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Abstract
The characterization of platelet aggregation and thrombus formation typically requires the use of
fluorescent labels followed by fluorescent confocal microscopy. However, fluorescent labels have
been suspected to affect platelet function. We have developed a label-free imaging technique to
characterize the volume and surface area coverage of platelet aggregates and thrombi formed
under shear. Platelet aggregates were formed by perfusing anti-coagulated whole blood over
fibrillar collagen. Thrombi were formed by perfusing recalcified whole blood over fibrillar
collagen in the presence of coagulation. Platelet aggregates and thrombi volume and surface area
coverage were quantified using a Hilbert transform differential interference contrast (DIC)
microscopy technique (HT-DIC). Our data indicate that platelet aggregates and thrombi formed at
a shear rate of 200 s−1 had similar volume and surface area coverage. At a shear rate of 1000 s−1,
both the volume and surface area coverage of platelet aggregates significantly increased as
compared to low shear conditions. In contrast, the volume of thrombi formed in the presence of
coagulation appeared to remain the same at both low and high shear rates. Utilization of this HT-
DIC imaging technique can allow for insights into the kinetics and mechanisms by which thrombi
are formed under various shear conditions in a label-free manner.
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Differential interference contrast microscopy is now a ubiquitous imaging modality due to
its unique phase contrast enhancement ability. DIC image contrast is produced by phase
gradients in transmitted waves through weak index contrast specimens, enabling high
definition imaging of unstained samples that otherwise would appear semi-transparent using
traditional bright field microscopy techniques.1,7 Phase gradients in the transmitted field
through the sample arise from either height changes, mass density variations, or the product
of the two along the optical path taken by waves through the sample.8–10 DIC images are not
amenable to thresh-holding due to the overlap of gray level intensities of the imaged
specimen with the background substrate upon which the sample is mounted. This failure to
isolate details of the sample from the background makes additional processing of the image
necessary in order to extract quantitative information.1
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The Hilbert transform is a spatial frequency space multiplier operator that creates symmetric
image features through the maintenance of positive frequency components and the reversal
of negative frequency components.1,12 The utility of the transform lays in its ability to
remove the bas relief of DIC images, thus enabling the ability to threshold the background
intensity values out of the image (Fig. 1a). The application of a Hilbert transform to DIC
images, referred to as HT-DIC, is a simple non-iterative fast-Fourier transform based image
processing method that can quickly be applied to the imagery of biological specimens.

The ability to threshold the image comes with the artificial introduction of low frequency
noise components which give rise to axial blurring (Fig. 1a, top right). We introduce the
application of a high-pass Fourier filter to eliminate this axial blurring to facilitate edge
detection of specimens in DIC image cubes (Fig. 1a, bottom right). Using this high-pass
filtered HT-DIC post processing procedure we investigated the geometric parameters of
platelet aggregates and thrombi formed under conditions of shear.

Through-focus DIC imaging of samples were performed at ×40 magnification with an oil-
coupled, NA of 1.4 objective lens on a Zeiss Axio Imager 2 microscope (Carl Zeiss
MicroImaging GmbH, Germany). 300 through-focus transverse DIC images with an
illumination condenser NA of 0.9 were separated by a 0.1 μm axial increment. The
microscope was operated under the control of SlideBook 5.5 (Intelligent Imaging
Innovations, Denver, CO). To obtain volume measurements, the cross-sectional planes of
the HT-DIC images of the sample were detected using a Sobel-based edge detection with the
area computed in each plane and then added together using a custom program written in
MATLAB® (The MathWorks, Inc., USA). Area measurements were determined by
outlining en face HT-DIC images at the central focal position of the image cube.

To validate the HT-DIC method, average surface area coverage and volume of ten 7.67 ±
0.38 μm diameter fluorescein polystyrene microspheres (Bangs Laboratory, Inc., Fishers,
IN) were measured using both confocal fluorescence microscopy and our HT-DIC technique
(Figs. 1c, 1d). Confocal fluorescent microscopy was performed on a Zeiss Elyra PS.1/LSM
710 microscope (Carl Zeiss MicroImaging GmbH, Germany) and microspheres were
imaged and analyzed using the Zen 2011 imaging software (Carl Zeiss MicroImaging
GmbH, Germany). The confocal fluorescence microscopy software calculated mean surface
area coverage to be 50.3 ± 5.3 μm2 and mean volume to be 228.0 ± 40.7 μm3 for the 10
microspheres. The HT-DIC technique calculated mean surface area coverage to be 46.6 ±
2.9 μm2 and mean volume to be 243.3 ± 21.5 μm3 for the microspheres. According to the
manufacturer specifications, actual surface area coverage and volume of the fluorescein
microspheres was 46.2 ± 4.6 μm2 and 236.3 ± 35.5 μm3. This validation demonstrates that
the HT-DIC technique is equivalent to confocal fluorescence microscopy in estimating
geometric sample parameters.

To investigate the range of validity of the HT-DIC method to measure volume, 10 different
(0.95 ± 0.10 μm, 4.82 ± 0.59 μm, 9.86 ± 0.65 μm, and 20.92 ± 0.64 μm diameter (Bangs
Laboratory, Inc., Fishers, IN)) polystyrene microspheres were analyzed. The actual
manufacturer surface area coverage and volume of the microspheres were compared to
values calculated using our HT-DIC technique (Figs. 1e, 1f). The HT-DIC technique was
determined to be within the manufacturing variation of the microspheres in the range of 1–
20 μm diameter samples. As expected, the HT-DIC method failed for 0.1 micron
polystyrene microspheres (data not shown), as they are below the diffraction limit of optical
microscopy (∼0.25 μm).6

Having validated the HT-DIC method we applied the technique to characterize surface area
coverage and volume measurement of platelet aggregates and thrombi under two different
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physiological shear rates.11 With the purpose of generating platelet aggregates under flow
(Figs. 1b, 2a), venous blood was collected from healthy volunteers into D-phenylalanyl-L-
prolyl-L-arginine chloromethyl ketone (PPACK, 40 μmol/L).14 Whole blood collected into
PPACK was supplemented with 10 μmol/L PPACK every hour to maintain inactivation of
coagulation factors, resulting in only platelet-collagen adhesion and platelet–platelet
aggregations. Glass capillary vitrotubes (0.2 × 2.0 × 50 mm, Vitrotube™ Catalog # 5002,
VitroCom, Mountain Lakes, NJ) were coated with fibrillar collagen (100 μg/mL, 1 h at 25
°C) followed by washing with PBS and blocking with BSA (5 mg/mL, 1 h at 25°C).12

Collagen-coated vitrotubes were assembled onto microscope slides and mounted onto the
stage of an inverted microscope (Zeiss Axiovert 200 M, Carl Zeiss MicroImaging GmbH,
Germany).3 A pulse-free syringe pump perfused PPACK-anticoagulated blood through the
flow chamber for 5 min to form platelet aggregates on the collagen surface at
physiologically relevant shear rates of either 200 s−1 or 1000 s−1.4,5

In order to form thrombi under shear in the presence of coagulation, venous blood was
collected from healthy volunteers into one-tenth sodium citrate (NaCit, 0.38% w/v). To
trigger coagulation and drive fibrin formation, a separate syringe pump mixed calcium flow
buffer (75 mmol/L CaCl2 and 37.5 mmol/L MgCl2) with the sodium citrate-anticoagulated
blood immediately prior to perfusion through the flow chamber.4,13,14 A representative
image of thrombus formed under shear is shown in Fig. 2b.

Vitrotubes containing either platelet aggregates or thrombi were washed for 5 min with
modified Hepes/Tyrode buffer (136 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Hepes, 2
mmol/L MgCl2, 2 mmol/L CaCl2, 5.6 mmol/L glucose, 0.1% BSA; pH 7.45) at the same
shear rate to remove unbound blood components. The samples were fixed with
paraformaldehyde (PFA, 4%) for image analysis.2,3

Experiments were repeated using blood from three different donors. Z-stack images from
three random fields of view (215 μm × 160 μm) were processed for each sample, resulting
in a total of nine z-stack images for each treatment. Z-stack images were taken from the
surface of the slide to 5 μm above the platelet aggregates or thrombi.

Figures 2c, 2d, 2e, and 2f show the histograms of surface area coverage and volume of
individual platelet aggregates and thrombi formed at 200 s−1 and 1000 s−1 shear rates. Table
1 displays the range for the greatest frequency (peak) for surface area coverage and volume
of individual platelet aggregates and thrombi. Figures 2c and 2d display mean total surface
area coverage of platelet aggregates and thrombi formed at 200 s−1 and 1000 s−1 for a 215
μm by 160 μm field of view, while Figs. 2e and 2f show mean total volume of platelet
aggregates and thrombi for the field of view formed at 200 s−1 and 1000 s−1.

We demonstrate the utility of a Hilbert transform differential interference contrast
microscopy technique to quantify platelet aggregate and thrombi surface area coverage and
volume.

Our data indicates that the surface area coverage and volume of platelet aggregates increases
with shear. Platelet aggregate mean total surface area coverage for the 215 μm by 160 μm
field of view increased from 10,091 ± 531 μm2 at 200 s−1 to 18,393 ± 2040 μm2 at 1000
s−1, with a p value of 0.017. Platelet aggregate mean total volume for the field of view
increased from 15,948 ± 2146 μm3 at 200 s−1 to 42,937 ± 10,672 μm3 at 1000 s−1, with a p
value of 0.036. However, under conditions of coagulation, the surface area coverage of
thrombi increases with shear while the volume appears to remain constant. Thrombi mean
total surface area coverage for the same size field of view increased from 8982 ± 1567 μm2

at 200 s−1 to 14,527 ± 909 μm2 at 1000 s−1, with a p value of 0.038. Thrombi mean total
volume for the field of view increased from 29,761 ± 7235 μm3 at 200 s−1 to 34,349 ± 5991
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μm3 at 1000 s−1, with a p value of 0.651. Utilization of this HT-DIC imaging technique can
allow for insights into the kinetics and mechanisms by which thrombi are formed under
various shear conditions in a label-free manner.
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Abbreviations

BSA Bovine serum albumin

DIC Differential interference contrast

NA Numerical aperture

PBS Phosphate buffered saline
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Figure 1.
Validation of HT-DIC imaging technique. (a) Sagittal ×40 DIC image of a 4.82 ± 0.59 μm
diameter polystyrene microsphere bead (left). Cross-sectional view of the DIC z-stack
images (top right), Hilbert transformed DIC z-stack (middle right), and high-pass filtered
Hilbert transformed DIC z-stack (bottom right) of the microsphere. (b) Sagittal DIC image
of a platelet aggregate formed at 200 s−1 shear rate (left). Cross-sectional view of the DIC z-
stack images (top right), Hilbert transformed DIC z-stack (middle right), and high-pass
filtered Hilbert transformed DIC z-stack (bottom right) of the platelet aggregate. The
direction of flow is indicated by the white arrow. Intensity values are in arbitrary units. Scale
bars represent 5 μm. (c and d)Mean surface area coverage and volume of ten 7.67 ± 0.38
μm diameter fluorescein polystyrene microspheres calculated using confocal fluorescence
microscopy and the HT-DIC technique. The actual surface area coverage and volume of the
spheres using the manufacturer specifications are also plotted. Error bars are ± standard
deviation. (e and f) Mean surface area coverage and volume for ten 0.95 ± 0.10 μm, 4.82 ±
0.59 μm, 9.86 ± 0.65 μm, and 20.92 ± 0.64 μm diameter uniform polystyrene microspheres
calculated using the HT-DIC technique. Results are plotted against the actual values for the
spheres according to the manufacturer. Error bars are ± standard deviation.
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Figure 2.
Platelet aggregate and thrombi surface area coverage and volume. (a) DIC image of platelet
aggregates formed at 200 s−1 and 1000 s−1 shear rates. (b) DIC images of thrombi formed at
200 s−1 and 1000 s−1 shear rates. All scale bars represent 20 μm. (c, d, e, and f) Histograms
of aggregate and thrombus surface area coverage and volume for 200 s−1 and 1000 s−1 shear
rates collected over three trials. The surface area coverage histograms used 20 μm2 size
bins, while the volume histograms used 50 μm3 bins. Inlaid bar graphs display mean total
aggregate and thrombus surface area coverage and volume for a 215 μm by 160 μm field of
view. Error bars are ± SEM. Asterisks denote a p value ≤0.05 in comparison to 200 s−1 shear
rate values.
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Table 1

Range of greatest frequency for surface area coverage and volume of individual platelet aggregates and
thrombi at 200 s−1 and 1000 s−1.

Platelet aggregates Thrombi

Shear rate Surface area coverage (μm2) Volume (μm3) Surface area coverage (μm2) Volume (μm3)

200 s−1 140–180 150–250 80–120 50–150

1000 s−1 140–160 300–400 60–100 300–400
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