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OBJECTIVE Intraoperative imaging is increasingly being used for resection control in diffuse gliomas, in which the
extent of resection (EOR) is important. Intraoperative ultrasound (iUS) has emerged as a highly effective tool in this con-
text. Navigated ultrasound (NUS) combines the benefits of real-time imaging with the benefits of navigation guidance. In
this study, the authors investigated the use of NUS as an intraoperative adjunct for resection control in gliomas.

METHODS The authors retrospectively analyzed 210 glioma patients who underwent surgery using NUS at their center.
The analysis included intraoperative decision-making, diagnostic accuracy, and operative outcomes, particularly EOR

and related factors influencing this.

RESULTS US-defined gross-total resection (GTR) was achieved in 57.6% of patients. Intermediate resection control
scans were evaluable in 115 instances. These prompted a change in the operative decision in 42.5% of cases (the majori-
ty being further resection of unanticipated residual tumor). Eventual MRI-defined GTR rates were similar (58.6%), although
the concordance between US and MRI was 81% (170/210 cases). There were 21 false positives and 19 false negatives
with NUS, resulting in a sensitivity of 78%, specificity of 83%, positive predictive value of 77%, and negative predictive
value of 84%. A large proportion of patients (13/19 patients, 68%) with false-negative results eventually had near-total
resections. Tumor resectability, delineation, enhancement pattern, eloquent location, and US image resolution significantly
influenced the GTR rate, though only resectability and eloquent location were significant on multivariate analysis.

CONCLUSIONS NUS is a useful intraoperative adjunct for resection control in gliomas, detecting unanticipated tumor
residues and positively influencing the course of the resection, eventually leading to higher resection rates. Neverthe-
less, resection is determined by the innate resectability of the tumor and its relationship to eloquent location, reinforcing
the need to combine iUS with functional mapping techniques to optimize resections.

https://thejns.org/doi/abs/10.3171/2020.10.FOCUS20550
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mors to address surgically. The extent of resec-

tion (EOR) has been proven to be an important
prognostic factor, and various strategies to improve intra-
operative assessment of resection have been developed.
Intraoperative ultrasound (iUS) has emerged as a useful
and cost-effective multifaceted imaging modality.! Navi-
gated ultrasound (NUS) is a powerful tool that combines
the benefits of real-time 2D ultrasound (2D US) imaging
with the ability to track the US probe, allowing for image-
guided navigation.? NUS can be used alone (direct NUS
[DNUS]J) but is more often used in combination with pre-

D IFFUSE gliomas remain a challenging group of tu-

operative MRI (image fusion mode). In our experience, we
have found NUS to be very useful for performing biopsies
as well as resecting glioblastomas and nonenhancing glio-
mas.* The major purpose of NUS (as with most image
guidance and intraoperative adjuncts) is lesion localization
(which is used for biopsy targeting as well as for lesion
identification and trajectory planning during the resection
of some tumors, especially well-delineated masses like
metastases and some gliomas) and resection control (pri-
marily for gliomas, where NUS is used for performing se-
rial resection scans to assess the resection in real time and
plan the further progress of the surgical procedure). NUS

ABBREVIATIONS ALA = aminolevulinic acid; DNUS = direct NUS; EOR = extent of resection; GTR = gross-total resection; HGG = high-grade glioma; IGS = image guid-
ance system; iUS = intraoperative ultrasound; LGG = low-grade glioma; NPV = negative predictive value; NTR = near-total resection; NUS = navigated ultrasound; PPV =

positive predictive value; STR = subtotal resection; 2D US = 2D ultrasound.
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is particularly suited for resection control, offering quick
and repeated updates of the operative field/cavity without
significantly interfering with the surgical workflow. In-
termediate US scans can be serially performed multiple
times and, when navigated, offer the possibility of spatial
and temporal correlation across serial scans, thereby im-
proving the reliability of the interpretation. In the present
paper, we report our analysis of NUS used in operations
performed in a homogenous cohort of diffuse glioma pa-
tients and our objective evaluation of the influence of the
use of NUS on the progress of the resections as well as the
eventual patient outcomes.

Methods

This was a retrospective descriptive cohort study. The
study was approved by the institutional ethics commit-
tee (IEC no. 900632). Informed consent was not required
as there was no direct contact with any of the subjects.
We used a NUS-enabled image guidance system (IGS)
(Sonowand AS) from 2010 through 2019. Representative
images of the IGS and the probes are provided in Supple-
mentary Fig. 1. The system, which has been described
previously,>” essentially combines navigation technology
with a high-end dedicated cranial insonation probe ca-
pable of generating 2D as well as 3D images. The cranial
probe is precalibrated and registered to the navigation
system (the probe as well as the acquired images are in
the same frame of reference, and hence accuracy is en-
hanced). The system can rapidly (within 30—40 seconds)
acquire a series of 2D images (about 200-300), which are
computed automatically into a 3D volume that can then
be displayed on the navigation system in either the tradi-
tional ACS (axial, coronal, sagittal) planes or a more us-
er-friendly and intuitive “dual-anyplane” mode. The US
data can also be superimposed on preoperative MR im-
ages (when available) to provide a better orientation of the
cross-sectional anatomy. This data set can then be repeat-
edly updated (as and when necessary) during the course
of the surgery. The IGS can function as a stand-alone
2D US, navigation system, as well as a 3D NUS device.
NUS can be used alone (DNUS, where only NUS images
are used without preoperative MRI) or with multimodal
image fusion (where both preoperative MR images and
intraoperative navigated and coregistered US images are
used). The probes used included the 8FPA (3- to 8-MHz
phased array, 25 x 17-mm footprint), I0FPA-MC (5- to
10-MHz phased array, 15 x 13—mm footprint—burr hole
probe), and 12FLA (6- to 12-MHz linear array, 32 x 11—
mm footprint). All consecutive cases where this system
was used are recorded in a prospective database, which
was queried to retrieve all the data. Some of the data re-
lated to specific patient subgroups have been published
earlier.>>~7 For the present analyses, the overall pattern of
use and influence of NUS on the intraoperative decision-
making and final resection in gliomas were analyzed. The
database captures details including the intent of surgery,
tumor characteristics based on preoperative MRI (delin-
eation, eloquence, enhancement pattern, tumor resect-
ability), US mode used, probe, and image resolution, as
well as intraoperative imaging findings. For all of the
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cases in which US was used in some form, the database
recorded the purpose of the use of US (for tumor localiza-
tion or resection control) as well as the number of inter-
mediate NUS scans performed, including the surgeon’s
impression (residue anticipated or not) and the US find-
ings at each stage. The final control US finding is also
recorded. All of these data are prospectively documented
by the operating surgeon immediately after the surgery.
Further clinical and perioperative details were retrieved
by querying the hospital information system and the
PACS for radiology reports. To record the concordance
between the final control US scan and postoperative MRI
and calculate the diagnostic accuracy of the US in pre-
dicting residue, only those cases for which a postopera-
tive MRI was available were included. Gross-total resec-
tion (GTR) was defined as the absence of any contrast
enhancement or T2/FLAIR abnormality (in nonenhanc-
ing tumors) as reported by our radiologists routinely.
Volumetric analysis of residue is not routinely performed.
Nonglial cases were excluded to maintain a homogeneous
cohort of cases. The use of any additional intraoperative
adjuncts (fluorescence, neurophysiological mapping, and
awake mapping) was also recorded.

Statistical Analysis

Descriptive analysis was performed for all variables.
Categorical data were reported as percentages. Univariate
analysis using the chi-square (Pearson) test was carried
out to identify predictors of GTR. All potential predictors
were analyzed in a multivariate logistic regression model,
using GTR as the outcome variable. Backward stepwise
deletion based on the Wald test was applied. The overall
performance of the internally validated model was as-
sessed using Nagelkerke R? (the higher the Nagelkerke R?,
the greater the strength of the model). Finally, the Hosmer-
Lemeshow goodness-of-fit statistic was computed as a
quantitative measure of accuracy. The model with the best
fit was selected and reported. For all tests, p values were
two-sided, and a p value < 0.05 was considered statisti-
cally significant. The diagnostic accuracy of the final re-
section control US scan (reported as “no residual tumor™)
was assessed using the radiologist-reported postoperative
resection control MR image (reported as “no residual tu-
mor”) as the gold standard and employing 2 x 2 tables to
calculate various parameters (sensitivity, specificity, and
predictive values). All statistical analysis was done by us-
ing IBM SPSS (version 25, IBM Corp.).

Results

Figure 1 shows the outline of the study design. In total,
450 cases of various brain tumors were operated using im-
age guidance during this period. Lobar gliomas accounted
for a large proportion of the overall cases, with a large ma-
jority of them being planned for radical debulking surgery
with NUS used for resection control. Table 1 describes the
clinical, demographic, and tumor-related characteristics of
the entire cohort of 450 cases.

Overall, US was used as part of the IGS plan in the vast
majority of cases (375/450, 83.5%), primarily as NUS (368
cases) and occasionally as 2D US (7 cases). Intraopera-
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450 surgeries done using |
image guidance system

In 75 cases only MR based
navigation was used

375 underwent US guided
surgeries ‘

(368 - 3DUS, 7 - 2DUS)

‘ in 117 , US was used only for
‘ tumor localization

258 underwent US guided
resection control ‘

28 cases - postoperative MR
not available

230 had extent of
resection (EOR) assessed

20 non glial masses (metastases, non-
| neoplastic masses) excluded

210 Glial tumors with US
and MR control scans

FIG. 1. Flow diagram showing the study cohort selection and analysis.

tive US was used for resection control in 258 of the 375
cases (NUS was used in 256 cases; DNUS in 155 cases;
iUS in combination with MRI, i.e., image fusion, in 101
cases; and 2D US in 2 cases). In the remaining 117 cases,
iUS was used only as a localizing tool (either for a biopsy
or to localize a lesion for resection, but not as a resec-
tion control tool). After excluding nonglial tumors (like
metastases) as well as some gliomas where postoperative
MRI could not be performed, eventually NUS was used
for resection control in 210 gliomas (130 DNUS, 80 image
fusion). Table 1 shows the comparative demographic fea-
tures of this group. Among the gliomas, high-grade glio-
mas (HGGs) constituted 83% of the total (10 grade 1, 26
grade 2, 86 grade 3, and 88 grade 4). Forty-five percent of
these gliomas did not have any contrast enhancement. Fig-
ures 2—4 illustrate typical examples of gliomas resected
using NUS (both DNUS and image fusion NUS). Intra-
operative US images were reported of good or fair quality
in 56% (116/210) and 41% (88/210) of cases, respectively,
with only 6 TUS images (3%) being recorded as poor.

Decision-Making With NUS- and US-Defined GTR

No intermediate scans were performed in 97 glioma
cases in which the surgeon only performed a final control

Shetty et al.

TABLE 1. Profile of cases in the overall and glioma cohorts

Tumor Cohort/Op

Overall/lmage  Gliomas/US-Based
Guided (n =450) Resection (n =210)

Demographic data
Age, yrs, mean (range) 42.3 (4-81) 40.8 (6-77)
Male sex 292 (65%) 147 (70%)
Op intent
GTR 310 (69%) 159 (75%)
Debulking 90 (20%) 51 (25%)
Biopsy 50 (11%) 0 (0%)
Prior treatment 79 (17.6%) 43 (20.5%)
Radiological tumor factors
Potentially resectable 324 (72%) 167 (80%)
Epicenter
Lobar 365 (82%) 203 (97%)
Central 33 (7%) 3 (1%)
Posterior fossa 5 (1%) 1 (1%)
Other 47 (10%) 3 (1%)
Multifocal 12 (3%) 8 (4%)
Enhancement
Predominant 209 (46%) 58 (28%)
Mixed 112 (25%) 57 (27%)
None 129 (29%) 95 (45%)
Tumor delineation
Good 236 (52%) 97 (46%)
Moderate 179 (40%) 93 (44%)
Poor 35 (8%) 20 (10%)
Eloquent
Involved 112 (25%) 52 (25%)
Close 206 (46%) 104 (50%)
Not involved 132 (29%) 54 (25%)
Histology: glial 340 (75%)* 210 (100%)
Op adjuncts used
Intraop neurophysiological 111 (25%) 69 (33%)
monitoring used
Awake craniotomy 55 (12%) 33 (16%)
ALA-induced fluorescence 44 (10%) 28 (13%)

Values are presented as number (%) of patients unless otherwise indicated.

* These 340 gliomas comprise all of the gliomas operated using image guid-
ance. Of these, only those gliomas for which US was used for resection control
(as opposed to localization) and those having postoperative MRI for assessing
the resection were included in the final analysis (n = 210).

US scan. In the remaining 113 cases (54%), a total of 150
intermediate scans were performed (median 1, range 1-4
scans per patient). Intermediate scans were more likely to
be performed for unresectable (60% vs 52% for resect-
able), nonenhancing (60% vs 49% for enhancing), and non-
eloquent (61% vs 52% for eloquent) tumors and when US
image quality was acceptable (54% when good and 53%
when fair compared with 33% when it was poor). None of
these differences were statistically significant. There was
no difference in the likelihood of an intermediate scan be-
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FIG. 2. A: The top row shows the preoperative MR images (left, T1; center, T2; right, postcontrast T1-weighted) and the bottom
row shows postoperative MR images (left, T1; center, T2; right, postcontrast T1-weighted) of a right frontal nonenhancing glioma.
The tumor was well circumscribed on MRI and completely excised. B: Intraoperative screenshots from the navigation system. GTR
was achieved using NUS combined with preoperative MRI (image fusion). The left panels show the preoperative T1-weighted MR
images depicted in two orthogonal planes (the top view is in the plane of the navigator and the bottom view is in a plane mutu-

ally perpendicular to that). The center panels show the volumetric US depicted in the same corresponding planes. The US image
quality was good. The tumor is hyperechoic and well delineated. The focus of the US scan is set toward the bottom of the tumor so
that the brain-tumor interface is well seen, as a result of which the superficial tumor is not imaged cleanly. The right panels show
both US and MRI overlaid. The dotted line indicates a point just beyond the brain-tumor interface on the US image. Note that on
the corresponding MR image, the same point seems to be on the edge of the tumor (representing a brainshift). Brainshift is also
evident in the right panels (overlaid images) where the locations of the falx on MRI and US are not aligned. C: Serial resection
control US scans of the same patient: preresection (left panels), intermediate (center panels), and postresection (right panels).

All are depicted in the same dual orthogonal planes. Nodular, hyperechoic residual tumor can be seen in the intermediate scans
(virtual navigator pointer). This residue was unanticipated and was subsequently resected. Complete resection was confirmed on
the final US scan (linear thin, regular hyperechoic rim indicating no residual tumor). Histology was isocitrate dehydrogenase—mu-
tant anaplastic astrocytoma.
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FIG. 3. Left frontal enhancing glioma. A: The top row shows the preoperative MR images (left, T1; center, T2; right, postcontrast
T1-weighted). The tumor was moderately circumscribed on MRI. The bottom row shows the postoperative MR images (left, T1;
center, T2; right, postcontrast T1-weighted). lll-defined bright T2 signal intensities depict infiltrating residual tumor in the eloquent
areas. B: Intraoperative screenshots from the navigation system. The patient underwent resection using DNUS (without preopera-
tive MRI fusion imaging). Preresection 3D US images are depicted in orthogonal planes. The tumor appears to be variably hyper-
echoic, with less clearly defined margins. Anatomical structures seen include the falx (large arrow), frontal horn of the ventricle
(line arrows), and bone of the frontal convexity (solid arrowhead). C: Serial resection US scans of same the patient as in panel B:
preresection (left panels), intermediate (center panels), and postresection (right panels). The bright hyperechoic rim of the cavity
is seen in the subsequent scans with a lesser hyperechoic residual tumor below it. This has been serially resected. Some residual
hyperechoic tumor was left (STR) due to positive subcortical stimulation at the depths. Histology revealed isocitrate dehydroge-

nase—mutant glioblastoma.

ing done in HGGs and low-grade gliomas (LGGs) (54%
and 53%, respectively). In 21 of the earliest cases (with 35
intermediate scans), data regarding the surgeon’s interpre-
tation of anticipated residue were not recorded. So intra-
operative decision-making was evaluable in 115 interme-
diate scans in 92 patients. In 66 instances, the surgeon had
anticipated a tumor residue that was confirmed in 64 pa-
tients going on to further resection, whereas in 2 patients

no detectable tumor residue was seen on US, findings that
led to stoppage of the resection. On the other hand, in 47
of the 49 times that intermediate scans were done with
the assumption of a complete resection, unanticipated tu-
mor residue was picked up by the US, prompting a further
resection in all of these instances. Thus, the intermediate
US scan altered the intraoperative decision in 49 (42.5%)
of the 115 times it was performed.
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FIG. 4. A right frontal enhancing glioma. A: The top row shows the preoperative MR images (left, T1; center, T2; right, postcontrast
T1-weighted). The tumor was well circumscribed on MRI. The bottom row shows the postoperative MR images (left, T1; center,

T2; right, postcontrast T1-weighted). Postoperative MRI shows a rim of blood products along the cavity but no residual tumor. B:
Intraoperative screenshots from the navigation system. The patient underwent resection using DNUS (without preoperative MRI
fusion imaging). The tumor appears hyperechoic with well-defined margins on the preresection scan (left panel). In this case, no
intermediate scan was performed. The final US scan (center panel) shows a clear hyperechoic cavity rim with no residual tumor.
The right panel shows an overlay of the pre- and postresection US scans (the postresection scan has been shaded red to show
the demarcation). Note the shift between the two sets of US images. The cavity seems to be slightly superficial compared with the
deepest tumor margin, due to deformation. The absence of residual hyperechoic tissue beyond the cavity rim confirms complete
resection. Histopathology was glioblastoma (isocitrate dehydrogenase wild type).

EOR in Gliomas of patients in whom no intermediate US scans were per-

Eventually, US-defined GTR was obtained in 57.6% formed than in the group in whom they were (64% and
(121/210) of cases (55% [66/120] and 61% [55/90], re- 54%, respectively, p = 0.3). Correspondingly, overall, the
spectively, for DNUS and image fusion US modes [p = MR-defined GTR rate in this cohort of gliomas was 58.6%
0.4]). The US-defined GTR rate was higher in the group (123/210). In addition, near-total resection (NTR) (> 90%

6 Neurosurg Focus Volume 50 « January 2021

Unauthenticated | Downloaded 01/27/21 04:13 PM UTC



TABLE 2. Diagnostic accuracy of resection control US in
predicting the presence of residual tumor
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TABLE 3. Univariate analysis of potential predictors of GTR

Extent of Resection
Value Variable GTR Non-GTR  p Value
Final US: residue Yes: 68 No: 21 Resectability
Final US: no residue Yes: 19 No: 102 Resectable 116 (94.3)  51(58.6) <0.0001
Diagnostic accuracy statistics Unresectable 7(5.7) 36 (41.4)
Sensitivity 78.16% 68.02-86.31% MR delineation
Specificity 82.93% 75.09-89.11% Good 75(61)  22(25.3)  <0.0001
Positive likelihood ratio 4.58 3.05-6.86 Moderate 42 (34.1)  51(58.6)
Negative likelihood ratio 0.26 0.18-0.40 Poor 6(4.9) 14 (16.1)
PPV 76.40% 68.35-82.92% Contrast enhancement pattern
NPV 84.30% 78.16-88.95% Predominant 43 (35) 15 (17.2) 0.011
Overall accuracy 80.95% 74.98-86.03% Mixed 27 (22) 30 (34.5)
Values are presented as numbers or percentage or ratio and 95% Cl. Negligible 53(431)  42(483)
US mode
DNUS 76(61.8) 54 (621) 0701
resection) was achieved in 18.6% (39/210), with the rest Image fusion 47(38.2) 33(379)
being subtotal rqsections .(STRS) (< 9Q% reseption). QTR US image quality
rates were lower in the gliomas for which an intermediate Good 77(626) 39 (44.8) 001
scan had been performed (55% vs 61%, p = 0.21). Rates for : : :
both US- and MR-defined GTR were significantly higher Moderate 45(36.6) 43 (494)
in the intended GTR group than in the intended debulk- Poor 1(0.8) 5(5.7)
ing group (71.8% [114/159] vs 11.8% [6/51] and 71.8% Eloquent location
[114/159] vs 17.6% [9/51], respectively). This difference Noneloguent 43 (35) 11(12.6)  <0.0001
was highly significant (p < 0.0001 for both US- and MR- Close 58(47.2) 46 (52.9)
defined GTR). Eloguent involved 22(179) 30 (34.5)

Diagnostic Accuracy of Resection Control US in Gliomas
(n=210)

Overall concordance between US and MRI was seen
in 170 of the gliomas (diagnostic accuracy of 81%) (Table
2). The sensitivity and specificity of US in detecting tu-
mor residue were 78% and 83%, respectively. US missed
detecting residual tumor in 19 cases (false negatives). Of
these, NTR was achieved in 13 and STR in 6 cases. On
the other hand, the final US scan had shown tumor residue
in 21 cases (intentionally left because of proximity to elo-
quent areas) and postoperative MRI did not detect it (false
positive).

Factors Affecting GTR

There was no difference in GTR rates between HGG and
LGG (60% vs 51%, p = 0.83). Baseline preoperative vari-
ables like resectability, tumor delineation on MRI, eloquent
location, and enhancement pattern, as well as the mode of
US used and the iUS image quality, were evaluated for their
influence on GTR rate. On univariate analysis, all of these
factors except the US mode were significant (Table 3). On
multivariate logistic regression analysis, only resectability
and eloquent location remained significant (Table 4).

Morbidity

In the entire cohort, the overall morbidity was 18.5%
(neurological worsening occurring in 13.5%, 7.8% being
major). There was no difference in the morbidity rates in
the glioma subgroup, with the corresponding values being
similar (overall morbidity 21.4% and neurological worsen-
ing 16.8%, with 6.7% being major).

Values are presented as number (%) of patients unless otherwise indicated.

Discussion

We present the outcomes of using NUS in a large series
of gliomas and specifically discuss the influence of NUS
on the intraoperative decision-making process as well as
the factors affecting the overall outcomes. Our results
showed that NUS positively altered the decision-making
process in a significant proportion of gliomas (42.5%) in
patients undergoing resective surgery using NUS. NUS
predicted residual tumor with a relatively high diagnostic
accuracy of 81% overall, achieving an overall GTR rate
of 57% without additional morbidity. NUS assessment
showed good concordance with postoperative MR assess-
ment of GTR (80%), though there were false negatives and
positives. As a group, the eventual GTR rate was signifi-
cantly influenced by the resectability and the eloquent lo-
cation of the tumors.

In our overall experience, resection control was the
main reason for using NUS (69%). Considering only the
subgroup of gliomas in our cohort, this is one of the larg-
est such series of gliomas operated using NUS reported
to date. Munkvold et al. reported a series of 144 gliomas
operated using NUS .8 Their cohort of gliomas had a higher
proportion of LGGs (33% vs 17%) and more recurrent cas-
es (40% vs 20%) compared with our series. Munkvold et
al. reported the diagnostic accuracy of NUS and the GTR
rates but did not analyze the intraoperative decision-mak-
ing based on NUS.
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TABLE 4. Multivariate logistic regression analysis of potential
predictors of GTR

Variable OR (95% Cl) p Value

Resectability

Unresectable

Resectable 9.94 (2.91-33.95) <0.001
MR delineation

Poor

Fair 0.37 (0.08-1.60) 0.182

Good 0.73 (0.14-3.77) 0.711
Contrast enhancement pattern

Negligible

Mixed 0.57 (0.26-1.25) 0.158

Predominant 1.36 (0.60-3.10) 0.465
Eloquent

Eloquent involved

Close 1.96 (0.90-4.28) 0.091

Noneloquent 4.66 (1.72-12.59) 0.002
US image quality

Poor

Fair 1.16 (0.10-13.08) 0.903

Good 112 (0.09-13.51) 0.931

Intraoperative Decision-Making Based on NUS

One of the benefits of using iUS is that rapid and fre-
quent updates can be performed intraoperatively before a
final resection control scan. Munkvold et al.® had a high
number of intermediate scans (mean of 3—7 depending on
the image quality), whereas in our series, the number of
intermediate scans was lower, reflecting subjectivity in the
use of the serial US updates. It is likely (and this may be
true for more experienced users) that the resection may
have been adjudged complete on the first intermediate
scan (which would then get counted as a final resection
control scan and not an intermediate scan), or sometimes
the surgeon may have determined that the intended de-
bulking had been achieved (as in diffuse unresectable tu-
mors where a GTR is not intended or in tumors close to
eloquent regions where further resection may not be pos-
sible) and only a final-check US scan would be done for
documentation. It is also possible that, as we often do, we
performed a quick-check 2D US scan for visual confirma-
tion, though a NUS scan may not have been performed
and hence not documented. Whereas performing multiple
intermediate scans is always recommended, the interpre-
tation of the utility of each of such scans may be limited
by the bias that can be associated with intentionally per-
forming multiple check scans (as the surgeon would most
probably be expecting a tumor residue and would go ahead
with resection more often than not). On the other hand (as
in our series), if fewer intermediate scans were performed,
it could have been at times when the surgeon most needed
the information from the updated US scan (with a lower
propensity of a bias). Consequently, the intermediate scan
altered the surgical decision in a large number of cases
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(42.5% of the times it was performed). Most of these were
in fact unanticipated findings of tumor residues that were
further resected and may have been missed if not for the
imaging. This result underlines a very crucial benefit of
the intraoperative imaging. It has been shown that with-
out intraoperative resection control, surgeons tend to
overestimate GTR in up to 70% cases that are potentially
resectable.” A major cause of this is inadvertently missed
residues, and these are usually small remnants toward the
end of the glioma resection, accounting for a lower than
expected GTR rate (24% in that series) in a potentially re-
sectable cohort of gliomas. In our series, the use of NUS
for resection control led to an eventual US-defined GTR
in around 57% of cases (the GTR rate was 70% in the re-
sectable group) (Table 3). Interestingly, the GTR rate was
higher in the subgroup where intermediate scans were not
performed (64% vs 54%). This result corroborates our hy-
pothesis that in cases where intermediate scans were not
performed, the surgeon was more confident of the resec-
tion, which may have been a function of the better resect-
ability of these tumors, which, as we have shown, was an
independent predictor of GTR by itself.

Concordance Between Resection Control US and MRI and
Diagnostic Accuracy of NUS

The overall GTR rate was 58%. This was higher than
the 27% rate reported by Munkvold et al.® This apparent
difference could be because Munkvold et al. used a stricter
volumetric assessment of MRI, which we did not (though
this would not have significantly affected the definition of
“no residue” as a dichotomized variable). Additionally, our
cohort had a larger proportion of HGGs, for which the MRI
definition of residue based on T1-contrast is easier, than
LGGs, which may be more diffuse, and therefore estima-
tion of residual tumor based on T2/FLAIR MRI may be
more challenging. Although US GTR and MRI GTR rates
were similar (57% and 58%) in our study, it is important to
note that the intermodality concordance was 81%. This im-
plies that merely comparing the GTR rates of the two mo-
dalities can be misleading, as the overall rates may appear
identical and yet mask false positives and negatives. One
must also raise the possibility that the MRI may be errone-
ous in the immediate postoperative setting, and using it as a
gold standard for assessing the diagnostic accuracy of other
modalities (e.g., US) may be unreliable.”® Indeed, a study
comparing coregistered intraoperative MRI, iUS, and ami-
nolevulinic acid (ALA) in glioblastomas undergoing resec-
tion showed that concordance (using histopathology as the
gold standard) was higher with ALA and iUS compared
with intraoperative MRIL."! Nonetheless, postoperative MRI
remains the standard of care to assess the EOR, and NUS
compares favorably to the MRI (if not better). In our study,
the specificity (i.e., the ability to correctly rule out residue
in all cases where no residue exists) and positive predictive
value (PPV) (the likelihood of a US-predicted residue truly
being residual disease) were high (83% and 76%, respective-
ly), though slightly lower than those reported by Munkvold
et al. (85% and 89%, respectively).® Additionally, the sen-
sitivity (the ability to correctly rule in a residual tumor in
all cases with residual tumor) and negative predictive value
(NPV) (the likelihood of a US-predicted “no residue” truly
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being the absence of residue) were also high (78% and 84%,
respectively) compared with the much lower rates reported
by Munkvold et al. (46% and 37%, respectively), leading to
a better overall diagnostic accuracy. This improved sensi-
tivity, with a lower false-negative rate (22%) in our series,
could have contributed to the higher GTR rate. Even with
higher false negatives as reported by Munkvold et al., the
residual tumor volumes were quite small (mean < 1 ml).
Similarly, in our study, of the 19 false-negative cases, 13
were NTRs and the remaining 6 were STRs. This means
that even though there can be false negatives with NUS, it
is unlikely to miss large residues and the overall resection
rates will be significantly higher. This was also emphasized
in a larger meta-analysis.!”” The overall diagnostic accuracy
of NUS in our hands was 81%, which compares favorably to
contemporary published series® as well as a meta-analysis'
assessing the diagnostic accuracy of iUS. Interpretation of
the resection control scan remains the key in improving the
predictive value of US. All attempts should be made to ob-
tain optimal scan quality by minimizing artifacts.>> User
experience is also very important, and user subjectivity in
interpretation can contribute to the variable diagnostic ac-
curacies reported across studies.!?

Factors Influencing Resection Rates

We also evaluated various tumor-related factors that
influenced the resection rates. Not surprisingly, tumor re-
sectability and eloquent location were the two main deter-
minants. It is worthwhile noting here that though this was
a selected cohort of gliomas planned for radical surgery,
not all were deemed resectable (resectability was 80%)
(Table 1). Even though the GTR rates were significantly
better in the resectable group (70%), it is important to note
that even in the so-called unresectable group, 17% had a
GTR. This reinforces the fact that a radical intent yields
superior results in terms of resection rates.”* It also high-
lights the challenges in defining “resectability,” which is
actually a very subjective and arbitrary definition." It is a
composite indicator of many variables (including, but not
limited to, tumor size, delineation, location, eloquence,
and pattern of contrast enhancement). Whereas some of
these are quantifiable, others are not. Smaller size and su-
perficial location (both surrogate markers of *“ resectable”
tumors) have been shown to be significant predictors of
GTR when using NUS for gliomas.® Eloquence itself, as
defined by preoperative evaluation, is also a relative defi-
nition as has been demonstrated by Chang et al., putting
forth the concept of “presumed eloquence,” which can be
verified (and modified) only by intraoperative mapping.®
Extrapolating the concept to resectability, an optimal strat-
egy would be to consider all gliomas eligible for debulking
surgery (excluding those undergoing biopsy) to be presum-
ably resectable and offer the best surgical outcomes using
a multimodal approach (with intraoperative image guid-
ance like NUS, in our experience). As evident in our study,
even in so-called unresectable tumors, using NUS with the
intent to attempt radical resection, up to 17% of patients
may benefit from a GTR.

Limitations
This was a retrospective study and hence subject to the
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limitations of such a study. Some of the data especially
related to postoperative MR assessments were incomplete
and excluded from the analysis. This was also a highly
selected cohort of patients comprising lobar tumors (pre-
dominantly gliomas) that were candidates for radical sur-
gery, which could have been influenced by the distillation
of our experience and preferred choice over a period of
time, leading to a selection bias. Our findings also cannot
be used to differentiate the potential benefits and limita-
tions of NUS versus standard 2D US as the study lacked a
comparative arm. Though 2D US is part of the system that
can perform NUS, it was rarely used as such, especially for
this cohort of gliomas. Nevertheless, within this selected
group of lobar glioma cases, we were able to explore the
role of NUS in intraoperative decision-making and evalu-
ate its influence on the surgical outcomes.

Conclusions

NUS is a useful intraoperative adjunct for resection
control in gliomas, detecting unanticipated tumor residues
and positively influencing the course of the resection, lead-
ing to higher resection rates. EOR is determined by the
innate resectability of the tumor and its relationship to elo-
quent locations, reinforcing the need to combine iUS with
functional mapping techniques to optimize resections.
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