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Objective—Investigate shear wave elastography (SWE) and quantitative ultrasound (QUS) parameters in patients hospitalized for lower limb deep vein
thrombosis (DVT).
Method—Sixteen patients with DVT were recruited and underwent SWE and
radiofrequency data acquisitions for QUS on day 0, day 7, and day 30 after the
beginning of symptoms, in both proximal and distal zones of the clot identiﬁed
on B-mode scan. SWE and QUS features were computed to differentiate
between thrombi at day 0, day 7, and day 30 following treatment with heparin
or oral anticoagulant. The Young’s modulus from SWE was computed, as well as
QUS homodyned K-distribution (HKD) parameters reﬂecting blood clot structure. Median and interquartile range of SWE and QUS parameters within clot
were taken as features.
Results—In the proximal zone of the clot, the HKD ratio of coherent-to-diffuse
backscatter median showed a signiﬁcant decrease from day 7 to day 30
(P = .036), while the HKD ratio of diffuse-to-total backscatter median presented
a signiﬁcant increase from day 7 to day 30 (P = .0491). In the distal zone of the
clot, the HKD normalized intensity of the echo envelope median showed a signiﬁcant increase from day 0 to day 30 (P = .0062). No SWE features showed
statistically signiﬁcant differences over time. Nonetheless, a trend of lower
median of Young’s modulus within clot for patients who developed a pulmonary
embolism was observed.
Conclusion—QUS features may be relevant to characterize clot’s evolution over
time. Further analysis of their clinical interpretation and validation on a larger
dataset would deserve to be studied.
Key Words—homodyned K-distribution; quantitative ultrasound imaging; shear
wave elastography imaging; ultrasonography; venous thrombosis

B

loodclotformationisanaturalresponsetoendothelialdamageora
pathological consequence of a particular condition (eg, blood flow
stagnation). A deep vein thrombosis (DVT) consists of the
formationofaclot(orclots)inaveinlocateddeepinsidethebody,mainly
the legs. DVT is common to an extent of 1 per 1000 persons each year
(in the United States)1,2 and can evolve into pulmonary embolism (PE),
which occurs when the clot, or a part of it, travels in the circulatory system
and blocks a downstream blood vessel in the lungs. Both DVT and PE are
severe diseases, and DVT complications leading to an PE can be fatal.
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When a clot occurs and is brought to medical
attention, it is typically treated by anticoagulant
therapy to avoid further complications.3,4 The aim of
the treatment is to stop the clot’s progression and let
the body dissolve it, rather than aiming at directly
dissolving the clot. However, the risk of recurrence
can yield uncertainty in the treatment’s duration.5,6
Patients with DVT who develop a PE present clots
that are less compact, more permeable, and more
susceptible to lysis than is the case in the absence
of PE.7
The age of blood clots has been used as a feature
to characterize them. Ultrasound strain and shear
wave elastography (SWE) was speciﬁcally proposed
to assess blood clots’ aging in vitro and in animal
models.8–12 It could be demonstrated that older clots
are stiffer. Clinical studies have also reported the usefulness of strain elastography to differentiate acute
from chronic thrombi.13,14 The effect of treatment on
blood clot elasticity has also been investigated. Sutton
et al15 demonstrated in vitro and in animals the impact
of clots’ aging on their resistance to lysis: the older a
clot, the more resistant it was to breaking up using
ultrasound-induced thrombolysis. Mercado-Shekhar
et al16 investigated the effect of blood clots’ retractation
on Young’s moduli from SWE, and on the efﬁcacy of
recombinant tissue plasminogen activator (rt-PA) usage.
Highly retractable clots had higher Young’s moduli and
were more resistant to lyse than mildly retracted clots.
Quantitative ultrasound (QUS) imaging has also
been investigated in the context of blood clotting analysis.17–21 Sigel et al22 showed in vitro that loose ﬁbrin clots
backscatter less energy (ie, hypoechoic on B-mode) in
comparison with red blood cell-rich clots or dense ﬁbrin
clots. Another study highlighted the increase in
echogenicity during clotting due to ﬁbrin ﬁber formation.23 Some studies have looked at the statistical distribution of backscatter echoes, notably using Nakagami
parameters.24,25 Fang et al24 showed in vitro that
Nakagami parameters were linked to the weight loss
ratio of thrombus following treatment with a thrombolytic agent. They also reported25 in vitro that Nakagami
parameters decreased during thrombus aging. Another
general model for statistical analysis of backscatter echoes that has not yet been investigated in the context of
blood clot imaging is the homodyned K-distribution
(HKD),26 which can characterize microstructural
properties of tissues.27,28
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The characterization of blood clot properties may
provide information about their scalable proﬁle over time,
and their amenability to embolization. In vivo thrombus
characterization could also be relevant in predicting
mechanical and structural evolution during anticoagulant
therapy. The effect of treatment on patients with DVT
remains to be studied using elastography and QUS
methods. The ﬁrst objective of this study was to investigate the evolution of blood clots in patients newly diagnosed and hospitalized for acute DVT using SWE and
HKD imaging. The second objective was to assess if
patients experiencing a PE had measurable impacts on
ultrasound features of imaged blood clots.

Methods
Patients’ recruitment, acquisition of ultrasound images,
and manual delineation of clots on one frame were performed at the Center Hospitalier Universitaire de
Grenoble, while the team at the research center of the
Center Hospitalier de l’Université de Montréal provided
the manual segmentation software, performed data
processing, statistical, and data analyses. The study protocol (Clinical Trial NCT02859532) and informed consent
were approved by the ethical committee of Institutional
review boards of both centers, and the National Agency
for Medicines Safety and Health Products. All
participants signed an informed consent.
Inclusion and Exclusion Criteria
Inclusion criteria for participating in the study were
patients over 18 years old, with a proximal DVT
inducing symptoms for less than 3 days, experiencing
a PE or not, treated with heparin or oral anticoagulant, and afﬁliated to social welfare. Exclusion criteria
were pregnant or breastfeeding patients, an expected
lifespan of less than 1 month, a distal or asymptomatic DVT, previous pharmacomechanical thrombolysis, and individuals in exclusion period from another
study or under administrative surveillance or guardianship. A total of 16 patients were recruited from
February 2017 to January 2019.
Study Conduct
DVT was diagnosed according to standard practice,
that is, clinical evaluation using Wells score, and imaging by compression ultrasound. After diagnosis,
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patients were immediately treated with heparin or
oral anticoagulant. The ﬁrst ultrasound acquisitions
were made after informed written consent, within
1 or 2 days following admission and diagnosis, which
we refer to as day 0. Other ultrasound acquisitions
were made on day 7 and day 30 visits. All data were
anonymized and transfer between teams was performed via a secure drop box in anonymized form.

For each set of acquisitions, the head and base of the
clot were identiﬁed by use of a B-mode image acquired
with an Aixplorer scanner (Aixplorer Multiwave, Supersonic Imagine, Aix-en-Provence, France). Using the SWE
mode, image acquisitions were performed in a rectangular
area, called Q-box, comprising the clot conﬁrmed by four
different clinicians with 5 years of expertise each in vascular imaging. Ultrasound data were saved on a workstation.

Figure 1. A, Example of a shear wave elastography image of an 84-year old female with a DVT and no PE. The region in which the acquisition was performed (rectangular area, called Q-box, in elastography and B-mode images) was selected prior to manual segmentation. The
range of Young’s moduli is represented by a colorbar in kPa. The colorbar varied between 0 and 180 kPa. B-left, Previously selected Q-box
(as pointed by the arrow) that was used to manually delineate the clot’s contours by a clinician. B-right, Result of the manual segmentation.
The elastography feature extraction was restricted to this region of interest.
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Two transversal-view acquisitions of four images each
were acquired, one in the proximal zone of the thrombus
and one in the distal zone. The distal measurement was
located at the femoro-popliteal deep vein segment. The
proximal one was performed at femoral or common femoral vein. Cineloops of in-phase and quadrature (IQ) raw
data, which were converted to radio frequency (RF) data,
comprising at least 50 frames, were also acquired in both
proximal and distal zones using the research mode of the
Aixplorer system.
Ultrasound data were formatted for the custom
manual segmentation software, with prior manual
delineation of a region of interest (ROI) within the
clot identiﬁed by an ultrasound vascular thrombosis
specialist. Example of a manual delineation can be
found in Figure 1B. The ROI was delineated on one
frame for each of the four sequences of images (proximal and distal zones, SWE, and RF data).
Post Processing
The ﬁrst step of the post-processing was to propagate
automatically, with a motion tracking algorithm, the
ROI that was manually delineated on a frame on all
remaining frames of each acquisition.29 After this step,
4 or 50 images with segmented ROIs were available for
each elastography or RF data acquisition, respectively.
The second step consisted of the extraction of
SWE and statistical QUS features within segmented
ROIs of each sequence of images. This step comprised
calculation of the Young’s modulus based on the

recorded elasticity color maps, and calculation of HKD
statistical parameters of the echo envelope of recorded
RF data.30
Elastography Features
We report median and interquartile range (IQR) statistics of the Young’s modulus E as elastography features. An example of an SWE image is provided in
Table 1. General Characteristics of the 16 Patients Included in the
Study
Characteristics

Data

Sex
Male
Female
Age (year)
Mean  SD (range)
Pulmonary embolism (PE)
Presence of PE
Absence of PE
Cancer
Presence of cancer
Absence of cancer
Antiplatelet treatment
Patient with antiplatelet treatment
Patient without antiplatelet treatment
Death
Beginning of symptoms before
going to the hospital (days)
DVT: mean  SD (range)
DVT with PE: mean  SD (range)
Treatment duration (months)
Mean  SD (range)

14 (87.5%)
2 (12.5%)
73.5  10.5 (49–88)
10 (62.5%)
6 (37.5%)
4 (25%)
12 (75%)
3 (18.8%)
13 (81.2%)
0

3.4  2.8 (0–8)
4.3  4.8 (1–15)
5.0  1.4 (3–6)

SD, standard deviation.

Figure 2. An example of a parametric map with the corresponding B-mode image for parameter k (coherent-to-diffuse backscatter ratio).
Left, A rectangular box (Q-box) within the B-mode image was selected by a clinician to better delineate the thrombus. Right, Value of
k within the delineated ROI (in yellow). The patient is the same one as in Figure 1.
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Figure 1A. The yellow ROI in Figure 1B was considered to compute the median and IQR of each feature
that was evaluated over the four frames available.

Statistical QUS Features
We adopted the HKD statistical model of the echo
envelope of RF data for QUS image analysis.26,31
Four parameters of that model were considered: k, 1/
(κ + 1), μn, and 1/α. Parameter k is the ratio of
coherent-to-diffuse backscatter signals; 1/(κ + 1)
represents the diffuse-to-total signal power ratio; μn is
the normalized intensity of the echo envelope (mean
value divided by the maximal value); and 1/α is the
reciprocal of the scatterer clustering parameter. Estimation of these parameters32 within sliding windows
of dimensions (4.5 mm axial [47 pixels]  3 mm lateral [15 pixels]), with a 5% overlap rounded to the
integer pixel yielded four HKD parametric maps.30
For this purpose, pixels within the ROI were classiﬁed
into three labels with a Monte Carlo algorithm based
on echogenicity; for each window, only pixels with
same label as the geometric center of the window
were considered for the HKD estimation.28 An example of a k map is displayed in Figure 2. On each map,
median and IQR within the ROI were computed.

The median value over the 50 frames of each feature
was evaluated for blood clot analyses.
Statistical Analysis
Statistical analysis was performed with software R
(version 3.6.3, R Foundation, Vienna, Austria).
Shapiro–Wilk test was performed to assess the normality assumption of data. When the test was successful (P > .1), an analysis of variance test was
performed to look for differences along time or
Table 2. Median and Interquartile Range Values of Young’s Moduli
With Presence or Absence of Pulmonary Embolism (PE) at Day 0
Young’s Moduli
Mean  SD (Over Patients)
Median (kPa)

Proximal
Distal

Interquartile
range (kPa)

Proximal
Distal

PE
No PE
PE
No PE
PE
No PE
PE
No PE

6.0  1.7
6.7  3.1
6.7  1.2
5.6  0.7
2.1  1.2
3.2  2.6
2.5  1.6
2.1  0.7

No signiﬁcant differences were observed between PE and no PE at
any side (proximal or distal).
SD, standard deviation.

Figure 3. Median and IQR values of Young’s moduli over segmented ROIs within clots. Different times are presented with different colors.
N represents the number of patients for which acquisitions were available. No signiﬁcant differences with Kruskal-Wallis test: P > .05.
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along the side (proximal or distal). In case of success
(P < .05), post-hoc multiple pairwise comparisons
were performed, applying the Holm-Bonferroni

correction for P-values. When data were not normally distributed, the Kruskal-Wallis test was performed, followed by multiple pairwise comparisons

Figure 4. Median values of HKD parameters k, 1/(κ + 1), μn, and 1/α over segmented ROIs within clots. Different times are presented with
different colors. N represents the number of patients for which acquisitions were available. Parameters 1/(κ + 1), μn and 1/α median have
been tested with Kruskal-Wallis test followed (for 1/(κ + 1), μn) by a post-hoc multiple pairwise comparison (Wilcoxon) using the HolmBonferroni adjustment. ANOVA test followed by a post-hoc multiple pairwise comparison (t-test) using the Holm-Bonferroni adjustment has
been performed on μn median. *P < .05.
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using the Holm-Bonferroni adjustment, in case of
success (P < .05).

evolved as a PE versus remaining ones. Mean values of
SWE median and IQR for patients who developed a
PE, and those who did not can be found in Table 2.

Results

HKD Features
Figure 4 summarizes box plots for the median value of
k, 1/(κ + 1), μn, and 1/α within segmented ROIs.
There was a signiﬁcant decrease of k (P = .036)
between day 7 and day 30 for the proximal segment,
and a global signiﬁcant difference (P = .0395) between
distal and proximal measurements. For the median of
1/(κ + 1), a signiﬁcant increase can be observed
between day 7 and day 30 for the proximal segment
(P = .0491). The median of HKD parameter μn presented also a signiﬁcant difference (P = .0062) between
day 0 and day 30, for distal measurements. Parameter
1/α had no signiﬁcant differences between time points
and vessel segments. None of the four IQR parameters
presented either any signiﬁcant differences between time
points and vessel segments (results not shown).
Similarly to SWE analyses, HKD parameters have
been compared at day 0 to distinguish a thrombus
evolving in a PE from a thrombus, which did not. Mean
of HKD parameters of each group (PE vs. no PE) at
day 0 for proximal and distal measurements can be
found in Table 3. No signiﬁcant differences were found.

Demographic and clinical information about the cohort
can be seen in Table 1. Not all patients had data
acquired at each day and on each leg side due to nonavailability of ultrasound systems or nonavailability of
patients for a speciﬁc visit.
SWE Features
Figure 3 presents box plots of median and IQR values of
Young’s moduli E over time for proximal and distal measurements. A trend with median elasticity increasing from
day 0 to day 7 then decreasing at day 30 can be observed,
but there were no signiﬁcant differences. No statistically
signiﬁcant differences were also found between proximal
and distal parts of the thrombus at the various days.
The median and IQR of Young’s moduli of deep
vein thrombi were also compared between patients
experiencing or not having a PE. We restricted the data
analysis to day 0 to reduce the confounding effect of
treatment. The aim was to see whether a day 0 thrombus, which would evolve into a PE, could be differentiated from a day 0 thrombus without PE evolution.
There were 10 of the 16 patients who presented a
PE. For day 0 data in the proximal view, there were
acquisitions from 12 patients, 9 of which presented a
PE. There were eight patients with distal acquisitions
with ﬁve of them presenting a PE. Nonsigniﬁcant differences were found between groups of DVT that had

Discussion
Clot evolution still raises a lot of questions and attention on how to better adapt the treatment, reduce
hemorrhage risk due to treatment, understand which

Table 3. Median and Interquartile Range Values of Homodyned K-Distribution Parameters With Presence or Absence of Pulmonary
Embolism (PE) at Day 0
Mean  SD (Over Patients)

Median (no unit)

Proximal
Distal

Interquartile range (no unit)

Proximal
Distal

PE
No PE
PE
No PE
PE
No PE
PE
No PE

k

1/(κ + 1)

μn

1/α

1.84  0.33
1.89  0.22
1.88  0.16
1.19  1.03
1.05  0.54
1.11  0.36
1.27  0.46
0.73  0.80

0.38  0.10
0.36  0.05
0.36  0.04
0.60  0.36
0.48  0.59
0.26  0.04
0.68  0.87
0.11  0.13

144  21
141  6
115  27
123  12
226  33
229  18
202  34
201  24

0.09  0.11
0.06  0.07
0.02  0.01
0.08  0.11
0.18  0.07
0.20  0.02
0.23  0.04
0.15  0.11

No signiﬁcant differences were observed between PE and no PE for any side or parameters.
SD, standard deviation.
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clots would embolize, or ﬁnd alternative treatments.
To our knowledge, this study is the ﬁrst of its kind to
explore mechanical and QUS features over time on
in vivo DVT data with administered anticoagulant
drugs to patients.
No signiﬁcant changes in Young’s modulus features were observed in this study. Drugs administered
to patients were heparin (for 1 or 2 days) or factor
Xa inhibitor. Factor Xa acts at the end of the coagulation cascade by cleaving prothrombin into thrombin.
Thrombin then converts soluble ﬁbrinogen into insoluble ﬁbrin strands. With inhibition of factor Xa, production of ﬁbrin strands is stopped, thus preventing
further evolution of the clot.33 In a recent ex vivo
study,34 the Young’s modulus of clots with different
biological compositions and the effect of rt-PA on
clot elasticity were investigated. In line with our
results, they did not ﬁnd any signiﬁcant differences in
clot’s Young’s modulus. In opposite, using mechanical
testing on in vitro blood clot samples, ﬁbrinolysis triggered by rt-PA reduced clot stiffness.35 In our study,
we expected changes in SWE parameters between day
0 and day 30 due to treatment and evolution of the
clot. Our results were also expected to be different
from other studies9–11,14,16 because anticoagulant
drugs were not used during the assessment of
Young’s moduli in these latter reports. Studies have
shown that the density of clots is linked to the ﬁbrin
concentration.36,37 Mercado-Shekhar et al16 showed
that high-density thrombi are linked to higher
Young’s moduli. By stopping ﬁbrin production, the
anticoagulant used could be responsible for the
observed stagnation over time of blood clots’ Young’s
modulus. Treatments lasted several months, and all
clots were still present after 30 days. Changes in SWE
measurements could have been observed if a longer
period of observation had been considered until clots
became close to ﬁnal lysis.
Concerning PE, our hypothesis was that clots
that end up embolizing are those with low values of
Young’s moduli (indicating softer blood clots). As
results in Table 2 were not conclusive, a larger sample
size would likely be required to validate or not this
postulate.
The observed decrease in the median of k and
increase in the median of 1/(κ + 1) within the proximal zone of clots after day 7 suggest a spatial disorganization of scatterers within the clot, as observed for
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other tissues.29,38 An organized arrangement of scatterers could recall nearly periodic alignment of scatterers, or highly structured spatial organization of
scatterers. A disorganized medium would have, on
the contrary, close to uniformly positioned scatterers.
A less organized medium, as suggested by parameters
k and 1/(κ + 1), could indicate a risk of clot embolization into downstream pulmonary vessels, as was
hypothesized in.39
The increase in the median of μn within distal
measurement of clots between day 0 and day 30 corresponds to an increase in the normalized intensity of
the echo envelope. These results indicate that despite
the effect of oral anticoagulant, a clot is not getting dissolved yet and probably still contains ﬁbrin strands or
red blood cells, which are known to be echogenic.22
Animal experiments with treated clots and histological
analysis may allow testing this hypothesis.
In conclusion, measuring in vivo biomarkers without resorting at invasive procedure is still a challenge
in medical practice. Concerning blood clots, an ultrasound marker of their evolution could be relevant to
adapt the treatment’s dose or duration.
Study Limitations
In this study, data from 16 patients were analyzed. In
addition, few patients’ data were available at day
0, and three patients had full data available (distal and
proximal at all days), which reduced the power of statistical tests. Thus, the small number of recruited
patients is a limitation of this study. The nonavailability at given time points of the ultrasound
scanner or technicians is also a limitation. Because
the intake of blood thinners and their effect on blood
clot’s Young’s modulus or HKD parameters has not
been reported, it is difﬁcult to reach strong conclusions when it comes to their effect. The study could
have beneﬁted from a marker, such as the size of clot,
to conﬁrm the effect of the treatment but such measurements on B-mode images might not be conclusive due to variable echogenicity. Another limitation
lies in the lack of deeper biological interpretation of
QUS parameters in the characterization of blood
clots. Future work could focus on the interpretation
of HKD biomarkers based on histological analysis,
but this would be difﬁcult in the context of this
in vivo 30-days follow-up study. A larger study cohort
could allow testing whether Young’s modulus or
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HKD parameters may be used as predictors of pulmonary embolization. Assessing quantitatively on
in vitro data the effect of treatment on blood clots
based on Young’s modulus or HKD parameters could
also be relevant.
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