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Knowledge about the extent of total variation experienced
between samples from different individuals is of great
importance for the design of not only proteomics but
every clinical study. This variation defines the smallest
statistically significant detectable signal difference when
comparing two groups of individuals. We isolated plate-
lets from 20 healthy human volunteers aged 56–100 years
because this age group is most commonly encountered in
the clinics. We determined the technical and total varia-
tion experienced in a proteome analysis using two-dimen-
sional DIGE with IPGs in the pI ranges 4–7 and 6–9. Only
spots that were reproducibly detectable in at least 90% of
all gels (n � 908) were included in the study. All spots had
a similar technical variation with a median coefficient of
variation (cv) of about 7%. In contrast, spots showed a
more diverse total variation between individuals with a
surprisingly low median cv of only 18%. Because most
known biomarkers show an effect size in a 1–2-fold range
of their cv, any future clinical proteomics study with plate-
lets will require an analytical method that is able to detect
such small quantitative differences. In addition, we calcu-
lated the minimal number of samples (sample size)
needed to detect given protein expression differences
with statistical significance. Molecular & Cellular Pro-
teomics 7:193–203, 2008.

Biomarkers are used to differentiate between different bio-
logical states and to monitor disease progress or the success
of medical treatment. To fulfill these tasks, there are not only
strict requirements for each biomarker candidate in terms of
selectivity and specificity but also for the precision of the
analytical process. Therefore knowledge on the extent of var-

iation between the individuals within each group is crucial for
the study design as well as the selection of the method of
measurement. The total variation experienced between indi-
viduals within one group is the result of the biological variation
caused by factors like sex, age, genetic background, lifestyle,
or health status and the technical variation introduced by the
applied sample handling and the method of measurement
itself. This study investigated the extent of variation in human
blood platelets. Platelets are responsible for the maintenance
of vascular integrity and are also involved in inflammation and
wound healing (1). They are anucleate cytoplasmic fragments
released from megakaryocytes in the bone marrow. During
platelet biogenesis, organelles, especially the mitochondria
and the �- and dense granules, are actively transported into
the platelets. Furthermore platelets receive a certain set of
mRNAs during their biogenesis from the megakaryocytes and
are still capable of protein synthesis and processing (2). Sev-
eral proteomics studies have focused on different aspects in
platelet research using 2D1 electrophoresis followed by mass
spectrometry. These studies provided 2D maps of the total
platelet proteome (3, 4), the platelet secretome (5), and the
processes during platelet activation via analysis of phospho-
proteins (6, 7). But to our knowledge there are no studies
published until now that analyze quantitative differences in
protein expression levels between groups of individuals. To
separate platelet proteins we used 2D DIGE with cyanine dyes
and minimal labeling (8). On each gel, a sample was separated
together with an internal standard (a mixture of equal amounts
of all samples of the respective experiment). We determined
the extent of variation in protein expression levels experi-
enced between individuals of a group of 20 healthy volun-
teers. On the basis of the results a sample size calculation for
future platelet proteomics studies was made.
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EXPERIMENTAL PROCEDURES

Blood Sampling—With approval of the local ethics committee,
blood was drawn from 20 healthy fasting volunteers (six male and 14
female; average age, 77.3 � 12 years). Blood was drawn without
stasis from the antecubital vein into vacuum tubes (Greiner Bio-One,
Kremsmünster, Austria) containing 0.129 mol/liter sodium citrate as
anticoagulant (mixing ratio, 1:9 with blood). The first drawn tube was
discarded.

2D Sample Preparation—The platelet isolation and the protein pre-
cipitation were carried out as we described previously (9). Briefly
centrifugation of blood samples followed by size exclusion chroma-
tography of the supernatant was used to obtain a pure plasma pro-
tein-free platelet suspension. Out of this suspension, the platelet
proteins were precipitated using trichloroacetic acid. The precipitated
proteins were washed in acetone (Merck) enriched with 20 mM DTT
(Roche Diagnostics) and resolubilized using 70 �l of 2D sample buffer
(7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris-HCl, pH � 8.5) per
100 million platelets. The internal standard was made by pooling
equal amounts of numerous different platelet samples including all
samples of this study. Labeling with fluorescent cyanine minimal dyes
(CyDyes�, GE Healthcare) was carried out according to the manufac-
turer’s instructions. However, the ratio of CyDye to protein was re-
duced to 7 pmol/�g, giving the same results/patterns as the originally
described ratios. The internal standard was always labeled using Cy2.
The samples were labeled alternately with Cy3 and Cy5.

2D Electrophoresis and Image Acquisition—Twenty-four-centime-
ter pH 4–7 IPG DryStrips (GE Healthcare) were passively rehydrated
for 14 h at room temperature within a mixture containing 33 �g of
labeled sample and 33 �g of labeled internal standard, and the
volume was brought up with rehydration solution (7 M urea, 2 M

thiourea, 4% CHAPS), DTT, and ampholytes pH 4–7 (Serva, Heidel-
berg, Germany) to a final volume of 450 �l with a final concentration
of 70 mM DTT, 0.5% ampholytes. Isoelectric focusing was carried out
on an IPGphor device (GE Healthcare) until 30 kV-h were reached.
Twenty-four-centimeter pH 6–9 IPG DryStrips were passively rehy-
drated for 14 h at room temperature with 450 �l of rehydration
solution containing 150 mM DTT and 2% ampholytes pH 6–9 (Serva).
A mixture containing 25 �g of labeled samples, 25 �g of labeled
internal standard, 150 mM DTT, 2% ampholytes pH 6–9, and the
volume of 2D sample buffer to reach 55 �l was applied to the DryStrip
via cup loading, and IEF was performed with simultaneous loading of
3.5% DTT from the cathode until 30 kV-h were reached. Prior to
SDS-PAGE the IPG strips were equilibrated for 20 min in equilibration
solution (50 mM Tris-HCl, 6 M urea, 30% glycerol, 2% SDS, pH � 8.8)
containing 10 mg/ml DTT followed by equilibration for 15 min in
equilibration solution containing 25 mg/ml iodoacetamide (Sigma).
Thereafter SDS-PAGE was performed on homogeneous gels (12.5%
acrylamide) using the Ettan DALT six equipment (GE Healthcare).
Electrophoresis conditions were: 35 V for 1 h, 50 V for 1.5 h, and
finally 110 V for 16.5 h. Then gels were scanned using a Typhoon
TRIO scanner (GE Healthcare) with a resolution of 100 �m. Sensitivity
(photomultiplier voltage) was adjusted in a prescan with 1000-�m
resolution so that no channel had saturated spots (exception: the
actin spot in pI range 4–7 was always saturated). After scanning, the
gels were silver-stained and stored in 1% acetic acid at 4 °C until
protein identification. Spot detection was performed on the gel im-
ages using the DeCyder software module Differential In-gel Analysis
(version 6.00.28) setting the target spot number to 2800 (pH range
4–7) and 2500 (pH range 6–9), respectively. Saturated spots (peak
height above 65,000) were excluded from further analysis. Next an
exclusion filter for spots with a slope greater than 1.4 or a volume
below 25,000 was applied. Finally all spots that had been removed by
exclusion filters were manually reviewed to ensure no false exclusion.
The fluorescent signal of a spot was background-corrected and nor-

malized by the DeCyder software (version 6.00.28) according to the
manual. Briefly for background correction the 10th percentile pixel
value on the spot border was subtracted. For intragel normalization a
histogram was plotted for spot frequency against log10 spot volume,
a Gaussian distribution was fitted, and the center of this curve was
used as a correction factor for each spot. The resulting normalized
volume was denoted as Vnormg. Each gel was added to the appro-
priate workspace and group and matched against the master gel
using the DeCyder module Biological Variation Analysis (version
6.01.02). Before the matching process was started the first time, up to
250 landmarks were defined all over the gel within high density
regions where the algorithm fails to give correct matches. Subse-
quently the matching process was started followed by reviewing all
matches that were classified by the algorithm as a level 1 match
(automatic matches with high confidence) and confirming all correct
matches. The cycle of matching, reviewing, and confirming the
matches was repeated until no new level 1 matches were found.
Using the DeCyder module XMLToolbox, the spot raw data values,
especially the normalized volume Vnormg for each gel, were exported
from DeCyder and analyzed using a spreadsheet software.

Western Blotting—For Western blotting proteins were separated
on a 2D gel as described above and transferred to a nitrocellulose
membrane by electroblotting. Expression of specific proteins was
revealed with goat antibodies against human fibrinogen (G11,
Biomeda, Burlingame, CA). Bound antibodies were detected with a
peroxidase-conjugated anti-goat IgG antibody (Sigma) in the pres-
ence of SUPERSIGNAL� substrate (Pierce).

Protein Identification—The spots of interest were excised manually
and subjected to in-gel digestion (10) using trypsin (from bovine
pancreas, modified; sequencing grade; Roche Diagnostics). The di-
gests were desalted and concentrated using ZipTips (C18, Millipore,
Bedford, MA) and analyzed on a MALDI-TOF/reflectron TOF instru-
ment (TOF2 (11, 12); Shimadzu Biotech, Manchester, UK) applying the
thin layer preparation technique (13) using �-cyano-4-hydroxycin-
namic acid (Sigma-Aldrich) as matrix. All mass spectra were recorded
in positive ion reflectron mode with delayed extraction by accumu-
lating up to 500 single unselected laser shots. Internal calibration was
performed using the singly charged peptides from tryptic autodiges-
tion at m/z 659.38, 805.42, 1153.57, and 2163.06 (monoisotopic
masses). The lists of monoisotopic m/z values (signal to noise ratio of
a signal had to be above 3:1, and a plausible isotopic pattern had to
be observable) for peptide mass fingerprint (PMF) searches were
manually derived from unsmoothed mass spectra without base-line
subtraction, omitting those values related to tryptic autodigestion,
contamination from keratins (14), and matrix cluster ions (15). Peak
annotation was carried out automatically using software provided by
the instrument manufacturer (Launchpad, version 2.7.1.20060929;
Shimadzu Biotech). Typically spectra showing a resolution of 9000–
12,000 (full-width half-maximum, m/z 2163.06) and an average mass
accuracy of �40 ppm could be observed. The m/z lists were submit-
ted to the publicly available, web-based versions of PMF search
engines ProFound (16) and MASCOT (version 2.1, January/February
2007) (17) to search the Swiss-Prot protein sequence database (ver-
sion 51.5, 15,580 sequences assigned to Homo sapiens) (18) (MAS-
COT only) and the non-redundant database from the National Center
for Biotechnology Information (NCBI) (version 20061013, 151,998
sequences for H. sapiens) using the following settings: fixed modifi-
cation, carbamidomethylation on Cys; variable modifications, oxi-
dized methionine, protein N-terminal acetylation, and formation of
pyroglutamic acid on peptide N-terminal Glu; missed cleavages, 1;
species, H. sapiens; m/z tolerance, �200 ppm; molecular weight,
value estimated from 2D gel �33%, ProFound only; and isoelectric
point, value estimated from 2D gel �2, ProFound only. To confirm the
PMF results, PSD and high energy CID experiments (collision gas,
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helium; isolation width, precursor ion, �5Da; Elab � 20 keV) were
performed on selected tryptic peptides using the same sample prep-
aration technique as described above. Mass spectra were recorded in
positive ion mode with delayed extraction by accumulating up to 3000
single unselected laser shots. Typically spectra showing a resolution
of 400–500 (full-width half-maximum; m/z range, 500–1500) and an
average mass accuracy of �0.5 Da were acquired. The m/z values for
MS/MS ion searches were manually derived as average values from
smoothed spectra (Savitsky-Golay algorithm (19) as implemented by
the instrument manufacturer). Signals showing a signal to noise ratio
of above 2:1 were chosen to be submitted to the to publicly available,
web-based version of MASCOT MS/MS search engine to search the
Swiss-Prot and NCBI non-redundant database using the same re-
strictions as described for PMF searches except instrument type was
MALDI-TOF/TOF and m/z tolerance was set to �1 Da for product ions
and �0.25 Da for the precursor ion. A hit was considered to be
significant if the scores obtained for PMF and MS/MS data clearly
exceeded the significance threshold (p � 0.05) of each algorithm. In
case of multiple hits for the same set of m/z values, these sequences
were checked for redundancy by generating alignments with Clust-
alW (20). In all cases PMF and MS/MS data were sufficient for sig-
nificant protein identification as there was no emphasis laid on further
discrimination of isoforms.

Statistical Methods—Arithmetic mean, standard deviation (�), and
coefficient of variation (cv) are shown for the description of the data.
Spearman rank correlation coefficients were computed to show the
coherence between two measures. For the graphical illustration, his-
tograms and scatter plots are given. We performed asymptotic sam-
ple size calculations controlling the false discovery rate (FDR), defined
as the expected fraction of erroneously rejected hypotheses under all
rejected hypotheses (21). Here the asymptotic power per hypothesis
of the two-sided two-sample t test depending on the sample size per
group (starting with two observations per group) for different effect
sizes is given. An asymptotic FDR (22) of 5% targeted at 500 and
1500 candidate proteins was investigated where 10 and 20 of the
proteins are effective, respectively. For small power values an ap-
proximation using the Bonferroni level was performed because the
asymptotic FDR does not yield reliable results.

RESULTS

Total Variation between Individuals—To evaluate the extent
of variation between individuals, platelet protein extracts of 20
healthy volunteers were covalently labeled by fluorescent tags
with either Cy3 or Cy5 (see Table I). These two dyes are
commonly used in DIGE studies to investigate two samples
concomitantly on a single gel together with a Cy2-labeled
internal standard. To mimic that approach and to include
eventual dye-specific variances it was decided to use both
dyes in the present study. Each sample was mixed with a
Cy2-labeled internal standard and separated on 40 2D gels:
20 in the pI range 4–7 and 20 in the pI range 6–9. Typical gels
are shown in Fig. 1 (A and B). About 1500 spots were detected
in each gel. Because the internal standard was always the
same protein mixture it was expected that all gels would show
the same set of spots in the Cy2 channel. However, every gel
contained several spots that were seen only on a few other
gels. These spots were mainly low abundance and close to
the detection limit. Although this set of spots might also
represent interesting proteins it was decided to focus on
reproducible spots because this allows meaningful and rep-

resentative statistic analysis regarding spot variation (a de-
tailed analysis of incidence and relevance of poorly reproduc-
ible spots would go beyond the scope of the present work).
Only spots that were present in the internal standard in at
least 18 of 20 gels (90%) were included in the present analysis
(484 protein spots in the acidic pI range and 424 protein spots
in the alkaline pI range). The abundance of these spots varied
from a Vnormg of 0.37 to 229 (median 2.90) for acidic proteins
and from 0.37 to 380 (median, 3.76) for alkaline proteins (see
Fig. 2, A and B). The great majority of spots showed a Vnormg

below 50. For intergel normalization the Vnormg values of the
Cy3 and Cy5 channels were divided by their corresponding
Cy2 signal on the same gel resulting in a “standardized abun-
dance” (SA) value for each spot (see Fig. 2, C and D). Then the
average of the SA over the 20 subjects and its cv were
calculated. To calculate SA and cv values it was necessary to
export the raw Vnormg data from DeCyder. The software
package itself gives only the average SA values. Fig. 3 (A and
C) shows that the cv values are distributed over a broad
range. Seven acidic and three alkaline spots even have a cv
above 1. On the other hand, 95% of acidic spots have a cv
below 0.60, and 95% of alkaline spots have a cv below 0.50.
The median cv is 0.182 and 0.186, respectively, for acidic and
alkaline spots. Thus, a typical platelet protein spot varies
between different individuals by about 18%. The cv values
show neither a dependence on pI (Fig. 4, A and B) nor a
dependence on molecular weight (Fig. 4, C and D) as under-
lined by the low Spearman rank correlation coefficients.

A number of spots that showed an abundance (Vnormg) in
the range of the median spot volume were selected for protein
identification by MALDI mass spectrometry. This abundance

TABLE I
List of individuals and labeling strategy

f, female; m, male.

Sample Age Sex
Dye

pI 4–7 pI 6–9

yr

1 100 f Cy5 Cy5
2 93 m Cy5 Cy5
3 89 f Cy5 Cy5
4 88 f Cy5 Cy5
5 87 f Cy5 Cy3
6 87 f Cy3 Cy3
7 84 f Cy3 Cy5
8 82 f Cy3 Cy5
9 82 f Cy5 Cy5

10 82 f Cy3 Cy3
11 75 f Cy5 Cy5
12 73 f Cy5 Cy3
13 73 f Cy3 Cy3
14 72 m Cy3 Cy3
15 71 f Cy5 Cy5
16 66 f Cy3 Cy3
17 64 m Cy3 Cy3
18 62 m Cy5 Cy5
19 59 m Cy5 Cy5
20 56 m Cy3 Cy3
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range reflects the great majority of spots. The selected spots
were well distributed over the gels and included spots with
low, intermediate, and high cv. Table II lists the complete set

of data for the identification of the selected protein spots
based on peptide mass fingerprint and MS/MS experiments
as well as their total and technical variation. Fibrinogen �

FIG. 1. Typical 2DE images for pI
ranges 4–7 (A) and 6–9 (B) (channel,
Cy2; internal standard, 33 �g of protein)
are shown. C, enlargement of a region of
the alkaline gel. D, Western blot analysis
of this region using fibrinogen-specific
antibodies. Black circles indicate spots
that have been identified by PMF and
tandem mass spectrometry. The white
circles in D correspond to the spots in
the superposed C. The arrows indicate
their spot number.

FIG. 2. Frequency distribution of
mean spot volume over the 20 gels
(expressed as Vnormg; A and B) and of
the mean SA (C and D) for the pI-
ranges 4–7 (A and C; n � 484 spots)
and 6–9 (B and D; n � 424 spots).
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FIG. 4. Scatter plots to visualize the
independence of the cv from pI (A and
B) and molecular weight (C and D).
Spearman rank correlation coefficients
(rho) were calculated to quantify the de-
gree of dependence.

FIG. 3. Frequency distribution of the
cv showing the variability for the pI-
ranges 4–7 (A, C, and E) and 6–9 (B, D,
and F). A and B show the total variation
of samples from 20 different individuals.
C and D show the technical variation
after separation of the very same platelet
extract on three different gels. E and F
show the technical variation after prep-
aration and electrophoretic separation of
platelet proteins from six blood samples
taken from the same donor and sepa-
rated on six different gels. Not all spots
found in the total variation experiments
could be found in the technical variation
experiments: A, n � 484; B, n � 424; C,
n � 469; D, n � 412; E, n � 313; F, n �
411.
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chain was found in a horizontal chain of different spots (Fig.
1B, box). To be sure to identify all variants of fibrinogen �

chain a Western blot analysis was performed (Fig. 1, C and D).
Contribution of Technical Variation to the Total Varia-

tion—To estimate the portion of biological variation contrib-
uting to total variation between samples from different indi-
viduals it is essential to know the technical variation. First we
determined the technical variation of each spot due to the
electrophoretic process. Therefore we labeled platelet pro-
teins from the very same platelet sample with Cy2, Cy3, and
Cy5. These extracts were mixed and separated on six differ-
ent gels: three gels in the pI range 4–7 and three gels in the pI
range 6–9. Only spots that were included in the experiment
described above were quantified on each gel. This resulted in
two SA values for each spot on each gel: one for Cy3 and one
for Cy5. Because we analyzed the same sample in all three
fluorescence channels these ratios should be theoretically
always 1. Any observed deviation from each other was de-
fined as technical variation of the electrophoretic process,
which consists of fluorescence staining, 2D electrophoretical
separation, and image acquisition and processing. Any po-
tential differential labeling of Cy3 and Cy5 would also be
included. To quantify this technical variation the cv of the six
SA values was calculated for each spot. The great majority of
spots have a very low variation (below 0.1; see Fig. 3, C and
D). The median cv is 0.052 for acidic proteins and 0.046 for
alkaline proteins. To include also the technical variation of the
sample preparation process we analyzed the total variation of
six different blood samples taken from the same healthy do-
nor at the same time. After platelet protein preparation three
samples were labeled with Cy3, and three samples were
labeled with Cy5. Each sample was mixed with a Cy2-
labeled internal standard from the first experiment and sep-
arated on an a separate gel. After electrophoretical separa-
tion of the mixture the same spots were evaluated
quantitatively as in the first experiment. The cv values were
only slightly higher in comparison with the previous exper-
iment with median values of 0.067 for acidic spots and
0.081 for alkaline spots (see Fig. 3, E and F). Thus, the
volume of a typical spot of the very same blood sample
varied between different analyses by about 7%.

The variations observed between individuals described
above are clearly higher than the variations observed in the
analysis of multiple samples from a single subject. However,
the distributions of cv values show an overlap. To estimate the
proportion of the biological variation in the total variation
measured between different individuals the two values were
plotted against each other (Fig. 5, A and B). Spots lying close
to the 45° line are those that showed in the analysis of differ-
ent individuals a cv similar to those in the analysis of the same
individual. However, the great majority of spots are below the
45° line (85% of the acidic spots and 87% of the alkaline
spots). In addition, the very high variation between individuals
measured for some spots is not associated with a high tech-

nical variation. This indicates that for most spots the technical
variation has only a minor contribution to the total variation
measured in different biological samples.

Implication for Biomarker Research—Many clinical biomar-
ker studies found disease-associated expression changes (�)
of biomarkers that are in a 1–2-fold range of its standard
deviation (�) (for a review, see Ref. 23). Similar �/� ratios can
also be observed in clinical routine diagnostic. This �/� ratio
is referred to as “effect size” (�). In the DIGE setting used in
this study, the standard deviation can be calculated from
mean SA and cv by the following equation: � � cv � mean
SA. Because the mean SA is always nearly 1, � is almost
identical to cv. Thus, an effect size (�/�) of 1 of that platelet
spot that showed the median cv (0.18) would correspond to
an expression change by about 18%. Correspondingly for
50% of all spots the expression change would be lower.
However, many spots show a cv much higher than the median
value. To include 95% of all spots (cv � 0.50) an expression
change of 50% has to be assumed for an effect size of 1.

To minimize the number of false negatives in a biomarker
study (which means to reach a high statistical power) it is
necessary to include a sufficient number of unique samples
(referred to as “sample size”). However, the statistical power
of an observed effect size depends also on the number of

FIG. 5. Scatter plots of technical and total variation for pI ranges
4–7 (A) and 6–9 (B). The cv determined for the total variation has
been plotted against the cv for technical variation. Spots below the
45° line show higher total variance than technical variance, which is
true for the vast majority of all spots.
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spots included in the evaluation due to the problem of multiple
testing. In the current study each gel showed nearly 1500
spots. However, not even 500 spots (484 acidic and 424
alkaline spots) were present in at least 90% of all gels. In
biomarker research only a small part of these spots is ex-
pected to show disease-related changes. We calculated the
statistical power per single hypothesis as a function of the
sample size for varying effect sizes assumed to be common
for all effective proteins. Correction for multiplicity was done
according to the method of Benjamini and Hochberg (21). An
FDR of 5% for the set of two-sided two-sample tests was
chosen. To characterize the influence of the number of spots
that are included in the analysis we performed these calcula-
tions for 500 spots and for 1500 spots. In addition, we as-
sumed that either (i) 10 spots or (ii) 20 spots are effective. The
results are shown in Fig. 6 (for 500 spots (A) and for 1500
spots (B)). When 500 spots are analyzed, an inclusion of 10
patients and 10 controls in a study would allow the detection
of an effect size of 2.0 with a power of about 80%. However,
an effect size of 1.25 would have only a power below 10%,
which is certainly too low. To achieve a sufficient power (e.g.
80%) for an effect size of 1.25 a sample size of 21 per group
would be needed. An assumption of 10 effective protein spots
instead of 20 (i.e. 10 up- or down-regulated proteins are
necessary to function as a biomarker set instead of 20) would
increase the sample size to 25 (dashed curve). A further in-
crease can be seen when 1500 spots are analyzed instead of
500. In that case the sample size increases to 26 (for 20
effective spots) and 29 (for 10 effective spots), respectively.
These data demonstrate that a good guess of the proportion
of effective marker, of the total variation of samples between
different individuals, and of the effect size is necessary for an
appropriate study design.

DISCUSSION

In this study, we assessed the biological variation of about
900 proteins (484 acidic and 424 alkaline) of human platelets
from elderly subjects. We determined the total and the tech-
nical variation in a 2D DIGE analysis and evaluated the impli-
cations on the design of future biomarker research studies.

We recruited healthy volunteers aged from 56 to 100 years
because this group reflects better the patient population in the
clinics than younger subjects. It is known that platelets of
elderly subjects differ from those of young subjects in several
aspects including lower aggregation thresholds to ADP and
collagen, higher levels of �-thromboglobulin and platelet fac-
tor 4, decreased levels of prostacyclin PGI2, and increased
polyphosphoinositide content (for a review, see Ref. 24).
These age-related alterations are not detectable to the same
extent in every aged subject. In addition, the health status
impairs progressively with age, and our group of volunteers
certainly includes subjects with slight, non-apparent illnesses.
Thus, the age group used in this study reflects a very heter-
ogeneous population. The present analysis showed that de-

spite this heterogeneity most protein spots have a surprisingly
low total variation between individuals. To date the knowledge
about interindividual proteome variations in human tissues is
very limited. Most proteomics studies were done with non-
human samples. The total variation (cv) was found to be in
murine primary cell lines 40–46% (technical variation, 23%)
(25), in plant tissues 24% (technical variation, 16%) (26) and
40–60% (technical variation, 26%) (27), and in porcine mono-
nuclear cells 34% (technical variation, 15%) (28). With a me-
dian total variation of only 18% our results are much lower.
This might be explained by the DIGE approach for spot quan-
tification used in our study. The DIGE analysis showed a much
lower technical variation than the proteomics methods used in

FIG. 6. Power per hypothesis of the two-sided two-sample t test
depending on the sample size per group (starting with two ob-
servations per group) for different effect sizes � � �/�. An FDR of
5% targeted at 500 (A) and 1500 (B) proteins is investigated. It is
assumed that 20 (solid curves) or 10 (dashed curves) markers are
effective with a common effect size of � (��/�). Note that for small
power values an approximation using the Bonferroni level was per-
formed because the asymptotic FDR does not yield reliable results.
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the other studies (2DE without internal standards). Thus, the
internal standard increases the statistical confidence of the
analysis substantially. This is in accordance with recently
published data from Friedman (29), who showed that the
DIGE approach allows detection of very small quantitative
changes. In addition, in our study the ratio between median
total variation and median technical variation is higher than in
the other studies (2.5 in comparison with 2 and lower). This
further corroborates that the DIGE technology is very sensitive
for quantitative variations. However, a few alkaline spots show
a technical cv that is higher than the total cv (see Fig. 5B). Six
spots show a technical cv above 0.6, whereas their total
variation is below 0.5 (spot numbers 1478, 774, 421, 488, 803,
and 783). A closer evaluation of these spots revealed that four
of them (774, 488, 782, and 803) are spots that showed
considerable overlap with other spots in some of the gels.
This resulted in a false high spot volume in those gels. The
reason for the high technical cv of the other two spots, how-
ever, remained unclear. Very recently a proteomics study was
published that investigated the total variation in the human
liver proteome using 2D DIGE (30). The authors investigated
samples from 10 individuals and found a median cv value of
19% (range, 6.4–108.5%). This is in good accordance with
our findings and supports our conclusion that the biological
variation is rather low in human tissues from healthy subjects.
Similarly low biological variation can be observed in the levels
of human plasma proteins. The variation of these proteins in
the healthy population is very well documented and is gener-
ally expressed as reference values (95% reference interval).
This corresponds nearly to the median � 2� (95.4%) and
therefore allows an approximation of the cv. On the basis of
the reference values used in our hospital we calculated the cv
of the 10 major abundant plasma proteins. This resulted in a
median cv of 20% (range, 9–41%: albumin, 9%; IgG, 20%;
transferrin, 14%; IgA, 38%; haptoglobin, 41%; complement
C3c, 17%; IgM, 38%; �2-macroglobulin, 20%; �1-antitrypsin,
19%; �1-acid glycoprotein, 21%). However, it has to be taken
into account that these proteins have been quantified by other
methods than 2DE. Highly abundant proteins are supposed to
fulfill housekeeping rather than regulatory functions, and this
may be the reason for the low variability. However, this situ-
ation may change in case of illness. It was not within the
scope of this study to analyze the variation experienced be-
tween samples that have been consecutively taken from the
same individual. Due to standardized sampling conditions and
sample preparation procedures, this type of variation is con-
sidered to be low and of constant height. This assumption is
supported by findings of Nelsestuen et al. (31). They describe
that the protein expression profile of each individual changes
very little over time (weeks) and that the observed differences
between individuals are significantly higher at any time point.

A number of spots were selected for identification by
MALDI mass spectrometry. Vinculin (115 kDa, spot 447) is
known to be involved in the attachment of the actin-based

microfilaments to the plasma membrane. Although it is typi-
cally expressed in skeletal muscle it was also found to be a
part of the platelet proteome by others (4). Vinculin showed a
cv (0.36) that is twice as high as the median value (0.18). A
similar cv was found for a gelsolin isoform (acidic spot 872).
Gelsolin is also an actin-binding protein. Surprisingly the other
gelsolin isoforms (acidic spots 854, 871, and 879) showed
much lower cv values (0.16, 0.13, and 0.12, respectively). This
indicates that for gelsolin the biological variation is mainly
determined on the level of posttranslational modification
rather than on the level of the primary transcript. In contrast,
the eight isoforms of fibrinogen � chain showed very similar
variations (alkaline spots 518, 527, 528, 533, 541, 549, 551,
and 575). Fibrinogen is a cofactor in platelet aggregation and
plays an important role in clot formation. Fibrinogen � chain is
known to be highly modified in platelets. The data indicate
that the variation of the different fibrinogen � chain isoforms
depends on a common precursor (e.g. mRNA) rather than on
the isoform itself. GRP 75 (acidic spot 1078), nucleosome
assembly protein 1-like 1 (acidic spot 1367), and triose-phos-
phate isomerase (alkaline spot 1488) all showed a very low
variation, although they are structurally and functionally com-
pletely unrelated. In contrast, acidic spot 2118 varied extraor-
dinarily between individuals. It corresponded to the apoli-
poprotein A-I (apoA-I). ApoA-I is primarily synthesized in the
liver and secreted in plasma where it is present in huge
amounts. In the platelet preparation protocol used here the
cellular particles are separated from plasma proteins by gel
filtration. This removes plasma proteins nearly completely as
demonstrated by the fact that serum albumin can be found
only in traces in our proteome. Therefore we suppose that
apoA-I either binds specifically to platelets or is actively im-
ported into platelets (especially megakaryocytes, their precur-
sor cells, are known to import plasma proteins) or de novo
synthesized in platelets. The last possibility is supported by
the fact that a recent study found mRNAs coding for apoA-I in
the platelet transcriptome (32). A further support comes from
the fact that apoA-I was also found in the platelet proteome in
two other studies (4, 33). However, we cannot exclude that
platelet-associated apoA-I originates at least partially from
plasma. The plasma level of apoA-I is known to be reduced
during chronic inflammation. This might contribute to the high
variability of this protein. The identified proteins are grouped
in Table II according to their function. However, there was no
apparent difference in the biological variation between these
groups.

Disease-related expression changes observed in biomarker
studies are mainly moderate. A recent meta-analysis of 752
genetic studies on different diseases including cardiovascular
diseases, various cancers, schizophrenia, dementia, and dia-
betes revealed a median gene-disease association of � � 1.43
(range, 1.16–2.58) (23). Considering the rather small median
cv of 18% measured here in platelets this would correspond
to only a 1.26-fold change. This is far below the changes
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reported in proteomics studies with cell culture systems.
Thus, to find disease-related or indicative biomarkers in hu-
mans it is essential to have a highly sensitive detection system
for quantitative measurements. In addition, it is necessary to
include a sufficiently high number of samples in each group to
get a representative overview of the disease-related protein
changes. The sample size increases with the number of pro-
teins that are investigated. But the proteins have to be present
in all gels because proteins that are present only in a few gels
do not reach the necessary sample size. Based on the results
presented here (total variation of 18%, number of repeatedly
found proteins of about 500 per gel) and on the assumption of
a minimal effect size of about 1.25 (based on the literature) it
can be estimated that a biomarker study in human platelets
should include at least 20–25 samples per group, and the
quantification method used should have a very low technical
variation (presumably below 10%). Considering the indica-
tions that the total variation in other human tissues is similar to
that in platelets, we propose that the conclusions raised here
might be a good general guess for clinical biomarker studies.
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