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Abstract
Background: This study tested the hypothesis that exhaled ethane is a biomarker of cerebral n-
3 polyunsaturated fatty acid peroxidation in humans. Ethane is released specifically following
peroxidation of n-3 polyunsaturated fatty acids. We reasoned that the cerebral source of ethane
would be the docosahexaenoic acid component of membrane phospholipids. Breakdown of the
latter also releases phosphorylated polar head groups, giving rise to glycerophosphorylcholine and
glycerophosphorylethanolamine, which can be measured from the 31-phosphorus
neurospectroscopy phosphodiester peak. Schizophrenia patients were chosen because of evidence
of increased free radical-mediated damage and cerebral lipid peroxidation in this disorder.

Methods: Samples of alveolar air were obtained from eight patients and ethane was analyzed and
quantified by gas chromatography and mass spectrometry (m/z = 30). Cerebral 31-phosphorus
spectra were obtained from the same patients at a magnetic field strength of 1.5 T using an image-
selected in vivo spectroscopy sequence (TR = 10 s; 64 signal averages localized on a 70 × 70 × 70
mm3 voxel). The quantification of the 31-phosphorus signals using prior knowledge was carried out
in the temporal domain after truncating the first 1.92 ms of the signal to remove the broad
component present in the 31-phosphorus spectra.

Results: The ethane and phosphodiester levels, expressed as a percentage of the total 31-
phosphorus signal, were positively and significantly correlated (rs = 0.714, p < 0.05).

Conclusion: Our results support the hypothesis that the measurement of exhaled ethane levels
indexes cerebral n-3 lipid peroxidation. From a practical viewpoint, if human cerebral n-3
polyunsaturated fatty acid catabolism can be measured by ethane in expired breath, this would be
more convenient than determining the area of the 31-phosphorus neurospectroscopy
phosphodiester peak.
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Background
Dioxygen (diatomic molecular oxygen), O2, is a toxic
mutagenic gas, notwithstanding our dependence on O2-
dependent electron-transport chains; we survive because
of the presence of protective antioxidant defences [1].
Indeed, cellular reactive oxygen species such as superoxide
radicals, O2

·-, hydrogen peroxide, H2O2, and hydroxyl
radicals, HO·, which are highly unstable oxygen species
possessing reactive unpaired electrons, are generated dur-
ing endogenous aerobic metabolism and in response to
exogenous toxic challenges [2,3]. Since the living human
brain normally has a high oxygen consumption and has a
high lipid content, including oxyradical-sensitive polyun-
saturated fatty acids (PUFAs), brain cell membranes are
particularly vulnerable to free radical-mediated damage;
under physiological conditions the potential for such
damage is kept in check by the antioxidant defence sys-
tem, which contains the critical antioxidant enzymes
superoxide dismutase (SOD; E.C. 1.15.1.6), catalase
(CAT; E.C. 1.11.1.6) and glutathione peroxidase (GSH-Px;
E.C. 1.11.1.9) [4,5]. Peroxidative degradation is particu-
larly marked in cerebral inner mitochondrial membrane
lipids, owing to the fact that most cellular oxygen in the
brain is used for terminal electron acceptance in oxidative
phosphorylation [6,7]. SOD catalyzes the dismutation of
O2

·- to H2O2, which is then converted into water and
molecular oxygen by reduction by GSH-Px, in conjunc-
tion with the conversion of glutathione into glutathione
disulfide, and separately by CAT.

The study of evolution of the volatile hydrocarbon ethane
was suggested as a means to detect and monitor levels of
lipid peroxidation following the finding that homoge-
nates of mouse brain gave off ethane gas during the proc-
ess of cerebral lipid peroxidation (measured by the
formation of malonaldehyde in the 2-thiobarbituric acid
reaction) [8]. The time courses of lipid peroxidation and
ethane evolution both proceeded essentially linearly from
zero in the brain homogenates, with no time lag between
the two. The addition of α-tocopherol, a free radical-trap-
ping agent which blocks lipid peroxidation [9-11], at
baseline completely prevented ethane formation, but if
added instead after two hours, by which time lipid perox-
idation had occurred, did not have a major effect on the
subsequent formation of ethane. Further in vitro studies
have shown that ethane is released specifically following
peroxidation of n-3 (and not n-6) PUFAs, a class which
includes the long-chain PUFAs eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) [12,13]. Cell cul-
ture investigations support the hypothesis that ethane is
an accurate indicator of n-3 fatty acid oxidation [14,15],
while in a rodent study of the effects of dietary fatty acid
intervention, it was reported that after being fed n-3 long-
chain PUFA-rich cod liver oil, there was a linear increase
in exhaled ethane over a period of three hours, compared

with no increase in the exhalation of ethane in rats fed a
low n-3 long-chain PUFA diet [16]. Therefore, measure-
ment of exhaled ethane has been put forward as a putative
measure of n-3 PUFA peroxidation in humans, particu-
larly in the brain, for example in children suffering from
attention-deficit hyperactivity disorder [17]. However, to
date there have been no in vivo humans studies demon-
strating that exhaled ethane is indeed a biomarker of cer-
ebral n-3 PUFA peroxidation.

In attempting to provide such evidence, two aspects need
to be addressed. First, a cohort of human subjects is
required in whom there is increased cerebral n-3 PUFA
peroxidation. Second, a known non-invasive method
must be found which indexes the breakdown of cerebral
n-3 PUFAs, so that its results can be directly compared
with exhaled ethane levels. We examine each issue in turn.

It is clearly unethical to promote free radical damage, and
therefore increased cerebral lipid peroxidation, in a cohort
of human subjects. However, there are several converging
lines of evidence pointing to free radical-mediated dam-
age and perturbation of the body's defences against such
damage in patients with the brain disorder schizophrenia.
Erythrocyte antioxidant enzyme activity has been reported
to be altered in chronic schizophrenia [18], with, in gen-
eral, raised SOD activity [19-22], low or normal GSH-Px
activity [21-23], and low CAT activity [22,24], which indi-
cate decreased protection against oxidative injury, which
could lead to membrane lipid peroxidation [18]. Finally,
raised levels of membrane lipid peroxidation products
have also been reported in schizophrenia, in both plasma
[18,25,26] and cerebrospinal fluid [27,28]. Therefore it is
appropriate to study a cohort of chronic medicated schiz-
ophrenia patients.

The remaining issue in investigating cerebral n-3 PUFA
peroxidation in humans is to choose an appropriate non-
invasive technique with which to compare the results of
exhaled ethane levels in this patient group. If the source of
ethane from the brain is n-3 PUFA peroxidation, then this
must primarily be of DHA attached to the sn-2 position of
neuronal and glial cell membrane phospholipids, and of
intracellular organelle membrane phospholipids. Break-
down of such membrane phospholipids would release the
phosphorylated polar head groups from the sn-3 phos-
pholipid position, including phosphorylcholine and
phosphorylethanolamine. Glycerophosphorylcholine
and glycerophosphorylethanolamine, which are on their
catabolic pathways [29], have been assigned to the phos-
phodiester (PDE) peak obtained from the non-invasive
technique of 31-phosphorus nuclear magnetic resonance
[30]. In a canine 31-phosphorus nuclear magnetic reso-
nance study of the brain, the PDE peak was found to
account for approximately 38 per cent of the overall sig-
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nal; the figure for humans is the same [31]. A further anal-
ysis of the 31-phosphorus spectrum of a deproteinized
methanol:HCl canine brain extract carried out at 144
MHz showed three resonances in the PDE region, at -0.9,
-0.8, and 0.14 ppm: the resonance at -0.8 ppm had a pKa
of 9.5, which is characteristic of the ethanolamine moiety,
and coresonated and comigrated with glycerophospho-
rylethanolamine; the resonance at 0.14 ppm was not
titratable and coresonated with glycerophosphorylcho-
line; the resonance at -0.9 ppm disappeared when the pH
was lowered to 8.5 [31].

Therefore the technique we chose was 31-phosphorus
neurospectroscopy, with the aim of testing the hypothesis
that the ethane levels in alveolar air from chronic medi-
cated schizophrenia patients correlate positively with the
PDE signal from the same subjects.

Methods
Subjects
Eight male patients with a diagnosis of schizophrenia
according to DSM-IV-TR [32] and aged between 28 and 61
years (mean age 41.1 years, standard deviation 10.8 years)
were studied. All the patients suffered from chronic schiz-
ophrenia and were being treated with antipsychotic med-
ication. The study was carried out according to the
Declaration of Helsinki. The patients gave written
informed consent. The study was approved by the local
research ethics committee.

Exhalant analysis
Each subject was asked to exhale through a disposable
sterile mouthpiece into a syringe (Markes International
Ltd., UK) in one long breath, until they were no longer
able to exhale any further. This enabled alveolar (end
expired) air to be collected from the lungs. The apparatus
was designed in such a way that the same volume of end-
expired air was collected from each patient. The air sample
was then injected into an automated thermal desorption
tube packed with carbotrap 300 (Perkin-Elmer, UK) via a
sodium sulfate drying cartridge (International Sorbent
Technology, UK). The air samples were analyzed using a
Perkin-Elmer autosystem XL equipped with a turbo mass
spectrometer. The automated thermal desorption tubes
were desorbed onto the cold trap at 320°C, with the cold
trap temperature being held at 5°C. The trap was then rap-
idly heated to 350°C and the liberated volatiles injected
onto a 30 m × 0.32 mm PLOT GQ column (Perkin-Elmer,
UK) with helium gas at 2 ml min-1. The oven was set at
45°C for 10 min and ramped at 14°C min-1 to 200°C at
which temperature it was held for 120 s. Ethane (C2H6)
was eluted at 2.6 min and identified and quantified by
mass spectrometry at an m/z value of 30 by comparison
with a standard curve (0–60 pmol) constructed from a
C1–C6 alkane standard mix (Supelco, UK).

For the ethane assay, variability and stability data were
obtained using a group of 10 controls tested five days in a
row with five tubes per test day. Inter-assay variability (as
(standard deviation)/mean × 100%) was 17% and intra-
assay variability was 10%. The method used was thermal
desorption which is a very good way of collecting and
immobilizing gases. The gas levels can reduce on the tube
owing to chemical instability and simple desorption and
diffusion. For the former ethane is a chemically stable
molecule but desorption can occur. This was tested by
introducing standards in air onto the tubes and testing at
various times thereafter. It was found that after one week
tubes retained 97% ethane, while retention was 95% after
two weeks, and 90% after one month. Therefore the level
diminishes over time, but slowly. Our samples were ana-
lyzed within one week of collection.

In vivo spectroscopy
Cerebral 31-phosphorus magnetic resonance spectros-
copy data were obtained using a 1.5 T Marconi Eclipse sys-
tem (Marconi Medical Systems, Cleveland, Ohio) with a
birdcage quadrature head coil dual-tuned to proton (1H,
64 MHz) and 31P (26 MHz). T1-weighted magnetic reso-
nance images were acquired for spectral localization.
Spectra were obtained using an image-selected in vivo
spectroscopy sequence (ISIS) with a repetition time of 10
s with 64 signal averages localized on a 70 × 70 × 70 mm3

voxel. Owing to the low abundance of 31P compared with
1H, the maximum size voxel was used to collect signal
from the brain and thus maximize the signal-to-noise
ratio.

All spectral analyses were carried out by a single observer
(GH). The seven sets of peaks characteristically identifia-
ble in the spectrum from a normal human brain were
identified: in order of decreasing chemical shift, these
peaks were assigned to phosphomonoesters, inorganic
phosphate, phosphodiesters, phosphocreatine and
gamma-, alpha- and beta-nucleotide triphosphate. The
quantification of the 31P signals using prior knowledge
was carried out in the time domain using the AMARES
algorithm [33] included in the MRUI software program
[34]. The first 1.92 ms of the signal was truncated to
remove the broad component present in the 31P spectra
and allow initial analysis of the narrow components listed
above using a priori knowledge in the AMARES algorithm
[35,36]. For each patient, the ratio of PDE to the total area
under all seven sets of peaks was calculated and then mul-
tiplied by 100 to give the percentage PDE.

Statistical analyses
Statistical analyses were carried out using the SPSS version
12 statistics program (SPSS Inc., Chicago).
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Results
Since the percentage PDE values showed a marked devia-
tion from gaussian expected values on a normal Q-Q plot,
and gave a Kolmogorov-Smirnov statistic of 0.37, corre-
sponding to a significant deviation from normality (df =
8, p < 0.05), a non-parametric measure of correlation was
calculated between ethane levels and the corresponding
percentage PDE values. These two variables showed a sig-
nificant positive correlation (rs = 0.714, p < 0.05). The
data, together with the straight line of best fit and its 95
per cent confidence interval, are shown in Figure 1.

Discussion
In this first study of this type, we have found evidence of
a positive correlation between levels of ethane in expired
alveolar breath in human subjects and cerebral levels of
phosphodiesters, which lends support to our hypothesis.
The correlation coefficient between the two variables is
high, at over 0.7. We would not expect a perfect correla-
tion, since the long-chain PUFA at the sn-2 position of
membrane phospholipids is not always DHA, but often
arachidonic acid; ethane is not a catabolic metabolite of
arachidonic acid. Furthermore, while either choline or
ethanolamine, both of which are indexed by the PDE
spectroscopy peak, often constitutes the polar head group
at the sn-3 position of membrane phospholipids, this

head group may also be inositol or serine, neither of
which is known to be indexed by PDE. This might also
explain why there is a negative intercept value on the ordi-
nate in Fig. 1 at a percentage PDE value of zero; another
contribution to this is likely to be experimental statistical
error. Interestingly, if our hypothesis were true, then we
might expect the regression line of best fit to pass through
the origin. A reanalysis with this value leads to an even
more significant and positive correlation (rs = 0.8, p <
0.01), with a majority of the experimentally determined
data points continuing to lie within the 95 per cent confi-
dence interval of the mean.

From a practical viewpoint, when studying human cere-
bral n-3 PUFA catabolism, it would clearly be more con-
venient, if possible, to measure ethane in expired breath
than to determine the level of PDE. Taking a breath sam-
ple is quicker, easier and cheaper than carrying out 31-
phosphorus neurospectroscopy. Moreover, magnetic res-
onance scanning is contraindicated in certain subjects, for
example because of claustrophobia or safety reasons relat-
ing to the presence of certain types of implants. Further-
more, there are some patients who find it difficult to stay
still for long enough to acquire meaningful data in a mag-
netic resonance scanner. An example is children with
attention-deficit hyperactivity disorder. The prediction by
the fatty acid model of attention-deficit hyperactivity dis-
order [37] that there might be an increase in cerebral
phospholipid breakdown in this disorder was difficult to
test directly using magnetic resonance spectroscopy, but a
breath test investigation did indeed demonstrate raised
levels of ethane in such children [17].

Conclusion
The evidence from our study would appear to be consist-
ent with the hypothesis that exhaled ethane levels index
cerebral n-3 polyunsaturated fatty acid peroxidation,
although further studies are required.
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Levels of ethane (in ppb) in the expired breath of patients with schizophrenia plotted against their cerebral percentage PDE values, together with the straight line of best fitFigure 1
Levels of ethane (in ppb) in the expired breath of patients 
with schizophrenia plotted against their cerebral percentage 
PDE values, together with the straight line of best fit. The 95 
per cent confidence interval for this regression line is also 
shown.
Page 4 of 5
(page number not for citation purposes)

http://www.biomedcentral.com/1471-244X/8?issue=S1
http://www.biomedcentral.com/1471-244X/8?issue=S1


BMC Psychiatry 2008, 8(Suppl 1):S2 http://www.biomedcentral.com/1471-244X/8/S1/S2
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

References
1. Halliwell B, Gutteridge JMC: Free Radicals in Biology and Medicine 4th

edition. Oxford: Oxford University Press; 2007. 
2. Klein JA, Ackerman SL: Oxidative stress, cell cycle, and neuro-

degeneration.  J Clin Invest 2003, 111:785-793.
3. Saha RN, Pahan K: Differential regulation of Mn-superoxide dis-

mutase in neurons and astroglia by HIV-1 gp120: implica-
tions for HIV-associated dementia.  Free Radic Biol Med 2007,
42:1866-1878.

4. Cohen G: Oxy-radical toxicity in catecholamine neurons.  Neu-
rotoxicology 1984, 5:77-82.

5. Yao JK, Reddy R, McElhinny LG, Van Kammen DP: Effects of
haloperidol on antioxidant defense system enzymes in schiz-
ophrenia.  J Psychiatr Res 1998, 32:385-391.

6. Nohl H, Breuninger V, Hegner D: Influence of mitochondrial rad-
ical formation of energy-linked respiration.  Eur J Biochem 1978,
90:385-390.

7. Nohl H, Gille L, Staniek K: The mystery of reactive oxygen spe-
cies derived from cell respiration.  Acta Biochim Pol 2004,
51:223-229.

8. Riely CA, Cohen G, Lieberman M: Ethane evolution: a new index
of lipid peroxidation.  Science 1974, 183:208-210.

9. Tappel AL: The inhibition of hematin-catalyzed oxidations by
alpha-tocopherol.  Arch Biochem Biophys 1953, 47:223-225.

10. Century B, Horwitt MK, Bailey P: Lipid factors in the production
of encephalomalacia in the chick.  Arch Gen Psychiatry 1959,
1:420-424.

11. Zalkin H, Tappel AL: Studies of the mechanism of vitamin E
action. IV. Lipid peroxidation in the vitamin E-deficient rab-
bit.  Arch Biochem Biophys 1960, 88:113-117.

12. Dumelin EE, Tappel AL: Hydrocarbon gases produced during in
vitro peroxidation of polyunsaturated fatty acids and decom-
position of preformed hydroperoxides.  Lipids 1977,
12:894-900.

13. Wendel A, Dumelin EE: Hydrocarbon exhalation.  Methods Enzy-
mol 1981, 77:10-15.

14. Burns CP, Wagner BA: Heightened susceptibility of fish oil pol-
yunsaturated-enriched neoplastic cells to ethane generation
during lipid peroxidation.  J Lipid Res 1991, 32:79-87.

15. Sword JT, Pope AL, Hoekstra WG: Endotoxin and lipid peroxida-
tion in vitro in selenium and vitamin E deficient and adequate
rat tissues.  J Nutr 1991, 121:258-264.

16. Odeleye OE, Watson RR, Eskelson CD, Mufti SI: Dietary polyun-
saturated fatty acid promotes peroxidation and its possible
role in the promotion of cancer.  In Biological Reactive Intermedi-
ates IV Edited by: Witmer CM, Snyder RR, Jollow DJ, Kalf GF, Kocsis JJ. Dor-
drecht: Kluwer Academic Press; 1990:789-791. 

17. Ross BM, McKenzie I, Glen I, Bennett PW: Increased levels of
ethane, a non-invasive marker of n-3 fatty acid oxidation, in
breath of children with attention deficit hyperactivity disor-
der.  Nutr Neurosci 2003, 6:277-281.

18. Mukherjee S, Mahadik SP, Scheffer R, Correnti EE, Kelkar H:
Impaired antioxidant defense at the onset of psychosis.  Schiz-
ophr Res 1996, 19:19-26.

19. Michelson AM, Puget K, Durosay P, Bouneau JC: Clinical aspects of
the dosage of erythrocuprein.  In Superoxide and Superoxide Dis-
mutase Edited by: Michelson AM, McCord JM, Fridovich I. London: Aca-
demic Press; 1977:467-499. 

20. Golse B, Debray Q, Puget K, Michelson AM: Superoxide dis-
mutase 1 and glutathione peroxidase levels in erythrocytes
of adult schizophrenics.  Nouv Presse Med 1978, 7:2070-2071.

21. Abdalla DS, Monteiro HP, Oliveira JA, Bechara EJ: Activities of
superoxide dismutase and glutathione peroxidase in schizo-
phrenic and manic-depressive patients.  Clin Chem 1986,
32:805-807.

22. Reddy R, Mahadik SP, Mukherjee S, Murthy JN: Enzymes of the
antioxidant defense system in chronic schizophrenic
patients.  Biol Psychiatry 1991, 30:409-412.

23. Stoklasová A, Zapletálek M, Kudrnová K, Randová Z: Glutathione
peroxidase activity in the blood in chronic schizophrenia.  Sb
Ved Pr Lek Fak Karlovy Univerzity Hradci Kralove Suppl 1986,
29:103-108.

24. Glazov VA, Mamtsev VP: Catalase in the blood and leukocytes
of patients with nuclear schizophrenia.  Zh Nevropatol Psikhiatr
Im S S Korsakova 1976, 76:549-552.

25. Prilipko LL: Activation of lipid peroxidation under stress and
in schizophrenia.  In New Research Strategies in Biological Psychiatry.
Biological Psychiatry: New Perspectives, 3 Edited by: Kemali D, Morozov
PV, Toffano G. London: J Libbey; 1984:254-258. 

26. Peet M, Laugharne J, Rangarajan N, Reynolds GP: Tardive dyski-
nesia, lipid peroxidation, and sustained amelioration with
vitamin E treatment.  Int Clin Psychopharmacol 1993, 8:151-153.

27. Pall HS, Williams AC, Blake DR, Lucen J: Evidence of enhanced
lipid peroxidation in the cerebrospinal fluid of patients phe-
nothiazines.  Lancet 1987, 2:596-599.

28. Lohr JB, Kuczenski R, Bracha HS, Moir M, Jeste DV: Increased indi-
ces of free radical activity in the cerebrospinal fluid of
patients with tardive dyskinesia.  Biol Psychiatry 1990, 28:535-539.

29. Ansell GB, Spanner S: The source of choline for acetylcholine
synthesis.  In Cholinergic Mechanisms and Psychopharmacology Edited
by: Jendon DJ. New York: Plenum Press; 1978:431-445. 

30. Bates TE, Williams SR, Gadian DG: Phosphodiesters in the liver:
the effect of field strength on the 31P signal.  Magn Reson Med
1989, 12:145-150.

31. Cerdan S, Harihara Subramanian V, Hilberman M, Cone J, Egan J,
Chance B, Williamson JR: 31P NMR detection of mobile dog
brain phospholipids.  Magn Reson Med 1986, 3:432-439.

32. American Psychiatric Association: Diagnostic and Statistical Manual of
Mental Disorders. Text Revision 4th edition. Washington, DC: American
Psychiatric Association; 2000. 

33. Vanhamme L, Van Den Boogaart A, Van Huffel S: Improved
method for accurate and efficient quantification of MRS data
with use of prior knowledge.  J Magn Reson 1997, 129:35-43.

34. Naressi A, Couturier C, Devos JM, Janssen M, Mangeat C, de Beer R,
Graveron-Demilly D: Java-based graphical user interface for
the MRUI quantitation package.  MAGMA 2001, 12:141-152.

35. Hamilton G, Mathur R, Allsop JM, Forton DM, Dhanjal NS, Shaw RJ,
Taylor-Robinson SD: Changes in brain intracellular pH and
membrane phospholipids on oxygen therapy in hypoxic
patients with chronic obstructive pulmonary disease.  Metab
Brain Dis 2003, 18:95-109.

36. Hamilton G, Patel N, Forton DM, Hajnal JV, Taylor-Robinson SD:
Prior knowledge for time domain quantification of in vivo
brain or liver 31P MR spectra.  NMR Biomed 2003, 16:168-176.

37. Richardson AJ, Puri BK: The potential role of fatty acids in
attention-deficit/hyperactivity disorder.  Prostaglandins Leukot
Essent Fatty Acids 2000, 63:79-87.
Page 5 of 5
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12639981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12639981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17512466
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17512466
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17512466
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6326007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9844955
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9844955
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9844955
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=710436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=710436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15094844
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15094844
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4808857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4808857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13114892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13114892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13808803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13808803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13846891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13846891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13846891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=927041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=927041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=927041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7329293
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2010696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2010696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2010696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1995794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1995794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14609313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14609313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14609313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9147492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9147492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=673775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=673775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=673775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2870827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2870827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2870827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1912133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1912133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1912133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3499658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3499658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=936850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=936850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8263312
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8263312
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8263312
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2887888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2887888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2887888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1699612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1699612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1699612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2558272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3724422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3724422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9405214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9405214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9405214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11390270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11390270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12603086
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12603086
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12603086
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12884361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10970718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10970718
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


