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ABSTRACT: The hemocompatibility of blood-contacting medical
devices remains one of the major challenges in medical device
development. A common tool for the analysis of adherent and
activated platelets on materials following in vitro tests is
microscopy. Currently, most researchers develop their own
routines, resulting in numerous different methods that are applied.
The majority of those (semi-)manual methods analyze only a very
small fraction of the material surface (<1%), which neglects the
inhomogeneity of platelet distribution and makes results hardly
comparable. Within this study, we examined the relation between
the fraction of analyzed sample area and the platelet adhesion result. By means of image segmentation and machine learning
algorithms, 103 100 microscopy images were analyzed automatically. We discovered a crucial impact of the analyzed surface fraction
and thus a misrepresentation of a surface’s platelet adhesion unless up to 40% of the sample surface is analyzed. These findings
underline the necessity of standardization in the field of in vitro hemocompatibility tests and analyses in particular and provide a first
basis to make future tests more reliable and comparable.
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■ INTRODUCTION

A growing percentage of elderly people in combination with a
rising life expectancy increases the need for better and
advanced medical care. Especially in the field of cardiovascular
diseases, which include myocardial infarction, cardiac in-
sufficiency, heart valve failure, and atherosclerotic alterations of
the vascular system causing stenosis and occlusion of vessels,
improvements are urgently needed since they caused 31% of
deaths worldwide in 2016.1 Typical treatments of such diseases
involve artificial heart valves, ventricular assist devices, grafts,
or stents.2 These devices have in common that they are blood-
contacting medical devices. The biocompatibility and partic-
ularly the hemocompatibility of such devices is still the major
challenge and the main restriction in their development.3

Hence, research and development in that area aim at
improving the blood-material interaction by means of surface
structuring,4,5 antithrombotic coatings,6 drug-eluting materi-
als,7,8 and others.9,10 Besides the challenge from the material
point of view, another difficulty is the lack of adequate in vitro
investigation and analysis techniques. Although the standard
DIN EN ISO 10993-4 provides several testing and analysis
methods, these are more recommendations rather than clear
instructions or regulations.11 Consequently, a wide range of
test setups,12 test procedures,6 and analysis techniques11 are
applied for hemocompatibility evaluations, which makes results
hardly comparable. The topic of standardizing test procedures

was already addressed by several publications and studies in
the past years;13 however, the issue with multiple analysis
methods was not considered in detail so far.
Microscopy is a common method for the material analysis

after in vitro hemocompatibility testing, as it allows for the
distinct evaluation of the platelets’ activation grade and their
location of adherence.14−16 Nonetheless, optical platelet
evaluation is broadly diversified with regard to microscopy
techniques,17,18 platelet staining,19 positions of acquired
images,20,21 appropriate fractions of analyzed sample
area,22,23 platelet counting,24 and platelet characterizing
tools.25 Again, the standard does not provide explicit
instructions but only offers the possibility to choose any of
the options. In consequence, researchers develop their own
and individual protocols, which are hardly comparable with
each other. Moreover, many groups fail to publish details about
the applied analysis method, which finally makes comparisons
impossible.14,26,27
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In this regard, the fraction of analyzed sample area and the
classification of imaged platelets is probably the most
important aspect that needs to be addressed as it directly
and severely affects the result and the rating of a material’s
hemocompatibility. Since a time-consuming manual or semi-
manual platelet count is common practice for microscopy
image analysis, the reported fractions of analyzed sample area
are usually less than 0.9%.13,28−31 Only a few groups reported
considerably more analyzed sample area with 14%32 and
33%,33 respectively. Taking the enormous number of platelets
possibly adhering on 1 cm2 of material sample into account, it
is hard to imagine that, according to the reported values, 0.009
cm2 represent the whole spectrum of platelet adhesion on this
sample properly. Anyhow, to this point, it is unclear how
inhomogeneous platelet adhesion is and how much sample
area needs to be analyzed to get statistically valid results.
Accordingly, we hypothesize that the fraction of analyzed

sample area strongly influences the result of the platelet-
covered surface area as a measure for the hemocompatibility of
a material. To evaluate this relation, we have conducted a static
in vitro hemocompatibility study with different materials and
made a statistical analysis of the variance and the deviation of
the results depending on the analyzed sample area fraction.

■ MATERIALS AND METHODS
First, an in vitro hemocompatibility test series was conducted to
create a database for the later statistical analysis. In the second step,
fluorescence microscopy was used for platelet imaging and a
previously developed automated analysis method was applied for
platelet counting.34 Finally, the statistical analysis of the relation
between result and analyzed sample area was carried out.
In Vitro Hemocompatibility Study. A static in vitro

hemocompatibility test series was conducted using five different
polymer materials (see Table 1) commonly used in hemocompati-
bility studies.35−38

Poly(dimethyl siloxane) (PDMS), poly(tetrafluoro ethylene)
(PTFE), and poly(ethylene terephthalate) (PET) were purchased
ready-to-use, whereas poly(carbonate urethane) (PCU)extr and
PCUcast were manufactured out of the purchased polymer granulate.
Extrusion processing of PCUextr was done at the Institute of Plastics
Processing, RWTH Aachen University, as described elsewhere.35,39

For mold casting of PCUcast, the PCU granulate was dissolved in
dimethylacetamide (DMAC) in a 1:9 wt % ratio for 24 h with gentle
rotation. Ahead of casting, any air bubbles were removed from the
PCU solution by centrifugation of small portions for 10 min at 4000
× g relative centrifugal force. PCU solution (6 g) was weighed into a
horizontally adjusted mold with a plain silicon wafer (Micromotive
GmbH, Germany). The mold was placed in a vacuum oven (Hereaus
VT 6060 M, VWR, Germany), and temperature and pressure were
adjusted as shown in Table 2. During that process, the DMAC
evaporates and the PCU foil remains. After carefully removing from
the mold, the foils rested for at least 1 week to evaporate from
remaining DMAC.38

For each of the n = 10 test repetitions, duplicates of ethylene-oxide-
sterilized materials were used. For the tests, fresh blood was drawn
from healthy donors, who were free of any platelet-affecting drugs,
from the cubital vein without stowing (Ethical Committee reference
number EK 348/16 and EK 033/18). The blood was immediately
anticoagulated with 3.2% citrate (S-Monovette, Sarstedt, Germany)
and further processed to platelet-rich plasma (PRP) with a
thrombocrit of 50 000 PLT/μL. Round material samples with a
diameter of 11 mm were incubated with PRP for 1 h at 37 °C
statically in well plates. Afterward, PRP was carefully removed,
material samples were washed multiple times with phosphate-buffered
saline (Lonza, Germany) and incubated with 2% glutaraldehyde
(Roth, Germany) for unspecific platelet staining. The material
samples were mounted on microscopy slides with coverslips on top
by means of mowiol (Roth, Germany), stored in the dark at room
temperature for 12 h and afterward at 8 °C for a minimum of 3 days
prior to microscopy. A more detailed test procedure is described
elsewhere.13,38

Microscopy and Image Analysis. Fluorescence microscopy of
the material samples was performed using an Observer Z1 microscope
(Carl Zeiss GmbH, Germany) with a 40-fold magnification
(resolution/pixel: 0.114 × 0.114 μm2). To maximize the imaged
sample area, tile images with 5 × 5 single images per tile were
recorded. With a single image area of 78 969 μm2, the total tile area
results to 1.95 × 106 μm2. Tiles were placed randomly on the samples
only neglecting areas of obvious contamination by, e.g., glutaralde-
hyde residues or mowiol, resulting in a maximum of 45 tiles per
sample, representing 92.34% sample surface (cf. Figure 1).

Prior to image acquisition, nine focus points/tile were adjusted
manually to reduce out-of-focus images within the tiles due to slight
height differences of the mounted material samples. Except PET
(M3), all materials were imaged with 100% fluorescence light
intensity, whereas intensity was reduced to 58.32% for PET because
of strong autofluorescence in the recorded green spectrum (509 nm
emission wavelength).

Table 1. Materials for Hemocompatibility Testing

ID material manufacturer

PDMS poly(dimethyl siloxane) Bess Medizintechnik GmbH,
Germany

PTFE poly(tetrafluoro ethylene) Bess Medizintechnik GmbH,
Germany

PET poly(ethylene terephthalate) Thermo Fisher Scientific
PCUextr poly(carbonate urethane)

extrusion
Lubrizol (raw material)

PCUcast poly(carbonate urethane)
mold casting

Lubrizol (raw material)

Table 2. Mold Casting Parameter38

step time (min) temperature (°C) pressure (mbar)

1 30 20 1013
2 60 20 700
3 480 60 700

Figure 1. Tile placement with focus points on material sample; scale
bar ≙ 2000 μm.
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All microscopy images were analyzed by means of a newly
developed automated image analysis method.34,38 In short, image
quality was checked in a manual incoming inspection excluding
images that were out of focus, overexposed, or heavily contaminated.
Afterward, an image segmentation algorithm was applied to identify
and parameterize all single components on every image. Connected
platelet aggregates were treated as one component. In the following, a
random forest machine learning algorithm categorized each
component into the class “platelet” or “no platelet.” Those
components categorized as “platelets” were then analyzed with regard
to number and size and the covered surface area, area per platelet, and
platelet density were calculated. In total, 103 100 images were
included for platelet evaluation and statistical analysis.
Statistical Analysis. A measure of inhomogeneity was calculated

to prove the hypothesis that platelet distribution is inhomogeneous
across a material sample. For each sample, the difference of the
platelet-covered surface area CovDiff of one single image Acovered(i) to
the total covered area Acovered(total), both as percentage related to the
corresponding area, was calculated (eq 1).

i A i ACovDiff( ) ( ) (total)covered covered= | − | (1)

To ensure comparability, the value of CovDiff was then related to the
total covered area of the corresponding sample and expressed as
percentage (eq 2). In the case of high CovDiff values and low total
covered area values, the inhomogeneity may exceed values of 100%
considerably.

i
A

inhomogeneity
CovDiff( )

(total)covered
=

(2)

The impact of analyzed sample area on the result of covered surface
area was determined by randomly choosing subsets of k images
representing different fractions of analyzed surface area and evaluating
the covered surface area on these images. The procedure was carried
out for analyzed surface fractions from 0.1% (1 microscope image) to
60−90%, depending on the existing amount of images for each
material sample. To highlight the impact of inhomogeneous platelet
distribution, the choice of k images was repeated 10 times for every
surface fraction, whereby all images were included in each round. The
coefficient of variance (CV) was calculated for each surface fraction.
Additionally, mean values and standard deviations were normalized to
the final “true” value, given by the analysis of all images from each

Figure 2. Platelet-covered surface area; boxplots including all individual data points, crossbars for p < 0.05.38

Figure 3. Area per platelet; boxplots including all individual data points, crossbars for p < 0.05.38
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data group. Calculations were performed using Matlab R2017b
(MathWorks).

■ RESULTS

First, the overall results of the hemocompatibility test series
will be presented briefly, followed by the inhomogeneity
evaluation and the impact of analyzed sample area on the
results. Finally, a threshold of necessarily analyzed sample area
is calculated.
Hemocompatibility Study. The results of the hemocom-

patibility study are presented in boxplots with crossbars
indicating significant differences with p < 0.05 according to
one-way analysis of variance (ANOVA) and Tukey-HSD post
hoc test for normally distributed data and Kruskal−Wallis test
for non-normally distributed data based on the Shapiro−Wilk
test (all IBM SPSS Statistics 24, IBM). The results are based
on all acquired images that passed the incoming control.
Figure 2 shows the covered surface area of the five different

materials. PTFE reveals the most platelet adhesion with 18.75
± 9.50%, whereas PDMS and PET show the least platelet
adhesion below 2%. Both PCU materials are in the middle
range with about 10% area covered with platelets. Except for
the combination PDMS-PET and PTFE-PCUextr, all differ-
ences among the materials are rated statistically significant (p <
0.05).
A similar result is obvious for the area per platelet as shown

in Figure 3. The relation between the different materials is the
same as for the covered area with PTFE (72.25 ± 31.66 μm2)
at the top, PDMS and PET at the bottom of the scale (∼25
μm2), and the PCUs (∼45 μm2) in between. This is consistent
since a larger area per platelet indicates a stronger platelet
activation, which goes along with more covered surface area.
The platelet density (Figure 4) shows a slightly different

behavior with the mean value of PCUextr being more close to
PTFE with 2376 ± 1031 mm2 and 2563 ± 1008 mm2,
respectively. However, differences are still statistically signifi-
cant except PDMS-PET, which reveal again the least platelet
density below 1000 mm2. Results are in line with the previous
numbers, since a higher platelet density represents a larger
number of adherent platelets and thus a higher thrombogenic
potential of a material.

Inhomogeneity Evaluation. The maximum inhomoge-
neity for each material group is shown in Table 3.

Inhomogeneity is extremely high for all materials with values
up to 2000%, which means that the platelet-covered surface
area was 20 times higher or lower on one image compared to
the overall final value of covered surface area.
As a visual example, Figure 5 shows two exemplary images

located diagonally to each other on the same material sample
(PCUcast). With 0.35% and 32.79% covered surface area,
respectively, the platelet distribution is immensely inhomoge-
neous. Additionally, the overall covered surface area on this
sample lies with 9.67% far away from both images.

Analyzed Sample Area Fraction. The influence of
inhomogeneous platelet distribution on the actual covered
surface area as a function of analyzed sample area was
evaluated for each material and each test day individually (data
not shown). As an example, Figure 6 shows the coefficient of
variance (CV) from i = 10 random choices as a function of the
analyzed samples area for PCUcast (test day 8).
A two-term power fit describes the behavior of the CV. It is

striking that the CV reaches values of >0.5 and higher for
analyzed sample fractions below 2%. For rising sample
fractions, it drops and nearly reaches a plateau value in the
region of 0.1. Figure 7 depicts the compiled CVs for PCUcast

from every blood test repetition. The compilations for the
other materials can be found in the Supporting Information
(Figures S1−S4).
Again, small analyzed area fractions correlate with high CVs,

whereas CVs decrease with increasing analyzed surface area.
Interestingly, the deviation from the two-term power fit, which
describes the course of the CV, is reduced after 20% sample
area is analyzed for PCUcast as well as the other materials (see
the Supporting Information). Of note, PTFE (Figure S2) and
PET (Figure S3) show generally less variation compared to the
other three materials.

Figure 4. Platelet density; boxplots including all individual data points, crossbars for p < 0.05.38

Table 3. Inhomogeneity Per Material

PDMS PTFE PET PCUextr PCUcast

inhomogeneitymax (%) 2023 799 1068 1653 1365
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Figure 5. Exemplary microscope images from the same sample (PCUcast) with 0.35% covered surface area (left) and 32.79% covered surface area
(right); scale bar ≙ 20 μm.

Figure 6. CV as a function of analyzed sample area plus two-term power fit for PCUcast #8.

Figure 7. Combined CV data for PCUcast.
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Area Threshold. The threshold of necessarily analyzed
sample area fraction was determined by taking the deviations
from the 10 times repeated random analysis to the overall
result into account. Figure 8 shows the data for PCUcast, the
power fit describing the course of the maximum deviations and
the ±10% error bounds. Corresponding to the CV data, the
deviations are higher for small analyzed sample fractions and
decrease to a plateau value with increasing analyzed area. The
other materials reveal a comparable behavior, which only
differs with regard to the x-value where error bounds and
deviation curve fits intersect. The corresponding figures are
presented in the Supporting Information (Figures S5−S8).
Since ±10% error and deviation are regarded as acceptable

for variations of biologic material like blood and measurement
errors of devices such as blood count analyzer are in a similar
range,40,41 this error bound was chosen for the area threshold.
In particular, the lower error bound of −10% was considered as
this represents the underestimation of covered surface area and
hence platelet adhesion. The intersection values of deviation
curve fits and the 0.9 error bound are shown in Table 4 for
each material.

The majority of materials reveals an area threshold between
30% (PTFE) and 40% (PCUcast) of analyzed sample area;
however, the threshold for PET is severely lower with 14%.

■ DISCUSSION
The results of the hemocompatibility study reflect the expected
results as PTFE presents the highest degree of platelet
adhesion and activation, whereas PDMS and PET show the
least tendency of platelet adhesion. Notably, the standard
deviation within each material group is quite high although the
results are based on duplicates of n = 10 test repetitions and

the use of a standard test protocol.13 This highlights the
importance of standard test and analysis protocols, which
reduce additional error sources. Since the aim of the study was
not the distinct analysis of the different materials but more the
general analysis modalities, the material-specific results serve
only as a control that the in vitro tests are consistent with the
literature.13,42−46

The inhomogeneity evaluation confirms the optical im-
pression that platelets are spread randomly all over the
different material samples. Consequently, there are regions and
microscopy images with a large amount of adherent platelets or
with nearly no adherent platelets. The calculated maximum
inhomogeneity even exceeds 2000% compared to the overall
result, which emphasizes the necessity to analyze a wide area of
sample surface. By imaging only a very small fraction of the
evaluated material sample, the chance for a biased result in
either direction is very high. This is illustrated by the CV as a
function of analyzed sample area. CVs of 0.5−1 for area
fractions below 2% do not depict statistically credible results.
Interestingly, the CV can be described in a two-term power
function as it drops fast within the first 5% analyzed sample
area. In the following, the decrease slows down until nearly a
plateau is reached. This means that there is a certain fraction of
analyzed sample area, which serves as a threshold after that the
CV cannot be reduced anymore. Hence, the remaining
variations are due to, e.g., variations in the blood or the
laboratory equipment.
To determine this area threshold, the normalized standard

deviations were plotted as a function of analyzed sample
fraction. Again, a two-term power fit describes the course of
the deviations well. The intersection of the deviation curve fit
and 10% error bounds from the actual result (result based on
the analysis of every microscope image) depict the necessarily
analyzed sample area fraction and thus the area threshold.
More precisely, the lower error bound was considered for this
purpose. In the context of hemocompatibility evaluation, the
underestimation of the platelet adhesion tendency on a
material is considerably more severe than a slight over-

Figure 8. Covered surface area of PCUcast as a function of the analyzed sample area, normalized to the overall value; curve fits for the maximum
deviations and dotted lines for 10% error bounds.

Table 4. Area Threshold Related to 0.9 Error Bound

PDMS PTFE PET PCUextr PCUcast

area threshold (%) 34 30 14 36 40
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estimation. The latter includes an extra safety, whereas a false-
positive rating could have serious consequences on the
performance of medical devices and patient safety.
Interestingly, the five different materials present different

area thresholds. The deviation and thus the inhomogeneity on
PCUcast seem to be highest as the area threshold is 40%. PTFE
reveals a threshold of 30% analyzed sample area, which is lower
but still in a comparable range, while the thresholds for PDMS
and PCUextr are located in between. With 14% area threshold,
PET is considerably lower than all other materials, which
implies that platelet distribution is less inhomogeneous on
PET since less sample area needs to be analyzed to fall below
the limit of 10% error. An explanation for this phenomenon is
only speculative but could be due to the material properties of
the polymers. Although microscopy of the materials prior to
hemocompatibility testing did not reveal any surface defects,
minor material differences could result from the fabrication or
the polymerization of the materials.
However, the area threshold results underline the need for

regulations of biomaterial analysis. Analyzing marginal sample
area fractions does not provide reliable, reproducible, and
statistically valid results. Based on the presented results of this
study, our current recommendation is to analyze 40% of the
sample area, as this seems to be a maximum of necessarily
analyzed sample area, at least for the materials investigated in
this study.
The presented study reveals important details for the design

of future hemocompatibility test and provides a first step
toward the standardization of optical platelet adhesion
assessment. Nonetheless, the transferability and general
applicability have to be evaluated in the future. Within this
study, five different polymers were evaluated. To figure out if
area thresholds differ between these materials and other
polymers or even other material groups like metals, further
materials have to be tested and evaluated. Additionally, the
thrombocrit of 50 000 PLT/μL as well as the sample size
might influence the inhomogeneous platelet distribution. It has
to be verified if the platelet distribution is more or less
inhomogeneous on larger and smaller material samples and if
different sample sizes require different analysis area thresholds.
Furthermore, the method that was used to automatically

analyze the microscopy images is tailored to specific
parameters.38 Identical platelet staining, image resolution,
and magnification are crucial to apply the automated analysis
method to any microscope image. Hence, consistency of these
parameters has to be maintained. The transferability of the
method as an important tool for the standardized material
evaluation is part of future work.

■ CONCLUSIONS
An extensive statistical analysis was carried out focusing on the
relationship between analyzed sample area fraction and the
resulting hemocompatibility results after static in vitro
hemocompatibility testing. A large database of more than
100 000 microscopy images was set up from 10 test repetitions
with duplicates of five different material samples. It was shown
that platelet distribution is immensely inhomogeneous on the
material samples with up to 2000% deviation from the actual
result. Based on this finding, the area threshold for a result
deviation within 10% error bounds was determined for each
material. Thresholds vary between 14% and 40%, which is both
far above the analyzed area fractions described in other
publications. These results put emphasis on the need for clear

regulations and standards for in vitro hemocompatibility
testing and analyses. Without such rules, results will always
lack comparability, reproducibility, and partly even reliability.
In the future, the determined area thresholds should be taken
into consideration when optical platelet adhesion evaluations
are performed.
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