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Defects of mitochondrial fatty acid �-oxidation are an impor-
tant group of inherited metabolic disorders in children. Despite
improved screening opportunities, diagnosis of these disorders is
not often straightforward and requires enzyme analyses. Because
therapy is effective in many of these disorders, rapid diagnosis is
essential. We report a technique that allows analysis of fatty acid
oxidation not only in cultured cells (fibroblasts, myoblasts, and
myotubes) but also in fresh muscle homogenate. Fatty acid
oxidation analysis was performed by incubating fresh muscle
homogenate or harvested cultured cells with stable isotopically
labeled palmitate. The intermediates generated were analyzed by
tandem mass spectrometry. Results of patients with seven dif-
ferent �-oxidation disorders were compared with controls. Acyl-
carnitine intermediates in patient samples could be easily differ-
entiated from the control samples. The acylcarnitine profile of
each �-oxidation defect was compatible with localization of the
enzyme defect. Both in patient and control samples, the same
pattern of intermediates could be detected in fibroblasts, muscle

cells, and fresh muscle homogenate. The procedure described
allowed correct diagnosis of all the �-oxidation defects studied.
Utilization of fresh muscle samples reduces the delay in diagno-
sis related to tissue culture and is useful in diagnostic of patients
with neuromuscular phenotype. Measurement of fatty acid oxi-
dation intermediates from myoblasts or myotubes is an additional
tool in investigating pathogenetic mechanisms of myopathy in
�-oxidation defects. (Pediatr Res 52: 64–70, 2002)

Abbreviations
CPT, carnitine palmitoyltransferase
LCHAD, long-chain 3-hydroxyacyl- CoA dehydrogenase
MAD, multiple acyl-CoA dehydrogenase
MCAD, medium-chain acyl-CoA dehydrogenase
MEM, minimum essential medium
MS/MS, tandem mass spectrometry
TFP, mitochondrial trifunctional protein
VLCAD, very long-chain acyl-CoA dehydrogenase

Defects of mitochondrial fatty acid �-oxidation are an im-
portant, and often treatable, group of inherited metabolic de-
fects. The �-oxidation pathway involves several enzymes, and
defects of most of these enzymes have been identified. Clinical
manifestations of �-oxidation defects are relatively uniform,
and thus the clinical features of a patient with a �-oxidation
disorder seldom suggest a particular enzyme defect. Only three
of up to 20 of these disorders, namely CPT II, LCHAD, and
MCAD deficiencies, are caused by a single prevalent mutation.

To reduce the need for enzyme assays in diagnosis of
�-oxidation defects, there has been interest in developing a
method capable of localizing the site of the enzyme defect in
the �-oxidation pathway. Analysis of acylcarnitine interme-
diates from blood samples is the most widely used screening
test for �-oxidation defects. However, it is not always
diagnostic during a stable phase of the disease (1). Incuba-
tion of cultured cells with palmitate and carnitine and
analysis of acylcarnitine intermediates is another possible
technique for localizing the site of the enzyme defect. In the
first published method, cultured skin fibroblasts were incu-
bated with radiolabeled palmitate and intermediates were
analyzed by HPLC (2, 3). Introduction of MS/MS provided
the opportunity to use nonlabeled or stable isotope-labeled
palmitate in these analyses. So far, methods using stable
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isotopes have been used only when incubating cultured cells
on monolayers (4 –7).

Although �-oxidation defects usually present in infancy,
neuromuscular presentation is often seen later in life. Adoles-
cents and adults with muscle weakness, muscle pain, or myo-
globinuria are an important group of patients, in whom a
�-oxidation defect is often a possibility, but only one among
several other diagnoses. Initial screening tests in patients sus-
pected to have a �-oxidation defect include analysis of blood
acylcarnitines and the common mutation of CPT II deficiency.
If these tests are negative, the next logical step in the diagnosis
is muscle biopsy. Incubation of fresh muscle sample with
palmitate would reduce the diagnostic delay caused by the time
required to establish the culture of cells. In addition to using
fibroblasts and fresh muscle for diagnostic studies, we also
wished to study fatty acid oxidation in cultured muscle cells,
which could potentially be an ideal cell culture system to study
mechanism of muscle changes in defects of fatty acid �-oxi-
dation. We report a technique that would allow diagnosis of
�-oxidation defects not only in cultured cells but also in fresh
muscle homogenate.

MATERIALS AND METHODS

Subjects. Skin fibroblasts were obtained from seven subjects
with no evidence of an inborn error of mitochondrial fatty acid
oxidation and 15 patients with a proven disorder of mitochon-
drial fatty acid oxidation (one patient with CPT I deficiency,
three with CPT II deficiency, two with VLCAD deficiency,
three with LCHAD deficiency, three with mitochondrial TFP
deficiency, two with MCAD deficiency, and one with MAD
deficiency). Patients with LCHAD deficiency were children
with the prevalent homozygous mutation, G1528C, of LCHAD
deficiency. Out of three adult patients with TFP deficiency, one
patient had a severely reduced amount of immunoreactive
protein and two were heterozygous for the G1528C mutation
and had reduced activities of all TFP enzymes. In patients with
CPT I and II deficiencies, the diagnosis was made by measure-
ment of enzyme activities (8). Two of the patients with CPT II
deficiency were heterozygous for the prevalent mutation,
C439T, of CPT II deficiency. Diagnosis of the patients with
MCAD deficiency was confirmed by measuring enzyme activ-
ity and detection of G985A mutation. In both adult patients
with VLCAD deficiency, the diagnosis was confirmed either
by mutation analysis or enzyme assay. The diagnosis of the
patient with MAD deficiency was based on glutaric aciduria
and characteristic pattern of intermediates in blood acylcarni-
tine analysis. The disease was not riboflavin responsive. Alto-
gether, one patient with CPT I deficiency, three patients with
LCHAD deficiency, two patients with MCAD deficiency, and
one patient with MAD deficiency had an early-onset disease.

Muscle biopsy was obtained from seven control subjects
with no evidence of an inborn error of mitochondrial fatty acid
oxidation, and four adult patients with a �-oxidation disorder
(one with TFP deficiency, one with CPT II deficiency, one with
VLCAD deficiency, and another with MAD deficiency). The
muscle biopsy was obtained from the vastus lateralis muscle.
Fatty acid oxidation analysis was performed from the fresh

biopsy specimen of four controls studied, and primary myo-
blast culture was established from the biopsy specimen of the
remaining three subjects. Both myoblast culture and fatty acid
incubation from fresh muscle could be performed from the
muscle sample of the patient with TFP deficiency. Myoblast
cultures were obtained from the samples of patients with
VLCAD and CPT II deficiencies. From the sample of the
patient with MAD deficiency, only fresh muscle incubation
was performed. Fatty acid oxidation was also analyzed from
cultured fibroblasts from all of these patients.

All studies were approved by the institutional review board
and all human studies were conducted with informed consent.

Culture of fibroblasts and myoblasts. Cell culture reagents
were purchased from Invitrogen (Paisley, Scotland, U.K.) ex-
cept for MEM-� and chick embryo extract, which were sup-
plied by Sigma Chemical (Poole, U.K.) and Imperial (Andover,
U.K.), respectively. The plasticware was purchased from
Greiner Labortechnik (Gloucestershire, U.K.).

Fibroblast cultures were established from a skin biopsy with
conventional methods. Fibroblasts were cultured in MEM sup-
plemented with 10% (vol/vol) fetal bovine serum, 1% (vol/vol)
MEM essential amino acids, 1% (vol/vol) MEM vitamins, and
0.1 mg/mL streptomycin and 100 U/mL of benzylpenicillin.
The fibroblasts were grown to confluence in two 75-cm2 tissue
culture flasks and harvested by trypsinization. No culture
medium was added after trypsin treatment; instead, the trypsin
was inactivated by diluting the solution with PBS.

Aneural muscle cultures were established by isolating satel-
lite cells from human muscle biopsy specimens essentially as
described earlier (9). Myoblasts were grown in F10 culture
medium supplemented with 20% (vol/vol) fetal bovine serum,
1% (vol/vol) chick embryo extract, and antibiotics as above
(10). Myoblasts were differentiated to myotubes using fusion
medium: MEM-� supplemented with 2% (vol/vol) fetal bovine
serum, 1% (vol/vol) chick embryo extract, 4 mM L-glutamate,
and antibiotics. F10 was replaced by the fusion medium when
cells had reached 80% confluence. Fatty acid oxidation anal-
ysis of myotubes was performed when �50% of nuclei were
found within multinucleated cells (myotubes). Myoblasts and
myotubes were harvested the same way as fibroblasts.

Preparation of cultured cells and skeletal muscle for incu-
bation. The pellet of harvested cells was resuspended in 500
�L fatty acid incubation medium containing 110 mM KCl, 10
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
buffer, 5 mM MgCl2, 10 mM potassium phosphate, 1 mM
EGTA, 1 mM ADP, 5 mM ATP, 0.1 mM CoA, 0.2 mg/mL
cytomchrome c, and 2 mM L-carnitine, pH 7.2 (3). The resus-
pended pellet was then homogenized with a pellet pestle
(Sigma Chemical) for 3 � 30 s on ice. The cells were centri-
fuged at 17,000 g for 1 min and resuspended in 105 �L of the
incubation medium. A 20-�L sample was taken for citrate
synthase analysis.

The fresh muscle (25–50 mg) was chopped in 1–1.5 mL
(depending on the size of the biopsy) of incubation medium
and homogenized with Ultra-Turrax T25 (IKA-Labortechnik,
Jencons-PLS, Leighton, U.K.) at 8500 rpm for 6 s. The sample
was centrifuged (600 g for 6 min). The supernatant was taken
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and centrifuged at 17,000 g for 6 min. The pellet was resus-
pended with Socorex micropipette (CAMLAB, Cambridge,
U.K.) in 220 �L incubation medium. A 80 �L-sample was
taken for citrate synthase measurement.

Incubation of muscle and fibroblasts. After a 5-min prein-
cubation at 30°C in a shaking water bath, the reaction was
started by adding 15 �L (cell homogenate) and 40 �L (muscle
homogenate) of 2 mM [U-13C]-labeled palmitate (Cambridge
Isotope Laboratories, Andover, MA, U.S.A.) bound to BSA in
a 5:1 molar ratio, which resulted in the final palmitate concen-
trations of 0.3 mM and 0.44 mM, respectively. The final
concentrations of L-carnitine in the cell and muscle incubations
were 1.8 mM and 1.72 mM, respectively. Samples (20 �L from
the cell and 40 �L from the muscle incubation, respectively)
were taken after 30, 60, and 90 min incubation. An additional
sample was taken after 120 min incubation of muscle homog-
enate. The reaction was quenched using 5 �L (per 20/40 �L
sample) 1 M H2SO4. The samples were flash frozen in liquid
nitrogen and stored short term at �20°C.

To optimize the homogenization procedure at the prelimi-
nary phase of this study, intactness of mitochondria was de-
termined by measuring lactate dehydrogenase (cytosolic en-
zyme) and citrate synthase (enzyme of mitochondrial matrix)
with standard methods (11). Throughout the study, intensities
of acylcarnitine intermediates were referenced to intensities of
internal standards and citrate synthase activity.

Extraction of acylcarnitine intermediates. Equal volumes
of incubation sample (10 �L for cells and 20 �L for muscle)
and internal standard mixture containing 50 �M [2H3] acetyl-
carnitine, 5 �M [2H9] octanoylcarnitine, and 5 �M [2H9]
palmitoylcarnitine were combined, and 200 �L methanol was
added. The sample was shaken vigorously for 30 min, soni-
cated for 30 min, and frozen at �80°C for 30 min. The sample
was centrifuged (17,000 g for 1 min) and the supernatant was
taken. The remaining pellet was re-extracted with 200 �L
methanol, sonicated, frozen down, and centrifuged as de-
scribed above. To the combined supernatant, water was added
to bring the methanol concentration to 80%. The sample was
then loaded to 2-cm DEAE Sephacel column (Amersham,
Uppsala, Sweden) and washed through with 1.6 mL 80%
methanol. Methanol was evaporated under the stream of nitro-
gen at 60°C. After drying, the sample was derivatized with 75
�L 2 M HCl-butanol for 15 min at 65°C. Before the analysis
by electrospray MS/MS, the derivatizing agent was removed
with nitrogen and the butylated extracts were dissolved in 100
�L 70% acetonitrile in water.

Analysis of the intermediates. A Quattro II quadrupole
MS/MS (Micromass, Altrincham, U.K.) equipped with an elec-
trospray ion source and a Micromass Masslynx data system
was used for the analysis of butylated acylcarnitines. The flow
rate of the mobile phase (60% acetonitrile in water) was 30
�L/min. For all MS/MS experiments, argon was used as the
collision gas at a pressure of 2 � 10�3 mbar. A precursor ion
scan of m/z 85 (10 scans of 4 s duration and 0.15 s interscan
delay, collision energy 25 eV, cone voltage 30 V) was used in
the range of m/z 250–550 for the analysis of acylcarnitines.

RESULTS

Fibroblast incubations. Mean production of acetylcarnitine
in control fibroblasts was 178.6, 355.0, and 484.7 �mol/U of
citrate synthase activity after 30, 60, and 90 min incubation
(SD 57.0, 107.3, and 166.6 �mol/U of citrate synthase activity,
respectively) (Table 1). Acetylcarnitine production was lower
in the patient group, with the mean of 55.6, 91.0, and 133.9
�mol/U of citrate synthase activity (SD 39.7, 51.9, and 82.1
�mol/U of citrate synthase activity), after 30, 60, and 90 min
incubation, respectively. In samples taken after 60 min of
incubation, there was no overlap between control and patient
groups (range in controls 223.9–511.3 �mol/U of citrate syn-
thase activity and in patients 2.3–176.7 �mol/U of citrate
synthase activity). In both patients with MCAD deficiency,
acetylcarnitine production overlapped with that in controls
after 30 min incubation but was lower than normal values after
60 and 90 min incubation (104.9 and 134.7 �mol/U of citrate
synthase activity at 60 min and 218.5 and 172.6 �mol/U of
citrate synthase activity at 90 min in patients versus 223.9–
511.3 �mol/U of citrate synthase activity at 60 min and
291.9–561.5 �mol/U of citrate synthase activity at 90 min in
controls). Among all patients, reduction of acetylcarnitine pro-
duction was less prominent in the patients with MCAD, CPT
II, and LCHAD deficiencies.

Typical findings in patients with MCAD deficiency were
very low levels of butyryl- and hexanoylcarnitines (undetect-
able at all three time points versus mean butyrylcarnitine 2.4
�mol/U of citrate synthase activity and hexanoylcarnitine 9.6
�mol/U of citrate synthase activity at 60 min in controls) (Fig.
1). Intermediates of the patient with CPT I deficiency showed
uniformly low acylcarnitines, including hexadecanoylcarni-
tine, but hexadecanoyl/acetylcarnitine ratio was within normal
range. In contrast, in CPT II deficient cell lines, acetylcarnitine
production was low as well as most other short and medium-
chain acylcarnitines, but a great quantity of hexadecanoylcar-
nitine remained. VLCAD-deficient cell lines showed low pro-
duction of medium-chain intermediates and high
hexadecanoyl/acetylcarnitine and long-chain/medium-chain
acylcarnitine ratio (C16/C12 range 44–255 versus 3.76–9.72
in controls). The most remarkable difference between patients
with VLCAD and CPT II deficiencies was higher accumulation
of tetradecanoylcarnitine and smaller C16/C14 ratio in the
former. Contrary to the monolayer incubations, C14:1 inter-
mediate levels were not higher than in controls. The patient
with MAD deficiency had low levels of all intermediates with
carbon chain-lengths from C2 to C14, only C14:1 and C16:1
were within control values. Patients with LCHAD or TFP
deficiency had relative accumulation of long-chain acylcar-
nitines and high 3-hydroxyhexadecanoylcarnitines (range 5.7–
25.6 �mol/U of citrate synthase activity, control range 0–0.7
�mol/U of citrate synthase activity, and the range in cell lines
with other �-oxidation defects 0–1.5 �mol/U of citrate syn-
thase activity). Excluding controls and patients with LCHAD
or TFP deficiency, 3-hydroxyhexadecanoylcarnitines were
seen only in the patient with CPT I deficiency.

Muscle cell and fresh muscle incubations. The pattern of
acylcarnitine intermediates was the same in fresh muscle and
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cultured muscle cell incubations and similar to that in fibroblast
incubations both in control and patient samples (Table 2).
Incubations of all the patient samples (from patients with CPT
II, VLCAD, and TFP deficiencies) showed accumulation of
long-chain acylcarnitines and other findings characteristic of
each disorder described above.

In muscle incubations, acetylcarnitine production was higher
in control samples compared with patient samples (Fig. 3) at all
time points. After 60 min incubation, it ranged from 240.9 to
1058.2 �mol/U of citrate synthase activity in controls and 1.25
to 103.0 �mol/U of citrate synthase activity in the patients. The
main accumulating intermediates in controls were hexanoyl-,
dodecanoyl-, and tetradecanoylcarnitines (Fig. 2). In the pa-
tient with TFP deficiency, the major intermediates were tetra-
decanoyl-, hexadecanoyl, and 3-hydroxyhexadecanoylcar-
nitines. The ratio of 3-hydroxyhexadecanoyl-/
tetradecanoylcarnitine was 0.66 and 0.90 after 60 min and 90
min of incubation, respectively, in this patient, whereas in
control samples the ratio was �0.23 up to 90 min incubation.
In the patient with MAD deficiency, 3-hydroxyhexadecanoyl-
carnitine was undetectable. In control samples, the ratio of
tetradecanoyl/decanoylcarnitine was �20 at all time points,
whereas in the patients, the ratio was �30 at all time points.
MAD and TFP deficiencies could be easily distinguished from
each other by different overall profile of acylcarnitine accumu-
lation and 3-hydroxyhexadecanoylcarnitine accumulation in
TFP deficiency. In the muscle of the patient with MAD defi-
ciency, acetylcarnitine production was severely reduced and
accumulation of long-chain acylcarnitines was more pro-
nounced than in the patient with TFP deficiency.

There was no clear difference in acylcarnitine profile be-
tween fibroblast incubations and myoblast and myotube incu-
bations either in controls or patients. It was more difficult to
optimize myotube incubations, because, in the cell lines with
very large myotubes, the �-oxidation reaction could rapidly
run out of the substrate.

DISCUSSION

The study showed that fatty acid oxidation intermediates
generated by incubation of fresh muscle or cultured cells with
stable isotope labeled palmitate and analyzed by MS/MS can
be used for the diagnosis of defects in �-oxidation pathway. In
this study, both cultured cells and muscle homogenates pro-
duced similar results. The acylcarnitine profiles produced were
also characteristic for the disorder and could be used to localize
the site of the enzyme defect in �-oxidation pathway. This
suggests that these methods can be used as a screening test for
a �-oxidation defect, especially when there is no blood sample
available for acylcarnitine analysis.

Although several cell lines used in this study were from
patients with a late-onset disorder and a relatively mild under-
lying �-oxidation defect, it was possible to distinguish patient
cells lines from controls. The acylcarnitine profiles detected in
our patient cell lines were compatible with the site of the
enzyme defect causing accumulation of acylcarnitines proxi-
mal to the defect. The profiles of acylcarnitine intermediates
detected in the patients with �-oxidation defects were very
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similar to those found in methods using radiolabeled palmitate
and radio HPLC analysis (2, 3). It appears that although both
monolayer incubations and analyses of harvested cells allow
detection of most �-oxidation defects, the acylcarnitine profiles
obtained from these assays are different. This is presumably
due to different incubation times; the short incubation shows
primary consequences of the block in the chain shortening of
the substrate whereas accumulation of intermediates in long-
term incubations also reflects the secondary effects of the
enzyme defect.

The use of stable, isotopically labeled substrate and MS/MS
analysis in fatty acid oxidation studies instead of radiolabeled
palmitate or carnitine and HPLC analysis is naturally an ad-
vantage. Analysis of intermediates by the method of Ventura et
al. (7) required two different analysis systems. In monolayer
incubations, the volume of incubation medium is usually much
larger than in our method, which increases the cost of the
assay. Cold substrate, used mostly in monolayer incubation

methods, reduces the cost but makes it more difficult to assess
whether the incubation has been optimal because, according to
our experience, long incubation times (72–96 h) may result in
running out of the substrate in control cell lines. Medium
containing palmitate used in monolayer incubations is not an
optimal culture medium and may cause cell degeneration,
especially when incubating cells with a �-oxidation defect. The
use of stable isotope and relatively larger volume of the
incubation medium in the method published by Ventura et al.
(7) may resolve these problems. In that method, the number of
incubated cells was small (3.8 cm2) compared with 2 � 75 cm2

in our method. A small number of incubated cells is advanta-
geous when performing analysis for prenatal diagnosis, but
may make the method less reliable. Presumably, it is also
necessary to analyze larger number of cells when comparing
fatty acid oxidation in cell lines derived from different tissues.
The ease of taking samples at different time points in our
method improves the timing of the analysis. Homogenization

Figure 1. Acylcarnitine intermediate profiles generated by incubation of cultured fibroblasts with stable isotope-labeled palmitate and medium containing
L-carnitine. The signals represent molecular ions of acylcarnitine butyl esters detected by MS/MS. (A) Control; (B) MCAD deficiency; (C) VLCAD deficiency;
(D) CPT II deficiency; (E) CPT I deficiency; (F) MAD deficiency; and (G) LCHAD deficiency. Internal standards: [2H3]-acetylcarnitine (m/z 263),
[2H9]-octanoylcarnitine (m/z 353), [2H9]-palmitoylcarnitine (m/z 465). Stable isotope-labeled acylcarnitines: [U-13C]-acetylcarnitine (C2) (m/z 262), [U-13C]-
butyrylcarnitine (C4) (m/z 292), [U-13C]-hexanoylcarnitine (C6) (m/z 322), [U-13C]-octanoylcarnitine (C8) (m/z 352), [U-13C]-decanoylcarnitine (C10) (m/z
382), [U-13C]-dodecanoylcarnitine (C12) (m/z 412), [U-13C]-hydroxydodecanoylcarnitine (C12-OH) (m/z 428), [U-13C]-tetradecanoylcarnitine (C-14-OH) (m/z
442), [U-13C]-hexadecanoylcarnitine (C16) (m/z 472), [U-13C]-hydroxyhexadecanoylcarnitine (C16-OH) (m/z 488). m/z, mass/charge. For incubation and
analysis conditions see the text.
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of harvested cells has been criticized, but clear differences in
acylcarnitine profiles in our patient and control cell lines shows
that the method is reliable (5).

Although fresh muscle samples are not usually as easily
accessible as blood and skin samples, in patients with a neu-

Figure 2. Acylcarnitine intermediate profiles generated by incubation of
homogenized fresh muscle with stable isotope labeled palmitate and medium
containing L-carnitine. (A) Control; (B) TFP deficiency; (C) MAD deficiency.
Ions are designated in the legend to Figure 1. For incubation and analysis
conditions see the text.

Figure 3. Acetylcarnitine production in control and patient fibroblasts (FI-
BRO), myoblasts (MYOBL), myotubes (MYOT), and skeletal muscle (MUS-
CLE) expressed as �mol/U of citrate synthase.
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romuscular presentation, muscle biopsy is often the first tissue
sample obtained to screen for potential disorders other than
�-oxidation defects. Analysis of the mitochondrial fatty acid
oxidation intermediates from fresh muscle after incubation
with palmitate could be the method of choice to diagnose
�-oxidation defects in these patients. The small sample re-
quired can easily be taken by needle biopsy. The method may
also allow diagnosis of a defect that cannot be detected by
analyzing cultured cells namely riboflavin responsive MAD
deficiency. The tissue culture media used in culture of fibro-
blasts contains high concentrations of riboflavin.

Fatty acid oxidation intermediate analysis of cultured and
homogenized myoblasts and myotubes produced the similar
profile of intermediates as fibroblast or fresh muscle incuba-
tions. The higher levels of acetylcarnitine in control muscle
compared with control fibroblasts must reflect the differences
in either the flux through �-oxidation or the citric acid cycle.
Myoblast culture provides muscle-derived material for further
studies and fusion of myoblasts to myotubes allows analysis of
muscle cells that resemble more closely the muscle tissue than
myoblasts. Although fibroblasts and fresh muscle incubations
are more suitable for diagnostic fatty acid oxidation studies,
myoblasts, and myotubes could be optimal cell lines for re-
search purposes in patients with neuromuscular manifestations
of �-oxidation disorders.

It seems that most defects of mitochondrial fatty acid oxi-
dation can be reliably detected by incubating cultured cells
with labeled or nonlabeled palmitate and carnitine and analyz-
ing produced acylcarnitines by HPLC or MS/MS. Analysis of
acylcarnitine intermediates from incubation of fresh skeletal
muscle allows rapid diagnosis of a �-oxidation defect. These
analyses of fatty acid oxidation are a welcome addition to

diagnosis of �-oxidation defects. Used together with serum
carnitine, blood acylcarnitine, and molecular genetic analyses,
these analyses definitively reduce the need for enzyme
measurements.
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