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Abstract
Aim: Risk factors for vitamin B12 deficiency in infants are not fully understood. The 
aim of the study was to assess predictors of total homocysteine and methylmalonic 
acid analysed in newborn screening dried blood spots.
Methods: In a Norwegian case control study, we analysed total homocysteine and 
methylmalonic acid in newborn screening dried blood spots of 86 infants clinically 
diagnosed with vitamin B12 deficiency during 2012– 2018. Results were compared 
to 252 healthy infants and 400 dried blood spot controls. Medical records were re-
viewed, and mothers completed questionnaires.
Results: Both total homocysteine and methylmalonic acid were significantly higher on 
newborn screening dried blood spots in infants later clinically diagnosed with vitamin 
B12 deficiency than controls. Multiple regression analysis showed that the dose of 
nitrous oxide during labour was the strongest predictor for total homocysteine level in 
newborn screening dried blood spots for all infants, with larger effect in infants later 
clinically diagnosed with vitamin B12 deficiency than controls.
Conclusion: Nitrous oxide dose during labour was a predictor for total homocysteine 
and may impact the interpretation of total homocysteine analysis in newborn screen-
ing. Nitrous oxide is suggested as a contributing risk factor for infants prone to de-
velop vitamin B12 deficiency.
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1  |  INTRODUC TION

Analyses of total homocysteine (tHcy) and methylmalonic acid 
(MMA) are used in newborn screening (NBS) programs as second- 
tier tests for cystathionine- β- synthase deficiency, remethylation dis-
eases, and methylmalonic and propionic acidaemia.1 More recently, 
they have also been recommended for detection of vitamin B12 
(B12) deficiency in newborn infants,2– 4 tHcy being regarded as the 
best marker of infant B12 deficiency.5 Maternal– foetal transfer of 
B12 results in a higher concentration of B12 in the newborn infant 
than in the mother, consistent with active transport of the vitamin.6 
In B12- replete mothers, B12 stores are gradually accrued in the 
foetal liver during gestation, achieving 25– 30 μg at term, compared 
to 2– 5 μg in newborn infants of B12- deficient mothers.6 A B12- 
deficient mother is also the strongest predictor for B12 deficiency 
in a breastfed infant.3,5 However, maternal B12 deficiency is not al-
ways evident in B12- deficient newborn infants detected by NBS.3 
Vegetarianism is only an exceptional cause of maternal B12 defi-
ciency in high- income countries2,3,7 and thus other risk factors for 
infant B12 deficiency need to be considered. Nitrous oxide is exten-
sively used for analgesia during labour.8,9 It oxidises the methionine 
synthase bound cob(I)alamin to cob(II)alamin, thereby irreversibly 
inhibiting this enzyme, which leads to accumulation of Hcy and lack 
of S- adenosyl- methionine.10– 12 Nitrous oxide does not affect methyl 
malonyl- CoA- mutase activity.12 tHcy increases significantly after 
nitrous oxide has been given to children during anaesthesia for sur-
gery, with dose– response kinetics.13 Furthermore, already 30 years 
ago, nitrous oxide given as pain relief during labour was shown to in-
hibit methionine synthase in the placenta in a dose- responsive man-
ner.14 Nitrous oxide is distributed to and accumulates in the foetus 
when provided to the mother prenatally.15 Only short- term safety 
for obstetric use has been documented,8,9 but the longer- term effect 
of the inhibition of methionine synthase has not been evaluated. In 
a previous publication, we found that nitrous oxide correlates with 
both infant tHcy and MMA levels several months after birth in in-
fants with clinically diagnosed B12 deficiency, suggesting nitrous 
oxide as a possible risk factor for early infant B12 deficiency.16

The aims of this retrospective case– control study were to ex-
plore predictors for tHcy and MMA levels, analysed in dried blood 
spots (DBS) obtained from NBS, and to analyse the frequency distri-
bution of tHcy and MMA levels for infants later diagnosed with B12 
deficiency, compared to controls.

2  |  MATERIAL S AND METHODS

2.1  |  Study population

We performed a retrospective case– control study. We included in-
fants below 1 year of age, born between 2012 and 2018, who were 
treated for clinical B12 deficiency, designated as cases. They were 
identified after search in medical record databases of two hospitals 
in South- East Norway. As controls, we used a cohort of healthy, 

age- matched infants (Figure S1), referred to as clinical controls, since 
they were recruited for postnatal clinical follow- up in 2018– 2019 
from the Postnatal and Neonatal Unit at Vestfold Hospital Trust, 
Norway. Details on inclusion, background characteristics, and clini-
cal and biochemical findings have previously been published.16– 19 
We also included DBS controls, matched for date of birth, age in 
days, sex, hospital, birth weight, and gestational age of the cases 
and clinical controls. Data on pregnancy, delivery, and clinical 
follow- up were not available for the DBS controls. The study was 
approved by the Regional Committee for Medical Research Ethics 
Northern Norway (179/2018) and was conducted according to the 
Declaration of Helsinki. Written informed consent was collected for 
all participants.

2.2  |  Background data

We collected obstetric data from hospital records. Mothers com-
pleted non- standardised questionnaires on vitamin- supplementation 
and self- reported health. We retrieved information on the use of 
nitrous oxide during labour from the mothers' obstetric files and 
included time for start and stop of intermittent administration of ni-
trous oxide and its concentration in percentage in the nitrous oxide/
oxygen blend. We calculated the total dose of nitrous oxide as the 
concentration of nitrous oxide multiplied by the time for intermit-
tent administration in minutes. The selection of covariates, that are 
suggested risk factors for infant B12 deficiency, was based on pre-
vious reports.5,16,17,20 We also calculated the storage time of DBS 
card from birth until tHcy and MMA analyses were performed since 
storage possibly could influence the levels.

2.3  |  Newborn screening analyses

Blood samples were collected on filter cards 48– 72 h after birth 
and sent by prioritised mail to the Norwegian National NBS labora-
tory at Oslo University Hospital.21 After the standard NBS analyses 
were performed, filter cards were first collected in a fridge at 2– 4°C 
for up to some weeks before being stored in a biobank at −20°C 

Key Notes

• Total homocysteine and methylmalonic acid were signif-
icantly increased at newborn screening in infants later 
clinically diagnosed with vitamin B12 deficiency com-
pared to healthy controls.

• The dose of nitrous oxide used in labour was the strong-
est predictor for the total homocysteine level in new-
born screening.

• Nitrous oxide is suggested as a contributing risk factor 
for infants prone to develop vitamin B12 deficiency.
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until they were retrieved for second- tier tHcy and MMA analysis in 
2020– 2021. A combined second- tier method for tHcy, MMA, and 
2- methylcitric acid was established in DBS by LC– MS/MS, partially 
adapted from Fu et al.22 tHcy was introduced in 2020 as second- 
tier analysis for cystathionine β- synthase deficiency and MMA for 
methylmalonic aciduria and propionic aciduria (Appendix S1). Only 
NBS filter cards obtained after the expansion of the NBS program in 
Norway, on 1 March 2012, were available for second- tier analysis.

2.4  |  Statistical analysis

Data were registered in EpiData version 4.4 (EpiData Association, 
Odense, Denmark). Continuous variables were presented as mean 
and standard deviation or if skewed, as median and interquartile 
range (IQR). Categorical variables were given as proportions and per-
centages and compared between groups using the chi- square test of 
proportions or Fisher's exact test for small samples. Differences be-
tween independent groups were quantified with the Mann– Whitney 
U test because of skewness in the data. All statistical tests were 
two- sided, and a p value <0.05 was considered statistically signifi-
cant. All regression models were significant with p < 0.001. Linear 
regression analyses were performed to identify predictors for DBS 
tHcy and MMA. A forward method with criterion probability of F 
to enter ≤0.05 was used to calculate significant variables. Variables 
entered in regressions of tHcy and MMA to identify risk factors were 
maternal Norwegian origin, smoking during the last 2 years before 
pregnancy, meat- consumer, known self- reported B12 deficiency, 
B12 supplements during pregnancy, diabetes in pregnancy, met-
formin use, self- reported nausea in pregnancy, age, body mass index 
at pregnancy start, primiparity, hospital- diagnosed celiac disease, 
folate supplement, nitrous oxide dose during labour, prematurity, 
growth restriction, gender, and vaginal delivery. Significant variables 
were re- analysed by the enter method. Analyses were performed 
in IBM SPSS Statistics version 28 (IBM Corp, New York, USA), and 
graphs were created in NCSS 2021 Statistical Software (NCSS LLC, 
Utah, USA).

3  |  RESULTS

3.1  |  Characteristics of population

We included 85 clinically diagnosed B12- deficient infant cases, 252 
clinical controls (Table S1- S2), and 400 DBS controls. DBS tHcy and 
MMA were analysed in 79/85 (93%) cases. Six filter cards for chil-
dren born prior to 1 March 2012 had been destroyed according to 
Norwegian NBS regulations. tHcy and MMA were analysed in all 
clinical and DBS controls (Figure S1).

Storage time of DBS (age of DBS) before second- tier analyses 
[IQR, total range] for cases was median 3.5 years [2.8– 5.4, 7] and 
for all the 652 control median 2.0 years [1.8– 2.4, 7]. Mean (SD) birth 
weight for cases was 3375 g (671) and for all controls 3293 g (668). 

The median [IQR, total range] case gestational week was 39 [38– 41, 
15] and for all controls 39 [38– 41, 13]. The median [IQR, total range] 
case age in hours at collection of blood for NBS DBS was 58 h [51– 
66, 110] and for all controls 58 h [51– 67, 113].

3.2  |  DBS tHcy and MMA

For the 79 clinical cases, the median [IQR] tHcy was 6.29 μmol/L 
[5.18– 8.23] (Figure S2) and MMA 0.043 μmol/L [0.00– 0.31] 
(Figure S3). For the 652 controls, the median [IQR] tHcy was 
5.04 μmol/L [3.82– 6.66] (Figure S4) and MMA 0.00 μmol/L [0.00– 
0.039] (Figure S5). Both DBS tHcy and MMA were significantly 
higher in cases than in controls (Mann– Whitney U test, p < 0.001) 
(Figures 1 and 2).

3.3  |  Associations between predictors and 
DBS tHcy

A multiple linear regression was run with DBS tHcy in μmol/L as the 
dependent variable, storage time of DBS in years, and DBS case/con-
trol as the independent variables, in total n = 730. Both the storage 
time of DBS (beta = 0.350, 95% CI 0.239– 0.460, p < 0.001, stand-
ardised beta = 0.229) and DBS case versus control (beta = 1.178, 
95% CI 0.576– 1.780, p < 0.001, standardised beta = 0.142) predicted 
DBS tHcy significantly. Multiple linear regression analyses were run 
separately to identify predictors for DBS tHcy for clinical cases and 
clinical controls (Table S2 and Table 1). The dose of nitrous oxide 
given to the mother during labour was the strongest predictor for 
tHcy for the clinical cases (standardised beta 0.413, p < 0.001) and 
the only significant predictor for the clinical controls (standardised 
beta 0.240, p < 0.001). For the clinical cases, nausea in pregnancy 
was associated with DBS tHcy (standardised beta 0.301, p = 0.003) 
(Table 1).

3.4  |  Associations between predictors and 
DBS MMA

A multiple linear regression was run with DBS MMA in μmol/L as 
the dependent variable, storage time DBS in years, and DBS case/
control as the independent variables, n = 731. DBS case/control pre-
dicted DBS MMA significantly (beta = 0.173, 95% CI 0.117– 0.228, 
p < 0.001, standardised beta = 0.229), while the storage time of 
DBS (beta = 0.006, 95% CI - 0.004 to 0.016, p = 0.23, standardised 
beta = 0.045) did not. Multiple linear regression analyses were run 
to identify predictors for DBS MMA for all clinical infants (Table 2). 
Later clinical infant B12 deficiency was associated with increased 
DBS MMA (standardised beta 0.284, p < 0.001). Celiac disease and 
nausea in pregnancy predicted MMA for all clinical infants (stand-
ardised betas 0.157 and 0.122, p = 0.003 and 0.019, respectively) 
(Table 2).
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F I G U R E  1  Comparison of frequency 
distribution for total homocysteine (tHcy) 
between the 79 clinical cases and the 652 
controls.

F I G U R E  2  Comparison of frequency 
distribution for methylmalonic acid (MMA) 
between the 79 clinical cases and the 652 
controls.
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4  |  DISCUSSION

This case– control study investigated predictors for tHcy and MMA, 
analysed in DBS obtained from newborn screening for healthy in-
fants and infants with known B12 deficiency, clinically diagnosed 
during the first year of life. We showed that the strongest predictor 
for tHcy was the dose of nitrous oxide given to the mother during 
labour followed by self- reported nausea in pregnancy. Celiac disease 
and nausea in pregnancy predicted MMA.

We have previously published an association between dose 
of nitrous oxide to the mother in labour and both serum tHcy and 
MMA retrieved several months later in life in clinically diagnosed 
B12- deficient infants, hypothesizing that the more nitrous oxide de-
livered to the mother in labour, the less B12 remains in her infant 
months later.16 Accordingly, when we in the present study analysed 
the DBS collected on the third day of life from the same, clinically 
presenting B12- deficient infants and their controls, only tHcy but 
not MMA, was associated with dose of nitrous oxide, indicating 
decreased methionine synthase activity. This was evident for both 
cases and controls. In contrast, both the tHcy and the MMA– levels 
were higher on the third day of life in later, clinically presenting B12- 
deficient cases compared to controls. Since nitrous oxide has been 
shown to affect methionine synthase only, not methylmalonyl- CoA- 
mutase,12,23 this finding indicates a lower B12 status in the cases 
rendering them more prone to later B12 deficiency. Furthermore, 
the higher infant MMA level at NBS could be explained by insuffi-
cient maternal B12 status, a well- known risk factor for infant B12 
deficiency.5

Nitrous oxide chemically inactivates B12 through irreversible ox-
idation of its coenzyme form, methyl cobalamin, at the active site of 
the B12- dependent methionine synthase reaction.10– 12 The nitrous 

oxide- induced homocysteine response depends on the cobalamin 
status of the individual exposed to the gas and will be higher with 
lower cobalamin status.5,14 The irreversible inactivation requires 
re- synthesis of methionine synthase and B12 stores are consumed. 
Hence, nitrous oxide given during labour will decrease B12 stores in 
both the mother and the newborn infant, the effect being relatively 
larger if the mother is B12- deficient or have a suboptimal B12 sta-
tus during pregnancy. The exclusively breastfed infant is at risk to 
develop symptomatic B12 deficiency since breastmilk B12 content 
is accordingly reduced.5 Consequently, our results propose nitrous 
oxide to be an unrecognised contributor for B12 deficiency in vul-
nerable infants with lower B12 status. This is both in line with results 
recently reported by us,16 and with findings by Landon et al. over 
30 years ago, in that nitrous oxide inactivated placental methionine 
synthase in a dose- responsive manner and more so if maternal B12 
was low.14 Low maternal B12 status, nitrous oxide in labour, and 
breastfeeding may reinforce the risk of infant B12 deficiency. If the 
mother's B12 status is sufficient though, or if the infant is formula 
fed, the risk for B12 deficiency is low. Nitrous oxide during labour 
should also be considered when interpreting increased tHcy in NBS. 
Transient elevation of tHcy in the newborn infant may be one of the 
factors explaining why a subset of mothers are not diagnosed with 
B12 deficiency following detection of her infant at NBS.3,7,24,25

We also found associations between MMA and plausible risk 
factors for maternal B12 deficiency such as self- reported nausea 
in pregnancy and celiac disease, both potentially impacting on the 
pregnant women's B12 stores.5 We assume, like others before us, 
that this may be explained by decreased intake or uptake of B12 
from the food in the pregnant woman with nausea or celiac disease.5 
This is also in accordance with a previous study of infants with con-
firmed B12 deficiency suggested by NBS, in which nausea and food 
aversion were reported in 28% and gastrointestinal disorder in 8% 
of 19 mothers as a cause for maternal B12 deficiency.24 We did not 
find associations between self- reported maternal B12 deficiency 
and DBS tHcy or MMA in the infants, presumably because this vari-
able was inaccurate since we did not collect temporal information on 
when the mothers were B12- deficient. In the light of our findings, 
we encourage to screen and treat mothers for B12 deficiency early 
in pregnancy to reduce risk of infant B12 deficiency.

Maternal B12 status, recognised as the most important deter-
minant of neonatal B12 status,20 was not available and was a lim-
itation to our study. B12 status is not included as part of standard 

TA B L E  1  Linear model coefficients of predictors for dried blood spot (DBS) total homocysteine for clinical cases and controls separately

Clinical cases (n = 76) Clinical controls (n = 243)

Beta (95% CI) Std beta p Beta (95% CI) Std beta p

Dose N2Oa 0.017 (0.009– 0.025) 0.413 <0.001 0.006 
(0.003– 0.008)

0.240 <0.001

Nausea in pregnancy 2.19 (0.751– 3.62) 0.301 0.003

Storage of DBS (years) −0.538 (−0.898 to −0.178) −0.297 0.004

aDose of nitrous oxide (N2O) is the product of concentration of N2O and the administration time in minutes.

TA B L E  2  Linear model coefficients of predictors for dried blood 
spot methylmalonic acid, all 326 clinical infants

Beta (95% CI)
Std 
beta p

Infant B12 deficiency 0.180 
(0.115– 0.246)

0.283 <0.001

Celiac disease 0.211 
(0.074– 0.348)

0.157 0.003

Nausea in pregnancy 0.073 
(0.022– 1.52)

0.122 0.019
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pregnancy blood tests in Norway and could only have been accessed 
through a planned prospective study. Since this was a retrospective 
case– control study, our associations were mainly found in linear re-
gression models and causality was not proven. We showed that stor-
age time of DBS was associated with an increase of 0.35 μmol/L per 
year for tHcy, but not for MMA. Therefore, we could not infer the 
differences we found in tHcy between cases and controls for tHcy 
directly without correction for storage time of DBS since the time 
elapsed was longer for cases than for controls. Our finding showing 
increased concentration with time for tHcy for DBS stored in a cold 
environment has not been reported before. A decrease in tHcy has 
been observed for DBS stored in dry, sealed plastic bags.26,27 The 
reason suggested for the latter situation is that whole blood with 
erythrocytes contains less homocysteine than plasma. It has pre-
viously been shown that tHcy increases in plasma if whole blood 
is stored uncentrifuged after sampling, explained by the release of 
homocysteine from the erythrocytes even at storage at 4°C, but we 
do not know if this applies for whole blood sampled on filter paper.28 
However, preanalytical factors, such as collection devices, humidity, 
and temperature may all potentially influence long- term stability of 
the analytes.29 We consequently chose to include storage time of 
DBS in all regressions for tHcy to correct for this systematic error. 
Our study was not designed to analyse the relation between storage 
time of DBS and tHcy and this association should therefore be inter-
preted with caution. We measured time between the use of nitrous 
oxide started and stopped. The use was intermittent, and since we 
did not measure the volume used, the measure is inexact.

5  |  CONCLUSION

In conclusion, nitrous oxide dose during labour was a predictor for 
tHcy at NBS and is suggested as a risk factor for infant B12 defi-
ciency. We recommend to routinely analyse B12 status of mothers 
prior to use of nitrous oxide in labour and that mothers should be 
informed of the potential risks to their infants.
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