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Background: Variations in lymph node (LN) microcirculation can be indicative of metastasis. The identification and quantification
of metastatic LNs remains essential for prognosis and treatment planning, but a reliable noninvasive imaging technique is lacking.
Three-dimensional super-resolution (SR) US has shown potential to noninvasively visualize microvascular networks in vivo.

Purpose: To study the feasibility of three-dimensional SR US imaging of rabbit LN microvascular structure and blood flow by us-
ing microbubbles.

Materials and Methods: In vivo studies were carried out to image popliteal LNs of two healthy male New Zealand white rabbits
aged 6-8 weeks. Three-dimensional, high-frame-rate, contrast material-enhanced US was achieved by mechanically scanning with
a linear imaging probe. Individual microbubbles were identified, localized, and tracked to form three-dimensional SR images and
super-resolved velocity maps. Acoustic subaperture processing was used to improve image contrast and to generate enhanced power
Doppler and color Doppler images. Vessel size and blood flow velocity distributions were evaluated and assessed by using Student
paired # test.

Results: SR images revealed microvessels in the rabbit LN, with branches clearly resolved when separated by 30 pm, which is less
than half of the acoustic wavelength and not resolvable by using power or color Doppler. The apparent size distribution of most
vessels in the SR images was below 80 pm and agrees with micro-CT data, whereas most of those detected with Doppler techniques
were larger than 80 pm in the images. The blood flow velocity distribution indicated that most of the blood flow in rabbit popliteal
LN was at velocities lower than 5 mm/sec.

Conclusion: 'Three-dimensional super-resolution US imaging using microbubbles allows noninvasive nonionizing visualization and
quantification of lymph node microvascular structures and blood flow dynamics with resolution below the wave diffraction limit.
This technology has potential for studying the physiologic functions of the lymph system and for clinical detection of lymph node
metastasis.

Published under a CC BY 4.0 license.
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he lymphatic system plays an important role in human

circulatory and immune homeostasis. Peripheral lymph
nodes (LNs) are regional hubs that receive interstitial fluid
as well as circulating blood. They contain large numbers
of immune cells and the complex internal architecture of
LN constitutes an interface between the cellular and mo-
lecular constituents of lymph and blood. Cellular debris is
filtered and primary immune responses can be generated in
LN to pathogens (1). LN blood vessels are highly special-
ized for facilitating T-cell entry to the node (2). The spa-
tial distribution of surface area for exchange of fluid with
blood vessels in LNs determines the amount of local fluid

movement, and it is therefore important to quantify the
three-dimensional distribution of LN blood vessels.

In patients with cancer, tumor cells can also traffic
through lymphatic channels to regional LNs (3). Recent
studies have demonstrated that metastatic cells migrate
toward and into LN blood vessels (4,5). Malignant pro-
cesses are associated with both angiogenesis and lymphan-
giogenesis (6). LNs may even act as a permissive niche to
support the proliferation of metastatic cells and promote
movement to distant sites (7). The accurate identification
and quantification of metastatic LNs remains essential for
prognosis and treatment planning (8).
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Abbreviations

ASAP = acoustic subaperture processing, LN = lymph node, PD =
power Doppler, SR = super-resolution

Summary

By using microbubbles, three-dimensional super-resolution US in
vivo imaging of rabbit lymph nodes visualizes the complex micro-
vascular network and blood flow dynamics with a resolution well
beyond the wave diffraction limit, giving the ability to resolve mi-
crovessels 30 pm apart.

Key Points

= Three-dimensional super-resolution (SR) US imaging with micro-
bubble contrast agents noninvasively visualized rabbit lymph node
(LN) microvessels and quantified blood flow dynamics in vivo
with a 15-fold improvement in resolution compared with color or
power Doppler.

= Three-dimensional SR US imaging was able to resolve individual
microvessels in LN separated by 0.03 mm.

= The velocity distribution indicated that most of the blood flow in
LN was at velocities lower than 5 mm/sec.

US (9), x-ray imaging, CT, PET, and MRI have replaced
invasive lymphangiography (10) and have been widely used
clinically for noninvasive assessment of LNs. However, the
usefulness of the images is restricted by their relatively low
spatial resolution and contrast.

Super-resolution (SR) US imaging is the acoustic coun-
terpart of optical SR. SR US overcomes the compromise in
conventional US imaging between spatial resolution and pen-
etration depth. In SR US imaging, microbubbles are consid-
ered point scatterers as their size (typically 1-7 pm) is much
smaller than is the US wavelength. Spatially isolated mi-
crobubbles are localized and accumulated through multiple
acquired frames to reconstruct the final SR image. Several
research groups have demonstrated this technique by using
different in vitro (11,12) and in vivo (13—17) models, in hu-
mans (18-20), and by using nanodroplets (21).

Three-dimensional US has the potential to improve both
qualitative inspection and the accuracy of quantitative ap-
proaches when imaging the complex architecture of vascular net-
works. It can be obtained with mechanical scanning to acquire
a stack of two-dimensional SR images (14,22). SR in all three
directions was achieved through the use of two one-dimensional
transducer arrays (12,23) or a hemispherical array probe (24).

In this study, we hypothesized that microvessel network and
flow dynamics can be noninvasively visualized in rabbit LNs
with a resolution beyond the wave diffraction limit in vivo by
using SR US imaging and microbubbles as contrast agents.

Materials and Methods

Animals

New Zealand rabbits (7 = 2) were used in this study in March
and August 2018. All animal experiments complied with the
Animals (Scientific Procedures) Act 1986 and were approved

by the local ethical review panel. Two specific pathogen-free
male rabbits (HSDIF strain; Envigo, Hillcrest, United King-
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dom) aged 6-8 weeks were individually housed in pens at 18—
22°C (64.4-71.6°F) on a 12-hour light period and were fed a
standard laboratory diet (25).

In Vivo Protocol

Fentanyl and fluanisone (0.3 mL/kg) and midazolam (0.025
mL/kg) were administered through the marginal vein of each
rabbit to produce general anesthesia. Maintenance doses were
given as required. The rabbits were placed on a warming pad
to maintain body temperature at 37°C (98.6°F) and artificially
ventilated. Fur on the legs of the rabbits was removed and Evans
blue dye (0.1 mL of a 1% wt/vol solution) was injected subcuta-
neously into the rear footpad to label the lymphatic drainage of
the hind leg. Gentle massage was administrated on the leg and
rear footpad to accelerate the flow of the dye into the popliteal
LN. Five to 10 minutes later, 0.5 mL of lignocaine was injected
subcutaneously, skin at the back of the knee was reflected, and
the blue-labeled lymphatic channels and popliteal LN were
identified.

US Imaging
To perform three-dimensional, high-frame-rate, contrast ma-
terial-enhanced US acquisition, a Verasonics system (Vantage
256; Verasonics, Kirkland, Wash) was synchronized with a
mechanical scanning system (12-mm motorized translation
stage; Thorlabs, Exter, United Kingdom) to translate a one-
dimensional array transducer (L22-14v; Verasonics) along the
elevation direction. Figure E1 (online) shows the experiment
and experimental system. The total scanning distance was
1.7 mm with a step size of 100 pm, reflecting a balance be-
tween acquisition time and quality of volume reconstruction.
Plane waves with 15 inclination angles between —7.5° and 7.5°
were transmitted at a pulse repetition frequency of 25 kHz to ob-
tain coherently compounded B-mode images at a frame rate of
500 Hz. For each angle, a single-cycle plane-wave pulse was trans-
mitted at 18 MHz and a mechanical index of 0.1. For each scan-
ning position, 1200 compounded B-mode images were acquired.
Each scan took 2.4 sec and the total scanning time was 40.8 sec.

Contrast Agents

Contrast agents used in this study were in-house-manufac-
tured gas-filled microbubbles with an average size of 1 pm and
a concentration of 5 X 10° microbubbles per milliliter. Their
fabrication and size distribution are described in Lin et al (26).
Every 2 minutes, a 0.1-mL bolus was introduced through the
marginal ear vein. This time interval was chosen to maintain a
microbubble concentration that gave an acceptable signal-to-
noise ratio together with sufficient isolated microbubbles for
SR processing.

Doppler Processing

Power Doppler (PD) and color Doppler images were generated
off-line from the same data. Acoustic subaperture processing
(ASAP) (27) was used to enhance contrast in PD and color
Doppler images. In ASAP, the received US channel data are
split into two subgroups and the reconstructed data from the
subgroups are temporally correlated over frames to generate fi-
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Figure 1:

(Fig 1 continues)

nal images with reduced noise. Three-dimensional projection
of SR images and ASAP-enhanced PD images were gener-
ated by combining information from 17 scanning positions,
projecting the maximum intensity for each pixel over the 17
positions.

SR US Imaging

SR images were obtained through off-line postprocessing of the
acquired image sequences. We initially estimated an intensity
threshold that represented the noise level from all acquired frames.
We then detected microbubble regions with pixel intensity higher
than the threshold. Features of detected regions such as shape, in-
tensity, and size were compared with the point spread function ac-
quired from a characterization experiment in which a 30-pm wire
target was imaged with the same imaging parameters and settings
used in the animal experiments. We rejected regions not consistent
with the point spread function, which were mainly associated with
noise or multiple bubbles signals. The intensity-weighted centers
of mass of detected regions were then calculated as centroid posi-
tions. These were accumulated from all image frames to gener-
ate SR images (13). Each centroid position was represented by
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Images show two-dimensional section of popliteal lymph node. A, E, B-mode images, B, F,
power Doppler (PD) images, C, G, acoustic subaperture processing (ASAP)—enhanced PD images,

a Gaussian profile with standard
deviation of 10 pm, given by the
localization precision.
Additionally, each moving
isolated microbubble (Movies
E1, E2 [online]) was tracked lo-
cally (13). Blood flow velocity
and direction were determined
by using this tracking algorithm
and presented with color scales

in SR velocity maps.

Quantitative Evaluation

Spatial resolution of the SR
images was evaluated off-line
by quantifying the distance
between separable microves-

sels in a region of interest.

The same region of interest

was selected on the equivalent
" ASAP-enhanced PD image for
6 comparison.
. Multiscale Hessian vessel en-
hancement based on Frangi ves-
sel function was used to quantify
vessel sizes in images (28-30)
2 for both ASAP-enhanced PD

g images and SR images.

"B Micro-CT Scan

A micro-CT scan was per-
formed to image a vascular cor-
rosion cast of a third rabbit LN.
The distribution of vessel sizes
was obtained from the result-
ing three-dimensional topology.
Detailed methods are given in Appendix E1 (online).

Statistical Analysis

Histograms of vessel size distribution were generated off-line
and significance of the difference in imaged vessel sizes between
SR and PD was assessed by using Student paired # test over
17 sections from each of the two rabbits by the ttest function
in the open-source software Matlab (version R2016a; Natick,
Mass). P < .001 was considered to indicate statistically sig-
nificant difference. Histogram of flow velocity distribution was
also generated off-line.

Results

ASAP-enhanced PD Images

Figure 1 shows two-dimensional grayscale US images and cor-
responding PD images and ASAP-enhanced Doppler images
from the two rabbits. The B-mode image in Figure 1, A shows
the diameters of the LNs to be 4 mm (top) and 3 mm (bot-
tom). In Figure 1, B and C, the intranodal vessels are visual-
ized and the ASAP-enhanced PD images have a substantially
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Figure 1 (continued): and D,

E, ASAP-enhanced color Doppler
images. Top and bottom groups of
images were obtained from two dif-
ferent lymph nodes.
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Figure 2: Images show two-di-
mensional section of popliteal lymph
node. A,C, On super-resolution (SR)
images, color bar corresponds to
. normalized number of localized
microbubbles. B, D, On SR veloc-
ity maps, blue indicates flow going
> toward fransducer and red indicates
o flow going away from transducer.
Top and bottom groups of images
were obtained from two different
lymph nodes.
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Figure 3: Images show two-
s  dimensional projection of popliteal
lymph node through 17 imaging sec-
tions covering 1.7-mm thickness. A,
Maximum intensity projection (MIP)
of acoustic subaperture processing
(ASAP)-enhanced power Doppler
(PD) images. B, MIP of ASAP-en-
hanced color Doppler (CD) images.
C, On depth colorcoded super-
resolution (SR) MIP images, hue en-
codes image section with maximum
infensity and saturation represents
number of microbubbles localized
at that depth. D, On velocity color-
coded MIP, color shows velocity and
direction. A-D are obtained from
same rabbit lymph node by using
same acquired data but different
¢  postprocessing, and E-H show same

types of images but from different
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reduced noise level compared with PD. The ASAP-enhanced
color Doppler images show color-coded flow directions.

SR Images

Two-dimensional SR image sections are shown in Figure 2.
Detailed microvasculature is clearly visible in the SR im-
ages (Fig 2, A), unlike the PD images. Figure 2, B provides the
color-encoded SR velocity maps of two-dimensional sections.
The flow directions depicted in SR velocity maps (Fig 2, B)
and those measured by using ASAP-enhanced color Doppler
images were judged qualitatively to be similar (Fig 1, C).

Two-dimensional Projection of Three-dimensional
Vasculature in LN

Figure 3 displays two-dimensional projections of three-dimen-
sional information in the Doppler and SR images over 17 scan-
ning positions, which cover 1.7-mm thickness. Figure 3, A gives
the maximum intensity projection (or MIP) of ASAP-enhanced
PD images for the two different LNs. The MIP of ASAP-en-

Radiology: Volume 291: Number 3—June 2019 » radliology.rsna.org

Lateral (mm)

| subaperture processing (ASAP)-

| image, B, super-resolution (SR)

“ enhanced PD image.

Zhu et al

hanced color Doppler images
are shown in Figure 3, B. For
the MIP SR images shown in
Figure 3, C, the hue represents
the depth of the plane with the

maximum intensity and satura-

2 tion represents the number of
4 microbubbles localized at that
e plane. This depth-based color-

ing of SR projection images

revealed the complex three-

dimensional microvascular

structure of the LN. Velocity

color-coded MIP projections of

SR velocity are shown in Figure
6 3, D, in which the speed and
4 direction correspond well to
2 those visualized by using ASAP-
0 enhanced Color Doppler (see
5 image in Fig 3, B).

0.5 10 15 2.0

Quantification of
Resolution and Velocity
Distribution

0.6 0.65 0.7
Lateral (mm) Figure 4 illustrates the resolu-
tion improvement of the SR
| Figure 4: Images show two-di-

image over the ASAP-enhanced
PD image. Figure 4, A and
Figure 4, B show a two-dimen-
ASAP-enhanced PD
image and the corresponding
two-dimensional SR
respectively. Figure 4, C and

mensional section of, A, acoustic

enhanced power Doppler (PD)
sional
image, and, C, magnified region
of interest (ROI) from ASAP-en-

hanced PD image. D, Same ROI
at same magnification but from

SR image. E, Vessel cross-section
intensity profile of SR and ASAP-

image,

Figure 4, D show higher mag-
nification of the same region of
interest. As illustrated in Figure
4, D, branched vessels are clearly
identified and resolved from a
third vessel with flow in the opposite direction; it is impossible
to distinguish this in the ASAP-enhanced PD image (Fig 4, C).
From the image intensity cross-sectional profiles (Fig 4, E), mi-
crovessels that are 30 pm apart can be clearly resolved in the SR
image but are not separable in the ASAP-enhanced PD image.

Vessel size distribution measured on the PD and SR im-
ages from the two LN are given in Figure 5. The size distri-
butions from the two LNs agree well. The apparent size of
most vessels in the SR image are below 80 pm, whereas most
of those obtained by using ASAP-enhanced PD are larger
between 100-250 pm. There are significant differences in
vessel size distribution between PD and SR (P < .001 for
LNT1 chin vessels, P < .001 for lymph node 1 thick vessels,
P < .001 for lymph node 2 thin vessels, and P < .001 for
lymph node thick vessels).

The histograms showing blood flow velocity distribu-
tions in the two LNs can be seen in Figure 6. The distri-
butions from the two LNs agree well, and the majority of
velocities range from 0.1 mm/sec to 5 mm/sec in both LNs.
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Figure 6: Histograms show blood flow velocity. A and B are
from two different lymph nodes.

Figure E2 (online) shows the three-dimensional vasculature

and the distribution of vessel diameter obtained from the
micro-CT scan.
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Discussion

In our study, we introduce super-resolution (SR) US imag-
ing for three-dimensional visualization of lymph node (LN)
vasculature in rabbit LNs in vivo. By using this technique,
we achieved a spatial resolution sufficient to resolve LN mi-
crovessels 30 pm apart, a 15-fold improvement over existing
Doppler techniques. Indeed, vessels smaller than 80 pm can
only be resolved by using SR. We also generated SR blood
flow maps. To our knowledge, this is the first use of in vivo
SR US imaging of LNs that demonstrates the ability to pro-
vide detailed information on the morphology and dynamics
of nodal microvasculature.

The ability to image at subdiffraction limit resolution in
vivo, which could have substantial implications in the clinical
management of patients with cancer. The standard method for
LN staging is surgical excision and histopathologic assessment,
despite the fact that many patients with cancer do not have LN
metastases at the time of diagnosis (31). Surgical procedures in-
volving LN removal can result in complications such as infec-
tion and long-term problems including lymphoedema, sensory
loss, and weakness (32). Hence, a preoperative and noninvasive
alternative is needed to accurately identify and quantify meta-
static LNs. In addition, morphologic and functional abnormali-
ties in tumor-draining LN microvessels may also be reliable early
biomarkers of metastatic potential. Our study demonstrates
the ability of this imaging technique to monitor microscopic
changes in blood microcirculation, which could form the basis
of noninvasive staging. Furthermore, because the test is repeat-
able, our methods allow assessment of dynamic responses in
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microvascular and lymphatic vessels during therapy and could
be a powerful tool for treatment monitoring.

Although the importance of visualizing and quantifying LN
blood vessels is known, LN microvasculature is a largely unex-
plored area due to the resolution and contrast requirements.
Several attempts have been made at quantifying LN vascula-
ture. Kelch et al (33) used a confocal-based imaging platform
called an extended-volume imaging system to scan and quan-
tify blood vessels in a mouse LN. Kumar et al (34) used optical
projection tomography and light sheet microscopy to image
high-endothelial venules in optically cleared mouse popliteal
LNs. However, both of these imaging techniques are invasive.
Our SR US imaging is noninvasive and can be achieved with
existing clinical scanners while not limited by the trade-off be-
tween resolution and penetration depth.

Our study had some limitations. The mechanical scan-
ning method used in our study only offered in-plane SR, re-
stricting the resolution in the third (elevational) dimension
to the diffraction limit. This restriction can be overcome by
using a two-dimensional matrix array to perform full three-
dimensional SR US imaging. Another limitation of mechani-
cal scanning is the long acquisition time required to obtain
sufficient bubble data in each individual plane. Matrix array
transducers can address this challenge, providing volumetric
SR with much less acquisition time and maximum spatial
resolution. The feasibility of three-dimensional ultrafast US
imaging of tissue (35) and blood vessels (36) by using two-
dimensional matrix probes has been demonstrated in humans
in vivo. In addition, the micro-CT scan was performed sepa-
rately on a third rabbit LN. It was not possible to perform the
micro-CT scan in the same rabbit as the US scan due to the
practical constraint.

In conclusion, our study demonstrates the feasibility of three-
dimensional super-resolution US imaging of lymph node (LN)
vascular structure and flow in vivo. The technique could poten-
tially impact the management of a wide range of LN-related dis-
ease, including cancer.
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