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Abstract: As part of a proof-of-concept study for future delivery of
targeted near-infrared fluorescent (NIRF) tracers, we sought to assess the
delivery of micrograms of indocyanine green to all the axillary lymph nodes
following intraparenchymal breast injections and intradermal arm injections
in 20 subjects with advanced breast carcinoma and undergoing complete
axillary lymph node dissection. Lymphatic vessels and nodes were assessed
in vivo. Ex vivo images demonstrated that 87% of excised lymph nodes,
including 81% of tumor-positive lymph nodes, were fluorescent. Future
clinical studies using microdose amounts of tumor-targeting NIRF contrast
agents may demonstrate improved surgical intervention with reduced
morbidity.
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OCIS codes: (100.2960) Image analysis; (170.0110) Imaging systems; (170.1610) Clinical
applications; (170.3880) Medical and biological imaging.
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1. Introduction

Tumor burden in the lymph nodes is a primary indicator utilized to clinically stage cancer
progression. For early breast cancers, sentinel lymph node (SLN) biopsy provides the
standard means of staging the axillary lymph nodes. When the SLN is pathologically tumor-
positive or when nodal involvement in advanced breast carcinoma is known, axillary lymph
node dissection (ALND), a procedure in which the axillary fat pad and lymph nodes are
removed, has long been a standard-of-care. Besides the therapeutic benefit of reducing
potential residual disease, ALND is also associated with several morbidities including
reduced arm mobility and, in up to 15-50% of patients, lymphedema [1-3]. Axillary reverse
mapping (ARM) seeks to reduce morbidity of lymph node dissection by sparing arm-draining
lymph nodes that are intraoperatively identified after intradermal or subcutaneous
administration of blue dye in the upper arm [4-6]. However, it has been reported that breast
and arm lymphatic drainage routes are shared [7, 8], and that 11-18% of breast cancer patients
with metastatic disease have at least one lymph node that drains both the breast and arm [9,
10]. Alternative, more accurate strategies are needed to identify tumor-positive and spare
tumor-negative lymph nodes to reduce morbidity while conserving or improving breast
cancer survival rates.

Preclinical molecular imaging studies that target cancer biomarkers for intraoperative
identification of tumor-positive lymph nodes have almost all employed intravenous
administrations of fluorescently labeled monoclonal antibodies [11-16]. However translation
of this diagnostic imaging strategy is susceptible to false positive rates associated with (i)
non-specific Fc antibody binding to the B lymphocytes, NK cells, and other cell types
predominantly found in lymph nodes, and (ii) off-target biomarker expression in surrounding
normal tissues. Intradermal administration of labeled antibody fragments or other targeting
moieties with direct entrance into the lymphatic circulation [17] could enable reduced
background and non-specific binding as well as preferential imaging of draining lymph nodes
to detect tumor-positive lymph nodes, if: (i) the administration of imaging agent enables
comprehensive delivery to pertinent tumor-draining lymph node basins, (ii) the imaging agent
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rapidly clears from tumor-negative lymph nodes, and if (iii) the agent is retained only in
cancer-positive lymph nodes.

As part of a larger research program to develop and deploy “first-in-humans” molecular
imaging agents that detect cancer cells over-expressing epithelial markers within the
privileged target-free environment of lymph nodes, we sought to identify whether
intraparenchymal and intradermal administration of a non-specific fluorescent contrast agent
in the breast and arm of breast cancer patients undergoing ALND could be used to
comprehensively sample lymph nodes that are pathologically characterized in routine
standard-of-care practice. Specifically, we employed an investigational near-infrared
fluorescence lymphatic imaging (NIRFLI) system previously developed for non-invasive
imaging of the lymph nodes and lymphatic vasculature following intradermal administration
of a non-specific near-infrared fluorescent dye, indocyanine green (ICG), in order to image
the ICG transport to lymph nodes draining the breasts and arms of women undergoing
ALND. Unlike prior studies which successfully utilized NIRFLI to identify SLNs in vivo [18—
26], we utilize NIRFLI to characterize, following ALND, all the ex vivo axillary lymph nodes
for the presence of ICG. Because cancer metastasis can disrupt lymphatic flow, we report
fluorescent lymph node status for both pathologically tumor-positive and tumor-negative
lymph nodes.

2. Methods and materials
2.1 Study design

Under protocol approvals from the Food and Drug Administration (FDA, IND # 106,345) and
Institutional Review Boards (University of Texas Health Science Center Houston and
University of Texas MD Anderson Cancer Center) and following informed consent, 20 breast
cancer patients (see Table 1 for demographic information), with cytologically proven axillary
metastasis at presentation and scheduled for axillary lymph node dissection (ALND) at MD -
Anderson, were enrolled into the study. Subjects younger than 18 years, pregnant or breast
feeding, or, when of child-bearing potential, not agreeing to use a medically accepted method
of contraception, or having a previous history of ipsilateral axillary surgery were excluded
from the study.

After induction of anesthesia but prior to surgical skin prep, each subject received a total
of twelve injections — four intraparenchymal injections in the quadrants of the breast, one sub-
areolar injection, and seven intradermal injections in the ipsilateral arm as illustrated in Fig. 1.
Each injection contained 25 pg of indocyanine green (ICG) in 0.1 mL of saline for a total
dose of 300 pg. The ICG was prepared per manufacturer instructions by reconstituting 25mg
of lyophilized ICG in 10 mL sterile water. A final concentration of 250 pg/mL was then
obtained by diluting 1 mL of reconstituted ICG in 9 mL of sterile saline. Each injection site
was covered with a round bandage to prevent camera saturation during imaging prior to skin
prep. The subject’s vital signs were monitored for 2 hours and follow up contact was made at
24 hours following the injections to screen for signs of an allergic reaction to ICG.

Immediately following ICG administration, NIRF images of the lymphatics in the arm, axilla,
and breast were obtained using a custom-built imaging system described below. During
imaging, the room lights as well as the surgical lamps were dimmed since their spectra
overlapped with the spectral bandwidth (820-840 nm) of the imaging device. After NIRF
lymphatic imaging for approximately 5 minutes, surgical procedures were carried out per
standard-of-care with intermittent imaging conducted on the surgically exposed axilla.
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Table 1. Demographics of female breast cancer subjects enrolled in the study.

Positive
Axillary
Nodes/Total
Subject Age Weight Race/ Nodes, (% NeoCT*
ID* (yrs) (Ibs) BMI Ethnicity” Tumor Subtype Positive) Y/N
BO1 39 191 345 C/H ER-, PR-, HER2- 21/31, (68%) Y
B02 40 151 26.7 AA ER +, PR +, HER2- 2/20, (10%) Y
B03 47 172 27.8 C/H ER+,PR+,ER2 + 0/16, (0%) Y
B04 60 216 32.8 AA ER-, PR-, HER2- 1/21,(5%) Y
BO5 42 127 22.5 AA ER +, PR-, HER2- 0/26, (0%) Y
B06 62 208 32.6 C ER +, PR +, HER2- 6/14, (43%) Y
BO7 59 191 32.8 AA ER +, PR +, HER2- 2/15, (13% Y
B08 55 198 34.0 C ER +, PR +, HER2- 1/33, (3%) Y
B09 39 190 33.7 C/H ER +, PR+, HER2 + 1/43, (2%) Y
B10 50 148 232 C ER +, PR +, HER2- 3/27, (11%) Y
Bl11 29 227 39.0 AA ER-, PR-, HER2- 15/30, (50%) Y
B12 40 190 32.6 AA ER-, PR-, HER2- 4/29, (14%) Y
B13 43 155 28.3 C ER +, PR +, HER2- 4/20, (20%) Y
Bl14 56 156 252 C ER +, PR-, HER2- 11/20, (55%) Y
B15 41 125 21.5 C ER +, PR +, HER2- 1/17, (6%) Y
B16 46 164 30.0 A, C ER-, PR-, HER2- 1/13, (8%) Y
B17 75 178 30.6 C ER +, PR +, HER2- 3/33, (9%) N
BI18 55 177 304 C ER +, PR+, HER2 + 2/25, (8%) N
B19 70 152 26.9 C ER-, PR-, HER2- 3/26, (12%) Y
B20 19 280 41.3 C/H ER +, PR+, HER2 + 0/14, (0%) Y

* All subjects had invasive ductal carcinoma (IDC); B20 had both IDC and inflammatory breast cancer
® Self reported, A = Asian; AA = African American or Black; C = Caucasian or White; H = Hispanic
¢ Neoadjuvant chemotherapy

Fig. 1. Typical injection sites in the arm and diseased breast. The solid arrows indicate the
location of seven intradermal injections administered in the arm, while the dashed arrows
indicate a subareolar injection and four intraparenchymal injections administered in the
quadrants of the breast.

In standard-of-care ALND, the surgeon does not identify individual lymph nodes but
rather resects the axillary fat pad based on anatomical boundaries. Following resection of the
axillary fat pad, the individual lymph nodes were identified via palpation by the surgical
pathology technician and, following lymph node isolation, placed on a paper grid for
acquisition of NIRF images. Using standard pathologic procedures, the presence of nodal
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tissue within each specimen was verified, and the tumor status of each lymph node was
determined. Those isolated tissues which did not contain nodal tissue are identified as ‘fatty
specimens’ in the analysis below. At no time was NIRF imaging used to influence or alter
standard-of-care.

2.2 In vivo near-infrared fluorescence lymphatic imaging in the operating room

As described previously and shown in Fig. 2(a), pre- and intra-operative NIRF lymphatic
imaging was accomplished using an investigational device equipped with a NIR-sensitive,
military grade image intensifier and a 16-bit, frame transfer, charge coupled device (CCD)
camera [27]. Images were acquired by illuminating the tissue with the diffuse output (<1.9
mW/cm?®) of a 785 nm laser diode and collecting the resulting 830 nm fluorescent signal
emanating from the tissue. The 785 nm excitation band and the 830 nm emission band were
selected as (i) they approximately correspond to the excitation and emission peaks of dilute
ICG in albumin [28], (ii) the needed laser diodes and optical filters are readily available, and
(iii) the 45 nm band separation allows for clean rejection of the strongly backscattered
excitation band improving the overall signal-to-noise ratio of our images [29]. The 200 ms
integration time of the camera allowed the visualization of near real-time lymphatic
propulsion. Prior to imaging the surgically exposed axilla, the camera head and arm were
wrapped in a sterile plastic drape.

Fig. 2. Image of (a) the intraoperative imaging system used to assess lymphatic drainage of the
arm and breast in the operating suite and (b) the ex vivo imaging system to assess the
fluorescent status of the excised lymph nodes in the pathology suite.

2.3 Ex vivo near-infrared fluorescence lymph node imaging

As shown in Fig. 2(b), a 16-bit, frame transfer, electron multiplying CCD (EMCCD) camera
(PhotonMax 1024, Princeton Instruments, Trenton, NJ) was mounted on a customized light
tight box (95-0310-11, UVP, Upland, CA) to enable the acquisition of NIRF images of the
resected lymph nodes in the pathology suite. The output of a fiber coupled, 0.9 W, 785 nm
laser diode (1010-9MMF-SMA-78505-007, Intense, North Brunswick, NJ) was collimated
(F240SMA-B, Thorlabs, Newton, NJ) and diffused (ED1-C50, Thorlabs, Newton, NJ) to
uniformly illuminate a 4x4 grid (5.5 inch square) upon which the resected lymph nodes were
placed. A 785 nm holographic notch filter (HSPF-785.0-2.0, Kaiser Optical Systems, Inc.,
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Ann Arbor, MI) and an 830 nm bandpass filter (AND11333, Andover Corp., Salem, NH)
rejected the backscattered excitation light, and a 28 mm Nikkor lens (Nikon, Melville, NY)
focused the fluorescent signal onto the EMCCD chip. The image exposure time was set at 200
ms, and the gain of the EMCCD was adjusted as needed to visualize the excised lymph nodes
without oversaturating the camera. Because lymph nodes received varying amounts of ICG,
and because of the inherent dynamic range limitations of CCDs, we needed to vary gain to
accurately assess presence of ICG in the lymph nodes. For reference purposes, an 830 nm
LED enabled the acquisition of whole field images in the fluorescence band permitting the
visualization of the lymph nodes irrespective of their fluorescent signal and without the
removal of the optical filters. For the last nine subjects, a piece of fatty reference tissue from
the axilla was also placed on the grid and imaged.

To evaluate noise floor of the EMCCD and thus determine a consistent threshold to
determine the fluorescence status of excised lymph nodes imaged at the various gain settings
used, a fluorescent solid phantom was imaged at the same instrument settings as the resected
lymph nodes. The phantom consisted of six wells filled with a cured polyurethane solvent
containing TiO,, to mimic light scattering in tissues, and varying concentrations of quantum
dots (QDots 800, Invitrogen, Grand Island, NY) [30]. The first well had no fluorophores, and
wells 2-6 contained 0.2, 0.4, 0.6, 0.8, and 1.0 nM of QDots 800, respectively. Quantum dots
were selected as (i) they are stable over long periods of time (months) whereas ICG is only
stable for a few hours, and (ii) they have a small but measureable 830 nm fluorescence cross-
section at 785 nm excitation [31]. From these images, a criterion for determining fluorescent
status was developed as described below.

2.4 Data analysis

The preoperative images of the arm and breast were assessed for lymphatic drainage patterns,
contractile lymphatic propulsion of ICG towards the axillary lymph nodes, and the presence
of abnormal lymphatic structures such as tortuous or dilated vessels and fluorescent lymphatic
capillaries as observed previously in lymphatic disorders [32, 33]. The intraoperative images
were briefly assessed for the presence of fluorescent lymph nodes in the in situ axillary
tissues, although this was not the objective of the protocol.

From the phantom images acquired at varying gains, we computed the contrast between
the spatially averaged intensity signal with QDot800 present at concentration C, S(C), and
that without QDots800 present, S(0), using the relationship, contrast = S(C)/S(0) —1. We also
computed SNR(C) associated with each of the wells from the relationship, SNR(C) = 20
log;0(S(C)/S(0)). Because contrast and SNR are directly related, we used the minimum SNR
(SNR,,;in) associated with the well of the lowest QDots800 concentration with the minimum
observable fluorescence level to provide a discrimination threshold for determining a
fluorescent lymph node from a non-fluorescent lymph node when using the same EMCCD
camera settings.

An average image of fluorescence intensity of each set of excised nodes was calculated by
averaging across five images. A region of interest (ROI) was then selected around each
excised specimen, and the maximum fluorescence intensity value within each ROI was
determined. The SNR (defined as SNR = 20 log;o (Sgwor/Srer) Where Sgioy 1S the fluorescent
tissue signal and Sg.r is the reference signal) of each specimen was determined. The reference
signal was taken from the backscattered excitation light from the imaging grid or, when
available, the fatty reference tissue. The specimen was declared fluorescently positive if its
SNR was greater than SNR,,;, determined at the same camera setting using the phantoms as
described above. In this manner, the criterion to determine whether a lymph node was
fluorescent was consistent between patients and camera gain settings.

Technical difficulties with the ex vivo imager prevented assessment of the fluorescent
status of the tissue specimens from subject BO1. For all other subjects, the percent of the total,
tumor-positive, and tumor-negative nodes, as well as the fatty specimens which were
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fluorescent, was determined. Paired t-tests were performed to determine if the ICG was
preferentially delivered to the tumor-positive nodes, tumor-negative nodes, or to the fatty
specimens.

3. Results
3.1 Pre- and intra-operative in vivo imaging

Lymphatic vasculature and lymphatic propulsion (see Media | available online) toward the
axilla were observed in all arms and in some breasts. As illustrated in Fig. 3, the arm
lymphatics were typically linear and well-defined similar to those reported by Rasmussen et
al. in normal subjects [32, 33]. Abnormal tortuous lymphatics (Fig. 3(a), insert) were
observed in the arms of two subjects (B06 and B20), but no overtly dilated lymphatic vessels
were observed in this study, as has been seen in other studies [34]. Fluorescent signals
emanating from the axilla (Fig. 3(b)) were observed in all subjects, indicating the delivery of
ICG to the axillary lymph nodes. The lymphatic drainage patterns observed in the breast
varied by subject, with a dense network of fluorescent lymphatics being observed in one
subject (BO1, Fig. 3(c)), tortuous breast lymphatics observed in another (B13), and lymphatic
drainage towards the sternum (Fig. 3(d)) in six subjects. However, superficial fluorescent
contamination of the skin (potentially owing to the transfer of ICG from injection sites during
skin prep) prevented definitive determination of the lymphatic drainage patterns in the breasts
of seven subjects.

Axilla

Possible
Node

l

Sternum

Breast

(e)

Fig. 3. (a) Image montage of lymphatic vasculature in the arm, axilla, and breast of subject
(B20). While most of the lymphatics are linear and well-defined, atypical tortuous lymphatics
are noted in the arm (inset box) and the drainage areas from the areola towards both the
sternum and the axilla. (b) Image of axillary lymph nodes (subject B20). (c¢) Network of
lymphatic capillaries in the upper outer quadrant of the breast in subject BO1. The surgical
markings are also visible as dark lines. (d) Image of lymphatic drainage towards a possible
internal mammary lymph node near the sternum (subject B13). (e) Intraoperative image of
fluorescent lymph nodes in the exposed axilla of subject B11. The fluorescence image is
overlaid on a white light image for improved anatomical reference. Injection sites in (a), (b)
and (d) are covered by round bandages.

Intraoperative imaging was performed after the axilla was exposed but prior to complete
axillary resection. The time delay from the preoperative imaging to the intraoperative imaging
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ranged from 28 minutes to 144 minutes, with an average delay of 92 + 35 minutes. The length
of the delay depended primarily on the surgeon and the standard-of-care surgical procedures
required for patient care. Bright spots or nodes were observed within the tissues of all subjects
imaged, as illustrated in Fig. 3(e); however the axillary nodes were not distinctly identified
intraoperatively as per standard-of-care.

3.2 Ex vivo imaging of resected lymph nodes

The time delay between preoperative imaging and the ex vivo imaging of individually
identified lymph nodes ranged from 82 minutes to 309 minutes, with an average delay of 188
+ 61 minutes. Figures 4(a) and 4(b) illustrate a typical color and NIRF image of resected
tissue specimens on the imaging grid, as well as a piece of fatty reference tissue. As can be
seen, the fluorescent intensities vary greatly from node to node and, without quantitative
evaluation, the determination of fluorescent status may be subjective. Following NIRF
imaging, the specimens located in each square were typically loaded into one cassette for
pathologic processing. Large nodes such as the lower left node in Fig. 4(a) were divided and
split across multiple cassettes per standard of practice.

Comparison of the pathologic images of the nodes indicated that the locations of the NIRF
signals emanating from the lymph nodes corresponded well with the location of
pathologically stained nodal tissues, as shown in Figs. 4(c)-4(h). These figures present color
images of the tissue specimens on the imaging grid (Figs. 4(c) and 4(f)), their corresponding
NIRF images (Figs. 4(d) and 4(g)), and images of the pathology slides (Figs. 4(e) and 4(h))
used to determine whether the specimens were lymph nodes and whether they contained
tumor cells. In the first (top) lymph node in Fig. 4(d), the majority of the relatively weak
fluorescent signal is emanating from the edges of the specimen. Examination of the
pathologic image shows that the stained lymphatic tissues are also located primarily in the
outer edges of the specimen (Fig. 4(e)). Likewise, in the second, elongated lymph node (Fig.
4(d)) two distinct depots of fluorescence are observed emanating from the opposite ends of
the specimen, and pathology confirmed the presence of two distinct lymph nodes (Fig. 4(¢)).
In Figs. 4(g) and 4(h), the localization of the dye is again observed between the NIRF and
pathologic images. In this case, however, one of the specimens (labeled as tissue 3) was not
fluorescent and pathology indicated that it was not a lymph node but rather fatty tissue. It is
important to note that due to the required pathologic processing, the scale and orientation of
the tissue slices are not necessarily the same in the color and NIRF images which, in addition
to the scatter of the fluorescent light through the fatty tissues and the intensity scaling used in
the NIRF images, may account for the differences observed between the pathologic images
and the fluorescent images.

3.3 Analysis of tissue fluorescence versus pathology

Figure 5 presents an image of the solid phantom with six wells filled with TiO, and varying
concentrations of QDots 800 (Fig. 5(a)), a typical NIRF image of the phantom (Fig. 5(b))
acquired at a moderate gain, and a typical plot of the fluorescent intensity profile along a line
drawn across the middle of the wells (Fig. 5(c)). While the fluorescent signal from 0.2 nM of
QDots 800 was visible at this gain setting and integration time, it was associated with similar
intensity as the background signals closer to the wells with higher concentration of QDots800.
The intensity of fluorescent signal from the 0.4 nM well was greater than the surrounding
pixels as well as those surrounding wells with higher concentration of QDots800. The 0.4 nM
well was associated with a minimum contrast of 0.26 and SNR of 4.6 and provided the
minimal signal from which we could confidently differentiate a true fluorescent signal. As
such, the 0.4 nM well was used to calculate the minimum detectable SNR,,;, in relation to the
well with no fluorophore.
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Fig. 4. (a) Color image and (b) near-infrared fluorescence image in pseudo color images of
resected lymph nodes on the imaging grid (subject B19). (c) and (f) Color images of resected
lymph nodes (subjects B19 and BO8 respectively), (d) and (g) near-infrared fluorescence
images, and (e) and (h) images of the corresponding slides from pathology. The presence of
two distinct nodes in the elongated tissue sample in (c) are clearly seen in (d) and (e), and the
locations of the NIRF signals also correspond well with the presence of the nodal tissues in the
other stained slices (e) and (h). Note, due to pathologic processing, the scale, orientation, and
cross section of the specimens in (e) and (h) are not necessarily the same as their
corresponding color and NIRF images.

A plot of the minimum detectable SNR as a function of gain on the ex vivo imaging
system is shown in Fig. 6, and illustrates the impact that variations in the gain setting can
have on the SNRs of the ex vivo, EMCCD-based fluorescence imaging system employed with
comparable data acquired using the in vivo ICCD-based fluorescence imaging system.
Consistent with past reports, a wide range of fluorescence imaging performance may be
expected from different camera systems [30, 35].

As shown in Table 2, a total of 409 tissue specimens across 19 subjects were dissected
and submitted for pathologic examination. Of the 19 evaluable patients, seven (37%) were
pathologically node-negative, consistent with eradication of their cytologically positive nodes
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Fig. 5. (a) Image of the multi-welled phantom containing 0 to 1.0 nM Qdot 800 fluorophore.
(b) Image of the typical fluorescence image detected across all the gains. (c) Fluorescence
intensity profile of a line drawn across the center of the wells shown in (b). The minimum
detectable signal was determined by calculating the SNR between the 0.4 nM and the 0 nM
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Fig. 6. Plot of the minimum detectable signal-to-noise ratio as a function of the gain for the ex
vivo imager (EMCCD, dots) and the intraoperative imager (intensified CCD, circles).

at presentation following administration of neoadjuvant chemotherapy. Of the 409 specimens,
32 were determined to be tumor-positive lymph nodes, 338 were determined to be tumor-
negative lymph nodes, 20 were determined to be fatty tissues with no lymph node tissue, and
19 specimens were excluded from the final analysis due to incomplete information which
prevented conclusive determination of nodal tumor status and/or fluorescent status. The
percent of the total nodes fluorescent in each subject ranged from 45% (B13) to 100% (B04,
B08, B16, and B17) with 87% of the 370 total (tumor-positive and tumor-negative) lymph
nodes determined to be fluorescent using the algorithm and ex vivo imaging device. Tumor-
positive lymph nodes were found in 12 subjects, and the percent of fluorescent nodes ranged
from 0% (B10) to 100% (B02, B04, B06, B07, B08, B12, B16, and B19) with 81% of all
tumor-positive lymph nodes fluorescent. At least one tumor-positive node was fluorescent in
11 (92%) of the 12 subjects. The percent of fluorescent tumor-negative lymph nodes ranged
from 44% (B13) to 100% (B04, B08, B16, and B17), and 88% of all tumor-negative lymph
nodes were found to be fluorescent. Eight subjects had tissue specimens which were
determined to be fatty tissue, with 35% determined as fluorescent. No correlation was
observed between the percent of the total nodes fluorescent and age or BMI.

Subject B10 had a single tumor-positive lymph node that was not fluorescent and it was
noted by the pathologist as having extranodal extension following neoadjuvant chemotherapy.
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Table 2. Summary of specimen status for each subject.

Tumor-Positive ~ Tumor-Negative Non-Nodal
Subject  Specimens  Total Nodes (% Nodes (% Nodes (% Specimens (%  Unknown
1D Resected Fluorescent) Fluorescent) Fluorescent) Fluorescent) Specimens
B02 18 18 (89%) 2 (100%) 16 (88%) - -
B03 18 18 (94%) - 18 (94%) - -
B04 16 16 (100%) 1 (100%) 15 (100%) - -
BO5 24 24 (96%) - 24 (96%) - -
B06” 12 10 (70%) 3 (100%) 7 (57%) 2 (50%) -
B0O7 16 15 (67%) 1 (100%) 14 (64%) 1 (100%) -
B08 29 28 (100%) 1 (100%) 27 (100%) 1 (100%) -
B09 44 44 (89%) - 44 (89%) - -
B10 28 21 (62%) 1 (0%) 20 (65%) 1 (0%) 6
Bl11 19 18 (94%) 4 (75%) 14 (93%) 1 (0%) -
B12 31 21 (95%) 3 (100%) 18 (94%) 4 (0%) 6
B13® 22 20 (45%) 4 (50%) 16 (44%) 2 (0%) -
Bl14 19 15 (73%) 8 (63%) 7 (86%) - 4
B15 18 18 (94%) - 18 (94%) - -
B16 14 11 (100%) 1 (100%) 10 (100%) - 3
B17 23 23 (100%) - 23 (100%) - -
B18 17 17 (88%) - 17 (88%) - -
B19 24 24 (96%) 3 (100%) 21 (95%) - -
B20° 17 9 (78%) - 9 (78%) 8 (50%) -
Total 409 370 (87%) 32 (81%) 338 (88%) 20 (35%) 48

* Tortuous lymphatic in arm; ® Tortuous lymphatic in breast; © Tortuous lymphatic in arm (Fig. 3(a))

Of the five other non-fluorescent, tumor-positive lymph nodes collected in the study, none
were noted as having signs of neoadjuvant therapy. Similarly, of the 26 fluorescent, tumor-
positive lymph nodes collected in the study, eight were noted to exhibit neoadjuvant therapy
effects, while the remaining 18 had no comments noted. Approximately 30% of the
fluorescent and 15% of the non-fluorescent tumor-positive lymph nodes were reported as
having signs of therapy effects. The effect of therapy on the delivery of dye to the nodes
remains unclear.

The average percentages of fluorescent specimens across all subjects were 86 £ 16%, 84 +
32%, and 86 + 16% for the total, tumor-positive, and tumor-negative lymph nodes
respectively and 38 + 44% for the fatty tissues. Including only those subjects with tumor-
positive lymph nodes, a paired t-test between the percent fluorescent tumor-positive and
tumor-negative lymph nodes yielded a p-value of 0.39, indicating that the tumor burden did
not preferentially restrict the delivery of fluorophore to the lymph nodes; however with a post
hoc statistical power of 7.3%, this pilot study does not have sufficient power to conclusively
eliminate the effect of tumor burden on fluorophore delivery through intradermal injection.
Paired t-tests between the percentage of fluorescent fatty tissues and the tumor-positive and
tumor-negative nodes yielded p-values of 0.0119 and 0.0144, respectively, indicating
preferential delivery to the lymph nodes.

No major adverse events were reported in this study. No patients experienced reactions to
intraparenchymal or subarealor injections. Five patients developed mild erythema at the
intradermal injection site, which resolved with conservative management with or without
antihistamines.

4. Discussion and conclusion
4.1 Pre- and intra-operative in vivo imaging

Prior to evaluation of the fluorescent status of resected lymph nodes, this study enabled
evaluation of the contractile function and architecture of the lymphatic vasculature draining
the breast and arm. Recent histologic studies indicate that tumor-induced lymphangiogenesis
results in increased numbers of tumoral and intra-nodal lymphatic vessels and increased
lymphatic flow, and as a consequence, may serve as a highly sensitive and highly specific
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prognostic indication of lymphatic tumor burden [36-40]. We recently demonstrated the
macroscopic development of abnormal lymphatic drainage pathways consisting of tortuous,
dilated collecting lymphatic vessels in a melanoma mouse model and hypothesized that their
development may serve as an indication of metastatic disease [27]. However, in this study,
the arm lymphatics in each subject were generally well-defined and easily observed. Of the
two subjects with tortuous arm lymphatics, subject B06 had tumor-positive lymph nodes,
while B20 did not. Subject B13 had a tortuous breast lymphatic vessel and tumor-positive
lymph nodes; however, tortuous breast lymphatics were not observed in any of the other
subjects. The upper, outer quadrant of the breast of BO1 had a dense network of fluorescent
lymphatic capillaries similar to that observed previously in patients with lymphedema. No
overtly dilated lymphatics were observed in this study. No correlation between the arm or
breast lymphatic architecture and the presence of metastatic disease was noted in this study,
although additional studies are needed to determine whether the pre-surgical presence of
lymphatic anomalies may indicate a predisposition to develop post-surgical lymphedema.

Axillary lymph nodes were observed in vivo in all subjects using the intraoperative
NIRFLI system before and after the axilla had been surgically exposed. In addition, while no
definitive lymph nodes were non-invasively observed near the sternum, the high incidence of
lymphatic drainage towards the sternum (in 6 of the 13 subjects with no surface
contamination with fluorophore) indicates that with improved and tumor-targeted contrast
agents, NIRFLI may provide opportunities to non-invasively assess mediastinal and internal
mammary lymph nodes which are not routinely biopsied in breast cancer patients.

The rapid subsecond acquisition of NIRF lymphatic images provides a unique opportunity
to observe and quantify the movement of boluses of lymph as they are contractually propelled
through the lymphatic vessels and, in a previous study, we demonstrated reduced contractile
function in subjects with lymphedema [32]. While lymphatic propulsion was observed in all
subjects in the current study, we were unable to assess the potential impact of the tumor on
the lymphatic propulsion velocity or rate as the limited pre-surgical imaging time (~5 min) in
the operating suite prevented the acquisition of sufficient propulsion data for this analysis.
Future studies will be needed to further assess the effect of metastatic disease on the
lymphatics and will likely need to include imaging of the contralateral arm and breast to serve
as controls for better elucidation of subtle changes to the architecture and function in the
ipsilateral arm and breast.

4.2 Ex vivo imaging of resected lymph nodes

In our study, ICG was successfully delivered from the injection sites in the arms and breast to
the axillary lymph nodes and was present in over 87% of the resected lymph nodes,
suggesting that intraparenchymal and intradermal administration of molecularly targeted
agents, coupled with non-invasive imaging could be utilized to assess the status of the
majority of lymph nodes in the axilla. Figure 4 illustrates the preferential uptake of the
fluorescent dye within the lymph node tissues as compared to the surrounding fatty tissues.
Indeed, the apparent fluorescence weakly emanating from the fatty tissues (appears blue in
the NIRF images (Figs. 4(d) and 4(g))) may well be a result of the scattering of fluorescent
light from the tumor through the fat and not due to the presence of dye within the fat. The
fluorescent signals in fat specimens may be the result of (i) residual lymph node tissues that
have been destroyed during the neoadjuvant therapy and hence are not readily apparent
pathologically, (ii) small lymph nodes or lymphatic vasculature which were missed during
pathologic processing, or (iii) fluorescence contamination which may have occurred during
the identification of the specimens via palpation while the lymph nodes were dissected from
the axillary tissues. By determining a reliable, phantom-based criterion for discriminating
between fluorescent and non-fluorescent lymph nodes, we removed subjectivity in the
analysis. In addition, Fig. 6 clearly shows the importance of characterizing camera systems
and provides new evidence in favor of using ICCD over EMCCD based systems [30].
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4.3 Analysis of tissue fluorescence versus pathology

Given that extensive tumor invasion of draining lymph nodes can alter or block lymphatic
drainage pathways, we expected to visualize fewer tumor-positive lymph nodes as compared
to tumor-negative lymph nodes. Indeed, it has been postulated that tumor blockage of
lymphatic drainage prevents inflow of lymph into the draining lymph nodes resulting in
change of normal lymphatic pathways [41]. However, in this study of advanced breast cancer
patients, there appeared no difference in the percentage of resected cancer —positive and —
negative lymph nodes that were fluorescent as determined from a threshold based upon SNR.
The average maximum fluorescent intensity emanating from the excised specimens was
selected for use in our SNR calculations, due to the large variability in the specimen size and
the non-homogenous uptake of the fluorophore within the excised specimens. Other metrics,
such as the average fluorescent intensity across the specimen, could be used in the SNR
calculation, but would require more subjective user intervention to determine the appropriate
size of the ROI due to the propensity to excise comparatively large volumes of fat along with
the actual lymph node. The use of a solid, stable phantom to establish the minimum detectible
SNR of the system further simplifies the determination of the fluorescent status and reduces
the potential impact of the instrument settings and user interpretation on the analysis when the
nodes have a weak fluorescent signal.

In our recent ARM study in which 3-5 mL of a blue dye was injected into the upper arm,
blue lymph nodes were only identified in 15 of 30 subjects [10]. Herein, we successfully
delivered ICG to 87% of the axillary lymph nodes following the administration of 300 pg of
ICG in the arm and breast. While fluorescence was not observed in all the tumor-positive
lymph nodes, at least one tumor-positive node was fluorescent in 11 of the 12 subjects with
100% of the tumor-positive nodes being fluorescent in 8 of those. These results, together with
those of our prior study, in which we identified tumor-draining lymphatics and SLNs with as
little as 10 pg of ICG [19], indicate that intradermal and intraparenchymal administration of
microdoses of future and brighter tumor-targeting fluorescent contrast agents may be
sufficient for detection of tumor-positive lymph nodes. The ability to image a microdose
amount of a targeted contrast agent with sensitive devices may facilitate the use of
fluorescently labeled molecular imaging agents for non-invasive nodal staging of breast
cancer [42]. However, if intradermal administration of NIR agents provides insufficient
delivery to the lymph nodes, improved delivery could be achieved via additional intradermal
injections or through intravenous injections, although the latter could require higher doses
that could reduce translation potential, due to increased safety and toxicity concerns and
regulatory burden.

In summary, we have demonstrated the successful delivery of ICG to the axillary lymph
nodes following intraparenchymal and intradermal injections in 19 subjects undergoing
complete axillary lymph node dissection for node-positive breast cancer. The localized
delivery of ICG to lymph nodes with minimal infiltration into the surrounding tissues
provides future opportunities for non-invasive assessment of metastatic disease and image-
guided resection of tumor-positive nodes following administration of ‘first-in-human’ NIRF
targeted contrast agents.
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