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Abstract

Background: In this study, we tested to which extent possible between-center differences in standardized
operating procedures (SOPs) for biobanking of cerebrospinal fluid (CSF) samples influence the homogeneity
of the resulting aliquots and, consequently, the concentrations of the centrally analyzed selected Alzheimer’s
disease biomarkers.

Methods: Proficiency processing samples (PPSs), prepared by pooling of four individual CSF samples, were
sent to 10 participating centers, which were asked to perform aliquoting of the PPSs into two secondary
aliquots (SAs) under their local SOPs. The resulting SAs were shipped to the central laboratory, where the
concentrations of amyloid beta (Aβ) 1–42, pTau181, and albumin were measured in one run with validated
routine analytical methods. Total variability of the concentrations, and its within-center and between-center
components, were analyzed with hierarchical regression models.

Results: We observed neglectable variability in the concentrations of pTau181 and albumin across the centers
and the aliquots. In contrast, the variability of the Aβ1–42 concentrations was much larger (overall coefficient
of variation 31%), with 28% of the between-laboratory component and 10% of the within-laboratory (i.e.,
between-aliquot) component. We identified duration of the preparation of the aliquots and the centrifugation
force as two potential confounders influencing within-center variability and biomarker concentrations, respectively.

Conclusions: Proficiency processing schemes provide objective evidence for the most critical preanalytical variables.
Standardization of these variables may significantly enhance the quality of the collected biospecimens. Studies utilizing
retrospective samples collected under different local SOPs need to consider such differences in the statistical
evaluations of the data.
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Background
A growing body of evidence supports application of the
cerebrospinal fluid (CSF) biomarkers as diagnostic tools
for Alzheimer’s disease (AD) and other neurodegenera-
tion disorders [1, 2]. Due to their physical–chemical
properties, some of the AD CSF biomarkers are prone
to undesired changes in ex-vivo human body fluid sam-
ples. It is known that hydrophobic molecules such as
amyloid beta (Aβ) peptides, particularly Aβ1–42, absorb
to certain plastic surfaces [3–5], or deteriorate following
repeated freezing/thawing cycles [6, 7], leading to artifi-
cially reduced concentrations. These phenomena are
generally unsystematic and hence uncontrollable; for ex-
ample, after the third freezing/thawing cycle the concen-
trations of Aβ1–42 significantly decrease in some
individual CSF samples, but increase in other samples
[6]. Therefore, carefully designed, consequently applied,
and continuously controlled preanalytical sample hand-
ling standardized operating procedures (SOPs) are of ex-
treme importance. Another dimension of the problem
arises when biobanking and multicenter studies come
into play. Very generally spoken, two main scenarios are
possible in such studies: either the samples (such as the
CSF specimens) are collected, processed, and finally lo-
cally analyzed in each of the participating centers of a
multicenter project; or, alternatively, they are locally col-
lected, processed, and temporarily stored, until they are
subsequently shipped to one central laboratory, where
all of the analyses take place. The second scenario, for
example, is a typical case for large CSF biomarker dis-
covery and validation studies or clinical trials, in which
samples are collected and stored in local repositories,
and then sent to one central laboratory. If the samples
are collected locally but measured centrally, the inter-
center variability of the measurements is by definition
eliminated, but the differences across the local collection
and processing SOPs need to be critically addressed and
controlled for. Certainly, preanalytical bias due to differ-
ences in processing methods can be minimized in pro-
spective studies if SOP training along with the material
needed for sample processing (like test tubes, puncture
needles, syringes) are offered to all of the participants
before the beginning of sample collection. However, pre-
analytical bias is unavoidable in retrospective studies,
where already stored samples are used from existing
repositories.
The concept of the SOP proficiency schemes has been

widely applied in nucleic acid extraction methods from
different types of matrices [8], but to our best knowledge
it has never been implemented in the context of CSF
processing. Hence, in this study we attempted to test to
which extent differences in the local biobanking process-
ing SOPs influence (in)homogeneity of the resulting ali-
quots and, in consequence, as an outcome measure, the

concentrations of centrally analyzed selected CSF bio-
markers. We included three CSF biomarkers in our
scheme—Aβ1–42, pTau181, and albumin, reasoning that
Aβ1–42 is considered the most preanalytically sensitive
biomarker while pTau181 is regarded as the most robust
one of the four core CSF AD biomarkers (the two others
being Aβ1–40 and total-Tau). For example, compared to
total-Tau, pTau181 is less prone to adhesion to test-tube
plastics [3] and shows less alteration of the concentra-
tions following repetitive thawing/refreezing cycles of
the sample [6]. Albumin, known to be one of the prea-
nalytically most robust proteins in the CSF [9], was also
added to the panel as a reference analyte.

Methods
Sample preparation and study protocol
The workflow for the sample preparation is presented in
Fig. 1. Briefly, in the Laboratory for Clinical Neurochem-
istry and Neurochemical Dementia Diagnostics, Er-
langen, Germany, CSF from four subjects was pooled,
immediately after the lumbar punctures, into one por-
tion of approximately 25 mL, which assured anonymiza-
tion and nontraceability of the individual samples. This
volume was then centrifuged and portioned into 25 pri-
mary samples (proficiency processing samples (PPSs)), of
1 mL each, which were immediately frozen at − 80 °C.
Ten of these PPSs were then used for homogeneity

Fig. 1 Flow chart of the project. Aβ amyloid beta, CSF cerebrospinal
fluid, IBBL Integrated BioBank of Luxembourg, SOP standardized
operating procedure
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testing in the Erlangen Laboratory, and 10 PPSs were
sent on dry ice to the participating processing laborator-
ies via the logistic unit of the Integrated BioBank of
Luxembourg (IBBL). To keep the protocol consistent for
all of the participants, the PPSs to be processed by the
Erlangen Laboratory also underwent postal circulation
in the interlaboratory processing scheme. The partici-
pants were asked to thaw the PPSs, and to prepare two
secondary aliquots (SAs) strictly according to their local
biobanking SOPs; the sole exception was that the result-
ing SA needed to be 500 μL, irrespective of the volume
usually prepared by a participant. The resulting SAs
were then frozen according to local procedures, and sent
back to the laboratory in Erlangen on dry ice by stand-
ard logistics. Each participant was asked to provide the
details of the local SOPs via a webpage maintained by
the IBBL. The requested information included: storage
conditions (temperature and duration) of the PPSs and
the resulting SAs, time between thawing of the PPSs and
freezing of the resulting SAs, centrifugation data (force,
duration, and temperature), and type of secondary stor-
age tubes used.

Homogeneity testing
Intra-assay variation was tested by 10 repetitions of the
measurements of each analyte of interest, and expressed
as a corresponding coefficient of variation (CV). Homo-
geneity testing was performed with the 10 PPSs (1 mL
each), stored locally in the Erlangen Laboratory. Briefly,
these samples were handled in strictly the same way as
the samples sent to the participating laboratories (Fig.
1), with the exception that they were neither sent out
nor back (stages 5 and 7 of the protocol were omitted).
From each of the 10 PPSs, two SAs (500 μL) were pre-
pared and frozen at − 80 °C until they were assayed,
mimicking the workflow for the PPS → SA preparation
and the central analyses, followed in the intercenter
scheme. Assays for homogeneity testing were those de-
scribed in the next section.

Laboratory analyses
The 20 SAs (10 participants × 2 aliquots) were kept at
− 80 °C from arrival at Erlangen until the analyses.
Aβ1–42 was assayed in duplicate with an ELISA from
IBL International (Hamburg, Germany), pTau181 was
measured in duplicate with an ELISA from Fujirebio
Europe (Ghent, Belgium), and albumin was analyzed
with kinetic nephelometry on an Immage 800 nephel-
ometer (Beckman Coulter), following the protocols
provided by the vendors. All measurements were run
on one ELISA plate (Aβ1–42 and pTau181) or in one
analytical run (albumin).

Statistical analyses
For each analyte of interest, the variability and its com-
ponents are reported as a set of four statistical metrics:
the total unadjusted CV, the within-laboratory coeffi-
cient of variation, the between-laboratory coefficient of
variation, and the intraclass correlation coefficient (ICC).
For the statistical modeling, the SAs were treated as

level-1 units nested within PPSs (level-2 clusters).
Mixed-effects variance-components models were used to
decompose the total variability of a given analyte into
the between-cluster (i.e., random intercept, ψ) and the
within-cluster (i.e., residual, θ) variability. ICC, as a
metric for the within-cluster agreement, was calculated
as ICC = ψ / (ψ + θ). To enable direct comparison of the
components of the variance across the three analytes
and the two parts of the study, the variance components
were normalized for the average concentration of a given
analyte (μ):

Between‐center coefficient of variation ¼
ffiffiffiffi

ψ
p
μ

Within‐center coefficient of variation ¼
ffiffiffi

θ
p

μ

Linear regression models were fitted to test whether
the between-SA variability of an analyte’s concentrations
(defined as the absolute difference of the concentrations
of an analyte in the two SAs prepared by a given center
divided by the center-specific average of this analyte) de-
pends on the explanatory variables, characterizing the
biobanking SOPs of the participants. Mixed-effects
models were then fitted to test whether the concentra-
tions of the analytes depend on the explanatory vari-
ables, specific for the participants’ SOPs. Pairwise
correlations between continuous variables are presented
as Spearman’s rank correlation coefficients (ρ). For the
hypotheses testing, p < 0.05 was considered significant.
All analyses were performed with Stata 14.2 (StataCorp,
College Station, TX, USA).

Results
Homogeneity testing
CVs of the intra-assay imprecision of the measurements
were 2.9%, 3.9%, and 3.5% for Aβ1–42, pTau181, and albu-
min, respectively. The results of the homogeneity analyses
are presented in Table 1 (left columns) and Fig. 2. The
pTau181 and albumin results were characterized by very
low overall variability (CV = 3.2% and 4%, respectively),
which was comparable to the intra-assay imprecision of
the analytical methods used. In the case of Aβ1–42, a CV
of 12% was observed, which is considerably higher com-
pared to the method’s intra-assay imprecision. The coeffi-
cients of between-cluster (i.e., between-PPS) variation
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were acceptably low for all three analytes (< 0.1% for
Aβ1–42 and albumin, and 3% for pTau181). In contrast,
the coefficient of within-PPS variation (i.e., variation be-
tween the SAs obtained from a given PPS) of Aβ1–42
(12%) turned out higher than those of pTau181 (0.8%) and
albumin (4%). The ICCs of Aβ1–42 and albumin (< 0.01
in both cases) were much lower than the ICC of pTau181
(0.93). In the case of Aβ1–42, a low ICC derives from a
relatively high within-cluster (i.e., between-SA) variability
compared to the between-cluster (i.e., between-PPS) vari-
ability. In the case of albumin, taking into consideration
its low total variability (CV = 4%), the low ICC should be
treated as a neglectable nuisance.

Interlaboratory processing variability
Ten laboratories participated in the intercenter testing;
the results of this part of the study are presented in Table
1 (right columns) and Fig. 3. In the case of Aβ1–42, we
observed considerably large overall variability (CV = 31%),
much larger than in the case of the other two analytes, as
well as much larger than the 12% CV of Aβ1–42 in the
homogeneity study. The between-center component of
this variability was even more evident, with the corre-
sponding coefficient of Aβ1–42 exceeding more than 10
times the coefficients of the other two analytes. In con-
trast, the coefficients of the within-center variability of all
three analytes (10%, 7%, and 9% for Aβ1–42, pTau181,
and albumin, respectively) were comparable.
A reasonably large ICC of Aβ1–42 (0.89) indicates

better within-center than between-center agreement
between the SAs. Much lower ICCs in the case of
pTau181 (0.11) and albumin (0.05) are consequences of
large within-center variability in two laboratories
(numbers 7 and 8). This contributed significantly to high
within-center variability and, correspondingly, to the low
ICCs of these two analytes in the whole scheme. After
exclusion of the results of these two centers from the
statistical analysis, the within-center coefficients of vari-
ation of both pTau181 and albumin dropped to 2%, and

the ICCs of pTau181 and albumin increased to 0.88 and
0.92, respectively, indicating an excellent within-center
agreement.
Additional file 1: Table S1 presents details of the

center-specific protocols, considered as potential con-
founders. Linear regression models were applied to test
which of these confounders could explain between-aliquot
(i.e., within-center) variability of the Aβ1–42 concentra-
tions. Among the variables tested—storage duration and
temperature of the PPSs, force, duration, and temperature
of the centrifugation, duration of the preparation of the
secondary aliquots, and duration and temperature of the
SAs storage at the local biobanks—only the effect of the
duration of the preparation of the secondary aliquots
turned out to be significant, both unadjusted (p < 0.001)
and adjusted for other explanatory variables (p = 0.042). In
particular, the between-aliquot variability of the Aβ1–42
concentrations was not statistically significantly associated
with its center-specific average concentration (p = 0.76;
Additional file 2: Figure S1). Due to a large diversity of the
secondary storage tubes used for the aliquoting (practic-
ally each participant used a different type of the storage
tubes), it was impossible to quantify effects of the
biobanking storage tubes. The correlation between the
duration of the SAs preparation and the variability in
Aβ1–42 concentrations between the SAs in nine labora-
tories (one participant did not report this metric) is
presented in Fig. 4.
Finally, mixed-effects models were fitted to test whether

the center-specific confounders affect the concentrations
of the individual analytes. For all three of them, the effect
of the centrifugation force, unadjusted for other covari-
ates, was positive and either significant (pTau181, p =
0.001) or borderline insignificant (Aβ1–42, p = 0.087;
albumin, p = 0.077). The effects of other variables,
unadjusted for one another, were insignificant for all three
analytes. Interestingly, although all PPSs reached the
participants in deeply frozen status, we observed that the
lowest concentrations of Aβ1–42, but neither pTau181

Table 1 Overall coefficients of variation (CVs), parameters of variance-component models decomposing total variability into
between-cluster and within-cluster variability, and corresponding intraclass correlation coefficients (ICCs)

Biomarker Intracenter schemea Intercenter schemeb

CV (%)c
ffiffi

ψ
p
μ (%)

ffiffi

θ
p
μ (%) ICC CV (%)c

ffiffi

ψ
p
μ (%)

ffiffi

θ
p
μ (%) ICC

Aβ1–42 12 < 0.1 12 < 0.01 31 28 10 0.89

pTau181 3.2 3 0.8 0.93 8 2.5 7 0.11 (0.88)d

Albumin 4 < 0.1 4 < 0.01 10 2 9 0.05 (0.92)d

μ represents overall average concentration of a given biomarker in a given scheme
Aβ amyloid beta, PPS proficiency processing sample, SA secondary sample
aIn the intracenter scheme, between-cluster (random intercept) variability (ψ) was the variability of the results obtained from 10 PPSs, and within-cluster (residual)
variability (θ) was the variability of the results obtained in two SAs prepared from each PPS
bIn the interlaboratory scheme, between-cluster (random intercept) variability (ψ) was the variability of the results obtained from 10 PPSs sent to the participating
laboratories, and within-cluster (residual) variability (θ) was the variability of the results obtained in two SAs prepared in each laboratory from the PPS
cUnadjusted total coefficient of variation of the results of the measurements of 20 SAs treated as 20 independent samples, irrespective of their origin from the PPSs
dICCs after exclusion of the two centers (numbers 7 and 8) with apparent failure in their standardized operating procedures

Lewczuk et al. Alzheimer's Research & Therapy  (2018) 10:87 Page 4 of 9



nor albumin, were measured in the SAs prepared in the
two geographically most-distant centers (numbers 1 and
2, the only two participants from the USA), although the
between-aliquot agreement of the results from these two
centers was excellent. Further, in one center (number 4),
the PPS was erroneously stored at + 4 °C for a prolonged

time which, apparently, affected neither the concentra-
tions nor the between-aliquot variability of any of the
three analytes. Pairwise correlations of the average con-
centrations of the three analytes turned out insignificant
(p > 0.25 for all three pairs after Bonferroni correction for
multiple correlations; data not shown).

a

b

c

Fig. 2 Results of homogeneity testing for Aβ1–42 (a), pTau181 (b), and albumin (c). Individual concentrations obtained in aliquots prepared from
10 primary samples presented as filled circles; averages presented as hollow circles. Aβ amyloid beta
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Discussion
In this paper, we report the results of a proficiency
processing scheme, evaluating variation between
aliquots of CSF samples arising from the differences
across local biobanking procedures. Whereas we

observed neglectable variability in the concentrations
of two analytes (albumin and pTau181) across the la-
boratories and the aliquots, the variability in Aβ1–42
concentrations in the aliquots prepared by the 10 par-
ticipating laboratories reached 31%. By decomposition

a

b

c

Fig. 3 Results of interlaboratory processing scheme, for analytes of interest: Aβ1–42 (a), pTau181 (b), and albumin (c). Concentrations obtained in
aliquots prepared by a given laboratory from primary sample presented as filled circles; laboratory-specific averages presented as hollow circles.
Aβ amyloid beta
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of the total variability into within-laboratory and
between-laboratory components, we showed that in
addition to the variability between aliquots prepared by
different laboratories, the aliquots prepared within a given
laboratory can also significantly differ from one another.
Finally, we conclude that the duration of the sample pro-
cessing is probably the most important factor contributing
to this variability.
For each analyte of interest, the variability and its

components are reported as a set of four statistical met-
rics: the total unadjusted coefficient of variation, the
within-laboratory coefficient of variation, the between-
laboratory coefficient of variation, and the intraclass
correlation coefficient. The application of coefficients,
instead of nonnormalized metrics (like, for example,
standard deviations expressed in the units of measure-
ments), enables a direct comparison of the variability
and its components for quantities (the concentrations of
the analytes), measured on different scales. We believe
that such an approach could be also applied for other
proficiency testing schemes, irrespective of the analytes
tested, since it provides the most comprehensive way to
interpret the results. Ideally, the CV, the within-labora-
tory and the between-laboratory coefficients of variation
should be as close as possible to 0, but with the
between-laboratory coefficient higher than the
within-laboratory coefficient, which would result, in an
ideal case, in the ICC as close as possible to 1. The
higher the CV, the larger the total variability of the re-
sults, and if a CV exceeds some triggering threshold
level (which perhaps should be defined taking into con-
sideration factors such as the measurement’s method

imprecision) the total variability should be decomposed
and analyzed closer. In contrast, in cases with a low
overall CV, it does not make much sense, we believe, to
analyze the components of the variability in more detail.
For example, in this study, the within-PPS variability
(i.e., the variability between two aliquots obtained from a
given primary sample) of albumin in the intralaboratory
part is several fold larger (4%) compared to its
between-PPS component (< 0.1%). As a matter of fact,
the whole variability of the albumin’s concentration
seems to result exclusively from its between-aliquot
component, which, in turn, causes seemingly a very poor
agreement between the aliquots (ICC < 0.01). However,
considering the overall low variability of the albumin
concentrations, this would be an overinterpretation; in
this particular case it is reasonable to conclude that the
different biobanking procedures do not generate signifi-
cant variability. An entirely different issue is Aβ1–42 in
the interlaboratory study, with a very high total CV
(31%), much larger compared to the coefficients of the
two other analytes in the intercenter study, as well as
the coefficients of all three analytes in the intracenter
study (≤ 12% for all analytes). In this case, majority of
the total variance comes from the between-laboratory
component (28%), with a minor part (10%) resulting
from the within-laboratory (i.e., between-aliquot) vari-
ability. This pattern tells us that the biobanking SOPs
are inhomogeneous across the laboratories and, so long
as Aβ1–42 is the analyte of interest, the origin of the ali-
quots from particular repositories has to be taken into
account in the statistical analysis. Indeed, if aliquots
from centers number 1 and number 10 were sent for a
hypothetical biomarker discovery project to a central la-
boratory, the fact that the samples were prepared under
different SOPs would be enough to misinterpret the
measurement results as being “normal” (samples from
laboratory number 10) or “pathologic” (laboratory num-
ber 1), irrespective of the real status of the patients.
Interestingly, pTau181 and albumin showed low

total variability (CVs ≤ 10%), but with an unexpected
distribution of its components: there was on average
much larger discrepancy between the aliquots gener-
ated by the same laboratory (7% and 9%) than the
discrepancy across the laboratories (≤ 2.5%). Such
distribution of the variability components results in
a low between-aliquot agreement, as expressed by
the low ICCs (0.11 and 0.05). This pattern is
brought about by two outlying centers (numbers 7
and 8; Fig. 3) for which the concentrations of
pTau181 and albumin on average fitted very well to
the concentrations in the aliquots prepared by the
remaining participants, but with large discrepancies
between the particular aliquots. Indeed, exclusion of
the results from these two centers reduced the

Fig. 4 Correlation of variability between Aβ1–42 concentrations
measured in two aliquots prepared by a given laboratory and
duration of preparation of these aliquots. Variability expressed as
absolute difference between concentrations in the two aliquots
prepared by a given laboratory divided by average of these two
concentrations. Aβ amyloid beta
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overall within-laboratory variability by a factor of
four, and increased the between-aliquot agreement
(as expressed by the ICCs) 8–18 times (Table 1).
Both low within-laboratory and between-laboratory

variability of the pTau181 and albumin concentrations in
this study indicate the homogeneity of the PPSs sent to
the participants, and also the preanalytical robustness of
these two analytes. Hence, we suggest that CSF biobanks
may perhaps consider measurements of pTau181 and/or
albumin in a series of their aliquots resulting from one
patient’s primary sample as a control measure to test
whether the local procedures fulfill homogeneity criteria.
We observed that the duration of the preparation of the

secondary aliquots and the centrifugation force are the two
major confounders contributing to the between-aliquot
variability of Aβ1–42 concentrations, and to the concentra-
tions of the biomarkers, respectively. Although these
covariates were identified as major confounding factors in-
fluencing biomarker concentrations in other studies [10–
13], we feel that it is premature to derive any conclusions
on their role as confounders in biobanking protocols before
future studies in a similar setting are completed.
This study is not without limitations. One of these is

that the primary samples, sent to the participants, were
already pretreated before shipment. First, they were pre-
pared from a pool of four individual CSF samples; and,
second, they needed to be frozen. Therefore, in this
scheme one additional freezing/thawing cycle was ap-
plied compared to an everyday situation, in which a lo-
cally collected body fluid sample is normally not frozen
before further processing. We believe, however, that at
least three arguments justify the procedure as it was ap-
plied in our study: first, two freezing/thawing cycles do
not bring about more variability in the concentrations of
the CSF AD biomarkers than one cycle does [6, 7]; sec-
ond, certain large-scale projects apply an intermediate
freezing/thawing cycle before the aliquots are eventually
stored in a biobank [14]; and, third (and perhaps cru-
cial), it is not possible, in schemes like this one, to re-
duce the number of the freezing/thawing cycles to one,
if processing items (samples) are supposed to reach dis-
tant laboratories in the most standardized conditions.
Finally, considering that this is probably the first study

of this kind, we do not think we could give any kind of de-
tailed recommendations regarding the between-center
variability acceptance criteria or ways to improve the CSF
biobanking SOPs. We may only speculate that future ac-
ceptance criteria should consider at least precision of the
analytical methods and the values of the clinically relevant
critical concentrations. The former issue is of pure
statistical matter, and might be achieved by further de-
composition of the total variability by introduction of one
additional level in the hierarchical regression models, lead-
ing to the intra-assay imprecision (f.e., between-duplicate

variability, L1) nested within secondary aliquots (L2)
nested within centers (L3). The latter issue is much more
complex, as it needs to consider which extent of error,
particularly around the biomarkers’ diagnosis-relevant de-
cision levels (laboratory cutoff values), is acceptable in a
given study. Similarly, in this single study the centrifuga-
tion force and the duration of the preparation of the sec-
ondary aliquots seem of relevance for the biobanking
quality, but we believe that further studies are warranted
to confirm these observations.

Conclusions
We believe that proficiency processing schemes, like
these reported in the literature [8] as well as the one
presented here, provide objective evidence for the most
critical preanalytical variables. Standardization of these
variables may significantly enhance the quality of the
prospectively collected biospecimens and prevent from
misinterpretations of the results from the retrospectively
collected samples. For example, in our study the dur-
ation of the preparation of the aliquots from a primary
CSF sample seems to be the most critical variable affect-
ing the within-laboratory Aβ1–42 variability. As for the
between-laboratory variability, centrifugation conditions
appear to be a critical factor; however, further studies
with a larger number of participants are necessary to
confirm this finding. In the future, other confounders
also need to be addressed; for example, the type of pip-
ette tips and the technique of how a primary sample is
pipetted to prepare secondary aliquots may definitely
contribute to the intercenter inhomogeneity. Finally, the
higher the number of participating laboratories in further
schemes, the more reliable will be the elucidation of the
impact of the most critical processing variables on ana-
lytes of interest [15]. For this reason, proficiency process-
ing schemes are needed to support development of
preanalytical CEN/ISO standards (http://www.spidia.eu/).
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