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Abstract
Fibrin plays a vital structural role in thrombus integrity. Thus, the ability to assess fibrin architecture
has potential to provide insight into thrombosis and thrombolysis. Fibrin has an anisotropic molecular
structure, which enables it to be seen with polarized light. Therefore, we aimed to determine if
automated polarized light microscopy methods of quantifying two structural parameters; fibrin fiber
bundle orientation and fibrin's optical retardation (OR: a measure of molecular anisotropy) could be
used to assess thrombi. To compare fibrin fiber bundle orientation we analyzed picrosirius red-stained
sections obtained from clots formed: (A) in vitro, (B) in injured and stenotic coronary arteries, and
(C) in surgically created aortic aneurysms (n = 6 for each group). To assess potential changes in OR,
we examined fibrin in picrosirius red-stained clots formed after ischemic preconditioning (10 minutes
ischemia + 10 minutes reflow; a circumstance shown to enhance lysability) and in control clots (n =
8 each group). The degree of fibrin organization differed significantly according to the location of
clot formation; fibrin was most aligned in the aneurysms and least aligned in vitro whereas fibrin in
the coronary clots had an intermediate organization. The OR of fibrin in the clots formed after
ischemic preconditioning was lower than that in controls (2.9 ± 0.5 nm versus 5.4 ± 1.0 nm, P <
0.05). The automated polarized light analysis methods not only enabled fibrin architecture to be
assessed, but also revealed structural differences in clots formed under different circumstances.
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Introduction
Fibrin organization plays an important role in the structural integrity of blood clots [1] and
hence methods designed to assess fibrin structure have the potential to increase understanding
of both clot formation and dissolution. Several microscopy-based approaches are currently
employed to examine fibrin structure and, although each offers insight, each also possesses
disadvantages. For example, the most frequent approach, scanning electron microscopy
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(SEM), permits the resolution of individual fibrin fibers [2,3]; however, at high magnification,
it can be difficult to ‘see the forest for the trees’ and hence structural organization on a scale
larger than that of individual fibers might not be discerned. In addition, sample preparation for
SEM is time-consuming and hence this approach is not the most practical when large numbers
of samples need to be assessed. At the other end of the microscopy resolution spectrum,
brightfield examination of hematoxylin and eosin and Mallory-Azan-stained sections is often
still used, sometimes in combination with immunohistochemistry, to assess clots [4]. These
latter approaches are limited in that they yield little information beyond the amount and
localization of fibrin. Additional molecular information may be derived from confocal imaging
combined with fluorescent probes [5] and laser scanning confocal microscopy has been shown
to be capable of revealing architectural changes in fibrin during clot formation and clot lysis
[6,7]. Moreover, confocal reflection imaging techniques have the potential to assess fibrin's
three-dimensional organization [8]. However, at present, analysis of fibrin organization in
confocal images is often descriptive or semi-quantitative.

Thus, there appear to be gaps between the available qualitative assessment methods and the
desire to quantify structural differences, and between methods which provide relatively limited
information versus those which can provide excessive information. One technique with the
potential to fill these gaps (i.e., enable fibrin's structural organization to be quantified and do
so at a magnification which permits large clot areas to be assessed in the same sample) is
polarized light microscopy. The basis for this premise is that polarized light microscopy has
proven useful in assessment of the organization of collagen [9-11], another elongated protein
with an anisotropic molecular structure. Indeed, polarized light was first used to study fibrin
more than 150 years ago [12], but has seldom been used since then; possibly because
quantitative analysis was time consuming and technically challenging. However, recent
technological developments have enabled such polarized light-based measurements to be
readily and rapidly obtained [13,14]. Based on the success in applying these novel automated
methods in the examination of collagen architecture [15-17], our current aim was to reevaluate
the use of polarized light microscopy for the quantitative assessment of fibrin organization in
blood clots.

Materials and methods
Our study's main goal was to demonstrate that fibrin could be assessed with polarized light
microscopy and, furthermore, that differences in fibrin architecture could be identified and
resolved. Our secondary goal was to determine if different staining methods permitted greater
differentiation of tissue elements and, or, provided greater resolution of structural differences.
To achieve these objectives, we exploited the optical properties of birefringent materials (i.e.,
materials with an anisotropic molecular structure), such as fibrin, when viewed with polarized
light. These properties enabled us to perform both qualitative and quantitative assessment of
fibrin architecture. For the former, we examined; (1) the color differentiation and relative
birefringence of fibrin versus other blood elements, and (2) the overall organization of fibrin
fiber bundles within each of the clots assessed. For the latter, we analyzed two specific
structural parameters; (1) two-dimensional fibrin fiber bundle orientation, and (2) fibrin's
optical retardation (OR), an assessment of the degree of molecular anisotropy within a fiber
bundle. Anisotropic materials introduce a path difference between the two rays into which
polarized light is resolved as it passes through the material. The magnitude of this optical
retardation or path difference, Γ, is given by the equation; Γ = t (n1 - n2) where t is the thickness
of the material and (n1 - n2) is the difference in refractive index of the material in the two
orthogonal directions [18]. In turn, this difference in refractive index is determined by the
material's molecular structure. For example, the OR of collagen fibers in healing wounds
increases as the fibers mature; this is not only due to an increase in fiber thickness increases,
but also because there is an increase in molecular anisotropy [9].
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We examined formalin-fixed, paraffin-embedded, tissue sectioned at a thickness of 5 μm (i.e.,
routine histological preparation) from previous work in our laboratory [19-22] in addition to
tissue from ongoing studies. All of these experiments were approved by the appropriate
Institutional Animal Care and Use Committee. These samples were intentionally selected to
provide a range of clot ages and circumstances of formation, two parameters we hypothesized
would produce different structural organization. Qualitative examination was performed with
both linearly and circularly polarized light [23] using an Olympus BX51 microscope (Olympus
America, Inc., Melville, NY). For the quantitative analysis, we attached an LC-PolScope
imaging system (CRI, Inc., Woburn, MA) to the same microscope. The design and description
of the PolScope system has been published [13,14]. Briefly, an electronically-controlled liquid-
crystal compensator was employed to acquire, with a CCD camera, images of the clots
(observed through a X40-magnification objective lens) obtained at four predetermined
compensator settings. Mathematical algorithms are then used to calculate both the magnitude
of the OR and the orientation of the slow axis of birefringence at each point in the image; for
fibrin, the slow axis of birefringence corresponds to the long axis of the fiber.

Two-dimensional fiber orientation
We examined fibrin orientation from 18 clot samples (n = 6 for each group as described below)
which we anticipated would possess a wide range of different fiber bundle orientation
distributions. Specifically, we analyzed in vitro-formed clots (canine blood was placed in a
test-tube for 30 minutes prior to formalin fixation), clots formed within canine coronary arteries
after injury to the tunica media and placement of a stenosis (the so-called Folts model [22]),
and clots from luminal thrombi obtained six weeks after surgical creation of an abdominal
aortic aneurysm and subsequent placement of embolic coils in pigs [19]. All of the sections
were stained with picrosirius red [24]. We measured fiber bundle orientation at 50 locations
in images produced using the PolScope system. The measurement locations were defined by
a 10 × 5 point rectangular grid-pattern or, if the grid-point did not intersect a fiber bundle, the
closest fibrin fiber bundle to each grid-point was analyzed. The measured orientation angles
were then analyzed using circular statistics, a branch of statistics formulated to assess
directional data [25], methods which we have used previously to assess collagen fiber and
cardiac muscle cell orientation [26,27]. We calculated the angular deviation (AD) of each
distribution, a parameter that is the circular statistics equivalent of standard deviation and
indicates the degree of alignment (i.e., the smaller the AD, the more aligned the fibrin). The
average AD was calculated for each group and the means compared using analysis of variance
with subsequent inter-group comparison performed using Tukey's test. In addition, in the
vascular samples, fibrin orientation was plotted relative to the tangent angle to the blood vessel
wall at the location where the measurements were taken.

Optical retardation
Our rationale was, again, to select clots which we anticipated would possess a range of different
ORs related to the genesis of thrombus formation. Specifically, previous work indicated that
coronary artery thrombi formed in hearts subjected to ischemic preconditioning (periods of
brief myocardial ischemia prior to a sustained ischemic episode) lysed faster with fibrinolytic
therapy than thrombi formed without preconditioning; this phenomenon has been found in both
human (with preinfarction angina pectoris serving as the proxy for ischemic preconditioning)
and animal studies [22,28]. Our hypothesis was that such enhanced lysis might be due to the
formation of a different fibrin structure. To test this concept, we examined clots from eight
controls (no preceding ischemia) and eight preconditioned subjects (10 minutes of ischemia
followed by 10 minutes of reflow prior to the final occlusion). In both groups, the thrombi were
obtained one hour after the initiation of total coronary artery occlusion. We made 50 OR
measurements in each picrosirius red-stained section in locations determined by the use of the
rectangular grid described above; however, if the thrombus region containing fibrin was small,
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then fewer measurements (minimum of 25) were made. The mean values were calculated and
compared using a t-test.

Tissue differentiation and fibrin birefringence enhancement by staining
Although picrosirius red has proven useful for collagen staining, there was no reason to assume
that it was the best stain to use for fibrin. We therefore examined other dyes belonging to the
same group as the dye in picrosirius red – Sirius Red F3BA – azo dyes which contain the N=N
chromophore. We examined 14 other azo dyes (Sigma-Aldrich Corp., St. Louis, MO), which
we speculated might provide similar or better color differentiation and birefringence
enhancement than Sirius Red F3BA (Direct Red 80; Colour Index 35780). Serial sections from
an artery known to have a large fibrin-containing clot were stained and examined with each
dye (Table 1). A 1% solution of each dye was prepared by dissolving it in picric acid, which
is how picrosirius red is also prepared. Picric acid (Colour Index 10305) alone was also used
as a stain. The sections were hydrated in solutions of decreasing alcohol concentration, washed
in running water for 20 minutes, and then placed in the staining solution for 90 minutes. After
two brief rinses in 100% alcohol, sections were cleared in xylene and mounted using a xylene-
based medium (Cytoseal XYL, Richard-Allen Scientific, Kalamazoo, MI). We then examined
the sections with brightfield illumination and polarized light and also, when appropriate,
measured the OR of fibrin.

Results
Fibrin stained with picrosirius red appeared yellow when observed with brightfield
illumination, but pale green when viewed with polarized light (Figure 1). In contrast, although
the other main component of the thrombus, red blood cells, also appeared yellow in brightfield,
the cells were not birefringent and so could not be seen with polarized light (although not
present in this thrombus, platelets also stain yellow, but are non-birefringent). Thus, the
combination of picrosirius red staining and polarized light microscopy provided a method of
identifying fibrin and differentiating it from other blood elements. In addition, the fibrous
nature and organization of fibrin can be qualitatively appreciated when viewed with polarized
light.

Two-dimensional orientation
As anticipated, we found a wide range of fibrin fiber bundle orientations from the three types
of clot examined; ranging from a whorled appearance in the in vitro-formed, 30 minute-old
clots to a highly aligned structure in the six week-old thrombus located within the lumen of
the aortic aneurysms (Figure 2). These major qualitative structural differences were reflected
in the quantitative analysis. The average AD was 28.5 ± 1.9° in the in vitro-formed thrombi
versus 6.0 ± 2.1 ° in the aneurysm (P<0.001); consistent with substantial differences in fibrin
alignment (Figure 3). The AD of orientation distributions obtained from the coronary artery
clots formed after vascular injury were intermediate between the two other examples; AD =
17.9 ± 2.3°, P < 0.01 versus the other groups. Figure 3 also shows representative orientation
histograms obtained from individual clots. In both vascular clots, the mean orientation of the
distributions corresponded to the circumferential direction within the vessel; i.e., fibrin fiber
bundles were generally aligned parallel to the tangent to the vessel wall adjacent to where the
measurements were taken. In the in vitro-formed clots, the orientation distributions were so
spread out and the ADs so high, we subsequently sought to determine, using Kuiper's test
[25], if the fibrin orientation was randomly distributed. This analysis revealed that although
the fibrin was disorganized, all the in vitro orientation distributions differed significantly (P <
0.01) from random.
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Optical retardation
In the comparison of clots formed in vessels with and without prior episodes of preconditioning
ischemia, fibrin in control clots had a significantly higher OR than that measured in
preconditioned clots (5.4 ± 0.8 nm versus 2.9 ± 0.4 nm; P = 0.013; Figure 4) – there was no
difference in fibrin orientation between the two groups (data not shown). This 45% difference
in OR was also apparent from inspection of the polarized light images (Figure 4).

Tissue differentiation and fibrin birefringence enhancement by staining
We found a range of dye effects (Table 1); however, only dyes which produced both color
differentiation between fibrin and other tissue elements and fibrin birefringence enhancement
(++ in each column) were selected for OR analysis. Optical retardation measurements were
made at 30-50 locations in each clot and the mean values compared using ANOVA followed
by Dunnett's Multiple Comparison Test (Sirius Red was used as the control group). None of
the dyes produced significantly higher OR values versus Sirius Red, although OR after staining
with Direct Red 83 was lower (4.3 ± 0.2 versus 5.4 ± 0.2 nm with Sirius Red; P < 0.05).

Discussion
Even though, according to von Dungern [12], fibrin's birefringence was first reported in 1849
by Ehrenberg, this method of clot visualization and analysis has seldom been used since then
and has never, as far as we are aware, been used to examine fibrin orientation. This failure to
use a potentially informative method probably occurred because quantitative manual analysis
was time-consuming. Nonetheless, we found that the automated polarized light microscopy
analysis methods not only enabled rapid quantification of fibrin's architectural organization,
but also permitted us to distinguish structural differences between clots formed under different
circumstances.

Fibrin architecture
The fibrin structure revealed by polarized light microscopy is not that of the individual fibers
shown in electron microscopy micrographs, but rather groups of fibers or fiber bundles –
analogous to collagen's structure, this is similar to the difference between fibrils and fibers
(groups of fibrils). However, the nomenclature for fibrin is well-established and so we have
used the term fiber bundles to denote the structures we observed. A typical fiber bundle shown
in Figures 1 and 2 is approximately 2.5 microns wide. Fiber diameters measured from SEM
images are 0.1 – 0.3 microns [2, 7] and hence the fibrin fiber bundles would each contain
approximately 10 – 25 individual fibers. Published SEM images appear to show little evidence
of the fiber bundle organization revealed by polarized light; however, it should be noted that
the SEM images are often less than 20 microns in width and also are usually of clots made in
vitro; for example see Mills and colleagues [29]. The former condition means that larger scale
organization is difficult to see. For the latter circumstance, we found the in vitro-formed clots
to contain a disorganized, whorl-like structure of fiber bundles, which is consistent with the
published SEM micrographs. Furthermore, we found that the organization of in vitro-formed
clots was significantly different from that found in the coronary artery clots. The latter
represents a structure likely to be found in cases of human coronary artery occlusion and hence
conclusions drawn from analysis or treatment of in vitro clots should be made with caution.

Comparison of methods
There has been increasing interest in the role of fibrin architecture in clot structure and
fibrinolysis ranging from the influence of genetic and environmental factors [29-33] to fibrin's
mechanical properties [34]. Assessment of fibrin architecture has required the development of
new methods or the application of methodology from other fields; for example, both confocal
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and atomic force microscopy have been applied [8,35]. Although these techniques have
significant potential, they do have some disadvantages; for example, the expense of the
equipment, the time required for sample preparation, and the current lack of quantification
methods. Quantification of fibrin fiber orientation from SEM and confocal images has not, as
far as we are aware, been done. Typically, quantitative analysis takes the form of measurement
of fiber diameters from SEM images and sometimes, for confocal microscopy, parameters such
as branch point and fiber densities are measured; for example, Collet et al. 2005 [36].
Otherwise, structural assessment is qualitative and usually comparative. In contrast, the
polarized light methods enable two-dimensional fiber orientation to be measured.
Nevertheless, this method is not intended to replace SEM and confocal microscopy assessment,
but rather compliment them. For example, the time and expense required do not make it a
practical option for all clots in a study to be prepared for, and examined by, scanning electron
microscopy. In addition, the increased availability of genetically-manipulated mouse models
[37-39], combined with the development of small animal models of thrombus formation [40,
41] should further increase interest in methods designed to assess fibrin architecture. Hence,
one potential role for the polarized light methodology could be to screen clots and identify
candidates that warrant examination using techniques with greater spatial resolution or
designed to reveal specific features.

Dye selection
These polarized light microscopy analysis methods may be performed on unstained sections;
however, dyes can enhance fibrin's natural birefringence, making it easier to see, and also
provide color differentiation, making it easier to distinguish fibrin from collagen and other
materials. Picrosirius red was first proposed as a dye to identify collagen and enhance its
birefringence and it was therefore not a surprise that this dye also enhanced fibrin's
birefringence. Of the 14 other dyes we evaluated, none increased fibrin's OR versus that found
with Sirius Red. Therefore, Sirius Red, because of its availability and widespread use in
histology, represents the most practical current choice for a fibrin stain. Nevertheless, there are
many other dyes in the ‘azo family’ and we cannot exclude the possibility that there may be
one which provides greater birefringence enhancement and better color differentiation than
those we examined.

In vivo versus in vitro fibrin organization
In addition to a demonstration of the methodology's application, our study also provided insight
into how fibrin architecture is influenced by the circumstances of clot formation. For example,
we found that the clot's formation location appeared to be a determinant of fiber bundle
orientation. Although the in vitro-formed clots did not have a random fibrin orientation, they
were far from aligned. In contrast, significantly greater alignment was found in the clots formed
in coronary arteries. Moreover, the fact that the mean of the orientation distributions generally
corresponded to the circumferential direction suggests the influence of a substrate and guide
for fibrin alignment; however, whether this is related to blood flow-mediated effects or the
organization of structural elements within the vessel wall remains to be determined. Fibrin
alignment also appeared to increase with time; alignment was greatest in the six week-old aortic
aneurysm samples and, again, the mean fibrin orientation corresponded closely to the
circumferential direction in the tissue. Our finding of smaller values of optical retardation in
clots formed after preconditioning ischemia versus control clots, together with the earlier
finding that such clots are lysed faster with recombinant tissue-type plasminogen activator
[22,28], is consistent with the hypothesis that there is an association between optical retardation
and clot lysability. Whether this difference in OR is because of a decrease in fiber bundle
thickness in the clots formed after preconditioning, a decrease in molecular anisotropy, or both
awaits further investigation. Other studies have also suggested a connection between fibrin
architecture and clot lysability. For example, Collet and colleagues found, using confocal
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microscopy, that fibrin morphology within a clot correlated with the speed of fibrinolysis
[36]. Specifically, coarse fibrin networks composed of thick fibers lysed faster than tight fibrin
networks made up of thinner fibers, even though thin fibers were cleaved faster than thick
fibers. However, both fibrin networks, which were created in vitro using different thrombin
concentrations, appeared to lack organization – consistent with the structure we observed for
in vitro clots – and hence may not reflect the structure found in vivo.

In summary, we have established that polarized light microscopy provides a method to assess
clot structure quantitatively. Furthermore, we have demonstrated that clots formed under
different circumstances possess significantly different fibrin fiber bundle architecture.
Although many factors influence clot structure and fibrinolysis, it is likely that any method
which provides insight into fibrin architecture will aid in the understanding of thrombosis and
thrombolytic therapy. Therefore, we propose that this polarized light microscopy approach
provides a potentially valuable addition to the methods currently employed to assess fibrin
structure.
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Figure 1.
Arterial thrombus stained with picrosirius red; (A) viewed with brightfield illumination; fibrin
and red blood cells stain yellow while collagen stains red, (B) the same field viewed with
linearly polarized light; fibrin appears pale green, red blood cells appear dark, and collagen
fibers are much brighter than the fibrin fiber bundles and appear green, yellow, or orange (the
color changes as fiber thickness increases). The region marked with the asterisk contains mainly
red blood cells; however, the polarized image shows some thin fibrin fiber bundles present
there also. [bar = 50 μm]
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Figure 2.
Fibrin viewed with circularly polarized light. Picrosirius red-stained sections of clots; (A) from
an aortic aneurysm and (B) formed in vitro. Fibrin fiber bundles in the aneurysm clot are highly
aligned and are organized in parallel with each other (diagonally in the image). In contrast,
there is much less organization in the in vitro-formed clot and the fibrin fiber bundles have a
whorled appearance. The three arrows indicate the orientation of fibrin fiber bundles
immediately below them and cover a range of orientations of approximately 90°. The asterisk
de notes the location of a folding artifact within the section. The clot appears much brighter
along this fold (running diagonally below and to the right) because of the increase in thickness
of fibrin produced by the fold. [bar = 50 μm]
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Figure 3.
Fibrin organization in blood clots. The top left panel shows the average angular deviation of
orientation distributions analyzed from clots formed in three different locations (n = 6 for each
location). The angular deviation was smallest and hence the fibrin fiber bundles were most
aligned in the aortic aneurysm samples; * P < 0.01 versus the other two groups, ** P < 0.001
versus in vitro clots. The other panels show representative fibrin fiber bundle orientation
distributions for each group. The x-axis represents the orientation angle; divided into 10°
increments and 0° corresponds to the distribution's mean orientation. Any distribution can be
covered by a 180° range because a fiber bundle has no head or tail and hence 360° is not
required. The y-axis shows the percentage of fiber bundles within each 10° orientation angle
range. The angular deviation (AD) of each distribution is denoted on the panels and, for each
sample, is close to that of the group mean. In the aortic sample, the entire distribution of fibrin
fiber bundle orientations is covered by only 30° resulting in a sharply peaked distribution. In
contrast, the in vitro sample is more uniformly distributed and covers the whole 180° range.
In the vascular samples, arrows denote the tangent to the vessel wall at the location where
measurements were taken – the tangent angle did not differ from the mean of the distribution
(0°) indicating that fibrin was generally circumferentially aligned (i.e., parallel to the tangent
to the vessel wall).
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Figure 4.
Linearly polarized light images of fibrin in clots formed in coronary arteries after; (A) a control
occlusion and (B) after ischemic preconditioning; 10 minutes of coronary artery occlusion
followed by 10 minutes of reperfusion prior to the final 60 minute occlusion. Approximately
the same amount of green fibrin can be seen in both images; however, fibrin in the clot formed
after ischemic preconditioning appears less birefringent (less bright) than in the control clot.
This difference was confirmed by the finding of significantly lower values of fibrin's optical
retardation in the preconditioned clot (* P = 0.013 versus control). [bar = 50 μm]
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Table 1
Dye-mediated tissue color differentiation and birefringence enhancement

Dye name Colour Index
Fibrin staining result

color differentiation birefringence enhancement

Direct Blue 1 24410 ++ 0

Direct Blue 15 24400 +++ +

Direct Red 23 29160 + +

Direct Red 24 29185 +++ +++

Direct Red 26 29190 +++ +++

Direct Red 81 28160 +++ +++

Direct Red 83 29225 +++ ++

Acid Red 1 18050 ++ +

Acid Red 14 14720 ++ +

Acid Red 34 17030 + +

Acid Red 88 15620 0 ++

Acid Red 151 26900 + +

Diamine Fast Scarlet 27130 0 +

Orange II 15510 0 ++

Picric acid 10305 0 ++

0 = none, + = weak, ++ = some, +++ = yes
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