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Summary. L-Carnitine as endogenous compound plays an important role within several metabolic

pathways and a deficiency of L-carnitine can cause adverse effects in physiological and=or mental state

of health and disease. The prevention of diseases related to carnitine deficiency requires, first of all, the

exact determination of L-carnitine and its esters in biological material at pmol=cm3 level. A series of

analytical procedures based on biochemical assays as well as on physical methods are available today.

Determination of free and total carnitine is sometimes sufficient for a clinical diagnosis, but in most

cases, such as in newborn screening for genetic disorders, detailed qualitative and quantitative L-

carnitine=acylcarnitine profiling is needed. Technological progress has also revolutionized the de-

termination of carnitines. Today, comprehensive and diagnostically relevant information can be

obtained by mass spectrometry. An overview is given of the technical and methodological develop-

ments in carnitine analysis and some applications, such as in neonatal screening, diabetes mellitus, and

cardiomyopathy.
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Introduction

L-Carnitine, (3-hydroxy-4-trimethylammonium butyrate), is an essential factor in
the fatty acid metabolism of mammalian organisms.

In humans, about 25% of L-carnitine is synthesized in liver, kidney, and brain
from the amino acids lysine and methionine. Most of the carnitine in the body
comes from dietary sources such as red meat and dairy products [1]. Most L-
carnitine is located in tissue that uses fatty acids as their primary dietary fuel. In
skeletal and cardiac muscle the L-carnitine level is about 20- to 50-fold higher than
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in plasma [2]. The total carnitine pool of a healthy 70 kg human amounts to about
130 mmol (21 g), of that more than 98% are found in skeletal muscle, 1–1.5% in
liver, and less than 0.5% in blood. The mean plasma concentration of free carnitine
in healthy adults is about 40–60�mol=dm3 and total carnitine amounts to about
50–70�mol=dm3.

Primary carnitine deficiencies such as systemic and myopathic defects are rare
hereditary disorders [3]. Typical hereditary carnitine deficiencies are caused by
genetic defects in amino acid degradation (propionic aciduria) and lipid metabo-
lism (medium chain acyl-CoA dehydrogenase deficiency).

A systemic disorder can be detected in infancy or early childhood due to a low
serum L-carnitine level. A mutation in the gene coding for carnitine-acylcarnitine
translocase or the OCTN2 transporter aetiologically causes a carnitine deficiency
that results in poor intestinal absorption of dietary L-carnitine, its impaired reab-
sorption by the kidney and, consequently, in increased urinary loss of L-carnitine
[4]. If unrecognized and untreated, these defects may result in life-threatening
damage to liver, heart, or brain. Myopathic carnitine deficiency is less severe but
more difficult to detect because serum L-carnitine is at a normal level. Symptoms
include muscle pain and progressive muscle weakness [4].

Secondary carnitine deficiencies are usually characterized by poor availability
of free L-carnitine. Progressive loss of L-carnitine caused by hemodialysis or inter-
action with drugs (antiepileptic drugs containing valproate, the lipid regulator
Lovastatin, antibiotics such as Ampicillin, or chemotherapeutics) may lead to car-
nitine deficiency, and in such cases supplementation with carnitine is beneficial
[5–7]. During hemodialysis up to 70% of serum carnitine can be lost and a pro-
gressive decrease in carnitine is associated with long-term dialysis.

Diets that permanently lack L-carnitine may also increase the risk of secondary
carnitine deficiency. In order to prevent carnitine deficiency in cases when infants
are fed according to non-milk based formulas (e.g., soy-based) over a prolonged
period, the food has to be enriched with L-carnitine to achieve the level that is
typically present in human milk (about 11 mg=dm3).

Numerous disorders have been described that lead to disturbances in energy pro-
duction and in intermediary metabolism in the organism [8, 9], which are character-
ized by the production and excretion of unusual acylcarnitines (‘‘organoacidurias’’)
[10, 11].

Furthermore, carnitine facilitates the elimination of potentially toxic acyl com-
pounds from the cells that may accumulate during certain pathological conditions.
Consequently, the ratio of free L-carnitine and esterified carnitine is also a useful
diagnostic indicator of the metabolic status. Therefore, determination of the qual-
itative pattern of acylcarnitines can be of diagnostic and therapeutic importance,
but also the determination of free L-carnitine and total carnitine levels in various
parts of an organism [12, 13].

The betaine structure of carnitine requires special analytical procedures for
recording. The ionic nature of L-carnitine causes a high water solubility which
decreases with increasing chain length of the ester group in the acylcarnitines.
Therefore, the distribution of L-carnitine and acylcarnitines in various organs is
defined by their function and their physico-chemical properties as well. The
carnitine pattern and the concentration that has to be determined strongly depend
on the matrix. Therefore, methods have been developed which make it possible
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to determine carnitine in dried blood spots, plasma, dried urinary samples, crude
urine, and tissue.

Analytical Methods of L-Carnitine and Acylcarnitine Determination

A broad spectrum of quite different analytical principles and methods are used for
carnitine and acylcarnitine analysis. Methods that detect L-carnitine (free carni-
tine), and the sum of L-carnitine and acylcarnitines (total carnitine) are widely used
in clinical laboratories. Current methods for the determination of free carnitine and
its esters include spectrophotometric or radioenzymic assays in various modifica-
tions using [acetyl-1-14C]CoA [14–19]. More sophisticated methods to determine
L-carnitine and its individual carnitine esters employ chromatographic separation
procedures, such as HPLC with UV-detection [20–24], GC-MS [25, 26], and capil-
lary electrophoresis [27, 28], which are often connected with pre-derivatization.
Nowadays, new developments in mass spectrometry allow a very fast and sensitive
detection of carnitines, for instance in neonatal-screening programmes.

Enzymatic Assay

Quantitative carnitine analysis is commercially offered for urinary, plasma- and
tissue-related samples. One standard procedure is based on assays that provide
information on free and total carnitine contents.

In this procedure carnitine is assayed using carnitine acyltransferase, with and
without alkaline hydrolysis of carnitine esters [19, 29]. The enzymatic method relies
on the action of carnitine acetyltransferase which is catalyzed as shown in Scheme 2.

The enzymatic reaction (step 1 in Scheme 2) is a reversible process, therefore
sulfhydryl-trapping reagents are added to prevent the reverse reaction and to sta-
bilize the acetylcarnitine formed.

In step 2 (Scheme 2), DTNB (3,30-dithiobis(6-nitrobenzoic acid) is used to
produce the chromophore TNB (3-thio-6-nitrobenzoic acid), which is the actually

Scheme 2. Enzymic reaction of free carnitine. If the acetyl-CoA is radioactively labelled

(acetyl� ¼ acetyl-14C) a particularly sensitive detection of the formed acetyl�carnitine is possible

Scheme 1. Structures of L-carnitine and acylcarnitines
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detectable compound in this carnitine determination procedure. Using this trap-
ping, a significant back reaction with the available CoASH is probable, and acyl-
carnitines can become substrates used by CAT to form free carnitine, which may
lead to exaggerated free carnitine levels and prevent a correct diagnosis.

Because this reaction permits only the determination of free carnitine, acylcar-
nitines have to be hydrolyzed (30 min at 56�C, pH 11) before they can be detected
together with L-carnitine as total carnitine content. The difference of total carnitine
minus free carnitine is the acylcarnitine amount of the sample.

Some advanced enzymatic operating procedures have been proposed to over-
come such process-related ambiguities [30].

One such method determines free carnitine by flow injection into a bioreactor
device equipped with immobilized carnitine-acetyltransferase, which minimizes the
consumption of the rather expensive acetyl-CoA. This method is based on the reaction
shown in Scheme 2. Free carnitine is determined spectrophotometrically after its
reaction with carnitine-acetyltransferase to acetyl-CoA and dithiobenzoate. The cali-
bration curve used for quantification is linear over a concentration range from 10 to
80 mg=dm3 [31]. For validation purposes, the method was compared with standard
protocols, e.g., with an enzymatic UV test by Boehringer-Mannheim, which uses a
multi-stage enzyme cascade involving adenosine monophosphate [32]. The sensitivity
and reproducibility of the protocol specified guarantees exact carnitine concentration
measurements even at �mol level. This automated, rapid, and economic method
permits a high sample throughput that is required in monitoring breast milk substitutes
fortified with L-carnitine or other dietary products with carnitine supplementation.

Spectrophotometric interferences caused by UV-absorbing compounds that are
not carnitine-related, or by sulfhydryl groups that react with DTNB, can result in
high blanks and=or false positive results [33]. Such problems can be avoided if
highly substance-specific methods such as chromatographic, or even mass spectro-
metric techniques are included in the analysis. Furthermore, determination of free
and total carnitines is not precise enough for diagnosing special metabolic disor-
ders characterized by accumulation and excretion of individual carnitine esters [34].
Chromatographic and=or mass spectrometric techniques have to be applied as will
be discussed in the following paragraphs.

Chromatographic Methods

Prior chromatographic analysis L-carnitine and its esters require a derivatization
to reduce their polar properties and to enable an appropriate chromatographic
separation and detection.

Only few applications of gas chromatographic (GC) methods have been de-
scribed so far [25, 26, 35]. The transformation of carnitines into thermally stable,
volatile derivatives is fairly time-consuming. However, gas chromatography coupled
with a very selective and sensitive detection method, chemical ionization mass
spectrometry, can compensate for such disadvantages. The use of labelled refer-
ence carnitine esters as internal standards allows exact identification and quantifi-
cation of carnitines, also with a complex matrix [35].

High performance liquid chromatography (HPLC) permits screening for free
and total carnitine, as well as complete quantitative acylcarnitine determination,
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including the long-chain acylcarnitine profile. Analysis is performed using pre-
column chemical derivatization, subsequent HPLC with ultra-violet (UV) as well as
fluorescence detection. Minimum sample amounts needed for this analysis method
are about 150 mm3 of plasma, 350 mm3 of urine or 20 mg of tissue. Carnitine is
derivatized into its UV-absorbing 40-bromophenacyl ester. During HPLC analysis,
carnitine derivatives are well separated from other derivatives formed. For some
applications such as carnitine detection in serum, this reaction is not complete
enough. However, by adding diisopropylethylamine, this derivatization was suc-
cessfully established for carnitine determination in urine [36]. This method uses
40-phenacyl bromide dissolved in acetonitrile with 40% aqueous tetrabutylammo-
nium hydroxide as reagent. This carnitine pre-treatment produced satisfying results
for serum samples as well. Two hours of heating at 60�C is a just acceptable
sample preparation time for large sample series. Carnitine derivatives are UV-
detected at 260 nm. Hydrolysis of acylcarnitines as observed in the enzymatic
assays was avoided and the recovery of carnitine by this detection method was
about 97% [37].

40-Bromophenacyl trifluoromethylsulfonate is better suited for serum analysis
because the derivatives are formed within a few minutes in the presence of mag-
nesium oxide. However, this reagent is often impure and the derivatization yield is
low [38–40]. Despite some remaining problems, HPLC with pre-derivatization and
UV or fluorescence detection is a suitable and economic tool in carnitine analysis
[41, 42]. Especially in the preparatory phase, HPLC methods are labour-intensive
and information on unknown compounds is difficult to obtain. As far as the highest
information potential is concerned, mass spectrometry belongs to the most power-
ful tools in carnitine analysis.

Mass Spectrometry in Carnitine Analysis

Since conventional MS techniques like GC-MS are of limited use due to the ionic
nature and the lack of volatility of carnitine compounds, some alternative MS
approaches were developed. Fast atom bombardment (FAB) MS [43–48], desorp-
tion chemical ionization (DCI) MS [46], atmospheric pressure ionization (API)
MS [49, 50], and matrix-assisted laser desorption ionization (MALDI) MS [50]
require a minimum of sample preparation. These methods provide information on
acylcarnitine profiles as well as on concentrations of the individual compounds
even without any pre-separation. Thermospray-ionization MS [51] in combination
with HPLC using a resin-based stationary phase was shown to be suitable for the
determination of quaternary ammonium drugs structurally related to carnitine. The
reported sensitivity was similar to that of radioenzymatic assays. Nevertheless,
interpretation of MS spectra of complex biological mixtures is sometimes difficult
and suffers to a certain extent from matrix interference and signal suppression
caused by accompanying substances. Examples for negative influence of biological
matrices on the results of acylcarnitine electrospray ionization (ESI) MS analysis
were reported by Kelly et al. [48]. Indeed, the selectivity and sensitivity of mass
spectrometric analysis can be improved by MS–MS techniques, but exactly defined
target analytes are required. This means, MS–MS techniques used for quantifica-
tion entail certain knowledge about the analytes under study.
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Electrospray ionization MS is the most suitable and applied mass spectrometric
technique in carnitine analysis [52–57]. ESI-MS, an atmospheric pressure ioniza-
tion method, is characterized by a high voltage-supported spray that permits the
evaporization of solvent molecules from pre-formed or already present ions as in
the case of carnitine. Because carnitines exist as zwitterions (positive and negative
charges within the molecule) in solutions, their analysis in positive ESI mode is
more sensitive if a small amount of acid is added to the spray eluent.

The principle of ion formation during electrospraying is shown in Fig. 1, as well
as some typical mass spectrometric fragmentations of carnitines. During ionization
the pre-formed positively charged ions in the spray lose their solvation sheath
assisted by high voltage (4–5 kV). The reduction of the solvent molecules concen-
trates the ions at the outer shell of the droplet, which finally results in a Coulomb
explosion of the highly charged microdroplet. The ions are released and accelerated
into the high vacuum region of the mass spectrometer for mass analysis.

The fragmentations specified in Fig. 1 produce the target ions used for identi-
fication as well as for quantification of L-carnitine and acylcarnitines. In case of
particular dysfunctions in metabolism or inherited carnitine deficiencies, individual
acylcarnitine levels are increased in blood or urine. Their higher concentrations
appear as conspicuous ions in the mass spectra of the acylcarnitine pattern as
shown in Table 1.

The detection of these substance-characteristic ions allows a selective determi-
nation of carnitine even if a complex matrix is present. Component separation by
chromatographic methods, which include time-consuming derivatization, is not
stringently needed when ESI-MS in SIM mode is applied. Selected ion monitoring
(SIM), which is also known as selected ion recording (SIR) or multiple ion record-
ing (MIR), can already be performed with reasonably priced single quadrupole
mass spectrometers [60]. Limits of detection range from 4–20 pmol=cm3 for

Fig. 1. Schematic electrospray ionization process and some characteristic fragments formed by

collision induced dissociation of acetylcarnitines used as examples for their fragmentation
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L-carnitine to hexadecanoylcarnitine. Improved sensitivity and selectivity can be
reached with mass spectrometers designed as triple stage quadrupole, ion trap, or
combinations of quadrupole and ion trap systems. All these MS configurations
permit substance-specific MS–MS experiments [61, 62]. Remaining matrix-related
influences are suppressed and the improved sensitivity guarantees low limits of
detection between 0.02 pmol=cm3 (octanoylcarnitine) and 10.5 pmol=dm3 for free
carnitine [56]. Nowadays, ESI-MS–MS devices belong to the standard equipment
of clinical laboratories, especially for newborn screening and therapy monitoring.

MS–MS Techniques

In tandem mass spectrometry or MS–MS analysis the first mass analyzer is used to
separate an ion (precursor) from the complete ion mixture produced during the
ionization process (e.g., ESI). The separated species are passed through a collision
cell filled with argon gas. The ions decay under the conditions in the collision cell
(collision induced dissociation), and the fragments produced can subsequently be
analyzed for their mass weights by the second mass analyzer. The resulting mass
spectrum contains all fragments of a pre-selected ion and provides important struc-
tural information (product ion scan). By selecting two compound-specific ions,

Table 1. Target ions indicative for metabolic dysfunctions because of their elevated abundance in the mass

spectrum (examples in Fig. 3 [58, 59])

Dysfunction Elevated excretion

of acylcarnitines

Indicator ions

for detection in SIM

(or MIR) mode

Indicator ions

(as butylester for

precursor ion scan

analysis of m=z¼ 85)

Medium-chain acyl-CoA C6 carnitine 260 316

dehydrogenase deficiency C8 carnitine 288 344

C10, C10:1 carnitines 316 372

Long-chain acyl-CoA C12 carnitine 344 400

dehydrogenase deficiency C14 carnitine 372 428

C12:1 carnitine 342 398

C14:1 carnitine 370 426

3-Hydroxy-3-methylglutaric

aciduria (HMG-CoA

Lyase deficiency)

3-hydroxyisovaleryl

carnitine

318 402

Methylmalonic aciduria

(Methylmalonyl-CoA

mutase deficiency)

C3 carnitine,

methylmalonylcarnitine

218 274

Propionic aciduria

(Propionyl-CoA

carboxylase deficiency)

C3 carnitine 218 274

Isovaleriane acidemia

(Isovaleryl-CoA

dehydrogenase deficiency)

isovalerylcarnitine 246 302
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mostly the molecular ion (m=z¼ 204, Fig. 1) and a further characteristic fragment
ion (e.g., m=z¼ 145, Fig. 1), it is possible to use both ions for highly sensitive
quantification of an individual compound by multiple reaction monitoring (MRM).
Such single experiments need only microseconds so that the time-limiting step is
the sample preparation or, if required, HPLC separation. The most widely used
MS–MS mode in carnitine and acylcarnitine analysis is the precursor ion scan
(Fig. 2). In order to enhance the sensitivity of the method, a butylation of the
carnitines is recommended prior to MS–MS runs [63, 64]. The derivatization is
described in Scheme 3. Butanolic HCl is added to the dried extract of a blood spot
and heated for 15 min at 60�C. After evaporation to dryness, acetonitrile or metha-
nol is added and the sample can be injected into the mass spectrometer (flow
injection analysis). The sample introduction is carried out by a loop of 10 or
20 mm3 without any HPLC separation. When analysis renounces HPLC separation
then isomeric acylcarnitines such as n-butyryl and isobutyrylcarnitine can not be
distinguished. However, in most cases isobutyrylcarnitine is more likely because
it is accumulated as a decomposition product of the ascorbic acid-metabolism.

Fig. 2. Both quadrupol analyzers operate in linked scan mode to isolate the precursors of the pre-

selected fragment ion m=z¼ 85; in the right picture the precursor scan mode of m=z¼ 85 is applied

for the determination of carnitine and acylcarnitine butylesters

Scheme 3. Derivatization of the carnitines and the mass spectrometric fragmentation of the re-

lated butylesters which form an abundant ion at m=z¼ 85 under Collision Induced Dissociation

(CID) [56, 57]
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Acylcarnitine profiling in plasma by ESI-MS–MS has become indispensable
for the diagnosis of a series of fatty acid oxidation deficiencies and specific defects
related to membrane transport processes.

The elevated amounts of particular acylcarnitines can be detected very quickly
and with great reliability, thus therapy can be initiated or at least recommended
immediately. The comparison of ESI-MS–MS spectra (precursor ion scan of
m=z¼ 85) of a healthy patient and a patient who suffers from medium-chain acyl-
carnitine deficiency is shown in Fig. 3. Markedly elevated amounts of hexanoyl,
octanoyl, decanoyl, and decenoylcarnitines indicate a MCA deficiency.

The technology and methodology for acylcarnitine profiling in blood spots by
MS–MS are currently being scrutinized, and recommendations are made for utili-
zation and standardization for national neonatal screening programs and other
applications.

(SPME) ESI-MS

A special version of acylcarnitine determination is the combination of solid phase
microextraction (SPME) and ESI-MS. If very low concentrations of acylcarni-
tines from plasma or urinary samples have to be analyzed, pre-concentration of
carnitines is favourable. SPME is a solvent-free microextraction technique devel-
oped by Pawliszyn et al. [66] for the simple and fast enrichment of trace analytes
from aqueous and gaseous samples. Due to the high water solubility of L-carni-
tine and short-chain acylcarnitines, their extraction yields obtained by SPME are
fairly low, thus underestimating their concentrations is possible. However, detec-
tion of long-chain acylcarnitines (C10–C16) is improved by enrichment factors
which are between 1.2 and 2. The advantages of SPME are easy handling as well
as fast and solvent-free extraction and separation from accompanying biological

Fig. 3. Mass spectra of the carnitine pattern of a healthy person (upper spectrum) and of a patient

with medium chain acylcarnitine deficiency (MCAD, lower spectrum) [57]; spectra also contain the

signals of partially D-labelled internal standards needed for quantification [65]
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matter. Lipophilic acylcarnitines or other bioactive and diagnostically relevant
compounds such as drugs can be favorably extracted and analyzed from complex
samples [67].

Mass Spectrometry as a Diagnostic Tool in Clinical Chemistry

The following examples include only selected applications of mass spectrometry in
clinical laboratories, especially with focus on L-carnitine and acylcarnitine deter-
mination. Currently, LC-MS–MS belongs to the most widespread analytical tech-
niques in medical, pharmaceutical, or biochemical research and monitoring.

Newborn Screening

The first method used for a population screening for phenylketonuria (PKU) was a
bacterial inhibition assay developed by Guthrie in the early 1960s. Phenylalanine
was determined in blood spots of newborns because it was recognized that early
reaction on PKU would result in a considerable decrease in morbidity of infants.
Consequently, the detection of genetic disorders at an early, pre-symptomatic life
stage can avoid disruption of health and growth.

Over the last years clinical laboratories that search for metabolic disorders have
introduced tandem mass spectrometry into their neonatal screening programme.
Mass spectrometry is rapidly replacing conventional assays. As multi-component
methodology MS–MS is also more sensitive, specific, reliable, and comprehensive
than traditional assays. Excellent reviews on the application of mass spectrometry in
clinical diagnosis such as newborn screening have been given previously [68–71].

There is strong scientific support for MS–MS-based newborn screening for
fatty acid oxidation disorders [68], but only very few states have established
national screening programmes. For instance, only 13 US states mandate
medium-chain acyl-CoA dehydrogenase (MCAD) screening by MS–MS, and only
in 5 states a screening for very long-chain acyl-CoA dehydrogenase deficiency
(VLCADD) is required. These studies were able to identify MCAD deficiency in
about 1 of 10000 newborn infants [72] and MS–MS screening has proved its value
as an excellent method for the detection of MCAD [73–76].

Apart from acylcarnitine profiling, a series of other indicator compounds
detected by tandem MS can be of assistance in detecting metabolic diseases. Ele-
vated occurrence of individual amino acids such as phenylalanine are characteristic
for PKU, tyrosine for tyrosinaemia, citrulline for a deficiency of argininosuccinate
synthase (urea cycle defect), or fatty acids and acylcarnitine for MCAD deficiency
[57, 69]. However, usually more than one criterion must be fulfilled for the final
indication of a metabolic disorder. Normally, mass spectrometric results can be
confirmed by additional biochemical methods based on mutational and enzymatic
investigations [77].

Mass Spectrometric Investigations in Diabetes Mellitus
and Cardiomyopathy Patients

Flow injection analysis electrospray ionization mass spectrometry was used to deter-
mine the typical urinary carnitine profile of diabetes mellitus patients. The typical
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acylcarnitine pattern of healthy probands showed a predominant role of L-carnitine
and acetylcarnitines, whereas medium-chain and long-chain acylcarnitines occurred
in lower concentrations in urine. Although the number of vegetarians in the control
group was not representative (4 of 14), it appears that they have slightly elevated
urinary levels of butanoyl, valeroyl, and palmitoylcarnitine [58, 60].

The corresponding acylcarnitine profiles of patients suffering from diabetes
mellitus were characterized by increased concentrations of long-chain acylcarni-
tines and a decreased L-carnitine level.

Contrary to these findings, the urinary acylcarnitine pattern of cardiomyopathy
patients is characterized by increased acetyl, propanoyl, and butanoylcarnitine
excretion [58] (Fig. 4).

Cluster analyses were able to clearly distinguish all groups of probands from
each other just by their typical urinary carnitine profiles. These results emphasize
the enormous value and prospects of carnitine profiling by mass spectrometry.
Carnitine analysis can support the diagnosis of various metabolic diseases in which
fatty acid oxydation plays an essential role.

References

[1] Scriver C (1994) Fatty Acid Oxidation Syndromes. In: Standbury JB (ed) Metabolic Basis of

Inherent Diseases, vol II. McGraw-Hill, New York, p 889

[2] Brass EP (1995) Clin Therap 17: 176

[3] Rebouche CJ, Engel AJ (1989) Neurology 31: 813

[4] Seim H, Eichler K, Kleber H (2001) L(-)-Carnitine and its Precursor, Gamma Butyrobetaine. In:

Kramer K, Hoppe P, Packer L (eds) Nutraceutucals in Health and Disease Prevention. M. Dekker,

New York, p 217

[5] Duran M, Loof NE, Ketting D, Dorland L (1990) J Clin Chem Clin Biochem 28: 359

[6] Riley S, Rutherford S, Rutherford PA (1997) Clin Nephrol 48: 6

[7] Schreiber B, Lewis V (2001) Dialysis & Transplantation 30: 143

[8] Breningstall GN (1990) Ped Neurology 6: 75

Fig. 4. Comparison of mean carnitine concentrations (ng=cm3) of diabetes mellitus and cardiomy-

opathy patients as well as in healthy probands (controls)

Methods for Determination of L-Carnitine and Acylcarnitines 1289



[9] Angelini C, Vergani L (1996) In: Seim H, L€ooster H (eds) Carnitine – Pathobiochemical Basics

and Clinical Applications. Ponte Press, Bochum, p 97

[10] Lehotayand DC, Clarke JT (1995) Crit Rev Clin Lab Sci 32: 377

[11] Sewell AC, Bohles HJ (1995) European J Pediatrics 154: 871

[12] Pons R, DeVivo DC (1995) J Child Neurology 10: 8

[13] Roe CR, Millington DS, Malthy DA, Kahler SG, Bohan TP (1984) J Clin Invest 74: 2290

[14] Carter CJ, Bishop ER, Frenkel RA (1986) In: Borum PR (ed) Clinical Aspects of Human

Carnitine Deficiency. Pergamon Press, New York, p 50

[15] Borum PR (1990) J Nutr Biochem 1: 111

[16] Cederblad G, Lindstedt S (1972) Clin Chim Acta 37: 235

[17] McGarry JD, Foster DW (1976) J Lipid Res 17: 277

[18] Marquis NR, Fritz IBDW (1994) J Lipid Res 5: 184

[19] Indyk HE, Woollard DC (1995) J AOAC Int 78: 69

[20] Hoppel CL, Brass EP, Gibbons AP (1986) Biochem 156: 111

[21] Takeyama N, Takagi D, Adachi K, Turkaly JS (1986) Anal Biochem 158: 346

[22] Minkler PE, Hoppel CL (1993) Anal Biochem 212: 510

[23] Minkler PE, Ingalls ST, Hoppel CL (1987) J Chromatogr 420: 385

[24] Dugan RE, Schmidt MJ, Hoganson GE, Steele J, Gilles BA, Shug AL (1987) Anal Biochem 160:

275

[25] Lowes S, Rose ME (1990) Analyst 115: 511

[26] Van Bocxlaer JF, Claeyst M, Van den Heuvel H, De Leenheer AP (1995) J Mass Spectrom 30:

69

[27] Vogt C, Seim H (1996) In: Seim H, L€ooster H (eds) Carnitine – Pathobiochemical Basics and

Clinical Applications. Ponte Press, Bochum, p 85

[28] Deng Y, Henion J, Li J, Thibault P, Wang C, Harrison DJ (2001) Anal Chem 73: 639

[29] Cederblad G, Linstedt S (1972) Clin Chim Acta 37: 235

[30] Schmidt-Sommerfeld E (1985) The Role of Carnitines in Fat Metabolism in the Perinatal Period

of Human Life (Transl.). Habilitationsschrift, University of Giessen, Germany

[31] Ferreira IMPLVO, Macedo MN, Ferreira MA (1997) Analyst 122: 1539

[32] Boehringer-Mannheim (1989) UV Method for the Determination of L-Carnitine in Biological

Fluids. Mannheim

[33] Fuller G, Hopper JS (1983) Hepatology 3: 554

[34] L€ooster H (2003) Carnitine and Cardiovascular Diseases. Ponte Press, Bochum, pp 32

[35] Costa CG, Struys EA, Bootsma A, ten Brink HJ, Dorland L, Tavares de Almeida I, Duran M,

Jakobs C (1997) J Lipid Res 38: 173

[36] Poorthuis BJ, Jille-Vickova T, Onkenhout W (1993) Clin Chim Acta 216: 53

[37] Rosenthal AF (2002) Dialysis & Transplantation 31: 570

[38] Ingalls ST, Minkler PE, Hoppel CI, Norlander JE (1984) J Chrom 299: 365

[39] Minkler PE, Ingalls ST, Hoppel CI (1990) Anal Biochem 185: 29

[40] Minkler PE, Ingalls ST, Kormos LS, Weir DE, Hoppel CI (1984) J Chrom 336: 271

[41] Lever B, Bason L, Leaver C, Hayman CM, Chambers ST (1992) Anal Biochem 205: 14

[42] Janssens GPJ, De Rycke H, Hesta M, de Wilde ROM (1999) Biotechnol Techniques 13: 231

[43] Kodo N, Millington DS, Norwood DL, Roe CR (1989) Clin Chim Acta 186: 383

[44] Millington DS, Kodo N, Norwood DL, Roe CR (1990) J Inher Metab Dis 13: 321

[45] Cheng KN, Rosankiewicz J, Tracey BM, Chalmers RA (1989) Biomed Environ Mass Spectrom

18: 668

[46] Duran M, Ketting D, Dorland L, Wadman SK (1985) J Inher Metab Dis 8: 143

[47] Montgomery JA, Mamer OA (1989) Anal Chem 176: 85

[48] van Bocxlear JF, Claeys M, van den Heuvel H, De Leenheer AP (1995) J Mass Spectrom 30: 69

[49] Kelly BM, Rose ME, Wycherley A (1992) Org Mass Spectrom 27: 924

1290 M. M€ooder et al.



[50] Briand G, Fontaine M, Schubert R, Ricart G, Degand P, Vamecq J (1995) J Mass Spectrom 30:

1731

[51] Vanderhoeven RAM, Reewijk HJEM, Tjaden UR, Vandergreef J (1996) J Chromatogr A 741: 75

[52] Johnson AW, Mills K, Clayton PT (1996) Biochem Soc Trans 24: 932

[53] Vreken P, van Lint AE, Bootsma AH, Overmars H, Wanders RJA, van Gennip AH (1999)

Rapid Diagnosis of Organic Acidemias and Fatty-Acid Oxydation Defects by Quantitative

Electrospray Tandem-MS Acylcarnitine Analysis in Plasma. In: Quant E (ed) Current Views of

Fatty Acid Oxydation and Ketogenesis: From Organelles to Point Mutations. Kluwer Plenum,

New York

[54] Rashed MS, Ozand PT, Bucknall MP, Little D (1995) Pediat Res 38: 324

[55] Rashed MS, Bucknall MP, Little D, Awad A, Jacob M, Alamoudi M, Alwatter M, Ozand PT

(1997) Clin Chem 43: 1129

[56] Klupsch B (2003) New methods in therapy monitoring of patients with propionacidemia and

methylmalonacidemia. Quantification of acylcarnitines in dried blood by tandem mass spectrom-

etry. PhD Thesis, translated. University of Tuebingen, Germany, pp 30

[57] Hardy DT (1999) Technological Developments: Development of Tandem Mass Spectrometry for

Neonatal Screening, Final Report. The Birmingham Children’s Hospital, Birmingham

[58] Kießling A (2004) Electrospray-mass spectrometry investigations on cylcarnitine pattern in

urine of selected groups of patients, (PhD, translated). University of Leipzig, School of

Medicine, Leipzig, Germany, pp 12

[59] Sim KG, Hammond J, Wilcken B (2002) Clin Chim Acta 323: 37

[60] M€ooder M, Kießling A, L€ooster H, Br€uuggeman L (2003) Anal Bioanal Chem 375: 200

[61] Mc Lafferty F (1981) Science 214: 280

[62] Chace DH (2001) Chem Rev 101: 445

[63] Mueller P, Schulze A, Schindler I, Ethofer T, Buehrdel P, Ceglarek U (2003) Clin Chim Acta

327: 47

[64] Cooper D, Morris M (2002) Investigations of Inborn Errors of Metabolism Using the Quattro LC

Tandem Mass Spectrometer and Alliance HT Sample Management System, Application Brief

AB14=AB17. Clinical Application Group of MICROMASS UK Ltd., Manchester, UK

[65] Herman J, ten Brink J (2003) Standards for Metabolic Research. VU University Medical Center,

Metabolic Laboratory, Amsterdam, http: ==www.vumc.nl=metabool=metabolic_research. html

[66] Chen J, Pawliszyn J (1995) Anal Chem 67: 2530

[67] M€ooder M, L€ooster H, Herzschuh R, Popp P (1997) J Mass Spectrom 32: 1195

[68] Marshall E (2001) Science 294: 2272

[69] Jones PM, Bennett MJ (2002) Clin Chim Acta 324: 121

[70] Chace DH, Kalas TA, Naylor EW (2003) Clin Chem 49: 1797

[71] Rinaldo P, Tortorelli S, Matern D (2004) Current Opinion in Pediatrics 16: 427

[72] US National Screening Status Report: MS=MS. Washington, DC, National Newborn Screening

and Genetics Resource Center, 2002 (accessed March 7, 2003) at http: ==genes-r-us.uthscsa.cdu=

resources=newborn=msmstests.html

[73] Roscher AA, Fingerhut R, Liebl B, Olgenmoeller B (2001) Monatsschr Kinderh 149: 1297

[74] Zytkovicz T, Fitzgerald EF, Marsden D, Larson CA, Shih VE, Johnson DM (2001) Clin Chem 47:

1945

[75] Andresen BS, Dobrowolski SF, O’Reilly L, Muenzer J, McCandless SE, Frazier DM (2001) Am

J Hum Genet 68: 1408

[76] Clayton PT, Doig M, Ghafari S, Meaney C, Taylor C, Leonard JV (1998) Arch Dis Child 79: 109

[77] Spiekerkoetter U, Sun B, Zytkovicz T, Wanders R, Strauss AW, Wendel U (2003) J Pediatr 143:

335

Methods for Determination of L-Carnitine and Acylcarnitines 1291


