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The recurrence rate of soft tissue and bone sarcomas strongly correlates to the status of the
surgical margin after excision, yet excessive removal of tissue may lead to distinct, otherwise
avoidable morbidity. Therefore, adequate margination of sarcomas both pre- and intraoperatively is a clinical necessity that has not yet fully been met.
Current guidance for soft-tissue sarcomas recommends an ultrasound scan followed by
magnetic resonance imaging (MRI). For bone sarcomas, two plane radiographs are required,
followed similarly by an MRI scan. The introduction of more precise imaging modalities may
reduce the morbidity associated with sarcoma surgery; the PET-CT and PET-MRI
approaches in particular demonstrating high clinical efficacy.
Despite advancements in the accuracy in pre-operative imaging, translation of an image to
surgical margins is difficult, regularly resulting in wider resection margins than required. For
soft tissue sarcomas there is currently no standard technique for image guided resections,
while for bone sarcomas fluoroscopy may be used, however margins are not easily
discernible during the surgical procedure. Near infra-red (NIR) fluorescence guided surgery
offers an intra-operative modality through which complete tumour resection with adequate
tumour-free margins may be achieved, while simultaneously minimising surgical morbidity.
NIR imaging presents a potentially valuable adjunct to sarcoma surgery. Early reports
indicate that it may be able to provide the surgeon with helpful information on anatomy,
perfusion, lymphatic drainage, tumour margins and metastases. The use of NIR
fluorochromes have also been demonstrated to be well tolerated by patients. However, prior
to widespread implementation, studies related to cost-effectiveness and the development of
protocols are essential. Nevertheless, NIR imaging may become ubiquitous in the future,
carrying the potential to transform the surgical management of sarcoma.
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Abstract
The recurrence rate of soft tissue and bone sarcomas strongly correlates to the status of the
surgical margin after excision, yet excessive removal of tissue may lead to distinct, otherwise
avoidable morbidity. Therefore, adequate margination of sarcomas both pre- and intraoperatively is a clinical necessity that has not yet fully been met.
Current guidance for soft-tissue sarcomas recommends an ultrasound scan followed by
magnetic resonance imaging (MRI). For bone sarcomas, two plane radiographs are required,
followed similarly by an MRI scan. The introduction of more precise imaging modalities may
reduce the morbidity associated with sarcoma surgery; the PET-CT and PET-MRI
approaches in particular demonstrating high clinical efficacy.
Despite advancements in the accuracy in pre-operative imaging, translation of an image to
surgical margins is difficult, regularly resulting in wider resection margins than required. For
soft tissue sarcomas there is currently no standard technique for image guided resections,
while for bone sarcomas fluoroscopy may be used, however margins are not easily
discernible during the surgical procedure. Near infra-red (NIR) fluorescence guided surgery
offers an intra-operative modality through which complete tumour resection with adequate
tumour-free margins may be achieved, while simultaneously minimising surgical morbidity.
NIR imaging presents a potentially valuable adjunct to sarcoma surgery. Early reports
indicate that it may be able to provide the surgeon with helpful information on anatomy,
perfusion, lymphatic drainage, tumour margins and metastases. The use of NIR
fluorochromes have also been demonstrated to be well tolerated by patients. However, prior
to widespread implementation, studies related to cost-effectiveness and the development of
protocols are essential. Nevertheless, NIR imaging may become ubiquitous in the future,
carrying the potential to transform the surgical management of sarcoma.

1. Introduction
Sarcomas are a heterogeneous group of tumours of mesenchymal origin, which account for
less than 1% of all cancer diagnoses.1-4 Soft tissue sarcomas (STS) frequently form in
muscles, joints, blood vessels and the subcutis, while bone sarcomas, as the name suggests,
develop in bone, but can develop in cartilaginous remnants as well.1 In 2010, there were
10,520 and 2,650 new diagnoses of soft tissue and bone sarcomas in America respectively,1
figures which have risen to 11,930 and 2,970 cases by 2015.2 However, the true incidence of
STS is considered to be underestimated, since many visceral sarcomas are counted with their
organ of origin as opposed to STS.3 Bone sarcomas on the other hand, are even more
uncommon, with some types (osteosarcoma and Ewing’s sarcoma) being more prevalent
among the younger population: with highest numbers occurring in those aged 20 or younger,5
whereas the incidence of chondrosarcoma steadily increases from 40 years of age onwards.3

The recurrence of sarcoma strongly correlates to the status of the surgical margin after
excision. Positive margins have been widely demonstrated in the literature to increase the risk
of local recurrence, and thus complete surgical resection with clear margins is desirable in all
patients unless there is evidence of widespread metastatic disease. In these cases a palliative
intralesional procedure may be acceptable.4, 6-8
In the surgical resection of sarcomas, there is a balance between the thickness of the margin
and the morbidity of resection: excessive removal of normal tissue can lead to otherwise
avoidable morbidity and the requirement of complex reconstructive procedures.4, 9, 10 For
instance, King et al. reported similar recurrence rates in patients with < 1 mm or > 1 mm
margins, concluding that the extent of a margin necessary to prevent recurrence remains
unclear.4 This contrasts with data from the Birmingham group, who, in the context of
osteosarcoma, have demonstrated that the combination of poor response to chemotherapy
(necrosis of <90%) and a surgical margin of < 2mm correlates with higher rates of local
recurrence and worse overall survival rate. 11 It is therefore suggested that the decision
regarding excisional margins be tailored to the clinical context of each individual patient,
with emphasis placed on sarcomas that are known to be particularly infiltrative, such as
myxofibrosarcoma.12, 13 However, this lack of quantitative guidance may leave the primary
surgeon and multidisciplinary team (MDT) to draw subjective conclusions regarding the
benefits of a potentially closer, as opposed to a wider, ablative margin.4
There is therefore an unmet clinical need for the adequate margination of sarcomas on a case
by case basis. This paper will examine the contemporary advances in both pre-operative and
intra-operative management of soft-tissue and bone sarcomas, with a focus on improved
imaging techniques for pre-operative planning and fluorescence image enhancement
techniques for intra-operative guidance.

2. Pre-operative imaging
In accordance with UK guidelines,14 patients with a suspected STS should first receive an
ultrasound scan to rule out the common benign lesions such as ganglions and lipomas. Those
then suspected of a malignant lesion are referred for magnetic resonance imaging (MRI) and
biopsy of the affected region to obtain greater detail regarding the extent and subtype of the
tumour. Computed tomography (CT) staging scans are utilised for the identification of
pulmonary and visceral metastases as well as for the further assessment of retroperitoneal
tumours. Prior to surgery, resectability is determined by the sarcoma MDT, the members of
which reach their decision based on the disease stage, histological grade, anatomical location
and patient comorbidities. For pre-operative planning, the current gold standard for soft tissue
sarcoma is an MRI scan with various sequences to try and determine tumour margins.
Gadolinium contrast is used in some centres, but there is little evidence that it is effective at
distinguishing tumour margins from oedema in adjacent normal tissues.15 It should be noted
that in many centres, pre-operative radiotherapy is delivered followed by an up to date MRI
prior to surgery. However, the surgical plan, as per treatment naïve tumours, involves a wide
or radical excision to ensure adequate margins. The genuine margins are defined by
histology, with four classical categories: intralesional, marginal, wide and radical.16 The
Royal College of Pathologists, acknowledging that overly descriptive terminology gives rise
to wide variation in their use,14 has adopted a more pragmatic approach, focusing more
simply on the clearance (in mm) from the closest surgical margin, and simultaneously

classifying the margins according to whether there is tumour present at the cut edge or not
(Table 1).17

UK guidelines for bone sarcomas require plain radiographs, carried out in two planes, as the
initial investigation. Following this, an MRI of the whole anatomical compartment and
adjacent joints to assess for skip lesions is recommended.18 CT scans are also advised if an
MRI is contraindicated, if there is diagnostic uncertainty or as an adjunct along with
angiography in pelvic tumours.18 Staging assessment to identify pulmonary and visceral
metastases includes CT chest, abdomen and pelvis with many centres including a nuclear
bone scan to exclude skeletal metastases. Some centres will also stage using a PET-CT scan
to assess for occult bone and soft tissue metastases. Management recommendation requires
discussion at a bone sarcoma MDT with attention required to the nuances of the surgical
tactics to ensure a safe resection while maximising function. Close surgical margins are often
marked with (MRI-inert) haemo-clips that are placed in the surgical field.18 Most patients
with chondrosarcoma proceed to surgery with no adjuvant treatment. Patients with Ewing’s
and high grade osteosarcoma often receive neoadjuvant chemotherapy. For these patients,
and in particular for Ewing’s sarcomas which will significantly reduce in size after
chemotherapy, the surgery is usually planned from the pre-treatment scan to avoid leaving
any viable tumour behind. As per STS guidelines, the distance (in mm) of the infiltrating
tumour from the nearest resection margin, as well as whether it was clear or involved by any
residual tumour should be reported.18 Finally, the viability of the tumour will be reported in
terms of necrosis percentage, with a rate over 90% indicating a good response to
chemotherapy.18
Although carrying out resections within this paradigm is less contentious than previous
systems, and histology will remain the gold standard as post-surgical assessment of residual
tumour, the principle challenge still lies with determining the tumour edge prior to the
procedure. Imaging is undoubtedly invaluable, as the diagnostic accuracy of MRI is
considered excellent.19 However, it is occasionally difficult to interpret in the context of
sarcomas.20 For instance, peripheral or centripetal contrast-enhancement is often seen on MRI
in the presence of STS; however, this phenomenon is also present in many benign lesions
with centrally-located ossification, calcification or haemorrhage.20, 21 More importantly, peritumoural oedema is a feature of both STS and benign lesions, leading not only to a difficulty
in diagnosis, but to ill-defined margins that are then difficult to translate into resection
margins for the surgical approach.22 If major nerve bundles, blood vessels or bones reside in
the near vicinity of the tumour, the invasion may be overestimated, resulting in major
surgical intervention such as vascular reconstruction, or even amputation.15
It has therefore been suggested that more precise imaging modalities may reduce the
morbidity associated with sarcoma surgery, which remains a key consideration for patient
quality of life post-operatively. Fluorodeoxyglucose (FDG) PET-CT has been used clinically
at a number of centres in the staging and response of both bone and soft tissue sarcomas and
is listed in the evidence-based indications for PET-CT published by the Royal College of
Radiology (RCR). There are a number of studies that have identified an increased sensitivity
for metastases using FDG PET-CT.23-25 There is however a lack of studies addressing the
accuracy of PET-CT for delineating the primary tumour at staging. Tateishi et al.
retrospectively compared the diagnostic accuracy of the PET-CT approach to PET alone,
conventional imaging (MRI, chest radiograph, whole-body contrast material enhanced CT
and bone scintigraphy) and lastly, PET-CT combined with conventional imaging in the

tumour staging of bone and soft-tissue sarcomas, using histology or follow-up imaging as
their reference standard.26 The researchers found that the overall staging accuracy of the
combined PET-CT and conventional imaging approach was significantly higher than that of
PET alone (P<0.0001). Furthermore, combined PET-CT and conventional imaging resulted
in correct N staging in 114 (97%), and correct M staging in 109 (93%) of the 117 patients.
Additionally, Tateishi et al. state that this combined approach, when compared to PET-CT
alone, helped reduce over-staging in 3 patients, and helped change tumour diagnosis from
unresectable to resectable in 2 patients. They therefore recommend a combination of PET-CT
alongside conventional imaging for the accurate pre-operative staging of bone and soft-tissue
sarcoma.26
In one of the largest reported series of FDG PET-CT in the investigation of sarcoma,
Macpherson et al retrospectively compared 957 PET-CT scans with concurrent CT and MRI
scans. At staging (n=344), PET demonstrated a 12% increase in metastatic disease
identification and higher-grade tumours were shown to have a greater degree of FDG uptake
compared to low grade tumours. In addition to identifying distant metastases, a further 4% of
patients staged with PET CT demonstrated findings of additional value with the potential to
directly influence clinical decision making. Specific mention is however not made as to the
number of cases where local staging was altered using PET-CT.23 In an earlier retrospective
review of practice by Charest et al, 96.4% of soft tissue sarcomas and 96% of osseous
sarcomas demonstrated an SUV max >2.5.27 Again no comment is made on delineation of
tumour using PET-CT. Elmanzalawy et al. recently retrospectively investigated PET-CT as a
staging tool in 26 paediatric soft tissue sarcoma patients. Although no specific mention was
made of the accuracy of PET-CT in delineating the primary tumour, all primary tumours
were visible with PET-CT. PET-CT also demonstrated a greater sensitivity/specificity for
lymph node metastases when compared to CT and MRI (96%/79% vs 52%/58%) but
demonstrated a lower sensitivity for lung metastases. Therapy planning was altered in 19% of
patients as a result of the PET-CT.24
In order to truly address the ability of FDG PET to delineate primary tumour and aid surgical
planning, synchronous imaging with the current gold standard is required. Newly developed
PET-MRI scanners now offer this ability and studies are underway to assess not only FDG
PET but combinations of FDG PET with standard and novel MRI sequences. The scanners
can combine the sensitive molecular imaging of FDG/PET with the superior soft-tissue
contrast of MRI scans.15, 28 Loft et al. evaluated the application of PET/MRI in the preoperative assessment of STS, concluding that the added metabolic information obtained from
the PET/MRI approach provided superior information regarding the tumour invasion
compared to conventional MRI.15 Furthermore, the researchers highlight that in tumours with
notable variability in signal intensity and ill-defined edges, PET/MRI may significantly
improve delineation.15 Lastly, motion artefacts and partial volume effects can be eliminated,
exploiting the simultaneous acquisition of the PET and MRI components.15 Despite the
reported advantages of the PET/MRI approach, the paper was based on two case-studies,
therefore limiting the generalisability of their findings. Nevertheless, this advanced approach
may be a clinically relevant imaging technique in the pre-operative planning prior to STS
surgery (Figure 1). A pilot study is currently being conducted at the Newcastle upon Tyne
Hospitals NHS Foundation Trust.29 Petrides et al. aim to assess patients with
myxofibrosarcomas using synchronous FDG PET/MRI, comparing modalities along with
surgical outcome in order to ascertain if FDG PET, MRI or a combined approach can assist in
the pre-operative demarcation of tumour and aid operative planning.29 A further evolution of
PET/MRI will be the development of radiotracers conjugated to humanised monoclonal

antibodies optimised to sarcoma-specific cell surface targets. Candidates for sarcoma include
membrane type-1 matrix metalloproteinase (MT1-MMP), neural glial antigen-2 (NG2) and
CD44. MT1-MMP in particular has been shown to be over- expressed in multiple sarcoma
types,30 contributing to their highly invasive phenotype and high metastatic potential, whilst
its expression in normal tissue is low. The possibility of incorporating tumour specific
radiotracers could greatly augment current imaging modalities by enhancing specificity, and
may also play a role in the selection of patients for novel targeted therapeutics which are
currently in clinical trials. A number of these radiotracers are being investigated in preclinical
studies. A summary of all current technologies that have been applied to sarcoma in the preoperative setting can be seen below (Table 2).

Figure 1 - FDG PET-MRI demonstrating a markedly FDG avid myxofibrosarcoma

FDG PET, fused and T2 weighted MRI images

3. Intra-operative image guidance

Although more accurate pre-operative imaging may assist in the identification of the tumour
edge, translating an image to surgical margins in a patient will always prove difficult.
Therefore, most surgeons will still tend to resect the tumour with wider margins than
required, due to the concern about positive margins. For soft tissue sarcoma, there are no
standard techniques in use for image guided resection. For bone tumours, fluoroscopy, an
imaging technique widely implemented throughout the orthopaedic field, can be employed.31
Apart from the radiation exposure to both the patients and medical staff,31 the major issue
with this imaging modality is still the difficulty in the appreciation of the tumour margins
during the surgical procedure, which are not easily discernible.18 The aid of computer
navigation provides a system considered to be far superior, as it allows the linking of a
patient’s imaging information and anatomy through the utilisation of a tracking software that
registers both pre- and intra-operative images (Figure 2).32 Computer-assisted tumour surgery
(CATS) is considered to be of particular benefit when there are anticipated difficulties in the
achievement of accurate resection in difficult anatomical sites, such as the pelvis, to direct
peri-articular tumour resection (usually near the knee), if an adequate resection plane is
required for the accommodation of a custom-made prosthesis or, lastly, if an allograft
necessitates shaping to fit a resection defect.33 Although CATS is widely reported in these
more technically demanding procedures,32, 34, 35 its use is not recommended for simpler
resections due to the complexity involved in its planning as well as the additional intraoperative time required for its implementation.32
Figure 2 – The features and workflow of CATS

Adapted from Wong et al.32

However, it is important to note that even this technique does not allow for direct
visualisation of the tumour during resection. Additionally, no specific method has been
established for the measure of the accuracy of the CATS technique.32 The majority of papers
published on CATS are small case series with heterogeneous diagnoses, and lacking in a
juxtaposition of it with more conventional surgical techniques.32 Further comparative clinical
studies with more cases and longer follow-up periods are therefore recommended to not only
develop a standard protocol for the measure of CATS accuracy, but whether CATS does
indeed increase the functional results of tumour resections without compromising the
oncological outcome.32

A reported caveat to this technique is that the virtual images created are based on bony
anatomy, and are thus accurate only as far as bony anatomy is concerned. During surgical
manipulation, soft tissue will deform and therefore real-time anatomic location will change,
while only the bony anatomy remains the same.32 There is the option to overlay an MRI,
thereby visualising the soft tissue component, however this is of variable quality depending
on the software. CATS, as well as fluoroscopy, are therefore primarily applied in bone
sarcoma procedures, with no similar technique currently in practice for STS surgery. This
drive to solve the difficulties entailed in intra-operative STS surgery led to the
implementation of techniques utilised in other surgical specialties.

4. Current practice in other specialties
Indocyanine green (ICG), an injectable dye, has been used since the 1950s, primarily for the
study of vasculature and cardiac output, but has since been applied in various branches of
surgery.36-38 The only contra-indication to ICG is an iodine allergy, which is rare. ICG can

therefore be injected into the blood stream with virtually no side-effects,36 and becomes
fluorescent when excited by a light-source of a particular wave-length in the near infra-red
(NIR) spectrum, approximately 820 nm.39 This fluorescence can be detected by specific
sensors that allow for the identification of the anatomical structures where the dye is present.
Although ICG is not the only dye/fluorochrome utilised, it is by far the most widespread
(Table 3). The established medical application of ICG is primarily angiography, and was thus
first utilised in the surgical field to intra-operatively monitor the blood circulation in vital
organs.40 Compared to the more traditional angiography methods of X-ray, CT and MRI, ICG
angiography is not only more economical, but easier to use when blood vessels are exposed,
allowing for direct visual observation in areas such as neurosurgery, coronary bypass surgery,
reconstructive flap operations and laparoscopic surgery.40, 41
Within the field of coronary surgery, a porcine model of a coronary bypass procedure was the
first animal model to utilise coronary angiography with ICG, concluding that it is an
“excellent technique”, with a high sensitivity and reproducibility.42 The favourable results of
the study led to its implementation in several human trials,43-45 finally paving the path for the
Graft Imaging to Improve Patency (GRIIP) large scale clinical trial.46 The studies
consistently concluded that the technology is not only safe, providing a non-radiation means
of angiography, but especially easy to use, with no significant effect on the operative time.
ICG angiography was first introduced into neurosurgery in 2003,47 and has since become a
routine modality for the intra-operative assessment of intracranial circulation, used in
approximately 300 operations each year at the Department of Neurosurgery at Helsinki
University Central Hospital alone.40 The effectiveness of ICG in aneurysm surgery is widely
documented in the literature,48-50 with the conclusion that, yet again, the use of ICG is a
simple, fast and reliable method, with a similar efficacy to post-operative angiography.
Furthermore, ICG has been noted to have the additional advantage of supplying real time
information, even of small perforating vessels, allowing for the immediate surgical correction
and immediate confirmation of the reestablishment of blood flow.49, 50 However, Dashti et al.
claim that in selected cases, such as giant, complex and deep-sited aneurysms, the use of ICG
angiography may not be adequate, and recommend the use of other assessment modalities.48
Therefore an important conclusion that can be drawn is that the quality of the image is of
vital importance, and if adequate visualisation cannot be achieved the use of ICG cannot be
justified.
Similarly, through identical methods, ICG has been used to assess the viability of
fasciocutaneous perforator flaps in the field of reconstructive plastic surgery.51-53
Furthermore, it has been introduced as a technique to intra-operatively measure blood flow of
renal transplantations.54, 55 ICG fluorescence has also been proven to be an effective tool to
assess anastomotic perfusion during colorectal surgery, successfully reducing anastomotic
leakage rates.56 Thus, as the established use of ICG is through the assessment of vasculature
and blood flow, in the field of oncology, ICG image guidance was first introduced to identify
solid tumours and lymph node spread.

5. Practice within oncology
The sentinel lymph node (SLN) is defined as the node that receives the first lymph flow, and
therefore metastasising cells, from the primary tumour.57 The accurate mapping of the
sentinel lymph node is paramount, because if no tumour is present in the SNL, it is unlikely

that the tumour has spread to any of the other nodes in the region.57 The current standard
practice for the detection of lymph nodes is the use of gamma ray-emitting radiotracers
(technetium-99 m isotope) and blue dyes.40, 58 However, not only is the localisation of the
SLN still difficult through the use of a handheld probe, the employment of radiotracers
requires the involvement of a nuclear medicine physician.58 The former problem is typically
resolved by the concomitant use of a blue dye, but the dye itself poses several drawbacks: its
application requires access to a pre-operative injection site, and, once present, it is not easily
seen through skin and fatty tissue.58 On the other hand, NIR imaging using ICG allows the
visualisation of superficial lymphatic vessels transcutaneously, possibly reducing the duration
of surgery and improving localisation of the SLN.59 ICG has been documented to rapidly
bind to plasma proteins, thereby confining it to vasculature.60 As lymph contains a high
concentration of plasma, the lymphatic system is clearly defined through this process.
Furthermore, ICG allows the visualisation of lymphatic channels in real time, which suggests
a wide applicability for lymph node mapping in a wide variety of cancers.61 Schaafsma et al.
examined 25 studies that utilised ICG as a lymphatic tracer in SLN procedures in breast, skin,
gastrointestinal, non-small cell lung, oropharyngeal and gynaecological cancer.58 They
concluded that the technique showed excellent results, and had the potential to replace the use
of blue dye. However, the direct comparisons between ICG and radiotracers were not
adequately powered clinical trials, and further research in the area would need to be
conducted. Although high identification rates (true positives), were obtained with the use of
ICG, Schaafsma et al. reported that the relatively high false negatives in such a small patient
sample would necessitate further investigation. The same phenomenon was more recently
published by Molteni et al., who similarly believe the small sample size to be the cause of
this finding, meaning even further studies may be necessary.62
Despite the promising use of ICG in the fields described above, as previously discussed, the
primary aim of cancer surgery is the complete resection of tumours with adequate tumourfree margins, while simultaneously minimising surgical morbidity. In order to achieve this,
NIR fluorescence guidance can be made use of in two distinct approaches: non-targeted or
targeted. The former can be utilised to enhance more vascular tumours, for instance
hepatobiliary cancers or colorectal metastases.58 This is achieved either through the
physiological uptake in well-differentiated tumours,58, 63 or, in poorly-differentiated ones,
though rim uptake as a result of leakage and retention.64, 65 Although ICG has been proven to
be advantageous in SLN surgery, and in more vascular tumours, its application to sarcoma
surgery was contentious due to the aforementioned phenomena of ICG relying on the
enhanced permeability and retention effect of a given tumour.61 Nevertheless, favourable
outcomes have been published recently. Predina et al. documented a case study in which realtime fluorescent feedback, after administration of 5mg/kg of ICG intravenously 24 hours
prior to imaging, was successfully achieved in order to aid in the removal of a mediastinal
carcinosarcoma.66 Following the success of that single case, Predina et al. carried out a nonrandomised, open-label study with 30 participants, all of whom presenting with pulmonary
nodules suspicious of sarcoma metastases.67 All subjects received an intravenous dose of
5mg/kg of ICG 24 hours prior to the metastasectomy, and were split into two cohorts. The
first underwent a thoracotomy, detecting the nodules through traditional intra-operative
visualisation and palpation techniques, while the second cohort underwent VATS
metastasectomy with NIR imaging. The researchers concluded that utilising ICG intraoperatively identified otherwise occult lesions that would have been missed by traditional
imaging modalities.67 In a third study, Predina et al. assessed the use of ICG during anterior
mediastinal tumour resection in a 25 patient clinical trial.68 The dye was administered in an
identical fashion to their previous studies, and was accumulated by 19 out of 20 solid

tumours which were a mixture of subtypes including four liposarcomas. Although the use of
NIR feedback increased the mean operating time by 10 minutes, it improved phrenic nerve
dissection and aided in the identification of residual disease; no false-positives or falsenegatives were observed. The researchers concluded that, for anterior mediastinal neoplasms,
ICG is safe and feasible.68 Predina et al. strongly believe that real time fluorescent feedback
can provide visual information to aid surgeons during tumour localisation, margin assessment
and dissection.66 Interestingly, in all of the aforementioned studies, the researchers utilised
exceedingly large doses of ICG: the dose for standard clinical use subcutaneously is between
0.1-0.5mg/kg,36, 40 and the total intravenous dose of the dye is recommended to be kept below
2mg/kg.40 However, no significant toxic effects have been observed in humans with doses as
high as 5mg/kg.69
Regarding preclinical evidence, in their recent study, Mahjoub et al. utilised ICG to reliably
obtain negative surgical margins and reduce the rate of local recurrence in a mouse model of
osteosarcoma.70 50 mice were injected with murine osteosarcoma cells and then separated
into two groups of 25: (1) ICG assisted surgical resection, and (2) non ICG-assisted. 7.5 μg of
ICG was administered via a retro-orbital injection twelve hours prior to surgery for the image
guided group. The former cohort displayed a 100% negative predictive value and no tumour
recurrence. In contrast, the latter group exhibited a recurrence rate of 82%. Although the
results show increasing credence for the efficacy of ICG guided sarcoma surgery, there are a
few limitations to the study. Only one histological subtype of sarcoma was investigated i.e.
osteosarcoma, primarily because the use of ICG to detect both primary and secondary
tumours of osteosarcoma are well documented in the preclinical literature.71, 72 However, as
over fifty different histological subtypes of sarcomas exist,73 additional research, utilising
varying subtypes of sarcomas may be necessary to strengthen the findings of Mahjoub et al.
Finally, although immunocompetent murine models were used, caution should be applied
when generalising the findings, as human sarcomas may behave in slightly different ways.
Nevertheless, given the benign safety profile of ICG, the researchers are confident that their
results “could be immediately translatable to the clinical realm.”70
In terms of evidence for the mechanism of ICG uptake in cancer cells, Onda et al have shown
in pre-clinical models that colorectal cancer cells will actively uptake ICG via clathrin
mediated endocytosis.74 These concepts can, and have been be adapted for sarcoma surgery
to allow for assessment of surgical margins using recently available technologies such as
handheld near infrared cameras (Figure 3). Figures 4 and 5 highlight the clinical applicability
and efficacy of such a system.

Figure 3 – Mechanics of NIR fluorescence imaging

Injection of ICG 12 hours pre-operatively allows time for the sarcoma cells to take up the ICG. The tumour can
then be visualised using the handheld near infrared camera.

Figure 4 – Fluorescence guided surgery for excision of a synovial sarcoma

The patient was injected with 75mg ICG the afternoon prior to surgery. The Stryker Spy PHI near infrared
camera was utilised during the case. (a) MRI demonstrating the synovial sarcoma (white asterisks) arising in
vastus intermedius and adjacent to the femoral vein (white arrows). (b) Intra-operative image with the camera in
a standard brightlight mode. The femoral vein (white arrows) is close to the tumour (arrowhead). (c) In the
green mode, the tumour pseudocapsule is fluorescing slightly. (d) In the black and white ‘SPY’ mode the
tumour is clearly fluorescing white.

Figure 5 – Fluorescence guided surgery for excision of a chondrsarcoma

The patient was injected with 100mg ICG the afternoon prior to surgery. The Stryker Spy PHI near infrared
camera was utilised during the case. (a) MRI demonstrating the chondrosarcoma in the proximal femur (black
asterisks). (b) Intra-operative image with the camera in a standard brightlight mode. (c) In the green mode, there
is very subtle fluorescence through the femoral head (black arrow heads) (d) In the black and white ‘SPY’ mode
the tumour is clearly fluorescing white through the base of the femoral head (white arrow heads. (e) A
chondrosarcoma bone core from the same specimen demonstrating fluorescence in the green mode and (f) in the
black and white SPY mode.

5. 1 Targeted fluorescence guidance
In comparison to non-targeted approaches, molecules that specifically target tumour cells
possess the potential to distinguish cancer cells from normal tissue on a cellular level,
depending on the resolution of the detection device.75 Tumour-specific fluorescence, in which
a monoclonal antibody with an attached fluorophore is targeted to the tumour (Figure 6), may
in certain cases be necessary for complete oncologic resection.76
Figure 6 – Non-targeted vs. targeted approaches

IR800 – a dye from the cyanine family,77 similarly to indocyanine green, has been successfully utilised in head
and neck cancers, pancreatic adenocarcinoma, colon cancer and breast cancer.78-80

Tumour targets are typically membrane proteins, or their ligands, that are expressed to a
greater extent on cancer-associated cells, such as malignant cells, angiogenic endothelial cells
or inflammatory cells, than elsewhere in the body.81 In their study of Ewing’s sarcoma,
Bosma et al. concluded that CD99, LINGO‐1, C‐kit, NOTCH receptor, CxCR4, NPY
receptor Y1, Claudin‐1 and Occludin are the most specific biomarkers for sarcomas, and
could aid the use of NIR fluorescence guided surgery.82 Further markers of sarcomas
examined in the literature include FGFR-1,83 CD44, 84 MT1-MMP85 and NG286. Although
these all pose as potential targets that may be utilised alongside, or as alternates to, ICG, not
many cancer trials exist utilising targeted probes, and the majority that do are based on two
therapeutic antibodies that target VEGF and endoglin, both predominantly present on
angiogenic tumour cells.87 Boonstra et al. therefore argue that selecting the best probe from
among these candidates still requires further comparison in suitable model systems.87
However, more recent advances in the field of fluorescence guidance have proven further
broad-spectrum targets to be valuable. In their case report for instance, Predina et al. made
use of folate receptor alpha (FRα) to achieve the first human application of molecular
imaging for the identification of pulmonary metastases in a patient with osteosarcoma.88 With
an increasing evidence suggesting that osteosarcomas express FRα as a molecular marker,89,
90
the team set out to implement OTL38, an optical contrast agent composed of a folate
analogue (a ligand to FRα) that is linked to a NIR fluorophore.91 This enables the OTL38 to

be directly targeted at cells expressing folate receptor α. The patient was administered
0.025 mg/kg of OTL38 four hours prior to undergoing the resection. Through this novel
imaging modality, Predina et al. were able to localise pre-operatively identified lesions
during the resection and identify additional disease that was undetected on pre-operative
imaging or with traditional intra-operative techniques. Although this was a case-study and
further data is required before reliable conclusions can be drawn, the results indicate that the
technique is safe and non-toxic. Furthermore, as the technology was utilised in a minimally
invasive pulmonary resection, the researchers suggest that NIR may now be considered as an
intra-operative adjunct to other conventional minimally invasive procedures.88 A summary of
all current technologies that have been applied to sarcoma in the intra-operative setting
(Table 4) can be seen below.

6. Limitations
Despite its potential in various paradigms of sarcoma surgery, NIR does possess certain
limitations. When utilised to assess pulmonary metastases, NIR imaging devices can
currently only detect lesions within 2 cm of the pleural surface,67 a drawback that may also be
seen in other areas of the body. Similarly, NIR fluorescence has been noted to have a
detection range in the millimetre to centimetre range, and therefore caution is indicated when
examining thick tissues.58 Apart from deeper lesions, NIR is only able to reproducibly
identify lesions that are larger than 5 mm.67 One possible solution would be the adoption of
more targeted approaches, as the aforementioned OTL38 ligand is able to reproducibly detect
nodules as small as 3 mm.88 However, it is important to note that both of these resolutions aid
in the identification of cancerous deposits which would otherwise be difficult to locate based
solely on pre-operative imaging and palpation alone.88
For open sarcoma surgery on the trunk and extremities, tumour detection would only be at
the macroscopic level, and therefore microscopic infiltration would not be visualised.
Nevertheless, future advancements may provide solutions to these problems. There are 3
dimensional microscopes in development for intra-operative use which may eventually
overcome the difficulty in detection at the microscopic level. Furthermore, technical
advancements in the imaging system may in time improve the penetrability of NIR imaging.
Maximising the fluence rate of the excitation light can increase the tissue penetration depth.92
However, the limiting factors for this include skin/eye exposure irreversible bleaching of the
NIR fluorophore and tissue heating.92 In order to mitigate these drawbacks, and remove the
need for laser goggles, fluence rates are currently limited to the 10-25 mW/cm2 range.92
However, technological advancements in the optics used are anticipated to yield deeper
penetration of the NIR system. Initial system prototypes often used off-the-shelf optics,
which distorted and attenuated NIR light, leading to suboptimal detection of the NIR
fluorescence.93 Newer imaging systems are now manufactured with optimised optics, and do
not suffer from this problem; improvements in this area may further improve visualisation
without increasing fluence rates.92 Furthermore considerations surrounding the ergonomics of
NIR systems should not be neglected. Not only would the aforementioned advancements in
the physical device improve the efficiency of clinical workflow, but improvements in the
software algorithms will also further aid tumour detection.92 A further potential drawback of
the utilisation of ICG may occurs if a patient has received neoadjuvant radiotherapy, as takes
place in many centres. The surgical timing is usually six weeks from radiotherapy, in which
case the tissue may still be inflamed leading to uptake of the ICG in non-cancerous cells
thereby causing difficulty in distinguishing active sarcoma cells. The main option to
overcome this will be to introduce IR dye conjugated sarcoma specific monoclonal antibodies
into the clinic which will help to identify sarcoma cells versus other non-tumour tissue.
Additionally, an important consideration is the price of the technology. NIR imaging utilising
ICG is estimated to cost $1,500 – $2,500 per patient.67 The cost of the devices and equipment
vary depending on the manufacturer,94 but a cost-estimate for the FLARE system, a widely
cited and appraised image guidance apparatus,52, 94-96 is approximately $120,000 USD.96
However, with ongoing technological advancements, these costs are falling with Stryker Spy
PHI handheld NIR camera costing £80,000 including the stack and 4K TV. In addition,
Predina et al. aim to improve the cost-effectiveness of administering ICG by conducting a
dose de-escalation trial,67 and it is likely that once the system is more widely utilised, similar
efforts will be carried out by different groups.70

Finally, further research with regards to the handheld NIR camera module will also be
necessary to maximise the utility of ICG guidance. Whilst the camera has multiple
visualisation modes (white light, overlay mode, SPY fluorescence mode, Colour Segmented
Fluorescence (CSF) mode) the utility of each mode is yet to be elucidated in the context of
sarcoma surgery and warrants further input. A quantitative scoring system to reflect the
fluorescence intensity using the handheld NIR camera is currently lacking, but with further
research this is likely to be developed which will aid a surgeon’s visual judgement, as well as
providing quantitative data for future studies and optimisation.

7. Conclusion
At present, the most commonly used imaging modalities for pre-operative planning, for both
soft-tissue and bone sarcoma excision, are CT and MRI scans. However, more precise
imaging modalities have been suggested to reduce surgery associated morbidity, and
therefore novel approaches are currently being examined, such as PET/MRI scans.
Although more accurate pre-operative imaging would aid in the assessment of surgical
margins, it is nonetheless difficult to accurately translate pre-operative images onto the
patient’s physical anatomy. As a consequence, surgeons continue to resect wider margins in
order to err on the side of caution, diminishing the advances in the accuracy of pre-operative
imaging.
Notwithstanding the aforementioned limitations, NIR imaging presents a potentially valuable
adjunct to sarcoma surgery. The early reports indicate that it may be able to provide the
surgeon with helpful information on anatomy, perfusion, lymphatic drainage, tumour margins
and metastases. Most importantly, it has been repeatedly demonstrated that the use of NIR,
following administration of ICG, is well tolerated by patients.
However, before its widespread implementation will be possible, further studies related to
cost-effectiveness are necessary, and the development of protocols with standardised doses
are essential. The parameters would also need to be optimised for each specific subtype of
sarcoma, especially if a targeted approach is to be opted for. Nevertheless, near infrared
imaging may become ubiquitous in the future, offering real-time intra-operative tumour
localisation, margin assessment and staging modalities not only for soft tissue, but bone
sarcomas as well. These imaging advancements have the potential to transform the surgical
management of sarcoma, in order to maximise patient outcomes and reduce surgery
associated morbidity and mortality.

8. Tables
Table 1 - Union Internationale Contre le Cancer (UICC) residual tumour (R) classification97
Grade

Definition

RX

Presence of residual tumour cannot be assessed

R0

No residual tumour

R1

Microscopic residual tumour

R2

Macroscopic residual tumour

Table 2 – Overview of sarcoma specific pre-operative technologies

Cancer

Technology

Clinical Status

Soft tissue sarcoma

Ultrasound scan

Clinical

MRI

Clinical

CT

Clinical

FDG PET/MRI

Clinical

Targeted

Pre-clinical

PET/MRI
Bone tissue sarcoma

X-ray

Clinical

MRI

Clinical

CT

Clinical

Table 3 - Overview of the clinical applications of NIR
Application

Cancer

Agent Utilised

SLN mapping

Breast98

ICG, MMI, HSA800

Melanoma99
Head and neck100
Lung101
Oesophagus102
Stomach103
Colorectal104
Cervix105
Vulvar106
Endometrial107
Prostate108
Penile109
Tumour imaging

Colorectal liver metastases110

ICG, 5-ALA

Hepatocellular carcinoma111
Bladder cancer112
Brain tumours113
Ovarian cancer114
Gastric cancer115
Structural imaging

Bile ducts116

ICG

Lymph flow117
Vascularisation

Bowel anastomoses118
Reconstructive surgery96
Endocrine glands119

ICG

References

Table 4 – Overview of sarcoma specific intra-operative technologies
Cancer

Technology

Clinical Status

Soft tissue sarcoma

Non-targeted NIR agent

Pre-clinical

Targeted NIR agent

Pre-clinical

Fluoroscopy

Clinical

Computer assisted tumour surgery

Preliminary

Non-targeted NIR agent

Pre-clinical

Targeted NIR agent

Pre-clinical

Bone tissue sarcoma
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Table 1 - Union Internationale Contre le Cancer (UICC) residual tumour (R) classification97
Grade

Definition

RX

Presence of residual tumour cannot be assessed

R0

No residual tumour

R1

Microscopic residual tumour

R2

Macroscopic residual tumour

Table 2 – Overview of sarcoma specific pre-operative technologies

Cancer

Technology

Clinical Status

Soft tissue sarcoma

Ultrasound scan

Clinical

MRI

Clinical

CT

Clinical

FDG PET/MRI

Clinical

Targeted

Pre-clinical

PET/MRI
Bone tissue sarcoma

X-ray

Clinical

MRI

Clinical

CT

Clinical

Table 3 - Overview of the clinical applications of NIR
Application

Cancer

Agent Utilised

SLN mapping

Breast98

ICG, MMI, HSA800

Melanoma99
Head and neck100
Lung101
Oesophagus102
Stomach103
Colorectal104
Cervix105
Vulvar106
Endometrial107
Prostate108
Penile109
Tumour imaging

Colorectal liver metastases110

ICG, 5-ALA

Hepatocellular carcinoma111
Bladder cancer112
Brain tumours113
Ovarian cancer114
Gastric cancer115
Structural imaging

Bile ducts116

ICG

Lymph flow117
Vascularisation

Bowel anastomoses118
Reconstructive surgery96
Endocrine glands119

ICG
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Table 4 – Overview of sarcoma specific intra-operative technologies
Cancer

Technology

Clinical Status

Soft tissue sarcoma

Non-targeted NIR agent

Pre-clinical

Targeted NIR agent

Pre-clinical

Fluoroscopy

Clinical

Computer assisted tumour surgery

Preliminary

Non-targeted NIR agent

Pre-clinical

Targeted NIR agent

Pre-clinical

Bone tissue sarcoma

Figure 1 - FDG PET-MRI demonstrating a markedly FDG avid myxofibrosarcoma
FDG PET, fused and T2 weighted MRI images

Figure 2 – The features and workflow of CATS
Adapted from Wong et al.32

Figure 3 – Mechanics of NIR fluorescence imaging
Injection of ICG 12 hours pre-operatively allows time for the sarcoma cells to take up the ICG. The tumour can
then be visualised using the handheld near infrared camera.

Figure 4 – Fluorescence guided surgery for excision of a synovial sarcoma
The patient was injected with 75mg ICG the afternoon prior to surgery. The Stryker Spy PHI near infrared
camera was utilised during the case. (a) MRI demonstrating the synovial sarcoma (white asterisks) arising in
vastus intermedius and adjacent to the femoral vein (white arrows). (b) Intra-operative image with the camera in
a standard brightlight mode. The femoral vein (white arrows) is close to the tumour (arrowhead). (c) In the
green mode, the tumour pseudocapsule is fluorescing slightly. (d) In the black and white ‘SPY’ mode the
tumour is clearly fluorescing white.

Figure 5 – Fluorescence guided surgery for excision of a chondrsarcoma
The patient was injected with 100mg ICG the afternoon prior to surgery. The Stryker Spy PHI near infrared
camera was utilised during the case. (a) MRI demonstrating the chondrosarcoma in the proximal femur (black
asterisks). (b) Intra-operative image with the camera in a standard brightlight mode. (c) In the green mode, there
is very subtle fluorescence through the femoral head (black arrow heads) (d) In the black and white ‘SPY’ mode
the tumour is clearly fluorescing white through the base of the femoral head (white arrow heads. (e) A
chondrosarcoma bone core from the same specimen demonstrating fluorescence in the green mode and (f) in the
black and white SPY mode.

Figure 6 – Non-targeted vs. targeted approaches
IR800 – a dye from the cyanine family,77 similarly to indocyanine green, has been successfully utilised in head
and neck cancers, pancreatic adenocarcinoma, colon cancer and breast cancer.78-80
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