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Clinical Chemistry

Clinical chemistry and laboratory medicine can look back over more
than 150 years of eventful history. The subject encompasses all the
medicinal disciplines as well as the remaining natural sciences. Clinical
chemistry demonstrates how new insights from basic research in bio-
chemical, biological, analytical chemical, engineering, and informa-
tion technology can be transferred into the daily routine of medicine to
improve diagnosis, therapeutic monitoring, and prevention. This
Review begins with a presentation of the development of clinical
chemistry. Individual steps between the drawing of blood and inter-
pretation of laboratory data are then illustrated; here not only are
pitfalls described, but so are quality control systems. The introduction
of new methods and trends into medicinal analysis is explored, along
with opportunities and problems associated with personalized medi-
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decisive not only for those affected and
their future lives, but also—with a view
toward the costs resulting from health

cine.

[(4
| feel it strongly and | am convinced that the efforts of

chemistry will change the face of medicine.!
Antoine Frangois de Fourcroy

1. Introduction
1.1. Current Status of Clinical Chemistry in Medicine

There has been a fundamental transformation in medicine
over the course of the last 20 years: Originally, laboratory
parameters were determined only selectively, and usually
during the course of therapy; laboratory analysis was
intended to confirm a tentative diagnosis based on clinical
or radiological information. Today, on the other hand, thanks
to a broadening of the spectrum of analysis, increased
sensitivity of detection methods, and a much higher informa-
tive value of the individual parameters, these determinations
are made much earlier. In many cases, laboratory studies
serve to provide diagnoses or to detect increased risks of
disease. Moreover, for physicians with clinical responsibilities,
the determination of laboratory parameters has become
indispensable for monitoring the progress of therapy
(decrease in signs of infection or decline in tumor markers)
and early detection of side effects and complications (mon-
itoring of liver and kidney parameters during chemotherapy).
In this way, clinical chemistry definitively influences the
targeted course of treatment as well as the quality of medical
achievement—and this to an increasing extent on an individ-
ual basis, namely, tailored to the specific patient.

With respect to the most prevalent illnesses in society
today—coronary and circulatory disease, cancer, and meta-
bolic problems (above all, diabetes mellitus)}—important
roles are played not only by treatment but also by early
diagnosis and the establishment of heightened risk (preven-
tative medicine). Here laboratory medicine provides a sup-
port that is gaining in importance, since disease can be
counteracted even at a preclinical stage (that is, before the
first appearance of symptoms). Early diagnosis is clearly
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care—for society at large. Both an
illness itself and other diseases that
result can run up enormous costs.
Modern diagnostic methods can often shorten or even
eliminate hospital stays. Requested laboratory parameters
may, for example, in patients with elevated temperatures and/
or breathing difficulties, help distinguish a coronary insuffi-
ciency from a pulmonary embolism or pneumonia, and
perhaps rule out one or the other. On the basis of physical
measurements it may be possible to decide whether follow-up
studies should be initiated—which may entail costly imaging
or invasive procedures—or if hospitalization or even intensive
care is required. Furthermore, decisions may be made about
the extent to which medication (for example, antibiotics)
should be administered. Certain laboratory parameters have
shaped the characterization and management of disease, as
with troponine in the case of myocardial infarction.

1.2. The Functions of Clinical Chemistry

According to the Sanz and Lous definition for the
International Federation of Clinical Chemistry (IFCC),
clinical chemistry is responsible for clinical-chemical analysis
in the qualitative and quantitative description of a (patho)-
physiological state. It is an integral part of diagnosis, therapy,
and monitoring, but also the prevention of disease as well. To
this comes also the introduction of new laboratory methods.?
This definition was revised and extended by the IFCC in 1995.
Accordingly, clinical chemistry is responsible for the applica-
tion of chemical, molecular, and cellular strategies (concepts)
and techniques for the better understanding and assessment
of human health and disease. It encompasses the fields of
hematology and hemostaseology, but is distinct from micro-
biology, virology, serology, histology, and cytology.

[*] Dr. Dr. ). Durner
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Ludwig-Maximilians-Universitdt Minchen
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1.3. Beginnings of Clinical Chemistry

The history of scientific medicine has been shaped by
progress in physiological and organic chemistry. Hippocrates
of Cos (ca. 460-370 BC) studied the appearance and the odor
of feces. The first systematic medicinal laboratory diagnosis
has been attributed to the twin brothers Saints Cosmas and
Damian who, according to legend, succeeded in replacing a
gangrenous leg with the leg of an Ethiopian who had recently
died.P! These two physicians were sentenced to death, in part
as a result of their activities, but also for their conversion in
the year 289 to Christianity.

Physicians attempted to derive information about the
presence of disease through “laboratory chemistry”, with
experiments on blood (blood letting, hemoscopy) and espe-
cially urine (uroscopy). Hemoscopy was already being
practiced by Hippocrates. Hemoscopic blood was collected
in vessels to observe the possible formation of a “Crusta
phlogistica” (“buffy coat”), which was regarded as signifying
an inauspicious prognosis. Uroscopy reached its high point in
the Middle Ages. An attempt was made to draw conclusions
about the site of a disease within an organism on the basis of
where the urine displayed turbidity in a urine bottle. Up until
the middle of the 19th century, medicine was shaped by
natural philosophy, which resulted in a host of different—and
to some extent mutually contradictory—doctrines, such as the
irritability school of Glisson (1597-1677) and Haller (1708-
1777), which was diametrically opposed to the vitalism of
Hufeland (1762-1836). Parallel to the latter, although differ-
ing in medications, was the homeopathic law of similarities
championed by Hahnemann (1755-1843).1

The notion that organs were the
site of diseases, and that it was

J. Durner

by the characteristics of a disease (clinical symptoms—signs
that could be objectified, such as changes in the skin). A new
concept was introduced to facilitate the study of these
characteristics: large clinics were established, in which a
great many patients with the same disease could be observed
and studied, including by laboratory means."” The basis of this
advance was recent headway in laboratory analysis, founded
on such groundbreaking work as the elemental analysis of
Gay-Lussac (1778-1850), Thenard (1777-1857), von Berze-
lius (1779-1848), and von Liebig (1803-1873).5°! By 1840,
approximately 1400 organic compounds were known, and the
period around 1840 is regarded as the point of origin of the
discipline “clinical chemistry”, since, especially in the
German-speaking world, it was then that the first textbooks,
handbooks, and journals appeared, scientific societies were
organized, and independent university facilities were erected
(for example, in Berlin, Wiirzburg, and Vienna). Clinical
chemistry was practiced somewhat earlier in England and
France, but there was no institutionalization of the subject at
that time. It also became clearer at an earlier date in the
German-speaking world that the subject owed its roots to
chemistry, for which reason it was occasionally referred to as
“pathological chemistry”. In England and France, by contrast,
the roots were perceived to be in medicine, thus leading to the
alternative term “chemical pathology”. The euphoria associ-
ated with the new discipline lasted only about a decade,
however, since the chemical tools available (Table 1) for
analysis and diagnosis were at first overrated, and also it
became apparent how little was known about the physio-
biochemical contexts (“a pathological chemistry with no
physiological basis”).'”) Moreover, chemists were dedicating

Table 1: Analytical instruments in early clinical laboratories. Modified from Ref. [13].

essential to study the anatomy of

organs, had its origin in the work of ~Analytical instrument

Examples

Morgagni (1682-1771).F The chem-
ist and physician de Fourcroy
(1755-1809) strove to integrate
chemistry into medicine.”) A new
interpretation of the idea of “dis-
ease” appeared toward the end of

balance
volumetric instruments

polarimeter
the 18th century: no longer were spectroscope
individual symptoms in the fore- colorimeter
ground, instead these were replaced ~ photometer

instruments for density measurement
instruments for gas analysis
microscopy with analysis equipment

apothecary’s balance, microscales (<1 mg)
graduated cylinder, volumetric flask, pipettes, burettes
(as per Gay-Lussac and Mohr)

hydrometer, “urine sampler”

gas pipettes, gas absorption tube

ocular micrometer, ocular goniometer

Biot/Soleil and Mitscherlicht

Kirchhoff and Bunsen

Duboscq

Vierordt, Hiifner, and Pulfrich
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evaluation of analytical apparatus, disorders
in lipid metabolism, and directs a lipid
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themselves increasingly to organic synthesis. Many clinical
laboratories served mainly for research purposes, with
chemists leaving clinical work to the physicians. Bacteriology
and parisitology developed toward the end of the 19th
century, from which it was anticipated that results would be
achieved more rapidly with respect to diagnosis and therapy
of diseases.!"

The discipline became established in the USA around the
end of the 19th century, as biochemical analytical techniques
were incorporated into the academic training of physicians.™"
The possibility to quantify analytes, as illustrated by the
development of glucose determinations in urine (Table 2), as
well as further advances in biochemistry and the construction
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Table 2: Glucose determination in urine: development of assay techniques.”! Modified from Ref. [13].
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Further automation presupposed an

automatic pipetting system, a
mechanical drive arrangement for

Discoverer Year Nature of the Characteristics Results
assay

Willis 1674 taste test sensory sensation

Bobson 1776 extraction chemical detection

Home 1780 fermentation

Trommer 1841 chemical test

Vogel 1858 chemical test semiquantitative

chemical test

Bouchardat 1841 polarimetry quantitative analysis
Heintz 1843 polarimetry

Fehling 1848 titration

Einhorn 1885 fermentation

sweet taste
quantitative: detectable or not
detectable

reactivity: not detectable, 4+, ++,
o+
concentration report

the cuvettes, and an analogue/digi-
tal converter for the output signal.
An American by the name of
Skeggs was heavily involved in the
development of an automated ana-
lyzer.™ The first completely auto-
matic determinations of urea, glu-
cose, and calcium were demon-
strated at the International Con-
gress on Clinical Chemistry in

[a] “Diabetes” means “allow to pass through”, and “Mellitus” means “honey-sweet”; Diabetes mellitus

therefore means essentially “honey-sweet discharge”.

of new laboratories during the First World War added new
impulses to the discipline.”! After the Second World War the
internationally uniform designation “clinical chemistry” was
introduced by the American Association of Clinical Chemists
(AACC) and the IFCC.”

1.4. Automation of Analysis through Enzymatic Colorimetry

In the second half of the 20th century, enormous advances
in the fields of biochemistry, technology (mechanics, optics,
hydraulics, electronics, data processing), and methodology, as
well as greater sensitivity and more specific analyses, trans-
formed clinical chemistry into an important and indeed
indispensable component of medical diagnostics.!'*!*!

The need for automation in the field of clinical chemistry
is illustrated by the following example: the clinic of the
University of Munich (LMU) operates at two sites, in which
about 83000 inpatients and 371000 outpatients are treated
annually. The 44 specialty clinics, institutes, and divisions
involved provide a total of more than 2400 beds. At the
Grosshadern facility alone, there are between 15000 and
18000 individual analytical values to be determined every
weekday. Apart from the need for standardized sample
logistics, this presents a challenge from the standpoint of the
analytical instrumentation. Rapid mastery of this workload
was achieved in large measure through advances in enzymatic
colorimetry, which is the basis for many routine detection
methods.

Purely colorimetric procedures for analyte quantification
are often nonspecific, since other substances can influence a
color reaction, and thereby falsify the result. Starting in 1928,
Warburg (1883-1970) developed photometric methods for
use in his enzyme research. The first devices for routine
analysis that took advantage of enzymatic colorimetry based
on Warburg’s efforts started to be marketed in 1955. Data
derived from an enzymatic reaction were plotted on paper
calibrated with a millimeter grid, and the slope of the best-fit
line was established with a protractor. From the resulting
angle and a conversion table, the enzyme activity could be
established. The procedure was time-consuming and costly in
terms of personnel. Serial analyses were especially arduous.

Angew. Chem. Int. Ed. 2010, 49, 1026 —1051
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1956.91 The most demanding chal-
lenge in producing a fully automatic
analytical system was the photo-
meter: it was necessary to obtain
data at about ten different wavelengths to cover the complete
spectrum of clinical-chemical parameters. For this reason,
batch analyzers were initially employed, that is, a single
parameter was first measured on up to 100 samples, after
which the system was adjusted for the next parameter. A
major breakthrough occurred in the early 1980s with the
introduction of a new photometric principle: the diode-array
spectrophotometer. Light from a high-pressure xenon lamp
was passed first through a sample cuvette and then with the
aid of a polychromator (grating monochromator, prism) split
horizontally into its component wavelengths and spread out.
Photodiodes for the various wavelengths of interest were
distributed along this expanded light sector. Multiple wave-
lengths from a sample could, therefore, be analyzed simulta-
neously, thereby making it possible to take measurements at
as many wavelengths as desired from a fixed spectrum, with
work cycles of less than ten seconds.

Another milestone in routine analysis was the introduc-
tion of the immunoassay. Groundbreaking efforts from Yalow
and Berson on the determination of peptide hormones by a
radioimmunoassay technique go back to the 1950s, work for
which Yalow received the Nobel Prize in 1977.'! Further
improvements and the introduction of a number of variants
on the immunoassay technique have led to dramatic increases
in its significance in recent years. The use of monoclonal
antibodies has extended its effective range into the pmolL '
region. In this way, immunoassays have made possible the
determination, for example, of hormones, tumor markers, and
medication levels.

2. Medicinal Laboratory Diagnostics and Quality
Control

Medicinal laboratory diagnostics encompasses the fields:

e clinical chemistry (incl. hematology, hemostaseology),

e immunology (incl. allergology, immunogenetics, immuno-
hematology),

e microbiology (incl. bacteriology, mycology, parasitology,
infectious disease serology, molecular biology),

e virology (incl. infectious disease serology, molecular
biology),

www.angewandte.org
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o human genetics (molecular human genetics, cytogenetics,
tumor cytogenetics),

e pathology (incl. neuropathology, histology, cytology),

e transfusion medicine (incl. blood-group serology, trans-
fusion serology),

e hospital hygiene,

e functional studies on patients (for example, determination
of bleeding time, *C-breath tests, H,-lactose breath tests,
oral glucose-tolerance test, pancreolauryl test, xylose test).

In the following, only clinical chemistry (general clinical
chemistry, serology immunochemistry, protein chemistry,
endocrinology, metabolic chemistry, and drug monitoring),

J. Durner

including the fields of hematology and hemostaseology, will
be considered.

Over 6000 experimental procedures with subspecifica-
tions are available for analytical purposes. A selection of
important methods has been assembled in Table 3.7 The
material for study in clinical-chemical laboratories is very
diverse, depending upon its origin and nature. Quantification
may need to be conducted starting with, for example:

e bodily fluids, such as blood, saliva, cerebrospinal fluids,
gastric juices, bile, duodenal juice,

e cxcretions, such as sweat, feces, sputum, urine, pus,

e tissue samples, such as bone marrow.

Table 3: Choice of analytical procedure for the routine determination of analytes.

Spectrometry:
@ absorption spectroscopy/
photometry
® UV/Vis/NIR/IR spectroscopy
@ atomic absorptions spectroscopy
(AAS)
e atomic fluorescence spectroscopy
(AFS)
® NMR spectroscopy
@ luminescence spectroscopy: biolu-
minescence measurement, chemilumi-
nescence, fluorescence, time-resolved
fluorescence, fluorescence polarization
and phosphorescence spectroscopy

Ligand assays:
® enzyme immunoassay
o fluorescence immunoassay
® immunoblot (Western blot)
@ luminescence and electrochemilumi-
nescence immunoassay (CLIA/ECLIA)

Chromatography:
o thin-layer chromatography (TLC)
@ liquid chromatography (LC)

Electrophoresis:
e zone electrophoresis-
cellulose acetate; electrophoresis
® immunoelectrophoresis/
immunofixation
@ isoelectric focusing
@ pulse-field gel electrophoresis

o nephelometry/
immunonephelometry
o turbidimetry/
immunoturbidimetry
® atomic emission
spectroscopy (AES)
o flame emission
spektroscopy

® ICP mass spec-
trometry (ICP-MS),
MALDI-TOF-MS

o fluorescence polar-
ization enzyme
immunoassay

o radioimmunoassay
® receptor assay

® gas chromatogra-
phy (GC) and GC-MS
@ high-performance
liquid chromatogra-
phy (HPLC) and
HPLC-MS

@ counterimmune
electrophoresis
(countercurrent elec-
trophoresis)

@ isotachophoresis
o capillary electro-
phoresis

@ rocket electropho-
resis

Blood cell counts:

@ impedance measurement

o flow cytometric cell count deter-
mination with cytometric or cyto-
chemical-cytometric cell classifica-
tion

particle property determination with
automated processing (particle
counting and particle size determi-
nation of blood cells)

@ immunophenotyping of haemato-
peoetic cells (flow cytometry)

Electrochemical studies:

® amperometry: O, partial pres-
sure (Clark electrode)

@ potentiometry: pH value, CO,
partial pressure, ion-selective elec-
trodes

e coulometry
® voltammetry

Molecular biological methods:

@ (real-time) polymerase chain
reaction

@ Southern blot

o fluorescence in situ hybridization
(FISH)

@ evidence for single-nucleotide poly-
morphisms (SNPs) with, e.g. restriction
fragment length polymorphisms
(RFLPs), FRET probes (FRET: fluores-
cence resonance energy transfer), den-
sity gradient gel electrophoresis (DGGE),
denaturing HPLC (DHPLC)

Other procedures:

® aggregometry (thrombocyte
function tests: impedance aggreg-
ometry: PFA 100, ROTEM)

o filtration (adsorption filtration,
membrane filtration, ultrafiltration)
® immunohistochemistry

@ microscopy (light and dark field,
fluorescence, and phase-contrast
microscopy)

e qualitative studies with visual
evaluation (e.g. osmotic erythrocyte
resistance)

o reflectometry/carrier-bonded
methods of analysis

@ rheology, viscosimetry

® areometry

@ X-ray diffraction (concretion analysis)
@ coagulometry

@ osmometry: cryoscopy, vapor-pres-
sure osmometry

e sedimentation studies (erythrocyte
sedimentation rate)

@ radioactivity measurement

e centrifugation: analytical ultracentri-
fugation, density-gradient centrifugation

www.angewandte.org
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Analytical results from the sample types listed above
make an important contribution toward diagnosis and ther-
apeutic determination. High quality and reliability with
respect to the findings is thus indispensable. To standardize
the process and also provide transparency, as well as to
exclude sources of error and to ensure that laboratory
findings are correct and reliable, some system of quality
control and management is indispensable.

The history of quality assurance in medicine had its origin
in 1835 with the estimation of measurement errors through
multiple determinations on the same sample (precision), and
is closely associated with the name Quételet (1796-1874).07181
Medical laboratories and manufacturers of medical products
can become accredited today if they fulfill certain legally and
normatively defined principles. Such a foundation leads to a
well-functioning system of quality control. This can be
achieved in general and for all disciplines if the requirements
of Norm DIN EN ISO/IEC 17025 are fulfilled. For labora-
tories devoted to human medicine, there is the further
opportunity to meet the demands of Norm DIN EN ISO
15189 “Medizinische Laboratorien—Spezielle Anforderun-
gen an Qualitdt und Kompetenz” (“Medical Laboratories—
Particular Requirements for Quality and Competence”), an
extension of DIN EN ISO/IEC 17025 for medical needs.
There exist further norms as well, some of which are national
in nature.'”) The goals are to achieve an accrediting procedure
that is uniform and harmonized worldwide, to raise the level
of quality, and to assure international comparability of
laboratories.””?’! The cited norms are intended to regulate
in particular:**3!

e the disciplinary competence of laboratories (laboratory
leadership, staff),

e structured and scheduled instruction, continuing educa-
tion, and advanced training of staff,

e requirements with respect to documentation,

e internal and external quality-control systems,

o standards and measures for continuous in-house quality
optimization (preemptive and corrective measures, causal
analyses),

e internal and external auditing procedures,

o requirements with respect to outfitting of laboratories
(apparatus, reagents, materials),

e unambiguous and intelligible instructions for pre-analysis,
analysis, and postanalysis,

o standards regarding the data-processing systems utilized,

e improved orientation for patients and submitters.

Accreditation, once granted, is valid for five years. During
this five-year period, monitoring is, as a rule, carried out
annually. The purpose of such monitoring is to verify that the
management system has in fact been implemented, and to
determine whether the conditions for accreditation still apply,
particularly disciplinary competence. If so desired by the
laboratory, approximately six months before expiration of the
accreditation period, a review will be conducted for the
purpose of accreditation renewal.

Angew. Chem. Int. Ed. 2010, 49, 1026 —1051
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3. The Phases in Analysis

The isolation and transport of the material of interest,
analysis, and medical interpretation, followed by conveying
the results to the submitter represents a complex process
(Figure 1). Three phases can be distinguished prior to the
generation of final results: "

1. pre-analysis,
2. analysis,
3. postanalysis.

Medical history Clinical examination Previous findings
Problem
A .
Analysis request Pre-analysis
- Independent
variables
Analysis - Interfering factors
- precision
- accuracy
- detection limit A

- method specificity

- analytical sensitivity

- statistical quality
control

Analysis (value and units)

A,
} Finding

Figure 1. Pathway leading from the posing of a question to a clinical-
chemical discovery.

Postanalysis

- plausability

- abnormal values
- trend analysis

- status assessment

Reference range, cut off
- diagnostic sensitivity

- diagnostic specificity

- predicted value

The evaluation of an internal quality study of the medical
laboratory of the University of Padua revealed that the
introduction of a quality-control regimen resulted in the
number of errors being reduced from 4667 to 3093 per million
individual determinations over the course of a period of ten
years, with an annual analytical load of 8000000 discrete
values.”!! In this case, 61.9% of the errors originated in the
pre-analysis phase, 15.0 % in the analysis itself, and 23.1 % in
the postanalysis.

Unequivocal assignment of a sample and the correspond-
ing measured data to a specific patient must be assured during
the analytical phase. A common error in pre-analysis is a so-
called mixing up of patients, namely patient data (patient
name, date of birth, patient identification number) on the
sample vessel and the sample itself do not correspond to the
same patient.

3.1. Pre-analytical Phase

The term “pre-analysis” or “pre-analytical phase” encom-
passes all the administrative and functional factors and
processes that occur prior to laboratory analysis, namely
preparation, isolation, work-up (for example, separation of
corpuscular components through centrifugation), storage, and
transport of materials for clinical laboratory investigation.
In addition, it is helpful if information regarding the patient is

www.angewandte.org
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Table 4: Classification of independent variables, with examples; modified from Ref. [24,25].

Collection factors
permanent factors

Individual factors

long-term operative factors short-term operative factors

body position

length of the delay sex

localization of the removal ethnic idiosyncrasies

time of day interindividual variation
genetic factors

geographic idiosyncrasies

endogenous factors:
age biorhythm
weight pregnancy
diseases lactation
exogenous factors:
drugs Diet

lifestyle habits
muscle mass
socioeconomic status
climate

special exposure

physical stress

stimulants
pharmaceuticals (or drugs)
diagnostic measures
operations

passed along to the laboratory so that analytical results,
especially in areas bordering on medicine, will be properly
interpreted (pregnancy, kidney deficiency, conditions follow-
ing organ transplant).

Variability and sources of error in the pre-analytical phase
are independent variables and interfering factors. All in vivo
changes to the analytes in question are subsumed under
“independent variables”. A distinction is made between
endogenous and exogenous independent variables. Endoge-
nous independent variables are unalterable characteristics of
an individual or unalterable biological circumstances. Exog-
enous independent variables encompass all alterable quanti-
ties that apply to an individual. In both cases, factors with
permanent effects and those with long-term or short-term
applicability are differentiated (Table 4). Interfering factors
refer to in vitro changes, such as effects on the analytical
process through, for example, interference in the analytical
procedure as a result of drugs, icteric discoloration of the
sample (transfer of gall coloring matter such as bilirubin into
blood), hemolytic samples (destruction of erythrocytes and
release thereby of hemoglobin), or lipamic samples (micro-
scopically small lipoprotein particles in serum; Figure 2).

Most errors arise in the area of pre-analysis.’®! For this
reason, it is important that patients receive precise instruc-
tions regarding what should be observed prior to an impend-
ing blood draw (for example, no physical exertion before a
creatine kinase determination, no cycling or horseback or
motorcycle riding before a determination of prostate-specific

Figure 2. Various sera: 1) Normal coloration, 2) coloration with icteric
metabolic state (collection of bile pigments), 3) serum in the presence
of hemolysis, 4) serum with lipemia, 5) serum with hemolysis and
lipemia.

www.angewandte.org
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antigen). Equally important is advising the submitter (physi-
cian’s practice, hospital ward) regarding patient preparation,
proper sample removal and the right type of sample, as well as
storage and transport (cooled transport, influence of light).*"

3.2. Analytical Phase
3.2.1. Basic Considerations and General Remarks

The analytical phase covers taking aliquots and the
general preparation of an analytical sample, the analysis
itself, and acquisition of the appropriate data value(s).
Quality control in the realm of analysis is also covered
under DIN EN ISO 15189. Further regulations are to be
found in ISO 15196 and 15198. Implementation occurs
according to national guidelines. In Germany this is dealt
with legally by the Medicinal Products Law (Medizinproduk-
tegesetz), the Ordinance on Medicinal Products Distributors
(Medizinproduktebetreiberverordnung), and guidelines of
the German Medical Association Panel for Quality Control
in Medical Laboratory Investigations (Bundesidrztekammer
zur Qualitdtssicherung laboratoriumsmedizinischer Untersu-
chungen: RiLi-BAK). These define quality-assurance meas-
ures (internal and external quality controls) specified for
quantitative analysis of 67 measured parameters for serum/
plasma/whole blood, 7 for cerebrospinal fluid, and 10 for
urine. Compliance with the guidelines is monitored regularly
by the relevant control agency.

Standard operating procedures (SOPs) are an integral
part of quality management. These are procedural instruc-
tions for routine sample processing as well as for the
operation of instruments. SOPs must be available in labo-
ratories in written form, and should include factors that have
the potential to influence analyses, together with information
on error recognition and handling. Depending upon their
purpose, a distinction is made between general SOPs,
apparatus SOPs, and test SOPs. General SOPs govern, for
example, responsibilities in the laboratory. Apparatus SOPs
cover steps specific to pieces of apparatus, such as operation,
calibration, and maintenance. Test SOPs specify details of
carrying out analytical tests from the point of sampling
through to the reporting of results. These may refer to self-

Angew. Chem. Int. Ed. 2010, 49, 1026 —1051


http://www.angewandte.org

Clinical Chemistry

developed methods or standardized and/or published proce-
dures.

One basic problem associated with the study of human
samples is the extraordinarily complex and variable constitu-
tion of the samples. They may contain proteins (albumin,
rheumatoidal factors, enzymes, lysozyme, complement sys-
tems, autoantibodies, endogenous hormones, and their bind-
ing proteins, as well as abnormal forms of the latter),
carbohydrates, lipids, cellular components, electrolytes, and
pharmaceuticals and their metabolites. The effects that these
different components may have on the analytical system are
referred to as matrix effects. These are defined as the sum of
all the effects of the components of a system, apart from the
analytes.” Also included are all the reagents utilized in
sample preparation and in the analytical procedure. The
results of a measurement can be seriously affected by these.*’!

The determination of an analyte may be either qualitative
or quantitative. Results may be expressed according to scales
characterized as nominal, ordinal, or differential/relational. A
qualitative analysis is limited strictly to the identification of a
substance, for example in a question of pregnancy prior to
radiological investigation, or drug intoxication in the case of a
somnolent patient brought to an emergency room. Test strips
are typically available for qualitative tests (for example, urine
test strips with test fields for the pH value, glucose, proteins,
ketones, nitrite, erythrocytes, leucocytes, etc., on a carrier
film) and immunoanalytical lateral flow assays (LFAs;
Figure 3), the development of which has been accelerated
through the EU-sponsored project “Allergen Test”.”®! LFAs
are extentions of the homogeneous latex agglutination test
introduced in 1956.4“? These are based on the same
principle as immunological assays, namely an antigen—anti-
body reaction. They have, in addition, chromatographic
characteristics. The analyte is introduced through an opening
onto a sample pad, upon which is present marked primary
antibodies (conjugates) against the analyte. The antibodies
are fixed on coated latex particles or colloidal gold (GLORIA
technique: Gold-Labeled Optical-read Rapid Immuno
Assay), or less often on selenium, carbon, or liposomes.ml
The antigen—antibody complex, along with excess conjugate,
flows through the membrane system as a consequence of
capillary action. As soon as the antigen—antibody complex
reaches the test zone, it reacts with a secondary antibody and
becomes fixed. Unbound conjugates travel to a control zone,
and are bound there by so-called antispecies antibodies. The
colloidal gold causes both zones to appear reddish in color. If
no analyte is present, only the control line should be reddish.
Excess liquid together with particles not bound on the test or
control lines flows further through the membrane system until
it is absorbed by filter paper, which prevents backflow. An
LFA can be evaluated either visually (qualitative) or with a
measuring device (semiquantitative). Nitrocellulose is often
employed as the membrane material. LFAs are also of
interest from a military standpoint, since they can be rapidly
deployed outside of a laboratory environment, and can
provide a first overview of possible contamination with
bacterial toxins or other biological agents.

Quantitative analysis takes advantage of routine methods
(to provide adequate reliability and practicality), reference
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Figure 3. Mode of functioning of the lateral-flow rapid test. C: Control
line, signal development with the test proceeding correctly; T: test line,
signal development with a positive result.

methods (useful for the validation of other methods), and
definitive methods (specific and accurate). This so-called
methodological hierarchy permits inaccuracies of 0.1-1 % for
definitive methods, 3-5% for reference methods, and 5-10 %
for routine methods.[*!

Analytical sensitivity expresses the ability of a particular
method to differentiate between concentration-dependent
signals, whereas analytical specificity describes an ability to
capture exclusively the substance of interest, with no influ-
ence from other components of the matrix. Statistical quality
control is the generic term for statistical procedures related to
planning for random sampling and experimentation in gen-
eral, for the purpose of assuring and maintaining the quality
of a product, and in this way keeping a production process
under control. Applying this to parameters for quantitative
laboratory medicine involves controls both internal (precision
and accuracy) and external (interlaboratory tests) in nature.

Participation in external quality-assurance measures
(interlaboratory tests) ensures objective monitoring of the
accuracy of results from quantitative laboratory investiga-
tions.

3.2.2. Selected Analytical Methods
3.2.2.1. Immunoassay

The term “immunoassay” is understood to refer to one of
a series of methods that take advantage of the antigen—

antibody reaction for detecting an analyte (for example, a
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hormone, a protein, or a drug).">*! Haptens can also be
employed in place of complete antigens. The principle of
immunoassays is based on a competitive and cooperative
interaction between the analyte to be determined and a
labeled ligand (L*), which is thus measurable, and an
unlabeled ligand (L), both of which occupy the same binding
site on a protein (P). The labeling can be achieved with a
fluorescent dye, a luminogen, a fluorophor, an enzyme, or a
radioactive substance (it is incidentally also possible to
measure the turbidity resulting from formation of an
immune complex (see Section 3.2.2.2)). A multivalent inter-
action between the antigen and antibody leads to Equa-
tions (1) and (2):*4

xL yP L.P, 1

xL* yP L*P, 2

The concentration of complex L,P, [L,P,] is obtained as a
function of the concentration of ligand [L], according to the
law of mass action, in the form of Equation (3):

L.P L?®
LX Py ‘x y max -
K L

This relationship corresponds to a case of cooperative
enzyme kinetics, and is expressed by the Hill Equation. In
analogy to enzymological applications, the ligand in this case
corresponds to the substrate and the protein to the enzyme,
whereby b (the Hill exponent) is absent from the correspond-
ing equation.

Immunoassays are distinguished by a high specificity and
affinity to the antibody. A great many analytes can be
determined in this way, commensurate with the large number
of commercially available antibodies. Automation also makes
a high throughput of samples possible. Sample manipulation
is simple, and in most cases there is no need for an elaborate
processing of samples. One problem is cross-reactivity with
additional matrix components, such as metabolites or struc-
turally related materials. Apart from clinical diagnostics,
immunoassays are also utilized in environmental and food-
stuffs analysis.

Depending upon their implementation, various immuno-
assay variants can be distinguished.’ The classification of
immunoassays can also be made as a function of the wide
range of variants. What follows is a classification common in
clinical chemistry, together with a presentation of certain
important immunoassay types. Depending on realization, a
homogeneous or heterogeneous immunoassay can be distin-
guished. In contrast to homogeneous immunoassays, the
unbound reactants are separated prior to measurement in
heterogeneous immunoassays.

In the case of heterogeneous immunoassays, two addi-
tional types are distinguished: competitive immunoassays and
immunometric assays, also known as “two-site” or sandwich
immunoassays.

In a competitive immunoassay, an added labeled analyte
(tracer) competes with the analyte to be determined from the
sample for an insufficient amount of antibody (catcher),
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which is fixed to the wall of the test vessel. During incubation,
there is competition between the labeled antigen and the
antigen to be determined for binding sites on the antibodies
attached to the vessel. After work-up, the ratio of sample
antigen to tracer occupying the binding sites serves to permit
the analyte concentration in the sample to be calculated with
the aid of calibration curves.

Two additional important forms can be distinguished in
“sandwich” immunoassays: the antigen-capture assay and the
antibody-capture assay.

In an antigen-capture assay, the antibody is fixed in excess
relative to the analyte to the wall of the reaction vessel or a
suspended latex or magnetic particle. The sample and the
labeled antibody are subsequently added simultaneously
(single-step assay); alternatively, the sample is prepared first
and, after incubation and cleansing, the labeled antibody is
added (two-step assay). For this test, the antigen must exist in
at least two different epitopes.

With an antibody-capture assay, specific antibodies in the
sample are determined. For this purpose either the antigen
can be immobilized in excess on a solid phase, or a class-
specific antihuman antibody can be employed (usually one
against IgM). After a washing step, the labeled secondary
antibody is introduced. This binds to a constant Fc fraction of
the bound primary antibody. Quantification occurs following
further washing steps.

A widespread form of labeling is the coupling of an
enzyme (horse radish peroxidase, alkaline phosphatase, [3-
galactosidase) to the antibody. In a subsequent reaction, the
enzyme converts a substrate into a chromogenic reaction
product, the concentration of which is determined through
absorption spectroscopy according to the Lambert—Beer law.
This is the underlying principle behind what is known as the
ELISA test (ELISA: enzyme-linked immunosorbent assay),
which permits rapid investigation and quantification of an
antigen (for example, protein, virus, hormone, toxin, pesti-
cide) in a sample (blood serum, milk, urine).

A homogeneous immunoassay is less sensitive than the
heterogeneous version, but involves a simpler work-up. One
popular approach is the “enzyme-multiplied immunoassay
test” (EMIT). The principle underlying this test corresponds
to a competitive immunoassay, but without immobilization of
the antibody. The added enzyme-labeled antigen, which is
incubated with the antigen to be determined, competes for a
binding site on the added antibody, which leads either to
enzyme inactivation or enzyme activation. Measurement
requires no additional separation of the bound analytes
from free analytes.

Enzymes commonly employed for labeling include the
glucose-6-phosphate dehydrogenases and the malate dehy-
drogenases. The formation of an antigen—-antibody complex
reduces the enzyme activity by labeling with glucose-6-
phosphate dehydrogenases, or increases it on labeling with
malate dehydrogenase, that is a high analyte concentration in
the sample leads in the first case to high enzyme activities, and
in the second case to low enzyme activities. A disadvantage is
that the antibody is not able to precisely turn the enzyme
activity on or off, but only to increase or diminish it, which
results in a significant activity value for a blank sample.
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3.2.2.2. Immunonephelometry

Immunonephelometry belongs to the optical analytical
methods that take advantage of the Tyndall effect for
quantification of an analyte. The formation of antigen-
antibody complexes leads to formation of dispersed particles
in fliuds, suspensions, or aerosols that scatter light.**¥] The
intensity of the scattered light depends among other things on
the size and number of particles. Immunonephelometry can
be subdivided into immunoturbidimetry (measurement of
turbidity) and immunotydallometry (measurement of scatter-
ing). From a methodological perspective, immunoturbidim-
etry and immunotydallometry correspond to absorption and
fluorescence photometry, respectively, with the distinction
that instead of measuring the absorption and emission of light
at different wavelengths, scattered light is measured at the
same wavelength.“*#" In the general literature, and also in
ordinary laboratory usage, immunotydallometry is usually
referred to as immunonephelometry (although this is actually
a broader term), in which the laterally scattered light is
measured. In the case of immunoturbidimetry, the decrease in
intensity of the incident light is measured. The latter
extinction is not due to an absorption process, but rather to
scattering.

Since with both absorption photometry and immunotur-
bidimetry, a difference is determined between two strong
signals, these procedures are less sensitive at low analyte
concentrations than fluorescence measurements or immuno-
tyndallometry, which at low analyte concentrations involve
differences between weak signals.®® Multiple methods exist
for quantification of an analyte from a reaction on the basis of
light-scattering dynamics. With the endpoint method, the
maximum value of the scattered-light is utilized. With the
two-point (fixed-time) method, the intensity of scattered light
is measured at defined periods of time at two points, and the
antigen concentration is established on the basis of the
difference between the measured values. In kinetic immuno-
nephelometry (rate method), advantage is taken of the
maximum reaction rate for the formation of the immuno-
complex. For this purpose, a difference is obtained between
successive scattered light intensity curves, and a point of
inflection is established.***!

One variant of immunonephelometry that offers
increased sensitivity is the particle-amplified nephelometric
test. In this case, latex particles are coated with immunoglo-
bulin (Ig) to create larger particles during the course of the
immunological reaction, whereby the intensity of the scat-
tered light is increased and the detection limit can be reduced
1000-fold.™! This in turn makes it possible to determine very
low analyte concentrations, for example, IgA and IgM in
cerebrospinal fluids.

The precipitation reaction in solution requires 90-
240 minutes. The reaction time can be reduced to a few
minutes by the addition of 4% polyethylene glycol 6000
(immunotyndallometry) or to 10-15seconds (immunotur-
bidimetry). In clinical chemistry, calibration curves are used
to convert the measured results into SI units prior to
distribution. This is one of the ways clinical chemistry differs
from other disciplines, such as water processing, where
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experimental results are calibrated against a standard sus-
pension—specific to a country or a field—for conversion into
nephelometric turbidity units (NTU) or formazin turbidity
units (FTUs).

Special attention must be given to low measured values.
Heidelberger and Kendall studied the dependence of immu-
noprecipitation on the antigen/antibody concentration
ratio.**®! In the graphic presentation that bears their name
(Heidelberger-Kendall curve; Figure 4), three regions are

25 4

Equivalence
zone

Ab excess Ag excess

Amount of precipitate, signal intensity

Antigen concentration

Figure 4. Curve according to Heidelberger and Kendal representing the
dependence of agglutination on the antigen/antibody concentration
ratio and an antigen excess (high-dose Hook effect). The light
scattering intensity of the complex formed between the antigen (Ag)
and the antibody (Ab) is plotted as a function of the Ag concentration
at a constant Ab level. At maximum precipitation, the supernatant
after sedimentation contains neither antigen nor antibody, that is both
the antibody and antigen are completely linked within the precipitate.
The region with maximal precipitation is designated as the equivalence
zone, namely equivalence of epitope and paratope. To the right and
left of the equivalence zone, the solution after sedimentation contains
either antibody (zone of antibody excess; linear relationship between
amount of precipitate and antigen concentration) or soluble antigen
(zone of antigen excess, dissolution of the crystal lattice, and decrease
in the amount of precipitate as a consequence; false-low analytical
result).

distinguished, which result from the fact that both the antigen
and antibody possess multiple binding sites. For this reason,
depending upon the concentration relationship, antigen/anti-
body complexes of various sizes, and thus various immuno-
precipitates, can develop. In the first region (ascending
branch, zone of excess antibody; linear region), the antibody
is present in excess, and the result is a nearly linear relation-
ship between the amount of precipitate and the antigen
concentration. In the second region (equivalence zone,
maximum formation of precipitate), the antibody concentra-
tion continues to decrease until all the antibody is bound by
the antigen, and a space lattice develops. In the third region
(descending branch, zone of antigen excess), there exists a
high antigen concentration. This leads to dispersal of the
space lattice, and a corresponding decrease in the amount of
precipitate. For this reason, quantitative analyses must take
place within the first region of the Heidelberger—-Kendall
curve. Evaluation software attempts to recognize this source
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of error, known as the Hook Effect. A repeat of the
measurement is initiated through automatic dilution to
carry out the evaluation in the region of antibody excess.

The Hook Effect (or high-dose Hook Effect) refers to a
false-low determination for analytes present in samples in
very high concentration. As soon as the analyte concentration
is too high, all the antibody binding sites may be occupied by
the analyte, and additional analyte molecules will no longer
be determined within the range of the binding curve. This
leads to false-low results. Parallel measurements at various
sample dilutions can lead to recognition of a Hook Effect and
allow the determination to be corrected accordingly. Clinical
parameters known to be the source of Hook Effects include,
for example, calcitonin, hCG, CRP, AFP, CA 125, PSA,
ferritin, prolactin, and TSH.

3.2.2.3. Blood Cell Counts
3.2.2.3.1. Impedance Measurement

Performing cell counts and differentiations with blood
samples is both personnel and time intensive, which is why
attempts have long been made to automate the differentiation
process. In the 1940s, Coulter invented electronic counting
and size determination of microscopic particles on the basis of
impedance measurements.*!! The principle is widely dissemi-
nated: Blood cells are suspended in an electrolyte solution,
and this suspension is drawn through the opening in a
capillary. Two electrodes are situated aound the capillary (one
inside, one outside). The passage of a blood cell alters the
electrical resistance and conductivity in proportion to the
volume of the displaced electrolyte solution and thus the cell
volume. Threshold values have been established that allow
the various cell types to be distinguished.

3.2.2.3.2. Flow Cytometry

Flow cytometry is suited to physical and molecular
identification, counting, and sorting of cells or particles in
suspensions. It is often referred to as flow photometry or
FACS (fluorescence-activated cell sorting); the latter tech-
nique is a trademark of the Becton Dickinson Company.

The automatic determination of cells in a flow system was
first demonstrated by Moldavan in 1934."’1 One problem
proved to be cell aggregation in the thin measuring capillaries.
This problem was circumvented in the early 1950s by
surrounding the stream of cells with a laminar streaming
liquid sheath (Figure 5).14]

The quantification and analysis of cells is based on the
emission of scattered light during passage of a laser beam as a
function of the relative size, granularity, or complexity of the
cells. Here the cells in a solution are drawn into a capillary and
passed, in a sensor module, individually through a laser beam.
The cells scatter a portion of the light, which is then detected
by photomultipliers. The extent of light scattering correlates
with the size of the cells as well as their granularity or
complexity. Thus, segmented granulocytes, which involve
numerous cytoplasmatic granula, scatter considerably more
light than the very smooth lymphocytes. Forward scatter
(FSC) is a measure of low-angle diffraction, and depends
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Figure 5. Principle of hydrodynamic focusing: In flow cytometry, cell
suspensions are examined at the single-cell level. For this purpose the
cells are brought into a single-cell suspension with hydrodynamic
focusing. The cell suspension from the sample is drawn out of the
sample reservoir. A sheath flow with a higher flow velocity than the
sample flow surrounds the sample flow and constricts the latter to a
diameter of a few micrometers.

upon the cell volume. Sideward scatter (SSC) is a measure of
the perpendicular refraction of light, which depends on the
granularity of the cells, the size and structure of the cell
nucleus, and the number of intracellular components
(Figure 6). With these two parameters it is possible to
distinguish very effectively, for example, the cell types of
blood. Essentially nothing has changed in regard to this
principle, which was introduced by Hulett, Bonner et al. in the
early 1970s, with the exception of the number of detection
channels used for simultaneous detection of multiple fluo-
rescent dyes. The number of laser excitation sources has also
increased.["*)

In parallel with this, it is possible, depending on the
features of the device utilized, to determine fluorescence-
labeled cells. Thus, for the diagnosis and differentiation of
various types of leukemia, the leukocytes are incubated with
fluorescence-labeled antibodies against leukemia-specific
surface proteins. It is possible in subsequent determinations
to show whether binding of the labeled antibody has occurred,
and thus whether this particular surface protein is expressed
on the leukocyte. It is also possible to sort cells according to
their labeling. The use of lasers operating at different
wavelengths in combination with various filters allows the
number of applicable dyes to be increased, and thus the
corresponding information density to be increased (Figure 6).

Flow cytometry is a routine procedure in immunology and
hematology. It is used in daily routine analysis to provide an
automatic differential blood count. Figure 7 shows the
distribution pattern (scatter diagram, dot plot) for an
unexceptional differential blood count. The cell populations
of the white blood cells (WBCs; =leucocytes) take the form
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Figure 6. Principle of flow cytometry. A particle (perhaps fluorescence
labeled) or a cell (again, perhaps fluorescence labeled) travels in a
liquid stream through a laser beam. In the process, a determination is
made for each cell or particle of how much light is absorbed (forward
scatter; indicates the relative size), how much light is reflected
(sidewards scatter; provides the relative optical density), as well as, if
fluorescence marking is being conducted, what fluorescence is emitted
(detection dependent upon the detectors, what fluorescent dye is
employed, and the wavelength of the excitation source). Filters and
mirrors adjust the light so that it falls on the proper detector.

of a cloud of points. If the point cloud no longer displays
boundaries, this may be an indication of a change in the white
blood cells. Figure 8 shows a so-called “left shift”, namely the
appearance of young, immature granulocytes. This can arise,
for example, in connection with infections, inflammations,
and neoplasias. In cases with unclear boundaries for the cell
populations in a scatter diagram, a smear preparation and
differentiation of the white blood cells by a physician are
obligatory.

Flow cytometry is also employed in biological research
and environmental analysis. Investigation of the expression of
surface molecules or intracellular molecules at the single-cell
level is often of interest. The cells are tagged with fluores-
cence-labeled monoclonal antibodies or with the aid of
fluorescing fusion proteins. Other applications include experi-
ments related to cell-cycle analysis, apoptosis assays involving
RNA/DNA dyes, or the analysis of intracellular pH values or
of ion flow at membranes with the aid of appropriate
fluorescent dyes.
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Figure 7. Distribution pattern (scatter diagram) of the blood cells in
flow cytometry (differential blood count). The individual cell popula-
tions of the white blood count appear as a scatter plot. Evaluation as a
normal blood count. 1=Debris, arising, for example, from lysing of
erythrocytes; 2 =Ilymphocytes; 3 =monocytes; 4 =neutrophilic and
basophilic granulocytes; 5 =eosinophilic granulocytes. SSC=side-
wards-scattered light; SFL=fluorescence intensity =side fluorescence.
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Figure 8. Distribution pattern (scatter diagram) of the blood cells in
flow cytometry (differential blood count). Cell population 4 appears not
as a scatter plot, but rather as a second, inhomgeneous cell popula-
tion (5). This involves precursor cells of granulocytopoese (immature
form) in the context of a “left shift”, which occurs, for example, with
infections, inflammations, and neoplasia. 1= Debris, arising, for
example, from lysing of erythrocytes; 2=Ilymphocytes; 3 =monocytes;
4 =neutrophilic and basophilic granulocytes; 5= precursor cells of
granulocytopoese; 6 =eosinophilic granulocytes.

3.2.2.4. Functional Coagulation Diagnostics

Apart from the quantification of analytes, a determination
of their functional capability from a physiological standpoint
also plays an important role. Thus, in the management of pre-
and postoperative cases, not only are the number of throm-
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bocytes relevant, but so is their functional capability with
respect to cellular coagulation.”*!

The first attempt at a uniform description of coagulation,
that of cellular and plasmatic coagulation, was developed in
1878 by Vierordt (1818-1884).5% He drew a white horse hair
through a 5cm long glass capillary filled with blood, and
measured the time required until the first appearance of a
fibrin strand. The introduction of thromboelastography
(TEG), a procedure for determining functional coagulation
(global test of the coagulation system), by Hartert in 1948
made possible the determination not only of individual or a
few coagulation parameters, but rather observation of the
dynamics of coagulation, as well as fibrinolysis.”*> TEG
provides a viscoelastic measure of the formation and dis-
appearance of a clot, with the possibility of simultaneously
determining clot status, thrombocyte/fibrinogen interaction,
thrombocyte function, and fibrinolysis. The method was
improved with respect to routine measurement time and
sensitivity by Calatzis et al. in 1996 with the development of
rotational thromboelastometry (ROTEM).® This technique
is based on a change in the oscillation of a pin dipped in a
cuvette filled with blood. The pin, stabilized by passage
through a ball-bearing system, oscillates around an angle of

4.75°, driven by a spring (Figure 9). With the onset of
clotting and formation of fibrin fibers between the pin and the
wall of the cuvette, oscillation begins to be damped, and this is
detected by an optical system (light source—mirror—CCD
linear imaging sensor) and transmitted to a computer. As
measurement proceeds, fibrinolysis begins, causing oscillation
of the pin to increase again. Changes in the pin oscillation are

Mirror
Angle
H-4.75° € 2 “\«— Light source
/ Processing unit
Ty
\T“\
Light beam .‘4[

 Detection unit
|

Ball bearing

Pin
Fibrin fibers

«— Cuvette

Figure 9. ROTEM principle.?”! Prior to starting the measurement, the
pin is fixed in its holder on the measuring apparaturs, and the cuvette
is pressed into a metal block. After introduction of the blood sample
and the initiating reagent, specific reagents for the test in question are
added, and measurement is begun. Motion of the pin is mechanoop-
tically passed along to the computer system. The reduced motion of
the pin occasioned by formation of fibrin fibers is converted into
thromboelastographic (TEG) amplitude, which thus provides a pro-
gressive measure of the strength of the fibrin fibers. The activators
developed for the ROTEM accelerate the onset of clotting and thus
lead to results in significantly less time (10 min instead of 45—60 min
with classical apparatus).
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recorded, which results in a typical TEG curve (Figure 10).
Coagulation disturbances can be diagnosed and differentiated
on the basis of the shape of the curve as a function of time and
the steepness of the curve, together with a comparison with
various standardized test batches.
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Figure 10. Time course and parameters in the thromboelastogram
(ROTEM analysis) of a healthy person, modified from Ref. [56] (for
historic reasons the curve is presented with two branches, and the
ordinate is calibrated in mm). The coagulation time (clotting time, CT
[s]) is the time from the start of the measurement until the onset of
clotting (activation of the clotting cascade, thrombin fomation, onset
of clot formation). The clot formation time (CFT [s]) is defined as the
time from the start of clotting until a clot firmness of 20 mm is
achieved (strengthening of the clot through a combination of fibrin
polymerization, thrombocyte aggregation, and the activity of fibrin
stabilizing factor XIII; the CFT and o-angle are a measure of the
elasticity increase of the clot. The maximum clot firmness (MCF [mm])
is the maximum mechanical form of the clot (increasing firmness of
the clot through the combination of fibrin polymerization and cross-
linking thrombocyte aggregation, and activity of fibrin stabilizing factor
XI11). The maximum lysis (ML [%]) is the stability of the clot relative to
fibrolytic activity (clot lysis). A prolongation in the CT is observed
when there is a deficiency of procoagulatory factors, thrombopenia, or
the action of an anticoagulant such as heparin. AX [mm] is the
amplitude at time X; this enters into an evaluation of the MCF. Clot
firmness is a measure of the strength and ability to withstand the
stress of a clot (clot quality), and depends, for example, on the
thrombocyte count, the fibrinogen concentration, and the factor-XIl|
activity. Lysis sets in physiologically within 60 min.

Whole blood impedance thrombocyte aggregometry was
introduced in the early 1980s by Cardinal and Flower.’¥ A
further development of this method is the Multiplate,
developed with significant help from Calatzis et al.>>*" In
this method, two parallel electrodes are immersed in a blood
sample (Figure 11). During initial contact with whole blood,
the electrodes become partially coated with thrombocytes. In
the absence of reagents encouraging aggregation, the con-
ductivity remains constant at a given current flow. After the
addition of aggregation stimulants (for example, adenosine
diphosphate (ADP), arachidonic acid, prostaglandins, risto-
cetin, thrombin), the impedance (alternating current resist-
ance) increases as a result of aggregation of thrombocytes at
the electrodes. The change in impedance is proportional to
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Figure 11. Principle of the impedance thrombocyte aggregation test
with Multiplate. Two electrodes, across which there is an alternating
voltage, are immersed in a cuvette filled with whole blood. The
increase in impedance (alternating current resistance) after activation
of the thrombocytes with various activators is determined as the area
under the aggregation curve within 6 min.

thrombocyte aggregation, and is displayed as the area under
the aggregation curve.

Thrombocyte function can be further assayed with the aid
of the Platelet Function Analyzer (PFA 100) by determining
the capillary closure time."%3! Whole blood is loaded into a
chamber, which is then introduced into the apparatus. With
the aid of a vacuum, the device draws the blood sample
through a thin tube, the inside of which is coated with collagen
and adrenalin or ADP. These substances induce the passing
thrombocytes to aggregate and adhere. A thrombus thus
forms on the interior of the tube, which causes further blood
flow to be halted. The time between onset of the test and
cessation of blood flow is measured and reported as the
closure time.

3.2.3. Point-of-Care Testing (POCT)

POCT means essentially “on-site diagnosis”, since even
with the best possible organization of all pre-analytical (in
particular, material transport) and analytical procedures,
particularly because of the multitude of investigatory
requests, there will be a delay before laboratory results
become available, and thus before further assurance of the
correctness of a diagnosis. To keep this “turnaround time”
(TAT) as short as possible, more and more emergency rooms,
first-aid workers, surgical suites, and hospital-based ambu-
lances, as well as in-house physicians, are turning increasingly
to decentralized and “near-patient” testing for important
analyses by taking advantage of POCT equipment.® Char-
acteristics of POCT include quantitative or semiquantitative
sample processing near the patient, absence of sample
preparation (usually consisting of whole blood), lack of
steps involving pipetting, ready-to-use reagents, and analyt-
ical devices that are easy to operate and maintain.®! Another
distinctive feature is the availability of “unit-use” reagents,
that is, all the substances required for an examination are
present on a test strip. The underlying technique is based on
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biosensor technology. The analytical system itself relies on dry
chemical, immunochromatographic, and electrochemical
methods. Measurement times are in the range of minutes.
Especially with acute emergency cases and in intensive-care
monitoring, blood-gas analysis (BGA)—an application of
POCT—has achieved a high status, since it provides the actual
status of the individual patient in terms of the oxygen level/
carbon dioxide level, pH value, blood-glucose level, and
electrolyte and acid/base budgets. This makes possible a
very personal therapy for the patient in the context of
artificial respiration or dialysis for, example./*!

Also widespread today is the determination of enzymes
(alkaline phosphatase (AP), glutamate oxaloacetate trans-
aminase (GOT=aspartate aminotransferase = ASAT =
AST), glutamate pyruvate transaminase (GPT=alanine
aminotransferase = ALAT = ALT), vy-glutamyl transferase
(v-GT), a-amylase, creatine kinase (CK)), and electrolytes
(Na*, K*, Ca’*, Cl , Mg®"), as well as a wide range of
metabolite values (bilirubin, total, HDL (high-density lip-
oprotein) and LDL (low-density lipoprotein) cholesterol,
triglycerides, glucose, uric acid, creatinine, urea, and lactate).
Attempts are also being made to use POCT to establish
additional parameters important in emergency cases, such as
cardiac markers (troponine T or I) or the D dimer in the
context of excluding a pulmonary embolism.””! Generally
speaking, the analytical quality that is obtained is adequate
for clinical purposes: acceptable correlations have been
shown between results from POCT analyses and those with
established laboratory methods.®®® It is important to note,
however, that accuracy and precision with POCT measure-
ments often fail to equal those of laboratory diagnostics for
methodological reasons (susceptibility to interference, the
elimination of sample preparation, and the experimental
principles themselves), for which reason the validity of POCT
results in clinical emergency situations must be checked
particularly carefully, for example the analytical levels of
patients with elevated blood glucose or hematocrit
values."*"]

3.2.4. “Laboratory Streets”

The term “laboratory streets” or “laboratory assembly
lines” refers to facilities optimized from a procedural stand-
point, which assume such time-consuming tasks as the sorting
of samples, centrifugation, and removing caps from sample
vessels. With the aid of bar codes, a decision is made as to
which parameters are to be determined for a given sample.
Subsequently, sample vessels are then directed—completely
automatically—to the appropriate analytical station. After
the analytes have been determined, the sample vessels are
sorted into repositories at the end of the laboratory assembly
line. The preparation of aliquots is also possible, and takes
place entirely automatically in the event that parameters are
to be determined at multiple stations. If the analysis of a
parameter must be repeated, the appropriate sample vessel is
automatically withdrawn from the proper repository and once
more analyzed. With parameters for special analyses, such as
flow cytometry, samples are automatically sorted out and
collected in the release section (Figure 12).
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Figure 12. A laboratory “street” or “assembly line”. Sample tubes are
automatically introduced into the system and perhaps centrifuged;
caps on the tubes are removed automatically (at the left in the
picture). On the basis of the parameters requested (coded into the
bar-code label), sample tubes are directed to the individual analysis
atomats and subsequently to the collecting point for archiving (at the
right in the picture).

3.2.5. Research and Recent Developments
3.2.5.1. Biosensing

Biosensing refers to a process wherein specific informa-
tion regarding the biochemical constitution of an analytical
sample can be obtained in real time. A biosensor is a
miniaturized analytical system that can determine biospecific
interactions in a flow system in the absence of additional
markers. Biological recognition elements able to enter into
biospecific interactions with particular analytes are immobi-
lized on the sensor surface.™ Such an interaction is translated
into a physically measurable optical, electrochemical, ther-
mal, mechanical, electrical, or magnetic signal, which is
expressed either quantitatively or qualitatively.™

The principle of enzyme electrodes (in which enzymes are
captured on a sensing element) was patented in the 1960s by
Clark, Jr. Clark and Lyons described an enzyme electrode for
the determination of blood glucose, in which the enzyme
glucose oxidase is fixed in front of an oxygen electrode by a
semipermeable membrane." Since that time, numerous
other enzymes have been employed. Moreover, other bio-
components such as organelles, intact cells, antibodies, and
receptors have been utilized as recognition elements. This list
of traditionally employed recognition systems has more
recently been extended through the use of nucleic acids as
well as synthetic and semisynthetic (biomimetic) recognition
substances. Particularly worth mentioning here are DNA,
RNA, peptide nucleic acids (PNAs), synthetic enzymes
(synzymes), and molecular imprinting (molecularly imprinted
polymers which detect specific target structures (cf. antibody-
similar affinity and selectivity)). The use of protein engineer-
ing has enabled specifically altered proteins, antibodies, and
enzymes to be obtained. The preparation of optimal binding
molecules on the basis of amino acids and nucleic acids has
been realized through a combination of the synthesis of large
combinatorial libraries of peptides and RNAs, selection on
the basis of binding strength to analytes, and enzymatic
amplification.

Examples include immuno and nucleic acid sensors,
enzymatic and microbial sensors, as well as receptor-based
sensors. Detection in the field of biosensors is achieved
primarily by enzymatic conversion and the piezoelectric
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quartz microbalance, as well as by various optical procedures
such as time-resolved fluorescence spectroscopy and surface
plasmon resonance (SPR) spectroscopy (detection of changes
in mass in an evanescent field). This has led to a series of
biochemical, molecular biological, and medicinal applica-
tions.”7" A good example in the laboratory medicine sector
is the development of a glucose sensor which, placed in tissue,
permits a continuous real-time blood-glucose reading, and—
through a feedback mechanism—direct and self-acting
administration of insulin (artificial pancreas). Biosensors
also find application in the field of POCT determinations
(blood gases, electrolytes, metabolic intermediates). Other
areas of future application include the recognition of very
small tumors in the context of cancer detection, allergy
diagnosis, study of the human genome, and microbiology. The
detection of bacteria depends, for example, on electrochem-
ical measurements with carbon nanotubes, which are coated
with aptamers (namely, artificial DNA or RNA fragments) to
serve as bacteria-specific binding sites. A change in the
electrical voltage can be detected if bacteria bind to the
aptamers.["

3.2.5.2. Personalized Medicine

This category includes targeted treatment for a patient
after previous establishment of a genetic profile, since the
latter may influence the extent and duration of treatment as
well as the effectiveness and side effects of certain medica-
tions. Personalized medicine permits drug therapy to be
increasingly adapted to individual patient groups as a function
of genetic profile.

Personalized medicine has already come into play in
isolated cases. The American Food and Drug Administration
(FDA) in 2005 recommended for the first time a genetic test
prior to the administration of warfarin-containing products.”
Warfarin, a vitamin K antagonist in the coumarin family, is
used to inhibit blood clotting as a way, for example, to lower
the risk of thrombosis or strokes in at-risk patients. As a result
of specific genetic variations, approximately 30 % of patients
metabolize warfarin more slowly than normal, and thus—at
standard dosages—may lead to the warfarin level in the body
being too high, which in turn results in heavy bleeding. On the
other hand, with too low a dosage, the desired reduction in the
risk of a thrombosis is not achieved. This differing metabolism
of warfarin is due to variants in cytochrome P450 (cyp) 2¢9-
and vkorcl-genes.®™ Further examples are the genes cyp2d6
and cyp2cl9, which code for enzymes that transform prodrugs
into the active metabolites (cyp2dx: tamoxifen, a therapeutic
agent for estrogen-receptor-positive breast cancer cases, in
the active agent endoxifen; cyp2cl9: clopidogrel, a drug to
protect against blood clots (by thrombocyte aggregation
inhibition), e.g. in peripheral vascular desease, and mainly to
prevent thrombosis after placement of an intracoronary
stent, in the pharmacologically active thiol derivative).[*¥2l A
genetic profile is helpful in adjusting the dosage of these
active agents for particular patients to ensure the desired
activity, and above all to avoid undesirable side effects.

Human epidermal growth factor receptor2 (HER2=
HER2/neu =c-erbB-2) plays an important role in normal
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growth and in the maturation of somatic cells. Compared to
normal somatic cells, the number of receptors in cancer cells
can increase to 10- or 100-fold of the norm. One refers in this
case to an HER?2 overexpression, which is usually related to
increased gene amplification, that is an increase in the
number of HER2 gene copies in the cell nucleus. Detection
of HER2 proteins in breast cancer through specific tests
makes it possible to identify patients likely to respond to
therapy with the recombinant monoclonal IgG, antibody
trastuzumab (herceptin), a drug that acts specifically on this
growth-factor receptor.’®

Panitumumab (Vectibix) is a human recombinant anti-
EGFR-antibody (IgG,; antiepidermal growth-factor recep-
tor) against epidermal growth factor receptor used in therapy
for metastasized colorectal carcinoma. Therapy costs in this
case can exceed 100000 Euros per patient. According to
current data, therapy with anti-EGFR antibodies is advisable
only with patients whose tumors demonstrate no mutation in
the K-ras gene (ca.60% of all patients).™ Determination of
the K-ras mutation status is a predictive biomarker for the
effectiveness of therapy with panitumumab, whereby the
patient may be spared serious side effects, and major costs can
be avoided for the insurer.

Moreover, a gene chip is available for establishing the
individual endowment of a particular patient with respect to
genes for liver enzymes that break down specific medications,
since these are of great significance in regards to the choice of
the needed and suitable dosage of certain drugs. Further
examples include azathioprin and mercaptopurin, which are
used against autoimmune diseases and leukemia, respec-
tively.®!

In general, three basic aspects must be investigated and
safeguarded in establishing parameters for personalized
medicine:

1. Both the accuracy and sensitivity of a measurement must
be valid for the marker in question.

2. The test must be able to determine or predict a disease
reliably.

3. The test must be clinically relevant; that is, the significance
of a finding must be clear for the individual patient,
including possible preventive or therapeutic starting
points.

3.2.5.3. Control, Calibration, and Reference Materials

In the context of internal quality control, a control journal
must be maintained according to established guidelines for
every analyte. Furthermore, for every analyte and for each
series of analyses, control studies must be performed at the
start of measurements and during the procedure, in various
concentration ranges. In particular, this means that analytical
values of the controls must not lie exclusively in the middle of
the analytical range, but tests must instead be run at the upper
and lower limits of the test range as well, and results must be
documented in the control journal. Deviations from the
concentration range must also be documented there. If it
proves impossible to maintain the prescribed concentration
range, then a calibration of the analytical device must be
undertaken. Through evaluation of the control journal, it
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should be possible to determine both the resulting precision
(extent of agreement of independent data values acquired
under differing conditions, for example, time, examining
person) and the accuracy (extent of agreement within a
particular control cycle, for example, within a month, between
an observed mean value and the target value).

It is recommended that these minimum requirements be
voluntarily extended through additional controls, so that
errors in analytical determinations (for example, from instru-
ment contamination) may be discovered promptly. Moreover,
so-called pool results are determined in many laboratories.
These may be prepared in the laboratory itself by mixing
human sera, so that they present a more complex matrix than
the controls alone, which are often produced synthetically.
Pools are also often prepared for various concentration
ranges.

Control and calibration materials are generally offered by
apparatus manufacturers. A problem arises here in that a set
of commercial reagents for analyte determination may indeed
give good results with the synthetic control and calibration
materials supplied (since they are from the same manufac-
turer), but cross-reactivity or other interferences can develop
with seriously matrix-encumbered patient samples.®*®” For
this reason, a measurement with another test system is
indispensable for some studies of human material, or else
extensive sample preparation is required. There is thus an
interest in improving the calibration and reference materials
as well as their matrices to make them more comparable to
biological and human samples.®®*" Fundamental guidelines
for reference materials are specified by ISO and its committee
for reference materials (ISO-REMCO). According to ISO/
IEC Guide 99:2007, International Vocabulary of Metrology—
Basic and General Concepts and Associated Terms (VIM),
reference materials or substances are to be of sufficient
homogeneity such that one or more characteristic values are
defined so precisely that they can be used for the calibration
of measuring instruments, for evaluation of measuring
procedures, or for the assignment of material constants (for
example, the content of a particular ion or the electrical
conductivity of a substance). Reference materials are nor-
mally supplied with a certificate, that is, the reference values
are cited along with a corresponding measuring inaccuracy
(confidence interval). Moreover, the material constants cited
by the manufacturer are confirmed by an independent
analytical procedure. Laboratories that are authorized to
supply such a certificate are themselves subject to continuous
quality control. The certificate also indicates the homogeneity
of the reference material, and it states the minimum initial
quantity of sample for which the certified value for a material
constant is valid. Reference materials are provided for various
fields (for example, pharmaceuticals or the foodstuffs indus-
try). Apart from the calibration of measuring instruments,
reference materials are also used for comparative analyses
between various laboratories (ring analyses) and for training
in analytical chemistry. They are offered by both private
producers and suppliers as well as by government institutes.
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3.2.5.4. Nanodiagnostics

Nanodiagnostics refers to the use of nanomaterials for the
detection of diseases.”*?! A review published by Jain in 2005
provides an overview of the present and possible future
utilization of nanotechnology in medicinal analysis."*! Impor-
tant fields for the employment of nanodiagnostics include
immunohistochemistry, genotyping, and the detection of
biomarkers and infectious microorganisms. The simultaneous
determination of various analyte molecules (multiplexing) is
possible.’ The detection principle is in every case similar:
surface characteristics are altered as a result of the binding of
an analyte to an antibody that has been fixed upon a carrier
surface.”” These changes are in turn detected with appro-
priate technology.

Of particular interest in clinical chemical analysis are
bifunctionalized nanoparticles, for example, of gold and its
alloys, quantum dots (QDs), magnetic nanoparticles, and
nanomechanical cantilever arrays.

3.2.5.4.1. Gold Nanoparticles

Spherical gold nanoparticles, in some cases alloyed with
silver or copper, are suited to the simultaneous detection of
various proteins or DNA molecules (multiplexing, multi-
analyst procedures), either in solution or at a solid phase
through the use of a modified form of vibrational Raman
spectroscopy.” Here the gold nanoparticles are coated with a
self-assembled monolayer (SAM) of a Raman-active dye.
This combination leads to a sensitivity increase above that
required for bioanalysis (surface-enhanced Raman scattering,
SERS).”*1 An antibody is also conjugated to the Raman-
active dye. The result is a bifunctionalized nanoparticle (gold
nanoparticle + Raman-active dye + antibody), which in this
particular case (with reference to the form of labeling) is also
designated a SERS-labeled antibody (cf. also radioactively or
fluorochrome-labeled antibodies).’”’ Immunocomplex for-
mation occurs in the presence of the corresponding antigen,
for example on a histologically prepared section, and thus
fixation of the bifunctionalized gold nanoparticle occurs.
Analysis can be carried out after treatment is complete. The
principle underlying this method is similar to the labeling
technique in fluorescence spectroscopy. Signals from the
marker molecules are less numerous, however, and up to 100-
times narrower than those from fluorophores. Thus, there will
be no spectral overlap with the appropriate combination of
Raman-active dyes, thereby allowing several analyses to be
conducted in parallel.”

3.2.5.4.2. Quantum Dots

Quantum dots are semiconductor crystals only a few
nanometers in size.1!1%!! As a consequence of their size they
behave neither like individual molecules nor as voluminous
materials. Their constitution (for example, CdSe/ZnS) and
size give the QDs their properties. The absorption and
emission wavelengths can be adjusted by varying the size and
composition.'”” In contrast to other fluorescent inorganic and
organic compounds, QDs are distinguished by their bright-
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ness, symmetric emission spectrum, color stability, and the
numerous resolvable colors that can be excited simultane-
ously by a single wavelength. Another unique photophysical
characteristic of these semiconductor particles is the fact that,
because of the quantum confinement effect, modification of
their size makes it possible to adjust the absorption and also
emission wavelengths to any desired value.'*”

3.2.5.4.3. Magnetic Nanoparticles

Magnetic nanoparticles are coated with antibodies and
incubated with a sample."™! Analyte detection can take place
in a homogeneous liquid phase or in the solid phase, for
example in a histological organ section in which tumor cells
are being sought. The formation of an antigen—antibody
complex occurs in the presence of the target analyte, whereby
the change in an externally applied magnetic field can be
measured. Alternatively, magnetic relaxation studies can be
conducted. Apart from in vitro diagnoses, magnetic nano-
particles are also utilized in in vivo investigations and therapy
schemes 10191

3.2.5.4.4. Nanomechanical Cantilever Sensors

The surface of a cantilever is coated with DNA or with
antibodies that are capable of binding the target analyte. The
elastically flexible cantilever is fastened onto a chip that
signals every displacement. If the target analyte is present in
the sample, a displacement will occur that is proportional to
the concentration. Parallel arrangements of multiple analyte-
specific cantilevers makes it possible to quantify several
different analytes simultaneously.!'"”

3.2.5.5. Systemic Biology

A human being has 30000-40000 genes, each of which
codes for a single protein. This number is very large, but the
number of biochemical reactions catalyzed by these proteins
is virtually incalculable. Systemic biology examines the
behavior and interactions of all the elements in a specific
biological system.'” In this interdisciplinary field, which
encompasses the natural sciences, mathematics, and informa-
tion science, it is not the investigation of individual genes or
proteins that occupies the foreground, but rather the behavior
and the interaction of all the components of a system. From
data concerning biological systems or from human physiology
(derived, for example, from genomics, transcriptomics, lipo-
mics, proteomics, metabolomics, or glycomics (the “omics”
technologies), as well as other studies), mathematical models
are developed, Hypotheses regarding systemic properties and
behaviors are then devised with the aid of such models.'"!
This may transpire at a computer (“in silico”) and in vitro or
in vivo.

In addition, results (biomarkers) from “omics” technolo-
gies and genome association studies related to widespread
diseases are being discussed for their value in disease
prevention and increasing the efficiency of laboratory diag-
nostics. Biomarkers found in the context of these investiga-
tions find application in four clinical areas:
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e screening for preclinical diseases in asymptomatic people,

e differential diagnostic significance in patients with clinical
symptoms,

e risk stratification for patients with clinically manifested
diseases,

@ support in the choice and management of therapy.

From the points listed, it can be deduced that few
biomarkers actually live up to clinical standards and find a
place among the routinely used techniques.!"”

3.2.6. Research into Established Methods and Implementation of
Measurement Methods Derived from Chemistry

Current areas of investigation include the development of
quantitative analysis methods that are insensitive to interfer-
ence, as well as the testing (and possible implementation) of
chemical analysis methods for application in clinical chemis-
try.

The robustness of immunoassays can be improved by the
use of new antibodies and by altering the matrix of the test
system.!"™"7l Chromatographic columns can be used during
the sample preparation for removal of interfering substances.
The cell analysis with flow cytometry was extended by the
introduction of new markers in leukemia diagnostics, the
study of stem cells and precursor cells, as well as the detection
of pathological microorganisms in blood.!!!5120)

3.2.6.1. LC-MS/MS

Well-established, although relatively expensive, test sys-
tems such as immunoassays are being carried over to new
platforms, such as LC-MS/MS.'13 For example, in the field
of drug analysis, laboratory cost savings of several 100000
Euro per year are being achieved at the Munich University
Clinic alone. However, for the establishment of a new
platform it is first necessary that the measurement conditions
are explored and, in a second phase, the steps in the sample
preparation defined. Ultimately, the method must prove
suitable for routine, continuous service. Many chromato-
graphic methods fail this test because the measurement time
exceeds 15 minutes, since it is then no longer possible to
process sufficient samples in a reasonable time period.
Moreover, it is not easy to incorporate a new analytical
principle into routine diagnostics, with parameters that must
be accessible over a 24 h period, since the personnel must
learn an additional method, with its associated susceptibility
to errors. Manual sample preparation has also proved to be
problematic. On the one hand it is personnel-intensive, but on
the other hand the risk of inadvertent sample interchange
rises.'**!*] Some form of automation is thus desirable. One
possible approach could involve the use of functionalized
ferromagnetic microparticles as well as automated plasma
protein precipitation.['26-12¢)

3.2.6.2. NMR Spectroscopy

Routine application of NMR spectroscopy is not yet
universal.l'”” In the context of lipid analysis, it is expected to

Angew. Chem. Int. Ed. 2010, 49, 1026 —1051

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

result not only in differentiation of the cholesterol fractions
HDL, LDL, and VLDL cholesterol, but also in further
subclassification of LDL cholesterol, which should have
considerable potential in atherogenesis.'™” The goal is to
reduce the effort otherwise expended in ultracentrifugation.
Another possible field of application is early clarification of
metabolic disease and study of the steps in metabolism.!'3-13

3.2.7. New Analytical Parameters and Principles of
Cell Physiology

Main focus of research are the pursuit of clinical studies or
clarification of physiological and pathological mechanisms at
the molecular level. As a consequence of the diversity of the
fields involved, only a few isolated cases can be delineated
here.

MALDI-TOF-MS finds application in the context of
protein and lipid analysis (proteome analysis),*'%¥ post-
translational glycolysis of proteins,'* and the search for new
biomarkers.'"*14l MALDI-TOF-MS is increasingly being
utilized in microbiology for the identification of bacteria,
viruses, and fungi. The procedure is distinctive for its minimal
sample requirements, as well as rapid and easy sample
preparation. In contrast to biochemical differentiation, no
preliminary classification is required (for example, Gram
positive/Gram negative; enterobacteriaceae/non-enterobac-
teriaceae). Incubation of germs with substrates, as in the case
of biochemical differentiation, is unnecessary, so the time
entailed in a single differentiation amounts to at most two
minutes. Species identification on the basis of the resulting
mass spectrum is accomplished through spectra data-
bases [147:148]

Nucleosomes, for example consisting of a histone octamer
and DNA, which in turn is wrapped around the histone
octamer in about two coils, function as markers for cell
destruction.™ Cell destruction can have a host of causes,
including a traumatic event, sepsis, apoplexy, and various
tumors (such as small-cell lung carcinoma), as well as therapy
monitoring during chemotherapy.®™ The extent of DNA
methylation as a prognostic biomarker in various tumor
conditions is also a topic of current investigation.>'-1%4
Methyltransferases methylate cytosine at specific locations
in the genome, with formation of methylcytosine. This
methylation has consequences for the regulation of gene
expression. Methylated cytosine bases in the promoter region
of a gene leads to its inactivation. It has been shown that
aberrant DNA methylation in various promoter regions is a
characteristic of human tumors, and that this methylation is
associated with the disease process.'>>%"]

Structure, function, molecular mechanisms and markers
of signal transduction, cell proliferation, and cell differentia-
tion, as well as cell migration and cell adhesion are all being
studied from a standpoint of cell physiology.!*® Key areas in
this context include cytokines as colony-stimulating factors,
interferones, interleukins, tumor necrosis factors, chemokines,
cadherins, catenins, integrins, selectins, proteoglycans, mucins,
and the immunoglobulin supergene family (such as cellular
adhesion molecules, CAMs).[1*%16%]
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Special clinical relevance is attached to clarification of
molecular mechanisms and markers of sepsis, specific and
nonspecific defensive reactions, and inflammatory cascades,
and, in this context, the role of cytokines.!"**!7"!

Within the framework of molecular study of diseases
associated with affluence, the development of diabetes and
atherosclerosis are under investigation (lipid metabolism, role
of lipoprotein(a)).'""1*! Similarly, bone metabolism is being
studied at the molecular level, particularly against the back-
ground of osteoporosis."+176]

The influence of genetic components on the development
and extent of disease is a focus of research, as is the response
to specific therapies. Simultaneous quantification!"””! of many
of the most diverse genes should become possible with the
help of DNA chips or microarrays.['’*1%

3.3. Further Development of Medical Laboratory Methodology

Prognoses of the future are to some extent little more than
guesswork and opinion. Thus, in the 1980s and early 1990s a
great future was prophesied for molecular diagnostics,"* but
their significance and volume in present day diagnostics
remain of secondary importance. The high point in automa-
tion is considered already to have been reached with the
introduction of “laboratory assembly lines”, which provides a
maximal increase in efficiency with simultaneous reduction in
personnel engagement. This results indirectly in a central-
ization of laboratory effort, wherein transport times are
increased and there is no longer the assurance of an “on-site
presence”. With acute disease patterns, it often takes too long
before laboratory results are received. The modular concept
of a handy readout device and an interchangeable multisensor
cassette permits accommodation of various analyte portfolios,
such as cardiac markers, drugs, allergens, or hormones.
Against this background one should anticipate an increased
prevalence of POCT devices.

From a technical standpoint, hopes are pinned on the
trend toward miniaturization (lab-on-a-chip), parallelization
(multiplex techniques: biochips, MS, pyrosequencing), cellu-
lar analytics (FACS and FISH), as well as mass data analysis
(bioinformatics). Further developments in medical analytics
will, therefore, be influenced by microtechnology.

Thanks to advances in microfluidics, chip technology, and
electronic detection methods, it is now possible to make
measurements on a sample containing only a few microliters
of DNA or RNA. The structures for these systems are only a
few micrometers in size. Immunoassays and electrophoretic
analyses for proteins can also be carried out with micro total
analysis systems (U-TASs). The expression p-TAS was coined
in 1990 by scientists at Ciba-Geigy AG.'® It refers to
measuring devices in which all the necessary steps for the
chemical analysis of a substance are carried out automatically
(for example, separations, filtrations, dilutions, and evalua-
tions).

Even today, after nearly 20 years of development, com-
plete u-TASs are still rare. The reasons lie in part in the
technical complexity of integrating various functionalities in a
single automated, rapid, robust, and reliable system that still
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provides the necessary sensitivity, but also in a continued lack
of acceptance on the part of users.!'s”

An important aspect of the miniaturized laboratory is the
meager amount of liquid involved at the nano- and picoliter
level. Apart from a reduction in reagent use, there is also the
potential time saving in temperature adjustment and rapid
mixing, which in turn cuts the time required for an analysis.
Thus, if DNA amplification through a polymerase chain
reaction (PCR) requires minutes at the microliter scale, only
seconds are involved in a chip laboratory.'® An additional
advance in DNA sequencing is pyrosequencing. Similar to
Sanger sequencing, this utilizes DNA polymerase for synthe-
sizing DNA, and entails enzymatic cleavage of pyrophospate
from the deoxynucleoside triphosphates (dNTPs: dATP,
dGTP, dCTP, dTTP). In a follow-up reaction involving
luciferase, the released pyrophosphate is so transformed
that a bioluminescent signal is emitted, which can in turn be
detected and measured. Starting with a primer, DNA chain
lengthening takes place, nucleotide by nucleotide, through
controlled addition of the individual dNTPs. The addition of
the proper nucleotide, namely one complimentary to the
matrix, results in a luminescent signal, whereas there will be
no signal with dNTPs that fail to fit. Excess dNTP is rapidly
removed from the solution, so that no mixed signals arise. The
simultaneous inclusion of several identical nucleotides gen-
erates a stronger light signal, one that is proportional to the
number of nucleotides involved. The opportunity for quanti-
tative evaluation of signals is one of the strengths of
pyrosequencing. It is used in determining the frequency of
single-nucleotide polymorphisms (SNPs), for example in the
study of genetic diseases, and is thus incorporated into
personalized medicine. Pyrosequencing is readily automated,
and is well-suited to the parallel analysis of DNA %]

Apart from technical modifications in analytical appara-
tus, changes also occur in the spectrum of analytes, in other
words in the medical realm, which adapt to the socioeconomic
structure of the land and thus to those diseases that are
widespread. In this way, great significance will be attached in
classical analysis to predictive diagnosis and early recognition
(especially in coronary and circulatory system diseases,
diabetes, osteoporosis, dementia, and cancer), to individu-
alized medicine (theragnostics), and to personalized medi-
cine. Challenges here of course include the discovery of
cancer at relevant early stages, recognition of diagnostically
and/or therapeutically useful patterns, and development of
clinically more meaningful, scientifically based indices for the
recognition and specification of risk. At the same time,
scientifically validated calculators enter the picture (risk
factors derived from a patient’s biographical data), on the
basis of which relevant risks of disease can be computed (for
example, the relative risk of developing a certain terminal
disease within the next two years).

Parallel analysis of multiple parameters will acquire great
significance, especially with respect to nonspecific symptoms
(for example, tiredness, sense of having a cold, vomiting) in
differential diagnosis (for example, a simple cold rather than
some more malign illness). Thus, the American certification
agency, the FDA, has approved a parallel test that can
simultaneously verify 12 different viral pathogens responsible
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for infections of the respiratory path. One vendor is offering a
rapid immunological test for simultaneously distinguishing
anthrax, staphylococcal enterotoxin B (SEB), ricin, Yersinia
pestis, and botulinum toxin, the most important representa-
tives of the “dirty dozen”, which are of interest both in
disaster management and the militarily. In this context it
should be noted that this particular test meets NATO
Standard Agreement 4571, which specifies, for example,
that it must function reliably over a wide range of temper-
atures (environmental temperatures between 4 and
490C).[18&189]

An increase in the sensitivity of detection for individual
analytes as well as parallel analysis of multiple parameters
will also be facilitated by nanodiagnostics. As already noted,
research and industrial development are concentrating on
gold nanoparticles. This has arisen for several reasons: gold is
well-suited to clinical chemical investigations because of its
optical properties, its chemical robustness, and the possibility
for functionalization with ligands via thiol compounds (DNA,
proteins, antibodies). It has been shown that, in this way,
DNA and proteins can be detected with exceptionally high
sensitivity. Thus, DNA can be detected at a concentration of
23 pm.! Simultaneous measurement of multiple analytes is
possible with the aid of various antibody surface coatings, thus
facilitating screening for widely distributed or chronic dis-
eases.'’12l The fields of nanochips/lab-on-a-chip/microar-
rays, microfluidics, nanoparticles, as well as microelectome-
chanical systems (MEMS; for example, tablet-size cameras)
are all subsumed under the term nanodiagnostics.

Short-term implantable in vivo diagnostic systems are
playing an increasing role, particularly for immediate diag-
nosis of patients in intensive-care stations. These include
sensors that can be implanted in a blood vessel for permanent
monitoring of, for example, the pH value, blood-glucose
levels, temperature, and oxygen partial pressure.®**1 A
further development is measuring systems that are implant-
able and provide long-term stability, and which can be
recalibrated in vivo. One example makes possible permanent
glucose determination for diabetics."® Another application
of biosensors permits an invivo dose determination in
radiation therapy based on fiber-optic sensors that function
without the need for an electrical supply. Such systems make
possible the local monitoring of radiation dosage directly at a
tumor, in surrounding tissue, or a neighboring organ.!*®

Changes can be anticipated not only in apparatus and
diagnostic tools: there will also be a pooling of disciplinary
competencies from laboratory medicine, microbiology/infec-
tious epidemiology, transfusion medicine, human genetics,
hygiene, and pathology. By using diagnostic expert systems,
neuronal networks, knowledge-based diagnostic systems, and
electronic differentiation tools it will become possible to
judge individual findings differently, and to interpret them in
individualized ways. Preventative laboratory diagnostics har-
bors great advantages for the individual if risks can be
identified through biochemical markers before clinical or
organic findings appear, thus allowing therapy to be initiated
early.197-19%]

When will one be able to speak of a transition to a new
generation of systems? The zeroth generation involved no
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automation, namely it had to do strictly with manual
methods—the so-called “test-tube systems”. An advance to
the first generation began in Germany in 1950; this generation
was driven by technology and characterized by a mechaniza-
tion of apparatus and the packaging of reagents (stand-
ardization), together with parametric sample processing. The
second generation arrived in 1975, and was application-
driven, that is analysis systems came with prepackaged
reagents along with software management. Selective sample
processing became possible. The third generation appeared in
2000, and was driven by efficiency (integration of laboratory
systems on a platform with “intelligent” sample processing in
a laboratory assembly line, integration of pre- and postanal-
ysis). The fourth generation will again be driven by technol-
ogy, characterized by miniaturization and parallel arrange-
ment of analytical techniques together with increasing IT
networking. When the fourth generation of laboratory
systems will arrive is unclear, however. Estimates suggest
that its introduction will begin around 2025."’)

Miniaturized products, the realization of which would be
impossible without microtechnology, are already appearing
on the market, are in clinical testing, or await market
introduction in the near future. The deployment of micro-
techniques in medicine can be characterized as a success only
if the new products contribute to a sustainable increase in the
efficiency of patient care; in other words, clinical utilization
will always be the decisive factor.

3.4. Postanalytical Phase
3.4.1. General Observations

The postanalytical phase, or postanalysis, covers the
analytical and medical assessment of analytical results and
the recorded set of definitive findings.” Such findings
constitute a legally valid conveyance of analytically and
medically approved measured data after technical and
medical validation (longitudinal and transverse comparisons,
plausibility controls). Technical validation occurs through the
person working with the technical apparatus, or through a
quality control program, whereas medical validation includes
consideration of all clinically relevant data. An official finding
must contain the date and time of sampling and sample
receipt, as well as the date and time of issue of the finding.
Also documented must be identification information (patient,
submitter, laboratory, person responsible for issue), the
nature of the material under investigation, description of
the investigation, results including units, and the reference
range for interpretation.

The interpretation, classification, and judgement of clin-
ical relevance of analytical results with respect to an overall
clinical picture presuppose, in addition to substantiated
knowledge or skills from pathobiochemistry, analysis (ana-
lytical sensitivity and specificity, precision, and interfering
factors related to the methods of analysis) as well as
diagnostic characteristics (physiological scatter, influencing
variables, diagnostic sensitivity and specificity, predictive
value) of the measured value under investigation, together
with the case history of the patient and the patient’s
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complaints.””"! Differential diagnostic judgements made by
the laboratory should also be indicated. The attending
physician can then make a determination in context, includ-
ing, for example, radiological findings and results from
functional diagnosis.’?*>2%!

Conveyance of the findings occurs in consultation with the
submitter in the form of a printed report delivered by courier,
post, fax, or electronically, as well as by HTML. Combinations
are also possible. With appropriate advance notice on the
investigation request, a telephone or fax report may also be
transmitted. In the case of an investigation requiring a
prolonged period of time, a partial report may be prepared,
which is followed by a final report containing all the requested
information. If necessary, a corrected report may be issued,
including reference to the original report, should that be
found necessary on the basis of internal control or a
subsequent inquiry. Addenda, suitably labeled, are normally
made a part of a final report.

Critical laboratory results, based on lists of extreme values
(which may or may not be the subject of individual agreement
with the submitter), can be communicated at once to the
physician in question by telephone or by fax, and also in the
absence of any special labeling, for example, significantly high
or low potassium levels, hormone controls in pregnancy, or
the monitoring of fertility therapy.

Depending upon agreements between the submitter and
the analytical laboratory, results of various types can be
distinguished. Some of the most important examples are
described below:

Cumulative findings: These provide a summary of multi-
ple requests, collected together on a single sheet. The
measured data are arranged in such a way that values for a
particular quantity derived from various samples/times
appear in a single row. The basis for attribution and summary
of requests on a single cumulative finding is the identification
number from the patient management system, which remains
valid for life. The cumulative finding is the obligatory finding.
A variant of this is the XML-cumulative finding, which
collects electronic individual results together and presents
them in tabular form. The user can selectively adapt the time
span and content to be included. There may also be a graphic
depiction of data as a function of time.

Detailed finding/individual finding: The results of only a
single request, often with a preliminary examination of a
patient, presented in such a way that the descriptions of a
measured quantity are written out in detail to make it easier
for the submitter to interpret. Further individualization
through appropriate interpretations of the results is also
possible.

Label finding: A label finding provides results, together
with appropriate units, on one or more labels. These make it
possible to stick laboratory values into patient overviews,
directly in the patient’s ward.

HTML online finding: This would normally be available
only to submitters at a clinic or hospital, and it ensures timely
transmission of results for patient care. It consists of a set of
electronic findings that can be called up by the submitter on a
PC. Anyone authorized to access such information is required
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to submit to a privacy agreement supplied by the accredited
privacy agent of the clinic or hospital.

A distinction is made between a laboratory finding and a
laboratory report. A laboratory report consists of a set of
measured values together with a physician’s interpretation,
whereas a finding is limited simply to raw data, perhaps
together with a reference such as “hemolytic sample”.

All the results of an investigation are documented
electronically under both the patient’s master data file and
the laboratory assignment number. These records are main-
tained for a period of ten years, and can be called up at any
time. The specified reference ranges, which are essential for
interpreting the results, are consistent with the specifications
of the creator and the current state of an investigation or the
related literature.

The last step in sample processing is disposal according to
appropriate legal provisions.

3.4.2. Determination of Reference Ranges for Individual
Parameters

Reference ranges are an expression of interindividual
variability.”?*?®! They are influenced by the method of
determination and pre-analytical factors such as age, sex,
height, weight, circadian rhythm, and nutritional habits of the
patient. According to DIN EN ISO 15189, reference ranges
should be adapted to conform to the current state of
knowledge.”®! It is always important to demarcate a physio-
logical scattering of a parameter as would be observed with
healthy patients, from the pathological values observed with
the sick.”” For this reason, parameters/biomarkers must be
examined for their specificity with respect to an illness, for
example by the introduction and interpretation of new tumor
markers. This concerns proteins, peptides, or other substances
formed concurrently with the emergence and growth of
malignant tumors, and produced either by the abnormal cells
themselves or from healthy tissue in reaction to the growth of
the tumor. Tumor markers may also appear in healthy people.
The purpose of the reference range is to separate a healthy
from a diseased collective; thus, the diagnostic sensitivity and
specificity should ideally approach 100% in every case
(Figure 13).”%! Diagnostic sensitivity concerns the number
of healthy individuals with a normal test result. The less false-
negative results obtained, the more sensitive is the test
method. Diagnostic specificity refers to the number of
diseased persons with a pathological test result. The less
false-positive results encountered, the more specific is the test
method.

For determining a normal range, only a random sample of
the “normal healthy” that can ever be examined, so the
normal range is thus a range of values that will, with a
specified probability, be observed among healthy persons.
Often the normal collective is poorly defined. The informa-
tion will be deficient:

e regarding the selection criteria,

the sampling technique (preparation of the subjects),
the method(s) of analysis (reliability criteria),

the number of people examined,

and/or the evaluation procedure.

Angew. Chem. Int. Ed. 2010, 49, 1026 —1051


http://www.angewandte.org

Clinical Chemistry

Limiting value/

a) Specificity 100%
- Cutoff

- all results truely negative
- no false-positive values

Sensitivity 100%

— all results truely positive
- no false-negative values

Sensitivity increases Specificity increases

Sensitivity 100%
Specificity 60%

Specificity 100%
Sensitivity 60%

Figure 13. a) Idealized concept of a marker: 100% diagnostic specific-
ity, that is, no false-positive results. This provides a categorical
distinction between healthy and sick patients. b) More realistic test: it
is impossible to provide a categorical distinction between healthy and
sick patients.

This will be illustrated on the basis of two examples.
Interpretation of prostate-specific antigen (PSA) data
requires considerable care, since the result is influenced by
many factors.?*?% One of these factors is the test method
itself.*'"! Over 80 different methods for total PSA determi-
nation are available worldwide. It is therefore important that
the same laboratory method is always used when monitoring
changes in PSA over time.”? Factors influencing how high
the measured value is include, apart from age and ethnicity,
intensive cycling and other vigorous physical activity
(increases in total PSA values are demonstrable for up to a
week after such exertion), ejaculation (total PSA enhance-
ment up to 48 hours later), or acute urinary activity or
prostate biopsy (total PSA increase up to a month later).
Above all, these PSA increases must be distinguished from
ones arising from diseases of the prostate (carcinoma,
inflammation, or enlargement). Since this is often difficult
based simply on a total PSA value, a free PSA (fPSA) value is
often determined as well, and then a quotient is taken (fPSA/
total PSA). Strict borderline values are replaced in such cases
by a stepwise diagnostic process. When an elevated total PSA
concentration is found, a subsequent fPSA determination
may follow. Patients with prostate carcinoma often show a
lower percentage of fPSA relative to patients with a benign
prostate hyperplasia.”'” The variability of a biomarker such
as PSA in the diagnosis of prostate carcinoma means that
further biomarkers can be called upon to increase the
diagnostic sensitivity, such as the prostate-specific membrane
antigen, as well as prostate carcinoma-specific antibodies,
whereby their significance must first be verified through
clinical studies.”'!

Natriuretric peptides, such as the brain natriuretic peptide
(BNP), are released as prohormones (namely, inactive
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precursors of a hormone) from cardiomyocytes when there
is increased heart-wall tension as a consequence of volume
and/or pressure stress. This is intended to encourage renal
sodium elimination, and thus water expulsion. Every volume
and/or pressure burden leads to the release of BNP, and
qualitative and quantitative distinctions offer information
about the cause.”'>*'% It can be established through addi-
tional parameters, such as determination of troponin, whether
the secretion of BNP has a cardial origin, or, with an elevated
creatinin level, a renal basis.

In the establishment of a reference range of one param-
eter are, by definition, only 95% of the analytical results of
this parameter from test subjects with a defined degree of
health (for example from clinical or epidemological registers/
studies as well as national or international reference data)
included in the confidence interval. The confidence interval is
selected in such a way that at both the upper and the lower
end of the measured values a standard deviation of 2.5% is
taken as the limit. This procedure implies that 2.5% of all
healthy people will show an elevated value, and 2.5% a
diminished value, which for them is nevertheless physiolog-
ically normal. Thus, 5% of healthy test subjects fall outside
the normal range and would incorrectly be categorized as ill.
For this reason the determination of additional parameters is
indispensable, as is the presence of clinical indications, to
achieve a correct appraisal and interpretation of the results.

4. Summary and Outlook

A reliable laboratory result will only be acquired if work is
carried out correctly at all three stages. Errors in pre-analysis
continue to be the most common cause of “false” findings.
Economic pressures in the health-care system have meant
that attempts have long been made to reconcile the elements
of the tension triangle: “fast—good—cheap”. So far, how-
ever, it has only been possible to satisfy only two of these
elements. Based on data from the Society of the Diagnostics
Industry, laboratory investigations play a decisive role in
approximately 70 % of all clinical diagnoses. Data from the
USA attest to these numbers: in hospitals there, between 70
and 80% of medical decisions are made on the basis of
laboratory analyses, which represent only 3-5% of the costs
in the USA, and are thus relatively inexpensive.

An aging population, changes in lifestyle, and high
expectations for a good quality of life offer a major challenge
to health-care systems. The goal is thus to strengthen
preventative diagnostics. For this reasons, tests are being
developed, for example, for early recognition of widespread
diseases such as coronary and circulatory problems, cancer,
and metabolic disorders (above all, diabetes mellitus), as well
as osteoporosis, before these manifest clinical symptoms. New
diagnostic approaches such as nanotechnology and DNA
microarrays offer very promising avenues for individualized
systemic biology in this personalized medicine. Nobel prize
winner Richard Phillips Feynman (1918-1988) predicted in
1959 that “there is plenty of room at the bottom” ' where he
was alluding to still undreamt of possibilities with respect to
modification of material in its tiniest dimension. Theranostics,
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a neologism from therapy and diagnostics, will acquire greater
significance here.’” However, not everything in this area that
is analytically and technically possible will become routine.
Thus, for example, Raman spectroscopy in the context of
diagnosis with biofunctionalized gold nanoparticles, NMR
spectroscopy, and DNA microarrays must first demonstrate
their superiority over routine procedures in regard to
analytical stability, sensitivity, and specificity, and a large
number of parameters must be determinable with these
methods before investment in the corresponding equipment
and training of appropriate personnel become worthwhile.
Furthermore, new parameters and biomarkers must be tested
explicitly in terms of their diagnostic sensitivity and specific-
ity. Many new analytical methods, approaches, and biomark-
ers for the improvement of patient care need still to prove
themselves in everyday practice.

In addition, it must be demonstrated that values obtained
and consequences drawn would increase the quality of life
and overall lifetimes of the patients themselves. Current
studies on early detection of prostate cancer, in part through
annual PSA tests, are unable to demonstrate unambiguous
benefits.?'*?¥] Also, there is no increased chance of recovery
through urine screening in newborns for the presence of a
neuroblastoma (malign neoformation of sympathetic nerve
tissue),?**??!l whereas newborn screening of blood from a heel
stick for possible metabolic disease (for example, phenyl-
ketonuria, hypothyroidism) is of definite benefit to the
patient.?>23! A subject of current discussion is expansion of
the number of newborn screenings to 21 metabolic diseases
with the aid of tandem MS.”*!

A further step, the “lab-on-a-chip”, offers the possibility
of real-time observation of a vast array of blood parameters
or cellular processes (optimistic authors speak in terms of
thousands).””??"l The large number of parameters, rapid
availability, and simple acquisition of results leads to new
problems, which are especially important for the clinical
physician. A single result is important, but how is it to be
interpreted ?”®) How variable is a single parameter? How
specific is a change in that parameter? Is it necessary, in the
context of personalized medicine, to acquire data on a regular
basis, especially in a phase of good health, to properly
interpret changes in the event of illness? Over all these
questions stands, in the end, questions of financial feasibility.
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