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Abstract

Purpose: Intraoperative molecular imaging with tumor-targeting fluorophores offers real-time 

detection of neoplastic tissue. The Second-Window-Indocyanine-Green (SWIG) technique relies 

on passive accumulation of indocyanine-green (ICG), a near-infrared fluorophore, in neoplastic 

tissues.In this study, we explore the ability of SWIG to detect neoplastic tissue and to predict 

postoperative Magnetic Resonance Imaging (MRI) findings intraoperatively.

Procedures: Retrospective data were collected from 36 patients with primary high-grade 

gliomas (HGG) enrolled as part of a larger trial between October 2014 and October 2018. Patients 

received systemic ICG infusions at 2.5–5mg/kg 24 h preoperatively. Near-infrared fluorescence 

was recorded throughout the case and from biopsy specimens. The presence/location of residual 

SWIG signal after resection was compared to the presence/location of residual gadolinium 

enhancement on postoperative MRI. The extent of resection was not changed based on near

infrared imaging.
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Results: All 36 lesions demonstrated strong near-infrared fluorescence (signal-to-background = 

6.8 ± 2.2) and 100% of tumors reaching the cortex were visualized before durotomy. In 78 biopsy 

specimens, near-infrared imaging demonstrated higher sensitivity and accuracy than white-light 

for diagnosing neoplastic tissue intraoperatively. Furthermore, near-infrared imaging predicted 

gadolinium enhancement on postoperative MRI with 91% accuracy, with visualization of residual 

enhancement as small as 0.3cm3. Patients with no residual near-infrared signal after resection were 

significantly more likely to have complete resection on postoperative MRI (p-value < 0.0001).

Conclusions: Intraoperative imaging with SWIG demonstrates highly sensitive detection of 

HGG tissue in real-time. Furthermore, post-resection near-infrared imaging correlates with 

postoperative MRI. Overall, our findings suggest that SWIG can provide surgeons with MRI-like 

results in real-time, potentially increasing resection rates.
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Introduction

Cancer remains a leading cause of death in the US. While the medical community 

continues to develop novel medical treatments, surgical resection still plays a major role 

in the diagnosis, treatment, and palliation of most solid cancers and this remains true 

in the treatment and palliation of high-grade gliomas (HGG). Numerous retrospective 

studies have demonstrated that increasing the extent of resection of gadolinium-enhancing 

components is independently associated with improved patient outcomes in patients with 

HGGs [1–5]. To achieve maximal safe resection, neurosurgeons often rely on extra 

tools in the operating room, such as neuronavigation, intraoperative magnetic resonance 

imaging (iMRI), intraoperative rapid pathology, and/or intraoperative ultrasound [6–10]. 

Neuronavigation, now widely adopted, relies on preoperative MRI sequences, which do 

not provide real-time, updated evaluation of the tumor margin intraoperatively. Conversely, 

iMRI can provide nearly real-time evaluation of the tumor margin and its use has been 

associated with increased extent of resection in HGG surgery [11]. However, the benefits 

of iMRI over conventional neuronavigation in improving HGG patient outcomes is unclear, 

with most studies favoring iMRI in increasing the extent of resection but without significant 

effects on overall survival [12–15]. Considering that iMRI is costly and time-consuming, the 

lack of strong evidence for its benefit currently limits its utility in many hospitals [11–13, 

16, 17].

In contrast to the expensive and cumbersome iMRI, fluorescence-guided surgery (FGS) 

has recently emerged as a rapid and cost-effective method for intraoperative tumor 

visualization. Specifically, the administration of 5-aminolevulinic-acid (5-ALA) leads to 

the accumulation of a visible fluorophore protoporphyrin-IX in neoplastic cells [18]. FGS 

with 5-ALA, FDA-approved in 2017, has demonstrated increased resection rates and 

improved progression-free survival,[19]. However, there is an increasing trend in favor of 

near-infrared (NIR) fluorophores over visible-spectrum fluorophores [20, 21] because NIR 

visualization offers improved tumor visualization due to superior photon penetration (>1cm 
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vs <1mm) and minimal background auto-fluorescence leading to stronger contrast [22–24]. 

Furthermore, NIR fluorescence can easily be overlaid over white-light imaging due to 

the non-overlapping excitation/emission characteristics, allowing the surgeon to appreciate 

areas of NIR fluorescence in the context of background information. Given this trend, 

our group has investigated the benefits of a novel technique, Second-Window-Indocyanine

Green (SWIG). When given in high doses, indocyanine-green (ICG) accumulates in 

areas of permeable endothelium (i.e. peritumoral tissue) over >16 h (hence, imaging 

during the “Second-Window” rather than immediately after ICG infusion) via the enhanced

permeability-and-retention (EPR) effect [25–28].

Previously, we demonstrated a proof-of-concept using SWIG in detecting tumor specimens 

in 10 HGG patients, with higher sensitivity (86% vs 77%) compared to white-light alone. 

In this larger study, we further demonstrate the ability of SWIG to predict postoperative 

MRI findings while still in the operating room – thus providing a technique that may offer 

MRI-like imaging without the cumbersome and expensive requirements of true iMRI.

Materials and Methods

Study Population

All patients >18-years undergoing resection of central nervous system tumors were 

prospectively enrolled between October 2014 and October 2018 in an IRB-approved, 

registered trial. Exclusion criteria were pregnancy and allergy to contrast dye, iodide or 

shellfish. All patients gave informed consent for this study. For this retrospective analysis, 

data from all patients with pathology-proven, newly-diagnosed HGG were collected.

Preoperative Assessment

All patients underwent preoperative 1mm-slice MRI of the brain with intravenous 

gadolinium. MRI analysis and volumetric calculations were performed using GE PACS 

(General Electric Healthcare, Chicago, IL) and BrainLab (Brainlab, Munich, Germany) 

software.

Near-Infrared Contrast Agent

Before April 2018, patients were infused intravenously with a 5mg/kg dose of ICG 

(C43H47N2O6S2.Na; Akorn Pharmaceuticals, Illinois, USA) approximately 24 h before 

surgery at an outpatient infusion center. As of April 2018, the ICG dose was decreased to 

2.5mg/kg as part of a dose de-escalation study currently underway and as a cost-reducing 

measure [29].

Near-Infrared Imaging System

All cases were imaged using the FDA-approved VisionSense Iridium™ exoscope 

(VisionSense, Philadelphia, PA) with a NIR laser excitation source (805 nm) and 

camera (820–860nm), which has very high NIR sensitivity and dynamic range [30, 31]. 

Furthermore, the VisionSense allows white-light and NIR imaging to be overlaid in real

time, preserving background anatomic information.
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Study Procedure

Standard-of-care resections were performed as previously described [26, 27]. Upon 

craniectomy, room lights were dimmed and window shades were closed to eliminate stray 

infrared light. The sterile-draped NIR exoscope was positioned above the operative field. 

NIR signal was documented at this time (Dura-View). The dura was then opened and 

NIR signal was recorded (Cortex-View). For deep tumors, the presence of NIR signal was 

recorded again following corticectomy to reveal the tumor (Tumor-View). After resection 

of the gross tumor using white-light microscopy, both white-light and NIR imaging were 

used to examine the margins (Margin-View). Areas that seemed neoplastic under white-light 

were resected regardless of NIR fluorescence, although in-vivo NIR fluorescence presence/

absence in those areas was recorded prior to resection. If there were areas that did not 

appear convincing for tumor under white-light but demonstrated NIR fluorescence, small 

biopsy specimens were taken. Due to the experimental nature of the SWIG protocol, 

resection was not guided by NIR imaging alone; thus, areas of residual NIR fluorescence 

were left unresected (other than small biopsies) if the surgeon would not have resected 

the area otherwise. All biopsy specimens were sent to pathology. One final NIR imaging 

was performed prior to surgical closure (Final-View). Postoperatively, patients underwent 

standard-of-care treatment under the Stupp protocol.[32]

Evaluation of Near-Infrared Signal

Videos of the tumor resection were recorded and analyzed postoperatively by three 

independent reviewers. The presence or absence of NIR signal, as well as the signal-to

background-ratio (SBR) was analyzed at all views. The SBR was calculated using ImageJ 

(National Institute of Health, Bethesda, MD) to measure the mean pixel intensity within 

the area of interest, divided by the mean pixel intensity in an area corresponding to normal 

brain parenchyma [31]. SBR greater than 2.0 was deemed significant, based on our prior 

intraoperative experiences.

Videos from the Margin-View and Final-View were particularly closely observed. Each 

Margin-View video was matched with the corresponding biopsy specimen in order to 

accurately calculate the test characteristics for NIR imaging. With Final-View imaging, if 

residual NIR fluorescence was noted in or around the surgical cavity, the anatomic location 

of the fluorescence was determined (i.e. anterior-cavity, posterior-cavity, deep-cavity, etc.) in 

order to compare this location to the location of any residual gadolinium enhancement seen 

on postoperative MRI. Due to neuronavigation’s limitations in accounting for brain-shift and 

other changes, we did not rely on neuronavigation to evaluate the areas of residual NIR 

fluorescence.

Evaluation of Postoperative MRI

MRIs were performed the morning after surgery using either 1mm or 5mm-slices per 

hospital protocol. All MRIs were reviewed by neuroradiologists who were blinded to the 

NIR imaging results. Locations of residual gadolinium enhancement were reported on the 

radiology reports. BrainLab software was used by two blinded authors to perform manual 

volumetric analyses on any residual gadolinium-enhancing components. Patients with zero 

residual enhancements were considered to have complete-resection-of-enhancing-tumor 

Cho et al. Page 4

Mol Imaging Biol. Author manuscript; available in PMC 2021 November 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(CRET) as suggested by the Response Assessment in Neuro-Oncology (RANO) Working 

Group [33]. Patients received regular follow-ups and serial MRI scans to track recurrence 

(new gadolinium enhancement) or progression of the tumor (>25% increase in perpendicular 

diameters of initial residual enhancement) as defined by the modified RANO criteria [34].

Clinical Data Collection

Clinical data on patients were retrospectively collected, with the most recent data collected 

on January 2019. Potential prognostic factors, such as age, gender, isocitrate-dehydrogenase 

(IDH) mutation status, tumor location, and preoperative tumor volume were collected. For 

calculation of Cox-hazard ratios, age and preoperative tumor volume were converted to a 

dichotomous variable (>/< 65 years of age and >/< 15cm3 (median volume), respectively).

All patients in this study continued to receive care at our institution after surgical 

intervention. Overall-survival (OS) was calculated from the date of surgery until death or 

until January 2019 for those still alive. Progression-free-survival (PFS) was calculated from 

the date of surgery until recurrence/progression of the tumor as defined above, death in those 

that died without radiologic evidence of recurrence/progression, or until January 2019 for 

those still alive without recurrence/progression.

Statistical Analysis

Statistical analyses were performed using STATA 10™ (StataCorp LLC, Collegestation, 

TX). The Mann-Whitney test was used when comparing values. Two-by-two contingency 

tables were constructed to calculate the sensitivity/specificity/positive-predictive-value 

(PPV)/negative-predictive-value (NPV)/accuracy for the surgeon’s impression and SWIG 

for neoplastic tissue. Kaplan-Meier curves of PFS and OS were constructed using STATA 

and Cox-hazard ratios were calculated for potential prognostic variables. A p-value cutoff of 

<0.05 was used to determine statistical significance and 95% confidence intervals (CI) were 

used.

Results

NIR visualization using SWIG provides strong tumor-to-brain contrast as ICG accumulates 

within the tumor and is rapidly cleared from normal brain parenchyma. We present 

three results to validate performance characteristics of SWIG as a diagnostic tool. First, 

fluorescence imaging results will be presented at the dura, cortex (prior to corticectomy) 

and at the direct tumor view. Next, we present information on margin specimen analysis 

comparing white-light to NIR for tumor detection. Finally, we present data showing that 

NIR imaging can predict both the presence and location of gadolinium enhancement on 

postoperative MRI with high accuracy.

Participants

Thirty-six patients with primary HGG (Grade IV) with no prior surgery/radiation were 

enrolled between October 2014 and October 2018 by two surgeons (SB, JYKL) (Table 

1). Median preoperative tumor volume was 15.1cm3 (range 1.5–115.8cm3). The median 

interval between ICG infusion and intraoperative visualization was 22.2 h. Two patients had 
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unforeseen events not attributable to the infusion that precluded surgery within the 24 h 

time window (53 and 120 h). All patients tolerated ICG infusions (28 patients at 5mg/kg; 8 

patients at 2.5mg/kg) without major adverse events and no permanent surgical complications 

were identified.

Intraoperative Near-Infrared Visualization of Tumor

NIR imaging through intact dura was performed in 35 out of the 36 cases. The deepest 

tumor that was successfully visualized with NIR imaging was 13.3mm below the intact dura 

on preoperative MRI. Overall, 100% (14/14) of tumors reaching the cortex and 90% (27/30) 

of tumors ≤15mm below the cortex were visualized through the dura with NIR imaging. 

This is consistent with prior observations that NIR fluorescence, unlike visible light, can 

penetrate through dura and brain parenchyma up to approximately 1–1.5cm [25–27].

Furthermore, all 36 lesions demonstrated tumor-specific NIR fluorescence (SBR = 6.8 ± 

2.2) when in direct sight of the NIR camera (Tumor-View). Patients who received 5mg/kg 

of ICG demonstrated stronger NIR fluorescence (SBR = 7.2 ± 2.2) than those that received 

2.5mg/kg (5.2 ± 1.6, p-value = 0.0096); other factors did not significantly affect the NIR 

SBR.

These data confirm strong localization of ICG within tumor with excellent SBR that can be 

appreciated through the dura, through normal cortex, and upon direct inspection.

Near-Infrared Fluorescence Detection of Neoplastic Tissue

From the 36 patients, a total of 78 specimens were biopsied and labeled by the surgeon 

as consistent with tumor/not-tumor based on white-light visualization and yes/no for 

the presence of NIR fluorescence. On histopathology using H&E microscopic analysis, 

69 specimens contained tumor cells. No additional markers of tumor presence, such as 

immunohistochemistry staining, Ki-67, or stem-cell traits, were used to determine the 

presence of tumor in the margin specimens. In all 78 specimens, white-light alone had 78% 

sensitivity, 100% specificity, 100% PPV, 38% NPV, and 81% accuracy. NIR, in contrast, had 

97% sensitivity, 56% specificity, 94% PPV, 71% NPV, and 92% accuracy (Table 2).

Post-Resection Near-Infrared Imaging Correlation to Postoperative MRI

Upon resection of gross tumor and removal of margin samples, a final view of the operative 

cavity was performed with the NIR camera (Final-View) in 34 patients; in two patients, 

Final-View was not imaged due to technical reasons. Residual areas of NIR fluorescence 

were video-recorded after biopsies were completed; these images were then oriented in 

3-dimensional space and compared to postoperative MRI performed within 24 h, which 

served as the gold-standard of determining the extent of resection. No further biopsies were 

performed during/after the Final-View, precluding histopathological correlates.

In 25 of the 34 patients, the Final-View NIR imaging demonstrated residual NIR 

fluorescence. In 23 of these 25 patients, postoperative MRI demonstrated residual neoplasm 

(0.3–37.3cm3), and the location of the residual NIR fluorescence correlated with the location 

of the residual gadolinium enhancement (Fig. 1). Thus, Final-View NIR imaging was highly 
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sensitive to residual gadolinium enhancement on postoperative MRI even to volumes as 

small as 0.3cm3 in the appropriate anatomic location. In 2 of the 25 cases, nonspecific NIR 

fluorescence was visualized in patients with no residual enhancement on postoperative MRI 

(Fig. 2); this may have been due to ICG leaking out of the tumor during resection, as NIR 

signal was detected in previously clean regions. Thus, there were 23 true-positive signals 

and 2 false-positive signals with the Final-View NIR imaging.

In contrast, 9 of the 34 patients demonstrated no significant NIR fluorescence on Final-View. 

In 8 of these 9 patients, the immediate postoperative MRI demonstrated complete resection 

of enhancing tumor (CRET), defined as complete absence of residual gadolinium-enhancing 

volume (Fig. 3). In one patient, residual gadolinium enhancement measuring 5.4cm3 was 

seen on postoperative MRI at 48mm below the cortex; this was attributed to potentially 

insufficient excitation of the deep tissue, discussed below. Thus, there were 8 true-negative 

and 1 false-negative readings with the Final-View NIR imaging.

In total, in these 34 patients, Final-View imaging resulted in 23 true-positive, 8 true

negative, 2 false-positive, and 1 false-negative signals for predicting the results of 

postoperative MRI, leading to 96% sensitivity (95% CI 79–100%), 80% specificity 

(44–97%), 92% PPV (77–98%), 89% NPV (53–98%), and 91% accuracy (76–98%). 

Furthermore, chi-squared analysis demonstrated a significant correlation (p-value < 0.0001) 

between residual NIR fluorescence and residual gadolinium enhancement.

Overall, in the 34 patients for whom volumetric analysis was available both before and 

after resection, the median tumor volume was 15.1cm3 (range 1.5–115.8cm3) preoperatively 

and 0.75cm3 (range 0–37.3cm3) postoperatively (Figure 4). CRET was achieved in 29.4% 

(10/34) of cases. This resection data was stratified according to the Final-View NIR imaging 

results (Table 3). Those with no residual NIR fluorescence on Final-View imaging were 

significantly more likely to demonstrate CRET on postoperative MRI (p-value<0.0001), 

have higher resection rates (p-value = 0.0011), and have smaller volumes of residual 

neoplasm (0.0027) than those with residual NIR fluorescence.

Finally, a stratified analysis of the resection data based on tumor location revealed no 

statistical difference in CRET rate (p-value=0.86) or Final-View NIR imaging accuracy 

(p-value = 0.44) between tumors in eloquent location (n=16) and non-eloquent location (n = 

18).

Clinical Outcome

The median PFS for the patients in our study was 168 days (range 3–1237). There was 

no significant correlation between PFS and IDH status (p-value = 0.24), age over 65 

years (p-value = 0.65), gender (p-value=0.34), or preoperative tumor volume (p-value = 

0.55). Stratified analyses (Table 3) revealed a trend towards increased PFS in patients with 

CRET on postoperative MRI (p-value=0.12, Fig. 5a), but not in those with negative NIR 

fluorescence on Final-View (p-value=0.99, Fig. 5b).

The median OS for the patients was 484 days (range 3–1237). All 3 patients with IDH

mutated tumors remain alive at 152, 865, and 1104 days postoperatively, approaching 
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statistical significance in increased OS (p-value = 0.08). There was no significant correlation 

between OS and age over 65 years (p-value 0.11), gender (p-value = 0.72), or preoperative 

tumor volume (p-value = 0.13). Stratified analyses (Table 3) revealed a trend towards 

statistical difference in OS for patients with CRET on postoperative MRI (p-value = 0.08, 

Fig. 5c), but not in those with negative NIR fluorescence on Final-View (p-value = 0.86, Fig. 

5d).

Discussion

Complete surgical resection of high-grade gliomas cannot cure patients of disease; however, 

increasing the extent of resection (EOR) does contribute to improved overall survival and 

progression-free survival in patients with HGG [1, 2, 4, 5, 19]. The definition of EOR 

in HGG is based on gadolinium-enhancement, although the acceptance that HGG is an 

infiltrative disease with boundaries that likely extend beyond the gadolinium-enhancement 

[33, 34]. Thus, because current definitions of EOR depend on gadolinium enhancement and 

increased EOR has been shown to improve patient outcomes, it is imperative to provide the 

surgeon with real-time, intraoperative information that predicts gadolinium enhancement on 

MRI.

Optical methods that could predict gadolinium-enhancement on MRI are appealing and 

many groups have compared the utility of fluorescence-guided surgery (FGS) with 5-ALA 

against HGG resection using iMRI, with varying conclusions [35–37]. Here, we suggest 

that near-infrared imaging with SWIG can predict gadolinium enhancement on postoperative 

MRI.

In previous papers, our group has demonstrated that SWIG could be used to 

localize intracranial tumors (HGG, metastases, meningiomas) in real-time intraoperatively, 

suggesting its potentials as a FGS agent [25–27]. We hypothesize that ICG accumulates 

within tumors via the EPR effect, in which small molecules, such as ICG or gadolinium, 

accumulate in areas of high blood-brain-barrier permeability in the peritumoral tissue [38–

41]. Further tumor-specificity may be conferred by active endocytosis of ICG by tumor cells, 

making it superior to fluorescein, which was not retained within intracellular compartments 

[42]. We previously demonstrated a long plateau period of visualization of ICG within 

tumors, thus providing immense flexibility in ability to use this technique for tumor surgery 

[43]. This prolonged dye accumulation within tumor cells thus differs from gadolinium, 

which is not known to significantly accumulate intracellularly [44].

Clinical Benefits of Near-Infrared Fluorescence-Guided Surgery

Currently, ICG remains the only FDA-approved near-infrared fluorophore for use in humans. 

Thus, SWIG leads the NIR FGS effort in terms of the number of patients that have received 

it. However, researchers of FGS are now intensely focusing on novel NIR agents that may 

exhibit more tumor specificity, through receptor targeting or metabolic specificity. Unlike 

5-ALA, which is only amenable to FGS using visible-light excitation and emission, SWIG 

and these other novel agents fluoresce in the NIR region. Two major benefits of working 

in the NIR spectrum are the superior tissue penetration of NIR fluorescence and the ability 

to easily measure fluorescence intensity objectively. First, it is well known that photons 
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in the NIR wavelength better penetrate tissue compared to visible spectrum photons due 

to reduced absorbance by endogenous fluorophores.[45] Thus, residual tumor that may be 

hidden behind normal tissue is much more likely to be detected using NIR fluorescence 

than with 5-ALA. Specifically, we demonstrated in this study that we could reliably detect 

tumors that were up to 15mm below the dura. Second, NIR fluorescence can be measured 

objectively. In this study and prior publications, we use an objective SBR measurement 

to quantify NIR fluorescence. In contrast, in the vast majority of literature investigating 

5-ALA, the fluorescence is measured subjectively using either a +/− scale or at best, none/

weak/strong red fluorescence. This leads to measurements that are inherently subjective and 

less reliable. This subjectivity is largely due to the fact that humans can readily see the 

red fluorescence, making a subjective scale more accessible. While a detailed comparison 

between the clinical utility of 5-ALA and NIR agents is not yet available, most researchers 

have turned their focus to NIR agents for FGS for these clinical advantages.

Clinical Applicability of Second-Window Indocyanine-Green

In our study of 78 biopsy specimens from 36 patients who received SWIG, NIR imaging 

was more sensitive and had a higher NPV and accuracy for diagnosing neoplastic tissue 

intraoperatively, compared to white-light alone. Overall, this suggests that the greatest 

benefit of NIR imaging is in detecting areas of residual neoplasm that may be missed on 

white-light imaging. In fact, while NIR imaging did miss 2 neoplastic specimens, it detected 

13 more neoplastic specimens compared to white-light alone, and all specimens that were 

deemed neoplastic under white-light fluoresced under NIR imaging. Thus, when the goal of 

surgery is to leave no residual tumor (i.e. tumors in non-eloquent locations), NIR imaging 

with SWIG could help to minimize residual neoplasm and improve patient outcomes.

Furthermore, we hypothesized that NIR imaging could predict gadolinium enhancement 

postoperatively. Our data suggests that the post-resection Final-View NIR imaging predicts 

gadolinium enhancement on postoperative T1-weighted MRI with 96% sensitivity and 91% 

accuracy. In this study, our IRB-approved protocol did not allow the surgeon to change 

the extent of resection based on NIR imaging, and as such, residual areas of NIR were 

only correlated with MRI findings. Furthermore, with this small retrospective study, we 

were unable to assess the impacts of NIR imaging results on patient outcome (PFS and OS 

showed no statistical difference). Nonetheless, we demonstrate several advantages of NIR 

imaging with SWIG. First, NIR imaging can detect residual gadolinium enhancement as 

small as 0.3cm3 in the proper corresponding location. Second, lack of NIR fluorescence 

on Final-View imaging correctly predicted complete resection of enhancing tumor (CRET) 

in 89% of cases. The one false-negative case had residual neoplasm that was ~5cm deep, 

which we discuss below as a limitation. Third, the corollary is that the presence of residual 

NIR fluorescence on Final-View imaging correctly predicted residual enhancing tumor 

on postoperative MRI in 92% of cases. Indeed, patients with negative Final-View NIR 

imaging were significantly more likely to achieve CRET. As such, we believe that SWIG 

provides surgeons with an alternative to visualize gadolinium-enhancement in real-time in 

the operating room.
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Limitations

There are limitations to NIR imaging using SWIG. In one patient with no NIR fluorescence 

on Final-View imaging, postoperative MRI demonstrated a 5.4cm3 residual neoplasm 

located 48mm deep in a narrow cavity. Most likely, the excitation laser could not reach 

the tissue to excite the ICG. Although this is a limitation of NIR imaging, the depth of 

penetration is significantly greater than visible light dyes, such as 5-ALA and fluorescein. 

For such deep cavities and margins, using NIR-capable endoscopes, which we have 

investigated in transsphenoidal endoscopic surgeries, may be of use. Second, because the 

mechanism of action of SWIG relies on passive diffusion and accumulation via the EPR 

effect, ICG can accumulate in non-neoplastic areas of blood-brain-barrier breakdown, such 

as inflammation and/or necrosis (unpublished data), lowering the specificity. Finally, the 

SWIG protocol requires patients to visit the outpatient suite the day prior to surgery if they 

are not already inpatients, which may be cumbersome for some patients and surgeons. In 

contrast, 5-ALA can be given the day of surgery, which facilitates its administration. A 

shorter, same-day “Second-Window” for SWIG will be investigated in the future.

Ultimately, this study was a retrospective study performed to test our hypothesis based on 

past observations. While we were not able to directly compare NIR imaging to iMRI, we 

believe this study provides compelling evidence to support SWIG as a proxy for gadolinium 

enhancement on postoperative MRI scans. Given that iMRI and neuronavigation, both of 

which relies on gadolinium enhancement, have demonstrated the ability to help surgeons 

achieve increased resection rates, SWIG is a promising technique that may improve surgical 

outcomes by providing real-time detection of gadolinium-enhancing tissues intraoperatively.

Conclusion

In this study, we demonstrate the potential benefits of Second-Window-ICG as a near

infrared fluorescent dye technique for surgical localization of high-grade-gliomas prior to 

dura opening and prior to corticectomy. In addition, SWIG can predict the presence/location 

of gadolinium enhancement on postoperative MRI. Future directions of study include 

comparisons to 5-ALA and iMRI. Oncologic surgery is currently at the cusp of rapid 

introduction of targeted, near-infrared fluorophores; although SWIG is not a targeted dye 

and instead relies on passive diffusion, EPR, and intracellular endocytosis, it nonetheless 

provides a valuable framework for analysis of near-infrared workflow during neurosurgery.
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Figure 1: 
NIR Imaging Correctly Predicts Residual Enhancing Tumor on Postoperative MRI 

Preoperative MRI, a without and b with gadolinium contrast, demonstrates a 20.3cm3 

contrast-enhancing lesion suggestive of HGG that extends to the cortex. c White-light 

imaging of the cortex after durotomy shows an area of hypervascularity suggestive of 

neoplasm. d NIR imaging after durotomy visualizes the superficial aspect of the tumor 

with a NIR SBR of 5.0. This NIR signal corresponds to the contrast-enhancement seen 

in b. Postoperative MRI, e without and f with gadolinium contrast, demonstrates subtotal 

resection of the contrast-enhancing tissue with a 0.9cm3 area of residual enhancement in 

the deep portion of the resection cavity near the atrium of the left lateral ventricle (white 

arrow). g White-light imaging of the surgical cavity after resection does not reveal any areas 

of residual neoplasm. h Post-resection Final-View NIR imaging demonstrates removal of 

most areas of fluorescence. There remains residual NIR signal (SBR = 9.5) in the posterior 

portion deep in the resection cavity adjacent to the atrium of the left lateral ventricle (white 

arrow), consistent with the postoperative MRI finding.
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Figure 2: 
False Positive NIR Signal on Final-View NIR Imaging: Preoperative MRI a without and b 
with gadolinium contrast, demonstrates a 1.5cm3 contrast-enhancing lesion that extends to 

the cortex. c White-light imaging after durotomy reveals an area of discoloring consistent 

with neoplasm. d NIR imaging after durotomy visualizes this superficial tumor with a 

NIR SBR of 7.5. This NIR signal corresponds to the contrast-enhancement seen in b. 

Postoperative MRI, e without and f with gadolinium contrast, demonstrates CRET with no 

areas of residual enhancement. g White-light imaging of the surgical cavity after resection 

does not reveal any areas of residual neoplasm. h Post-resection Final-View NIR imaging 

demonstrates areas of non-specific NIR signal surrounding the surgical cavity. This was not 

seen in c, suggesting that the ICG may have leaked out of the tumor into the surrounding 

area during the resection.
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Figure 3: 
Lack of NIR fluorescence on final-view NIR imaging correctly predicts complete resection 

of enhancing tumor on postoperative MRI: Preoperative MRI, a without and b with 

gadolinium contrast, demonstrates a 11.2cm3 contrast-enhancing lesion 9mm below the 

cortex. c White-light imaging upon exposing the tumor reveals an area of hypervascularity 

suggestive of potential neoplasm. d NIR imaging after exposing the tumor visualizes 

this deep tumor with a NIR SBR of 7.8. This NIR signal corresponds to the contrast

enhancement seen in b. Postoperative MRI, e without and f with gadolinium contrast, 

demonstrates CRET with no area of residual enhancement. g White-light imaging of 

the surgical cavity after resection does not reveal any areas of residual neoplasm. h 
Post-resection Final-View NIR imaging demonstrates no areas of significant residual NIR 

fluorescence in the surgical cavity.
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Figure 4: 
Summary of preoperative and postoperative tumor volumes: In 34 patients in whom 

volumetric analysis was available, the median preoperative tumor volume (light gray bars) 

was 15.1cm3 with a range of 1.5–115.8cm3, while the median postoperative tumor volume 

(black bars) was 0.75cm3 with a range of 0–37.3cm3. The median resection rate was 94.8%. 

The 9 patients with no residual NIR signal on Final-View imaging are marked with an X. 

With the exception of 1 patient, all patients with negative Final-View NIR fluorescence 

demonstrated complete resection of enhancing components on postoperative MRI.
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Figure 5: 
Kaplan-Meier survival analysis: Subgroup analysis of PFS and OS based on postoperative 

MRI and Final-View NIR imaging results. a Patients with complete resection of enhancing 

tumor (CRET; 0cm3 of residual contrast enhancement) on postoperative MRI had a median 

PFS of 312 days, while those without CRET had a median PFS of 165 days. The difference 

in PFS was large, but not statistically significant (p-value = 0.12), likely due to small sample 

size. b There was no difference in PFS (195 days) between patients with no residual NIR 

fluorescence on Final-View imaging and those with residual NIR fluorescence (p-value = 

0.99). c Patients with CRET on postoperative MRI had a median OS of 755 days, while 

those without CRET had a median OS of 278 days. The difference in OS was large, but 

not statistically significant (p-value = 0.08). d Patients with no residual NIR fluorescence 

on Final-View imaging had a median OS of 692 days, while those with residual NIR 

fluorescence had a median OS of 510 days. The difference in OS was large, but not 

statistically significant (p-value = 0.86)
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Table 1:

Demographic Data

Demographic Factor Value

Patients (n) 36

Age (mean±SE) 65.3±2.3 (range 22–88)

Males (n) 20

Grade IV (n) 35

Grade III (n) 1

IDH Mutation (n, %) 3, 8.3%

Median preoperative tumor volume 15.1cm3 (range 1.5–115.8cm3)

Median postoperative tumor volume 0.75cm3 (range 0–37.3cm3)

Tumor depth (mean±SE, mm) 6.6±1.2 (range 0–27.9)

Tumor in eloquent location (n, %) 17, 47.2%

BMI (mean±SE) 27.1±0.57 (range 18.6–33.7)

Time from ICG infusion to imaging (mean±SE, hours) 25.9±2.9 (range 17.6–120)
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Table 2

   WL for all specimens

White Light  Sensitivity Specificity PPV NPV Accuracy

Yes No

 

Point Estimate 78% 100% 100% 38% 81%

Tumor on pathology
Yes 54 15

No 0 9
95% CI 67–87% NA NA 28–48% 70–89%

Total N 78

   NIR for all specimens

NIR  Sensitivity Specificity PPV NPV Accuracy

Yes No

 

Point Estimate 97% 56% 94% 71% 92%

Tumor on pathology
Yes 67 2

No 4 5
95% CI 90–100% 21–86% 89–97% 36–92% 84–97%

Total N 78
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Table 3:

Clinical Outcome Data Stratified by Final-View NIR Imaging

Final-View NIR Imaging Negative for 
Residual Fluorescence

Final-View NIR Imaging Positive for 
Residual Fluorescence P-value

N 9 25 NA

Age 57±21 68±9.2 0.40

Gender (% Male) 66.7 48 0.34

Median Preoperative Tumor Volume 7.9cm3 17.2cm3 0.035

Median Postoperative Tumor Volume 0cm3 1.8cm3 0.0027

CRET Rate 77.8% 8% <0.0001

Mean Resection Rate 95.3±10.1% 87.9±12.1% 0.0099

Median PFS Length 195 days 195 days 0.99

PFS Rate at 6 months 55.6% 56.0% 0.98

PFS Rate at 12 months 22.2% 16.0% 0.67

Median OS Length 692 days 510 days 0.86

OS Rate at 6 months 77.8% 56.0% 0.25

OS Rate at 12 months 55.6% 32.0% 0.21
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