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Abstract

The lymphatic system contributes to body homeostasis by clearing fluid, lipids, plasma proteins
and immune cells from the interstitial space. Many studies have been performed to understand
lymphatic function under normal conditions and during disease. Nevertheless, a further
improvement in quantification of lymphatic behavior is needed. Here, we present advanced bright-
field microscopy for in vivo imaging of lymph vessels (LVs) and automated quantification of
lymphatic function at a temporal resolution of 2 milliseconds. Full frame videos were compressed
and recorded continuously at up to 540 frames per second. A new edge detection algorithm was
used to monitor vessel diameter changes across multiple cross sections, while individual cells in
the LVs were tracked to estimate flow velocity. The system performance initially was verified in
vitro using 6- and 10-pm microspheres as cell phantoms on slides and in 90-pum diameter tubes at
flow velocities up to 4 cm/second. Using an in vivo rat model, we explored the mechanisms of
lymphedema after surgical lymphadenectomy of the mesentery. The system revealed reductions of
mesenteric LV contraction and flow rate. Thus, the described imaging system may be applicable to
the study of lymphatic behavior during therapeutic and surgical interventions, and potentially
during lymphatic system diseases.
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1 INTRODUCTION

The mesenteric lymphatic system clears fluid, lipids, plasma proteins and immune cells from
the intestinal interstitial space and shuttles them to the venous circulation, thereby
contributing to intestinal homeostasis. Conversely, insufficient lymphatic clearance can
result in accumulation of immune cells and increase the risk of immune cell-mediated tissue
injury leading to chronic inflammation and lymphedema development [1].

The achievements to study these phenomena using optical- and laser-based methods for
cytometry of the mesenteric lymph flow in animals can be found elsewhere [2-9]. Several
techniques have been used to quantify flow in lymph and blood vessels, including speckle,
Doppler [4, 5, 10-12], fluorescence [6, 7] and video microscopy [13-18]. The advanced
capabilities of the novel and emerging techniques (eg, speckle, Raman, photothermal and
photoacoustic lymph flow cytometry pioneered by our team) were demonstrated by various
studies that encompassed vascular and flow dynamics under impacts of pharmaceutics and
laser irradiation, lymphatic disturbances from experimental lymphedema and staphylococcal
infection, and monitoring of circulating tumor cell trafficking in the lymph system [2-5, 19].

Despite recent significant progress in the field, lymph flow cytometry integrated with
assessment of other lymphatic functions (eg, contractility) is still a challenge due to
technical limitations. The Doppler method requires many particles in flow, which is not
entirely suitable to quantify lymph flow, which contains scarce lymphocytes. Fluorescence
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methods rely on injected fluorescent particles that may affect the physiology of the vessel
under study. Video microscopy has been used for many years to measure flow and diameter,
usually at standard video frame rates of 30 frames per second (fps). However, this low frame
rate does not adequately resolve fast moving cells, thereby limiting the flow velocities that
can be measured to below ~1 mm/second. Advances in technology (high-speed cameras and
increased computing power) offer the opportunity for high frame rate video recording and
complex analysis of flow.

Dixon and coworkers measured diameters of lymph vessels (LVs) and the velocity of
luminal lymphocytes in situ [8, 9, 20]. These authors achieved frame rates up to 500 fps for
several contraction sequences [8], and 300 fps with a resolution of 640 x 480 pixels [20].
Vessel diameter and cells in flow were tracked using image correlation algorithms [21].
More recently, Margaris et al. employed microparticle image velocimetry (P1V) using a
pulsed light source [22]. The PIV method relies on tracer particles seeded into flow, thus
achieving a higher spatial and temporal resolution of flow measurements. However, this
approach is limited to in vitro measurements. Blatter et al. used Doppler optical coherence
tomography (OCT) for label-free measurement of lymph flow in vivo [12]. They showed
that a Doppler shift can still be detected from very weak signals originating from almost
transparent LVs. However, in its current stage, it lacks resolution (250 milliseconds
temporal, 11 pm spatial).

The goal of this study was to develop an improved imaging system for continuous
monitoring of contractile function of mesenteric LVs and quantification of lymph flow in
vivo, which would permit us to evaluate the functional response of the LVs to localized
lymphatic insufficiency. Ultimately, the same technology can be used to assess the efficacy
of therapeutic strategies to restore lymph flow. Here, we report the design, validation and
application of a faster acquisition system and a new processing algorithm to track changes in
LV diameter in the rat mesentery and analyze lymph flow in vivo. The acquisition system is
capable of compressing and recording high frame rate videos over 500 fps continuously, and
for practically unlimited duration. In post processing, instead of using image cross
correlation, we detected the changes in diameter of a LV at multiple cross-section lines as a
robust way to over-come the limitation of conventional in vivo images. We also tracked
lymphocytes individually in the moving lymph fluid, which accounts for flow velocity
variations in the ves-sel lumen and enables calculation of volume flow rate.

2 MATERIALS AND METHODS

2.1 Experimental setup

Our experimental setup was built using an Olympus BX51 upright microscope (Olympus
America Inc., Center Valley, Pennsylvania; Figure 1). The sample was illuminated by a
halogen lamp, and observed through an 8x magnification objective. Field of view was 545 x
545 um at 8% magnification.

For in vitro verification of the detection system, 90-um inner diameter glass capillary tubes
were used to mimic LVs. Two different sizes of polystyrene microspheres (Polysciences,
Inc., Warrington, Pennsylvania), 6.19 £ 0.17 um and 10.18 £ 0.30 pum (mean + SD), were
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used to mimic red blood cells and white blood cells including lymphocytes, respectively.
The flow of particles was provided by a syringe pump (model 780 210; KD Scientific Inc.,
Holliston, Massachusetts). Flow rate set on the pump was converted to flow velocity in the
capillary using the known dimensions. Additionally, particles were fixed on a glass slide and
moved by a motorized stage at preprogrammed velocities.

For in vivo measurements, a mesenteric loop was placed on a customized recirculating
perfusion chamber (Figure 1) equipped with 2 peristaltic pumps at both inflow and outflow
sites to continuously superfuse the mesenteric loop with physiological solution. The stage
and objective of the experimental setup were heated (37 °C) to maintain animal body
temperature and to prevent condensation, respectively.

2.2 Image acquisition

Video frames were captured by a high-speed camera (model: MV-D1024-160-CL-8;
Photonfocus AG, Lachen, Switzerland), and frame grabber (model: microEnable 1V AD4-
CL; Silicon Software GmbH, Mannheim, Germany). Captured videos were recorded using
StreamPix 6 software (NorPix, Inc., Montreal, Canada). Acquisition and postprocessing
tasks were performed on a workstation (Precision Tower 7910XL, Dell Inc., Round Rock,
TX) with 32GB RAM and an 8 core processor (Xeon E5-2640 v3, Intel, Santa Clara, CA).
Video files were compressed in real time using CUDA H.264/AVC encoder module based on
a Quadro K2200 (NVIDIA, Santa Clara, California) graphics processing unit, and streamed
to an array of hard disk drives in RAID 0 configuration for increased performance.

Compression reduced the video size significantly (~20x), while preserving the image quality
(structural similarity index value was 0.9567). Real-time compression combined with
continuous streaming to disk array provided virtually unlimited recording capability.

The capability of the acquisition system was tested for several parameters. For the frame size
of 512 x 512 pixels, maximum frame capture rate to stream to disk with compression was
540 fps. For a smaller resolution of 128 x 128 pixels, it increased to 1200 fps with
compression, and 4000 fps without compression. For the extreme case of 128 x 2 pixels, the
maximum rate was 66 000 fps to capture to RAM, and 10 000 fps to stream to hard disk
with no compression. Although compression reduced the maximum capture rate of
streaming, it still was able to detect cells moving at the expected velocities in LVs under
study.

2.3 Image processing

The video analysis program was developed in MATLAB (MathWorks, Natick,
Massachusetts) to automatically track LV diameter and lymph flow velocity. A graphical
user interface allows the user to browse and play recorded videos at any frame rate, run cell
tracking and/or vessel tracking functions, and control all related parameters. The program
was designed for minimal user interaction. Setting the initial parameters and selecting a
region of interest (ROI) takes only several seconds, and the remainder of the process is done
automatically.
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2.3.1 Vessel tracking—In a typical in vivo setting, images of rat mesenteric LVs suffer
from low contrast and heterogeneity. For instance, adipocytes may block the view of vessel
walls, LVs may move out of the focal plane and become obscure during constriction, or
blood capillaries may cross over the LVs. To overcome these difficulties and to enable robust
and accurate tracking of vessel diameter, we devised the following vessel wall detection

algorithm:

A)

B)

b)

d)

€)

C)
D)

Place N parallel lines on the image axes. (/V, the number of cross sections to
measure vessel diameter, is defined by the user).

User needs to drag and resize the lines to properly cover the ROI on the LV.
After any move:

1 Calculate the angle between the line in focus (L;) and x axis.

2. Retrieve intensity values of pixels along L; and k-1 more lines that are
parallel to L;, each separated by 1 pixel.

3. Average k line profiles, resulting in Lja.

4, Apply median filter to L (filter order should be greater than the cell
size to eliminate possible artifacts introduced by passing cells).

5. Detect vessel walls:

Split Lja into 3 preliminary regions so that the center region (R¢) covers the
vessel, and the left and right regions (R, RR) are on the adjacent tissue (regions
are predefined by the user, eg, 20%, 60% and 20% of total length of the line
profile).

Find median values in these regions; m;, m¢ and mg.

Set 2 threshold values for edge detection as the average of 2 neighboring
regions: T, = (mg +my )/2, T = (mc + mp)/2.

Set the first point in the direction from center to left edge that is below T, as the
left vessel wall.

Set the first point in the direction from center to right edge that is below T as
the right vessel wall.

1 Connect newly found vessel walls with the other 2 (A~1) vessel walls
to form a polygon defining the vessel ROI in the area covered by NV
lines.

2. Determine vessel orientation and set flow direction marker to indicate

vessel angle. It will be updated to flow direction in cell tracking.

3. Display new ROI, L and Lja profiles, and update vessel diameter
traces (Figure 2).

Repeat all steps in (B) when video frame changes or user manipulates a line.

Filter diameter traces using a median filter to remove spikes.
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During adjustment of the cross-section lines, the metrics and visuals are updated live, so the
user can see which settings and positions work accurately, that is, ROI polygon follows the
vessel walls (Figure 2).

Using multiple cross-section lines allows us to more accurately record changes in vessel
diameter representative of the entire vessel, rather than relying on a single cross-section
measurement in a vessel wall that may contract heterogeneously along its length. Another
advantage of the multiple cross-section lines across the vessel lumen is to avoid discrete
obstructions that may preclude measurement at a single cross section. Finally, phase
difference between diameter traces at different points may provide more insight into patterns
of contraction along the vessel (Figure 2F).

Flowing objects may be confused with the vessel wall when they have similar contrast. This
was especially true for in vitro measurements. Averaging of cross sections helps to reduce
these wall detection errors. For instance, some particles under the cross-section lines in
Figure 2A appear similar to the tube walls in profile plots (gray dips between vessel walls in
Figure 2B). These artifacts are usually eliminated by averaging (colored lines in Figure 2B)
or careful selection of threshold parameters. Nevertheless, any remaining artifacts appear as
spikes in diameter traces (arrow in Figure 2F). However, since cells move faster than the
contracting vessel, these spikes can be filtered out.

The frequency of LV contractions is much slower than the video frame rate, which is
targeted to detect fast moving cells within the vessel; 30 fps is usually adequate to track
vessel diameter with enough time resolution. Thus, only a subset (5%-10%) of the available
video frames is used for vessel tracking to reduce processing time.

2.3.2 Cell tracking—<Cell tracking identifies moving cells in the LV and extracts their
trajectories from frame to frame. Knowing the inter-frame time and vessel diameter
estimated in Section 2.3.1, we can estimate the flow rate. However, the bidirectional and
dynamic nature of lymph flow can confound cell tracking. Challenges include that: (1) cells
have low contrast in their environment; (2) they may move in and out of focus, thus
changing brightness and shape; (3) cells can change velocity (slow down, speed up or stop)
and also move in another direction; (4) cell velocities may vary greatly even in the same
vicinity; (5) cells usually are only several pixels in diameter, because a large field of view is
required for vessel wall tracking and to capture fast moving cells; thus, low magnification is
used; (6) cell shape is not suitable for distinguishing one cell from another and cannot be
used for predicting the direction of motion.

Fourteen particle tracking methods were quantitatively compared by Chenouard et al.
recently [23]. We selected the method by Shalzarini and Koumoutsakos [24], which
performed well for various tasks in this published comparison. Its particle detection
implementation is based on an algorithm by Crocker and Grier [25]. We modified it for cell
detection and tracking in LVs and devised the following algorithm. In the following, it
frame of a video is represented as a matrix A;j(x,y), where x and y are pixel row and column
indices, respectively. There are 3 user-defined parameters: wis the approximate radius of the
particles in the images in units of pixels, ¢ is the score cut-off value for nonparticle

J Biophotonics. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sarimollaoglu et al.

Page 7

discrimination and r is the percentile value that determines which bright pixels are accepted
as particles. Subsequently:

A) Define ROI. It is usually the polygon defined by the ves-sel tracking algorithm,
which adapts to vessel contraction. Alternatively, user can draw a freeform
polygon to define a static ROI.

B) Preprocess the video:

1

Subtract consecutive frames to improve contrast (Ai =A - Ai). This

makes the moving cells visible, while reducing the static background.
Mask the frames by setting the pixels outside the relevant ROI to zero.
Despeckle the frames using a 2D median filter.

Find global maximum (Ihax) and minimum (1) intensity values in
the video.

C) Detect cells. For each frame:

1

o g ~ W

7.

Normalize intensity: A,(x.y) = (A;(xy) = L )/(L e = Loio)-

Apply a convolution filter using the kernel in Eq. (4) [25] for image
background extraction and noise removal.

Determine the threshold intensity value based on r.
Dilate the image using a circular mask of radius w.
Identify particles above threshold.

Compute zero- and second-order intensity moments for each particle
based on Egs (6) and (7) in [25].

Eliminate particles below c.

D) Find trajectories. Identify the same cell across consecutive frames and link these
sequential positions into trajectories based on the logistic transportation
algorithm described in Reference [26].

E) Calculate flow metrics. Flow direction, flow velocity and flow rate are estimated
using the trajectories identified in a frame, as follows:

1

Flow direction is determined as positive or negative, based on the
vessel orientation identified in vessel tracking.

Average flow velocity at frame 7is calculated by v;= Ax At, where Ax
is the average distance traveled between frames 7and 7+ 1 by all cells
identified by their trajectories crossing these frames, and Azis
interframe time (1/fps).

Flow rate at frame i is calculated by Q;= 1.251,A4, where A = rd?/4 is
cross-sectional area of the vessel, and dfis average vessel diameter.
Due to complexities of flow velocity distribution in a tube [27], an
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average of the velocities observed in the video may not exactly match
the average velocity that is needed to calculate flow rate. We
experimentally found that 1.25v; is a good approximation.

2.4 Animal preparation

Adult male Sprague Dawley rats were purchased from Harlan Laboratories, Inc.
(Indianapolis, Indiana). Animals in this study were used in accordance with protocols
approved by the UAMS Institutional Animal Care and Use Committee.

For in vivo measurements, rats were anesthetized with 2.5 L/minute isoflurane. A mesenteric
loop was exposed through a small incision along the abdominal midline and placed on the
recirculating perfusion chamber. The exposed mesentery was superfused at a rate of ~6 mL/
minute with a HEPES-buffered physiological salt solution (HEPES-PSS) of the following
composition (mmol/L): NaCl 119, KCI 4.7, MgS0O4 1.17, CaCl, 1.6, NaHCO3 24, EDTA
0.026, NaH»PO,4 1.17, glucose 5.5 and HEPES 5.8. The solution pH was set at 7.4 using
NaOH. The temperatures of the perfusion chamber and recirculating solution were
monitored using a YSI Tele-thermometer and maintained at 37 °C + 0.25 °C using a
recirculating hot water bath and a glass heat exchanger.

LVs considered ideal for imaging had sections devoid of fat to allow clear visibility of the
vessel wall for online diameter measurement. We also avoided traversing blood vessels to
decrease interference of blood flow with cell tracking analysis.

2.5 Mesenteric LV ligation

We modified the standard rat model of severe, generalized mesenteric lymphedema, which
involves radical surgical resection of the entire mesenteric lymphatic chain and ducts.
Instead, in pilot studies in 2 rats, we ligated a single proximal LV draining 1 mesenteric
arcade to more closely recapitulate surgical removal of sentinel lymph nodes. In each rat,
base-line lymph flow (Day 0) was recorded for 20 minutes in a LV distal to the planned site
of surgical ligation (/igated region). Then proximal LVs close to regional mesenteric lymph
node were ligated using 8-0 to 9-0 monofilament suture (Figure 3). The LVs distal to
“lymphadenectomy” and in the remaining mesentery remained intact. Lymph flow was then
recorded for 20 minutes on Day 2 post-ligation in the same distal LVs studied on Day 0. LV
contractile function also was characterized on Day 0 and Day 2 as described later.

2.6 Isolated LV perfusion

We used diameter measurements in isolated, cannulated LVs to verify that changes in LV
contraction observed in vivo using vessel tracking algorithm correlated to abnormal
contractile function of isolated LVs. Second-order rat mesenteric LVs (outer diameter, 100—
200 pm) were micro-dissected from the ligated region of rats on Day 2 post-ligation and
from a similar region of control rats (Day 0). The LVs were cannulated (flow direction,
distal to proximal) and pressurized at 4-5 mmHg of intraluminal pressure (no flow) for 60
minutes in a Living Systems perfusion chamber containing PSS of the following
composition (in mmol/L): NaCl 119, KCI 4.7, MgSQO4 1.17, CaCl, 1.6, NaHCO3 24,
NaH,PO4 1.17, EDTA 0.026 and 5.5 glucose. The PSS was bubbled with 7% CO, to
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maintain pH 7.4; chamber temperature was 37 °C. The LVs were equilibrated until they
developed rhythmic contractions. Gravity through a PSS reservoir system was used to
control pressure, which was monitored via transducers connected to inflow and outflow
cannulas. LV outer diameter was continually recorded (3 Hz) using video microscopy
equipped with DMTvas edge detection software (Danish Myo Technology A/S, Aarhus,
Denmark).

3 RESULTS AND DISCUSSION

3.1 Invitro verification of flow velocity

First verification of the particle tracking algorithm was performed on microspheres of 2
different diameters (Figure 4). Particles were fixed on glass slides (Figure 4A,D,G). The
microscope stage was programmed to move the slide at increasing velocities (0.12-5.76
mm/second range, 0.12 mm/second steps) along the same line in an up and down direction.
Since the total traveled distance was constant for each step, increasing velocity resulted in
chirp-like traces (Figure 4B,E,H). The whole field of view was used as ROl in particle
tracking. Recording of the stage movements (red traces) and velocity traces produced by the
particle tracking algorithm were compared (Figure 4B,E,H). Root-mean-square error
(RMSE) was used as a measure of accuracy and calculated at every velocity setting (Figure
ACF)).

The greater RMSE below velocities of 0.48 mm/second can be explained by the following:
The velocity for a particle to move 1 pixel in 2 consecutive frames is 0.53 mm/second at the
experiment settings (video frame rate = 500 fps, 1 pixel = 1.06 um). Below this threshold
velocity, particles appear to be static in consecutive frames and the algorithm overestimates
their velocity. Nevertheless, this threshold is usually below the velocities relevant to cells in
LVs [9], and can be overcome by reducing the frame rate in postprocessing.

Average RMSE for v= 0.48 mm/second was 0.064, 0.094 and 0.089 for 10 pm, 6 um and
mixture of 6 and 10 um particles, respectively. As expected, smaller particles were more
difficult to detect and track, thus resulting in a 47% increase in RMSE.

Next, we tested the particle tracking algorithm using flow through a “vessel” of defined and
static diameter. A syringe pump was used to control flow velocity; 10-um microspheres were
diluted in PSS and pumped through a capillary tube (90-um inner diameter). The syringe
pump was set at a flow rate of 0.03 mL/hour, and increased stepwise every 1 minute to a
maximum flow rate of 1.5 mL/hour. These endpoint settings translate to 1.0 and 51.5 mm/
second flow velocity after accounting for capillary diameter. At these velocities, a particle
would traverse 2.0 and 103.0 um, respectively, between 2 consecutive frames acquired at
500 fps. Since the tube was fixed and stable, diameter traces were constant without any
artifacts (Figure 5A). The software was able to accurately detect particles moving at
velocities as high as 41 mm/second (Figure 5B). Above this velocity, particle recognition
suffered from limited field of view and relatively long camera exposure as the particles
appeared as streaks. This deficiency can be resolved by using a higher frame rate and
stronger illumination; however, this upper limit of detect-able velocity already is well above
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the relevant cell velocities in lymphatics. Conversion to the flow rate using the software also
resulted in values closely matched to pump settings (Figure 5C).

A short section of the video represented in Figure 5 was analyzed manually for comparison
to automatic cell tracking (Figure 6). Seven particles were identified and tracked along 36
frames (Figure 6A). The calculated velocities based on the distance between their locations
in the 1st and 36th frames were 3.58, 5.00, 2.98, 5.71, 3.22, 5.62 and 3.87 mm/second,
respectively, for the particles from left to right (Figure 6B). The average velocity was 4.28
+ 1.06 mm/second (mean = SD, n= 7). Track paths for the same particles detected by the
software are shown in Figure 6C. Some of the tracks were shorter than the real trajectories,
usually due to nearby passing particles confusing the detection. The software measured
average velocity for each frame using all the particles detected in the ROI in the relevant
frame. The mean value of average velocities in the set of 36 frames was 3.96 £ 0.07 mm/
second (mean + SD, n = 35). Although the calculation of cell velocity using software
analysis was not exactly the same as manual measurements, the software average velocity
values were close to those obtained manually (8% difference) and possibly more accurate.

Next, we used our strategies validated by in vitro methods to track LV diameter and cells for
calculation of flow velocity. We assessed lymphatic function using the rat mesenteric
lymphatic system in vivo under physiological conditions and after surgical
lymphadenectomy, which is a condition associated with impaired LV function and lymphatic
insufficiency.

3.2 Measurement of impaired LV contractions and flow velocity during lymphatic
insufficiency in vivo

We sought to demonstrate that our improved strategy for high-speed video microscopy could
be used to detect abnormalities of LV contraction and lymph flow in vivo. Accordingly, we
evaluated these functional parameters in mesenteric LVs distal to surgical lymphadenectomy.
We reported earlier that volumetric lymph flow is compromised in the early stage of this
condition [19]. Interestingly, Dongaonkar et al. observed that in LV segments isolated from
the bovine mesentery subjected to partial lymphatic occlusion for 3 days adapted to become
stronger lymphatic pumps, suggesting that prolonged changes in transmural pressure alter
the functionality of LVs [28]. Our study sought to measure changes in both lymph flow and
contractions in a model of lymphatic insufficiency. In our pilot studies, rats were
anesthetized and 1 loop of mesentery was exposed on a heated microscope stage. High-
speed optical imaging in vivo was performed on a chosen LV preoperatively and then
performed again on Day 2 after LV ligation, enabling each LV to serve as its own control.
Using our cell tracking algorithm for calculation of flow rate (Figure 7), our results revealed
that average flow rates were reduced severely in the impaired LVs located in the ligated
region of both animals as expected (Figure 8A). Flow rate was reduced an average of 85%
on Day 2 in LVs distal to the ligated site (7= 2). Average flow rate decreased from 0.55 uL/
second on Day 0 to 0.05 pL/second on Day 2.

Concurrent with the impairment of lymph flow, we observed severe contractile dysfunction
of the affected LVs. Prior to ligation of proximal LVs to mimic lymphadenectomy (as shown
in Figure 3A-B), LVs in the ligated region exhibited robust rhythmic contractions (Figure
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8B). However, the same LVs exhibited only faint contractions on Day 2 after ligation (Figure
8C), a finding that corresponded to the loss of lymph flow (Figure 8A). Thus, our improved
methods allow us to concurrently detect impaired LV contractions and reduced lymph flow
rate during lymphatic insufficiency, similar to previous reports by Zolla et al. [29].
Accordingly, our improved methods for assessing lymphatic function may provide a useful
preclinical tool to identify mechanisms of lymphatic diseases and evaluate antilymphedema
therapeutics designed to normalize LV contractile behavior and lymph flow.

3.3 Confirmation of impaired contractions in isolated LVs

We also verified that contractile behavior in isolated LVs exposed to our model of lymphatic
insufficiency showed impaired contractions that corresponded to the loss of contractions
observed in LVs of the ligated region, which were recorded for the first time in vivo. For
these studies, mesenteric LVs were isolated from control rats or from the ligated region on
Day 2 post-ligation. The vessels were cannulated on glass micropipettes and equilibrated in
PSS to allow the development of rhythmic contractions. Contractions were regular and
robust in LVs from control rats on Day 0 (Figure 9A), whereas LVs dissected from ligated
regions on Day 2 showed severely impaired contractions (Figure 9B). Thus, the impaired LV
contractions recorded in vivo from rats with lymphatic insufficiency could be recapitulated
using isolated LVs, potentially providing complementary preparations in which to explore
mechanisms of LV dysfunction.

4 CONCLUSION

Analysis of the contractile behavior of the lymphatic system and quantitation of lymph flow
face the challenge of studying a highly dynamic vascular system characterized by phasic
contractions, heterogeneous vessels with fast moving cells, and bidirectional flow. While in
a static liquid suspension, nanoparticle tracking analysis can be used to accurately analyze
particles [30], but it is limited to particles sized below 1 pm. Thus, a different approach was
needed to measure flow dynamics in LVs that contain faster-moving and much larger cells.
Yet, the lymphatic system, which is sometimes called the third circulation in deference to the
better-characterized arterial and venous circulations, is increasingly recognized as a
participant in diverse pathologies that include establishment of a tumor microenvironment,
inflammation and/or infection at surgical sites and the induction of drug-related
lymphedema. By capitalizing on advances in technology to understand the physiological and
pathophysiological behavior of the lymphatic system, we will be able to define its
contribution to disease states and devise therapeutic interventions to restore normal function.

Here, we provided details about the development and validation of an improved imaging
system for continuous monitoring of lymph flow; this system concurrently records
lymphatic contractions in vivo. The performance and validity of new algorithms for cell
tracking to estimate lymph flow were verified using in vitro tests, which included
microparticle tracking in glass capillary tubes and fixed microspheres subjected to known
velocities. We were able to postprocess high frame rate bright-field videos of LVs to record
diameter and flow velocity in the same vessel, thereby raising the future possibility of
identifying patterns of LV contractile behavior that result in deficits of lymph flow. There are
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several novel aspects of our approach. First, in contrast to other methods (cross correlation,
Doppler OCT, etc.), we track individual cells, so data including shape, size, and location can
be assigned to each cell. This single-cell capability is an improvement over the cross-
correlation method, for example, which requires multiple cells to be in the window to
acquire consistent measurements due to the algorithm’s dependency on a certain number of
particles in the correlation window [21]. Second, we introduce a new edge detection
algorithm, which tracks vessel diameter across multiple cross sections to provide a more
integrated picture of vessel contractile behavior and accommodate differences in vessel
dimensions in vivo. The multiple diameter measurements allow a better estimation of vessel
area compared to single readings and can provide insight into contraction patterns along the
vessel. Third, we were able to achieve very high frame rates (over 1000 fps) for continuous
streaming and compression, while imaging a 0.5-mm-long LV section in full diameter. We
used 500 fps to capture velocities observed in LVs; however, higher frame rates can be used
to average consecutive frames and improve signal-to-noise ratio in low-light conditions in
vivo, or to accommaodate higher velocities in vitro. In contrast, the Doppler OCT method has
temporal resolution of 250 milliseconds for flow velocity measurements, and 480
milliseconds for volumetric flow rate measurements [12], whereas our resolution is 2
milliseconds for both (at 500 fps). Fourth, our technical platform can record videos at high
frame rates without any stoppage, for practically unlimited (days-long) duration. This
capability is due to continuous streaming and real-time compression, and limited only by the
computer storage. Overall, our approach is at least comparable to existing methods for
estimating velocity and volumetric flow rate, and more versatile as it provides detailed data
on single cells. These data can be obtained in vivo without introducing additional markers
(ie, dyes, microparticles and fluorescence labels) or more complex modalities.

Ultimately, we demonstrated the ability of our system to detect impaired contractions of LVs
and compromised lymph flow in an experimental rat model of regional lymphatic
insufficiency. These findings provide “proof of principle” that our improved analysis may be
a useful preclinical tool to identify lymphatic dysfunction in different pathological states and
search for therapies to restore lymph flow. Although lymphedema is associated with
swelling, pain and infection at the affected site, there are no medications to treat it, and
patients primarily rely on compressive bandages, pneumatic pumps and other mechanical
interventions to minimize complications. This situation emphasizes the pressing need to
improve our capabilities to accurately assess the function of the lymphatic system.
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Camera

Objective
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Drainage pump

.9

Hot water bath

FIGURE 1.
Video microscopy system. (A,B) depiction and real-life image of lymphatic vessels with

valves. (C) Light source illuminates the sample. Images captured by the camera are
transferred to computer for analysis. A recirculating hot water bath (50 °C) was used to heat
the physiological salt solution (PSS) and superfusion bath (37 °C). PSS was actively pumped
into, and drained from, the superfusion bath using 2 adjustable peristaltic pumps. A heat
exchanger was placed inline of superfusion to prevent temperature loss. (D) the superfusion
bath was placed on a microscope stage to visualize LVs. (E) Top view of superfusion bath
with perfusion channels. (F) Sample image of LV from exposed rat mesentery
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FIGURE 2.

Vessel wall detection and tracking. A glass tube with an inner diameter of 90 um (A), and a
sample tissue in vivo containing a rat mesenteric LV at rest (D) and during contraction (G).
N = 3 cross-section lines (red, green and blue) were placed and adjusted over a ROI on the
image. Automatically detected ROI is indicated by a purple polygon on the image. Red
marker indicates the angle and direction of flow, which is automatically derived from the
ROI polygon. (B,E,H) Intensities along the cross-section lines and their averaged versions
(Ljp) plotted in gray (average), red, green and blue, respectively. Black circles and dashed
lines indicate the points detected as vessel walls. (C,F,I) Vessel diameter traces show the
detected diameters throughout the video. Yellow circles indicate the current frame plotted
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(A)

FIGURE 3.
Surgical ligation of proximal rat mesenteric LVs to establish lymphatic insufficiency. (A)

Schematic of the site of lymphatic insufficiency after ligation of proximal arcade LVs. (B)
Image of ligated LVs (in yellow circles) and distal LVs (yellow arrows) that were subjected
to analysis before (Day 0) and 2 days after (Day 2) the ligation
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FIGURE 4.

Verification of velocity measurement using the particle tracking algorithm. (A) 10 um, (D) 6
pum and (G) mixture of 6 and 10 pm microspheres were fixed on slides. One quarter of the
total field of view is shown. (B,E,H) Microscope stage was moved in increasing velocities
while video was recorded at 500 fps. Set (red) and measured (blue) velocities were traced.
(C,F,1) RMSE at each set velocity

J Biophotonics. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sarimollaoglu et al.

(A)

W

~ Average velocity ¥ Tube diameter

O

(mi/hr)

Flow rate

Page 19
Particle tracking in flow
961 _—— At cross section 1
- - At cross section 2 3 min
g24 — Atcross section 3 —
88

40- « Video analysis

— Pump setting ; i
1
20 - o
0
FIGURE 5.

Verification using an in vitro flow model of vessel and cell tracking algorithms. (A)
Diameter traces recorded from a glass capillary tube of 90-pm inner diameter. (B) Measured
(blue) and set (red) flow velocities of 10-um diameter microspheres. (C) Flow rate estimated
from flow velocity. Video frame rate was 500 fps
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FIGURE 6.
Manual verification of cell tracking algorithm. (A) Seven particles were manually identified

and tracked in 36 frames. (B) Their positions in frames 1 and 36 were linked into trajectories
shown as colored lines. (C) Trajectories of same particles estimated by the algorithm.
Intensity of images is reduced for better visualization of tracking lines. Intermediate frames
are not shown. Video frame rate was 500 fps
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Vessel diameter, flow velocity and flow rate in vivo
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FIGURE 7.

Example snippet from in vivo measurements showing temporal variation of vessel diameter.
(A) LV diameter traces at 3 cross-section lines. (B) Average flow velocity in the ROI. (C)
Flow rate estimation
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(A) Average flow rate before and after ligation
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FIGURE 8.

In vivo recordings show loss of lymph flow and contractile dysfunction in LVs from the
ligated mesenteric region on Day 2 after surgical ligation of proximal LVs to establish
lymphatic insufficiency. (A) Positive flow rate estimated in LVs in the ligated region of 2
different rats on Day 0 (baseline) and Day 2 after ligation. Flow rate was reduced by an
average of 85%. (B) Rhythmic contractions recorded from rat mesenteric LVs in vivo
without surgery (Day 0). (C) Impaired contractions were observed on Day 2 post-ligation
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FIGURE 9.
Contractile dysfunction of mesenteric LVs after proximal LV ligation to induce lymphatic

insufficiency. (A) Robust rhythmic contractions recorded from mesenteric LVs dissected
from rats without surgery (Day 0). (B) Mesenteric LVs dissected on Day 2 from the ligated
region exhibit severely reduced contractile amplitude
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