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The presence of lymph node (LN) metastases is an essential
prognostic indicator in patients with head and neck squamous cell

carcinoma (HNSCC). This study assessed photoacoustic molecular

imaging (PAMI) of the antiepidermal growth factor receptor antibody
(panitumumab) conjugated to a near-infrared fluorescent dye,

IRDye800CW (panitumumab-IRDye800CW; pan800), for the identi-

fication of occult metastatic LNs in patients with HNSCC (n 5 7).

Methods: After in vitro photoacoustic imaging characterization of
pan800, PAMI was performed on excised neck specimens from

patients infused with pan800 before surgery. Freshly obtained neck

specimens were imaged with 3-dimensional, multiwavelength spec-

troscopic PAMI (wavelengths of 680, 686, 740, 800, 860, 924, and
958 nm). Harvested LNs were then imaged with a closed-field near-

infrared fluorescence imager and histologically examined by the

pathologist to determine their metastatic status. Results: In total,
53 LNs with a maximum diameter of 10 mm were analyzed with

photoacoustic and fluorescence imaging, of which 4 were deter-

mined to be metastatic on the final histopathologic report. Photo-

acoustic signals in the LNs corresponding to accumulated pan800
were spectrally unmixed using a linear least-square-error classifica-

tion algorithm. The average thresholded photoacoustic signal inten-

sity corresponding to pan800 was 5-fold higher for metastatic LNs

than for benign LNs (2.50 ± 1.09 arbitrary units [a.u.] vs. 0.53 ± 0.32
a.u., P , 0.001). Fluorescence imaging showed that metastatic LNs

had a 2-fold increase in fluorescence signal compared with benign

LNs ex vivo (P , 0.01, 0.068 ± 0.027 a.u. vs. 0.035 ± 0.018 a.u.).
Moreover, the ratio of the average of the highest 10% of the photo-

acoustic signal intensity over the total average, representative of the

degree of heterogeneity in the pan800 signal in LNs, showed a

significant difference between metastatic LNs and benign LNs
(11.6 ± 13.4 vs. 1.8 ± 0.7, P , 0.01) and an area under the receiver-

operating-characteristic curve of 0.96 (95% CI, 0.91–1.00). Conclusion:
The data indicate that PAMI of IRDye800-labeled tumor-specific antibody

may have the potential to identify occult LN metastasis perioperatively in
HNSCC patients.
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The presence of lymph node (LN) metastases is an essential
prognostic indicator in patients with head and neck squamous cell

carcinoma (HNSCC) (1). Despite the clinical use of various im-

aging modalities for preoperative nodal staging, such as CT and

MRI, these imaging techniques lack the specificity to detect occult

metastases in nodes with axial diameters smaller than 10 mm

(2–5). Moreover, to warrant accurate nodal staging, postoperative

pathologic processing may require as many as 18 LNs to be har-

vested from resected neck specimens after dissection for subse-

quent evaluation by pathologists (6). Taken together, the current

treatment workflow for LN management in HNSCC requires an

elective neck dissection of curative intent (7,8) and a careful eval-

uation of all harvested LNs with a final pathologic or histopatho-

logic report (9), resulting in lower quality-of-life scores for

patients because of potentially poor cosmetic outcomes, dysfunc-

tion of the spinal accessory nerve, and prolonged pain, as well as

increased health-care costs due to increased labor and use of

equipment and supplies (10).
Recently, it was demonstrated that near-infrared (NIR) fluores-

cence imaging of an antiepidermal growth factor receptor (EGFR)

antibody conjugated to IRDye800CW intravenously injected

several days before surgery was able to distinguish metastatic

from benign LNs with a high sensitivity and specificity in an ex vivo,

pathologic, setting (11). However, challenges remain in translating

these findings into an intraoperative setting. Cervical LNs are located

at a depth of up to several centimeters in the human neck, and

therefore, the limited penetration depth of NIR light into human

tissue (limited to ,7 mm) makes it challenging to noninvasively

assess the neck even in an intraoperative setting (12).
Photoacoustic molecular imaging (PAMI) is a hybrid imaging

technology that combines the imaging depth of ultrasound (#5 cm)

with the contrast and molecular imaging capabilities of optical im-

aging. On the basis of the photoacoustic effect (13), nanosecond

pulsed laser irradiation is used to induce transient, localized thermal
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expansion through optical absorption by native or exogenous chro-
mophores, resulting in the production of ultrasonic waves that can be
detected using standard ultrasound transducers (14–16). Furthermore,
as the optical absorption is wavelength-dependent, multiwavelength,
spectroscopic PAMI can be implemented to examine signal corre-
sponding to a single chromophore of interest, such as a NIR dye,

while suppressing background blood-pool signal. Combined photo-
acoustic and fluorescence molecular imaging of specific cell-surface
targets using antibodies conjugated to NIR dyes is thus a new and
promising approach. Previous reports indicated that combined photo-
acoustic and fluorescent molecular imaging using an anti-B7-H3
antibody–NIR dye conjugate could differentiate clinically actionable

breast carcinoma and ductal carcinoma in
situ from normal mammary tissues in a
transgenic murine model of breast cancer
(17–19). Hence, it is hypothesized that the
highly specific imaging ability of spectro-
scopic PAMI combined with a preoperatively
administered molecularly tumor-specific
contrast agent can be leveraged to improve
noninvasive identification of occult LN me-
tastasis in HNSCC patients. Moreover, this
photoacoustic approach may be used to
guide surgeons’ selection of affected LNs
immediately after LN dissection. The cur-
rent study explored the potential of PAMI
and NIR fluorescence imaging of the
IRDye800CW-labeled anti-EGFR antibody
(panitumumab-IRDye800CW; pan800) for
the ex vivo identification of metastatic LNs
in nodal specimens obtained from HNSCC
patients that were infused with pan800 1–5
d before surgery.

MATERIALS AND METHODS

Clinical Study Overview

As part of an ongoing phase I study
(NCT02415881), combined PAMI and NIR

fluorescence imaging of pan800 was evalu-
ated for determining LN status in HNSCC

patients scheduled to undergo a curative
primary-tumor resection with a subsequent

elective neck dissection. An overview of the
clinical workflow is depicted in Figure 1. A

node-by-node comparison between PAMI and

NIR fluorescence imaging and histopathologic

FIGURE 1. Workflow of photoacoustic and fluorescence imaging of pan800 in HNSCC and LNs, including intraoperative, postoperative, and

histologic imaging. All scale bars are 5 mm. H&E 5 hematoxylin and eosin.

FIGURE 2. Determining optical absorption spectra (A) and photoacoustic (B) and fluorescence

(C) imaging sensitivity for pan800. deOxy hemo 5 deoxygenated hemoglobin; Oxy hemo 5
oxygenated hemoglobin.
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LN status was performed. LNs 2–10 mm thick were included in this

study because of the clinical significance of finding occult metastases
in small LNs with a diameter of less than 10 mm.

The study protocol was approved by the Stanford University
Administrative Panel on Human Subjects Research. The study was

performed in accordance with the Helsinki Declaration of 1975 and its

amendments, the Food and Drug Administration’s International Con-
ference on Harmonization Good Clinical Practice guidelines, and the

laws and regulations of the United States. Written informed consent
was obtained from all patients. The anti-EGFR antibody–NIR dye

conjugate (pan800) was conjugated under current good-manufacturing-
practice conditions as previously described (20).

In Vitro PAMI Characterization

of Panitumumab-IRDye800CW

Before PAMI was performed on human neck specimens, the

photoacoustic absorption spectrum of pan800 and the sensitivity of
the Vevo LAZR-X imaging system (Fujifilm VisualSonics) to pan800

was tested in a polymetric blood vessel–mimicking phantom (Fig. 2).
Polyethylene plastic tubes (50 mL per tube; Fujifilm VisualSonics)

were filled with pan800 solutions (concentrations from 0 to 640 nM;
diluted 1:1 in deionized water) in the phantom imaging chamber filled

with deionized water. Photoacoustic and corresponding ultrasound
images were acquired with the 20-MHz linear array transducer at

wavelengths from 680 to 970 nm in 10-nm increments. Regions of
interest were placed over the tubing in coregistered ultrasound images,

and photoacoustic signal intensity was measured and plotted against
concentration. To acquire the reference spectrum of pan800, the pho-

toacoustic signal intensity over the wavelength within the highest-
concentration solution was plotted to provide the absorption spectra

of pan800 as detected by the imaging system.
Next, to more closely recapitulate imaging and sensitivity limita-

tions in an in vivo situation, an agarose-based, tissue-mimicking

phantom (6-mm diameter, acoustic attenuation similar to that of LNs
[;1.5 dB∙MHz21�cm21] (21,22)) comprising 1% agarose (LifeTech-

nologies), 1% whole bovine blood (Sigma-Aldrich), 1% intralipid
emulsion (Sigma-Aldrich), 0.1% silica, and varying concentrations

of pan800 (0, 0.3, 1.2, 5, 20, and 80 nM) was synthesized as pre-
viously described (23). The Vevo LAZR-X system paired with the 20-

MHz transducer was used to take cross-sectional images at maximal
diameter at wavelengths from 680 to 970 nm. Phantoms were coupled

to the transducer with clear, colorless, bubble-free ultrasound gel
(LithoClear), and the surface of the phantoms was maintained at 9 mm

from the surface of the transducer to confer optimal illumination.

Spectroscopic PAMI thresholds (range, 0–100

arbitrary units [a.u.]) for the phantom experiment
were as follows: for measuring photoacoustic

signal intensity from pan800, brightness was set
to 60, opacity to 99, contrast to 90, and threshold

to 80. For deoxygenated hemoglobin measure-
ments, brightness was set to 58, opacity to 70,

contrast to 90, and threshold to 80. For oxygen-
ated hemoglobin measurements, the respective

numbers were 53, 99, 80, and 95.
To validate the presence of pan800, phan-

toms were placed on a black imaging tray and
fluorescence imaging of pan800 was performed

in a closed-field fluorescence imaging device
(Pearl Trilogy; LI-COR Biosciences Inc.).

Intraoperative NIR Fluorescence

Imaging of LNs

Intraoperative fluorescence imaging was
performed before, during, and after neck

dissection using the handheld imaging device (SPY-PHI; Novadaq) and
optical imaging platform (IR9000; Novadaq) optimized for the detection

of IRDye800CW as described previously (24).

Spectroscopic Photoacoustic Imaging of LNs

PAMI of whole neck specimens was performed ex vivo immedi-

ately after surgical resection (,25 min). PAMI data were acquired on
a Vevo LAZR-X imaging system with a 20-MHz (13–24 MHz) linear

array transducer (MX 250; axial resolution, 75 mm). The narrow op-
tical fiber (14 mm) was used to maximize light penetration and im-

aging depth. Surgically collected nodal specimens were imaged at 7

wavelengths (680, 686, 740, 800, 860, 924, and 958 nm, optimized
to minimize scan time while allowing for accurate spectral classifica-

tion) with 10-ns pulses, a 20-Hz pulse repetition frequency, a persis-
tence of 2, and a measured fluence of 150 mJ/cm2. For 3-dimensional

image acquisition, the transducer was automatically scanned over the
resected neck specimen by a stepping motor with a step size of

0.5 mm. Spectroscopic imaging thresholds (range, 0–100) were main-
tained at the following values. For photoacoustic signal intensity from

pan800, brightness was set to 50 (primary tumor brightness was set to
60), opacity to 99, contrast to 90, and threshold to 80. For deoxygen-

ated hemoglobin measurements, brightness was set to 50, opacity to
70, contrast to 90, and threshold to 80. For oxygenated hemoglobin

measurements, the respective numbers were 50, 99, 80, and 95.
After PAMI, the molecular imaging signal corresponding directly to

pan800 accumulation was measured with Vevo LAB software (version
2.2.0; Fujifilm VisualSonics). Regions of interest were drawn on 3

consecutive imaging planes over the entire area of maximal axial
planes in each LN (or primary tumor specimen) on the corresponding

FIGURE 3. Photoacoustic (A) and fluorescence (B) imaging of decreasing concentrations of

pan800 in tissue-mimicking phantom. avg 5 average.

TABLE 1
Patient Characteristics

Patient no. Age (y) Sex Tumor location cTN stage

1 70 Female Buccal mucosa T3N0

2 68 Female Lateral tongue T3N2b

3 71 Female Lateral tongue T1N0

4 47 Female Retromolar trigone T4N2b

5 56 Male Buccal mucosa T2N0

6 60 Male Ear T2N0

7 70 Male Lateral tongue T3N0
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B-mode ultrasound images by a researcher familiar with head and

neck ultrasound. Next, images underwent spectral unmixing of oxy-
genated hemoglobin, deoxygenated hemoglobin (absorbance-based

reference spectra), and pan800 (using the previously determined refer-
ence spectra). The software automatically calculated the average signal

intensity of all the pixels corresponding to pan800 (pan800 avg), the
average of the top 10% of the photoacoustic signal intensity correspond-

ing to pan800 (pan800 avg thresh), the average total hemoglobin signal,
and the average total oxygen saturation. Molecular imaging signal values

from 3 cross sections for each LN were averaged for use in further
statistical and receiver-operating-curve (ROC) analysis.

Closed-Field NIR Fluorescence Imaging of Harvested LNs

In addition to PAMI of the resected LN tissues, NIR fluorescence
imaging of harvested LNs was performed before the process of

paraffin embedding using a closed-field NIR optical imaging system
(Pearl Trilogy), in which the imaging environment could control for

ambient light and the fix the camera–tissue distance with an 800-nm
channel (12). After imaging, mean fluorescence intensities, defined as

total counts per region-of-interest pixel area,

was calculated for each LN using the system’s
integrated software (Image Studio; LI-COR

Biosciences Inc.) to perform quantitative analysis
of closed-field fluorescence imaging data (11).

Pathology Preparation and Imaging

Next, the metastatic status of the resected
LNs was determined. After processing and

paraffin embedding, 4-mm-thick sections
were sliced and stained with hematoxylin

and eosin. The hematoxylin-and-eosin slides
were reviewed by a board-certificated pa-

thologist, who outlined the tumor boundaries
and identified cancerous regions. The Odys-

sey imaging platform (LI-COR Biosciences
Inc.) was used to assess fluorescence in

slide-mounted sections obtained from forma-
lin-fixed paraffin-embedded blocks (11).

Statistical Analysis

Descriptive statistics and figures were obtained using Prism

(version 6.0c; GraphPad Software). Data are presented as box plots
with whiskers depicting minimum to maximum values. All data points

are displayed. Differences in ultrasound, PAMI, and fluorescence imaging
between metastatic and benign LNs were analyzed with the Mann–

Whitney U test. The correlation between the ultrasound area and the
pathologic area was determined using nonparametric Spearman correla-

tion. All data are presented as mean or as mean 6 SD, and a 2-sided
P value of 0.05 or less was considered statistically significant.

RESULTS

Validation of PAMI and NIR Fluorescence Imaging

Using Panitumumab-IRDye800CW

Using a polymetric blood vessel–mimicking phantom, the op-
tical absorption spectra of pan800 was determined by plotting
absorption over wavelength. The pan800 reference spectrum as

determined through PAMI was shown to
have dual peaks at 710 and 770 nm, com-
pared with oxygenated and deoxygenated

hemoglobins, which have peaks at 750

and 900 nm, respectively, as graphed in

Figure 2A. A strong correlation was found

between the dose of pan800 and the de-

tected photoacoustic molecular signal

(pan800 avg, R2 5 0.92; Fig. 2B). For a

reference, fluorescence imaging of the

pan800 phantom also demonstrated the

strong correlation between mean fluores-

cence intensity and pan800 concentration

(R2 5 0.98; Fig. 2C). PAMI was able to

detect down to 1.2 nM pan800.
Next, a decreasing-concentration study

(80–0 nM) using a tissue-mimicking phan-

tom was implemented to determine the

sensitivity limit of the Vevo LAZR-X and

the Pearl Trilogy system for pan800. The

dose of pan800 correlated strongly with the

detected photoacoustic signal (pan800 avg,

R2 5 0.98; Fig. 3A) and with the mean

fluorescence intensity (R2 5 0.99; Fig. 3B).

FIGURE 4. Fluorescence, spectroscopic photoacoustic pan800 signal, and histology images

from representative patient with primary tumor and benign LNs. Tumor is outlined in red dashed line.

White arrows represent locations of several LNs within neck specimen; red dashed circle highlights

the LN shown by histology at the bottom right. All scale bars are 5 mm. H&E5 hematoxylin and eosin;

US 5 ultrasound.

FIGURE 5. Discrimination of metastatic LNs from benign LNs from head and neck cancer patients

using fluorescence imaging. (A) Bright-field and fluorescence images of metastatic and benign LNs

corresponding to hematoxylin-and-eosin slides. (B) Quantitative analysis of mean fluorescence intensity

for differentiating benign from metastatic LNs. All scale bars are 5 mm. H&E 5 hematoxylin and eosin.
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PAMI was able to detect pan800 concentrations of as low as
1.2 nM.

Patient and LN Characteristics

Between June 2018 and February 2019, 7 patients were enrolled
in this study. Their characteristics are provided in Table 1. All
patients received a fixed 50-mg dose of pan800 at a mean of 2 d before
surgery (range, 1–5 d). Figure 4 shows the photoacoustic and fluores-
cence images of a representative patient with oral squamous cell carci-
noma who underwent primary tumor resection and neck dissection.
In total, from the 14 collected neck specimens from 7 consec-

utive patients, 53 LNs 2–10 mm thick were imaged using photo-
acoustic and closed-field NIR fluorescence imaging and analyzed.
On the final histopathologic report, 4 of the 53 LNs were found to
harbor metastatic disease.
The ultrasound-determined thickness of metastatic LNs was 6.86

2.5 mm, which was statistically significantly greater than that of
benign LNs (3.7 6 1.6 mm, P , 0.01; Supplemental Fig. 1A
[supplemental materials are available at http://jnm.snmjournals.org]).
Additionally, a strong correlation was found between the ultra-
sound-determined area and the area as measured on final histo-
logic examination (R2 5 0.83, P , 0.01; Supplemental Fig. 1B),
demonstrating a matched comparison of collected LNs confirmed
by histology.

Discrimination of Metastatic from Benign LNs on

Closed-Field NIR Fluorescence Imaging

The ex vivo fluorescence signal corresponding to pan800 was
2-fold higher for metastatic LNs than for benign LNs (P , 0.01,
0.068 6 0.027 a.u. vs. 0.035 6 0.018 a.u.; Fig. 5). Statistical
analysis for mean fluorescence intensity from NIR fluorescence
imaging yielded a sensitivity of 100% and specificity of 87.8%.
ROC evaluation showed an area under the curve (AUC) of 0.91
(95% CI, 0.82–0.99).

Photoacoustic-Signal Differentiation of Metastatic from

Benign LNs

Spectroscopic PAMI was used to comparatively quantify the
signal from pan800 accumulated in benign and metastatic LNs.
Figure 6A shows representative photoacoustic images of benign
and metastatic LNs with spectroscopically resolved pan800 and
oxy- and deoxyhemoglobin signal. The pan800 avg did not sig-
nificantly differ between metastatic and benign LNs, at 0.51 6
0.48 a.u. vs. 0.36 6 0 0.21 a.u., respectively (P . 0.05; Fig. 6B).
ROC evaluation showed that the AUC for the pan800 avg was 0.61
(95% CI, 0.23–0.99). However, metastatic LNs had a 5-fold in-
crease in pan800 avg thresh compared with benign LNs (P, 0.01,
2.50 6 1.09 a.u. vs. 0.53 6 0.32 a.u.; Fig. 6C). ROC evaluation
showed that the AUC for pan800 avg thresh was 1.00 (95% CI,

FIGURE 6. Photoacoustic measurements for metastatic and benign LNs. (A) Representative ultrasound, spectroscopic photoacoustic, fluores-

cence, and histology images of benign and metastatic LNs. Photoacoustic signals corresponding to pan800 and oxy- and deoxyhemoglobin have

been spectrally unmixed. All scale bars are 5 mm. (B) Quantitative analysis of PAMI signal using pan800 avg. (C) Quantitative analysis of PAMI signal

using pan800 avg thresh. US 5 ultrasound.
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1.00–1.00). No difference of average total hemoglobin signal was
found between metastatic and benign LNs (56,596 6 31,158 a.u.
vs. 43,026 6 32,645 a.u., P . 0.05; Supplemental Fig. 2A).
Similarly, no difference in average total oxygen saturation was
found between metastatic and benign LNs (39.0% 6 22.8% vs.
39.2% 6 16.5%, P . 0.05; Supplemental Fig. 2B).

Heterogeneity of Photoacoustic Signal in Metastatic LNs

To assess the heterogeneity of the pan800 distribution in
metastatic and benign LNs, further analysis was performed using
the ratio of pan800 avg thresh to pan800 avg in the LNs. Figure
7A shows a representative metastatic LN in a patient with oral
squamous cell carcinoma, in which the strong signal intensity was
mainly detected in the nodal metastasis found on final pathologic
examination. Examining the ratio of PAMI signals (pan800 avg
thresh to pan800 avg) showed a significant difference between
metastatic LNs and benign LNs, at 11.6 6 13.4 versus 1.8 6
0.7, respectively (P , 0.01; Fig. 7B). ROC evaluation showed
that the AUC for the ratio of pan800 avg thresh to pan800 avg
was 0.96 (95% CI, 0.91–1.00).

DISCUSSION

LN metastasis in an essential prognostic factor in HNSCC;
however, early detection in normal-sized LNs (,10 mm diameter)
remains challenging. Although PAMI has been shown to provide
sufficient contrast and spatial resolution at significantly higher
imaging depths than standard optical techniques, there have been
limited clinical use and no reports of early detection of LN me-
tastasis using PAMI with systemically circulated, molecularly spe-
cific agents in the clinical setting (25,26). To overcome the clinical
challenge in early detection of small metastatic LNs (occult LNs),

we assessed PAMI of resected LNs in HNSCC patients with a
systemically administered IRDye800CW-labeled anti-EGFR anti-
body. After evaluation and validation of pan800 in a phantom
setup, ex vivo PAMI and fluorescence assessment of human LNs
was performed to identify occult metastatic disease in LNs.
The results of the current study demonstrate the feasibility of

PAMI using a systemically administered tumor-specific antibody
labeled with IRDye800CW for identification of LN metastasis in
patients with HNSCC. To the best of our knowledge, this is the
first report on the use of fluorescence imaging and PAMI after an
intravenous injection of a tumor-specific antibody–dye conjugate
to identify the LN metastases. Our results suggest that PAMI of
IRDye800CW-labeled compounds has great potential to improve
identification of LN metastasis and to change LN management
during surgery.
PAMI allows for high-resolution imaging of optical absorption

at depth (#5 cm) (27,28), whereas fluorescence imaging provides
high sensitivity to the contrast agent. Several fluorescent dyes,
including indocyanine green, IRDye800CW, and methylene blue,
are used for PAMI for noninvasive tumor detection passively via
the enhanced permeability and retention effect (29–31). However,
these dyes lack molecular specificity and are rapidly cleared from
the circulation (32). Currently, several IRDye800CW-conjugated
antibodies are under investigation for fluorescence-guided surgery
to identify solid malignancies, with reasonable sensitivity and
specificity reported for tumor identification in primary tumors
and metastatic disease (33–37). Additionally, antibody–dye con-
jugates are thought to be optimal tumor-enhancement tracers in
PAMI. This study indicated that PAMI of pan800 might be able to
provide additional, complementary, information to conventional
fluorescence imaging, such as enhanced imaging resolution at

depth. Importantly, the safety of these
IRDye800CW-labeled antibodies does not
seem to differ from the safety of their na-
tive state (20), making them ideal to lever-
age in clinical applications of PAMI. To
demonstrate the potential clinical value,
we translated this technology from bench
to bedside, performing PAMI on human
neck specimens from HNSCC patients re-
ceiving anti-EGFR antibody conjugated
with a NIR dye for improved identification
of small metastatic LNs.
First, the feasibility and sensitivity of

imaging pan800 with PAMI was tested in a
tumor-mimicking phantom setup before a
clinical application of PAMI. Not only was
PAMI able to detect small concentrations
of pan800 (1.2 nM), but it was also able to
detect similarly small amounts in a scat-
tering (optically and acoustically) and
absorbing (optically) tissue-mimicking
phantom. The constructed optical absorption
spectrum of pan800 was found to have dual
peaks at wavelengths sufficiently different
from those of hemoglobin, indicating it can
be spectroscopically resolved from within a
background of hemoglobin-based signal (i.e.,
tissue). Using the photoacoustic multispec-
tral unmixing mode in vivo would allow
detection of the infused drug independently

FIGURE 7. Heterogeneity of pan800 in metastatic LNs. (A) Representative ultrasound, photo-

acoustic, fluorescence, and histology images of metastatic LN. All scale bars are 5 mm. (B)

Quantitative and ROC analysis of ratio of PAMI signal using pan800 avg thresh to pan800 avg

to differentiate benign from metastatic LNs. US 5 ultrasound.
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from background blood signals, giving real-time molecular in-
formation from human tissue.
After in vitro verification, photoacoustic and fluorescence

molecular imaging of surgically resected neck specimens con-
taining several LNs was undertaken. Both imaging modalities can
accurately differentiate between LNs containing occult metastases
and benign LNs in an ex vivo scenario. In an in vivo, intra-
operative, scenario, this differentiation ability could change.
Fluorescence imaging suffers from low resolution and low
penetration depth due to tissue optical scattering, leading to
variations in signal dependent on imaging angle as demonstrated
here in the preresection and whole-neck-specimen fluorescence
images in Figure 4. Notably, the photoacoustic analyses performed
here were from LNs before removal from the neck specimen and,
therefore, with additional imaging depth and background tissue,
whereas the fluorescence quantitative analysis was on individual
LNs after removal from the neck specimen. Interestingly, the
higher resolution of PAMI allowed for more nuanced quantitative
assessment of the molecular imaging signal. Comparison of the
ratio of pan800 signal within these regions (highest 10% of the
signal) over the overall average pan800 signal allowed for highly
accurate differentiation between normal and occult LNs (AUC,
0.96). Although examining the top 10% of pan800 signal also
allowed for excellent differentiation in this well-controlled, ex
vivo scenario, examining the heterogeneity ratio would allow for
metastatic analysis regardless of intra- and interpatient variability
in drug dosage, as well as without preinfusion conformational
imaging. Taken together, photoacoustic and fluorescence molecu-
lar imaging may represent the ideal intraoperative multimodality
technique, providing a high-sensitivity large field of view (fluo-
rescence) with high-resolution images at depth (photoacoustic)
when needed.
Additionally, high-resolution ultrasound was shown to be highly

accurate in measuring the size of the LNs when compared with
histologically determined size (R2 5 0.83) and may identify sug-
gestive nodes by size. With PAMI, it was possible to quantify the
relative amounts of hemoglobin and the oxygen saturation within
LNs, which previously were shown to be indicators of metastatic
potential (29), although in the current study no differences were
found between benign and metastatic LNs, as can be attributed to
the ex vivo nature of the study or the low number of LN metas-
tases. To further validate the clinical feasibility of PAMI, evalua-
tion of LN characterization needs to be tested in a larger study
population in an intraoperative, in vivo, setting. This effort would
be aided greatly by further instrumentation development and ap-
plication, such as handheld photoacoustic transducers that can
image in 3 dimensions in real time, to accelerate clinical imple-
mentation of these imaging approaches.

CONCLUSION

This pilot study demonstrated the feasibility of a clinical
application of PAMI using a tumor-specific IRDye800CW-labeled
antibody to identify occult LN metastases in HNSCC patients.
These results suggest that a heterogeneous distribution of the
antibody–dye conjugate within LNs could be an essential indicator
for identifying metastatic disease and that PAMI of IRDye800CW-
labeled compounds has great potential to improve identification of
LN metastases and to change surgical LN management. Real-time
PAMI in an in vivo setting is required to confirm these initial
findings.
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KEY POINTS

QUESTION: Can spectroscopic PAMI combined with a systemi-

cally administered tumor-specific antibody–IRDye800CW conju-

gate identify occult LN metastasis in patients with HNSCC?

PERTINENT FINDINGS: After in vitro verification, photoacoustic

and fluorescence molecular imaging of surgically resected neck

specimens containing several LNs was undertaken. PAMI with a

systemically administered IRDye800CW-labeled anti-EGFR anti-

body could accurately differentiate between LNs containing occult

metastases and benign LNs in an ex vivo scenario.

IMPLICATIONS FOR PATIENT CARE: PAMI of IRDye800CW-

labeled compounds has great potential to improve identification of

LN metastases and to change LN management during surgery.
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