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Chapter 1
Introduction
A clinical chemistry laboratory should have as it's main goal the production of
high quality test results. In order to fully appreciate the impact of quality in the
clinical chemistry laboratory, the exact meaning of quality in laboratory testing
must be understood. In general terms, quality has been best defined as "fitness for
use" [1], "conformance to requirements" [2] and "the capacity to achieve
goals" [3]. With these definitions in mind, a quality clinical chemistry
laboratory test may then be defined as "the most appropriate laboratory test,
correctly performed at the lowest cost, and reported within an optimal time
frame II ,
For the user of the clinical chemical information, only a few performance
characteristics are of interest: the possible errors in the information (precision and
accuracy), the clinical sensitivity and specificity of laboratory tests, the time
between the submission of the samples and the results to become available
(turnaround time) and the costs associated with the analysis.
These performance characteristics (table 1.1) are direct indicators of a test's
quality and are called quality aspects.
table 1.1

Quality aspects of clinical chemistry laboratory testing

Specifications or requirements have to be set for each of these quality aspects in
order to have quantitative and objective criteria for evaluating laboratory
performance. In this chapter the main focus is on precision and accuracy. Clinical
sensitivity and specificity are described only briefly, a detailed discussion is
beyond the scope of this thesis. Both turnaround time and costs are viewed in the
context of centralized versus decentralized testing in the chapters 5 and 6.
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The nature of analytical error
Analytical error can be thought of as a combination of two types of error: random
error and systematic error. Random error is always present to a measurable
degree and can be defined as a scatter (dispersion) of data around a mean value.
Random errors are inevitable, but can be reduced, for instance, by repeated
measurements. The amount of random error is referred to as imprecision and is
defined by the standard deviation (SD) and the coefficient of variation (CV).
Systematic errors are errors within the test system or methodology. These errors
occur in only one direction away from the "true value" and cannot be reduced by
repeated measurements, but only by removing their cause. The discrepancy
between the result of a measurement and the "true value" is termed inaccuracy or
bias.

Precision and accuracy
Many strategies have been used to set desirable specifications, particulary for
imprecision but also for inaccuracy [4-10].
In summary, there are six different strategies to set quality specifications for
imprecision (table 1.2). All of these approaches have disadvantages.
Fractions of reference intervals [11-13]. The first and most favoured approach is
that proposed by Tonks [11] namely that the allowable error ( 2 CV) is:
(14 reference interval I mean reference interval) x 100.

Different fractions have been proposed as well [12], pointing at the major
disadvantage of this strategy: the fraction chosen is more or less empirical.
Furthermore, the allowable error depends upon the imprecision and inaccuracy of
the method, the nature of the population studied, and the method of data
reduction.
Opinions of clinicians [14-18] are subjective in nature, moreover these encompass
biological, pre-analytical and analytical variation.
3
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table 1.2

Strategies to set quality specifications for imprecision

The state-of-art [19][20] is derived from external quality assessment procedures in

which the materials may not perform and be treated as patient samples [21][22].
Furthermore, the state of the art is always improving and thus goals continuously
become higher although they still may not yet be good enough.
The views of expert individuals and groups [4-10,23,24] are fascinating but
generally subjective and sometimes contradictory in nature.
Data on biological variation [25-28] are viewed as best. The theory is that the
analytical CV should be:
less than or equal to >2 the within-subject biological variation.

The major advantages of this strategy are that (1) the model is simple to
understand and apply and (2) there are many data available on biological variation
[29]. Disadvantages are that (1) the goals are based on data on biological
variation in the healthy person (and not the diseased patient), (2) there exist little
data on long-term biological variation or on biological variation at unusual levels
and (3) the fraction ~ is empirical, although chosen so that imprecision adds only
12 % or less to the total observed variability.
Analysis of the effect of analytical performance. Some suggest that different goals
are required for analyses performed for different clinical purposes such as
screening, monitoring and aiding in diagnosis [30][31][32]. However, the
clinical laboratory must, in my opinion, ensure the same goals for imprecision
4
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and inaccuracy of test results regardless of where the tests are performed, the
clinical purpose and by whom. The challenge such responsibility entails is great,
but not insurmountable.
In conclusion, it is necessary to relate the allowable imprecision to within-subject
biological variation or, if that is too stringent, to achievable analytical
performance characteristics (that is the state-of-art).
Very few attempts have been made to define specific numerical goals for
inaccuracy. Because laboratory tests are now performed not only in the central
laboratory but also at the point-of-care (POC), methods should ideally have no
bias so that results are comparable in time and place. Gowans and coworkers
[33] show that if it is desired to have acceptance of the same reference
interval throughout a geographical area, as small as a hospital or as big as
Europe, the inaccuracy should not exceed one quarter of the group biological
variation.
Taking into account all the advantages and disadvantages of the available
techniques for setting quality specifications, and what is currently technically
achievable, a working group of the European group for the evaluation of reagents
and analytical systems in laboratory medicine has proposed the following quality
specifications for analytical systems for clinical chemistry [34]:
Total imprecision should be less than one-half of the average within-subject
biological variation or less than the state of art achieved by the best 0.20 fractile
of laboratories, whichever is the less stringent. The second approach may be used
when data on biological variation do not exist.
Inaccuracy should be less than one-quarter of the group (within- plus betweensubject) biological variation or less than one-sixteenth of the reference interval,
when data on group biological variation do not exist or less than twice the ideal
imprecision, if the above specifications are too demanding.
Quality specifications are already proposed in European countries. For example in
the Dutch "Combi" quality assessment scheme [35] goals are based on
biological variation or the state-of-art, whichever is considered most realistic.
5
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Clinical sensitivity and specificity
Clinical sensitivity and specificity provide for quantitation of clinical accuracy.
The sensitivity of an assay is the fraction of those with a specific disease that the
assay correctly predicts. The specificity is the fraction of those without the
disease that the assay correctly predicts. These properties can be represented by
the receiver operating characteristic (ROC) curve, a plot of sensitivity versus one
minus specificity [36]. The procedure for deriving ROC curves and
assessment of clinical accuracy were recently published in a guideline by the
NCCLS [37]. An ideal diagnostic test would be 100% sensitive, giving
positive results in all diseased subjects, and would be 100% specific, giving
negative results in all healthy subjects. Factors which increase the speCificity of a
test tend to decrease the specificity and vice versa. Whether it is desirable to
maximize specificity or sensitivity depends on the clinical situation the test is used
for.

Quality management
There is a growing recognition of the fact that quality of clinical chemical
information must be judged not only by the yardstick of the internal quality
parameters precision and accuracy. Total laboratory quality is being evaluated by
how well the patient is served, and thus, recognized as a medical service to be
judged by medical criteria which are far broader than a proficiency test report or
the point on a control chart.
The traditional model for quality management in clinical chemistry includes three
major components: (1) Quality laboratory practices (QLP) , (2) Quality control
(QC)

and (3) Quality assurance (QA) [38].

QLP provides for policies,

procedures and protocols needed for laboratory performance. QC refers to
statistical quality or process control. QC charts are in wide spread use, each
measurement procedure in a clinical chemistry laboratory is usually monitored by
a periodical statistical control procedure. Common control procedures are LeveyJennings charts [39] and Westgard's multi-rule QC [40].
6
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procedures include the application of moving averages (e.g. Bull's moving
average [41]) and the use of average of (normal) patient samples for QC
purposes. QA is primarily concerned with broader monitoring of laboratory
performance, such as patient and specimen identification and turnaround time.
Two additional components, quality improvement (QI) and quality planning (QP)
are needed for quality to be properly managed [42] in a so called total quality
management (TQAf) framework.
According to Donabedian, the quality of care is a concept that has many
components, which may be grouped under the following seven headings: efficacy,
effectiveness, efficiency, optimality, acceptability, legitimacy and equity [43].
With these, two important components are added to quality management: costs
and customer service. Taking into account the call for increased service
[44][45] quality in clinical chemistry can be expressed in the form of a
triangle (figure 1.1), the angles of which are formed by the quality of laboratory
practices (QLP), the quality of laboratory methods (QAf) and the quality of
laboratory service (QS). QLP can and should be guaranteed by laboratory
certification. In QM, apart from the individual quality aspects (see table 1.1), the
importance of comparability of methods should be emphasized. This can be
pursued by standardisation.

Q

practice
certification

Quality of
laboratory
testing

QA
Q service
figure 1.1

QC

Q method

Clinical chemistry quality trilogy
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Laboratory certification
Certification has been defined as "the procedure by which a third party gives
written assurance that a product, process or service conforms to specific
requirements" (International Organization for Standardisation (ISO» and "the
formal recognition that a testing laboratory is competent to carry out specific tests
or specific types of tests" (Organisation Commune Europeenne de Normalisation
(CEN/CENELEC).
General criteria for laboratory certification have been developed by several
organizations [46]. The FDA (Food and Drug Administration) in 1976 issued
Good Laboratory Practice (GLP) regulations. GLP concerns the organization and
the circumstances under which laboratory research is planned, conducted,
monitored, registered and reported. For clinical chemistry laboratories, GLP
regulations are only worthwhile attaining, if participation in international research
trials is considered. Generally applicable criteria are published as the ISO 9000
series and the CEN/CENELEC EN (European Norm) 45000 series of standards.
These certification criteria are developed to guarantee a laboratory's competence
and cover such elements as management and organization; use of qualified and
continuously trained personnel; availability, calibration and maintenance of
equipment; validation of test methods and procedures; availability of standard
operating procedures (SOP's); and participation in proficiency testing. All
together these elements compose a quality system. A "Code of practice", a guide
for the implementation of a quality system has been published by the Dutch
CCKL (Coordinatie Commissie bevordering Kwaliteitsbeheersing
Laboratoriumonderzoek Gezondheidszorg).
In the Netherlands, clinical chemistry laboratories applying for certification can
obtain a quality certificate from STERLAB (based on EN 45000) or from another
third party, CCKLtest. This new independent organization uses the ISO 9000
series of standards as the basis for certification.
Finally, clinical chemistry laboratory certification could become a part of a
hospital wide certification (better called accreditation) program. Institutional
accreditation is under investigation in the International Health Development
Foundation's (lHDF) PACE-project.
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Standardisation
An improvement of the agreement between measurement results obtained under
different conditions can be achieved by all using the same analytical methods or
instruments. This implies that a consensus must be attained on which method or
instrument is the most adequate for determination of the analyte concerned. One
can imagine that this concept of standardisation has some drawbacks. A more
flexible way of standardisation is to describe criteria for the performance of a
specific method e.g. the criteria described by the Dutch enzyme commission for
the performance of enzyme measurements [47].
Optimal comparability of assay results can only be obtained however, if the
analysis is placed in a framework that is based on accuracy. Accuracy can be
defined as conformity to the "true value" in the case of measurement. To
understand accuracy in Chemistry one must understand the chemical measurement
process. Chemical measurements are relative in nature. Measurements are
generally made by comparison with a reference material for which the
concentration of the analyte to be measured has been previously assigned.
Multiple methods almost always exist for the measurement of any particulate
analyte. These methods have procedural differences and often even have different
physical principles on which the measurement is based. Chemical measurements
are also frequently subject to significant matrix interferences (non specific
measurement). Finally, chemical measurements are always subject to change due
to the introduction of new measurement methods. All of these measurement
characteristics point to accuracy as the necessary transfer mechanism from
method to method. Different methods and different procedures, with their varying
biases for measuring any particular analyte, must be understood, and differences
must be accommodated if one is to make meaningful, medically relevant
interpretation of the reSUlting data.
How then does one achieve accuracy in a measurement system? The simple
answer is by implementation of an overall quality assurance scheme through an
accuracy based measurement system. A hierarchy of methods and materials is
recognlsed among the analytical methods and materials needed for reference
purposes of this system. In this system, definitive methods provide the closest
9
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approach to "true values". Where definitive methods exist, they are to be used for
establishing the accuracy of reference methods for the analytes concerned.
Reference methods in turn can be used to evaluate the accuracy of routine
methods used in patient care. The most commonly used definitions for definitive
and reference methods (for discussion see [48]) are:
Definitive method (DM):

(1)

(2)

An analytical method that has been subjected to thorough investigation and
evaluation for sources of inaccuracy, including nonspecificity. The
magnitude of the of the DM's final imprecision and bias, expressed in the
uncertainty statement, is compatible with the DM's stated end purpose. The
mean DM value is taken as the "true value" (National Committee for
Clinical Laboratory Standards (NCCLS) [49]).
A method which after exhaustive investigation, is found to have no known
source of inaccuracy or ambiguity (International Federation of Clinical
Chemistry (IFCC) [50]).

Reference method (RM):

(1)

(2)

A thoroughly investigated method in which exact and clear descriptions of
the necessary conditions and procedures are given for the accurate
determination of one or more property values; the documented accuracy
and precision of the method are commensurate with the method's use for
assessing the accuracy of other methods for measuring the same property
values or for assigning reference method values to reference materials.
(NCCLS [49]).
A method which af1er exhaustive investigation has been shown to have
negligible inaccuracy in comparison with its imprecision (IFCC [50]).

Unfortunately not for all analytes definitive or reference methods are available at
this moment as can be seen from table 1.3.
10
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table 1.3

(Candidate) definitive and (candidate) reference methods

Analyte
Alkaline Phoshatase
Alanine aminotransferase
Anti-epileptic drugs
Apolipoprotein B-100
Aspartate aminotransferase
Bilirubin
Calcium
Chloride
Cholesterol
Clomipramine
Creatine kinase
Creatinine
Digoxine
l'-glutamyltransferase
Glucose
Glycerol
Hemoglobin
Inorganic phosphate
Iron
Lithium
Magnesium
Nickel
Oxalate
pH
Phenylalanine
Potassium
Protein, total
Sodium
Steroids
Thyroxine
Urea
Uric acid

Literature
[51]
[52-53]
[54]
[55]
[56]
[57-59]
[60-61]
[62]
[63-69]
[70]
[71]
[72-77]
[78]
[79]
[80-85]
[86]
[87-88]
[89]
[90]
[91]
[92]
[93]
[94-95]
[96]
[97]
[98-99]
[100]
[101-104]
[105-110]
[111-112]
[113-115]
[116-118]
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Laboratory service
For a laboratory test to be useful to its customers, the clinicians, results should be
available in a timely marmer. Specimen turnaround time (TAT) happens to be the
far most important component of laboratory service, this according to the
opinions of clinicians. Appropriate goals for specimen TAT need to be developed
and should be based on medical necessity and clinical expectation.
From the clinical chemistry point of view attention should be focused not merely
on the reduction of the number of tests requested, but also on reducing the
amount of inappropriate testing. Inappropriate (including excessive) requesting
can lead to harmful further diagnostic investigations, needlessly prolonged
hospital stay, poor understanding of results and incorrect actions. The efficiency
of the requesting pattern is therefore also a service quality parameter for clinical
chemical information.

Scope of the thesis
The studies described in this thesis were undertaken to:
(1)
(2)

illustrate the importance and the proper use of the traditional quality
aspects preCision and accuracy and
to focus on quality of laboratory service as a relatively new component of
quality and its consequences for laboratory performance, with special
emphasis on point-of-care testing.

A specific example illustrates the need for accuracy and comparability of results
obtained by different methods for the same analyte. In chapter 2 is demonstrated
that the results obtained by different serum ferritin immunoassays are not
comparable to each other, even after introduction of a reference preparation for
the calibration of serum ferritin immunoassays. The importance of an accuracy
based reference system (reference preparation and method) is emphasized and the
methodological concept for a serum ferritin reference method is described.

12
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The way in which the results of measurements are reported can affect the
accuracy of test results. For the determination of sodium a definitive as well as a
reference method are developed (see table 1.3). However, both methods report
the assay results as molarity i.e. sodium concentration per litre serum or plasma.
Therefore assay results are sensitive to the serum volume occupied by proteins
and lipids. This sensitivity may lead to misinterpretation of electrolyte status if
serum samples with abnormal protein and or lipid status arc concerned. In chapter
3 the development of a proposed reference method for the sodium determination
on a plasma water basis is described. Misinterpretation due to abnormal protein
(or lipid) status is excluded now because results are presented as sodium molality
(concentration per litre plasma water) or sodium molarity after correction for
abnormal water contents. The inaccuracy of a routine method is determined by
analyzing a series of patient specimens by the method in question and the
alternative reference method. The resulting method comparison data (slope and
intercept) are a measure of proportional (slope) and constant (intercept) bias at
any particular concentration. In chapter 4 the accuracy of 21 routine methods
equipped on a multitest clinical chemistry analyzer is evaluated. In addition to this
evaluation a procedure for multi-point calibration of the routine methods based on
accurate reference method values is presented, to correct possible inaccuracy.
With regard to the quality of laboratory service, the specimen turnaround time
and the quality of test requesting patterns are presented in more detail. In chapter
5 a system for continuous monitoring of specimen turnaround time is described.
This system is implemented in the clinical chemistry laboratory and used to justify
laboratory organization and procedures. If it is not possible to produce
information within the desired turnaround time in the central laboratory, decentral
testing (point-of-care testing) should be considered. In chapters 6 the author's
opinion about how to manage point-of care testing is evaluated. In chapter 7 all
quality aspects presented previously pass in review in the evaluation of the first
representative of a pH, blood gas and electrolyte analyzers especially developed
for point-of-care testing.
In chapter 8 the second important component of laboratory service, the efficiency
of test requesting patterns, is demonstrated, using the differential diagnosis of
cobalamin deficiency as an example.
13
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Summary
Introduction of the National Biological Standards Board (NBSB) 80(602 reference
preparation for the calibration of ferritin immunoassays has reduced the interassay variability, and represents the first important step towards standardisation of
ferritin immunoassays. However, our investigations show that comparison
between assay results is still impossible. This is caused by differences in assay
methodology and performance, differences in the specificities of the antibodies
and antigens used and possibly interfering substances.
We conclude that all kits detect mainly the more basic isoferritins in serum, but
all isoferritins (acidic, intermediate and basic) are systematically underestimated.
Since we also showed immunologic differences between reference or kit standards
and serum ferritin, we conclude that the kits evaluated have poor accuracy.
To diminish inter-assay variability and to increase the accuracy of serum ferritin
determinations, a method is needed that quantifies all basic, intermediate and
acidic isoferritins in serum under normal and pathological circumstances, in order
to measure the true ferritin concentration in serum.
The introduction of a reference method in combination with the NBSB 80(602
human liver reference preparation, is the second important step towards accurate
standardisation of ferritin immunoassays.
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Introduction
The study of accuracy in clinical chemistry is a difficult problem especially if all
information on composition of reagents and analytical procedures is manufacturer
dependent. Serum ferritin determination is a good example for such a black box
assay. It has been shown that compatibility between assay results from different
kits is lacking [1][2][3][4][5]. The variability in determinations with
the various kits has been attributed to the immunological heterogeneity of (serum)
isoferritins [6], the different specificities of the antisera [1], the methodology
used [7] and the lack of an international standard [2][8].
It is generally accepted that the introduction of the NBSB first international
standard for human liver no. 80/602 [9] improves the accuracy and inter-assay
variability of serum ferritin determinations [10]. It is beyond doubt that the
dispersion of the values obtained using different commercial kits is reduced after
calibration with the NBSB reference standard. But are the assays more accurate?
In our opinion the introduction of the NBSB reference preparation is ordy the first
step towards solving the accuracy problem. Because this reagent is used on a
large scale to calibrate ferritin assays, the decreased inter-assay variability is ordy
coupled with increased accuracy if the standard ferritin and serum ferritin are
immunologically identical, and all isoferritins present in serum are detected.
We investigated inter-assay variability after introduction of the NBSB standard by
comparing seven immunoassay kits for serum ferritin determination available in
the Netherlands. The kits were used to evaluate serum ferritin concentrations in
40 sera with serum ferritin levels between 20 and 800 p.g/1. To study the possible
influence of structural and immunological differences between tissue and serum
ferritins on accuracy, purified human heart (acidic isoferritins), human placental
(intermediary isoferritins), human liver (basic isoferritins) and human serum
ferritins were tested. Other possible interferences influencing accuracy (iron
contents and isolation procedure of the standards [11]) are also taken into
account. The differences from the nominal ferritin concentrations based on protein
contents are shown as % cross reactivity in a so-called kit index. This kit index
shows which isoferritins are measured accurately and indicates a further need for
standardisation.
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Materials and methods
Ferritin standards and antibodies
The first international reference human liver standard no. 80/602 was obtained
from the NBSB (Hertfordshire, England). Ferritin from human liver type IV (cat

no. F6754) and ferritin from human heart type VII (cat no. F4131) were obtained
from Sigma chemical company (SI. Louis, USA). Ferritin from human liver X551
was from DAKO (Copenhagen, Sweden).
Anti human liver ferritin antibodies were obtained from DAKO immunoglobulins
(Denmark) and anti placental ferritin antibodies were a gift from Behringwerke
AG (Marburg, Germany).
Serum ferritin kits
All kits used are non-competitive sandwich assays, and are named A - G in this

chapter. For more details see [12].
Because there is no reference method available we used kit A, which is in routine
use in our laboratory and is performed on an automated system, as a reference.
Ferritin preparation
Ferritins were purified from human tissue in essentially the same way as

described by May and Fish [13], using standard procedures. Serum ferritin
was purified from a serum pool from healthy persons. Purification was essentially
as described for· tissue ferritin, except the ultracentrifugation step which was
replaced by affinity chromatography on CNBr-activated Sepharose 4B in two
separate columns using purified antibody preparations against human liver ferritin
and against human placental ferritin [14].
The purity of the preparations was examined with gradient-pore polyacrylamide
gel electrophoresis using precast PAA 4/30 gels (Pharmacia, Uppsala, Sweden).
Electrophoresis conditions used are recommended by the manufacturer. The gels
are stained for protein with CBB R250 and stained for iron in potassium
ferrocyanide. The same bands appeared after staining for iron and protein.
Protein was determined by the method of Lowry according to Worwood [15].
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Statistical analysis
Inter-assay comparisons were made by regression analysis according to Passing
and Bablok [16]. Significant differences in slope and or intercept are
considered at the 95% confidence level. Differences between means of series of
assay results were investigated with the Student's paired t-test (significant
difference if p < 0.05).

Results
Correlation data between kit A and the kit in question (for determination of
ferritin in serum) are shown in table 2.1.
Table 2.2 shows the mean values of all sera measured together with the interassay variability presented as coefficient of variation, %CV.
Table 2.3 shows the influence of calibration with NBSB 80/602 on inter-assay
variability. Our results indicate a significant decrease of inter-assay variability
after introduction of the NBSB 80/602 reference standard. These results agree
with other investigations [9,10].

fable 2.1

Kit

Method comparison by Bablok and Passing regression calculation
between results obtained with kit A and the kit in question
y=ax+b
a

b

r

B

1.072

-11.03

0.998

a,b

C

0.967

-10.87

0.999

a,b

D

1.044

-13.50

1.000

a,b

E

0.798

4.59

0.996

a,b

F

1.061

-6.54

0.999

a,b

G

1.036

3.05

0.999

a,b

a:
b:

Significances)

significant difference from slope = 1.0,
significant difference from intercept = 0.0, in regression equations kit A versus kit in

question (95% confidence level, calculation according to Passing and Bablok).
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table 2.2

Inter-assay variability after introduction of the NBSB 80/602
international human liver reference preparation in different
concentration ranges

Concentration
range
Low reference
Medium reference
High reference
Pathological

table 2.3

Concentration
(ug/l)

Mean value
(ug/l)

CV
(%)

15 - 50

32

19

80 - 120

93

13

200 - 250

241

9

> 500

612

10

Inter-assay variability before and after introduction of the NBSB
80/602 international human liver reference preparation

Source

Calibration with NBSB
80/602 standard

Between-kit variability

van Oost [1]

no

52

Wood [2]

no

44

Grail [4]

no

56

Dunn [5]

no

16

Iacobello [10]

no

32

Authors' laboratory

yes

13

(%)

figure 2.1 shows the respective regression lines for the relation between the
nominal concentration of reference standard 80/602 and the results of the analysis
with each of the seven kits. Results from kits C, D, E and F differ significantly
from the nominal values.
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figure 2.2 shows the respective regression lines for the nominal concentration of
purified human serum ferritin and the results of the analysis with each of the
seven kits. Results from kits B, C, D, E and G differ significantly from the
nominal values based on the protein contents.
figure 2.3 shows slight differences in relative migration values between some
purified ferritin preparations.
Correlation data between nominal values for all ferritin preparations and the
values measured with the different kits are expressed as % cross reactivity in
table 2.4.
DAKO liver and SIGMA liver preparations are underestimated in all seven kits,
the % reactivity for DAKO liver lying between 55 and 74 %, that for SIGMA
liver between 49 and 98 % (table 2.4). This is remarkable because all kits use
liver or spleen ferritin as the antigen source for their determinations and so
reactivities between 85 (spleen) and 100 % (liver) should be expected. The
situation is even more complicated for the NBSB 80(602 reference preparation,
which showed reactivities between 76 and 112 % (tigure 2.1, table 2.4). Kit A is
the only kit with 100 % reactivity with the NBSB 80(602 reference preparation.
The assay results of 4 kits differ significantly from the nominal NBSB 80(602
values, although all 4 kits are calibrated against it.

Discussion
Inter-assay variability The introduction of NBSB reference standard 80(602
decreased the inter-assay variability (table 2.3) of serum ferritin determinations,
but comparison between assay results from different kits is not possible (table
2.1). Although there is a good correlation (1' > 0.98) between the various kits,
there are still considerable differences in the measured absolute values.
These present findings indicate that a reference standard is not the only relevant
factor in the variability of serum ferritin determination. The observed
discrepancies among tissue ferritin preparations may be explained by different
procedures used to isolate and purify the tissue ferritins, leading to slight
differences in electrophoretic behaviour (figure 2.3).
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concentration and the measured concentration using the kit standards
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Kit index: relation between the nominal ferritin concentrations of
purified tissue or serum and the concentrations measured with the
different kits presented as % cross-reactivity

table 2.4

A

B

C

D

E

F

G

100

86

90

91

76

112

81

Dako liver

74

60

55

66

71

62

61

Sigma liver

86

98

68

74

85

49

89

Sigma heart

18

26

13

16

16

12

26

Placental

37

44

26

31

27

20

33

Placental (apo)

31

47

19

19

22

21

29

Serum

94

155

44

69

75

96

84

Ferritin source

WHO 80/602

2345678

figure 2.3

Gradient pore 4-30% polyacrylamide gel electrophoresis. Relative
molecular mass markers: thyroglobulin (669 000), ferritin (440 000),
catalase (232 000), lactate dehydrogenase (140 000) and albumin (67000)
in the first and the last lanes. 2nd lane: NBSB 80/602, 3th lane: Daleo liver
ferritin, 4th lane: Sigma liver ferritin, 5th lane: Sigma heart ferritin, 6th
lane: placental ferritin, 7th lane: purified serum ferritin
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In addition to the different assay methodologies and specificities of the antibodies

used, iron contents is also a contributor to variability. Van Oost et a!. [1] found a
twofold increase in antibody binding in 2 of 4 kits tested after removal of iron
from liver ferritin. Our results however, show decreased ferritin detection after
removal of iron in 5 out of 7 kits (table 2.4; placental apo-ferritin).
The immunological heterogeneity of serum ferritin is a very important
contributory factor to variability. Its structural and immunological characteristics
appear to change with iron status and presence of pathology [17]. We showed
reactivities for purified serum ferritin between 44 and 155% (table 2.4).
The observed discrepancies between kit results for sera and tissue or serum
purifications could also be explained by quantitative differences between kit
standards. Despite calibration against NBSB 80/602 four kits differ significantly
from the nominal ferritin values. This indicates that comparison between assay
results from different kits is only possible if all kits are standardised versus each
other. Differences in methodology, source and purification of standards,
specificity of antibodies and performances have to be eliminated.
Laboratories using such a particular technique will report results that are normally
distributed around the mean value of all participants. This approach can lead to
results that are, in fact, accurate being considered inaccurate because they are not
close to the group mean. This is not possible if the assays used are essentially
free of systematic errors.
Accuracy A basic principle in analysis is that dose/response relationships between
an accepted standard and the substance to be tested show no significant deviation
from linearity or parallelism [18]. figures 2.1 and 2.2 show dose (nominal
value)/response (measured kit value) relationships for NBSB 80/602 reference
preparation and purified human serum ferritin. Statistically significant deviations
from parallelism are present in kits B, C, D and F. One possible explanation for
these deviations from parallelism is that purified human serum ferritin is
immunologically different from the NBSB 80/602 reference preparation. This
explanation seems very likely because the inter-assay variability for purified
serum ferritin determination is much larger than can be explained by the
differences found for NBSB 80/602 and other tissue preparations. Because this
serum ferritin was prepared from serum of healthy individuals (serum ferritin
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between 15 and 300 f'g/I), we conclude that under normal circumstances serum
ferritin is immunological different from the tissue ferritins used as antigen sources
in the different kits. This conclusion disagrees with a collaborative study
organised by the 1oteroational Committee for Standardisation in Haematology
(ICSH), which suggests there are no immunological differences between the two
ferritins in question.
The ferritin in human tissues contains two types of subunits: Hand L [19]. H
subunits have a relative molecular mass of 21,000 and are found in the more
acidic isoferritins (PI 4.5-5.0) in heart [20], red blood cells [21] and other
tissues. L subunits have a relative molecular mass of 19,000 and predominate in
the more basic isoferritins (PI 5.3-5.8) of liver, spleen and placenta. The H-rich
isoferritins are immunologically different from the L-rich isoferritins. The origin
of serum ferritin is not certain. Immunologically serum ferritin resembles liver
ferritin and it is detected with antibodies to ferritins rich in L subunits.
Table 2.4 shows that all kits detect mainly the more basic isoferritins in serum,
and that basic, acidic and intermediate [22] isoferritins are systematically
underestimated, although acidic isoferritins are detectable in 20 % of normal sera
and in 65% of sera from patients with malignancy [23]. 10 many other
circumstances, for example in diseases involving liver damage (with serum
ferritin spectrum similar to the whole spectrum of liver ferritin) 2-40% (table 2.4)
of the serum ferritin is systematically underestimated owing to its acidic
characteristics. 10 iron deficiency underestimation can also be expected because a
shift towards the more acidic isoferritins in serum is seen. Only in severe
hemochromatosis no acidic isoferritins can be detected in serum, so that
theoretically accurate assay values can be expected. However, our observations,
in combination with differences in immunological properties between tissue
ferritins used as antigens and serum ferritins to be analyzed, indicate that all
immunological ferritin kits tested have poor accuracy.
Reference method Proper standardisation of ferritin assays is a major problem
because an accuracy base is needed. Use of the mean values from different assays
as a basis for accuracy assumes that the results from all methods will be randomly
distributed around the true value. Regarding our results, this seems very unlikely.
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The reference method concept [24] can be used to provide a basis for
accuracy. The importance of such methods should increase with the accelerated
development of new methods based on different methodologies. Worwood et. a!.
[25] developed a simple ELISA for use as a reference assay of serum ferritin
using the 80/602 reference preparation as primary reference material and
standardised reagents including two lyophilized antibody preparations to human
liver ferritin. Use of this assay will certainly decrease inter-assay variability but
not the accuracy of serum ferritin determinations. The latter can only be achieved
if a proper mixture of anti-H and anti-L chain monoclonal antibodies is used to
assure that not only the more basic isoferritins but all acidic, intermediate and
basic isoferritins present in serum under normal and pathological conditions are
detected. An example of this concept is presented in literature [26]. However,
the high imprecision precludes the use of the assay described as a reference
method. Moreover, the relative values for Hand L subunits as indicated by
immunoreactivity showed not to increase in proportion to the Hand L subunit
content in all isoferritins [27].
A totally different concept for a reference method is the detection of ferritin
subunits after denaturation and separation by HPLC [28]. If the international
reference preparation 80/602 is used for calibration and monoclonal antibodies
against purified human serum ferritin subunit preparations are used for detection,
assay results are no longer influenced by (serum)ferritin immunological
heterogeneity and accurate and precise assay results can be expected.
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Chapter 3
Summary
A caudidate reference method is described for coupled sodium-water
determination based on ion-exchange sodium separation from the serum matrix
followed by gravimetry as Na,S04 and serum water determination by means of
microwave evaporation. For sera with normal sodium and water contents, the
mean relative standard deviation is 0.6 % (0.8 mmol/l). Mean inaccuracy for the
coupled sodium-water determination is -0.3 % (0.4 mmol/l). The candidate
reference method can be considered a reference method because the reference
method value did not differ significantly from the definitive value, there is no
known source for interferences or bias, and misinterpretation due to abnormal
protein or lipid levels is excluded because serum sodium is determined on a
plasma water basis.
Results of proficiency testing show a good correlation between (in)direct field
methods and the candidate reference method, if sera with approximately normal
water contents are used.
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Introduction
In clinical chemistry, the sodium concentration in serum is determined by flame
atomic emission spectrometry (FAES) or (in)direct ion-selective electrode (ISE)
analyzers. In direct ISE methods the activity of free sodium ions in serum water
is determined, whereas in traditional FAES methodology and indirect ISE
measurement the total sodium concentration in serum after dilution of the sample
is measured [1].
In all but direct ISE measurement, assay values are sensitive to the serum volume
occupied by proteins and lipids. This sensitivity may lead to misinterpretation of
electrolyte status (pseudohyponatremia) [2][3] if serum samples with
abnormal protein and/or lipid concentrations are determined. Hence it is stated
that the interpretation of sample data should be based on measurement of sodium
activity (direct ISE) which is insensitive to the serum volume displaced by
dispersed or dissolved solids [1][4][5]. Experience with direct ISE analyzers
has shown that the results obtained on one particular sample may differ
significantly from one instrument to another [6][7]. These differences,
caused by broad variation in instrument design and calibration solutions, make
comparison of data very difficult so that direct ISE is not suitable as an accuracy
base (reference method) for sodium measurement. Since confusion also exists
concerning the quantity to be reported by direct ISEs (activity or concentration),
the European Working Group on ISEs (EWGISE) of the IFCC Expert Panel on
pH, Blood Gases and Electrolytes, has proposed that all instruments should report
results of sodium measurement as concentrations (mmol/I plasma) that agree with
those obtained by FAES measurement in normal plasma samples [8].
To date, instrument manufacturers produce direct ISE analyzers which
mathematically convert sodium activity in sodium concentration with the same
numerical value as would have been obtained by FAES measurement, if normal
serum is concerned [4].
Flame photometers (even if internal standard instruments are used) are subject to
inherent bias from e.g. flame temperature, viscosity, surface tension and matrix
effects. In order to exclude possible misinterpretation, data should also be
expressed on a plasma-water basis [9].
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We describe the development of a candidate reference method for coupled
sodium-water determination based on ion-exchange sodium separation from the
serum matrix followed by gravimetry as Na2SO, and serum water determination
by means of microwave evaporation. The procedure is based on a modification of
the National Institute for Standards and Technology (NIST) definitive method for
the determination of sodium in serum [10] and an improved version of a new
water determination developed in our laboratory [11].
Finally, we used this method to study the accuracy of consensus values in
proficiency testing.

Materials and Methods
Water

Twice distilled water with a specific resistance > 10kOhm.m at 25"C was used.
Chemicals

Sodium, potassium, lithium standard solutions: standard solutions were prepared
from Standard Reference Material (SRM) Sodium Chioride (SRM 919),
Potassium Chloride (SRM 918) and Lithium Carbonate (SRM 924), NIST,
Washington, D.C., USA. The SRMs were dried by heating at 110"C for four
hours and stored in a desiccator for 1 hour before use.
Hydrochloric acid 8.2 mol/I, "suprapur", max. 0.5 ppm sodium, sulphuric acid
9.8 mol/I, "suprapur", max. 0.1 ppm sodium, nitric acid 10.3 mol/I, "suprapur",
max. 0.1 ppm sodium, and boric acid "suprapur" were obtained from Merck,
Darmstadt, Germany.
All other reagents were of analytical grade.
Accuracy assessment

SRM 909, human serum, was obtained from NIST, Washington, D.C., USA.
Lyophilised horse serum for clinical chemical use (RIVM high component
concentrations), was obtained from RIVM, Bilthoven, the Netherlands.
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Control sera from proficiency testing
Obtained from SKZL, Nijmegen, the Netherlands.
no.
no.
no.
no.

90 AlB; 14-12-87:
91 AlB; 01-02-88:
92 AlB; 05-04-88:
93 AlB; 06-06-88:

Nycomed Autonorm 2244/2280,
Biotrol,
Boehringer Mannheim Precinorm/path,
Seronorm 179/Pathonorm H-22,

no. 94 AlB; 15-09-88: Autonorm 2362/2361,
no. 95 AlB; 10-10-88: Technicon Testpoint 1/2,
no. 96 AlB; 05-12-88: Fisher Serachem,
no. 97 AlB; 30-01-89: Seronorm (human)/Lyotrol N-X,
no. 98 AlB; 03-04-89: Precinorm/Precipath and
no. 99 AlB; 29-05-89: RIVM (human).
Ion-exchange resin and chromatographic columns
AG 50W-X8, 100-200 mesh, a strongly acidic cation exchange resin and econocolumns, 1.0 x 30.0 cm, were obtained from Bio-Rad Laboratories,
Richmond/CA, USA.
Microwave oven
Philips AVM Cooktronic 706/PH, 1.3 Kw, 2450 MHz, Philips, the Netherlands.

Containers
All volumetric glassware was of borosilicate material, confirming

(0

class A

specifications. Teflon beakers used were from TPX Azlon, Labplex, U.K. (50
and 250 ml beakers were used).
Balance
Sartorius 2462 analytical balance (d=O.l mg), Gottingen, Germany.
Cleaning of the containers
All containers were soaked for 60 min in 0.75 molll nitric acid and afterwards
rinsed 5 times with des!. The containers were dried at room temperature and used
immediately after drying.
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Sampling
To minimize sampling errors, standard and serum samples were taken by
weighing. Aliquots were converted from weight in volume, using the density of
each standard or serum sample, measured with a pycnometer (5.00 ml) at 25°C.
Weighing procedure
All standards and samples were weighed until constant weight: maximal allowed
weight difference between two subsequent weighings 0.0005 g. Usually two

subsequent weighings were sufficient to achieve constant weight.
Sodium determination
Ion-exchange separation

Approximately 8 ml of sample is weighed into a teflon beaker (50 ml) and
diluted with dest to about 25 ml.
The sample is loaded onto the column using a peristaltic pump and teflon
tubing. For complete transfer, the teflon beaker is washed with 25 ml dest,
the washing solution is completely transferred onto the column. This
washing procedure is repeated twice, so 100 ml dest is used for complete
transfer and to wash non-ionogenic matter from each column.
Elution is started with 0.4 molll HCI, flow 60 ml/h. Fraction collection is
started after detection of the first acidic effluent.
Fractions 0-75 ml (fraction A) and 75-225 ml (fraction B) are collected in
250 ml teflon beakers.
The resin is regenerated with 100 ml 5 molll HCI and washed with 75 ml
dest.
Fractions A and B are evaporated on a hot plate to about 10 ml (8-12 hours
at 100°C).
Fraction A is examined by FAES to determine the presence of sodium. If
present, the determination is rejected.
Gravimetric determination
A platinum crucible (with cover) is heated for 15 min at 700°C and
weighed after 15 min cooling in a desiccator. This procedure is repeated
until constant weight is achieved.
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The concentrated fraction B is transferred quantitatively to the previously
weighed crucible.
1 ml sulphuric acid (1 mol/I) is added (via the crucible wall) and the
sample is evaporated on a hot plate. After cooling for 15 min in a
desiccator, this procedure is repeated twice, the last time the crucible has
to be partly covered with the platinum lid).
The crucible (covered with lid) is slowly heated from 400-700 °C, and held
at 700°C for 15 min.
After cooling for 15 min in a desiccator, 1 ml ammonium carbonate
(15.8%) is added (via crucible wall) and slowly evaporated to dryness on a
hot plate.
The sample is again heated for 15 min at 700°C, cooled 15 min in a
desiccator and weighed.
The last 2 steps are repeated until constant weight is achieved.
Calculation:

yield N""SO, (mg) x 2 x density (gil)
Na (mmol/I)

=
Mw NazSO, ( g/mol) x sample weight (g)

Remarks

All samples are analyzed in duplicate. The maximal allowed difference between
duplicate measurements is 0.9 mmol/l. If this limit is exceeded, an additional
measurement must be performed.
In sera with extremely elevated lithium levels ( > 1.5 mmol/I) separation of
lithium and sodium may not be complete (see results). For this reason the
precipitate is dissolved in 10.00 ml dest, analyzed for lithium with the NIST
reference method [12], and corrected if necessary. So far, this has never been
necessary in our determinations.
Before use, the ion-exchange column has to be regenerated until constant column
height (28 ± 0.5 cm) is achieved. This step is performed twice.
Normally two working days are needed for the determination of one reference
method value, four columns can be handled efficiently by one technician.
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Water determination
All samples are analyzed in duplicate, the maximal allowable difference

between duplicate measurements being 0.0010 kg/I. If this limit is
exceeded, an additional measurement must be performed.
A glass petri dish (with cover) is irradiated for 3 min, (2 min at 175 W, 1
min at 575 W), cooled 30 min in a desiccator (containing calcium sulphate
as desiccant) and weighed.
This procedure is repeated until constant weight is achieved (M1).
Approximately 1 ml of sample is weighed into the glass petri dish and
immediately hereafter it is weighed again (M2).
0.5 ml ethanol is added and after gently swirling of the petri dish, the dish
is placed (uncovered) into the microwave.
The petri dish is again irradiated for 3 min, cooled 30 min in a desiccator
and weighed.
This procedure is repeated until constant weight is achieved (M3).
Calculation:

M2 (g) - M3 (g)
[H20] (kg/I)

=

x density (kg/I).
M2 (g) - M1 (g)

Accuracy water determination
4 vials of control serum are stored overnight in a desiccator containing

CaSO, as a desiccant.
The vials are weighed (W1), 5.00 ml of dest is added and the vials are
weighed again (W2).
After determination of density and water content (four determinations per
vial) the vials are washed with distilled water, dried, stored overnight in a
desiccator and weighed again (W3).
Calculation water content:
W2 (g) - W1 (g)
[H20] (kg/I)

=

x density (kg/I).
W2 (g) - W3 (g)
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Interference study
The possible interference of lithium and potassium was studied by determination
of the sodium content in standard solutions containing different amounts of
lithium (0.5-2.5 mmol/I) and potassium (5-50 mmol/I) but the same (weighed in)
sodium concentration. In combination with these measurements, the influence of
sodium-bicarbonate complex formation and sodium-protein binding on the assay
results was investigated. Three solutions were prepared:
Solution A: 0.9368 g sodium chloride in dest,
Solution B: 0.9380 g sodium chloride in 0.05 mol/I LiOH/H3B0 3 ,
Solution C: 1.3506 g sodium bicarbonate in 0.05 mol/I LiOH/H3B03 •
The sodium concentration in A was determined according to the protocol after
incubation (2 hours at 20 "C) with 75 g/I human serum albumin (HSA). Reference
method values are corrected for sodium present in the albumin fraction. The
sodium concentration in Band C was measured by FAES [8] after separation on
the ion-exchange column using 1 mol/I LiCI in LiOH boric acid buffer (pH=8.2).
All samples are measured in duplicate on two consecutive days.
Expression of the sodium concentration in serum

The sodium concentration measured by the candidate reference method is divided
by the measured water content and expressed as molality or substance
concentration in the water phase (total molal concentration; mmol/kg serum
water).If this value is multiplied by the normal serum water value (kg/I) [13],
the reported value is thus the total molar concentration (mmol/l serum), corrected
for abnormal water content.

Results
Precision
The imprecision of the sodium determination was calculated after twelve
measurements on each of two human serum pools. The mean relative standard
deviation of the candidate reference method value was 0.52 % at the 120-140
mmol/I level (table 3.1). For calculation of the precision of the water
43

Chapter 3
determination, twenty measurements on two human serum pools were used. The
mean relative standard deviation was 0.09 % (table 3.2). These results indicate a
mean imprecision of the coupled sodium water determination of approximately
0.6 % (0.8 mmol/l) for sera having normal sodium and water contents.
table 3.1

Precision of the sodium determination

Mean candidate
reference method
value mmol/l

SD
mmol/l

cv

Human serum pool A

141.0

0.66

0.47

Human serum pool B

121.1

0.68

0.56

Mean candidate
reference method
value kg/l

SD
kg/l

CV

Human serum pool C

0.9401

0.0007

0.08

Human serum pool D

0.9288

0.0009

0.10

Control serum

table 3.2

%

Precision of the water determination

Control serum

%

Accuracy

The accuracy of the sodium determination was investigated with twelve
measurements on a standard solution and four measurements on NIST SRM 909.
The mean candidate reference method value for the standard solutions is 147.4
mmol/I (range 146.8-148.7 mmol/I), which equals the weighed-in value. The
mean candidate reference method value for SRM 909 differed by -0.3 % from the
definitive value, all four values were within the confidence limits of the definitive
value given by NIST (table 3.3).
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table 3.3

Accuracy of the sodium determination

Definitive sodium value
(95% confidence limit)
mmol/I

Candidate reference
method value mmol/I

Difference

Standard

147.4

147.4

0.00

SRM 909 A

134.2 (133.4 - 135.1)

133.5

-0.52

SRM 909 B

134.2 (133.4 - 135.1)

134.1

-0.08

SRM 909 C

134.2 (133.4 - 135.1)

133.8

-0.29

SRM 909 D

134.2 (133.4 - 135.1)

134.0

-0.15

Control sample

%

The accuracy of the water determination was investigated according to the
procedure mentioned in the methods section. The mean measured water content
differed -0.01 % (range -0.03-0.04 %) from the calculated value (table 3.4).
Mean inaccuracy for the coupled sodium water determination therefore is
approximately -0.3 % (0.4 mmol/I) with SRM 909.
table 3.4

Accuracy of the water determination

Control serum

H,o calculated
kg/I

H20 measured
kg/I

Difference
kg/I

Viall

0.9374

0.9371

-0.03

Vial 2

0.9366

0.9368

0.02

Vial 3

0.9357

0.9357

0.00

Vial 4

0.9452

0.9456

0.04

Interference study
Sodium measurement is not influenced by potassium concentrations up to 50

mmol/I and lithium concentrations up to 1.5 mmol/1. If the lithium concentration
in a serum sample exceeds 1.5 mmol/I, separation between lithium and sodium is
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not complete and reference method values are biased by lithium sulphate
precipitation.
Binding of sodium to protein and bicarbonate at physiological pH has been
reported in literature[14][15] and this would be expected to increase with
increasing pH. Because there is no significant decrease in measured sodium value
after incubation with HSA under reaction conditions (solution A) and at pH = 8.2
(solution B) (table 3.5), the candidate reference method can be considered to
determine both bound and unbound sodium in human serum. At pH=8.2
approximately 5% of the sodium present is bound to bicarbonate. Our results
(table 3.5, solution C) indicate, as expected, that all bicarbonate bound sodium is
also determined with the candidate reference method, because no significant
difference between measured and calculated sodium concentration can be
detected.
table 3.5

Influence of sodium protein binding and bicarbonate
complex formation on candidate reference method values
Na calculated
mmol/l

Na measured

Binding

mmol/l

%

A

160.3

160.9
159.8

0.37
-0.32

B

160.5

160.2
161.0

-0.19
0.31

C

160.8

161.0
160.4

0.12
-0.25

Solution

Proficiency testing
Using the data base of the SKZL we studied the accuracy of the group mean of
sixteen external quality control sera in three selected methods. These consensus
values for FAES, direct ISE and indirect ISE were compared with the candidate
reference method values (corrected for abnormal water content). Consensus
values agreed well with the candidate reference method values (table 3.6).
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Comparison of candidate reference method sodium molarity with
method dependent consensus values

table 3.6

Control
serum

90A
90 B
91 A
91 B
93A
93 B
94A
94 B
95 A
95 B
96A
96 B
98A
98 B
99A
99 B

H,O
kg/l

0.9333
0.9320
0.9362
0.9221
0.9447
0.9268
0.9384
0.9283
0.9585
0.9350
0.9591
0.9322
0.9117
0.9173
0.9445
0.9475

Candidate
reference
method
value A

(B-A)/A

ISE
direct
value C

x 100 %

mmol/l

0.3
-0.1
0.8
-0.3
0.4
-0.6
1.5
-0.3
0.6
-0.8
2.8
0.2
-3.8
-3.4

133.8
150.3
144.0
155.1
145.7
162.5
125.0
146.4
116.9
148.3
118.0
146.1
129.7
143.6
118.1
144.8

FAES

mmol/l

value B
mmolll

133.7
148.6
144.0
155.3
134.8
161.7
126.5
145.5
115.6
147.5
118.3
147.2
128.8
141.6
116.5
144.1

134.1
148.4
145.2
154.8
135.4
160.8
128.4
145.1
116.3
146.3
121.6
147.5
123.9
136.8
114.7
143.8

-1.5

-0.2

(C-A)/A
x 100 %

0.1
1.1

0.0
-0.1
0.7
0.5
-1.2
0.6
1.1

0.5
-0.3
-0.7
0.7
1.4
1.4
0.5

ISE
indirect
value D

(D-A)/A

mmol!1

x 100 %

134.4
149.3
145.1
154.9
135.2
160.6
128.1
145.1
117.0
147.1
120.9
147.5
124.6
138.0
115.2
144.9

0.5
0.5
0.8
-0.3
0.3
-0.7
1.3

-0.3
1.2
-0.3
2.2
0.2
-3.3
-2.5
-1.1

0.6

The mean bias of FAES was -0.3 % (range -3.8 -2.8 %) and of indirect ISE -0.1
% (range -3.3 -2.2 %). At low water content (samples 98A and B) negative bias
and at high water content (sample 96A) a positive bias was predominant.
Consensus values of direct ISE differed on average by -0.4 % (range -1.2 - 1.4
%) from the candidate reference method value.

Discussion
Good agreement between direct (ISE) and indirect (ISE and FAES) determinations
is found in samples in which protein and lipid, and therefore, serum water
concentrations are normal. The expected differences are found with samples
which contain abnormally low or high levels of protein and lipids (and therefore
an abnormal water concentration). In these samples, indirect methods give results
which are susceptible to clinical misinterpretation.
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Approaches which seek to correct flame photometric and indirect ISE sodium
determinations by measurement of total protein and/or lipids in serum [9) or by
measuring serum water [11) gain ready acceptance in clinical chemistry
laboratories [16). These methods vary in performance and generally exhibit a
bias versus each other, thus indicate the need for all sodium measurement (both
direct and indirect) to be performed on a serum-water concentration basis. Our
method provides the necessary accuracy base, i.e. a candidate reference method
for coupled sodium-water determination. TIlis candidate reference method can be
considered a reference method for the following reasons.
The candidate reference method sodium value did not differ significantly
from the definitive value given by NIST and mean imprecision and
inaccuracy for the coupled sodium water determination are below the limits
set by the Expert Commission on Electrolytes ( 1 SD imprecision limit of
1.5 mmol/I and a maximum difference from the definitive value of 2.0
mmol/I for serum sodium at the 140 mmol/llevel) [10).
There is no known source for interferences or systematic errors (bias),
mainly because the sodium ion is separated from the matrix,
It produces results which approximate the "true value" (total sodium value)
within narrow limits because all sodium in serum (free ions as well as bound
to protein or bicarbonate) is determined.
Misinterpretation due to abnormal protein or lipid levels is excluded because
reported values are expressed as sodium molality or as sodium molarity after
correction for abnormal water content.
The candidate reference method is an accuracy base for sodium measurements
and can be used in the calibration procedure of field methods and to study the
accuracy of consensus values in proficiency testing.
It is argued that it would be physiologically desirable to measure sodium activity
instead of molality [1,4,5). Although there is an analytical and statistical
difference between activity and molality, clinically these differences are not
significant [4). The major advantage of sodium molality measurement is that it
provides for an accuracy base (the described candidate reference method) which is
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absent in (direct ISE) sodium activity measurement. A disadvantage of
presentation of sample data as sodium molality is that high capacity instruments
are needed to determine the water content if indirect field methods are used.
Because these instruments are not available and reference ranges would be
significantly different from those currently used, the most practical solution is to
correct the candidate reference method sodium concentration for a possible
abnormal water content.
The sodium concentration measured by the candidate reference method is divided
by the measured water content and multiplied by the normal serum water value
(kg/I). The reported value is thus the total sodium molarity that would be
measured if serum water concentration was normal. Because this "water
correction" is used, current reference ranges can still be used and
misinterpretation due to abnormal protein or lipid levels is still impossible.
The candidate reference method sodium molarity can be used in a calibration
procedure of (in)direct field methods. This multi-point calibration procedure based
on method comparison data is described in chapter 4.
Calibrating (in)direct field methods in the way described ensures that field method
values are similar to the candidate reference method values, if samples with
normal protein and lipid levels are used. Because inter-method comparability is
increased and more accurate assay results are produced, this method comparison
procedure should be used in all field methods in addition to the calibration
procedure mentioned by the manufacturers.
The candidate reference method is also used to establish the accuracy of method
dependent consensus values in a Dutch external quality control program. The
expected differences are found in samples which contain abnormally low (96A) or
high (98 A and B) protein and or lipid levels.
According to the new Dutch guidelines based on within-subject biological
variation and the state-of-art [17], sodium determinations may differ maximal
3 % from the reference method value (at a sodium level of 140 mmol/I).
Although mean differences are less than 0.5 % (table 3.6) FAES (98 A and B)
and indirect ISE (98 A) have to be considered invalid when water content is
abnormally low.
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The candidate reference method might be used to determine the urgently needed
reference method values of sodium in serum on a plasma water basis. If the
regression equation of comparison against the candidate reference method is used
for calibration of field methods, all samples which contain abnormally high levels
of protein and or lipids will still, if indirect measured, give results which are
susceptible to clinical misinterpretation. Only after correction of results from
indirect measurement for abnormal water content, both indirect and direct
measurement can be used for correct patient management. Therefore development
of high capacity instruments for water determination in human serum is desirable.
Meanwhile it must be kept in mind that for most patient samples indirect and
direct measurement correlate well, and only in a few cases the difference is
clinically significant.
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Summary
Calibration of two Technicon Chern 1 multitest clinical chemistry analyzers
according to the instructions of the manufacturer resulted in significant differences
in assay results of the two analyzers in twelve of twenty-two methods. To remove
these differences we used an additional procedure based on the NCCLS EP-9T
protocol for method comparison and bias estimation. Four reference methods
were used as comparison methods. Our results indicate that for three of these
methods results on both analyzers are biased in slope and intercept, and
corrections of these parameters are necessary to produce results comparable to the
reference method values.
For the remaining eighteen assays, methods in routine use in our laboratory were
used as comparison methods. In fifteen of eighteen assays corrections of slopes
and (or) intercept were necessary to prevent changes in the cumulative average
patient data produced by our laboratory. Adjustment of slopes and intercepts
according to the multi-point calibration procedure presented here, resulted in
significant differences between system specific values measured in our laboratory
and those assigned by the manufacturer in ten of thirteen methods.
The use of the multi-point calibration procedure presented in this chapter (based
on calibration according to the instructions of the manufacturer and NCCLS EP9T) greatly improves the intra-laboratory comparability. If the procedure is based
on reference method data, inter-laboratory comparability can be improved as well,
and unbiased results are produced.
We conclude that the multi-point calibration procedure therefore should be used
on a regular basis for all measurement systems in clinical chemistry to (re)assure
accurate assay results.
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Introdnction
Many of the analytical methods routinely used in clinical chemistry have to be
calibrated with commercially produced serum calibrators. Some clinical chemists
change the target values assigned by the manufacturer to values which have been
obtained by the method they use(d) routinely in the belief the use of these values
will compensate for methodological inaccuracies [1]. However, the use of
changed and unchanged calibration values may not compensate for non-specificity
of the method concerned because differences may exist between the matrices of
calibrator and patient samples. If the matrix of the calibration material is not
identical with that of fresh human serum, the manufacturer may give this material
a system-specific value (SSV) to correct for matrix interferences. If the SSV is
used for calibration, the results obtained for patient samples are presumed to be
accurate. However, calibrations with only one calibrator can still cause matrix
shifts in routine methods with limited specificity, even if the SSV concept is used
[2]. Therefore a multi-point calibration procedure has to be preferred.
This is demonstrated by the calibration procedures of two multi test clinical
chemistry analyzers in routine use in our laboratory. Before the implementation of
these Technicon Chem 1 analyzers in the laboratory, a screening protocol was
performed after calibration according to the instructions of the manufacturer.
Surprisingly, significant differences were found between results from the two
Chem 1 analyzers for several assays. We decided therefore to study these
differences in more detail by following the NCCLS EP-9T method comparison
protocol [3]. As comparison methods we used the (proposed) reference
methods for total protein [4], total bilirubin [5], total cholesterol [6] and
sodium [7]. For all except the four methods mentioned no (proposed) reference
method was available in our laboratory and the methods in routine use were used
as comparison methods. Our goal in this situation was not to change the
cumulative means of patient data the laboratory produces.
The method comparison data thus obtained (slope and intercept) are used for
additional multi-point calibration of both Chem 1's.

55

Chapter 4

Matel'ials and Methods
Materials
The system calibrator used was Setpoint Chern 1 (Technicon), lot no. 8V1614, a
bovine lyophilised serum product. Together with the calibrator a list of SSV's as
determined by the manufacturer, is enclosed. For the initial screening and the
calibration procedure fresh human sera were used.
Routine methods and instruments
The instruments in routine use in our laboratory and the methods used as

comparative methods described in our previous article [2]. Briefly, the
comparison instruments are SMAC and RA 1000 from Technicon, Tarrytown,
USA, ACP 5040 and EPOS from Eppendorf, Hamburg, Germany.
The two Chern 1 analyzers are from Technicon, Tarrytown, USA and are named
Chern 1A and Chern 1B in this chapter.
Calculation of results
The Chern 1 analyzer automatically calculates the reported result according to the
following expression:
(assay result - intercept)
Reported result =
slope
Because Technicon recommends a slope of 1.0 and an intercept of 0.0 (except for
creatinine), initially all reported results equal the measured assay results.
Screening protocol

Approximately 20 (range 19-24) fresh human sera per analyte, were selected after
routine analysis. The range of values extended from below the reference range to
substantially above it. We analyzed these samples simultaneously with Chern 1
and comparison routine methods. All analyzers were previously calibrated
according to the instructions of the manufacturers, using calibration sera. A
regression equation was calculated and the resulting slope and intercept are
entered in the software of the corresponding Chern 1 if there was a significant
difference (see statistical analysis) between the means of assay results.
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NCCLS EP-9T protocol

The complete protocol is followed with exception of the linear regression
procedure (see statistical analysis). In brief, the protocol is as follows:
All analyzers are calibrated according to the instructions of the manufacturers.
On 5 consecutive days, 8 patient samples and 3 control samples are analyzed in
duplicate with the Chem 1 analyzers and the comparison method within 2 hours.
The first aliquots of the patient samples are analyzed in a randomized sequence,
the second (duplicate) measurement in reverse order, the range of measurements
must extend from values below the expected reference range to substantially
above it.
Statistical analysis

Inter-assay comparisons were made by regression analysis according to Passing
and Bablok [8]. Significant differences in slope and or intercept are considered
at the 95% confidence level. Significant differences between means of series of
assay results were investigated with the Student's paired t-test (significant
difference if p < 0.05).
Multi-point calibration procedure
A
Calibration according to the instructions of the manufacturer.
B
Method comparison according to NCCLS EP-9T.
C
Regression analysis according to Passing and Bablok [8].

D

If a significant difference in slope and or intercept of the comparison data
is demonstrated, the slope and or intercept in the system software are
recalculated and entered.

E

Repeat starting from B.

Setpoint Chem 1 system-specific calibration values
After the multi-point calibration procedure the SSV's of Setpoint Chem 1 were

measured. On 10 consecutive days, Setpoint was determined twice (morning and
afternoon) in duplicate. The mean values from duplicate measurements were taken
for calculation. These values are compared with the SSV's assigned by
Technicon.
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Results
The regression equations resulting from the screening procedure are presented in
table 4.1. In addition to these equations, the assay results from Chem 1A are
compared with those from Chem lB. Five analytes (chloride, alanine
aminotransferase, aspartate aminotransferase, lactate dehydrogenase and creatine
kinase) show significant differences in slopes and intercepts between Chem 1A
and Chem lB. The methods for alkaline phosphatase, a-amylase, urea and uric
acid show significant differences in the slopes while the assays for triglycerides,
total bilirubin and creatinine differ significantly in the intercepts where the
comparison Chem 1A versus Chem lB is concerned.
The final slope and intercept values resulting from the entire calibration procedure
(and therefore entered in the software of the corresponding Chem 1) are shown in
table 4.2. Only the slopes and intercepts for the calcium, inorganic phosphate,
cholesterol and uric acid determinations are within the 95% confidence limits set
for slope = 1.0 and intercept = 0.0. All other methods are significantly different
in slope and (or) intercept from the comparison method.
The system specific values measured in our laboratory after this multi-point
calibration are compared with the system specific values established by the
manufacturer. The mean results are presented in table 4.3. Owing to the multipoint calibration procedure, there was of course no significant difference between
analyzer values for patient samples. The mean measured values for all but three
methods (chloride, inorganic phosphate and total protein) show a significant
difference (Student t-test, p < 0.001) from the values assigned by Technicon.
Discussion
The use of a large number of serum specimens from patients for calibration of
(new) analyzers in clinical chemistry most closely approaches the goal of
calibration, i.e. direct comparability of the results of a (new) method with those
obtained with the comparison method. This leads to the question which
comparative value is correct, i.e. which comparison methods yield good estimates
of the "true value". Reference methods should be used for this purpose because

58

Calibration of multitest analyzers

table 4,1

Method comparison by Passing and Babiak regression calculation
after the screening procedure
Chern lA versus

method

Significances')

comparison
method

Chern IB versus
comparison
method

Chern IB

Sodium

y=0.927x+10.6

y=O.95Ix+8.3

y= 1.024x-2.3

-,-

Potassium

y=1.140x-1.13

y=1.134x-1.18

y=O.994x-0.05

-,-

Calcium

y=0.943x+0.069

y=0.948x+0.1l4

y=1.005x+O,044

-,-

Magnesium

y=O.774x+O.010

y=O,771x+O,009

y=O.997x-O.OOl

-,-

Chloride

y=1.176x-16.7

y=I.072x-6,8

y=O.897x+9.8

a,b

Inorganic phosphate

y=1.006x+O.002

y=O,989x+O.030

y=O.983x+O,028

-,-

Alanine aminotransferase

y=1.279x+4.4

y=1.329x-O.1

y=1.040x-4.7

a,b

Aspartate aminotransferase

y=1.441x+2.2

y=1.471x-2.5

y=1.020x-4.7

a,b

Lactate dehydrogenase

y=1.782x+6.8

y=1.946x-15.2

y=1.093x-22.8

a,b

y-Glutamyltransferase

y=l.068x-4.7

y=1.062x-5.4

y=1.007x-O,6

-,-

Alkaline Phosphatase

y=1.305x-4.5

y= 1.330x-4.9

y=I,019x-O.3

a,-

Creatine kinase

y=1.747x+1.5

y= 1.773x+4.1

y=1.0I5x+2,6

a,b

a-Amylase

y=0.628x+2.6

y=0.58Ix+1.7

y=0.926x-0.7

a,-

Albumin

y= 1.052x+ 1.9

y=1.026x+2.2

y=O.975x+O.4

-,-

Total protein

y=O.951x+2.6

y=O.953x+1.8

y=1.002x-O.7

-,-

Cholesterol

y=1.011x+O.78

y=1.007x+0.060

y=0.997x-0.17

-,-

Triglycerides

y= 1.137x-0.087

y=1.123x-0.35

y=O.988x+O.051

-,b

Total bilirubin

y=1.254x-5.1

y=1.250x-7.75

y=O.996x-2,6

-,b

Glucose

y= l.034x+O.OO

y=1.021x+O,OO

y=O,987x-O.05

-,-

Creatinine

y=1.023x+27.8

y=1.026x+13.8

y=1.003x-14,1

-,b

Urea

y=O.935x+0.52

y=O,981x+O.94

y=0.952x+0.44

a,-

Uric acid

y=0.961x+0.032

y=1.032x-0.013

y=1.079x-O.049

a,-

')

a:
h:

Chern lA versus

significant difference from slope = 1.0,

significant difference from intercept = 0.0, in regression equations Chern IA versus Chern
IB (95% confidence level. ca]culation according to Passing and Bablok).
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table 4.2

Correction of slope and intercept Chem 1 according to the multi-

point calibration procedure
method

Chern one

Intercept

0.891
0.884
1.016
1.009
0.980
1.033
0.774
0.769
0.888
0.856
1.012
0.976
1.342
1.396
1.428
1.471
1.806
1.841
1.629
1.660
1.203
1.227
1.654
1.699
0.593
0.581
1.000
0.950
0.941
0.939
1.000
1.000
1.153
1.127
1.194
1.222
1.034
1.021
1.036
1.021
0.936
0.908
0.999
0.969

c:

significant difference from slope

= 1.0,

d:

significant difference from intercept = 0.0, in regression equations Chern lA versus Chern

Potassium
Calcium

Magnesium
Chloride
Inorganic phosphate
Alanine aminotransferase
Aspartate aminotransferase
Lactate dehydrogenase

ywGlutamyltransferase
Alkaline Phosphatase
Creatine kinase

awAJnyJase
Albumin
Total protein

Cholesterol

Triglycerides
Total bilirubin
Glucose

Creatinine
Urea
Uric acid

14.9
15.9
0.79
- 0.82
0.030
- 0.070
0.070
0.076
11.5
10.7
- 0.020
- 0.013
2.7
- 0.3
1.2
·2.0
1.6
·2.4
·3.9
·3.9
5.6
4.9
0.9
1.0
0.7
6.2
2.5
2.9
2.1
1.9
0.00
0.00
·0.058
·0.019
-0.5
- 0.6
- 0.10
- 0.10
15.7
15.9
0.17
0.41
- 0.003
0.002

IB (95% confidence level, calculation according to Passing and Bablok).
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1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B
1A
1B

Sodium

'J

Slope

c,d
c,d
-,d
-,d
-,-

-.-

c,d
c,d
c,d
c,d

-,-

.,c,d
c,c,d
c,d
c,c,·
c,d
c,d
c,d
c,d
c,c,·
c,·
c,d
-,d
c,d
c,·
c,-

.,.,c,d
c,·
c,d
c,d
c,c,·
c,d
-,d
c,d
c,d

-,-,-
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these methods "have shown to have negligible inaccuracy in comparison with
their imprecision" (definition of the IFCC). If these reference methods are absent,
routine methods have to be used. In that case, calibration resulting in an
adjustment of new data in accordance with cumulative patient means is the
approach of choice.
The methods programmed in the Chem 1 are either factory calibrated (zero order
rate methods) or require a one-point (endpoint and first order rate methodS) or a
two-point (sodium and potassium assays) calibration. For one-point procedures a
system calibrator with SSV's for the analytes concerned is advised. These
calibration procedures showed several disadvantages as will be discussed below.
Firstly, it was surprising and disappointing that results from two Chem 1
analyzers differed significantly from each other in twelve of twenty-two methods
(table 4.1) after calibration according to the instructions of the manufacturer. To
remove these differences the values for slope and intercept resulting from the
screening procedure had to be entered in the system software. These values are
corrected for day-to-day variability if the sample data from the method
comparison according to NCCLS EP-9T are used.
Secondly, the accuracy of the assay results may not be guaranteed after a onepoint calibration procedure. This certainly is the case for the total protein and
total bilirubin assays in human serum. For these methods corrections on slope and
(or) intercept are necessary to produce results comparable to the reference method
values (table 4.2). Even if a two-point calibration procedure is used (total sodium)
results on both Chem l's can be biased in slope and intercept. In contrast, the
determination of total cholesterol is unbiascd and no further correction was
needed (table 4.2).
Thirdly, additional corrections may always be necessary to assure good
correlation with other routine methods and to prcvent changes in the cumulative
patient means after introduction of a new method or analyzcr. In our laboratory
only three methods (calcium, inorganic phosphate and uric acid) were introduced
without significant corrections for slope or intercept.
Also for the potassium, magnesium, chloride, albumin, triglycerides, creatinine
and urea assays corrections are necessary to adjust assay data in accordance to
cumulative patient means. The accuracy of these Chem 1 methods is questionable,
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table 4.3

System specific calibration values; A: estimated by Technicon,
B: mean measured values after multi-point calibration procedure

Tes'

A

B

SD

(B-A)/A

p value

x 100 %

(t-test)

Calcium

mmol!1

2.54

2.46

0.02

-3

<0.001

Magnesium

mwo1!1

1.00

1.17

0.01

17

<0.001

Chloride

mmol/1

o

>0.500

Inorganic phosphate

mmol/l

Albumin

gil

30

Total protein

gil

64

Cholesterol

mmo1!1

4.42

4.24

Triglycerides

rumol/I

2.09

1.78

Total bilirubin

,amolll

97

Glucose

mmolll

14.7

Creatinine

pwaIIl

Urea

mmol/1

Uric acid

,umal/l

115

1.80

778
21.8
547

115

2.2
0.01

-1

0.057

31

0.3

-9

<0.001

64

0.8

o

>0.500

0.Q7

-4

<0.001

0.02

-15

<0.001

87

2.6

-10

<0.001

13.9

0.09

-5

<0,001

-10

<0.001

0.14

6

<0.001

5.0

4

<0.001

1.79

702

23.1
570

13.0

because all routine methods used as comparison methods perform well in the
quality control programs of the SKZL. The corrections of slopes and intercepts of
all zero order methods (enzymes), however, are predominantly caused by
differences in reaction temperature between Chern 1 and comparison methods.
Fourthly, an assay result may be biased even if the measured calibration value
equals the assigned calibration value. The mean measured SSV's for both chloride
and total protein determinations do not differ from the assigned SSV's (table 4.3)
although both analytes are overestimated at low serum levels and underestimated
at high serum levels as indicated by the regression equations in table 4.2.
It is evident from our data that the use of the multi-point calibration procedure
presented in this chapter greatly improves the intra-laboratory comparability. To
improve the inter-laboratory comparability and to produce unbiased results,
reference methods must be used as comparison methods.
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Calibration of multitest analyzers
It is important to verify the calibration on a regular basis e.g. when lots of

calibrators change, or when QC data reveal deteriorating performance. To
(re)assure accurate assay results within 1 day, the data resulting from the
screening protocol can be used for readjustment of slope and intercept.
Finally, we performed the study described above with two Chern 1 systems and
we cannot judge directly on other analyzers. However, Chern 1 methods and
calibration procedures are based on officially designated or well defined
procedures that are also representative for other systems. Therefore, we do not
believe that other systems would behave differently from these two Chern 1
analyzers.
We conclude that the multi-point calibration procedure should be used on a
regular basis for all measurement systems in clinical chemistry to (re)assure
accurate assay results.
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Chapter 5

Summary
In this chapter a fully automated turnaround time (TAl) monitoring system for all
stat test requests is presented. Results for all grouped tests are presented on a
daily basis to the laboratory staff. On a weekly basis all TAT related data are
plotted and made available as well. All TAT data are saved in day, week and
month files, which can be filtered and plotted automatically on demand. These
procedures take less than 30 minutes per day and are used to establish pragmatic
criteria for acceptability of TAT, to evaluate the impact of TAT monitoring and
organizational structures on TAT and to examine the need for point-of-care
testing.
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Introduction
The product of the clinical chemistry laboratory, the test resuIt, should be
functional, precise, accurate and timely. Internal process monitoring and external
proficiency testing programs support the laboratory in its efforts to obtain optimal
analytical quality. Periodic monitoring of precision and accuracy are an essential
part of quality assurance procedures since many years.
Timeliness of resuIt reporting is not routinely included among standard
procedures of laboratory quality monitoring, despite its importance and the
availability of laboratory computer systems which make fully automated
turnaround time (TAT) monitoring possible.
For a test to be useful, it's resuIt must be available in a timely manner.
Nevertheless, it is only recently that the evaluation of test TAT is introduced as a
quality aspect of laboratory performance [1]. Ever since, TAT of laboratory
performance has been the subject of systematic study. These studies quantitate
TAT, factors influencing TAT, laboratorian and clinician definition of and goals
for TAT and the conformance with these goals [2-6].
In this chapter, the application of a system of computer programs for fully
automated continuous TAT monitoring of all stat test requests is presented. The
system is used to establish pragmatic criteria for acceptability of TAT, to
investigate the impact of TAT monitoring and laboratory organizational structures
on TAT and to examine the need for point-of-care testing (POCT).

Materials and methods
Definition of turnaround time
In this chapter, TAT is related to three separate times. The time between

phlebotomy and result reporting was defined as the testing time, whereas
laboratory time was defined as the time between laboratory specimen accessioning
and resuIt reporting. The pre-laboratory time is the time between phlebotomy and
laboratory specimen accessioning.
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Data collection and analysis
The study was conducted in the department of Clinical Chemistry of the
University Hospital Rotterdam (CCUHR; the Netherlands). This department exists
of three laboratories at different work areas in the hospital. The laboratories use a
laboratory information system (LIS), which is operational as a part of an
integrated hospital information system, (LABZIS; BAZIS, Leiden, the
Netherlands) for ordering, accessioning and transmittal of test results. In addition
LIS groups the various tests on work lists for individual instruments and work
areas (table 5.1).
table 5.1

Test
group

High-volume test groups, working areas and procedures in the
Department of Clinical Chemistry.
Test panel

A

pH, pCO" pO,

Radiometer
ABL3

B

Glucose

Merck EPOS

C

General chemistry

Work area

Analyzer

Technicon

CCCL adult
i; hospital
1

Chern 1
D

General chemistry

DuPont
Dimension

E

CBC, Hb, Ht,
differentiation

Sosmex NE
8 00

F

p~ pCO" pO,
an electrolytes

Radiometer
ABL 505

H

J

CBC

68

CBC, Hb, Ht
differentiation

!i Satellite
lab
thoracic
i department

flsmex
1000

i
! CCCL

pH pCO" pO,
anJ electrolytes

IL BGE

CBC, Hb, Ht
differentiation

Technicon
HI

General chemistry

DuPont
Dimension

= Complete Blood Count,

CCCL

Stat

tests!
month

phlebotomy:

1557

transport:
pneumatIc tube or

2588

clinical staff

clinical staff

2137

monitoring:
laboratory tIme

1334
3937

1 surgery

G

Working
procedures

i children's
! hospital

!

1832

phlebotomy:
clinical staff
transport:

pneumatic tube

clinical staff
monitoring:

Of

894

testing time
phlebotomy and

transport:
laboratorr
personne
monitoring:
testing time

= Central Clinical Chemistry Laboratory

2101
1718
938
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A LIS-satellite program was developed that both creates a TAT record as soon as
a test result is reported to LIS en adds this record to a TAT file. The TAT record
contains patient and sample identification, clinical unit, date, test group and
profile, time of phlebotomy, time of request entering in LIS after arrival of the
sample at the laboratory (i.e. laboratory specimen accessioning time) and time of
reporting to LIS. For all stat testing, these data are gathered in the department of
clinical chemistry, starting approximately 1 year ago. Accessioning and reporting
time are captured in real time as all accessioning and reporting transactions are
being made in LIS. Time of phlebotomy was obtained from the test request form
(or from LIS) and was entered in LIS by laboratory technicians or clerks.
The raw data from the TAT record were downloaded to a PC on a daily basis (or
more frequently if necessary) and further extracted and edited into ASCII-format
using Turbo Pascal 7.0 (Borland International Inc) All raw data are saved in day
files. Additionally, cumulative week and month files are prepared by test group,
and all files can be further filtered by using test groups (day files), clinical unit,
period of day and maximum TAT as selection criteria. Finally, the homogeneous
data are downloaded to Quattro Pro 4.0 (Borland International Inc) and graphics
of the data are created automatically by a program developed in Quattro Pro. The
entire procedure requires only 30 minutes handling including evaluation of the
results.
Data display and evaluation
On a daily basis, scattergrams of all high-volume grouped stat tests TAT's are
made available to the laboratory staff. These scattergrams display all individual
TAT's versus the time of sample collection over the preceding 24 hours (figure
5.1). Testing time is considered when blood specimens are collected and brought
to the laboratory by laboratory technicians or phlebotomists. If blood specimens
are collected by non-laboratory employees, laboratory time is considered (table
5.1). The reason for this discrepancy is twofold. Firstly, it proved to be

impossible to gather reliable phlebotomy times when specimens were collected by
non-Iaboratorians. Secondly, the goal was to monitor that part of the testing
process that was carried out under direct responsibility of the laboratory. An
exception to this rule is stat testing in the satellite lab in the thoracic surgery
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department, where testing time was taken into account although samples are
collected by non-laboratorians. Reliability is guaranteed by the fact that sampling
time is used as sample identification in the operating room.
(Testing time 07-18-941
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figure 5.1

Ill:

TAT>TATmax

I

example of a daily TAT plot as presented to laboratory staff

To each scattergram, a list of samples exceeding the maximum allowable TAT
(TATmax) is added and the cause of the time delay is investigated according to
the criteria presented in table 5.2. On a weekly basis, all TAT related data are
plotted by test group and are made available to the laboratory staff (figure 5.2).
TAT week 30/94
Test group F

"r----------------,

25-7

26-7

27-7

28-7

29-7

30-7

31-7

Day-month

I
figure 5.2
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table 5.2

Criteria for evaluation of testing procedures exceeding TATmax

TATmax = 90th percentile TAT over the preceding 3 months
Daily TAT test results

Action

10% or less results> TATmax and
no result(s) > 3x TATmax

None

10% or less results > TATmax but
1 or more result(s) > 3x TATmax

Look for cause TAT> 3x TATmax
for all individual samples

more than 10% results> TATmax and
no result(s) > 3x TATmax

Look for cause general procedural
problems

more than 10% results > TATmax and
1 or more result(s) > 3x TATmax

Look for cause TAT> 3x TATmax
for all individual samples and for
general procedural problems

Statistical analysis
The sample numbers, mean, median and 90th percentile are calculated for all data
sets prepared by using the computer programs presented in the data collection and

analysis part.
TAT does not follow a normal distribution and therefore, significant differences
between mean TAT results were investigated with the WIlcoxon signed rank test
(abnormal distribution, significant difference if p < 0.05).
The maximum allowable TAT (TATmax) is defined as the 90th percentile of test
group TAT over the last three months. If the 90th percentile TAT is decreased
significantly in this period, TATmax is altered. If there happens to be no
significant decrease in 90th percentile TAT, the previous TATmax is maintained.
Differences between numbers of tests exceeding TATmax were investigated with
the Student's unpaired t-test (significant difference if p < 0.05).
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Results and discussion
The TAT of stat laboratory tests is the most visible aspect of laboratory
performance to clinicians. Perhaps therefore more than 80% of laboratories
receive complaints about TATs [7]. There are two important reasons why a
large number of test results are not available within a time period required by
clinicians. Firstly, clinical chemists and clinicians have neglected to jointly
develop TAT definitions and goals for acceptable TAT. Clinical chemists often
use 60 minutes laboratory time as a time limit for acceptable stat TAT [8], and
organize their laboratories to fulfil this criterion. However, a recent study [6]
indicated that clinician median TAT goals for testing time are 10 min for paz, 20
min for hemoglobin and 30 minutes for glucose and potassium measurements.
These tests are ordered frequently as part of a stat test panel and are therefore
representative for other stat tests performed simultaneously.
Secondly, there may be discrepancies between expected and actual TAT because
there are unknown sources for result delay which remain unknown because TAT
is not monitored periodically. Recently, the principles of Continuous Quality
Improvement CCQ!) have been used to evaluate the impact of general testing
procedures on TAT [9][10]. After procedural changes to remove the cause
of unnecessary delay, TAT was reduced significantly. Of course removal of
unnecessary delay caused by general procedures is the first step towards
optimizing TAT. The second thing to be done, is the implementation of a system
for continuous TAT monitoring for all individual stat testing to be able to track
down every accidental TAT delay immediately.
Recently, two studies on periodic monitoring of TAT and the impact on
laboratory performance have been published [11][12]. Rollo et al [11]
have chosen for the production of weekly scattergrams showing hourly TAT
patterns. Although a valuable additional quality assurance tool, this program
contains the impossibility to identify all causes for delay in test reporting. To be
able to do so, all TAT results have to be displayed on a daily basis and results
have to be acted upon if preset TAT limits are exceeded. The freckle plot
approach [12] fulfils these criteria, but is too laborious to allow monitoring of all
stat testing in a department of clinical chemistry.
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The use of TAT as a quality aspect in clinical chemistry starts with continuous
gathering of all stat test TATs in the laboratory. This is the first indication of the
impact of organizational structure on actual TAT by an objective method and
allows to quantitate unnecessary TAT delay. Mean, median and 90th percentile
TAT of all stat laboratory testing in the CCUHR in the preceding year are shown
in table 5.3.

table 5.3

Statistics of all stat grouped tests in the one year evaluation period
Testing time (min)

Test
group

Mean

Laboratory time (min)

Median

90th
percentile

Mean

Median

90th
percentile

A

42.8

28.3

95.1

7.0

3.5

17.5

B

102.3

81.1

179.7

19.9

14.6

41.6

C

166.7

164.8

226.7

74.7

73.9

102.2

D

68.0

48.2

122.8

25.4

20.9

49.1

E

56.3

39.2

120.6

9.0

5.7

18.8

F

15.5

10.0

29.6

4.0

2.5

9.7

G

19.3

12.5

36.9

6.4

3.4

14.5

H

27.6

22.0

47.4

7.0

4.7

13.3

I

41.4

31.6

84.3

22.7

13.6

58.9

J

51.9

46.3

79.5

31.3

27.2

52.2

The second thing to be done is establishment of more pragmatic criteria for
acceptability of TAT and to act upon unacceptable results. Acceptable and
pragmatic in this is a reflection of staffing, instrumentation and testing procedures
on TAT limits for each test group. This is realized by defining TATmax as the
90th percentile of grouped test TAT results over a representative time period (e.g.
three months) and by using the criteria for evaluation of testing procedures
exceeding TATmax as stated in table 5.2. Because the TATmax is recalculated if
the 90th percentile TAT is decreased significantly in the last three months, it
indicates the actual state·of-art of laboratory TAT performance.
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The department of CCUHR states to its customers that laboratory time for all stat
testing should be less than 60 minutes. As can be seen from 90th percentile TATs
in table 5.3, this limit is exceeded for test group 4. These tests however, being
processed as stat tests are in fact requested with asap (as soon as possible) priority
and for this samples a TAT limit of 3 hours is used.
Due to procedural changes, triggered by repeating long lists of samples exceeding
TATmax, TATs for test group F and I tests are decreased significantly in the
evaluation period (p < 0.001). The 90th percentile laboratory TAT for test group
I (CBC and diff) was 69 minutes in the first three months of the evaluation period
and therefore beyond preset TAT limits. Research pointed out that unnecessary
time delay was caused by working up manual WBC diff because the procedure
was to wait for the automatic (H1) diff which failed in over 80% of samples.
Immediate working up of manual diff (if requested) effected in a significant
decrease (53 minutes 90th percentile TAT over the last three months) in group I
TATs. Other test group TATs didn't change significantly, but for all test groups
the number of tests exceeding TATmax was reduced significantly because of
consistent follow-up of TAT delay.
Organizational structures have a tremendous influence on TAT. In figure 5.3
median TATs are presented for four different working areas in the department of
CCUHR where pH, blood gas and electrolyte measurements are performed.
IIIItG$tln~ time
fZi] p,e-I~bofnlory 11m..
DiabDl810ry tim"

group A

figure 5.3
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Important among these are samples from the operating rooms (OR) analyzed in
the satellite lab at the thoracic surgery department (24 % of all stat tests at the
satellite lab).
Median laboratory time is less than 5 minutes for all areas, with the shortest TAT
for stat samples from the OR in the satellite lab in the thoracic surgery
department. The significant differences in TAT are caused by differences in prelaboratory time, which account for up to 88% of total testing time when sampling
and transport is beyond the direct responsibility of the clinical chemistry
department (group A figure 5.3). The shortest overall testing time is achieved in
the satellite lab, with a median TAT of 11.0 min. This is reduced to 7.9 min if
only samples from the OR are regarded. The possible explanation for this
difference is that samples from the OR are send to the lab by pneumatic tube, and
all other samples are brought to the lab by clinical staff.
Further, state-of-art TAT has to be announced to all laboratory related clinicians,
and has to be compared to clinician goals for TAT. Announcement of TAT
performance and comparison with clinician expectations is important regardless
whether possible discrepancies represent unreasonable clinician expectations,
inadequate laboratory performance, or a combination of both. If a clinician
expects the laboratory not to meet his or her TAT requirements or is not aware of
laboratory TAT performance, regardless of the true test urgency, that person is
more inclined to order tests stat, disrupting the specimen !low through the
laboratory and lengthening average routine and stat TATs. This improper use of
stat procedures is one of the major causes for exceeding TATmax (table 5.4),
certainly if this leads to a higher accessioning overload frequency.
table 5.4

Major causes for exceeding TATmax
Phlebotomy and or transport delay
Accessioning overload
Shift overlap, staff breaks, evening and night shift
Sample related problems
Improper use of stat procedures
Instrument (QC) or LIS failure
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Educating clinicians on the proper use of stat procedures may reduce the number
of stat tests requested, and increase laboratory TAT performance.
If a mutual agreement between clinical chemist and clinicians can be achieved on
TATmax under certain well defined conditions, e.g. pH, blood gas and electrolyte
measurements in heart surgery, the clinical chemist has to investigate whether this
goal can be met in his or her laboratory. TAT data filter options as available in
the TAT software can be of great help in this matter because within a few
minutes laboratory and or testing time for any POC (ward, intensive care,
emergency room, OR) can be generated and evaluated. If this results in the
conclusion that certain TAT goals cannot be met with the present laboratory
testing procedures, procedural and or organizational changes have to be
considered, including POCT. In the thoracic surgery department of CCUHR,
most stat testing is requested for pH, blood gases, electrolytes, CBC and Hb
analysis. As can be seen from the results in table 5.3, median testing time for
both test groups concerned (F and G) are significantly shorter than for the same
test groups in the central lab and therefore satellite lab testing is justified if, as
can be expected [6], clinician TAT requirements are also well below central lab
median TAT.
In the satellite lab in the thoracic surgery department, special interest is paid to
samples from the OR during open heart surgery. In open heart surgery, the
recommendations of the American Heart Association (AHA) are adapted, which
means that test results for pH, gases and electrolytes should be available within 5
minutes. Although the implementation of new analyzers and procedures in october
93 resulted in a significant decrease of median and 90th percentile TAT (figure
5.4) it is obvious that the AHA recommendations cannot be met in the satellite
lab (figure 5.5). Based on these objective TAT data there was a mutual agreement
between the departments of clinical chemistry and thoracic surgery to implement a
POCT analyzer in the operating theatre. This resulted in a 90th percentile testing
time of 4.0 minutes because pre-laboratory time was reduced to less than 1
minute (results not shown).
In this chapter is recommended that clinical chemists should start using TAT as a
quality aspect of clinical chemistry laboratory procedures. This means that they
should start monitoring and publicizing their TAT for all stat testing in their
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institution and that in a dialogue with the clinicians mutual definitions and goals
for TAT should be realized. With continuous monitoring and identification of
factors influencing TAT or causing unacceptable TAT delay, TAT and therefore
total quality improvement can be expected and the percentage displeased clinicians
will certainly be reduced.
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Chapter 6

Summary
Quality aspects of analytical results are applicable to all testing regardless of
where the tests are performed and by whom.
Point-of-care testing, if used for specific test in areas where rapid turnaround
times are critical for clinical and/or financial reasons, can be a cost-effective
extension of central laboratory services.
Point-of-care technology offers new possibilities for the clinical chemistry
profession, provided the clinical chemists and their staff are prepared to change,
to bring the service of the laboratory to the patient and to take responsibility for
maintenance of the laboratory level of quality at the point-of-care.
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Introduction
The shift towards patient-focused care marks a significant development in the
healthcare enviromnent of the 90's. One of the major effects of this shift on the
laboratory is the implementation of point-of-care testing (POC1), defined as
testing in all hospital areas where it is medically indicated, with (trans)portable or
hand-held instruments. In the last few years, many organizations of clinical
chemistry have held conferences on POCT and several documents have been
published [1-10].
There are several aspects which play an important role in the creation of POCT in
the current healthcare delivery system. Firstly, intensive care has expanded to
serve increasing numbers of patients requiring more complicated treatment.
Secondly, clinicians expect laboratories to deliver reliable results quickly,
enabling them to make immediate patient management decisions. For example,
the American Heart Association and the Emergency Care Research Institute
recommended that blood gas and electrolyte measurements in open heart surgery
should be available within five minutes [11]. In addition, economic factors
continue to encourage improvement of clinical efficiency e.g. by shortening
hospital stays and costs to the bare minimum. And finally, although the mere
availability of POCT devices is not ample justification for their use, it is certainly
a very important reason for their implementation.
The two most important criteria for the implementation of POCT ought to be if it
can increase the quality of patient care and decrease hospital costs.
The scope of this chapter is to focus on the comparison of quality aspects of
analytical results in the central laboratory and at the point-of-care. The quality of
analytical results is usually expressed in terms of accuracy and precision, but
other issues, such as pre-analytical factors, quality assurance procedures,
registration of data, blood conservation, TAT, and cost aspects must also be
considered. Further, the responsibility for POCT is defined and the clinical
requirements for POCT in the hospital setting, together with selected aspects of
measuring technology and system concepts developed to meet these requirements
are illustrated.
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Pre-analytical quality aspects
A test result is only as good as the specimen that is analyzed and it is vital
therefore that each laboratory sets appropriate goals for important pre-analytical
factors. One of the attractions of POCT may be the removal of some of these preanalytical factors.
At our laboratory we recently evaluated a multichannel microchemistry instrument
for pH, blood gas and electrolyte measurements, which can be used for POCT.
Evaluation was first conducted in our central lab, then at the point of care. In the
laboratory evaluation paired samples were analyzed within one minute on both
analyzers. In the second part of the evaluation specimens were first analyzed in
the pediatric intensive care unit where the analyzer was placed, and subsequently
at the central laboratory (see chapter 7).
It was quite obvious that the method comparison correlation coefficients were
closer to 1.0 in our laboratory evaluation than in our evaluation at the point of
care. The same results were obtained previously [12] using other analyzers.
Cell metabolism, the presence of air bubbles and influence of anti-coagulant are a
possible explanation for the discrepancy in data between comparison studies at the
central laboratory and the POC. Lost patient specimens, inaccurate specimen
labelling and errors in data transmission and distribution also represent important
sources of error in the pre-analytical phase. POCT should allow for the avoidance
of such errors. It also reduces the time interval between sample collection and
analysis and, consequently, the influence of environmental conditions. POCT does
not, however, remove all pre-analytical factors affecting results. It has the
disadvantage of involving a greater number of different sites and personnel.

Analytical quality aspects: precision and accuracy
Many strategies have been used to set desirable standards for the analytical goals
for the performance of tests, particularly imprecision but also inaccuracy.
Some would suggest that analyses performed for screening, monitoring and aiding
in diagnosis all require separate standards. But it is our opinion that the clinical
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chemistry laboratory must ensure the same goals for imprecision and inaccuracy
of test results regardless of where the tests are performed, the clinical purpose
and by whom. The biological variation between individuals should provide the
basis for the establishment of these specifications [13]. In daily practice the
accuracy of POCT analyzers can be obtained by method comparison, using the
central laboratory method as a reference. The importance of comparability with
the central laboratory must be realized, because patients may be treated on a
mixture of centralized- and decentralized results, depending on time and origin of
the request.

Quality assurance procedures
Point-of-care microchemistry instrument quality assurance procedures should be
identical to those in central laboratories to ensure the highest quality blood test
results and to meet current or future regulations and or standards. It is unrealistic
to believe that conventional quality assurance procedures will be applied routinely
in POCT and, if they are, that the operator would necessarily act upon the
results. The quality control of performance must therefore be engineered into the
system to make it as fool-proof as possible.
The quality of results at the POC varies according to the complexity of the
instruments used. Therefore, instruments requiring the least number of steps to
operate, produce the most accurate results (figure 6.1).

Registration of data
A very important aspect of point-of-care testing is the registration of measurement
data from patient samples as well as from quality control material. Central
laboratories nowadays have extended facilities for data handling. Most larger
analyzers have single- or bi-directional connections with a computer system which
makes it possible to store the data efficiently in a laboratory data bank and present
the results directly after analysis on a ward terminal or printer. The small,
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sometimes hand-held, point-of-care equipment should contain data storage
facilities so as to collect measurement data for several patients together with
patient identification information and registration of date and time of day.
Preferentially, this data can be easily transmitted to the laboratory computer
system and added to the electronic laboratory data file of the patient where it can
be reviewed in a later stage. Some point-of-care instruments allow for
transmission through infrared signals to a receptive computer system, other
systems store the data on a diskette so that later these can be downloaded in
another computer system such as a personal computer. Other aspects of
registration not to be forgotten are the data of the evaluation study of the point-ofcare instrument and the education and training status of the testing personnel.

figure 6.1

Ideal features of instruments for use at the point-of-care

Blood conservation
Frequent blood sampling for diagnostic purposes is a common procedure with
critically-ill patients. Smaller and Kruskall [14] have reviewed phlebotomy
patterns for IC patients and reported that 47 percent of the patients requiring a
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blood transfusion had more than 180 ml blood drawn for diagnostic purposes. A
non-invasive approach to monitoring those patients seems extremely useful,
although we currently lack the technology to non-invasively measure pH, blood
gases, electrolytes, Hb/hematocrit and glucose. However, recent developments
are quite promising [15]. At present it is possible to determine the abovementioned analytes in a 300 ,ttl sample and it should be considered a grave
mistake to draw more than 1 ml of whole blood for point-of-care monitoring of
these analytes.

Turnaround time
Turnaround times of laboratory tests are relatively uncommon quality indicators
in clinical chemistry. TAT must be related to three separate times: laboratory
time, testing time and therapeutic time [16].
Laboratory time
Testing time
Therapeutic time

refers to the time required to perform a test after the specimen
has arrived in the laboratory.
involves the time it takes to obtain the specimen, transport it
to the lab, perform the test and derive the result.
begins with the test order and extends until a therapeutic
action based on the result has been taken.

We recently determined the TATs for blood glucose measurements in our central
laboratory. It was self-evident that the time required to obtain and transport a
specimen is a major factor (80 %) slowing down overall TAT (figure 6.2).
Equivalent results have previously been described [12][17].
Significantly reduced TAT therefore is probably the most critical feature of
POCT. In addition to eliminating most of the opportunities for pre-analytical
errors, the omission of steps associated with collecting, transporting and
processing specimens has cut average TAT for most POCT to less than 5
minutes.
In the POC setting, fast TATs are especially important for two reasons. In
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critically-ill patients who are physiologically unstable, chances are that great
during the testing time that the analytes being measured may have changed in a
significant way at the moment the results are derived. In addition POCT may
allow for more rapid treatment of patients and may decrease unwanted therapies
because results are obtained immediately.
152min

111 min

29m in

laboratory time

figure 6.2

testing time

therapeutic time

TAT's glucose measurements Dijkzigt Hospital Rotterdam

A recent study [18] provides an example of such an improvement of patient
care: it was found that, with bedside potassium monitoring, the occurrence of
arrhythmias and the use of anti-arrhythmic agents was decreased in patients
undergoing cardiac surgery. Other investigators [19] recently mentioned the
failure of laboratory performance to meet clinicians expectations for acceptable
TAT. There is however little agreement among clinicians about what constitutes
an acceptable TAT.
Ideally standards for acceptable TAT should be based on studies that document a
relationship between reporting speed and patient outcome. Unfortunately there has
been little research in this direction. Therefore a group of experts, drawn from
clinicians and clinical chemists, should establish appropriate TAT guidelines
based on a combination of clinical requirements, clinician expectations and
laboratory capabilities. If a TAT of less than 5 minutes is considered necessary
for a certain analyte (e.g. in open heart surgery), a POCT analyser should be
considered.
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Cost Considerations
The true cost of carrying out tests, whether inside or outside the laboratory, is not
easy to determine. Some techniques have been developed to assist in determining
testing cost by identifying the amount of labour and supplies used to perform each
test [20][21][22].
The CALC model [20] is the most appropriate one to identify which of two
testing configurations has the best cost-bcnefit ratio. This model estimates the
total annual testing costs through an addition of estimated costs in several cost
categories: site preparation costs, equipment depreciation costs, equipment
maintenance costs, incremental labor costs, supply and disposable costs and
indirect costs, the costs that cannot be traced to a specific test or a particular
piece of equipment. In virtually every situation, labor costs represent the highest
percentage of total cost. It is well recognized that 60 to 70 percent of all hospital
operating expenses are directly or indirectly related to labor costs [23].
For those hospitals already operating satellite labs, POCT may provide an
alternative with a better cost-benefit ratio. Although TAT in satellite labs is
generally acceptable, 24h per day staffing requires at least 5 fte, making satellite
testing the most expensive of all testing.
Testing facilities introduced at the point-of-care do not replace the need for the
corresponding testing at the central laboratory, they only supplement this testing.
The main laboratory must still provide these tests 24 hours a day for all other
patients and serves as a back-up facility for the POCT. Thus, the reduction in the
numbers of tests at the central laboratory as a result of the availability of a POCT
device only leads to minor savings in operating costs and, more importantly the
costs of technical personnel. POCT is, however, usually more cost-effective than
the addition of a satellite lab with its resulting additional labour.
When testing is moved to the point-of-care most of the expenses incurred in the
central laboratory remain essentially unchanged, making the cost of processing
tests at the point-of-care appear to be higher. As noted before, however, there
may be significant cost savings for other aspects of patient care. This requires
shifting of the focus from the lab to the hospital as a whole when regarding
expenditures. This combines cost-benefit analysis with cost-effectiveness analysis,
87

Chapter 6
that is measurement of outcome in monetary terms and natural units such as
quality of care and the number of lives saved.
It has been estimated that costs generated by intensive care beds are 200 to 400
percent higher than those of other hospital beds [24][25], and that critical
care services impact 10 to 20 percent [24,25] of overall hospital expenditures for
a disproportionately small percentage of patients. The length of stay in those
"high-rent" critical care areas can be shortened considerably with decreased TAT.
Zaloga compared the average time to wean an uncomplicated postoperative patient
from a ventilator, average ICU and hospital stay, in a group treated with an
bedside oximeter and those monitored with blood gases in an ICU stat laboratory
[17]. Bedside monitoring improved patient care, decreased weaning time, ICU
stay, total hospital stay and therefore total hospital cost. Glucose, ionized calcium
potassium, pH, pCOz and pOz measurements may also improve care and decrease
costs when tested at the point-of-care. Finally, POCT may not only decrease the
number of stat orders to the lab, but may also decrease the total number of tests
ordered in the hospital. If a clinician knows that he must wait one hour for a stat
result, he will continuously order stat after stat just in case a patient's condition
might change. But if he or she knows that the results are available in 5 minutes,
as in POCT, he or she will only order tests when it is really necessary.

Responsibility
Another important issue is to define responsibility for point-of-care testing. Many
laboratorians have reasoned that not every clinical chemical activity outside the
central laboratory can be supervised by the clinical chemistry department.
Another view is that everything that can be defined as clinical chemistry within
the institution should be performed under the supervision of the clinical chemistry
department. The clinical chemist and the clinicians involved should come to an
agreement on the question of responsibility. The clinical chemistry department
should hold the responsibility, which extends to the following aspects:
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1.

The choice and evaluation of the necessary methods and equipment,
keeping in mind when tests should be done and with what specifications.
Special attention should be paid to the comparability of the results with the
laboratory instruments and to aspects such as linearity, measurement
interval, interferences, etc.

2.

The implementation of an appropriate quality control system, including
external proficiency testing, and apt to assure that the quality goals
formulated above are reached in practice. Directives of ISO 9000 or EN
45000 should be applied to point-of-care testing as well as to central
laboratory activities.

3.

Supervision of the analytical process. If nursing staff is carrying out the
testing, will there be direct supervision by the laboratory staff or is there
an indirect line of control through the head of the clinical department?

4.

Education and training of the testing personnel which should include
instructions on preparation of the patient, sample handling, basic
knowledge of the measuring principle, reference values and significance of
deviating results, maintenance of equipment and supplies, and the practice
and significance of the quality control procedures.

5.

Budget control which, of course, depends strongly on the local situation.

An additional point to be negotiated is who should perform the tests, the
laboratory or nursing staff. The key issue here is motivation. Nurses are generally
not that eager to take on responsibilities beyond their primary task of nursing

care. However, if they are motivated and an agreement on instruction, training,
maintenance and quality control procedures can be reached, this solution could be
advantageous for patient care. According to many publications however,
experience has shown that the performance of point-of-care instruments is
generally better in the hands of professional laboratory personnel. They have
more experience in matters such as pre-analytical factors, instrument control and
data registration than do non-technical operators.
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Clinical requirements in POCT
Most patients in critical care are in an unstable medical and physiological state.
They require hemodynamic and respiratory monitoring to check the effectiveness
of oxygenation, tissue perfusion and organ function. An extensive range of
physiological monitors exists, from both invasive and non-invasive monitoring of
heart rate, blood pressure, central venous pressure, oxygen saturation, end-tidal
CO 2 and other parameters. In addition to fluid and electrolyte balance, laboratory
support includes analyses for cardiac and respiratory function, for hepatic and
renal function, and tests aimed at early detection of complications arising from the
admitting pathology; from immobilisation, such as thrombosis and embolism;
from surgical complications, bleeding, transplant rejection; cardiac arrest, sepsis
and other events that can occur without warning, at any time of the day or night.
Only a selected group of tests, those that require a TAT of 5 minutes or less, are
candidates for POCT (figure 6.3). Short TAT's for these analytes have an impact
on the clinical efficiency of POC areas, by allowing faster response to the medical
needs of patients.

figure 6.3
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Technology and system concepts
Measurement technology by itself is not the principal driving force in the
evolution of POCT analyzer concepts. Several technologies that contribute to
system development are related to design and manufacturing. Computer assisted
design techniques contribute to ergonomics, and to ease of manufacture.
Microelectronics, with low electrical power requirements despite extensive
software and memory, leads to p0l1abie miniaturisation. From advances in
materials science, new plastics and polymers are used for structural components
in instruments, reagent containers, and reagent matrix supports. System design,
choice of components, and manufacturing techniques in a modern full-quality
organisation, lead to the reliability needed in the final instrument.
Reagents can be stabilized in cassettes, by techniques such as lyophilisation,
tabletting, adsorption on polymers, or even as liquid components in separated
compartments to avoid chemical degradation. When reconstituted automatically in
the system, these provide stable performance even after prolonged storage.
The basic idea however, is not new. Other dry chemistry approaches have been in
the central laboratory for over a decade.
What is new for many POCT designs is in the selection of new plastics, in
moulding and sealing techniques to avoid leakage, in the neutralisation of surface
charge in reagent containers by techniques such as radiofrequency plasma
treatment, and other manufacturing advauces of which users are rarely aware.
Manufacturing technology, rather than analytical technology, can contribute to
reagent stability, to system reliability, and to reproducible analytical performance.
Variation in operator technique and reagent manipulation errors can be designed
out by automation and by designs that use physical forces such as diffusion and
capillary attraction, on supports of controlled pore-size, surface charge and
contact angle that determine transport and reaction times. Antibody and ligand
coatings can be laid down that selectively bind or separate analytes, interferents,
red cells etc. Such fluidic circuits can be moulded in plastics, or printed in
hydrophobic materials into a porous support, and are especially suited to
immunoassay [26] and enzymatic reactions.

91

Chapter 6
table 6.1

Point-ol-care analyzers and test menus

Instrument!
field

Manufacturer

Test profile

pH, blood gas, electrolytes
238

Ciba Corning

pH, pCO" pO,

Gem Premier

Mallinckrodt
Sensor Systems

pH, pCO" pO" Sodium, Potassium,
ionized Calcium, Hematocrit'

IRMA

Diametrics
Medical Inc

pH, pCO" pO,

i-STAT

i-STAT Corp

pH, pCO" pO" ionized Calcium

StatPal II

PPG Industries

pH, pCO" pO,

General Clinical Chemistry

HemoCue

HemoCue AB

Glucose

i-STAT

i-STAT Corp

Sodium, Potassium, Chloride, Urea,
Glucose, Haematocrit +

Piccolo

Abaxis Inc

Alkaline phosphatase, a-Amylase, Aspartate
aminotransferase, total Bilirubin,
Cholesterol, C-reactive protein, Creatinine,
Glucose, Potassium, Total protein, Urea,
Uric acid, Haematocrit'

Hemostasis and Thrombosis

BioTrack 512

Ciba Corning

PT, APTT.

TAS

Cardiovascular
Diagnostics

PT, APTT, Heparin Management Test
(Activated clotting time), Streptokinase
antibodies, Lysis Onset Time

, indirect measurement (conductivity)
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Volumetric separation can be achieved through entrapment in a porous matrix, or
by centrifugal techniques, that make it unnecessary to accurately dispense whole
blood samples. Electrochemical sensors also minimise reagent manipulation, and
contribute to instrument simplicity by avoiding optical components.
Factory calibration simplifies operating procedures, and leads to greater
comparability between testing sites. Bar codes read by hand-wand, or directly in
the instrument, carry lot-specific reagent information that provides the correct
calibration curve to which the reaction should be compared.
When the
manufacturers' "master lot" of calibrator has been referenced to an international
standard, it is more likely that the point of care result will be directly comparable
to the laboratory result, also traceable to that standard.
Finally, genetic engineering, particularly recombinant DNA allows the production
of recombinant materials that can be expected to improve instrument
comparability.

poe

analyzers

Some examples of dedicated POC analyzers of today are presented in table 6.1.
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Chapter 7

Summary
The subject of this chapter is the evaluation of a Gem Premier multichannel
microchemistry instrument in the clinical setting for which it is intended, both in
terms of comparative performance against clinical chemistry laboratory
instruments and its potential utility in decreasing turnaround time and preanalytical error. TIris evaluation at the point-of-care was preceded by a laboratory
evaluation to provide for imprecision, inaccuracy and method comparison data
under laboratory conditions.
The Gem Premier system produces results that show a Significant correlation with
results of established laboratory systems. Imprecision data are acceptable for
within-cartridge imprecision. The between-cartridge imprecision exceeds the
criteria for maximum allowable imprecision based on one or more generally
accepted strategies. TIris is partly compensated however, by the removal of
sources of error in the pre-analytical phase. The inaccuracy of means of assay
results is acceptable if judged according to reference method values.
Combined with the ease of use, data registration facilities, system lock-out
features for QC or calibration failure and minimal maintenance this makes the
Gem Premier suitable for use in a point-of-care setting where the availability of
test results with TAT's < 5 minutes is considered necessary.
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Introduction
Compact pH, blood gas and electrolyte analyzers with turnaround times (TAT's)
within minutes are now available and can be used at the point-of-care (POC). The
Gem Premier represents a new generation of such POC monitors. It utilizes
polarography, potentiometry and conductance for the measurement of pH, blood
gases, sodium, potassium, ionized calcium and hematocrit (Ht). The evaluation of
this and other point-of-care instruments requires testing both in the laboratory and
at the point-of-care. In this chapter a two-centre evaluation of the analytical
aspects of the Gem Premier is presented, together with the experiences that have
been obtained with this instrument during a study in a neonatal intensive care unit
(lCU). As such, the analyzer was taken to the ICU and measurements were
performed by laboratory staff directly after sampling. In this setting the features
of the analyzer are judged and the impact of point-of-care testing (POCn on
TAT, precision and accuracy is investigated and presented.

Materials and methods
Two laboratories participated simultaneously in the evaluation. Lab 1 refers to the
Department of Clinical Chemistry, University Hospital Rotterdam, Sophia
Children'S Hospital, the Netherlands. Lab 2 refers to the Department of Clinical
Chemistry and Hematology, Center of Obstetrics and Gynecology, University of
Bonn, Germany. All analyzers are operated according to the manufacturer's
standard operating and maintenance procedures and without any special
adjustments carried out by the manufacturer. No adjustments of slope and or
intercept were used.
Gem Premier
The Gem Premier (Mallinckrodt Sensor Systems, Ann Arbor, Michigan, USA) is
a (trans)portable pH, blood gas and electrolyte system designed for the
measurement of pH, pCO" p02, sodium, potassium, ionized calcium, and Ht. In
addition to these measured parameters, base excess, oxygen saturation, total
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carbon dioxide, and bicarbonate are derived and printed.
The heart of the Gem Premier is a disposable cartridge which contains all of the
electrodes and calibration solutions [1]. TIlls means no gas tanks or reagent
preparation, no electrode maintenance or tubing changes, so no routine
maintenance. System setup consists of inserting the cartridge into the instrument.
The next 60 minutes, the electrodes are rehydrated and the sensor block is
automatically brought to a constant temperature and than calibrated.
Each cartridge is good for either 300 test or 7 days, whichever comes first. In the
near future cartridges that can be used for 14 days will be available as well. Twopoint calibrations have been programmed into the instrument to occur every 60
minutes for the first 20 hours, and every 120 minutes thereafter. One-point
calibrations are automatically performed every 2 minutes for the first 12 hours,
and every 6 minutes thereafter. The sample size is 200 ,ttl and results are
available 90 seconds from sample introduction. Because the system is rinsed for 2
minutes after each sample, the throughput is limited to 15 samples per hour.
Quality assurance is maintained on the system by several automated and userprogrammable control functions e.g. mandatory QC and system lock-out for QC
or calibration failure.
Comparison instruments
Lab 1 : IL BGE pH, blood gas and electrolyte analyzer and IL 237 tonometer,

Instrumentation Laboratory, Milan, Italy. OSM 3 Cooximeter, Radiometer,
Copenhagen, Demnark. H1 hematology analyzer (Ht measurements), Technicon,
Tarrytown, USA.
Lab 2 : CCD 288 pH, bloodgas and electrolyte analyzer, Ciba Corning
DiagnostiCS, Medfield, USA. IL 237 tonometer, Instrumentation Laboratory,
Milan, Italy. CC 800 hematology analyzer (Ht measurements), TOA Medical
Electronics Company, Kobe, Japan.
Quality control materials

Euro-Trol D blood gas and electrolyte controls, level 1 (L1, lot AD-2131-2),
level 2 (L2, lot AD-2124-2 ) and level 3 (L3, lot AD-2133-2), were obtained
from Euro-Trol, Wageningen, the Netherlands.
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Within-day and within-cartridge imprecision
On each of 3 days, 10 sequential samples of Ll, L2 and L3 and fresh,

heparinized human whole blood samples (tonometered for pCO, and pO,
measurements) were analyzed with one cartridge on the Gem Premier and with
the comparison instruments. The second of duplicate measurements was used for
imprecision calculations.
Between-day and between-cartridge imprecision
For 7 days Ll, L2 and L3 were analyzed in duplicate with one cartridge on the
Gem Premier and with the comparison instruments. This procedure was repeated
twice on all instruments, each time by using a different cartridge for Gem
Premier measurements.
Inaccuracy
Following the ECCLS guidelines [2) the accuracy should be studied by
comparison with reference method values. The reference method of pH [3] was
not available in the evaluation laboratories, for that reason the mean values from
the between cartridge imprecision measurements for Ll, L2 and L3 were
compared with the pH reference method [2] values listed by Euro-Trol. The
reference material for pO, and pCO, was obtained by tonometry. Reference
method values for sodium were obtained by measurements according to the
candidate reference method presented in chapter 3, using two different cartridges.
Tonometry
Following the IFCC recommendation on tonometry of blood [4], tonometry
tests using fresh, heparinized human whole blood were performed on 2 days with
3 certified medical gas mixtures. For each gas mixture, the mean values of 10
consecutive measurements with 1 cartridge are used for inaccuracy calculations.
This procedure was repeated on a second day, using a different cartridge. The
presented data represent the mean inaccuracy over two days. The temperature in
the equilibration chamber (37 'C) was checked by an electrical thermo-probe, the
barometric pressure was measured with a mercury barometer.
Method comparison in the central laboratory
Approximately 100 heparinized anaerobically handled whole blood samples were
analyzed over at least 5 operating days with the Gem Premier and the
comparative instruments. Patient samples were selected at random from those
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routinely received in the central laboratory. Among these were cord blood
samples and capillary, arterial or mixed venous blood samples from ICU's
(gynecology and obstetrics, neonatology, pediatrics and surgery). All samples
were analyzed in singlet by laboratory staff and all testing was completed within
10 minutes of specimen receipt.
Method comparison at the point-oJ-care
During 10 working days, the Gem Premier was taken to the neonatal ICU in the
Sophia Children's Hospital at the morning blood collection round. If a pH, blood
gas and or electrolyte analysis was required, two samples (capillary or arterial
blood) were collected. One sample was analyzed immediately on the Gem
Premier by laboratory staff, the other sample was transported to the central
laboratory (hand delivery) and analyzed with IL BGE according to standard stat
procedures.
For each sample, the time the sample was collected and the time the results were
available to the ICU staff was registered for both central laboratory testing and
point-of care testing.
Data analysis
Method comparison data were evaluated after outlier rejection according to the
ECCLS EP-9T protocol [5]. The line of best fit was calculated and a 95%
confidence limit was calculated for slope and intercept according to Passing and
Bablok [6]. Differences between means of series of assay results were
investigated with the Student's paired t-test (significant difference if p < 0.05).
The strength of the relationship between methods was determined also using
Pearson's product correlation coefficients (r). Data are presented graphically
using residual plots in which the differences between Gem Premier and
comparison instrument are plotted versus the comparison method assay results.
Turnaround time (TAT) is defined and calculated as time between sample
collection and availability of the results at the ICU. The mean, median and 90th
percentile turnaround time for all measurements at the point-of-care method
comparison study are calculated.
Significant differences between TAT results were investigated with the Wilcoxon
signed rank test (abnormal distribution, significant difference if p < 0.05).
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Acceptability

The Gem Premier is judged primarily on the extent of concordance with the
requirements for ideal POCT instruments (figure 6.1) and on general criteria for
acceptable imprecision and inaccuracy based on within-subject biological variation
(wsbv) [7]. However, no such data are available for pH, pCO, and pO" and
acceptable levels of imprecision an inaccuracy have not yet been established for
POCT. Therefore, three additional strategies for setting quality specifications for
acceptable imprecision and inaccuracy have been added: (a) The state-or-art
performance (SoA) derived from the SKZL proficiency testing programs from
1992, (b) The opinions of more than 30 clinicians (OC) working in the ICU of
the Center of Surgery at the Bonn University Hospital and in the neonatal and
pediatric ICU's at the Rotterdam University Hospital, and (c) The CLlA
analytical quality requirements [8][9]. In all additional strategies the
maximum allowable imprecision is defined as one half the total analytical
variation, and the maximum allowable inaccuracy is defined as twice the
maximum allowable imprecision [7].

Results and discussion
The purpose of this investigation was to evaluate a multichannel microchemistry
instrument in the clinical setting for which it is intended, both in terms of
comparative performance against clinical chemistry laboratory instruments and its
potential utility in decreasing TAT and pre-analytical error. This evaluation at the
POC was preceded by an evaluation at the clinical chemistry laboratory to
provide for imprecision, inaccuracy and method comparison data under laboratory
conditions.
Imprecision The results of the imprecision measurements are presented in table
7.1. The Gem Premier within-cartridge imprecision was < 5% for all analytes
and comparable to comparison instruments performances. Within-cartridge
imprecision was < 10% with exception of ionised calcium measurements in the
low concentration range. The between-day imprecision for the comparison
instruments was < 4% for all analytes and therefore considered significantly
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table 7.1
Analyte

Imprecision of the Gem Premier and the comparison methods
Con-

trot

assigned
value

Gem Premier
within

pH

IL BGE

CCD 288

between
cartridge

within
day

between

day

within
day

between

cartridge

lab1/lab2

labl-lab2

lab 1

lab 1

lab 2

lab 2

CV %

CV%

CV%

CV%

CV%

CV%

day

L1

7.193

0.11/0.12

0.12/0.20

0.04

0.11

0.04

0.04

L2

7.400

0.09/0.11

0.10/0.16

0.03

0.03

0.04

0.06

L3

7.598

0.09/0.07

0.12/0.08

0.05

0.04

0.03

0.04

BI

7.37

0.11/0.09

pCO,

L1

8.04

3.3/2.6

3.4/3.8

1.46

3.23

1.18

1.25

(kPa)

L2

5.27

2.2/1.8

1.8/3.3

1.01

1.26

1.18

1.31

L3

3.20

2.1/1.0

4.7/5.3

1.28

2.13

0.98

1.04

Bl

6.25

2.1/1.5

pO,

L1

4.59

4.9/3.4

8.4/9.5

3.53

3.32

3.52

7.29

(kPa)

L2

11.10

3.6/2.0

4.1/8.0

3.11

2.96

2.68

3.07

L3

17.86

2.7/1.6

4.5/9.0

2.91

2.70

2.63

2.93

BI

6.60

1.3/1.5

Sodium

L1

119.9

0.63/0.72

0.49/2.21

0.63

0.68

0.62

0.74

(mm01l1)

L2

140.6

0.31/0.85

0.42/1.10

0.55

0.75

0.46

0.53

L3

160.3

0.38/0.46

0.67/1.64

0.26

0.65

0.38

0.36

BI

141.4

0.60/0.54

Potassium

L1

3.01

0.40/0.56

0.49/1.24

1.00

1.52

0.65

0.64

(mm01l1)

L2

4.48

0.39/0.52

0.79/1.10

0.90

1.12

0.38

0.42

L3

6.24

0.33/0.34

0.90/1.32

0.90

1.35

0.38

0.37

BI

4.34

0.89/0.95

L1

1.72

1.41/1.01

1.93/1.99

0.97

1.02

1.21

1.31

1.03

1.23

1.37

1.41

1.47

1.45

2.02

2.14

iCalcium

(mm01l1)

0.07

1.4

1.5

1.25

1.08

0.46

0.38

1.02

L2

1.17

0.97/2.09

6.48/4.15

L3

0.74

1.30/2.68

11.8/7.77

Bl

1.08

1.60/2.20

BI = human whole blood
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better than Gem Premier between-cartridge imprecision. This could be expected
because the between-cartridge imprecision in fact being a between-analyzer
imprecion adds additional variance to the imprecision measurements. Because of
the short lifetime of the cartridges (7 days) however, in daily practice betweencartridge imprecision corresponds to and therefore should be judged as betweenday imprecision according to generally accepted procedures. The betweencartridge imprecision is most pronounced for all pOz and ionised calcium
measurements and for pCOz measurements in the low concentration range (L3).
The between-cartridge imprecision for pO, might be slightly better in daily
practice, because the within-cartridge imprecision for human whole blood (BI)
showed to be markedly better than the within-cartridge imprecision for the QC
materials Ll, L2 and L3 (see table 7.1).
The quality specifications for imprecision, against which the acceptability of all
analytical systems should be judged, are presented in table 7.2. As can be seen
from the results in table 7.1, none of the instruments tested can fulfil the criteria
based on wsbv for sodium measurements, but all instruments perform well within
the limits based on wsbv for potassium measurements. These criteria are known
. to be too demanding for sodium measurements with present-day technology and
therefore judgement on SoA criteria is justified as interim procedure for both
imprecision and inaccuracy measurements [7].
table 7.2

Maximum allowable imprecision based on different strategies

Strategy

pH

pco,

pO,

Sodium

Potassium

iCacium

Maximum allowable imprecision (CV %)
Biological variation

0.30

2.40

State·of-art performance

0.11

2.93

5.29

0.92

1.15

Opinion Clinicians

0.20

5.79

5.00

0.78

2.30

eLlA 88 regulations

0.27

5.99

7.94

1.42

5.75

4.10

For all other analytes, no primary specifications (based on wsbv) are available
and other strategies based on SoA, OC and CLIA regulations were taken into
account. According to these criteria both comparison instruments perform well
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within the limits for all analytes under almost all circumstances. This is totally
different for Gem Premier between-cartridge imprecision data. Except for
potassium measurements, the maximum allowable imprecision exceeds the criteria
based on one or more different strategies.
table 7.3
Analyte

Results of the inaccuracy study with the Gem Premier
Reference

method

Reference method
value

Measured value

Accuracy

(M)

(M/R' 100 %)

(R)

pH

lab 1

lab 2

lab 1

lab 2

lab 1

lab 2

Potentiometry

7.193

7.193

7.149

7.159

99.4

99.5

[3J

7.400

7.400

7.391

7.396

99.9

99.9

7.598

7.598

7.609

7.620

100.1

100.3

pCO,

Tonometry

4.63

2.78

4.81

3.23

103.9

116.2

(kPo)

[4J

6.53

5.71

6.36

5.99

97.4

104.9

9.48

......................................................" .............. ........." ...",....... ,,,

104.3
9.36
8.94
98.7
......,, .8.57
,, . ,, ........... ,, .. ,.,,,........ ,, .......... ....................................................."" ..................

pO,

Tonometry

6.62

5.65

6.82

6.53

103.0

115.6

(kPo)

[4J

11.27

13.22

11.48

14.30

101.9

108.2

18.57

38.04

19.44

40.64

104.7

106.8

Sodium

Gravimetry

118.5

119.0

100.4

(mmol/l)

[lOJ

142.7

143.1

100.3

161.4

162.0

100.4

Inaccuracy In table 7.3 the results of the inaccuracy measurements are shown.
For the analytes tested, Gem Premier inaccuracy was < 5% for all analytes with
exception of pC02 and p02 measurements in lab 2. Based on the criteria for
maximum allowable inaccuracy (table 7.4) there is a small negative bias for pH

measurements in the low range (SoA and OC based criteria) and a small positive
bias for sodium judged on the (too stringent) wsbv specifications. All other results
are well within the limits based on each of the different strategies, except pCO,
and p02 measurements in lab 2 in the low concentration range. These
measurements are accurate in lab 1, again pointing at, and probably caused by the
rather large between-cartridge imprecision for these analytes.
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Method comparison

The method comparison statistics are presented in table

7.5, and method comparison data are plotted graphically as residual plots in
figures 7.1 to 7.8. Inter-instrument analyte comparisons (at the central laboratory
and at the POC) were highiy and significantly correlated for all analytes. The
correlation coefficient however, was closer to unity in the comparison of each
analyte in the central laboratory compared with the evaluation at the POC.
Contamination by room air during storage at low temperature [11][12]
[13], the presence of air bubbles [14][15] and the possibility of cell
metabolism during storage [14][16] are all pre-analytical errors associated
with pH, blood gas and electrolyte measurements. These errors are only relevant
for central lab testing and therefore could be a possible explanation for the
discrepancy between correlation data for central lab and POCT [17].

table 7.4

Maximum allowable inaccuracy based on different strategies

Strategy

pH

peo,

pO,

Sodium

Potassium

iCacium

Maximum allowable inaccuracy (%)

Biological variation

0.20

1.60

State-of-art performance

0.22

5.86

10.58

1.84

2.30

Opinion Clinicians

0040

11.58

10.00

1.56

4.60

eLIA 88 regulations

0.54

11.98

15.88

2.84

11.50

8.20

As can be seen from figure 7.1, Gem Premier pH values are well below
comparison method values at low pH (PH < 7.15). Based on the results for the
inaccuracy measurements, the Gem Premier results can be considered inaccurate
at pH values < 7.15. During method comparison at the POC no pH values below
7.20 were seen (figure 7.1) which resulted in acceptable regression data (no
significant differences in slope, intercept and means of assay results).
The method comparison data for pCO, measurements in lab 2 show a positive
bias for pCO, > 7 kPa. Initially comparable results were obtained in lab 1 as
well. On account of these results, the manufacturer changed the pCO, algorithm
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table 7.5

Method comparison study (x=comparison method, y=Gem Premier)
y=ax+b

Analyte

Site

pH

Mean X

Mean y

significances

112

7.392

7.379

a,b,r,m

0.9964

105

7.293

7.277

a,b,r,m

- 0.868

0.8952

122

7.355

7.356

1.044

- 0.289

0.9900

112

5.39

5.39

lab 2

1.193

- 0.598

0.9910

105

6.26

6.92

a,b,r,m

poe

1.133

·0.570

0.9219

122

6.34

6.58

a,b,r,m

po,

lab 1

1.125

- 0.775

0.9791

112

11.30

12.04

a,b,r,m

(kPa)

lab 2

1.007

·0.180

0.9941

105

11.60

11.58

b,r

poe

0.947

·0.113

0.9333

122

7.70

7.13

r,m

Sodium

lab 1

1.066

- 8.470

0.9373

100

138.6

138.9

r

(mmol/I)

lab 2

0.936

9.268

0.9648

108

141.5

141.8

a,b,r

poe

1.026

- 1.590

0.9355

91

137.2

138.8

r,m

Potassium

lab 1

0.955

0.168

0.9969

100

4.66

4.61

a,b,r,m

(mmol/l)

lab 2

0.909

0.419

0.9980

108

5.12

5.05

a,b,r,m

poe

1.000

0.000

0.9823

91

4.89

4.92

iCalcium

lab 1

1.091

·0.060

0.9010

100

1.17

1.17

r,m

(mmol/l)

lab 2

1.083

- 0.158

0.9912

108

1.31

1.27

a,b,r,m

poe

0.800

0.230

0.8602

91

1.17

1.17

a,b,r

lab 1

1.118

- 0.025

0.9643

100

0.34

0.35

a,b,r,m

lab 2

1.086

. 0.038

0.9460

95

0.34

0.33

b,r,m

poe

1.173

. 0.Dl8

0.8213

122

0.30

0.34

a,b,r,m

lab 1

1.000

0.010

0.9476

100

0.87

0.87

poe

1.500

- 0.535

0.6799

122

0.88

0.81

a

b

lab 1

1.111

·0.836

0.9926

lab 2

1.132

- 0.973

poe

1.118

peo,

lab 1

(kPa)

Ht

so,

n

a,b,r,m

a: significant difference from slope = 1.0, b: significant difference from intercept = 0.0 both
according to Passing and BabIak; r = significant correlation between x and y (Pearson's
correlation, p < 0.05); m = significant difference between mean x and mean y (paired t-test, p <
0.001).
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in a system software update. The method comparison data for lab 1, as presented
in figure 7.2, are based on this new version of the software and show acceptable
data for pCO, measurements over the entire measurement range.
Figure 7.3 illustrates the method comparison data for pO, measurements. These
show acceptable data for pO, < 15 kPa. For pO, > 15 kPa, results are too high
in the central lab1 method comparison and too low in the comparison at the POC,
compared to the results of the central laboratory analyzer. In general, possible
explanations for the different residuals for pO, > 15 kPa, is the influence of
storage conditions, among which cell metabolism and diffusion of environmental
air (pO, = 20 kPa) through the barrel of the syringe and into the blood are the
most important. The influence of storage conditions on pO, under lab 1 testing
conditions are presented in table 7.6. It is quite clear that at RT cell metabolism
predominates (resulting in a reduction of pO,) and that at 4°C the diffusion of pO,
into the syringe compensates cell metabolism at normal pO, values. This
compensation cannot be the only explanation for the differences between central
lab and POCT. It has to be concluded that the between-cartridge variability also
adds to the observed differences because different cartridges have been used in
central laboratory and POCT (n = 5).
table 7.6

Influence of sample storage or transport delay on test results

Mean difference from freshly drawn blood after 30
min storage
RT
pH

- 0.018

- 0.006

+ 0.10 kPa

+ 0.04 kPa

pO, (11.3 kPa)

- 5.3 %

1.5 %

pO, (18.6 kPa)

-21.3 %

1.8 %

pCO,
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The electrolyte results obtained from method comparison data are shown in
fignres 7.4 to 7.6. As was stated earlier [18], the scatter of sodium values
was not as good as expected, but considered an acceptable trade-off for the more
rapid electrolyte assessment necessary in critical situations. Correlation of the
Gem Premier potassium analysis was excellent (figure 7.5), resulting in the ideal
regression equation (y = x) in paCT. Ionised calcium measurements (figure 7.6)
show a significant difference from comparison method values at all three testing
sites. These differences cannot be judged, because no reference method for
ionised calcium is available which could provide for the inevitable accuracy basis.
The results on Ht measurements (figure 7.7) justify the opinion that indirectly
obtained Ht measurements (based on conductivity) should only be used as a raw
indication and not for clinical decision making.
The Gem Premier derived oxygen saturation (S02) is calculated, based on actual
values of pH and p02 and the standard oxygen dissociation curve (ODC). This
calculated S02 is compared to the oxygen saturation measured in the central
laboratory (OSM 3). As can be seen from the results in figure 7.8 and table 7.5,
there is a great number of samples with calculated S02 > 0.10 lower than
measured S02' especially in the evaluation at the pac. Most of the outsiders are
found at p02 values below 10 kPa and in capillary blood samples. The differences
are more pronounced in the pac evaluation because here all samples were of
neonatal origin. These may contain up to approximately 80% HbF, which causes
a left shift of the ODC, resulting in a higher oxygen aft1nity of hemoglobin and
erroneously low calculated sO, values. These results confirm those of a recently
published multicenter study [19] showing that calculation of oxygen saturation
should be used with great care for paz values below 10 kPa and especially for
capillary blood samples.
Turnaround time In table 7.7 and figure 7.9 results for the TAT measurements
are plotted. It is perfectly clear that the median TAT for paCT was significantly
shorter compared to median TAT for central laboratory testing. This significant
reduction in TAT was also considered clinically relevant according to the opinions
of the clinicians working in the neonatal and pediatric ICU's at the Rotterdam
University Hospital.

115

Chapter 7
table 7.7

Turnaround time statistics for leu and central laboratory testing
procedures

Turnaround time
(min)

rcu

Central
laboratory

Mean

6.2

38.3

Median

4.5

33.5

90th percentile

14.0

64.0

Minimum

2.0

11.0

Maximum

20.0

115.0

120

I-median I
100
"2

E

"E
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figure 7.9
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Evaluation of a measuring system for POCT

Concordance with the requirements for ideal POCT instruments
The Gem Premier comes close to the requirements for an ideal POCT instrument
presented in figure 6.1. No serious breakdown occurred during the evaluation
period of more than 6 months, using different instruments and over 30 different
cartridges. The only problems encountered were that two cartridges had to be
exchanged because of p02 calibration errors. Although this can be done easily and
the expelled cartridge is refunded by the manufacturer, this means 60 minutes
down-time for system setup.
In the POC setting presented in this chapter, the instrument proved to be very

useful and an obvious improvement in TAT as well as analytical quality could be
firmly established. In particular the absence of clotting complications was
appreciated. The troughput of the Gem Premier proved well suited to the
described way of working.
Conclusions The Gem Premier system produces results that show a significant
correlation with results of established laboratory systems. Imprecision data are
acceptable for within-cartridge imprecision. The between-cartridge imprecision
exceeds the criteria for maximum allowable imprecision based on one or more
generally accepted strategies. This is partly compensated however, by the removal
of sources of error in the pre-analytical phase. The inaccuracy of means of assay
results is acceptable if judged according to reference method values.
Combined with the ease of use, data registration facilities, system lock-out
features for QC or calibration failure and minimal maintenance this makes the
Gem Premier suitable for use in a point-of-care setting where the availability of
test results with TAT's

< 5 minutes is considered necessary.
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Chapter 8

Summary
The clinical accuracy (sensitivity and specificity) of the results of the tests
requested is the most important aspect to be considered when evaluating the
quality of test requesting patterns. This is demonstrated by an example derived
from the diagnosis of cobalamin (vitamin B12) deficiency. The assay of serum
cobalamin is the only diagnostic test for vitamin Bl2 det1ciency that is widely
available. This test however, lacks both specificity and sensitivity. The
availability of the accurate and precise measurements of the serum concentrations
of methylmalonic acid and total homocysteine have provided for the necessary
new tools in diagnosing cobalamin deficiency. The results in this chapter and
those of others indicate that (1) hematological data cannot be used as a selection
criterium for serum cobalamin requests, (2) I of 5 patients with low normal
cobalamin has metabolic cobalamin det1ciency and needs treatment and (3)
measurements of serum methylmalonic acid and total homocysteine improve the
quality of test requests in diagnosing and distinguishing cobalamin and folate
det1ciency. To improve the quality of test requesting patterns in the diagnosis of
cobalamin deficiency, in sera of all patients with low or low-normal cobalamin
values, all patients with unexplained hematologic abnormalities and all patients
with unexplained neuropsychiatric abnormalities, methylmalonic acid and total
homocysteine should be measured.
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Introduction
There have been many attempts to influence test requesting patterns in clinical
chemistry, with special emphasis on the efforts to control and modify the amount
of inappropriate requests [1-9].
One of the difficulties has always been to reach agreement on what is
inappropriate, due to the emphasis on reducing the number of requests for
financial reasons only, rather than maximising their informative value. To my
opinion the clinical accuracy (sensitivity and specificity) of the tests requested is
the most important aspect to be considered when evaluating the quality of test
requesting patterns. This is demonstrated in this chapter by an example derived
from the diagnosis of cobalamin (Cbl; vitamin B12) deficiency.
The classical view on Cbl deficiency is that it presents with hematologic
abnormalities (anemia, macrocytosis and hypersegmented neutrophils),
biochemical abnormalities (increased serum lactate dehydrogenase (LDH) and or
total bilirubin (Thil», and neuropsychiatric abnormalities. In these cases the
hematological picture is taken as an important diagnostic feature [10]. It is
well recognized that Cbl deficiency may sometimes present as a neurologic
disorder without anemia or macrocytosis, but such cases are considered rather
exceptional. A recent study however, showed that neuropsychiatric disorders due
to Cbl deficiency occur commonly (in 28 percent of cases) in the absence of
anemia and or elevated mean cell volume (MCV) [11]. Moreover it was
demonstrated that Cbl deficiency exists in a large number of patients with only
subtle biochemical changes, and no hematological and or neurological
abnormalities [12]. This means that if, according to the classical view, Cbl
deficiency is considered unlikely in the absence of anemia and or elevated MCV,
LD H or Thil, the correct diagnosis will not be made in a significant number of
patients.
The assay of serum Cbl is the only diagnostic test for vitamin B12 deficiency that
is widely available. This test however, has two serious disadvantages. Firstly, it
is apparent that the serum Cbl concentration has a low specificity because a high
proportion of patients with low values do not appear to be deficient in vitamin
B12 [13][14]. Secondly, the assumption that the sensitivity of the assay is
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(close to) 100% [15] has shown to be incorrect, because over 5 % of patients
with clinically confirmed Cbl deficiency have normal serum Cbl concentrations
[16]. Correct diagnosis of Cbl deficiency is however important because
delayed appropriate treatment of an existing deficiency may lead to irreversible
neurological damage and inappropriate treatment of a non-existing deficiency is,
although not strictly harmful to the patient, an uncomfortable burden and a waste
of medical services.
The availability of the accurate and precise measurements of the serum
concentrations of methylmalonic acid (Mma) and total homocysteine (Hcy) have
provided for the necessary new tools in diagnosing Cbl deficiency
[17][18]. The serum levels of these two metabolites are increased in
patients with Cbl deficiency, while in patients with folate (Fol) deficiency Hcy
alone is elevated. Mma and Hcy are increasingly regarded as hallmarks for the
diagnosis of clinical Cbl deficiency because their high (combined) sensitivity and
specificity and their return to normal values after correct treatment
[19][20]. The combined use of serum Cbl, Fol, Mma and Hcy currently
provides the maximal utility in diagnosing Cbl deficiency: with this panel the
diagnosiS of a vitamin B12 deficiency can be made or excluded with high clinical
accuracy in almost every patient [19-20].
In this chapter the difference between traditional and current view on Cbl
deficiency and the consequences for test requesting patterns in diagnosing vitamin
B12 deficiency are presented.

Materials and methods
During a 2-month period (july-september 1994) there were 624 samples submitted
for assay of serum Cbl and or Fol at the Department of Clinical Chemistry of the
University Hospital Rotterdam. The serum level of Cbl was less than or equal to
150 pmol/I (low-normal and low values) in a total of 49 samples. These were
matched to 49 age and sex related samples with vitamin B12 > 150 pmol/I
(normal and high values). In these 98 samples, Mma and Hcy were measured,
together with creatinine to rule out high metabolite concentrations caused by renal
dysfunction.
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Vitamin B12 and folate were determined simultaneously by a competitive protein
binding radioassay (SimuITRAC-S vitamin B12[57Co]/Folate[125 I], Becton
Dickinson, Etten-Leur, the Netherlands). Reference values serum Cbl, 120-640
pmol/I and serum Fol, 7.1 - 23.0 nmoi/i.
Total homocysteine was measured after reduction and precolumn derivatization
with SBD-F on a reversed-phase HPLC column, using fluorescence detection
[21][22]. Reference values Hcy, 7.0 - 22.0 "mol/I.
Methylmalonic acid was measured at the department of Clinical Chemistry (Joem
Schneede M.D.), University of Bergen, Norway, using capillary electrophoresis.
This new procedure has not been published yet but is comparable in precision,
accuracy and absolute values to the HPLC method published recently [23].

Interpretation of results; < 0.25 "mol/l : functional Cbl deficiency unlikely; 0.25
- 0.35 "mol/I: borderline, check renal function; > 0.35 "mol/I: functional Cbl
deficiency, if renal dysfunction is excluded (serum creatinine < 110 "mol/I).

Results and discussion
In table 8.1 all results of Cbl, Fol, Mma and Hcy measurements in sera from 49
patients with low or low-normal vitamin B12 (Cbl < 150 pmol/I) levels and
results of the same measurements in samples from the age and sex matched
control samples (normal and high vitamin B12, Cbl > 150 pmol/I) are presented.
None of the patients with borderline or elevated Mma or Hcy values had renal
function impairment (results not shown).
Only 9 of the 49 patients (18 %) with low or low-normal serum Cbl values
(patient no. 1,3,5,18,20,25,29,39,41) showed a substantial elevation of serum
Mma values. All of these 9 patients had elevated Hcy values as well, but only 2
presented with hematological abnormalities. In a recent study, Savage and
colleagues [20] showed a sensitivity of 99.8% for combined Mma and Hcy
measurements in the detection of Chi deficiency. Moreover, they concluded that
normal levels of both analytes (Mma and Hcy) rule out clinically significant Cbl
deficiency with virtual certainty. Based on these results and conclusions, all 9
patients mentioned can be considered Cbl deficient.
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table 8.1

Results for cobalamin (Cbl), folate (Fol), methylmalonic acid (Mma)
and total homocysteine (Hcy) measurements in patient serum.

Low and low-normal vitamin B12 values
Chi
Fol
Mm.
Hey
no
pmol!l
nmol/l
!,mol!l
!,mol!l

1a
2
3a
4
5a
6b
7e
8d
9
10
11
12
13
14d
15
16b
17b
18.
19
20.
21
22
23
24b
25.
26
27e
28
29.
30e
31
32
33e
34
35
36
37
38
39a
40e
41a
42e
43
44b
45
46
47
48
49d

110
136
59
133
141
141
92
119
148
141
120
130
127
105
132
103
118
112
145
136
124
117
97
130
134
148
48
129
96
96
116
111
107
144
129
142
140
141
123
80
64
35
141
119
150
129
141
137
92

7.8
3.9
7.6
9.0
7.2
12.2
2.0
9.8
12.0
9.0
8.1
8.5
9.3
12.1
5.8
15.9
9.7
11.4
15.7
6.2
38.6
5.4
5.0
5.3
>45
5.9
11.1
2.0
4.9
5.6
>45
4.9
6.0
8.3
2.8
4.2
2.0
15.5
7.6
11.5
2.6
9.5
11.7
8.7

a-functional ChI deficiency;
c =functional Fal deficiency;
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0.43
0.17
1.55
0.20
1.13
0.28
0.20
0.16
0.24
0.08
0.09
0.17
0.13
0.06
0.15
0.25
0.25
0.36
0.20
0.57
0.12
0.20
0.12
0.30
0.43
0.19
0.09
0.13
1.03
0.18
0.17
0.11
0.23
0.13
0.09
0.04
0.17
0.24
0.36
0.10
1.05
0.14
0.15
0.26
0.22
0.15
0.15
0.12
0.19

50.3
19.8
39.3
9.6
30.7
13.8
52.4
13.2
15.1
11.3
16.0
12.5
10.6
16.2
28.0
15.8
13.9
95.7
14.0
30.5
17.1
14.4
12.9
21.6
37.4
29.0
52.6
12.9
41.2
31.0
9.8
15.4
51.5
21.0
9.9
10.6
19.3
16.8
46.8
41.1
42.8
88.2
10.8
19.2
7.2
62.6
16.9
10.1
17.9

no

1
2
3
4

5
6
7
8
9
10
11
12
13e
14
15
16e
17
18
19
20
21e
22
23
24
25
26
27
28
29
30e

31
32
33e
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Normal and hifh vitamin B12 values
ChI
Fo
Mma
Hey
pmol!l
nmol!l
"molll
"molll

328
458
464
234
397
389
225
311
281
225
420
338
188
299
319
194
229
750
176
576
171
527
271
977
197
682
236
249
289
272
311
316
330
268
215
340
380
209
310
325
319
260
187
550
233
660
447
775
198

8.0
6.0
13.9
5.5
8.4
11.9
43.1
41.7
14.4
10.9
2.9
5.7
8.4
5.5
9.8
8.3
7.8
11.3
4.9
3.9
10.7
4.7
5.3
12.5
9.4
7.9
4.5
4.3
6.8
5.8
7.5
8.4
6.0
16.6
6.1
9.1
8.8
6.5
9.8
>45
10.7
7.4
12.3
10.4

b=borderline Mma deficiency;
d=falsely low ChI concentrations.

0.21
0.20
0.06
0.11
0.21
0.10
0.12
0.14
0.17
0.13
0.14
0.09
0.06
0.15
0.09
0.18
0.22
0.22
0.15
0.14
0.19
0.11
0.17
0.10
0.06
0.08
0.14
0.12
0.09
0.15
0.07
0.09
0.09
0.25
0.23
0.18
0.07
0.23
0.09
0.08
0.12
0.11
0.12
0.05
0.12
0.07
0.07
0.14
0.10

11.9
16.5
7.5
7.1
10.5
15.2
12.4
7.7
6.9
11.3
9.9
82.2
18.3
19.0
36.4
14.3
22.1
28.0
27.0
20.0
6.2
12.4
11.1
20.2
10.7
10.8
18.6
35.5
26.7
31.5
13.1
7.5
19.2
9.9
15.2
7.9
19.2
12.5
11.6
11.5
10.8
7.4
13.2
10.8
17.0

Quality of test requests
This diagnosis would probably be missed or delayed in 4 of these 9 patients
(44%) if only traditional parameters would have been available, because in these
samples (no. 5,20,25,39) Cbl values were low normal (range 123 - 141 pmol/I)
and hematological and biochemical parameters were normal or missing (not
ordered). 1n 5 additional patients (10 %) with low or low-normal Cbl values the
Mma results were "borderline" (Mma values between 0.25 - 0.35 ,umol/I) while
Hcy values were within the reference range and no hematological and or
biochemical abnormalities were seen (patient no. 6,16,17,24,44). Because
elevation of Mma is typically an early event, often preceding the depression in
serum Cbl or elevation of Hcy [16], these patients can be considered developing a
Cbl deficiency. This could have been seen from Cbl measurements in 3 of 5
"borderline" Mma samples.
1n the low and low-normal Cbl group 6 patients presented with both low Cbl and
Fol concentrations (patient no. 7,27,30,33,40,42) of which 4 had severe anemia.
It is remarkable that in these patients Hcy values are elevated and Mma values are
normal. This suggests that the Fol deficiency is the primary cause and Cbl
dependent Mma metabolism is unimpaired despite the low serum Cbl. The low
serum Cbl level can be readily explained by assuming that the low Fol
concentration causes an impairment of the ileal absorption of Cbl. One may
conclude that in the absence of competition for Cbl by methylfolate- and Cbldependent methionine synthetase even the limited amount of available Cbl is
sufficient for maintenance of normal Mma metabolism.
Additionally, in the low and low-normal Cbl group 28 patients had low-normal
Cbl values (Cbl between 120 and 150 pmol/I). Considering the results of the test
panel as presented in table 8.1, 6 (or 21%) of these patients (no. 5,6,20,24,25,39)
have metabolic Cbl deficiency and need treatment, the results for 2 patients (no.
26 and 46) are doubtful, 1 patient (no. 46) is Fol deficient and all other patients
need no further treatment.
Finally in 3 samples (patient no. 8, 14 and 49) of the low Cbl group, Cbl
concentrations could be considered inaccurate (falsely low) because all additional
parameters (Fol, Mma and Hcy) are normal and Cbl deficiency can be ruled out.
In the matched control group no Mma elevations are seen, even if Fol and or Hcy
are elevated due to Fol deficiency, with exception of patient no. 34 with
125

Chapter 8
borderline Cbl deficiency. This patient was excluded however, because of renal
function impairment (serum creatinine 239,umol/l).
These results and those of others [11,12,14,16,19,20] indicate that (1)
hematological data cannot be used as a selection criterium for serum Cbl requests,
(2) one in five patients with low-normal Cbl has metabolic Cbl deficiency and
needs treatment and (3) measurements of serum Mma and Hcy improve the
quality of test requests in diagnosing and distinguishing Cbl and Fol deficiency.
To improve the quality of test requesting patterns in diagnosis of Cbl deficiency,
in sera from all patients with low or low-normal Cbl values, from all patients
with unexplained hematologic abnormalities and from all patients with
unexplained neuropsychiatric abnormalities Mma and Hcy should be measured.
Further studies are required to answer the question whether Mma and Hcy should
be considered as subsidiary investigations after Cbl and Fol values are obtained
(according to the guidelines of the British Committee for Standards in
Haematology [24]) or should be the essential primary tests in the investigation
of Cbl deficiency.
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Conclusions
For the user of clinical chemical information, only a few performance
characteristics are of interest: the possible errors in the information (precision and
accuracy), the clinical sensitivity and specificity of the laboratory tests, the time
between the submission of the samples and the results to become available
(turnaround time) and the costs associated with the analysis. A quality clinical
chemistry laboratory test should therefore be defined as "the most appropriate
laboratory test, correctly performed at the lowest cost, and reported within an
optimal time frame".
Specifications have to be set for the performance characteristics mentioned in
order to have quantitative and objective criteria for evaluating laboratory
performance. Considering precision and accuracy, consensus is growing that
specifications should be related to within-subject biological variation or, if that is
too stringent, to achievable analytical performance characteristics (that is the
state-of-art).
Total imprecision should be less than one-half of the average within-subject
biological variation or less than the state of art achieved by the best 0.20 fractile
of laboratories, whichever is the less stringent. The second approach may be used
when data on biological variation do not exist.
Inaccuracy should be less than one-quarter of the group (within- plus betweensubject) biological variation or less than one-sixteenth of the reference interval,
when data on group biological variation do not exist or less than twice the ideal
imprecision, if the above specifications are too demanding.
The study of accuracy in clinical chemistry is a difficult problem especially if all
information on composition of reagents and analytical procedures is manufacturer
dependent. In this thesis serum ferritin determination has been chosen as a good
example for such a black box assay. It has been shown that compatibility between
assay results from different kits is lacking. After implementation of a reference
standard the inter-assay variability decreased, but still significant differences in
the absolute values were found. Proper standardisation of ferritin assays is a
major problem because an accuracy base is missing. Use of the mean values from
different assays as a basis for accuracy assumes that the results from all methods
will be randomly distributed around the true value. Regarding the results
presented, this seems very unlikely. The reference system concept (reference
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standard and reference method) therefore has to be used to provide a basis for

accuracy.
This concept is also illustrated with the case of the serum sodium determination.
There is a need for all sodium measurements (both direct and indirect) to be
performed on a serum-water concentration basis. This thesis provides the
necessary accuracy base, i.e. a candidate reference method for coupled sodiumwater determination. The method can be used in the calibration procedure of field
methods and to study the accuracy of consensus values in proficiency testing.
The use of a large number of serum specimens from patients for calibration of
(new) analyzers in clinical chemistry closely approaches the goal of calibration,
i.e. direct comparability of the results of a (new) method with those obtained with
the comparison method in the appropriate test material. This leads to the question
which comparative value is correct, i.e. which comparison methods yield good
estimates of the "true value". Reference methods should be used for this purpose
because these methods "have shown to have negligible inaccuracy in comparison
with their imprecision". If these reference methods are absent, routine methods
have to be used. In that case, calibration resulting in an adjustment of new data in
accordance with cumulative patient means is the approach of choice. The use of
the multi-point calibration procedure presented in this thesis (based on calibration
according to the instructions of the manufacturer and NCCLS EP-9T) greatly
improves the intra-laboratory comparability. If the procedure is based on
reference method data, inter-laboratory comparability can be improved as well,
and unbiased results are produced.
The proper use of turnaround time (TAT) as a quality aspect in clinical chemistry
starts with continuous gathering of stat test TATs in the laboratory. This should
be followed by establishment of pragmatic criteria for acceptability of TAT and
action upon unacceptable results. Acceptable and pragmatic in this is a reflection
of staffing, instrumentation and procedures on TAT limits for each test group.
This is realized by defining TATmax as the 90th percentile of grouped test TAT
results over a representative time period, in order to indicate the actual state-afart of laboratory TAT performance. The third point is the implementation of a
system for fully automated continuous TAT monitoring. The system presented in
this thesis significantly reduced the number of tests exceeding TATmax.
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Clinical chemists should start using TAT as a quality aspect of laboratory
procedures. This means that they should start monitoring and publicizing their
TAT for all stat testing in their institution and that in a dialogue with the
clinicians mutual definitions and goals for TAT should be realized. With
continuous monitoring and identification of factors int1uencing TAT or causing
unacceptable TAT delay, TAT and therefore total quality improvement can be
expected and the percentage displeased clinicians will certainly be reduced.
If a mutual agreement between clinical chemist and clinicians has been achieved

on TATmax under certain well defined conditions, e.g. pH, blood gas and
electrolyte measurements in heart surgery, the clinical chemist has to investigate
whether this goal can be met in the central laboratory or that point-of-care testing
(POCn should be considered. Only a selected group of tests, those that require a
TAT of 5 minutes or less, are candidates for POCT. Significantly reduced TAT is
probably the most dominant feature of POCT. In addition to eliminating most of
the opportunities for pre-analytical errors, the omission of steps associated with
collecting, transporting and processing specimens has cut average TAT for most
POCT to less than 5 minutes. Testing facilities introduced at the point-of-care do
not replace the need for the corresponding testing at the central laboratory, they
only supplement this testing. The main laboratory must still provide these tests 24
hours a day for all other patients and serves as a back-up facility for the POCT.
Thus, the reduction in the numbers of tests at the central laboratory as a result of
the availability of a POCT device only leads to minor savings in operating costs
and, more important, in the costs of technical personnel. When testing is moved
to the point-of-care most of the expenses incurred in the central laboratory remain
essentially unchanged, making the costs of processing tests at the point-of-care
appear to be higher. As noted before, however, there may be significant cost
savings for other aspects of patient care. This requires shifting of the focus from
the laboratory to the hospital as a whole when regarding expenditures. This
combines cost-benefit analysis with cost-effectiveness analysis, that is
measurement of outcome in economic terms and natural units such as quality of
care and number of lives saved. In conclusion, the two most important criteria for
the implementation of POCT ought to be increase of the quality of patient care
and decrease of hospital costs.
132

Conclusions
Quality aspects of analytical results are to be applied to all testing regardless of
where the tests are performed and by whom. So quality assurance procedures for
point-of-care instruments should be identical to those in central laboratories in
order to ensure the highest quality blood test results and to meet current or future
regulations and/or standards. It is unrealistic to believe that conventional quality
assurance procedures will be applied routinely in POCT and, if they are, that the
operator would act appropriately upon the results. The quality control of
performance must therefore be engineered into the system to make it as fool-proof
as possible. A very important issue in point-of-care testing is the registration of
measurement data from patient samples as well as from quality control material.
The small, sometimes hand-held, point-of-care equipment should contain data
storage facilities so as to collect measurement data for several patients together
with patient identification information and registration of date and time of day.
Other aspects of registration not to be forgotten are the data of the evaluation
study of the point-of-care instrument and the education and training status of the
testing personnel. In my opinion, the clinical chemistry department should hold
the responsibility, which extends to (1) the choice and evaluation of the necessary
methods and equipment, (2) the implementation of an appropriate quality control
system, (3) supervision of the analytical process, (4) education and training of the
testing personnel and (5) budget control.
Compact pH, blood gas and electrolyte analyzers with TATs within minutes are
now available and can be used at the point-of-care (POC). The Gem Premier
represents a new generation of such POC monitors. It utilizes polarography,
potentiometry and conductance for the measurement of pH, blood gases, sodium,
potassium, ionized calcium and hematocrit. This system produces results that
show a significant correlation with results of established laboratory systems. Interinstrument analyte comparisons (at the central laboratory and at the POC) were
highly and significantly correlated for all analytes. The correlation coefficient
however, was closer to unity in the comparison of each analyte in the central
laboratory compared with the evaluation at the POCo Pre-analytical errors
assoeiated with pH, blood gas and electrolyte measurements are only relevant for
central lab testing and therefore could be a possible explanation for the
discrepancy between correlation data for central lab and POCT. ImpreciSion data
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are acceptable for within-cartridge imprecision, The between-cartridge
imprecision exceeded the criteria for maximum allowable imprecision based on
one or more generally accepted strategies, This is partly compensated however,
by the removal of sources of error in the pre-analytical phase, The inaccuracy of
means of assay results was acceptable if judged according to reference method
values, It is perfectly clear that the median TAT for POCT with the Gem Premier
was significantly shorter compared to median TAT for central laboratory testing
for the same analytes, Combined with the case of use, data registration facilities,
system lock-out features for QC or calibration failure and minimal maintenance
this makes the Gem Premier suitable for use in a POC setting where the
availability of test results with TAT's < 5 minutes is considered necessary,
To my opinion the clinical accuracy (sensitivity and specificity) of the results of
the tests requested is the most important aspect to be considered when evaluating
the quality of test requesting patterns, This is demonstrated by an example
derived from the diagnosis of cobalamin (Cbl; vitamin B12) deficiency, The assay
of serum Cbl is the only diagnostic test for vitamin B12 deficiency that is widely
available, This test however, lacks both specificity and sensitivity, The
availability of the accurate and precise measurements of the serum concentrations
of methylmaionic acid (Mma) and total homocysteine (Hcy) have provided for the
necessary new tools in diagnosing Cbl deficiency, The results in this thesis and
those of others indicate that (1) hematological data cannot be used as a selection
criterium for serum Cbl requests, (2) 1 of 5 patients with low normal Cbl has
metabolic Cbl deficiency and needs treatment and (3) measurements of serum
Mma and Hcy improve the quality of test requests in diagnosing and
distinguishing Cbl and folate deficiency, To improve the quality of test requesting
patterns in the diagnosis of cobalamin deficiency, in sera of all patients with low
or low-normal Cbl values, all patients with unexplained hematologic abnormalities
and all patients with unexplained neuropsychiatric abnormalities, Mma and Hcy
should be measured,
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The studies described in this thesis were undertaken to (1) illustrate the
importance and the proper use of the traditional quality aspects precision and
accuracy and to (2) focus on quality of laboratory service as a relatively new
component of quality and its consequences for laboratory performance, with
special emphasis on point-of-care testing.
The importance of accuracy based reference systems (reference preparation and
reference method) in clinical chemistry is emphasized, using the measurement of
serum ferritin as an example. In chapter 2 is demonstrated that the results
obtained by different serum ferritin immunoassays were not comparable to each
other, even after introduction of a reference preparation for the calibration of
serum ferritin immunoassays. Using this NBSB 80/602 human liver reference
standard for the calibration of ferritin immunoassays reduced the inter-assay
variability, but represented only the first important step towards standardisation of
ferritin immunoassays, because results from different assays still showed
significant differences versus each other. To diminish inter-assay variability and
to increase the accuracy of serum ferritin determinations, implementation of a
reference method (based on detection of ferritin subunits after denaturation and
separation by HPLC) in combination with the NBSB 80/602 standard, should be
the second important step towards accurate standardisation of ferritin
immunoassays.
The way in which the results of measurements are reported can affect the
accuracy of test results. For the determination of sodium a definitive as well as a
reference method have been developed. However, both methods report the assay
results as molarity i.e. sodium concentration per litre serum or plasma. Therefore
assay results are sensitive to the serum volume occupied by proteins and lipids.
This sensitivity may lead to misinterpretation of electrolyte status if serum
samples with abnormal protein and or lipid status are concerned. In chapter 3 a
candidate reference method for coupled sodium-water determination based on ionexchange sodium separation from the serum matrix followed by gravimetry as
Na,SO, and serum water determination by means of microwave evaporation is
described. The candidate reference method can be considered a reference method
because (1) the reference method values did not differ significantly from the
definitive method values, (2) there is no known source for interferences or bias,
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and (3) misinterpretation due to abnormal protein (or lipid) status is excluded
results being presented as sodium molality (concentration per litre plasma water)
or sodium molarity after correction for abnormal water contents.
In chapter 4 is shown that the calibration of two identical multitest clinical
chemistry analyzers according to the instructions of the manufacturer resulted in
significant differences in assay results of the two analyzers in twelve of the
twenty-two methods. To remove these differences an additional multi-point
procedure for method comparison and bias estimation was introduced. The use of
this multi-point calibration procedure (based on calibration according to the
instructions of the manufacturer and NCCLS EP-9T) greatly improved the intralaboratory comparability if routine methods were used as comparison methods.
When the procedure was based on reference method data, inter-laboratory
comparability could be improved as well, and unbiased results were produced
with both analyzers. I conclude that the multi-point calibration procedure
therefore should be used on a regular basis for all measurement systems in
clinical chemistry to order to (re)assure accurate assay results.
With regard to the quality of laboratory service, the specimen turnaround time
(TAT) and the quality of test requesting patterns are considered most important.
In chapter 5 a system of computer programs for fully automated monitoring of
TAT of all stat test requests is presented. The program-related procedures took
less than 30 minutes per day. The system was used primarily to establish
pragmatic criteria for acceptability of TAT and to act upon unacceptable TAT.
This resulted in a significant reduction of the number of tests exceeding the
maximum allowable TAT. Secondary, the system was used to evaluate the impact
of monitoring and organizational structures on TAT and to examine the need for
decentralized testing.
If it is not possible to produce information within the desired TAT in the central
laboratory, decentralized testing (point-of-care testing, POCT) should be
considered. In my opinion (presented in chapter 6) point-of-care technology offers
new possibilities for the clinical chemistry profession, provided the clinical
chemists and their staff are prepared to change, to bring the service of the
laboratory to the patient and to take responsibility for maintenance of the
laboratory level of quality at the point-of-care (POC). Moreover, POCT, if used
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for specific tests in areas where rapid TATs are critical for clinical and or
financial reasons, can be a cost-effective extension of central laboratory services.
In chapter 7 all quality aspects presented previously pass in review in the
evaluation of the Gem Premier, the first representative of a pH, blood gas and
electrolyte analyzers especially developed for POCT. The purpose was to evaluate
this multicharmel microchemistry instrument in the clinical setting for which it is
intended, both in terms of comparative performance against clinical chemistry
laboratory instruments and its potential utility in decreasing TAT and preanalytical error. The Gem Premier system produced results which show a
significant correlation with results of established laboratory systems. Imprecision
data were acceptable for within-cartridge imprecision. The between-cartridge
imprecision exceeded the criteria for maximum allowable imprecision based on
one or more generally accepted strategies. This was partly compensated however,
by the removal of sources of error in the pre-analytical phase. The inaccuracy of
means of assay results were acceptable if judged according to reference method
values. Combined with the quick availability of results, ease of use and minimal
maintenance, these qualities make the Gem Premier suitable for use in a POC
setting where the availability of test results with TAT's < 5 minutes is
considered necessary.
In chapter 8 the second important component of laboratory service, the efficiency
of test requesting patterns, is demonstrated, using the differential diagnosis of
cobalamin deficiency as an example. The results in this chapter and those of
others indicate that measurements of serum methylmalonic acid and total
homocysteine improve the quality of test requests in diagnOSing and distinguishing
cobalamin and folate deficiency. To improve the quality of test requesting patterns
in diagnosing cobalamin deficiencies, in sera of all patients with low or lownormal cobalamin values, all patients with unexplained hematologic abnormalities
and all patients with unexplained neuropsychiatric abnormalities methylmalonic
acid and total homocysteine should be measured. Further studies are required to
answer the question whether methylmalonic acid and total homocysteine should be
considered as subsidiary investigations after cobalamine and folate values are
obtained, or should be the essential primary tests in the investigation of cobalamin
deficiency.
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Samenvatting
Het in dit proefschrift beschreven onderzoek werd uitgevoerd (1) om het belang
van het gebruik van de traditionele klinisch-chemische kwaliteitsaspecten precisie
en juistheid te illustreren en (2) om de kwaliteit van de dienstverlening vanuit het
klinisch-chemisch laboratorium nader te definieren en als extra kwaliteitsaspect te
implementeren met speciale aandacht voor decentraal laboratoriumonderzoek.
Het belang van het gebruik van op juistheid gebaseerde referentiesystemen wordt
benadrukt in hoofdstuk 2, waarbij de meting van serumferritine als voorbeeld
werd gebruikt. Vit hoofdstuk 2 blijkt dat de resultaten van verschillende
ferritinebepalingen significant van elkaar verschilden, ook na kalibratie van de
methoden met het internationale referentiepreparaat NBSB 80/602. Die kalibratie
verminderde weliswaar de inter-methodevariabiliteit, maar de methoden bleven
veelal significant van elkaar verschillen. Om de inter-methodevariabiliteit verder
te verminderen en tevens de juistheid van de ferritinebepalingen te verhogen,
dient implementatie van een referentiemethode voor ferritine (bijvoorbeeld
gebaseerd op de bepaling van ferritinesubunits na denaturatie en scheiding
middels HPLC en gekalibreerd met het genoemde referentiepreparaat) als tweede
belangrijke stap in de richting van een juiste standaardisering van
ferritinebepalingen te worden gezien.
De manier waarop meetresultaten worden weergegeven kan de juistheid van het
resultaat beinvloeden. Voor de bepaling van natrium is zowel een definitieve als
een referentiemethode ontwikkeld, maar beide rapporteren de meetresultaten als
molariteit, d.w.z. natriumconcentratie per liter serum of plasma. Daardoor zijn de
meetresultaten afbankelijk van het watergehalte van het serum of plasma, wat
leidt tot mis-interpretatie van de meetuitkomsten indien het natriumgehalte in
monsters met een afwijkend eiwit- en of lipidengehalte (en dus een afwijkend
watergehalte) wordt bepaald. 1n hoofdstuk 3 wordt een kandidaatreferentiemethode beschreven die dit probleem oplost. De methode is gebaseerd
op een scheiding van natrium van de matrix op basis van ionen-wisselings
chromatografie gevolgd door een gravimetrische natriumbepaling en een serum
waterbepaling met behulp van een magnetron. Deze methode kan als een
referentiemethode worden beschouwd, daar de resulten niet significant van die
van de definitieve methode bleken te verschillen, er geen bekende bron voor
interferenties en onjuistheid bekend is en mis-interpretatie, veroorzaakt door een
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afwijkend eiwit en of lipidengehalte uitgesloten is door weergave van de
resultaten als natrium-molaliteit (concentratie per liter plasma water) of als
natrium-molariteit na correctie voor een abnormaal watergehalte.
In hoofdstuk 4 wordt aangetoond dat de resultaten van 12 van de geteste 22
methoden op \wee identieke analyse-instrumenten significant van elkaar
verschilden indien de beide analyse-instrumenten gekalibreerd werden volgens de
voorschriften van de betreffende fabrikant. Deze verschillen konden worden
weggenomen door gebruik te maken van een meer-punts kalibratieprocedure die
de kalibratie volgens voorschriften van de fabrikant uitbreidt met een op een
methodevergelijldng gebaseerde juistheidscorrectie volgens het NCCLS EP-9T
protocol. Indien deze procedure werd gebaseerd op een vergelijldng met
routinemethoden werd daarmee de intra-Iaboratorium vergelijkbaarheid verhoogd
en kon het uitgangspunt, een gelijkblijvend patientengemiddelde, worden
gerealiseerd. Indien beschikbaar werden echter bij voorkeur referentiemethoden
gebruikt, daar dan ook de inter-Iaboratorium vergelijkbaarheid en de juistheid
verbeterd konden worden. Het is noodzakelijk om de meer-punts
kalibratieprocedure periodiek te herhalen om de juistheid van de betreffende
meetresultaten Ie kunnen handhaven.
Voor wal de dienstverlenende aspecten betreft, kan gesteld worden dat de
doorlooptijden van laboratoriumonderzoek en de kwaliteit van de aanvragen voor
laboratoriumonderzoek het meest belangrijk blijken te zijn. In hoofdstuk 5 wordt
een volledig geautomatiseerd systeem voor de monitoring van de doorlooptijden
van al het cito aangevraagde onderzoek beschreven. De benodigde procedures
namen gemiddeld niet meer dan 30 minuten per dag in beslag. Het systeem werd
primair gebruikt om pragmatische criteria voor de maximaal toelaatbare TAT
(TATmax) op te stellen en Ie handelen bij overschrijding van de TATmax. Dit
resulleerde in een significante reductie van het aantal testen dat de TATmax
overschreed. Secundair werd het systeem gebruikt om de invloed van monitoring
en organisatiestructuur op TAT te evalueren en om de noodzaak voor decentraal
laboratoriumonderzoek (point-of-care testing, POCT) te onderzoeken.
Indien het niet mogelijk blijkt om in het centrale laboratorium resultaten te
produceren binnen de gewenste TAT, dan dient POCT te worden overwogen.
Naar mijn mening (weergegeven in hoofdstuk 6) dient zich met het beschikbaar
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komen van point-of-care technologie een nieuw belangrijk aandachtsgebied aan
voor de klinische chemie. Indien de klinisch chemicus daarop anticipeert en door
actief beleid decentraal een laboratoriumkwaliteit garandeert, kan POCT een
waardevolle aanvulling zijn van centraal laboratoriumonderzoek. Dit geldt
evenwel voor een relatief klein aantal testen waarvoor onder speciale
omstandigheden zeer korte doorlooptijden om klinische, organisatorische of
financiele redenen gewenst zijn.
In hoofdstuk 7 passeren aile voorgaande kwaliteitsaspecten de revue bij de
evaluatie van de Gem Premier, de eerste vertegenwoordiger van een pH-,
bloedgas- en elektrolyten-analyser, speciaal ontwikkeld voor POCT. Deze
analyser werd zowel op het laboratorium als op een intensive care geevalueerd,
met speciale aandacht voor de potentiele mogelijkbeid tot reductie van TAT en
pre-analytische foutenbronnen, zijnde de twee belangrijkste wapenfeiten van
POCT. De Gem Premier produceerde resultaten die een significante correlatie
met overeenkomstige methoden op het centrale laboratorium vertoonden. De
binnen-cassette imprecisie is acceptabel, de tussen-cassette imprecisie overschrijdt
echter de maximum toelaatbare imprecisie. Dit wordt echter (deels)
gecompenseerd door de afwezigheid van de pre-analytische component in de
totale imprecisie. De onjuistheid van de methoden is acceptabel gezien de
resuitaten van de vergelijkingen met de betreffende referentiemethoden. Dit, in
kombinatie met de zeer korte doorlooptijd, het gebruiksgemak en het niet
noodzakelijk zijn van onderhoudswerkzaamheden, maakt dat de Gem Premier
geschikt is voor POCT in een omgeving waar TATs van < 5 minuten
noodzakelijk geacht worden.
In hoofdstuk 8 wordt het belang van de tweede belangrijke komponent van de
dienstverlening, de kwaliteit van de aanvraag, gedemonstreerd aan de hand van
het onderzoek naar een cobalamine (Cbl) deficientie. Mijn resultaten en die van
anderen toonden aan dat bepaling van methylmalonzuur (Mma) en totaal
homocysteIne (Hcy) de kwaliteit van de aanvragen voor onderzoek naar diagnose
van een Cbl-deficientie en het onderscheid met een folaatdeficientie verhogen.
Verder onderzoek dient uit te wijzen of Mma en Hcy als aanvullende bepalingen
op de bepaling van Cbl en folaat moeten worden gezien, of dat beide bepalingen
primair bij verdenking op een Cbl-deficientie moeten worden aangevraagd.
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