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Resection of soft-tissue sarcoma (STS) is accompanied by a high

rate of tumor-positive surgical margins (14%–34%), which poten-
tially lead to decreased disease-free survival. Vascular endothelial

growth factor A is overexpressed in malignant tumors, including

STS, and can be targeted with bevacizumab-800CW during fluores-
cence-guided surgery for real-time tumor detection. In this phase 1

clinical trial, we determined the feasibility, safety, and optimal dose

of bevacizumab-800CW for fluorescence-guided surgery in STS for

in vivo and ex vivo tumor detection. Methods: Patients with a his-
topathologic diagnosis of STS were included. In the dose-escalation

phase, patients received bevacizumab-800CW intravenously 3 d

before surgery (10, 25, and 50 mg; n 5 8). In the subsequent dose-

expansion phase, 7 additional patients received bevacizumab-
800CW at the optimal dose. Fluorescence images were obtained

in vivo and ex vivo during all stages of standard care. The optimal

dose was determined by calculating in vivo and ex vivo tumor-to-
background ratios (TBR) and correlating these results with histopa-

thology. Results: Fifteen patients with STS completed this study. All

tumors could be visualized during in vivo and ex vivo imaging. The

optimal bevacizumab-800CW dose proved to be 10 mg, with a
median in vivo TBR of 2.0 (±0.58) and a median ex vivo TBR of

2.67 (±1.6). All 7 tumor-positive margins could be observed in real

time after surgical resection. Conclusion: GS using 10 mg of bev-

acizumab-800CW is feasible and safe for intraoperative imaging of
STS, potentially allowing tumor detection and margin assessment

during surgery. An additional follow-up phase 2 study is needed to

confirm the diagnostic accuracy.
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Soft-tissue sarcoma (STS) accounts for less than 1% of all can-
cers diagnosed, with an estimated U.S. incidence of approximately

16,000 cases diagnosed annually (1). STS comprises a histopatholog-

ically heterogeneous group of mesenchymal tumors, consisting of

approximately 50 subtypes (2), with challenging diagnosis and treat-

ment pathways. Surgical excision remains the cornerstone of therapy

for localized primary STS and is usually combined with neoadjuvant

or adjuvant radiotherapy. The main goal of surgery is to resect an STS

with a sufficient margin, excising the tumor and sufficient surround-

ing normal tissue. A tumor-negative margin is an important prognostic

factor for local recurrence and disease-free survival (3,4). A tumor-

positive margin, which occurs in 14%–34% of cases, results in local

recurrence rates of approximately 35% (5). On histology, a tumor-

positive margin is defined by tumor extension in the inked resection

margin. However, microscopic tumor extension within 1 mm of the

surgical margin may also be considered a tumor-positive margin, as

both conditions are associated with increased risk of local recurrence.

When a margin is tumor-positive, repeated resection of the surgical

cavity has to be considered (5). However, repeated resection can be

challenging because of complex anatomy in the surgical field as a

result of postoperative fibrosis and the presence of neurovascular

structures, which increase the risk of morbidity. Therefore, in many

cases, proper clinical decision making during surgery is a clinical

trade-off in which achieving a tumor-negative surgical margin and

functional outcome must be weighed. It is currently difficult for the

surgeon to assess margin status during surgery, emphasizing the

need for an intraoperative real-time imaging technique. During

STS surgery, a clinician should be able to visualize tumor cells in
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the rim of the resection margin, both in vivo and ex vivo. Fluo-
rescence-guided surgery (FGS) is an optical imaging method that
provides real-time tumor detection and can be used to assess
margins. Several studies have investigated the potential merits of
FGS in malignancies such as breast cancer, peritoneal metastasis,
colon cancer, glioblastoma, and head and neck cancer (6–11). These
studies revealed promising data on how detecting residual disease
can potentially benefit intraoperative decision making. For STS,
only preclinical studies and one proof-of-concept study on a
single patient have been reported, using ABY-029 and focusing
on biomarkers such as epidermal growth factor receptor for FGS
(12,13).
In STS, a patient-tailored surgical plan is designed on the basis

of tumor location and histopathologic tumor classification, using
immunohistochemistry, molecular genetics, and tumor grading
(14). Because high-grade STS with extracompartmental invasive
growth has a relatively decreased overall survival and event-free sur-
vival, one should strive for an adequately wide en bloc resection (15).
In particular, myxofibrosarcoma is associated with tumor-positive
margins because of its diffuse reticular growth in subcutaneous fat
or muscle, whereas other types of STS, such as myxoid liposarcomas,
tend to have a pushing invasive border making them easier to excise,
with narrow but clear margins (16).
Vascular endothelial growth factor A (VEGF-A) is involved in

angiogenesis and lymph angiogenesis and is overexpressed in many

solid tumors (17). Overexpression of VEGF-A in STS has been re-

ported (18–20). The therapeutic monoclonal antibody bevacizumab

(Avastin; Genentech) binds to VEGF-A. By conjugating bevacizumab

to the organic fluorophore IRDye800CW, a tumor-specific tracer

(bevacizumab-800CW) could be developed (9,21,22). In previous

studies using this tracer, bevacizumab-800CW was shown to be safe

for use in humans.
The aim of this FGS study was to determine the feasibility,

safety, and optimal dose of bevacizumab-800CW for in vivo and ex

vivo detection and margin assessment of STS, using a standardized

fluorescence imaging workflow (22,23).

MATERIALS AND METHODS

This phase 1 single-center feasibility study was performed at the
University Medical Center of Groningen. The study was approved by

the Institutional Review Board (approval 2017/302) and was conducted

according to the principles of Helsinki (adapted version; Fortaleza,

Brazil; 2013) and the laws and regulations of The Netherlands. The

trial was registered at www.clinicaltrials.gov (NCT03913806). All pa-

tients provided written informed consent before participation in the

study.

Patients

Patients aged older than 18 y with histopathologically proven STS

and appropriate imaging (CT/MRI), and scheduled for surgical

excision, were included. All patients had a World Health Organization

performance score of 0–2. Patients with concurrent invasive malignancy

were excluded. Other exclusion criteria were medical or psychiatric

conditions compromising the patient’s ability to give informed consent;

pregnancy or lactation; a history of infusion reactions to bevacizumab;

inadequately controlled hypertension; or a history of myocardial infarc-

tion, transient ischemic attack, cerebrovascular accidents, pulmonary

embolism, uncontrolled chronic hepatic failure, or unstable angina pec-

toris 6 mo before inclusion. All patients eligible for surgery and their

inclusion in the trial were discussed in the multidisciplinary sarcoma

team meeting before surgery.

Study Design

The primary objective of the study was to determine the feasibility
of bevacizumab-800CW in STS for in vivo and ex vivo tumor

detection. Secondary objectives were to identify the optimal dose

for visualization of STS tissue and to obtain information on safety

aspects of the tracer in STS patients. A classic 3 · 3 dose-finding study

design was used, consisting of 2 parts. In the dose-escalation phase

(part 1), 3 dose cohorts were tested. Three subjects per cohort received

intravenously administered flat doses of 10, 25, or 50 mg 3 d before

surgery. In the dose-expansion phase (part 2), the optimal dosing

group (the initial subgroup of 3 patients) was expanded up to 10

subjects. The optimal dose group was based on in vivo and ex vivo

tumor-to-background ratio (TBR). The study design was adapted after

the conclusion of part 1 to exclude patients who underwent neoadju-

vant treatment in part 2.

Safety Assessment

Vital signs were measured before, directly after, and 1 h after tracer
administration. Follow-up was performed up to 2 wk after tracer

administration to assess adverse events, which were scored according

to the National Cancer Institute Common Terminology Criteria for

Adverse Events, version 4.0.

Bevacizumab-800CW Production

Bevacizumab-800CW was produced in the good-manufacturing-
practice facility of the Department of Clinical Pharmacy and Pharma-

cology at the University Medical Center of Groningen, as reported
previously (21).

Intraoperative Fluorescence Imaging

The tumor was fluorescently imaged during surgery using Explorer
Air (SurgVision BV), as described earlier (22). Immediately after

tumor excision (i.e., ,5 min), fluorescence imaging of all resection

planes of the surgical specimen was performed with Explorer Air

coupled to a closed-field imaging box (The Vault; the SurgVision

Explorer Air). Within 1 h after excision, imaging was also performed

with the Pearl Trilogy imaging system (LI-COR BioSciences). The

acquisition settings for Explorer Air and Pearl Trilogy were as de-

scribed previously by our group for both in vivo and ex vivo imaging

(22). No surgical decisions were based on fluorescence imaging.

Fluorescence-Guided Pathology

The fresh surgical specimen was inked and serially sliced following

standard protocols for pathologic specimen handling. Fluorescence

images of both sides of the tissue slices were obtained using Pearl

Trilogy. Next, tissue slices were formalin-fixed for 1–4 d and imaged

with Pearl Trilogy before embedding (Fig. 1). A pathologist, masked

to fluorescence, selected clinically relevant regions for further forma-

lin fixation and paraffin embedding. On the basis of fluorescence imag-

ing, additional regions of interest were selected for additional formalin

fixation and paraffin embedding. A standard fluorescence-guided work-

flow was used to cross-correlate the fluorescent tissue slices to the final

histopathology (based on H&E staining) (22). Hematoxylin and eosin

(H&E)–stained slides were reviewed by a pathologist masked to the

results of fluorescence imaging. The complete workflow of the study is

depicted in Figure 1.

Fluorescence Quantification

The in vivo TBR was calculated as the mean fluorescence intensity
(MFI) of the tumor divided by the MFI of the background. The tumor

was delineated on macroscopic visualization. The background MFI was

calculated on all nontumor tissue surrounding the tumor in the surgical

field. MFI (arbitrary units) was calculated on Explorer Air images

(exposure time, 25 or 50 ms; gain, 10–100). For the whole-specimen

imaging immediately after excision, the maximum fluorescence intensities
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were calculated on the whole resection margin to correlate signal intensity
to margin depth.

Ex vivo TBRs were calculated on fresh serially sliced tissues. The
tumor and the surrounding nontumor tissue were precisely delineated

on standard H&E histopathologic slides by a pathologist masked to
fluorescence. An overlay with fluorescent tissue slices was based on

anatomic landmarks. Afterward, the ex vivo TBR was calculated as
the MFI of the tumor divided by the MFI of the background. The

background MFI was calculated on all nontumor tissue for every
tissue slice.

Statistics

Descriptive statistics were reported as mean with SD in cases of
normal distribution, whereas median with interquartile range was used

in cases of skewed distribution. Fluorescence signals in tumor and

normal tissue were compared using the Mann–Whitney test. A P value
of less than 0.05 was considered statistically significant. For descrip-

tive statistics, SPSS (version 23.0; SPSS Inc.) was used.

RESULTS

Between April and December 2019, 15 patients with 7 different
histopathologic subtypes of STS, including 7 myxofibrosarcomas,
were enrolled in this dose-escalation trial. Patient, safety, and tumor
characteristics are depicted in Table 1 and Supplemental Table 1
(supplemental materials are available at http://jnm.snmjournals.org).
Bevacizumab-800CW was administered 3 d before surgery to all
patients. No tracer-related serious adverse events were observed
(Supplemental Table 1).

Dose Escalation Phase

Eight patients were included in the dose-escalation phase (10 mg,
n5 3; 25 mg, n5 3; and 50 mg, n 5 2). All tumors were adequately
visualized in vivo regardless of dose (TBR: 2.06 0.58 for 10 mg; 2.56
0.32 for 25 mg; and 2.0 6 0.10 for 50 mg) (Fig. 2). After excision,
tumor tissue was adequately visualized on the excised specimen (TBR:
2.0 6 1.1 for 10 mg and 2.5 6 0.31 for 25 mg). No reliable ex vivo
TBR could be calculated for the 50 mg group because of lack of non-
tumor background tissue. Since no increase in in vivo TBRwas obtained
for the 50 mg cohort after 2 patients, only 2 patients were enrolled in
this cohort. Because there were no statistical differences between the in
vivo 10 mg and 25 mg cohorts, (P 5 0.18), the 10 mg cohort was
considered to be the optimal dosing group and was expanded by 7
additional patients.

Ex Vivo Fluorescence and Quantification on Tissue Slices

To quantify fluorescence, fresh tissue slices were used. All 7
histopathologic STS subtypes could be visualized ex vivo, displaying

a sharp, clearly delineated fluorescent signal
in all tissue slices containing tumor (Fig. 3).
Significantly higher fluorescence signals
were seen in tumor tissue than in nontumor
tissue in the 10 mg group (Fig. 3, n 5 22,
P , 0.001, median MFI of 0.013 for tumor
tissue and 0.004 for nontumor tissue). The
median ex vivo TBRs of the 10- and 25 mg
dose cohorts were 2.67 6 1.6 (n 5 9; range,
1.5–6.5) and 4.6 6 0.31 (n 5 2; range,
4.5–4.7), respectively. In the STS series, all
myxofibrosarcomas (n 5 7) could be visual-
ized using fluorescence during ex vivo imag-
ing (Supplemental Fig. 1). Because of the
imaging resolution of the Pearl Trilogy, the

border zone with strands of diffusely infiltrating tumor cells could not
be individually identified with visual fluorescence inspection. In this
study, we found it easier to identify tumor areas that were more solid
and cellular.
In the tissue slices, a false-positive fluorescent signal could be

observed in areas with a high macrophage content. We suspect that

FIGURE 1. Standardized fluorescence imaging workflow. Patients received bevacizumab-

800CW intravenously 3 d before surgery. During surgery, tumor was fluorescently imaged in vivo

using Explorer Air. Directly after excision, whole surgical specimen was imaged using Explorer Air

and Pearl Trilogy. After serial slicing by pathologist, fluorescence images of all steps of histo-

pathologic processing were sliced serially and cross-correlated with standard-of-care H&E slides.

FFPE 5 formalin-fixed, paraffin-embedded.

TABLE 1
Clinical and Pathologic Characteristics

Characteristic Data

Age at surgery (y) 66 (34–84)

Sex: male 8 (53)

Weight (kg) 82 (64–103)

Height (cm) 174 (161–189)

Dosing groups

10 mg 10 (67)

25 mg 3 (20)

50 mg 2 (13)

Tracer-related adverse events 0 (0)

Type of primary tumor

Myxofibrosarcoma 7 (47)

High-grade 6 (86)

Mixed type 1 (14)

Liposarcoma 3 (20)

Synovial sarcoma 2 (13)

Leiomyosarcoma 1 (7)

Angiosarcoma 1 (7)

Undifferentiated pleomorphic sarcoma 1 (7)

Tumor diameter (mm) 112 (18–320)

Location of tumor

Arms 4 (27)

Legs 4 (27)

Intraabdominal 4 (27)

Hip or flank 2 (13)

Breast 1 (7)

Qualitative data are numbers and percentages; continuous

data are means and ranges (total patients 5 15).
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this finding was due to an inflammatory response after tumor
necrosis induced by neoadjuvant radiotherapy (Supplemental Figs.
1A–1C and 1M–1O). For this reason, patients who received neo-
adjuvant radiotherapy were not eligible to participate during the
dose-expansion phase, to minimize false-positive nontumor tissue
signal.

Fluorescence Margin Assessment

After histopathologic assessment, 7 patients were diagnosed with
a tumor-positive surgical margin (47%), including 3 high-grade
myxofibrosarcomas, 2 high-grade undifferentiated sarcomas, and 1
synovial sarcoma. In 1 retroperitoneal well-differentiated and focally
dedifferentiated liposarcoma, the margin was considered positive
because of the extent of the disease and the limitations in surgical

excision, but this case was not included in our fluorescence
analysis. All tumor-positive surgical margins were detected using
fluorescence imaging of the resected specimen (7/7). Three patients
had a histologically proven tumor-negative surgical margin (20%),
and fluorescence predicted 1 of the 3 correctly (33%). One margin
was false-positive because of neoadjuvant treatment, whereas the
other margin was false-positive because of a highly fluorescent cyst.
Five patients had a histologically proven close surgical margin

(33%) ranging from 0.6 to 1.4 mm, one of which was false-positive
for fluorescence because of neoadjuvant treatment and was therefore

excluded from our analysis (n 5 4). Quantification of maximum
fluorescence intensities on whole-specimen imaging with a close

surgical margin (0.6–1.4 mm) showed a nonsignificant trend in max-
imum fluorescence intensities on the resection margins with the

closest surgical margin (Fig. 3). For all patients (n 5 4, 13 resection
margins evaluated) with a close surgical margin (range, 0.6–1.4 mm),

the surgical side with the closest surgical margin had the highest
maximum fluorescence intensity, suggesting a relation between max-

imum fluorescence intensity and margin depth (Fig. 4).

DISCUSSION

In this pilot study, we showed that FGS using bevacizumab-
800CW is feasible and safe in a variety of histologic subtypes of
STS using both in vivo and ex vivo fluorescence imaging. The

10 mg dose of bevacizumab-800CW proved to be safe and sufficient
for adequate in vivo and ex vivo imaging, whereas a dose of 25 or

50 mg did not significantly improve fluorescence visualization.
Moreover, we showed that FGS has great potential value for tumor

detection and margin assessment during STS surgery. This potential
was evident after studying depth assessment for close surgical

margins using ex vivo fluorescence-guided imaging of specimens
immediately after excision, as shown in previous FGS studies

(22,24). We believe that this technique has the potential to optimize
surgical quality and decrease the number of tumor-positive surgical

margins.
Tumor histologic type and grade, as well as the anatomic location

of STS, are important determinants of local recurrence. Ideally, FGS
should reflect tumor infiltration patterns (diffuse vs. pushing in-

filtrative borders) during surgery. Our data on fluorescence visuali-
zation of myxofibrosarcomas confirm that this tumor is accompanied

by frequent positive surgical margins due to diffuse, reticular invasive
growth in surrounding soft tissue. Despite the fact that the solid

cellular tumor areas could be easily identified, future studies should
determine whether FGS can enhance intraoperative margin assess-

ment in diffusely infiltrative STS.
In our previous studies on breast cancer, we confirmed the

colocalization of bevacizumab-800CW with VEGF-A IHC. In 90%

of all patients, there was adjacent or complete overlap of
bevacizumab-800CW and VEGF-A immunohistochemistry stain-

ing, which also could be observed in immunohistochemistry
analysis of STS tissue (Supplemental Fig. 2) (10). As VEGF-A

staining is heterogeneous in different STS subtypes and would be
reliable only if thoroughly analyzing the whole surgical specimen,

we did not include a full immunohistochemistry analysis in this
study. Nevertheless, VEGF-A expression has recently been ob-

served as a suitable marker for FGS in 93% of myxofibrosarcomas,
and VEGF-A expression significantly correlated with clinical vari-

ables such as high histologic grade and distant metastasis (25,26).
Our imaging results, showing specific fluorescence activation in

areas containing soft-tissue tumor as assessed by H&E staining,

FIGURE 2. In vivo visualization of STS. (A) Intraoperative imaging was

performed with Explorer Air. Fluorescence and white-light images were

obtained in vivo using 10 mg of bevacizumab-800CW for intraabdominal

leiomyosarcoma or 25 mg of bevacizumab-800CW for synovial sar-

coma. (B). Median in vivo TBRs for all patients in dose escalation phase

(n 5 8) and per dosing group were calculated.

FIGURE 3. Ex vivo visualization of STS. (A) Leiomyosarcoma and

myxofibrosarcoma are shown, with whole-specimen image of close surgical

margins on basal (0.6 cm) and caudal (0.6 cm) resection margins. A sharply

delineated tumor-specific fuorescence signal on the tissue slices is ob-

served. The tumor is delineated with a dashed line and close surgical mar-

gins on the basal and caudal resection margin. Tumors are delineated with

solid line on standard H&E staining. (B) Subanalysis in 10 mg group showed

significantly higher MFI in all tumor tissue than in nontumor tissue (n 5 22,

P , 0.001) (k), and all ex vivo TBRs are presented for all patients in 10 mg

group (n 5 8). No data are available for FLASH03 (false-positive signal)

or FLASH13 (angiosarcoma, no reliable calculation possible).
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confirm these preclinical results and are in accordance with clinical
data reported earlier. Tumor necrosis, frequently observed in high-
grade STS, may be induced by neoadjuvant radiotherapy. In gen-
eral, tumor necrosis is a significant predictor of relapse-free survival
and overall survival in STS patients (27). Bevacizumab-800CW is
not adequately visualized in necrotic areas, as no adequate penetra-
tion and specific binding could be obtained. We observed false-
positive fluorescent signals in areas with high macrophage content
and reactive fibrosis related to the inflammatory response after neo-
adjuvant radiotherapy. Therefore, FGS with bevacizumab-800CW
for real-time margin assessment seems to be most suitable during
primary surgery with radiotherapy in an adjuvant setting. In a phase
2 study, a cohort with a significant number of neoadjuvantly treated
patients should be included to compare the results of FGS in patients
with STS undergoing neoadjuvant or adjuvant treatment.
As previously described in head and neck specimens, quantifi-

cation of all resection planes of the whole specimen directly after
surgical excision using a fluorescence signal surface map may
identify margin depth with fluorescence intensity peaks. The margin
segment with the highest fluorescence intensity was termed the
sentinel margin—the location where the closest margin is mostly
likely to be located (28). Although we could correlate the maximum
fluorescence intensity to a close surgical margin, our study was not
powered to determine the invasion depth on a microscopic level.
Currently, it is challenging to determine sentinel margins in sar-
coma surgery, as fluorescence imaging of, especially, the deep re-
section margins is not feasible using the currently available large
intraoperative imaging devices. Sarcomas are usually in tight ana-
tomic spaces requiring challenging positioning of intraoperative de-
vices. Furthermore, the variation in imaging acquisition settings and
the absence of standardization may result in a lack of quality con-
trol. Ex vivo fluorescence imaging with so-called closed-field cam-
eras enables better control of image acquisition parameters and
removes interference from ambient light. Our ex vivo analysis
can be performed within 5–10 min after surgical excision, as ex
vivo imaging enables a standardized and reproducible image anal-
ysis platform to guide surgical decision making. Standardizing fluo-
rescence imaging could minimize signal inhomogeneity that can
lead to erroneous tumor delineation. In a future scenario, on-site

examination in the surgical theater by a pathologist equipped with a
fluorescence imaging system may guide the surgeon in adapting
surgical treatment decisions. On the basis of intraoperative imaging
findings and the outcome of fluorescence-guided pathology, this
ability may potentially prevent both under- and overtreatment and
diminish surgical reinterventions at a later stage.

CONCLUSION

This study is a first proof of the concept that FGS using a flat
dose of 10 mg of bevacizumab-800CW is feasible in a variety of
STS subtypes. Moreover, the potential value of fluorescence
imaging during ex vivo pathology assessment was evident. FGS
appears to be most valuable in patients undergoing primary surgery
without neoadjuvant treatment. A subsequent phase 2 trial will be
performed in our institute to determine the sensitivity and specificity
of FGS in patients treated with primary surgery with curative intent.
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KEY POINTS

QUESTION: The incidence of tumor-positive surgical margins in

STS is high, and in this clinical research we investigated whether

FGS using a targeted imaging approach with bevacizumab-

800CW for in vivo and ex vivo tumor detection has the potential to

decrease the number of tumor-positive surgical margins.

PERTINENT FINDINGS: All STSs could be visualized during in

vivo and ex vivo imaging. A flat dose of 10 mg of bevacizumab-

800CW was optimal, and all tumor-positive margins could be

observed in real time by back-table fluorescence imaging imme-

diately after surgical resection.

IMPLICATIONS FOR PATIENT CARE: The potential for improved

tumor detection might optimize surgical quality and decrease the

number of tumor-positive surgical margins.
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