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Abstract

:

Pooled data from published reports on infants with clinically diagnosed vitamin B12 (B12) deficiency were analyzed with the purpose of describing the presentation, diagnostic approaches, and risk factors for the condition to inform prevention strategies. An electronic (PubMed database) and manual literature search following the PRISMA approach was conducted (preregistration with the Open Science Framework, accessed on 15 February 2023). Data were described and analyzed using correlation analyses, Chi-square tests, ANOVAs, and regression analyses, and 102 publications (292 cases) were analyzed. The mean age at first symptoms (anemia, various neurological symptoms) was four months; the mean time to diagnosis was 2.6 months. Maternal B12 at diagnosis, exclusive breastfeeding, and a maternal diet low in B12 predicted infant B12, methylmalonic acid, and total homocysteine. Infant B12 deficiency is still not easily diagnosed. Methylmalonic acid and total homocysteine are useful diagnostic parameters in addition to B12 levels. Since maternal B12 status predicts infant B12 status, it would probably be advantageous to target women in early pregnancy or even preconceptionally to prevent infant B12 deficiency, rather than to rely on newborn screening that often does not reliably identify high-risk children.
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1. Introduction


Vitamin B12 (B12) or cobalamin (Cbl) is a water-soluble vitamin exclusively contained in foods from animal sources, such as milk, eggs, meat, and fish. In infants, persistent, severe B12 deficiency causes potentially irreversible, mainly neurological symptoms, often accompanied by anemia [1,2,3]. Recommended dietary intake of B12 is 0.5 µg/d for infants in the first three months, 1.4 µg/d from 4–12 months, 4 µg/d for adults, 4.5 µg/d during pregnancy, and 5.5 µg/d for breastfeeding women [4]. The mechanisms of maternofetal B12 transfer are not completely known [5,6,7], but transport seems facilitated by transcobalamin and in favor of the fetus. Approximately 70% of B12 transported across the placenta is bound to transcobalamin in contrast to only about 30% in maternal blood [5], and higher placental transcobalamin concentrations correlate with higher cord-blood B12 levels [7].



Maternal B12 deficiency (due to, e.g., a vegan diet or B12 malabsorption) leads to limited intrauterine supply, resulting in low neonatal B12 stores. Since females with B12 deficiency also have low B12 in breast milk, breastfed infants may not replenish their B12 stores sufficiently [8,9].



Holo-transcobalamin (holo-TC) is B12 bound to transcobalamin II. Holo-TC is the fraction of B12 able to enter cells. Methylmalonic acid (MMA) and total homocysteine (tHcy) are markers for functionally relevant, intracellular B12 deficiency, and methionine may also be informative. Intracellularly, B12 is involved in two reactions. Adenosylcobalamin is a cofactor for the enzyme methylmalonyl-CoA mutase that catalyzes the reversible isomerization of methylmalonyl-CoA to succinyl-CoA in mitochondria. Adenosylcobalamin deficiency results in the accumulation of MMA. In the cytosol, methylcobalamin is a cofactor for the interacting enzymes methionine synthase reductase and methionine synthase and the remethylation of homocysteine (Hcy) to methionine. Methylcobalamin deficiency results in the accumulation of Hcy; methionine levels may be normal or low [3,10].



Clinical signs of infant B12 deficiency typically develop within the first months of life. Developmental arrest or regression, irritability, feeding difficulties, seizures, movement disorders, apathy, anemia, and brain atrophy are characteristic. Irreversible damage may occur if the condition is not diagnosed and treated timely with B12 [1,2,3].



This study reviews and analyses pooled data from published case reports and case series reporting biochemical and clinical information on infants clinically diagnosed with B12 deficiency. The study aims to describe and analyze the clinical presentation, risk and protective factors, and diagnostic strategies targeting infant B12 deficiency. The purpose of this study is to raise awareness for this treatable condition to achieve early diagnosis; to identify effective diagnostic strategies, and to inform screening and prevention strategies.




2. Materials and Methods


2.1. Literature Search


The systematic review procedure was conducted according to the PRISMA guidelines [11]. The project was registered with the Open Science Framework (https://osf.io/drzb8/?view_only=c1fb99fba7a7469dbeb8ce5af43fd2d6 accessed on 15 February 2023) before data analysis.



Clinical and biochemical parameters of interest were defined before the literature search based on textbook knowledge and recent reviews [3,5]. Clinical signs newly mentioned in the selected publications were added to the predefined set and searched for in all the included publications.



The electronic literature search of the PubMed database was conducted between 31 August and 31 December 2022, using the following search terms: (vitamin B12 OR cobalamin OR vitamin B12 deficiency OR cobalamin deficiency) AND (children OR infant OR infancy) filtered by language (English AND German). No geographical or publication date-related filters were applied. Detected studies were manually selected by two investigators (MW and MH) by reviewing the abstract and, if necessary, the full text of the article. Reference lists of included publications were manually searched for further eligible studies. Studies not meeting the inclusion criteria “clinical diagnosis of infant B12 deficiency, individual biochemical and clinical data reported”, or The JBI Critical Appraisal Checklist for Case Reports [12] criteria were excluded. Twenty-two reports included aggregated data, and the respective corresponding authors were contacted via e-mail and invited to provide individual data (successful for one publication) (Figure 1).




2.2. Data Extraction


Time and laboratory variables were recorded as numerical values. Clinical symptoms and dietary habits were recorded as present, not present, or unknown.



The biomarkers of interest for infants and mothers were B12 (pmol/L), MMA in urine (mmol/mol creatinine), MMA in plasma (µmol/L), holo-TC (pmol/L), tHcy (µmol/L), and serum folate (nmol/L).



The clinical parameters (infant) were sex, age at first symptoms, age at diagnosis, failure to thrive, irritability, seizures, anemia, cerebral atrophy, delayed myelination, enlarged ventricles, hypotonia, apathy/lethargy, vomiting, refusal of solid foods, developmental delay, and movement disorder. The nutritional parameters (infant) were breastfeeding only, partial breastfeeding, formula total, formula partial, solid foods mixed, solid foods vegetarian, and solid foods vegan.



The maternal nutrition and health parameters were B12 malabsorption (intrinsic factor antibodies and antiparietal cell antibodies), vegan, vegetarian, mostly vegetarian, or mixed diet.




2.3. Statistical Methods


Analyses were performed using RStudio [13]. Biomarkers were log-transformed to obtain a distribution closer to the normal distribution. The analysis followed a stepwise approach.



In step one, the characteristics of the included publications were analyzed according to how many studies were informed on the parameters. Furthermore, undetectable, implausible, or nonspecific values were identified.



Step two involved a descriptive analysis of the parameters of interest (calculation of means, ranges, standard deviations (SD), and frequency statistics) and documentation of variables that were not included in further analyses due to insufficient power. Infant and maternal biomarker distributions were examined graphically using violin plots that combined density and boxplots.



In a third step, zero-order bivariate correlations between continuous variables were calculated to examine associations between infant biomarkers and medical data, nutritional parameters, and maternal biomarkers. Chi-square tests were calculated to examine associations between the co-occurrence of clinical outcomes. Groups were defined according to published categories of infant serum B12 levels (<148 pmol/L: probable deficiency; 148 to 258 pmol/L: possible deficiency; >258 pmol/L: unlikely deficiency) [14,15,16] and compared by chi-square tests and ANOVA for clinical outcomes, maternal B12 levels, and diet.



In a fourth step, regression analyses were performed to identify potential risk factors for low B12 levels and negative clinical outcomes. Interaction and mediation effects between potential risk factors for low B12 levels and clinical outcomes were examined. Mediation effects were calculated using structural equation modeling. In all regression analyses, age at first symptoms, age at diagnosis, sex, and child serum folate level were used as control variables, except for the analyses in which age at first symptoms, age at diagnosis, and diagnostic delay were included as predictors.





3. Results


3.1. Descriptive Statistics of Included Studies


A total of 116 studies were included in step one of the analyses. Fourteen publications covering 16 cases had to be excluded due to missing, implausible, or non-numeric data (e.g., ranges or interpretations of values) [17,18,19,20,21,22,23,24,25,26,27,28,29].



Of the remaining 102 studies that reported 292 cases [30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131], most originated from Asia (n = 41), followed by Europe (n = 36), North America (n = 15), Oceania (n = 7), Africa (n = 2), and South America (n = 1). Twenty-one publications were from Turkey, followed by the United States (n = 15) and India (n = 10).



The earliest publication year was 1962, the latest 2022, with 25.5% (n = 26) published between 1962 and 1999, 23.5% (n = 24) between 2000 and 2009, and 51% (n = 52) between 2010 and 2022.



Infant B12 (n = 288 reports, 261 with numerical values) was most frequently reported, followed by infant tHcy (n = 155, 154 with numerical values), maternal B12 (n = 241, 239 with numerical values), and infant serum folate (n = 133, 111 with numerical values). MMA in urine was collected sporadically before and regularly from 2000 to 2010 (53%). From 2011, plasma MMA (43%) was favored over urine MMA (10%). tHcy was sporadically assessed before and measured in about 60% of cases since 2000. Holo-TC was assessed in only 21% of cases since 2011. Folate was frequently measured to address folate deficiency as an important differential diagnosis in anemia.



Regarding clinical parameters, information on their presence or absence in a case was provided most frequently for anemia (n = 268), followed by hypotonia (n = 172), developmental delay (n = 157), apathy/lethargy (n = 141), movement disorder (n = 131), failure to thrive (n = 103), irritability (n = 88), and cerebral atrophy (n = 81). Of the nutritional parameters, information on exclusive breastfeeding (n = 261) was reported most frequently, followed by information on partial breastfeeding (n = 184) and maternal diet (n = 206).




3.2. Descriptive Statistics of Included Cases


The 102 publications [30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131] involved 292 infants (189 males). Descriptive data on medical information (age at symptom onset and age at diagnosis), biomarkers, clinical outcomes, and diet are depicted in Table 1 and Figure 2 and Figure 3. Due to counts below the recommended sample size of 80 for regression analyses with four covariates [132], the biochemical parameters of infant MMA in urine and holo-TC, maternal MMA in plasma, holo-TC, tHcy, serum folate, and the clinical signs seizures, solid food refusal, vomiting, somnolence/coma, and maternal B12 malabsorption (intrinsic factor antibodies and parietal cell antibodies) were not included in the further analyses. The mean age at first symptoms was 4 months (0–12), the mean age at diagnosis was 7 months (0–30), and the mean diagnostic delay was 3 months (0–21). The number of cases with first symptoms per month of life, age at symptoms and delay to diagnosis, and rate of exclusive breastfeeding by infant age are depicted in Figure 4. Age at diagnosis was used as a proxy for infant age, as it related to the information on exclusive breastfeeding since this information was mostly recorded at diagnosis and had, most probably, also been the feeding method when the first symptoms occurred.




3.3. Correlation Analyses


Maternal and infant B12 were positively correlated. Both infant and maternal B12 were negatively correlated with age at first symptoms and age at diagnosis (all p < 0.01), indicating that the later in life B12 was measured, the lower the blood levels. Infant plasma MMA and tHcy were negatively correlated with infant and maternal B12 (all p < 0.01), underscoring that low B12 values in mother and child are associated with high MMA and tHcy concentrations in the children.



Infant plasma MMA levels were positively associated with age at first symptoms (p < 0.05) and at diagnosis (p < 0.01). This direction of effect was also evident for infant tHcy (all p < 0.01). MMA and tHcy correlated positively (p < 0.01). Infant serum folate was positively correlated with infant plasma MMA and tHcy (all p < 0.01) but showed no significant correlation with age at first symptoms, age at diagnosis, diagnostic delay, and infant and maternal B12 levels. Diagnostic delay (calculated from age at diagnosis and first symptoms) correlated positively with both age at first symptoms and age at diagnosis (all p < 0.01), indicating that the older the child at first symptoms, the longer the delay to diagnosis (Table 2, Figure 5).




3.4. Association between Clinical Symptoms: Chi-Squared Tests


Infants with anemia significantly more often showed irritability, hypotonia, and apathy/lethargy compared to infants not presenting with anemia (see Table 3).



Infants with apathy/lethargy had significantly more irritability, developmental delay, and movement disorders than infants without apathy/lethargy. Chi-squared tests for failure to thrive and cerebral atrophy did not reach a level of significance.




3.5. Subsample Comparisons: Descriptive Statistics, Chi-Squared Tests, and ANOVAs


The results of chi-squared tests comparing B12 groups concerning clinical outcomes and dietary variables are presented in Table 4.



Chi-squared tests show that irritability, anemia, hypotonia, apathy/lethargy, and movement disorders were significantly more frequent among infants with probable B12 deficiency than in the other two groups.



Exclusive breastfeeding was more frequent in children with probable B12 deficiency.



More mothers of infants with only possible or even unlikely B12 deficiency followed a mixed diet, and none of the mothers followed a vegan, vegetarian, or mostly vegetarian diet.



ANOVAs (Table 5)showed that mean maternal B12 levels were highest for infants with unlikely B12 deficiency, followed by the possible and probable deficiency groups. The mean ages at onset of first symptoms and at diagnosis were highest for the probable B12-deficiency group, followed by the possible and the unlikely B12-deficiency groups.



Infants in the latter group were diagnosed as B12 deficient based on elevated plasma MMA (n = 17) and/or plasma tHcy concentrations (n = 15), or clinically by resolution of symptoms under B12 treatment (n = 3).




3.6. Regression Analysis—Predicting Infant Biomarkers


Higher maternal B12 levels and a mixed maternal diet predicted higher infant B12.



Exclusive breastfeeding, higher age at first symptoms or at diagnosis, and longer delay to diagnosis predicted lower infant B12 levels. Higher maternal B12 levels with a small effect size and a mixed diet with a very large effect size were both predictive of lower infant tHcy levels (Table 6). No significant relationships were found for infant MMA in plasma.




3.7. Regression Analysis—Predicting Clinical Outcomes


Lower odds for anemia were predicted by higher maternal (OR = 0.08, p < 0.001) and infant B12 (OR = 0.07, p < 0.001). Higher odds for anemia were predicted by higher infant tHcy levels (OR = 4.42, p < 0.05), being older at first symptoms (OR = 1.38, p < 0.05), and longer diagnostic delay (OR = 1.38, p < 0.05).



Higher maternal (OR = 0.07, p < 0.05) and infant B12 (OR = 0.02, p < 0.05) predicted lower odds for apathy/lethargy. Exclusive breastfeeding (OR = 22.65, p < 0.05) and longer diagnostic delay predicted significantly higher odds of apathy/lethargy (OR = 1.26, p < 0.05). Higher maternal B12 predicted lower odds for movement disorder (OR = 0.06, p < 0.01).



No significant predictors were found for failure to thrive, irritability, cerebral atrophy, hypotonia, and developmental delay.




3.8. Regression Analysis—Infant Biomarkers and Medical Data as Moderators


No significant interactions nor mediations were detectable when diet variables and medical data were used as moderators and mediators for the relationship between infant biomarkers and clinical outcomes. Furthermore, there was no interaction between maternal diet and supplement intake concerning clinical outcomes. A significant interaction was present between the age at first symptoms and exclusive breastfeeding, in that exclusively breastfed infants had higher odds for apathy/lethargy when age at symptom onset was higher.





4. Discussion


The 292 cases with a clinically established diagnosis of B12 deficiency included in our analysis were published over a period of 60 years and showed a significant diagnostic delay in many cases, indicating that efforts to prevent this serious condition are not yet successful overall.



We aimed to describe the clinical presentation of B12 deficiency to delineate ways for early, effective diagnosis and screening or prevention. Although our study included pooled data that represents the largest sample of infants with clinically diagnosed B12 deficiency, there are some limitations. Attempts to obtain missing data by requesting it from the authors were met with limited success. Missing values resulting in small sample sizes for some parameters did not allow for subsample analyses across all biomarkers and clinical data. The high proportion of subjects that were exclusively breastfed caused an uneven representation of nutrition forms, which may have implications for the statistical power of the analyses. Another limitation is the heterogeneity between included studies regarding measurement assays and cut-off values for biomarkers. To address this concern, all numbers were standardized, and guidelines were utilized to classify values. As in any study relying on published data, the quality, accuracy, and completeness of the data depend on the methods and the reporting standards (including publication bias) of the primary studies. The populations, settings, and methods of the included studies may not be fully representative of the population of infants with B12 deficiency, and it cannot completely be excluded for all the reports that the diagnosis of B12 deficiency was correct and that rare inborn errors of B12 absorption and trafficking have not been overlooked. Furthermore, any retrospective analysis of cross-sectional data is limited to exploring correlational rather than causal relationships.



Clinical symptoms of infant B12 deficiency occur in most cases within the first six months of life. An infant’s clinical pattern that alerts toward B12 deficiency is anemia accompanied by a cluster of neurological symptoms [128], predominantly irritability, apathy or lethargy, hypotonia, and movement disorders. Taking the dietary history of the mother (and child) is essential; most children in the analyzed sample were exclusively breastfed, and our data support the observation that a maternal vegan or vegetarian diet enhances the risk for B12 deficiency [133]. B12 malabsorption was diagnosed in 52 cases (four supplemented). Thirty-five mothers were on B12 supplements without suffering from B12 malabsorption. No precise information was available on how long and in what dosage B12 supplements were taken in either group. It has been shown that small doses of B12, up to 3 μg/day during pregnancy, seem not to prevent B12 deficiency effectively [134]. Accordingly, women must be carefully monitored for their B12 status during pregnancy and lactation, even if on supplements.



The biochemical diagnosis of B12 deficiency is still challenging. While some recommendations rely on variable B12 cutoffs [10,14,15,16], others imply that very mildly elevated tHcy concentrations, such as ≥6.5 μmol/L [135] or >8 μmol/L [136], indicate B12 deficiency, even if B12 concentration is normal [137]. The approach of establishing 95% reference intervals for B12 (180–1400 pmol/L) for infants below one year based on Canadian [138] and Danish populations [139] seems promising and could be pursued for other populations too. However, 69 of the analyzed cases had B12 concentrations within the 95% reference intervals [139], which confirms the statement that severe functional and clinically relevant B12 deficiency may exist even with normal B12 concentrations, according to present definitions [10]. Accordingly, physicians based their diagnosis of B12 deficiency on elevated tHcy and/or MMA in most of the 19 cases, with B12 concentrations above 258 pmol/L in the studied publications.



MMA and tHcy were measured in growing numbers in more recent publications. MMA and tHcy indicate the intracellular availability of B12 and are considered to detect B12 deficiency with higher sensitivity [10]. Our analyses prove that infant and maternal B12 concentrations at diagnosis of B12 deficiency are highly correlated. The lower the B12, the higher the closely interrelated parameters of infant MMA and tHcy. Our data do not provide additional insights on whether tHcy in early life is more sensitive than MMA in detecting B12 deficiency [140]. As outlined above, cutoffs for tHcy indicating relevant B12 deficiency are not yet standardized and the cutoffs for plasma/serum MMA are also under discussion. Thirty-one of the analyzed cases had MMA concentrations within the recently suggested 95% reference interval of 0.1 to 1.25 µmol/L [139]. We assume that the most sensible approach to diagnosis lies in the joint analysis of B12, tHcy, and MMA.



Holo-TC, the transcobalamin-bound B12 fraction able to enter the cells, has only recently been introduced as an additional informative parameter, but age-adapted norms for holoTC have not yet been widely established [10]. Holo-TC was rarely measured, and none of the reported cases had been diagnosed based on their holoTC levels.



Maternal B12 concentrations during pregnancy are correlated with infant B12 concentrations at birth and at age 6 months [135]. The persistence of the close relation between maternal and infant values beyond pregnancy could be confirmed in our analyses, because, even at the time of diagnosis with clinically evident infant B12 deficiency, maternal and infant B12 concentrations were correlated and predicted infant MMA and tHcy concentrations, as well as the clinical signs anemia, apathy/lethargy, and movement disorders.



While elevated MMA and tHcy are valuable indicators for B12 deficiency, their concentrations did not correlate with clinical symptoms. Inborn errors of B12 metabolism affecting both tHcy and MMA metabolism, such as the cobalamin C defect, have a wide spectrum of clinical presentations from severe, neonatal disease to attenuated, late manifesting cases. The biomarkers tHcy and MMA, however, are equally elevated in severe and attenuated cases. However, late-onset cases diagnosed later and exposed longer to elevated tHcy and MMA present with less severe disease [141], suggesting that tHcy and MMA may not be the main pathophysiological culprits. Accordingly, MMA and tHcy should be understood as diagnostic parameters for B12 deficiency rather than as numeric predictors of clinical affections or severity.



Maternal and infant B12 concentrations were lower in infants that were older at diagnosis, suggesting that, under certain circumstances, B12 deficiency aggravates with time. Neonatal B12 stores are low if the mother is deficient, and with exclusive breastfeeding, maternal, and infant B12 concentrations decline further [33]. In the analyzed cases, exclusive breastfeeding was associated with lower infant B12 concentrations, and, and due to its occurrence in 86% of cases, breastfeeding was the most frequent nutrition. A state of infant B12 deficiency may facilitate prolonged exclusive breastfeeding because a refusal of solid foods and difficulties in weaning are often observed in infants with B12 deficiency [44].



It is known that infants on formula are less likely to develop B12 deficiency [142]. However, it is of utmost importance to highlight that our results do not weaken the worldwide encouragement of breastfeeding because its overwhelmingly beneficial effects are beyond doubt [143]. It must, however, be ensured that mothers can breastfeed safely in terms of B12 supply.



It has been observed that low maternal serum B12 in the first three months of pregnancy correlates with high infant MMA-related markers in newborn screening (NBS) [134]. It seems, therefore, of the utmost importance to identify women with a B12 deficiency as early as possible during or even before pregnancy.



Presently, suspected neonatal B12 deficiency is a frequent cause for recalls from NBS programs targeting inborn errors of B12 metabolism or MMAurias. Some authors advise using NBS as the strategy of choice to identify B12-deficient children [144,145]. It has, however, been shown that children who become symptomatic with severe B12 deficiency during infancy and, as such, a group that NBS should detect, are mostly not identified [146,147]. NBS may thus not be the optimal strategy to prevent severe B12 deficiency and its devastating impact.



The exact benefits of the cohort with suboptimal B12 status from being detected by NBS are unknown. The quality of the evidence to associate very subtle B12 deficiency with impaired cognitive development in infants and children is suboptimal. Studies are methodologically diverse and have been conducted in different populations; their results are conflicting [136,148,149,150]. Considering that any NBS recall is a major event for new parents with a significant impact on the attitude towards their child, even if the recall is “harmless” [151] and that the workup of a neonate with suspected B12 deficiency triggers invasive and costly diagnostic steps, the benefits of NBS for B12 deficiency must be thoroughly evaluated.



Counseling of women during pregnancy, including careful assessment of maternal diet and history-taking regarding diseases causing B12 deficiency and maternal gastric surgery, probably is a less invasive and widely applicable approach.



For the prevention of neural tube defects, flour is fortified with folic acid in the United States, while in Europe, folic acid supplementation is recommended for women planning to conceive, and approximately 80% of women adhere to this recommendation [152]. A similarly broad campaign recommending B12 supplements during pregnancy and breastfeeding could be considered with all required caution towards potential adverse effects. Such a strategy would, however, fail for women with B12 absorption defects.



An obligatory blood test for B12 during pregnancy would detect more B12-deficient mothers but would still miss cases. It is difficult to estimate the exact increase in sensitivity of the test if additional measurements such as MMA, tHcy, or holo-TC are taken. Healthcare providers and reimbursement stakeholders must thoroughly consider the costs and logistics for this option. With the introduction of such a strategy, doctors must be aware of the specific requirements and cutoff values for B12 during pregnancy.




5. Conclusions and Implications for Clinical Practice


Low maternal B12 results in reduced neonatal B12 status aggravated by a low B12 supply in exclusively breastfed infants. Exclusive measurement of B12 blood concentrations may miss cases of clinically relevant B12 deficiency and should be complemented by measurements of MMA and tHcy. The additional value of holo-TC should be explored. Anemia accompanied by neurological symptoms should alert towards B12 deficiency in infants. NBS seems to not be the ideal preventive method to detect severe B12 deficiency, but it detects a different population for which the benefit of detection remains to be clarified. Creating clinical awareness of the condition not only among pediatricians but also among physicians who care for pregnant women, and in the female population of childbearing age, is essential. It is advisable to specifically alert women who adhere to a vegan or vegetarian diet and are planning to get pregnant to have their B12 status examined.
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	B12
	Vitamin B12



	Cbl
	Cobalamin



	Hcy
	Homocysteine



	tHcy
	Total Homocysteine



	MMA
	Methylmalonic acid



	HoloTC
	Holo-Transcobalamin



	NBS
	Newborn Screening
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Figure 1. Identification and selection of publications following PRISMA and The JBI Critical Appraisal Checklist for Case Reports [11,12]. 
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Figure 2. (A–E) Violin plots of numerical biomarkers. 
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Figure 3. Clinical presentation: font size reflects the frequency of reported occurrence referring to the total number of entries on the respective parameter. 
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Figure 4. (A–C) Number of cases with first symptoms per month of life (A), diagnostic delay by age at first symptoms (B), and exclusive breastfeeding by age at diagnosis (C). 
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Figure 5. Correlation plot with biomarkers (log), age, and diagnostic delay. Larger circles indicate stronger correlations. The circle color represents the direction of the correlation—warm colors for negative correlations and cool colors for positive correlations. 
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Table 1. Sample Characteristics.
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	Variable
	Total Sample (N = 292)

(% Values Relate to the Number of Reports for Each Variable)





	Sex female, n (%)
	103 (37)



	Age at first symptoms (months), M (SD), range
	4 (3), 0–12



	Age at diagnosis (months), M (SD), range
	7 (4), 0–30



	Diagnostic delay (months), M (SD), range
	3 (3), 0-21



	Serum B12 infant log, M (SD), range
	5 (1), 1–7



	Serum B12 infant pmol/L, M (SD), range
	107 (87), 2–552



	# Probable B12 deficiency, n (%)
	204 (78)



	# Possible B12 deficiency, n (%)
	38 (15)



	# Unlikely B12 deficiency, n (%)
	19 (7)



	Plasma MMA infant log, M (SD), range
	1 (1.35), −2–4



	Plasma MMA infant µmol/L, M (SD), range
	5 (9), 0–46



	Plasma tHcy infant log, M (SD), range
	3 (1), 0–5



	Plasma tHcy infant µmol/L, M (SD), range
	51 (56), 1–239



	Serum folate infant log, M (SD), range
	7 (1), −1–5



	Serum folate infant nmol/L, M (SD), range
	36 (21), 0–211



	Serum B12 mother log, M (SD), range
	5 (1), 3–7



	Serum B12 mother pmol/L, M (SD), range
	154 (109), 10–709



	Clinical symptoms:

Failure to thrive, n (%)
	

89 (86)



	Irritability, n (%)
	38 (43)



	Anemia, n (%)
	186 (69)



	Cerebral Atrophy, n (%)
	58 (72)



	Hypotonia, n (%)
	165 (96)



	Apathy/lethargy, n (%)
	86 (61)



	Developmental delay, n (%)
	146 (93)



	Movement disorder, n (%)
	74 (56)



	Maternal Diet:

Vegan, n (%)
	35 (17)



	Vegetarian, n (%)
	29 (14)



	Mostly vegetarian, n (%)
	16 (8)



	Mixed, n (%)
	126 (61)



	Maternal B12 malabsorption (with supplementation), n (n)
	52 (4)



	Maternal B12 supplementation at diagnosis without malabsorption, n (%)
	35 (38)



	Diet of the infant:

Exclusive breastfeeding, n (%)
	224 (86)



	Partial breastfeeding, n (%)
	12 (7)



	Partial formula, n (%)
	3 (7)



	Solid foods vegetarian, n (%)
	2 (1)



	Solid foods vegan, n (%)
	3 (2)



	Solid foods mixed, n
	0







MMA: methylmalonic acid, tHcy: total homocysteine, M: mean, SD: standard deviation. All percentages refer to the total number of entries. # [14,15,16].













 





Table 2. Means, standard deviations, and correlations with confidence intervals for biomarkers (log), age, and diagnostic delay.
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	Variable
	M
	SD
	Age at First Symptoms

(Months)
	Age at Diagnosis

(Months)
	Diagnostic Delay

(Months)
	B12 Infant Log
	MMA Plasma Infant Log
	tHcy Infant Log
	Serum Folate Infant Log





	Age at first symptoms
	3.99
	2.97
	
	
	
	
	
	
	



	Age at

diagnosis
	7.14
	4.03
	0.79 **

[0.73, 0.84]
	
	
	
	
	
	



	Diagnostic

delay
	2.58
	2.72
	0.19 **

[0.05, 0.32]
	0.75 **

[0.68, 0.81]
	
	
	
	
	



	B12 infant log
	4.67
	0.81
	−0.51 **

[−0.61, −0.40]
	−0.46 **

[−0.56, −0.36]
	−0.32 **

[−0.45, −0.19]
	
	
	
	



	MMA Plasma infant log
	0.66
	1.35
	0.23 *

[0.01, 0.43]
	0.41 **

[0.21, 0.57]
	0.11

[−0.12, 0.32]
	−0.39 **

[−0.57, −0.18]
	
	
	



	tHcy infant log
	3.31
	1.14
	0.34 **

[0.18, 0.49]
	0.37 **

[0.23, 0.50]
	0.14

[−0.03, 0.31]
	−0.58 **

[−0.68, −0.45]
	0.65 **

[0.50, 0.76]
	
	



	Serum folate infant log
	2.66
	0.58
	0.04

[−0.14, 0.22]
	−0.02

[−0.19, 0.15]
	0.03

[−0.16, 0.21]
	0.01

[−0.17, 0.18]
	0.38 **

[0.15, 0.58]
	0.49 **

[0.31, 0.64]
	



	B12 mother log
	5.14
	0.65
	−0.43 **

[−0.55, −0.30]
	−0.42 **

[−0.52, −0.31]
	−0.31 **

[−0.44, −0.17]
	0.76 **

[0.70, 0.81]
	−0.46 **

[−0.62, −0.025]
	−0.64 **

[−0.73, −0.53]
	−0.15

[−0.33, 0.04]







M: mean, SD: standard deviation. Values in square brackets: 95% confidence interval. * p < 0.05. ** p < 0.01.













 





Table 3. Chi-squared tests and frequencies: clinical symptoms.
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Count Variable

	
n

	
Chi-Squared

	
p




	
Anemia

	
No Anemia






	
Irritability

	
24

	
12

	
14

	
<0.001




	
Hypotonia

	
108

	
40

	
8

	
<0.01




	
Apathy/lethargy

	
75

	
8

	
52

	
<0.001




	

	
Apathy/lethargy

	
No apathy/lethargy

	

	




	
Irritability

	
16

	
5

	
23

	
<0.001




	
Developmental delay

	
69

	
1

	
5

	
<0.05




	
Movement disorders

	
29

	
12

	
12

	
<0.001








n: sample size, p: p-value.













 





Table 4. Chi-squared tests and frequencies: subgroups of infants with probable, possible, and unlikely B12 deficiency.
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Count Variable

	
n

	
Chi-Squared

	
p




	
Probable B12 Deficiency

	
Possible B12 Deficiency

	
Unlikely

B12 Deficiency






	
Irritability

	
25

	
4

	
4

	
19

	
<0.001




	
Anemia

	
149

	
9

	
2

	
69

	
<0.001




	
Hypotonia

	
122

	
12

	
11

	
9

	
<0.05




	
Apathy/lethargy

	
37

	
1

	
1

	
60

	
<0.001




	
Movement disorder

	
46

	
13

	
6

	
7

	
<0.05




	
Exclusive breastfeeding

	
158

	
26

	
13

	
13

	
<0.05




	
Vegan diet Mixed diet

	
25

	
0

	
0

	
41

	
<0.001




	
Vegetarian diet

	
27

	
0

	
0

	

	




	
Mixed diet

	
64

	
35

	
17

	

	




	
Mostly vegetarian diet

	
14

	
0

	
0

	

	








n: sample size, p: p-value.













 





Table 5. Fixed-effects ANOVAs and means.
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Predictor

	

	
M

	

	
F

	
p




	
Probable Deficiency

	
Possible Deficiency

	
Unlikely

Deficiency






	
A. Criterion: maternal B12 levels

	

	

	

	

	




	
(Intercept)

	

	

	

	
760

	
<0.001




	
B12 infant grouped

	
163

	
385

	
421

	
80

	
<0.001




	
B. Criterion: age at diagnosis

	

	

	

	

	




	
(Intercept)

	

	

	

	
192

	
<0.001




	
B12 infant grouped

	
8

	
4

	
3

	
39

	
<0.001




	
C. Criterion: age at first symptoms

	

	

	

	

	




	
(Intercept)

	

	

	

	
106

	
<0.001




	
B12 infant grouped

	
5

	
2

	
1

	
27

	
<0.001








M = mean, F = F-test, p = p-value.













 





Table 6. Regression results with infant B12 log (A) and infant tHcy log (B) as the criteria.
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	A

Predictor
	b
	b

95% CI

[LL, UL]



	(Intercept)
	0.65
	[−0.90, 2.20]



	Maternal B12, log
	0.79 **
	[0.55, 1.03]



	Sex female
	0.11
	[−0.13, 0.36]



	Age at first symptoms
	−0.03
	[−0.09, 0.04]



	Age at diagnosis
	−0.04
	[−0.08, 0.01]



	Serum folate infant, log
	0.11
	[−0.09, 0.31]



	(Intercept, reference category vegan)
	4.52 **
	[3.48, 5.56]



	Maternal diet vegetarian
	0.42
	[−0.14, 0.99]



	Maternal mixed
	0.72 **
	[0.23, 1.22]



	Maternal mostly vegetarian
	0.36
	[−0.57, 1.28]



	Sex female
	0.08
	[−0.18, 0.33]



	Age at first symptoms
	−0.06
	[−0.13, 0.02]



	Age at diagnosis
	−0.06 *
	[−0.11, −0.00]



	Serum folate infant, log
	0.14
	[−0.22, 0.50]



	(Intercept)
	5.95 **
	[5.27, 6.63]



	Breastfeeding exclusively
	−0.58 **
	[−0.88, −0.27]



	Sex female
	0.10
	[−0.14, 0.35]



	Age at first symptoms
	−0.05
	[−0.12, 0.02]



	Age at diagnosis
	−0.10 **
	[−0.15, −0.05]



	Serum folate infant, log
	0.07
	[−0.14, 0.28]



	(Intercept)
	5.36 **
	[4.74, 5.99]



	Age at first symptoms
	−0.08 *
	[−0.15, −0.01]



	Age at diagnosis
	−0.07 **
	[−0.12, −0.02]



	Sex female
	0.19
	[−0.07, 0.44]



	Serum folate infant, log
	0.08
	[−0.14, 0.30]



	(Intercept)
	5.36 **
	[4.74, 5.99]



	Age at diagnosis
	−0.07 **
	[−0.12, −0.02]



	Age at first symptoms
	−0.08 *
	[−0.15, −0.01]



	Sex female
	0.19
	[−0.07, 0.44]



	Serum folate infant, log
	0.08
	[−0.14, 0.30]



	(Intercept)
	5.03 **
	[4.30, 5.77]



	Diagnostic delay
	−0.09 **
	[−0.15, −0.04]



	Sex female
	0.22
	[−0.08, 0.52]



	Serum folate infant, log
	0.06
	[−0.20, 0.32]



	B

Predictor
	b
	b

95% CI

[LL, UL]



	(Intercept)
	3.40 *
	[0.76, 6.04]



	Maternal B12, log
	−0.51 **
	[−0.86, −0.16]



	Sex female
	0.11
	[−0.22, 0.44]



	Age at first symptoms
	−0.05
	[−0.15, 0.05]



	Age at diagnosis
	0.02
	[−0.05, 0.09]



	Serum folate infant, log
	0.83 **
	[0.35, 1.31]



	(Intercept, reference category vegan)
	1.76 **
	[0.44, 3.07]



	Maternal diet vegetarian
	−0.55
	[−1.70, 0.60]



	Maternal mixed
	−1.00 *
	[−1.81, −0.20]



	Maternal mostly vegetarian
	0.53
	[−0.85, 1.91]



	Sex female
	0.18
	[−0.09, 0.44]



	Age at first symptoms
	−0.02
	[−0.10, 0.07]



	Age at diagnosis
	0.01
	[−0.05, 0.07]



	Serum folate infant, log
	0.66 **
	[0.24, 1.09]







A significant b weight indicates the semipartial correlation is also significant. b: unstandardized regression weights. LL: lower limit, UL: upper limit of a confidence interval. * p < 0.05, ** p < 0.01.
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