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Abstract: ALFIA (Automated Lymphatic Function Imaging Analysis), an
algorithm providing quantitative analysis of investigational near-infrared
fluorescence lymphatic images, is described. Images from nine human
subjects were analyzed for apparent lymphatic propagation velocities and
propulsion periods using manual analysis and ALFIA. While lymphatic
propulsion was more easily detected using ALFIA than with manual
analysis, statistical analyses indicate no significant difference in the
apparent lymphatic velocities although ALFIA tended to calculate longer
propulsion periods. With the base ALFIA algorithms validated, further
automation can now proceed to provide a clinically relevant analytic tool for
quantitatively assessing lymphatic function in humans.
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OCIS codes: (110.2960) Image analysis; (170.0110) Imaging systems; (170.2655) Functional
monitoring and imaging; (170.3880) Medical and biological imaging.
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1. Introduction

Movement of iodinated x-ray contrast agents within blood vessels and gastrointestinal tracts
can define vessel lumens and, from dynamic imaging, can enable algorithmic estimation of
blood flow and velocity [1] and gut motility [2] for disease diagnosis or surgical guidance.
Image analysis algorithms for quantifying blood flow vary in complexity from simply
determining the bolus transit time between two fixed regions of interest (ROIs) to iteratively
solving the inverse mass transport problem to obtain volumetric flow rates [1]. However,
because the velocity of arterial blood flow is directly impacted by its pulsatile nature, stenosis,
vessel architecture, catheterization, and even injection of the contrast medium itself, no single
algorithm is generally applicable, and other imaging technologies such as Doppler
ultrasonography have largely supplanted efforts to assess blood flow rates with fluoroscopy.
Imaging of x-ray contrast density has also been used to quantify motility in the
gastrointestinal tracts of small animals using fluoroscopy [2] and more recently using
fluorescent intensity and near-infrared fluorescence (NIRF) imaging [3]. In each case,
spatiotemporal maps of the contrast density or intensity have enabled the quantification of the
velocities of propagating peristaltic waves by determining the transit time of changing
radiodensities or fluorescent intensities between two fixed regions of interest (ROIs).

Another important physiologic system in which peristaltic flow occurs is the lymphatic
system, a poorly understood, unidirectional circulatory system that takes up excessive
interstitial fluid and macromolecules and propels the acellular fluid (or lymph) through a
network of capillaries, vessels, trunks, and lymph nodes to the blood circulatory system. For a
more complete review of lymphatic architecture and function see Alitalo et al. [4].

The lymphatics play a critical role in fluid homeostasis. The most extreme condition of
lymphatic failure manifests itself in the chronic disease of lymphedema, which is
characterized by swelling, tissue fibrosis, and impaired immune response. The most common
cause of lymphedema in the United States is lymphatic trauma incurred in the arms and legs
of 3-5 million cancer survivors [5]. Cancer related lymphedema arises months to years after
lymph node dissection, and/or radiation therapy [6]. There is no cure for lymphedema and for
the past eighty years, standard of care treatment has largely been limited to complete
decongestive therapy (CDT), a regimen of compression bandaging and manual lymphatic
drainage (MLD), a gentle therapeutic massage designed to stimulate lymphatic propulsion.
Yet there is no accepted quantitative standard-of-care imaging approach to assess lymphatic
contractile propulsion, thereby limiting (i) diagnosis of dysfunctional lymphatics, (ii) selection
of the most efficacious choice of lymphedema therapies, and (iii) development of new
pharmaceutical agents to stimulate lymphatic function and ameliorate lymphedema.

Recently we developed NIRF lymphatic imaging to visualize the contractile propulsion of
boluses of indocyanine green (ICG)-laden lymph within the lymphatics to quantify the
contractile functional parameters of apparent propagation velocity and propulsion period in
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normal control subjects [7], and in subjects with lymphedema before and after treatment with
MLD [8], and with pneumatic compression devices [9]. While the approach to quantify
lymphatic contractile function is similar to that used previously in fluoroscopy applications [1,
2], the manual nature of the analysis is time and user intensive, impeding real-time,
quantitative lymphatic imaging. Herein we present the basis of a new algorithmic approach
called Automated Lymphatic Function Imaging Analysis (ALFIA), which when completed
will provide quantitative analysis of NIRF lymphatic images and facilitate translation of
quantitative lymphatic imaging into the clinic. In this contribution, we describe the base
algorithms of ALFIA, demonstrate its use to quantitatively analyze NIRF lymphatic images of
nine human subjects, and validate the values of apparent lymphatic propagation velocities and
propulsion periods against those independently obtained by manual evaluation of the images.

2. Methods
2.1 NIRF imaging

Near-infrared (NIR) light provides several advantages for imaging as compared to the visible
band including (i) a minimal absorbance spectra of skin [10] enabling the propagation of
photons deep within the tissue and (ii) low autofluorescence responsible for a significantly
reduced noise floor [11]. In addition, repeated fluorophore excitation generates multiple
fluorescence emission events per second enabling, with proper optical filter selection, sub-
second image exposure times with high signal-to-noise ratios [12]. However, NIR photons are
multiply scattered within tissues, potentially preventing the resolution of deep (> 3-4 cm)
lymphatic structures without tomographic approaches. Still, in humans, the propulsion of
lymph in superficial lymphatic vessels and nodes can be readily visualized following
intradermal administration of micrograms of ICG as illustrated in Fig. 1 and Media 1. With
rapid image acquisition, sequences of NIRF images have been shown to enable movies of
lymphatic contractile function non-invasively in swine [13], mice [14], and humans [7, 15].

Time=2564 s Time=2950 s C Time= 3322
cm &m €m

Fig. 1. Series of images illustrating the propagation of a bolus of fluorescent lymph (identified
by ellipse) through a lymphatic vessel in the right shin of a 43 year old female (subject 8). The
round shape near the right edge of the calf is a band-aid which covers an injection site at that
location. These images are frames taken from Media 1 available online.

2.2 Clinical imaging

As part of a US Food and Drug Administration (IND# 102,765) and University of Texas
Health Science Center at Houston institutional review board approved clinical study, three
control subjects and six unilateral leg lymphedema subjects were recruited for NIRF imaging
of leg lymphatics. After informed consent, each subject received multiple intradermal
injections of ICG in both legs. Each injection was comprised of 25 ug ICG in 0.1 mL saline
with a total dose < 400 pg, which is below the approved intravenous dose of 2 mg/kg.
Immediately following administration, subjects were imaged for approximately 2.5 hours,
primarily in a supine position. Vital signs were monitored during imaging and a 24 hour
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follow-up telephone call was made to monitor for adverse events. No adverse events were
reported.

After intradermal injection of ICG, images of the fluorescent lymphatics in both legs were
obtained using two custom NIRF imagers described previously [7]. Briefly, as illustrated in
Fig. 2, each leg was illuminated by the diffused output of a 500 mW, 785 nm laser diode with
a maximum tissue-surface incident power density <1.9 mW/cm?”. The non-ionizing laser light
propagated up to several cm into the tissue and excited the transiting ICG in the superficial
lymphatics. The resultant fluorescent signal was filtered using a 785 nm holographic notch
filter and an 830 nm band-pass filter and focused onto the photocathode of a Gen III image
intensifier. The intensified image was acquired using a custom, 16 bit, frame-transfer charge
coupled device (CCD) camera and the images were saved onto a computer. The integration
time on the CCD camera was 200 ms and, given the image readout times required, a total
acquisition time was ~650 ms per image. Near real-time imaging of lymphatic propulsion was
achieved and subjects were able to view their lymphatic function on a wall-mounted display.
The NIRF images were independently analyzed manually and with ALFIA.

Intensified
Computer | | CCD
Camera
785 nm Lens
Laser Diode Fluorescence
Diffuser Filters

N\

Fluorescent ICG Injection
Lymphatics Sites

Fig. 2. Basic schematic of the near-infrared fluorescence imaging system.

2.3 Manual analysis

The manual analysis of NIRF lymphatic images was conducted as described elsewhere [7].
Briefly, as illustrated in Fig. 3, ROIs are selected along the lymphatic vessel and their average
fluorescent intensities are plotted as a function of time. The apparent propagation velocity (v)
of lymphatic propulsion is calculated by taking the ratio of the apparent distance (d) between
two fixed ROIs and the transit time (4f) for a bolus of lymph to propagate from one ROI to
the other as shown in Eq. (1). As NIRF lymphatic imaging is a planar imaging technique, the
distance is designated as “apparent” to reflect the lack of length information in the vertical
dimension. In addition, the propulsion period, or time delay, between successive lymphatic
propulsion events is determined. This approach to quantify lymphatic contractile function is
similar to that used previously in fluoroscopy applications [1, 2], and the manual nature of the
analysis is time and user intensive, impeding real-time, quantitative lymphatic imaging.
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Fig. 3. Quantification of the lymphatic contractile functional parameters, apparent lymphatic
propagation velocity and propulsion period. (A) Two regions of interest are selected on
lymphatic vessel and the distance between the two is determined. (B) The fluorescent intensity
profiles are then plotted and the transit time calculated as the time between the maximum
intensities of the peaks corresponding to the same bolus of lymph. The propulsion period is the
time between successive propulsion events in the same ROL

v = dRmz_dRon (1)

At

Additionally, while lymphatic contractile function has been quantitated in small feasibility
studies [7, 8, 15] it remains challenging due to (i) unknown vessel geometries depicted largely
from the trajectory of a propelled bolus of fluorescent lymph, and (ii) the non-uniform
fluorescent intensity along the lymphatic vessel. As shown in Fig. 4, large fluctuations in the
fluorescent intensity also result from subject movement, changes in lymphatic vessel depth,
and branching lymphatic architectures further limiting quantification of lymphatic contractile
function to manual definition of vessel lumens from fluorescent trajectories and computation
of propagation velocity from length of fluorescent bolus travel over a defined period of time.

11000
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Fig. 4. Plots illustrating the impact of the propagation of boluses of fluorescent lymph,
adjustment of instrumentation settings, and subject movement, on the fluorescent intensity
profile of three regions of interest (ROIs). The ROIs correspond to the ellipses in Fig. 1 while
the start time in Media 1 corresponds to ~83s on this plot.
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2.3 ALFIA

While ALFIA uses the same basic methodology as described above to compute the lymphatic
propagation velocity and propulsion period, several additional image analysis techniques were
developed to reduce motion artifacts and to minimize the subject dependent errors. These
techniques include an object tracking algorithm to stabilize the subject within the images and
to reduce motion artifacts, an image representation named “flow map” to describe the
propagation of fluorescence in the lymphatics more reliably, and a refinement algorithm to
adjust the positions of flow lines identified by a user. The workflow of ALFIA is shown in
Fig. 5(A) and described below.

A

NIRF Image
Sequence

Velocity and
Period

Subject Vessel Vessel Flow Map Flow Line
Stabilization Enhancement Annotation Computation Extraction

= 7 T ~

4

Fig. 5. (A) Analysis workflow of ALFIA. (B) An aggregated image is generated to facilitate
vessel identification. (C) The lymphatic vessels are manually identified and annotated. (D) A
flow map of fluorescent intensity as a function of distance (d) and time (t) is generated and (E)
the flow lines of lymph propagation are manually annotated and automatically adjusted to
select the maximal intensity value near the ends. The velocity (Ad/At) and propulsion periods
are then calculated and exported to a spreadsheet.

2.3.1 Subject stabilization

After importing a sequence of NIRF images, the subject’s movement is tracked and the
images are transformed to reduce motion artifacts as follows. Given an image sequence, {/,,
DL, I;..., I;}, we let the reference frame be I; and the transformation of the subject in /; to the
subject in the jth frame /; be T;. As subject movements are typically small, the transformation
is modeled as a 2D rigid translation. A large number of tracking algorithms for 2D rigid
translation have been proposed in literature [16]. Herein we estimate 7; based on image
appearance consistency and the smoothness constraint of the subject movement.

The stabilization algorithm first identifies a sparse set of salient points, C; = {c,, ¢, ¢3...,
ck}, belonging to the subject and/or a fluorescent lymphatic vessel in the reference frame /;. In
a NIRF image, the relative high intensity regions belong to the foreground subject, as the high
fluorescent intensity value is caused by either a bolus of fluorescent lymph or lymphatic
vessels stained by the NIR fluorophore. Following this observation, we sparsely sample the
salient points from these high intensity regions. Then a set of image patches Q; = {q(I;, c)),
q(l;, c3),..., q(I;, cx)} centered at the salient points are used to represent the image appearance
of the subject at the reference frame /;. The patch size needs to be carefully determined. On
one hand, it needs to be big enough to include enough local subject appearance and be much
larger (3-4 times) than the bolus of lymph to prevent lymph propagation from interfering with
subject motion estimation. On the other hand, it cannot be too big to include too much
background. In our experiments, the bolus width is generally 10-15 pixels and we empirically
set the patch width to 40 pixels for 512x512 images. For jth frame with subject transformation
T;, the location of these salient points C; = {Tj(c;), T{(c),..., Tfck)} and the corresponding
image patch setis Q; = {q(1, T(c1)), q(L; Tf(c2)).. gL Ticx)))-
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For tracking, T; is estimated by minimizing the energy function,

E({T]}) = aZf:z E, (QI,Q,- ) +ﬂ2j:z E, (Qj—ij ) + ijz E, (Tj—l’Tj ) @)

where E; measures intensity consistency of the subject between two images, E(7T;_;, T;) is the
smoothness constraint between two consecutive frames, and a>0 and f>0 are weight
coefficients. Figure 6 shows a set of sampled salient points and explains Eq. (2).

E((Q, ©): intensity consistency E (T}, T)): smoothness constraint E((Q;,, Q)): intensity consistency
between frame 1 and between framej-1 andj between framej-1 andj

Fig. 6. Salient points (yellow dots) are sampled from the reference frame /;. A set of image
patches (cyan boxes) centered at the salient points are used to represent the image appearance
of the subject. Transformation T}, j = 2, . . ., J, is estimated by minimizing Eq. (2), which
encodes the intensity consistency constraints and the translation smoothness constraint.

The possibility of drifting is reduced by enforcing the intensity consistency between the
reference frame and the tracking frames and between two consecutive frames. In our
experiment, the term E; is computed as the sum of the negative Normalized Cross-Correlation
of each corresponding image patch, the term E; is computed as Euclidean distance between
two translations, and the choices of weight coefficients « and f are empirically decided. The
total energy function E (Eq. (2) is minimized using Dynamic Programming [17].

2.3.2 Vessel enhancement and annotation

After subject stabilization, the vessel enhancement module computes an aggregated image to
better visualize the lymphatic vessels. Often the entire lymphatic vessel structure cannot be
clearly identified in one image, as at times only the parts of the vessels through which
fluorescent boluses of lymph are actively transiting are visible in the images. The aggregated
image is created by computing the maximum intensity of each pixel across the whole image
sequence. The lymphatic architecture can be identified more reliably in the aggregated image.
At this stage of development, the vessels are then annotated manually by the user. A spline
[18] is used to represent a vessel and the user only needs to annotate several control points
along its length.

2.3.3 Flow map computation

For each annotated vessel, points on the vessel are densely sampled. A flow map, M, of
fluorescent intensity at these points across the sequence is computed. The flow map, a 2D
intensity function of position on the vessel and time, is computed to capture the movement of
fluorescence in the vessel. M(n, j) represents the intensity of the nth sample point at the jth
frame. It is computed as

1 3
M(n,j)= I.(u,v), 3)
( ]) |N(u v ) Z(u,v)ezv(u,,,v”) J ( )
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where (u,, v,) is the image coordinate of the nth point; N(u,,v,) defines a small neighborhood
around (u,,v,); IN(u,v,)| is the number of pixels within N(u,,v,); and I; is the intensity map of
the jth frame. The computation is illustrated in Fig. 7. Figure 5(D) shows the flow map
computed from the longest vessel in Fig. 5(C).

Vessel

~ Time
-~ ~ :
Packet > A
o e o v

Flow
Direction

t L oty eee YPosition

Fig. 7. Flow map computation on a vessel. The value of a pixel in the flow map is computed by
averaging the intensity of a small region (circles) on a specific position of the vessel and in a
specific image frame. If the region includes a lymph bolus (square), the value of the pixel will
be higher. The x axis is the time (#;) that the images were acquired and the y axis is the position
or distance of each region from the first region selected on the vessel.

2.3.4 Flow line extraction

In the flow map, M, the movement of fluorescent lymph along the lymphatic vessel is
depicted by straight, sloped lines called flow lines as seen in Fig. 5(D). Because the intensity
profile of some flow lines are too weak to be detected reliably by automatic line detection
algorithms currently available, the flow lines are identified manually. The position of each
identified flow line is optimized automatically by exhaustively searching for the local line
with the highest intensity profile. An example of extracted lines is shown in Fig. 5(E). Finally,
the apparent propagation velocity and the propulsion period are estimated by computing the
slope (Adistance/Atime) of each flow line and the time interval between two consecutive flow
lines respectively. The results are exported to a spreadsheet.

2.4 Statistical analysis

Repeated measurement ANOVA (linear mixed model) was used to compare the apparent
propagation velocities and propulsion periods of the lymphatic function between those
calculated from AFLIA and the manual analysis. Common correlation is assumed for any two
measurements of the dependent variable recorded from the same subject. Because the data
was analyzed with both programs independently, the vessel selection varied between each
program, resulting in data sets which were not always pairable and incomplete pairs were
included in the analysis to increase the precision of the estimation. Missing at random was
assumed for the missing component of the incomplete pairs. Proc mixed procedure in SAS
version 9.2 was used for implementation of this analysis.

3. Results and discussion

Regardless of imaging modality, image stabilization is an important consideration during
image analysis as motion artifacts decrease the image resolution and the accuracy of image
quantification. Figure 8 illustrates vessel annotation with and without the subject stabilization
and Fig. 9 compares aggregated images computed with and without subject stabilization.
Comparing with the individual frame in Fig. 9(A), both aggregated images (Figs. 9(B) and
9(C)) give better visualization of dim lymphatic vessel structures. However, the vessels are
blurred and duplicated in the aggregated image computed without subject stabilization
(Fig. 9(B)) preventing accurate mapping of lymph flow (Fig. 9(D)) and hence accurate
quantification of lymphatic contractile function. For a sequence of 311 images, an average
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tracking error of 1.04 + 0.82 pixels was calculated between the results obtained when
manually tracking visual landmarks and from the subject stabilization algorithm.

Frame 70 Frame 140 Frame 199

Frame 0

Input (raw)
images

Vessel overlay
without image
stabilization

Vessel overlay
with image
stabilization

Fig. 8. Images illustrating vessel annotation with (bottom row) and without (middle) subject
stabilization.

-

Fig. 9. Vessel enhanced, aggregated images of the lymphatics with (C) and without (B) subject
stabilization and the corresponding flow maps (E and D respectively) for the left most vessel.
(A) is a snapshot of the lymphatics at a single point in time. (B) Note the appearance of
phantom lymphatic vessels (arrowhead) due to motion artifacts in the unstablized aggregated
image and (C) the reduction of noise artifact and clear delineation of dim lymphatic vessels
(arrow) in the stabilized image as compared to (A). Note also the shortened (arrowhead) flow
line and the introduction of an additional flow line (arrow), which corresponds to a neighboring
lymphatic vessel, in (D) resulting from subject movement.
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Within the nine subjects analyzed, 820 propulsion events resulting in 820 apparent
velocity and 433 period measurements were quantified using manual analysis while 1012
propulsion events, resulting in 1012 apparent velocity and 568 period measurements, were
quantified using ALFIA. Because only one propulsion event was often observed in a given
sequence of images, fewer period measurements as compared to velocity measurements were
obtained. Figure 10 shows plots of the average apparent velocities and periods for each
subject obtained manually and from ALFIA. The overall average apparent velocity and
standard deviation across all the subjects was 0.9 + 0.6 cm/s using manual analysis and 0.9 +
0.5 cm/s using ALFIA while the average periods were 58.1 + 59.1 s and 64.4 + 64.0 s
respectively. The statistical analysis, which utilized all the individual measurements,
confirmed that there was no significant difference between the results from manual analysis
and ALFIA with p-values of 0.415 for the apparent velocities and 0.075 for the periods. While
no statistically significant difference was observed in the period measurements, a trend was
observed with the period calculated with ALFIA being slightly longer than that obtained from
manual analysis.
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Fig. 10. Plots of the average (A) apparent propagation velocity and (B) propulsion period for
each of the nine subjects imaged in this study as well as the overall averages for all
participants. The number superimposed on each bar denotes the number of measurements
included in each average.

The number of velocity measurements acquired ranged from 1 in one subject using both
the manual analysis and ALFIA to 252 and 314 respectively in another subject.
Corresponding differences in the numbers of period measurements were also observed. While
the number of observed propulsion events varies greatly between subjects, it is not unusual as
we have previously shown that in general fewer propulsion events are seen in subjects with
lymphatic diseases [7]. In all but two cases, more propulsion events were quantified in each
subject using ALFIA, possibly as a result of the vessel stabilization feature implemented in
ALFIA as at times subject movement prevented quantification using manual analysis.
Additionally, the trend toward increased propulsion period is likely also due to the vessel
stabilization feature which allows longer segments and hence more consecutive propulsion
events to be quantitated than with manual analysis.

As shown in Fig. 11, the differences in the velocities and periods in the control limbs and
the asymptomatic and symptomatic limbs of the subjects with lymphedema were subtle or
non-significant due to the high variability in the measurements. However, the numbers of
velocity and period measurements were nearly a tenth that seen in the controls and
asymptomatic limbs indicative of reduced lymphatic function in disease. Similar results were
demonstrated previously by Rasmussen et al. in a study of 24 control and 20 unilateral
lymphedema subjects [7].
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Fig. 11. Plots of the average (A) apparent propagation velocity and (B) propulsion period as a
function of limb diagnosis. The number superimposed on each bar denotes the number of
measurements included in each average.

While similar algorithms were less effective in the hemovascular system, the nature of
NIRF lymphatic imaging and of the lymphatic system itself tend to be more amenable to this
type of analysis. Intradermal administration deposits a depot of contrast agent that is gradually
taken up by the lymphatic capillaries to form multiple boluses over time, eliminating both the
need to inject multiple boluses of contrast agent directly into an artery and the need to time the
injections with a set cardiac rhythm. Additionally, the slower lymphatic propagation
velocities, as compared to rapid arterial flow velocities of ~50 cm/s in the common carotid
artery [19], facilitates bolus tracking over longer timeframes further reducing the need to
precisely trigger image capture to ensure visualization of contrast agent at both the beginning
and end of the vessel segment of interest. Furthermore, because lymphatic propagation
velocity is computed and not the volumetric flow rate, the effect of vessel bifurcation or
convergence on the velocity appears to be minimal.

4. Conclusion

In conclusion, we have developed and validated the base algorithms of ALFIA which is
designed to facilitate the quantitative analysis of NIRF images for lymphatic contractile
function. ALFIA offers several distinct analytic advantages over manual analysis such as
image stabilization, improved flow-line identification techniques, and automated computation
and exportation of the functional parameters of apparent propagation velocity and propulsion
period. With the base algorithms validated, further development of ALFIA into an automated
analysis tool will commence. Additional features under development, such as automatic
identification of (i) sequential image segments with functional data, (ii) lymphatic vessels, and
(iii) flow-lines, will further enhance the utility of the software, significantly decrease required
analysis time and user interaction, and may facilitate its translation into the clinic for real-
time, quantitative analysis of lymphatic contractile function using NIRF imaging techniques.
The ability to visualize and quantify lymphatic function in real-time may in turn provide
opportunities to better understand lymphatic disorders, assess the efficacy of lymphatic
therapies, and develop personalized lymphatic therapies.
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