | The contribution and distribution of study centers/laboratories at each province/municipality. Figure 1A, the number and location of participating centers/laboratories; Figure 1B, the sample size at each province/municipality. The superscript capital P means the number of participating centers/laboratories. HL, Heilongjiang; JL, Jilin; LN, Liaoning; XJ, Xinjiang; IM, Inner Mongolia; TJ, Tianjin, HE, Hebei; SX, Shanxi; SN, Shaanxi; NX, Ningxia; GS, Gansu; QH, Qinghai; SD, Shandong; JS, Jiangsu; AH, Anhui; HA, Henan; SH, Shanghai; HB, Hubei; CQ, Chongqing; SC, Sichuan; XZ, Tibet; ZJ, Zhejiang; JX, Jiangxi; HN, Hunan; GZ, Guizhou; YN, Yunnan; FJ, Fujian; TW, Taiwan; GD, Guangdong; GX, Guangxi; HK, Hongkong; MC, Macau. Areas with no data submitted show no color. The darker in orange, the larger in sample size.
Continuous change in reference end points (2.5th and 97.5th) over age and/or sex for each analyte are shown in Table 2. Additional percentiles (1st, 25th, 50th, 75th and 99th) are presented in Supplementary Table S10. The RIs determined by Harris and Boyd approach are presented in Supplementary Table S11. Both age and sex were found to be important factors affecting the value of testing biomarkers (Table 1). Females demonstrated a higher 2.5th and 97.5th percentile value than males in all test amino acids except arginine and ornithine, irrespective of age (Table 2). Proline, valine and leucine/isoleucine/alloisoleucine/hydroxyproline demonstrated a similar value distribution with increasing concentrations throughout the first week of life, followed by constant levels from 7 to 14 days (Figure 2). Increased levels of alanine, ornithine and tyrosine were also observed throughout the first week of life, but demonstrated a more dynamic pattern from 7 to 14 days, decreasing slightly (Figure 2). Despite most amino acids fluctuating during the first week of life, citrulline and arginine showed a consistent increase from birth to 14 days of life (Figure 2). In contrast, glycine and phenylalanine presented a consistent decrease across the screening age range (Figure 2).
TABLE 2 | The Reference intervals partitioned by each day and sex for 35 MS/MS NBS biomarkers (μM).
[image: Table 2][image: Figure 2]FIGURE 2 | The dynamic change of amino acids except methionine over age and sex. Data of male and female partitions are shown in green and red boxes with whiskers, respectively. The boxes extend from the 25th to the 75th percentile, with whiskers extending to the 2.5th or 97.5th percentile. Medians are shown as white circles in the body of boxes, and are linked with green (male) or red (female) line to shown the dynamics. Abbreviations are listed in the legend of Table 2.
Similar to the dynamics of amino acids, the evident fluctuation was observed for most acylcarnitines in the first week of life, followed by relatively constant values from 7 to 14 days. Specifically, the levels of acetylcarnitine (C2), propionylcarnitine (C3), malonylcarnitine+3-hydroxybutyrylcarnitine (C3-DC + C4-OH), butyrylcarnitine/isobutyrylcarnitine (C4), glutarylcarnitine+3-hydroxyhexanoylcarnitine (C5-DC + C6-OH), hexanoylcarnitine (C6), methylglutarylcarnitine (C6-DC), decanoylcarnitine (C10), dodecanoylcarnitine (C12), dodecenoylcarnitine (C12:1), tetradecanoylcarnitine (C14), tetradecenoylcarnitine (C14:1), palmitoylcarnitine (C16), palmitoleylcarnitine (C16:1) and stearoylcarnitine (C18) presented overall downward trend from birth to 7 days of life (Figure 3). In contrast, free carnitine (C0), sovalerylcarnitine + methylbutyrylcarnitine (C5) and linoleoylcarnitine (C18:2) demonstrated increasing concentrations throughout the first week of life (Figure 4). Males demonstrated a higher 2.5th and 97.5th percentile values when compared to females in most acylcarnitines (Table 2). In addition, the lower limits of most analytes in our RIs were smaller than those proposed by R4S (Table 3). The dynamic trends of methionine and other acylcarnitines are shown in Supplementary Figures S1,S2, respectively.
[image: Figure 3]FIGURE 3 | The dynamic change of C2, C3, C3-DC + C4-OH, C4, C5-DC + C6-OH, C6, C6-DC, C10, C12, C12:1, C14, C14:1, C16, C16:1 and C18 over age and sex. The data of male and female partitions are shown in green and red boxes with whiskers, respectively. The boxes extend from the 25th to the 75th percentile, with whiskers extending to the 2.5th or 97.5th percentile. The medians are shown as white circles in the body of the boxes, and are linked with green (male) or red (female) line to shown the dynamic trends over age. Abbreviations are listed in the legend of Table 2.
[image: Figure 4]FIGURE 4 | The dynamic change of C0, C5, C18:2 over age and sex. The data of male and female partitions are shown in green and red boxes with whiskers, respectively. The boxes extend from the 25th to the 75th percentile, with whiskers extending to the 2.5th or 97.5th percentile. The medians are shown as white circles in the body of the boxes, and are linked with green (male) or red (female) line to shown the dynamic trends over age. Abbreviations are listed in the legend of Table 2.
TABLE 3 | The RIs of R4S versus the RIs developed in this study.
[image: Table 3]The performance validation of RIs was accomplished in participating centers/laboratories where the level of target biomarkers in 860 true-positives (containing 15 types of conditions), 1,388 false-positives (621 phenylketonuria, 429 methylmalonic acidemia, 224 isovaleric acidemia, 83 maple syrup urine disease and 31 hyperprolinemia) and 10 false-negatives of citrin deficiency was compared to the established RIs. The data suggested that the target biomarker level fell outside the established RIs in 254 false-positives of phenylketonuria (254/621, 40.9%), 136 false-positives of methylmalonic acidemia (136/429, 31.7%), 81 false-positives of isovaleric acidemia (81/224, 36.1%), 22 false positives of maple syrup urine disease (22/82, 26.8%), 11 false-positives of hyperprolinemia (11/31, 35.5%) and 10 false negatives of citrin deficiency (10/10, 100%). In addition, the level of target biomarkers in all true-positives fell outside the proposed reference ranges (Supplementary Table S12).
DISCUSSION
Currently, dozens of countries have published their recommendations on sampling age for NBS programs, e.g. the United States (>24 h) (CLSI, 2013), Germany (48–72 h) (Lindner et al., 2011), the United Kingdom (120–192h) (Loeber et al., 2012), Australia (48–72 h) (Wilcken and Wiley, 2008) and the United Arab Emirates (>120 h) (al-Hosani et al., 2003). Less information regarding the rationale for setting such a sampling interval is available. In NNSCP, study centers/laboratories were allowed to determine their own sampling time post birth. Although this is not ideal clinically, it enabled us to explore the dynamic changes of biomarkers across a broader age range and determine an ideal sampling age more reasonably. Based on our data, most analytes fluctuated during the first week of life, particularly during the first 5 days following birth (Figure 2 and Figure 3). Such rapid remarkable changes might indicate a response to the postnatal environment. One of the significant physiological differences between the intrauterine and extrauterine environment is that infants must intake nutrients through their own digestive system. In neonatal pigs, arginine has been observed to be synthesized by the enteric mucosal cells with three- to 4-fold higher concentrations in 0–2 day-old pigs than in 7 day-old pigs (Wu and Knabe, 1995). This is consistent with our findings in human neonates, as we observed increasing arginine concentrations with age (Figure 2). In addition, studies have demonstrated the capacity to convert phenylalanine to tyrosine in neonates (Hogewind-Schoonenboom et al., 2015). In the current investigation, increasing concentrations of tyrosine coincided with decreasing concentrations of phenylalanine in the early neonatal period (0–5 days of age), with the exception of 24–48 h of age (1 to ≤2 days) (Figure 2). This may be a result of potential increased conversion of phenylalanine throughout the neonatal period. Similar to the amino acids, most acylcarnitines presented dynamic reference value distributions during the first week after life (Figure 3). For example, increasing concentrations of free carnitine (C0) were observed throughout the testing neonatal age range (Figure 3), in alignment with previous findings (Campoy et al., 1998). However, most other acylcarnitines were determined to decrease in concentration from 0 to 7 days of age in the present study (Figure 3). This is in contrast to a previous publication which reported significant increases in acylcarnitine concentration in the cord blood of newborns (day 0) relative to elder neonates (day 5) (Meyburg et al., 2001). These varied results can likely be attributed to the type of samples examined, since we assessed only the heel blood samples. Although we cannot fully conclude the mechanism behind the changes of analytes, these data provide important information regarding the sampling age. Given the evident fluctuation of most biomarkers during the first 5 days post-birth, sampling after 5 days (120 h) of age would be ideal physiologically. However, as early diagnosis and management can ease or even reverse the course of some metabolic disorders clinically (Leonard and Morris, 2000; Leonard and Morris, 2006), we recommend the MS/MS NBS laboratories/centers to collect blood samples as soon as possible after 2 days (48 h) of birth, when the changes in biomarker concentrations begin to minimize.
In addition to investigating the optimal sampling age, this study aimed to establish accurate and robust RIs for 35 MS/MS biomarkers in healthy Chinese newborns. Both age and sex have been identified as important covariates affecting the children and adolescents associated reference values in whole blood or serum samples (Rauchenzauner et al., 2007; Colantonio et al., 2012). However, age is commonly the only factor that is taken into consideration when interpreting the MS/MS NBS results. This is likely due to small sample sizes that do not allow for partitioning by both age and sex. For example, reports from Thailand (Uaariyapanichkul et al., 2018) and Colombia (Céspedes et al., 2017) have adopted only age-dependent neonatal RIs. In our study, most analytes demonstrated a significant statistical difference between males and females (Table 2), suggesting that neonatal RIs partitioned solely by age may not be suitable. Therefore, we established age and/or sex specific RIs for all testing biomarkers. The RIs partitioned by each day and sex not only enable us to monitor the continuous change of a given analyte over age, but provided detailed information about the variance between males and females within a specific age group (Table 2). The level of target biomarkers in 860 true-positives, 1,388 false-positives and 10 false-negatives was compared to the reference ranges with the aim of validating the performance of the RIs we proposed. The resulting data suggested that the level of target biomarkers in all true-positive or false-negative cases fell outside the reference ranges, indicating the high sensitivity of the RIs. In addition, the age and sex-stratified RIs presented improved specificity over the RIs routinely used in participating centers/laboratories, as more false-positive cases were identified. Regardless of the recommendation for ideal sampling age, we provide age- and sex-specific RIs for neonates aged 0–14 days, covering most of the neonatal sampling age.
Although there has been great progress in the field of pediatric RIs in recent years, most pediatric initiatives do not focus on young children, particularly neonates, due to challenges with recruitment. For example, the Canadian Laboratory Initiative on Pediatric Reference Intervals (CALIPER) is a national initiative that has established accurate and robust pediatric RIs for over 170 biomarkers, including serum acylcarntinines and amino acids (Lepage et al., 2006; Teodoro-Morrison et al., 2015; Adeli et al., 2017). However, similar to other pediatric RI initiatives, CALIPER has a limited sample size in the first month of life, restricting the establishment of comprehensive RIs for this critical population. There is some existent literature regarding RIs for amino acids and acylcarnitines in healthy newborns. In 2001, Cavedon and colleagues established RIs for acylcarnitine profiles obtained from DBS samples of approximately 10,000 neonates (Cavedon et al., 2005). Their investigation, however, did not partition RIs by age and/or sex throughout the neonatal age period and thus did not capture dynamic patterns. Similarly, Zytkovicz and colleagues calculated the mean and standard deviation of amino acids in healthy newborns, but the impact of age and sex on analyte levels was not further assessed (Zytkovicz et al., 2001). A more recent study by Dietzen and colleagues also sought to establish RIs for amino acids in the neonatal age range (0–4 days, n = 310) (Dietzen et al., 2016). They concluded that there was little correlation between age and amino acid concentration from 0 to 4 days of life (Dietzen et al., 2016). While this is in contrast to our findings, differential results could be due to their limited sample size in comparison to our study of millions of neonates.
Clinically, recalling a patient to collect a second DBS sample for testing is not uncommon. In this case, the original NBS RIs are likely no longer applicable due to the rapid growth and development associated with early life, increasing the potential for false positive or negative results. The established RIs in the present study extend to the first 2 weeks following birth, providing an extremely valuable reference for the recall testing.
It is important to note the limitations of the current study. Due to the robustness of our study, it was barely possible to follow subjects for greater than 1 year post-birth. As patients could present with a delayed onset of disorder after 1 year of birth, it is likely that their inclusion in our study could impair the accuracy of biomarker-associated RIs. However, as our study tested more than four million neonatal DBS samples, such error can be largely ignored. The RIs that we proposed might be unsuitable for the low- or high birth weight neonates because the level of amino acids in those newborns was varied from the normal weight babies (Yang et al., 2018). Furthermore, while our study reports statistically significant age- and sex-specific differences in NBS biomarker concentration, some differences could be a result of large sample size and not of clinically relevant. Other limitations are that we did not address whether additional cofactors would affect the profiles of MS/MS NBS biomarker, such as ethnicity, climate, and season change. Because the submitted data from participating centers/centers either not include more detailed information or provide only limited information which would not allow us to make a broad conclusion on the impact of other cofactors. Also, the blood spot samples cannot replace the plasma or serum specimens to confirm the diagnosis of inborn errors. The concentration of biomarkers outside of the RIs does not necessarily indicate the presence of disease.
CONCLUSION
In conclusion, this study established age- and sex-stratified RIs for 35 MS/MS NBS biomarkers, including 11 amino acids and 24 acylcarnitines. Most importantly, our data provides strong evidence regarding the age- and sex-specific trends in MS/MS NBS biomarkers based on a huge number of observations. Thus, these data valuably contributed to the current literature and report potential physiologically relevant age- and sex-specific trends in analyte concentrations that could be important for evaluating disease in neonatal populations as early as possible.
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Abbreviations are listed in the legend of Table 2.
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