intraoperatively by frozen-section pathologic evaluation, but this ap-
proach is time-consuming and costly and poses a high risk of sam-
pling error (/7).

Despite nCRT, TME surgery, and frozen-section analysis, a
tumor-positive CRM, de ned as the presence of tumor less than
or equal to 1 mm from the CRM, is detected in up to 18.6% of
primary LARC surgeries on nal histopathology (7 9). Peri-
operative resection margin evaluation using optical molecular
imaging could improve negative CRM rates by extending resec-
tions or allowing the application of intraoperative radiation ther-
apy (IORT) or more innovative treatment modalities, such as
photoimmunotherapy of the wound bed (/2). In contrast, when
a margin is evaluated as being tumor-negative, extended resec-
tions could be avoided.

The aim of this proof-of-concept study was to evaluate whether
back-table uorescence-guided imaging (FGI) using the near-
infrared uorescent tracer bevacizumab-800CW could aid in
evaluating the CRM status in the surgical theater. Bevacizumab-
800CW targets vascular endothelial growth factor A (VEGFA),
which is overexpressed in LARC as well as many other solid
tumors (/3 15). We retrospectively analyzed back-table FGI data
for fresh surgical specimens from LARC patients treated with
nCRT. This technique may eventually allow real-time determina-
tion of CRM during surgery, which could aid in intraoperative
clinical decision making with regard to extending resections or
applying IORT in the case of a positive CRM, to improve the
outcome of LARC patients.

MATERIALS AND METHODS

Study Design and Population

Postoperative uorescence imaging data were collected from 25
LARC patients enrolled in a clinical trial evaluating VEGFA-targeted

uorescence molecular endoscopy (ClinicalTrials.gov identi er:
NCTO01972373). Eligibility criteria included histologically proven
LARC, with the inferior margin within 16 cm from the anal verge,
and treatment with long-course nCRT. For the determination of
whether back-table FGI could aid in evaluation of the CRM status,
patients were included if uorescence imaging data were available
from at least the anterior and posterior sides of the fresh surgical
specimen. Furthermore, for the evaluation of local bevacizumab-
800CW accumulation and determination of the sensitivity and spec-
i city of bevacizumab-800CW for tumor detection using a uorescence
intensity cutoff value, patients were included if high-resolution uores-
cence images of formalin- xed tissue slices were available. The study
was performed at the University Medical Center Groningen and ap-
proved by the institutional review board (METc 2013/067), and all
subjects signed a written informed consent form.

Surgery

After nCRT, all patients received an intended curative resection by
either low anterior resection for proximal rectum tumors or abdom-
inal perineal resection for distal rectum tumors. Resections were ex-
tended outside the TME planes in the case of tumor growth into
adjacent organs. Patients received IORT only if judged necessary on
the basis of preoperative suspicion of mesorectal fascia involvement
or intraoperative evaluation by the surgeons.

Histopathologic Processing

Histopathologic processing of surgical specimens was performed
by a board-certi ed gastrointestinal pathologist. After evaluation for
gross pathology, CRM were inked black and staple lines were re-
moved. Specimens were anteriorly opened from proximal to distal,
except for specimens with an anterior lesion, which were opened until
the rectal fold. All specimens were formalin- xed for at least 48 h and
serially sliced perpendicular to the rectum, from distal to proximal,
into 60.5-cm-thick tissue slices. Distal and proximal resection sur-
faces plus additional areas of interest (e.g., regions with suspected
CRM involvement, perineural growth, vascular invasion, or lymph
nodes) were included for paraf n embedding. Formalin- xed paraf-

n-embedded tissue blocks were cut into 4-mm tissue sections and
stained with hematoxylin eosin for routine histopathologic examina-
tion. Immunohistochemistry was performed if required. A tumor-pos-
itive CRM was de ned as the presence of tumor less than or equal to
1 mm from the inked CRM, in accordance with Dutch national
guidelines.

Bevacizumab-800CW

All patients received a 4.5-mg intravenous bolus injection of
bevacizumab-800CW (1 mg/mL) 2 3 days before surgery on the basis
of microdosing regulations (Fig. 1). Bevacizumab-800CW was pro-
duced under current good manufacturing practice conditions at the
University Medical Center Groningen as described previously (/6).

Back-Table FGI

For evaluation of the CRM status, back-table FGI of a fresh surgical
specimen was performed in a light-tight room directly after surgery
using an Explorer Air uorescence camera (SurgVision BV) (Fig. 1).
Areas with high uorescence signals were marked with a pin and
subsequently inked with a color different from that used for the
CRM during pathologic processing to ensure an accurate correlation
of uorescence with histopathology.

Fluorescence Imaging of Tissue Slices and Sections
For the evaluation of local tracer accumulation, uorescence
imaging of both sides of all formalin- xed tissue slices was performed
using Explorer Vault, a standardized and light-tight uorescence
imaging system (SurgVision BV). Thereafter, 2 or 3 tissue slices
containing tumor or normal rectal tissue were imaged per patient using
a high-resolution Odyssey CLx uorescence
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(Fig. 1). Additional areas of interest based on

uorescence imaging were also paraf n em-
bedded, sliced into 4-mm tissue sections, and
stained with hematoxylin eosin. All formalin-
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TABLE 1
Patient and Tumor Characteristics

Fluorescence

CRM cutoff value
evaluation  determination
Characteristic (n5 8" (n517)"
Sex
Male 5 (62.5) 12 (70.6)
Female 3 (37.5) 5 (29.4)
Age (y)t 56 (54-61) 56 (31-76)
Duration between 87 (76-111) 87 (77-117)
nCRT and surgery (d)*
Surgery
Low anterior resection 5 (62.5) 10 (58.8)
Including adjacent organs 1 2
Abdominal-perineal 3 (37.5) 7 (41.2)
resection
Including adjacent organs 3 5
IORT
Not standby 3 (37.5)
Standby 4 (50)
Applied 1 (12.5)
Histopathologic
staging
pTONOMO (pCR) 1(12.5) 1(5.9)
pT2NOMO 2 (25.0) 2 (11.8)
pT3NOMO 1(12.5) 4 (23.5)
pT3N1MO 0 3 (17.6)
pT3N2MO 2 (25.0) 5 (29.4)
pT4NOMO 2 (25.0) 2 (11.8)
CRM
#1 mm (tumor-positive) 2 (25.0) 3 (17.6)
1-2 mm 1(12.5) 2 (11.8)
-2 mm 4 (50.0) 11 (64.7)
pCR 1 (12.5) 1(5.9)
Distal resection margin
#1 mm (tumor-positive) 0 0
1-2 mm 0 1(5.9)
-2mm 7 (87.5) 15 (88.2)
pCR 1(12.5) 1(5.9)

*Data are reported as numbers of patients, with percentages in
parentheses, unless otherwise indicated.

TReported as median, with range in parentheses.

*Reported as median, with interquartile range in parentheses.

pCR 5 pathologic complete response.

tissue, a combination of optical tissue clearing and light-sheet

uorescence microscopy was performed on selected tissue slices as
previously described for preclinical tissue samples (Supplemental
Video 1; supplemental materials are available at http://jnm.snmjournals.

org) (17).

FLUORESCENCE IMAGING OF RECTAL MARGINS

Fluorescence Grid Analysis
Finally, for evaluation of the sensitivity and speci city of bevaci-
zumab-800CW for tumor detection, uorescence grid analysis based
on histopathology was used as a gold standard to determine a
uorescence cutoff value (supplemental materials).

Statistical Analysis

Normally distributed data are presented as mean values with SDs,
and skewed data are presented as median values with interquartile
ranges. A receiver operating characteristic curve was plotted to
determine the median uorescence intensity (MFI) cutoff value for
tumor detection. P values of less than 0.05 were considered statisti-
cally signi cant. Statistical analyses were performed using Prism (ver-
sion 7.0; GraphPad Software).

RESULTS

Patient Characteristics

In this retrospective proof-of-concept study, 8 of 25 patients met
the criteria to determine the feasibility of back-table FGI for
evaluation of the CRM status (Supplemental Fig. 1). For the
second aim of the present study evaluation of the local bevaci-
zumab-800CW distribution and determination of the sensitivity

FIGURE 2. Back-table FGI of patient with tumor-positive CRM, with
black pin at location showing increased fluorescence, to enable accu-
rate correlation with histology (A, orange arrow). Fluorescence imaging
of 2 corresponding tissue slices (B) and further microscopic fluores-
cence imaging and histologic correlation (C), with orange arrows indi-
cating location of tumor-positive CRM. High fluorescence signals were
observed at CRM of tissue slice 1, containing tumor-positive CRM,
whereas low fluorescence signals were observed in nontumor tissue
slice 2, corresponding to microscopy results. FFPE 5 formalin-fixed
paraffin-embedded; HE 5 hematoxylin—eosin; N 5 nontumor; T 5
tumor.
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FIGURE 4. Representative example of light-sheet fluorescence mi-
croscopy for evaluating local tracer accumulation in rectal cancer tissue
slice, showing tissue morphology based on autofluorescence (A), fluo-
rescence (B), and morphology and fluorescence overlay (C) and corre-
sponding histology (D). Magnified images are depicted in bottom row.
Increased bevacizumab-800CW binding can be seen in microenvironment
of tumor cells compared with surrounding normal mucosa and fibrosis.

on a microscopic level. Bevacizumab-800CW was localized
mainly in the microenvironment of the tumor cells (Fig. 4), in line
with the expected location of VEGFA (Supplemental Video 1).

DISCUSSION

Accurate perioperative evaluation of resection margins is highly
important for the prognosis of LARC patients. In this explorative
study, we demonstrated for the rst time the feasibility of back-
table FGI for the identi cation of tumor-positive resection margins
in LARC patients. Our data suggest that FGI may have the
potential to guide current clinical decision making with regard to
additional targeted resections or the application of IORT. Future
studies using a standardized imaging protocol with larger samples
of patients should con rm these results.

During the past decade, optical molecular imaging has been
applied predominantly to intraoperative guidance and surgical
navigation. Two clinical studies have demonstrated the feasibility

and potential bene t of uorescence-guided surgery in colorectal
cancer patients (/8,79). However, uorescence-guided surgery is
subject to several limitations related to the currently available
hardware, such as variation in image acquisition parameters and
interference of ambient light. Moreover, homogeneous tracer ex-
citation is dif cult, especially in rectal cancer surgery, as the pel-
vic region is a con ned surgical eld often situated deep in the
patient. Perhaps the development of uorescence laparoscopes and
robotic systems sensitive enough to detect microdoses of uores-
cent tracers will enable a more reliable intraoperative evaluation
of rectal cancer resection margins.

Back-table FGI circumvents these limitations, as it makes use of
a controlled, standardized, and closed- eld imaging environment that
results in a consistent eld of view, imaging distance, and image
acquisition parameters (20). This approach enables a highly sensitive
and semiquantitative evaluation of resection margins, within a max-
imum of 1 h after specimen excision in the surgical theater.

The potential added value of back-table FGI was clearly
demonstrated for the patient in whom a tumor-positive CRM
was detected in the surgical theater, whereas the results of surgical
assessment and frozen-section analysis were false-negative. Al-
though intraoperative frozen-section analysis is recommended for
tumors in the low and middle rectum, it is prone to sampling error,
is labor-intensive, and signi cantly prolongs anesthesia (27,22).
By bringing pathology to the surgical theater using back-table
FGI, both surgeons and pathologists may be guided in correctly
assessing the CRM status and evaluating the need for extended
surgery or application of IORT, thereby improving personalized
treatment.

In rectal cancer surgery, caution should be taken regarding
unnecessarily extending TME surgery to a partial or total resection
of adjacent pelvic organs or applying IORT, as this approach can
result in substantial postoperative complications and is associated
with the need for reinterventions (23). Back-table FGI correctly
predicted 5 of 6 tumor-negative CRM, perhaps preventing unnec-
essary IORT application in 1 patient. In contrast, 1 close margin of
1.4 mm was identi ed as tumor-positive on the basis of uores-
cence. Although at present a tumor-positive margin is de ned as
tumor cells less than or equal to 1 mm from the CRM, this
de nition is under debate, as both patients with a CRM of 0.0

1.0 mm and those with a CRM of 1.1

2.0 mm have been shown to have an
equally increased 2-y risk of local recur-
rence and distant metastases (8,24). The
application of uorescence may highlight
the location of a (potentially) tumor-positive
CRM, allowing the surgeon to perform more

targeted intraoperative frozen-section
analysis.

FGI may also support the pathologist by
differentiating tumor from healthy tissue,
that is, uorescence-guided pathology. At
present, tissue sampling is performed by
gross examination of the surgical specimen

FIGURE 5.

HE 5 hematoxylin—eosin; IHC 5 immunohistochemistry; T 5 tumor.

FLUORESCENCE IMAGING OF RECTAL MARGINS

Proposed data collection and analysis design for resection margin evaluation, in-
cluding intraoperative imaging to evaluate resection margins and identify potential lymph node or
peritoneal metastases, back-table imaging of fresh surgical specimen to evaluate resection mar-
gins, and further fluorescence analysis of tissue slices, formalin-fixed paraffin-embedded (FFPE)
tissue blocks, and tissue sections for cross-reference and correlation of fluorescence with his-
tology. FF 5 formalin fixed; FGS 5 fluorescence-guided surgery; FM 5 fluorescence microscopy;

and tissue slices; this approach can be
challenging, as the tissue architecture is
changed by nCRT. Using uorescence grid
analysis, we showed a tumor-to-back-
ground ratio of 4.7 6 2.5 for tissue slices,
with high sensitivity (96.19%) and speci city
(80.39%) for tumor detection. A uorescence
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cutoff value provides more objective information and may enable
targeted tissue sampling, potentially saving labor, time, and money.
In addition, uorescence grid analysis can be used to evaluate tracer
biodistribution and can easily be implemented on other closed- eld
imaging devices.

The present study has several limitations. First, the number of
patients included for CRM evaluation was relatively low, as this was
a retrospective proof-of-concept analysis of a clinical trial evaluating

uorescence molecular endoscopy (NCT01972373), and imaging
techniques as well as ex vivo imaging procedures have developed
throughout the study. Second, dose escalation was not incorporated
in the design of the present study. Currently available evidence from
2 bevacizumab-800CW dose escalation studies suggests that in-
creasing the dose above microdosing levels may result in higher
levels of tracer accumulation without signi cantly increasing back-
ground uorescence (25,26). This approach may further improve the
detection of tumor-positive CRM that are based on small tumor
deposits, which proved challenging in 1 of our patients.

We propose a standardized imaging protocol that can be used in
future research and for the development of FGI on the basis of our

ndings in the present study and our recently reported analytic
work ow (Fig. 5) (26). Fluorescence imaging is performed at

xed time points. First, when feasible, intraoperative uores-
cence-guided surgery is performed. After resection, back-table
FGI of the fresh surgical specimen is performed to evaluate the
resection margin status, preferably using a closed- eld imaging
system. If high uorescence intensities are observed during sur-
gery or back-table FGI, then several treatment options such as
frozen-section analysis, an additional or extended resection, IORT,
or potentially more innovative treatment modalities, such as photo
immunotherapy can be considered (/2). Subsequently, to corre-
late uorescence with histology, uorescence imaging is per-
formed during histopathologic processing of the fresh surgical
specimen, formalin- xed tissue slices, and paraf n-embedded tis-
sue sections. Additionally, uorescence microscopy can evaluate
local tracer accumulation. Altogether, this approach can provide
more insight into tissue biodistribution, which is important for tracer
or drug development, or can be used to evaluate potential off- and
on-target effects of uorescent tracers. We believe that such a stan-
dardized imaging protocol is widely applicable for the validation of
FGI in different tumor types and with different uorescent tracers.

CONCLUSION

The present study shows the potential of back-table FGI using
the near-infrared uorescent tracer bevacizumab-800CW (which
targets VEGFA) for margin evaluation in the surgical theater for
patients with LARC. The technique itself proved to be safe and
feasible and showed potential for guiding perioperative clinical
decision making with a high sensitivity in patients with the threat
of a tumor-positive resection margin. A phase 2 study using a
standardized imaging protocol is in development to con rm these
results. Future studies will provide evidence of whether FGI will
be bene cial for all patients or will be applicable only in selected
cases to guide clinical decision making.
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KEY POINTS

QUESTION: Can back-table FGI be used as a tool to evaluate the
CRM status in the surgical theater to improve tumor-positive re-
section margin rates in patients with LARC?

PERTINENT FINDINGS: In this explorative study, we demon-
strated for the first time (to our knowledge) the potential of back-
table FGi for the identification of tumor-positive resection margins
in LARC patients. In addition, we provided a data collection and
data analysis design for future studies examining the added value
of optical molecular imaging for the evaluation of resection margins.

IMPLICATIONS FOR PATIENT CARE: Accurate intraoperative
detection of tumor-positive resection margins by back-table FGI
has the potential to improve clinical decision making with regard
to extending resection margins or applying intraoperative radiation
therapy for LARC patients.
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