
Furthermore, nonspecific staining is typically lower as only purified antibodies are
conjugated. The use of isotype controls is thus only of limited value and usually
impracticable in direct staining methods. In case of heterogeneous cell populations
or multiple stainings of the same sample, the background signals of the cells which
are negative for a given antibody are informative as well regarding background stain-
ing intensity. Accreditation therefore typically requires objective methods for the de-
termination of positive and negative cell fractions, and isotype controls are not re-
quested as the method of choice.

Methodological Developments in Cytometry

Flow cytometry is moving from an open research method to a validated diagnostic
method. This process requires improvement of the precision of analysis as well as
biological calibration and quality-controlled results. An improvement of absolute
counting, antigen quantification and the development of standards and control ma-
terials are central to this process. Finally, integration of data reporting into the clini-
cal flow of information is needed, which improves the availability of technical results
and at the same time provides transparency regarding the interpretative part of the
report and the underlying data.

Absolute Counting
The clinical need for a precise determination of absolute concentrations of CD4þ
T-lymphocytes in peripheral blood in HIV infection has stimulated the development
of methods for absolute counting although flow cytometry traditionally did not in-
clude volume calibration due to the required staining and washing steps before
measurement. In the meantime, the quantification of CD34-expressing hematopoie-
tic stem cells and progenitor cells has established itself as a further important clinical
application of absolute counting.

In the classical dual-platform method for counting CD4þ T-cells, the flow cyt-
ometer was used for determining the relative fraction of CD4þ T-cells among lym-
phocytes while the absolute concentration of lymphocytes in blood was derived
from a hematology analyzer [8]. Alternatively, the population of all leukocytes was
also used as the common denominator for both platforms. These methods are
flawed by large analytical errors due to differences in cell identification, especially in
lymphopenic samples, in both types of platform. Thus, normoblasts and basophil
granulocytes interfere on both platforms depending on methodology, and distur-
bances of automated leukocyte differentiation in the hematology analyzer lead to
broadly variable results. Furthermore, selective cell loss may occur and is difficult to
control with the classical methods of sample processing for flow cytometry includ-
ing centrifugation.
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In single-platform methods for direct absolute cytometric counting, a fixed relation
between the initial sample volume and the volume before analysis is maintained by
lyse-no-wash methods (see above), which do not require centrifugation. Volume is
then determined during analysis using microbeads initially added to the blood sam-
ple as counting standards or a volume-calibrated flow cytometer. Figure 14 illus-
trates the use of counting beads according to the current guidelines of the American
Centers for Disease Control and Prevention for CD4þ T-cell counting [9]. Rare cells
such as CD34-expressing cells or antigen-specific T-cells are also counted using sin-
gle-platform methods. It is important to know in this context that counting beads
have been developed for use with whole blood. In sample materials with low protein
content such as apheresis products, counting beads can clump and precipitate.
Therefore, sample processing in a buffer with protein supplementation is needed in
order to avoid falsely high results.

Fig. 14. Principle of gating as performed for single-platform counting. Lysed whole blood is sup-
plemented with counting beads and analyzed according to a Center for Disease Control guideline
[9]. Dot plot 1 shows the counting beads as events with high fluorescence intensity and SSC. Re-
gion 1 (R1) is drawn around lymphocytes with dense expression of CD45. Only events in region 1
are shown in dot plots 2 and 3. A quadrant analysis is performed in order to quantify T-helper cells
with expression of CD3 and CD4 and cytotoxic T-cells with expression of CD3 and CD8. Dot plot 4
and histogram 5 are ungated and show regions for the counting of beads which are used as vol-
ume calibrators for the calculation of absolute counts.
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Antigen Quantification
In many cases, the expression density of antigens has immediate diagnostic rele-
vance. Some examples are the expression of CD38 on CD8þ T-cells in HIV infec-
tion, of HLA-DR on monocytes in sepsis and of activation antigens on platelets in
prothrombotic diseases. Furthermore, antigen expression density can support the
identification of cell types, especially pathological cells displaying a characteristic ab-
normal expression such as CD10 overexpression on B cells in acute lymphoblastic
leukemia or CD34 overexpression in variants of acute myeloblastic leukemia. Finally,
even the determination of the fraction of cells that are positive for an antigen, e.g.
for CD38 or ZAP-70 in B-cell chronic lymphatic leukemia, is a problem of antigen
quantification as the detection sensitivity depends on the selected fluorochrome and
antibody preparation as well as on the instrument and instrument settings.

Several approaches have been attempted towards a calibrated or absolute deter-
mination of antigens [10]:
– The flow cytometer can be calibrated using particles with calibrated expression

of the same fluorochrome as that used for immunophenotyping in several bead
populations with different expression densities.

– Microbeads with a defined number of binding sites for mouse immunoglobulin
can be used for calibration after loading with the antibody that is also used for
cell staining

– Cells with a stably expressed antigen can be used as a reference population.
Either stabilized control cell suspensions or intrinsic populations with stable
expression, e.g. of CD4 on T-helper lymphocytes, can be used for this pur-
pose.

Methods for antigen quantification are still problematic as the various available
methods do not achieve the same results even when highly and homogeneously ex-
pressed antigens are analyzed [11]. Furthermore, variability of some calibration re-
agents from one lot to another is problematic. The lack of saturation of binding of
many commercially available antibodies also constitutes a problem. This is especially
true of conjugates with bright fluorochromes such as R-phycoerythrin or allophyco-
cyanin. The fluorochrome-to-protein ratio, the accessibility of epitopes to specific
clones or differences in their immunoreactivity, bivalent or monovalent binding of
antibodies as well as the linearity and stability of flow cytometers will further affect
the results depending on the methods. Especially the compensation of spectral over-
lap in multicolor experiments remains an unresolved problem.

Standard Operation Procedures and Control Materials
A lack of standardized methods frequently prevents multicenter comparison of re-
sults and thus the routine diagnostic use of flow cytometry. Validated test systems
and to some extent control materials have become available only for some clearly de-
fined parameters such as the enumeration of CD4-expressing T-cells, CD34-express-
ing hematopoietic stem cells and progenitor cells or the counting of residual cells in
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blood products. For some of these applications, quality control modules have be-
come available as well as part of the data acquisition software.

For more complex methods such as the immunophenotyping of leukemias and
lymphomas or the analysis of platelets, standardization still is poor, however. These
methods are currently on the level of a literature- and experience-based consensus
discussion while cross-validation of alternative methodological approaches is lack-
ing.

Integration into Clinical Reporting and Interpretation
Information logistics also represents a major problem in the clinical application of
flow cytometry. Thus an automated and reliable import of sample identification,
e.g. using a barcode, as well as of order information and of patient master data is re-
quired for an efficient processing of samples. The export of numerical analysis re-
sults into laboratory information systems and hospital information systems typically
does not present a problem. Standards for the generation and documentation of
graphical results such as informative dot plots in leukemia and lymphoma analyses
are still missing. Integration of such information into clinical reports would be an
important step towards increased transparency of the interpretative parts of the re-
port and thus also towards improved clinical acceptance.

Conclusion

Flow cytometry is a general technique for the simultaneous analysis of size, granu-
larity and multiple fluorescence properties of single cells. Specific staining with
fluorescent antibodies or other fluorescent staining methods allows flexible assess-
ment of immunological, biochemical or functional properties of single cells in het-
erogeneous cell suspensions. Complex methods for data analysis allow assignment
of the measured signals to cell populations with similar properties. While analysis of
fluorescence generally general provides relative data, new methodological ap-
proaches using microparticles allow absolute cell counts as well as quantitative ana-
lysis of antigen expression.
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