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Clinical imaging performance using a fluorescent antibody was com-
pared across 3 cancers to elucidate physical and biologic factors contrib-
uting to differential translation of epidermal growth factor receptor
(EGFR) expression to macroscopic fluorescence in tumors. Methods:
Thirty-one patients with high-grade glioma (HGG, n5 5), head-and-neck
squamous cell carcinoma (HNSCC, n 5 23), or lung adenocarcinoma
(LAC, n 5 3) were systemically infused with 50 mg of panitumumab-
IRDye800 1–3 d before surgery. Intraoperative open-field fluorescent
images of the surgical field were acquired, with imaging device settings
and operating room lighting conditions being tested on tissue-mimicking
phantoms. Fluorescence contrast and margin size were measured on
resected specimen surfaces. Antibody distribution and EGFR immunore-
activity were characterized in macroscopic and microscopic histologic
structures. The integrity of the blood–brain barrier was examined via tight
junction protein (Claudin-5) expression with immunohistochemistry.
Stepwise multivariate linear regression of biologic variables was per-
formed to identify independent predictors of panitumumab-IRDye800
concentration in tissue. Results: Optimally acquired at the lowest gain
for tumor detection with ambient light, intraoperative fluorescence imag-
ing enhanced tissue-size dependent tumor contrast by 5.2-fold, 3.4-fold,
and 1.4-fold in HGG, HNSCC, and LAC, respectively. Tissue surface
fluorescence target-to-background ratio correlated with margin size and
identified 78%–97% of at-risk resection margins ex vivo. In 4-mm-thick
tissue sections, fluorescence detected tumor with 0.85–0.89 areas under
the receiver-operating-characteristic curves. Preferential breakdown of
blood–brain barrier in HGG improved tumor specificity of intratumoral
antibody distribution relative to that of EGFR (96% vs. 80%) despite its
reduced concentration (3.9 ng/mg of tissue) compared with HNSCC
(8.1 ng/mg) and LAC (6.3 ng/mg). Cellular EGFR expression, tumor cell
density, plasma antibody concentration, and delivery barrier were inde-
pendently associated with local intratumoral panitumumab-IRDye800

concentration, with 0.62 goodness of fit of prediction. Conclusion: In
multicancer clinical imaging of a receptor-ligand–basedmolecular probe,
plasma antibody concentration, delivery barrier, and intratumoral EGFR
expression driven by cellular biomarker expression and tumor cell density
led to heterogeneous intratumoral antibody accumulation and spatial dis-
tribution whereas tumor size, resection margin, and intraoperative imag-
ing settings substantially influencedmacroscopic tumor contrast.
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Intraoperative surgical imaging with tumor-specific fluorescent
tracers offers additional tumor contrast for surgeons, who rely heavily
on visual cues for resection decisions. In recent years, receptor-
ligand–based imaging probes have achieved early successes in detect-
ing cancers of the head and neck, brain, ovary, pancreas, kidney,
prostate, and colon (1–7). Yet how biomarker expression translates
to fluorescence and clinical imaging outcome remains unexamined.
As more molecular imaging probes enter late-phase clinical trials, we
compared the performance of a fluorescently labeled epidermal
growth factor receptor (EGFR) antibody, panitumumab-IRDye800, in
different tumor types to elucidate intrinsic and extrinsic parameters
that influence tumor imaging and inform clinical decisions.
Our primary objective was to examine, in multiple cancers, physi-

cal and biologic factors that contributed to differential fluorescence
imaging outcome in terms of intraoperative tumor contrast, pathologic
margin assessment, and fluorescent antibody distribution. Various
combinations of biomarker targets, molecular probes, imaging devices
and analysis methods among imaging studies make collective inter-
pretation of their findings challenging. For trials with dose escalation
design, results between cohorts can be naturally reported within the
same analysis framework as illustrated in breast cancer (8). However,
no consensus exists yet to evaluate a molecular probe among multiple
cancers. We therefore acquired and processed fluorescence images
across malignancies with the same imaging and analysis pipeline to
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identify attributes that bridge the gap between molecular characteris-
tics and imaging outcome in fluorescence-guided surgery.

MATERIALS AND METHODS

Participants
The open-label phase I/II clinical trials NCT03510208, NCT02415881,

and NCT03582124 were conducted in adult patients undergoing surgical
resection at Stanford Hospital for high-grade glioma (HGG, n 5 5), head-
and-neck squamous cell carcinoma (HNSCC, n5 25), and lung adenocar-
cinoma (LAC, n5 3), respectively. Between August 2017 and November
2019, 33 enrolled patients received a single dose of 50 mg of panitumu-
mab-IRDye800 (produced following current good manufacturing practices
by the Frederick National Laboratory) regardless of weight or sex 1–3 d
before surgery. Adverse events were collected up to 30 d after infusion.
Two HNSCC patients were excluded from final analysis as no cancer was
found in their resected tissue. The maximum dimension of tumor size was
determined by presurgical MRI or CT. Areas of viable tumor and of nor-
mal tissue were outlined by board-certified pathologists on representative
histology staining of tissue sections. The Institutional Review Board
approved this study, and all subjects gave written informed consent.

Fluorescence Imaging
As illustrated in the tissue processing and imaging workflow (Fig. 1),

a laparoscope or a handheld camera attached to the SPY fluorescence
imaging platform (Novadaq) detected intraoperative near-infrared (NIR)
fluorescence of the tumor and wound bed. Intraoperative blood samples
were collected to measure plasma panitumumab-IRDye800 concentra-
tion. Solid tumors were resected en bloc, whereas diffuse HGGs were
removed in pieces. Ex vivo fresh tissue was imaged in the Pearl Trilogy
Imaging System (LI-COR Biosciences) without ambient light. Solid

tumors were fixed and sectioned into 5-mm-thick serial cross sections
and paraffin-embedded in tissue blocks. Histologic and immunohisto-
chemical stainings were performed on 4-mm-thick tissue sections. Fluo-
rescence images of both tissue blocks and sections were acquired in an
Odyssey CLx scanner (LI-COR). The distance from the tissue resection
surface to the solid tumor margin was measured on histology sections.

Fluorescence Quantification
Tumor contrast was measured by the ratio of average pixel intensities

(ImageJ, version 1.53c (9)) from 5 circular regions of interest (diameter,
20 pixels, with x- and y-coordinates determined from randomly gener-
ated integer pairs) inside tumor and surrounding normal areas in intrao-
perative white-light and fluorescence images. Fluorescence histograms
were plotted for the entire tumor and peritumoral normal areas. High-
intensity peaks in the fluorescence map of resected tissue were isolated
as previously described (10). Mean fluorescence intensity (MFI) was
measured in Image Studio (LI-COR) as total fluorescence signal divided
by the pixel number within regions of interest. MFI in normal tissue was
measured in muscle or brain tissue with less than 20% tumor cells.
Tumor-to-background ratio on fresh resected tissue surface denoted the
ratio of MFIs in circular regions of interest (diameter, 2 mm) over tumor
versus those over normal tissue. Tumor-to-background ratio of tissue
sections was the ratio of MFI within outlined tumor versus uninvolved
tissue. Fluorescence heterogeneity denoted the SD of fluorescence signal
normalized by MFI. MFIs of anatomic structures (circular regions of
interest; diameter, 200 mm) on tissue sections were measured.

Tissue-Mimicking Phantoms
Serial dilutions of panitumumab-IRDye800 (0–10.0 g/mL) were

respectively dissolved in 1% agarose (Life Technologies) and 1%

FIGURE 1. Tissue processing and imaging workflow. H&E5 hematoxylin and eosin; IHC5 immunohistochemistry.
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intralipid (Sigma-Aldrich) at 45�C and poured into 200-mL cylindric
molds. Solidified phantoms were imaged (SPY platform, gain: 2, 4,
and 8) in the operating room under 3 lighting conditions (ambient
lights: TL-D, 36 W, Philips; room lights: A19, 100 W, Osram; over-
head lights: F528, 140 W, Stryker). The ratio of MFIs between panitu-
mumab-IRDye800 and saline-containing phantoms measured imaging
contrast. Phantom MFIs measured in Pearl and Odyssey were corre-
lated. Panitumumab-IRDye800 concentrations and MFIs of 4-mm
phantom sections were fitted by polynomial regression.

Immunohistochemistry
EGFR (RM-2111-RQ [Thermo Fisher Scientific]; secondary, SM805

[Agilent Technologies]) immunohistochemistry and hematoxylin coun-
terstaining were performed after heat-mediated antigen retrieval with
Dako Autostainer (Agilent) along positive and negative controls. Dou-
ble immunohistochemical staining of Claudin-5 (1:500, 34–1,600;
Thermo Fisher) and ETS-related gene (1:1,000, EPR3864; Abcam)
was performed on HGG tissue to assess blood–brain barrier (BBB)
integrity (2). Immunoreactivity was visualized with diaminobenzidine
(for EGFR and Claudin-5) and magenta (for ETS-related gene) chromo-
gens (Dako) and scanned in NanoZoomer 2.0-HT (Hamamatsu Photonics).
The percentage of pixels with moderate to strong staining was quantified
with ImageScope (Aperio Technologies) as previously described (11).
EGFR-positive tumor cells within tumor outlines were counted with a
MATLAB (MathWorks) algorithm.

Statistical Analysis
Group statistics were expressed as mean 6 SE unless specified other-

wise. Patient characteristics were compared between cancer types using
ANOVA and Pearson x2 tests as appropriate. Paired t tests (2-tailed)
were performed for group comparisons between tumor and normal tis-
sues in each cancer type. One-way ANOVA was performed for group
comparisons among trials. Whiskers and outliers of box plots were deter-
mined by the Tukey method. Receiver-operating-characteristic curves
were plotted for distinguishing histologic tumor versus normal tissue
using MFI and EGFR. Sensitivity, specificity, area under the receiver-
operating-characteristic curve, and negative and positive predictive val-
ues were subsequently calculated using these definitions. MFI and
EGFR cutoffs that resulted in the maximal sensitivity and specificity

combined were reported. Biologic variables were included in a stepwise
multivariate linear regression model to identify independent predictors of
local panitumumab-IRDye800 concentration. To exclude the possibility
of false-positive associations, multicollinearity of predictors was assessed
using the variance inflation factor, and predictors with a variance infla-
tion factor of more than 5 were removed from the final model. Signifi-
cance was defined at P values of less than 0.05, 0.01, 0.001, and 0.0001.

RESULTS

Clinical Data
No significant difference was found between trials in demographic

features, weight-adjusted tracer dose, plasma panitumumab-IRDye800
concentration, and imaging window (Table 1). Although tumor size
was similar among trials (P5 0.35), resected tissue size varied signif-
icantly between diffuse HGGs removed in pieces and solid tumors
resected en bloc (16% 6 4% vs. 184% 6 20% of the tumor size,
P 5 0.0002) (Supplemental Fig. 1; supplemental materials are avail-
able at http://jnm.snmjournals.org). No infusion reactions or dose-
limiting toxicity events occurred (Supplemental Table 1).

Intraoperative Tumor Visualization
Intraoperative fluorescence was diffuse in LAC compared with

the strong signal in HGG and HNSCC that allowed distinct separa-
tion of disease tissue from normal areas based on histologic confir-
mation, with notable heterogeneity in HGG (Fig. 2A). Minimal
fluorescence remained in the wound beds of HNSCC and LAC,
whereas fluorescent residual HGG involving eloquent cortex
located beyond contrast-enhancing margin was not removed in the
resection cavity (Supplemental Fig. 2). NIR imaging enhanced
tumor contrast relative to white-light illumination by 5.2-fold (P 5

0.0006), 3.4-fold (P , 0.0001), and 1.4-fold (P 5 0.03) for HGG,
HNSCC, and LAC, respectively, and fluorescence contrast dropped
below 1.0 in the wound beds (Supplemental Fig. 3). Ex vivo tissue
fluorescence contrast correlated with resected tumor size (P 5

0.007) (Supplemental Fig. 4).
The open-field fluorescence imaging had limited sensitivity

and dynamic range over tissue-mimicking phantoms containing

TABLE 1
Patient Characteristics

Characteristic HGG (n 5 5) HNSCC (n 5 23) LAC (n 5 3) Total (n 5 31) P

Age (y) 62 (42–72) 67 (44–82) 71 (67–71) 67 (42–82) 0.41*

Sex, male 2 (40%) 10 (43%) 1 (33%) 13 (42%) 0.94†

Race 0.31†

Asian 1 (20%) 2 (9%) 1 (33%) 4 (13%)

White 4 (80%) 20 (87%) 2 (67%) 26 (84%)

Unknown/not reported 0 (0%) 1 (4%) 0 (0%) 1 (3%)

Tumor size (cm) 5.0 (3.5–6.1) 2.8 (1.0–9.0) 2.3 (1.9–3.5) 3.7 (1.0–9.0) 0.35*

Pan800 dose (mg/kg) 0.8 6 0.3 0.8 6 0.2 0.6 6 0.3 0.7 6 0.2 0.84*

Pan800 DOS plasma concentration (mg/L) 6.9 6 3.5 5.5 6 4.2 3.9 6 3.7 5.5 6 4.0 0.58*

Imaging window (d) 1.8 (0.6–2.9) 1.8 (0.8–3.8) 1.7 (0.9–1.8) 1.8 (0.6–3.8) 0.95*

*One-way AVOVA.
†Pearson x2 test.
Pan800 5 panitumumab-IRDye800; DOS 5 day of surgery.
Qualitative data are number and percentage; continuous data are median and range or mean 6 SD.
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panitumumab-IRDye800, which were readily distinguished from
each other without ambient light (Fig. 2B). Per workflow require-
ments, ambient lighting was always present in the operating room.
Detection sensitivity was improved with higher gain (blue vs. yel-
low circles), at the cost of reduced saturation threshold (pink vs.
red circles). Operating room lights gave false-positive signals, and
images of control phantoms were saturated with overhead lights,
indicating NIR interference from these light sources.

Margin Assessment
Fluorescence intensity peaks on fluorescence images of resected

tumor specimens identified at-risk margin (Fig. 3A). The HGG cell
density decreased beyond the infiltrating edge, and distances from
tissue surface to tumor margin were inversely correlated with fluores-
cence contrast on the specimen surface (Fig. 3B). Positive and close
margins can be captured above the target-to-background value at
5 mm on fitted regression curves with 97% and 78% detection rates
for HNSCC and LAC, respectively, whereas 93% HGG infiltrative
edges with at least 50% tumor cell density were detected.

Intratumoral Fluorescent Antibody Distribution
Microscopic NIR images of tissue blocks and sections exposing

tumor interior confirmed intratumoral distribution and cellular deliv-
ery of panitumumab-IRDye800 (Fig. 4A). Fluorescence heterogeneity
was more pronounced in HGG than in LAC (P 5 0.02), with similar
tumoral fluorescence contrast across cancers (Supplemental Fig. 5).

FIGURE 2. Intraoperative NIR fluorescence imaging enhanced tumor
contrast in vivo. (A) Representative annotated (dashed lines) white-light
photographs and fluorescence images of exposed tumors (dotted out-
lines) and wound beds (solid outlines) in surgical field. Arrows 5 positive
NIR fluorescence signal; arrowhead 5 residual tumor; histogram (of NIR
grayscale images) x-axis 5 pixel fluorescence intensity (range, 0–255);
y-axis 5 pixel count (range, 0–5,000); scale bars 5 1 cm. (B) NIR fluores-
cence images of tissue-mimicking phantoms containing serial dilutions of
panitumumab-IRDye800 (0–10 mg/mL) acquired in either open-field
imager under 3 lighting conditions with various gain settings or closed-
field device. Scale bars5 1 cm.

FIGURE 3. Macroscopic closed-field NIR imaging identified at-risk mar-
gins in resected tissue. (A) Representative intraoperative photographs and
fluorescence images of resected tissue specimens. 1–4 5 fluorescence
intensity peaks; scale bar 5 2 cm; dashed lines and asterisks (red and
blue) 5 orientation in which histology (hematoxylin and eosin) slides with
infiltrative (dotted outlines) and solid (solid outlines) tumors were sec-
tioned; scale bar 5 1 cm. (B) Fluorescence target-to-background ratio
(TBR) correlated with tumor cell percentage (HGG) and margin size
(HNSCC and LAC). FN 5 false-negative; FP 5 false-positive; T 5 tumors;
TN5 true-negative; TP5 true-positive.
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Fluorescence in tissue sections can effectively distinguish tumor from
normal tissue (area under the receiver-operating-characteristic curve:
HNSCC . LAC . HGG 5 0.85; Supplemental Fig. 6). Differences
in tumor fluorescence converged from 244-fold to 21-fold (Supple-
mental Fig. 7) as variance in tissue thickness reduced from centi-
meters in fresh tissue to less than 1 mm in tissue sections, whereas
their fluorescence intensity measurements by 2 closed-field devices
were correlated (Supplemental Fig. 8).
Panitumumab-IRDye800 concentrations (inferred from fluores-

cence; Supplemental Fig. 9) were higher inside tumoral outlines
than in healthy adjacent tissue of HGG (3.9 vs. 1.6 ng/mg, P ,
0.0001), HNSCC (8.1 vs. 3.9 ng/mg, P , 0.0001), and LAC (6.3
vs. 4.5 ng/mg, P 5 0.0006) (Fig. 4B). Further delineation into
finer histologic structures revealed greater probe distribution in
microscopic LAC tumor nodules relative to macroscopic tumoral
area, indicating substantial presence of stroma with low antibody
delivery inside LAC. Likely because of its EGFR expression,
head-and-neck mucus exhibited distinctly high probe uptake
among nontumoral areas, including normal tissue (muscle, lung,
and brain), lymph node, stroma, fat, and necrosis.

Biomarker Expression and Tumor Cell Density
EGFR expression was heterogeneous (Fig. 5A), with greater

fidelity for tumor presence in HNSCC and HGG than LAC (areas
under the receiver-operating-characteristic curve, 0.96 and 0.94 vs.
0.82) (Supplemental Fig. 10). Nonspecific delivery to peritumoral

EGFR-negative regions, however, was ob-
served in head-and-neck as well as lung tis-
sue (Figs. 4A and 5A). Higher total tumoral
EGFR expression translated to greater pani-
tumumab-IRDye800 concentration in tumors,
with the notable exception of HGG (Figs. 4B
and 5A), indicating a delivery barrier as con-
firmed by immunohistochemistry assessment
of BBB integrity via the tight junction
protein Claudin-5 (Supplemental Fig. 11).
EGFR-positive HGG cells were diffuse,
whereas focal clusters of HNSCC and LAC
were dispersed among EGFR-negative stroma
and fibroblast tissue (Fig. 5B).
The interplay of cellular expression, tumor

cell density, and distribution pattern led to
the scale-dependent nature of EGFR expres-
sion. Cellular EGFR level was particularly
high in HGG (80% vs. 64% in HNSCC and
60% in LAC, P5 0.0005 and 0.001, respec-
tively) but similar between HNSCC and
LAC (P 5 0.8). EGFR-positive tumor cells
(Fig. 5C) were dense in HGG (3,000 6
450 cells/mm2) and HNSCC (2,100 6 180
cells/mm2) but sporadic in LAC (1,300 6
100 cells/mm2), with fewer than 10 cells
occupying over 50% of tumor areas (Supple-
mental Fig. 12). EGFR immunoreactivity
thus varied with magnification powers and
specific intratumoral locations examined
(Supplemental Fig. 13).

Multivariate Analysis
In stepwise multiple linear regression

analysis (insignificant independent variables
removed one by one) controlled for other

significant covariates such as tissue thickness, 4 biologic factors
(Table 2, including tumor cell density (P 5 0.015), cellular EGFR
expression (P 5 0.002), panitumumab-IRDye800 plasma concentra-
tion (P , 0.0001), and absence of delivery barrier (P , 0.0001),
were independently associated (variance inflation factor 5 1.08,
1.15, 1.16, and 1.08, respectively) with local intratumoral panitumu-
mab-IRDye800 concentration (goodness of fit, 0.62; Fig. 6).

DISCUSSION

In a receptor-ligand–based fluorescence imaging framework
encompassing 3 cancers, we identified various factors that contributed
to how biomarker expression translated to clinically relevant tumor
imaging outcomes in terms of tumor contrast enhancement, at-risk
margin detection, and fluorescent antibody distribution. Although cel-
lular EGFR expression, tumor cell density, plasma antibody concen-
tration, and delivery barrier may predict fluorescent antibody
distribution in tissue, operating room lighting, imaging device settings,
and tumor size and depth can substantially alter the intraoperative
fluorescent tumor contrast at specific locations on the tissue surface of
each particular patient. The interplay of these intrinsic and extrinsic
attributes determined the differential translation of cellular biomarker
expression to antibody uptake in tissue and ultimately the disparity in
macroscopic fluorescent tumor contrast, with respective implications
for projecting therapeutic antibody delivery and implementing surgi-
cal fluorescence imaging.

FIGURE 4. Intratumoral distribution and cellular delivery of fluorescent antibody. (A) Bright-field
photographs (scale bars 5 5 mm; dotted outlines 5 tumor) and fluorescence images (scale bars 5

50 mm) of fixed tissue blocks and sections. (B) Macroscopic and microscopic distribution of panitu-
mumab-IRDye800 in histologic tissue types. Ab5 antibody. ***P, 0.001. ****P, 0.0001.
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Physical imaging conditions and biologic tissue properties were
isolated through the imaging-and-analysis pipeline. In particular, ex
vivo closed-field fluorescence imaging eliminated ambient light and
standardized acquisition settings that affected intraoperative open-
field images. Similarly, in 4-mm-thick tumor cross sections, overly-
ing normal tissue of resected whole-tissue specimens was removed
and variable thickness of tumor tissue along the imaging path was
equalized. In these optically transparent thin tissue sections, differ-
ence in light-scattering properties among tumor types was negligi-
ble to allow accurate quantification of fluorescence-based antibody

distribution and antigen expression at micro-
scopic resolution, revealing delivery barrier
and tumor cell density as molecular and cel-
lular underpinnings of their corresponding
macroscopic characteristics.
To accommodate the wide range of inter-

patient fluorescence signal, minimal ambient
light and the lowest imaging gain allowing
tumor detection via fluorescence are recom-
mended to maximize tumor-specific visual
contrast in open-field intraoperative imaging,
extending findings from previous phantom
studies (12,13). Although only a few fluores-
cence peaks were sampled for pathologic
assessment of head-and-neck cancer in
previous studies (10,14), tissue surface fluo-
rescent contrast was comprehensively char-
acterized against margin distance in our
study to identify tumor-to-background ratio
cutoffs for detecting positive and close re-
section margins across 3 malignancies. In
addition, rather than quantifying drug con-
centrations from tissue homogenate (15),
we mapped antibody distribution to micro-
scopic anatomic structures with high reso-
lution (21 mm) and ultra sensitivity (2 pg of
tissue) via fluorescence from intact tumor
sections, preserving tissue integrity for down-
stream immunohistochemistry assays.
Our EGFR immunohistochemistry results

revealed the scale-dependent and multifacto-
rial nature of biomarker expression, reflect-
ing its intrinsic intratumoral and interpatient
heterogeneity across cancers. The Human
Protein Atlas comparing EGFR expression
among 20 cancer types reported moderate

to strong immunoreactivity in 75% of patients with malignant gli-
oma or head-and-neck cancer, followed by 64% of lung cancer
patients (16). In the current study, total tumoral EGFR expression
correlated with intratumoral antibody concentration, fluorescence,
and tumor contrast, except for HGG, which had the highest total
EGFR expression (89%, followed by HNSCC at 62% and LAC at
41%) yet received less than half the panitumumab-IRDye800 deliv-
ery observed in HNSCC (3.9 vs. 8.1 ng/mg), suggesting a delivery
barrier, which was confirmed by immunohistochemical staining of
tight junction protein.

FIGURE 5. Heterogeneous EGFR expression in tumor. Tumor areas (scale bar 5 5 mm; dotted
outlines) on tissue sections of histologic (hematoxylin and eosin) and EGFR immunohistochemical
stainings with total (A) and cellular (B) EGFR expression (scale bar 5 50 mm; solid outlines). (C)
EGFR-positive tumor cells (black 5 HGG; red 5 HNSCC; blue 5 LAC; scale bars 5 200 mm) within
tumor areas. Insets show distribution of EGFR-positive tumor cells on whole-tissue sections. Scale
bar 5 2 mm for HGG and 2 cm for HNSCC and LAC; arrowheads 5 location of high-magnification
microscopic views. **P, 0.01. ***P, 0.001. ****P, 0.0001.

TABLE 2
Results of Multivariate Linear Regression Analysis

Variable b P

Tumor cell density 0.001447 (0.0002783, 0.002616) 0.0154

Cellular EGFR expression (%) 0.02561 (0.009501, 0.04171) 0.0019

Pan800 plasma concentration 4.498 (4.01, 4.986) ,0.0001

Delivery barrier (no) 2.119 (1.376, 2.861) ,0.0001

b 5 regression coefficient; Pan800 5 panitumumab-IRDye800.
Data in parentheses are 95% CIs.
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The preferential intratumoral BBB breakdown by HGG promoted
the tumor specificity of antibody distribution beyond that of the
molecular target itself, despite introducing greater heterogeneity in
fluorescence. Reduced tight junction protein expression around blood
vessels indicated compromised BBB integrity in viable glioma tissue.
Accordingly, specific cellular fluorescence confirmed panitumumab-
IRDye800 delivery across leaky blood–tumor barrier, whereas intact
BBB in normal brain tissue ensured minimal antibody delivery
despite substantial EGFR expression, resulting in improved fluores-
cent tumor contrast consistent with prior preclinical (17) and clinical
(2,18,19) evidence that even modest EGFR expression was sufficient
for HGG detection with panitumumab-IRDye800.
In these early-phase clinical studies designed for safety and feasi-

bility assessment, representation of certain populations was lacking
and fluorescence was not used for intraoperative decision making per
institutional review board protocols, whereas its tumor specificity
warrants further efficacy studies in later-stage trials. Intraoperative
wound bed imaging was more valuable for piecewise glioma resec-
tion (2,20) than solid tumor removed en bloc with a negative margin.
Because of the dose-dependent nature of the panitumumab-IRDye800
half-life (14.5–24.8 h in the dose range of 0.06–1.5 mg/kg (21)),
body weight and imaging window can influence the antibody plasma
concentration and contribute to the variance in fluorescence. There-
fore, antibody concentration in individual tissue types was normalized
by corresponding day-of-surgery plasma concentration. Moreover,
fluorescence signal was normalized by autofluorescence to mitigate
variability in tissue section thickness (,2% (22)) and corrected for
overestimation of antibody concentration (12.9%) due to shrinkage
from tissue processing (11.4% (23)). Variable dye-to-protein ratios
across production batches, photo bleaching, and metabolic rates can
introduce noise and bias in methods using fluorescence as a surrogate
for antibody presence. Thus, our fluorescence-based results are yet
to be validated and calibrated by direct antibody quantification

techniques such as mass spectrometry. Additional tissue properties,
including collagen, stromal markers, and immune markers in the
tumor microenvironment may also account for differential fluores-
cence intensity, which can be investigated in future studies.

CONCLUSION

Cellular EGFR expression, tumor cell density, plasma antibody
concentration, and delivery barrier determined the fluorescent anti-
body distribution in tissue, which differentially translated to macro-
scopic tumor contrast depending on tumor size, tumor depth, and
intraoperative imaging conditions in HGG, HNSCC, and LAC
patients infused with an NIR-labeled EGFR antibody. Potential clin-
ical uses of molecule-targeted fluorescence imaging include intrao-
perative real-time tumor visualization, pathologic margin detection,
and antibody distribution projection, with implications for oncologi-
cally sound resections, informed decision making on therapy, and
regulatory approval of new imaging probes that have the potential
to transform standard-of-care practice and patient care.
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KEY POINTS

QUESTION: What physical imaging conditions and biologic tissue
properties contributed to the differential translation of biomarker
expression to clinical imaging outcomes in fluorescence-guided
surgery?

PERTINENT FINDINGS: In brain, head-and-neck, and lung
cancer patients, cellular EGFR expression, tumor cell density,
plasma antibody concentration, and delivery barrier predicted
the heterogeneous intratumoral antibody distribution, whereas
open-field imaging device settings, lighting conditions, and
tumor size and depth substantially influenced the macroscopic
fluorescence contrast.

IMPLICATIONS FOR PATIENT CARE: By bridging the gap
between molecular characteristics and imaging outcome,
appropriate qualities of tumor biology and acquisition settings for
optimal clinical implementation of targeted fluorescence imaging
may facilitate assessment and adoption of emerging theranostic
imaging probes.
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