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Background: The structure of thrombi plays an important role in delaying reperfusion and re-occlusion after intravenous
thrombolysis and could influence the performance of mechanical thrombectomy devices. This study aims to distinguish
various thrombi groups based on their T, and apparent diffusion coefficient (ADC) properties.

Methods: 26 venous thrombi (VT), 28 acute (aPTE) and 18 chronic pulmonary thromboemboli (cPTE) and 18 sedimented
clots (SC) were scanned by a three-dimensional T;-weighted spin-echo sequence and by T, and ADC mapping. Immu-
nohistochemical analysis was used as a reference. Differences in the ADC, T, and paired ADC-T, distributions between
the various thrombi group pairs were analyzed by standard statistics as well as by overlap integrals.

Results: Paired ADC-T, distribution enabled the most efficient discrimination of structural changes between pairs of
thrombi. For thrombi pairs VT-cPTE, VT-SC, aPTE-cPTE, aPTE-SC, cPTE-SC differences were statistically significant
(Papc: P72, Papc.2<0.05) and the values of the overlap integrals were low (Olapc<0.505, Ol+>,<0.823, Olapc.
12<0.379). Least efficient was the structural discrimination for the VT-aPTE pair (p1, = 0.877, Ol = 0.940).

Conclusion: Multiparametric MRI is an efficient method for discriminating different thrombi groups at various stages of

organization.

Venous thrombi and pulmonary thromboemboli are formed
as a consequence of two interrelated processes: deep
venous thrombosis and embolism. Several dilemmas in treat-
ment management may arise due to a limited assessment of
thrombi structure,' which could result in a failure to respond
to the initial thrombolysis or in an inability to differentiate
acute from chronic thromboemboli successfully.”
Susceptibility of thrombi to lysis decreases with their
chronicity.” Several ex vivo and in vivo studies have con-
cluded that both platelet content and organization of
thrombi have an important role in assessing the efficacy of
intravenous thrombolysis.”> The assessment of specific
thrombi features, such as the platelet vs. red blood cell
(RBC) ratio and thrombi organization, represents a chal-
lenge. While most MRI techniques depict vessels as hyperin-
tense structures and capture thrombi as signal voids,*” other
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sequences allow the assessment of temporal compositional
changes.®’

Histologically, venous thrombi and pulmonary throm-
boemboli are commonly composed of a fibrin meshwork
with entrapped RBCs and extracellular space filled with
serum, while platelets are usually grouped into tight agglom-
erates lacking serum, essentially mimicking solid tissue being
rich with cellular proteins that enhance 77 relaxation.'®
Therefore, due to their different spin-lattice relaxation time
properties, RBC-rich and platelet-to-fibrin-rich regions in a
thrombotic mass can generally be discriminated with a 77-
weighted MRL!' Furthermore, the organization of thrombi
is accompanied by an increase in protein content, i.e., an
expulsion of extracellular serum due to fibrin network com-
paction, which progressively influences the 75 relaxation
time shortening, thereby being detectable by 75-weighted
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MRL"!
thrombus retraction in vivo and for predicting the outcome

This sequence is considered useful for detecting

of thrombolytic therapy.'” Another MRI sequence that is
very sensitive to changes in serum mobility and can be used
to distinguish between the cell-rich or cell-poor components
of clots is MR diffusion weighted imaging (DWI). DWI
measurement allows the calculation of the apparent diffu-
sion coefficient (ADC) maps, which may be helpful in the
assessment of thrombolytic outcome.'” Because the evolu-
tion of thrombi is strongly associated with altered diffusion
properties of water molecules in a local microenviron-
ment,"* one could expect that the complementary use of
multiple MRI parameters (e.g., 7> relaxation time and
ADC) for various thrombi groups would improve the assess-
ment of their structure.

The aim of this study is the characterization of various
thrombi groups (venous thrombi, acute and chronic pulmo-
nary thromboemboli) by their ADC and 75 properties.

Materials and Methods

Venous Thrombi and Pulmonary Thromboemboli
Ex Vivo

Twenty-six acute venous thrombi (VT), 28 acute pulmonary
thromboemboli (aPTE), 18 chronic pulmonary thromboemboli
(cPTE) and 18 sedimented clots (SC) were acquired within 48 h
after death in routine autopsies where pulmonary thromboembolism
was confirmed as a main cause of death. A pathologist (E.K.) with
over 30 years of experience classified thrombi as acute or chronic
based on the standard pathohistological and immunochemical assess-
ments that followed the autopsy."® The study did not interfere with
the course of autopsy, and the Ethical Committee of the National
Ministry of Health approved its protocol. All samples were carefully
removed from the surrounding tissue, rinsed with isotonic saline of
0.9% w/v of NaCl, pH 7.4 and closed in Teflon tubes to prevent
tissue desiccation during MR scanning. The samples were then
examined following the protocol shown in Fig. 1.

Ex Vivo MRI

The MR imaging was performed on a MRI scanner consisting of a
2.35 Tesla (T) (100 MHz proton frequency) horizontal bore super-
conducting magnet (Oxford Instruments, Abingdon, United King-
dom) equipped with a Bruker micro-imaging system (Bruker,
Ettlingen, Germany) for MR microscopy with a maximum imag-
ing gradient of 300 mT/m and a TecMag Apollo spectrometer
(Houston TX). Each specimen was inserted into a 20 mm micro-
imaging probe and analyzed by an imaging protocol consisting of
a three-dimensional (3D) 7)-weighted MRI, using the 3D spin-
echo (SE) imaging sequence, followed by diffusion-weighted imag-
ing (DWI) based on a pulsed gradient spin-echo (PGSE) sequence
16 for the ADC mapping and a multi-spin-echo imaging sequence
based on the Carr-Purcell-Meiboom-Gill (CPMG) multiecho train
"7 for the T, mapping (Fig. 1). The imaging parameters of the
sequences are given in Table 1. The acquisition of the DW and
T,-weighted images was followed by the calculation of ADC and
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FIGURE 1: Time course of a thrombus examination: autopsy,
positioning of the thrombus in a closed Teflon tube inside a
probe for MR microscopy, multiparametric MRI, fixation of the
thrombus, and histopathological analysis.

T, maps using the MRI Analysis Calculator plug-in of the Image]
(NIH, US) image-processing software.

Histology

Histological assessment was performed for all thrombi samples.
The samples were fixed in 10% buffered formaldehyde for 48 h
promptly after the MRI scan. After the fixation they were cut lon-
gitudinally and embedded in paraffin. Serial 5-pm-thick cross-sec-
tions were cut from each sample. Pathologic features were initially
estimated using histological sections stained by hematoxylin-eosin
(HE), while an acid Picro-Mallory (PM) stain was used to reveal
fibrin layers (clear red), RBCs (yellow) and the presence of connec-
tive tissue (blue). Subsequently, the sections were immunohisto-
chemically stained against RBCs (GPA) and platelet components
(CD61) using monoclonal antibodies (Anti-Human Glycophorin A
and anti -3 integrin Anti-Human CD61, DakoCytomation, Den-
mark). Immunohistochemical staining was performed using a Ven-
tana Bench-Mark automatic stainer with a streptavidin-biotin
peroxidase complex and diaminobenzidine tetrahydrochloride as
chromogens. Thrombi were classified as acute (< 7 day; layered pat-
terns of platelets and fibrin with intact erythrocytes and few granulo-

cytes) or chronic (> 7 days; areas of colliquation and karyorrhexis
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Sequence parameters

3D spin-echo

40 X 20 X 20
256 X 128 X 64

Field of view [mm?’]

Imaging matrix

Signal averages 10
Echo/interecho time [ms] 5
Repetition time [ms] 100
Number of echoes 1
b-values [s/mm?] /
Scan time [min] 137

TABLE 1. Sequence Parameters for the Image Sequences Used in the Study

ADC mapping 3D T, mapping 3D
PGSE DWI multi-echo

40 X 20 X 20 40 X 20 X 20
256 X 128 X 16 256 X 128 X 16
1 1

34 16

1035 1930

1 8

0, 260, 620, 1250 /

142 66

of granulocytes, areas of fibrocollagenous tissue) or as sedimented
clots (sediments of blood cells and plasma proteins) using descriptive
histological analysis. Based on the gross morphology of the
formaldehyde-treated samples and the 3D MR images, image match-
ing was conducted retrospectively and independently by the previously
mentioned pathologist (E.K.) and an experienced radiologist (J.V.).

Image Analysis

The thrombi were analyzed without remnants of vessel walls and
venous valves. 7j-weighted MR images were used to discriminate
between the platelet-rich and RBC-rich regions. Each specimen
was analyzed on an eight-bit gray scale using Image] software
(National Institutes of Health, Bethesda, MD). All 7;-weighted
images were automatically normalized to the brightest image voxel,
to which the value of 255 was assigned. The cutoff (Z,) value
between the platelet-rich and RBC-rich regions was set at 7,=
1,;,t0.6:(1,0-1,:), which enabled
between the platelet-rich and RBC-rich rcgions.18 The cutoff value

optimal  discrimination
was determined by two independent observers (J.V. and L.S.) who
agreed that this was the threshold that allowed the best visual dis-
crimination between the RBC-rich and platelet-rich regions of the
thrombi. Regions of interest (ROI) encompassing the thrombi and
sedimented clots were manually segmented by the radiologist
(J.V.). For each ROI the mean signal intensity (SI) was recorded.
All voxels below and above the cutoff value were counted, and the
proportion of voxels in bright and dark regions was calculated for
cach specimen. From the 7;-weighted MR images two-toned, 3D
volume-rendered images were calculated with a yellow-green color
representing the platelet-to-protein rich regions and a red color
representing the RBC-rich regions.

For each thrombi group, the ADC and 7, maps of all
thrombi were analyzed for distributions of ADC and 7, values
(1D distributions) as well as for paired ADC-7), distributions (2D
distributions). For 1D distributions all pixels of all ADC or 7,
maps in the group were classified according to their ADC or 7,
values into N=250 bins with a width of AADC=1.0 - 10~ "
m?/s or AT, = 1.0 ms covering the range 0-2.5 - 10~7 m?/s or 0-
250 ms for ADC and for 7, distributions, respectively. Counts of
pixels (7, 7=1,2...,N) in the bins represent a 1D distribution
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(histogram) of ADC or T, values for the group. For 2D distribu-
tions, the procedure was very similar except that each pixel had
two values, a (ADC, 75) pair, and bins were two-dimensional with
sizes AADC=1.0 - 10~ "' m?/s (in abscise) and A7, = 1.0 ms (in
ordinate). The paired analysis was possible because ADC and 7,
maps were obtained from identical slices with the same image
matrix and image resolution. Again, all pixels of all maps in the
group were classified according to their (ADC, T73) values into 2D
bins, which was followed by a counting of pixels in each bin (2
4,7 =1,2...,N) to obtain the ADC-T5 distribution.

Differences among the thrombi groups were analyzed by

i

comparing different thrombi group pairs by overlap integrals of
their 1D (ADC or 75) distributions or their 2D (ADC-75) distri-

butions. Specifically, for each distribution a normalization factor f°

2
that met the criterion (]”ADC’”)2 ZN (n’.wc’”> =1 and (fT”’)z

i=1 i

2
Zﬁl (nrz‘”) =1 for 1D distributions or (}‘ADC’TZv”)z SN

i j=1
N [ ADC—Tya\? o -
> (”i iy 2’) =1 for 2D distributions was initially calcu-

lated. This was then used to calculate overlap integrals between dif-
ferent distributions:

N
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OLipe=f"""f E 7; ;
—

1

N
—b— Ty Ty Tyb
O]?z =freefie § n;on;
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a—b — LADC—Ty,a fADC—T,b ADC—Ty,a ADC—T,b
OLipc—1,=f w1 : E § ;i ;i
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(1)

where 4, 6= VT, aPTE, cPTE, SC. The overlap integral, with the
properties of O/<1, is a measure of how the two distributions
(1D or 2D) overlap; low OI indicates a low correlation between
the distributions. All of the above calculations were performed
using the Matlab programming environment (MathWorks, Inc.,
Natick MA, USA), and the ADC-7, histograms were calculated
using our macro for the Image] software.
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FIGURE 2: Comparison of the gross morphology of four various
representative thrombi and their volume rendered 3D MR
images. In MR images platelet-to-protein-rich regions are
yellow-green colored and gray colored in SC, while the RBC-
rich regions are red colored. In the VT sample violet depicts
remnants of vessel wall. In the macro photograph of aPTE the
platelet-to-protein-rich region is encircled in green.

Statistical Analysis

The ADC and 7, values of the thrombi groups were expressed as
the mean * standard deviation. A one-way analysis of variance
(ANOVA) was used to analyze the difference between thrombi
groups measured by ADC and also by 75 mapping. Post hoc pair
wise comparisons were made with the Tukey procedure. Multivariate
analysis of variance (MANOVA) with Pillai trace statistics was used
to analyze the differences between the thrombi groups measured by
the pair ADC-7, values. All tests were two-sided and values of
P <0.05 indicate significant difference. All statistical analyses were
performed with IBM SPSS Statistics (version 21, Chicago, IL).

Results

The gross morphology of the extracted representative
thrombi samples is shown in Figure 2 with two-toned, vol-
ume-rendered 3D MR images and corresponding macro
photographs. The location and extent of the platelet-fibrin-
rich regions in the 3D volume rendered images matched
with the white inclusions on the surface of the thrombi on

the macro photographs (encircled in green).

August 2015

Vidmar et al.: MR Microscopy of Thromboemboli

Figure 3 shows the same representative thrombi of
Figure 2 in a longitudinal orientation by four different MR
imaging methods: 77-weighted spin-echo, 75-weighted spin-
echo, 7, mapping, and ADC mapping. The images of all
four methods revealed a homogeneous structure of VT in
all regions except that which is next to the vein valve and
the vessel wall. VT also has the lowest average ADC values
of all the thrombi with the largest contrast between the 75- and
T,-weighted images; the 7)-weighted image is hyperintense,
while the 75-weighted image is hypointense. Second, aPTE is
more diverse. Its heterogeneous structure can be particularly
well seen in the 75-weighted image and 75 map as well as in
the 77-weighted image. Structural heterogeneity is most exten-
sive in cPTE, as exhibited in the images of all four imaging
methods. The ADC map of cPTE is significantly more hetero-
geneous than other two thrombi (VT, aPTE) and SC; its ADC
values extend from very low (0.49 = 0.09-10° m?/s) in the
peripheral parts to the highest values (1.55 * 0.08 1072 m?%/s)
in the central part. SC exhibits significantly different tissue
properties, all being well seen in the images of all four methods.
Its highest average 75 and ADC values (114 =8 ms and
1.14 *+ 0.07-10 °m?/s) are in the coagulated protein region
(lower part), with much lower 7, and ADC values being in the
upper cell-rich part (50 = 4 ms and 0.25 * 0.05-107 m%/s).

Figure 4 presents the histological analysis of the
thrombi of Figure 3; it was accomplished by way of conven-
tional nonspecific HE, semi-specific trichrome PM, RBC
specific GPA and platelet specific CD61 staining. In VT,
high RBC content (yellow regions in PM, brown in GPA)
was found with some peripheral isolated platelet laminations
(brown laminations in CDG61) without any evidence of
fibrocollagenous tissue. Normal collagenous tissue in the
vessel wall and valves is shown in blue through PM staining.
In comparison to VT, the histological analysis of aPTE
thrombi displayed moderate RBC content, but also with
increased platelet-rich regions surrounded by the fibrocollag-
enous tissue. In cPTE large amounts of the dense fibrocol-
lagenous matrix with platelets (blue in PM and light brown
in CD61) was regularly found, while the RBC content in
the central regions was reduced. SC were mainly constituted
of a dominating plasma protein-rich central region with a
layered RBC-platelet region in the upper part.

The large diversity of the studied thrombi groups can
be well seen in Figure 5, which shows the ADC-7, 2D dis-
tributions for the different thrombi groups as well as the
corresponding projections (1D distribution) of ADC and 7,
plotted aside the 2D distributions in horizontal and vertical
directions, respectively. The means and standard deviations
for ADC and 7, distributions of the various thrombi
groups are given in Table 2. The distributions clearly show
distinct peaks at different positions for different groups of
thrombi. The previously noted large heterogeneity of ¢cPTE
is also evidenced by the broader distribution in the ADC-T,
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T.-100 ms
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FIGURE 3: Representative images of various thrombi (VT, aPTE, cPTE, SC) acquired by multiparametric MRI. The encircled region
in the cPTE T4-weighted image depicts the region selected for histological analysis. Images of SC show a characteristic structure
of clot formation by sedimentation, i.e., a layered deposition of RBCs (top) and plasma proteins (bottom).

VT aPTE cPTE CG

HE

PM

GPA

CcDé61

FIGURE 4: The same representative thrombi as in Figure 3 analyzed by histology using different stains: hematoxylin-eosin
(HE; nonspecific), Picro-Mallory (PM; RBC-rich regions appear yellow, fibrin clear red and collagenous meshwork bluish), glyco-
phorin A (GPA; RBCs) and anti -3 integrin (CDé61; platelets).
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FIGURE 5: Distributions of ADC-T, pairs and the correspond-
ing distribution projections (1D distributions) of ADC and T,
plotted aside the 2D distributions for different thrombi
groups. The distributions clearly show distinct peaks at dif-
ferent ADC-T, positions for different groups of thrombi.
Thrombi organization by the thrombi group (VT, aPTE, cPTE),
can be followed by the broadening of the ADC distribution
width and merging of mobile serum peak and rigid structure
peak in the T, distribution. Distribution median values are
denoted by dashed horizontal (median T,) and vertical
(median ADC) lines.
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TABLE 2. ADC and T, Values (Group Means and Their
Standard Deviations of Mean ADC and T, Values of
Each Thrombi Group) and the Number of Samples in
Each Thrombi Group

Thrombi ADC[107° T, [s] N
groups m?/s]

VT 0.21 = 0.06 0.065 = 0.015 26
aPTE 0.31+0.12 0.061 £0.014 28
cPTE 0.74+0.17 0.082 = 0.016 18
SC 1.17 £0.17 0.123 £0.017 18

distribution plot, while the opposite (the narrowest distribu-
tion) can be seen in the ADC-7, distribution plot of VT.
The heterogeneity, from VT by means of aPTE to ¢PTE, can
also be followed by way of ADC and 7, 1D distributions.
Thus, in VT the 7, distribution has two distinct peaks; the
higher one at 75 =95 ms and the lower one at 7, =51 ms.
Its two peaks belong to the RBC regions of two different
compactions. In aPTE the two peaks in the 7, distribution
are hardly distinguishable due to early organization, which
results in the formation of cell-deficient immature fibrous tis-
sue. Due to the more intense formation of the dense matrix
in the cPTE group, its higher peak disappeared and the lower
peak shifted to 7, =83 ms. The corresponding ADC distri-
butions have more monotonous behavior with just one peak
of a width progressively increasing with organization of the
thrombi: 0.17:10"° m?%/s (VT), 0.30-10 7 m?/s (aPTE) and
0.54-10"° m?%/s (cPTE). The peak for thrombi with no or
low organization (VT and aPTE) is at the same position,
while that for thrombi with high organization (cPTE) shifts
to higher ADC values. The change of peak width and posi-
tion is a consequence of alterations in extracellular space and
could be explained by the maturation of fibrin fibers ' and
the presence of an extensive collagen network, whereas the
RBC-rich regions are reduced.

The ADC-7, distribution median values of are
0.30-10° m?/s and 69 ms for VT, 0.35-10 7 m?/s and 64
ms for aPTE and 0.78:1072 m?/s and 78 ms for cPTE; the
corresponding values for SC are 1.44-10"° m?%/s and 116 ms.
All the studied thrombi (VT, aPTE, ¢PTE) had significantly
different ADC and 75 distributions than the sedimented clots
(SC), which had just one distinct peak in their ADC and 75
distributions due to their very homogeneous structure. Patho-
physiologically, sedimented clots are not considered true
thrombi, because they are formed postmortem by the sedi-
mentation of blood cells and the coagulation sequence of
plasma proteins.”® As can be seen from the results, the dis-
tinction between VT and aPTE is most difficult as the
thrombi are most alike due to similar diffusion and relaxation

properties. Discrimination is much more apparent between
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TABLE 3. Analysis of Statistical Significance of Differences and Overlap Integrals Between Different Thrombi

Groups

Thrombi i MANOVA 2D 1

R L ANOVA (Tukey 1D overlap > overiap
3 integral
post hoc) integral
Papc P Papc-12 OLipc OIr, OlLipc 12

VT-aPTE 0.026 0.877 <0.001 0.948 0.940 0.841
aPTE-cPTE <0.001 <0.001 <0.001 0.505 0.823 0.379
VT-cPTE <0.001 0.001 <0.001 0.337 0.282 0.205
cPTE-SC <0.001 <0.001 <0.001 0.282 0.280 0.088
VI-SC <0.001 <0.001 <0.001 0.076 0.305 0.024
aPTE-SC <0.001 <0.001 <0.001 0.044 0.282 0.017

the aPTE and cPTE groups due to significant alterations that
occurred along the organization of the thrombi.

Distinctions among the thrombi groups can also be noted
from the data of statistical significance in Table 3. The first half
of the table contains the results of the standard statistical analy-
ses, while the second half of the table contains the values of the
descriptive analysis using overlap integrals (Eq. [1]) between the
different thrombi group pairs for the ADC and 75 1D distribu-
tions as well as for the ADC-T75, 2D distributions. The results of
the standard statistics revealed significant differences (2 < 0.05)
between the thrombi group of each pair for variables ADC and
T, as well as for the paired ADC-T7), variable. An exception is
the thrombi group pair VI-aPTE, for which the difference was
not statistically significant for variable 75 (P = 0.877). The val-
ues of the overlap integrals showed a similar tendency. A low
value of the overlap integral corresponds to good discrimination
between the compared thrombi groups. Among all three types
of the overlap integrals, those of 2D (Olypc.72) had the largest
descriptive value; its values for all thrombi group pairs were
lower than those of the 1D overlap integrals (Oypc or Ol7).
In accord with the decreasing values of the 2D overlap integrals,
differences between thrombi groups of different pairs increased
in the following order: VI-aPTE, aPTE-cPTE, VT-cPTE,
cPTE-SC, VTI-SC, and aPTE-SC; the value of the 2D overlap
integral was in the range 0.841 (VI-aPTE)> OLipc
72> 0.017 (aPTE-SC).

Discussion

The aim of this study is to demonstrate the potential of multi-
parametric MRI with 1D (ADC or 75) and especially 2D
(ADC-T5) histogram analysis in the characterization and clas-
sification of various types of thrombi. The conventional 3D
T -weighted MRI provides a good morphological assessment
of thrombi and can also distinguish well between the platelet-
rich and RBC-rich regions of a thrombus.'®*!' The results of a
3D Tj-weighted MRI can be used in decision making for
blood clot interventions. However, such single-parametric
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assessments based only on one tissue property, as for example
77 relaxation time, usually provide insufficient information for
a reliable assessment of the thrombus structure. Due to
changes in organization among different thrombi groups from
low to high organization, a typical 7; contrast between RBC-
rich and platelet-rich regions may be diminished in some
thrombi groups. Particularly in more organized thrombi (e.g.,
cPTE), hyperintense regions in 77 contrast images correspond
not only to regions with platelet-fibrin inclusions but also to
regions with increasing fibrocollagenous depositions. Due to
this effect, the standard 77 contrast-based discrimination
between RBC-rich and platelec-rich regions is more difficult
and not straightforward. Therefore, additional complementary
methods, such as ADC and 75 mapping, are needed for better
discrimination among different thrombi components.

Thrombi structure can only be indirectly assessed from
thrombi morphology, therefore, such structure determination
has inherentdy low accuracy. For example, it is possible to
have two morphologically similar thrombi that are quite dif-
ferent in structural features, with the consequence of different
suitability for thrombolytic treatment. In such cases, morpho-
logical assessment can be complemented and improved by
ADC and 7, mapping followed by the type of multiparamet-
ric MRI/histogram analysis presented in this study. Namely,
the analysis is sensitive to fibrin network compaction and to
changes in extracellular space, both of which develop over
time** and are closely linked to thrombi organization.” In
the study, the 7, distributions had a more complex pattern
than the ADC distributions. This cannot be attributed to the
partial volume effect in ADC maps, because their spatial
resolution was identical to that of the 7, maps. The differ-
ence can be explained by histologically confirmed compart-
mentation of venous lumen with vessel valves in thrombi
with no or low organization (e.g., VT) and by different com-
pactions of RBC regions found in all thrombi groups.

The methods presented in this study have clinical
detailed noninvasive assessment of

potential for a
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thromboemboli structures prior to thrombolytic treatment
or mechanical thrombectomy. Because thrombus structure
could influence the safety of thrombolytic treatment®**> as
well as the performance of mechanical devices for thrombec-
tomy,”® the methods could be used before treatment in deci-
sion dilemmas regarding hemodynamically stable patients.
However, the translation of the proposed approaches from
an ex vivo setup to a clinical setting and its use for noninva-
sive assessment is not straightforward due to present hard-
ware limitations (radiofrequency coils optimized for thrombi
imaging) and long scan times. Prospective studies done on a
larger, more variable set of thrombi samples are needed as
well. Presently, the methods could be used in autopsy
examinations for structural discrimination between in situ
or embolized thrombi as well as for discrimination between
agonal thrombi and cadaver sedimented clots.*’

The major limitation of our study was long scan time
(up to 5.5 h). Therefore, special concern was taken for sam-
ple preservation before histology by way of the use of Teflon
tubes to prevent thrombi desiccation as well as immediate
formaldehyde fixation of thrombi after MRI acquisitions.
To shorten the experimental time, the thrombi were scanned
only before fixation in formaldehyde and not also after it,
which would be more optimal for comparison with histol-
ogy results. Namely, tissue fixation in formaldehyde could
result in altered tissue NMR parameters (changes of relaxa-
tion times) as well as in altered ADC values and additional
retraction of the sample. In the study, thrombi were classi-
fied into different groups based only on the results of histo-
logical analysis that was solely descriptive. The classification
could be improved by the use of semi-quantitative histologi-
cal analysis for the grading of thrombus organization.
Another limitation of the study was the analysis of ADC
and 7, maps that did not account for the variability of
ADC/T, distributions within the thrombi group.

In conclusion, the study demonstrated that a multiparamet-
ric MRI ex vivo can be used for discriminating different thrombi
groups and thrombi regions of different levels of organization.
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