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Abstract

Free and total carnitine quantification is important as a complemen-

tary test for the diagnosis of unusual metabolic diseases, including

fatty acid degradation disorders. The present study reports a new

method for the quantification of free and total carnitine in dried

plasma specimens by isotope dilution electrospray tandem mass spec-

trometry with sample derivatization. Carnitine is determined by look-

ing for the precursor of ions of m/z = 103 of N-butylester derivative,

and the method is validated by comparison with radioenzymatic assay.

We obtained an inter- and intra-day assay coefficient of variation of

4.3 and 2.3, respectively. Free and total carnitine was analyzed in 309

dried plasma spot samples from children ranging in age from newborn

to 14 years using the new method, which was found to be suitable for

calculating reference age-related values for free and total carnitine

(less than one month: 19.3 ± 2.4 and 23.5 ± 2.9; one to twelve months:

28.8 ± 10.2 and 35.9 ± 11.4; one to seven years: 30.7 ± 10.3 and 38.1

± 11.9; seven to 14 years: 33.7 ± 11.6, and 43.1 ± 13.8 µM, respec-

tively). No difference was found between males and females. A

significant difference was observed between neonates and the other

age groups. We compare our data with reference values in the litera-

ture, most of them obtained by radioenzymatic assay. However, this

method is laborious and time consuming. The electrospray tandem

mass spectrometry method presented here is a reliable, rapid and

automated procedure for carnitine quantitation.
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Introduction

The number of inherited metabolic dis-

eases is increasing as a result of many reports

of cases related to alterations in several meta-

bolic pathways, thus contributing to the ad-

vancement of research and technology de-

veloped in this field. The inborn errors of

metabolism are usually caused by defective

enzymes or cofactors and most are of autoso-

mal recessive inheritance. This results in the

accumulation of abnormal metabolites that

might be detectable in biological fluids of

affected patients.

The differential diagnosis of metabolic

disorders can be difficult even when more

detailed biochemical analysis is performed.

The main objective of such analysis is to

identify the cause of the metabolic distur-

bance, which might be temporary or perma-
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nent, and eventually arrive at a possible di-

agnosis by further detailed testing, which

includes specific enzyme assays or DNA

testing.

The determination of acylcarnitine levels

by tandem mass spectrometry using dried

blood spots on filter paper for the detection

of defects in fatty acid oxidation, organic

acidemias, and the selective screening of

these disorders has been described (1-5).

The altered ß-oxidation is followed by the

accumulation of representative acylcarnitines

depending on the type of enzymatic defi-

ciency in the pathway. However, the produc-

tion of these acylcarnitines depends on the

availability of free carnitine in the mitochon-

dria, with the possibility of undetectable al-

terations in acylcarnitine accumulation if the

cell becomes carnitine depleted. It is neces-

sary to know the occurrence and distribution

of free carnitine and acylcarnitines in blood

as an indication of unusual metabolic condi-

tions, including fatty acid degradation disor-

ders. Therefore, the diagnosis and manage-

ment of these metabolic diseases require

knowledge of both free carnitine and acyl-

carnitine concentrations.

Radioenzymatic assay (6) is regarded as

the standard method for carnitine measure-

ment. This procedure determines free car-

nitine by enzymatically converting it to ra-

dioactively labeled acetylcarnitine. Total

carnitine is measured after alkaline hydroly-

sis of acylcarnitines. The acylcarnitine con-

centration is thus calculated as the differ-

ence between total and free carnitine values.

The use of tandem mass spectrometry to

measure carnitine in dried plasma spots is

advantageous by permitting to confirm sys-

temic carnitine deficiency after obtaining

the acylcarnitine profile, and also later on to

monitor the response to treatment, but the

use of a derivatization process in dried plasma

spots remains somehow controversial. The

present study reports a new method for the

accurate and reliable measurement of free

and total carnitine in plasma specimens by

stable isotope dilution electrospray tandem

mass spectrometry (ESI/MS/MS) using

derivatized samples. Reference values for

children are provided.

Material and Methods

Materials

All chemicals used were of analytical

grade. L-carnitine was obtained from Sigma-

Aldrich (Poole, UK). Stable isotope [2H3]-

carnitine was purchased from Cambridge

Isotopes Laboratories (Andover, MA, USA).

During the present study, 309 blood samples

from children were sent to the Genetics Bio-

chemistry Unit Laboratory (Dr. Pourfarzam)

for the investigation of metabolic disorders

but subsequently showed that the children

did not have such disorders.

Card preparation for free and total carnitine
measurement

Random blood samples from a normal

adult volunteer were collected by venipunc-

ture and centrifuged (2300 g for 5 min) to

separate the plasma.

An internal standard volume of 20 µl

(300 µmol/l [2H3]-carnitine in 50% (v/v)

methanol:water) was added to 180 µl of

plasma. The solution was mixed and then

left to stand for 15 min. Aliquots of 20 µl

from this plasma were spread on filter paper

cards (No. 903, 1.88 mm thick; Schleicher

and Schuell, Dassel, Germany), which were

dried in a hood for 60 min and then used for

the measurement of free carnitine.

For total carnitine determination 16 µl of

2 M KOH was added to 100 µl of the above

internal standard-plasma mixture. After mix-

ing and centrifugation (3000 g for 1 min),

samples were incubated at 45ºC in a shaking

water bath for 60 min to hydrolyze the

acylcarnitines. The samples were then mixed

and centrifuged again and spots were pre-

pared on filter paper.
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Preparation of a plasma sample free of
endogenous carnitine

Normal plasma samples contain a level

of endogenous carnitine which does not al-

low the construction of standard curves start-

ing with very low carnitine values (0 to 100

µmol/l). In order to obtain plasma without

carnitine, normal plasma was dialyzed.

Dialysis membrane bags containing 1 ml

of plasma were placed in 50 mM isotonic

phosphate-buffered saline (PBS), pH 7.4,

250 ml PBS for each 1 ml sample, with

gentle stirring for 24 h at 4ºC. The PBS

solution was changed every 6 h.

Plasma sample analysis by tandem mass
spectrometry on microtiter plates

Spots were punched from the card (6.35

mm in diameter, corresponding to 12 µl of

plasma) into microtiter plates and 500 µl of

pure methanol was added to each sample.

The plates were placed on an orbital shaker

(setting 750 rpm) for 30 min, sonicated for

15 min, returned to the shaker for a further

2 h and sonicated again for another 30 min.

The filter paper discs were removed and the

resulting eluate was evaporated dry in air at

45ºC, and 50 µl of 1.0 M butanolic HCl was

added to each sample and incubated at 60ºC

for 15 min. Samples were immediately re-

turned to the chemical hood and evaporated

dry in air at 45ºC and re-dissolved in 100 µl

of 70% acetonitrile in water prior to analysis

by ESI/MS/MS. The internal standard [2H3]-

carnitine was used for quantification of L-

carnitine using the ratio of the signals.

All analyses were performed using a

Quattro II, triple quadrupole tandem mass

spectrometer (Micromass, Manchester, UK)

equipped with an ion spray source (ESI) and

a micromass MassLynx data system. The

samples were introduced into the mass spec-

trometer source using a Jasco AS980

autosampler and a Jasco PU980 HPLC pump.

The carnitine butylester passes analyzer 1,

collides with nitrogen (fragmentation), and

one of the typical fragments (m/z = 103)

passes analyzer 2, which is fixed at m/z =

103. The detector registers it while the m/z

that has passed analyzer 1 is recorded.

Plasma sample analysis by radioenzymatic
assay

The radioenzymatic assay for analysis of

plasma samples was performed as described

(7).

Statistical analysis

The Student t-test was used to determine

significant differences. A Bland-Altman plot

was used to assess agreement between the

two methods used for clinical measurement

(8).

Linearity between concentration and scan
function

To evaluate the linearity of the ion inten-

sity ratio relative to carnitine concentration,

samples of 24-h dialyzed plasma specimens

were enriched with L-carnitine at concentra-

tions of 5, 10, 20, 40, 60, 80, and 100 µmol/l,

and cards for free carnitine analysis by ESI/

MS/MS for the detection of parents of m/z 85

and m/z 103 patients with and without de-

rivatization were prepared.

Results

The correlation coefficients for standard

curves from 0 to 100 µmol/l for free car-

nitine using two scan functions with and

without derivatization were all close to 1 and

the best correlation was observed using par-

ents of m/z 85 for derivatized samples. To

expose any possible differences between

them, the results of this scan function were

compared to others using the t-test. No sig-

nificant difference was found at any signifi-

cance level.
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ter the derivatization procedure. When com-

pared with radioenzymatic assay values a

Pearson value of 0.55 was calculated for

samples without derivatization and 0.89 for

derivatized samples.

An analysis of 218/average of noise and

221/average of noise ratios was performed.

The highest average values were found for

parents of m/z 103 with derivatization and

the lowest for parents of m/z 85 without

derivatization. In order to further evaluate

the accuracy of measuring free and total

carnitine in plasma using this new method,

312 plasma samples received for routine

analysis were analyzed in parallel for free

and total carnitine using both the radioenzy-

matic method and ESI/MS/MS method with

the scan function for the parent of m/z 103

and derivatization. The analysis of these data

showed a correlation between the radioen-

zymatic method and ESI/MS/MS assay for

free and total carnitine of y = 0.96x + 0.45

and y = 0.95x - 0.69, respectively.

The distribution of the mean versus the

difference of paired values (Bland-Altman

plot) is shown in Figures 1 and 2 for free and

total carnitine, respectively. These data show

that there is a good correlation between the

two methods for both free and total carnitine

over the concentration ranges studied.

An intra-day and inter-day assay for the

new method was performed using a plasma

sample with a free carnitine value of 41.8

µmol/l by radioenzymatic assay. The data

are shown in Table 1.

Free and total carnitine in children

Table 2 shows average free and total

carnitine values for four age groups. A sig-

nificant difference (P<0.01) was found for

the group of less than one month compared

with the groups of one year to twelve years

and one year to seven years. A significant

difference (P<0.05) was found for the same

first group compared with the group of more

than seven-year-old children.
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Figure 1. Bland-Altman plot of the difference, Vs, of the mean of paired values for free
carnitine measurement comparing the radioenzymatic (REA) and ESI/MS/MS methods (N =
312, mean ± SD = 0.6 ± 3.7).

Figure 2.     Bland-Altman plot of the difference, Vs, of the mean of paired values for total
carnitine measurement comparing the radioenzymatic (REA) and ESI/MS/MS methods
(N = 312, mean ± SD = 2.8 ± 2.8).

Determination of a scan function to measure
free and total carnitine

The accuracy of free carnitine measure-

ment was further evaluated by analysis of 95

stored plasma specimens and by comparing

the values with those obtained by radioenzy-

matic assay. Specimens were analyzed with

and without derivatization using two scan

functions (parents of m/z 85 and m/z 103

children). Some changes were detected for

real samples without derivatization. It was

difficult to obtain clear spectra due to high

noise level and interferences from unknown

peaks. These were reduced considerably af-
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Discussion

The main function of carnitine is to shuttle

activated long-chain fatty acids (fatty acyl-

coenzyme A (CoA)) from the cytosol to the

mitochondria matrix for ß-oxidation, and to

remove from mitochondria short-chain, me-

dium-chain and long-chain fatty acids that

accumulate as a result of normal and abnor-

mal metabolism, maintaining adequate cel-

lular levels of free CoA. Carnitine can also

interact with membranes to change their

physiochemical properties (9). This means

that carnitine modulates the acyl-CoA/free

CoA ratio via the formation of acylcarnitines.

If acyl-CoAs are produced faster than they

are utilized, intramitochondrial free CoA is

regenerated as carnitine binds acyl groups

and the high intramitochondrial acyl-CoA/

free CoA ratio is corrected (10).

Carnitine is present in tissues and body

fluids in free and esterified form as short-

chain and long-chain acylcarnitines. Total

carnitine consists of the sum of free carnitine

and all acylcarnitines. L-carnitine is synthe-

sized in humans primarily in the liver; how-

ever, 50 to 75% of daily requirements are

provided by dietary intake (10).

The importance of ESI/MS/MS for the

diagnosis of inherited metabolic diseases and

its utility for the confirmation of diagnostic

errors have been demonstrated (11). The

present study was undertaken in order to

evaluate and further improve the reliability,

reproducibility, sensitivity and specificity of

carnitine ester analysis by electrospray tan-

dem mass spectrometry.

Several methods for measuring L-carnitine

have been described and the radioenzymatic

assay is regarded as the method of choice. An

MS/MS method for free and total carnitine

using fast atom bombardment-tandem mass

spectrometry (12) was found to be somewhat

limited for application to plasma due to cali-

bration problems with the internal standard

and was recommended as ideal for urine anal-

ysis. A report using ESI/MS/MS for the deter-

mination of free carnitine and acylcarnitines in

plasma and serum has been published (13). A

method for plasma carnitine measurement us-

ing a stable isotope-labeled internal standard

and MS/MS was published elsewhere (14).

These investigators used a slightly different

extraction procedure, i.e., a mixture of metha-

nol, water and 6 M HCl (400:100:0.5, v/v/v)

instead of the pure methanol used here. How-

ever, the most important difference was that

their study was done without derivatization. A

precursor ion scan of m/z 85 over the range

m/z 160-210 was used and their new method

was compared with a spectrophotometric as-

say based on an enzymatic reaction, showing

good correlation between them (14).

As observed by our method for carnitine

and the internal standard, the derivatization

increased their relative molecular masses

but not the impurities. Thus, key ions are

removed from the region containing inter-

fering compounds, with consequent improve-

ment of the specificity of the analysis. The

comparison between radioenzymatic assay

and ESI/MS/MS by the Bland-Altman test

Table 2. Plasma reference values for free and total carnitine measured in children by
tandem mass spectrometry.

Age N Free carnitine (µM) Total carnitine (µM) % Acylated

<1 month 35 19.3 ± 2.4 23.5 ± 2.9 17.9
1-12 months 43 28.8 ± 10.2 35.9 ± 11.4 19.8
1-7 years 118 30.7 ± 10.3 38.1 ± 11.9 19.4
7-14 years 113 33.7 ± 11.6 43.1 ± 13.8 21.8

Data are reported as means ± SD of the sample size shown.

Table 1. Intra- and inter-day assay coefficients of
plasma free carnitine determined by tandem mass
spectrometry.

Assay Carnitine (µM)

Min Max Mean SD CV

Intra-day 40 44.4 43.1 1.0 2.3
Inter-day 41 45 44 1.9 4.3

Min, minimum; Max, maximum; SD, standard de-
viation; CV, coefficient of variation. Four assays
were carried out.
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looks for a significant difference rather than

for a possible similarity between methods.

For the newly developed method described

here the difference from the radioenzymatic

method was not significant and most of the

values were within the acceptable limits for

the test, showing good agreement for these

two methods of clinical measurement.

The present results were obtained by a

new reliable technique for measuring free

and total carnitine in plasma as a good alter-

native replacing the traditional one, a fact

that may be helpful for the diagnosis of

carnitine alterations mainly occurring in in-

herited disorders of mitochondrial ß-oxida-

tion of fatty acids.

Reference values for free carnitine and

total carnitine, as well as acylcarnitines, in

fluids and tissues of pediatric patients and

during pregnancy have been reported previ-

ously (15-18). For free and total carnitine

reference values in plasma, our ESI/MS/MS

method showed a positive correlation be-

tween the plasma concentration and the age

of the children. Patients younger than one

month have significant lower levels of free

and total carnitine. This agrees with a study

(19) in which 353 samples were analyzed by

the enzymatic radioisotopic method, show-

ing a significant difference between the

groups aged one month to one year com-

pared with elderly individuals.

In several clinical conditions, the acyl/free

carnitine ratio can be altered (acylcarnitine =

total carnitine - free carnitine), and the present

study shows values for this ratio to be within

those found for healthy subjects (20). There

are some differences from other reported data

(Table 3) probably due to different method-

ologies used, different physiological charac-

teristics of the subjects, or both. The distribu-

tion of free carnitine and carnitine esters varies

according to fasting status, adiposity, renal

function, and muscular exercise (21,22). The

average values for free and total carnitine in

the neonatal group (<1 month) do not agree

with the postulate that free carnitine values

<20 µmol/l and total carnitine �30 µmol/l

determined by nonradioenzymatic methods

are considered to indicate carnitine deficiency

(23). However, low plasma carnitine concen-

trations are present in some inherited meta-

bolic diseases, in infants fed carnitine-free soy

formulas (24), in individuals receiving long-

term total parenteral nutrition (25-27), valproate

(28) or benzoate (29), in adults consuming

carnitine-free enteral formulas, and possibly

in persons consuming low-carnitine diets (30).
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Table 3. Pediatric reference values for free and total carnitine (µM) in plasma and the
acylcarnitine/free carnitine ratio.

Carnitine Neonates Infants Children Reference

Free 31.2 ± 2.5 36.6 ± 2.0 44.1 ± 1.7 31
Total - - -

Free - - - 16
Total 22.4 ± 0.8 - -

Free 27.6 ± 9.7 35.5 ± 6.5 41.7 ± 7.9 19
Total 36.7 ± 10.5 47.6 ± 7.7 54.4 ± 9.9
Acyl/Free 0.32 0.34 0.30

Free - - 34.4 ± 6.3 32
Total - - 45.9 ± 5.6
Acyl/Free 0.33

Free - - 36.1 ± 4.5 25
Total - - 41.9 ± 5.2
Acyl/Free 0.16

Free - - - 33
Total - 15 to 39 18 to 37

Free - 33 ± 2.0 29.7 ± 1.0 34
Total - 41 ± 2.0 34.8 ± 0.9
Acyl/Free - 0.24 0.17

Free 20.2 ± 5.1 40.2 ± 6.1 35.7 ± 9.1 35
Total 29.4 ± 6.7 51.1 ± 9.2 45.4 ± 9.9
Acyl/Free 0.45 0.27 0.27

Free 19.3 ± 2.4 28.8 ± 10.2 30.7 ± 10.3 Present study
Total 23.5 ± 2.9 35.9 ± 11.4 38.1 ± 11.9
Acyl/Free 0.21 0.24 0.24

Data are reported as means ± SD. Neonates: <1 month; infants: 1-12 months; children:
1-7 years.
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