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Esophageal adenocarcinoma causes 6% of cancer-related deaths
worldwide. Near-infrared fluorescence molecular endoscopy (NIR-FME)
uses a tracer that targets overexpressed proteins. In this study, we
aimed to investigate the feasibility of an epidermal growth factor
receptor (EGFR)-targeted tracer, cetuximab-800CW, to improve
detection of early-stage esophageal adenocarcinoma. Methods: We
validated EGFR expression in 73 esophageal tissue sections. Subse-
quently, we topically administered cetuximab-800CW and performed
high-definition white-light endoscopy (HD-WLE), narrow-band imag-
ing, and NIR-FME in 15 patients with Barrett esophagus (BE). Intrinsic
fluorescence values were quantified using multidiameter single-fiber
reflectance and single-fiber fluorescence spectroscopy. Back-table
imaging, histopathologic examination, and EGFR immunohistochem-
istry on biopsy samples collected during NIR-FME procedures were
performed and compared with in vivo imaging results. Results:
Immunohistochemical preanalysis showed high EGFR expression
in 67% of dysplastic tissue sections. NIR-FME visualized all 12
HD-WLE-visible lesions and 5 HD-WLE-invisible dysplastic lesions,
with increased fluorescence signal in visible dysplastic BE lesions com-
pared with nondysplastic BE as shown by multidiameter single-fiber
reflectance/single-fiber fluorescence, reflecting a target-to-background
ratio of 1.5. Invisible dysplastic lesions also showed increased fluores-
cence, with a target-to-background ratio of 1.67. Immunohistochemis-
try analysis showed EGFR overexpression in 16 of 17 (94%) dysplastic
BE lesions, which all showed fluorescence signal. Conclusion: This
study has shown that NIR-FME using cetuximab-800CW can improve
detection of dysplastic lesions missed by HD-WLE and narrow-band
imaging.
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NIR-FME DETECTION OF ESOPHAGEAL NEOPLASIA  *

Esophageal cancer is responsible for approximately 6% of
cancer-related deaths worldwide, with studies predicting a rise in
the incidence of esophageal adenocarcinoma (EAC) (7). Late-
stage detection leads to a 5-y survival rate of 15%-20% (2).

Surveillance of Barrett esophagus (BE) is performed by high-
definition white-light endoscopy (HD-WLE) and narrow-band
imaging (NBI) combined with random biopsies following the
Seattle protocol to detect early EAC lesions (3). A study perform-
ing a follow-up endoscopy procedure 1y after the primary endo-
scopy detected 24% more EAC lesions (4). This finding indicates
a high miss-rate by HD-WLE and NBI in combination with ran-
dom biopsies during endoscopic surveillance (4,5).

In the quest to improve detection of early-stage EAC, near-infrared
fluorescence molecular endoscopy (NIR-FME) has recently shown
potential to perform better than the current endoscopic standard
(6). A phase I trial conducted here at the University Medical Center
Groningen used the tracer bevacizumab-800CW, targeting vascular
endothelial growth factor A, and showed an approximately 33%
improvement in early lesion detection compared with conventional
HD-WLE and NBI (7).

NIR-FME can provide additional guidance in histopathologic
assessment and has been shown to reduce sampling error (§,9).
This technique in combination with the tracer cetuximab-800CW, tar-
geting epidermal growth factor receptor (EGFR), has been described
to provide additional real-time information assisting intraoperative
decision making aiding tumor delineation (/0). Recently, multiplexed
imaging was successfully introduced in which 2 fluorescently labeled
tracers targeting EGFR and human EGFR 2 were evaluated for detec-
tion of EAC (/1).

We validated EGFR expression in BE lesions and aimed to
investigate the feasibility of NIR-FME with cetuximab-800CW,
an EGFR-targeted tracer, compared with HD-WLE and NBI, to
improve detection of early-stage EAC in BE patients.

MATERIALS AND METHODS

This phase I feasibility study with cetuximab-800CW is embedded
in an ongoing intervention study performed at the University Medical
Center Groningen (NCT03877601). All included patients are priorly
diagnosed with low-grade dysplasia (LGD), high-grade dysplasia (HGD),
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fluorescence was previously described (/4,15).
Both NIR-FME and multidiameter single-fiber
reflectance/single-fiber fluorescence were per-
formed through the working channel of a stan-
dard endoscope.

Ex vivo validation

Procedure

HD-WLE and NBI were performed for
general evaluation of the BE segment and
suspected lesions. Acetyl cysteine, 0.1%,
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FIGURE 1.
manufacturing practice.

or early-stage EAC at a regional hospital and referred to the University
Medical Center Groningen, which is the BE expert center for the north-
ern Netherlands. Included patients underwent HD-WLE combined with
an NIR-FME procedure using topical administration of cetuximab-
800CW (12).

Inclusion and Exclusion Criteria

For the immunohistochemistry preanalysis, we have included
esophageal endoscopic mucosal resection specimens of 25 patients.
Following all preanalysis study procedures, we selected and included
15 patients eligible for cetuximab-800CW administration. These pa-
tients were priorly diagnosed with LGD, HGD, or early-stage EAC and
scheduled for an endoscopic procedure. Patients received both oral and
written information on study procedures and the tracer. Patients less
than 18 y old, allergic to immunoglobulins, pregnant, or breastfeeding
were excluded. Additionally, patients who received prior cetuximab
treatment, radiation therapy, chemotherapy, immunotherapy, or sur-
gery for esophageal cancer were excluded. All patients interested in
participating in either the ex vivo preanalysis or the in vivo procedure
with administration of cetuximab-800CW before endoscopy had to
give written informed consent within 2 wk but not earlier than 48 h
after receiving information. The design of the current study is shown
in Figure 1.

Ex Vivo Preanalysis EGFR Expression

Ex vivo preanalysis was performed by 2 independent researchers to
investigate EGFR expression. Endoscopic mucosal resection speci-
mens were formalin-fixed for 24 h, and specimens were histologically
sectioned into 4-pum tissue slices (n = 73), which were then stained for
hematoxylin and eosin, P53, and EGFR. The slices were scanned by a
Hamamatsu NanoZoomer (Hamamatsu Photonics) and viewed with
NDP.view2 (Hamamatsu Photonics). H-scores were independently cal-
culated in a masked manner by the 2 researchers to quantify EGFR stain-
ing intensity.

Synthesis of Cetuximab-800CW

Production of cetuximab-800CW (peak excitation/emission at
778/795 nm) was performed in the cleanroom facility of the Clinical
Pharmacy and Pharmacology Department of the University Medical Cen-
ter Groningen (/2).

Fluorescence Molecular Endoscopy Combined with
Spectroscopy

Real-time in vivo NIR-FME with cetuximab-800CW was achieved by
coupling a fiberscope (Scholly Fiberoptic GmbH) to the SurgVision
Explorer Endoscope (SurgVision BV), which is based on a system previ-
ously developed by our group (13).

Multidiameter single-fiber reflectance and single-fiber fluorescence
spectroscopy, developed by the University Medical Center Rotterdam,
Erasmus MC, was used as a reference for the NIR-FME measurements
(14,15). The process leading to quantification of tracer’s intrinsic

804

Overview of study design. EMR = endoscopic mucosal resection; GMP = good

was used to reduce mucus during the proce-
dure. After a 5-min incubation of the topi-
cally administered cetuximab-800CW, the
esophagus was rinsed with water to remove
abundant, unbound tracer. We administered 1 mL of a 0.1 mg/mL
concentration of cetuximab-800CW per 1 cm of BE segment. NIR-
FME was performed to examine the esophagus and investigate
whether all HD-WLE suspected lesions could be detected and
whether additional lesions, missed by HD-WLE/NBI, could be iden-
tified. We calculated the target-to-background ratio (TBR): the
ratio between the mean NIR-FME image pixel intensities from
the region of interest (ROI) (e.g., lesion of fluorescence foci) and the
nondysplastic BE (NDBE), determined as the background. The mean
value of each ROI was calculated for those pixels within the upper
70% of the corresponding histogram.
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FIGURE 2. (A) Immunohistochemistry results of EGFR staining (brown,

top) and hematoxylin and eosin staining (purple, bottom), with pathologic
delineation of EAC and NDBE. Left images are at low magnification (x5),
and right images are at high magnification (X20). (B) Histopathologic tis-
sue slices at high magnification (xX40), with high staining of EAC on left
and no staining of EAC on right, showing variable EGFR expression.
(C) Mean and SD for H-scoring by 2 independent researchers. (D) Scoring
consistency between 2 independent researchers as determined with Pear-
son correlation coefficient. HE = hematoxylin and eosin.
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TABLE 1

Patient Characteristics (n = 15)
Histology

Characteristic NDBE LGD HGD EAC Data
Male (n) 1 (100%) 2 (100%) 5 (100%) 5 (71.4%) 13 (86.7%)
Mean age (y) 74.5 67.0 64.0 64.2 66
Mean body mass index 28.00 27.10 27.05 27.46 27.43
Lesions identified by referring endoscopist 0 0 1 8 9 (7 patients)
Lesions identified with HD-WLE at BE expert center 0 0 3 9 12 (9 patients)
Additional NIR-FME lesions 0 2 3 0 5 (5 patients)

Five invisible HD-WLE dysplastic lesions were detected using FME.

To assess the quality of the data acquired with the NIR-FME sys-
tem, we calculated the signal-to—background-noise ratio in decibel
scale and the contrast-to-noise ratio for every frame containing visible
or invisible lesions (/6). The reliability of the data was then assessed
through the Rose criterion for contrast-to-noise ratio and the 95% con-
fidence level of a measurement for the signal-to—background-noise
ratio, which requires a contrast-to-noise ratio of more than 3 and a
signal-to—background-noise ratio of more than 6 dB for a lesion to be
distinguishable from the background (/7).

Subsequently, HD-WLE—guided spectroscopy was performed to
measure the intrinsic fluorescence of cetuximab-800CW from the
NIR-FME-identified suspected or invisible lesions. All measurements
were done in triplicate, and mean values were used to quantify
cetuximab-800CW fluorescence, serving as control measurements for
validation of NIR-FME findings (/8).

researchers. H-scores, TBRs, and in vivo and ex vivo spectroscopy
data were analyzed by 1-way ANOVA. P values of less than 0.05 were
considered statistically significant. All data are displayed as mean = SD.

Ethical Considerations
This study was approved by the Medical Ethics Committee at the
University Medical Center Groningen (METc number 2018/701).

RESULTS

Ex Vivo EGFR Expression Analysis

In total, 73 formalin-fixed and paraffin-embedded tissue slices were
analyzed for EGFR expression levels and histopathology. Two pathol-
ogists selected areas containing NDBE, LGD, HGD, and EAC.
H-score quantification showed that membranous staining for most of

Ex Vivo Analysis

Tissue biopsy samples were collected from A
unsuspected BE tissue, lesions, and invisible
lesions during in vivo NIR-FME procedures.
They were then formalin-fixed and paraffin-
embedded. From these specimens, 10-pwm tis-
sue sections were deparaffinized and imaged
with an Odyssey CLx flatbed scanner (LI-COR
Biosciences), whereas 4-pm-thick sections
were stained with hematoxylin and eosin and
P53 and subsequently histopathologically ana-
lyzed by 2 pathologists. Immunohistochemistry
on EGFR staining was performed on additional
4-um tissue sections, after which they were
scanned by a NanoZoomer (Hamamatsu Pho-
tonics) and digitally analyzed using NDP.view2.
H-scores were calculated to quantify the stain-
ing intensity of EGFR by 2 researchers. A
total of 32 formalin-fixed tissue sections
stained with EGFR were analyzed.
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mented using Prism (version 8.4.2, GraphPad
Software Inc.). Normality tests were per-
formed on all data. Descriptive statistics were
performed to calculate the mean and SD of
the H-scores, and Pearson correlation was
used to assess the interobserver agreement
of manual H-scoring by the 2 independent

FIGURE 3.

NIR-FME DETECTION OF ESOPHAGEAL NEOPLASIA  *

(A) Different lesion and tissue types visualized with different imaging techniques. From
top to bottom are shown HD-WLE images, corresponding frames acquired with NIR-FME system in
fluorescence channel, overlay of color and fluorescence data acquired with NIR-FME, and ex vivo
fluorescence images acquired with Odyssey CLx flatbed scanner. Fluorescence images were line-
arly normalized to common global maximum (1) and minimum (0) values to enable visual comparison
of signal strength between different lesion types. (B and C) Calculated TBRs combined and in every
single patient separately, respectively.
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TABLE 2
Metrics with Corresponding Formulas and Reference
Values for Image Quality Assessment

Metric Formula Reference value
SNR 20-log10 % 6 dB
CNR N 1

SNR = signal-to-background noise ratio; S = mean intensity
signal; RMSN = root mean square noise calculated as SD from
background area; CNR = contrast-to-noise ratio; N = noise
calculated as mean background signal.

the dysplastic BE tissue (LGD, HGD, and EAC) were scored interme-
diate or high (n = 49, 67%) (Fig. 2). However, 24 dysplastic BE tis-
sue areas were scored negatively or low (33%). Subsequently, the
H-score for EGFR of NDBE tissue was negative or low in 33 tissue
areas (89%). The calculated mean H-score for NDBE was
57 = 38 and significantly lower than LGD (127 + 58, P < 0.0001),
HGD (130 =60, P < 0.0001), and EAC (126 = 73, P < 0.0001).
The fraction of variance between the 2 researchers was calculated
with the Pearson correlation coefficient (» = 0.9056) (Fig. 2).

Patient Characteristics

Fifteen patients, 2 of whom were female and 13 male, were in-
cluded in the trial. All included patients received cetuximab-800CW
during the procedure, and none of the patients experienced any serious
adverse events. The patient characteristics are shown in Table 1.

NIR-FME

All 9 lesions detected by the referring endoscopist at the regional
hospitals were detected by our BE expert endoscopist. Furthermore,
our BE expert endoscopist additionally detected 3 flat lesions by
HD-WLE that were not described by the referring endoscopist. All 12
HD-WLE-visible lesions were visualized by the NIR-FME camera,
showing increased fluorescence intensity.

In 5 patients, NIR-FME detected areas that did not show mor-
phologic changes suggestive of dysplasia by HD-WLE or NBI.
These areas showed dysplasia on histology and thus counted as
invisible lesions by standard imaging technology (Fig. 4).

In Vivo Multidiameter Single-Fiber Reflectance/Single-Fiber
Fluorescence Spectroscopy

Multidiameter single-fiber reflectance/single-fiber fluorescence
spectroscopy measurements were performed to quantify the intrinsic
fluorescence values of the tracer in vivo by correcting for optical
properties of the tissue. Measurements of NDBE were completed for
all patients, with the tracer showing a mean intrinsic fluorescence of
0.012 = 0.003 Q- pug_x. The mean value for visible lesions (n = 10)
was calculated from 30 measurements and was higher, at 0.018 =
0.004 Q- pug‘x, than for NDBE (P = 0.0014), with a spectroscopy
TBR of 1.5. These findings are comparable to the in vivo analysis of
the raw fluorescence images. In vivo spectroscopy measurements
were not feasible for 2 lesions. In one, it was impossible to perform
reliable measurements because the spectroscopy fiber was angled
toward the lesion. In the other, the spectroscopy measurements failed
because we had unstable contact between the lesion and the fiber.
Invisible lesions (» = 5) showed a higher mean of 0.020 = 0.005
Q- ul, than did NDBE (P = 0.0003). This results in a calculated
spectroscopy TBR of 1.67, confirming the data from the in vivo raw
fluorescence image analysis of HD-WLE—invisible lesions. In vivo
spectroscopy results are shown in Figure 5.

Ex Vivo EGFR Expression

All 17 dysplastic esophageal lesions showed a moderate to
strong ex vivo fluorescence signal. LGD was found in 2 tissue
slices, HGD in 6 tissue slices, and EAC in 9 tissue slices. NDBE
was found in 15 tissue slices collected from endoscopically unsus-
pected BE tissue. Examples of EGFR expression levels in the sam-
ples are shown in Figure 6. H-score quantification showed that in
94% of dysplastic BE tissue (LGD, HGD, and EAC) collected
from visible and invisible lesions, epithelial EGFR staining was
scored intermediate or high. NDBE tissue showed an ex vivo negative

Histopathologic assessment by a BE expert
pathologist showed dysplasia in all visible
and invisible lesions. We observed a clear ex
vivo fluorescence signal on the epithelial side
of all biopsy samples in dysplastic lesions.
The TBRs of the complete delineated visi-
ble lesions were a mean of 1.3 0.2 (P <
0.0001), whereas the invisible lesions pre-
sented a higher mean TBR of 1.6 = 0.2 (P <
0.0001). We could not detect a lesion using
either HD-WLE or the NIR-FME system in 1
patient referred with LGD, and additional ran-
dom biopsies according to the Seattle protocol
did not detect dysplasia either. The distribu-
tion of mean TBRs per tissue and per pa-
tient is shown in Figure 3. Data quality
assessment showed an average signal-to—
background-noise ratio of 21.79 = 1.65dB

Patient 2

w
=
w
o
o

(]

i}
4]

' x
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TBR=1.73 TBR =1.85 TBR =1.31 TBR =1.40

%

and an average contrast-to-noise ratio of
4.54 = 1.57, both being above the corre-
sponding critical values for discrimination
between lesion and background, as defined
in Table 2.
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FIGURE 4. HD-WLE-invisible dysplastic lesions detected by NIR-FME. From top to bottom are
shown HD-WLE images, corresponding NIR-FME fluorescence images of HD-WLE-invisible lesions,
and overlay of NIR-FME color and fluorescence data from 5 different patients. All fluorescence
images were normalized with regard to their individual maximum (1) and minimum (0) values to
enable visual assessment of fluorescence localization.
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FIGURE 5. In vivo spectroscopy results. (Left) In vivo spectroscopy differences between be EGFR-positive. Quantified NIR-FME im-

HD-WLE-visible lesions, HD-WLE-invisible lesions, and NDBE. (Right) In vivo spectroscopy fluores-
cence values for NDBE, HD-WLE-visible lesions, and HD-WLE-invisible lesions within each patient.

fluorescence signal and lower EGFR expression H-score results than
HGD and EAC tissue.

DISCUSSION

Early detection of dysplastic BE and early-stage EAC can prevent
progression toward locally advanced EAC and thereby improve mor-
bidity and mortality rates significantly. In the current study, we investi-
gated EGFR expression in dysplastic BE and early-stage EAC tissue.
Furthermore, we tested the safety and feasibility of cetuximab-800CW
in vivo to improve malignant and premalignant esophageal lesion
detection with NIR-FME in BE. Our immunohistochemistry preanaly-
sis showed intermediate to high EGFR expression within 67% of the
dysplastic areas. NIR-FME with cetuximab-800CW detected all visi-
ble dysplastic lesions and additionally revealed 5 dysplastic lesions
missed using HD-WLE/NBIL. The specificity of the results was con-
firmed by 2 independent BE expert pathologists, and 16 of the 17 dys-
plastic lesions (94%) showed intermediate or high EGFR expression
levels. This finding signifies the ability of cetuximab-800CW to visu-
alize dysplastic areas in BE even if morphologic abnormalities cannot
be detected by HD-WLE/NBI.

Results from our previous in vivo feasibility study with the tracer
bevacizumab-800CW showed that NIR-FME could improve early
lesion detection significantly (7). Another published phase I proof-of-
concept study demonstrated the feasibility of using an EGFR-targeted
tracer in combination with a tracer targeting human EGFR 2 for the

proves early lesion detection by 29% over the
current clinical standard using HD-WLE/NBI
endoscopy. We quantified EGFR expression
in an extensive preanalysis in esophageal endoscopic mucosal resection
specimens and subsequently in all esophageal biopsy samples taken
during the NIR-FME procedure. Moreover, we confirmed our in vivo
NIR-FME findings with unbiased spectroscopy measurements.

Our ex vivo analysis regarding the biopsies showed relatively
high EGFR expression within dysplastic esophageal tissue. One
reason for these higher EGFR expression levels than reported in
the literature might be our relatively small patient sample size
from the phase 1 trial in which we analyzed EGFR expression. All
17 NIR-FME-identified lesions, HD-WLE-visible and HD-WLE~
invisible, showed in vivo fluorescence after incubation with
cetuximab-800CW, suggesting that when lesions are EGFR-
positive, they can be detected by cetuximab-800CW. However, 1
lesion did not show clear EGFR expression in the ex vivo analysis,
possibly because of sampling error during biopsy.

Fluorescence molecular imaging can be further developed and
improved by addressing several study limitations. We included solely
referred BE patients with a suspected lesion. Consequently, our cohort
consisted mainly of patients with EAC, resulting in a distorted repre-
sentation of the overall BE population. Research has shown that
endoscopists at regional, non-BE expert, centers detect significantly
fewer EAC lesions than endoscopists at a BE expert center (20).
Therefore, we most likely detected more suspected lesions using HD-
WLE than did referring centers, potentially indicating that this novel
red flag imaging technique is of even greater value for regional,
non-BE expert, centers. It would be of great interest to include
non—BE experts in a follow-up study to eval-

uate the impact of this technique. We manu-

A EAC HGD LGD NDBE B 400- P=0.0138 ally calculated the TBRs from in vivo images
P=0.0232 by comparing the fluorescence signal of the
o . . .
o 300 P region for the area of interest with the unspe-
2 e . . .
w y @ cific fluorescence signal of a region for NDBE.
[=] .
SEerm S0 o il o $ 200 A reason for these relatively low TBRs could
high = be the heterogeneous distribution of the topi-
g 100 cally administered tracer. Another limitation is
@ . .
2 that we could not visualize the tracer on a
E : : . | microscopic level. The obtained biopsy sam-
= low O EAC HGD LGD NDBE ples were directly formalin-fixed after the
n=8 =6 ng2: as1s endoscopic procedure. Our previous study

with bevacizumab-800CW demonstrated that

FIGURE 6. EGFR expression and ex vivo fluorescence in different tissue types. (A) Tissue slices

with EGFR staining (top) and corresponding deparaffinized tissue slices scanned with Odyssey CLx
flatbed scanner, showing fluorescence at luminal side of tissue where tracer was sprayed (bottom).

(B) Calculated H-score of EGFR staining.

NIR-FME DETECTION OF ESOPHAGEAL NEOPLASIA  *

the tracer is almost entirely washed away dur-
ing paraffin embedding, resulting in a loss of
fluorescence signal (13). However, in the best

Gabriéls et al. 807



possible manner, ex vivo images made with the Odyssey CLx fluores-
cence flatbed scanner showed a clear signal only on the luminal side of
the tissue. Finally, we could not take real-time spectroscopy measure-
ments. All measurements were calculated and analyzed after completion
of all study procedures. Since we needed the endoscopic working chan-
nel for both the fluorescence molecular endoscope and the spectroscopy
fibers, we could not measure the intrinsic fluorescence and search for the
most intensely fluorescent spot simultaneously. This limitation might
explain why the measured fluorescence signal was not higher in the
lesion than in the background in one of the included patients.

Over the last few years, several new imaging techniques have
been developed to improve early EAC lesion detection in BE
patients. Among them are computer-aided diagnosis algorithms (21),
which might be used as a second assessor. Computer-aided diagnosis
already performs better at EAC detection than general endoscopists
with HD-WLE images alone, showing a sensitivity of 93% versus
72% and a specificity of 83% versus 74% (22). We envision that
HD-WLE and FME assisted by computer-aided diagnosis can further
improve detection of early EAC lesions, with the aim of making the
Seattle protocol redundant and improving patient outcome.

CONCLUSION

We validated that EGFR is overexpressed in malignant and prema-
lignant esophageal tissue. We demonstrated in vivo that this novel red
flag imaging technique in combination with cetuximab-800CW has
potential to improve early lesion detection in BE patients. We expect
that a dual-channel spectral imaging study using an EGFR-targeted
tracer in combination with a vascular endothelial growth factor A—tar-
geted tracer can further improve detection of early malignant and pre-
malignant lesions in these patients.
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KEY POINTS

QUESTION: Does NIR-FME in combination with cetuximab-800CW,
an EGFR-targeted tracer, improve detection of early-stage EAC.

PERTINENT FINDINGS: This study adds an extensive ex vivo
validation of EGFR expression in dysplastic and nondysplastic
esophageal tissue to gain insight into the variability of this expression.
In vivo, we additionally detected 5 HD-WLE-invisible lesions, further
quantified in vivo fluorescence results with spectroscopy, and
validated these results ex vivo with EGFR expression levels.

IMPLICATIONS FOR PATIENT CARE: Dual-channel spectral
NIR-FME including an EGFR-targeted tracer will further improve
detection of malignant and premalignant lesions in the esophagus.
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