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Abstract

Objective

In glioma operations, we sought to analyze sensitivity, specificity and predictive values of
intraoperative 3D ultrasound (US) for detecting residual tumor compared to early postoperative
MR imaging. Factors possibly associated with radiological complete resection were also
explored.

Methods

144 operations for diffuse supratentorial gliomas were included prospectively in an unselected,
population-based single institution series. Operating surgeons filled out a questionnaire
immediately after surgery, stating if residual tumor was seen with US at the end of resection and
rated US image quality (good, medium, poor). Extent of surgical resection was estimated from
pre- and postoperative MRI images.

Results

Overall specificity was 85% for “no tumor remnant” seen in US images at the end of resection as
compared to postoperative MRI findings. Sensitivity was 46%, but tumor remnants seen on MRI
were usually small (median 1.05 ml) in operations with false negative US findings. Specificity
was highest in low-grade glioma operations (94%), and lowest in patients who had previously
undergone radiotherapy (50%). Smaller tumor volume and superficial location were factors
significantly associated with gross total resection in a multivariable logistic regression analysis,

while good ultrasound image quality did not reach statistical significance (p = 0.061).

Conclusion
The specificity of intraoperative US is rather good, but sensitivity for detecting the last milliliter
is low compared to postoperative MRI. Tumor volume and tumor depth are the predictors of

achieving gross total resection, while ultrasound image quality was not.

Keywords: Glioma; Image-guided surgery; Magnetic Resonance Imaging; Neuronavigation;

Ultrasound
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The diagnostic properties of intraoperative ultrasound in glioma

surgery and factors associated with gross total tumor resection

Introduction

The diffuse infiltrative growth pattern of grade 11-1V gliomas makes a radical surgical removal
virtually impossible. * Even though distant spread is always present and acknowledged, for
practical and safety reasons surgery is usually targeting the radiological tumor, as defined from
MRI. Survival improves with increasing extents of resection as defined from pre- and
postoperative MRI in both low-grade (LGG)>* and high-grade gliomas (HGG). > However, an
accurate intraoperative delineation of the radiological defined tumor can be challenging and small

remnants may consequently be left behind.

Intraoperative ultrasound (US) was first described as a potential tool for guiding resection of
intracranial tumors in 1980 (Rubin et al. and Voorhies and Patterson ). 12 It is still widely used
as it enables fast, inexpensive and real-time intraoperative imaging. Integration in a
neuronavigation system enables simultaneous navigation in preoperative MRI volumes and
intraoperative 3D US 2 US imaging in real-time, or neuronavigation based on 3D US, can
potentially increase extents of tumor resection, -6 and has been in routine use in our department
since 1997 as the sole technical aid in glioma surgery. We have earlier reported favorable clinical
outcomes in both patients with LGG, 1" and HGG® operated with this technique. Good US image
quality is found to be significantly associated with extent of resection in HGG. *° However, US
image quality, i.e. how easy tumor borders are delineated, is known to vary between operations
and to diminish during surgery, especially towards the end when the surgical cavity and resection

plane often cause image artifacts. %

In this prospective study, we sought to analyze sensitivity, specificity and predictive values of
intraoperative US for determining residual tumor compared to early postoperative MR imaging in
an unselected, population-based series of patients with diffuse gliomas. We also sought to explore
if US image quality was associated with radiological complete resection in unselected glioma

patients.
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Methods

The Department of Neurosurgery at St. Olavs University Hospital serves a defined geographical
catchment region with a population of approximately 720 000. The study sample is therefore
practically an unselected population-based series. In the study period from September 2011 to
December 2015, there were in total 289 operations, including 60 biopsies only of supratentorial
diffuse grade 11-1V gliomas originally classified according to the WHO 2007 classification. 2! We
retrospectively attempted to reclassify low-grade tumors according to the WHO 2016
Classification System?? as we wished to examine diagnostic properties of US in subgroups of
WHO Il gliomas separately. However, molecular markers were unavailable in 3 cases, and these
were therefore classified as LGG Not Otherwise specified (LGG-NOS). The inclusion criteria
were informed consent, surgical resection (as opposed to biopsy only) of a supratentorial diffuse
grade I1-1V glioma, surgeon-reported data available on presumed residual tumor after US guided
resection, and postoperative MRI available. As seen in figure 1 outlining the inclusion process,
144 US guided operations met the inclusion criteria. 10 different surgeons performed the

operations, and data was collected prospectively.

All operations were done in general anesthesia, and guided by SonoWand Invite neuronavigation
system. Fluorescence guided surgery or awake surgery was not used in the study period. For
expected HGGs where diagnostic MRI demonstrated edema, high-dose corticosteroids were used
from radiological diagnose until surgery. For suspected low-grade lesions without significant

edema, corticosteroids were not prescribed.

The primary surgeon filled out a questionnaire immediately after surgery, before early
postoperative MRI was carried out. The following questions were analyzed in the present study:
1) use of neuronavigation (y/n), 2) neuronavigation modality (3D MRI, 3D US, or 2D US), 3)
ultrasound image quality evaluated at the beginning (first acquisition), during, and at end of
surgery (poor, medium or good) (figure 2), 4) number of US image recordings during the
operation, and 5) residual tumor seen with US at the end of surgery (yes/no) (i.e. reporting
whether tumor remnant was visible or not using ultrasound only, regardless of whether surgeon

was aware or suspected a residual tumor). Ultrasound image quality was classified as poor when



Munkvold

impossible to visualize tumor borders, as medium when difficult but possible, and as good when

visualization of tumor boundaries was clear, like done earlier'® and by others. 2324

Extent of surgical resection

Tumor delineation in WHO grade 1V glioma was estimated from the volume within the
gadolinium enhancing areas on T1-weighted MR images. In WHO grade Il and 111 gliomas tumor
borders were defined based on the FLAIR sequence due to variable contrast enhancement.

Resection grades were estimated from pre- and postoperative MR images. The volumes of
ellipsoid-shaped lesions were calculated by applying the volume formula V = 4’"13& based on

maximal tumor diameters, as done by others. 2 The volumes of cup-shaped residual tumors were
calculated by subtracting the ellipsoid-shaped resection cavity from the volume of the tumor
complex. More complex tumor configurations were manually segmented. 1° Gross total resection
(GTR) was defined as no residual tumor remnant®® (100%) seen with postoperative imaging.
Near total resection was defined as >90% but <100% extent of resection, and subtotal resection

was defined as < 90% extent of resection.

Statistics

Significance level was set at p <0.05. All analyses were performed in SPSS version 21. Q-Q-plots
were used to visually assess normal distribution. Pearson’s Chi-square was used for significance
testing in contingency tables. Mann Whitney U-test was used for examining differences between
groups in skewed continuous data. Spearman’s rho was used for assessing linear correlation.
Binary multivariable logistic regression analysis was performed for exploring predictors for
GTR. Hosmer and Leweshow test was used for determining goodness of fit of the logistic
regression model. The diagnostic properties (i.e. sensitivity and specificity) of “residual tumor
seen on US at the end of surgery” as judged by the surgeon immediately after surgery, was
compared to extent of resection from pre- and postoperative MRI images. Sensitivity, specificity

and predictive values were calculated from 2x2 tables.

Ethics
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The study was approved by the Regional Committee for Medical and Health Research Ethics as
part of a larger project (REC ref. 2011/974). Informed consent was obtained from all study

participants, and the project is adherent to the Declaration of Helsinki. 2°

Results

We included 87 (60%) primary operations and 57 (40%) re-operations. 47 (33%) were LGG
resections (WHO grade Il) and 97 (67%) were HGG resections (WHO grade 111-1V). 3D
ultrasound was used in 142 cases (99%), while 2 operations (1%) were guided by 2D US only.
Neuronavigation based on preoperative 3D MRI was used in 142 (99%) operations.

Surgeon’s report of residual tumor seen with US at the end of surgery (yes/no) was compared to
residual tumor (yes/no) from the early postoperative MRIs (table 1). Figure 3 exemplifies three
different glioma resections, comparing the last US recording to corresponding early postoperative
MRI.

As seen in table 2, overall sensitivity was 46% and specificity was 85% for “no tumor remnant”
seen in US images at the end of resection. In subgroups, specificity was highest in LGG
operations, and the group that had not undergone previous radiotherapy (94%). Among LGGs,
specificity was especially high in astrocytomas, increasing to 100%. Lowest specificity was
found in patients who had previously undergone radiotherapy (50%). There was a better

specificity in LGGs compared to HGGs, 94% and 77% respectively.

Specificity was 90% when image quality was good, as opposed to 79% when image quality at
end of surgery was rated poor or medium. Positive predictive values ranged from 75-100%, with
higher values in patients with LGGs (93%) (including the 3 cases in which molecular markers
were not available, classified as LGG not otherwise specified (NOS)), reaching 100% in
astrocytomas. Positive predictive value was 95% in the group who had not undergone
radiotherapy. Negative predictive values ranged from 28-56%, with highest values in
astrocytomas, and when image quality was rated good, and lowest when image quality was rated

poor or medium.
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In cases with false negative US findings at the end of surgery (i.e. no remnant seen with US),
median extent of resection was 92.7% (range 12.0-99.8%) and remnant tumor volumes were
median 1.0 ml (range 0.09-129.8 ml). In primary operations with false negative US findings at
the end of surgery (i.e. no remnant seen with US), median extent of resection was

94.3% compared to 87.6% in reoperations (p =0.011).

Image quality and use of intraoperative ultrasound

Just before starting the resections, surgeons performed 144 US image acquisitions. In 105 (73%)
image quality was rated good, and in 39 acquisitions (27%) image quality was rated poor. During
the operations 82/136 (60%) image acquisitions were classified to be of good quality, while
54/136 (40 %) were of poor quality (8 missing). At the end of surgery 55/144 (38%) image
acquisitions were classified to be of good quality and 89/144 (62%) were of poor quality. Median
number of US acquisitions during operations was 3 when image quality before resection was
poor or medium vs. 7 when image quality was good (p< 0.001). Image quality before resection
was rated significantly poorer in patients who had undergone radiotherapy, poor or medium in
47% vs. 22% (p=0.007).

Predictors for gross total resection

A multivariable logistic regression model was developed to explore if US image quality or
number of US image recordings was associated with achieving GTR. Factors associated with a
trend in the univariable analysis (p< 0.100) were included in the multivariable analysis. Non-
eloquent tumor location (classified according to Sawaya?’ and /or as cases where functional MRI
or diffusion tensor imaging was not used) was not associated with GTR (p = 0.184). Prior
radiotherapy and number of US acquisitions were also not associated with GTR as univariables
(p =0.970 and p= 0.225). The other tested variables are presented in table 3.

The Hosmer and Leweshow test was not significant (p= 0.142), implicating that the regression
model was a good fit. Predictive accuracy (i.e. how good the model is for predicting GTR) was
72%. As seen in table 3, depth of lesion, small tumor, good image quality, histopathology, and

patient age were significant in the univariable analyses and were therefore included in the
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multivariable logistic regression model. Only superficial location and small tumor size were

significant predictors in the multivariable model.

Discussion

In this prospective study assessing the diagnostic properties of intraoperative US in glioma
surgery we report an overall low sensitivity of 46% but a rather high specificity of 85% for “no
tumor remnant” seen in US images at the end of resection as compared to postoperative MRI
findings. However, in operations with false negative US findings, tumor remnants seen on MRI
were most often small (median 1.0 ml). In this tumor population, the positive predictive value
was rather high (89%) while the negative predictive value was rather low (37%) for assessing “no
tumor remnant” from intraoperative US. In subgroups, specificity was highest in the group that
had not undergone previous radiotherapy and in LGG operations (94%), and lowest in patients
who had previously undergone radiotherapy (50%). US image quality often diminished during
surgery and image quality was associated with number of image acquisitions, indicating
increased use when surgeon judged image quality to improve accuracy. Although good US image
quality was a significant univariable with regard to achievement of GTR, it was not a significant

predictor in the multivariable model in these unselected patients.

Maximal safe resection is the credo of glioma surgery. We would argue that maintaining
specificity is more crucial than sensitivity for tools guiding glioma resection, because mistaking
normal brain for tumor is more dangerous for our patients than mistaking tumor for normal brain.
While the first could result in severe neurological deficits, the latter may result in suboptimal
extents of resection. As seen, specificity of US findings toward the end of surgery can be lower in
HGGs and particularly low in patients who have undergone radiotherapy. There is often tumor
edema surrounding high-grade lesions, and they are often more heterogeneous with necrosis
which again may produce image artifacts and affect ultrasound image quality. It is therefore not
unexpected that specificity was found to be lower in HGG operations. Many surgeons may also
use US less actively during HGG surgery because tumor tissue macroscopically looks more
abnormal as opposed to LGG tissue. Additionally, fluorescence guided surgery is today

increasingly used to improve intraoperative diagnostics in HGG. The study further confirms that
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the diagnostic properties are quite good for LGG where intraoperative US is perhaps most
frequently used for resection control today.

The study demonstrates that the specificity of intraoperative US is often good, but sensitivity for
detecting the last milliliter is low compared to postoperative MRI. Still, some patients had
considerable tumor remnants that operating surgeons were not able to see using intraoperative
US. To keep in mind, the surgeons were asked to judge if remnant tumor could be seen in the US
images at the end of resection, not if they believed that the resection was radical. Interpretation of
US images is a skill that will improve with experience. Our data reflect the results of everyday
surgery and includes surgeons with variable experience in US image interpretation. Specificity
was 90% when image quality at end of surgery was rated good as opposed to 79% when rated
poor or medium. Image quality is subjective and may therefore not only depend on the given
case, but also the experience or enthusiasm of the operator using intraoperative US. The surgeon
utilized US more extensively when image quality was rated good compared to poor/ medium.
Thus, less use of US as seen when US image quality was rated poor may be a self-fulfilling
correlation, even in our center where intraoperative US is used routinely by all surgeons. If the
tumor has unclear or irregular tumor borders as depicted with US at the beginning of surgery, the
surgeon might perform fewer recordings. Irregular shape and diffuse tumor borders may also
complicate the evaluation of residual tumor at end of surgery. There was a negative association
between image quality before starting the resection and previous radiotherapy, with better
specificity and higher positive predictive value in the group that had not undergone previous
radiotherapy. Therapeutic cranial irradiation causes neuropathologic white matter changes
including destruction of the blood- brain barrier, demyelination and occlusion of microvessels,
which in turn deprive image quality. 2 Extents of resection were somewhat higher in cases with
better image quality. Although we found statistically significant association between complete
radiological resection and US image quality, there was only a trend after adjusting for other
factors in the regression model. Small tumor and superficial location were the only explored
factors that were significantly related to GTR in the multivariable logistic regression analysis.
Thus, our previous finding that US image quality is associated with GTR in HGGs, ° was not

confirmed in the present unselected glioma series.

10
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A study from 2016 including 11 LGG patients found that estimated percentage of residual tumor
based on linear array intraoperative US alone was lower than the final residual tumor detected
with intraoperative MRI (7.5% versus 14.5%), 2° perhaps indicating that tumor volumes as seen
with US is smaller than the corresponding MRI volume. We recently did a study comparing LGG
volumes segmented from preoperative MRI and intraoperative US, and found that the US
volumes were smaller than the corresponding MRI volumes in 20 out of 23 patients. The median
US tumor volumes equaled 74% of the corresponding MRI volumes, however increasing to 92%
in astrocytomas. %° Also in the present study, we find higher specificity in LGG astrocytomas
than in LGGs with oligodendroglial components.

MRI is considered the gold standard with regard to defining tumor boundaries and defining GTR.
However, biopsy studies have shown containment of tumor cells far beyond radiological tumor
border on both MRI (T2-weighted and FLAIR)33 and US. ** It is important to acknowledge that
the nature of the disease makes it impossible to remove all tumor cells without causing

substantial morbidity because it is already widespread throughout the central nervous system at
time of diagnosis. ! A hypothetical 100% sensitive and 100% specific imaging modality for
diffuse gliomas would therefore not necessarily be helpful, because maximizing tumor removal
and thereby increasing survival must be balanced against risks of causing neurological deficits
and decreased quality of life. An ideal system for image-guided surgery should preferably

visualize tumor in a way to optimize the trade-off between survival gain and risk.

Several other tools are available for aiding decision-making in glioma surgery, including
intraoperative MR, fluorescence-guided imaging techniques (5-aminolevulinic acid (5-ALA) and
fluorescein sodium (FNa)), and intraoperative stimulation brain mapping. 2>%-3 The usefulness
of 5-ALA fluorescence guided surgery is examined in several studies presenting sensitivity,
specificity and predictive values in patient groups diagnosed with HGGs. Sensitivities close to
90% are reported in most 5-ALA studies, while reported specificities vary between 53 and 96%.
38 False positive fluorescence is reported surrounding the resection cavity, °*2 and in patients
who have undergone adjuvant therapy, where reactive astrocytes seem to cause fluorescence and
thereby mimic tumor. -4 Autofluorescence of normal brain tissue is also reported in some

cases. *° Thus, the strengths and weaknesses of US and 5-ALA in HGG surgery may be opposite,

11
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with high sensitivity in 5-ALA and perhaps higher specificity in US image data, supporting a
possible usefulness of combined use. *’ However, the biggest advantages of intraoperative US is
today guiding LGG resections. 5-ALA is currently not applicable in most LGGs because current
microscope technologies are unable to detect protoporphyrin IX (PpIX) “¢-°0 in this patient group,
a future possibility might be to use a fiber optic probe intraoperatively to perform a quantitative
measure of PplX also in LGGs. °1°2 The feasibility of confocal laser endomicroscopy (CLE)
using FNa as a fluorophore to detect brain tumor tissue was examined by Martirosyan et al. in
2016. * Utility, specificity and sensitivity of CLE and frozen sections was compared with
information from permanent histological sections (gold standard) in 66 tumors, including 21
gliomas. The sensitivity and specificity of CLE to diagnose gliomas and meningiomas were
comparable to those of frozen section, using permanent histological sections as the standard.
These data indicate that CLE both in vivo and ex vivo could allow identification of tumor areas
during brain tumor resection. However, it was not possible to distinguish glioma tumor tissue and
reactive tissue changes in all cases. In the present study surgeons used 3D US based on
conventional B-mode imaging to delineate tumors during surgery. Other scanners, other probes
and other settings might have given other results. For example, contrast-enhanced ultrasound
(CEUS) may potentially improve delineation of brain tumors, adding additional biological
information about vascularization, which can help the surgeon differentiate between tumor and

edema. 58

Despite use of fiducial markers, preoperative MRI gets less and less accurate as the surgical
procedure proceeds due to brain shift. *US recordings provide updated real-time images not
influenced by brain shift. However, using navigated US, preoperative MRI data is available for
side-by side or “overlay” comparison to ease interpretation of US data. Due to brain shift direct
comparison of MRI to US data is often less feasible at the end of surgery. Also, US imaging is
prone to certain types of artifacts degrading image quality® and affecting interpretation and
decision-making during surgery. Tumor resection may create US image noise when the resection
cavity is filled with isotonic saline water. °® The large discrepancy in attenuation between saline
and brain tissue may affect images negatively by introducing bright artifacts below the resection
cavity. High-intensity artifacts at the resection cavity wall may lead to both over- and

underestimation of tumor volume by either mimicking tumor when there is none present, or mask

12
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residual tumor. As seen from our results, the latter seems to be a bigger problem. As an
alternative to saline in the resection cavities before US image acquisition, an acoustic coupling
fluid has been developed. The fluid is assessed in an animal study, and appears safe under testing
circumstances in both rats and pigs. °” Clinical testing is currently done. This could possible
improve US image quality, making the images easier to interpret, and thus further optimize risk-
benefit ratio in glioma surgery guided by intraoperative US.

Conclusion

In conclusion, the specificity of intraoperative US is high for predicting complete tumor resection
at end of glioma surgery, especially in LGGs and in patients who have not previously undergone
radiotherapy. However, sensitivity for detecting the last milliliter is low using US compared to
postoperative MRI. US is prone to artifacts as surgery proceeds, but future developments may
reduce artifacts, and in turn further improve the usefulness of US also at later stages in the

surgical procedure.

Disclosure

This work was supported by the Norwegian Research Council and The Faculty of Medicine,
Norwegian University of Science and Technology (NTNU) through the Student Research
Programme at NTNU. Asgeir Jakola has research funding from the Norwegian Cancer Society.
Professor Geirmund Unsgard has patented the acoustic coupling fluid mentioned in the

discussion. %8

References
1. Sahm F, Capper D, Jeibmann A, Habel A, Paulus W, Troost D, et al. Addressing diffuse

glioma as a systemic brain disease with single-cell analysis. Arch Neurol. 2012;69(4):523-
526. doi:10.1001/archneurol.2011.2910

2. Jakola AS, Myrmel KS, Kloster R, Torp SH, Lindal S, Unsgard G, et al. Comparison of a
strategy favoring early surgical resection vs a strategy favoring watchful waiting in low-
grade gliomas. JAMA. 2012;308(18):1881-1888. doi:10.1001/jama.2012.12807

3. Smith JS, Chang EF, Lamborn KR, Chang SM, Prados MD, Cha S, et al. Role of extent of

13



10.

11.

12.

13.

Munkvold

resection in the long-term outcome of low-grade hemispheric gliomas. J Clin Oncol.
2008;26(8):1338-1345. doi:10.1200/jco.2007.13.9337

Capelle L, Fontaine D, Mandonnet E, Taillandier L, Golmard JL, Bauchet L, et al.
Spontaneous and therapeutic prognostic factors in adult hemispheric World Health
Organization Grade Il gliomas: a series of 1097 cases: clinical article. J Neurosurg.
2013;118(6):1157-1168. doi:10.3171/2013.1.jns121

McGirt MJ, Chaichana KL, Gathinji M, Attenello FJ, Than K, Olivi A, et al. Independent
association of extent of resection with survival in patients with malignant brain
astrocytoma. J Neurosurg. 2009;110(1):156-162. doi:10.3171/2008.4.17536

Stummer W, Reulen HJ, Meinel T, Pichlmeier U, Schumacher W, Tonn JC, et al. Extent of
resection and survival in glioblastoma multiforme: identification of and adjustment for
bias. Neurosurgery. 2008;62(3):564-576. doi:10.1227/01.neu.0000317304.31579.17
Barker 2nd FG, Prados MD, Chang SM, Gutin PH, Lamborn KR, Larson DA, et al.
Radiation response and survival time in patients with glioblastoma multiforme. J
Neurosurg. 1996;84(3):442-448. doi:10.3171/jns.1996.84.3.0442

Albert FK, Forsting M, Sartor K, Adams HP, Kunze S. Early postoperative magnetic
resonance imaging after resection of malignant glioma: objective evaluation of residual
tumor and its influence on regrowth and prognosis. Neurosurgery. 1994;34(1):41-45.
Simpson JR, Horton J, Scott C, Curran WJ, Rubin P, Fischbach J, et al. Influence of
location and extent of surgical resection on survival of patients with glioblastoma
multiforme: results of three consecutive Radiation Therapy Oncology Group (RTOG)
clinical trials. Int J Radiat Oncol Biol Phys. 1993;26(2):239-244.

Rubin JM, Mirfakhraee M, Duda EE, Dohrmann GJ, Brown F. Intraoperative ultrasound
examination of the brain. Radiology. 1980;137(3):831-832.
doi:10.1148/radiology.137.3.6255514

Voorhies RM, Patterson RH. Preliminary experience with intraoperative ultrasonographic
localization of brain tumors. Radiol Nucl Med. 1980;10:8-9.

Makuuchi M, Torzilli G, Machi J. History of intraoperative ultrasound. Ultrasound Med
Biol. 1998;24(9):1229-1242.

Gronningsaeter A, Kleven A, Ommedal S, Aarseth TE, Lie T, Lindseth F, et al.

SonoWand, an ultrasound-based neuronavigation system. Neurosurgery. 2000;47(6):1373-

14



14.

15.

16.

17.

18.

19.

20.

21.

Munkvold

1380. http://mwww.ncbi.nIm.nih.gov/pubmed/11126908.

Unsgaard G, Gronningsaeter A, Ommedal S, Nagelhus Hernes TA. Brain operations
guided by real-time two-dimensional ultrasound: new possibilities as a result of improved
image quality. Neurosurgery. 2002;51(2):402.
http://ovidsp.tx.ovid.com/ovftpdfs/FPDDNCLBPBKOCMO00/fs046/ovft/live/gv023/00006
123/00006123-200208000-00019.pdf.

Unsgaard G, Ommedal S, Muller T, Gronningsaeter A, Nagelhus Hernes TA.
Neuronavigation by intraoperative three-dimensional ultrasound: initial experience during
brain tumor resection. Neurosurgery. 2002;50(4):804-12; discussion 812.
http://ovidsp.tx.ovid.com/ovftpdfs/FPDDNCLBPBKOCMO00/fs004/ovft/live/gv006/00006
123/00006123-200204000-00022.pdf.

Unsgaard G, Rygh OM, Selbekk T, Muller TB, Kolstad F, Lindseth F, et al. Intra-operative
3D ultrasound in neurosurgery. Acta Neurochir. 2006;148(3):235-53; discussion 253.
doi:10.1007/s00701-005-0688-y

Jakola AS, Myrmel KS, Kloster R, Torp SH, Lindal S, Unsgard G, et al. Comparison of a
strategy favoring early surgical resection vs a strategy favoring watchful waiting in low-
grade gliomas. JAMA. 2012;308(18):1881-1888. doi:10.1001/jama.2012.12807

Saether CA, Torsteinsen M, Torp SH, Sundstrom S, Unsgard G, Solheim O. Did survival
improve after the implementation of intraoperative neuronavigation and 3D ultrasound in
glioblastoma surgery? A retrospective analysis of 192 primary operations. J Neurol Surg A
Cent Eur Neurosurg. 2012;73(2):73-78. doi:10.1055/s-0031-1297247

Solheim O, Selbekk T, Jakola AS, Unsgard G. Ultrasound-guided operations in unselected
high-grade gliomas--overall results, impact of image quality and patient selection. Acta
Neurochir. 2010;152(11):1873-1886. doi:10.1007/s00701-010-0731-5

Selbekk T, Jakola AS, Solheim O, Johansen TF, Lindseth F, Reinertsen I, et al. Ultrasound
imaging in neurosurgery: approaches to minimize surgically induced image artefacts for
improved resection control. Acta Neurochir. 2013;155(6):973-980. doi:10.1007/s00701-
013-1647-7

Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A, et al. The 2007
WHO classification of tumours of the central nervous system. Acta Neuropathol.
2007;114(2):97-109. doi:10.1007/s00401-007-0243-4

15



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Munkvold

Louis DN, Perry A, Reifenberger G, Von Deimling A, Figarella-Branger D, Cavenee WK,
et al. The 2016 World Health Organization classification of tumors of the central nervous
system: a summary. Acta Neuropathol. 2016;131(6):803-820.

Hammoud MA, Ligon BL, elSouki R, Shi WM, Schomer DF, Sawaya R. Use of
intraoperative ultrasound for localizing tumors and determining the extent of resection: a
comparative study with magnetic resonance imaging. J Neurosurg. 1996;84(5):737-741.
doi:10.3171/jns.1996.84.5.0737

Shinoura N, Takahashi M, Yamada R. Delineation of brain tumor margins using
intraoperative sononavigation: implications for tumor resection. J Clin Ultrasound.
2006;34(4):177-183. doi:10.1002/jcu.20219

Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F, Reulen HJ. Fluorescence-
guided surgery with 5-aminolevulinic acid for resection of malignant glioma: a randomised
controlled multicentre phase Il trial. Lancet Oncol. 2006;7(5):392-401.
d0i:10.1016/s1470-2045(06)70665-9

World Medical Association Declaration of Helsinki: ethical principles for medical research
involving human subjects. JAMA. 2013;310(20):2191-2194.
doi:10.1001/jama.2013.281053

Sawaya R, Hammoud M, Schoppa D, Hess KR, Wu SZ, Shi WM, et al. Neurosurgical
outcomes in a modern series of 400 craniotomies for treatment of parenchymal tumors.
Neurosurgery. 1998;42(5):1044-1046.

Tsuruda JS, Kortman KE, Bradley WG, Wheeler DC, Van Dalsem W, Bradley TP.
Radiation effects on cerebral white matter: MR evaluation. AJR Am J Roentgenol.
1987;149(1):165-171. doi:10.2214/ajr.149.1.165

Lothes TE, Siekmann M, Konig RW, Wirtz CR, Coburger J. Surgical Workflow Analysis:
Ideal Application of Navigated Linear Array Ultrasound in Low-Grade Glioma Surgery. J
Neurol Surg A Cent Eur Neurosurg. 2016. doi:10.1055/s-0036-1580594

Munkvold BKR, Bg HK, Jakola AS, Reinertsen I, Berntsen EM, Unsgard G, et al. Tumor
Volume Assessment in Low-Grade Gliomas: A Comparison of Preoperative Magnetic
Resonance Imaging to Coregistered Intraoperative 3-Dimensional Ultrasound Recordings.
Neurosurgery. 2017.

Kelly PJ, Daumas-Duport C, Scheithauer BW, Kall BA, Kispert DB. Stereotactic

16



32.

33.

34.

35.

36.

37.

38.

39.

40.

Munkvold

histologic correlations of computed tomography- and magnetic resonance imaging-defined
abnormalities in patients with glial neoplasms. Mayo Clin Proc. 1987;62(6):450-4509.
Pallud J, Varlet P, Devaux B, Geha S, Badoual M, Deroulers C, et al. Diffuse low-grade
oligodendrogliomas extend beyond MRI-defined abnormalities. Neurology.
2010;74(21):1724-1731. doi:10.1212/WNL.0b013e3181e04264

Zetterling M, Roodakker KR, Berntsson SG, Edqvist PH, Latini F, Landtblom AM, et al.
Extension of diffuse low-grade gliomas beyond radiological borders as shown by the
coregistration of histopathological and magnetic resonance imaging data. J Neurosurg.
2016:1-12. doi:10.3171/2015.10.jns15583

Schiffbauer H, Ferrari P, Rowley HA, Berger MS, Roberts TP. Functional activity within
brain tumors: a magnetic source imaging study. Neurosurgery. 2001;49(6):1311-1313.
http://www.ncbi.nlm.nih.gov/pubmed/11846930.

Senft C, Bink A, Franz K, Vatter H, Gasser T, Seifert V. Intraoperative MRI guidance and
extent of resection in glioma surgery: a randomised, controlled trial. Lancet Oncol.
2011;12(11):997-1003. doi:10.1016/s1470-2045(11)70196-6

Martirosyan NL, Eschbacher JM, Kalani MYS, Turner JD, Belykh E, Spetzler RF, et al.
Prospective evaluation of the utility of intraoperative confocal laser endomicroscopy in
patients with brain neoplasms using fluorescein sodium: experience with 74 cases.
Neurosurg Focus. 2016;40(3):E11. doi:10.3171/2016.1.FOCUS15559

Szelenyi A, Bello L, Duffau H, Fava E, Feigl GC, Galanda M, et al. Intraoperative
electrical stimulation in awake craniotomy: methodological aspects of current practice.
Neurosurg Focus. 2010;28(2):E7. doi:10.3171/2009.12.focus09237

Hadjipanayis CG, Widhalm G, Stummer W. What is the Surgical Benefit of Utilizing 5-
Aminolevulinic Acid for Fluorescence-Guided Surgery of Malignant Gliomas?
Neurosurgery. 2015;77(5):663-673. doi:10.1227/neu.0000000000000929

Ando T, Kobayashi E, Liao H, Maruyama T, Muragaki Y, Iseki H, et al. Precise
comparison of protoporphyrin IX fluorescence spectra with pathological results for brain
tumor tissue identification. Brain Tumor Pathol. 2011;28(1):43-51. doi:10.1007/s10014-
010-0002-4

Nabavi A, Thurm H, Zountsas B, Pietsch T, Lanfermann H, PichImeier U, et al. Five-

aminolevulinic acid for fluorescence-guided resection of recurrent malignant gliomas: a

17



41.

42.

43.

44,

45.

46.

47.

48.

Munkvold

phase ii study. Neurosurgery. 2009;65(6):1070-1077.
d0i:10.1227/01.neu.0000360128.03597.c7

Roberts DW, Valdes PA, Harris BT, Fontaine KM, Hartov A, Fan X, et al. Coregistered
fluorescence-enhanced tumor resection of malignant glioma: relationships between delta-
aminolevulinic acid-induced protoporphyrin X fluorescence, magnetic resonance imaging
enhancement, and neuropathological parameters. Clinical article. J Neurosurg.
2011;114(3):595-603. doi:10.3171/2010.2.jns091322

Stummer W, Novotny A, Stepp H, Goetz C, Bise K, Reulen HJ. Fluorescence-guided
resection of glioblastoma multiforme by using 5-aminolevulinic acid-induced porphyrins:
a prospective study in 52 consecutive patients. J Neurosurg. 2000;93(6):1003-1013.
d0i:10.3171/jns.2000.93.6.1003

Utsuki S, Oka H, Sato S, Shimizu S, Suzuki S, Tanizaki Y, et al. Histological examination
of false positive tissue resection using 5-aminolevulinic acid-induced fluorescence
guidance. Neurol Med Chir (Tokyo). 2007;47(5):210-214.
https://www.jstage.jst.go.jp/article/nmc/47/5/47 5 210/ pdf.

Panciani PP, Fontanella M, Garbossa D, Agnoletti A, Ducati A, Lanotte M. 5-
aminolevulinic acid and neuronavigation in high-grade glioma surgery: results of a
combined approach. Neurocirugia (Astur). 2012;23(1):23-28.
doi:10.1016/j.neucir.2012.04.003

Panciani PP, Fontanella M, Schatlo B, Garbossa D, Agnoletti A, Ducati A, et al.
Fluorescence and image guided resection in high grade glioma. Clin Neurol Neurosurg.
2012;114(1):37-41. doi:10.1016/j.clineuro.2011.09.001

Utsuki S, Miyoshi N, Oka H, Miyajima Y, Shimizu S, Suzuki S, et al. Fluorescence-guided
resection of metastatic brain tumors using a 5-aminolevulinic acid-induced protoporphyrin
IX: pathological study. Brain Tumor Pathol. 2007;24(2):53-55. doi:10.1007/s10014-007-
0223-3

Moiyadi A, Shetty P. Navigable intraoperative ultrasound and fluorescence-guided
resections are complementary in resection control of malignant gliomas: one size does not
fit all. J Neurol Surg A Cent Eur Neurosurg. 2014;75(6):434-441. doi:10.1055/s-0034-
1372436

Ewelt C, Floeth FW, Felsberg J, Steiger HJ, Sabel M, Langen KJ, et al. Finding the

18



49,

50.

51.

52.

53.

54,

55.

56.
S7.

58.

Munkvold

anaplastic focus in diffuse gliomas: the value of Gd-DTPA enhanced MRI, FET-PET, and
intraoperative, ALA-derived tissue fluorescence. Clin Neurol Neurosurg.
2011;113(7):541-547. doi:10.1016/j.clineuro.2011.03.008

Widhalm G, Wolfsberger S, Minchev G, Woehrer A, Krssak M, Czech T, et al. 5-
Aminolevulinic acid is a promising marker for detection of anaplastic foci in diffusely
infiltrating gliomas with nonsignificant contrast enhancement. Cancer. 2010;116(6):1545-
1552. doi:10.1002/cncr.24903

Widhalm G, Kiesel B, Woehrer A, Traub-Weidinger T, Preusser M, Marosi C, et al. 5-
Aminolevulinic acid induced fluorescence is a powerful intraoperative marker for precise
histopathological grading of gliomas with non-significant contrast-enhancement. PL0S
One. 2013;8(10):e76988. doi:10.1371/journal.pone.0076988

Valdes PA, Kim A, Leblond F, Conde OM, Harris BT, Paulsen KD, et al. Combined
fluorescence and reflectance spectroscopy for in vivo quantification of cancer biomarkers
in low- and high-grade glioma surgery. J Biomed Opt. 2011;16(11):116007.
doi:10.1117/1.3646916

Valdes PA, Leblond F, Kim A, Harris BT, Wilson BC, Fan X, et al. Quantitative
fluorescence in intracranial tumor: implications for ALA-induced PplX as an
intraoperative biomarker. J Neurosurg. 2011;115(1):11-17. doi:10.3171/2011.2.jns101451
Prada F, Perin A, Martegani A, Aiani L, Solbiati L, Lamperti M, et al. Intraoperative
contrast-enhanced ultrasound for brain tumor surgery. Neurosurgery. 2014;74(5):542-552.
Unsgard G, Solheim O, Lindseth F, Selbekk T. Intra-operative imaging with 3D ultrasound
in neurosurgery. Acta Neurochir Suppl. 2011;109:181-186.
doi:https://dx.doi.org/10.1007/978-3-211-99651-5 28

Feldman MK, Katyal S, Blackwood MS. US artifacts. Radiographics. 2009;29(4):1179-
1189. doi:10.1148/rg.294085199

Duck FA. Physical Properties of Tissue . London: Academic Press; 1990.

Jakola AS, Jorgensen A, Selbekk T, Michler RP, Solheim O, Torp SH, et al. Animal study
assessing safety of an acoustic coupling fluid that holds the potential to avoid surgically
induced artifacts in 3D ultrasound guided operations. BMC Med Imaging. 2014;14:11.
doi:10.1186/1471-2342-14-11

Selbekk T, Unsgérd G. Ultrasound contact fluid. 2015.

19



Munkvold

https://www.google.ch/patents/US20150118161.

Figure legends

Figure 1. Flowchart showing included patients.
Figure 2. Ultrasound recordings obtained from two different glioma resections, exemplifying the
difference in image quality. 1b is an example of very difficult tumor delineation due to poor US
image quality. 2b is an example of good image quality, with clear delineation of tumor borders.
The surgeon rated image quality medium when it was somewhere in-between good and poor, and
tumor delineation was possible, although difficult. 1a and 2a are corresponding preoperative MR
images.
Figure 3. 3-D ultrasound recordings obtained at end of glioma surgery (1b, 2b, 3b), compared to
corresponding early postoperative MR images (1c, 2c, 3c) in three different cases:

1b Ultrasound: tumor remnant, 1¢ MRI: tumor remnant.

2b Ultrasound: complete resection, 2¢c MRI: tumor remnant.

3b Ultrasound: complete resection, 3c MRI: complete resection.

1a, 2a, and 3a are corresponding preoperative MR images.

Table 1 2x2 tables of residual tumor* seen with intraoperative ultrasound at end of surgery

compared to the early postoperative MRI (gold standard).
Table 2 Sensitivity, specificity and predictive values calculated from 2x2 tables.

Table 3 Possible predictors for gross total resections were explored in a multivariable logistic

regression analysis.
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