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Near-infrared fluorescent image-guided surgery for
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OBJECTIVE Meningiomas are the most common primary tumor of the central nervous system. Complete resection can
be curative, but intraoperative identification of dural tails and tumor remnants poses a clinical challenge. Given data from
preclinical studies and previous clinical trials, the authors propose a novel method of localizing tumor tissue and identify-
ing residual disease at the margins via preoperative systemic injection of a near-infrared (NIR) fluorescent contrast dye.
This technique, what the authors call “second-window indocyanine green” (ICG), relies on the visualization of ICG ap-
proximately 24 hours after intravenous injection.

METHODS Eighteen patients were prospectively identified and received 5 mg/kg of second-window ICG the day prior to
surgery. An NIR camera was used to localize the tumor prior to resection and to inspect the margins following standard
resection. The signal to background ratio (SBR) of the tumor to the normal brain parenchyma was measured in triplicate.
Gross tumor and margin specimens were qualitatively reported with respect to fluorescence. Neuropathological diagno-
sis served as the reference gold standard to calculate the sensitivity and specificity of the imaging technique.

RESULTS Eighteen patients harbored 15 WHO Grade | and 3 WHO Grade Il meningiomas. Near-infrared visualiza-
tion during surgery ranged from 18 to 28 hours (mean 23 hours) following second-window ICG infusion. Fourteen of the
18 tumors demonstrated a markedly elevated SBR of 5.6 + 1.7 as compared with adjacent brain parenchyma. Four of
the 18 patients showed an inverse pattern of NIR signal, that is, stronger in the adjacent normal brain than in the tumor
(SBR 0.31 £ 0.1). The best predictor of inversion was time from injection, as the patients who were imaged earlier were
more likely to demonstrate an appropriate SBR. The second-window ICG technique demonstrated a sensitivity of 96.4%,
specificity of 38.9%, positive predictive value of 71.1%, and a negative predictive value of 87.5% for tumor.

CONCLUSIONS Systemic injection of NIR second-window ICG the day before surgery can be used to visualize me-
ningiomas intraoperatively. Intraoperative NIR imaging provides higher sensitivity in identifying meningiomas than the
unassisted eye. In this study, 14 of the 18 patients with meningioma demonstrated a strong SBR compared with adjacent
brain. In the future, reducing the time interval from dye injection to intraoperative imaging may improve fluorescence at
the margins, though this approach requires further investigation.

Clinical trial registration no.: NCT02280954 (clincialtrials.gov).

https://thejns.org/doi/abs/10.3171/2016.10.JNS161636
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dergo brain tumor resection each year.> Meningiomas
are the most frequently diagnosed primary brain tumor,
accounting for 33.8% of all primary central nervous system
tumors in the United States.” Most are encapsulated and be-
nign (WHO Grade I), but even these tumors can still cause

IN the United States, approximately 15,000 patients un-

serious morbidity based on their location and compression
of adjacent neurovascular structures.”*” In addition, atypi-
cal (WHO Grade IT) and malignant (WHO Grade I1T) me-
ningiomas account for approximately 5%—20% of all diag-
nosed meningiomas, depending on the grading scheme.*’
The gold-standard treatment for symptomatic meningioma

ABBREVIATIONS 5-ALA = 5-aminolevulinic acid; EPR = enhanced permeability and retention; ICG = indocyanine green; NIR = near-infrared dye; NPV = negative predic-
tive value; PPV = positive predictive value; ROC = receiver operating characteristic; SBR = signal to background ratio.
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is resection,?”! but even after surgical removal and maxi-
mal adjunctive radiation therapy, the median time to radio-
logical progression is 12, 7, and 2 years for WHO Grade 1,
I1, and IIT meningiomas, respectively.” Although differen-
tiating tumor tissue from surrounding normal brain tissue
is not generally considered a major challenge during resec-
tion, the ability to distinguish dural tails, optic canal inva-
sion, and brain invasion could benefit from improvements
in preoperative tumor identification.

Several surgical adjuncts that assist with meningioma
resection include neuronavigational systems correlated
with preoperative radiological images* and fluorescence-
guided imaging with 5-aminolevulinic acid (5-ALA).3-3740
A prodrug in the porphyrin family, 5-ALA has been
shown to facilitate tumor identification, improve gross-
total resection rates, and prolong progression-free survival
outcomes in meningiomas® and glioblastomas.*® However,
5-ALA has limitations because it fluoresces in the visible
light spectrum, lacks tissue penetrance, is confounded by
background brain autofluorescence, and shows poor opti-
cal contrast since visualization of normal tissue with blue
light only is limited.?>-3840

Indocyanine green (ICG) has been used as a vascular
contrast agent in the assessment of meningioma perfu-
sion and venous drainage, but it has not been successfully
used as a contrast agent for the meningioma itself. Its role
has been primarily as a dye for videoangiography,”'!'* in
which a bolus dose of ICG is intravenously delivered min-
utes before visualization. Conversely, we have studied an
alternative approach that relies on “second-window ICG,”
in which a higher dose of ICG (5 mg/kg [350 mg for a 70-
kg adult] as compared with the usual 25-mg intravenous
angiography bolus) is injected 1 day prior to surgery. This
technique reveals unique properties of the near-infrared
(NIR) dye. To differentiate the vascular properties of ICG
from the second window of ICG, we call the technique
“second-window ICG.” Over 24 hours, the dye accumu-
lates in tumor tissue because of an enhanced permeability
and retention (EPR) effect."'! Given data from preclini-
cal animal studies and clinical trials, we optimized ICG
dosing and timing for the visualization of tumors using
this second-window technique. In a rodent flank tumor
model, Jiang et al. demonstrated that tumor could not be
visualized at the usual videoangiography doses; however,
optimal tumor contrast was achieved at 24 hours after the
injection of 5-10 mg/kg of ICG.'®

Using data from this rodent study, as well as data from
patients with lung cancer, we administered second-win-
dow ICG in patients with intracranial meningiomas.'?2224
In the present study, we hypothesized that second-window
ICG would localize meningiomas in situ against the nor-
mal brain background and could be used to identify mar-
gins intraoperatively.’*’> We report on the first 18 cases
involving NIR second-window ICG as a tumor contrast
agent for meningiomas in humans and as a novel imaging
strategy that utilizes the EPR effect.!2-22.24

Methods

Study Design
This prospective cohort study was approved by the Uni-
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versity of Pennsylvania Institutional Review Board, and
all patients gave informed consent. The trial is registered
with the ClinicalTrials.gov database (http://clinicaltrials.
gov), and its registration no. is NCT02280954. Recruit-
ment started in October 2014. Any adult (age > 18 years)
with an imaging diagnosis of meningioma and undergoing
craniotomy was considered eligible for this study. Preg-
nancy and iodide allergy were the main exclusion crite-
ria. All patients underwent preoperative MRI of the brain
with intravenous gadolinium. The presence or absence of
gadolinium enhancement and the tumor size on MRI were
noted. Patients were informed that the scope of surgery
would not substantially change based on the NIR findings
and that biopsies would be taken only if deemed safe by
the senior surgeon (J.Y.K.L.).

NIR Contrast Agent

Patients were injected intravenously with a 5-mg/kg
dose of ICG (C43H47N206S2.Na, Akorn Pharmaceuti-
cals) between 18 and 28 hours (mean 23 hours) prior to
surgery. This time interval was selected based on preclini-
cal studies from our laboratory.?"** There were no toxici-
ties from the second-window ICG administered at this el-
evated dose.

NIR Imaging System

All cases were imaged using the VisionSense iridium
camera system, which is FDA-approved for perfusion
imaging in plastic and reconstructive surgery (to assess
for flap viability, for example) and in this study was used
off-label for NIR imaging of the brain after institutional
review board approval had been obtained. The excitation
source was a laser tuned in the NIR range (805 nm). The
sensor was a silicon image sensor with an open field of
view of 19 x 14 cm at a 40-cm nominal imaging distance.
The emission filter band in the visible light range was
from 400 to 700 nm, whereas the emission filter band for
NIR was much narrower from 825 to 850 nm. A heat map
was used as an overlay on the visible-light image to pro-
vide quantitative fluorescence intensity. Image processing
was performed in real time and displayed at 1080p video
resolution (with recording at 720p). In 15 cases a standard
VisionSense open camera system was used, and in 3 cases
an endoscope with a 4-mm outer diameter was used.

The endoscope featured a dual optical path design in
which the white light and NIR optical paths were com-
pletely separate and independent. White light and NIR im-
ages were transferred through their respective paths from
the surgical field through the tip of the endoscope to the
NIR fluorescence camera. The NIR fluorescence camera
was a dual path device with separate paths for the visible
light and NIR images. The net effect of this design was the
complete isolation of the NIR fluorescence signals from
the white light signals, allowing very faint fluorescence
images to be acquired with high quality in the presence of
very strong white light.

Study Procedure

Patients were placed under anesthesia and underwent
craniotomy utilizing anatomical landmarks as well as
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neuronavigational imaging. Preoperative MRI was used
for navigation in all subjects. Once the bone flap was re-
moved and the dura mater exposed, the operating room
lights were dimmed. This is an important step because
standard operating room lights—whether halogen, xenon,
or tungsten—all produce light with wavelengths in the NIR
spectrum. Similarly, the standard optical tracking systems
used for neuronavigation utilize the NIR wavelength to
triangulate position, and thus the optical emitters/trackers
were pointed to the floor, away from the operative field.
All window shades were closed to limit natural light in
the room. The NIR imaging system was sterilely draped
and positioned above the operative field. The presence or
absence of NIR signal was recorded. The dura was then
opened under visible light, and the tumor was visualized.
Room lights were again shut off, and the NIR camera was
brought into the operative field, and the ability to localize
the NIR signal corresponding to the tumor prior to corti-
cal incision was qualitatively recorded in a yes/no format.
Surgery then proceeded in the standard manner without
the use of NIR imaging adjuncts.

After the tumor was resected and the attending neu-
rosurgeon was satisfied that complete resection had been
achieved, NIR imaging was used to identify areas of re-
sidual disease. The surgeon’s impression of the NIR sig-
nal of the tumor itself and the margin biopsy samples was
qualitatively measured (yes/no) and photographically doc-
umented for post hoc analysis. Areas were biopsied at the
discretion of the senior surgeon (J.Y.K.L.).

While still in the operating room, the attending surgeon
(J.Y.K.L. coded all specimens as consistent with tumor
under bright light (white: yes/no) and under NIR fluores-
cence (NIR: yes/no). The histopathological diagnosis ob-
tained several days later served as the gold standard and
was cataloged by a single neuropathologist (M.M.L.) at
our institution. The presence of tumor was noted and in-
corporated into our analysis.

Patients were admitted to the intensive care unit follow-
ing surgery. There were no adverse outcomes. Postopera-
tive MRI took place on the 1st postoperative day. Patients
were seen approximately 2 and 4 weeks after surgery.

Immunohistochemistry and Fluorescence Microscopy

Frozen tumor sections were prepared in a standard
fashion. Samples were examined using an Olympus IX51
fluorescence microscope equipped with an ICG-specific
filter set (Chroma 49030). Histopathological analyses
were performed, and tissue samples that showed fluores-
cence following the intended resection were catalogued.
Permanent sections were chemically fixed and embedded
in paraffin blocks at a 5-um thickness. Vertical sectioning
was performed along with H & E staining. Each tissue
sample was assessed for the presence of tumor-specific
cells (matched to the bulk sample).

Data Analysis

The data were analyzed using Stata statistical software
version 10 (StataCorp LLC). To quantitate the amount
of fluorescence from the tissue, we used region of inter-
est analyses within the VisionSense software (VSPlayer
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v1.8.05.01). A background reading was taken from adja-
cent normal dura or brain tissue to generate a signal to
background ratio (SBR).

Two-by-two contingency tables were constructed us-
ing Stata version 10, and sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV),
and receiver operating characteristic (ROC) analysis were
computed. By calculating the area under the curve gener-
ated by plotting true-positive (y) versus false-positive (x)
rates, we were able to determine the test discrimination,
which reflects the ability of the test to properly classify
those without and those with meningioma.?

Results
Clinical Data

Eighteen patients were enrolled in this study. Thirteen
patients were female, and the mean age overall was 55
years old (range 2074 years). Eleven patients had convex-
ity meningiomas, and 1 patient had a parasagittal frontal
meningioma. The remaining 6 patients had skull base or
intraventricular meningiomas: 2 had tuberculum sella me-
ningiomas, 1 had an olfactory groove meningioma, 1 had
a cerebellopontine angle meningioma, 1 had an intraven-
tricular meningioma, and 1 had a clinoid (medial sphenoid
wing) meningioma (Table 1). All patients tolerated injec-
tion of the second-window ICG at 5 mg/kg, administered
1 day prior to surgery without adverse event. On the fi-
nal pathological analysis, 15 patients had WHO Grade 1
meningioma and 3 had WHO Grade II meningioma. The
majority of tumors (78%) were meningothelial meningio-
mas, but there were also 3 transitional type and 1 psam-
momatous type.

Intraoperative NIR Fluorescence: SBR

Using the second-window ICG technique, we first
sought to determine whether any NIR fluorescence could
be detected within the meningioma at all. Typically, ICG
in NIR imaging is intended for use within minutes of its
injection. We found that despite administering second-
window ICG 1 day prior to surgery, we were able to vi-
sualize a strong NIR signal in 14 (78%) of the 18 patients.
In these 14 patients, there was a significantly stronger NIR
signal within the tumor than in the surrounding brain pa-
renchyma. The mean SBR in these 14 patients was 5.6 +
1.7. Moreover, the NIR signal in these patients could be
visualized prior to opening the dura, although the mean
SBR before opening the dura was 4.6 = 1.9. As seen in
Fig. 1, localization of the NIR signal corresponded to the
tumor location, and after the dura was opened, the SBR
increased and was clearly confined to the meningioma lo-
cation as opposed to the adjacent brain parenchyma or the
reflected dura. Using a standard neurosurgical technique
with visible light, we removed meningioma from the brain
and imaged it on the back table. The tumor continued to
demonstrate strong NIR fluorescence (Fig. 2F).

Intraoperative NIR Fluorescence: Inverse SBR

The majority of patients with meningiomas (78%) dem-
onstrated a strong NIR signal that appeared to be confined
to the tumor and appeared to have a strong SBR. However,
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TABLE 1. Summary of patient, tumor, and imaging characteristics

Optical contrast from NIR fluorescent dye in meningioma

Prior Prior ICG Dose
Age Weight Craniotomy  Radiation  Final Pathological Injected
Case No. (yrs) Sex  (kg) BMI (yrsago)  (yrs ago) Type Location (mg)
Meningioma WHO Grade |
1S 40 F 63.5 239 Meningothelial Convexity 317
13S 46 F 75.8  34.0 Meningothelial Convexity 377
9 5 F 694 278 Meningothelial Convexity 347
21 %M 91.5  28.0 Transitional Convexity 458
22 57 F 785 287 Meningothelial Convexity 393
24 53 M 108.0 343 Transitional Convexity 541
29 73 F 494  19.0 Meningothelial Convexity 247
31 38 F 79.8 2941 Meningothelial Convexity 399
37 66 F 68.0 274 0.5 22 Meningothelial Convexity 340
40 64 F 60.8 24.5 Transitional Convexity 304
1 32 F 653 24.2 Meningothelial Olfactory groove 328
32 57 F 90.7 337 Psammomatous  Tuberculum sella 454
10 69 F 975 36.6 Meningothelial Cerebellar pontine angle 488
12 20 M 386 220 19 Meningothelial Intraventricular (radiation 193
induced)
33 62 F 522 247 Meningothelial Clinoid (sphenoid wing) 261
Meningioma WHO Grade |l

6S 70 M 91.2 272 Meningothelial Convexity 456
17 69 M 104.3 283 2 2.5 Meningothelial Tuberculum sella 518
3 54 F 644  23.0 4 6.75 Meningothelial Parasagittal 323

a minority (4 patients [22%]) demonstrated an inverse pat-
tern of NIR signal (Fig. 2). In these 4 cases, the immediate
adjacent brain parenchyma demonstrated higher NIR sig-
nal than the tumor itself (Cases 9, 22, 29, and 33 in Tables
1 and 2). The mean SBR in these inverted cases was less
than 1 (0.31 = 0.1), with the brain parenchyma background
intensity (denominator) demonstrating greater NIR signal
than the tumor signal (numerator). To understand the in-
version pattern of NIR dye accumulation, we considered
several explanations.

We first noted that this pattern of inversion might be
related to sex, WHO grade, or a history of prior surgery
or radiation. Specifically, none of the male patients (5 pa-
tients) with meningioma demonstrated an inversion pat-
tern. None of the atypical WHO Grade II meningiomas (3
cases) demonstrated an inversion pattern, and no patient
with a history of prior surgery or radiation (4 cases) dem-
onstrated such a pattern. Thus, all the inversions occurred
in benign (WHO Grade I) meningiomas in women who
had not had prior surgery or radiation. In addition to these
factors, we considered other variables that could serve as
predictors of this inversion pattern.

Using logistic regression as a technique to predict an
inversion event, we concluded that several variables did not
predict inversion and found that one specific variable did
predict it. Specifically, maximum tumor diameter (mm),
patient age (years), presence of peritumoral T2/FLAIR
signal on preoperative MRI (yes/no), T1 signal intensity
ratio as compared with contralateral normal brain, loca-
tion of meningioma (convexity vs other), body mass index

(continuous variable), Ki-67 (continuous variable), and me-
ningioma pathological subtype (WHO Grade I vs Grade
IT) did not predict inversion on logistic regression (Stata
version 10). The only variable that appeared to approach
but did not reach statistical significance (p < 0.25) was the
time (hours) from ICG infusion to visualization (OR 1.34,
p =0.1921, univariate logistic regression). All patients were
injected the day before surgery, but the actual number of
hours from the infusion of second-window ICG to tumor
visualization varied from 18 to 28.3 hours. This variability
was related to scheduling and the imperfect prediction of
when a patient might undergo surgery. Interestingly, none
of the 4 patients imaged before 21 hours demonstrated in-
version. In contrast, 4 (28.5%) of the 14 patients imaged 21
hours after injection of the NIR contrast dye demonstrated
inversion, suggesting that the dye had accumulated in the
meningioma but then diffused out. The mean number of
hours from injection to imaging for patients with the ex-
pected pattern of NIR fluorescence was 22.4 hours versus
24 4 hours in the patients with inversion (p = 0.2256, t-test).

We studied time as a predictor of the inversion event
using linear regression as well (Fig. 3). A univariate linear
regression plot of SBR versus time from injection was pre-
dictive (p = 0.022, but R? = 0.2876). In addition, a forward
stepwise linear regression model incorporating the mul-
tiple variables tested in the prior logistic regression model
yielded 2 significant variables for predicting SBR: sex and
time to infusion (p for infusion time = 0.056, coefficient =
-0.436). Hence, time from injection is a predictor of SBR
as well as inversion.
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FIG. 1. Case 1S. Convexity meningioma displaying NIR fluorescence. Sagittal (A) and coronal (B) Gd-enhanced T1-weighted

MR images. Axial T2-weighted MR image (C) demonstrating minimal adjacent edema. Visible-light image (D), NIR fluorescence
superimposed and color-mapped onto the visible-light view (E), and NIR image (F) showing closure of the dura, although some
NIR signal can be seen through the dura and localized to tumor. Visible-light image (G), NIR fluorescence superimposed and
color-mapped onto the visible-light view (H), and NIR image (I) showing dura reflected away and the tumor-brain interface. The
SBR of NIR tumor signal is 6.05. Visible-light image (J), NIR fluorescence superimposed and color-mapped onto the visible-light
view (K), and NIR image (L) showing residual fluorescence in anterior and posterior margins after resection of the main tumor. No
fluorescence is seen in the midline falx. Figure is available in color online only.

Although the tumors demonstrated an inversion pattern
in situ, when we imaged the tumor ex vivo, there was sig-
nificant fluorescence as compared with adjacent dura if the
dura was removed along with the tumor (Fig. 2). Hence,
even these 4 tumors demonstrated NIR fluorescence and
thus ICG accumulation, albeit lower than in surrounding
brain parenchyma. These 4 cases were not included in the
sensitivity analysis of margins.

Near-Infrared Contrast Dye to Detect Margins

For each resection, the surgeon, at the time of surgery,
examined the primary tumor specimen and coded it as ei-
ther positive or negative with respect to white light. Four-
teen of the 18 primary tumor resections showed significant
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SBR fluorescence compared with surrounding normal
brain. For the sensitivity and specificity analysis, we ex-
cluded the 4 cases with inversion. We reasoned that if the
tumor showed poor fluorescence compared with surround-
ing brain, we could not trust the margins; thus, we did not
use these tumor samples in the calculation of margin de-
tection. Indeed, if the NIR imaging at the outset of sur-
gery (before resection) demonstrated greater NIR signal in
adjacent brain parenchyma, it would obviously make the
surgeon wary of using these results for margin detection.
In the 14 cases in which the meningioma had a strong
SBR as compared with adjacent brain parenchyma, an ad-
ditional 32 margin samples were obtained (mean 2.3 mar-
gin samples per patient) for a total of 46 specimens. At
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FIG. 2. Case 22. Convexity meningioma displaying inverted fluores-
cence signal. Axial (A) and coronal (B) contrast-enhanced T1-weighted
MR images. In the visible-light view (C), the brain parenchyma can be
identified and the tumor is just starting to be seen as the dura is peeled
back. The NIR fluorescence superimposed and color-mapped onto the
visible-light view (D) demonstrates an inverted pattern with more NIR
signal in adjacent brain parenchyma than in tumor. The SBR of NIR tu-
mor signal is 0.30. When tumor was removed from the patient (E), there
was still accumulation of *5IR dye within the meningioma as compared
with the attached dura (F). Ex vivo analysis confirms the presence of
residual dye within tumor. Figure is available in color online only.

the time of biopsy, the surgeon coded the primary tumor
specimens (14 specimens) plus the margin specimens (32
specimens) as positive or negative for tumor based on visi-
ble-light inspection and positive or negative for NIR signal
(Table 3). Among the 46 specimens, 28 were positive for
tumor (including 14 of the primary tumor specimens) and
18 were negative for tumor, according to the pathological
diagnosis. The surgeon thought that 23 of the 46 speci-
mens were positive for tumor under visible light. All 23
of those specimens came back positive for tumor, yield-
ing a PPV of 100% for bright light (23/23). Using the NIR
camera, the primary surgeon coded 38 of 46 specimens as
positive. Of those 38 specimens, 27 were positive for tu-
mor and 11 were negative for tumor (NIR false positives),
yielding a PPV of 71% (27/38). Overall, the sensitivity of
white light in predicting tumor was 82.1% (95% CI 63.1-
93.9) and its specificity was 100% (95% CI 81.5-100). This
gave a PPV of 100% (95% CI 85.2-100), an NPV of 78.3%
(95% CI 56.3-92.5), and an ROC area of 0.911. The NIR
fluorescence camera system had a (better) sensitivity of
96.4% (95% CI 81.7-99.9), but its specificity decreased to
38.9% (95% CI 17.3—64.3). The PPV was 71.1% (95% CI

Optical contrast from NIR fluorescent dye in meningioma

54.1-84.6), NPV was 87.5% (95% C1 47.3-99.7), and ROC
area was 0.677.

Because the pretest probability of biopsy is higher in
atypical meningiomas since it is more likely that adjacent
brain or dura will harbor tumor, we separately calculat-
ed the test characteristics for Grade I (11 cases) versus
Grade II (3 cases) meningiomas. Again, we excluded the
4 patients with inversions. For the benign WHO Grade I
meningiomas, 11 primary tumor samples were coded as
positive under both bright light and NIR light. An addi-
tional 16 specimens were collected at the margins of the
resection bed. Of the total 26 specimens of benign menin-
giomas, 14 were coded as positive under visible light and
all 14 were pathologically confirmed to be WHO Grade
I meningioma, yielding a PPV of 100% (14/14). Twenty-
four specimens were coded as positive under NIR light,
and 17 were pathologically confirmed to be WHO Grade I
meningioma, yielding a PPV of 71% (17/24). Under white
light, the sensitivity of WHO Grade I meningioma detec-
tion was 82.4% (95% CI 56.6-96.2), specificity was 100%
(95% CI 66.4-100), PPV was 100% (95% CI 76.8-100),
NPV was 75% (95% CI 42.8-94.5), and ROC area was
0.912 (95% CI1 0.818-1). For the same subset of tumors un-
der NIR light, sensitivity rose to 100% (95% CI 80.5-100),
but specificity fell to 22.2% (95% CI 2.81-60). This gave
a lower PPV of 70.8% (95% CI 48.9-87.4), NPV of 100%
(95% CI 15.8-100), and ROC area of 0.611.

The WHO Grade II atypical meningiomas are more
likely to have adjacent residual tumor on a margin biopsy,
and thus the pretest probability is higher in these cases.
Twenty specimens from the 3 patients with atypical me-
ningiomas were studied. Under bright light, 9 specimens
were coded positive for tumor and all 9 specimens were
pathologically proven to be WHO Grade II meningioma,
yielding a PPV of 100% (9/9). Under NIR light, 10 speci-
mens were coded as positive and all came back as tumor,
yielding a PPV of 100% (10/10). Under bright light, the
sensitivity of tumor resections for atypical meningiomas
was 81.8% (95% CI 48.2-97.7) and specificity was 100%
(95% CI 66.4-100). This gave a PPV of 100% (95% CI
66.4-100), an NPV of 81.8% (95% CI 48.2-97.7), and an
ROC area of 0.909 (95% CI 0.79-1). For the same subset of
atypical tumors under NIR light, sensitivity rose to 90.9%
(95% CI 58.7-99.8), but specificity fell to 55.6% (95% CI
21.2-86.3). This gave a lower PPV of 71.4% (95% C1 41.9—
91.6), an NPV of 83.3 (95% CI 35.9-99.6), and an ROC
area of 0.732.

In summary, for meningioma detection, bright light and
the surgeon’s impression yielded high sensitivity, speci-
ficity, PPV, and NPV. Near-infrared techniques utilizing
second-window ICG administered 1 day before surgery
resulted in higher sensitivity but at the expense of specific-
ity and PPV. In higher-grade meningiomas (WHO Grade
II), specificity improved but was still not as good as with
bright light alone. Since the lack of specificity implies an
excess of false positives, we sought to explain what might
have contributed to this problem.

Automatic Gain as an Explanation for Low Specificity

In an effort to explore the cause of low specificity, we
hypothesized that varying the NIR excitation interval was
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TABLE 2. Near-infrared signal to background ratio of primary tumor specimen

Max Tumor Ratio of T1 T2 FLAIR Time From ICG
Diameteron  Tumor Intensity/ Edema on Ki-67 Injection to Camera Inverse
Case No. Preop MRl (mm)  Normal Brain  Preop MRI (no. mitoses/hpf) Endoscope Visualization (hrs) SBR ~ SBR
Meningioma WHO Grade |
18 34.0 1.6 0 8 22.2 6.05
138 33.0 2.7 0 5 221 5.23
9 23.9 29 1 3 214 015  Yes
21 85.4 1.5 1 2 22.8 8.80
22 41.8 22 1 2 27.0 0.30  Yes
24 49.3 1.7 0 3 21.8 5.35
29 39.8 1.8 0 3 22.8 0.50  Yes
31 19.8 1.9 0 1 18.8 6.58
37 38.4 2.6 1 1 18.0 7.79
40 45.2 2.0 1 1 25.6 6.67
1 15.2 14 0 4 Yes 23.4 3.64
32 20.1 2.0 0 1 Yes 23.7 4.42
10 8.7 2.0 1 1 Yes 26.4 2.51
12 61.6 11 1 24.9 4.56
33 24.3 20 0 1 Yes 28.3 0.30  Yes
Meningioma WHO Grade ||

6S 70.0 1.9 0 19.1 5.08
17 174 1.5 0 20 Yes 24.0 498
3 22.3 2.7 1 5 20.6 7.27

a possible source of variability and could explain the false
positives. Our selected NIR camera system has an auto-
matic exposure feature that averages the pixel intensity
to normalize the background and then assigns it a neutral
gray. As in other camera systems, if there is a bright win-
dow, the camera will close the aperture and lower the sen-
sor gain to darken the image. Conversely, if there is a dark
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FIG. 3. Linear regression plot of SBR of NIR tumor signal versus time
from intravenous (IV) infusion. The SBR decreases as the length of time
progresses after infusion. The 4 cases with inversion are seen as the

4 cases with an SBR < 1. p =0.022, R? = 0.2876. Figure is available in
color online only.
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room, the camera will open the aperture and increase the
sensor gain to brighten the image. We discovered that this
auto-correction might contribute to the false-positive rate
in the NIR spectrum. If there was minimal NIR signal,
such as after the resection of primary tumor (which has
a strong NIR signal), the camera would increase the sen-
sor exposure time to “find” or “overexpose” areas of NIR
(Fig. 4). This could result in false positives and thus lower
specificity.

In a case of atypical WHO Grade II meningioma (Case
6S; Tables 1 and 2), the primary tumor visualized by the
VisionSense iridium camera demonstrated a gain percent
of 20% and an SBR of 6.08. The primary tumor was re-
sected, and an additional 14 margins were biopsied. When
visualized by the camera with the automatic exposure
time function, some samples were harvested because the
signal was very strong, but the gain percentage was not
specifically considered during the biopsy procedure. On
post hoc analysis, we found that the gain percent for the
7 pathologically positive specimens was a mean 21.1% =+
2.5% (range 9%—-29%), whereas the gain percent for the 8
pathologically negative tumors was 68.5% = 10.4% (range
35%-100%). Indeed, when the gain percent was allowed
to drift above 30% (50% greater than the gain at which the
original tumor was imaged, in this case 20%), the false-
positive detection by NIR increased significantly. There
were no false positives when the gain percent was kept be-
low 30%, whereas all 4 false positives occurred when the
gain percent was allowed to drift above 30%. An example
of this can be seen in Fig. 4, which features Case 13S.
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TABLE 3. Test characteristics of white light versus NIR in 14 patients

Test Characteristics of White Light in 46 Specimens

Positive for Tumor Under White
Light, According to Surgeon

Sensitivity  Specificity PPV NPV ROC Area
Yes No (95% CI) (95% CI) (95% CI) (95% CI) (95% Cl)
Tumor pathology according to Yes 23 5 82.1% 100% 100% 78.3% 0.911
ultimate pathological diagnosis  No 0 18 (63.1-93.9) (81.5-100) (85.2-100) (56.3-92.5) (0.838-0.983)
Test Characteristics of NIR in 46 Specimens
Positive for Tumor Under NIR
Camera, According to Surgeon  gengitivity  Specificity PPV NPV ROC Area
Yes No (95% CI) (95% CI) (95% CI) (95% Cl) (95% Cl)
Tumor pathology according to Yes 27 1 96.4% 38.9% 71.1% 87.5% 0.677
ultimate pathological diagnosis ~ No 1 7 (81.7-99.9) (17.3-64.3) (54.1-84.6) (47.3-99.7) (0.556-0.798)

Discussion

Fluorescence-guided tumor resection provides a novel
approach for visualizing tumor above and beyond visible-
light inspection. Most current reports on meningioma sur-
gery focus on the use of 5-ALA, a protoporphyrin prodrug
that is metabolized by ferrochelatase. Investigators have
described the strong, homogeneous visible red fluorescence
that is observed in meningioma surgery.* In addition, the
diagnostic accuracy of 5-ALA is approximately 90% when
comparing normal dura to actual tumor. Bone invasion can
be identified as well.' Thus, 5-ALA is a promising visible
light fluorophore for meningioma surgery;® however, it has
a significant limitation arising from its excitation and acti-
vation in the visible light spectrum (450—650 nm), and it is
not FDA-approved for use in the United States.

Near-infrared fluorescence imaging has several advan-
tages over visible light fluorescence imaging. First, tissue
penetration is related to wavelength, and the longer the
wavelength the greater the depth of penetration. Hence,
NIR fluorophores (700—900 nm) provide superior detec-
tion of residual fluorescence.’” The tissue penetration of
ICG is approximately 8—10 mm in brain tissue, whereas
the depth of penetration of 5-ALA is approximately 3-5
mm. Second, NIR imaging does not interfere with the
visible light spectrum; thus, there is no autofluorescence
from collagens or heme products during neurosurgical
procedures. This permits real-time dual imaging using a
standard visible-light view with the full spectrum of red
to blue colors while capturing NIR fluorophore emission.
These images can be spatially coregistered, providing ana-
tomical contrast and precision.

To date, ICG has been used primarily as a vascular con-
trast agent for angiography.* It is a water-soluble molecule
with a hydrodynamic diameter of 1.2 nm and excitation
and emission wavelengths in serum at 778 and 830 nm,
respectively. It is rapidly bound to plasma proteins and
rapidly metabolized by the liver and thus has a half-life
of approximately 5 minutes (‘“first-window ICG”). It has
been in clinical use since the 1950s for ophthalmic angi-
ography, determining cardiac output and hepatic function
measurements, and is FDA approved. However, it has only
recently shown real value in tumor identification for surgi-
cal oncology.721:2528.34 The second-window ICG technique,

in which a high dose of ICG is delivered approximately 24
hours before visualization, can be used to deliver ICG to
tumors via a passive targeting mechanism called the EPR
effect.!2.26

The EPR effect was initially described in 1986 by Mat-
sumura and Maeda.?¢ For the past 30 years, this phenom-
enon has been accepted in the field of drug delivery as an
important means of nanoparticle accumulation within tu-
mors.>> When solid tumor reaches a certain critical size,
it outgrows the normal surrounding vasculature’s ability to
supply critical nutrients; therefore, tumor cells will stimu-
late a complex process of tumor angiogenesis, including
the production of vascular permeability factors to deliver
oxygen and nutrients. However, these tumor-related ves-
sels are characterized by defective endothelial cells with
wide fenestrations, which increase vessel permeability.
These fenestrations range from 200 to 2000 nm, depend-
ing on tumor type and location.'® Nanoparticles reach the
abnormal vasculature within the tumor, meet with little
resistance, and thus permeate the tumor. In normal tis-
sues, even those in the brain, lymphatic drainage proceeds
at a consistent rate of 0.1-2 wum/second?® and provides a
continual source of fluid and molecular exchange within
the interstitial extracellular fluid matrix. In tumors, this
lymphatic drainage does not function properly, and thus
nanoparticles can be retained.?* As a consequence, small
molecules such as ICG can readily permeate the cancer
tissues and then accumulate (retained) without proper
clearance. This EPR effect leads to an accumulation of
small nanoparticle-sized molecules in diseased tissues.
Most recently, investigators have exploited the EPR effect
for intraoperative visualization.

The senior author (S.S.) has investigated the EPR tech-
nique for tumor visualization in rodent, canine, and human
studies.’®213* An important rodent study was recently pub-
lished by Jiang et al.'”® These investigators from the Uni-
versity of Pennsylvania used a murine flank lung tumor
model to contrast videoangiography with NIR imaging
of tumor accumulation of ICG injected via the tail vein
at doses ranging from O to 10 mg/kg. The NIR signal in
flank tumor was contrasted with that in peripheral blood
vasculature by using an NIR camera system. At standard
videoangiography doses of 0.7 mg/kg, the tumor could not
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FIG. 4. Case 13S. Automatic gain function may contribute to false positives. The visible-light image (A), NIR fluorescence superim-
posed and color-mapped onto the visible-light view (B), and NIR image (C) reveal the main specimen displaying strong NIR signal
with a gain percentage at 15%. The visible-light image (D), NIR fluorescence superimposed and color-mapped onto the visible-
light view (E), and NIR image (F) obtained after resection of the main tumor, showing a gain percentage increase to 71%. Notice
the presence of a significant increase in background NIR signal in the skin edges partially obscured by Raney clips, bone, and so
forth. Biopsy did not confirm the presence of meningioma. Figure is available in color online only.

be visualized at all. Upon administration of higher doses
of 2.5-10 mg/kg, the tumor could be visualized with NIR
imaging. Surprisingly, the tumor retained the strong NIR
signal for a period that extended much beyond the half-life
of ICG in the blood. The NIR fluorescence in the flank
tumor reached a peak at 30 minutes, remained at a rela-
tively high plateau for up to 24 hours, and then gradually
decreased over time. In contrast, NIR fluorescence in the
vasculature peaked immediately upon administration of
the dye and gradually decayed over the 72-hour period of
the study. The authors plotted the ratio of NIR fluorescence
of tumor to NIR fluorescence of vasculature and conclud-
ed that the optimal tumor to vascular NIR fluorescence
was observed at 24 hours. In addition, the investigators
concluded that the NIR signal was 15% higher at 10 mg/
kg as compared with 5 mg/kg, but this was not subjectively
noticeable; thus, their human trials in lung cancer started
at a dose of 5 mg/kg of ICG and visualization delayed for
24 hours. These studies in lung cancer have yielded favor-
able results.18-2!34

Given the favorable results in lung cancer, we focused
our efforts on the most common primary brain tumor in
humans—meningioma. Our primary purpose in the cur-
rent study was to see if second-window ICG could be
safely administered 24 hours prior to surgery and whether
NIR fluorescence could be visualized within the menin-
gioma tissue at the time of surgery. We administered ICG
at a 5-mg/kg dose, which is below the lethal dose, 50% for
human administration but more than 10 times the usual
dose used for angiography (25-mg aliquots, which is ap-
proximately 0.35 mg/kg for a 70-kg human). In addition,
although the half-life of ICG is less than 10 minutes, suf-
ficient dye remained within the tumor tissue for visualiza-
tion approximately 24 hours later, known as the “second
window.”

388 J Neurosurg Volume 128 « February 2018

All of the tumors demonstrated accumulation of the
NIR second-window ICG at the time of surgery, but only
14 of the 18 patients demonstrated appropriate SBR com-
pared with normal brain upon initial exposure. Upon
careful review, we recognized that the inversion pattern
seen in the other 4 patients could be related to timing;
it is possible that the NIR dye diffused out of the tumor
into adjacent brain parenchyma because of the prolonged
time interval from injection to imaging. Indeed, all inver-
sions were observed in patients whose imaging had been
performed more than 21 hours after dye injection (Fig. 3).
We acknowledge that drug accumulation within tumor
parenchyma is incompletely understood and quite hetero-
geneous. As stated in a recent review on the EPR effect,
Bertrand et al. state that at least 3 interrelated phenom-
ena influence drug accumulation: extravasation of drug,
diffusion of drug through tumor, and interaction of drug
with both intracellular and extracellular targets.® The third
issue is challenging to understand, especially since we
recognize that all meningiomas are not the same molecu-
larly®® and thus that the interactions of ICG with the intra-
cellular and extracellular targets can vary, explaining our
heterogeneous findings.

Another major finding of this study is based on the
autoexposure of the camera system and the rate of false-
positive margins. When the camera is moved into position
above the tumor, the camera adjusts in an automatic fash-
ion to find an NIR signal. This adjustment is known as the
gain percent, ranging from 0% to 100%. When a strong
NIR signal is found in the field, the gain percent is low as
the camera does not need to fully open its aperture and
overexpose to find a signal. The weaker the NIR signal,
the higher the gain percent until it reaches its maximum
capacity at 100%. We observed that when the main tumor
is being removed, the gain percent of the camera system
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is very low as there is a strong concentration of ICG in
the tumor. After the main tumor is resected, the gain per-
cent then climbs to a much higher value as the camera is
searching for an NIR signal in the margins. We believe
the low specificity of the margin biopsies is attributable to
the fact that the camera automatically adjusted to a much
higher gain percent and thus was falsely identifying posi-
tive margins, which were in fact much less NIR positive
than the main tumor. Given this trend, we recently ad-
justed our practice of taking margins by not allowing the
sensor to adjust the gain in an automatic fashion. We now
manually fix the gain percent when the main tumor is be-
ing resected and thus prevent it from automatically adjust-
ing to a higher setting to detect a weaker signal.

Second-window ICG is not receptor specific. The NIR
dye binds to plasma albumin within the circulation, and
we believe that at the high concentration administered,
second-window ICG remains extracellular, within the tu-
mor matrix, and thus does not bind to a specific recep-
tor.”232 This, in turn, may cause the low specificity of
second-window ICG for tumor. Thus, the second-window
ICG technique has several limitations. We suspect that
high false positives were seen because of the use of the au-
tomatic gain feature of the camera system. Moreover, the
timing of imaging must be optimized, and we recommend
imaging second-window ICG less than 21 hours after in-
travenous infusion.

We acknowledge that there are limitations to this study.
It is a pilot study; therefore, the study sample was small
(18 cases). The sensitivity and specificity tests are largely
determined by sample size, and thus accurate test calcu-
lation was limited. In addition, the SBR is an arbitrary
number and may not be a true reflection of tissue fluo-
rescence. Lastly, the study was performed by 1 surgeon
and may be subject to selection bias and other unforeseen
limitations.

Conclusions

In summary, although many NIR fluorescent agents
are currently available, second-window ICG is the only
fluorescent drug currently approved for intracranial use
in the United States by the FDA.2® With its relatively low
cost, widespread availability, and minimal toxicity, ICG
serves as a reasonable and practical NIR contrast agent
choice.""” We demonstrated that meningiomas, both
WHO Grade I and II, fluoresce in real time during surgery
by using an NIR-capable camera. The sensitivity of sec-
ond-window ICG for tumor appears to be better than the
surgeon’s impression using white light alone, but the cur-
rent technique has lower specificity for tumor than white
light alone. We suggest a technique (fixing the exposure
time) that may provide better specificity in the future. Nev-
ertheless, we believe this is the first study to demonstrate
that second-window ICG can accumulate in meningioma
and be used as a means of identifying meningioma tis-
sue in real time during surgery for meningioma resection
in humans. Further work must be done to optimize this
technique, and we continue to seek methods to refine our
results and we look forward to the contributions of neuro-
surgeons throughout the world.

Optical contrast from NIR fluorescent dye in meningioma
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