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Abstract

Introduction: Very long-chain acyl-CoA dehydrogenase deficiency (VLCADD), a long-chain fatty acid (LCFA) beta-oxidation disorder, may be treated with LCFA restriction. As Essential Fatty Acids (EFAs) are LCFAs, patients may be at risk for EFA deficiency.
Objectives: Investigate whether LCFA restrictions lead to EFA deficiency in VLCADD and which markers are indicative of EFA
deficiency.
Methods: Thirty-nine LCFA profiles of 16 VLCADD patients were determined in erythrocytes and compared to 48 healthy controls.
The predictive value of EFA deficiency markers was calculated from data of a historic cohort (n=4523, 0-39yrs).
Results: Linoleic acid (LA), dihomo-γ-linolenic acid (DHLA) and eicosapentaenoic acid (EPA) were significantly decreased in
VLCADD patients. Patients on docosahexaenoic acid (DHA) and arachidonic acid (AA) supplementation exhibited even lower LA.
Mead acid, a presumed marker for EFA-deficiency, was not increased in patients. In the historic cohort, sensitivity of MA was low
for LA deficiency (24% for levels <2.5 percentile) and for DHA+AA deficiency (12% for levels <2.5 percentile).
Discussion: VLCADD patients on LCFA restriction are prone to develop LA deficiency. Furthermore, MA is a specific, but not a
sensitive marker for LA or EFA deficiency, neither in VLCADD patients, nor in healthy controls, nor in a large patient cohort.
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Introduction

Due to the abundant availability of essential fatty acids (EFAs) in the Western diet, EFA deficiency is uncommon in
healthy individuals[1]. In case of disease, or if the intake of EFAs
is severely diminished, EFA deficiency may occur, because
humans cannot synthesize linoleic acid (LA; C18:2ω6) and alfa-linolenic acid (ALA; C18:3ω3) and are therefore fully dependent on dietary intake of these two, true EFAs[2]. Other, (semi-)
essential fatty acids, can be synthesized de novo, but in limited
amounts only (figure 1)[3,4]. For example, docosahexaenoic acid
(DHA; C22:6ω3) is synthesized for <0.1% from ALA[3]. All
EFAs are poly-unsaturated fatty acids (PUFAs) and have several
double bonds in their carbon chain. The position at which the
first double bond is situated is called ω, followed by a number.
EFAs are involved in several important physiological
and pathological processes. As components of complex lipids,
they play a crucial role in physicochemical properties of cell
membranes and thereby influence cell integrity and function[4,5].
EFAs are precursors for the synthesis of prostaglandins, leukotriene’s and thromboxane’s[2,4,6-8]. Furthermore, LA is important

Figure 1 ‘EFA synthesis pathway’ A schematic representation of the various
fatty acid and EFA synthesis pathways per omega fatty acid. From left to right:
unsaturated, omega-9, omega-6 and omega-3 fatty acids. M/PUFA=mono-/
polyunsaturated fatty acids; LCPUFA=long-chain polyunsaturated fatty acids;
Red=essential fatty acids, dietary need; Green=important essential fatty acids;
orange= surrogate marker for EFA deficiency.
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for elasticity of the skin and immunity[4] and high LA intake
may reduce the risk for coronary heart disease[9]. Finally DHA,
synthesized from ALA[4], is a major fatty acid component of the
grey matter of the cerebral cortex and of the photoreceptor of
the retina[1,4,5,].
In case of EFA deficiency ‘surrogate’ fatty acids are
synthesized, probably as a substitute for the lack of unsaturated
fatty acids. Normally, if EFAs are available, Δ6 as well as Δ5
and Δ4 desaturases accept ω3 and ω6 EFAs. When EFAs are
deficient in ω3 and ω6 EFAs, these desaturases also handle ω9
fatty acids, such as oleic acid (OA; C18:1ω9) to form Mead Acid
(MA; C20:3ω9)[10-12]. An increased MA level has therefore been
suggested to be a marker for EFA deficiency [11]. Another marker
used to describe EFA status, is the EFA status index (EFASTI).
The EFASTI is defined as the ratio between the sum of the ω3
and ω6 fatty acids and the sum of the ω7 and ω9 fatty acids[13].
Very long-chain acyl-CoA dehydrogenase deficiency
(VLCADD), is an inherited disorder of long-chain fatty acid
beta-oxidation (OMIM 609575) in which energy homeostasis
is compromised. Patients may develop hypoglycaemia, rhabdomyolysis, hepatomegaly and (cardio)myopathy[14-16]. Treatment
consists of dietary measures aimed at maintaining energy homeostasis including frequent meals and for some patients also
a long-chain fatty acid restricted diet[17]. Since EFAs are longchain fatty acids, patients on a long-chain fatty acid restricted
diet are at risk for developing EFA deficiency. We investigated
whether VLCADD patients are EFA deficient as a consequence
of the dietary restrictions. In addition, we investigated whether
specific markers are indicative of EFA deficiency.

Methods

Quantitative analysis of erythrocyte fatty acid profiles
in erythrocytes was performed by gas chromatography of fatty
acid methyl ester and detection using flame ionisation detection
as previously described[18]. Mann-Whitney U test and Kruskal-Wallis one-way ANOVA (with Dunns post-test) were used
to test significance. Prism software (version 5.0, Graphpad Software, San Diego, CA) was used for statistical analysis.
Samples were analysed of 16 VLCADD patients; 8 females and 8 males, age range 2-39 yrs. Diagnosis was confirmed
in all by molecular analysis of the ACADVL gene. A total of 39
samples were analysed, with a maximum of 5 sequential measurements per patient, and a minimal time interval of 6 months
between measurements.
Dietary analysis based on a 3-day diary and a subsequent questionnaire by a nutritionist on the day the final EFA
sample was taken, was performed in 15 out of 16 patients. LCT
restriction was defined as an intake of fat <25% of energy intake
En%. If patients used DHA/AA supplementation the standard
dosage was 100mg DHA and 200mg AA.
To determine the overall EFA-status in VLCADD patients, all samples were included. For calculating the predictive
value of MA and the EFASTI in VLCADD patients, also all EFA
measurements were used.
Control samples were obtained from 48 healthy individuals. In addition, data of a large cohort of patients whose fatty
acid status was evaluated in the laboratory Genetic Metabolic
Diseases from 1993 until 2010 (n=4523, 0-39yrs) was used to
calculate the predictive value of MA and the EFASTI.
www.ommegaonline.com
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Results

The used reference values for PUFAs are shown in
table 1. Non-essential saturated, mono-unsaturated and PUFAs measurements of the VLCADD patients were compared to
measurements of the control population. As is shown in figure
2A VLCADD patients had an increased myristic acid (C14:0),
eicosanoic acid (C20:0) and behenic acid (C22:0) compared to
controls, whereas palmitic acid (C16:0), oleic acid (C18:1ω9)
and lignoceric acid (C24:0) were significantly decreased.
Table 1 ‘Reference values PUFA and EFA’s’
n=48

Mean

Std. dev

0,025 Percentile

0,975 Percentile

C14:0

2,4

0,5

1,62

3,3

C15:0

1,45

0,3

1

2,07

C16:0

160,08

19,2

131,96

190,04

C18:0

106,74

13,05

90,84

127,74

C20:0

3,06

0,44

2,52

3,88

C22:0

10,55

1,5

8,09

12,87

C24:0

22,51

3,2

18,52

27,72

C18:3w3

0,81

0,2

0,5

1,28

C20:5w3

3,29

1,5

1,65

7,12

C22:5w3

10,34

2

6,97

14,02

C22:6w3

18,93

4,95

11,24

26,58

C18:2w6

63,34

10,01

47,41

79,95

C20:3w6

10,43

2,51

6,65

15,75

C20:4w6

84,69

11,57

71,34

103,61

C22:4w6

14,19

2,94

10,52

19,29

C22:5w6

2,32

0,67

1,24

3,57

Figure 2A-D ‘EFA levels in VLCADD patients’ Control samples n=48 and VLCADD patient samples n=39. Mann-Whitney U test for significance. Box-plot,
with median and 1,5 quartiles. OA=oleic acid; LA=linoleic acid; DHLA=di-homo-γ-linolenic acid; AA=arachidonic acid; ALA=alpha-linolenic acid; EPA=eicosapentaenoic acid; DHA=docosahexaenoic acid. A) non-essential unsaturated
and ω9 fatty acids. B) essential ω6 and ω3 fatty acids. C) EFA concentrations of
controls (n=48) and VLCADD patients on DHA/AA supplementation (n=4). D)
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Discussion

EFA concentrations of VLCADD patients with (n=5) or without LCT restriction
(n=10).

Of all EFAs, LA, DHLA and EPA were significantly
decreased in VLCADD patients compared to controls (figure
2B). Twenty-five out of 39 EFA measurements (11 patients) had
a LA concentration below 2.5 percentile. Six out of 39 (6 patients) had a DHLA level below 2.5 percentile and 7 out of 39
(5 patients) had an EPA level below 2.5 percentile. In contrast,
docosapentaenoic acid (C22:5ω6) was significantly increased in
patients with VLCADD compared to controls. ALA and other
EFAs such as AA and DHA were not significantly different compared to controls, but were low to extremely low in individual
patients.
Figure 2C shows that VLCADD patients on DHA/AA
supplementation have significantly lower LA values compared
to controls and significantly higher DHA values. LCT restriction
in VLCADD patients did not result in an overall EFA-deficiency,
but did lead to decreased LA values (figure 2D). EPA was slightly increased in patients upon LCT restriction.
MA was not increased in VLCADD patients in general
(figure 3). However, MA was high in one VLCADD patient who
had an extremely low LA (<7.8 pmol/10-6 cells). The same phenomenon was observed in the large patient cohort: 621 individuals had a LA <2.5 percentile, but only 150 had an increased MA
(sensitivity 24%). In addition, 480 individuals had a DHA+AA
level <2.5 percentile, but only 58 had an increased MA (sensitivity 12%). The EFASTI did not reveal an increase in ω7 and
ω9 (figure 4) in VLCADD patients compared to controls, except for the overall EFA-deficient patient. However, the EFASTI
level was high in a single VLCADD patient who had a number
of EFAs <2.5 percentile (including an extremely low LA (<7.8
pmol/10-6 cells)).

Figure 3 ‘Mead acid levels in VLCADD patients’ MA levels in controls (n=48),
VLCADD patients (all measurements, n=39; measurements with dietary data,
n=15) and an EFA deficient VLCADD patient (n=1, 3 samples). Kruskal- Wallis
test (with Dunns post-test) for significance.

Supplemental table 1A
LA vs low ref. MA in patient cohort

Figure 4 ‘EFASTI’ EFASTI (Essential Fatty-Acid Status Index) in controls
(n=48), VLCADD patients (all measurements, n=39; measurements with dietary
data, n=15) and an EFA deficiency VLCADD patient (n=1, 3 samples). KruskalWallis test (with Dunns post-test) for significance.
Visser, G., et al.

This study shows that compared to healthy controls, all
VLCADD patients are more prone to develop LA, DHLA and
EPA deficiency. In addition, more EFAs can also be (severely)
deficient when LCADD patients are on a LCT restricted diet.
The reason for the low concentrations of LA in all VLCADD
patients is yet unclear as the role of VLCAD in EFA metabolism is limited. Mitochondrial ß-oxidation involves a cascade of
enzymes, which break down long-chain fatty acids. VLCAD is
the first enzyme in this cascade. Without VLCAD, long-chain
fatty acids such as C14-18:0; C14:1-18:1, and C14:2-C18:2(ω6)
cannot be metabolised [19]. In this study, however, decreased
C18:2 (ω6) concentrations were found in VLCADD patients.
This might in part be caused by dietary LCT restriction, since
patients on a diet with LCT-restriction had significantly lower
LA levels compared to patients without LCT restriction (figure
2D). Moreover, the studied erythrocyte fatty acid composition
of EFA is supposed to reflect long term dietary fatty acid intake
better than plasma concentrations [20].
In contrast to the decreased LA concentrations, ALA
is not significantly decreased in VLCADD patients and no difference is found between LCT restricted and non-restricted patients. Furthermore, despite DHA/ AA supplementation resulting
in normal DHA and AA levels in patients, LA remains deficient
(figure 2C). Whether the observed changes in EFAs are due to
the altered fat metabolism in VLCADD and/or a specific dietary
LA restriction needs further investigation.
LA deficiency is associated with skin abnormalities,
increased susceptibility to infection and poor growth[4,21]. Although the latter two have been observed in some VLCADD
patients, the majority of patients did not experience an apparent
short-term functional deficit.
It is suggested that certain markers such as MA and the
EFASTI might reveal EFA deficiency[11,13]. In our large historic
patient cohort we investigated the value of both markers (supplemental table 1A and B) and found that MA and EFASTI are
specific, but not sensitive markers for LA deficiency (defined as
LA <2.5 percentile) or EFA deficiency (defined as a DHA+AA
level <2.5 percentile). EFA levels of the VLCADD patients and
controls were also compared with both markers. In VLCADD
patients LA-deficiency was not enough to increase production of
MA, or lead to a difference in EFASTI (Figure 3 and Figure 4).
However, both markers are indeed abnormal in a severely EFA
deficient VLCADD patient (Figure 4).
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disease (LA <2.5
percentile)

no disease (LA>2.5
percentile)

Total

pos. (MA>97.5 percentile

150

242

392

neg. (MA <97.5 percentile

471

3660

4131

621

3902

4523

PPV=A/(A+B)

0.38

NPV = D/(C+D)

0.89

Se = A/(A+C)

0.24

Sp = D/(B+D)

0.94
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Supplemental table 1B
DHA + AA vs low ref. MA in patient cohort
disease
(DHA+AA <2.5
percentile)

no disease
(DHA+AA>2.5
percentile)

Total

pos. (MA>97.5 percentile

58

220

278

neg. (MA<97.5 percentile

422

2304

2726

480

2524

3004

PPV=A/(A+B)

0.21

NPV = D/(C+D)

0.85

Se = A/(A+C)

0.12

Sp = D/(B+D)

0.91

Supplemental Table 1A-B: A) LA deficiency vs MA levels. Sensitivity, specificity, PPV (positive predictive value), NPV (negative predictive value) in
control group. B) DHA and AA deficiency vs MA. Sensitivity, specificity, PPV
(positive predictive value), NPV (negative predictive value) in control group.

In conclusion, VLCADD patients are prone to become
LA deficient. Furthermore, MA is a specific but not a sensitive
marker for LA and EFA-deficiency in VLCADD patients.
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