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Abstract

Objectives: Measurement of plasma albumin is pivotal for
clinical decision-making in patients with chronic kidney dis-
ease (CKD). Routinely used methods as bromocresol green
(BCG) and bromocresol purple (BCP) can suffer from ase-
lectivity, but the impact of aselectivity on the accuracy of
plasma albumin results of CKD-patients is still unknown.
Therefore, we evaluated the performance of BCG-, BCP- and
JCTLM-endorsed immunological methods in patients with
various stages of CKD.
Methods: We evaluated the performance of commonly used
albumin methods in patients with CKD stages G1 through G5,
the latterdivided in twogroupsbasedonwhether they received

hemodialysis treatment. In total, 163 patient plasma samples
were measured at 14 laboratories, on six different BCG and
BCP-platforms, and four different immunological platforms.
The results were compared with an ERM-DA-470k-corrected
nephelometric assay. The implications on outcome is evaluated
by the proportion of patient results <38 g/L for the diagnosis of
protein energy wasting.
Results: Albumin results determined with BCP- and immu-
nological methods showed the best agreement with the target
value (92.7 and 86.2 %, respectively vs. 66.7 % for BCG, namely
due to overestimation). The relative agreement of each
method with the target value was platform-dependent, with
larger variability in agreement between platforms noted for
BCG and immunological methods (3.2–4.6 and 2.6–5.3 %) as
opposed toBCP (0.7–1.5 %). The stage of CKDhad similar effects
on the variability in agreement for the three method-groups
(0.6–1.8 % vs. 0.7–1.5 % vs. 0.4–1.6 %). The differences between

*Corresponding author: Marith van Schrojenstein Lantman, Result
Laboratorium, Amphia, Breda, The Netherlands; SKML, Toernooiveld
300, 6525 EC, Nijmegen, The Netherlands; and Division of
Laboratory Medicine, Radboudumc, Nijmegen, The Netherlands,
Phone: +31636464645,
E-mail: Marith.vanschrojensteinlantman@radboudumc.nl. https://
orcid.org/0000-0002-5454-990X
Anne-Els van de Logt and Jack Wetzels, Division of Nephrology,
Radboudumc, Nijmegen, The Netherlands
Elma Prudon-Rosmulder and Miranda van Berkel, Division of
Laboratory Medicine, Radboudumc, Nijmegen, The Netherlands
Marloes Langelaan, Result Laboratorium, Amphia, Breda, The Netherlands
Ayşe Y. Demir, Laboratory for Clinical Chemistry and Hematology,
Meander Medical Center, Amersfoort, The Netherlands
Steef Kurstjens and Armando van der Horst, Laboratory of Clinical
Chemistry and Hematology, Jeroen Bosch Hospital, Den Bosch, The
Netherlands
Aldy Kuypers, Laboratory Maasziekenhuis Pantein, Beugen, The
Netherlands
Aram Greuter, Laboratory for Clinical Chemistry and Hematology, Tergooi
Ziekenhuis, Hilversum, The Netherlands

Jenny Kootstra-Ros, Department of Laboratory Medicine, University
Medical Center Groningen, Groningen, The Netherlands. https://orcid.org/
0000-0002-1394-513X
Eline van der Hagen, MCA Laboratory, Queen Beatrix Hospital,
Winterswijk, The Netherlands
Marlies Oostendorp, Department of Clinical Chemistry, Rijnstate Hospital,
Arnhem, The Netherlands
Roseri de Beer, Laboratory for Medical Diagnostics, Rivierenland Hospital,
Tiel, The Netherlands
ChristianRamakers,Department of Clinical Chemistry, ErasmusUniversity
Medical Center, Rotterdam, The Netherlands
Dirk Bakkeren, Máxima Medical Center (MMC), Department of Clinical
Chemistry, Veldhoven, The Netherlands
Fokke Lindeboom, Department of Clinical Chemistry and Haematology,
Franciscus Gasthuis & Vlietland, Rotterdam, The Netherlands
Dennis van deWijngaart, Accureon BV, Department of Clinical Chemistry,
Bravis Hospital, Bergen op Zoom, The Netherlands; and ZorgsaamHospital,
Terneuzen, The Netherlands
Marc Thelen, SKML, Nijmegen, The Netherlands; and Division of
Laboratory Medicine, Radboudumc, Nijmegen, The Netherlands. https://
orcid.org/0000-0003-1771-669X

Clin Chem Lab Med 2023; aop

Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

https://doi.org/10.1515/cclm-2023-0463
mailto:Marith.vanschrojensteinlantman@radboudumc.nl
https://orcid.org/0000-0002-5454-990X
https://orcid.org/0000-0002-5454-990X
https://orcid.org/0000-0002-1394-513X
https://orcid.org/0000-0002-1394-513X
https://orcid.org/0000-0003-1771-669X
https://orcid.org/0000-0003-1771-669X


methods cause discrepancies in clinical decision-making, as
structurally fewer patients were diagnosed with protein en-
ergy wasting upon using BCG-based albumin results.
Conclusions: Our study shows that BCP is fit for the inten-
ded use to measure plasma albumin levels in CKD patients
from all stages, including patients on hemodialysis. In
contrast, most BCG-based platforms falsely overestimate the
plasma albumin concentration.

Keywords: analytical performance; analytical variation;
chronic kidney disease; method comparison; plasma albumin

Introduction

Plasma albumin is an important biomarker for the diagnosis,
treatment and prognosis in chronic kidney disease (CKD)
patients (reviewed in 1). For instance, a lower plasmaalbumin
concentration is associated with poor clinical outcomes in
patients with all stages of CKD, including patients on dialysis
and after kidney transplantation [2–6]. In dialysis patients, a
decreasing albumin concentration is associated with poor
nutritional status [7, 8]. In patients with nephrotic syndrome,
prophylactic anticoagulation therapy is prescribed when
plasma albumin is below 25 g/L [9]. Furthermore, a cut-off
value of 38 g/L is used to diagnose protein energywasting [10].
As the measurement of plasma albumin directly impacts
clinical decision making, accurate evaluation of the plasma
albumin concentration in all stages of CKD is pivotal.

In clinical practice, plasmaalbumin is commonlymeasured
by the chromogenic methods of bromocresol green (BCG) and
bromocresol purple (BCP) because of their automated 24/7
availability at relatively low cost. Thesemethods however, both
seem to suffer from aselectivity [1]. BCG-methods often over-
estimate plasma albumin due to alterations in plasma protein
composition such as increased α2-macroglobulin, haptoglobin,
and immunoglobulins [11–16]. Themagnitude of overestimation
is variable as the mean bias differs between platforms in
healthy persons and in patients with renal failure [16].

In contrast, BCP-methods outperform BCG-methods,
both in healthy persons and in patients with nephrotic
syndrome with normal renal function [1]. However, BCP-
performance in haemodialysis (HD) patients is less
conclusive; while some studies report a negative inter-
ference in patients on HD upon measuring plasma albu-
min with the BCP-methods [13, 17, 18], other studies report
no effect [16, 19–24]. In this patient population, the pres-
ence of uremic toxins and/or albumin carbamylation can
cause falsely decreased plasma albumin values [25]. The
concentration of uremic toxins and the degree of protein
carbamylation of plasma albumin is highly variable

during loss of kidney function and dependent on multiple
factors [26].

For albumin, the primary reference measurement pro-
cedure according to the Joint Committee of Traceability in
Laboratory Medicine (JCTLM) is the optimized immunone-
phelometric or -turbidimetric method [27]. Although immu-
nologicalmethods are highly specific, the suboptimal reference
value transfer procedures in combination with the large un-
certainty of the assigned value of European referencematerial
ERM-DA-470k/IFCC result in considerable variation present
among these methods [28]. Moreover, substantial lot-to-lot
variation can be present, resulting in clinically significant bias
in routinely used immunological systems [16, 29].

To the best of our knowledge, the performance of BCG-,
BCP- and immunological methods in various stages of CKD
has not been described before. In this study we investigated
whether the performance of methods for measuring plasma
albumin differs between patient populations at different
stages of kidney function. Therefore, we have evaluated the
performance of each method in individual samples of pa-
tients with stage G1-G5 CKD including HD, by comparing
them to the JCTLM-endorsed reference method for plasma
albumin. Furthermore, we have evaluated the impact of
variation on outcome by using the clinical diagnosis of
protein energy wasting.

Materials and methods

Patient inclusion

One hundred sixty-four participants were included from February 2020
until April 2021 representing various CKD-stages (G1, G2, G3a, G3b, G4,
and G5; G5 consisted of patients on HD (G5-HD) and non-HD patients
(G5)). A sample size of 30 participants per CKD-stage was selected based
on a power-calculation (>0.8–0.95) aiming to detect a 1.4 % difference
(i.e. the desirable bias based on biological variation) with an assumed
within-method imprecision between 1.8 and 2.5 % (derived from
external quality assurance (EQA) data of 2020). The medical ethical
committee of the Radboudumc approved this study (File: 2019–5876).
Informed consent was obtained from all participants. Lithium-heparin
plasma was collected during routine phlebotomy at the Radboudumc.
Demographic data and results for the biomarkers creatinine, estimated
glomerular filtration rate (CKD-EPI, 2012 formula), urea, and urine
protein to creatinine ratio (all determined on Cobas c702 analyzers from
Roche Diagnostics, Basel, Switzerland) were derived from the electronic
patient dossier (EPD). One patient with cryoglobulinemia was excluded,
resulting in a final inclusion of 163 participants.

Patient sample handling and analysis

Blood samples were centrifuged for 10 min at 2000 g. Plasma was
divided into 450 µl aliquots, which were kept frozen at −80 °C until
analysis. All patient samples underwent one freeze-thaw cycle [30].
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Samples were distributed on dry-ice to 14 laboratories and ana-
lysed in single-fold on 16 unique platforms (21 platforms in total).
Participating laboratories were selected based on their performance in
the EQA programme of the Dutch Foundation for Quality Assessment in
Medical Laboratories (SKML) in 2020 and the relevance of the platform
(e.g. number of participants and/or emerging new platform) [31].

Aliquots were measured on six platforms using the BCP-method
from four manufacturers: two Siemens platforms (Advia and Atellica,
Siemens Healthineers, Marburg Erlangen, Germany), one Beckman
Coulter DxC700 platform (Beckman Coulter, Krefeld, Germany), one
Abbott C16000 platform (Abbott, Chicago, IL) and five Roche platforms
(one Cobas c503 and four c702, Roche Diagnostics, Basel, Switzerland).
Aliquots were measured on six platforms with BCG-methods from three
manufacturers: two Abbott (Alinity and C8000), one Beckman Coulter
AU 5800 and three Roche (one Cobas c501/c502, one Cobas c503 and two
Cobas c702). A total of four platforms from two manufacturers were
used for the immunological analysis: one nephelometer (Immage 800,
Beckman Coulter) and four turbidimeters (two Cobas c501/c502, one
Cobas c503 and one Cobas c702, Roche). Internal quality control datawas
provided by the participants, with the long-term imprecision for each
platform described in Supplemental Table 1.

Evaluation of method performance

The within-method performance in individual patients was evaluated
by calculating the difference between the obtained value of each patient
with the target value as determined by the reference procedure
(described below). The range in obtained differences was calculated per
method by subtracting the minimal obtained value from the maximum
obtained value per patient.

To evaluate the effects of platforms and CKD-stage on the plasma
albumin results, the between-CKD-stage variation and between-
platform variation were computed. First, we calculated the mean rela-
tive deviation for each unique combination of CKD-stage, method, and
platform. Thereafter, the between-CKD-stage variation was calculated
by estimating the standard deviation of the obtained mean relative
differences per method/platform. In contrast, the between-platform
variation was calculated by estimating the standard deviation of the
mean obtained relative differences per CKD-stage.

The analytical performance specificationswere specified by using
the total allowable error (TEa) based on the within- and between-
subject biological variation [32]. We calculated the desirable total
allowable error by summing the uncertainty of the target value (uref,
described below) of 3.25 % with the TEa of 3.4 % as established by
1.65 × 0.5 × CVi + 0.25 ×

̅̅̅̅̅̅̅̅̅
CV2

i + CV2
g

√
, resulting in a desirable TEa of

6.65 % [33].

Albumin reference measurement procedure

For the determination of the target value of plasma albumin, the
reference method “Optimized immunoturbidimetry/immunonephel-
ometry” as listed by the JCTLM was used in combination with the
ERM-DA-470k/IFCC as the JCTLM-listed reference materials [27, 34].
Target albumin values for all sampleswere determinedusing anAtellica
Neph630 Nephelometer (Siemens Healthineers, Erlangen, Germany)
calibrated with the Siemens calibrator according to the manufacturer’s
instructions. To correct for any deviations in the metrological trace-
ability, ERM-DA-470k/IFCC was measured in twelve-fold. Subsequently,

the relative recovery of ERM-DA-470k/IFCC was used to correct the pa-
tient albumin values. We evaluated this method by assessing that the
ERM-DA-470k-calibrated-and-corrected results were proportionally
related to the ERM-DA-470k-corrected results, with an R2>0.99 for both
control materials and patient samples.

We calculated uref by deducing the square root of the sum of
squares of the uncertainty of the assigned value of ERM-DA-470k/IFCC
(1.2 g/L) with our within-run-imprecision (0.14 g/L, derived from 12-fold
repeated measurements of ERM-DA-470k/IFCC during our target-value
determination run). The uref (i.e. the uncertainty applicable to the target
results of patients) was 1.21 g/L, or 3.25 %.

We have verified commutability of the original ERM-DA470 on the
AtellicaNeph630 by using the IFCC-endorsed method [35, 36]. We verified
that the found bias between the Behring BN II (Dade Behring, Deerfield,
Illinois, USA), of which commutability has been established, and the Atellica
Neph630 is equivalent for patient samples and ERM-DA470 when the un-
certainty of the bias is taken into consideration (data not shown). The results
of that study were assumed to be valid for the currently used ERM-DA470k/
IFCC as both materials are produced “in a similar manner” [37].

EQA assessment

The performance of the platforms used tomeasure plasmaalbumin in the
Netherlandswas assessed byusing the EQAdata of 2021 from the “Clinical
Chemistry in Blood” and “Plasma Proteins surveys” from the SKML. Al-
bumin results with a target value between 30 and 50 g/L as determined
with the albumin reference procedure, were included in the analysis. In
total, 23 platforms from four manufacturers were included in the data:
four fromAbbott (Alinity c, and Architect C4000, C8000 and C16000), nine
from Beckman Coulter (AU 400, 480, 5800, 680, 700, DxC600, DxC700 AU,
DxC800, and the Immage), three from Roche (Cobas c501/502, c503 and
c702), and seven from Siemens (ADVIA, Atellica CH, Dimension Vista,
Advia XPT, AtellicaNeph630, Behring BN II and BN ProSpec). In addition,
the preceding EQA sample relative to the measurements of the G1-patient
cohort against the target value as determined by the ERM-DA-470k/
IFCC-based albumin reference procedure.

Evaluating impact of albumin variation on clinical
decision

The impact of the variability in obtained albumin results on clinical
decision-making was evaluated using the cut-off value of 38 g/L for the
diagnosis of protein energy wasting [10]. Per CKD stage, we established
the proportion of patients below 38 g/L. However, the obtained target
values are accompanied with uncertainty (i.e. 3.25 %), which influences
the calculated proportion of patients with results below 38 g/L. There-
fore, we established the ‘target range’ of proportions per CKD stage by
calculating the proportion of patient values below 38 g/L at the 2.5 and
97.5 percentile with an uncertainty of 3.25 %. We compared these target
ranges with the proportion of patient results below 38 g/L based on the
laboratory results, and established the number of laboratories that
obtained results outside the range.

Statistical analysis

The statistical analysis was performed in R (version 4.1.2), using ggplot2
(version 3.3.6) and tidyr (version 1.2.0) packages [38, 39]. The assessment
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of overall significance in patient differences between groups was per-
formed using Kruskal-Wallis rank sum (K-W-test) tests, whereas post-
hoc groupwise comparisons were achieved using Wilcoxon-rank tests
with Bonferroni correction (W-R-groupwise). The evaluation of signifi-
cance in proportion of results outside the allowable performance be-
tween results with a target value of <40 or ≥40 g/L was evaluated by a
chi-squared test, whereas for the evaluation of significance between
variances, the F-test was used.

Results

Patient characteristics

Patient characteristics are shown in Table 1. As expected,
patients with more severe CKD-stages were significantly
older (p<0.0001, K-W-test, Table 1). Themale to female ratio
was similar between the stages of CKD (p=0.139, W-R-
groupwise). The concentration of plasma albumin was
higher in patients in early stages of CKD compared to pa-
tients with more advanced renal failure (G1 and G2 vs.
G5-HD, p<0.05, W-R-groupwise, Table 1). The median re-
sults of plasma urea and urine protein to creatinine ratio
increased significantly with declining kidney function
(p<0.005, K-W-test, Table 1).

Albumin method performance in patients
with CKD

First, the performance of BCG-, BCP- and immune-based al-
bumin methods in individual CKD patient samples was

evaluated on 21 platforms in total (n=3040 individual results,
Figure 1A). Patient results ranged from −16.3 to +18.9 % of the
target value, indicating substantial dispersion. Of the three
method groups tested, plasma albumin results determined by
BCP- and immunological methods were in best agreement
with the target value (92.7 and 86.2 % of all individual results
within allowable limits, respectively), compared to 66.7 % of
individual results obtained by BCG-methods (Figure 1A). Spe-
cifically for BCG-methods, the proportion of results exceeding
the allowable limits increased as the target albumin value
decreased: 46.0 % of samples with a plasma albumin value
below 40 g/L were reported outside allowable limits, vs. 22.6 %
of results with albumin values above 40 g/L (p<0.0001, chi-
squared). The maximum difference obtained within one pa-
tient was lowest for BCP (5.4 g/L), whereas immunological
methods and BCG had a similar maximum variation (8.3 and
8.2 g/L, Figure 1B).

Next, we assessed whether the within-method varia-
tion could be explained by CKD-stage or between-platform
differences. Therefore, the albumin results were stratified
per CKD-stage and per type of platform. For albumin con-
centrations determined by BCG, there was a significant
variation between the platforms (Figure 2A). Whilst the
median albumin levels determined by Roche Cobas c501/
c502 platform and Abbot Alinity and C8000 were within
allowable limits for all CKD stages, the median albumin
value of one or more CKD-stages determined on the Beck-
man Coulter AU5800, Roche Cobas c503 and c702 platforms
showed a positive bias outside allowable limits (Figure 2A).
Moreover, the between-platform variation ranged from 3.2
to 4.6 %, exceeding the between-CKD variation which

Table : Patient characteristics stratified per CKD-stage. Significant differences are indicated with p-values. Data is presented as median [min–max].

G
(n=)

G
(n=)

Ga
(n=)

Gb
(n=)

G
(n=)

G
(n=)

G-HD
(n=)

p-Value
(K-W-test)

Demographic Age, years  [–]  [–]  [–]  [–]  [–]  [–]  [–] <.
Female, % % % % % % % % .

(NS)
Plasma albu-
min, g/L

 [–]  [–]  [–]  [–]  [–]  [–]  [–] .

Laboratory
parameters

Creatinine,
µmol/l

 [–]  [–]  [–]  [–]  [–]  [–]  [–] –

eGFR,
CKD-EPI,
, mL/
min/.m

>
[->]

 [–]  [–]  [–] . [–]  [–] NA –

Urea, mmol/L . [.–.] . [.–.] . [.–] . [.–.] . [.–.] . [.–.] . [.–.] –

Protein-
creatinine-
ratio,
g/mmol

.
[.–.]

.
[.–.]

.
[.–.]

.
[.–.]

.
[.–.]

. [.–.] NA –

CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate as determined with the CKD-EPI: formula; NA,not available.
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ranged from 0.6 to 1.8 % (Supplemental Figure 1A and B).
This indicates that between-platform variation is the major
contributor to the within-method variation for BCG in in-
dividual patients.

In contrast to BCG-based platforms, all BCP-based
platforms produced median albumin results that were
within the allowable limits for all CKD-stages (Figure 2B).
For BCP-methods, the between-platform variation ranged
from 0.7 to 1.5 %, which was significantly lower than
BCG-methods (p<0.01, F-test), whereas the between-
CKD-stage variation was similar to BCG-methods (1.0–1.7 %,
Supplemental Figure 1A and B). Taken together, the be-
tween-CKD-stage and between-platform variation contrib-
uted equally to the within-method variation obtained for
BCP-methods.

For immunological methods, all three Roche platforms
measured the median plasma albumin concentration
within allowable limits (Figure 2C). In contrast, albumin
was underestimated in patients when determined by the
Beckman Coulter Immage platform, which was most
pronounced in G5 patients on HD (Figure 2C, median de-
viation of −9.7 %). The between-platform variation of the

immunological assays tested (ranging from 2.6 to 5.3 %) was
similar to BCG, most probably caused by the negative bias
of the Beckman Coulter Immage. The CKD-stage dependent
variation of immunological methods ranged from 0.4 to
1.6 % and was similar to the colorimetric methods (Sup-
plemental Figure 1A and B).

Concludingly, the between-platform variation is larger
for BCG and immunological methods compared to
BCP-methods, while all methods showed a similar between-
CKD stage variation. Thus, next to the method used, plasma
albumin results are affected by the used platform, irre-
spective of the CKD-stage of the patient.

Albumin method performance by external
quality assessment

In order to evaluate whether the between-platform devia-
tion in the CKD cohort represents a general deviation for
the included platforms, the performance of plasma albu-
min measurements on the vast majority of platforms used
in the Netherlands was evaluated using SKML-EQA results.

Figure 1: (A) Plasma albumin difference from the target value of individual CKD patients. Dashed lines indicate the desirable total allowable error of
6.65 % around the target value (– – –). The green, purple, and grey solid lines indicate the average deviation compared to the target value for BCG-, BCP-,
and immunological methods, respectively. (B) Maximum between-platform difference obtained for each patient. The data is stratified for BCG, BCP and
immunological methods (shown in green, purple, and grey, respectively). The dashed horizontal line indicates the TEa of 6.65 %. Error bars indicate the
maximum. BCG: bromocresol green, BCP: bromocresol purple.
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In 2021, 101 laboratories with 190 platforms participated in
the EQA scheme for Clinical Chemistry in Blood, whereas 34
laboratories with 45 platforms participated in the EQA
scheme for Plasma Proteins. The target value of the EQA
samples was assigned using the target evaluation method
for the patient samples. In these schemes, commutability is
assessed yearly by comparing the variability of native pa-
tient samples (i.e. a spy sample) with the ‘nearest neigh-
bour’ EQA sample.

The median albumin levels of EQA results obtained by
BCG-, BCP-, and immunological platforms all were within
allowable limits (Figure 3A–C). Additionally, the performance
of the EQA-sample preceding the patient measurements co-
incideswith themedian obtained performancewithin patient
samples (Figure 3A–C, squares vs. diamonds respectively).
However, although the between-platform variation obtained
by EQA results showed a similar trend as found upon
assessing patient samples, the EQA-based between-platform

Figure 2: Albumin deviation per CKD-stage and
analyzer-platform. Samples are depicted per
CKD-stage, and stratified per method ((A) BCG,
(B) BCP and (C) immunological methods).
Horizontal lines indicate the desirable total
allowable error (– – –). Error bars indicate 1.5
times the inter-quartile ratio. BCG: bromocre-
sol green, BCP: bromocresol purple.
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variation was larger than the CKD-sample-based between-
platform variation for BCP- and immunological platforms,
whereas BCG-platforms showed a lower between-platform
variation for EQA as opposed to CKD-samples (Supplemental

Figure 2). When comparing EQA-based between-platform
variation, a similar result to the patient study is observed:
BCP-methods had a lower between-platform variation
(ranging from 1.5 to 3.5 %) compared to BCG-methods (2.3–

Figure 3: External quality assurance (EQA) performance of laboratories, stratified per method ((A) BCG, (B) BCP and (C) immunological methods). The
median obtained patient deviation of patients from CKD-stage G1 from Figure 2 is presented as a diamond, with the result of the preceding EQA sample
indicated as a square. The relative deviation from the target value was evaluated per analyzer platform. Horizontal lines indicate the desirable total
allowable error (– – –). Numbers indicate the number of analyzers. Error bars indicate 1.5 times the inter-quartile ratio. EQA: external quality assurance,
BCG: bromocresol green, BCP: bromocresol purple.
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3.4 %). However, both colorimetric methods outperformed
the immunological methods, which showed substantial
between-platform variation: nephelometry ranging from 2.3
to 8.2 % and turbidimetry ranging from 3.1 to 6.4 %. Taken
together, we conclude that EQA-derived performance is
optimistic in respect to the method-performance obtained
with CKD patient samples but shows a similar trend.

Evaluating impact of albumin variation on
clinical decision

To evaluate the clinical implication of the analytical variability,
the proportion of patient results below 38 g/L as cut-off for
diagnosing protein energy wasting was evaluated per CKD
stage. As kidney function deteriorates, the proportion of pa-
tients diagnosed with protein energy wasting increases, and
was highest in G5 patients on HD (56.5 %) (black bars in
Figure 4). The number of laboratories that obtained pro-
portions of patients below 38 g/L that are outside the ‘target
range’ (as estimated using the 2.5 and 97.5 percentile using
3.25 % uncertainty) is indicated in Figure 4. At least 40% of
laboratories using BCG obtained substantially lower pro-
portions of patients with protein energy wasting, in any
CKD-stage, except for G2. In contrast, laboratories that use BCP
would find substantially higher incidence of patients with
protein energy wasting, namely in patients with CKD stages G1
and to a lesser extent in G5-HD patients. Moreover, utilizing
immunological methods may also cause increased dietary
referral rates, as 20% of laboratories referred substantially

more patients in CKD stage G1, G3b, G5, and G5-HD. Taken
together, we note that, depending on the platform,
BCG-methods may structurally underestimate the proportion
of patients that could benefit from dietary intervention across
the entire CKD stage spectrum, whereas for BCP and immu-
nological platforms, the effects are not as widespread.

Discussion

We describe the performance of BCG-, BCP-, and immuno-
logical methods for plasma albumin in individual patient
samples at different stages of CKD. Of the three methods
available in routinemedical laboratories, BCP-platformswere
most accurate in all stages of CKD, including HD patients.
However, large between-platform variation of BCG-methods
led to substantial and differential bias in patient results.
Interestingly, immunological methods reported the majority
of patient results within allowable limits despite the large
between-platform variation present. Moreover, the between-
CKD-stage variation for all threemethodswas lowand similar
to one another, indicating that the different methods are
equivocally affectedbyCKD-stage specific factors. Thus, either
BCP- or immunological methods can safely be used for the
determination of plasma albumin in the follow up of patients
with progression of kidney failure, including patients on HD.

The large between-platform variation for BCG-methods
we describe is consistent with earlier reports of Bachmann
et al., who showed a large variability in positive bias between
the average results obtained bydifferent BCG-platforms inHD
pooled plasma and healthy persons [16]. Additionally, other
reports in patients with kidney disease are inconsistent in the
amount of positive bias found, with reported mean biases
ranging from −1.0 to +7.3 g/L [1]. As the majority of these
studies each compared only one BCG-platform to one of the
JCTLM-listed immunological assays, the choice of either
platform could be the main contributor to the variation in
reported bias in BCG-methods [40].

Previous studies report a variable performance of
BCP-methods inHDpatients,which is caused byuremic toxins
and/or high urea levels that interfere with the binding of
BCP-methods to plasma albumin [11, 13, 16, 18–22, 25, 41, 42].
However, the average bias reported in HD-patients ranged
from −6.1 to +1.2 g/L, which possibly reflects the between-
platform variation by the used reference methods. Addition-
ally, Bachmann et al. found a similar low between-platform
variation for BCP-methods as our study [16]. Another expla-
nation for the limited bias of BCP-methods in HD-patients
compared to previous studiesmaybe the introduction ofhigh-
flux membranes in hemodialysis treatment, which are supe-
rior to low-flux membrane in terms of uremic toxin filtering

Figure 4: Clinical implications of using assays on proportions of patients
referred for dietary intervention in regards to protein energy wasting, per
CKD stage. The vertical error bars indicate the median and 2.5 and 97.5
percentile of obtainable proportions of patients using the uncertainty of
±3.25%. In green, purple and grey the proportion of patients <38 g/L is
indicated per laboratory. BCG: bromocresol green, BCP: bromocresol purple.
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capacity, and thereby reduce the source of negative bias in
BCP-methods [43]. Taken together, our study shows that
currently employedBCP-methods donot suffer fromclinically
significant bias, and can be safely used for routine patient
diagnostics for the followup of patients with every CKD-stage,
including patients on HD.

Our study showed a considerable variation between
immunological methods, as patient results deviated be-
tween −16.3 and +9.7 % from the target value. Similarly,
the EQA-based performance confirmed this large varia-
tion between immunological platforms, exceeding the
between-platform variation of both BCG and BCP. Between-
reagent lot variation is a recognized pitfall of immuno-
logical methods, possibly caused by a combination of a
large uncertainty of reference material ERM-DA-470k/IFCC
and differences in the value assignment process between
manufacturers and/or platforms. A particularly negative bias
in patient- and SKML-EQA results was observed in the
participating Beckman Coulter Immage. As EQA results of
Immage users are generally within allowable limits, we note
that the observed bias is due to temporary bias of this labora-
tory and does not reflect the Immage users in general
(Figure 3C). Nevertheless, temporarily negative bias may
strongly hamper adequate follow up of patients over time and
stresses the need for commutable EQA materials at clinically
relevant concentrations. These results clearly show the rela-
tionship between a momentary deviation and the effect on
patient samples, and remind us that even though the JCTLM
endorses nephelometry and/or turbidimetry-based immuno-
logical methods as the reference measurement procedure for
the detection of plasma albumin, the quality of immunological
methods should be closely monitored [27].

Next, we would like to stress that, despite the fact that the
differences in performancehavebeenknown for over 50 years,
BCG and BCP are still both used in routine practice today. In
fact, survey analysis has shown that 76% laboratories
(respectively 78.4 and 73.7% of BCG- and BCP-laboratories)
have adopted identical lower reference intervals of 35 g/L (data
not shown). The consequences of adopting identical clinical
decision-limits when assays are clearly deviant from one
another can negatively affect patient care. For example, our
data shows that half of the patients requiring dietary inter-
vention due to protein energy wasting may be missed when
using BCG to determine albumin. For BCP, laboratories ob-
tained plasma albumin values thatwould lead tomore patients
with dietary intervention in CKD stages G1 and G5 on HD.
However, the diagnosis of protein energy wasting is namely
relevant in patients with more severe loss of kidney function.
Furthermore, the ongoing process of healthcare decentraliza-
tion and the incentive to enable exchange of laboratory data
may impede clinical decision-making if data from analytically

different systems areused interchangeably. Taken together,we
stress that a decisive discontinuation ofmethods that are notfit
for purpose is not only preferred, but also that the continuation
of current practice is a disservice for nephrology patient care.

Although it could be seen as a limitation of our study
that we did not explicitly confirm the commutability of
ERM-DA470k/IFCC on the AtellicaNeph630 platform from
Siemens, we believe that the established commutability of
the original ERM-DA470 between the Behring BN II and the
AtellicaNeph630 justifies the assumption of commutability
of ERM-DA470k/IFCC, as both materials were produced in
similar fashion [37]. In the unlikely event that ERM-DA470k/
IFCC would be non-commutable, our conclusions regarding
the between-method variability and the impact on protein
energy wasting are still valid as these calculations rely on
direct method comparison and therefore do not depend on
commutability of the calibrator.

To our knowledge, this is the first study that analysed
individual patient samples at different stages of CKD against
JCTLM-listed reference methods and materials to establish
the performance of BCG-, BCP-, and immunological methods.
Firstly, we note that substantial variation between immu-
nological methods occurs, and endorse efforts to further
optimize standardisation of human plasma albumin mea-
surements by immunological methods. As our results
confirm earlier illustrations of positive bias and showcase
differential bias between BCG-platforms in patients with
various stages of CKD, we endorse the discontinuation of
BCG-methods in its current form for use in nephrology care,
and recommend reconsideration of decision limits derived
with BCG-methods. In contrast, we found no evidence of
clinically relevant bias in any of the BCP-methods, indicating
that BCP-based methods are fit for use in patients regardless
of kidney function, including patients on hemodialysis.
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