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Abstract

Premature infants constitute a risk group for thiamin deficiency but only little is known about their thiamin status. The aim of the present

study was to investigate the thiamin status of premature infants by determination of thiamin diphosphate (TDP) and to identify risk factors

for low TDP concentrations. In a prospective, longitudinal study TDP was determined by HPLC in whole blood in the first days of life and

approximately every 2 weeks. Demographical data, weight gain, type of nutrition and thiamin intake were recorded. A total of 111 pre-

mature infants were included at the Children’s Hospital of the University of Cologne, Germany from May 2009 until December 2010 and 222

blood samples were analysed. TDP concentrations showed an age-dependent decline (age 0–10 d, mean TDP ¼ 110·6 ng/ml; age 11–20 d,

mean TDP ¼ 95·4 ng/ml; age 21–103 d, mean TDP ¼ 33·6 ng/ml). There was no significant difference between males and females. Young

gestational age and low birth weight were associated with low TDP concentrations. No infant was diagnosed with thiamin deficiency. The

current nutritional regimen in our hospital did not lead to thiamin deficiency in the study cohort. Further research is required to evaluate

how TDP concentrations are regulated in premature infants.
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Thiamin (vitamin B1) is a water-soluble vitamin. It plays a

substantial role in carbohydrate metabolism since it serves as

a coenzyme in the pyruvate dehydrogenase complex for the

transformation of pyruvate to acetyl-CoA. The prevalence of

thiamin deficiency is regionally different(1). In developed

countries the prevalence of histopathologically confirmed

thiamin deficiency in adults ranges from 0·8 to 2·8 %(1). In

emergency-affected populations and countries relying on

polished rice as a dietary staple, thiamin deficiency often

manifests as the classic thiamin deficiency disease beriberi.

However, symptoms of thiamin deficiency vary greatly and

there are further circumstances which increase the risk of

thiamin deficiency; for example, alcohol misuse and malnu-

trition, gastrointestinal surgery, recurrent vomiting and chronic

diarrhoea, cancer and chemotherapeutic treatments, systemic

diseases such as AIDS, Mg depletion and unbalanced

nutrition(1). Numerous cases of thiamin deficiency have been

reported in patients receiving parenteral nutrition which had

not been supplemented with thiamin at all(2–6). Thiamin

deficiency leads to a reduction of tissue glucose utilisation(7).

Absolute deficiency leads to severe lactic acidosis which

is fatal if untreated but usually resolves within hours after

administration of thiamin(6).

Serious thiamin deficiency can also be found in critically ill

children(8). Thiamin deficiency might impair brainstem func-

tion and has been associated with sudden infant death syn-

drome(9). It causes intra-uterine growth retardation (IUGR)

in rats(10) and is also regarded as a risk factor for IUGR in

humans(11). Children with a history of infantile thiamin

deficiency have an increased risk for epilepsy(12) and delayed

language development(13).

Premature infants are at risk for thiamin deficiency because

they require a relatively high intake of carbohydrates for the

maintenance of an adequate growth rate. This results in an

increased need for thiamin(14). Although premature infants

represent a risk group, their thiamin status has been investi-

gated only marginally. A well-established way to assess

thiamin status is the determination of its metabolic active
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form thiamin diphosphate (TDP) in whole blood(15). The

present study intends to investigate TDP concentrations in a

group of premature infants, to establish reference values,

and to detect risk factors for low TDP concentrations.

Subjects and methods

Study design and subjects

In a prospective, explorative study whole blood TDP concen-

trations were determined at birth or in the first days of life and

approximately every 2 weeks until discharge. The days of

assessment were not standardised to avoid distress caused

by additional blood collections. Thus, TDP was determined

only when blood had to be collected because of clinical

indications. The study was conducted at the Department of

Neonatology of the Children’s Hospital of the University

of Cologne, Germany. The only inclusion criterion was

prematurity and the only exclusion criterion was a missing

parental informed consent.

Date of birth, weeks of gestation, birth weight, reasons for

premature delivery, history of IUGR, and age at the time of

assessment were recorded. The Nursery Neurobiologic Risk

Score (NBRS) was assessed for each patient(16). The Clinical

Risk Index for Babies (CRIB) was applied for patients

weighing ,1500 g at birth and the Pediatric Risk of

Mortality III score (PRISM III) was applied for all

others(17,18). To monitor the infants’ health status at the time

of assessment we instructed the responsible neonatologists

to specify whether the infant had an infection and whether

it was severely ill based on their own judgement. Additionally,

C-reactive protein (CRP) was recorded when available. Blood

Hb concentration was recorded to take into account that

TDP mainly occurs in erythrocytes. We also determined

blood glucose, pH and lactate as parameters of carbohydrate

metabolism.

Current weight, weight gain (g/d per kg), and the type and

amount of nutrition (enteral and parenteral) were recorded.

Weight gain was calculated using the following equation:

ðW c –W nÞ=ðn £ W cÞ;

where Wc is current weight and Wn is weight before n d.

A time span of 5 d was applied but if the child was younger

than 5 d the difference from current weight to birth weight was

used. From the nutritional data daily intakes of thiamin,

energy and carbohydrates were estimated. Calculations were

based on the declared nutritional specifications. Thiamin and

carbohydrate contents of breast milk were estimated at

100 ng/ml(19,20) and 70 g/l(21), respectively. As a breast milk

fortifier FM85 (Nestlé) was used. As formula nutrition Beba

FG and Beba HA Start (Nestlé) and Aptamil Pre and Aptamil

Primergen (Milupa) were used. Parenteral nutrition was

prepared individually and water-soluble vitamins were

supplemented with Soluvit N (Baxter).

In summary, the following variables were introduced in the

statistical analyses as covariates: whole blood TDP, sex, weeks

of gestation, postnatal age, birth weight, current weight,

weight gain, NBRS, CRIB, PRISM III, presence of infection,

presence of severe illness, history of IUGR, CRP, blood Hb,

blood glucose, blood pH and blood lactate, type of nutrition,

intake of thiamin, energy and carbohydrates.

Sample collection and determination of thiamin
diphosphate

EDTA whole blood samples of approximately 120 ml were

collected during clinically indicated blood samplings.

Specimens were labelled with unique numbers only to avoid

bias in further laboratory analyses. The blood was frozen

at 2208C directly after collection and transferred to the

laboratory using dry ice. It was frozen at 2808C until

determination of TDP using a validated HPLC method which

was developed previously(22).

Data collection

Data were collected by contemporary data entry into spread-

sheets created with Microsoft Excel 2003 (version 11, SP 2;

Microsoft Corp.). Functions implemented into the spreadsheet

automatically calculated intake of thiamin, energy and carbo-

hydrates by the kind and amount of nutrition. Weight gain

and age at the time of assessment were also calculated

automatically.

Statistics

SPSS (version 11.0 for OS X; SPSS Inc.) was used for statistical

analyses and GraphPad Prism (version 5; GraphPad Software)

was used for graphics and curve fitting. Since the distribution

of TDP concentrations did not follow a normal distribution

the Mann–Whitney U test was used to compare TDP concen-

trations between groups. When more than two groups were

involved in the analysis, Kruskal–Wallis one-way ANOVA

was used. In the case of a significant difference, post hoc

analysis by making pairwise comparisons using the Mann–

Whitney U test was carried out. The relationships between

TDP concentrations and other variables were assessed by

simple linear regression analyses. Missing data were excluded

from analyses. Statistical significance was assigned for P,0·05.

In subgroup analysis with more than two groups a Bonferroni

adjustment of significance was applied.

Ethics

The present study was conducted according to the guidelines

laid down in the Declaration of Helsinki and all procedures

involving human patients were approved by the local ethics

committee of the University Hospital of Cologne and written

informed consent was obtained from both parents.

Results

A total of 111 premature infants were included from May 2009

until December 2010. None of the patients was withdrawn

from the study. Mean gestational age was 30·6 (SD 3·4)

weeks and mean birth weight was 1478 (SD 580) g. Reasons
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for preterm delivery consisted mainly of premature rupture

of membranes, pre-eclampsia, eclampsia, HELLP syndrome

(haemolysis, elevated liver enzymes, low platelet count),

cervical insufficiency, placental abruption, placental

insufficiency, amniotic infection syndrome, or a combination

of different factors. A history of IUGR was present in

seven infants.

There were 241 blood collections. From all collected blood

samples 222 were analysed for TDP. The remaining nineteen

samples could not be analysed due to insufficient sample

volume. Of the measurements, two were below the lower

limit of quantification (4 ng/ml) and two measurements were

above the previously tested range of linearity (4–400 ng/ml).

These samples were not excluded from statistical analyses

because extended linearity of the HPLC method of up to

800 ng/ml was demonstrated and the two low values were

near the lower limit of quantification and clearly above the

lower limit of detection (0·2 ng/ml). A mean of two samples

per patient was determined (range 1–7). Median observation

span was 19 d from the day of birth (lower quartile 3·5,

upper quartile 39·5, range 0–359 d). The broad range was

due to one infant whose treatment was prolonged due to

severe illness.

The study population was generally healthy. Only six (3 %)

assessments were made during an infection and ten (5 %)

assessments were made during severe illness. Considering all

valid TDP assessments CRP was available in 181 cases. It

was below the detection limit (3 mg/l) in 162 cases (90 %).

Mean CRP of the elevated cases (n 19) was 9·9 (SD 8·2;

range 3–33·7) mg/l. Median CRIB score was 2 (n 40; range:

0–9) and median PRISM III score was 6 (n 68; range 0–14).

No score could be calculated for three patients because of

missing laboratory data. The median NBRS was 1 (n 108;

range 0–10). It was also not available for three patients

because of missing data.

Table 1 displays the characteristics of the sample population

and gives an overview of the essential results. Infants

were grouped according to sex, gestational age and birth

weight. The range of all measured TDP concentrations

was remarkably wide and the distribution was skewed

towards lower concentrations. Mean TDP concentration

was higher in female patients but the difference was not

statistically significant.

Most of the included children were late preterm infants

(32 ,37 weeks of gestation). TDP concentrations were

generally lower in early (28 ,32 weeks of gestation) and

very early preterm infants (,28 weeks of gestation). Consider-

ing only the samples taken immediately after birth there was

no correlation between TDP and gestational age (R 2 0·002;

P¼0·788; n 32). Low birth weight was also associated with

low TDP concentrations. In contrast to this observation, TDP

did not correlate with current weight at the time of assessment

(R 2 ,0·001; P¼0·8).

Thiamin diphosphate concentrations and age

Figure 1 shows TDP concentrations related to postnatal age. In

the first days of life very high TDP concentrations were T
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observed with a wide range of values. With increasing age the

range narrowed towards lower concentrations. This trend

was fitted to a model of exponential one-phase decay

ending in a plateau:

Y ¼ ðY0 –PlateauÞ £ e2K£X þ Plateau:

In this model Y0 is the Y intercept at X ¼ 0, Plateau is the

Y value at infinite times, and K is the rate constant. Best-fit

analysis yielded Y0 ¼ 120·8 ng/ml, Plateau ¼ 20·7 ng/ml

and K ¼ 0·0419/d (R 2 ¼ 0·171). The decrease in TDP

concentrations is also displayed in Table 2, which shows

TDP concentrations according to different age groups. Mean

TDP concentrations decreased slightly after the the first 10 d

of life. After the age of 20 d, there was a considerable drop

and thereafter values stabilised. TDP values in the age group

21–103 d were significantly different from those of the age

groups 0–10 and 11–20 d.

Thiamin intake and nutrition

In Table 3, samples were grouped according to thiamin intake

and to the type of nutrition. Thiamin intake was divided

into three categories: low (0–20 mg/kg per d); intermediate

(60–120 mg/kg per d); and high (250–270 mg/kg per d).

Category boundaries were chosen with regard to the distri-

bution of overall observed thiamin intake which peaked

within these limits. This grouping included 85 % of all valid

samples. The mean postnatal age of each group is also

given and reveals that the low and high intake groups corre-

spond to younger infants whereas the intermediate intake

group corresponds to older infants. Thiamin intake was

dependent on the kind of nutrition: in the low intake group

the main thiamin source was breast milk in 85 %, in the inter-

mediate group it was breast milk fortified with FM85 in 84 %,

and in the high group it was parenteral nutrition in 97 %.

These findings are consistent with the mean postnatal age of

each group since pure breast milk or parenteral nutrition

was usually used at the beginning and fortified breast milk

was usually used for older infants. Moreover, the previously

described age-dependent decline in TDP conforms to the

fact that low thiamin intake did not lead to low TDP concen-

trations and that the lowest thiamin concentrations were

observed in the group of intermediate intake. In the group

of high thiamin intake TDP concentrations were highest. Con-

sidering all measurements, there was no correlation between

TDP and current thiamin intake (R 2 0·008; P¼0·198).

Another grouping was established regarding the type of

nutrition. As in the previous grouping the mean postnatal

age is given for each group. It becomes evident that pure

breast milk and parenteral nutrition were used in younger

infants, fortified breast milk and formula in older infants,

and glucose or no nutrition only on the first day of life.

Older infants who were fed fortified breast milk showed

lower mean TDP concentrations than younger infants who

were fed pure breast milk. Infants fed formula nutrition had

higher mean TDP concentrations than children fed fortified

milk. However, their mean postnatal age was lower. Infants

who received parenteral nutrition had the highest TDP con-

centrations. Finally, there was no statistically significant differ-

ence between groups except for the parenteral nutrition and

fortified milk group.

Correlation of thiamin diphosphate with other variables

TDP moderately correlated with Hb (log TDP ¼ 2·215 £ log

Hb – 0·931; R 2 0·313; P,0·05). Very weak correlations were

found for intake of energy (R 2 0·127; P,0·05) and carbo-

hydrates (R 2 0·119; P,0·05). There was no correlation with

weight gain (R 2 0·027; P¼0·019), blood pH (R 2 0·003;

P¼0·491), blood glucose (R 2 0·003; P¼0·445) and blood

Table 2. Whole blood thiamin diphosphate (TDP) concentrations in relation to postnatal age

TDP in whole blood (ng/ml)
Missing
samples

Age group* Valid samples (n) Mean 95 % CI Median Lower quartile Upper quartile Minimum Maximum n %

0–10 d 90 110·6 91·7, 129·6 86·9 42·5 170·8 7·2 520 4 4·3
11–20 d 32 95·4 59·5, 131·4 58·3 24·3 153·7 5·2 439 4 11·1
21–103 d 96 33·6 25·7, 41·6 19·8 13·0 37·9 3·0 232 11 10·3

* Significant pairwise comparisons: 0–10 d and 21–103 d; 11–20 d and 21–103 d (P,0·017).
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Fig. 1. Whole blood thiamin diphosphate (TDP) concentrations show an

age-dependent decline. Data were fitted to an exponential decay ending in

a plateau. The middle curve represents the best-fit curve; the outer curves

represent 95 % CI. Of the data points, three are outside the axis limits.
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lactate (R 2 0·003; P¼0·533). During the study no lactic acido-

sis due to thiamin deficiency occurred. There were no corre-

lations with NBRS (R 2 0·004; P¼0·384), PRISM III score

(R 2 ,0·001; P¼0·857) or CRIB score (R 2 0·011; P¼0·265).

No regression analysis of CRP was performed due to

insufficient measurements of elevated CRP (n 19). Median

TDP concentration of measurements associated with elevated

CRP values was 53·4 (range 5·2–328·0) ng/ml and not

significantly different from median TDP concentration of all

other assessments (42·2 ng/ml). Infants with a history of

IUGR had a median TDP concentration of 48·2 ng/ml (n 16)

which did not differ significantly from median TDP concen-

tration of all other assessments (37·8 ng/ml).

Extreme values

In the present study, six samples were below percentile 3

(5·3 ng/ml), and twenty-two samples were below percentile

10 (9·2 ng/ml). However, none of these patients showed

symptoms of thiamin deficiency. Of the patients, 50 % with

TDP concentrations lower than the third percentile and 32 %

with TDP concentrations lower than the tenth percentile

were anaemic at the time of assessment. Only one of the

patients with a TDP concentration lower than the tenth

percentile had a normal Hb level and a significantly increased

lactate concentration (3·6 mmol/l) on the 18th day of life. The

patient was a female infant with a gestational age of 32 weeks.

Since she was without a medical problem, clinically unremark-

able, and lactic acidosis was not severe, thiamin deficiency

was not suspected.

Of the samples, six were above percentile 97 (280·6 ng/ml)

and twenty-two were above percentile 90 (194·0 ng/ml). Of

these twenty-two samples, 18 % were related to polyglobulia.

None of these samples was accompanied by anaemia. No

further abnormalities could be detected in these patients.

Discussion

In the present study thiamin status was evaluated in a larger

group of premature infants by measuring whole blood TDP.

To our knowledge, no studies on TDP concentrations in

premature infants have been conducted so far. In one study

thiamin status was assessed by measuring total thiamin in

the blood of premature infants(23). However, since total thia-

min includes free thiamin and thus is strongly influenced by

recent thiamin intake it is not regarded as an appropriate

measure of thiamin status. Other previous studies of prema-

ture infants were based upon fewer subjects and relied

mainly on functional thiamin assays measuring the thiamin

pyrophosphate effect(24–27). This test allows us to indirectly

conclude on the saturation of erythrocyte transketolase with

TDP. In the conducted studies no thiamin deficiencies were

diagnosed in premature infants and, apart from a few excep-

tions, the thiamin pyrophosphate effect was within reference

range in all infants at all times(24–27). However, a disadvantage

of the thiamin pyrophosphate effect is that it can be influ-

enced by factors other than thiamin deficiency and can only

indicate deficient states but not high TDP concentrations.T
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Moreover, it was shown that whole blood TDP is more specific

and sensitive than the thiamin pyrophosphate effect(15).

TDP concentrations in premature infants are different from

adult concentrations since TDP concentrations do not

depend on age in adults(22). In the present study we observed

a wide range of TDP concentrations in the first days of life and

a decrease with postnatal age. A similar decline was found in a

previous study in thiamin concentrations of term infants(28).

In that study, concentrations of phosphorylated thiamin in

whole blood were calculated by measuring total and non-

phosphorylated thiamin. Since TDP makes up approximately

93 % of phosphorylated thiamin in whole blood(29) the results

can be compared. In term infants the decline of phosphory-

lated thiamin occurred over a longer period of time. Phos-

phorylated thiamin concentrations decreased considerably

after 0–3 months of age and further between 3–12 months

of age. A plateau was reached in children older than

12 months. It was suggested that high thiamin concentrations

in infants probably reflect higher metabolic needs of the

rapidly growing brain and that the decline might be due to

metabolic and neurological maturation(28).

We found that TDP concentrations were generally lower

in early and very early preterm infants (Table 1). During

pregnancy there might be a physiological increase of TDP

concentrations to protect the newborn from thiamin

deficiency. An important timepoint of measuring whole

blood TDP seems to be immediately after birth since this

determination is not influenced by nutritional thiamin intake

of the newborn. However, in the present study there was no

influence of gestational age on TDP concentrations measured

immediately after birth. Due to the limited number of available

samples further research is needed.

Cellular thiamin uptake is mediated by transporter proteins

of the SLC19 gene family of solute carriers and by diffusion(30).

In the cytosol TDP is synthesised from thiamin and ATP by

thiamin diphosphokinase (EC 2.7.6.2)(31). Enzymes which

degrade TDP play an important role in maintaining the TDP

concentration but have barely been characterised. In sum-

mary, thiamin metabolism is not well understood and the

pathways which regulate TDP concentrations in humans are

unknown. It is of interest to identify factors which influence

TDP concentrations. In the present study, Hb concentration

moderately correlated with TDP concentration. This can be

explained by the fact that erythrocytes contain almost all the

TDP found in whole blood. The relationship was observed

before and attempts were made to correct whole blood TDP

concentrations for erythrocyte parameters(15,28). However,

we did not correct TDP concentrations but we suggest that

TDP concentrations might be falsely low in anaemia.

Recommended thiamin supply in infants fed by parenteral

nutrition is 350–500 mg/kg per d(32). This range was derived

from a study which demonstrated the absence of thiamin

deficiency in premature infants receiving 510 (SD 280)

mg/kg per d(27). However, recommendations vary and the opti-

mal dosage is unknown. In the present study, infants received

relatively low doses of thiamin and also showed no signs of

deficiency. Interestingly, TDP concentrations did not correlate

with daily thiamin intake.

TDP concentrations varied in relation to thiamin intake and

to the kind of nutrition (Table 3). However, thiamin intake and

kind of nutrition depended on postnatal age and differences

should be interpreted by taking into account the age-

dependent decline of TDP as described above. For example,

children who were given fortified milk were generally older

than infants who were fed pure breast milk.

Breastfed infants of mothers who have inadequate intake of

thiamin can develop infantile thiamin deficiency(33,34).

However, in the study cohort TDP concentrations were not

remarkably lower in breast-fed infants than in infants receiving

other forms of nutrition. This might be due to the fact that the

studied infants were of well-nourished mothers who were not

at risk for insufficient thiamin intake. Another factor might be

that pure breast milk was fed during the first days of life when

TDP concentrations were generally higher.

A drawback of the present study is that thiamin intake was

estimated and not determined. It is known that thiamin

degrades over time when given as a parenteral infusion,

although not substantially(35). A further problem poses the

estimation of thiamin in breast milk. The normal range of breast

milk thiamin as proposed by the WHO is 100–200 ng/ml(19)

and is based on mean concentrations of various populations.

However, there are interindividual deviations and thiamin

content increases with duration of lactation(20). Breast milk

of mothers of premature infants was reported to contain

24 ng/ml in colostrum, 54 ng/ml in transitional milk and

89 ng/ml in mature breast milk(20). The estimated value of

100 ng/ml used in the present study was a compromise.

Neither CRIB, nor PRISM III, nor NBRS were able to predict

low TDP concentrations. In a recent study on critically ill chil-

dren it was shown that high CRP concentrations (.200 mg/l)

were independently associated with low whole blood thiamin

concentrations(36). Since the infants included in the present

study were generally healthy and CRP elevations were rare

and rather mild a similar association was not apparent. It is

unknown which lower limit of whole blood TDP defines the

border to thiamin deficiency in premature infants. Moreover,

it is uncertain for how long TDP concentration needs to be

below that limit until a thiamin deficiency becomes clinically

manifest. In a report on eleven neonates who developed thia-

min deficiency due to unsupplemented total parenteral nutri-

tion the onset of symptoms was 11–29 d after initiation of

thiamin-deficient nutrition(6). Symptoms of thiamin deficiency

depend on age(9). In infants they include unspecific symptoms

such as lethargy, irritability, vomiting, anorexia, abdominal

distension, diarrhoea, failure to thrive, developmental delay,

respiratory symptoms, infection, and more specific symptoms

like cardiomyopathy, ophthalmoplegia, bilateral abduction

deficit, upbeat nystagmus and seizures(6,37). Since there was

no clinical suspicion of thiamin deficiency in any of our

patients we cannot report a threshold value which allows

the exclusion of thiamin deficiency.

Conclusions

None of the studied infants showed symptoms of thiamin

deficiency. TDP concentrations showed an age-dependent
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decline, and gestational age and birth weight were associated

with low TDP concentrations. There was a moderate corre-

lation between TDP and Hb. Thus, low TDP concentrations

which go along with anaemia should be interpreted with cau-

tion. TDP concentrations were not dependent on thiamin

intake and infants receiving pure breast milk were not at

risk for low TDP concentrations.

A cut-off TDP concentration to diagnose thiamin deficiency

could not be determined. Further research is needed to evalu-

ate the effect of low and high TDP concentrations on prema-

ture infants regarding development, clinical course and

outcome, and to identify factors which influence these

concentrations.
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