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Abstract—Assessment of trauma-induced hemorrhage
with ultrasound is particularly challenging outside of the
clinic, where its detection is crucial. The current clinical
standard for hematoma detection — the focused assess-
ment with sonography of trauma (FAST) exam — does not
aim to detect ongoing blood loss, and thus is unable to de-
tect injuries of increasing severity. To enhance detection of
active bleeding, we propose the use of ultrasound contrast
agents (UCAs), together with a novel flow phantom and
contrast-sensitive processing techniques, to facilitate effi-
cient, practical characterization of internal bleeding. Within
a the custom phantom, UCAs and processing techniques
enabled a significant enhancement of the hemorrhage vi-
sualization (mean increase in generalized contrast-to-noise
ratio of 17%) compared to the contrast-free case over a
range of flow rates up to 40 ml/min. Moreover, we have
shown that the use of UCAs improves the probability of de-
tection: the area under the receiver operating characteristic
curve for a flow rate of 40 ml/min was 0.99, compared to
0.72 without contrast. We also demonstrate how additional
processing of the spatial and temporal information further
localizes the bleeding site. UCAs also enhanced Doppler
signals over the non-contrast case. These results show that
specialized nonlinear processing (NLP) pipelines together
with UCAs may offer an efficient means to improve substan-
tially the detection of slower hemorrhages and increase
survival rates for trauma-induced injury in pre-hospital set-
tings.

Index Terms—Trauma, hemorrhage, contrast agents, ul-
trasound, doppler.

Impact Statemeni—We show in vitro that ultrasound con-
trast agents and tailored post-processing techniques to vi-
sualize them can enhance detection and characterization
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of active hemorrhage, a leading cause of trauma-related
deaths world-wide.

l. INTRODUCTION

HYSICAL trauma (i.e., tissue injury due to sudden forces,

hereafter “trauma”) causes 5 to 6 million deaths every
year worldwide [1] and is among the leading causes of death
among those less than 50 years of age [2]. In trauma, induced
hemorrhaging (most commonly to solid organs such as liver,
kidney, and spleen [3]) is the leading cause of morbidity after
central nervous system injury [4], [5]. Hemorrhage is also the
leading cause of preventable death among combat and civil-
ian trauma casualties [6], [7], with torso hemorrhage in par-
ticular responsible for 60 % of potentially preventable deaths
on the battlefield. Most potentially preventable deaths due to
hemorrhage occur early after injury [5], which motivates the
need for technologies to better control bleeding [8], [9] and
to perform damage-control resuscitation in pre-hospital set-
tings or emergency departments [10]. Unfortunately, it is in
such locations, where advanced image guidance would facili-
tate prompt treatment, that imaging resources are often more
limited [11].

Ultrasound (US) has several advantages over other modalities
for hemorrhage detection such as multidetector CT angiogra-
phy [12], [13]: not only is it much more portable, but also
it is significantly cheaper and requires no ionizing radiation.
The clinical standard for identifying patients at risk of life-
threatening traumatic hemorrhage is the focused assessment
with sonography in trauma (FAST) exam [14]. The FAST exam
comprises examination of standard US views (right/left upper
quadrant, pelvic, pericardial, and anterior thoracic) for the pres-
ence of anechoic fluid collection, indicating extravasation of
blood from the vasculature. The FAST exam has demonstrated
very high specificity for the presence of free fluid: studies have
reported a FAST exam sensitivity of 80% to 88% and specificity
of 98% to 100% for adults [15]. For certain conditions however,
lower sensitivity is reported as a key limitation of FAST: sensi-
tivities for torso hemorrhage have been reported as low as 51%
in Level 1 trauma centers [15], and sensitivities / specificities of
75% 199% [16] and 56% / 98% [17] in Role 2 care, respectively.
Crucially, the FAST exam is limited in that it is unable to
distinguish active bleeding and cannot localize the source of a
hemorrhage (beyond identifying a torso quadrant). Thus, there
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is an opportunity to leverage newer ultrasound techniques to
enhance assessment of active hemorrhage.

Over the last several decades, the development and de-
ployment of commercial US contrast agents (UCAs, i.e.,
microbubbles with radii R ~ 2 um which comprise encapsu-
lated gas cores surrounded by a stabilizing shells) has facilitated
the rapid proliferation of contrast-enhanced US (CEUS) tech-
niques [18], [19]. CEUS offers several potential enhancements
to the FAST exam, namely 1) increased sensitivity, 2) the ability
to detect ongoing bleeding, and 3) the potential to locate the
source of bleeding. CEUS is currently used for other indications,
particularly examinations of the heart and liver. These agents
are attractive for hemorrhage detection in that they are safe and
well-tolerated [20], [21], readily available, and have half-lives
on the order of a few minutes after administration [22], [23].
They are significantly safer than CT contrast agents, as UCAs
are not nephrotoxic and the incidence of life-threatening allergic
reaction is orders of magnitude lower [24]. UCAs are also safe
to use in patients with poor kidney function or acute kidney
injuries, unlike MRI contrast agents [25].

With respect to sensitivity, CEUS has been compared to
conventional FAST for detecting free abdominal fluid; a re-
cent survey of ten studies with 1359 human patients found
a sensitivity / specificity of 93%/99% compared to 56%/98%
for FAST [26]. Other applications of CEUS for trauma were
surveyed in Eisenbrey et al. [27]. UCAs are also attractive due
to their potential to distinguishing between active bleeding and
bleeding that has stopped, which may occur due to the body’s
compensatory measures [28]. MRI or CT contrast agents may
diffuse into the interstitial space from healthy vessels [29], and
the FAST exam will detect free abdominal blood, even if the
bleeding has stopped. UCAs, on the other hand, will only be
present outside of the vasculature if there is active bleeding when
the contrast agent is introduced.

Of particular interest in this work is the suite of image- and
signal processing tools developed in the last 10 years that seek to
isolate microbubble-specific signals and enable super-resolution
(i.e., below the classical diffraction limit) ultrasound imaging of
the microvasculature [30]. These are particularly attractive as
they are post-processing methods that are agnostic to the nature
of the US acquisition itself, but face challenges in translation due
to the higher frequencies and frame rates required (compared to
typical clinical diagnostic US) and to the required spatiotem-
poral separation of the signals which is difficult to control in
vivo [31], [32]. However, in the case of hemorrhage localization,
microscale resolution is not essential since these injuries and
flow velocities occur at the centimeter scale. Thus while CEUS
has already shown promise toward the detection of the existence
of blood pools [33], [34], the ability of novel processing may
yet enable elucidation of injury hemodynamics, and therefore
enhance US’s diagnostic capability for traumatic injuries.

The potential of localizing the bleeding source with CEUS has
not been quantified before, although this potential has been sug-
gested [26], [27]. Noninvasively localizing the bleeding source
with an ultrasound system that is more portable than CT would
be a valuable capability in pre-hospital care, such as for damage
control surgery in an austere setting. The objective of the work

reported herein is to quantify the minimum flow hemorrhage that
can be detected in a hemorrhage phantom, analogous to research
conducted to quantify minimum detectable hemorrhage rates
for multi-detector computed tomography (MDCT) compared
to digital subtraction angiography [35], which identified an
empirical threshold of 0.35 mL/min to identify bleeding from
sub-millimeter diameter vessels.

To this end, we describe the development of an in vitro test
platform to mimic an abdominal hemorrhage, as well as a non-
linear processing (NLP) pipeline, and demonstrate the pipeline’s
ability to enhance US signals related to active bleeding. We then
characterize the improvement via the pipeline both with and
without UCAs at clinical concentrations, at a range of bleeding
rates and compared to Doppler. Finally, we quantify the degree
of enhancement of the processed images towards assessing the
ability of a sonographer to identify hemorrhage signals from
them in support of clinical decision-making.

Il. METHODS AND MATERIALS
A. Flow Phantom

To simulate an abdominal hemorrhage, we designed and
fabricated a custom flow phantom, comprising a centimeter-
scale vessel, millimeter-scale vessel perforation, and a nar-
row hematoma-mimicking fluid cavity. The design reflected
a balance of anatomical fidelity with reliable fabrication and
repeatable experimental setup. Hollow, water-soluble vessel-
and-cavity geometry was 3D printed in butenediol vinyl al-
cohol copolymer (1.75 mm BVOH filament, Verbatim GmbH,
Germany) and then brush-coated with two layers of 20 Shore
A platinum-cure silicone (Dragon Skin 20, Smooth-On, Inc.,
Macungie, PA, USA, Young’s modulus appoximately 850 kPa,
density 1080 kg/mm?). The printed structure was suspended in
an external mold that was then filled with tissue-mimicking
gel (water with 3% (w/w) agar and 1% (w/w) cellulose
to provide distributed scattering). Finally, water was flowed
through the vessels to dissolve the printed material leaving
a hollow, vessel-mimicking silicone lumen embedded in the
echogenic gel.

B. Data Collection

The experimental setup is illustrated in Fig. 1 and described
briefly here. Lumason contrast agents (Bracco, Monroe Town-
ship, NJ, USA) were prepared according to manufacturer in-
structions and combined with a conventional blood-mimicking
fluid [36], [37] [specifically, water with cornstarch, 1% (w/w)
to simulate red blood cell scattering] at the clinical concentra-
tion assuming uniform distribution (equivalent to 0.04 ml/kg
for a 70 kg adult, resulting in a concentration 7.2 to 27 x10*
UCAs per milliliter of blood simulant). The UCAs and simulant
were drawn through the hemorrhage at controlled rates between
0 ml/min and 40 ml/min via a programmable syringe pump (KD
Scientific, Holliston, MA, USA). The UCAs and fluid were kept
in a beaker reservoir with a stir blade at 150 revolutions per
minute to maintain distribution.
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Fig. 1. Experimental setup: Contrast agents are kept in suspension of
a blood simulant, and drawn at a controlled rate through the hemorrhage
phantom via a programmable syringe pump. Images are captured on a
commercial US scanner and the cineloops stored for offline processing.

Ultrasound images were collected with GE LOGIQ E10 (GE
Healthcare, Chicago, IL USA), with a C1-6VN curvilinear
probe (192 elements, ROC 55 mm, center frequency 3.5 MHz)
positioned on a mechanical arm that was stationary for all
acquisitions. Steady-state flow of the bubble/simulant mixture
was established, and then each dataset was acquired. Cineloops
comprising 112 to 263 frames (1.7 to 4.0 s) were acquired at
4.5 MHz with default abdominal “detail” settings to a depth of
9 cm to encompass a field of view containing the simulated vessel
lumen and hematoma. The probe was placed on an acoustically
transparent standoff pad (Parker Laboratories, Fairfield, NJ,
USA) to protect the phantom surface, and manually aligned
at a shallow angle to ensure the bleed and lower portion of
the hematoma were visible. For Doppler images, the Doppler
sensitivity was adjusted manually, and such that there was no ap-
preciable Doppler signal at the zero flow condition (+18 cm/s);
this setting was retained for all acquisitions.

C. Nonlinear Processing

The collected image stacks were processed according to a
series of contrast-selective processing techniques initially pro-
posed for the ultrasound localization microscopy to identify
distributed contrast agents. All processing schemes were imple-
mented in MATLAB (R2022a/R2022b, The Mathworks, Natick,
MA USA) and run on a general purpose workstation (Intel Core
19-10900, 32 GB memory). The processing flow, which may
be used with arbitrary transmit/receive schemes that renders
grayscale image sequences, is illustrated in Fig. 2.

1) SVD Filtering: To suppress signals due to static structures
(e.g., tissue), the image stack was processed with a singular
value decomposition filter [38]. Briefly, the individual frames
are reshaped to a N, N, x N; matrix, whose singular values
and vectors are found. The ordered singular vectors w; corre-
sponding to slowly-changing, spatially correlated image features
have the largest singular values o;, while those with the smallest
singular values do not correspond to meaningful signals; the

(@ (b)

Raw US Image Stack

SVD Passband

Magnitude

Singular Value

(d)

Fig. 2. Processing pipeline. (a) Raw ultrasound image stacks are
captured as depicted in Fig. 1. (b) SVD processing is performed to reject
static (tissue) signal and noise. (c) Microbubble separation is performed
to isolate signals that move within a certain range of speeds. (d) The
expected exit velocity is computed based on the target flow rate. (e) The
separated images at the target flow rate are deconvolved with a point
spread function with an estimated PSF (purple). For evaluation, the
bleed signal (red) and noise (yellow) regions are defined.

SVD filter thus sets the weights for the first few and last several
vectors to 0, and re-assembles the image stack [38]. The optimal
set of singular values to exclude depends on the nature of the
dataset (specifically the rate of the motion of interest and the
duration and frame rate of the sequence [39]), and thus is usually
set empirically. In this work, to account for the varying flow rates
and image durations acquired, we chose empirically to retain
singular values greater than 4 and less than 100 for all image
sets.

2) UCA Separation: Following SVD filtering, the data were
further filtered with a microbubble separation algorithm pro-
posed by Huang et al. [40]. This technique enables spatiotem-
poral filtering of the image sequence to enhance only signals that
move at rates within a specified range of velocities—including
both magnitude and direction. Briefly, if the intensity distribu-
tion due a UCA at position r is s(r), then its signal over time is
given by s(r — vt), where v is the UCA’s velocity. Thus if we
consider a Fourier transform of the image stack, then signals that
move with velocities in some range vy, v»] are associated with
particular spatial frequencies ||k|| € [w/||v1]],w/]|v2||]. Impor-
tantly, this filtering is completed entirely in post-processing
and does not impose any particular requirements on the data
collection itself, except that spatial and temporal sampling of
the frames must be sufficient to support the velocities and spatial
scales of interest.

Image stack acquisitions were filtered at velocity ranges
v, € Vexit|0.5, 2.0], where veyi is the expected exit velocity for
the size rg of the perforation wvey = 1% / 7TT8, and V is the
volume flow rate. While this range was selected based on the
estimated exit velocity (which would not be known a priori
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for in vivo acquisitions), this post-processing parameter may
be set to identify signals associated with any velocity ranges
after acquisition. The filter was made directional by requiring
that wk, > 0, where k. is the vertical wavenumber component.
Finally, to reduce Gibbs effects that might be introduced by the
binary threshold cutoff, the 3D binary mask was blurred with an
8 voxel Gaussian kernel to achieve smoother windowing in the
frequency domain.

3) Deconvolution: Finally, the separated frames were in-
dividually passed through an iterative deconvolution [41], [42]
filter to further enhance microbubble signals. The deconvolution
served to reduce the effect of diffraction in the imaging process
due to the point scatterers the UCAs represent. Approximat-
ing the point spread function of the imaging as a Gaussian
distribution of wavelength order enabled better isolation of
UCA-specific signals. A kernel of two wavelengths (0.7 mm)
in each dimension was deconvolved with each frame for four
iterations.

D. Evaluation

1) Image Metrics: To assess the performance of UCAs to
enhance the detection of bleeding compared to the contrast-free
case, as well as any improvement given by the processing
pipeline, we computed the generalized contrast to noise ratio
(gCNR), the probability of detection, and the probability of false
alarm. All metrics were evaluated on the image stack (i.e., the
composite image formed by the summation of all frames over
a specified duration) for each case, with and without UCA, for
the processed pipeline.

The gCNR aims to ameliorate bias present in other metrics
(such as contrast or typical CNR) that may be affected by the
dynamic range, as well as to map better to perceived detectability
and trend more predictably with added noise [43]. The gCNR
is computed by evaluating the cumulative distribution functions
of the distributions of pixel intensities in the two regions of
interest (i.e., signal and background). A gCNR of 1 indicates
no overlap between the distribution of signal intensities in the
signal and reference regions, while a gCNR of 0 indicates nearly
equivalent distributions (and thus no contrast; see Supplemen-
tary Material). To assess the contrast changes between flow
rates and with- and without UCAs, we used Welch’s two-tailed
t-test [44] to compare the distribution of gCNRs from the image
stack over all acquisitions (/N = 4 for each flow rate and UCA
condition).

2) Detection Probabilities: The probability of detec-
tion (PD) and probability of false alarm (PFA) are captured in the
receiver operating characteristic (ROC) curve, which maps the
true positive rate and false positive rate as they vary with a given
detection threshold. Here, we varied a pixel intensity threshold
T'; pixels with intensities above this threshold within the bleed
region were considered true positives, while pixels above this
threshold outside the bleed region were false positives. In this
way, each threshold value is mapped to a point on the ROC (see
Supplementary Material). The area under the curve (AUC) of the
ROC thus serves to quantify the likelihood of the methodology to
identify bleeding: an AUC of 1 indicates perfect detection with

no false alarms, while an AUC of 0.5 indicates the detection is
no better than chance.

The PD and PFA quantify the ability of our processing
pipeline to correctly extract and differentiate the desired signal
(i.e. UCAs) from the background signal and noise. Given that
every pixel is an opportunity for a detection, our probabilities
were calculated on the composite image on a per-pixel basis.
Bleed and non-bleed regions are defined in Fig. 4. To standardize
the threshold intensities 7" between images with varying raw
intensity values, the threshold was normalized to the intensities
of pixels within each image stack. A detection was declared for
any pixel, p € p, that exceeded the dynamic threshold

T=medp+£k- stdp, (D)

where med and std are the median and standard deviation
operators, respectively, p is the vector of all pixel intensities
in the composite image, and k is a parameter that is varied
to define the operating point on the ROC curve, and typically
encompassed the entire intensity range for £ = 10. Note that the
value of 7" was thus calculated separately for each image stack.

3) Image Masking: Finally, to enhance detection capabili-
ties and remove spurious measurements more likely to be false,
we binarized the composite image such that pixels larger than
the threshold T, defined by (1) (for some value of k), were
set to 1. Then, confirmed bleeding is defined by the connected
regions that occupy at least 10% of the estimated bleed site
area (heuristically chosen, in this case roughly 103 pixels).
Connected regions smaller than this threshold are postulated
to be background.

lll. RESULTS
A. NLP and UCAs Improve Hemorrhage Detection

To determine the effect of UCAs on the ability to detect bleed-
ing, we considered the range of per-window gCNRs observed
in the signal region when UCAs were used, vs blood simulant
alone. Fig. 3 shows that UCAs provided significantly higher NLP
signal levels at all non-zero flow rates. Additionally, the per-
experiment (N = 4 for each flow rate) level was significantly
different for each flow rate. To illustrate the method’s ability
to localize the bleeding site, we compared the signal levels (as
quantified by the per-window gCNR) at the bleed site to those
in the rest of the hematoma; that is we compared the bleeding
site to locations that were accessible to the UCAs, but where
their motion was expected to be different from that selected
for by NLP (e.g., lateral or downward velocity, speed far below
expected ejection rate, etc.). From Fig. 4(a), we observed that the
signal at the bleed site (purple ROI) was significantly higher than
in the rest of the hematoma region (yellow ROI). We observed
a similar effect, though at lower gCNR values, when no UCAs
were used, but for which the scatter motion would be subject to
the same flow dynamics; see Fig. 4(b).

B. PD and PFA Analysis

Fig. 5 captures the performance curves for all experiments
with a bleed rate of 40 ml/min, 20 ml/min, 10 ml/min, and
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Fig. 3. UCAs & NLP Improve Contrast at Bleeding Sites. Boxes and

whiskers show distribution of computed gCNRs over 10-frame inter-
vals of the processed image stack for the bleed site (see inset). Blue
distributions are from signals with UCAs and red boxes represent the
no UCA case. Asterisks indicate significance levels between indicated
distributions: * = p < 0.05, ** = p < 0.01, and #xx = p < 0.005. The
background ROI (gray in inset) includes the entire imaging field of view
outside the hematoma and vessel.
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Fig. 4. NLP with UCAs Localizes Hemorrhage. (a) Signals detected

in the bleed region (purple bars, same as data from Fig. 3) when
UCAs were significantly higher than those in the vessel and rest of
the hematoma (yellow) for all non-zero flow rates. (b) When no UCAs
are present, the NLP still offered enhancement in the bleed region, but
only at higher flow rates (above 20 ml/min). The difference between
the contrast and non-contrast signals within the hematoma was not
significant (except at 5 ml/min, vertical yellow line).
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Fig. 5. Contrast Improves Detection Performance. Plots show re-
ceiver operating characteristic curves for (a) 40 ml/min, (b) 20 ml/min,
(c) 10ml/min, and (d) 5 ml/min, both with (blue) and without (red) UCAs.
Also indicated are the areas under the curve, compared with the case of
pure chance (dashed gray lines, AUC = 0.5).

(a) 40 ml/min (b)

20 ml/min

(©) 10 mi/min

Fig. 6. Image Masking Enhances Hemorrhage Localization Perfor-
mance. Background and hematoma demarcated in gray; bleeding site
is in yellow. Pixels that satisfy the T criteria from (1) with k& = 3, but
fail spatial filtering in red. Pixels that satisfy the T" criteria and spatial
masking in blue. In these typical examples, spatial filtering localizes
bleeding site for (a) 40 ml/min and (b) 20 ml/min; marginally localizes
for (c) 10 ml/min, and does not detect (d) 5 ml/min rates.

5 ml/min, with and without UCAs. The use of contrast improves
our ability to detect the active bleeding. For the no-flow case,
Oml/min, there is no significant difference in the detection
performance with and without contrast, producing AUCs rep-
resentative of chance, i.e., 0.5. Fig. 6 shows a representative set
of realizations of the image masking technique, for the operating
point k£ = 3 in (1): blue regions are bleeding detections that are
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Fig. 7. (a) Representative NLP and Doppler composite frames for
various flow rates. Top row shows NLP, Doppler with UCAs [blue bars
in (b)], and Doppler without UCAs (red bars). (b) Distributions of time-
batched (250 ms) Doppler frames with (blue) and without (red) UCAs.
A settings error recorded default Doppler signals at 30 ml/min instead
of 10ml/min. Asterisks indicate significance levels between indicated
distributions: * = p < 0.05, ** = p < 0.01, and =xx = p < 0.005.

sufficiently large, while red regions are rejected. This masking
is able to discern the bleeding site at flows of about 10 ml/min
or more, with few or no false positives (i.e., signal outside the
bleed region). Connected regions of pixels within the vessel are
retained in some cases, as in Fig. 6(a) and (b), as expected.
Overall, this image masking with UCAs improves upon the
performance curves shown in Fig. 5 and reinforces that CEUS
with NLP improves hemorrhage detection.

C. CEUS Enhances Doppler

As flow is often mapped with Doppler imaging, we next
evaluated the results of Doppler imaging compared with the
NLP processing described above. Fig. 7(a) demonstrates the
better visibility of the total NLP signals compared with Doppler,
especially at flow rates below 10 ml/min. While the bleeding is
plainly visible in both modalities above 20 ml/min, Doppler is
inherently less sensitive to motion with a small axial component.
The addition of UCAs significantly boosts the Doppler signal
(compare top row, second and third column). To quantify this
improvement, we compared the gCNR of the Doppler signals
in the bleed site compared to the background in Fig. 7(b) (as in
Figs. 3 and 4). The Doppler signal was significantly higher with
UCA s than without, and the UCAs enabled reliable discernment
of the flow rate (i.e., higher flow rates had significantly higher

gCNRs). Thus, while the NLP + UCAs technique has several
benefits compared to Doppler + UCAs (e.g., it can work with
arbitrary acquisitions and is not restricted to vertical flow), the
use of UCAs alone was sufficient to improve the detection and
quantification of hemorrhage with Doppler.

IV. DiSCUSSION

The primary objective of this investigation was to quantify
a minimum hemorrhage flow rate that can be detected and
localized with contrast-enhanced ultrasound and NLP tech-
niques. To support that objective, we designed and fabricated
a hemorrhage-mimicking ultrasound phantom. We found that
simulated hemorrhage with flow rates as low as 10ml/min
can be detected, with UCAs and NLP, followed by temporal
integration. Detection improves with higher flow rates (tested
up to 40 ml/min), as expected. While a threshold of 40 ml/min
is an order of magnitude higher than that measured by others for
contrast-enhanced CT, a hemorrhage of 10 ml/min will require
100 min to reach a liter of blood loss, a threshold for hemorrhagic
shock. This time allows the potential for life-saving interventions
in a pre-hospital setting, such as austere damage control surgery
roles of care.

We find that UCAs significantly enhance signals related to
bleeding, both via the NLP pipeline (Figs. 3 and 5) and via
Doppler acquisitions (Fig. 7) at flow rates below 10 ml/min.
Additionally, the NLP technique demonstrated high sensitivity,
low false alarms (Fig. 5), and when coupled with subsequent
masking, exhibited suppression of signals that were likely noise
(Fig. 6). While the Doppler and NLP had similar sensitivities
when UCAs were used, the latter approach has several ad-
vantages compared to Doppler: (1) The NLP technique is not
restricted to measuring the axial velocity component as Doppler
is. Indeed the probe position in this study gave best-case Doppler
results, as the velocity was largely vertical and aligned with
the probe; (2) The NLP comprises only post-processing, and
does not require a Doppler acquisition (or place any restrictions
on the nature of the acquisitions); further, it may filter for
flow rates retrospectively, whereas Doppler requires the velocity
sensitivity to be set at acquisition; (3) NLP enables potential
application of localization and tracking techniques [30], [45],
[46] (see Supplementary Material). Finally, while the process-
ing in this study was performed offline, its relative efficiency
(approximately 150 ms per frame without optimizations, which
could be reduced significantly by removing the need to re-load
the images and pre-computing the separation filters) suggests its
real-time implementation is feasible.

The current study has several limitations that will be addressed
in future work. While providing a repeatable experimental test
bed, the flow phantom has limited anatomical fidelity. First,
the phantom represents only a hemorrhage condition and not
an uninjured condition for comparison. Additionally, the tissue
representation is uniform, whereas human anatomy includes
perfused organs in which UCAs will also be visible. Similar to
earlier work [35], this simplified phantom presumes a sonogra-
pher knowledgeable of the healthy anatomy, and sought to assess
flow rates at which they might reliably identify extravascular
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flow. Finally, the simulated bleed represents one manifestation
of hemorrhage, namely bleeding from a relatively large vessel,
as opposed to other types of hemorrhage, such as blood oozing
from the surface of aruptured organ, bleeding from capillaries, or
effects of hemorrhagic tamponade. Future work will incorporate
more sophisticated phantoms (including non-injured and other
vascularized organs) and in vivo testing (where such structures
are inherent and plentiful) to better characterize performance in
realistic scenarios.

The nonlinear processing was designed to enhance UCAs with
a range of velocities for relevant hemorrhage rates. However,
UCAs that have settled in a hematoma with near-zero velocities
also indicate active bleeding and are thus important to detect;
enhancing visibility of stationary UCAs will be addressed in
future work—including by intentional elimination of circulating
UCAs to retain only those which have extravasated, and thus
indicate ongoing bleeding at the time of UCA introduction.
Additionally, to achieve significant SNR in the raw images, the
acoustic output (mechanical index 1.4) was above the recom-
mended limit for Lumason (0.8), although still within human
safety limits. It is conceivable that such high values may have
effects on the integrity of the bubble shells, and thus reduce the
contrast they provide. Finally, only a single UCA concentration
(i.e., the standard clinical dose) was evaluated; future work will
indicate whether different concentrations might enhance, e.g.,
separability for tracking [32].

Still, the results from this work indicate significant promise
in the use of UCAs and the nonlinear processing pipeline. For
instance, contrast-specific imaging sequences provide a means
of selecting for microbubbles [47], [48], rather than simply
moving, sub-wavelength scatterers (as was done for this work).
This would provide significant benefit to localization based
techniques, and perhaps realize the potential for more granular
tracking and quantification (see Supplementary Figure S-3).
Finally, the massive advances in machine learning architectures
and approaches [49], including for microbubble detection [50]
and specifically to address the present challenge of high density
signals [51], suggest that there is ample opportunity to further en-
hance US’s ability to detect and mitigate the threat of unchecked
hemorrhage.

V. CONCLUSION

Untreated hemorrhaging contributes significantly to traumatic
deaths worldwide. Here we have proposed an in vitro ultrasound
phantom to mimic bleeding, and shown that UCAs significantly
enhance the detectability of bleeding at clinically relevant rates,
by both non-linear post-processing, and conventional colorflow
Doppler. The availability and safety profile of UCAs suggest
they may play an important role in the detection, and subsequent
mitigation, of active bleeding and reduce overall mortality.
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