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Abstract
Background: In this study, we explored the commutability of reference materials 
(RMs)	 for	 carcinoembryonic	 antigen	 (CEA),	 selected	 the	 appropriate	 diluent	matrix	
of	 the	 first	 International	 Reference	 Preparation	 (IRP)	 73/601	 of	 the	World	Health	
Organization	(WHO	73/601)	for	CEA,	and	improved	the	comparability	of	CEA	meas-
urement results among different assay systems.
Methods: Forty	serum	samples	were	divided	into	five	aliquots.	WHO	73/601	was	di-
luted into nine concentrations using five diluents with different components, and the 
candidate	RMs	for	CEA	at	five	concentrations	(C1–	C5)	were	prepared	by	the	Beijing	
Clinical	 Laboratory	Center	 (BCCL).	 The	 samples	were	 analyzed	 via	 five	 automated	
CEA	immunoassays.
Results: Carcinoembryonic	antigen	candidate	RMs	were	commutable	among	all	 im-
munoassays based on the CLSI approach and among 7 of 10 assay combinations 
based	on	the	IFCC	approach.	WHO	73/601	diluted	in	phosphate-	buffered	saline	(PBS)	
was	commutable	among	all	assays	based	on	the	CLSI	approach	and	among	5	of	10	
pairwise comparisons based on the IFCC approach with correction of bias at diluted 
concentrations, except for the lowest concentration, which had the smallest variation 
among	systems.	The	median	percentage	biases	among	assays	were	decreased	after	
calibration.
Conclusion: The	BCCL	candidate	RMs	(C2–	C5)	for	CEA	were	commutable	among	all	
immunoassays.	WHO	73/601	RMs	diluted	 in	a	PBS	buffer	matrix	were	selected	as	
common calibrators for five immunoassays, which reduced bias, thereby effectively 
improving	the	harmonization	of	CEA	detection;	therefore,	they	could	be	used	to	as-
sign	 values	 to	CEA	 candidate	RMs	developed	 by	BCCL.	Our	 findings	 promote	 the	
harmonization	of	CEA	detection	in	immunoassays.
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1  |  INTRODUC TION

Carcinoembryonic	 antigen	 (CEA)	 is	 a	 rich	 polysaccharide–	protein	
complex present on the cell surface, with a molecular weight of ap-
proximately	 150,000–	200,000 Da.	 CEA	was	 first	 isolated	 in	 1965	
by Gold and Freedman from the liver metastasis of colonic adeno-
carcinoma and the normal fetal digestive tract.1,2	CEA	is	frequently	
expressed in digestive system cancers of endodermal origin, in the 
digestive tract tissues of normal embryos, and trace amounts in nor-
mal	human	serum.	Therefore,	CEA	is	commonly	used	to	monitor	pa-
tients with cancer post- operatively.3–	5

Harmonization of test results is widely achieved by standardiz-
ing test methods, which is key to ensuring test result traceability.6 
Currently, there is no internationally recognized reference method 
for	CEA.	However,	there	is	an	international	reference	material	(RM),	
WHO	73/601,7 which plays an important role in ensuring consis-
tency. Various analyzers and methods have been used to measure 
CEA	in	clinical	laboratories;	however,	the	working	standards	of	most	
of	 these	 assays	 are	 not	 calibrated	 to	WHO	 73/601,8 resulting in 
variable	results.	In	addition,	commutable	RMs	play	a	crucial	role	in	
the	standardization	and	harmonization	plan;	RMs	that	are	not	com-
mutable in the calibration traceability chain produce inconsistent re-
sults.9	Owing	to	the	lack	of	commutability,	the	application	of	WHO	
73/601,	which	is	a	high-	purity	international	RM,7 may be limited to 
certain measurement methods. In addition, although commutable 
external	quality	assessment	(EQA)	materials	have	been	provided	by	
the	2021	EQA	program	of	the	Beijing	Center	for	Clinical	Laboratories	
(BCCL),	 the	 coefficients	 of	 variation	 (CVs)	 for	CEA	measurements	
among laboratories were large, and the comparability between dif-
ferent assays was poor.

The	present	study	aimed	to	explore	the	commutability	of	CEA	
RMs	and	select	the	appropriate	WHO	73/601	diluent	matrix	to	im-
prove	 the	 comparability	 of	 CEA	measurement	 results	 of	 different	
assays.	This	study	could	provide	a	method	for	assigning	the	value	of	
CEA	candidate	RMs	and	promote	the	harmonization	of	CEA	deter-
mination in immunoassays.

2  |  MATERIAL S AND METHODS

2.1  |  Instruments and reagents

The	 five	 immunoassays	and	 reagents	used	 in	 this	 study	were	as	
follows:	 Abbott	 Architect	 i2000	 (Abbott	 Diagnostics),	 Beckman	
DxC	 800	 (Beckman	 Coulter	 Inc.),	 Roche	 Cobas	 E601	 (Roche	
Diagnostics	 GmbH),	 Diasorin	 Liaison	 XL	 (DiaSorin	 S.p.A),	 and	
Maccura	 IS1200	 (Maccura	 Biology	 Co.,	 Ltd.).	 The	 quantity	 val-
ues reported by these immunoassays were in mass concentration 
units ng/mL.

The	commercial	diluents	were	phosphate-	buffered	saline	(PBS)	
(Na2HPO4, KH2PO4,	NaCl,	and	KCl;	pH 7.2–	7.4),	Dulbecco's	modi-
fied	Eagle	medium	(DMEM)	Sugar-	Free	(without	glutamine,	sodium	
Pyruvatea,	 and	 phenol	 Red;	 14430-	01;	 Gibco),	minimal	 essential	

medium	(MEM,	with	Earle's	Salts,	without	L-	glutamine	and	phenol	
Red;	 51200-	038;	 Gibco),	 and	 RPMI	 1640	 medium	 (with	 sodium	
bicarbonate,	without	 L-	glutamine	 and	 phenol	 red;	 r7509-	500 mL;	
Sigma-	Aldrich).	 In	 addition,	 a	 healthy	 human	 serum	 pool	 pre-
pared from leftover patient serum samples collected from Beijing 
Chaoyang	Hospital	was	used	as	a	diluent	 for	WHO	73/601,	with	
a	 mean	 native	 CEA	 concentration	 of	 2.43 ng/mL.	 The	 prepara-
tion	process	was	the	same	as	that	of	candidate	RMs	(described	in	
section 2.2.2).

The	first	International	Reference	Preparation	(IRP)	of	the	World	
Health	Organization	(CEA,	human)	was	purchased	from	the	National	
Institute	for	Biological	Standards	and	Control	(NIBSC)	(code:	73/601).

2.2  |  Prepared materials

2.2.1  |  Individual	serum	samples

In total, 40 individual leftover patient serum samples with low, me-
dium,	and	high	CEA	levels	were	collected	at	the	laboratory	depart-
ment	 of	 Beijing	 Chaoyang	Hospital,	 and	 the	 CEA	 concentrations	
were	2.41–	888.57 ng/mL	(as	measured	by	the	Roche	Cobas	E601	
system).	 Each	 sample	 (at	 least	 2.5 mL)	 stored	 2–	8°C	 refrigerator	
was	evenly	divided	into	five	aliquots,	which	were	stored	at	−80°C	
until use.

2.2.2  |  BCCL	candidate	RMs

Human serum pools without hemolysis, lipemia, and icterus were 
prepared using serum samples from the laboratory department of 
the	Beijing	Chaoyang	Hospital	 as	 leftover	 serum	samples	 for	CEA	
measurement.	The	leftover	samples	with	different	CEA	concentra-
tions	were	directly	collected	 into	tubes	and	frozen	at	−80°C	daily.	
During	a	period	of	approximately	3 months,	5	levels	of	serum	pools	
with	a	total	serum	volume	of	approximately	600 mL	(each	level	was	
approximately	 120 mL)	 comprising	 260	 patient	 samples	 were	 ob-
tained.	The	 frozen	 serum	aliquots	were	 thawed	at	 room	 tempera-
ture,	 pooled,	 and	 analyzed	using	 a	Beckman	DxC	800	 analyzer	 in	
1 day.	The	five	levels	of	serum	pools	with	CEA	values	were	approxi-
mately	4,	20,	40,	60,	and	100 ng/mL.	These	pools	were	thoroughly	
mixed,	filtered	through	0.22-	mm	membranes,	aliquoted	at	1 mL	into	
2-	mL	cryogenic	vials,	 and	 stored	at	−80°C	 to	be	used	as	 trueness	
controls	or	for	EQA	(proficiency	testing).

2.3  |  Study methods

2.3.1  | WHO	73/601	standards

WHO	73/601	calibrators	for	the	immunoassays	were	reconstituted	
with	deionized	water	 (0.5 mL	of	 deionized	water	 by	weight	 to	 the	
concentration	of	200 IU/mL).	Thereafter,	the	sample	was	then	diluted	
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in	five	different	matrices,	including	PBS	(P),	a	healthy	human	serum	
pool	(XQ),	DMEM	(D),	MEM	(M),	and	RPMI	1640	(RP)	approximately	
to	0.02,	0.0625,	0.125,	0.25,	0.5,	1,	2,	4,	and	8 IU/mL,	labeled	P1–	P9,	
XQ1–	XQ9,	D1–	D9,	M1–	M9,	and	RP1–	RP9,	respectively.	Each	diluted	
WHO	73/601	sample	was	divided	into	five	equal	parts,	which	were	
measured in the same batch via five different immunoassays on the 
same	 day:	 Roche	 Cobas	 E601,	 Diasorin	 liaison	 XL,	 Beckman	DxC	
800,	Abbott	Architect	i2000,	and	Maccura	IS1200.	All	samples	were	
analyzed	in	triplicate.	The	mean	values	and	CVs	were	calculated	and	
compared.

2.3.2  |  Commutability	study

According	to	the	Clinical	and	Laboratory	Standards	Institute	(CLSI)	
guideline	EP30A,10	nine	 levels	of	WHO	73/601	standards	diluted	
by five different diluent components and five levels of Beijing 
Clinical	Laboratory	Center	 (BCCL)	candidate	RMs	were	 randomly	
allocated among the 40 individual serum samples, which were all 
measured	in	triplicate	by	the	five	assays	in	1 day.	For	commutability	
evaluation, the measurement results were logarithm- transformed. 
The	 transformed	 data	 were	 analyzed	 using	 Deming	 regression,	
and	95%	prediction	 intervals	were	calculated	 for	each	pair	of	as-
says.	The	commutability	of	the	CEA	RMs	was	evaluated	based	on	
whether	the	RM	value	of	the	logarithm	was	within	the	prediction	
interval for clinical samples measured by the pairs of assays.10–	12 
The	 commutability	 assessment	was	 also	 performed	 according	 to	
the difference in bias analysis based on the recommendations of 
the International Federation of Clinical Chemistry and Laboratory 
Medicine	(IFCC)	Working	Group	on	Commutability.9,13	The	medical	
requirements were used as criteria. Biological variation was used as 
our	bias	limitation.	The	available	biological	variation	data	for	CEA	
used	in	this	research	is	21.39%	(Bias).	The	difference	between	the	
bias	for	RM	and	the	average	bias	for	clinical	samples	is	denoted	as	
dRM,	and	 the	 standard	uncertainty	U(dRM)	was	calculated	accord-
ing to the distribution of the mean of bias for patient samples in 
the whole concentration interval.9	A	maximum	value	of	 |dRM| for 
the	RM	needs	 to	be	 specified,	which	 is	 called	 the	 commutability	
criterion	(C).	The	RM	is	commutable	when	the	uncertainty	interval	
dRM ± U(dRM)	is	within	0 ± C.

13

2.3.3  |  Comparison	before	and	after	calibration

WHO	73/601	was	diluted	with	PBS	(P),	which	 is	commonly	used	
to	dilute	calibrators,	 into	eight	different	concentrations	 (0.0625,	
0.125,	0.25,	0.5,	1,	2,	4,	and	8 IU/mL)	to	calibrate	the	five	CEA	im-
munoassays conducted using the Roche Cobas E601, Diasorin liai-
son	XL,	Beckman	DxC	800,	Abbott	Architect	i2000,	and	Maccura	
IS1200	systems.	The	measurement	results	of	the	40	individual	pa-
tient samples were compared before (with manufacturer calibra-
tors)	 and	 after	 calibration	 (with	WHO-	derived	 calibrators)	 using	
the five assays.

2.3.4  |  Value	assignment	for	BCCL	candidate	RMs

WHO	73/601	diluted	standards	in	PBS	(P1–	P9)	and	BCCL	candidate	
RMs	 (C1–	C5)	 were	 measured	 in	 the	 same	 analytical	 sequence	 in	
triplicate for two consecutive days using the five assays. For each 
assay, the linear regression analysis of the theoretical concentration 
(IU/mL)	of	WHO	73/601	diluted	standards	and	the	actual	measured	
concentrations	expressed	in	mass	concentration	units	(ng/mL)	were	
pairwise plotted.

2.4  |  Statistical processing

Data	analysis	was	performed	using	Microsoft	Excel	2010	(Microsoft).

3  |  RESULTS

3.1  |  Comparability of WHO73/601 diluted 
standards in different CEA immunoassays

Diluted	WHO	73/601	RMs	labeled	P1–	P9,	XQ1–	XQ9,	D1–	D9,	M1–	
M9,	 and	 RP1–	RP9	 were	 assessed	 using	 five	 immunoassays.	 The	
values	obtained	by	diluting	WHO	73/601	RMS	at	 the	 lowest	con-
centration	(0.02 IU/mL)	exhibit	a	large	bias	compared	to	the	certifi-
cate	values,	which	were	not	included	in	the	calculation	results.	The	
five	assays	for	WHO	73/601	prepared	in	the	PBS	buffer	matrix	(P)	
had	a	CV	range	of	13.02–	18.00%	for	P2–	P9.	The	CV	ranges	of	WHO	
73/601	diluted	in	XQ,	RP,	D,	and	M	were	13.91–	19.23%	(XQ2–	XQ9),	
14.45–	18.50%	 (RP2–	RP9),	 12.89–	18.20%	 (D2–	D9),	 and	 14.12–	
22.06%	(M2–	M9),	respectively	(Table 1).

3.2  |  Commutability of RMs for CEA measurement

Figure 1	 shows	 the	 regression	 curves	 for	 the	CEA	measurements	
of 40 individual serum samples determined using the five assays 
according	 to	 the	CLSI	method.	The	BCCL	candidate	RMs	 for	CEA	
developed by BCCL were commutable across all five assays in ten 
pairwise	 comparisons.	 Commutability	 was	 observed	 for	 all	 WHO	
73/601	 RMs	 diluted	 using	 all	 buffers,	 except	 for	 the	 lowest	 con-
centration, only in comparisons involving Roche versus Diasorin, 
Roche	versus	Beckman,	Roche	versus	Maccura,	and	Diasorin	versus	
Beckman systems Figure 2. shows the commutability of the relevant 
RMs	among	the	five	assays	for	CEA	measurement	based	on	the	IFCC	
method.	The	BCCL	candidate	RMs	were	commutable	across	all	five	
assays in ten pairwise comparisons; however, C1 was indeterminate 
for	 the	 Roche/Abbott/Maccura	 versus	 Beckman	 system	 compari-
sons.	The	WHO	73/601RMs	diluted	 to	8	different	 concentrations	
were commutable among 2/10, 3/10, 1/10, and 1/10 pairwise com-
parisons	 in	the	PBS,	serum,	RPMI,	DMEM,	and	MEM	matrices,	 re-
spectively.	The	commutability	status	of	each	material	is	provided	in	
Tables S1 and S2.
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Because the results of the 40 individual serum samples assessed 
using	 the	Abbott	 and	Maccura	 systems	were	well-	correlated	with	
those of the Roche, Diasorin, and Beckman systems (Table S3),	we	
applied	a	correction	 factor	 to	 the	assigned	value	of	WHO	73/601	
as	a	calibrator	within	 the	calibration	hierarchy	 for	 the	Abbott	and	
Maccura	 systems.	 This	 was	 necessary	 because	 the	 diluted	WHO	
RMs	for	these	systems	were	not	commutable	with	the	human	sam-
ples.	The	correction	factor	was	derived	from	the	measured	values	
of	the	diluted	WHO	RMs	and	clinical	samples	from	each	of	the	two	
comparison	 measurement	 procedures.	 The	 quadratic	 relationship	
(mathematical	 transformation)	 was	 used	 for	 WHO	 RMs	 at	 multi-
ple	 levels.	An	approach	to	correct	for	the	bias	caused	by	the	non-	
commutability	of	an	RM	is	described	by	Miller	et	al.14 Figures 3 and 
4	show	the	commutability	results	of	RMs	of	all	five	assays	after	bias	
correction.	WHO	73/601	in	PBS	was	commutable	among	all	assays	
according	to	the	CLSI	approach	and	among	5/10	pairwise	compari-
sons	according	to	the	IFCC	approach	with	corrected	bias	at	8	diluted	
concentrations,	 except	 for	 the	 lowest	 concentration.	 Therefore,	
WHO/73/601	diluted	with	PBS	was	 selected	 as	 the	 standard	 cal-
ibrator.	 The	 commutability	 status	 of	 each	material	 is	 presented	 in	
Tables S4	and	S5.

3.3  |  Comparison of CEA results of the five 
immunoassays before and after calibration

The	 trimmed	 mean	 target	 of	 the	 five	 measurement	 procedure	
results and the percent difference from the trimmed mean tar-
get for individual patient samples were calculated.15	The	results	
indicated that the median percentage biases across all 40 indi-
vidual patient samples for each measurement procedure after 
calibration	 using	 WHO	 73/601	 diluted	 in	 PBS	 on	 the	 Roche,	
Diasorin,	Beckman,	Abbott,	and	Maccura	immunoassay	platforms	
decreased	 from	−1.22–	10.09%	 to	0.25–	−6.49%.	For	 each	 assay,	
10 pairs of comparisons were performed, and the average cor-
relation coefficient (r),	slope	(b),	and	intercept	(a)	values	were	cal-
culated (Table 2 and Table S6).

3.4  |  Final certified values of BCCL candidate RMs

The	certified	concentrations	of	BCCL	candidate	RMs	for	CEA	on	in-
dividual	 assay	platforms	were	 converted	 into	 IU/mL	based	on	 the	
calibration	curves	of	low-		(0.0625–	0.5 IU/mL)	and	high-	value	(1–	8 IU/
mL)	samples	established	by	linear	fitting,	as	shown	in	Figures S1 and 
S2 (also see Table S7).

WHO	 73/601	 was	 used	 as	 a	 calibrator	 for	 the	 Abbott	 and	
Maccura	 systems,	 which	 were	 assigned	 values	 based	 on	 the	 cor-
rection	factor.	The	final	certified	value	of	BCCL	candidate	RMs	was	
assigned	based	on	the	five	assays.	The	assignment	value	of	the	low-	
concentration	 samples	 C1–	C3	was	 calculated	 using	 the	 low-	value	
curves	(P2–	P5)	and	that	of	high-	concentration	samples	C4–	C5	was	
calculated	using	the	high-	value	curves	(P6–	P9).TA
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F I G U R E  1 Commutability	of	the	
relevant reference materials among the 
five analytical systems for determining 
carcinoembryonic	antigen	(CEA)	based	
on	the	CLSI	method.	The	solid	black	lines	
are regression curves, and the dashed 
lines	are	the	two-	tailed	95%	prediction	
lines.	P1–	9,	XQ1–	9,	D–	9,	M1–	9,	and	RP1–	9	
represent	the	nine	levels	of	WHO	73/601	
diluted	in	PBS	(P),	a	healthy	human	serum	
pool	(XQ),	DMEM	(D),	MEM	(M),	and	RPMI	
1640	(RP),	respectively.	BCCL	represents	
the	five	levels	of	candidate	RMs.
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F I G U R E  2 Commutability	of	the	
relevant reference materials among the 
five analytical systems for determining 
carcinoembryonic	antigen	(CEA)	
based	on	the	IFCC	method.	The	bias	
of the logarithmic transformation of 
concentration	[ln(concentration)]	between	
two	measuring	systems.	The	error	bars	
indicate the uncertainty of the difference 
in	bias	between	each	BCCL	RM	and	
diluted	WHO	matrix	and	the	average	bias	
for	the	clinical	samples.	The	solid	black	
line	(BCS	line)	represents	the	mean	bias	
for all the clinical samples, and the red 
dashed	lines	(C	line)	indicate	the	maximum	
allowable commutability- related bias.
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F I G U R E  3 Commutability	assessment	
of	RMs	among	the	five	analytical	systems	
after correcting for biases according to 
the	CLSI	method.	The	solid	black	lines	
are regression curves, and the dashed 
lines	are	the	two-	tailed	95%	prediction	
lines.	P1–	9,	XQ1–	9,	D–	9,	M1–	9,	and	RP1–	9	
represent	the	nine	levels	of	WHO	73/601	
diluted	in	PBS	(P),	a	healthy	human	serum	
pool	(XQ),	DMEM	(D),	MEM	(M),	and	RPMI	
1640	(RP),	respectively.	BCCL	represents	
the	five	levels	of	candidate	RMs.
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F I G U R E  4 Commutability	assessment	
of	RMs	among	the	five	analytical	
systems after correcting for biases 
according	to	the	IFCC	method.	The	bias	
for the logarithmic transformation of 
concentration	[ln(concentration)]	between	
two	measuring	systems.	The	error	bars	
indicate the uncertainty of the difference 
in	bias	between	each	BCCL	RM	and	
diluted	WHO	matrix	and	the	average	
bias	for	the	clinical	samples.	The	solid	
black	line	(BCS	line)	represents	the	mean	
bias	for	all	the	clinical	samples.	The	red	
dashed	lines	(C	line)	indicate	the	maximum	
allowable commutability- related bias.
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After	converting	the	units	into	IU/mL	using	WHO/73/601	RMs	
diluted with PBS as standard calibrators, the final certified values of 
BCCL	candidate	RMs	for	C1–	C5	were	0.065 ± 0.016,	0.276 ± 0.040,	
0.617 ± 0.084,	1.168 ± 0.201,	and	1.642 ± 0.160 IU/mL,	respectively	
(see Table S8 for the calculation of uncertainty; converted ng/mL 
values	were	also	reported	in	the	Appendix	S1).

4  |  DISCUSSION

Chemiluminescent or electrochemiluminescence immunoassays are 
the	most	widely	used	assays	for	CEA	measurements.8,16 Currently, 
the	harmonization	of	CEA	among	multiple	immunoassay	systems	is	
not optimal.8,16,17	The	calibrators	of	most	CEA	reagent	manufactur-
ers	are	not	traceable	to	WHO	73/601	as	the	protein	structure	and	
antigen	epitope	of	WHO	73/601	may	be	altered	during	the	produc-
tion	process.	Moreover,	 different	 dilutions	may	 affect	 the	binding	
force	 of	 antigens	 and	 antibodies.	 Therefore,	 differences	 exist	 in	
the	results	obtained	among	the	assays.	A	previous	study	has	dem-
onstrated that common standards could minimize the differences 
between	CEA	 immunoassay	kits.18	Traceability	 is	effective	 for	de-
termining the accuracy of measurement results; that is, the value 
of	high-	order	RMs	is	transmitted	to	the	manufacturer's	calibrators	
through a series of uninterrupted traceability chains.6 However, en-
suring	RM	commutability	in	the	traceability	process	is	imperative.6

During	calibration	using	WHO	73/601,	 an	appropriate	dilution	
matrix should be selected to ensure the accuracy of the calibrator 
assignment. Börmer et al.19 reported differences between the recov-
ery	of	WHO	73/601	dissolved	in	serum	and	that	dissolved	in	bovine	
serum	albumin	(BSA).	Similarly,	Zhang	et	al.8 compared the potency 
of	WHO	73/601	dissolved	in	different	buffers	(BSA	matrix)	obtained	
from	four	different	manufacturers	and	revealed	variations.	The	po-
tency	of	WHO	73/601	dissolved	in	different	buffers	differed	even	
with the same system, demonstrating that the diluent matrix may 
affect	the	estimated	CEA	value.	In	the	present	study,	we	compared	
five	 common	 buffers	 (PBS,	 a	 healthy	 human	 serum	 pool,	 DMEM,	
MEM,	and	RPMI	1640)	and	found	that	WHO	73/601	diluted	in	the	

PBS buffer matrix had the smallest difference among assay systems 
and was the optimal choice among the five diluent matrices.

In addition, we analyzed the commutability of the BCCL candi-
date	RMs	and	WHO	73/601	RMs	with	the	five	diluted	matrices	using	
five	assays	according	to	the	CLSI	and	IFCC	methods.	WHO	73/601	
dilutions	were	not	commutable	in	the	Abbott	versus	Roche/Diasorin/
Beckman	 and	 Maccura	 versus	 Diasorin/Beckman	 systems	 based	
on	 the	 CLSI	 method	 and	 Abbott/Maccura	 versus	 Roche/Diasorin/
Beckman	 systems	based	on	 the	 IFCC	method.	This	 result	 indicates	
that bias due to non- commutability could be propagated to the results 
of clinical samples, thereby causing incorrect metrological traceability 
to	the	WHO	73/601	RMs	and	nonequivalent	clinical	sample	results	
among	different	assays.	According	to	ISO17511,20	certified	RM	may	
be used as a calibrator within the calibration hierarchy for a spec-
ified	 in	 vitro	diagnostic	medical	 device	 for	which	 the	RM	does	not	
demonstrate commutability to human samples. However, a correc-
tion	factor	or	function	must	be	applied	to	the	assigned	certified	RM	
value.	Therefore,	in	the	present	study,	we	corrected	the	bias	of	WHO	
73/601	used	in	the	calibration	hierarchy	of	the	Abbott	and	Maccura	
measurement	procedures.	After	bias	correction,	WHO	73/601	RMs	
diluted in PBS were selected as standard calibrators to calibrate the 
five assays. Consequently, the variability between assays was sig-
nificantly minimized; therefore, we used commutable common cali-
brators15 to calibrate the multi- assay systems and assign values for 
candidate	RMs.	This	approach	can	provide	a	valid	multi-	assay	system	
assignment	method	for	CEA	candidate	RMs	based	on	traceability.

In the present study, the frozen mixed human serum candidate 
RMs	for	CEA	prepared	by	BCCL	were	evaluated	by	the	five	selected	
assays,	which	were	calibrated	by	common	WHO	73/601	RMs.	The	
candidate	RMs	were	assigned	international	conventional	units	(IU/mL)	
to	maintain	traceability	to	the	WHO	RMs.	However,	currently,	most	
methods	available	for	CEA	determination	worldwide	report	results	
in	ng/mL.	Unfortunately,	the	unit	conversion	formula	from	IU/mL	to	
ng/mL	is	not	provided	in	the	WHO	73/601	instructions,	represent-
ing	a	 limitation	of	 the	guidelines.	Nevertheless,	Roche	Diagnostics	
applied	 the	 traceability	 measurement	 procedure	 to	WHO	 73/601	
and	estimated	that	1 ng/mL	of	CEA	equals	approximately	0.0169 IU/

TA B L E  2 Comparability	of	the	immunoassays	for	carcinoembryonic	antigen.

Before calibration (ng/mL) After calibration (IU/mL)

Roche Diasorin Beckman Abbott Maccura Roche Diasorin Beckman Abbott Maccura

n 40 40 40 40 40 40 40 40 40 40

Median 18.39 23.53 23.84 19.72 25.89 0.328 0.418 0.383 0.418 0.428

Min 2.41 2.65 2.82 2.78 2.33 0.044 0.056 0.054 0.024 0.063

Max 888.57 1180 1180 1178 1134 18.413 21.592 19.724 18.975 22.422

r 0.994 0.991 0.990 0.992 0.987 0.992 0.991 0.987 0.990 0.983

b 1.34 0.93 0.84 0.96 0.97 1.15 0.93 0.94 1.00 0.95

a −4.41 0.28 −1.24 3.07 6.82 −0.01 0.00 −0.02 0.02 0.13
‼

Bias%
−7.31 −1.22 10.09 1.44 −3.52 −6.49 1.34 3.06 0.25 2.28

Note: r, b, a, and 
‼

Bias% denote the mean value of the correlation coefficient, slope, intercept between one analytical system and others, and median 
percentage biases across the 40 individual samples for each assay, respectively.
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mL.	The	 assigned	RMs	 are	 expected	 to	 be	 further	 utilized	 in	 EQA	
schemes21–	23 to uncover problems related to analytical specificity 
and reagent traceability from manufacturers based on correctness. 
In	addition,	the	developed	BCCL	candidate	RMs	were	commutable,	
and	target	RMs	with	good	commutability	could	be	used	by	manufac-
turers to verify traceability or measurement accuracy.

The	present	study	had	some	limitations.	A	major	limitation	of	the	
study is that only five assays were examined. In addition, the specific di-
luent solutions recommended by the five immunoassay manufacturers 
were	not	included	in	this	study.	Therefore,	future	verification	studies	
with more assays and different specific diluent matrices are required.

In conclusion, our study demonstrated that the BCCL candidate 
RMs	 for	 CEA	 have	 good	 commutability.	 After	 correcting	 for	 bias	
caused	by	non-	commutability,	WHO	73/601	RMs	diluted	in	the	PBS	
buffer matrix were selected as common calibrators for the five immu-
noassays	and	could	be	used	to	assign	values	to	CEA	candidate	RMs	
developed	 based	 on	 BCCL.	 This	 study	 provides	 important	 insights	
into	promoting	the	harmonization	of	CEA	detection	in	immunoassays.
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