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Background: There is a need for systematic evaluation
of methods before their release to the market. We
addressed this problem in novel homocysteine assays as
part of an European Demonstration Project involving
six centers in four countries.
Methods: Two immunological methods for measure-
ment of plasma total homocysteine (P-tHcy), the fluo-
rescence polarization immunoassay (FPIA) and the en-
zyme immunoassay (EIA), were compared with two
comparison methods, HPLC and gas chromatography–
mass spectrometry (GC-MS). All laboratories performed
the following procedures: (a) familiarization; (b) deter-
mination of linearity and precision by analyzing five
plasma samples with interrelated concentrations for 20
days; (c) correlation using patients’ samples; and (d)
assessment of long-term performance.
Results: Both immunological methods were linear for
P-tHcy between 5 and 45 mmol/L. The intralaboratory
imprecision (CV) was <5% for FPIA and <9% for EIA
used with a sample processor. The bias was 22% to 3%
for FPIA and 2–4% for EIA used with a sample proces-
sor.
Conclusions: The immunological methods provide re-
sults with little bias compared with HPLC and GC-MS.

The imprecision of the assays must be considered in the
context of their intended use(s).
© 2000 American Association for Clinical Chemistry

New assays should be thoroughly evaluated before intro-
duction for routine use in clinical practice. However, this
requires that diagnostic laboratories have the resources
and the analytical capacity to compare the performance of
the new assays with comparison methods. The outcome
of such an evaluation will depend on the individual
laboratories, thus leading to difficulties in distinguishing
the performance of the method from the performance of
the laboratory. This applies to both the new assay and the
comparison method(s).

New methods for measurement of plasma total homo-
cysteine (P-tHcy)7 currently are under evaluation. Until
recently, measurement of P-tHcy required time-consum-
ing and complex methods such as HPLC and gas chro-
matography–mass spectroscopy (GC-MS) (1, 2), but now
an immunological method for the determination of P-
tHcy has been developed and subsequently used in both
a fluorescence polarization immunoassay (FPIA) format
in conjunction with the IMx® analyzer (3 ) and in an
enzyme immunoassay (EIA) format (4 ). These assays are
simple and may be superior to the conventional chro-
matographic assays for routine use.

The introduction of these novel tests for P-tHcy illus-
trates a typical situation in clinical chemistry today. The
assays were developed for commercial use, and the pro-
ducer provided extensive documentation on specificity,
analytical range, reproducibility, accuracy, and linearity.
However, systematic data on the performance in individ-
ual routine laboratories of various sizes and experience
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are lacking, not only for the P-tHcy assays but for nearly
all tests introduced into routine laboratory practice.

This report describes a strategy to evaluate novel
P-tHcy assays. The study is part of a European Union-
funded demonstration project involving six centers in
four countries. The objective was to evaluate the perfor-
mance of these assays in a range of settings reflecting their
future use. The strategy involved the following proce-
dures: (a) familiarization; (b) assessment of linearity and
imprecision; (c) assessment of correlation with the com-
parison method; and (d) long-term performance using
samples from patients.

Materials and Methods
reagents and equipment
Both the FPIA and the EIA were supplied as test kits from
AXIS, and the assays were carried out according to the
instructions supplied by the manufacturer. The FPIA
assay was run on an IMx analyzer (Abbott). The EIA assay
was performed either manually with the use of plate
washers and plate readers (Labsystems or Wallac) or
using a pipetting robot equipped with a plate reader and
washer (Rosys Plato 7 or Tecan Genesis RMP 100). The
FPIA and EIA used calibrators manufactured by AXIS as
part of the test kits, whereas the GC-MS and HPLC
methods used in-house calibrators. Selected information
about the operating characteristics of the two immunolog-
ical methods and the GC-MS and HPLC comparison
methods are shown in Table 1.

samples
Samples for testing linearity and imprecision. Two pools of
human plasma with no exogenous tHcy were prepared,
with one containing 45 mmol/L P-tHcy [S1; close to the
upper limit for the immunoassay (4 )] and the other
containing 5 mmol/L P-tHcy [S5; close to the lower
reference limit of an adult population (5 )]. S1 and S5 were
then mixed so that samples S2, S3, and S4 contained 50%,
25%, and 12.5% S1 and 50%, 75%, and 87.5% S5, respec-
tively. The tHcy concentrations of S2, S3, and S4 were
calculated from the fractional composition of S1 and S5.
Aliquots of each S sample were frozen at 220 °C. In each
laboratory, samples S1–S5 were thawed and further ali-
quoted for the analysis of each sample on three occasions

daily (FPIA) or twice daily as duplicates (EIA) for 20
consecutive working days.

Patients’ samples used in the correlation analysis. Plasma
samples from 57 individuals covering a P-tHcy concen-
tration range of 4–34 mmol/L were collected from indi-
viduals screened at the University of Bergen clinical
chemistry laboratory and stored at 220 °C until analysis.

Control samples. Internal control samples at three concen-
trations (;8, 12, and 25 mmol/L) were supplied by the
manufacturer (AXIS) and used to accept or reject the
individual runs, according to prespecified rules (6 ). Ex-
ternal quality assessment samples were supplied by the
Danish Institute for External Quality Assurance for Hos-
pital Laboratories and analyzed on six occasions to test
the long-term performance at each center. All samples,
with the exception of the external assessment samples,
were shipped to each of the participating laboratories on
dry ice.

laboratories
A total of six laboratories in four countries participated in
the demonstration project.

Laboratory 1. Laboratory 1 developed and carried out the
premarket testing of the immunoassays. The laboratory
participated in the protocol with the FPIA and the EIA
using automatic sample processing. The inclusion of this
laboratory permitted a comparison of the performance of
the assay producer with the routine laboratories.

Laboratory 2. Laboratory 2 was a research laboratory with
more than 15 years of experience with P-tHcy determina-
tion and serves as a reference laboratory for P-tHcy
determinations. This laboratory developed a method in
1985 that formed the basis for the novel immunoassays
(7 ). The fully automated HPLC method, developed in
1989 and modified in 1993, has been widely used in
several large clinical and epidemiological studies on P-
tHcy (8–10). For this project, this laboratory measured
P-tHcy with four methods, EIA, FPIA, a HPLC technique
based on monobromobimane derivatization and fluores-
cence detection (11 ), and a GC-MS method involving

Table 1. Selected characteristics for calibration, sample requirements, and performance of various P-tHcy assays.

No. of
calibrators

Sample
volume,

mL

No. of
measurements

per sample
No. of samples

per run
Time per

run, h Ref.

FPIA 6 50 1 20 1 (3)
EIA 6 5 2 84 2.5 (4)
HPLC

Lab 2
1 30 1 68 24 (8)

Lab 3 2 50 2 96 12 (13, 14)
GC-MS

Lab 2
1 100 1 96 24 (12)

Lab 6 3 200 1 90 24 (15, 16)
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ethylchloroformate derivatization as described by Husek
(12 ). The EIA method was run using an automated
sample processor.

Laboratory 3. Laboratory 3 had performed P-tHcy deter-
mination with HPLC based on 7-fluorobenzofurazane-4-
sulfonic acid derivatization and fluorescence detection
(13, 14) for ;5 years. This laboratory measured P-tHcy
using both HPLC and FPIA.

Laboratories 4 and 5. Laboratories 4 and 5 were laboratories
with no previous experience in the determination of
P-tHcy, and both measured P-tHcy using the EIA with
manual sample processing.

Laboratory 6. Laboratory 6 included two laboratory units.
One was responsible for the GC-MS comparison method
(15, 16) and had almost 10 years of experience with
P-tHcy determination in clinical practice as well as in
research. The other unit was comparable to a routine
clinical chemistry laboratory introducing P-tHcy determi-
nation (the FPIA variant) for the first time.

study design
The following steps were performed.

Familiarization. After installation of the equipment, the
technicians received practical training. This involved per-
forming a run that included calibration and analysis of
internal controls using a specified protocol. The accep-
tance of the internal controls was based on the limits
supplied by the manufacturer.

Linearity and imprecision. Samples S1–S5 were run in
random order on three occasions per day together with
the three internal control samples for the FPIA or twice
daily in duplicate for the EIA on 20 consecutive working
days. Runs were accepted if the internal controls were
within the limits stipulated by the manufacturer. The
mean P-tHcy concentrations and SDs for the internal
controls were calculated and used for acceptance or
rejection in the subsequent runs.

Correlation analyses. The 57 samples from patients were
analyzed once, and runs were accepted based on values
obtained for the internal controls.

Long-term performance and external quality assessment. Over
a 12-month period, six pairs of samples from an external
quality assessment scheme were run within 2 weeks of
receipt.

One laboratory continued the FPIA assay on a routine
basis to test its practicability. The assay was run once a
week by seven different technicians over a 5-month
period. The number of rejected runs was recorded, and
the imprecision was calculated based on the values ob-
tained for the internal controls.

statistical methods
The within-day, between-day, intralaboratory, between-
laboratory, and interlaboratory variances were calculated
using nested analysis of variance. The interlaboratory
variance is the variation between results obtained from
samples run in various laboratories. The intralaboratory
variance is the variation for results obtained from samples
run over several days in the same laboratory. The within-
day variance describes the variation for results obtained
from samples assayed in the same run. The between-day
variance was calculated by subtracting the within-day
variance from the intralaboratory variance. Similarly, the
between-laboratory variance was calculated by subtract-
ing the intralaboratory variance from the interlaboratory
variance. Bias was calculated from the results obtained for
the S samples and for the patients’ samples. Bias was
defined as the difference between the test method result
and the comparison method result divided by the com-
parison method result. The results from the 57 patients’
samples obtained by the different methods were analyzed
by linear regression and according to the procedure of
Bland and Altman (17, 18). Results obtained by GC-MS
(laboratory 6) were used as the comparison method or
“gold standard”, and this laboratory unit was not in-
volved in running the novel immunological assays.

Results
Six laboratories participated in the study. The FPIA and
the EIA methods were both evaluated at four sites,
whereas the HPLC and GC-MS methods were both eval-
uated at two laboratories. The EIA format was performed
either manually or using a sample processor (see Materials
and Methods), and the results are reported separately.

familiarization
The six laboratories were familiarized with the immuno-
logical methods within a few weeks of installation of the
equipment.

assessment of linearity and precision
Based on the results of the analysis of five samples (S1–S5)
with interrelated concentrations, the linearity and impre-
cision of the methods were assessed and compared with
similar data for the comparison methods. In general, all
methods showed linearity throughout the 5–45 mmol/L
P-tHcy range (Fig. 1). A statistically significant deviation
from linearity was observed for the FPIA run at labora-
tory 3 because of results obtained for sample S2.

The intralaboratory variation for the various assays is
shown in Table 2. The intralaboratory imprecision (CV)
was ,5% for FPIA, ,9% for the automated EIA, and
,13% for the manual EIA. The interlaboratory impreci-
sion for the FPIA was 3–5% for the range of values studied
and was comparable to values obtained with the compar-
ison methods. The interlaboratory imprecision for the EIA
was somewhat higher: 6–9% when a sample processor
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was used, and 10–17% when the assay was performed by
manual pipetting.

The proportions of the variance derived from the
within-day, between-day, and between-laboratory vari-

ances were calculated using nested analyses of the vari-
ance (17 ); the results are shown in Fig. 2. For the FPIA, the
within-day variance accounted for 27–63% of the variance
and the between-day variation accounted for most of the

Fig. 1. Linearity and imprecision of various assays for P-tHcy.
The mean and SD for each of five samples (S1–S5) with interrelated concentrations were calculated from values obtained by six laboratories using different methods.
Laboratories 1, 2, 3, and 6 used the FPIA; laboratories 1 and 2 used the EIA with sample processing (aEIA); laboratories 4 and 5 used the EIA with manual sample
handling (mEIA); laboratories 2 and 6 used GC-MS; and laboratory 2 used HPLC. The P-tHcy concentrations in samples S1 (F) and S5 (�) were 44.7 and 4.7 mmol/L
as determined by GC-MS (laboratory 6). The concentrations of S2 (M), S3 (Œ), and S4 (L) were calculated to be 24.7, 14.7, and 9.8 mmol/L, respectively. The “true
values” for S1–S5 are given as dashed lines.

Table 2. Assessment of intralaboratory imprecision (CV) for immunological assays and comparison methods for
P-tHcy determination.

Method

CV, %

Based on
values from

S1
(44.7 mmol/L)

S2
(24.7 mmol/L)

S3
(14.7 mmol/L)

S4
(9.8 mmol/L)

S5
(4.7 mmol/L)

FPIA 3.2 4.5 3.5 3.7 4.9 Four laboratories
(Labs 1, 2, 3, 6)

aEIAb 6.2 6.4 6.9 7.6 8.8 Two laboratories
(Labs 1 and 2)

mEIAc 10 9.0 10 10 12 Two laboratories
(Labs 4 and 5)

HPLC 4.1 3.5 3.4 4.8 5.8 One laboratory
(Lab 2)

GC-MS 2.8 2.1 2.1 3.1 3.2 One laboratory
(Lab 2)

3.8 3.5 3.5 3.0 2.9 One laboratory
(Lab 6)

a The five samples (S1–S5) with interrelated concentrations (see Materials and Methods) were analyzed two or three times daily for 20 days.
b aEIA, EIA run with sample processor.
c mEIA, EIA run with manual sample handling.
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remaining variance. The between-laboratory contribution
was marginal. A similar pattern was obtained with the
EIA performed with a sample processor, whereas the
between-laboratory component was considerably larger
for EIA carried out by manual pipetting.

The bias relative to the comparison method is shown in
Table 3. Based on the samples, the FPIA showed a
negative bias of ;2%, whereas one of the laboratories
showed a small positive bias for the EIA. The most
significant bias was observed between the two GC-MS
methods, and this was most likely attributable to differ-
ences in the calibrators used in each laboratory.

correlation analyses
Analysis of patients’ samples throughout the range of
P-tHcy values between 4 and 34 mmol/L allowed a
comparison of results obtained with the novel immuno-
logical methods with the GC-MS method used as gold
standard (Fig. 3). Exclusion of one outlier (34 mmol/L) did
not alter the overall results of the regression analysis (data
not shown). Regression analysis based on all 57 samples
showed no significant deviation from a slope of 1 and an
intercept of 0 for three of the four laboratories performing
FPIA and three of the four laboratories performing EIA.
The deviations were significant for the remaining two
laboratories (laboratories 3 and 5), showing slopes vary-
ing 8–11% from a slope of 1 and intercepts deviating 20.5
and 2 mmol/L for the FPIA and EIA assays, respectively.
By comparison, similar data for the two HPLC methods
(laboratories 2 and 3) showed 9% and 11% deviation from
a slope of 1, and 20.8 and 0.9 mmol/L deviation from an
intercept of 0. The other GC-MS method (laboratory 2)
showed a deviation of 4% from a slope of 1 and no
deviation for the intercept. Laboratory 3 obtained a sim-
ilar deviation for the FPIA and HPLC. This deviation is
unlikely to reflect calibration because all immunological
assays used the same calibrators, whereas the HPLC used
local calibrators.

Bias was calculated using the patients’ samples, and
the results are shown in Table 3. One of the manual EIA
assays showed a positive bias of 9%, but none of the other
assays had a bias exceeding 4%.

long-term performance
All laboratories participated in an external quality assess-
ment program (19 ). Over a 12-month period, each labo-
ratory returned results for 12 samples. The results ob-
tained with the FPIA method and three of the comparison
methods were all within the 90th percentile. Four of the 48
results obtained with the EIA method carried out in three
laboratories were outside the 90th percentile. In addition,
four of the results obtained with the comparison method
(HPLC; laboratory 3) were outside the 90th percentile.

Fig. 2. Distribution of variance for FPIA and EIA.
Shown within each column are the contributions of within-day (u), between-day, (M), and between-laboratory (f) variance for determination of P-tHcy in five samples,
S1–S5, with interrelated concentrations for the FPIA (four laboratories), the EIA combined with sample processing (aEIA; two laboratories), and the EIA combined with
manual sample handling (mEIA; two laboratories).

Table 3. Assessment of bias for the immunological assays
relative to the GC-MS comparison method for P-tHcy

determination using both the S samples and the
patients’ samples.

Bias, mean (SE), %

S samples
(n 5 5)

Patients’ samples
(n 5 57)

FPIA
Lab 1 21 (1.0) 0.1 (0.7)
Lab 2 22 (0.6)a 2 (0.9)a

Lab 3 21 (1.1) 3 (0.7)b

Lab 6 22 (0.6)a 0.1 (0.6)
aEIAc

Lab 1 2 (0.7)a 4 (1.0)b

Lab 2 3 (1.2) 2 (1.4)
mEIAd

Lab 4 10 (4) 9 (1.7)b

Lab 5 22 (2.4) 1 (1.6)
HPLC

Lab 2 23 (0.9)b 22 (0.6)b

Lab 3 NDe 2 (0.6)b

GC-MS
Lab 2 25 (0.6)b 24 (0.5)b

a,b Significance: a P ,0.05; b P ,0.01.
c aEIA, EIA run with a sample processor.
d mEIA, EIA run with manual sample handling.
e ND, not determined.
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The performance of the FPIA run by seven technicians
over a 5-month period was excellent. Only 1 of the 60 runs
required repeat measurement because of internal controls
being outside the accepted limits, and the CV (obtained
for the internal controls covering the range 7–25 mmol/L)
was ,3%.

Discussion
An increasing number of new analyses developed by
commercial firms are being introduced into routine clin-
ical laboratories. Frequently, the introduction involves a
comparison with existing methods and an evaluation of
the reproducibility of the new method (20, 21). We used a
simple model that can be used as a template for multi-
laboratory testing of new methods before their introduc-
tion into routine clinical practice. The model was used to
evaluate the performance of novel immunological assays
for quantification of P-tHcy.

Our strategy for the initial testing of a new method
involved familiarization; estimation of linearity, impreci-
sion, and bias; assessment of correlation with comparison
methods; and evaluation of long-term performance. Our
protocol included two additional strategies compared
with recommended guidelines for the implementation of
a new methodology into the routine laboratory (20, 21).
We compared the performance in different laboratories
and used human samples with interrelated concentra-
tions. Assessment of performance using samples with
interrelated concentrations allows a systematic evaluation
of the new methods that is independent of the comparison
method (22 ). This is of particular importance when the
new assay is superior to the currently used methodology
or when no comparison method is available.

Our evaluation of the immunological assays for P-tHcy
confirms and expands the results obtained from previous
studies (23–27). The practicability and low imprecision of

Fig. 3. Bland-Altman plot for patients’ samples analyzed for P-tHcy by FPIA, EIA, HPLC, or GC-MS compared with comparison method.
P-tHcy concentrations in 57 samples from patient determined by the respective methods are compared with the gold standard (GC-MS; laboratory 6). The correlation
lines are indicated for laboratories where the intercept and slope differed significantly from zero. aEIA, EIA with sample processing; mEIA, EIA with manual sample
handling.
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the FPIA method throughout the range of values tested
suggest that it is suitable for routine use in laboratory
practice. The accuracy of the FPIA method makes it
feasible to directly compare values obtained in different
laboratories. This is an important issue both in clinical
studies and in routine clinical chemistry. The EIA has the
advantage of a high throughput and low sample volume
requirement, but the imprecision is higher than that of the
FPIA, especially when combined with manual sample
handling. These features make the EIA format suitable
mainly for screening purposes, where detection of a
substantial change in P-tHcy is required. The results
obtained by the immunological methods compared well
with results obtained with the comparison method, and
no systematic bias of significant magnitude was observed.

In conclusion, when implementing novel assays in routine
clinical practice, it is important to evaluate these assays in
the relevant laboratory settings and take account of labo-
ratory performance as well as assay performance. This
project illustrates an approach that could be used when
introducing other novel assays for routine clinical prac-
tice. Manufacturers of novel assays should have the
responsibility to evaluate their performance in this way
before their introduction for routine clinical practice.
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