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			Some success in identifying acyl-CoA dehydrogenase (ACAD) deficiencies before they are symptomatic has been achieved through tandem mass spectrometry. However, there has been several challenges that need to be confronted, including excess false positives, the occasional false negatives and indicators selection. To select ideal indicators and evaluate their performance for identifying ACAD deficiencies, data from 352,119 newborn babies, containing 20 cases, were used in this retrospective study. A total of three new ratios, C4/C5DC+C6-OH, C8/C14:1, and C14:1/C16-OH, were selected from 43 metabolites. Around 903 ratios derived from pairwise combinations of all metabolites via multivariate logistic regression analysis were used. In the current study, the regression analysis was performed to identify short chain acyl-CoA dehydrogenase (SCAD) deficiency, medium chain acyl-CoA dehydrogenase (MCAD) deficiency, and very long chain acyl-CoA dehydrogenase (VLCAD) deficiency. In both model-building and testing data, the C4/C5DC+C6-OH, C8/C14:1 and C14:1/C16-OH were found to be better indicators for SCAD, MCAD and VLCAD deficiencies, respectively, compared to [C4, (C4, C4/C2)], [C8, (C6, C8, C8/C2, C4DC+C5-OH/C8:1)], and [C14:1, (C14:1, C14:1/C16, C14:1/C2)], respectively. In addition, 22 mutations, including 5 novel mutations and 17 reported mutations, in ACADS, ACADM, and ACADL genes were detected in 20 infants with ACAD deficiency by using high-thorough sequencing based on target capture. The pathogenic mutations of c.1031A > G in ACADS, c.449_452delCTGA in ACADM and c.1349G > A in ACADL were found to be hot spots in Suzhou patients with SCAD, MCAD, and VLCAD, respectively. In conclusion, we had identified three new ratios that could improve the performance for ACAD deficiencies compared to the used indicators. We considered to utilize C4/C5DC+C6-OH, C8/C14:1, and C14:1/C16-OH as primary indicators for SCAD, MCAD, and VLCAD deficiency, respectively, in further expanded newborn screening practice. In addition, the spectrum of mutations in Suzhou population enriches genetic data of Chinese patients with one of ACAD deficiencies. 

			Keywords: C4/C5DC+C6-OH, C8/C14:1, C14:1/C16-OH, short chain acyl-CoA dehydrogenase deficiency, medium chain acyl-CoA dehydrogenase deficiency, very long chain acyl-CoA dehydrogenase deficiency, expanded newborn screening

			Introduction

			Acyl-CoA dehydrogenase (ACAD) deficiencies, are the most common fatty acid oxidation disorders (FAODs), and could be identified by monitoring acyl carnitines (AC) using high performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) (Gregersen et al., 2001; Yamada and Taketani, 2019). Three acyl-CoA dehydrogenases such as, very long chain acyl-CoA dehydrogenase (VLCAD), medium chain acyl-CoA dehydrogenase (MCAD), and short chain acyl-CoA dehydrogenase (SCAD) are mainly involved in the conversion of very long chain fatty acids to acetyl-CoA. Based on deficiency of specific acyl-CoA dehydrogenase, ACAD deficiencies are classified into VLCAD (OMIM number: 201470), MCAD (OMIM number: 201450), and SCAD deficiency (OMIM number: 609016). Despite ACAD deficiencies always presents as no clinical symptoms in the neonatal period, it can lead to sudden death as a result of a mild, intercurrent illness and fasting (Yusupov et al., 2010; Pryce et al., 2011; Lovera et al., 2012; Baruteau et al., 2013; Yamamoto et al., 2013; Scalais et al., 2015; Yamada and Taketani, 2019). The health damage caused by ACAD deficiencies could be evaded by continuous feeding and paying more attentions during illnesses to diminished dietary intake (Vasiljevski et al., 2018). Fortunately, the introduction of HPLC-MS/MS in newborn screening (NBS) can identify infants with any one of the ACAD deficiencies before they are symptomatic, implement appropriate dietary interventions, and provide them with protocols for emergency situations.

			It has been reached at consensus that the conditions of MCAD deficiency and VLCAD deficiency should be included in expanded NBS panels (Dietzen et al., 2009; Burgard et al., 2012). SCAD deficiency are likewise screened by expanded NBS in some regions (Wilcken et al., 2003; Gallant et al., 2012). Despite HPLC-MS/MS use in newborn screening for ACAD deficiencies for over two decades, there has been some challenges that need to be faced, including overabundance cases of false positives (FPs) (Tarini et al., 2006; Tu et al., 2012; Karaceper et al., 2016) and the occasional false negatives (FNs) (Estrella et al., 2014). FPs lead to unnecessary anxiety to the families, additional diagnostic testing, and treatment. FNs can cause a delayed diagnosis and treatment, and poor prognosis. For identifying life-threatening inborn errors of metabolisms (IEMs), it is reasonable to eliminate FNs regardless of the number of FPs. For moderate IEMs, efforts should be made to reduce FPs (Grosse et al., 2010). Due to simultaneous detection of dozens of acylcarnitines by HPLC-MS/MS, one IEM was constantly recognized by observing an essential indicator and several secondary markers. C4, C8, and C14:1 are primary indicators of SCAD, MCAD, and VLCAD deficiency, respectively. All these metabolites are selected to be the primary indicators, because they are the primary substrates of acyl-CoA dehydrogenases. There is no uncertainty that deficiency of these enzymes is associated with accumulation of their substrates. However, due to the complexity of β-oxidation of fatty acids, the levels of these metabolites are affected by very long chain fatty acids, that are the main kind of fatty acids in diet. In addition, secondary indicators used for conditions are not consistent among NBS centers (Han et al., 2007; Lim et al., 2014; Smon et al., 2018);. It was known that, the presence of a small sample size of positive cases, establishing an appropriate cutoff values for multi-indicators is difficult for NBS centers. It seems that excess FPs and the occasional FNs were partially caused by low performance of inappropriate indicators and cutoff values for identifying IEMs.

			In China, the utility of HPLC-MS/MS in screening for IEMs was later compared to developed countries, such as the US and the UK. Recently, many newborn screening centers executed the expanded newborn screening program and national accord for screening, diagnosis and treatment for IEMs in the preparation. Nowadays, conditions and their indicators targeted by newborn screening that are listed on a newborn screening website (https://newbornscreeningcodes.nlm.nih.gov) derive from early experience in developed countries. Regardless of whether these conditions and indicators are optimal for Chinese population, is a significant inquiry that needs research via analyzing Chinese data. The aim of this present study is to select optimal indicators and evaluate their performance for identifying ACAD deficiencies.

			Materials and Methods

			Study Population

			This is a retrospective study, of which the protocol was reviewed and approved by Ethic committee of the affiliated Suzhou hospital of Nanjing Medical University. Of 544,001 newborns born in Suzhou, China, from April 2014 to June 2018, 352,119 (64.7%) cases were referred to expanded newborn screening for inborn metabolic disorders by HPLC-MS/MS (TQD, Waters, USA). Informed and written consent was obtained from the parents of all screened newborns. After 72 h of newborn’s life, three blood spot specimens of each neonates were collected from the heel and spotted on Whatman 903 filter papers (Guthrie card) by skilled nurses. These blood spots were dried at ambient temperature and transported to NBS center at 2–8°C. A 3.2-mm-diameter dried blood spot (DBS) was detached using Puncher 9.0 for HPLC-MS/MS assay.

			HPLC-MS/MS Assay

			Using TQD HPLC-MS/MS system (Waters, MA, United States) and NeoBase non-derivatized kit (PerkinElmer, United States), a total of 43 metabolites in a DBS were measured, including 11 amino acids, 30 acyl-carnitines, free carnitine, and succinylacetone. In short, the assay consists of three operations. First, 100 μl extract solution containing internal standards was added into U bottom plates and incubated for 45 min at 45°C. Second, 75 μl extract solution was transferred into V bottom plates. Third, after 2 h stand at ambient temperature, 25 μl solution was used for metabolites analysis on tandem mass spectrometry. Three levels of internal quality controls including blank, low, and high levels of pertinent acylcarnitines in dried blood spot were used.

			Indicators and Positive Criterions for ACAD Deficiencies

			The indicators and positive criterions for ACAD deficiencies were shown in Table 1. Results containing [C4 > 0.7 nmol/L, or (C4 > 0.5 nmol/L, C4/C2 > 0.03)], [C8 > 0.3 nmol/L, or (C6 > 0.09, C8 > 0.15, C8/C ≥ 0.01, C4DC+C5-OH/C8＜1.3)], [C14:1 > 0.5 or (C14:1 > 0.29, C14:1/C2 ≥ 0.02, C14:1/C16 > 0.1)] are defined as “positive” for SCAD, MCAD, and VLCAD deficiency, respectively. Infants with an initial positive result were recalled for a new specimen. Infants with a second positive result were referred to diagnostic testing and genetic analysis by pediatricians who specialize in the diagnosis and treatment of IEMs.


		
			
				
					
							
							Table 1 | Indicators and positive criteria used for ACAD deficiencies in expanded newborn screening.

						
					

					
							
							Conditions

						
							
							Positive criterion I

						
							
							Positive criterion II

						
					

					
							
							SCAD deficiency

						
							
							C4 > 0.7 nmol/L

						
							
							C4 > 0.5 nmol/L, C4/C2 > 0.03

						
					

					
							
							MCAD deficiency

						
							
							C8 > 0.3 nmol/L

						
							
							C6 > 0.09 nmol/L, C8 > 0.15 nmol/L, C8/C2 ≥ 0.01, C4DC+C5-OH/C8 < 1.3

						
					

					
							
							VLCAD deficiency

						
							
							C14:1 > 0.5 nmol/L

						
							
							C14:1 > 0.29 nmol/L, C14:1/C2 ≥ 0.02, C14:1/C16 > 0.1

						
					

					
							
							SCAD, short chain acyl-CoA hydrogenase; MCAD, medium chain acyl-CoA hydrogenase; VLCAD, very long chain acyl-CoA hydrogenase.

						
					

				
			

		


			Genetic Analysis

			High thorough sequencing based on target capture was performed on cases with ACAD deficiencies using the expanded edition panel of IEMs (Genuine Diagnostic, Hangzhou, China) to sequence 306 genes, such as ACADS (OMIM number: 606885), ACADM (OMIM number: 607008), ACADL gene (OMIM number: 609575), and so on. First, the target sequences were enriched based on multiple probe hybridization by using Agilent SureSelect Human Exon Sequence Capture Kit (Agilent Technologies Inc, California, USA). Second, the capture products were purified using Agencourt AMPure XP beads (Beckman Coulter Inc, Miami, USA). Third, the sequencing library was established by using TruePrepTM DNA Library Prep Kit V2 (Vazyme Biotech, New Jersey, USA) and TruePrepTM Index Kit V2 (Vazyme Biotech, New Jersey, USA), and examined by using Agilent High Sensitivity DNA Kit (Agilent Technologies Inc, California, USA). Finally, the sequencing library was quantified by Illumina DNA Standards and Primer Premix Kit (KAPA Biosystems, Boston, USA), and massively parallel sequenced on Illumina HiSeq 2500 system. All mutations were confirmed by using Sanger sequencing.

			Statistical Analysis

			Statistical analysis was performed using SPSS17.0 version. To select the optimal indicators, multivariate logistic regression analysis was performed among 946 variates (43 metabolites and 903 ratios derived from all pairwise combinations of 43 metabolites) and ACAD deficiencies. Paired chi-square test was used to compare different PPVs for ACAD deficiencies. Difference of measurement data was compared with analysis of variance. p < 0.05 was considered to be statistical significance.

			Results

			A total of 352,119 newborns were tested by HPLC-MS/MS and 20 (1/17,606) infants were confirmed with one of ACAD deficiencies. The characteristics of newborns were shown in Table 2. Around 673 (0.19%) newborns had an initial positive result for ACAD deficiencies, of that 647 (96.1%) were recalled for a new specimen. After repeat, 83 (1/4242) newborns were considered as suspect positives of ACAD deficiencies. All infants with suspect positive were further tested by diagnostic testing and genetic analysis. Above all, 11 (1/32,011), 4 (1/88,030), and 5 (1/70,424) infants were diagnosed with SCAD, MCADand VLCAD deficiencies, respectively. The flowchart of newborn screening was presented in Figure 1.



							Table 2 | Characteristics of newborns screened by HPLC-tandem mass spectrometry.
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			Figure 1 | Flowchart of expanded newborn screening for short, medium, and very long chain acyl-CoA dehydrogenase deficiencies. SCAD, short chain acyl-CoA dehydrogenase; MCAD, medium chain acyl-CoA dehydrogenase; VLCAD, very long chain acyl-CoA dehydrogenase; TP, true positive; FP, false positive; TN, true negative; FN, false negative.

		


			To select optimal indicators, multivariate logistic regression analysis was performed among 946 variates and ACAD deficiencies. Because the data is too large to analyze and calculate at one time using our computer, a protocol of split was designed. The flowchart of marker selection was shown in Figure 2. First, all screened newborns were divided into a model-building data (N = 200,000) and a testing data (N = 152,099). The model-building subgroup was further divided into 20 small subgroups, each of which contains 10,000 newborns. Second, in every subgroup, multivariate logistic analysis was performed among the 946 variates and ACAD deficiencies. A total of 51 variates passed into logistic regression models in one or more subgroups (Supplementary Table 1), of that 16 passed into model in at least two subgroups. Third, using the model-building data multivariate logistic analysis was performed among those 16 variates and ACAD deficiencies. Only three variates, C4/C5DC+C6-OH, C8/C14:1, and C14:1/C16-OH, passed into the final model of ACAD deficiencies. Finally, these variates were determined as indicators corresponding to SCAD, MCAD, and VLCAD deficiency, respectively.
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			Figure 2 | Flowchart of optimal indicators selection. SCAD, short chain acyl-CoA dehydrogenase; MCAD, medium chain acyl-CoA dehydrogenase; VLCAD, very long chain acyl-CoA dehydrogenase. aNewborns screened by tandem mass spectrometry. bIndicators passing into multivariate logistic regression model in at least two small subgroups.

		


			To evaluate the performance of new ratios using initial screening results in model-building data, the optimal PPV in the condition of 100% sensitivity was compared between used indicators and new ratios (Table 3). The optimal PPV of C4/C5DC+C6-OH for SCAD deficiency was 25.0% (11/44), significantly higher than 2.1% (11/523) of C4 (x2 = 461.65, p < 0.001), but not significantly different from 20.8% (11/53) of (C4, C4/C2) (x2 = 3.000, p = 0.083). The optimal PPV of C8/C14:1 for MCAD deficiency was 15.4% (4/26), significantly higher than 0.7% (4/612) of C8 (x2 = 564.80, p < 0.001), and 2.6% (4/153) of (C6, C8, C8/C2, C4DC+C5-OH/C8:1) (x2 = 102.73, p < 0.001). The optimal PPV of C14:1/C16-OH for VLCAD deficiency was 100% (5/5), significantly higher than 19.2% (5/26) of C14:1 (x2 = 16.00, p < 0.001), but not significantly different from 100% (5/5) of (C14:1, C14:1/C16, C14:1/C2).


		
			
				
					
							
							Table 3 | Comparison of optimal PPV in the condition of 100% sensitivity for acyl-CoA dehydrogenase deficiencies between new ratios and used indicators using initial screening values in the model-building data.

						
					

					
							
							
							TP

						
							
							FP

						
							
							PPV

						
							
							x2

						
							
							p

						
					

					
							
							SCAD

						
							
							
							
							
							
					

					
							
							C4/C5DC+C6-OH

						
							
							11

						
							
							33

						
							
							25.0%

						
							
							–

						
							
							–

						
					

					
							
							C4

						
							
							11

						
							
							512

						
							
							2.1%

						
							
							461.65a

						
							
							<0.001a

						
					

					
							
							(C4, C4/C2)

						
							
							11

						
							
							42

						
							
							20.8%

						
							
							3.00a

						
							
							0.083a

						
					

					
							
							MCAD

						
							
							
							
							
							
					

					
							
							C8/C14:1

						
							
							4

						
							
							22

						
							
							18.2%

						
							
							–

						
							
							–

						
					

					
							
							C8

						
							
							4

						
							
							608

						
							
							0.7%

						
							
							564.80b

						
							
							<0.001b

						
					

					
							
							(C6, C8, C8/C2, C4DC+C5-OH/C8:1)

						
							
							4

						
							
							149

						
							
							2.6%

						
							
							102.73b

						
							
							<0.001b

						
					

					
							
							VLCAD

						
							
							
							
							
							
					

					
							
							C14:1/C16-OH

						
							
							5

						
							
							0

						
							
							100.0%

						
							
							–

						
							
							–

						
					

					
							
							C14:1

						
							
							5

						
							
							21

						
							
							19.2%

						
							
							16.00c

						
							
							<0.001c

						
					

					
							
							(C14:1, C14:1/C16, C14:1/C2)

						
							
							5

						
							
							0

						
							
							100.0%

						
							
							–c

						
							
							–c

						
					

					
							
							SCAD, short chain acyl-CoA hydrogenase; MCAD, medium chain acyl-CoA hydrogenase; VLCAD, very long chain acyl-CoA hydrogenase; TP, true positive; FP, false positive; PPV, positive predictive value.

							aCompared with C4/C5DC+C6-OH; bcompared with C8/C14:1; ccompared with C14:1/C16-OH.

						
					

				
			

		


			Furthermore, using initial screening results, the performance of new ratios in the testing data was compared to that of used indicators for ACAD deficiencies (Table 4). The optimal PPV of C4/C5DC+C6-OH for SCAD deficiency was 73.3% (11/15), significantly higher than 3.1% (11/359) of C4 (x2 = 344.00, p < 0.001), and 22.0% (11/50) of (C4, C4/C2) (x2 = 28.49, p < 0.001). The optimal PPV of C8/C14:1 for MCAD deficiency was 18.2% (4/22), significantly higher than 1.0% (4/415) of C8 (x2 = 372.37, p < 0.001), and 3.4% (4/119) of (C6, C8, C8/C2, C4DC+C5-OH/C8:1) (x2 = 81.00, p < 0.001). Similar to in model-building data, in testing data The optimal PPV of C14:1/C16-OH for VLCAD deficiency was 100% (5/5), significantly higher than 38.5% (5/13) of C14:1 (x2 = 8.00, p = 0.005), but not significantly different from 100% (5/5) of (C14:1, C14:1/C16, C14:1/C2).


		
			
				
					
							
							Table 4 | Comparison of optimal PPVs in the condition of 100% sensitivity for chain acyl-CoA dehydrogenase deficiencies between new ratio and used indicators using initial screening values in the testing data.

						
					

					
							
							
							TP

						
							
							FP

						
							
							PPV

						
							
							x2

						
							
							p

						
					

					
							
							SCAD deficiency

						
							
							
							
							
							
					

					
							
							C4/C5DC+C6-OH

						
							
							11

						
							
							4

						
							
							73.3%

						
							
							–

						
							
							–

						
					

					
							
							C4

						
							
							11

						
							
							348

						
							
							3.1%

						
							
							344.00a

						
							
							<0.001a

						
					

					
							
							(C4, C4/C2)

						
							
							11

						
							
							39

						
							
							22.0%

						
							
							28.49a

						
							
							<0.001a

						
					

					
							
							MCAD deficiency

						
							
							
							
							
							
					

					
							
							C8/C14:1

						
							
							4

						
							
							18

						
							
							18.2%

						
							
							–

						
							
							–

						
					

					
							
							C8

						
							
							4

						
							
							411

						
							
							1.0%

						
							
							372.37b

						
							
							<0.001b

						
					

					
							
							(C6, C8, C8/C2, C4DC+C5-OH/C8:1)

						
							
							4

						
							
							115

						
							
							3.4%

						
							
							81.00b

						
							
							<0.001b

						
					

					
							
							VLCAD deficiency

						
							
							
							
							
							
					

					
							
							C14:1/C16-OH

						
							
							5

						
							
							0

						
							
							100.0%

						
							
							–

						
							
							–

						
					

					
							
							C14:1

						
							
							5

						
							
							8

						
							
							38.5%

						
							
							8.00c

						
							
							0.005c

						
					

					
							
							(C14:1, C14:1/C16, C14:1/C2)

						
							
							5

						
							
							0

						
							
							100.0%

						
							
							–c

						
							
							–c

						
					

					
							
			SCAD, short chain acyl-CoA hydrogenase; MCAD, medium chain acyl-CoA hydrogenase; VLCAD, very long chain acyl-CoA hydrogenase; TP, true positive; FP, false positive; PPV, positive predictive value.

			aCompared with C4/C5DC+C6-OH; bcompared with C8/C14:1; ccompared with C14:1/C16-OH.

						
					

				
			

		


			Clinical characteristics, screening results, and genetic analysis were recorded in Table 5. Of 11 infants with SCAD deficiency, 7 (63.6%) are females, and 4 (36.4%) are males. All of 4 infants with MCAD deficiency are males and premature (gestational age = 36+6). Of 5 infants with VLCAD deficiency, 4 (80%) are females, and only one (20%) is male, who was born premature and low with birth weight. Except one infant with SCAD deficiency giving up treatment, all were referred to genetic diagnosis. Of the 10 infants with SCAD deficiency, all are homozygous or compound heterozygous for one of eight mutations, including one novel mutation c.1055C > T, and seven reported mutations c.164C > T, c.322G > A, c.737G > A, c.973C > T, c.1031A > G, c.1054G > A, and c.1130C > T, in ACADS gene, and eight (80%) carry a pathogenic mutation of c.1031A > G. All infants with SCAD deficiency were referred to control of low fat intake and no fasting, and no one underwent clinical symptoms. At the second screening, five (45.5%) infants with SCAD deficiency had an increased value of C4, but nine (81.8%) infants had an increased value of C4/C5DC+C6-OH. In the present study, four male infants with MCAD deficiency were premature (gestational age < 36+6). Further, three (75%) heterozygous infants had five mutations for MCAD deficiency, including two novel mutations c.589A > G and c.1248T > G, and three reported mutations c.449_452delCTGA, c.970G >A, and c.1238G > A in ACADM gene, and one (25%) is heterozygous for the novel mutation c.790G > T. Until now, three infants with MCAD deficiency were treated with levocarnitine and referred to control of low fat intake and no fasting, and all of them are asymptomatic. Of five infants with VLCAD deficiency, four (80%) are females, and one (20%) is a male. The male had a gestational age of 34 weeks and a birth weight of 2,450 g. All infants with VLCAD deficiency are homozygous for eight mutations, including two novel mutations c.642_643delCT and c.895C > G, and six reported mutations, c.553G > A, c.848T > C, c.887_888delCT c.1280G > A, c.1345G > C, and c.1349G > A. No one underwent clinical symptoms in the period of treatment with levocarnitine and control of low fat intake and no fasting.



							Table 5 | Clinical characteristics, screening results, and genetic analysis of 20 infants with acyl-CoA hydrogenase deficiency.

[image: ]

[image: ]

		


			Discussion

			Reducing false positives and avoiding false negatives are the most important difficulties that need to be addressed in newborn screening program, especially expanded newborn screening program. Recently, several screening algorithms have been used to improve PPVs and reduce false positives in expanded newborn screening program. Hall et al. (2014a) has improved the laboratory quality by using Region 4 stork (R4), as a postanalytical tool, for VLCAD deficiency by MS/MS. A second-level testing targeting more specific markers and ratios, and genetic testing following screening positives by MS/MS were proposed to decrease false positives and avoid missed diagnosis (Oglesbee et al., 2008; Ficicioglu et al., 2010; Tortorelli et al., 2010; Turgeon et al., 2010; Fisher et al., 2018; Peng et al., 2019);. Recently, evaluation of new ratios derived from pairwise combinations of metabolites measured by expanded newborn screening were conducted to reduce false positives of ACAD deficiencies (Hall et al., 2014b; Merritt et al., 2014; Tajima et al., 2017). In the current study, the used markers had a good performance for identifying SCAD, MCAD, and VLCAD deficiencies. The new ratios showed improved PPVs in the condition of 100% sensitivity in both the model-building data and the testing data. Notably, all the three new ratios for identifying ACAD deficiencies are only associated with metabolites upstream of short chain, medium chain, and very long chain acyl-CoA dehydrogenases.

			SCAD deficiency, an autosomal recession disease, is caused by the defect of ACADS gene. The reported incidence of SCAD deficiency is 1/25,000–1/50,000, 1/45,000 (Zytkovicz et al., 2001; Loukas et al., 2010; Gallant et al., 2012; Lim et al., 2014). Consistent with previous reports, the incidence of SCAD deficiency is 1/32,011 in Suzhou population. Till date around 70 mutations have been reported in ACADS gene, including two common mutations, c.511C > T and c.625G > A (Tonin et al., 2016; Nochi et al., 2017). The remarkable high prevalence of homozygosity for ACADS mutations were observed in the general population, with frequencies of approximately 5.5% for c.625G > A and 0.3% for c.511C > T (Nagan et al., 2003; van Maldegem et al., 2005) because most patients with SCAD deficiency are homozygous or compound heterozygous for one of the two common mutations, or they harbor one of them in combination with a rare mutations in ACADS gene (Gregersen et al., 1998; Gregersen et al., 2000; Corydon et al., 2001; Gallant et al., 2012; Tonin et al., 2016). Moreover, homozygosity for these mutations is considered to confer susceptibility to clinical diseases (van Maldegem et al., 2010). However, hot-spot mutations vary in different populations. Lisyová et al. (2018) reported c.310_312 del GAG and c.1138C > T were the most common mutations in Slovakia, with allelic frequency of 64% for c.310_312delGAG and 31% for c.1138C > T. Tein and coworkers (2008) observed 100% Ashkenazim patients carried the c.319C > T mutation in ACADS gene, including 3 (30%) homozygous for c.319C > T and 7 (70%) compound heterozygous for c.319C > T and c.625G > A. Limited data on the genetic analysis for Chinese patients is available. Huang et al. (2016) found 13 reported mutations of ACADS gene in 17 Zhejiang patients. In the latest published study, Guo et al. (2018) found that all the three patients were compound heterozygous for c.164C > T and other mutations that included c.1031A > G, c.770A > G, and c.1064G > A in Jining. Only one (10%) infant is homozygous for a pathogenic mutation c.737G > A, which is a rare mutation in SCAD deficiency. This may be explained by intermarriage. Other mutations identified in Suzhou patients included three reported mutation c.322G > A, c.973C > T, and c.1054G > A, and one novel mutation c.1055C > T. It appears that two mutations c.164C > T and c.1031A > G are the most common mutations in general Chinese patients with SCAD deficiency. As known, almost all patients with SCAD deficiency present no symptoms, though the disease had a wide spectrum of symptoms. In addition, no genotype–phenotype correlation was observed. In Suzhou patients with SCAD deficiency, all of that are asymptomatic in the period of treatment and follow up regardless genotype. No association of genotype with clinical manifestation was also observed, which is consistent with previous reports (Huang et al., 2016; Nochi et al., 2017; Zheng et al., 2017).

			Nowadays, C4 followed by a C4/C2 are used as primary and secondary markers, respectively to identify SCAD deficiency in almost all newborn. However, compared to C4 and (C4, C4/C2), C4/C5DC+C6-OH might have a better performance for identifying SCAD deficiency in our study. Till date, research on the efficiency of C4/C5DC+C6-OH as a marker to identify SCAD deficiency is not available. Because C5DC is not identified from C6-OH by tandem mass spectrometry, C5DC+C6-OH is considered as the primary indicator for identifying glutaric aciduria type I (GA I) in expanded newborn screening practice. There is no known metabolic conversion between C5DC and C4. The values of C4 and C4/C2 could be affected by elevated/decreased C6-OH, that could be caused by fatty acids intake. As a result, C4/C5DC+C6-OH had a higher PPV and a lower false positive rate for SCAD deficiency compared to C4 and C4/C2. The association of genotype and C4 concentration was not observed in SCAD deficiency (Jethva and Ficicioglu, 2008; Pedersen et al., 2008; Waisbren et al., 2008; Huang et al., 2016). It appears that C4/C5DC+C6-OH as an optimal indicator for SCAD deficiency is not caused by specific genotype of Suzhou population. We proposed that C4/C5DC+C6-OH may be used as an independent indicator for identifying SCAD deficiency in other populations. This needs further research based on large sample size and multicenters data.

			MCAD deficiency, an autosomal recession disease, is caused by the homozygote or compound heterozygote for the pathogenic mutations in ACADM gene. MCAD deficiency has a large variation of incidence from 1/10,000 to 1/50,000 (Shibata et al., 2018). Compared to other Asian regions (Shibata et al., 2018), a relatively high incidence of MCAD deficiency in Suzhou is 1/88,030, similar to that in Zhejiang province (Zheng et al., 2017). More than 70 mutations in ACADM gene have been found in patients with MCAD deficiency (Andresen et  al., 1997; Andresen et al., 2001; Maier et al., 2005). According to previous reports, each nation or ethic group shows a unique spectrum of ACADM gene mutations. The c.985A > G was the most common mutation for MCAD deficiency in many countries and regions, including the United Sates (Bentler et al., 2016), Germany (Maier et al., 2005), Denmark (Andresen et al., 2001), Portugal (Ventura et al., 2014; Janeiro et al., 2019), Caucasia (Grosse et al., 2006), and other European countries (Tanaka et al., 1997). However, the c.985A > G is rare in Asian patients with MCAD deficiency. The other most common mutation for MCAD deficiency is c.449_452delCTGA of ACADM gene in Asian countries, including Japan (Yokoi et al., 2007; Hara et al., 2016; Tajima et al., 2016), Korea (Ensenauer et al., 2005; Woo et al., 2011), and China (Tong et al., 2019). However, the most common mutation c.449_452delCTGA is considered as a pathogenic or likely pathogenic mutation. Most patients with the mutation allele of c.449_452delCTGA are asymptomatic, and others always present hypoglycemia (Tajima et al., 2016). In our study, 6 ACADM mutations were found in 4 infants with MCAD deficiency. Of those mutations, the c.449_452delCTGA, that thoroughly abolishes the activity of MCAD, was found in 2 (50%) cases. Recently, Tong et al. (2019) investigated 12 Zhejiang patients with MCAD deficiency, and found the c.449_452delCTGA was the most common mutation, accounting for 27.3% patients, suggesting a common mutation in Suzhou patients. The c.970G > C heterozygote was detected in a Chinese patient with MCAD deficiency, indicating ethnicity specific mutation (Tong et al., 2019). Zheng et al. (2017) found no association of genotype with clinical manifestation in Zhejiang patients with MCAD deficiency. In Taiwan patients, c.580A > G was observed to be the most common mutation and accounted for two (100%) patients, including one homozygote and one heterozygote, suggesting its common presence in Chinese patients (Chien et al., 2013). The remaining four mutations, including one reported mutation c.1238G > A and three novel mutations c.589A > G, c.790G > T, and c.1248T > G, have not been reported in Chinese patients and other Asian patients, hence acting as a potential candidates for genetic analysis among Chinese patients with MCAD deficiency.

			In this present study, we selected indicators via multivariate logistic regression analysis, and found C8/C14:1 was the optimal indicator for MCAD deficiency among 43 metabolites and 903 ratios. Unlike the finding of Hall et al. (2014b) that a mild elevation of C8 is partially caused by an isotope effect from C8:1, it appears that a mild elevation of C8 was caused by elevated C14:1. Compared to C8, C8/C14:1 could improve PPV for MCAD deficiency via excluding mild elevated C8, that was caused C14:1. Compared to multi-indicator rule for identifying MCAD deficiency, C8/C14:1 is not only able to improve the PPV, but also establish a high efficiency cut off value.

			VLCAD deficiency is caused by the defect of the ACADVL gene and inherited as autosomal recession mode. VLCAD deficiency has a low incidence, the range of which is 1/380,000–1/1,400,000 in Asian region (Shibata et al., 2018). However, in Suzhou population, the incidence of VLCAD deficiency is 1/70,424, higher than that of Hangzhou province (Zheng et al., 2017) and many Asian countries. A spectrum of more than 400 ACADVL gene mutations had been reported so far (www.ncbi.nlm.nih.gov/clinvar/). According to previous reports, the mutational spectrum is very wide in ACADVL gene, and only one mutation c.848T > C is considered to be hot spot (Andresen et al., 1999; Miller et al., 2015; Evans et al., 2016; Pena et al., 2016). Evans et al. (2016) found that 43.5% of patients carried the heterozygote for c.848T > C, but no homozygote. Recently, 21 of 46 patients were observed to be homozygous or heterozygous for c.848T > C in a largest sample size studied by Pena et al. (2016). Despite the high prevalence (83.7%) for c.65C > A mutation in Saudi patients with homozygous VLCAD deficiency, it is not considered as a hot spot because this could be caused by a high consanguinity rate (Bayoumi and Yardumian, 2006; Obaid et al., 2018). In Suzhou population, only a case of homozygous c.887_888delCT pathogenic mutation was noted for VLCAD deficiency (Schiff et al., 2013). However, in the same study the remaining 4 (80%) cases are compound heterozygous for one of seven ACADVL gene mutations, including two novel mutations c.642_643delCT and c.895C > G, and five reported mutations, c.553G > A, c.848T > C, c.1280G > A, c.1345G > C, and c.1349G > A (Schiff et al., 2013). In our study, only c.1349G > A was detected in two patients, and the others were detected in only one patient. Similarly, in Shanghai patients with VLCAD deficiency, 3 (27.3%) of 11 patients carried a heterozygous for c.1349G > A, that is the most common mutation, whereas none of 11 patients carried the mutation c.887_888delCT (Jinjun et al., 2015). Due to an extreme low incidence of VLCAD deficiency in China, further research based on large sample size and multicenters is needed to evaluate the distribution characteristic of ACADVL gene mutations. There is a clear correlation of genotype with phenotype in VLCAD deficiency. For example, the most common mutation c.848T > C was reported to be a mild mutation in several follow up cohorts (Miller et al., 2015; Evans et al., 2016; Pena et al., 2016). This may be caused by c.848T > C that could not absolutely abolish the reactivity of the VLCAD enzyme (Hoffmann et al., 2012). Although the c.65C > A encodes a truncated protein leading to a complete deficiency of the VLCAD enzyme, it only leads to a relatively milder cardiomyopathy phenotype (Obaid et al., 2018).

			In newborn screening practice, C14:1 is used as the primary indicator for identifying VLCAD deficiency. As known, long and very long chain fatty acids are the major constituents of fatty acids in diet. As a result, C14:1 is deduced to be affected by nutrient intake, and may lead to false positives and false negatives for VLCAD deficiency. In our study, C14:1/C16-OH has a better PPV for VLCAD deficiency compared to C14:1. Compared to the multi-indicators rule of (C14:1, C14:1/C16, C14:1/C2), C14:1/C16-OH has the same PPV for VLCAD deficiency. Furthermore, we found C14:1/C16 also had a relatively high PPV for VLCAD deficiency (data not shown), identical to that of C14:1/C16-OH. It seems that C14:1/C16-OH or C14:1/C16 should be used as the primary indicator rather than a secondary indicator for VLCAD deficiency.

			In addition, in our study a short, medium and very long chain acyl-CoA dehydrogenase deficiency had a sex preference. Whereas, only a few published studies recorded gender information. In Suzhou patients with VLCAD deficiency, females accounted for 80% (4/5) of cases, that is closed to that of Saudi Arabia cases (Obaid et al., 2018), but significantly higher than that of Shanghai cases (Jinjun et al., 2015). Maier et al. (2005) reported that males accounted for 55.7% of patients with MCAD deficiency; however, all Suzhou patients with MCAD deficiency are males. We hypothesize that gender preference in patients with ACAD deficiency might have a variation among regions and populations. Whether the gender preference can be used for performance improvement for identifying AD deficiencies is a question that needs further research.

			A little shortage of this study is a small sample size of positive cases. Due to a low incidence of ACAD deficiency, only 20 infants with ACAD deficiency were found in more than 350,000 newborns. Another shortage is only a small part of second screen positives according to new ratios were recalled for a new specimen. As a result, pilot prospective studies are needed to overcome this challenge.

			In conclusion, we found three new ratios that were optimal indicators for identifying SCAD, MCAD, and VLCAD deficiency, respectively. These indicators could reduce initial false positives and improve PPVs for identifying ACAD deficiencies without loss of sensitivity. We consider to use the new ratios as primary indicators for ACAD deficiencies in newborn screening. In addition, the spectrum of mutations in Suzhou population enriches genetic data of Chinese patients with ACAD deficiency.
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