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Abstract

It is now widely accepted that increased total plasma homocysteine (tHcy) is a risk factor for cardiovascular disease.
Hyperhomocysteinemia can be caused by impaired enzyme function as a result of genetic mutation or vitamin B (B , B , B ,2 6 9

B ) deficiency. A lot of methods are now available for tHcy determination. High-pressure liquid chromatography (HPLC)12

with fluorescence detection are at present the most widely used methods but immunoassays, easier to use, begin to supplant
in-house laboratory methods. In order to help with the choice of a main relevant homocysteine analytical method, the
characteristics, performances and limits of the main current methods are reviewed. One major drawback among all these
available methods is the transferability which is not clearly established to date. The impact of both inter-method and
inter-laboratory variations on the interpretation of the tHcy results are discussed.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction is denoted as moderate (15–30mM), intermediate
(30–100mM) or severe (.100 mM) [4].

Homocysteine is an endogenous sulfhydryl amino An elevated plasma homocysteine level may occur
acid, which is generated by the demethylation of as the results of inherited disorders of the main
methionine. Once formed, homocysteine is either enzymes of its metabolism (mainly, mutations on the
irreversibly catabolized by transsulfuration to cys- MTHFR, MS), but also as the results of nutritional
teine or remethylated to methionine (Fig. 1) [1,2]. deficiencies of the vitamin co-factors (B6, B12 and
These transformations are controlled by enzymatic mainly folates), of diseases (i.e., chronic renal fail-
reactions. Methionine may be regenerated by the ure, malignancies, acute lymphoblastic leukemia,
remethylation pathway, under the action of the anemia, hypothyroidism, diabetes), of physiological
methionine transferase (MS). These reactions are factors (i.e., age, sex), of medications (i.e., metho-
also dependent of the amount of methyl- trexate, phenytoin, carbamazepine, nitrous oxide,
enetetrahydrofolate, which is under the control of an theophylline, metformin, colestipol, niacin, penicill-
other enzyme, the methylenetetrahydrofolate reduc- amine, thiazide diuretics, etc.) or of lifestyle deter-
tase (MTHFR) and the co-factor methylcobalamine minants (smoking, coffee consumption, alcoholism,
(vitamin B12). physical activity) [1,4,5].

In humans, 15–20 mmol of homocysteine are
synthesized each day, but most of them are con-
verted to cysteine, under the enzymatic control of the 2 . Clinical relevance of total plasma
cystathionineb-synthase (CBS), or to methionine. homocysteine
Thus, the plasma homocysteine level is regulated and
the normal basal concentration ranks from 5 to 15 The first abnormality in the homocysteine metabo-
mM, with a mean level of about 10mM [3,4]. For lism was described in 1962 in mentally retarded
upper levels, hyperhomocysteinemia is described; it children and associated to frequent thromboembolic
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Fig. 1. Homocysteine metabolism.

events. A few years later, McCully (1969) described disease; moderate hyperhomocysteinemia occurs in
the main feature of this vascular pathology, denoted 20–30% of patients with atherosclerosis disease [4].
homocystinuria. Afterwards, Wilcken and Wilcken An increment in fasting plasma homocysteine of 1
mentioned, for the first time in 1976, the frequent mM has been associated with an increase in risk of
association between abnormal plasma homocysteine coronary heart disease of 10–20% [10]. Recent
level and coronary disease [4]. meta-analysis [5,8] showed that an increase of

Nowadays, an increased attention is given to the plasma homocysteine of 5mM is associated to a
homocysteine level in serum or plasma, since epi- significant increased risk of coronary heart disease
demiological studies (retrospective, cross-sectional, (for men: OR51.6; IC 5[1.4;1.7] and for women:95%

cohort and case–control studies) have suggested that OR51.8; IC 5[1.3;1.9]) and also of cerebrovas-95%

this biological parameter has been related to several cular disease (OR51.5; IC 5[1.3;1.9]); for these95%

clinical disorders (i.e., neural tube defects, pregnancy authors, a reduction of 5mM of plasma homo-
complications, mental disorders, psychogeriatric cysteine level would decrease the cardiovascular risk
troubles, cancer, hyperinsulinemia) [6,7] and mainly by 1 third. For Clarke and Armitage [11], a more
to cardiovascular diseases [2,5,8,9]. Most of the realistic reduction of cardiovascular risk would be
studies described a strong, dose-dependent, biologi- 10–15%, values which are still of great clinical and
cally plausible and positive association between economic interests; this last point has been strictly
moderate hyperhomocysteinemia and the risk of estimated by an another group [12].
cardiovascular diseases. Moreover, homocysteine has Concurrently, several experiments and clinical
been recently described as an independent risk factor trials have showed that an oral supplementation with
for atherosclerotic and atherothrombotic vascular folates, vitamin B6 and/or vitamin B12, normalized



210 V. Ducros et al. / J. Chromatogr. B 781 (2002) 207–226

the plasma homocysteine level [13–17]. A folate lytical methods, for which the transferability is not
intake of at least 0.4–0.5 mg/day—associated or not established to date. Thus, analytical results must be
with vitamin B6 (16.5 mg daily) and B12 (0.5 mg always cautiously examined and sometimes the
daily)—is described as necessary to assess an opti- affirmation of hyperhomocysteinemia is not easy to
mal homocysteine level at a population level [18,19]. state, in view of the few differences between the
Furthermore, the definitive response of the benefit of mean homocysteine levels in controls and in patients,
vitamin supplementation for the prevention of car- linked to the inter-method and inter-laboratory vari-
diovascular disease will be brought only by the ability [24].
results of the on-going randomized controlled trials Several types of methods are now available for
of homocysteine lowering [5,11,20,21]. homocysteine determination in plasma. Among them,

In this context, clinicians are more and more some are nearly obsolete like radioenzymatic de-
frequently asking for homocysteine determination termination, whereas chromatographic methods are
performed for the exploration of cardiovascular still used and immunoassays become broadly em-
abnormalities (mainly, in ischaemic heart disease, ployed due to full automation. Table 1 summarizes
stroke, arterial and venous thrombotic disease) [22] the main characteristics of the current analytical
and, consequently, the number of analyses of plasma methods. In this review, we describe each type of
homocysteine levels has increased significantly in method and try to highlight the advantages and
biological laboratories. In 1999, Langman and Cole drawbacks of the methods for routine use (quickness,
[23] even mentioned homocysteine as the ‘‘choles- automation and sample throughput) while consider-
terol of the 90s’’. Furthermore, the analysis of ing precision and accuracy of the homocysteine
homocysteine can be performed with various ana- determination.

Table 1
Main characteristics of the current analytical methods

aMethod Sample Plasma Upper limit of C.V. inter-assay Throughput Reagent cost
pretreatment volume of linearity for mean tHcy estimation by

b(ml) (mM) level (%) test (euros)

GC–ID-MS High workload 100 30 [51]–300 [38] 2.6 [38] 5.3 [49] 96/day [130]; 2.3
1derivatization 5.7 [51] 160/day [28]

LC–MS–MS High workload 100 60 [55] 5.9 [55] 40/h [55] 1.0

HPLC–FD High workload 60–150 50 [71]–300 [78] 3.2 90/day
1derivatization 50 (Bio-Rad) 100 (Bio-Rad) 4.8 (Bio-Rad) 150/day (Bio-Rad) 5.4

HPLC–ED High workload 60 [92] 100 [92] 5.6 [92] 60/day [92]

IEC Medium workload 500 100–1000 7.8 [104] 25–50/day 1.73

FPIA None 50 [128] 45–50 [128,130] 3.1 20/h Imx [128] 11.5
60/h AxSYM [129]

ICL None 15 50 3.9 150/h 11.5

EIA Low workload 25 50 [135] 6.2 [135] 96 tests /2.5 h 12 (test in

Enzymatic Low workload 100 [137] 80 [137] 2.8 [137] duplicate)
method None 5 [136] 100 [136] 3.7 [136] 45/h [136]

CE-LIF High workload 100 200 [116] 7.8 [116] 100/day [116] 0.76
1derivatization

a GC–ID-MS, gas chromatography–mass spectrometry with isotopic dilution; LC–MS–MS, liquid chromatography with tandem mass
spectrometry; HPLC-FD, high-pressure liquid chromatography with fluorescence detection; HPLC–ED, high-pressure liquid chromatography
with electrochemical detection; IEC, ion-exchange chromatography; FPIA, fluorescence polarization immunoassay; ICL, chemiluminescence
immunoassay; EIA, enzyme-linked immunoassay; CE-LIF, capillary electrophoresis with laser-induced fluorescence.

b Taking into account neither equipment cost, nor technician salary.
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3 . General considerations on methodology menopause. The influence of sex hormones on
plasma homocysteine is uncertain [30]. However, the

At physiological pH, homocysteine exits in trace sex difference may be explained by the higher
amounts in reduced form, whereas most homocy- muscle mass in men, and so by the higher creatine
steine exists as various disulfide forms. About 70% synthesis in men than in women. Plasma creatinine
is bound to albumin (protein-bound homocysteine or and homocysteine concentrations are significantly
homocysteine–albumin mixed disulfide), whereas the correlated in healthy subjects. Data on ethnic group
remaining 30% exists as mixed disulfides with other differences are not consistent [28]. One of the
thiols, and among them, the cysteine–homocysteine reasons may be that mutations of the encoding
disulfide is the most abundant. Storage of whole enzymes involved in homocysteine metabolism have
plasma or serum causes redistribution of plasma different allele frequencies among the various ethnic
thiols so the protein-bound fraction increases at the populations; for example, the C677T mutation of
expense of the free, acid-soluble fraction. So, reliable methylene tetrahydrofolate reductase (MTHFR)
determination of free homocysteine requires immedi- gene, characterized by reduced enzyme activity and
ate blocking of free thiols at the sampling time. This thermolability, occurs in about 10% of the Caucasian
sample preparation is not convenient for clinical population, whereas it is almost absent in African
settings. Therefore, determination of free homocy- and American populations. This polymorphism has
steine has largely been abandoned and determination been involved in increased plasma homocysteine
of total (free1protein-bound) homocysteine is cur- concentrations under conditions of low folate status.
rently performed, and the term of total homocysteine
(tHcy) is used for this entity [25]. 3 .1.3. Effect of posture

Several pre-analytical variables are important to As plasma homocysteine is to a large extent bound
control in order to prevent artificial increase of to albumin, a decrease of plasma homocysteine
plasma homocysteine concentrations after blood concentration has been evoked [26] and further
sampling. Among them, some are linked to the checked [31,32] when the subject is in a supine
subject and others are linked to the sample handling position during venepuncture. This decrease seems to
itself. be not so negligible (around 7% of decrease) but

wide ranges have been observed in the two studies.
3 .1. Variables in relation to the subject

3 .1.4. Effect of venous stasis
3 .1.1. Fasting conditions A 2.8% increase of the plasma homocysteine

Several studies [4,26,27] have reported variations concentration has been reported after 3 min tour-
in plasma homocysteine concentrations according to niquet application [32]. This small increase can be
high or low protein diet. After a high protein meal, generally not taken into consideration in regard to
plasma homocysteine concentration goes through a other parameters increasing plasma homocysteine
minimum at 4 h then increases to the initial value in concentrations.
8 h. It is recommended to carry out blood sampling
after a fast of 12 h and a light meal the evening 3 .1.5. Intra-individual variations
before blood collection [28]. Intra-individual variations of plasma homocysteine

concentrations have been reported to range from 7 to
3 .1.2. Influence of age, sex and ethnicity 15% [31–34]. Nevertheless, only one determination

Plasma homocysteine concentration is related to seems to be sufficient [27,34].
age and gender. The age-related increase in plasma
homocysteine has been shown to be linked, at least3 .2. Variables in relation to the sample handling
partly, to the decline of glomerular function with age
[29] but also to the decrease in vitamin B status with 3 .2.1. Choice of anticoagulant
old age. Women have lower plasma homocysteine Almost all determinations of homocysteine in
concentration than men until they reach the age of blood are performed on plasma instead of serum.
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Because of the continuous production of homocy- 3 .2.2. Total blood storage
steine in the erythrocytes, which is released to the Homocysteine is synthetized in several tissues. Its
extracellular compartment [26], a faster centrifuga- intracellular synthesis, metabolism, and release in the
tion is required and sampling on dry tube is avoided. extracellular compartment settle plasma homocy-
The most used anticoagulant is EDTA. Data from steine concentration [43]. The intra-erythrocyte con-
literature show slight variations of plasma homo- centration in homocysteine has been evaluated at 0.8
cysteine concentrations according to blood drawn mM, a level 10 times less than in plasma [44]. The
into EDTA, sodium citrate, lithium heparin or dry speed release of homocysteine from blood cells is
tube [35–37] (Fig. 2). Other anticoagulants or addi- nearly constant and is independent of plasma homo-
tives have been recommended to stabilize plasma cysteine concentration. After 1 h of total blood
homocysteine concentration at room temperature storage at room temperature, plasma or serum homo-
such as sodium fluoride plus heparin [38], 3- cysteine concentrations increase by about 10%. This
deazaadenosine [39], and acidic citrate [36]. How- increase reaches 20–35% after 4 h and 60–75% after
ever the addition of sodium fluoride is not totally 24 h [26,35]. More recently, other authors have
accepted as a positive effect [40], whereas the confirmed this homocysteine increase but in lower
interest in acidic citrate has been recently confirmed proportions: a significant increase from the fourth
for the conservation of total blood at room tempera- hour of storage at room temperature, and this in-
ture during 6 h [41]. The advantage of acidic citrate crease reaches more than 25% at the tenth hour of
is that suitable tubes are commercially available storage [45]. When blood samples are drawn into

 ¨(Stabilyte , Biopool, Umea, Sweden), and thus, EDTA tubes and stored on ice, total homocysteine is
these tubes can be used for epidemiological studies stable for at least 4 h [35,37].
when the sample handling cannot be performed
quickly enough. As 3-deazaadenosine is a specific
inhibitor of the conversion ofS-adenosyl homo- 3 .2.3. Plasma storage
cysteine to homocysteine, this additive cannot be After centrifugation and separation of plasma from
used with samples used for immunoassays [42]. cells, homocysteine is stable: 4 days at room tem-

Fig. 2. Influence of the type of anticoagulants on tHcy concentration. Each laboratory analyzed its own plasma samples, so the mean was
different from one laboratory to another one. In almost all laboratories, tHcy on Na citrate,tHcy on EDTA,tHcy on Li heparinate. (1,2)
GC–ID-MS, (3,5) HPLC SBD-F, (4) HPLC Bio-Rad kit, (5,7) FPIA IMx, (8,9) IEC ion-exchange chromatography, (10) CE-LIF.
Laboratory number 5 used two methods. Published with permission of Annales de Biologie Clinique [37].
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perature, several weeks at 0–28C, and several years (ID) are reference methods which means that they
at 220 8C [4,26,35,44,46]. are valid methods in terms of accuracy and precision.

An attractive advantage is, with some modifications,
3 .2.4. Hemolysis interference the co-determination of methionine, and other com-

Hemolysis does not influence plasma homocy- pounds of the transsulfuration pathway [26]. Practi-
steine concentration, at least hemolysis does not cally, these methods require the reduction of the
increase plasma homocysteine concentration [26,35]. disulfide bonds between homocysteine and other
A determination of homocysteine concentration in thiols or plasma proteins after the addition of the
total blood sample after cell lysis at the time of blood internal standard (Table 2). Among the reducing
sampling has been proposed [47]. agents, dithiothreitol (DTT) in alkaline medium is

preferable to 2-mercaptoethanol. Nearly all the meth-
ods used an ion-exchange step to separate the amino

4 . Chromatographic methods acids. For the derivatization step, two kinds of
reagents have been used:N-tert.-butyldimethylsilyl

Chromatographic methods have been used exten- andN(O,S)-alkoxycarbonyl alkyl ester derivatives.
sively for tHcy determinations until the recent intro- The advantages ofN(O,S)-alkoxycarbonyl alkyl ester
duction of immunoassays. Among chromatographic derivatives are they are formed at room temperature
methods, those coupled to mass spectrometry (GC or and in a very short time (2–3 min). HoweverN-tert.-
LC), high-pressure liquid chromatography (HPLC), butyldimethylsilyl compounds give an intense ion at
and ion-exchange liquid chromatography have been m /z5M257 and are more suitable in regards of
distinguished. lifetime of the GC column.

2All GC–ID-MS used (3,3,39,39,4,4,49,49– H )8

4 .1. GC–MS methods homocystine as internal standard [48–52]. The deu-
terated homocystine was used to mimic the losses

GC–MS methods have been limited to specific associated with the reduction, sample preparation,
laboratories because these methods are cumbersome and measurement of the homocysteine in plasma.
and a mass spectrometer is essential. However GC– Therefore, if reduction or recovery of homocysteine
MS and particularly, GC–MS with isotopic dilution is incomplete and/or re-oxidation occurs and/or

Table 2
GC–MS and LC–MS–MS methods

Methods Internal standard Sample preparation Derivation Main advantages References

LC–MS–MS D8 homocystine Reduction1 No derivation Very high specificity [55]
with ID Protein precipitation Definitive method

GC–MS D8 homocystine Reduction1 Silylation High specificity [48,49]
with ID (Protein precipitation)1 Reference method [38,51]

Ion exchange
chromatography

D8 homocystine Reduction1 Chloroformate High specificity [50,52]
Protein precipitation1 Reference method
Ion exchange
chromatography

GC–MS Aminoethylcysteine Reduction1 Chloroformate Medium specificity [53]
Protein precipitation

None Reduction1 Chloroformate Medium specificity [54]
Protein precipitation1
SPME

SPME, solid-phase microextraction.



214 V. Ducros et al. / J. Chromatogr. B 781 (2002) 207–226

derivatization is not fully complete, the homocy- of the eluate was performed by a LC–MS–MS
steine measurement will not be affected because the benchtop triple quadrupole mass spectrometer oper-
deuterated internal standard will also undergo losses ating in positive ion mode. Ionization was achieved
to the same extent as the natural homocysteine. The with a turbo ion spray.
original method was reported by Stabler et al. in The calibration curves were obtained with serum
1987 [48]. Some modifications such as decreasing overloaded with known amounts ofD,L-homocy-
the amount of the deuterated internal standard [38] or steine. The linearity was tested from 2.5 to 60mM.
using a curve calibration with the deuterated internal The intraassay precision was 4, 5.3 and 3.6% and the
standard [51] have been done to achieve minimal interassay precision was 5.9, 3.6 and 2.9% at,
imprecision and inaccuracy. A within-run and be- respectively, 3.9, 22.7 and 52.8mM of homocy-
tween-run C.V. of approximately 5% is commonly steine. The correlation between the LC–MS–MS
attainable. The detection limit is low and currently method and the HPLC assay wasy51.097x21.377,
less than 1mM. Using a quadruple GC–MS system and between LC–MS–MS and FPIA assay wasy5
equipped with an autosampler, we are able to prepare 1.039x10.025. These data showed identical homo-
and to analyze about 70 samples per day. cysteine results over the concentration range en-

Few GC–MS methods do not use an internal countered in routine specimen analysis.
labeled standard [53,54]. The use of any internal Except for the need for the expensive tandem mass
standard other than a labeled homocystine will not spectrometer, this new method presents the charac-
necessarily account for the same losses and so not teristics of the GC–MS method (the use of internal
provide the same accuracy of measurement. We standard allowed the control of the extraction step,
believe that there is a real advantage to use GC– the potentially interfering substances were removed
IDMS. If the cost of the internal deuterated standard by chromatography, the reagents used are inexpen-
is a little bit expensive ($780 for 0.1 g), nearly sive), and also a higher specificity due to the use of
100 000 samples can be analyzed with this amount tandem mass spectrometry. But one of its main
and the accuracy of the method, which is its greater advantages is the sample preparation based on a
quality, is preserved. simplified quick method which avoids the time-con-

suming step of derivatization (40 samples are pre-
4 .2. LC–MS–MS method pared in less than 1 h including incubation time, and

total instrument acquisition cycle time was 3 min per
Recently a new method has been proposed that sample).

takes advantage of the analytical specificity and
sensitivity due to the combination of stable isotope 4 .3. HPLC methods
dilution and liquid chromatography–electrospray
ionization (ESI) tandem mass spectrometry (LC– Analytical procedures which use HPLC to separate
MS–MS) [55]. An adaptation of this method to the homocysteine are, by far, the most commonly used
determination of homocysteine in blood spot has ones. Unfortunately, a wide variability in the ma-
been performed [56]. nipulation of samples, chromatographic conditions,

This method requires the same first steps than and sample detection and quantification has made
GC–MS methods (Table 2). Samples were mixed up standardization impossible to date. Indeed, although
with the internal deuterated standard all HPLC procedures for tHcy quantification require

2(3,3,39,39,4,4,49,49– H ) homocystine, and the con- the reduction of the disulfide bond between homo-8

version of the disulfide forms into reduced homo- cysteine and other thiols or protein, followed by
cysteine was obtained by the addition of dithio- protein precipitation, they differ with regard to the
threitol. Proteins were precipitated by the addition of detection system used after HPLC separation. As the
formic and trifluoroacetic acid in acetonitrile. The detection system determines the necessity or not of
supernatant was loaded into a liquid chromatograph doing a derivatization of homocysteine, as well as
and the amino acids were eluted with an acetonitrile– the selection of reducing agent, HPLC procedures for
formic acid mobile phase. The mass spectral analysis tHcy quantification are numerous. They can be
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classified as those which make use of pre- or post- ever, the method is laborious and throughput is
column derivatization followed by fluorescence or modest. It is not the preferred method in the majority
ultraviolet detection, and those which identify non- of laboratories publishing their data, but it may be
derivatized homocysteine by electrochemical detec- useful in laboratories that do not possess a fluores-
tion (Table 3). A major advantage of all HPLC cence detector.
methods is that they allow the joint determination of
different plasma thiol compounds. 4 .3.2. With fluorescence detection

HPLC with fluorimetric detection is the most
4 .3.1. With photometric detection widely HPLC procedure to determine plasma tHcy

HPLC with photometric detection involves HPLC concentrations. The different methods described
separation followed by post-column derivatization involve precolumn derivatization with fluorogenic
and spectrophotometric detection. A method for reagents for thiols followed by HPLC and fluores-
plasma tHcy that also measures cysteine, cence detection. All of them present similar ana-
cysteinylglycine, glutathione and glutamylglycine lytical performances (mean within-assay C.V., 1.0%;
has been described [57]. The assay involves reduc- mean between-assay C.V., 3.2%), and they can be
tion of sample with dithiothreitol, separation of the classified on the basis of the fluorogenic reagent
thiols by HPLC, and post-column derivatization with used. The ideal reagent should be nonfluorescent,
the 4,49-dithiodipyridine thiol-specific labeling agent contain no fluorescence impurities, and react rapidly
and subsequent detection of the products by ultra- and specifically with homocysteine and other thiols
violet absorption at 324 nm. The method is char- to form stable products. No reagent meets all these
acterized by high precision (1.5% intra-assay; 2.5% requirements, but among the fluorogenic reagents
inter-assay) and sensitivity (less than 50 nM). How- available, monobromobimane (mBrB), halogenosul-

Table 3
Available HPLC methods to measure plasma tHcy concentrations

Detection method Advantages Disadvantages References

Photometric High sensitivity -Laborious method [57]
High precision -Modest throughput
(1.5%; 2.5%)

Fluorimetric High sensitivity
High precision
(1.0%; 3.2%)

mBrB Derivatization at -Fluorescent degradation [59,61–65]
(excitation 380 nm, room temperature: products:
emission 470 nm) Full automation possible Gradient elution chromatography

SBD-F and ABD-F SBD-F and ABD-F -Derivatization at
(excitation 380 nm, non-fluorescents: 50 or 608C: [66–68,70–78,80–84]
emission 510 nm) Isocratic separation Full automation difficult

-SBD-F adducts light sensitive
OPA Possible determination -Several manual steps: [88–91]
(excitation 340 nm, of other amino acids Not suitable for full automation
emission 450 nm) -OPA non thiol-specific

Electrochemical High sensitivity, -Precision,Fluorimetric and
High specificity photometric methods (3.9%; 5.6%)
No derivatization -Detector maintenance
Full automation possible

Amperometric detector [93–95]
Coulometric detector [92,98,99]
Pulsed integrated [100,102]
amperometry
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fonylbenzofurazans (SBD-F and ABD-F), ando- them include the introduction of an internal standard,
phthaldialdehyde (OPA) have been found practical. such as cysteamine [71,72], mercaptopropionylgly-

Monobromobimane couples rapidly with thiols at cine [73,74], andN-acetylcysteine [75,76]. Although
pH 8.0 at room temperature to yield a highly the use of internal standard normally improves the
fluorescent thiother [58], which makes full automa- recovery and precision of chromatographic methods,
tion feasible [59]. However, the reagent itself, the the extent to which the internal standard fulfils this
hydrolysis products, and the impurities are fluores- role in tHcy analysis has been controversial [77].
cent [60], giving rise to peaks that may interfere with The different methods described also vary with
homocysteine determination. Thus, derivatization regard to the reducing agents used, which can be
with mBrB initially necessitated complex chromatog- classified in three groups. Sulfhydryl agents, such as
raphy, such as a gradient elution program, to obtain dithiothreitol, dithioerythreitol or 2-mercaptoethanol
satisfactory separation between the compounds of have been used [78], but they can form adducts with
interest and interferences [61,62]. Then, some im- thiol-specific reagents and therefore may consume
proved procedures have been described, in which the derivatization reagent [79]. Sodium or potassium
formation of hydrolysis products was minimized by borohydride are potent reductants which have also
using a shorter reaction and processing time [63] or been used [74], but they can form gas and foam
in which the pH dependence of the elution of during the reduction procedure, rendering it a very
interfering material was exploited [65]. Finally, a labor-intensive step and constituting a substantial
method based on derivatization with mBrB followed source of error [78]. Phosphine agents, such as tri-n-
by isocratic separation and fluorimetric detection has butylphosphine (TBP) and tris-(2-carboxyl-ethyl)-
been recently described [66]. The most commonly phosphine (TCEP) do not cause the problems men-
used reducing agent for these methods involving tioned for sulfhydryl agents or borohydrides. How-
derivatization with mBrB is sodium borohydride. ever, TBP, which is the most commonly used

Halogenosulfonylbenzofurazans (SBD-F and reducing agent [66,67,70,71,75,77,80–83], is an
ABD-F) are not fluorescent, their thiol adducts are irritant with an unpleasant odor and is poorly soluble
stable, and no fluorescent hydrolysis products are in water, so that it must be dissolved in dimethyl-
formed. Thus, their use allows isocratic separation, formamide for use. Thus, it was recently proposed to
resulting in clean chromatograms with no reagent replace TBP by TCEP, which is nonvolatile, stable,
peaks [66] even if the first described method was and soluble in aqueous solutions [84].
based on a gradient elution program [67]. In addi- Some manufacturers have developed HPLC kits in
tion, like mBrB, SBD-F and ABD-F are thiol-spe- order to optimize HPLC separation and to make this
cific. However, contrary to mBrB, they do not react assay less laborious and also to improve sample
with thiols at room temperature. Indeed, ABD-F throughput. Among them, the Bio-Rad HPLC kit
reacts quantitatively with thiols at 508C at pH 8.0– (Bio-Rad Laboratories, Ivry sur Seine, France) was
9.5 for 5–10 min [68], and the less-reactive SBD-F first developed by using ABD-F as derivatizing agent
requires more drastic conditions (pH 9.5 and 608C [85]. Plasma (50ml) and internal standard were
for 1 h) [69]. Thus, due to the low reactivity of mixed with 50ml of trialkylphosphine (reducing
SBD-F, assays based on this agent may be difficult agent) and 100ml of ABD-F. Samples were then
to fully automatize. Despite this disadvantage, de- incubated at 508C for 5 min and then at 48C for 5
tection of the fluorescent SBD-F derivative after min, followed by trichloroacetic acid precipitation of
HPLC is currently the most widely used HPLC assay plasma proteins. The supernatant was removed for
for plasma tHcy, at least in part because SBD-F HPLC analysis after centrifugation for 5 min at
adducts show a markedly lower retention time than 10 000g. The chromatographic conditions were
ABD-F adducts [70]. Another advantage of standardized as follows: a Bio-Rad analytical re-
halogenosulfonylbenzofurazans is that the stability of versed-phase C column (7033.2 mm I.D.), the18

the adducts (for 8 h at 0 or 258C in the dark) allows temperature of the column oven was set at 458C,
autoinjection. Since the work of Araki and Sako [67] Bio-Rad mobile phase, isocratic flow-rate of 0.7
and Ubbink et al. [66], many modifications of these ml /min, and a spectrofluorimeter detector with the
methods have appeared in the literature. Some of excitation and emission wavelengths of 385 and 515



V. Ducros et al. / J. Chromatogr. B 781 (2002) 207–226 217

nm, respectively, for detection of ABD-F thiols. used and has the major advantage that no deri-
Results were calculated using a Bio-Rad calibrator vatization of thiols is required prior to detection. The
set at 18mM. The time retention of homocysteine different methods described offers several attractive
was around 3 min after injection. The between-run features, including increased sensitivity, high spe-
C.V.s (n522) for the Bio-Rad HPLC were 4.8 and cificity, shortened run time (approximately half that
3.8% at tHcy concentrations of 8.4 and 32.9mM, for fluorescence detection), simple sample processing
respectively (Grenoble’s laboratory data, personal and autoinjection. However, the precision of these
communication). The limit of linearity given by the methods is inferior to that reported for photometric
manufacturer was linear up to 100mM. The Bio-Rad and fluorimetric detection, with means intra- and
HPLC method has been found to overestimate tHcy inter-assay C.V.s of 3.9 and 5.6%, respectively, [92].
at low concentrations and underestimate tHcy at The electrochemical assays, which have not emerged
higher concentrations when compared to the in-house as a popular choice of methodology for plasma tHcy,
HPLC method, a modified Fortin and Genest HPLC can be classified on the basis of the detector used.
method [86]. Zhang et al. [87] evaluated the DS30 The reference electrochemical detection method
tHcy system manufactured by Drew Scientific. This for tHcy is the assay described by Malinow et al.
small HPLC system provided a 5-cm reversed-phase [93] who modified the method of Smolin and
column and a complete reagent set for the determi- Schneider [94]. The assay involves reduction of
nation of tHcy with TCEP as reducing agent and sample with sodium borohydride, separation of the
SBDF for derivatization. Analytical performance was thiols by HPLC, and detection of non-derivatized
sufficient and there was a good correlation with the thiols with dual mercury and gold (Hg/Au) amalgam
HPLC method commonly used in the Center for electrodes, which affords great specificity towards
Disease Control in Atlanta. However, the authors sulfhydryl components [95]. However, a major
pointed out that peak recognition depends on cys- weakness with this assay is a possible contamination
teine and cysteinyl–glycine concentrations, that of the flow cell and electrode fouling leading to its
could lead to misidentification in diluted sample. deterioration. A gold electrode has also been used

O-Phthaldialdehyde (OPA) is a fluorogenic re- successfully [96]. The gold electrode requires less
agent, non-thiol-specific since it reacts with all preparation and maintenance, exhibits good selectivi-
primary amino groups to form highly fluorescent ty for thiols, and do not require the use of toxic
isoindoles. Thus, its use requires high-resolution mercury. A platinum electrode has also been tested
chromatography to obtain satisfactory separation of in the BAS (BAS Technicol, Cheshire, UK) kit [97].
homocysteine from all the other amino acids present Coulometric detectors, which use porous carbon
in plasma. In addition, derivatization with OPA electrodes [92,98,99], and pulsed integrated am-
requires previous carboxymethylation with iodoace- perometry [100] have next been developed to replace
tate, i.e., an additional manual step rendering the amperometric detectors and then offer a potential
assay not suitable for full automation. Despite these solution to contamination problems. However, it has
disadvantages, different assays using OPA have been been reported that the porous carbon electrode is less
published since the possible determination of other selective than the Hg/Au amalgam electrode, and
amino acids is an attractive feature of these methods that interference with other electroactive components
[88]. The major difference between methods is the in plasma such as uric and ascorbic acid may present
reducing agent used. When 2-mercaptoethanol is a problem [101]. Recently, the first method based on
used [89,90], it reacts with iodoacetate which must pulsed integrated amperometry has nonetheless been
be added in excess. However, when sodium boro- modified and simplified, allowing the simultaneous
hydride is used [91], it might increase the complexity determination of homocysteine and methionine
of the sample handling of these assays, particularly [102].
due to the generation of excessive foaming.

4 .4. Ion-exchange chromatography
4 .3.3. With electrochemical detection

HPLC with electrochemical detection is also often Ion-exchange chromatography seems to have been
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used for total homocysteine determination mainly 5 . Capillary electrophoresis
when an amino acid analyzer was available in a
laboratory. Cation-exchange chromatography was In the recent years, this powerful separation
obtained with a sulfonic column. A post-column method became increasingly popular. Several pro-
ninhydrin reaction led to a colorimetric detection at cedures for an accurate determination of homocy-
440 and 570 nm. The determination of tHcy with a steine by capillary electrophoresis (CE) have been
conventional amino acid analyzer requires conver- recently published [108–116]. Most of them used
sion of the disulfide forms into reduced homocy- laser fluorescence as detection, but UV detection has
steine. 2-Mercaptoethanol and dithiothreitol have also been proposed. Compared to HPLC, CE offers
been used as reducing agents. Homocysteine is the advantages of a very small analyte volume
protected against reoxidation by the sulfosalicylic required for the assay, an excellent resolving power,
acid used for protein precipitation, by the presence of a short time analysis, no solvent used and ease of
reducing agent in the sample and by the low pH of automation.
the mobile phase [26].

Several optimizations of this ninhydrin-based de- 5 .1. With photometric detection
termination have been published. In 1989, Andersson
et al. described the elution of tHcy and methionine in Analysis of thiols and disulfides using CE has

35 min using a LC5000 (Biotronic) [103]. In 1997, been first limited to endogenous compounds [117] or
Candito et al. reported a short program on a Beck- to the thiol forms [118,119]. In these procedures,

man 2300 analyzer, achieving separation of tHcy in thiols were underivatized [108] or derivatized with
36 min, without interference of methionine, even various reagents [109,113] (Table 4). For derivatiza-
after a methionine load [104]. In 1998, Briddon tion, pH and temperature conditions must be re-
reported a complete chromatography of amino acids, spected. Russel and Rabenstein [108] described the
including homocysteine in his reduced form [105]. first quantitation of underivatized thiols and disul-
Complete aminogram being achieved in about 2 h, fides by CE with UV detection. However, the
the sample capacity, in this case, is very low. Parvy determination of underivatized thiols and disulfides

et al., using a Jeol JLC 500 AminoTac , and our presented an inherent lack of sensitivity, due to their
personal experience (Caen’s laboratory data, person- UV absorbance characteristics. So, thiols were de-

al communication), using an Hitachi L-8500A , rivatized with the 5,59-dithio-bis-2-nitrobenzoic acid
achieved separation of homocysteine, methionine or Ellman’s reagent that improved results (shorter
and nor-leucine as internal standard, in 13 min, analysis time, lower detection limit). Plasma has
leading to a sample capacity of 50 samples/24 h been more recently considered [109,113,114]. First,
[106,107]. reduction of disulfides with phosphine and de-

Analytical performance (sensitivity limit|1 mM, proteinization with sulfosalicylic or trichloracetic
linearity from 100 mM or 1 mM, reproducibility acid were necessary. The derivatization of reduced
|5%) were sufficient and there is a good correlation aminothiols (tHcy, Cys, GSH) with mBrB or ABD-F
with other HPLC or FPIA methods [106,107]. The was executed before the separation of mB-thiols or
co-determination of methionine is useful for the ABD-thiol conjugates by CE with photometric de-
interpretation of severe hyperhomocysteinemia (to- tection (234 or 250 nm and 220 nm for mB-thiols
gether with determination of cysteine and and ABD-thiols, respectively). Kim et al. [120]
cystathionine in longer programs). The sample prepa- demonstrated the chiral separation ofD,L-homocy-
ration is simple and a high degree of automatization steine by CE with UV detection by complexing the
is advantageous, but the sample capacity is low ABD-F derivatized homocysteine forms with ag-
(50/24 h) when compared to HPLC or immuno- cyclodextrine added in buffer.
assays. The choice of this method is governed by
practical reason in a laboratory experimented on 5 .2. With laser fluorescence detection
amino acid analyzer until the sample capacity is
compatible. Fluoresceine isothiocyanate (FITC) was first used
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Table 4
Characteristics of CE methods

Detection method Internal standard Specimen Derivatization Main advantages References

sample preparation

Photometric
200 nm None Aqueous standards Underivatized [108]

220 nm Plasma ABD-F Automation possible [109]

234 or 250 nm Reduction1Protein precipitation mBrB High precision [113,114]

Fluorimetric
Amine function

1FMOC Ar Serum or urine [121,124]

(351 nm) Reduction1Protein precipitation
1FITC Ar Homocysteic acid Serum Derivatization at room [115]

(488 nm) Reduction1Protein precipitation temperature

Sulfhydryl function Thiol specificity

High sensitivity and precision

Detection (pmol)
SBD-F; ABD-F Standard thiols ABD-F derivatized thiols faster

versus SBD-F,

good stability

Full automation possible [112]
16-IAF Ar N-Acetylcysteine Serum or plasma Possible determination of

(488 nm) Reduction1Protein precipitation other thiols [125,126]

Analysis by CE in 10 min
1FM Ar Cysteamine Plasma

(488 nm) Reduction1Protein precipitation [111]
15-BMF Ar n-(2-Mercapto Plasma

(488 nm) propionyl)-glycine Reduction1Protein precipitation [110]

mBrB, monobromobimane; FMOC, 9-fluorenyl-methylchloroformate; FITC, fluoresceine isothiocyanate; SBD-F, ammonium 7-fluoro-
2,1,3-benzoxadiazole 4-sulfonate; ABD-F, 4(aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole; 6-IAF, 6-iodoacetamidofluoresceine; FM,
fluoresceine-5-maleimide; 5-BMF, 5-bromomethylfluoresceine.

[115,122–124] because it forms efficient derivatives with an argon-ion laser (488/520 nm) for thiol
of amino acids and was compatible with the 488-nm detection. They concluded that capillary electropho-
argon ion laser. However, a large number of FITC- resis can be a simple, fast, accurate and very
buffer by-products are made and interfere with the sensitive method, suitable for routine determinations
electropherogram. Recently, thiols in plasma samples of plasma homocysteine in clinical studies.
were quantified for routine determination
[110,111,125,126]. Various thiol-specific fluorogenic
reagents: 6-iodoacetamidofluoresceine (6-IAF) [116], 6 . Immunoassays
5-bromomethylfluoresceine (5-BMF) [110], or
fluoresceine-5-maleimide (FM) [111] were used The increasing clinical interest for measuring
allowing different thiol derivatives. 5-BMF reacts homocysteine in the 1990s called for rapid, auto-
slowly with sulfur of peptides and proteins and the mated methods with high sample throughput more
authors proposed this analytical reagent for sulfur- suitable for routine use. Measurement of homocy-
containing compounds, particularly for methionine steine in plasma by an immunoassay appeared to
[110,127]. Methionine is not evaluated with other have become the preferred analytical approach.
fluorescent reagents. tHcy and glutathione were Protein-bound homocysteine is reduced to free
determined with these three derivatized procedures homocysteine and enzymatically converted toS-
but future studies seem necessary for the other thiols. adenosyl-L-homocysteine (SAH) by the action of
However, all these laboratories have a CE system S-adenosyl-L-homocysteine hydrolase (SAHase). The
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enzymatic conversion of homocysteine toS- body binding site allows for highly precise estima-
tion of tHcy in blood. These reagents are developedadenosyl-L-homocysteine by SAH hydrolase is the

 on the IMx and AxSYM automated analyzersbasis of the immunoassay first described by Ship-
(Abbott Laboratories, Abbott Park, IL). The meth-chandler and Moore in 1995 [128]. This principle is
odology of the AxSYM assay is very closed to thosecommon to all the immunoassays and, depending of
of IMx assay, but is less time-consuming (forthe detection mode, three groups of methods are now
example, AxSYM can process up to 60 samples in 1available (Table 5). All these methods have a limited
h compared to only 20 on IMx) [129].dynamic range set at 50mM and only L-homo-

IMx assay is a fast method (less than 7 min percysteine can be analyzed. By contrast with many
sample), in which a manual pretreatment step is notother analytes, all homocysteine immunoassays
required. Calibration, for each lot of kit reactives,share, to date, a single commercially available
usesS-adenosyl-homocysteine: seven points, from 0antibody (raised against the SAH compound), and
to 50 mM. Internal quality control uses three levels:the SAH hydrolase, licensed from Axis (Axis Bio-

¨ 7, 12.5 and 25mM. The intralaboratory coefficient ofchemicals, Grunerløkka, Norway). Indeed, the SAH
variation (C.V.) is given as,5%, but with a 2 to 3%antibody is the same for all immunoassays. This is
bias when compared with two HPLC and GCan advantage for homogeneity of the results obtained
methods [130], while no difference was detectedwith these different methods, as immunoassays are
from GC in another study [131], which observedusually known to cause serious problems of stan-
higher C.V.. In a study, compared with an HPLCdardization. However, this advantage becomes a
method and an enzyme-linked immunoassay, FPIAmain drawback in terms of cost. Despite their low
showed the lowest within-run and between run C.V.labor cost, immunoassays have a high reagent cost
[132].compared to chromatographic methods.

The mean recovery of homocysteine added (from
6 to 26 mM) to two plasma samples: respectively,6 .1. With fluorescence polarization immunoassay
7.3–16.2mM was 97.1 and 99.9% intralaboratory(FPIA)
[128]. There was a correct correlation of results with

2an HPLC method:r 50.82 (fluorescent reagent:The SAH compound can be quantified, in a fully
ABD-F), while a good correlation with GC–MS wasautomated manner, by using reagents specifically

2developed for this assay, an anti-SAH antibody and a found:r 50.95, method considered as a reference
fluoresceinated tracer compound. The recording of method [83,133]. This last study considers that FPIA
changes in fluorescence polarization resulting from may become a method of choice in routine homo-
competitive binding of SAH and tracer at the anti- cysteine assay. It is also reported as giving the best

Table 5
Main characteristics of immunoassays for the quantitative determination of plasma homocysteine

Name FPIA ICL EIA

Principle Competitive immunoassays
No. of antibodies One One Two
Antibody label None Enzymatic label: Enzymatic label:

(capture antibody) ALP HRP
Detected signal Fluorescence Luminescence Colorimetry
Target of SAH SAH SAH
immunoreaction
Dynamic range 2–50mM 0.5–50mM 2–50mM
Sample volume 50ml 15 ml 25 ml
required
Assay duration 60 min 70 min 150 min
Adjustment interval $ 2 weeks 2 weeks Each assay

ALP, alkaline phosphatase; EIA, enzyme immunoassay; FPIA, fluorescence polarized immunoassay; HRP, horseradish peroxidase; ICL,
immuno-chemiluminescence; SAH,S-adenosyl-homocysteine.
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performance [134]. No cross-reactivity is observed 6 .3. With enzyme-linked immunoassay (EIA)
with L-cysteine, nor with methionine (negligible for
this last at higher than physiological concentrations)
and, actually, few pharmacological interferences are The solid-phase immunoassay is based on compe-
known, but it is necessary to control the blank tition between SAH in the sample and the im-
values: in the case of high values, with alarm, as the mobilizad SAH bound to the microtiter plate for
homocysteine concentration is wrong. binding sites on a monoclonal anti-SAH antibody.

After removal of unbound anti-SAH antibody, a
6 .2. With chemiluminescence immunoassay (ICL) secondary rabbit anti-mouse antibody labelled with

the enzyme horseradish peroxidase is added. The
The SAH compound of the sample can be de- reaction is stopped by adding sulfuric acid. The

termined by chemiluminescence on the Immulite peroxidase activity is measured spectrophotomet-
2000 analyzer (DPC, Los Angeles, CA), using rically after addition of substrate, tetramethylben-
reagents specifically developed for this assay by zidine; the absorbance is inversely related to the
DPC. These reagents are, firstly, SAH bound to concentration of tHcy. This method is now commer-
polystyrene beads, acting as a competitor, and sec- cially available from Axis Biochemicals.
ondly, anti-SAH antibody labeled with alkaline Calibrators were prepared by dissolving SAH in
phosphatase (ALP), generating the chemiluminescent assay buffer. The calibration curve is made by fitting
signal. After incubation of reagents with the sample the concentration–absorbance data with a four-pa-
SAH, elimination of [antibody–sample SAH] com- rameter logistic function. The quantification limit of
plexes is achieved by on-board centrifugation of the the Axis homocysteine EIA is,0.5 mM with a
reaction vials, and the residual antibody (bound to C.V.,20%. Mean recoveries of known amounts of
SAH beads) is quantified by enzymatic transforma- SAH and crystallineL-homocystine added to plasma
tion (ALP) of a chemiluminescent substrate. Light is samples were, respectively, 101 and 92%. The within
detected by a luminometer and the absorbance is assay variation was estimated after analyzing three
inversely related to the concentration of tHcy. All samples containing 8.1, 13.6, and 27.3mM tHcy in
these reaction steps, as well as plasma reduction and 21 parallel determinations and the C.V.% were,
enzymatic transformation of homocysteine into SAH, respectively, 5.0, 4.3 and 5.5%. The between assay
are fully automatized. variation is based on 21 succeeding analytical set-ups

Calibration occurs twice a month and usesS- performed over 3 days and the C.V.% was, respec-
adenosyl-homocysteine in aqueous–proteic solution. tively, of 5.4, 6.2 and 8.2% [135]. The cross-reactivi-
Internal quality control uses three levels with respec- ty of the monoclonal SAH antibody against interfer-
tive values near 7, 12 and 25mM. The within run ing compounds was tested by adding the compounds
variation for tHcy values of 4.2, 13.9, and 27.7mM to the calibrators or to the samples. The compounds
in 20 parallel determinations were, respectively, 9.9, tested were cysteine,S-adenosyl-L-methionine
7.0 and 5.4% (Rouen’s laboratory data, personal (SAM), cystathionine, methionine, glutathione
communication). The between run variation for tHcy thiolactone and adenosine. SAM was the only com-
levels of 4.2, 13.9 and 27.7mM in 20 parallel pound to substantially affect positively the perform-
determinations realized on 5 days were, respectively, ance of the assay; when present in sample at.10
8.2, 3.9 and 4.3% (Rouen’s laboratory data, personal mM. The fact that only SAM affects the determi-
communication). Among immunoassays, ICL is the nation of homocysteine is explained by the structural
more recent. This system presents the same advan- resemblance to SAH and the corresponding recogni-
tages as FPIA: fully automatized method, low tion by the anti-SAH antibody.
quantity of plasma needed, fast method (results The microtiter plate version of the EIA has a very
delivered 70 min after automate loading). Actually, high potential capacity with no manual deproteiniza-
there is a very good agreement between results tion or cumbersome chromatography step. Multiple
obtained with FPIA or ICL methods on patient plates can be analyzed simultaneously and the meth-
samples (Rouen’s laboratory data, personal com- od can be partially or fully automated with inexpen-
munication). sive apparatus available in many laboratories.
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7 . Enzymatic assays large studies have already evaluated the method
differences in terms of imprecision and accuracy

In order to avoid the need for a specialized [85,130,131,133,138] but none has evaluated the
equipment, enzymatic colorimetric assays have been impact of analytical variability on the clinical inter-
developed more recently. Tan et al. [136]. have pretation of biological results. The lack of stan-
developed, on a 96-well microtiter plate, a single dardization for tHcy measurements is harmful for the
enzyme tHcy assay based on a highly specific determination of a biological cut-off of hyper-
homocysteinea,g-lyase (rHcyase). After reduction of homocysteinemia. After reviewing the main criteria
all species containing homocysteine, rHCYase spe- for establishing analytical performances between
cifically converts in a first step, homocysteine to methodologies, we discuss this point.
a-ketobutyrate, ammonia, and H S and in a second2

step, the H S combines withN,N-dibutylphenylene2

diamine to form 3,7-bis(dibutyl amino)pheno- 8 .1. Definitive, reference and field methods
thiazine-5-ium chloride, which is highly fluorescent.
Matsuyama et al. [137] have developed another Until now, the GC–MS with ID (use of deuterated
enzymatic reaction by using homocysteine internal standard) was defined as the definitive
methyltransferase. This enzyme transfers the methyl method and often chosen in comparison studies as
group of D-methionine methylsulfonium to Hcy, the reference method [107,130,131,133]. However,
leading to the generation ofL-methionine andD- from the arrival of MS–MS benchtop instruments in
methionine. In a second step,D-amino acid oxidase different laboratories with the development of pro-
oxidizes D-methionine with the simultaneous pro- tein research, LC–MS–MS with ID has become the
duction of hydrogen peroxide, followed by oxidation candidate definitive method. So, in the area of
of 10-(carboxymethyl-aminocarbonyl)-3,7-bis(di- standardization, LC–MS–MS with ID should be
methylamino) phenothiazine to yield methylene blue used as the definitive method because this method
with an absorbance maximum at 660 nm. The presents the highest degree of accuracy and preci-
capture of the remaining dithiothreitol is performed sion, and GC–MS with ID should be a reference
by addition ofN-ethylmaleimide in the second step, method. All other types of methods (HPLC, im-
enabling the oxidation of the redox indicator and the munoassays, ion-exchange chromatography) should
generation of the colored product. This assay is be considered as field methods if they are accurate,
applicable to all colorimetric-based clinical chemis- robust and practical.
try analyzers.

These two methods have a higher linearity than
the immunoassays, 100 and 80mM, respectively. 8 .2. Accuracy
Less steps than for EIA are needed, three and two,
respectively, but manual pretreatment of the samples As tHcy is considered as a risk factor for car-
is required for the second method as well as the diovascular disease, we need to use methods with
background determination ofD-amino acids. The size high accuracy and high precision to evaluate this risk
of blood samples (5ml) is very low for the en- factor. A few reports have shown some comparison
zymatic fluorescent assay and allowed assay of studies between a large number of methods used for
plasma derived from a finger prick. homocysteine measurements [107,130,131,133]. All

these studies for FPIA and almost all for EIA agree
on a negative bias when these immunoassays are

8 . Methods evaluation compared to the results given by GC–MS with ID.
One cause of this inaccuracy can be the lack of one

As previously described, a lot of methods are now accepted reference substance to calibrate homocy-
available for tHcy determination. Commercial kits steine determinations. However, as immunoassays
using immunoassays, easier to use, begin to supplant have their own calibrants and these calibrants are not
in-house laboratory methods. A few more or less detected by the other methods of homocysteine
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determination, a great difficulty is induced to explore 8 .4. Impact of inter-method variation on the
the bias between the different types of methods. We interpretation of the biological result
recently compared six different methods (GC–ID-
MS, HPLC (TBP/SBD-F or TCEP/ABD-F), FPIA, The inter-method variation on tHcy determination
EIA, EC-LIF and ion-exchange chromatography) has also be found too high to be able to show the
used by nine laboratories to determine plasma homo- differences between patients with coronary athero-
cysteine in 41 human samples [107]. One GC–ID- sclerosis and controls [86]. In our interlaboratory
MS was chosen as a reference method on the basis of study, we have underlined this problem by two
its analytical performances. Under these conditions, arguments [107]. First, no tested method is able to
the requirement for minimum performance (bias, recover small added amounts ofL-homocystine (11
12.8%) as defined in Ref. [131] was not met by two mM) with precision. Secondly, considering plasma
laboratories (one using an FPIA method, and the tHcy values arranged in two groups according to the
other the CE-LIF method); but even GC–ID-MS is a upper reference limit for plasma tHcy value com-
reference method, we need to perform tHcy method monly set at 15mM, in the tHcy group values found
comparison studies against a highly accurate refer- less or equal to 15mM by GC–ID-MS, a maximum
ence method (LC–MS–MS with ID) before reaching 25% of the values are found higher with the other
a final conclusion. Moreover, as some methods were methods and in the group of tHcy values found
used by only one laboratory, it is difficult to con- superior to 15mM by GC–ID-MS, a maximum 30%
clude whether the observed differences between the of the values are found lower with the other meth-
methods are method-specific or part of the among- ods. So we point out that the inter-method and
laboratory variation, as was seen with the FPIA inter-laboratory standardization is a pre-requirement
[107]. to the establishment of a biological cut-off to inter-

pret the results. As others, we are fully aware of the
need for a definitive reference method and the

8 .3. Imprecision introduction of standard reference material, as well
as an external quality assessment program, to make

The requirement for minimum performance in progress in the standardization of tHcy determi-
terms of analytical imprecision is 5.3% [131]. The nations.
analytical imprecision of each method used to de-
termine tHcy is already close to the limits of the 8 .5. Cost
minimum performance and all the studies for tHcy
comparison methods [107,130,131,133] showed that The measurement of plasma tHcy is still a rela-
the evaluation of among-laboratory imprecision does tively expensive analysis. In-house chromatographic
not reach a such cut-off; currently a 9% among- methods have low reagent cost but high labor cost.
laboratory imprecision was obtained. So the inter- Inversely, reagents for automated immunoassays are
method and intra-laboratory variations in tHcy de- more expensive, but labor costs are lower.
termination are often too high to be acceptable.
Among inter-laboratory studies, several studies are in
agreement that between-laboratory variations are too 9 . Conclusion
high. One study [138] has indicated that the vari-
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tion of the tHcy results difficult in terms of car- sampling is used [107,130]. ICL methods are too
diovascular risk for the patient associated with new to have been tested enough, but seem promising.
hyperhomocysteinemia. So among methods, immunoassays are the more
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