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Editorial on the Research Topic

Intraoperative Ultrasound in Brain Tumor Surgery: State-Of-The-Art and Future Perspectives

Ultrasound (US) is undoubtedly the most versatile imaging modality in medicine. It can provide
real-time, high-resolution images in almost every setting, (e.g. ward, emergency room, outpatients
clinic, operating room, etc) and in almost every anatomical region (e.g. abdomen, thorax, limbs,
intra-cranial, etc). The central nervous system, owing to its optimal mechanical/acoustic properties,
represents the ideal substrate for US propagation and image generation (1). The earliest reports on
intraoperative ultrasound (ioUS) in neurosurgery date back to the late 1970s (2). Since this time, US
applications have been described both in brain and spine surgery. Intriguingly, after initial
enthusiasm, ioUS has mainly been confined to marginal applications because of several intrinsic
limitations such as poor resolution, user dependency, difficult semiology/orientation, and lack of
specific training (1, 3). More recently, the introduction of major technical improvements has
gradually framed ioUS as one of the most versatile and valuable techniques for intra-operative
imaging in neurosurgery even if it is still under utilized, mainly because of the lack of
specific training.

The multi-modal nature of ioUS can guide surgery, offering both structural and functional
information in real-time. The classical B-mode US has reached an exceptional spatial and temporal
resolution, providing mainly structural information (4–6). In the effort to overcome B-mode
limitations [e.g. specific semiotics, orientation (5, 6)], fusion imaging has been introduced, which
enables practitioners to match the ioUS images to the pre-operative magnetic resonance imaging
(MRI) to better understand semiotics, facilitate orientation, and compensate brain shift occurrence
(7–10). Doppler imaging (color-, spectral-, power-, micro-vessels) permits the study of blood flow
and at the same time, the anatomy of the vessels (8, 11, 12), providing valuable information for both
vascular and oncological neurosurgery (8, 12–15). Further evolution of Doppler imaging has been
enabled by contrast-enhanced ultrasound (CEUS), which relies on purely endovascular contrast
agents, namely gas-filled micro-bubbles, to provide a dynamic and continuous representation of the
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vascular tree, from a structural and a functional standpoint, and
of the tissue perfusion pattern (16–18). Its applications, in
oncological surgery, encompass tumor identification and
characterization, assessment of the pattern of vascularization,
and the identification of residual tumours (12, 15, 18–20). The
last modality, even if still at its dawn, is elasto-sonography (ESG).
ESG provides a mechanical characterization of the tissues,
relying on the distortion obtained through a mechanical
stimulus, which can be delivered by US impulses (quantitative
representation- shear wave elastography) or by brain pulsation
and probe motion (qualitative representation – strain
elastography) (21). Interestingly, by assessing the mechanical
properties of the tissues, it is possible to highlight most of the
lesions and characterize their features such as degree and
histotype (12, 21–27). Regardless of the employed modality,
during the process of surgery, ioUS semiotics and image
quality are subjected to modifications and deterioration.
Different explanations have been proposed leading to specific
adjuncts, such as mini-probes (28, 29), specific fluid to fill the
cavity (30), contrast-enhanced ultrasound (19), and tangential
trans-cortical scanning (5), which have further improved ioUS
potential. We are still witnessing innovation and research in the
field of ioUS applications in neurosurgery.

This Research Topic reports the experiences of leading
experts in the field, presenting an updated portrait of the
state-of-the-art and future perspectives of ioUS. Carai et al.
present their experience on ioUS in pediatric neurosurgical
oncology, where they observed a good predictive value on the
extent of resection of ioUS in children. Šteňo et al. address ioUS
from a different perspective by presenting on current
limitations, such as suboptimal quality in some pathologies,
different types of artifacts, patient positioning, and the
unavailability of probes to depict the entire sellar region
finally presenting valuable insights and solutions. Bastos et al.
describe the use of 3D ioUS with intra-operative MRI,
demonstrating that ioUS, in most cases, defines tumor
location, tumor margins, relevant landmarks for orientation,
and predicts the extent of resection. Incekara et al. performed
a randomized controlled trial in glioblastoma patients
(NCT03531333), demonstrating that ioUS (B-mode) leads to a
complete resection in a higher number of patients if compared
to standard surgery. Chan et al., relying on their experience with
Shear Wave Elastography (SWE), observed a higher sensitivity
Frontiers in Oncology | www.frontiersin.org 25
of SWE and an improved ability to detect residual tumor, thus
sustaining the combination of surgeon’s opinion and ioUS to
enhance the extent of resection. Gueziri et al. present a novel
US-based registration for spinal procedures which yields an
acceptable accuracy if compared to CT-based procedures. Saß
et al. present a novel approach to amend the brain shift in intra-
axial tumor surgery. In particular, they developed a method
based on 3D ioUS color Doppler to estimate the amount of
brain shift intraoperatively, thus potentially allowing an update
of the navigation system. Gerard et al. undertook a
comprehensive review, dissecting the limitation and impact of
brain-shift in neuro-navigation and focusing on ioUS-based
technologies for measuring and compensating its occurrence.
Different ioUS approaches are presented, together with the
major unmet clinical need for newer openly available clinical
datasets. Notably, ioUS would benefit not only from US
technical improvements but also from emerging technologies
such as machine learning and modern graphics processing units
(GPUs), which strictly depend on the databases of ioUS images
to train the algorithms. In this context, Reinertsen et al. present
the current situation of the large number of projects that have
profited from the publicly available datasets that include MR
and US data from brain tumor cases, finally advocating for the
realization of an organized platform to prospectively collect data
to develop and validate machine learning algorithms. On this
line, Cepeda et al. exploited an automated deep learning
approach for image analysis. They demonstrate that the
automated processing of ioUS through deep learning can
generate high-precision algorithms to differentiate glioblastomas
from metastases, in particular with strain elastography.

This collection of articles provides a wide overview of ioUS
applications in neurosurgery, enhancing the level of evidence in
favor of the use of ioUS in neurosurgical oncology, and shedding
light on some promising research lines and unmet needs in
this field.
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Background: The differential diagnosis of glioblastomas (GBM) from solitary brain
metastases (SBM) is essential because the surgical strategy varies according to the
histopathological diagnosis. Intraoperative ultrasound elastography (IOUS-E) is a relatively
novel technique implemented in the surgical management of brain tumors that provides
additional information about the elasticity of tissues. This study compares the
discriminative capacity of intraoperative ultrasound B-mode and strain elastography to
differentiate GBM from SBM.

Methods: We performed a retrospective analysis of patients who underwent craniotomy
between March 2018 to June 2020 with glioblastoma (GBM) and solitary brain
metastases (SBM) diagnoses. Cases with an intraoperative ultrasound study were
included. Images were acquired before dural opening, first in B-mode, and then using
the strain elastography module. After image pre-processing, an analysis based on deep
learning was conducted using the open-source software Orange. We have trained an
existing neural network to classify tumors into GBM and SBM via the transfer learning
method using Inception V3. Then, logistic regression (LR) with LASSO (least absolute
shrinkage and selection operator) regularization, support vector machine (SVM), random
forest (RF), neural network (NN), and k-nearest neighbor (kNN) were used as classification
algorithms. After the models’ training, ten-fold stratified cross-validation was performed.
The models were evaluated using the area under the curve (AUC), classification accuracy,
and precision.

Results: A total of 36 patients were included in the analysis, 26 GBM and 10 SBM.
Models were built using a total of 812 ultrasound images, 435 of B-mode, 265 (60.92%)
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corresponded to GBM and 170 (39.8%) to metastases. In addition, 377 elastograms, 232
(61.54%) GBM and 145 (38.46%) metastases were analyzed. For B-mode, AUC and
accuracy values of the classification algorithms ranged from 0.790 to 0.943 and from 72
to 89%, respectively. For elastography, AUC and accuracy values ranged from 0.847 to
0.985 and from 79% to 95%, respectively.

Conclusion: Automated processing of ultrasound images through deep learning can
generate high-precision classification algorithms that differentiate glioblastomas from
metastases using intraoperative ultrasound. The best performance regarding AUC was
achieved by the elastography-based model supporting the additional diagnostic value that
this technique provides.
Keywords: brain tumor, elastography, intraoperative ultrasound, deep learning, convolutional neural network
INTRODUCTION

Glioblastomas (GBM) represent approximately 40% to 50% of all
malignant brain tumors (1). Brain metastases range from 9 to
17% in patients diagnosed with cancer; they may appear as single
lesions and be the first manifestation of malignancy in 30%–50%
of cases (2–4). The proper distinction of these tumors is essential
because they have different treatments and prognosis.

The differential diagnosis of GBM and solitary brain
metastases (SBM) can be difficult due to the similarity in
conventional neuroimaging tests; both can present like single
lesions, contrast-enhancing, with a cystic necrotic appearance
and extensive involvement of perilesional white matter.
Distinguishing them is particularly complicated when there is
no evidence of a previous neoplasm. In these cases, more specific
techniques such as PET (Positron Emission Tomography),
specialized magnetic resonance imaging (MRI) sequences such
as spectroscopy, diffusion/perfusion, and other forms of
quantitative analysis can be used to clarify the origin of these
lesions (5–18); however, in many centers, these techniques are
not available, their acquisition and interpretation can sometimes
be challenging and have a non-negligible margin of error.

Intraoperative diagnosis using frozen samples enables
discriminating glia l tumors from SBM obtaining a
histopathological diagnosis after starting the tumor resection.
Thus, it would be helpful to establish a surgical planning in the
earliest stage of surgery. In the case of GBM, in our center, as in
many others, the policy adopted is to try to carry out a supratotal
resection whenever possible, taking into account the relationship
with functional areas. In lobectomies, for example, resection
includes non-enhancing tumor regions. This technique has been
shown to improve the overall survival of these patients (19–25).

On the other hand, in metastases, resection is limited
exclusively to the contrast-enhancing tumor component,
because it is recognized that peritumoral MRI signal alterations
are exclusively produced by vasogenic edema (26); therefore,
there is still insufficient evidence to support supramarginal
resections in these patients (27). Besides, in some cases, partial
resections of brain metastases near functional areas might be
indicated as a previous step to adjuvant therapies.
28
Intraoperative ultrasound is a low-cost, portable, fast
technique that provides dynamic information in a real-time
fashion. It has been widely used in brain tumor resection (28,
29); the simplicity of its application makes it a valuable
intraoperative imaging option. Elastography is a relatively new
technique in brain tumor pathology. Several publications
highlight the importance of this technique because it provides
better image contrast compared to B-mode and especially
because it allows the characterization of elasticity patterns of
the tumor and peritumoral regions, through which it is possible
to differentiate between several histological types (30–37).

One of the disadvantages of medical imaging techniques is, of
course, their interpretation. Regarding ultrasound, this technique
presents challenges such as operator dependency, noise and
artifacts. Deep learning is a branch of machine learning that has
emerged to improve classification tasks using visual computer
systems. The basic idea is that medical images have much more
information than the human eye can process and distinguish. Deep
learning involves the computation of hierarchical features or
representations of a sample, in which high-level abstract features
are defined by combining themwithother low-level features (38).A
deep learning approach based on convolutional neural networks
(CNN) is getting attention in the medical image field. Artificial
neural networks use a multi-step process that automatically learns
features from an image and then extracts them to perform a
classification task using an algorithm. CNN’s are designed to
automatically and adaptively learn features from data through
backpropagation using multi-block reconstruction called
convolution layers, pooling layers, and fully connected layers (39).
Transfer learning is a technique that allows the use of a pre-trained
CNN model. It has been previously used in oncological
classification tasks with high accuracy. Several studies have
demonstrated the ability of transfer learning to work with small
datasets using minimal image pre-processing (40–44).

The objective of our work is to use intraoperative ultrasound
images and a CNN-based deep learning model in order to
differentiate GBM from SBM. We seek to assess the
intraoperative ultrasound accuracy on this task while
comparing B-mode against an emerging technique such
as elastography.
February 2021 | Volume 10 | Article 590756
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MATERIAL AND METHODS

Patient Selection
A retrospective analysis of patients diagnosed with supratentorial
tumors who underwent surgery by craniotomy between March
2018 and June 2020 was performed. Those cases with
histopathological diagnosis of glioblastomas and metastases
that had an intraoperative ultrasound study were included.
Approval was obtained from the ethics committee of our
center as well as patient’s informed consent in all cases.
Clinical, radiological and histopathological variables
were collected.

Acquisition and Pre-Processing of
Ultrasound Images
For the intraoperative ultrasound study, we used the Hitachi
Noblus with a C42 convex probe, 8-10 MHz frequency range,
20 mm scan width radius and 80° scan angle of field of view. The
images were acquired after the craniotomy and before the dural
opening. The probe is placed perpendicular to the dura; manual
compressions were performed maintaining a constant rhythm
and intensity. More details of the elastogram acquisition
technique are described in a previous publication by our group
(34). The ultrasound machine generates a real-time color map
called elastogram simultaneously with B-mode. Figure 1. The
color scale represents the tissue’s elasticity/consistency, with
tones ranging from red (soft) to blue (hard). Elastograms and
B-mode images attempted to cover the highest possible tumor
volume and peritumoral areas with evident echogenicity
changes. Several slices in different planes were acquired. The
images were stored in DICOM format for offline processing.
Frontiers in Oncology | www.frontiersin.org 39
The open-source software ImageJ version 1.50i (National
Institutes of Health, Maryland, United States) was used to pre-
process the ultrasound images. The first step was to convert
DICOM files to 8-bit TIFF format. For the B-mode images, the
tumor and peritumoral area were cropped, removing possible
small peripheral artifacts and dark areas. Images with significant
artifacts or with unrecognizable areas on elastography were
excluded. In the case of elastograms, the area of the elastogram
was cut out by removing the periphery that corresponded to
zones in B-mode. A rescaling was then performed at 299 x 299
pixels; the intensities were normalized, despeckling, and
smoothing by Gaussian blur filter was carried out; thus, we
obtained images with similar intensities and standardized size for
the analysis. Figure 2.

Analysis Using Deep CNN via Transfer
Learning
For the generation of an image classification system, the open-
source software Orange version 3.26 (University of Ljubljana,
Slovenia) was used. The software has a user-friendly interface
based on a work panel and the use of widgets. Supplementary
Figure 1. After importing the images into the workspace, the first
step consisted in the process called embedding. Using
preprocessed ultrasound images, we have trained an existing
neural network to classify tumors into GBM and SBM. Thus, we
have used a transfer learning method applying Inception V3, one
of the most popular image recognition models that have been
previously adapted to the analysis of medical images with
excellent results (45–47). Inception V3 is a 48-layer convoluted
neural network trained in 1.2 million images from the ImageNet
repository (48); each image in the ImageNet Large Scale Visual
FIGURE 1 | Example of intraoperative ultrasound images. 65-year-old man with a right frontal glioblastoma. (A) Elastogram showing the difference in consistency
between the tumor and the peritumoral region (green - red) from the rest of the healthy parenchyma (blue). In the right-lower part of the image, a graphic
representation of the external compression waves is observed. (B) Simultaneous image in B-mode.
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Recognition Challenge repository belongs to one of the 1000
defined classes. Inception architecture is schematically
summarized in Figure 3. Embedding process relies on the
penultimate of these deep networks, where transfer learning is
achieved by encoding images with characteristics of this layer, so
each image is embedded in a 2048-element vector, followed by
classic machine learning algorithms.

Hierarchical Clustering
In the first phase of machine learning, and without previously
establishing categories or classes, the distances of the vector
representations of all the images were calculated using the cosine
as a distance metric. From the distance matrix, a hierarchical
classification was made into groups called clusters. The software
automatically detects related elements in search of patterns. To
determine the elements included in each cluster, an analysis of
the GBM and SBM categories’ distribution within each subgroup
was performed, both in B-mode and elastography. These groups
Frontiers in Oncology | www.frontiersin.org 410
are represented graphically through the development of
a dendrogram.

Classifiers and Model Validation
In order to develop a prediction model, the following
classification algorithms were used: logistic regression (LR)
applying LASSO (least absolute shrinkage and selection
operator) regularization, Neural Network (NN), Random
Forest (RF), Support Vector Machine (SVM), and k-Nearest
Neighbor. Model validation was performed using a ten-fold
stratified cross-validation. Most of the sample was used in the
construction or learning process of the model, leaving a portion
of the sample for the validation of its predictions, the
stratification maintains the proportion of both categories,
namely GBM and SBM, this step is repeated several times
guaranteeing that the cases were distributed randomly as part
of the training and test group. For this reason, cross-validation
has proved to be superior to the simple split random sampling.
A

B

FIGURE 2 | Intraoperative ultrasound images pre-processing. Left: original images of (A) elastogram and (B) B-mode. Right: Final image available for automatic
analysis.
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The models were evaluated using the AUC (area under the
curve)/ROC (receiver operating characteristics), classification
accuracy (CA) and precision scores. Furthermore, confusion
matrices were developed to determine the correct and
misclassified cases for each algorithm.

Comparison of the Automatic Model
Versus Experienced Human Observers
After establishing the best classification algorithm, a training set
made up of 70% of the sample was randomly selected, a predictive
model was built and then was validated in the test-data set, 30%
remaining of the sample, keeping the proportion of each of the
classes. Using the same test-data set, two expert observers analyzed
the images, classifying them as GBM and SBM according to their
judgment. One of them is a senior neuroradiologist with ten years
of experience, and the second observer is a neurosurgeon with
thirty years of experience and knowledge about intraoperative
ultrasound images. Both observers were blinded to the definitive
histopathological diagnosis. Their results were compared with the
automatic algorithm.
RESULTS

Thirty-six patients were included during the study period.
Twenty-six cases corresponded to GBM and 10 to metastases.
The histological diagnoses, radiological and demographic
characteristics, are summarized in Table 1. Illustrative cases
and their appearance on MRI and intraoperative ultrasound
images are shown in Figure 4.

Models were built using a total of 812 ultrasound images, 435
of B-mode, 265 (60.92%) corresponded to GBM and 170 (39.8%)
to metastases. In addition, 377 elastograms, 232 (61.54%) GBM
and 145 (38.46%) metastases were analyzed. Figure 5. The
average of B-mode images was twelve images per patient, while
for elastography, an average of eleven images was analyzed for
each case. The difference in the number of images between the
two modalities is because several images were discarded due to
their low quality or to the presence of noise/artifacts.

By hierarchical clustering, two main groups of images were
identified. For B-mode, the first cluster included 65% of GBM
Frontiers in Oncology | www.frontiersin.org 511
images and the second cluster 46.45% metastasis. For
elastography, the first cluster contained 80.3% GBM and the
second cluster 82.3% metastases. The dendrogram of Figure 6
graphically demonstrated the distribution and results of
the classification.

The performance of the classification algorithms was
represented graphically using the ROC (Receiver Operating
Characteristics) curves. Figure 7. For B-mode, the classification
algorithms’ AUC and accuracy values ranged from 0.790 to 0.943
and from 72 to 89%, respectively. Table 2. Elastography-based
model demonstrated the best performance since AUC and
accuracy values ranged from 0.847 to 0.985 and 79 to 95%.
Table 3 and Supplementary Figure 2.

After the random selection of cases, the human observers’
results versus the automatic selection algorithm are summarized
in Table 4. The accuracy achieved by the experienced observers
was up to 61% in the case of B-mode and 68% for elastography.
For the CNN-based automatic system, the accuracy was 88% in
B-mode and 93% in elastography.
TABLE 1 | Patient characteristics.

Variable n

Age
Sex
Female
Male

64.58 ± 8.76
10 (27.8%)
26 (72.2%)

Preoperative KPS 77.78 ± 9.88
Histopathology
Glioblastoma

Metastases
Lung
Breast
Ovarian
Colorectal
Prostate

26 (72.2%)
10 (27.8%)
6 (60%)
1 (10%)
1 (10%)
1 (10%)
1 (10%)

Tumor location
Frontal
Parietal
Temporal
Occipital

16 (44.4%)
8 (22.2%)
8 (22.2%)
4 (11.1%)

Initial volume (cm3) 25.31 ± 24.27
February 2021 | Volume 10 |
Values are expressed as the mean ± standard deviation or as the frequency (%).
KPS, Karnofsky Performance Score.
FIGURE 3 | Schematic representation of Inception v3 architecture (adapted from GoogLeNet) and the workflow used in the transfer learning process via
convolutional neural network and classification algorithms.
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DISCUSSION

In the present study, we have developed a highly accurate
classification system that allows GBM to be differentiated
from SBM using automatic intraoperative ultrasound image
processing through convolutional neural networks. Furthermore,
elastography showed slightly better performance for the
classification of these tumors compared to the B-mode.

Among the strengths of our work, we can mention that
it is the first time that intraoperative ultrasound B-mode
Frontiers in Oncology | www.frontiersin.org 612
and elastography are applied to discriminate glioblastomas
from metastases. Besides, our study follows a cutting-edge
methodology, in which deep learning techniques are applied
in the analysis of ultrasound images, the combination of these
two technologies in brain tumor pathology has no previous
references in the literature.

We are aware of our limitations, it is worth mentioning that
the sample size from which we started is relatively small. This
aspect can cause an overfitting problem and the creation of an
over-optimistic predictive model. Our strategy to overcome this
FIGURE 4 | Illustrative cases of the use of intraoperative ultrasound. (A) Axial T1 weighted post-contrast (T1WC) image of a 50-year-old man with a right temporal
glioblastoma. (B) Elastogram (left) and B-mode (right). It is a soft tumor with small cystic regions and a peritumoral region of low stiffness compared to the healthy
parenchyma. (C) Axial T1WC image of a 70-year-old woman with a left occipital glioblastoma. (D) The elastogram shows a cystic/necrotic lesion with a nodular
component of intermediate consistency and a relatively soft peritumoral region. (E) Coronal T1WC image of a 45-year-old man with a right parietal lung metastasis.
(F) The elastography image shows a solid/cystic lesion with a soft nodular component and a stiffer peritumoral region. (G) Axial T1WC image of a 52-year-old man
with no history of systemic cancer with a left parieto-occipital metastasis. (H) The elastogram shows a large cystic lesion with a small hard region and a peritumoral
region of similar consistency.
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issue was to use all the images available in each case, including
different sections and projections of each tumor. We reached
a sample size and a balance of classes enough to carry out
an analysis based on artificial intelligence techniques.

On the other hand, we recognize the limitations that
elastography holds, such as the variability of elasticity
threshold values and the absence of an image quality
control; also, they often contain irrelevant patterns that can
difficult both handcrafted feature extraction and DL methods
such as CNN.

Deep learning, a branch of machine learning, can
automatically process and learn mid-level and high-level
abstract characteristics acquired from raw data, in this case,
ultrasound images. Still, tumor classification into subtypes is
difficult due to variations in shape, size, intensities, and because
different histological types can show similar patterns.

The image acquisition and processing methodology are
rigorous and clear in every step. Strain type elastography is a
technique used in previous studies, and with promising results
regarding its application in the resection of brain tumors (34, 36).
Pre-processing ultrasound images is a fundamental step, which
has been performed with the highest reliability, applying a user-
friendly open-source software that performs robust analysis
without adding complexity (49, 50).
Frontiers in Oncology | www.frontiersin.org 713
The analysis through deep learning has been demonstrated to
be superior in image recognition compared to conventional
radiological techniques and handcrafted radiomics (51, 52).
The methods applied in our study, suppress some cumbersome
steps such as tumor segmentation, which implies a significant
limitation in this type of work and may bias the selection of
variables of interest, such as texture features. The difference is
that CNN, through transfer learning, takes advantage of a
previously trained network of proven validity, to generate
classification systems that automatically and without human
intervention can distinguish between one class or another,
in our case, GBM from SBM. A disadvantage of these systems
is the inability to know which characteristics the software
has used to generate its predictions, sometimes compared to a
“black box” (53). Although feature selection techniques could
be applied after converting images to vector representations,
these techniques are still not validated. Using DL models, we
can lose interpretability in exchange for gaining more robust
and generalizable prediction systems based on much more
complex characteristics.

A comparison has been conducted between the
classification algorithms and experienced human observers
to discriminate these tumor types using ultrasound images
in our study. According to our results, the DL based model
FIGURE 5 | Flow chart of patient and ultrasound image selection process.
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seems to be more precise and accurate to differentiate one
tumor type from another. These findings make it necessary
to improve our knowledge about how artificial intelligence
works, only in this way, these new technological resources will
serve as support tools in neurosurgical and radiological fields.
Frontiers in Oncology | www.frontiersin.org 814
In our study, the best performance regarding AUC and
accuracy was achieved by the elastography-based model
compared to B-mode in the classification task of SBM and
GBM. One possible explanation for this advantage could be the
better contrast offered by the color images of the elastograms, as
A

B

FIGURE 6 | Graphical representation of the clusters generated from the distance matrices after analyzing images in (A) B-mode and (B) Elastography.
Left: dendrograms of the top two clusters. Right: Bar graph of the probabilities of being assigned to each cluster of glioblastomas (blue) and metastases (red).
A B

FIGURE 7 | Representation of classifier performance using the ROC (Receiver Operating Characteristics) curve for (A) B-mode and (B) Elastography. The best
results were obtained by the Support Vector Machine (SVM) and K-Nearest Neighbor (k-NN) algorithms.
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previously published (33). Furthermore, we believe that one of
the fundamental differences between the two tumor types is the
correlation between the peritumoral regions’ histology and their
radiological appearance. Although this correlation has not been
proven, previous studies indicate that the elasticity patterns differ
in gliomas and metastases (34, 54). These differences do not seem
to be captured with the B-mode; thus, the peritumoral areas’
elastographic pattern could differentiate both histological types
through automatic analysis of this imaging modality. It is worth
mentioning that the elastograms are produced in an RGB (red-
green-blue) image format. Therefore, the elastogram results from
the superposition of the B-mode image and the colorimetric scale
of the tissues’ elasticity. Our study has been carried out based on
the original image produced by the ultrasound machine because
we wanted to use the same pictures in the classification task by
human observers. Another alternative for future studies could be
to perform an image decomposition in HSB (hue-saturation-
brightness) format and then extract the hue component.

Regarding the differentiation of GBM from SBM, we know
that there are multiple radiological techniques available for pre-
operative or non-invasive applications (5, 8–11, 13, 15–17, 55);
besides, intraoperative histopathological techniques are currently
Frontiers in Oncology | www.frontiersin.org 915
the reference parameter for decision-making (56). Our study
does not intend to make a comparison with the techniques
mentioned above but to demonstrate, on the one hand, the
high value that ultrasound and especially elastography owns in
the study of brain tumors, and on the other hand, highlight that
automatic image processing is a highly reliable technique.
Therefore, we believe that it is essential to develop automatic
ultrasound image analysis methods to increase the precision in
the diagnosis, evaluation, and interventionism based on
this technique.

Our work demonstrates that automated processing of
ultrasound images through deep learning can generate
high-precision classification algorithms that differentiate
glioblastomas from metastases using intraoperative ultrasound.
The best performance regarding AUC and accuracy was achieved
by the elastography-based model, supporting the additional value
that this technique provides by analyzing brain tumor elasticity.
With our results, the next step will be to obtain real-time feedback
based on intraoperative image analysis, allowing the surgeon to
adapt the surgical strategy and even guide tumor resection.
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Supplementary Figure 1 | Orange visual environment and the workflow used in
the construction of the predictive model.

Supplementary Figure 2 | Confusion matrices generated by the different
classification algorithms based on (left) B-Mode and (right) Elastography. (A) k-
Nearest Neighbor; (B) Logistic Regression; (C) Neural Network; (D) Random Forest
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TABLE 2 | Diagnostic performance of classification algorithms based on
Ultrasound B-mode images.

Classifier AUC CA F1-Score Precision Recall

kNN 0.938 0.897 0.897 0.898 0.897
Logistic Regression 0.915 0.871 0.871 0.871 0.871
Neural Network 0.945 0.876 0.877 0.879 0.876
Random Forest 0.791 0.749 0.724 0.779 0.749
SVM 0.944 0.887 0.887 0.887 0.887
AUC, Area Under the Curve; CA, Classification Accuracy; kNN, k-Nearest Neighbor;
SVM, Support Vector Machine.
TABLE 3 | Diagnostic performance of classification algorithms based on
Ultrasound Elastography images.

Classifier AUC CA F1-Score Precision Recall

kNN 0.983 0.947 0.947 0.947 0.947
Logistic Regression 0.960 0.889 0.888 0.888 0.889
Neural Network 0.985 0.918 0.918 0.922 0.918
Random Forest 0.861 0.796 0.786 0.803 0.796
SVM 0.985 0.941 0.941 0.942 0.942
AUC, Area Under the Curve; CA, Classification Accuracy; kNN, k-Nearest Neighbor;
SVM, Support Vector Machine.
TABLE 4 | Comparison between convolutional neural network (CNN)-SVM
model performance and the two expert observers.

Ultrasound Modality Classifier AUC CA Precision

B-mode SVM 0.937 0.877 0.883
Observer 1 0.573 0.608 0.659
Observer 2 0.545 0.569 0.642

Elastography SVM 0.976 0.929 0.930
Observer 1 0.622 0.681 0.693
Observer 2 0.587 0.612 0.686
AUC, Area Under the Curve; CA, Classification Accuracy; SVM, Support Vector Machine.
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With the recent developments in machine learning and modern graphics processing units
(GPUs), there is a marked shift in the way intra-operative ultrasound (iUS) images can be
processed and presented during surgery. Real-time processing of images to highlight
important anatomical structures combined with in-situ display, has the potential to greatly
facilitate the acquisition and interpretation of iUS images when guiding an operation. In
order to take full advantage of the recent advances in machine learning, large amounts of
high-quality annotated training data are necessary to develop and validate the algorithms.
To ensure efficient collection of a sufficient number of patient images and external validity
of the models, training data should be collected at several centers by different
neurosurgeons, and stored in a standard format directly compatible with the most
commonly used machine learning toolkits and libraries. In this paper, we argue that
such effort to collect and organize large-scale multi-center datasets should be based on
common open source software and databases. We first describe the development of
existing open-source ultrasound based neuronavigation systems and how these systems
have contributed to enhanced neurosurgical guidance over the last 15 years. We review
the impact of the large number of projects worldwide that have benefited from the publicly
available datasets “Brain Images of Tumors for Evaluation” (BITE) and “Retrospective
evaluation of Cerebral Tumors” (RESECT) that include MR and US data from brain tumor
cases. We also describe the need for continuous data collection and how this effort can be
organized through the use of a well-adapted and user-friendly open-source software
platform that integrates both continually improved guidance and automated data
collection functionalities.

Keywords: ultrasound, neurosurgical navigation, open source software, machine learning, open data
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INTRODUCTION

Ultrasound (US) is the most affordable and least invasive modality
for intra-operative imaging of the brain. It is portable, flexible and
provides real time imaging whenever needed during the
procedure. The progress of surgery can therefore be closely
monitored without major delays or interruptions in the
workflow. When combined with neuronavigation, US images
can be acquired directly in the patient’s frame of reference and
are therefore independent of any image-to-patient registration.
Consequently, the most recently acquired US images provide the
most accurate and up-to-date information about the patient’s
anatomy at any given time (1. Despite these advantages, US-
guided neurosurgery is still not widely adopted in routine clinical
practice. The availability of fully integrated US solutions for
neuronavigation systems remains limited. Only a few specialized
centers can afford costly extensions to their navigation systems
such as BrainLab™’s US navigation module 1, and these solutions
only provide a simple display of live US images in the context of
preoperative scans. All other neurosurgeons who use US imaging
must rely on real-time 2D US displayed on the monitor of the
scanner, separate from the neuronavigation system, which makes
it difficult to map the information on the scans back to the patient.
Furthermore, US images present unfamiliar contrast, noise, and
artefacts, which further limits its clinical usefulness.

To address these limitations, more research is needed on the
processing, visualization, and integration of US images with
existing navigation systems. To fuel the next wave of research
on those topics, large amounts of data gathered from real surgical
cases is needed. Over the past 15 years, our respective research
groups have developed world leading expertise in the acquisition,
processing and display of intra-operative ultrasound (iUS) data
through the development of open source software platforms
CustusX (2) and Ibis Neuronav (3). Despite the availability
of such platforms, the efforts to collect and distribute the
resulting data have remained limited to one center. However,
recent efforts from the open source community have enabled the
standardization of interfaces between research software and
proprietary medical equipment installed in different centers
[e.g. the Plus Toolkit (4)], and the interoperability between
existing software platforms for the acquisition and processing of US
images (e.g., IGSIO2). These recent developments open the possibility
for multi-center efforts for large-scale data collection. Such efforts
would provide researchers with the quantity and variability of
ultrasound data required for the technical developments needed for
ultrasound to become a truly widespread and useful tool
in neurosurgery.

In this paper, we describe the development of existing open-
source ultrasound based neuronavigation systems and how these
systems have contributed to enhanced neurosurgical guidance
over the last 15 years. We also review the impact of the large
number of projects worldwide that have benefited from the
existing publicly available datasets “Brain Images of Tumors
1https://www.brainlab.com/surgery-products/overview-neurosurgery-products/
intraoperative-ultrasound/
2https://github.com/IGSIO
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for Evaluation” BITE (5) and “Retrospective evaluation of
Cerebral Tumors” (RESECT) (6) that include MR and US data
from brain tumor cases. Finally, we describe the increasing need
for collecting large amounts of data to meet the requirements of
recently developed machine learning algorithms, the possible
organization of data collection through the use of an open-source
software platform and the potential for new developments in
ultrasound guided neurosurgery.
MATERIALS AND METHODS

In this section, we describe existing open source systems and
how, together with the public datasets they have helped to
acquire, these systems have contributed to the advancement of
iUS-based navigation in neurosurgery.

Existing Systems
Commercial image-guided neurosurgery (IGNS) systems such as
Medtronics™, BrainLab™, Stryker™, Synaptive™, and others
are widely used for surgical planning and guidance worldwide.
These systems are built for routine clinical use and their user
interfaces are designed for easy use by surgeons and clinical staff.
However, these systems are largely closed and are not built for
systematic data collection for research purposes. In general, the
mechanism provided to export data gathered during an
operation is restricted to a certain portion of the information
available and can only be done after the end of the procedure. In
some cases, a software development kit allows for third parties to
develop application that can capture real-time data such as 3D
pose of certain tracked surgical tools using a separate computer
(e.g., Medtronic’s StealthLink™ or BrainLab™’s support for
OpenIGTLink). However, these development kits are either
costly or require specific research agreements between the
hospital and the manufacturer, and their interfaces tend to
change frequently, which is likely to disrupt long-term or
multi-center research projects.

To address the limitations of the commercial systems, our
respective research groups have developed world leading
expertise in the acquisition of various types of intraoperative
data through the development of open source software
platforms. The two systems, Ibis Neuronav, developed by the
Montreal group, and CustusX developed by the Trondheim
group are described in the following sections.

Ibis Neuronav
Ibis neuronav (3) is an open source surgical navigation platform
originally developed at the Montreal Neurological Institute (MNI)
in Canada. The platform provides all the basic functionality
common to most commercial systems mentioned above. It can
visualize a wide variety of 3D brain scans in the operating room
(OR) and register the patient with the scans in order to display the
location of tracked surgical tools in relation to the images
displayed on a computer screen. The goal of the platform is to
enable research projects that aim to improve upon existing
commercial systems by providing an open implementation that
February 2021 | Volume 10 | Article 619274
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can easily be modified and extended. The platform enables the
validation of novel visualization, image processing and human-
computer interaction methods in the OR and can be run in
parallel with state of the art commercial solutions to enable
comparison. Over the years, the Ibis system has been used for a
variety of clinical applications such as brain tumor resection,
neurovascular interventions (7), spine surgery (8), electrode
implantation for deep brain stimulation (9), and the
monitoring of epilepsy (10). However, the most notable
contributions of the platform come from its ability to correct
for brain shift based on intraoperative US imaging (11, 12) and
its augmented reality visualization functionality (3). The system
is able to capture and display images from a tracked US probe. It
can acquire a sequence of such images and automatically
reconstruct a volume from the individual slices. The computed
US volume can then be used to compensate for mis-registration
and tissue deformation by registering preoperative scans to the
acquired US volume. The validation process for the brain shift
correction functionality involved acquisition of tracked US
sequences during a large number of neurosurgical procedures.
Following these acquisitions, it rapidly became clear that the
acquired US images together with other corresponding patient
scans would be of interest for a wider community of medical
image processing researchers, most of whom do not have access
to neurosurgical operating rooms. The acquired data sets were
thus made publicly available as the “Online database of clinical
MR and ultrasound images of brain tumors” (BITE). We will
describe this database in a later section. Figure 1A) shows an
example of the main interface of Ibis Neuronav where the MR
volume, iUS volume and iUS slices for one of the cases in the
BITE database was loaded.

CustusX
The CustusX platform (2) in its current form was initiated in
2007 as the software platform for the Norwegian National
Advisory Unit for Ultrasound and Image-Guided Therapy
(USIGT)3. The platform is built on a number of open source
libraries and toolkits and includes all the key components of a
surgical navigation system. The system includes many of the
same functionalities as Ibis Neuronav such as visualization of
pre-operative MR/CT images in 2D and 3D, image-to-patient
registration with various methods, tracking of ultrasound
probes and surgical instruments, acquisition of 2D freehand
ultrasound images, reconstruction of 3D ultrasound volumes
and rigid MR-to-US registration for correction of brain shift.
The main focus of the development has been intra-operative
ultrasound imaging in different neurosurgical applications such
as of brain tumor resection and neurovascular procedures
procedures (13–15). The platform is also used in other
clinical areas such as broncoscopy (16, 17), vascular surgery
(18), and laparascopic surgery (19). Figure 1B shows how
CustusX is being used in the OR for iUS-based navigation
and Figure 1C presents an overview of the main interface
during an iUS acquisition session.
3https://usigt.org
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Other Systems
A wide variety of open source guidance systems have been
proposed over the years. Although several of them included
some form of support for iUS, it has not been their main focus.
These systems include 3D Slicer (20) and MITK (21). 3DSlicer,
initiated and mainly developed by the Surgical Planning
Laboratory (SPL) at Brigham and Women’s Hospital and
Harvard Medical School in Boston, USA, is an open source
software system for medical image processing and visualization.
In recent years, 3DSlicer has been enhanced to support
intraoperative navigation, ultrasound acquisition and advanced
visualization (22). 3DSlicer is largely built on the same low-level
libraries as Ibis and CustusX but has the additional advantage of
being supported by a large and active community of developers
and users worldwide. Although 3D Slicer has been used in
various research prototypes of guidance systems based on US
imaging, the setup of such systems from the distributed software
components remains technically very challenging and the
interface is not appropriate for use by clinicians. An important
aspect to note however is that the SlicerIGT extension provides a
mechanism to replace the user interface, enabling the creation of
custom applications for specific clinical contexts and more
appropriate for their use by clinicians.

The Medical Imaging Interaction Toolkit (MITK) (21, 23) is
developed and maintained by the German Cancer Research
Center (DKFZ) in Heidelberg, Germany. The platform was
initiated more than 15 years ago as an open-source solution
for image analysis, treatment planning and intervention support.
The system has also been enhanced with support for real time
ultrasound imaging (24). MITK has been used in applications
such as robot-assisted ultrasound-guided radiation therapy (25)
but not for ultrasound guided neurosurgery.

Comparison of Existing Systems
Amongst the existing open source systems, we can distinguish
two categories. Both Ibis Neuronav and CustusX are built
specifically to be used as intraoperative navigation systems and
are designed with a focus on iUS-based navigation, while 3D
Slicer and MITK are general purpose imaging platforms that can
be customized as navigation systems by installing extensions
and/or modifying configuration scripts. Although the interfaces
of Ibis and CustusX are designed by engineers and for engineers,
they are simple enough to envision training clinicians to use
them without technical assistance, but it is not the ideal scenario
for a multi-center research projects. On the other hand, both 3D
Slicer and MITK allow developers to completely overwrite the
default user interface, which opens the possibility of developing a
simplified, clinician-centered interface specialized for iUS-based
navigation and intraoperative data acquisition. In the case of 3D
Slicer, the interface can be overwritten with a simple Python
script, which can greatly ease the development process. One
important aspect to consider in choosing an open source system
is the level of activity in the community of developers and users.
On this aspect, 3D Slicer has the most active community by far,
even though its developers spread their efforts over a much larger
number of features. Table 1 summarizes the differences between
existing systems.
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Existing Databases
MNI BITE
The “Brain Images of Tumors for Evaluation” (BITE) database
(5) is a publicly available dataset composed of MR and iUS
images captured during 14 surgical procedures to remove
brain tumors.

4

All patients were operated at the Montreal Neurological
Institute (MNI) by two different surgeons, and the iUS data
was acquired using the IBIS Neuronav system described above.
All patients presented with gliomas of varying grades. For each of
the cases, the database contains a preoperative MR, multiple
sequences of iUS and a postoperative MR. Here is a detailed
description of the images:

• Preoperative scans: T1 weighted gadolinium-enhanced MR
images acquired at 1.5T, with 1 mm slice thickness and a 0.5
mm in-plane resolution, except for one case that was acquired
at 3T, with 1 mm slice thickness and 1 mm in-plane
resolution.

• Postoperative scans: T1 weighted gadolinium-enhanced MR
images acquired at 1.5T with 0.5 mm in-plane resolution, but
have varying slice thicknesses (between 1 and 5 mm).
4The BITE database is avilable at http://nist.mni.mcgill.ca/?page id= 672
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• iUS sequences: US images acquired from a Philips HDI 5000
scanner by capturing the analog video output. A P7-4MHz
phased array transducer was used and set for a scanning depth of
6.5 or 8 cm, depending on the size and location of the tumor.
The probe was tracked in 3D using an NDI Polaris optical
tracking system. Each of the acquisitions consists of an
approximately linear sweeps of 200–600 frames where the
probe is moved at approximately 3 mm/s. In addition to the
images themselves, the database contains a rigid transform
obtained from the tracking system for every image. Each
patient has multiple US sweeps and all of them, except for
one, have sweeps pre- and post resection.

In addition to the raw data described above, the database contains
the following processed/manually specified data for each case:

• A set of 10 homologous landmarks identified by a neuroradiologist
that maps one pair of pre and post resection sweeps

• A US volume obtained by concatenating all the slices from a
single iUS sweep.

• A set of between 19 and 37 homologous landmarks that maps
preoperative MR and pre-resection US.

• The patient to preoperative MR transform obtained by
aligning a set of homologous points identified on the scans
prior to the operation and acquired on the patient using a
tracked pointer during the operation.
FIGURE 1 | (A) The main interface of Ibis Neuronav where a case from the BITE databased was loaded, (B) iUS-based navigation in the OR using the CustusX
system. (C) The main interface of CustusX during the acquisition of a US image sequence.
TABLE 1 | Comparison of features provided by different open source navigation platforms in regard of acquisition, rendering and navigation using US imaging (NT, Non-trivial).

Feature CustusX IBIS Slicer MITK

Configurable 2D/3D graphic window layout Yes No Yes Yes
Comprenhensive 3D Transforms system Yes Yes Yes Yes
Overwrite user interface No No Yes Yes
2D Slice rendering Yes Yes Yes Yes
3D Surface rendering Yes Yes Yes Yes
Volume Rendering Yes Yes Yes Yes
Augmented Reality No Yes No No
US capture Yes Yes NT NT
3D Display of US slice Yes Yes NT NT
US Volume Reconstruction Yes Yes (GPU) No No
Linear MR-US or CT-US registration Yes Yes (GPU) NT NT
US probe calibration NT Yes No No
3D tools tracking Yes Yes NT NT
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Following the success of the BITE database, 25 more tumor
cases were acquired to form the basis for a second version of the
database. An initial set of 9 cases have already been released and
described in (26). The new version of the database contains
essentially the same information as the first version and has
been complemented with preoperative FLAIR and T2 weighted
MR scans when available. In addition to the various sets of
homologous landmarks that can be used as ground truth for the
registration of the different imaging modalities, the new version of
the database contains a segmentation of the tumor based on all
preoperative modalities available, namely the T2 tumor
hyperintensities (edema), the enhancing tumor core and the
non-enhancing tumor core. The complete database comprising
all 25 cases is in preparation and will be released shortly.

RESECT
The “Retrospective evaluation of Cerebral Tumors” (RESECT)
database (6) consists of MR and ultrasound images of 23 low
grade gliomas that have been resected at St. Olavs University
Hospital, Trondheim, Norway by one neurosurgeon. 5The
database includes pre-operative contrast enhanced T1-weighted
images, pre-operative FLAIR images and 3D ultrasound images
acquired before, during and after tumor resection. More
specifically, the database contains:

• Preoperative MR images: T1 weighted gadolinium (Gd)-
enhanced and fluid attenuated inversion recovery (FLAIR)
MR images acquired at 3T, both with 1 mm isotropic voxel
size. For three patients, pre-operative images were acquired at
1.5T with a slice thickness of 1 mm and a 0.5 mm in-plane
resolution for the Gd-enhanced T1 images and 1mm isotropic
voxel size for the FLAIR images. The MR images include the
patient registration transform.

• Intra-operative US images: US images acquired using the
Sonowand Invite neuronavigation system (Sonowand AS,
Trondheim, Norway) which includes a digitally integrated
ultrasound scanner. A 12FLA-L linear transducer with a
frequency range of 6–12 MHz was used. Depth and gain
were adjusted depending on the size and location of the
tumor. The probe was tracked in 3D using the NDI Polaris
optical tracking system integrated in the Sonowand Invite
system. The raw ultrasound data were reconstructed into 3D
volumes using the reconstruction method included in the
Sonowand Invite system. For all patients, the database
includes one ultrasound volume acquired before resection
(after opening of the dura), one ultrasound volume acquired
during the resection and one ultrasound volume acquired
after the resection.

In addition to the images, the database contains for
each patient:

• Two sets of between 10 and 34 landmarks mapping the first
(before resection) ultrasound volume and the second (during
resection) and third (after resection) ultrasound volumes.
5The RESECT database is available at https://archive.norstore.no
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• Two sets of between 12 and 16 homologous landmarks
mapping the pre-operative FLAIR volume to the first
(before resection) ultrasound volume or the third (after
resection) ultrasound volume.

The database does not contain any post-operative data
or segmentations.
RESULTS—IMPACT OF EXISTING
DATABASES BITE AND RESECT

Together, the BITE and RESECT databases have been downloaded
more than 1,000 times and have enabled the publication of more
than 110 (number of citations as of Oct 2020) research articles,
which illustrates the need and interest from the research
community. Most of theses articles concerned the development
and evaluation of registration algorithms for correction of brain
shift, which is in line with the initial intended use. The public
availability of the databases has enabled the development of
alternative approaches to brain shift correction by groups with
different expertise. The availability of BITE and RESECT has also
enabled research on previously unforeseen applications.

MR-US and US-US Registration
The main purpose of the RESECT and BITE database was to
provide a public dataset with real clinical data for evaluation of
MR-US and US-US registration algorithms for correction of
brain shift. These methods include the use of different similarity
metrics (27–33), segmentation-based registration (34), and deep
learning (35–37). So far, the conventional registration methods
using similarity metrics well adapted to ultrasound images have
proven to be the most successful (38). The work of Machado
et al. (32) is particularly interesting in the way it focuses on
robustness, and not only accuracy, of the registration and
validate their results on BITE and RESECT in addition to
MIBS, a proprietary database from Brigham and Women’s
Hospital. The article highlights the need for larger publicly
available datasets collected from different centers as robustness
is key to the adoption of iUS-based correction of brain shift in the
standard of care.

As the databases do not contain any segmentations of tumors
or other structures, segmentation-based approaches require the
authors to perform their own segmentations to obtain a ground
truth. This is challenging and time consuming, and limits the
development of such methods. Several groups have tested deep
learning approaches. However, the databases only contains data
from 46 patients, which is probably insufficient for these
methods to perform well and presents a high risk of
overfitting. The RESECT database has also enabled the
organization of registration challenges (CuRIOUS 2018 and
2019, Learn2Reg 2020) in conjunction with the International
Conference on Medical Image Computing and Computer
Assisted Interventions (MICCAI) where a number of different
approaches have been benchmarked. The methods and results
from the CuRIOUS 2018 challenge are summarized in (38).
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The provided images have also been used together with other
available databases for evaluation of registration metrics. Luo
et al. analyzed the validity and distribution of landmark points
provided with both RESECT and BITE (39). The paper
highlights the need for a mechanism that allows users of such
databases to contribute back improved data generated by users,
in this case an improved version of landmark positions for points
with a potentially high fiducial localization error (FLE).

Segmentation
One of the most promising avenues to facilitate the
interpretation of iUS images is to automatically segment
anatomical structures to enhance the visualized image with
annotations. Several projects have used the data in BITE and
RESECT to develop and validate segmentation methods for
different structures. Canalini et al. used data from both
databases to segment sulci and falx cerebri in US volumes
using a convolutional neural network (CNN) (34). The
segmented structures were then used to register together
multiple US acquisitions at different stage of the resection
and study the evolution of the procedure. It is interesting to
note that for this paper, a manual segmentation of the sulci and
falx cerebri has been performed using a custom tool built
into the MevisLab platform6. Unfortunately, the current
distribution systems for BITE and RESECT do not include
functionality to contribute back this kind of annotation, which
might be useful for other research groups. In many situations, it
is important for a surgeon to determine the location of the
boundary between gray and white matter. In Demiray et al.,
(40), authors use a CNN to perform the segmentation of gray
and white matter from the 3D iUS images of the RESECT
database. Given the difficulty for a clinician to manually
segment those structures from iUS images alone, a ground
truth segmentation was obtained automatically from the co-
registered MR images distributed with RESECT. Another
structure that has been segmented from the RESECT data is
the resection cavity. This information can not only facilitate
modeling of tissue deformation during surgery, but it can also
help to identify residual tumor tissue that needs to be resected
in order to prevent the recurrence of a tumor. Carton et al. used
both BITE and RESECT to train a U-NET based model to
perform surgical resection cavity segmentation in US images
(41). For their work, they produced a manual segmentation of
the resection cavity in US images. Again, this sort of annotation
of the data could be beneficial to many other research teams if
it could be contributed back to the databases. A more difficult,
but very important problem in US image processing is that
of segmenting brain tumors. This type of tissue can have a
variety appearance depending on tumor type. Golb and al.
used the RESECT database to develop and validate a tumor
segmentation method based on US images (42). Maani et al.
use the MR images from the BITE database to validate their
tissue classification method based on volumetric texture
analysis (43).
6https://www.mevislab.de/

Frontiers in Oncology | www.frontiersin.org 623
Other Applications
The availability of the open databases has also enabled research
in other areas related to US guided neurosurgery. One example is
the work of Sagheer et al. (44) who used the BITE database to
validate their US image denoising algorithm. Other examples
include a US probe calibration method (45) where the authors
used the BITE database in the validation process, simulation of
2D US from 3D MR (46) and sorting of DICOM images (47).
Open image databases such as BITE and RESECT can also be
used for more clinically oriented research. Petrecca et al. (48)
used images from BITE to analyze the patterns of recurrence
of glioblastomas.
DISCUSSION

In the previous sections, we have demonstrated that the public
availability of US image databases such as BITE and RESECT has
had an impact far beyond the initial intended purpose of the data
collection process. Despite the relatively limited number of cases
released in the databases, their availability has enabled significant
progress in the development of algorithms that increase the
usefulness and accuracy of iUS-based neuronavigation. First and
foremost, a wide variety of MR-US registration algorithms have
been proposed to compensate for brain shift and restore navigation
accuracy at any moment during an operation. The databases have
also enabled early successes in the development of multiple US
image segmentation algorithms and a variety of other algorithms
that are key to increasing the usefulness of US imaging in
neurosurgery. In this section, we review the limitations of existing
data sets, we show the importance of open source software to
accelerate and standardize the acquisition process and we lay out a
plan for the next generation of publicly available US imaging data.

Current Limitations and Future
Needs for Technical Development
and Data Collection
Registration
Despite the great advances in the iUS-based correction of brain
shift we have seen with the previous generation of databases, the
technology has yet to be adopted in commercial navigation
systems and to be used as the standard of care. As a result,
surgeons tend to simply stop relying on navigation systems once
tissues have moved and deformed beyond a certain threshold.
One of the reasons for this slow adoption by the major
commercial systems is the lack of scientific evidence on the
robustness of existing registration algorithms. Several questions
remain as to the quantity, quality and acquisition protocol that
will guarantee a stable and accurate correction of brain shift in
every case. To be able to validate the robustness of MR-iUS
registration algorithms, future data collection efforts will need to
include a much larger number of patients from several centers
and clinicians with different levels of training. Such data sets will
not only enable the validation of the robustness of registration
algorithms but will also allow for the development of iUS image
acquisition guides that will help ensure that the quality and
February 2021 | Volume 10 | Article 619274

https://www.mevislab.de/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Reinertsen et al. Essential Role Open Source Navigation
quantity of data is sufficient to result in a stable registration
every time.

Segmentation
With the recent developments in machine learning, we have
started to see some progress in the area of segmentation of US
images, a problem that was previously considered notoriously
difficult. Segmented structures can be used to either improve
image registration and further correct for brain shift, or improve
visualization by highlighting different structures in real-time. For
deep learning methods to perform well, large amounts of data are
needed for training and testing. The number of cases needed
depends on the difficulty of the segmentation problem (the image
contrast between the structure to be segmented and its
surroundings), the morphological variability of the structure to
be segmented and the required accuracy. The training dataset
needs to cover the full spectrum of anatomical and pathological
variability in addition to differences due to scanners type,
settings, and operators. Examples of segmentation of US using
deep learning in other clinical areas are 1) Smistad et al. (49),
where the authors segmented nerves for guiding regional
anesthesia using data from 49 subjects and, 2) Anas et al. (50)
where they segmented the prostate for targeted biopsies using
data from 18 patients. These and other studies show promising
results, but the number of included subjects is still limited. It is
unlikely that the variability is fully covered, and the external
validity of the results might therefore be limited. So far, there are
no studies on the amount of ultrasound data required to detect or
segment brain structures using deep learning methods. However,
a study of deep learning for automatic segmentation in
echocardiography suggests that 2D ultrasound images from
250 patients are needed for accurate segmentation of the left
ventricle of the heart (51). As part of this study, a dataset with
images from 500 patients, including expert annotations, was
made publicly available (CAMUS data set) and it is now widely
used for deep learning in the field of echocardiography (55
citations since 2019 as of Oct 2020). Even in cases with poor
image quality in echocardiography, the image contrast is higher
than in many ultrasound images of brain tumors. For
segmentation of brain tumors, where contrast might be low
and high accuracy is needed, it is reasonable to expect that at
least a comparable number of cases is needed. For other relevant
brain structures such as the lateral ventricles, the sulci and the
falx that usually have higher contrast, fewer cases might be
needed. These structures are important landmarks for the
neurosurgeons, and automatic delineation would greatly ease
the interpretation of the ultrasound images and thus address one
of the main hurdles for widespread use of ultrasound in
neurosurgery. However, as ultrasound images do not typically
cover the entire brain, not all patient datasets will contain
information about all structures. To collect several hundred
data sets from brain tumor patients, multi-center data
collection is the only possible way forward.

Visualization
One of the usability problems of iUS most often reported by
neurosurgeons is the difficulty to simultaneously acquire and
Frontiers in Oncology | www.frontiersin.org 724
visualize the images. When imaging other parts of the anatomy
such as abdominal organs, experienced ultrasonographers
typically look at the screen of the scanner to locate the
anatomy of interest and rely mostly on their sense of
proprioception to physically position the US probe on the skin
of the patient and maintain the appropriate amount of pressure.
Imaging the brain is different because acquisition has to be
performed on the very limited surface of the dura or cerebral
cortex exposed by a craniotomy and almost no pressure can be
applied to the delicate tissues of the brain. Thus, the surgeon’s
attention has to remain on the surgical field at all time, which
results in an acquisition being performed without visual feedback
first, and then visualized. This can force a surgeon to perform
multiple cycles of acquisition and visualization to obtain the
desired information. Several groups have proposed the use of
augmented reality (AR) to solve this problem. The technology of
AR enables the display of US images in-situ, allowing
neurosurgeons to visualize the images being acquired while
maintaining their attention on the surface of the operating
field. So far, most of the research on neurosurgical AR has
focused on the integration of hardware and software
components required to accurately overlay virtual content such
as US images, with a live view of the operating field. However,
one of the main obstacles to the adoption of AR remain the
various depth perception problems generated by the live mix of
real and virtual content. In order to accelerate research on
neurosurgical AR and in particular on live in-situ display of
iUS images, a future intraoperative image database should
include live video of the operating field allowing researchers
working on the improvement of AR rendering techniques to
evaluate their method on realistic models of the operating field.
Images can be captured from a variety of sensors. For example,
the Ibis Neuronav system includes a built-in module to produce
AR images from a surgical microscope that has the ability to
record live images (3). An extension of Ibis called MARIN adds
similar capabilities to produce AR image from a tablet
computer (52).

Interrelationship of Software and Data
The development of the Ibis Neuronav system and the following
acquisition of the BITE dataset exemplify the interrelationship
between software and data and the value of an open source
surgical navigation system in the data acquisition process and in
the advancement of iUS based surgical navigation. The version of
the Ibis system used to acquire iUS images for the BITE database
included only rudimentary functionality to reconstruct a 3D
volume for 2D iUS slices, a process which took on average 10
min (5). Similarly, Ibis implemented a well-established method
to linearly register an iUS volume with preoperative MR scans
(53) to correct for brain shift, which also ran in approximately 10
min. Overall, the process of correcting for the patient-to-image
misregistration took on average 20 min once the surgeon had
finished a US image sweep. Given such delays, it was difficult to
convince clinicians of the benefits of the method. It also made the
data acquisition process error prone as once the reconstruction
and registration process finished, it was already too late to
perform a second acquisition if it turned out the first one did
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not contain enough information to obtain a reliable registration.
The release of the first BITE database stimulated the research on
registration algorithms that were more appropriate for MR-US
registration. One of the most robust methods proposed was
based on the alignment of image gradient (33) and provided a
GPU implementation that authors agreed to contribute to the
source code of Ibis as an extension of the platform, together with
a GPU implementation of iUS volume reconstruction. The new
volume registration algorithm ran in under 5 s, while MR-iUS
registration took under 1 s (3). The improved system generated
much more interest on the part of the clinicians as they were able
to appreciate the results of the registration correction algorithm
as soon as they finished acquisition. It also provided instant
feedback on the quality of the acquisition, allowing them to
improve faster on their acquisition skills, resulting in an
increased pace of data acquisition. As a result, a second version
of the BITE database (soon to be released), containing double the
number of cases of the first one (25), has been acquired in a
shorter time frame.

Similarly, a GPU implementation of a MR-iUS registration
algorithm (54) was integrated into CustusX and validated intra-
operatively in a series of 13 brain tumor cases (14). This method
provided registration results within a few seconds and ran
seamlessly within the CustusX software.

While research platforms such as Ibis and CustusX have been
useful and successful in a large number of research projects, they
might not be suitable for a large scale data collection effort. The
systems have clearly improved over the years, but they are still
highly complex. The use of these systems requires the presence of a
dedicated technical researcher in the operating room during every
single procedure in order to ensure the correct functioning of the
system. The complexity of their numerous options and
configurations combined with a sub-optimal user interfaces
makes these systems unsuited for clinical users, and thus
unsuited for efficient collection of high volumes of intra-
operative data from hundreds and possibly thousands of patients.

Requirements and Architecture for the
Software and Database of the Future
In order to efficiently collect a large number of patient cases, a
simplified software solution better adapted to brain tumor
surgery is required. The software needs to include all the basic
components of a neuronavigation system like Ibis and CustusX,
but the user-interface should be redesigned and adapted with
clinical users in mind. This means a highly intuitive interface
with only the essential components, fewer buttons, menus, and
configurations than the existing systems.

The user-interface should be designed to provide the right
information at the right time and to fit into the clinical workflow
in neurosurgery. The system should be adapted to run in parallel
with commercial navigation systems without imposing additional
preparation or manipulation by the surgeon. More specifically, the
following steps should be performed simultaneously for
both systems:

• Calibration of tools such as navigation pointer and ultrasound
probe
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• Pre-operative image-to-patient registration
• Ultrasound acquisition (when available in commercial

systems)
• Pointer-based navigation

In addition to replicating the functionality of the commercial
systems, the proposed platform should provide a fast mechanism
to reconstruct a 3D volume from a sequence of iUS images and
register preoperative scans to the reconstructed volume to
correct for brain shift. From a developer’s point of view, it
should be straightforward to replace the default volume
reconstruction and registration algorithm with newly
developed methods as they become available.

The proposed system should also include improved visualization
capabilities to provide visual feedback during the acquisition of iUS
images. It should be capable of displaying the result of real-time
automatic segmentation of arbitrary structures during the
acquisition. For developers, a simple software development
interface should allow to easily integrate new segmentation
algorithms as they become available, without having to deal with
the visualization aspect that would be natively supported by the
system. The proposed system should also include modules to
produce AR views of the operating field in order to provide visual
feedback to the surgeons during the acquisition process, while
allowing them to keep their attention focused on the operating
field. The additional data captured during the AR visualization
sequences should be automatically recorded. For example, when
creating AR images with a tracked tablet computer like it is done
with the MARIN system mentioned earlier, live video and tablet
tracking transforms should be recorded to enable the improvement
of AR rendering techniques in the laboratory.

The proposed system should automate the process to transfer
the collected datasets from different centers to a common cloud-
based database. In addition to various national and local
solutions, large-scale international solutions for such cloud-
based systems include:

• The “Imaging Data Commons” (https://imagingdatacommons.
github.io/)

• ELIXIR Data Platform (https://elixir-europe.org/platforms/
data)

• HRIC (55)

This infrastructure must ensure data storage and processing
within the relevant ethical, legal, and regulatory frameworks such
as EU’s General Data Protection Regulation (GDPR). Following
data collection, all datasets should be automatically anonymized
and controlled for completeness and quality. The format of the
database for each case should be flexible enough to take into
account differences in imaging protocols at different centers. For
example, certain centers might not acquire FLAIR images in their
standard protocol for brain tumor cases, so the database should
support uploading data without this type of image. The database
should allow users to filter cases based on the information
available. The proposed database should also support the
addition of new types of data that were not planned for
during development.
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In order to be used for image analysis and machine learning,
different levels of data annotation is needed. Annotation needs to
be performed by clinical experts through the use of dedicated
software solutions such as a secure web-based platform for
example. The images, video, position information etc. should
be made available in widely used open formats directly
compatible with the most commonly used open source
imaging and machine learning toolkits and libraries such as
TensorFlow and Keras.
CONCLUSION

In this paper, we have reviewed the impact that the open source
neuronavigation platforms Ibis Neuronav and CustusX and their
associated databases BITE and RESECT have had on the progress
iUS-based navigation. We have particularly emphasized how the
synergy between open source software and publicly available
data has contributed to accelerate this progress. Building on these
successes, we have proposed to combine the effort of multiple
research groups to build a simplified and improved combination
of open software and tumor case database that is likely to enable
gathering the large amounts of data needed to train new machine
learning models to improve iUS-based navigation. The main goal
of this data collection effort is to provide the international
research community with high quality data. This will accelerate
research in the field, especially among research groups who do
not have the possibility to collect their own data but rely on
publicly available datasets. With more research groups working
actively in the field, the development of new tools and methods
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will also accelerate. New, innovative, and well validated tools can
then be included in the open software platform which will
enhance the usefulness for clinician and thus accelerate data
collection through an increased rate of new cases. This cycle can
thus be a positive self-reinforcing process that will lead to more
robust and accurate tools, acceleration of the translation from the
laboratory to industry and more accurate, safer, and more
minimally invasive procedures for patients.
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Neuronavigation using pre-operative imaging data for neurosurgical guidance is a
ubiquitous tool for the planning and resection of oncologic brain disease. These
systems are rendered unreliable when brain shift invalidates the patient-image
registration. Our previous review in 2015, Brain shift in neuronavigation of brain
tumours: A review offered a new taxonomy, classification system, and a historical
perspective on the causes, measurement, and pre- and intra-operative compensation
of this phenomenon. Here we present an updated review using the same taxonomy and
framework, focused on the developments of intra-operative ultrasound-based brain shift
research from 2015 to the present (2020). The review was performed using PubMed to
identify articles since 2015 with the specific words and phrases: “Brain shift” AND
“Ultrasound”. Since 2015, the rate of publication of intra-operative ultrasound based
articles in the context of brain shift has increased from 2–3 per year to 8–10 per year. This
efficient and low-cost technology and increasing comfort among clinicians and
researchers have allowed unique avenues of development. Since 2015, there has been
a trend towards more mathematical advancements in the field which is often validated on
publicly available datasets from early intra-operative ultrasound research, and may not
give a just representation to the intra-operative imaging landscape in modern image-
guided neurosurgery. Focus on vessel-based registration and virtual and augmented
reality paradigms have seen traction, offering new perspectives to overcome some of the
different pitfalls of ultrasound based technologies. Unfortunately, clinical adaptation and
evaluation has not seen as significant of a publication boost. Brain shift continues to be a
highly prevalent pitfall in maintaining accuracy throughout oncologic neurosurgical
intervention and continues to be an area of active research. Intra-operative ultrasound
continues to show promise as an effective, efficient, and low-cost solution for intra-
operative accuracy management. A major drawback of the current research landscape is
that mathematical tool validation based on retrospective data outpaces prospective
clinical evaluations decreasing the strength of the evidence. The need for newer and
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more publicly available clinical datasets will be instrumental in more reliable validation of
these methods that reflect the modern intra-operative imaging in these procedures.
Keywords: brain shift, neuronavigation, intra-operative ultrasound, registration, neurosurgery, image-
guided neurosurgery
INTRODUCTION

Neuronavigation using pre-operative imaging data for
neurosurgical guidance is a ubiquitous tool for the planning
and resection of oncologic disease in the brain and has become
common practice in many centers. It is well known that these
systems are rendered unreliable when brain shift is present. Any
factor, physical, surgical, or biological, that violates the rigid body
assumption of neuronavigation causes the tissues of the brain to
shift and move away from the pre-operative images creating a
difference between the reported location of anatomy in the
virtual image and patient spaces. Simply put, brain shift
invalidates the patient-to-image mapping (1). In our previous
2015 review of brain shift in neuronavigation (1), we offered a
new taxonomy, classification system, and a historical perspective
related to the causes, measurement, and pre- and intra-operative
compensation of this phenomenon. In this work, we present an
updated and focused review using the same taxonomy and
framework on the developments of intra-operative ultrasound-
based brain shift applications over the last five years, i.e. from
2015 to the present. A visual representation of the previously
described classification system along with the highlighted
trajectory of the focus of this review can be seen in Figure 1.

The first use of A-mode (1D) ultrasound (US) for adult
neurosurgery was completed by Dr. William Peyton in 1951
and reported by Wild and Reid in 1953 (2). The first use of B-
mode (2D) US in adult neurosurgery of the spine was in 1978 by
Reid (3) and in the brain in 1980 by Rubin et al. (4). In the latter,
230
they observed intra-cranial anatomy with real-time ultrasound as
well as a grade III astrocytoma and postulated that there may be
benefit for this technology as a tool for surgical planning and
biopsy procedures. Since then, and throughout the 2000s, intra-
operative ultrasound (iUS) has been used in many capacities to
evaluate, quantify, and correct for brain shift and modify surgical
plans in real-time without the use of ionizing radiation exposure
(e.g. from CT) all while minimizing any disruption to the surgical
workflow. Over the last 5 years the rate of publication for intra-
operative based ultrasound intervention for brain shift
evaluation, quantification, and correction has dramatically
increased. In the context of these advances, we review the
current state, potential, and challenges that remain in the
context of iUS for neuronavigation of brain tumors.
BRAIN SHIFT TAXONOMY

In order to assist with the clarity of the review and the
discussions to follow, this review follows the same taxonomy
and classification system as the 2015 publication: Brain shift in
neuronavigation of brain tumours: A review (1). To begin, brain
shift is defined as—any factor, physical, surgical, or biological,
that violates the rigid body assumption of neuronavigation
creating a difference between the reported location of anatomy
in the virtual image and patient spaces. The discussion of brain
shift is further separated into three categories; 1) factors that
cause brain shift, 2) methods for quantifying brain shift, and 3)
FIGURE 1 | Highlighted flow chart following classification from (1) showing the focused coverage of this review.
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methods to correct or account for brain shift, followed by more
specific subclassifications. As highlighted in Figure 1, the articles
in this review are primarily those that describe either the
measurement or compensation of brain shift using intra-
operative ultrasound imaging in the context of image
registration, biomechanical modeling, or predictive modeling.
1http://www.ncbi.nlm.nih.gov/pubmed
INTRA-OPERATIVE ULTRASOUND
FOR NEUROSURGERY

Ultrasound imaging uses high frequency sound waves that are
emitted and detected by different probes and transducers. In the
context of neurosurgery, the optimal choice of transducer and
type of acquisition frequency will depend on the location and
sonographic properties of the lesion of interest, the size of the
craniotomy in which the probe can be placed, the surrounding
anatomy, and of course, surgeon preference. The intensity of
structures in these images directly reflects the amplitude of the
detected signal driven by micro reflectors within tissue and the
interfaces between tissues with different acoustic impedance. As
a general principle, tissues that are acoustically homogeneous
will generate low intensity signals, while structures with high
gradients of acoustic impedance, such as bone or necrotic tissue,
generate strong echoes and can obscure other structures deeper
in the imaging plane. In a normal human brain, anatomical
structures that give a hyperechoic signal on ultrasound imaging
include the sulci, falx cerebri, choroid plexus, and vessel walls. In
contrast, the ventricles and other spaces filled with cerebrospinal
fluid are generally acoustically homogenous and create a low
intensity hypoechoic signal. Lesions in the brain can have
varying appearance depending on the mass density, necrotic
infiltration, or fluid filled cavities but generally appear
hyperechoic with areas of mixed echogenicity depending on
the above specific features.

Intra-operative ultrasound, in the context of brain shift, was
first introduced in 1997 by Bucholz (5) where they provided the
first documented quantitative measurement of brain shift during
hematoma and tumor neurosurgery. Before this, ultrasound had
been previously introduced as an intra-operative neurosurgical
tool to assist in small lesion identification in the context of
arterio-venous malformation surgery by Chandler in 1987 (6).
Since these initial publications, numerous investigators have
implemented unique applications and procedures to harness
this low-cost and widely available intra-operative imaging tool
to gather real-time anatomical information for measuring and
compensating for brain shift. The primary link between intra-
operative imaging, such as ultrasound, and brain shift
measurement or compensation is a registration procedure that
relates intra-operative and pre-operative images to each other. In
the context of iUS, the main challenge stemming from these
registration procedures relates the widely different nature and
quality of the iUS images as compared with the pre-operative
MRI images. While voxel intensity of both modalities is directly
dependent on the specific tissues imaged, there is an additional
dependence for iUS on probe orientation and depth that leads to
Frontiers in Oncology | www.frontiersin.org 331
significant image intensity non-uniformity due to the presence of
acoustic impedance transitions. The quality of individual
ultrasound images is known to vary among users adding
another obstacle when developing tools and methods to use
this modality reliably for brain shift related interventions.
METHODS

This review followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) 2009
guidelines without prior publication of the review protocol (7)
and was performed using PubMed1 on August 17, 2020, to
identify articles since 2015 with the specific words and phrases:
(“brain shift” OR brainshift) AND “ultrasound”
The returned titles were screened for any non-English,
duplicate, or clearly irrelevant entries, which were excluded.
The inclusion criterion used during the selection was that the
work must be focused on brain shift in the paradigm of image-
guided neurosurgery of brain tumors. Exclusion criteria included
review papers and work with animal-based studies and no
clinical validation. For publications that were more
mathematical in nature focusing on modeling, compensation,
or prediction, validation of the methods on clinical datasets was
required. Thirty-eight (38) relevant publications were found
using the search query, of which 22 were included in this
review. A PRISMA diagram is presented in Figure 2.
RESULTS

A summary of the papers reviewed, as they relate to the described
taxonomy, location of the measured brain shift, pre-resection vs.
post-resection measurement, and quantitative findings can be
found in Table 1. In total, the list includes four qualitative
retrospective case reviews, eight brain shift compensation
methods papers, and the remaining 10 articles focused on
prospective evaluation of brain shift measurement and/
or compensation.

Qualitative Retrospective Case Reviews
Since 2015, four groups have published qualitative analysis in the
form of a retrospective case review of their center’s experience
with using intra-operative ultrasound for neurosurgical
guidance. The first was published in 2015 by Petridis et al. (23)
that reviewed 34 patients undergoing low grade glioma (LGG)
resection between 2011 and 2014 in a German center. The
retrospective analysis compared iUS use for localization of
surgical targets with cases where iUS was not performed. They
found in the 15 cases where iUS was used that the surgical target
was properly found for either resection or biopsy, whereas in five
of 19 cases where iUS was not used, the target was missed. The
improvement was qualitatively attributed to intra-operative
February 2021 | Volume 10 | Article 618837
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update of real-time information about brain shift as provided by
the iUS imaging during these cases.

In 2016, Steno et al. (26) described a qualitative use of iUS
during resection of insular low grade gliomas (LGG) during
awake resections but with a focus on visualization of the
lenticulostriate arteries. These landmarks served to measure
brain shift compensation and to guide increased extent of
resection, when compared to non-iUS interventions, without
creating any new deficit while being nearby anatomic brain
structures with important functional roles. Overall, their
retrospective review of six cases demonstrated this to be a
useful tool for this anatomical location of LGG. In 2018 (27),
this group published a follow-up cohort case series of 49 patients
undergoing awake resections for insular LGG nearby eloquent
cortical and subcortical structures with 21 cases using only
neuronavigation and the remaining 28 using iUS guidance.
The mean extent of resection was significantly improved with
iUS guidance (87 vs. 76%) without the addition of any new
functional neurologic deficit.

Altieri et al. (8) describe a retrospective analysis of 264
patients with high-grade gliomas undergoing resection with
neuronavigation and iUS guidance at the University of Turin
between 2013 and 2016. The goal of their work was to improve
the detection and characterize the echogenicity—the visual
characteristics on ultrasound—of both normal and pathologic
anatomical structures using different probes. The main challenge
identified by the analysis, as often reported, was related to the
Frontiers in Oncology | www.frontiersin.org 432
surgeon’s comfort in interpreting the anatomy in oblique planes,
a characteristic that increased with iUS experience.

Finally, in 2019, Liang et al. (18) published a retrospective
case review on a cohort of patients that underwent iUS alone
without registration during resection and iUS with pre-operative
MRI registration to review the extent of resection (EOR)
improvement. Of the 45 total patients reviewed, only 6/19
cases using iUS alone achieved gross total resection (GTR)
whereas 22/26 (85%) cases using MRI registered to iUS had
GTR. This significant clinical improvement was attributed
primarily to the comfort and quality of using MRI images for
guidance after registration as compared to iUS images alone. The
authors also described a significantly lower postoperative
morbidity rate in the iUS registration group and concluded
that iUS–MRI registration is an essential tool to improve EOR
and functional protection.

Brain Shift Compensation Based on
Clinical Datasets
Currently, there exists only two widely used and publicly
available clinical databases with pre-operative MRI and iUS
images that can be used for new brain shift compensation
registration or predictive modeling algorithm validation: the
Brain Images of Tumors for Evaluation (BITE) (31) and the
REtroSpective Evaluation of Cerebral Tumors (RESECT) (30).
Both databases have different internal limitations; however, they
provide a necessary tool for comparison of brain shift
FIGURE 2 | PRISMA diagram high-lighting the search strategy for reviewed articles.
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TABLE 1 | Summary of the classification and quantitative results of reviewed articles (alphabetic order).

Reference Classification Measurement
Locations

Mean Brain Shift (mm) Compensation (mm)

Altieri et al.
(8)

Qualitative Measurement Retrospective review of
cases

n/a n/a

Canalini
et al. (9)

Compensation (clinical) Manual landmarks and
segmented falx cerebri
and sulci

Data from RESECT and
BITE databases
3.49 ± 1.55 (RESECT, pre-
resect)
3.54 ± 1.75 (RESECT, post-
resect)
3.55 ± 2.28 (BITE)

1.56 ± 0.82 (RESECT, pre-resect,
parametric)
1.36 ± 0.61 (RESECT, pre-resect, non-
parametric)
2.29 ± 1.37 (RESECT, post-resect,
parametric)
2.05 ± 1.12 (RESECT, post-resect, non-
parametric)
2.98 ± 1.8 (BITE, parametric)
2.48 ± 2.67 (BITE, non-parametric)

Farnia
et al. (10)

Compensation (phantom and clinical) Sulci Data from BITE database 2.14 ± 0.34 (BITE—13.71%
improvement)

Farnia
et al. (11)

Compensation (clinical) Sulci, tumor boundary Data from BITE database 1.87 ± 0.37 (BITE)

Farnia
et al. (12)

Compensation (clinical) Sulci, tumor boundary Data from BITE database 1.83 ± 0.11 (BITE—15.37%
improvement)

Frisken
et al. (13)

Measurement and Compensation (clinical/modelling
with thin plate splines [TPS] and finite element
modelling [FEM])

Manual landmarks (ML)
and automatic features
(AF)

1.37 ± 0.81 (ML pre-resect)
2.79 ± 1.05 (ML mid-resect)
1.08 ± 0.65 (AF pre-resect)
2.31 ± 0.78 (AF mid-resect)

1.28 ± 0.63 (ML, TPS pre-resect)
1.82 ± 1.3 (ML, TPS mid-resect)
1.23 ± 0.68 (ML, FEM pre-resect)
1.37 ± 0.84 (ML, FEM mid-resect)
0.90 ± 0.62 (AF, FEM pre-resect)
1.05 ± 0.25 (AF, FEM mid-resect)

Frisken
et al. (14)

Measurement and Compensation (clinical/modelling
with TPS and FEM)

Manual landmarks (ML)
and automatic features
(AF)

5.3 ± 0.8 (ML, iUS1-MRI)
3.1 ± 2.2 (AF, iUS1-iUS2)
2.5 ± 1.8 (AF, iUS1-iUS3)
3.1 ± 1.7 (ML iUS1-iUS2)
2.5 ± 1.3 (ML iUS1-iUS3)

1.9 ± 0.6 (ML, iUS1–MRI)
2.2 ± 1.9 (AF, FEM, iUS1–iUS2)
1.8 ± 1.3 (AF, FEM, iUS1–iUS3)
3.6 ± 3.7 (ML, TPS, iUS1–iUS2)
2.4 ± 2.6 (ML, TPS, iUS1–iUS3)

Gerard
et al. (15)

Measurement and Compensation (clinical) ML and pixel
misalignment (PM)

6.17 ± 2.21 (ML pre-resect)
5.62 (PM pre-resect)

2.43 ± 1.45 (ML pre-resect)
1.74 (PM pre-resect)

Ilunga
et al. (16)

Compensation (algorithm validation) Vascular segmentation n/a n/a

Iversen
et al. (17)

Measurement and Compensation (clinical) Manual landmarks (ML) 7.71 (mean, ML pre-resect)
5.12 (median, ML pre-
resect)

4.47 (mean, ML pre-resect)
2.72 (median, ML pre-resect)

Liang et al.
(18)

Qualitative Measurement and Compensation Retrospective case review
of gross total resection
(GTR)

Image quality improved from
poor/moderate to moderate/
good

GTR in 22/26 cases using iUS–MRI
fusion navigation vs. 6/19 using iUS
without fusion

Machado
et al. (19)

Measurement and Compensation (clinical) ML for validation
AF for registration

3.25 ± 1.93
Other data from BITE/
RESECT

1.75 (AF, affine registration)
1.54 (AF, TPS registration)
1.85 (BITE, ML, affine)
1.52 (BITE, ML, TPS)
1.54 (RESECT, ML, affine)
1.49 (RESECT, ML, TPS)

Machado
et al. (20)

Compensation (clinical) Three database sets
using ML

Data from BITE, RESECT,
MIBS databases

2.28 ± 0.71 (BITE)
2.08 ± 0.37 (RESECT)
2.24 ± 0.78 (MIBS)

Masoumi
et al. (21)

Compensation (clinical) BITE and RESECT
databases

Data from BITE and
RESECT databases

2.77 ± 1.13 (RESECT)
2.82 ± 0.72 (BITE)

Morin et al.
(22)

Compensation (modelling) Vascular manual
landmarks

2.63 ± 1.55 1.78 ± 1.42 (rigid registration)
1.83 ± 1.25 (constraint-based
registration)

Petridis
et al. (23)

Qualitative (clinical) Retrospective review of
iUS or no iUS for tumor
resection

n/a Target missed 0/15 cases (iUS)
Target missed 5/19 cases (no iUS)

Prada
et al. (24)

Compensation (clinical) Anatomical and vascular
landmarks

n/a Reported as <2 mm in 42/58 cases and
<3 mm in 58/58 cases after iUS–MRI
registration

Riva et al.
(25)

Measurement and Compensation (clinical) Anatomic ML (sulci, gyri,
ventricle, vessel)

5.9 ± 1.9 (pre-dura reflect)
6.2 ± 2.3 (post-dura reflect)
7.5 ± 2.1 (post-resect)

2.7 ± 1.0 [pre-dura reflect (rigid)]
4.2 ± 1.6 [post-dura reflect (rigid)]
6.7 ± 2.5 [post resect (rigid)]

(Continued)
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compensation method development. Many authors (over 80
citations for BITE and over 30 for RESECT) have used these
databases for the development and validation of innovative
techniques. The quantitative results of the eight articles
reviewed are in Table 1, and described below in more detail.

Farnia et al. have recently described brain shift compensation
in a series of three articles (10–12) through matching of
echogenic structures, specifically sulci, and optimization of the
residual complexity value in the wavelet domain, a strategy to
balance between feature and intensity-based registration
approach advantages in multi-modal registration. With the
introduction of the method in 2015, they validated the novel
approach on both phantom and the BITE datasets,
demonstrating a noted robustness to noise which is commonly
encountered in iUS imaging. The following updates to their
methods in 2016 and 2018 focused on improving computational
time and the addition of a joint co-sparsity function to obtain a
clinically acceptable and useful algorithm for intra-operative use.
They report a registration accuracy of 0.90–1.82 mm depending
on the method being evaluated. In all three of their works, they
have shown significant improvement for both accuracy and
efficiency that only lacks validation in a prospective setting.

Zhou and Rivaz 2016 (29) propose a non-rigid symmetric
registration framework focused on pre- and post-resection
ultrasound images to compensate for brain shift and assess for
residual tumor that is difficult to assess on normal post-resection
images due to the immense post-operative changes when
compared with pre-operative MRI. This novel framework was
validated on pre- and post-resection ultrasound images from the
BITE database to identify “outlier regions” that may be
consistent with possible residual tumor. The registration
showed acceptable registration with reported accuracy, on the
order of 1.5 mm, between the sets of images with the main
drawback being long computation times not conducive to
clinical workflow.

Continuing with the theme of novel registration strategies for
brain shift compensation, in 2019, Masoumi et al. (21) describe
an approach based on affine transformation that utilized a
covariance matrix adaptation evolutionary strategy (CMA-ES)
to optimize the registration. This work built upon their previous
work in 2018 (32) that used a gradient descent optimization2.
The method was evaluated on both the BITE and RESECT
databases with statistically significant improvement of the
mean target registration error (mTRE) on the order of 2.8 mm.
Frontiers in Oncology | www.frontiersin.org 634
Their proposed fully automatic registration improvement offers
another option for iUS–MRI brain shift correction. The main
advantages of this work compared to similar methods include an
optimization step that is less susceptible to patch sizes and noise
and is reported as the first use of CMA-ES specifically for MRI
and US images.

In 2019, Canalini et al. (9) described a segmentation-based
registration approach for brain shift compensation where the falx
cerebri and different sulci were automatically segmented in pre-
resection iUS volumes on the dura mater and used to register
with iUS at different phases of the operation. The method is
based on a trained convolutional neural network using manually
annotated structures in the pre-resection ultrasound that are
then used to segment and register the corresponding structures
ad different phases of the operation. In contrast to previous work
done, in this domain their solution focuses on iUS–iUS
registration rather than iUS–MRI registration. They validated
their method by comparing the mTRE between manually
identified landmarks from the BITE and RESECT databases
and showed significant improvement among both.

In one of the more complete series of brain shift
compensation methodology papers, Machado et al. (19)
published a registration procedure based on automatic feature
detection followed by nearest-neighbor descriptor matching and
probabilistic voting models similar to a Hough transform
focused on scale-invariant features (SIFT). Their method was
validated on two publicly available databases (BITE and
RESECT) and, additionally, prospectively validated on a nine
patient case series that they describe as the Multimodal Images of
Brain Shift (MIBS) database. They report accuracy on the order
of 2.2 mm with efficient registration results on all three data sets
without the need to manually identify landmarks for evaluation.
Within the same vein, in 2019 (20), this group described a
correlation-based approach for brain shift compensation
through extraction of multi-scale and multi-orientation
attribute vectors with robust similarity measures on these
attributes while simultaneously explicitly handling field-of-view
differences between images as an approach to improve
generalization and accuracy across different publicly available
datasets. Their approach was validated on the BITE, RESECT,
and MIBS databases, and tested against 15 other accepted
multimodal registration algorithms. They consistently obtained
one of the best results across the three datasets without deviation
from their predefined parameters (compared to the often dataset
TABLE 1 | Continued

Reference Classification Measurement
Locations

Mean Brain Shift (mm) Compensation (mm)

Steno et al.
(26)

Qualitative Lenticulostriate arteries
(LSA) visualization

n/a n/a

Steno et al.
(27)

Compensation (clinical) Extent of resection (EOR) n/a 86.79% EOR (mean, with iUS)
75.85% EOR (mean, no iUS)

Xiao et al.
(28)

Measurement and Compensation (clinical) Manual landmarks (ML)–
tumor border, sulci, gyri

7.22 ± 3.35 (ML, pre-resect) 1.73 ± 0.62 (ML, pre-resect)

Zhou and
Rivaz (29)

Compensation (algorithm validation) Manual landmarks (ML) Data from BITE database 1.5 ± 1.4 (ML, pre-resect, non-rigid
symmetric registration [NSR])
Feb
RESECT, REtroSpective Evaluation of Cerebral Tumors database (30); BITE, Brain Images of Tumors for Evaluation database (31); MIBS, Multimodal Images of Brain Shift database (19).
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specific tuning described in other papers). This approach
highlights the potential need for more robust similarity
functions and automatic feature detection frameworks that can
be generalizable to the limited public data for future
algorithm development.

Prospective Brain Shift Measurement
and Compensation
While retrospective data is important for method development
and testing, it is critical to evaluate with prospective data to see
how well methods generalize. The first of 10 prospective brain
shift evaluation papers is from Prada et al. (24). They described
their experience in 58 cases using an iUS-guided neuronavigation
system. The measurements and compensation details for each
individual case are not included in the article; however, they
report that in 42 cases they were able to restore accuracy of the
navigation system to below a critical threshold of 2 mm when
compared with manually selected anatomic and vascular
landmarks. In the 16 remaining cases, despite not reaching this
critical clinical threshold, they were accurate to within 3 mm, and
visualization of cerebral structures intra-operatively with iUS was
achieved. Despite the lack of quantitative details on brain shift
measurement and compensation this article highlights the
expanding reach of iUS within the neurosurgica l
clinical community.

In 2017, Riva et al. (25) published an eight-patient case series
to measure and compensate brain shift using 3D-iUS and an
iterative deformation correction framework. Ultrasound was
acquired at three time points during surgery: before dural
opening, after dural opening, and following complete resection
of the brain tumor. The goal of their work was to evaluate the
robustness of mono-modal registration from serial iUS
acquisitions at different time points in surgery in its ability to
maintain accuracy of the navigation system and compensate for
brain shift. The initial iUS volume is registered with a rigid
transformation to the pre-operative MRI planning images using
linear correlation of linear combination as a similarity metric.
Following dural opening, iUS volumes are registered with the
initial pre-dural iUS using both rigid normalized cross-
correlation registration and deformable B-spline registration
procedures and then applied to the original pre-operative
planning volume. Their method was evaluated using expert
neurosurgeon anatomic landmark identification to evaluate the
target registration error. They report significant compensation of
brain shift between the rigid registration of the initial iUS and
pre-operative images both before (5.9 to 2.7 mm) and after (6.2
to 4.2 mm) dural removal with no significant improvement
following complete resection (7.5 to 6.7 mm). The authors
conclude that combining both mono- and multi-modal iUS
registration in an iterative framework successfully measured
and compensated brain shift and was easily integrated into the
surgical workflow. This technique also has the potential to easily
be expanded in other user-defined time points between those
2Masoumi et al. (32) was published as an extended abstract at a conference and
thus, as a full article, did not meet inclusion criteria for full review.
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investigated in this work that could further help for more real-
time brain shift correction throughout resection.

Xiao et al. (28) described a five patient case series evaluating a
registration procedure between MRI tractography and iUS based
on a correlation-ratio non-linear deformation framework. While
the analysis was performed in a retrospective fashion and not
intra-operatively, this article was included as the clinical data for
which the algorithm was evaluated was not part of any previously
published, publicly available database. This is the only report to
describe MRI tractography–iUS registration in the context of
brain shift measurement and compensation, and registration
accuracy on the order of 1.7 mm was reported. As a relatively
new imaging modality for surgical planning, tractography offers
important information that, when accurately registered with pre-
operative imaging, can help preserve white matter tracts
important for proper brain function. The main limitation of
this study results from the lack of data to validate their method
and limited literature from which to draw for comparison.
Despite this, they were successfully able to measure and
compensate for brain shift in this short case series making it
an intriguing avenue for future research.

In another prospective study, Gerard et al. (15) presented a
unique approach to brain shift measurement and compensation
with the combined use of iUS and augmented reality in a pilot
study of eight cases using the Intraoperative Brain Imaging
neuronavigation System (IBIS) (33). Brain shift was measured
both with iUS and a compensation method based on gradient
orientation alignment multimodal registration, as well as a
calibrated augmented reality view where two-dimensional pixel
misalignment error in a specified view was reported to provide
both a qualitative and quantitative assessment of the associated
brain shift. The main drawback in this work relates to the
reporting of non-universal metric of pixel misalignment errors
and the limited number and subjectivity of the manually
identified landmarks. Despite these limitations, the authors
demonstrate a combination of complementary technologies but
require more extensive validation.

In 2019, Frisken et al. (13) describe a two-patient proof of
concept study for brain shift measurement and compensation
using thin plate spline registration and finite element method
(FEM) modeling using physical and geometric constraints along
with different material known biophysical properties of different
tissues. During these two cases, they measured brain shift with
both manually identified landmarks and automatic features
using the SIFT method (19) with similar results for both the
manual and automatically detected features. The brain shift was
then compensated using two independent methods, thin-plate
splines and FEM modeling, and the results were compared with
one another. The main drawback, as stated by the authors, is that
they were unable to compare the behavior of FEM and thin-plate
splines for the automatically detected features since these
features were used to train the splines and resulted in near-
zero residuals; however, the FEMmethod had better results when
compared with the thin-plate spine method for the manually
identified landmarks, and given the similarity of brain shift
measured between both the automatic features and manual
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landmarks, it is possible the FEM may have outperformed on
these features as well if the splines had been trained on different
features. This preliminary work motivated a more complete
study which was published in 2020 (14) using a similar
methodology with additional measurement and compensation
of brain shift with serial iUS (i.e., ultrasounds at multiple time
points during the operations) and registration in a series of 19
cases. In their follow-up prospective study, the authors conclude
that the FEM method provided more consistent brain shift
correction and better compensation at locations further from
the driving feature displacement than the thin-plate splines;
however, in the cases with smaller deformations, the thin-plate
splines performed better but without statistical significance.
These results highlight the fact that multiple strategies are
likely to be required when trying to account for brain shift in
real-time and may evolve even throughout a single procedure.

Prospective Brain Shift Measurement and
Compensation Using Cerebral Vasculature
Contrast-enhanced ultrasound (CEUS) is a technique not often
used in neurosurgical procedures; however, in 2016, Ilunga-
Mbuyamba et al. (16) report on using CEUS for vascular
structure identification and brain shift compensation in a series
of 10 patients. The difficulty in reviewing this work for this article
stems from the fact that only the similarity measures between the
pre-segmented MRI images and the CEUS segmentation after
registration are reported with no absolute registration error.
Looking past this limitation, nine of the 10 cases evaluated in
this report had successful brain shift compensation—reported as
usable for clinical guidance—suggesting this unique approach
could provide useful in highly vascular regions of operation.

Morin et al. (22) also focus on cerebral vasculature in a
constraint-based biomechanical simulation of brain shift
compensation for a series of five patients undergoing
neurosurgery with iUS guidance. Each patient underwent a
patient-specific biomechanical model built from pre-operative
imaging which is intra-operatively registered with both iUS B-
mode and Doppler imaging after a constraint-based simulation
of the shift of the cerebral vascular tree. Manually chosen
landmarks are used to assess the total brain shift and validate
the compensation with reported accuracy on the order of 1.8
mm. The authors compared their work to their previously
described rigid registration methods/techniques with successful
results and having a workflow that is efficient for
clinical integration.

In another prospective study, Iversen et al. (17) describe their
experience using the CustusX platform (34) in a series of 13
patients. Intra-operative ultrasound was acquired pre-resection
to update the guidance system in all 13 cases, and the amount of
brain shift and subsequent compensation following registration
with pre-operative MRI was evaluated using manual placed
anatomic landmarks. They report that their system was
deemed accurate enough for tumor resection guidance in nine
of 13 cases following neurosurgeon evaluation and showed
significant brain shift compensation in all 13 of their cases.
The mean reported registration error was on the order of 4 mm
Frontiers in Oncology | www.frontiersin.org 836
with the median being 2.7 mm. This work highlights experience
with one of the few open-source neuronavigation systems that
support intra-operative ultrasound acquisition prospectively
during navigation.
DISCUSSION AND CONCLUSION

Brain shift is a very complex problem that has many pre- and
intra-operative contributing factors. Strategies for measuring and
compensating for brain shift continue to evolve, and intra-
operative ultrasound continues to show promise as an effective,
efficient, and low-cost solution for intra-operative accuracy
management. Indeed, the rate of publication of intra-operative
ultrasound brain shift related work has seen an increase from two
to three articles per year, from 2005 to 2015, to eight to 10 articles
per year since 2015. One of the primary issues with the current
research landscape is that mathematical tool development in the
form of registration, FEM, and predictive modeling continues to
progress at a fast rate, but validation is repeatedly performed on a
small cohort of publicly available retrospective data, that, while
invaluable to the field, is nearly a decade old and may not
accurately portray the quality and character of imaging used
for guidance and surgical planning today. Additionally, as
highlighted in Macahado et al. (19), many of these publicly
available datasets require cohort-specific parameter tuning, and
the compensation methods presented do not generalize well over
the entirety of available data.

Indeed, one of the major needs for the field is newer and
larger publicly available clinical datasets, such as that in the Brain
Images of Tumors for Evaluation (BITE) (31), Retrospective
Evaluation of Cerebral Tumors (ResECT) (30) databases. The
Multimodal Images of Brain Shift (MIBS) (19) dataset is
interesting, but not publicly available. Currently there are
roughly 50 cases of pre-operative and intra-operative data
freely available for research, a small number that reduces the
strength and quality of validation and generalization of these
compensation procedures. Another database that has yet to be
published publicly but that has been described is the Brain
Images of Tumors for Evaluation 2 (BITE2) database (35)
which aims to build on the strengths of the original BITE
database from the same group. This form of data sharing will
be instrumental in more reliable and appropriate validation of
these methods that reflect the modern pre- and intra-operative
imaging landscape in neurosurgical oncologic procedures.

Among the many advances in the field since our last
published review, the variety of applications that iUS has seen
in neurosurgery over the last half-decade speaks to the extent to
which the potential of the technology is being realized.
Applications in cerebral vasculature, both as a tool for
measuring brain shift, a feature for brain shift compensation,
and a landmark for improving extent of resection are exciting for
the field in terms of the broadness of how this tool will be used to
treat patients and maintain accuracy for clinicians. With the
advancement in technology comes additional challenges; as
highlighted in the articles above there are numerous metrics
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reported for evaluation of brain shift compensation ranging from
fiducial registration errors, target registration errors, extent of
resection, segmentation similarity metrics, qualitative
evaluations, and pixel misalignment errors. The difference in
evaluation metrics and limited number of cases that techniques
are evaluated makes comparison of new methodology especially
difficult. In the context of extent of resection, for example, it
is hard to know if the percentage increase in improvement is
clinically significant and difficult to characterize and is attributed
completely to brain shift compensation as opposed to specific
patient and tumor anatomy.

Two additional points can be made with respect to reporting
of results. While a standard for reporting target registration
accuracy is desirable and some of the methods described here
report accuracies better than 2mm, are these results useful
clinically? Resection metrics, such as EOR and GTR provide
valuable clinical information but given their value being relative
in nature, it is difficult to compare them with other objective
measures not specifically related to the tumor volumes. For
example, Steno 2018 (27) reports a small but statistically
significant improvement in EOR (from 76 to 87%), while Liang
2019 (18) reports an increase of tumor GTR from 32% without
ultrasound navigation to 85% with ultrasound-corrected
navigation. Both studies demonstrate statistically significant
objective and clinical benefits of using iUS-based technology
but are near impossible to compare with work that uses
registration errors to quantify their results. The lack of a
universally accepted evaluation metric and the non-reporting
of absolute registration errors when assessing brain shift
compensation remain a major challenge in the field for which
there is no clear solution currently.

Intra-operative ultrasound for surgical guidance is a well-
established tool and has seen applications in many organ systems
including: hepatobiliary, genitourinary, lung, mediastinum,
vascular, and breast (36). In many of the above applications,
US has evolved from a complementary tool to one that has
become almost standard-of-care for therapeutic intervention,
especially within the hepatobiliary system. In vascular surgery,
both within the cardiac and peripheral systems, both B-mode
and Doppler iUS have been used, often to assist with surgical
repair and to assess the adequacy of the repaired tissue (36, 37). It
also plays a very important role in the vascular reconstruction
phase of transplantation surgery for flow assessment and
minimizing vascular complications (37). Additionally, there
has been significant work using iUS navigation in the context
of skull-based (38, 39). One of the main challenges during skull
base tumor surgery is identifying the relationships between the
lesion and principal intracranial vessels which are often mediated
by neuronavigation systems. While inaccuracies due to brain
shift at the skull base are generally minimal, there can still be
other sources of inaccuracy making the pre-operative navigation
images less reliable (39). Intra-operative US, often in the form of
Doppler imaging and contrast-enhanced B-mode, can help
improve the understanding of the skull-base and intracranial
vessel relationship to avoid vascular damage and assist with
lesion resection (38). The application of this technology in the
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brain adds an additional level of complexity as it is primarily
used as a tool for re-calibrating MRI images for guidance as
opposed to direct guidance. Despite this, it is important to learn
from both the successes and failures from the many years of
experience in these other surgical domains to maximize the
potential of this technology and to avoid repeat failures or
strategies that have proven to be inefficient from both clinical
and technical points of view.

A final point of discussion stems from the timing of brain shift
correction. While accurate navigation seems to be imperative for
pre- and early perioperative planning, it is unclear on both how
often and at which specific time points during surgery accurate
brain shift correction correlated with pre-operative MRI is
necessary. Once a neurosurgeon has begun operating and has an
open cavity from which they can then see the surrounding anatomy
comfortably, are highly accurate navigation images imperative to
improve the success measure of that operation? As we saw reported
in this review, Steno et al. (26, 27). evaluated the improvement of
EOR with frequently updated navigation images for resections;
however, very few studies report on these types of clinical
outcomes, and there currently does not exist any report
evaluating both perceived need for improved navigation images
from surgeons or the objective analysis on the effects of the
workflow and large-scale clinical outcomes. As iUS technology
becomes more reliable and easily accessible, it will be important
to have studies that identify optimal times of surgery where
navigation accuracy is of high importance to improve clinical
outcomes while not disrupting surgical workflow. To push the
discussion to a further extreme, one may ask if we need to update
navigation at all. With real-time imaging, like that provided through
iUS, showing up-to-date anatomy and even functional information
when Doppler mode is used, perhaps a better strategy would be to
focus on improving surgeon comfort and technical proficiency with
iUS image interpretation to remove the need for correlation with
pre-operative MRI images which seems to have an upper limit of
accuracy. In some select cases; however, where resection and
anatomy are complex and iUS images difficult to interpret, it may
serve beneficial to combine the information with pre-operative MRI
as is the practice now for a more complete integration
of information.

It is clear from the increasing rate of publication, specifically
in qualitative retrospective case reviews and quasi-quantitative
analysis from different neurosurgery centers across the world
that the comfort and training in using iUS during surgery is
expanding and its potential being realized by more clinicians.
Unfortunately, the lack of prospective evidence continues to limit
the overall reliability of the technology. Moving forward it will be
imperative for multi-center prospective trials that focus on
improving clinical criteria among patients undergoing iUS
surgical guidance for tumor resections for this technology to
make the next step and broaden into more clinical practices
worldwide. With continued improvement on ultrasound
hardware including portable probes with a smaller footprint
such as the Clarius, Lumify, and Butterfly IQ, further support
and easier clinical workflow integration for future trials
is possible.
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In conclusion, the growth of iUS in the field of neurosurgery
is exciting and encouraging for both clinicians and researchers
and continues to show major promise as a multi-faceted tool for
measuring and compensating brain shift and improving both the
safety and completeness of neurosurgical tumor resections.
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Background: The clinical outcomes for brain tumor resection have been shown to be
significantly improved with increased extent of resection. To achieve this, neurosurgeons
employ different intra-operative tools to improve the extent of resection of brain tumors,
including ultrasound, CT, and MRI. Young’s modulus (YM) of brain tumors have been
shown to be different from normal brain but the accuracy of SWE in assisting brain tumor
resection has not been reported.

Aims: To determine the accuracy of SWE in detecting brain tumor residual using post-
operative MRI scan as “gold standard”.

Methods: Thirty-four patients (aged 1–62 years, M:F = 15:20) with brain tumors were
recruited into the study. The intraoperative SWE scans were performed using Aixplorer®

(SuperSonic Imagine, France) using a sector transducer (SE12-3) and a linear transducer
(SL15-4) with a bandwidth of 3 to 12 MHz and 4 to 15 MHz, respectively, using the SWE
mode. The scans were performed prior, during and after brain tumor resection. The
presence of residual tumor was determined by the surgeon, ultrasound (US) B-mode and
SWE. This was compared with the presence of residual tumor on post-operative MRI scan.

Results: The YM of the brain tumors correlated significantly with surgeons’ findings (r =
0.845, p < 0.001). The sensitivities of residual tumor detection by the surgeon, US B-
mode and SWE were 36%, 73%, and 94%, respectively, while their specificities were
100%, 63%, and 77%, respectively. There was no significant difference between
detection of residual tumor by SWE, US B-mode, and MRI. SWE and MRI were
significantly better than the surgeon’s detection of residual tumor (p = 0.001 and p <
0.001, respectively).

Conclusions: SWE had a higher sensitivity in detecting residual tumor than the surgeons
(94% vs. 36%). However, the surgeons had a higher specificity than SWE (100% vs. 77%).
Therefore, using SWE in combination with surgeon’s opinion may optimize the detection
of residual tumor, and hence improve the extent of brain tumor resection.

Keywords: brain tumor, detecting brain tumor residual, elastography, shear wave, intraoperative ultrasound
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INTRODUCTION

The clinical outcomes for brain tumor resection have been
shown to be significantly improved with increased extent of
resection (1–18). To achieve this, neurosurgeons employ
different intra-operative tools to improve the extent of
resection of brain tumors (19–22). Although neuronavigation
with pre-operative imaging is indispensable in providing useful
information for craniotomy planning, it is susceptible to
structural shift during resection (23). Intra-operative MRI
(iMRI) has been shown to significantly improve the extent of
resection and clinical outcomes (21) of brain tumors by
providing high resolution imaging. However, iMRI increases
operative time by up to 107 min (21, 24) and is not widely
available, especially in the less affluent neurosurgical units.
Furthermore, it provides only infrequent (one or two)
opportunities to image during surgery. Fluorescence imaging
with 5-ALA (5-aminolevulinic acid) has been shown to improve
the extent of resection and therefore survival in patients with
malignant glioma (22). However, this method is limited to the
application in malignant gliomas. The fluorescence is only
limited to tumor surface and can be obscured by blood and
normal brain tissue (25). By providing real-time intra-operative
imaging with nearly unlimited imaging opportunity and minimal
effect on operative time, intraoperative US (IOUS) has also been
shown to provide significant improvement the extent of resection
(26, 27), even without integration with neuronavigation (28). It
can also improve quality of life in patients who had brain tumor
surgery (29). However, the artifacts of IOUS such as post-
resection hyperechoic rim (30, 31), post-surgical and post-
radiation artifacts (26), acoustic shadowing from Surgicel (30),
peritumoural-oedema hyperechogenicity (32), and hyperechoic
blood (32), may pose difficulty in IOUS interpretation.
Furthermore, in some cases, IOUS cannot distinguish the
surrounding tissue from the tumor (33). Due to artifacts and
limitations in IOUS and inaccuracies of neurosurgeons in
estimating residual tumor intra-operatively (34, 35), ultrasound
elastography may provide differentiation between residual tumor
from artifacts on IOUS. Intraoperative contrast-enhanced
ultrasound (iCEUS) has been shown to add anatomic and
biological information but its utility in detecting tumor
remnants have not been studied (36).

For a long time, neurosurgeons rely on visual inspection and
tactile feedback to help determine the nature of the tissue being
resected during surgery. Ultrasound elastography is an
ultrasound-based method of obtaining biomechanical
properties of tissue. There are two main types of ultrasound
elastography, i.e., qualitative and quantitative elastography.
Quasistatic strain elastography (QSE) is a qualitative
elastography method whereby the operator applies a certain
amount of pressure to deform the tissue (37). The degree to
which the tissue deforms is defined as strain. The stiffness will be
inversely proportional to the strain. As the amount of pressure
applied by the operator, i.e., stress, cannot be accurately
quantified, this method can only determine the strain of the
tumor in relation to the surrounding brain tissue. On the other
hand, shear wave elastography (SWE) is a quantitative
Frontiers in Oncology | www.frontiersin.org 241
elastography technique where stiffness of tissue was obtained
by measuring the speed of the shear waves generated in
the tissue.

Shear Wave Elastography
SWE is a type of elasticity imaging technique, which allows
quantification of soft tissue elastic modulus. This technique
requires generation of shear waves in the tissue either by ARF
(38, 39) or mechanically (40–42). Shear waves are secondary
waves that propagate perpendicular to the direction of
displacement, analogous to circular ripples on the water
surface that travels outward when a disturbance is introduced.
The shear wave propagation speed is dependent on the Young’s
(elastic) modulus of the medium by the equation E = 3rc2, where
E is the Young’s modulus, r is the medium density, and c is the
shear wave propagation speed. Assuming that the medium
through which the shear waves travel has a density of
approximately 1,000 kg/m3, the equation becomes E ≈ c2.

In this study, SWE is performed using SSI (SuperSonic shear
imaging) where ARF (acoustic radiation force) is applied to soft
tissue to induce displacement to generate perpendicularly
propagating shear waves, the speed of which are subsequently
estimated with cross-correlation function, thus allowing
quantitative real-time mapping of elastic modulus (38). This
system is capable of producing an ARF sweep to successively
focus on different depths along the line of excitation in a Mach
cone, thus allowing generation of shear waves at multiple depths,
known as quasi-plane shear waves (43). As a result of the Mach
cone, the shear waves generated are shaped like a cone, which is
at an angle to the axis of excitation travelling in opposite
directions to each other.

Ultrafast imaging acquisition is performed using plane wave
transmit-receive. This means that the whole 128 elements are
fired at the same time, therefore, for a 3-cm imaging depth, the
achievable frame rate is ~25 kHz, more than 100 times that of
conventional ultrasound. This means that the ultrafast imaging
regime can capture up to three frames of the shear waves
travelling within 1 mm, thus allowing real-time elasticity
mapping or elastography.
METHODS

Patient Selection
Patients were recruited prospectively from Great Ormond Street
Hospital for Children and The National Hospital for Neurology
and Neurosurgery between September 2011 and May 2013. This
study was approved by the National Research Ethics Service
Committee London – Queen Square. The inclusion criteria were
as follows:

1. They were diagnosed with brain tumor.
2. They had consented to undergo craniotomy and resection or

open biopsy of the tumor.
3. They have given their consent for this study, or their parents

have given their consent on their behalf for this study if they
are under 16 years old.
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Those who had consented for craniotomy but underwent
neuronavigation-guided biopsy (burr hole biopsy), were
excluded because the surgeon would be unable to comment on
the stiffness of the tumor, and it would not be possible to perform
intra-operative SWE with the SuperSonic® Aixplorer.

Operating Room Protocol
The operating room setup is depicted in Figure 1. After
anesthesia, the patient was transferred to the operating table
and his/her head was pinned with a Mayfield clamp to
immobilize the head. Stealth® neuronavigation registration was
performed to plan the craniotomy placement. The location of the
tumor was determined with neuronavigation. For intrinsic
tumors, SWE was performed after durotomy and prior to
corticotomy, whereas SWE was performed prior to durotomy
for extrinsic tumors as they are often adhere to the dura. After
the initial scan, the resection was initiated. The resection was
continued until such time when the surgeon felt that he wanted
to check the extent of resection or to confirm the location of the
tumor. At this time, IOUS was again performed with SWE
simultaneously to assess the extent of resection or to confirm
the location of the tumor. Final SWE was performed to assess the
final extent of resection prior to closure of craniotomy.
Frontiers in Oncology | www.frontiersin.org 342
Data Acquisition
After craniotomy, the ultrasound transducer was placed in a sterile
sheath filled with acoustic coupling gel. The SWE mode on the
SuperSonic Aixplorer® scanner was then activated. The scans were
performed on exposed cortex for intrinsic tumors and on closed
dura for extrinsic tumors. The intraoperative SWE scans were
performed using Aixplorer® (SuperSonic Imagine, France) using a
sector transducer (SE12-3) and a linear transducer (SL15-4) with a
bandwidth of 3-12 MHz and 4-15 MHz, respectively, using the
SWE mode. The sector transducer was used at Great Ormond
Street Hospital whereas the linear transducer at the National
Hospital for Neurology and Neurosurgery. Without informing
the surgeon about the SWE findings beforehand, the surgeon was
asked to grade the stiffness of the lesions from 1 to 5 as follows:

1. The lesion is very soft like cyst.
2. The lesion is softer than brain.
3. The lesion is similar to brain.
4. The lesion is stiffer than brain.
5. The lesion is very stiff like cartilage.

After the resection was deemed complete by the surgeon, SWE
was performed to determine if there was tumor residual. The tumor
residual was graded by the author as either present or absent on
both SWE and B-mode. The Q-box function was used to measure
the Young’s modulus for the tumor bed and adjacent brain. The YM
contrast (YMC) was calculated using the following equation:

YMC =
El − Eb
El + Eb

,

where El is the YM of the lesion and Eb is the YM of adjacent
normal brain. A negative YMC denotes a soft tumor whereas a
positive YMC a stiff tumor.
Data Analysis
The intra-operative findings by SWE, B-mode and the surgeon
were compared with post-operative MRI.

Statistical analysis using Spearman’s rank correlation, a non-
parametric statistical test, was performed for comparison of
Young’s modulus measurements and Young’s modulus
contrast with surgical findings, because the grading of stiffness
was ordinal and discrete whereas Young’s modulus and Young’s
modulus contrast were continuous. McNemar’s test was used to
compare SWE, B-mode and surgeon’s opinions with post-
operative MRI, which was considered the “gold standard”, and
also SWE with surgeon’s opinions. This test uses 2 × 2
contingency tables with dichotomous, that is either a “Yes” or
“No” in this case, result for paired data. Statistical analysis was
performed using Student’s t-test and Mann Whitney U test to
compare Young’s modulus measurements for different
histological diagnoses, when the Young’s modulus distribution
was Gaussian and non-Gaussian, respectively. For paired data
comparing Young’s modulus measurements for brain tumors
and corresponding surrounding brain, paired Student’s t-test
and Wilcoxon signed-rank test were used for normally and non-
normally distributed data.
FIGURE 1 | The operating room setup. The Supersonic Aixplorer® scanner
(orange) is placed next to the patient body (beige) with the monitor swivelled
to face the surgeon. I stand next to the scanner so that I can optimize the
scanner settings as well as acquire images for this thesis.
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RESULTS

A total of 34 patients were recruited into the study. The summary
of the cases is given in Table 1.

The patient characteristics are summarized in Table 2.
Comparison of Young’s Modulus
Measurements With Surgical Findings
One patient (Patient 13) was excluded for comparison because
the surgeons could not ascertain the stiffness of the tumor due
excessive bleeding upon opening the dura, which resulted in the
operation being abandoned.

There was overall a significant correlation between Young’s
modulus measurements and surgical grading (Spearman’s rank
correlation coefficient (r) = 0.845, p < 0.001), illustrated in
Frontiers in Oncology | www.frontiersin.org 443
Figure 2. The correlation between the Young’s modulus
contrast and surgical grading was also significant (r = 0.780,
p < 0.001), as illustrated in Figure 3. The calculation of Young’s
modulus contrast for Patients 7 and 8 was not possible as the
tumor, SEGA, was located under the ventricle and the adjacent
brain could not be imaged with SWE due to lack of signal (see
Figures 4 and 5).

Figure 6 shows the plot for Young’s modulus of normal brain
and all tumors. The median Young’s modulus for the normal
brain was 14.9 kPa, which was significantly lower than that for all
tumors (median 33.5 kPa, p = 0.003). Wilcoxon’s signed-rank
test was used to perform paired statistical analysis, as the values
for both the tumor and normal brain were not normally
distributed. Figure 7 shows the Young’s modulus for various
tumor types. The tumors with WHO grades of I and II were
graded as low grade while those with WHO grades of III and IV
TABLE 1 | Summary of brain resection cases recruited into this study.

Patient
number

Age Gender Diagnosis YM (kPa)
(mean ± SD)

YMC Stiffness
grading

Residual
(Surgeon)

Residual
(B-mode)

Residual
(SWE)

Residual
(MRI)

US
Probe

1 12 M Low grade astrocytoma 26.2 ± 3.1 0.297 2 No Yes No No Sector
2 11 F sPNET£ 35.6 ± 4.5 0.361 2 No Yes Yes Yes Sector
3 1 F Choroid plexus papilloma 13.2 ± 2.6 −0.064 2 No Not done Not done No Sector
4 6 F Epidermoid cyst 182.4 ± 15.6 0.772 4 No No No Yes Sector
5 11 F Residual sPNET£ 164.4 ± 48.4 0.692 4 No No No No Sector
6 15 M Pilomyxoid astrocytoma 9.7 ± 1.7 −0.224 2 Yes Yes Yes Yes Sector
7$ 8 F SEGA§§ 300 ± 0 N/A 4 No No Yes No Sector
8$ 6 F SEGA§§ 300 ± 0 N/A 4 No No No signal No Sector
9 6 M Metastasis from clear cell

sarcoma of the kidney
241.6 ± 21 0.788 5 No No Yes Yes Sector

10 15 M GBM$$ 154.4 ± 20.9 0.748 4 Yes Yes Yes Yes Sector
11 2 F Pilocytic astrocytoma 17.8 ± 1.5 −0.285 2 No Yes Yes Yes Sector
12 2 M ATRT&& 159.1 ± 82.3 0.802 5 Yes No Yes Yes Sector
13 14 M Recurrent pleomorphic

xanthoastrocytoma
197.8 ± 2.4 0.681 N/A Yes Yes Yes Not done* Sector

14 1 F ETANTR££ 4.2 ± 0.9 −0.720 2 Yes Yes Yes Not done§ Sector
15 3.3 M Pineoblastoma 196.3 ± 23.6 0.920 4 Yes Yes Yes Yes Sector
16 1.1 M Choroid plexus papilloma 11.9 ± 5.9 −0.290 2 No No No No Sector
17 7 F Anaplastic ganglioglioma 11 ± 3.9 −0.102 2 No No No No Sector
18 17 F Pleomorphic xanthoastrocytoma

with anaplasia
11.2 ± 1.4 −0.138 2 Yes Yes Yes Yes Sector

19 15 M Recurrent pilocytic astrocytoma 146.4 ± 14.1 0.889 4 Yes Yes Yes Yes Sector
20 43 F Meningioma 39.5 ± 1.2 0.771 4 No Yes No No Linear
21 1 M ATRT&& 33.6 ± 8.6 0.559 2 No Yes No No Sector
22 1 F Residual choroid plexus

papilloma
178.9 ± 57.6 0.921 4 No Yes Yes Yes Sector

23 53 M GBM$$ 7.3 ± 3.2 −0.170 2 No No Yes Yes Linear
24& 39 M Residual medulloblastoma 33.1 ± 8.6 0.458 3 No N/A N/A No Linear
25 61 F GBM$$ 12.3 ± 1.3 0.070 2 No No Yes Yes Linear
26 46 F GBM$$ 3 ± 0.9 −0.439 2 No Yes Yes Yes Linear
27 62 M Vestibular schwannoma 153.8 ± 56.3 0.870 4 Yes Yes Yes Yes Linear
28 49 F Meningioma 5.6 ± 2 −0.158 2 No Yes No signal Yes Linear
29 40 M GBM$$ 9.9 ± 4.9 −0.823 2 No Yes No signal Yes Linear
30 35 F Pilocytic astrocytoma 31.8 ± 5.7 0.216 2 No Yes Yes No Linear
31 49 F Metastasis from breast 97.6 ± 42 0.711 4 No Yes Yes Yes Linear
32 56 F Meningioma 46.2 ± 24.2 0.505 4 No No No No Linear
33 5 F Pilocytic astrocytoma 11.4 ± 0.7 −0.088 2 No Yes Yes Yes Sector
34 10 M Anaplastic ependymoma 77.1 ± 11.4 0.858 2 No No No signal No Sector
March 20
21 | Volume
 11 | Article
¶Standard deviation. *It was converted to biopsy due to excessive bleeding. §It was a case of known residual due to invasion into brainstem. &The patient developed air embolus during
surgery so the post-operative scan was abandoned. $The calculation of YMC for these cases was not possible as the lesions were subventricular and the adjacent brain was too deep for
shear wave to penetrate. £Supratentorial primitive neuroectodermal tumor. §§Subependymal giant cell astrocytoma. &&Atypical teratoid/rhabdoid tumor. $$Glioblastoma multiforme.
££Embryonal tumor with abundant neuropil and true rosettes.
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were graded as high grade. As demonstrated, the low grade and
high grade tumors were not normally distributed, hence the
Mann Whitney U test was used to judge whether the difference
between the values in the two groups were statistically significant.
Low grade tumors tended to be stiffer than high grade tumors,
and metastases even stiffer. However, differences between the
Young’s moduli were not significant for low grade versus high
grade (p = 0.220), low grade versus metastasis (p = 0.288), and
high grade versus metastasis (p = 0.101).
Residual Tumor Detection
Table 3 shows the 2 × 2 contingency table comparing SWE with
MRI findings on the presence of residual tumor. Using MRI as
the “gold standard”, the sensitivity and specificity of SWE for
Frontiers in Oncology | www.frontiersin.org 544
detection of residual tumor identified by MRI were 94% and
77%, respectively. McNemar’s test showed no statistically
significant difference between SWE and MRI in the number of
cases in which residual tumor was and was not detected
(p = 1.000).

The sensitivity and specificity of US B-mode for the same task
were 73% and 63%, respectively, using MRI as the “gold
standard” (see Table 4). McNemar’s test showed no statistically
significance between US B-mode and MRI for detecting residual
tumor (p = 1.000).

When comparing surgeon’s findings with MRI, there was
a statistically significant difference (p < 0.001), as illustrated
in Table 5. The sensitivity and specificity of surgeon’s opinion
on whether residual tumor was present were 36% and
100%, respectively.

When comparing SWE with US B-mode, there was no
statistically significant difference between them (p = 0.727), as
shown in Table 6.

When comparing SWE against surgeon’s findings, there was a
statistically significant difference between them (p = 0.001), as
shown in Table 7. Although surgeon agreed with SWE when
SWE demonstrated no residual tumor, SWE detected residual
tumor in significantly more cases than surgeon.

Of the 34 patients, only 26 patients were included in the
comparison between intra-operative SWE and post-operative
MRI in detecting residual tumor. Patients 13 and 14 were
excluded because post-operative MRI was not performed.
Patient 13 developed excessive bleeding during surgery
resulting in the surgeons abandoning the operation. Patient 14
had extensive invasion into the brainstem on pre-operative MRI.
Therefore, the surgeons decided to perform only debulking
surgery with intended residual tumor. Patients 8, 11, 28, 29,
and 34 did not have SWE signal post-operatively despite using
“penetration mode” and the probe being held as close to the
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FIGURE 2 | Box and whiskers plot for Young’s modulus measurements according to stiffness grade assessed by independent surgical opinion (n = 34). The upper
and lower bounds of the box were the third and first quartiles, respectively, while the line within the box was the median. The upper and lower whiskers were
maximum and minimum values, respectively.
TABLE 2 | Summary to patient and tumor characteristics.

Variables n

Age 20.7y (range: 1–62y)
Sex Female 19

Male 15
Hispathology High grade glioma 8

Low grade glioma 9
Metastasis 2
Meningioma 3
Choroid plexus papilloma 3
Developmental 1
Vestibular schwannoma 1
Malignant embryonal tumor 6

Tumor locations Frontal 11
Temporal 7
Parietal 5
Thalamus 1
Posterior fossa 9
Pineal 1
March 2021 | Volume 11 | Article 619286
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cavity as possible. The tumor in Patient 8 was situated at a depth
of >5 cm, and there was no SWE signal. In contrast, Patient 7,
similar case to Patient 8, had SWE signal down to a depth of
5-cm post-resection, but the signal was of questionable
reliability as it gave a very high Young’s modulus of 300 kPa.
For Patient 34, the water standoff could not be maintained in the
resection cavity. For cases performed at the National Hospital
for Neurology and Neurosurgery, as the acquisition was
performed using a linear array probe, which was a lot larger
than the sector array probe, all the post-resection scans were
performed with the probe above the cavity using a water
Frontiers in Oncology | www.frontiersin.org 645
standoff. Patient 28 had Surgicel® in the resection cavity prior
to the scan because of excessive bleeding, thereby causing a lack
of SWE signal. Patient 29 had a large GBM prior to resection,
resulting in a very deep post-resection cavity. Due to the large
linear array probe, it was not possible to insert the probe in the
cavity. Patient 3 did not have a post-resection scan, as it was one
of the earlier cases where the primary aim was to investigate the
feasibility and determine the artifacts associated with clinical
scanning. Patient 24 did not have a post-resection scan as the
patient developed an air embolus and the surgery had to
be abandoned.
FIGURE 4 | Intra-operative SWE for Patient 7 showing the tumor lying under the ventricles. The adjacent deep grey matter did not have any SWE signal. This scan
was acquired using the sector probe (SE12-3) insonating in the coronal plane. The histology of this lesion is subependymal giant cell astrocytoma (SEGA).
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FIGURE 3 | Box and whiskers plot for Young’s modulus contrast according to stiffness grade assessed by independent surgical opinion (n = 32). The upper and
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DISCUSSION

Neurosurgeons usually employ intra-operative tools, which offer
spatial orientation, navigational guidance, and up-to-date
imaging to achieve maximal brain tumor resection. However,
as these intra-operative tools do not offer elasticity imaging, to
gain information on tissue mechanics neurosurgeons ultimately
rely on visual inspection and tactile feedback during surgery.
Neurosurgeons tend to overestimate the extent of resection of
brain tumors by up to three times, as judged by post-operative
MRI (34, 35). This could be due to the similarity in appearance of
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tumor and brain resulting in the neurosurgeon having difficulty
in differentiating tumor from brain.

Elastography is a term coined in 1991 to describe a method of
quasistatic ultrasound strain imaging (37). Nowadays, there are
three main types of ultrasound elastography, namely: quasistatic
strain elastography (QSE) (37), shear wave elastography (SWE)
(38–42), and acoustic radiation force impulse (ARFI) imaging
(44). Ultrasound elastography has been employed in clinical
practice to characterize lesions in other parts of the body
including the salivary gland, the thyroid, the breast, the
gastrointestinal tract, the prostate, and the liver (45). Although
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FIGURE 6 | Box and whiskers plot for Young’s modulus measurements of normal brain and tumor. The upper and lower bounds of the box were the third and first
quartiles, respectively, while the line within the box was the median. The upper and lower whiskers were maximum and minimum values, respectively. *There was a
significant difference between the two groups (p = 0.003, Wilcoxon’s signed-rank test).
FIGURE 5 | Intra-operative SWE for Patient 8 showing the tumor lying under the ventricles at a depth of 5 cm from the transducer. There was a lack of SWE signal
in the adjacent brain. This scan was acquired using the sector probe (SE12-3) insonating in the sagittal plane. The histology of this lesion again is subependymal
giant cell astrocytoma (SEGA).
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ultrasound elastography in the brain has not been used in clinical
practice, there have been studies looking at the application in
brain tumor surgery using QSE (46–51) and SWE (52, 53).
Chakraborty et al. (47) demonstrated feasibility of using QSE
co-registered with MRI in brain tumor resection whereas Uff et al.
(46) showed that real-time QSE was able to demonstrate good
correlation between surgeon and elastograms in determining
tumor stiffness and surgical plane. Selbekk et al. (50) and
Selbekk, Bang, and Unsgaard (51) demonstrated that arterial
pulsations were able to generate elastograms to improve
March 2021 | Volume 11 | Article 619286
TABLE 3 | McNemar’s 2 × 2 contingency table comparing intra-operative SWE
with post-operative MRI for detecting residual tumor.

MRI Residual tumor No residual tumor Total
SWE

Residual tumor 16 2 18
No residual tumor 1 7 8
Total 17 9 26
No statistically significant difference was detected between SWE and MRI for detecting
residual tumor (p = 1.000).
TABLE 4 | McNemar’s 2 × 2 contingency table for comparing intra-operative US
B-mode with post-operative MRI scan in detecting residual tumor.

B-mode Residual tumor No residual tumor Total
MRI

Residual tumor 14 4 18
No residual tumor 5 7 12
Total 19 11 30
No statistically significant difference was detected between US B-mode and MRI for
detecting residual tumor (p = 1.000).
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FIGURE 7 | Box and whiskers plot of Young’s modulus distributions for various tumor types. The upper and lower bounds of the box were the third and first
quartiles, respectively, while the line within the box was the median. The upper and lower whiskers were maximum and minimum values, respectively. *There was a
significant difference between the Young’s modulus values for low grade tumor and normal brain (p = 0.036) and between metastases and normal brain (p = 0.007)
but the differences between high grade and normal brain (p = 0.125), high grade and low grade (p = 0.220), metastases and high grade (p = 0.132), and low grade
and metastasis (p = 0.288), were not significant. Mann Whitney U test was used to perform statistical analysis.
TABLE 5 | McNemar’s 2 × 2 contingency table for comparing surgeon’s intra-
operative opinion with post-operative MRI scan in detecting residual tumor.

MRI Residual tumor No residual tumor Total
Surgeon

Residual tumor 7 0 7
No residual tumor 12 13 25
Total 19 13 32
A statistically significant difference was detected between surgeons’ opinion and MRI for
determining whether there was residual tumor or not (p < 0.001).
TABLE 6 | McNemar’s 2 × 2 contingency table for comparing intra-operative
SWE with B-mode in detecting residual tumor.

B-mode Residual tumor No residual tumor Total
SWE Residual tumor No residual tumor Total

Residual tumor 15 5 20
No residual tumor 3 5 8
Total 18 10 28
No statistically significant difference was detected for SWE and B-mode for detecting
residual tumor (p = 0.727).
TABLE 7 | McNemar’s 2 × 2 contingency table for comparing intra-operative
SWE and surgeon’s opinion in detecting residual tumor.

Surgeon Residual tumor No residual tumor Total
SWE Residual tumor No residual tumor Total

Residual tumor 9 11 20
No residual tumor 0 8 8
Total 9 19 28
A statistically significant difference was deteted for SWE and surgeon’s opinion of the
presence of residual tumor. (p = 0.001).
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visualization of tumors. Cepeda et al. (49) showed that
peritumoural tissue of glial tumors have different elasticity
compared to other tumor types. Prada et al. (48) showed that
elastograms were superimposable to US B-mode and had sharper
tumor margins than US B-mode. Besides brain tumor surgery,
ultrasound elastography has also been studied in paediatric (54,
55) and epilepsy surgery (56). Su et al. (54) showed that the brains
in preterm babies have lower stiffness compared to those in term
babies whereas Kim et al. (55) demonstrated different stiffness in
different parts of neonatal brains. Chan et al. (56) demonstrated a
case report of the detection of MRI-negative epileptogenic lesion
using SWE. There have also been studies using ultrasound
elastography in animal models looking at changes in brain
elasticity after stroke (57) and trauma brain injury (58).
Comparison of Young’s Modulus
Measurements With Surgical Findings
This study showed that there was significant correlation between
both Young’s modulus and Young’s modulus contrast measured
by SWE and surgical opinion of tumor stiffness relative to normal
brain. In the brain tumors, the Young’s modulus measurements
agreed better than Young’s modulus contrast with surgical grading
of the stiffness. This is consistent with the findings in other studies
using QSE where strain was correlated with surgical opinion on
tumor stiffness (47, 53, 59, 60). In Patient 34, although the tumor
was thought to be softer than brain by the surgeon, the Young’s
modulus measurement was 77.1 ± 11.4 kPa (mean ± SD) and
Young’s modulus contrast was 0.858, indicating that it was stiffer
than brain by SWE. This could be due to undue pressure on the
brain surface when performing the scan. The location of the
tumor, which was parietal, was particularly vulnerable to saline
irrigation flowing out making water standoff almost impossible.
Therefore, in order to acquire a good quality B-mode or SWE, the
surgeon might have applied too much pressure, which was known
to cause artifactual stiffness due to the non-linear effects of pre-
compression in the area of stress concentration caused by the
transducer. As the lesion was superficial, this effect could be
unintentionally produced by small pressure.

This study showed that the Young’s modulus for all tumor
types was significantly higher than normal brain (p = 0.003),
thereby showing that SWE was capable of differentiating various
brain tumors from the surrounding brain. The paired statistical
analysis, Wilcoxon’s signed rank test in this case, showed that the
difference in Young’s modulus measurements was significant
between brain tumors and normal brain. In this study low grade
tumors tended to be stiffer than high grade tumors, andmetastases
stiffer still, although the differences betweenmedian values was not
significant. However, the low grade tumors (p = 0.036) and
metastasis (p = 0.007) were shown to be significantly stiffer than
brain. Murphy et al. (61) showed that meningiomas have shear
modulus of 2–10 kPa, that is, Young’s modulus of 6–30 kPa. From
the intraoperative SWE study by Chauvet et al. (62), the
meningiomas was found to have a Young’s modulus of 33.1 ±
5.9 kPa. From Table 1, the meningioma cases (patients 13, 30, and
31) showed that the Young’s modulus ranged from 5.6 to 46.2 kPa
(mean 30.4 kPa; SD 21.8 kPa), which agreed with the literature. In
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a case of breast metastasis (NHNN 14), the Young’s modulus was
97.6 kPa ± 42 kPa (mean ± SD), which agrees with the reported
values of 61–165 kPa in the literature (63, 64). This study attempts
to examine whether Young’s modulus is characteristic of brain
tumor type, showing that there is considerable variability within
groups but due to small numbers of different tumor types, the
result was not conclusive. This means that SWE was capable in
distinguishing brain tumors from normal brain but was unable to
separate different tumor types from each other intraoperatively
prior to resection. Chauvet et al. (62) showed that low grade
gliomas, meningiomas, and metastasis were significantly stiffer
than normal brain. The high grade glioma is stiffer than normal
brain but the result was not statistically significant. In this study
the normal brain only had Young’s modulus of 6.3 to 7.2 kPa,
which was much lower than the findings from this thesis (median
Young’s modulus of 31.0 kPa and 18.8 kPa for grey and white
matter, respectively). This study also showed that the different
tumor types had significantly different Young’s modulus, which
was not shown by this study. This could be due to the much larger
number of patients in this study (63 patients) than this study
(34 patients).

Residual Tumor Detection
Using post-operative MRI as the “gold standard”, detection of
residual tumor by SWE was shown to have a sensitivity and
specificity of 94% and 77%, respectively. Currently, there has
been no literature reporting the sensitivity and specificity of SWE
in detecting residual brain tumor. SWE was shown to be
comparable to post-operative MRI in detecting residual tumor.

Compared to post-operative MRI, US B-mode was shown to
have a sensitivity and specificity of 73% and 63%, respectively,
for detecting residual tumor. This result agrees with current
literature results, which showed a sensitivity of 67%–85% (26, 27,
30). US B-mode was also shown to be comparable to both post-
operative MRI findings and SWE in detecting residual tumor.

Surgeon’s intraoperative opinion of the presence or absence of
residual tumor was shown to be significantly different from post-
operative MRI findings. The sensitivity of surgeon’s opinion in
detecting residual tumor was also lower than both SWE and US B-
mode. This agrees with Albert et al. (34) and Orringer et al. (35),
where surgeons were less likely to detect residual tumor than post-
operative MRI. The reason underpinning this could be that tumor
can have similar appearance to normal surrounding brain, making
visual inspection less reliable. Furthermore, after manipulation
and dissection, the tumor typically becomes softer and loses its
pre-resection appearance, thereby making it harder for the
surgeon to differentiate it from normal surrounding brain. Most
surgeons would err on the side of caution to prevent neurological
deficit, thereby explaining the lower sensitivity of surgeon
detecting residual tumor. Having said that, surgeons had a
specificity of 100%, higher than both SWE and US B-mode, in
detecting residual tumor. This means that when there was no
residual tumor on the MRI scan, surgeon would correctly identify
this intraoperatively. Comparing SWE with surgeon’s findings,
SWE significantly detected more cases of residual tumor than
surgeon. This could be explained by the ability of SWE to visualize
the tumor deep to the “manipulated” tumor. Therefore, using
March 2021 | Volume 11 | Article 619286
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SWE in combination with surgeon’s opinion may optimize the
detection of residual tumor as SWE has a higher sensitivity than
surgeon while the surgeon has a higher specificity than SWE.
LIMITATIONS

This study has a few limitations. Firstly, the small sample size
with a heterogeneous tumor types in this study, has led to
statistically non-significant results in the ability for SWE to
differentiate different tumor types. This can be overcome with
a larger study focusing on main tumor types undergoing
resection. Secondly, the use of two different of US probes in
the two different hospitals in which the study was performed,
may pose some skepticism regarding the validity of the SWE
measurements. However, the measurements of the normal brain
Young’s modulus were shown to be similar using these two
different probes. Furthermore, the bandwidths for these probes
were very similar—3-12 MHz and 4-15 MHz for the sector and
the linear probes, respectively, thereby producing very similar
image quality. Thirdly, due to SWE signal insufficiency, there
were eight patients (24%) excluded from SWE analysis compared
to four patients (12%) and two patients (6%) excluded from B-
mode and surgeons’ opinion analyses. This may have biased the
result, which again can be overcome with a larger sample.
CONCLUSION

This study showed that the SWE measurements of Young’s
modulus and Young’s modulus contrast correlated significantly
with surgical grading of stiffness. This means that clinically, the
SWE measurements are reliable in predicting stiffness.

It also showed that there was high sensitivity and specificity of
SWE in detecting residual tumor compared to post-operative MRI
scan as the “gold standard”. It also showed thatwhen there is residual
tumor, SWE is better than the surgeon at detecting residual tumor by
2.5 times (94% versus 37%). When there is an absence of residual
tumor, the surgeon is better at predicting the absence of residual
tumor (100% versus 77%). These results imply that intraoperative
SWE can be a useful tool in assisting neurosurgeons in identifying
residual tumor during resection. However, these results are
preliminary due to the small sample size with heterogeneous
tumors. A larger study with less heterogeneous tumor types will be
required to show reproducibility of these findings.
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Background: With the growing incidence of patients receiving surgical treatment for
spinal metastatic tumours, there is a need for developing cost-efficient and radiation-free
alternatives for spinal interventions. In this paper, we evaluate the capabilities and
limitations of an image-guided neurosurgery (IGNS) system that uses intraoperative
ultrasound (iUS) imaging for guidance.

Methods: Using a lumbosacral section of a porcine cadaver, we explored the impact of
CT image resolution, ultrasound depth and ultrasound frequency on system accuracy,
robustness and effectiveness. Preoperative CT images with an isotropic resolution of , and
were acquired. During surgery, vertebrae L1 to L6 were exposed. For each vertebra, five
iUS scans were acquired using two depth parameters (5 cm and 7 cm) and two
frequencies (6 MHz and 12 MHz). A total of 120 acquisition trials were evaluated.
Ultrasound-based registration performance is compared to the standard alignment
procedure using intraoperative CT. We report target registration error (TRE) and
computation time. In addition, the scans’ trajectories were analyzed to identify vertebral
regions that provide the most relevant features for the alignment.

Results: For all acquisitions, the median TRE ranged from 1.42 mm to 1.58 mm and the
overall computation time was 9.04 s ± 1.58 s. Fourteen out of 120 iUS acquisitions (11.66%)
yielded a level-to-level mismatch (and these are included in the accuracy measurements
reported). No significant effect on accuracy was found with CT resolution (F(2,10) = 1.70, p =
0.232), depth (F(1,5) = 0.22, p= 0.659) nor frequency (F(1,5) = 1.02, p = 0.359). While
misalignment increases linearly with the distance from the imaged vertebra, accuracy was
satisfactory for directly adjacent levels. A significant relationship was found between iUS scan
coverage of laminae and articular processes, and accuracy.

Conclusion: Intraoperative ultrasound can be used for spine surgery neuronavigation.
We demonstrated that the IGNS system yield acceptable accuracy and high efficiency
compared to the standard CT-based navigation procedure. The flexibility of the iUS
acquisitions can have repercussions on the system performance, which are not fully
identified. Further investigation is needed to understand the relationship between iUS
acquisition and alignment performance.

Keywords: ultrasound neuronavigation, spine surgery, image-guided neurosurgery, registration, evaluation, accuracy
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INTRODUCTION

Advancing technology and improvement in surgical techniques
have contributed to the rising incidence of patients receiving
surgical treatment for spinal metastatic tumours (1, 2). In the last
two decades, significant efforts have been made to develop
image-guided neurosurgery (IGNS) systems for spine oncology
in traditional open surgery (3, 4), in minimally invasive and
robotic surgeries (5–7) and in ablative therapy (8–11).
Neuronavigation performed by IGNS allows the digital
tracking of surgical instruments with respect to diagnostic
imaging, therefore facilitating tumour localization, anatomy
visualization and monitoring surgical progress. For most
commercial IGNS systems, computed tomography (CT) is the
preferred imaging modality for spine interventions. CT images
yield good visualization of bone anatomy, suitable for fusion
instrumentation. In addition, the accessibility of mobile scanners
offers some flexibility for intraoperative imaging in the operating
room (OR). However, there is a non-negligible risk of ionizing
radiation exposure to the patient and, perhaps more impotently
to the surgical staff, associated with intraoperative CT imaging
(12). Alternative approaches have investigated magnetic
resonance (MR) imaging to reduce radiation exposure (13–16).
Although intraoperative MR provides high image resolution and
good soft tissue contrast, restrictions due to high costs and
ferromagnetic compatibility of surgical instruments limit its
application in the OR.

Recently, the use of intraoperative ultrasound (iUS) has
gained attention for spinal neuronavigation (17). While the
many advantages to using iUS imaging include safety, real-
time acquisition, cost-efficiency and reduced footprint in the
OR, the role of iUS in spinal surgery is not fully defined and
remains under investigation (18). Ultrasound acquisition has
some limitations in the OR. For example, the small field of view
obtained from an iUS scan reduces the ability to observe deep
structures, limiting its application to mostly posterior surgical
approaches. Moreover, low ultrasound signal propagation
through dense bone tissues induces shadow artifacts and
makes navigation using iUS images challenging. To address
these limitations, iUS-based IGNS systems do not use
ultrasound images for diagnosis or visual navigation. Rather,
iUS is used to collect anatomical features in order to establish
patient alignment with preoperative CT or MR images. Then, the
navigation is performed on the preoperative images.

In our previous work (19), we introduced an open-source and
freely available IGNS system based on iUS imaging which allows
for CT-to-iUS image alignment for spine instrumentation.
Although the system was able to achieve satisfactory results for
the alignment of one vertebra at a time, the full capabilities of
such a system in variable acquisition conditions are unknown.
This paper investigates the limitations associated with the
usability of the system on a porcine cadaver. Specifically, we
are interested in the following questions: (i) is there a specific CT
and/or ultrasound imaging parameters that impact the accuracy
of the system? (ii) how do alignment errors, located on a specific
vertebra, propagate to adjacent vertebral levels? and (iii) can we
identify patterns of ultrasound acquisitions that affect accuracy?
Frontiers in Oncology | www.frontiersin.org 253
In a controlled experimental study, we explore the feasibility of
ultrasound-based neuronavigation for the lumbar spine. We
report the results in terms of accuracy, robustness and
effectiveness and discuss the usability in clinical conditions.
MATERIALS AND METHODS

Navigation System
The IGNS system is composed of three main components
(Figure 1): an ultrasound scanner, a tracking camera and a
computer station. The first component is an ultrasound unit with
a linear probe (BK3500/14L3 probe, BK Medical, Peabody, MA,
USA). The probe’s contact surface is 14 mm wide and small
enough to fit inside the surgical cavity to acquire intraoperative
images. The second component is a tracking camera
(FusionTrack 500, Atracsys, Puidoux, Switzerland). It is used
to determine the spatial location of infrared light-reflecting
spheres rigidly fixed to surgical instruments. In this study, the
tracked instruments consist of a planar blunt probe PN960-556
(Medtronic, Dublin, Ireland) used as a pointer, the iUS linear
probe and a rigid body reference. The instrument positions are
expressed in the reference coordinate system, therefore
accounting for patient movement during navigation. The third
component is a computer station that runs IBIS1, an open-source
neuronavigation software developed in our laboratory (20). IBIS
provides common navigation functionalities such as 3D data
visualization, ultrasound probe calibration, ultrasound
acquisitions, volume reconstruction and patient registration,
and has been evaluated in the operating room for brain
tumour resection (21, 22).

The iUS probe is calibrated prior to the experiments. This
determines the spatial correspondence between the iUS image
space (in pixel) and the patient space (in millimeters) with an
accuracy ranging between 0.49 mm and 0.82 mm (23). The
intraoperative procedure to establish navigation is as follows:
First, the open cavity is filled with a saline solution to allow
ultrasound image acquisition. The operator performs an axial
iUS sweep along the caudo-cranial direction, starting from the
inferior to the superior aspect of the vertebra (24). The data
collected data are automatically provided to the IBIS station, and
the CT-to-iUS spatial correspondence is computed by aligning
the hyperechoic response produced by the bone surface on the
iUS images with the precomputed posterior vertebral surface
extracted from CT images (19, 25). Once the registration is
completed, the tracked instruments are located on preoperative
CT images for navigation.

Data
Lumbar spines of porcine cadavers are commonly used for
validation of spinal instrumentation due to their similarity
with human specimens and the limited ethical issues they
involve (26, 27). For this study, a lumbosacral section of a 80
Kg pig, in which vertebrae L1 to L6 were present, was obtained
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from a local butcher shop. The specimen was attached to a rigid
frame to prevent intervertebral motion. A rigid body reference
containing 4 infra-red reflective spheres was attached to the
frame and serves as a dynamic reference object (DRO). The role
of the DRO is two-fold. First, it serves as a reference coordinate
space for the tracked instruments. The rigid frame ensures a fixed
spatial relationship between the DRO and the specimen, allowing
the instruments to be tracked with respect to the anatomy (see
Figures 2A–C). Note that in spine surgery, the DRO is usually
attached to the spinous process of the target vertebra, an adjacent
vertebra or the iliac bone depending on the level of the target.
Second, because the spheres are visible on the CT images, they
are used to obtain a ground truth alignment for experiments. This
procedure is similar to the one used by commercial systems that
are based on intraoperative CT scanners. In this study, we
compare the accuracy of our iUS-based neuronavigation
system against the standard IGNS procedure based on
intraoperative CT.

Before the experiment, the specimen was placed in a supine
position and imaged using a clinical CT scanner (Aquilion ONE,
Canon Medical, Otawara, Japan). Vertebral levels were manually
identified on the CT scan. For each vertebral level, three
corresponding CT volumes were reconstructed with a
resolution of 0.5mm × 0.5mm × 0.5mm, 1mm × 1mm × 1mm,
and 2mm × 2mm × 2mm. Then, the frame was flipped over to
have the specimen in prone position and vertebrae L1 to L6 were
exposed. Multiple iUS acquisitions were performed for each
vertebral level with different depth and frequency parameters
(see Figure 2D). Specifically, we investigated the effects of probe
depth at 5 cm and 7 cm, and frequency of 6 and 12 MHz. The
remaining ultrasound probe parameters were kept the same for
Frontiers in Oncology | www.frontiersin.org 354
all the acquisitions. For each depth–frequency combination, 5
similar independent iUS scans were acquired per vertebra
yielding a total of 5 acquisitions × 2 frequencies × 2 depths ×
6 vertebrae = 120 ultrasound scans. All the acquisitions were
performed by the same operator. During iUS scanning, the probe
was oriented in the antero-posterior direction and the 5
repetitions were performed with a slight but not significant
variation in the left-right orientation and acquisition speed.
This aims at reflecting the variability that may occur during a
particular iUS acquisition protocol.

Ground Truth Alignment
A single ground truth alignment is used for all the vertebrae. The
alignment is obtained using a rigidly fixed DRO, similar to the
procedure employed in CT-based intraoperative navigation.
The procedure consists in a pair-wise matching of the
position of the spheres visible on CT images with their
respective position obtained from the camera tracking. The
spheres appear bright on CT images and can be precisely
segmented using a thresholding technique. The coordinates of
each sphere’s center are then computed and used to obtain the
spatial transform between the navigation space and the CT
imaging space using a rigid-body landmark registration (28).
This transform serves as the ground truth alignment when
evaluating accuracy. Note that the validity of the ground truth
alignment is subject to the assumptions that the specimen is
fixed to the frame and that the spatial transform is exact. While
violation of the former assumption would invalidate the ground
truth, violation of the latter assumption could result in
increasing ground truth misalignment as the distance from
the DRO increases due to angular misalignment errors.
FIGURE 1 | Setup of the ultrasound-based image-guided neurosurgery system.
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Performance Metrics
The IGNS system is evaluated according to three major criteria:
accuracy, robustness and effectiveness. The accuracy is defined as
the target registration error (TRE) resulting from the difference
between the alignment obtained using the proposed iUS-based
method and the ground truth alignment. For each vertebral level,
the TRE is given by the root mean square of the Euclidean
distance computed at 7 anatomical points located on the vertebra
surface, corresponding to the apex of the spinous process, left
and right laminae, left and right superior articular processes and
tips of the left and right transverse processes. Note that the
landmarks are identified on the CT images. Therefore, the TRE
gives the error between the alignment obtained with the iUS-
based neuronavigation and the one obtained with standard IGNS
procedure based on intraoperative CT imaging (i.e., ground truth
alignment). The alignment is considered satisfactory if the TRE is
below 2 mm, which is the clinical threshold suggested for spinal
navigation (29). The robustness is measured by the success rate
(in %) defined as the fraction of acquisitions that achieved
satisfactory alignment, (i.e., TRE <2mm). Finally, the
effectiveness is measured by the overall computation time
required to complete the registration.

The vertebral level where the TRE is computed indicates the
accuracy of the alignment at that location. This is particularly
Frontiers in Oncology | www.frontiersin.org 455
true for angular errors, where a slight angular misalignment at
L6, for example, can lead to a large error at L1. Note that for
commercial intraoperative CT-based IGNS systems in which the
alignment is performed using the DRO’s reflective spheres, it is
recommended to position the DRO near the vertebral levels
receiving treatment. In our experiment, if an iUS acquisition
covering a given vertebra yields a good result, we wish to identify
how the accuracy propagates to other vertebral levels. Therefore,
for each iUS acquisition, the TRE is computed on all vertebrae.

Ultrasound Acquisition Coverage
To gain insight into how the iUS acquisition affects the alignment
outcome, we examine the vertebral anatomy coverage produced
by the ultrasound scan. In other words, the coverage is defined as
how much and what part of the vertebra surface was imaged
during iUS acquisition. The goal of this metric is to investigate
the relationship between the iUS acquisition and the success of
the alignment. To obtain the coverage, we first manually
segmented the vertebrae on each CT volume at the resolution
of 0.5mm × 0.5mm × 0.5mm. For each vertebra, five labels were
identified (see Figure 3A): the spinous process (SP), laminae (L),
pedicles and vertebral body (VB), inferior and superior articular
processes (AP), and transverse processes (TP). In addition to
these labels, we include the coverage of the vertebrae located one
A B

C D

FIGURE 2 | Porcine cadaver data acquisition: (A) specimen in supine position attached to a rigid frame, (B) specimen in prone position redy for surgery, (C) CT
volume rendering of the porcine cadaver, and (D) intraoperative ultrasound acquisition.
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level inferior and one level superior. This is because the
acquisition starts at the inferior most part and ends at the
superior most part of the vertebra, therefore we need to
account for the existing overlap between vertebrae. Then, the
CT segmentation is aligned with the iUS acquisition using the
ground truth transform. Finally, the coverage is given by the sum
of CT voxels within the segmentation that intersect with the iUS
image planes. We assume no ultrasound penetration over bone
tissues, therefore, only the first voxel encountered along the iUS
image column is considered in our model (see Figure 3B).

Statistical Analysis
Two models were used to analyze the coverage effect on the
alignment performance. The first model aims at understanding
the impact that label combinations can have on the alignment
outcome. Recall that the experimental design includes six vertebral
levels, and for each level, two sub-groups of different frequencies
and depths are constructed, each consisting of 5 repeated
acquisitions. Therefore, a linear mixed-effect model is used (30).
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The model evaluates the TRE outcome considering every possible
interaction between labels, and accounting for the group variance of
vertebral levels and the sub-group variances of frequency and depth
per level. The second model aims at understanding whether the
coverage has an implication in causing level misalignments. The
rationale is fact that coverage expresses the level location where
the acquisition has been taken. In other words, if the acquisition is
not centred on the correct vertebral level, we expect the coverage
to be lower for the labels (SP, L, VB, AP, and TP) and higher for
the adjacent levels (labels associated with inferior and superior
levels). A binary response of level misalignment was created from
the TRE results such as we associate a negative response to level
misalignment if the TRE is lower than 10 mm and a positive
response otherwise. Similar to the first model, we used a binomial
mixed-effect model to account for group and sub-group variances
of level, frequency and depth. However, because we are not
interested in the different label interactions, a single independent
variable representing the sum of all labels excluding adjacent levels
is considered.
A

C

B

FIGURE 3 | Ultrasound acquisition coverage: (A) labels associated with vertebra segmentation – spinous process (SP), superior and inferior articular processes (AP),
laminae (L), transverse processes (TP) and pedicles and vertebral body (VB); (B) illustration of coverage counting, only the first voxel encountered along ultrasound
image columns is considered; and (C) median distribution of labels’ coverage including voxels of one level inferior (Inf) and one level superior (Sup) vertebrae, error
bars represent first and third quartiles.
March 2021 | Volume 11 | Article 619204

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Gueziri et al. US-Based Navigation for Spine Neurosurgery
Intensity Profile
Ultrasound bone appearance varies significantly depending on
the acquisition and probe positioning, for example in the case of
occlusions caused by shadow artifacts. In order to gain insight
into how the bone surface appears in ultrasound images, we
analyzed the intensity profile of a line passing from the bone
tissue to the cavity of L5, through the lamina. The intensity
profile represents the values of image intensity along a line
segment. Therefore, it is possible to observe changes in
intensity as the line traverses the bone surface. We analyze the
intensity profile of the 20 iUS acquisitions performed on the
vertebra. The median intensity and the interquartile range are
reported. To compare the same segment through different
acquisitions, we first align the iUS acquisitions with the CT
image using the ground truth alignment. Then, the intensity
profile is computed using the same line position through
all acquisitions.
RESULTS

Imaging Parameters
Table 1 shows the results obtained with the different CT
resolutions and ultrasound depth and frequency parameters.
For all the CT volume resolutions, the median TRE ranges
from 1.42 mm to 1.58 mm. Out of the 120 acquisitions, 79
(65 %) to 84 (70 %) iUS scans were successfully aligned (i.e., TRE
<2mm). No significant effect was found between the accuracy
and the CT resolution (F(2,10) = 1.70, p = 0.232). Although a
slightly lower median TRE of 1.33 mm was achieved using a
depth of 5 cm and a frequency of 12 MHz, there is no significant
effect of depth (F(1,5) = 0.22, p = 0.659) nor frequency (F(1,5) =
1.02, p = 0.359) on the accuracy. Regarding effectiveness, CT and
iUS imaging parameters did not affect the computation time. The
overall computation time is 9.04 s ± 1.58 s.

We observed that for some acquisitions the iUS was aligned to
the wrong vertebral level, mostly one vertebral level above or
below the target level. For these vertebral level mismatch cases,
the resulting TRE is very large, typically over 10 mm. All CT
resolutions confounded, such cases represent 14 out of 120
(11.67 %) acquisitions and have a median TRE of 67.17 mm ±
15.73 mm. Note that the overall TRE results presented above
include those cases. If these mismatch cases are removed, the
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overall median TRE for all experiments is reduced, from
1.43 mm to 1.29 mm, from 1.58 mm to 1.48 mm, and from
1.42 mm to 1.32 mm for each CT resolution. Vertebral level
mismatch cases are distributed as follows: 1 case at L1 (5 %), 1
case at L2 (5 %), 1 case at L3 (5 %), 2 cases at L4 (10 %), 6 cases at
L5 (30 %), and 3 cases at L6 (15 %). Because of the anatomical
similarity between vertebrae, it is not trivial to identify a level
misalignment by visual inspection.

Error Propagation
The alignment results obtained for each vertebra were used to
compute the TRE across all other vertebral levels. Figure 4A
shows the propagation of the TRE for each CT resolution. Each
row corresponds to the location where the iUS acquisition was
performed and each column corresponds to the location where
the TRE was computed. The best alignment results are located on
the diagonal, i.e., close to the vertebral levels that have been
imaged and used to compute the registration. Note that along the
diagonal, there is no consistent increase of the TRE as the
measurements are done away from the DRO located at the most
inferior part of the frame (near L6). This supports the assumption
regarding the validity of the ground truth alignment as the angular
error is negligible. On the other hand, the error increases linearly as
it moves farther from the registered vertebral level (see Figure 4B).
The distance between each two successive spinous processes was
measured to be dL6/5 = 69.36 mm, dL5/4 = 35.33 mm, dL4/3 =
38.21 mm, dL3/2 = 39.38 mm, and dL2/1 = 39.46 mm. For all CT
resolutions, results for L1 show the worst performance with a
median TRE of 3.01 mm ± 0.43 mm computed on L1, and
increases to 7.96 mm ± 0.69 mm on the farthest vertebra L6
located at a distance of 221.74 mm away.

Coverage Results
A histogram of ultrasound acquisition coverage of the labels is
shown in Figure 3C. Note that for the additional inferior and
superior levels, the entire anatomy of the vertebra was considered
as a single label, therefore resulting in a higher coverage value.
Among all vertebra labels, AP showed the highest coverage
values (mean 1485.5 voxels) for all the scans, followed by L
(mean 1004.2 voxels) and SP (mean 944.1 voxels), respectively.
Labels associated with VB and TP were only visible for
acquisitions with an ultrasound depth of 7 cm. VB showed the
lowest coverage values as it is only visible from the gap located in
the intervertebral space.
TABLE 1 | Summary results of accuracy and computation time for different imaging parameters.

CT US US Median Successful

Resolution Depth Frequency TRE (mm) IQR (mm) acquisition (%) Time (s)

0.5 mm × 0.5 mm × 0.5 mm – – 1.43 1.15 70.00 9.21
1 mm × 1 mm × 1 mm – – 1.58 1.83 65.83 8.49
2 mm × 2 mm × 2 mm – – 1.42 1.43 67.50 8.84
– 5 cm 6 MHz 1.47 1.76 68.89 8.33
– 5 cm 12 MHz 1.33 1.00 73.33 8.29
– 7 cm 6 MHz 1.68 1.23 64.44 9.74
– 7 cm 12 MHz 1.48 1.73 64.44 9.01
Marc
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After removing the 14 outliers representing level
misalignment cases, we fit the remaining TRE data with the
model that includes all possible interactions between the labels. A
significant relationship was found between the coverage amount
of label L (p = 0.012) with negative correlation, as well as the
combination of labels L and AP (p = 0.035) with positive
interaction correlation, on the TRE measure. No significant
effect was found for other label combinations. To identify the
potential effect of coverage on causes of level misalignment, we fit
the level misalignment outcomes to the binomial mixed-effect
model, as described in Section 2.6. However, no statistically
significant relationship was found between the acquisition
coverage and level misalignment.
DISCUSSION

Effect of Imaging Parameters
We conducted a thorough experiment on a porcine cadaver to
investigate the capabilities and limitations of our neuronavigation
system for spine surgery. The system relies on optical trackers and
intraoperative ultrasound imaging to efficiently establish patient
alignment, which is then used to provide neuronavigation on
preoperative CT images. In this study, we evaluated the
alignment quality as the resolution of preoperative CT images
varies from
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0.5mm × 0.5mm × 0.5mm to 2mm × 2mm × 2mm. The
overall median TRE ranges between 1.42 mm and 1.58 mm
across all CT resolutions, which meets the clinical accuracy
requirements of 2 mm for spinal navigation (29). Although a
finer CT resolution provides a better representation of
anatomical details, we found no significant impact on the
quality of the final alignment. This can be explained by the
intrinsic characteristics related to ultrasound bone imaging,
specifically, the signal variation of ultrasound response near
the bone-tissue interface. The intensity at the vertebral surface
varies depending on signal strength, bone density and incidence
angle of the ultrasound waves caused by the probe orientation
with respect to the surface. Figure 5 illustrates the distribution of
the intensity profiles crossing the lamina of L5 for all 20
ultrasound acquisitions. While the vertebral surface on the CT
image can be easily extracted, even with slice thickness of 2 mm,
the intensities of the ultrasound images at the vertebral surface
are more widely distributed, rendering the identification of the
exact location of the vertebral surface challenging.

We investigated the effects that basic ultrasound parameters,
including depth and frequency, have on the alignment quality.
We first explore whether anterior structures of the vertebra,
located deeper in the cavity, provide relevant features for the
alignment. We then tested the effect of the probe frequency on
the alignment. While low probe frequencies enable deeper tissue
penetration and provide information on underlying vertebral
A

B

FIGURE 4 | Propagation of target registration error along vertebral levels: (A) rows correspond to the levels where iUS acquisitions were performed and columns
correspond to the levels where TRE was measured, and (B) linear regression of the TRE accounting for the space between vertebral levels.
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structures, high probe frequencies provide a better image quality.
In our experiment, increasing ultrasound depth and frequency
did not show any significant improvement in the accuracy. The
iUS acquisitions are performed in open surgery, in which the
posterior part of the vertebra is exposed. The ultrasounds
propagate through the saline solution in the cavity with
negligible signal loss before encountering the bone surface.
Therefore, signal loss usually associated with tissue absorption
did not play a critical role in alignment accuracy.

The IGNS system was evaluated based on the alignment of a
single vertebra at a time, meaning that the information used to
establish the alignment is associated with one vertebral level in
the pre- and intra-operative images. This intentional design is
meant to avoid errors due to intervertebral motion caused by
spine curvature changes, resulting from a typical preoperative
CT scan in supine position while the iUS images are acquired in
prone position during surgery. Assuming no spine curvature
changes, we evaluated the propagation of the alignment error
along the vertebral levels. Overall, the alignment accuracy was
satisfactory for directly adjacent vertebral levels, i.e., one level
superior and one level inferior to the vertebra level used to
establish the alignment. The accuracy is sufficient for
instrumentation of three vertebral levels per iUS alignment.
This reduces the number of iUS acquisitions needed to
establish navigation during surgery, decreasing considerably
intraoperative time and surgical workflow interruptions.
However, the best accuracy results were obtained at the
vertebral level where the iUS acquisition was performed.
Therefore, it is recommended to perform the alignment
procedure on the vertebra being instrumented. The
computation time is ∼10 seconds and we estimate the iUS
acquisition time to be less than one minute, which makes the
alignment procedure significantly faster than the standard
intraoperative CT navigation, estimated to be 15–20 min. In
addition, for surgeries involving several vertebral levels, the DRO
needs to be re-positioned near the instrumented vertebral level.
In such a case, the intraoperative CT procedure needs to be
performed again.
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Intraoperative Acquisition
The iUS acquisition plays a crucial role in the resulting quality of
the alignment. In our IGNS system, the iUS acquisition is
expected to be a linear scan from inferior to superior parts of
the vertebra. This predefined constraint is used to initialize the
alignment so that the iUS and the CT volumes are located in the
same space and in the same orientation. We draw the reader’s
attention to the low accuracy results obtained with L1 (see Figure
4). This specific limitation has been caused by difficulties
encountered while performing iUS acquisitions at L1. Because
we could not extend the surgical opening beyond L1 without
risking the perforation of the cavity, the width of the opening at
that location was narrow, restricting the probe’s motion. Note
that this scenario is unlikely to happen during real surgery, as the
vertebrae receiving treatment are more widely exposed.
Nevertheless, this highlights an underlying limitation of iUS-
based IGNS systems, in which the ultrasound probe physical
dimensions need to be accounted for during data acquisition in
open spine surgery. Probes with small size are to be preferred.

To understand which part of the vertebra provides the most
relevant features for the alignment, we identified 5 regional
vertebral labels and analyzed coverage data produced by the
120 iUS acquisitions performed during the experiment. Results
revealed a significant relationship between the accuracy and the
iUS coverage of laminae and superior and inferior articular
processes. The negative correlation between the laminae
coverage and the alignment error indicates that accuracy
increases (error is reduced) with more laminae coverage.
Similar results apply to the combination of laminae and
articular processes coverage as a positive interaction was found
between the two labels. This seems to be consistent with the fact
that articular processes and laminae are the most prominent
structures in posterior approaches for open spine surgery. Note
that the coverage of the spinous process did not show a
significant effect on accuracy. One would expect the spinous
process to play a role in the alignment since it is the most
exposed part of the vertebra. However, the shape of the spinous
process forming a crest in the anterio-posterior direction does
A B

FIGURE 5 | Intensity profile across the vertebral surface of L5: (A) illustration of the profile line (green) crossing the vertebral surface (red) at the lamina on CT image;
and (B) plot of the intensity profiles of CT vertebral surface (red), median intensity of 20 iUS acquisitions performed on L5 (blue) and the associated interquartile range
(light grey).
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not represent a good anatomical feature for the iUS acquisition.
This is because most of the spinous process anatomy is in the
same direction as the ultrasound beams produced by a posterior
scan, resulting in low signal response along the spinous process.
Note that one side of the spinous process can be imaged with the
probe slightly tilted to the left or to the right of the vertebra.

Although we identified vertebral regions that provide relevant
features, we have been unsuccessful to specifically determine the
cause of alignment failures. From the ultrasound acquisitions, we
found no particular pattern that seems to increase or decrease the
alignment accuracy. To reduce scan variability, and perhaps
increase robustness, a combination of multiple iUS acquisitions
that allows the formation of a homogeneous ultrasound volume
can be explored in the future.

Limitations
Regarding iUS acquisition, we used a linear ultrasound probe to
collect intraoperative data. While linear probes have typically a
higher frequency and thus a better depth image quality than
curved probes, the resulting acquisitions have a smaller field of
view, especially for imaging lateral parts of the vertebra. This
limits the coverage of the transverse processes. In our
experiment, only the proximal parts of the transverse processes
were visible when the probe’s depth was set to 7 cm. Future work
will involve investigating the use of a curved probe for spinal
IGNS, which would provide a wider field of view.

The model presented to quantify the ultrasound acquisition
coverage has two major limitations. First, the model assumes
no bone penetration, meaning that the coverage only accounts
for the first voxel at the surface of the vertebra. While this
allows identifying parts of the vertebra prominently exposed to
the ultrasound, it does not account for underlying tissues that
may result be imaged, especially for low frequency acquisitions.
The second limitation involves the oversimplification of the
ultrasound wave propagation. In our model, we assume the
propagation to be linear along the ultrasound image columns,
therefore, only accounting for the longitudinal ultrasound wave
travel. In reality, the propagation has a transverse wave
component that allows objects adjacent to the ultrasound
image column to be imaged. Moreover, the oversimplification
of the ultrasound wave does not consider the angular incidence
of the beam on the bone surface. As a result, the model does
not account for the intensity response of the ultrasound images.
A more complex model would provide more accurate coverage
information as it would include reflections and bone
penetration which characterize the visibility of the vertebral
surface on iUS images.

Finally, measurement of accuracy was carried out under the
assumption of a rigid spine. The vertebrae were fixed to a metal
frame to prevent intervertebral motion. Therefore, the DRO
could be placed at a distant location, i.e., the edge of the frame,
without invalidating the TRE measurements. In surgery, the
spine curvature is subject to variation due to instrumentation,
respiratory motion and patient positioning. The placement of the
Frontiers in Oncology | www.frontiersin.org 960
DRO for neuronavigation is critical as a distant DRO could result
in large inaccuracies (31). Further work is needed to investigate
how spine curvature changes may affect accuracy.
CONCLUSION

In this paper, an ultrasound-based neuronavigation system for
spine surgery was evaluated on a porcine cadaver. The overall
accuracy of the system ranges between 1.42 mm and 1.58 mm
meeting the clinical accuracy requirement of 2 mm for spine
navigation. The system demonstrated high robustness to
different CT resolutions, ultrasound depth and frequency
parameters. We analyzed multiple ultrasound acquisitions and
identified both laminae and articular processes to provide
relevant features for image alignment. However, the system
suffers some limitations related to the intraoperative
acquisitions with ultrasound. Fourteen out of the 120 trials
resulted in a one-level-off misalignment. These misalignments
can be difficult to identify visually and require particular
attention. Additional work needs to be carried out to
understand ultrasound acquisition patterns that yield the best
alignment results.
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While benefits of intraoperative ultrasound (IOUS) have been frequently described, data on
IOUS limitations are relatively sparse. Suboptimal ultrasound imaging of some
pathologies, various types of ultrasound artifacts, challenging patient positioning during
some IOUS-guided surgeries, and absence of an optimal IOUS probe depicting the entire
sellar region during transsphenoidal pituitary surgery are some of the most important
pitfalls. This review aims to summarize prominent limitations of current IOUS systems, and
to present possibilities to reduce them by using ultrasound technology suitable for a
specific procedure and by proper scanning techniques. In addition, future trends of IOUS
imaging optimization are described in this article.

Keywords: intraoperative ultrasound, artifacts, pitfalls, training, neurosurgery
INTRODUCTION

Standard conventional neuronavigation is a widespread tool for image guidance in brain tumor
surgery. It has become standard of practice in many institutions for initial tumor localization, for
surgical trajectory planning, and also for assessment of tumor margins during resection (1, 2).
However, popularity of various intraoperative imaging methods continues to increase due to the
well-known fact, that the accuracy of navigation may become unreliable after brain shift occurs
(1, 3–5).

Intraoperative ultrasound (IOUS) has been used during resection of brain tumors for over four
decades since early 1980s (6). However, despite the initial enthusiasm, this intraoperative imaging
modality was not widely accepted, especially until the end of the millennium. There were various
reasons for initial lack of acceptance of IOUS. First, the image quality of older IOUS systems was
low. Second, oblique 2D IOUS views were unfamiliar to many neurosurgeons, used to evaluate
computer tomography (CT) and magnetic resonance imaging (MRI) brain scans in standard three
orthogonal planes—axial, coronal and sagittal. Third, visualization of large lesions in their full
extent was problematic due to limited field of view of 2D IOUS probes. Fourth, as standard B-mode
ultrasound does not selectively depict the MRI-contrast enhancing portion of diffuse high-grade
gliomas, it could not be used for reliable identification and subsequent resection of this most
malignant, enhancing glioma tissue. Fifth, many surgeons refused to change their surgical habits
and perform horizontal craniotomies only in order to enable sufficient filling of resection cavity with
fluid and appropriate ultrasound scanning. Sixth, difficulties in visualizing the bottom of the
resection cavity due to IOUS artifacts were repeatedly reported, and this often resulted in insufficient
visualization of tumor residua in this area. Seventh, distinct visualization of the entire sellar region
during transsphenoidal approach was challenging.
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Nowadays, some of these limitations can be minimized using
modern IOUS equipment and proper methods of IOUS
utilization. However, some pitfalls still persist, and solutions to
overcome them are needed.
SUBOPTIMAL ULTRASOUND IMAGING

Image Quality
The main disadvantage of older two-dimensional (2D) IOUS
systems was low image quality (7), mainly due to poor spatial
resolution and dynamic range—identification of various brain
structures was therefore challenging. Especially imaging of
deeper structures such as thalamus and brainstem was
insufficient, as low frequency probes of older IOUS systems
offered very low spatial resolution. Insufficient imaging quality
was evident especially when compared to MRI, which offered
superior resolution and tissue differentiation (1).

Comparing to older devices, many new ultrasound systems
have significantly better quality—one of the improvements is
due to the ability of modern ultrasound systems to
electronically and dynamically tune the frequency range of
the imaging probe (8). Higher frequency means better image
resolution, i.e. a better ability to differentiate two small targets
as separate objects (8). However, the drawback of high
frequency probes is the reduced penetration of acoustic waves
in the tissue due to scattering and absorption (1), and thus
insufficient visualization of deeper structures (8). As
recommended by Unsgaard et al. (9), to obtain the best
image, different probes should be used for imaging of lesions
localized in different depth: a 5 MHz (4–8 MHz) probe gives
optimal image quality at a distance of 2.5–6 cm from the probe
tip, while for superficial lesions a 12 MHz linear probe is ideal
as it provides the best image quality for the first few millimeters
down to a depth of 4 cm (9). Using different probes for
lesions at different depths in a series of 105 IOUS guided-
surgeries, Mair et al. (10) introduced a grading system of
ultrasonographic visibil ity for various intracerebral
pathologies. Lesions difficult to visualize, having no clear
border with normal brain represent Grade 1; lesions clearly
identifiable, but with no clear border with normal tissue
represent Grade 2; and lesions clearly identifiable, and with
clear border represent Grade 3 (Grade 0 was considered for
lesions not identifiable by IOUS). Only 8% out of 105 lesions
were evaluated as grade 1, and none as grade 0.

Very good IOUS visualization of various non-irradiated brain
lesions was repeatedly reported—predominantly of intra-axial
tumors like gliomas and metastases (11–14), as well as of extra-
axial tumors like meningiomas (11, 15). However, in patients
who had received radiotherapy, the quality of ultrasound image
often decreases (16). As evaluated by histopathology, a high-end
intraoperative ultrasound system was proven to depict glioma
(pseudo)borders at least as distinctly as a three-dimensional (3D)
T2-weighted MRI image and better than a 3D T1-weighted MRI
image (12). When high frequency ultrasound linear probe was
used, the accuracy of residual low-grade glioma tissue detection
Frontiers in Oncology | www.frontiersin.org 263
by IOUS imaging was described to be comparable to high-field
intraoperative MRI (17).

Nevertheless, the newest and perhaps the most detailed data
presented by leading Norwegian group showed that MRI is
superior in pre-resectional glioma visualization (18) as well as
in visualization of small tumor remnants (19). This finding is
important (Figure 1) despite the fact that in some cases glioma
tissue may be better visualized by IOUS, as compared to high-
field MRI (Figure 2).

Interestingly, in spite of reports from prominent
neurosurgical centers stating that small deep-seated perforating
lenticulostriate arteries (LSAs) cannot be identified by IOUS
Doppler imaging (20, 21), these perforators may be in fact
depicted (22) by power-Doppler. Using proper methodology
and high-end IOUS devices, LSAs may be at least in some
patients visualized comparably to MRI (figure). Hence, IOUS
power Doppler imaging may serve as an important adjunct
during resection of insular gliomas (Figure 3) (22). However,
prospective studies are needed to evaluate real effectiveness of
this relatively new method of intraoperative LSAs identification.

Anatomical Orientation and Large Lesions
Visualization
Most neurosurgeons have extensive experience with the
interpretation of CT and MRI images in three orthogonal
planes—axial, coronal and sagittal. However, 2D IOUS image
is dependent on the orientation of the ultrasound probe, and
achieving IOUS scans in at least two exact orthogonal planes may
be challenging, especially in small craniotomies (23). Because
intraoperative 2D ultrasound views are mostly oblique (24),
many neurosurgeons with little or no training/expertise may
have considerable orientation problems during 2D IOUS-guided
surgeries (25). Understanding the 2D ultrasound image is
difficult particularly in areas with no cysts or ventricles visible
(24). Another 2D IOUS problem is represented by the fact that
ultrasound probes have a limited field of view. It is possible to
evaluate only a section of brain tissue during 2D ultrasound
scanning, and visualization of large lesions in their whole extent
may be problematic.

These pitfalls together with aforementioned suboptimal
image quality of older 2D IOUS systems caused preferable use
of frameless neuronavigation based on preoperative CT or MRI
for brain tumor-surgery guidance by many neurosurgeons (2,
26–31). Unlike 2D IOUS, frameless neuronavigation displays
normal and pathological tissue in three orthogonal planes, and
also enables preoperative planning of the craniotomy placement
and surgical trajectory direction. Only a minority of
neurosurgical centers continued in regular 2D IOUS use,
mostly because of significant inaccuracy of neuronavigation
after the occurrence of brain-shift, considering the fact that 2D
IOUS offers a real-time imaging and is unaffected by brain-shift.
Others solved the brain-shift problem by using intraoperative
MRI for navigation data update (4, 5, 32); this solution however
is much more expensive.

In order to simplify the interpretation of ultrasound imagery
and allow quantification of brain-shift (33), some groups have
March 2021 | Volume 11 | Article 659048
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connected ultrasound scanner to conventional neuronavigation,
digitized the analog video signal from the scanner, and displayed
a real-time 2D IOUS image on the navigation computer side by
side with the corresponding MRI slice (Figure 4) (34–36).
However, a much bigger step forward was the integration of
neuronavigation and IOUS devices based on a digital interface
between the ultrasound scanner and the navigation computer.
This type of integration was the basis for the development of
navigated 3D IOUS—a system that enables navigation using
preoperative 3D MRI or CT data as well as intraoperative 3D
ultrasound data (33). Three-dimensional ultrasound data is
generated by summation of multiple 2D ultrasound images
Frontiers in Oncology | www.frontiersin.org 364
acquired by moving ultrasound probe freehand over the field
of interest; the series of 2D IOUS images are then reconstructed
to produce a 3D volume (37). These systems use ultrasound
probes equipped with reflective marker reference frames and the
position and orientation of the probe during the movement is
tracked by means of a navigation camera system. After the
scanning, 3D IOUS systems enable surgeons to visualize and
navigate the whole volume of normal and pathological tissue that
was scanned.

By means of combining frameless navigation with ultrasound,
the navigated 3D IOUS systems solved prominent drawbacks of
stand-alone conventional neuronavigation and 2D IOUS devices
FIGURE 1 | Left-sided insular grade II astrocytoma (Left column) preoperative navigation 3D FLAIR MRI sequence (3-Tesla MRI scanner) (Right column) pre-
resectional 3D IOUS image fused with navigation FLAIR MRI sequence. Note that the tumor tissue is only mildly hyperechoic and less distinctly visualized comparing
to MRI. 3D, three-dimensional; IOUS, intraoperative ultrasound; FLAIR, fluid attenuated inversion recovery; MRI, magnetic resonance imaging.
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—namely the brain-shift problem of navigation as well as the
orientation and limited field of view problems of 2D IOUS (25).
Even very large lesions, much larger than the ultrasound probe
field of view, may be visualized in their whole extent using
navigated 3D IOUS systems (Figure 5).

Automatic fusion with navigation MRI and/or CT sequence
and rendering the ultrasound image in orthogonal planes make
the recognition of normal and pathological structures much
Frontiers in Oncology | www.frontiersin.org 465
easier (38). In addition, navigated 3D IOUS provides almost
real-time imaging and allows re-scanning of operating field as
often as necessary, hence allows effective brain-shift
compensation (25). Nevertheless, considering the fact that the
“main” part of fused (combined) navigation-MRI/IOUS image is
in fact ultrasound visualization of the operating field, knowledge
of echogenicity of various normal and pathological brain
structures is necessary.
FIGURE 2 | Right-sided temporal grade II astrocytoma (Left column) preoperative navigation 3D FLAIR MRI sequence (1.5-Tesla MRI scanner) (Right column)
pre-resectional 3D IOUS image fused with navigation FLAIR MRI sequence. Note that the hyperechoic tumor tissue is better visualized on IOUS image comparing to
MRI. 3D, three-dimensional; FLAIR, fluid attenuated inversion recovery; MRI, magnetic resonance imaging; IOUS, intraoperative ultrasound.
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Another benefit of navigated 3D IOUS comparing to standard
2D IOUS is the fact that 3D IOUS is suitable for biopsies of deep-
seated supratentorial lesions, as showed by the group of
Moiyadi (39).

Selective Visualization of High-Grade
Glioma Portion
Gross-total resection of high-grade gliomas is usually defined as
a complete removal of contrast-enhancing glioma tissue
evaluated on postoperative contrast-enhanced T1-weighted
MRI (40). However, standard 2D or 3D IOUS based on B-
mode ultrasound imaging often does not enable reliable
selective identification of the most malignant portion of
diffuse gliomas (Figure 6). Hence, intraoperative evaluation
of the extent of resection of high-grade gliomas may be
challenging when only B-mode IOUS is used, because both
Frontiers in Oncology | www.frontiersin.org 566
malignant tumor tissue and peritumoral edema, that is in fact
usually a mixture of edema and infiltrating tumor cells (41),
are hyperechoic.

A potential technique to differentiate between malignant
glioma tissue and peritumoral edema is application of
ultrasound contrast agents (42). Despite the fact that
contrast-enhanced ultrasound (CEUS) agents, which are
composed of small gaseous microbubbles, do not penetrate
extravascularly (unlike MRI contrast agents which diffuse into
the interstitium through disrupted blood–brain barrier), Prada
et al. showed that glioblastoma contrast enhancement with
CEUS is superimposable on that provided with preoperative
gadolinium-enhanced T1-weighted MRI regarding location,
margins, morphologic features, and dimensions, with a
similar enhancement pattern (42). Hence, CEUS might play a
decisive role in the process of maximizing glioblastoma
FIGURE 3 | Right-sided insular grade II astrocytoma (Left column) preoperative navigation 3D FLAIR MRI sequence (Middle column) pre-resectional 3D IOUS
image fused with navigation FLAIR MRI sequence. Yellow arrows = lenticulostriate arteries visualized by 3D IOUS power-Doppler mode (Right column) 3D IOUS
image acquired shortly before the end of resection. Note the close proximity of resection cavity bottom to the lenticulostriate arteries (arrows), intraoperative
visualization of perforating arteries helped to prevent iatrogenic injury to them. 3D, three-dimensional; FLAIR, fluid attenuated inversion recovery; MRI, magnetic
resonance imaging; IOUS, intraoperative ultrasound.
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resection (43). Of note however, there is currently no
commercially available navigated 3D IOUS system supporting
CEUS, all IOUS devices enabling CEUS during brain surgeries
are 2D.

Another technique to evaluate the extent of high-grade
glioma tissue resection is utilization of B-mode IOUS
together with 5-aminolevulinic acid (5-ALA) that enables
selective malignant tissue visualization (44). In fact, these
two methods can be complementary (45), and the combined
use of both methods may minimize their pitfalls. Namely, a
significant drawback of the intraoperative 5-ALA use is the fact
that even a thin layer of intervening low-grade grade tissue is
enough to lead to incorrect impression of complete high-grade
tumor portion resection (46). Heterogeneous tumors with low-
grade parts sometimes cannot be reliably resected by
fluorescence-guided surgery alone, in these cases the
additional use of intraoperative imaging is required (45, 47).
At least in some cases, B-mode IOUS may help to identify
larger high-grade glioma residua, and that despite the very
challenging differentiation between high-grade tissue and
surrounding edema without CEUS (Figure 7). In addition,
Frontiers in Oncology | www.frontiersin.org 667
the fact that some high-grade glioma patients may benefit from
further resection of T2 abnormality (48, 49) that can be
visualized by B-mode ultrasound but not by 5-ALA,
underscores the potential benefit of simultaneous use of
both methods.

Combination of IOUS and 5-ALA may be potentially useful
also when focally malignized low-grade gliomas with no or non-
significant contrast-enhancement are resected (50). In such
cases, 3D IOUS provides adequate visualization of the whole
hyperechoic tumor, while the small foci of anaplasia can be
intraoperatively identified by 5-ALA fluorescence using the
methodology pioneered by Widhalm et al. (51). This approach
helps to achieve an extensive resection of glioma tissue and at the
same time helps to identify anaplastic foci in order to avoid a
sampling error.
ULTRASOUND ARTIFACTS

Perhaps the most important pitfall of all neurosurgical
ultrasound devices is various ultrasound artifacts (52–54).
FIGURE 4 | Right-sided insular grade II astrocytoma. Visualization of the tumor before the resection using 12 MHz linear IOUS probe co-registrated with
preoperative navigation 3D FLAIR MRI sequence. Note co-registration with navigation MRI facilitates anatomical orientation. 3D, three-dimensional; FLAIR, fluid
attenuated inversion recovery; MRI, magnetic resonance imaging; IOUS, intraoperative ultrasound.
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From practical point of view, the most prominent problem is
the acoustic enhancement artifacts (AEAs). These artifacts
appear at the bottom of the resection cavity after some tumor
debulking (13, 55), when ultrasound probe is placed at the level
of brain surface and ultrasound waves penetrate through a
higher column of saline solution. The appearance of AEAs is
due to a large difference between a very low attenuation of
acoustic waves in saline solution and high attenuation of
acoustic waves in (normal or pathological) tissue (55, 56).
Because AEAs are, similarly as the majority of brain tumors,
hyperechoic, the ultrasonic depiction of medial tumor borders
after some tumor debulking may be challenging (53). Acoustic
enhancement artifacts are especially significant during
Frontiers in Oncology | www.frontiersin.org 768
resections of voluminous tumors and large resection cavities,
as the degree of enhancement depends on the distance that
ultrasound waves have traveled in saline. Importantly, AEAs
may often preclude the detection of tumor remnants at the
bottom of the resection cavity and make IOUS unreliable
(Figure 8) (52). Understandably, this happens mostly towards
the end of resection, when brain-shift usually occurs and
intraoperative imaging is needed most (53).

Several methods that enable differentiation between AEAs
and tumor remnants and estimate the extent of resection
were presented: The first possibility is to evaluate the
bottom of the resection cavity by moving the probe. In real-
time 2D IOUS, the location of the AEAs in the image will
FIGURE 5 | Left-sided frontal grade II astrocytoma (Left column) preoperative navigation 3D FLAIR MRI sequence (3-Tesla MRI scanner) (Right column) pre-
resectional 3D IOUS image fused with navigation FLAIR MRI sequence. Note visualization of the entire tumor on 3D IOUS image despite its large size. 3D, three-
dimensional; FLAIR, fluid attenuated inversion recovery; MRI, magnetic resonance imaging; IOUS, intraoperative ultrasound.
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move when the position and angle of ultrasound probe has
changed (55).

Another possibility to indirectly distinguish AEAs and
residual tumor is a comparison between pre-resectional and
updated ultrasound image, performed during or after resection.
If the hyperechoic area is localized in a region where no tumor
was present before the resection, it is most probably a bright
artifact and not a real tumor remnant (55, 57).

Thirdly, AEAs may be minimized by inserting a small
ultrasound probe into the resection cavity (13, 55, 57, 58). By
doing so, the column of saline solution between the tip of the
miniature probe and scanned tissue at the bottom of resection
cavity is smaller than when scanning with a larger probe placed
Frontiers in Oncology | www.frontiersin.org 869
at the level of the brain surface. Shortening the column of saline
solution reduces the AEAs at the bottom of resection cavity, and
the structures in the medial part of resection cavity can be
distinctly depicted (Figure 9). However, this method is not
without limitations. Small probes have a very limited field of
view (43), which may be a significant limiting factor
predominantly when these probes are used with 2D IOUS
systems (59). Under such circumstances the anatomical
orientation may be difficult (43). On the other hand, when
used with navigated 3D IUOS, this pitfall may be at least
partially minimized, as described by our group (59).
Nevertheless, artifacts reduction using mini-probes is certainly
not ideal. While frequently allowing depiction of tumor
FIGURE 6 | Right-sided temporal glioblastoma (Left column) preoperative navigation 3D contrast-enhanced T1-weighted MRI sequence displaying high-grade
tumor showing typical ring enhancement (Right column) pre-resectional 3D IOUS image fused with navigation MRI. Note that the hyperechoic high-grade tumor
tissue is not selectively identifiable on the IOUS image, as the surrounding edematous and infiltrated brain (non-enhancing on MRI) is hyperechoic as well. 3D, three-
dimensional; MRI, magnetic resonance imaging; IOUS, intraoperative ultrasound.
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remnants, it is sometimes problematic to maintain the same
distance between the tip of the mini-probe and the resection
cavity bottom; when this distance becomes larger AEAs appear
(Figure 9). Next, while some linear probes used for intracavitary
visualization allow high resolution imaging (17), image quality of
other mini-probes is far from ideal. In addition, even small
probes may be too bulky to be safely inserted into the resection
cavity in between deliberated bridging veins, which may hinder
mini-probe insertion (60).

A new solution for this longstanding problem may be
minimizing the AEAs by utilizing the artifact reducing acoustic
coupling fluid. This fluid was developed by the group of G.
Unsgaard (55, 56); because the fluid attenuates ultrasound
energy similarly to normal brain tissue, the AEAs are
minimized. Promising results of phase one clinical study were
recently published (61).
CHALLENGING PATIENT POSITIONING

During scanning the operating field with the ultrasound probe
placed at the level of brain surface the resection cavity has to be
Frontiers in Oncology | www.frontiersin.org 970
filled with fluid, most often saline solution (9). If air becomes
trapped in the resection cavity, the adequate visualization is
compromised. At the interface with structures characterized by
very low acoustic impedance (such as entrapped air), the sound
will be completely reflected and cannot propagate beyond these
interfaces—an “acoustic vacuum” will be created (62). Therefore,
the position of the patient’s head should enable horizontal
position of the craniotomy; in that way fluid will fill a whole
resection cavity. However, horizontal placement of the
craniotomy may not be optimal in every type of surgery—for
example in awake resections of tumors growing close to the
Rolandic area and/or supplementary motor area performed in
semi-sitting position (which is most comfortable for patients)
(Figure 10). In order to keep the fluid within the resection cavity
in cases when the craniotomy is not placed horizontally, a
miniature barrier made from bone-vax may be effectively used
(50) (Figure 11). This “miniature dam” allows sufficient filing of
the resection cavity with fluid and appropriate scanning. Another
possible solution in cases with non-horizontal placement of the
craniotomy is insertion of the hockey stick-shaped ultrasound
probe into the resection cavity, as described by Coburger
et al. (17).
FIGURE 7 | Awake resection of a left-sided temporal glioblastoma guided by direct electrical stimulation, navigated intraoperative 3D IOUS and 5-aminolevulinic acid
(A) preoperative navigation 3D contrast-enhanced T1-weighted MRI sequence with implemented tractography. Orange arrows = arcuate fascicle. Green arrows =
inferior fronto-occipital fascicle (B) Pre-resectional 3D IOUS image fused with navigation MRI. Orange arrows = arcuate fascicle. Green arrows = inferior fronto-
occipital fascicle (C) 3D IOUS image acquired during the resection. Despite the absence of red fluorescence in the anterior part of the resection cavity at the time of
IOUS scanning, ultrasound image showed a large nodular tumor residuum in this area (arrows) (D1) Distinct red fluorescence observed shortly after the resection
beginning (D2, D3) Absence of red fluorescence in the anterior part of the resection cavity. Arrow—presumably high grade tumor part identified using actual 3D
IOUS scans (D4) Distinct red fluorescence after cortical resection (E) Postoperative MRI performed 72 hours after the surgery. Empty arrow—contrast-enhancing
residual tumor intentionally left in place, electrical stimulation of inferior fronto-occipital fascicle in this area elicited semantic paraphasias. 3D, three-dimensional; MRI,
magnetic resonance imaging; IOUS, intraoperative ultrasound.
March 2021 | Volume 11 | Article 659048

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
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ULTRASOUND VISUALIZATION OF
SELLAR REGION

Despite the fact that a variety of IOUS transducers have been
applied to transsphenoidal surgery, the significance of
endonasal IOUS in the context of transsphenoidal tumor
surgeries is still unclear (1). While several reports describe
IOUS as a useful adjunct during transsphenoidal resections of
microadenomas (63–65) as well of macroadenomas (66–72),
Frontiers in Oncology | www.frontiersin.org 1071
IOUS imaging is generally not considered to be a comparable
alternative to intraoperative MRI during resections of sellar
tumors (73). There are several pitfalls of IOUS use during
trassphenoidal procedures, especially during resections of
macroadenomas and giant pituitary adenomas. Firstly, while
preoperative imaging of these lesions usually includes coronal
T1- and T2-weighted and sagittal T1-weighted MRI scans, as
well as coronal and sagittal postcontrast T1-weighted MRI
scans (74), only very few reports describe ultrasound imaging
FIGURE 8 | Right-sided temporal grade II oligodendroglioma (Upper row) visualization of the tumor before the resection using 12 MHz linear probe co-registrated
with preoperative navigation 3D FLAIR MRI sequence (Lower row) visualization of the tumor after resection of the central tumor part. Note clear visualization of the
tumor residua on the sides of the resection cavity, and large acoustic enhancement artifact at the resection cavity-bottom precluding identification of potential tumor
remnant in this area. 3D, three-dimensional; FLAIR, fluid attenuated inversion recovery; MRI, magnetic resonance imaging.
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both in sagittal and coronal planes (66, 67). On the contrary,
numerous IOUS probes used for intraoperative imaging during
transsphenoidal procedures offer nonintuitive imaging planes
most neurosurgeons are unfamiliar with (69). Secondly,
imaging results and interpretation are highly dependent on
the skills of the investigator and the resolution of many
transducers is low (73). Thirdly—there is currently no
commercially available ultrasound device that would enable
3D IOUS reconstructions and image rendering in orthogonal
planes, which might improve the surgeon’s ability to
understand ultrasound imaging of the sellar region (1).

Nevertheless, the available IOUS devices may still offer some
important benefits during resections of pituitary tumors. Most
importantly, based on the differentiation of the audio signal of a
micro-Doppler probe together with neuronavigation, the position
of the internal carotid artery within the adenoma-invaded
cavernous sinus may be identified and an injury with brisk
arterial bleeding can be avoided (73, 75). In addition, the
position of the carotid artery may be identified also by its
visualization using small, side-looking, high-frequency
ultrasound probe (68). Next, some IOUS systems enable
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visualization of suprasellar space, and identification and further
resection of residual suprasellar adenoma tissue (Figure 12) (67).
This may be of particular importance during resection of giant
adenomas, as the suprasellar tumor portion may be
unintentionally left in place in spite of endoscope utilization.
Identification of unnoticed large suprasellar residua using
intraoperative imaging might be crucial to prevent hemorrhagic
infarction of the tumor, compression of the hypothalamus and
potentially fulminant course (76, 77). Lastly, in spite of
aforementioned limitations, current IOUS use may contribute
to better surgical results as compared to transsphenoidal
resections without intraoperative imaging (72).
FUTURE PERSPECTIVES

Despite the fact that more than four decades have passed since
IOUS was initially introduced during a brain tumor resection (6),
this intraoperative imaging method still needs substantial
improvement to achieve widespread acceptance. Nevertheless,
FIGURE 9 | Right-sided frontal grade II oligo-astrocytoma (Left column)—3D T2-weighted navigation sequence (Middle column) 3D IOUS image fused with
navigation MRI. The tip of the pointer (green line) points at small tumor residuum (green arrow) visualized by miniprobe inserted into the resection cavity. Red and
orange lines: schematic depiction of the miniprobe position within the resection cavity during the scanning. Note that acoustic enhancement artifacts appeared when
the distance between the probe-tip and the scanned tissue became larger (arrows) (Right column) The same intraoperative situation as shown in the middle
column, 3D IOUS image was acquired after resection of identified tumor residuum. 3D, three-dimensional; MRI, magnetic resonance imaging; IOUS, intraoperative
ultrasound; S, hypoechoic saline solution within the resection cavity.
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the development of neurosurgical IOUS since the beginning of
the millennium was substantial, and some pitfalls are close to
reasonable solutions. On the contrary, other drawbacks need
further development of the neurosurgical IOUS technology.

The prominent problem regarding ultrasound acoustic
enhancement artifacts, maybe the biggest drawback of all
neurosurgical IOUS devices, might soon be minimized by
acoustic coupling fluid mimicking brain tissue.

Introduction of CEUS in order to guide resections of brain
tumors made identification and subsequent resection of contrast
enhancing malignant glioma tissue much easier. However, an
important limitation is the fact that only very few commercially
available ultrasound devices dedicated to neurosurgery enable
CEUS, and none of them is 3D.

Interpretation of IOUS image during transsphenoidal tumor
resections could be significantly easier, if new ultrasound
transducers enabling distinct visualization of the sellar region
in sagittal and coronal planes were developed, considering the
fact that these (and not the oblique) planes are familiar to most
pituitary surgeons. Development of new elongated thin
ultrasound probes dedicated for intracavitary scanning might
be also helpful during identification of residual glioma tissue.
The important aspect of the development of new IOUS probes is
the achievement of sterile intraoperative working conditions. A
neurosurgical IOUS probe can be either sterilized or, if
sterilization is not possible, covered with sterile sheath
containing sterile coupling gel (1). Sterilization protocols of
IOUS probes that contact brain tissue and cerebrospinal fluid
must strictly respect regional regulations. If sterile covers are
used, they should be fit tightly to the probe (1) in order to
minimize the artifacts and to not alter the (special) probe shape
and/or significantly enlarge the actual probe volume.
FIGURE 10 | Left-sided frontal oligodendroglioma resected in a semi-sitting position. (A, B) Preoperative sagittal FLAIR MRI sequence (C) 3D T2 sequence fused
with tractography. Note involvement of tracts originating in pre-supplemetary motor area (pink arrow) (D) 3D IOUS image fused with navigation MRI (E) Incomplete
filling of the resection cavity with saline due to non-horizontal placement of the craniotomy resulted in insufficient scanning of anterior part of the resection cavity
(F, G) Postoperative sagittal FLAIR MRI sequence showing resectable residuum (white arrow), as well as residual tumor involving eloquent tracts (yellow arrow). 3D,
three-dimensional; FLAIR, fluid attenuated inversion recovery; MRI, magnetic resonance imaging; IOUS, intraoperative ultrasound.
FIGURE 11 | Bone-wax mini-barrier used during removal of a precentral
tumor performed in semi-sitting position.
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Introduction of navigated 3D IOUS reduced anatomical
orientation problems caused by nonintuitive oblique planes
during many types of brain surgeries by rendering IOUS
images in orthogonal planes. Nevertheless, only a few studies
examining effectiveness of navigated 3D IOUS utilization during
transsphenoidal surgeries and CEUS-guided brain tumor
resections were reported (78, 79). Research in this area should
continue and result into commercially available navigated 3D
IOUS systems enabling both aforementioned types of
intraoperative imaging.

Correct positioning of patients before IOUS-guided resections
in order to allow sufficient filling of resection cavity with fluid may
be challenging; utilization of alternative adjuncts such as mini-
barriers may be required. However, it is necessary to emphasize
that patient positioning during intraoperative MRI-guided
surgeries on the MRI table is sometimes also less-than-ideal,
especially during awake tumor resections (80). Regarding awake
procedures, it is worth noting that IOUS is a less time-consuming
imaging modality than intraoperative MRI (50). This might be an
important factor during procedures performed in conscious
patients, as awake tumor resections have limited duration due to
patient fatigue (81). Comparative studies examining effectiveness
of both imaging modalities during awake resections should
be conducted.

Traditional perception of intraoperative ultrasound as a
modality with low image quality is slowly being overcome by
innovation of ultrasound devices and ultrasound transducers.
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New high frequency IOUS probes may have strikingly high-
resolution image. Visualization of tiny perforating arteries using
power-Doppler mode seems to be at least comparable to MRI
devices (Figure 13) (22).

Of note, as IOUS is strongly investigator-dependent, sufficient
knowledge on ultrasound imaging of normal and pathological
brain structures, as well as proper training are crucial for
successful course of IOUS-guided resections (82). Recent IOUS
simulation methods e.g. “virtual probes” (82) or IOUS-
simulation smartphone applications (82), and practice on
phantom (83) or animal (84) models under supervision of
expert sonographers are recommended in order to refine
scanning and surgical techniques (1). As showed recently by
group of DiMeco, current high-end 2D IOUS systems integrated
with neuronavigation may be in experienced hands of a
significant benefit in terms of both extent of brain tumor
resections and neurological outcomes (85). However, further
prospective studies are necessary to evaluate impact of IOUS on
surgical results (86, 87).

Lastly, algorithms allowing brain shift compensation based on
preoperative MRI-to-IOUS rigid registration were already
presented and their effectiveness was evaluated both during
and after surgical procedures (88). While the rigid registration
improved the alignment of the MRI and IOUS image volumes,
considering the fact that brain-shift is a nonlinear process,
deformable registration has the potential to further improve
the results (88). Future sophisticated fusion algorithms
FIGURE 12 | Pituitary macroadenoma invading left cavernous sinus (A, B) Preoperative coronal contrast-enhanced T1 MRI sequence (C, D) Postoperative coronal
contrast-enhanced T1 MRI sequence, small tumor residuum was intentionally left in the left cavernous sinus (E) Pre-resectional 2D IOUS image using flexible mini-
probe, note distinct depiction of the tumor tissue as well as visualization of upper segments of carotid arteries by power-Doppler mode (F) Intraoperative 2D IOUS
image after partial tumor resection. Note partial decompression of the third ventricle with depicted interthalamic adhesion (arrow) (G) 2D IOUS image after tumor
resection, note pituitary stalk is distinctly visible (arrow) as well as the floor of the 3rd ventricle (arrowhead). 2D, two-dimensional; MRI, magnetic resonance imaging;
IOUS, intraoperative ultrasound; V, lateral ventricle; T, tumor.
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might use IOUS image as anatomical reference, similarly to
intraoperative CT, and enable deformation of preoperative 3D
MRI image into “virtual intraoperative MRI” (89).
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Central nervous system tumors represent the most frequent solid malignancy in the
pediatric population. Maximal safe surgical resection is a mainstay of treatment, with
significant prognostic impact for the majority of histotypes. Intraoperative ultrasound
(ioUS) is a widely available tool in neurosurgery to assist in intracerebral disease resection.
Despite technical caveats, preliminary experiences suggest a satisfactory predictive
ability, when compared to magnetic resonance imaging (MRI) studies. Most of the
available evidence on ioUS applications in brain tumors derive from adult series, a
scenario that might not be representative of the pediatric population. We present our
preliminary experience comparing ioUS-assisted resection assessment to early post-
operative MRI findings in 154 consecutive brain tumor resections at our pediatric
neurosurgical unit. A high concordance was observed between ioUS and post-
operative MRI. Overall ioUS demonstrated a positive predictive value of 98%, a
negative predictive value of 92% in assessing the presence of tumor residue compared
to postoperative MRI. Overall, sensibility and specificity were 86% and 99%, respectively.
On a multivariate analysis, the only variable significantly associated to unexpected tumor
residue on postoperative MRI was histology. Tumor location, patient positioning during
surgery, age and initial tumor volume were not significantly associated with ioUS predictive
ability. Our data suggest a very good predictive value of ioUS in brain tumor resective
procedures in children. Low-grade glioma, high-grade glioma and craniopharyngioma
might represent a setting deserving specific endeavours in order to improve intraoperative
extent of resection assessment ability.
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INTRODUCTION

Several studies have demonstrated that extent of resection is a
crucial prognostic factor for achieving the best outcome in
neurosurgical oncology (1).

For this reason, previous investigations have focused on the
possible contribution of intraoperative imaging techniques in
improving surgical results (2). In this context, intraoperative
ultrasonography (ioUS) is a promising tool to assist the surgeon
in accomplishing several tasks, including target localization, volume
and margin delineation, real-time brain shift evaluation and
assessment of extent of resection (3, 4). Progressive technological
improvement has allowed the differentiation of distinct tissue
patterns, including necrosis, hemorrhage, and cystic components
of tumors (5–7). Moreover, ioUS offers significant advantages in
terms of availability, versatility and costs in comparison to other
intraoperative imaging modalities, such as MRI and CT (8).

However, available evidence is mainly based on adult case
series, which might fail to account for population specific
features of pediatric disease (9, 10).

In this study, we report our experience on the use of ioUS in
series of pediatric patients undergoing brain tumor resection.
MATERIALS AND METHODS

All patients undergoing ultrasound assisted brain tumor resection at
the Neurosurgery Unit of the Bambino Gesù Children’s Hospital
from January 2018 to June 2020 were included in the study.

Extent of resection was evaluated according to latest
recommendation of the International Society of Pediatric
Oncology (SIOP), integrating a surgical grading with a MRI
grading. Surgical impression on resection was therefore graded
from SR0 to SR3 as follows: SR0 (complete resection), SR1 (rim-
like residual), SR2 (bulky residual), SR3 (biopsy). Radiological
assessment was graded MR0 to MR3: MR0 (complete resection),
MR1 (rim-like residual ≤ 3 mm), MR2 (residual > 3 mm in any
section), MR3 (residual > 50% of initial volume) (11) (Table 1)

Planned resection (pSR) was defined during multidisciplinary
neuro-oncology board meetings. Unless a bioptic procedure was
indicated, maximal safe resection was always planned.
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All children underwent navigated craniotomy (Medtronic S7)
and microsurgical resection of the lesion. Intraoperative ultrasound
(BK 5000, BK Medical, Peabody, MA) equipped with a 5- to 10-
MHz convex probe (Craniotomy probe N13C5, BK Medical) was
used before and after dural opening to confirm the relationship of
the lesion to brain landmarks (Figures 1B and 2B), during resection
at surgeon’s discretion, at the end of resection to confirm the
microsurgical impression of reaching the planned resection (SR)
(Figures 1D and 2D). To reduce inter-operator variability,
intraoperative evaluations in our series were only performed by
three surgeons sharing the case series, each having at least a 5-year
experience in ioUS use (AC, ADB, CEM).

Post-operative imaging was performed on a 3T Siemens MRI
machine (Figures 1A, C, 2A, C). All scans were reviewed by an
experienced pediatric neuroradiologist (GSC) blinded to the
intraoperative impression.

The agreement between intraoperative ultrasound evaluation
and MRI was measured with Fleiss’ kappa agreement (12). The
Chi-square test was used to analyze associations between
categorical variables, which were expressed as absolute numbers
and percentages. Multivariate logistic regression analysis was
performed to identify predictors for discordance between
intraoperative ultrasound evaluation and MRI (the model
included as variables age at intervention, diameter of the lesion,
localization of the tumor and surgical position). Statistical analyses
were performed using GraphPad Prism, version 9.0 (GraphPad
Software, San Diego, California, USA, www.graphpad.com).

IRB approval was obtained for this retrospective study,
including waiver of consent from participating patients.
RESULTS

Our series (Table 2) included 154 patients, mean age was 8.6
years with a median of 8.2. Average tumor diameter was
36.18 mm with a median of 34 mm.

The most frequent tumor location was found to be the
posterior fossa (46 cerebellum, 6 IVth ventricle, 10 brainstem,
and 4 cerebello-pontine angle). Hemispheric lesions were 58: 19
frontal, 29 temporal, 7 parietal, 2 cingular and 1 occipital.
Additional deep tumor locations were less frequent and
included: 12 intraventricular, 4 thalamic, 6 sellar and 8 pineal.

Patient positioning during surgery was determined based on
lesion location, therefore the most frequently used was the supine
position (84). In posterior fossa and pineal region tumors, the
prone (49) and sitting (21) position were also used.

Most frequent histology was low-grade glioma (81), followed by
medulloblastoma (17), ependymoma (12) and high-grade glioma
(10). Additional tumor subtypes included craniopharyngioma (6),
germ cell tumors (5), choroid plexus tumors (3) and other less
common tumors (20). Due to heterogeneity of the histologies and
tumor locations, for statistical purposes, we had to group the cases
into broader categories (Table 2).

In children with a central nervous system tumor, the most
frequently planned procedure was a complete resection (pSR0 in
111 cases) and a “near total” resection (pSR1 in 15 cases). In 26 cases
TABLE 1 | Extent of resection as evaluated intraoperatively and on postoperative
contrast-enhanced MRI to be performed within 48 h (max, 72 h) after surgery.

SR 0 Total resection, no residue
SR 1 Suspected residue, possible local invasion
SR 2 Solid residuum (to be defined by postoperative MRI)
SR 3 Tumor volume unchanged, biopsy
MR 0 No visible tumor
MR 1 Rim enhancement or signal abnormality (matching the tumor) at the

operation site only (“Rim”), ≤ 3 mm in any of the dimensions and
equivocal for tumor residue

MR 2 Residual tumor measuring > 3 mm in all 3 dimensions (greater than
MR1, less than MR3)

MR 3 No significant change to preoperative tumor size (“minimal change”)
Adapted from Gnekow (11).
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a debulking procedure was planned (pSR2), while a biopsy was
rarely indicated (pSR3 in two cases).

At the time of surgery, extent of resection was estimated by
integrating microscopic evidence, neuronavigation information and
intraoperative ultrasound assessment. Ultrasound assessment was
possible in all cases, despite some technical limitations were
anticipated in selected settings including parietal lesions (10)
sitting position (13) and large tumor size (14).

Intraoperative assessment confirmed achievement of a planned
SR0 in 95% of cases (SR0 106/111, SR1 5/111), pSR1 in 100% (15/
15), pSR2 in 96% (SR2 25/26, SR3 1/26) and pSR3 in 100% of cases
(2/2). In five cases the surgery was stopped despite the fact the
assessment of a lower than planned EOR (SR1 instead of pSR0).
Four of these patients had a LGG arising from or infiltrating the
brainstem, the other patient had a recurrent posterior fossa
ependymoma with infiltration of the lower cranial nerves which
was not fully predictable on preoperative imaging. The child in
which a biopsy was obtained instead of a subtotal resection (SR3
instead of pSR2) had a very large (133 mm in diameter) high-grade
glioma infiltrating the third ventricle walls and thalamus bilaterally.

Post-operative MR confirmed intraoperative assessment in
87% of cases, stratified as follows: SR0 in 92% of cases (MR0 97/
106, MR1 5/106, MR2 4/106), SR1 in 47% of cases (MR0 in 1/19,
MR1 in 9/19, MR2 in 9/19), SR2 in 100% (25/25) and SR3 in
100% (MR3 3/3).
Frontiers in Oncology | www.frontiersin.org 381
Overall, in this cohort of pediatric brain tumors, when used to
assess the Extent of Resection as compared to early post-operative
MRI, ioUS was found to have sensibility of 86%, specificity of 99%,
negative predictive value of 92% and positive predictive value of 98%.

Concordance analysis between intraoperative ultrasound
evaluation and MRI showed substantial agreement (kappa =
0.758) (12). In details, intraoperative ultrasound evaluation
underestimated tumor residual. Overestimation occurred only in a
single case. Low-grade gliomas (underestimation: 15/81, 18.5%),
high-grade gliomas (underestimation: 2/10, 20%) and CRF
(underestimation: 1/6, 16.6%) were associated with US
underestimation (p = 0.034). In order to correct for confounding
factors, multivariate logistic regression analysis was performed,
showing only histology as associated with discordance of the two
imaging tests (odds ratio, 1.604; 95% CI, 1.126–2.623; p = 0.0234).

Bivariate statistical analysis did show a statistically significant
correlation between ioUS failure to accurately assess residual
tumor and histology. No correlation was found for other clinical
variables, including age, tumor diameter, lesion location, and
patient positioning during surgery (Table 3).

DISCUSSION

Intraoperative imaging is an emerging tool in the neurosurgical
armamentarium with a growing body of evidence to support
A B

C D

FIGURE 1 | Comparison of ioUS with pre- and post-operative MRI images of a right temporal low-grade glioma. Pre-operative (A) and post-operative (C) coronal
T2-weighted MRI sequence demonstrating the lesion (t) and surgical cavity (c) with ioUS approximate field of view (shaded box). Intraoperative US view of the same
is shown before dural opening (B) and after resection (D), documenting the spatial relationship with the choroid plexus (white arrow).
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i t s advantages for les ion target ing and extent of
resection evaluation.

In the setting of pediatric neurosurgical oncology, control
over the extent of resection is paramount. In this scenario, the
Frontiers in Oncology | www.frontiersin.org 482
introduction of real time intraoperative imaging, in addition to
direct inspection of the microsurgical field integrated with
neuronavigation data and intraoperative monitoring
information has the potential to significantly improve surgical
orientation. Indeed, while the aim of surgery is generally to
achieve complete resection, in particular cases this may not
desirable, making precise intraoperative assessment of residual
disease a fundamental tool to tailor surgical resection.

The neuro-oncological pediatric population has several
peculiarities when compared to adults, including a larger
variety of histological subtypes and frequent lesion location in
the posterior fossa. Therefore, generalization of available
evidence concerning the use of ioUS, mostly derived from the
adult population, might not be obvious.
A B

C D

FIGURE 2 | Comparison of ioUS with pre- and post-operative MRI images of a IV ventricle low-grade glioma. Pre-operative (A) and post-operative (C) axial T2-
weighted MRI sequence demonstrating the lesion (t), and the surgical cavity (c), tumor residue (asterisk) respectively, with approximate ioUS field of view (shaded
box). Intraoperative US view of the same is shown before dural opening (B) and after resection (D), documenting the presence of a small tumor remnant (asterisk)
which was intentionally left in place to avoid damage to the IV ventricle floor structures.
TABLE 2 | Study population.

Features of patient population and disease

Average Age Years: 8, 6
Sex M 93 60,39%

F 61 39,61%
Average Diameter mm 36, 18
Histology LGG 81 52,60%

HGG 10 6,49%
Embryonal 22 14,29%
Ependymoma 12 7,79%
Craniopharyngioma 6 3,90%
Choroid P. tumors 3 1,95%
Other 20 12,99%

Site PCF 66 42,86%
Hemispheric 58 37,66%
Intraventricular 12 7,79%
Pineal 8 5,19%
Sella 6 3,90%
Thalamus 4 2,60%

Patient position during surgery Prone 84 54,55%
Supine 49 31,82%
Sitting 21 13,64%
TABLE 3 | Multivariate statistical analysis based on patients’ age, tumor
diameter, histology, site, and position during surgery.

p value

Age 0.7505
Diameter 0.8741
Histology 0.0234
Site 0.9966
Position 0.3713
April 2021 | Volume 11 | Article
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As mentioned above, when used to assess the Extent of
Resection compared to early post-operative MRI, in this series
ioUS was found to have sensibility of 86% negative predictive
value of 92%, with a specificity of 99% and positive predictive
value of 98%. This trend for higher PPV than NPV has also been
found in adults (15), underlying a residue found at ioUS is more
likely to result in MRI evidence of tumor residue than negative
ioUS is to result in radiologic GTR.

The data concerning the use of ioUS as an aid in detecting
tumor residues in pediatric brain tumor resection is sparse and
based on small series. Even more scattered is evidence regarding
clinical variables associated to ioUS diagnostic yield, including
lesion site and histology.

Smith and colleagues discussed the use of ioUS in resection of
pediatric brain tumors: in a series of 62 patients, GTR was
planned in 82%. Surgery was stopped when microscopy and
ioUS demonstrated complete resection. In 71% of the patients,
the GTR was subsequently confirmed by postoperative MRI,
while in 11% a residue was diagnosed with MRI which ioUS
failed to detect. Notably, the specificity of iOUS appeared to be
particularly low in parietal tumors (55%), which the authors did
not offer possible explanations for (10).

In a mixed cohort of children and adults, the same group
described 42 false ioUS-based diagnoses of GTR out of 217
intended GTR procedures (19.35%). False negatives occurred
mostly in the setting of surgery for glioblastoma possibly as a
result of the difficulties in detecting the margins of these highly
invasive lesions. No information concerning the location of the
false negatives was provided, nor stratification of the results
based on age (2).

El Betagy and colleagues published two papers concerning
ioUS use in brain tumor resection in children. In the first one
they described 25 patients, 14 of which underwent GTR with no
additional data about planned extent of resection. The ability of
ioUS in detecting tumor residue was claimed to be comparable to
that of MRI (16). In a follow-up paper, 60 patients operated for
posterior cranial fossa lesions in the prone position were divided
into two groups, 30 to be operated with the aid of ioUS and 30
without. The use of iOUS resulted in a 16% increase in GTR
achievement (96% vs 80%), while allowing a lower incidence of
cerebellar mutism (3% vs 20%) without significant increase of the
operative time. They reported ioUS usefulness in detecting
residue in the region of the rostral vermis and the lateral
recesses of the fourth ventricle (17). No information was
provided concerning the patients’ randomization process.

Concerning pediatric posterior fossa lesions, a paper by Nagaty
and colleagues described 23 surgeries performed with the aid of
ioUS, in 11 of which GTR was achieved. The accuracy of ioUS was
not compared to postoperative MRI, beside the fact that the average
size of residuals diagnosed by ioUS and by MRI were similar (18).

Ulrich and colleagues described a series of 22 patients, in 19 of
which a GTR was planned. On postoperative MRI, out of the 19
planned GTR procedures, a residual was diagnosed in a single case
of IV ventricle medulloblastoma, which the iOUS failed to detect.

Our data confirm the high sensibility and specificity of ioUS
in detecting the extent of residual disease in a pediatric brain
Frontiers in Oncology | www.frontiersin.org 583
tumor series in what is, to the best of our knowledge, the largest
pediatric series published to date.

The pivotal role of accurate assessment of residual tumor is in
children is underlined by the introduction by the International
Society for Paediatric Oncology (11) of a new scale to quantify
both the operator’s assessment and the post-operative imaging
data. Our decision to assess residual disease according to this
classification might account for some of the differences in extent
of resection rate compared to previously reported series.

In our series, ioUS underestimated resection in 18 cases
(12%), Notably, in five (3%) cases, it suggested a complete
resection (SR0) had been accomplished while MR later showed
a linear residual smaller than 3 mm in diameter (MR1) and in
nine (6%) cases, it suggested a linear residual (SR1) instead of a
nodular one (SR2). Further, 4 (3%) cases ioUS suggested
complete resection (SRO) while a nodular residual (SR2) had
been left behind. Notably, even if all patients were operated with
the aid of intraoperative monitoring, resection was never
interrupted because of neurophysiological data.

We did not find significant association between residual
underestimation and either prone, supine or sitting
positioning, While the inability to fill the tumor cavity with
saline in sitting positioning has raised questions about ioUS
reliability in this setting (13), the sitting position does not appear
to correlate with false negatives in our experience.

A well-described technical pitfall of ioUS in the neuro-
oncological setting is presence of artifacts when exploring
tissue surrounding large cavities, due to the difference in sound
propagation between saline solution and brain (14). Possible
countermeasures include the use of small probes inserted in the
surgical cavity, at the price of a limited field of view (14) and
ongoing development of acoustic coupling gels as saline
alternatives (19). Despite these concerns, in our analysis, tumor
size did not correlate with ioUS failure to detect lesion residue.

Anecdotally, the single case of residue overestimation (0.6%)
in our series was a large frontal tumor in which artifacts from
tissue manipulation where misinterpreted as linear residual
disease (SR1) not confirmed at the post-operative MR (MR0).

The only variable significantly associated with an unexpected
tumor residue on the postoperative MRI was histology (p =
0.0234). In particular, all the false negatives in this series were
LGG, HGG, and craniopharyngioma (CFR).

Most of the literature concerning ioUS as an aid in residue
identification, which stems from mostly adult series, compares
ioUS sensitivity in is generally reported to have higher sensitivity
in the detection of residues of HGG than LGG (15, 20). In this
series, while certain histologies were associated with residue, no
significant difference was apparent between LGG and HGG. We
believe similarity in echogenicity and microscopic appearance to
brain parenchyma in the case of the former and peritumoral
edema and infiltrating pattern, typically found in the latter,
might have lessened the ability to distinguish the tumor
remnants from the surrounding tissue. Identification of tumor
residues in the sellar and parasellar region carries unique
challenges due to the geometry of the cavity with respect to the
major tumor axes and the high rate of artifacts due to the
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closeness of osteo-dural and vascular structures, while we did not
find a statistical significance for tumor residue in the sellar region
compared to other tumor locations, we believe these factor did
play a role in the single case of residue in a CFR.

The low sensitivity of ioUS in parietal lesions reported by
Smith and colleagues was not apparent in this series (10). Tumor
location indeed did not associate with undetected residue on
multivariate analysis.

While lesion location did not reach significance on
multivariate analysis, the subgroup in which ioUS failed to
accurately assess residual showed a high percentage of
brainstem infiltrating lesions (50%) and posterior temporal
lobe location with tumor residual on the wall of the resection
cavity (49%). Intriguingly, these two conditions found in 89% of
cases of underestimation of tumor residue share some technical
challenges for ioUS despite US probe positioning at the top of the
resection cavity. We speculate that inaccuracy in the posterior
fossa might depend on peculiar echogenicity of brainstem and
proximity of bone walls, while residual location on a wall of the
resection cavity, artifacts from ventricular structures, proximity
of middle fossa floor and tangential direction of the US probe to
the surgical cavity might contribute in temporal lobe resections.

We speculate that the use of more advanced US techniques,
such as contrast-enhanced (21) and navigated (22) ultrasound,
which were not used in this series, might allow an even more
reliable assessment of the extent of resection, as a growing body
of evidence suggests.
CONCLUSIONS

Maximal safe resection of brain tumors is a critical step of
treatment in the pediatric population. Intraoperative extent of
resection can be accurately assessed by ioUS in the vast majority
of cases.

Further technical refinement and application of additional
intraoperative advanced visualization tools might help overcome
this limitation contributing to a more precise intraoperative
residual detection in the future.
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Introduction: Neuronavigation greatly improves the surgeon’s ability to approach,
assess and operate on brain tumors, but tends to lose its accuracy as the surgery
progresses and substantial brain shift and deformation occurs. Intraoperative MRI (iMRI)
can partially address this problem but is resource intensive and workflow disruptive.
Intraoperative ultrasound (iUS) provides real-time information that can be used to update
neuronavigation and provide real-time information regarding the resection progress. We
describe the intraoperative use of 3D iUS in relation to iMRI, and discuss the challenges
and opportunities in its use in neurosurgical practice.

Methods: We performed a retrospective evaluation of patients who underwent image-
guided brain tumor resection in which both 3D iUS and iMRI were used. The study was
conducted between June 2020 and December 2020 when an extension of a
commercially available navigation software was introduced in our practice enabling 3D
iUS volumes to be reconstructed from tracked 2D iUS images. For each patient, three or
more 3D iUS images were acquired during the procedure, and one iMRI was acquired
towards the end. The iUS images included an extradural ultrasound sweep acquired before
dural incision (iUS-1), a post-dural opening iUS (iUS-2), and a third iUS acquired immediately
before the iMRI acquisition (iUS-3). iUS-1 and preoperative MRI were compared to evaluate
the ability of iUS to visualize tumor boundaries and critical anatomic landmarks; iUS-3 and
iMRI were compared to evaluate the ability of iUS for predicting residual tumor.

Results: Twenty-three patients were included in this study. Fifteen patients had tumors
located in eloquent or near eloquent brain regions, the majority of patients had low grade
gliomas (11), gross total resection was achieved in 12 patients, postoperative temporary
deficits were observed in five patients. In twenty-two iUS was able to define tumor
location, tumor margins, and was able to indicate relevant landmarks for orientation and
guidance. In sixteen cases, white matter fiber tracts computed from preoperative dMRI
were overlaid on the iUS images. In nineteen patients, the EOR (GTR or STR) was
predicted by iUS and confirmed by iMRI. The remaining four patients where iUS was not
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able to evaluate the presence or absence of residual tumor were recurrent cases with a
previous surgical cavity that hindered good contact between the US probe and the
brain surface.

Conclusion: This recent experience at our institution illustrates the practical benefits,
challenges, and opportunities of 3D iUS in relation to iMRI.
Keywords: ultrasound, 3D, neurosurgery, iMRI = intraoperative MRI, tumor
INTRODUCTION

Maximal safe resection of high-grade and low-grade gliomas has
been established as an important prognostic factor with a strong
correlation to survival (1–4). Image-guidance using
computerized navigation on the basis of preoperative MRI is
the current standard in the surgical management of brain
tumors. Although neuronavigation greatly improves the
surgeon’s ability to approach, assess and operate on brain
tumors, navigation based on preoperative MRI loses its
accuracy as the surgery progresses, owing to substantial brain
shift and deformation (5–8). Intraoperative MRI (iMRI) partially
addresses this inherent problem of neuronavigation based on
preoperative imaging when used serially during the surgery to
provide anatomical updates reflective of the changing tissue
structure (9, 10).

The first iMRI system, developed in the 1990s by General
Electric in collaboration with physicians at Brigham and
Women’s Hospital, was designed as a ‘double donut’
configuration with the surgeon standing in the aperture
between the two halves of the magnet. This provided the
surgeon full access to the head without the need to move the
patient in and out of the bore of the scanner (11). This system
integrated navigation with continuous multi-oblique image
plane acquisitions. This design mandated a low field strength
magnet of 0.5T and was limited by the resultant poor image
quality when compared to preoperative diagnostic MRI scanners
of field strengths typically ranging from 1.5T to 3T. To improve
image quality and resolution, higher field, closed configuration
magnets are necessary, requiring either moving the patient deep
into the bore of the magnet or moving the magnet to the patient
on the operating room table. This requirement makes it
impractical to acquire multiple images to update neuronavigation
as tumor resection progresses and tissue deformation ensues, due to
the time cost associated with each iMRI imaging session. Thus, the
common practice in iMRI guided brain tumor surgery is to perform
a single iMRI imaging session near the end of intended resection for
identifying any residual tumor.

Intraoperative ultrasound (iUS) is a powerful alternative to
iMRI for monitoring brain shift and updating neuronavigation
during surgery. The main advantage of iUS is that it causes
minimal disruption to the surgical workflow while providing
real-time information to the surgeon and is much less expensive
and resource intensive than iMRI (12). 2D iUS has the
disadvantage of a steep learning curve and an increased
cognitive burden necessitated to integrate the orientation of 2D
287
images to the 3D anatomy of the surgical field. Thus, it can be
difficult for surgeons to maximally benefit from 2D iUS in
neurosurgical procedures. Integrating preoperative MRI with
3D iUS in neuronavigation helps resolve these orientation
challenges of 2D iUS (13–15; Geirmund 16–18).

In this report, we present the challenges and opportunities in
the use of 3D iUS during brain tumor resection in an advanced
image-guided operating environment with multimodal
preoperative MRI, neuronavigation and iMRI. We describe
how we use preoperative MRI, iMRI, and 3D iUS intraoperatively
and discuss the current and future impact of these imaging
modalities on neurosurgical practice.
MATERIALS AND METHODS

We retrospectively evaluated patients who underwent image-
guided brain tumor resection in the Advanced Multi-modal
Image-Guided Operating (AMIGO) Suite (19, 20) at Brigham
and Women’s Hospital in Boston, USA, between June 2020 and
November 2020, where both iUS and iMRI were employed to
guide the resection. We selected cases representative of patients
at higher risk of post-operative neurological complications due to
the location of the tumor in or near the eloquent cortex or
patients where intraoperative imaging was required to guide
resection. The cases were individually analyzed and the roles of
iUS and iMRI at multiple time points were compared. Clinical,
demographic, histopathological and radiological information
was manually collected from the patients’ electronic medical
records. Tumors were classified according to the World Health
Organization (WHO) 2016 Classification of Gliomas and
cIMPACT-NOW updates 4, 6 and 7 (21–24). Additionally,
tumors were classified into one of 3 categories based on
proximity to functional cortex (non-eloquent [Grade I], near-
eloquent [Grade II], and eloquent [Grade III]) (25). Extent of
resection (EOR) was classified by a neuroradiologist as gross total
resection (GTR) or subtotal resection (STR) based on a
postoperative MRI performed within 48 hours after surgery.
We also describe three cases in greater detail and note the
nuances in our experience of using iUS in neurosurgical
practice. The study was approved by the Mass General
Brigham Institutional Review Board and written informed
consent was obtained from all patients included in this study.
The surgical procedures in this series were performed either by
W.L.B or A.G, both neurosurgeons with extensive experience in
image-guided neurosurgery using iUS and iMRI.
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Cohort Selection
The study was conducted between June 2020 and December 2020
when an extension of a commercially available navigation
software was introduced in our practice enabling 3D iUS
volumes to be reconstructed from tracked 2D iUS images.
During this period, a total of 23 cases were performed in the
AMIGO suite by the study surgeons. Preoperatively, MR images
were acquired using a 3T MRI scanner (Magnetom Prisma/
Skyra, Siemens Healthineers, Erlangen, Germany) and a 20-
channel Siemens head-coil. Structural MR imaging included a
3D T1-weighted post-contrast sequence, a 2D T2-weighted
sequence, a 3D MP2RAGE sequence, and a 3D T2-weighted
FLAIR sequence. Patients with lesions in or near eloquent areas
underwent blood oxygen level-dependent (BOLD) fMRI with a
single-shot 2D echo-planar imaging (EPI) sequence with the
appropriate tasks paradigms for language and motor mapping,
according to our institutional protocol (26). Preoperative
Diffusion MRI (dMRI) was acquired in all patients and
Brainlab Fibertracking software module (Brainlab Elements,
Munich, Germany) was used for tractography in patients who
had lesions in close proximity to eloquent white matter tracts.
Relevant fMRI activations were used as seed regions to generate
fiber tracts, either individually or in combination, as deemed
clinically appropriate. All MR images were imported into a
neuronavigation system (Brainlab, Munich, Germany) for
presurgical planning.

3D Intraoperative Ultrasound (iUS)
iUS was performed using a 2D neuro-cranial curvilinear
transducer on a cart-based ultrasound system (N13C5,
BK5000, Analogic Corporation, Peabody, MA, USA). This
sterilizable transducer has a contact surface area of 29x10 mm
and frequency range of 13-5 MHz. The ultrasound probe was
tracked with the Brainlab Curve navigation system (Brainlab,
Munich, Germany). Similar to optical tracking of other surgical
instruments, a fiducial array was attached to the ultrasound
transducer and tracked relative to a reference array attached to
the head fixation device (HFD100, IMRIS, Minnetonka, MN,
USA). This allowed the navigation software to localize the
acquired 2D iUS slices and orient them at the transducer tip.
During image acquisition, the imaging plane of the transducer
was oriented as close as possible to one of the three cardinal axes
of the head, determined by the size and shape of the craniotomy
(e.g., when the largest dimension of the craniotomy was along the
anteroposterior axis, the transducer was placed in a coronal or
sagittal orientation depending on the surgeon’s view preference).
The 2D probe was slowly swept across the craniotomy to acquire
a sequence of tracked 2D images. A 3D iUS volume was created
from the tracked images at a resolution of 0.2 mm x 0.2 mm x
0.2 mm using an automated ultrasound reconstruction extension
at the backend of the navigation software (Digital Ultrasound
Integration, Brainlab, Munich, Germany). The 3D iUS volume
was overlaid on preoperative imaging, providing insight into
brain shift and possible registration errors. For each patient,
three or more 3D iUS volumes were acquired during the
procedure, and one iMRI was acquired after significant
Frontiers in Oncology | www.frontiersin.org 388
resection towards the end of the procedure. The iUS images
included: an extradural image acquired immediately after the
craniotomy and before dural incision (iUS-1); an intradural
image acquired immediately after the dural opening (iUS-2);
and a third image acquired immediately before the iMRI
acquisition (iUS-3) (S. 27).

Intraoperative MRI (iMRI)
iMRI was performed using a 3T wide-bore (70 cm) MRI scanner
(Magnetom Verio, Siemens Healthineers, Erlangen, Germany)
after significant resection to evaluate the presence of any residual
tumor. A temporary closure was performed prior to the iMRI
acquisition. The total time required to obtain iMRI including
preparation for scanning, MR safety check, image acquisition,
and repreparing for surgery t was 1-1.5 hours per session. In
some of the surgeries, clinical needs necessitated imaging
sessions at 2 distinct surgical timepoints. The Brainlab
registration module was used to automatically register iMRI to
preoperative MRI (rigid registration). This allows us to compare
iMRI in the same coordinate space as iUS.

Comparison of iUS to Neuronavigation
and iMRI
iUS-1 and iUS-2 were used to provide a real-time assessment of
the lesion extension, location and local anatomy and to confirm
navigation accuracy. iUS-3 was qualitatively compared to iMRI
to evaluate how well the iUS could image residual tumor and
predict the extent of the resection. The presence or absence of
residual tumor on iUS-3, as per the attending neurosurgeon, was
recorded prior to the acquisition of the iMRI. The assessment of
the residual tumor in iMRI was also made by the attending
neurosurgeon in consultation with a neuroradiologist.
RESULTS

We compared the clinical utility of iUS with preoperative MRI
and iMRI in twenty-three patients (15 men, 8 women; age range
28-83 years) who underwent image-guided brain tumor
resection in the AMIGO suite (Table 1). In seven patients, the
tumors were located in eloquent brain regions, eight near-
eloquent brain regions, and eight in a deep-seated non-
eloquent brain region. Thirteen patients had newly diagnosed
tumors, while ten patients underwent resection for recurrent
tumors. Five patients had IDH1-mutant grade 3 gliomas, three
patients had an integrated histological and molecular diagnosis
of glioblastoma multiforme, ten had grade 2 gliomas, one had
brain metastases from a non-small cell lung carcinoma, one had
a diagnosis of radiation necrosis and one had a central nervous
system lymphoma. GTR was achieved in twelve patients (in the
other patients, subtotal resection was expected due to the
unfavorable location of tumors in the eloquent cortex).
Temporary postoperative deficits were observed in five
patients, all of whom had tumors in eloquent or near-eloquent
regions. Table 2 summarizes tumor pathology along with
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intraoperative details of the tumor resection and the
postoperative patient outcomes.

In all cases, iUS images acquired at two time points were
visually compared with either preoperative MRI or iMRI. In
nineteen patients, the iUS and iMRI findings regarding the status
of the resection (GTR or STR) were concordant. In all these
patients, iUS was able to define tumor location, tumor margins
and was able to indicate relevant landmarks for orientation and
guidance. The remaining four patients where iUS was not able to
evaluate the presence or absence of residual tumor were
recurrent cases with a previous surgical cavity that hindered
good contact between the US probe and the brain surface. In
sixteen cases, white matter fiber tracts computed from
preoperative dMRI were overlaid on the iUS images. Table 2
summarizes the imaging characteristics of iUS at iUS-1, iUS-2
and iUS-3. We discuss three of these cases in detail below.
Case 1
A 61-year-old right-handed man presented with new onset focal
seizures, manifesting as dysarthria, and left-sided facial
twitching. Brain MRI revealed a non-enhancing mass in the
right frontal lobe anterior to the precentral gyrus (Figure 1). The
lip pursing task from the preoperative fMRI showed BOLD
activations in the pre- and postcentral gyri, 1 cm posterior to
the T2-hyperintense lesion (Figure 1C). The activations
corresponding to the left hand were superior to the activations
for lip pursing along the pre- and postcentral gyri, distant from
the lesion. Language activations indicated left lateralized
language function. White matter tractography seeded from
motor fMRI BOLD activation areas was used to generate the
right corticospinal tract (Figures 1D, E).
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A right frontotemporal craniotomy with transcranial and
direct cortical motor mapping was performed. After the
craniotomy, an extradural ultrasound (iUS-1) confirmed a
homogeneously hyperechoic mass, expanding the gyrus
anterior to the prefrontal gyrus (Figures 2 and 3A).
Overlaying iUS-1 on the preoperative MRI showed a mismatch
by one gyrus (approximately 1.5 cm) between the segmented
tumor on MRI and the tumor observed in the iUS (Figure 2).
After the dural opening, iUS (iUS-2) was performed and the
margins of the tumor were blurrier than iUS-1 (Figure 3B). The
iUS (US-1 and US-2) in this case was used to precisely localize
the area of the abnormality and the gyral anatomy. Cortical
mapping was used directly over the planned resection sites and
did not evoke any motor responses. Microsurgical resection
proceeded with serial checks of the ultrasound to evaluate
progress, especially as resection approached the posterior and
medial margin of the lesion in close relation to the descending
motor fibers (Figure 3C). Continuous subcortical motor
mapping was also performed during the resection with a
monopolar stimulating suction (Drytouch single-use Frazier
Monopolar Stimulation Suction Probe, Neurovision Medical
Products, Ventura CA). When a complete resection had been
achieved per the surgeon’s estimate, a final iUS sweep (iUS-3)
was acquired that suggested the absence of any residual tumor
(Figure 3D) which was corroborated by the iMRI for
confirmation of GTR. The patient had no postoperative
neurological deficits and was discharged home after two days.
Pathology revealed a glioblastoma multiforme.

Case 2
A 28-year-old right-handed man presented with episodes of
anxiety and fear lasting 20-30 seconds, with an initial diagnosis
TABLE 1 | Summary of patient demographics, and preoperative clinical and radiological aspects of brain tumors.

# Sex (Age, years) Tumor Location Recurrent Eloquence Related White Matter Tracts Contrast Enhancing

1 Male (61) Right frontal No Near Eloquent CST¹ No
2 Male (28) Left medial temporal No Near Eloquent IFOF², Arcuate, visual fibers No
3 Female (53) Left cingulate gyrus No Near Eloquent CST¹, Frontal Aslant Tract No
4 Male (58) Left Insula No Eloquent CST¹, Arcuate No
5 Male (45) Right temporal-Recurrent Yes Non-eloquent – Yes
6 Male (36) Left insula Yes Eloquent CST¹, Arcuate No
7 Male (58) Left frontal No Eloquent CST¹ Yes
8 Female (34) Right Insula-Recurrent No Eloquent IFOF², Uncinate No
9 Male (83) Right frontal No Eloquent CST¹ Yes
10 Male (52) Left temporal No Near Eloquent CST¹, Arcuate Yes
11 Female (56) Left frontal Yes Non-eloquent – Yes
12 Female (32) Left temporal Yes Near Eloquent Arcuate, IFOF No
13 Female (49) Left frontal Yes Non-eloquent – Yes
14 Male (45) Right frontal No Near Eloquent CST No
15 Female (45) Right parietal Yes Near Eloquent CST No
16 Male (42) Left frontal Yes Non-eloquent – Yes
17 Female (23) Left occipito-parietal Yes Non-eloquent – Yes
18 Male (48) Right frontal Yes Non-eloquent – Yes
19 Male (52) Right temporal No Non-eloquent IFOF No
20 Male (42) Right precentral gyrus No Eloquent CST No
21 Female (23) Right temporal No Non-eloquent – Yes
22 Male (69) Left frontal Yes Eloquent Arcuate, CST No
23 Male (54) Left frontal/insula No Near Eloquent IFOF, Arcuate No
May 2021 | Volum
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of post-traumatic stress disorder. Escalating frequency of these
episodes prompted imaging evaluation, which revealed a large
left non-enhancing mass in the mid- and posterior medial
temporal lobe. Preoperative language fMRI showed BOLD
activations in the putative receptive language areas of the left
superior temporal gyrus, within 1 cm of the T2-hyperintense
lesion. Visual tasks were used to map the primary visual cortex
using fMRI. The AF, IOFF/IFOF, ILF, FAT and Optic Radiations
Frontiers in Oncology | www.frontiersin.org 590
(OR) were created on the tractography software using fMRI
BOLD activation areas as seed ROIs, consistent with their
expected anatomical locations. An unexpected fiber bundle
running through the middle of the posterior aspect of the
lesion was suspected to be related to the visual pathway
(Figure 4).

A left temporal craniotomy was performed, with subsequent
extradural ultrasound (iUS-1) which confirmed presence of a
TABLE 2 | Summary of Intraoperative and Postoperative Imaging Findings.

# Lesion echogenicity Predura US
Anatomical
Landmark

US1
confirms
navigation

MRI

Residual
Tumor (US)

Residual
Tumor
(iMRI)

Extent of
Resection

Postop Deficits Tumor Pathology

1 Homogeneous hyperechoic Sulci Yes No No GTR¹ None GBM**
2 Heterogeneous hyperechoic Tentorium, brainstem,

cerebellum
Yes Yes Yes STR² Temporary word

findings and
reading difficulty

Anaplastic Astrocytoma
IDH1mutant, Grade 3

3 Homogenous hyperechoic Falx, cingulate sulcus,
lateral ventricles,
callosum sulcus

Yes Yes Yes STR SMA* syndrome GBM**

4 Homogeneous hyperechoic Sylvian fissure Yes Yes Yes STR Temporary
aphasia

Diffuse Astrocytoma
IDH1mutant, Grade 2

5 Heterogeneous hyperechoic Lateral ventricle,
tentorium

Yes Yes Yes STR None Anaplastic Oligodendroglioma,
Grade 3

6 Homogeneous hyperechoic Sylvian fissure,
ventricles

Yes Yes Yes STR None Anaplastic Astrocytoma
IDH1mutant, Grade 3

7 Hypoechoic cyst +
hyperechogenic margins

Falx,
ventricles

Yes No No GTR None Metastasis (NSCLC⊤)

8 Heterogeneous hyperechoic Sylvian fissure, Falx Yes Yes Yes STR None Diffuse Astrocytoma
IDH1mutant, Grade 2

9 Isoechoic with surrounding
hyperechoic edema

Lateral ventricles,
Falx

Yes No No GTR Temporary UE³
paresis

Lymphoma

10 Heterogeneous hyperechoic
solid component &
hypoechogenic cyst

Occipitotemporal
sulcus

Yes Yes Yes GTR No Oligodendroglioma, Grade 2

11 Heterogeneous hyperechoic Orbital gyri Yes Yes Yes GTR No Radiation necrosis
12 Heterogeneous hyperechoic Tentorium, brainstem,

cerebellum
Yes Yes Yes STR No Diffuse Astrocytoma

IDH1mutant, Grade 2
13 Nonvisible (large surgical

cavity)
Ventricles No Not visible

(previous
resection
cavity)

Yes GTR No Anaplastic Oligodendroglioma,
Grade 3

14 Homogeneous hyperechoic Sylvian fissure Yes Yes Yes STR No Oligodendroglioma, Grade 2
15 Heterogeneous hyperechoic

(hard to visualize)
Lateral ventricles Yes Not visible

(previous
resection
cavity)

No GTR No Oligodendroglioma, Grade 2

16 Heterogeneous hyperechoic Lateral ventricles Yes Yes Yes STR No Oligodendroglioma, Grade 2
17 Heterogeneous hyperechoic Falx Yes Not visible

(previous
resection
cavity)

No GTR No Grade 2 low grade glioma with
ependymoma differentiation,
IDH1 wildtype

18 Homogeneous hyperechoic Lateral ventricles Yes Not visible
(blurry)

Yes GTR No Anaplastic Astrocytoma
IDH1mutant, Grade 3

19 Homogeneous hyperechoic Sylvian fissure Yes Yes Yes GTR No Oligodendroglioma, Grade 2
20 Homogeneous hyperechoic Sulci Yes Yes Yes GTR No Oligodendroglioma, Grade 2
21 Hypoechoic cyst +

hyperechogenic margins
Sylvian fissure Yes No No GTR No Ganglioglioma, grade I

22 Heterogeneous hyperechoic Lateral ventricles Yes Yes Yes STR No Anaplastic Oligodendroglioma,
Grade 3

23 Heterogeneous hyperechoic Lateral ventricles Yes Yes Yes STR Status epilepticus GBM
May 2021
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heterogeneous hyperechoic mass within the exposed area
(Figure 4A). Relatively immobile reference landmarks, such as
the tentorium, the brainstem, the cerebellum, and the cerebral
aqueduct, were visualized as additional correlative landmarks.
Frontiers in Oncology | www.frontiersin.org 691
The dura was opened and an intradural ultrasound was
performed to confirm the tumor location (Figure 4B). A linear
pial incision, in the inferior temporal gyrus and parallel to the
gyrus, was fashioned followed by dissection until the tumor was
FIGURE 2 | Case 1 intraoperative screen capture with the 3D surgical plan reconstruction with fMRI BOLD activation segmented in orange, tumor in green and
Corticospinal Tract in yellow (the upper left panel), and the three orthogonal planes with 3D iUS-1 overlaid on preoperative MP2Rage. Notice the mismatch between
the segmented tumor on MRI (green segmentation) and observed tumor on iUS (red arrowhead), placing the tumor site over the sulcus between the gyri making it
difficult to know which gyrus was the tumor actually located.
FIGURE 1 | Case 1 Surgical Plan. (A) Axial T2-weighted imaging showing an hypointensity in the right middle frontal gyrus, anterior to the precentral gyrus;
(B) Coronal T2-weighted imaging showing an hypointensity in the right middle frontal gyrus; (C) Sagittal T2*-weighted imaging showing BOLD activation for lip purse
test (yellow) on the lateral aspect of the right precentral gyrus; (D) Axial T2*-weighted imaging showing the right Corticospinal Tract (CST) on the deep and posterior
margins of the tumor; (E) Coronal T2-weighted imaging showing the right CST descending from the precentral gyrus in the posterior aspect of the tumor; (F) 3D
brain reconstruction showing the BOLD activation for lip purse segmented (in blue), the segmented tumor (green) and the CST deep (in purple).
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encountered. The tumor was extirpated centripetally, using
multiple ultrasound sweeps to serially assess resection progress.
At one point, the tracts within the tumor were localized using
iUS and preserved (Figures 4C and 5). When the initial resection
Frontiers in Oncology | www.frontiersin.org 792
goals were accomplished to the surgeon’s satisfaction, iUS-3 was
performed, which suggested possible residual tumor at the
posterolateral margin as well as posteriorly along the medial
margin in the vicinity of the coursing tracts through the tumor
FIGURE 4 | Case 2 Post hoc manually aligned preoperative axial T2-weighted imaging with (A) iUS-1, (B) iUS-2, (C) iUS-3 with multiple tracts around and inside the
tumor, and (D) iMRI axial T2-FLAIR imaging manually aligned with iUS-3 without the overlaid tracts. Notice on C the presence of tracts running through the tumor.
On D, it is possible to notice the presence of residual tumor in the posterolateral margin as well as posteriorly along the medial margin in the vicinity of the coursing
tracts through the tumor.
FIGURE 3 | Case 1 Post hoc manually aligned preoperative axial T2-weighted imaging with (A) iUS-1, (B) iUS-2, (C) iUS-3 with right Corticospinal Tract (yellow) and
Frontal Aslant Tract (red), and (D) iMRI axial T2-weighted imaging manually aligned with iUS-3. On D it is possible to observe a gross total resection on iUS and
confirmed by iMRI.
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(Figure 4D). iMRI confirmed the iUS findings (Figure 4D). The
patient was re-draped, and the resection of the remaining tumor
in the posterolateral aspect of the cavity was completed. The
patient exhibited mild temporary word finding and reading
difficulty early post-operatively. Three weeks after surgery, his
preoperative anxiety attacks were nearly resolved and he
only had minor word finding difficulties. On his 3-months
follow-up, the patient was back to his baseline and seizure free.
Pathology was compatible with a grade 3 IDH1-mutant
anaplastic astrocytoma.

Case 3
A 53-year-old woman presented with a partial motor seizure,
with postictal transient right-sided hemiparesis. Brain MRI
showed a non-enhancing deep-seated lesion in the left
cingulate gyrus, extending to the mid-/posterior corpus
callosum inferiorly and to the paracentral gyrus superiorly.
Preoperative fMRI of hand clenching, finger tapping, and toe
wiggling tasks showed BOLD activations in the anatomically
expected M1 location and more anteriorly in the superior frontal
gyrus. DTI tractography using fMRI BOLD activation areas as
seed ROIs was used to generate the left CST and the left FAT. A
3D rendering of preoperative T1 post-contrast MRI
reconstruction highlighted two prominent cortical veins
entering the superior sagittal sinus in the planned craniotomy.
Taken together, preoperative imaging suggested a narrow
window for a safe operative corridor to the tumor.

A left frontal craniotomy with transcranial and direct cortical
motor evoked potentials as well as subcortical motor mapping
was planned. The patient was positioned supine with head
neutral and 30° neck flexion. Via a linear incision a
Frontiers in Oncology | www.frontiersin.org 893
craniotomy was performed to expose the superior sagittal sinus
and coronal suture. iUS-1 confirmed adequate exposure of the
tumor (Figure 6). A second iUS (iUS-2) was performed after the
dura mater was opened to validate the continued accuracy of
neuronavigation; there was a potential for a brain shift in the
anteroposterior direction due to cerebrospinal fluid (CSF)
drainage but none was observed. We attempted an
interhemispheric dissection, which was limited by the bridging
veins merging with the sinus along its length, prompting pursuit
of a transcortical approach instead. The cortical entry point was
defined between the two hand and foot activation areas
connected by the corticospinal tract and the frontal aslant
tract, using a combination of motor mapping and navigating
the iUS-2 volume with the preoperative MRI (Figure 6B). The
anterior-most and superficial part of the tumor was well
differentiated from the surrounding brain, but the posterior
and deeper portion was only partially distinguishable. Surgical
resection was pursued posteriorly until subcortical stimulation of
motor tract responses reached a threshold of 2.5 mA. A third iUS
sweep (iUS-3) indicated some residual tumor in the anterior-
most part of the cavity, cloaked by a sheath of arachnoid in the
cingulate sulcus (Figure 7A). iMRI at this point confirmed
residual tumor in both the anterior and posterior aspects of
the surgical cavity (Figure 7B). Additional microscopic resection
of the anterior residual tumor was achieved. In the early
postoperative period, the patient exhibited right-sided
hemiparesis, most prominent on lower extremity with
preserved tone, with near-complete recovery by postoperative
Day 10 barring minor gait apraxia, and a full recovery after 3
weeks consistent with a supplementary motor syndrome.
Pathology was compatible with glioblastoma multiforme
FIGURE 5 | Case 2 intraoperative screen capture with the 3D surgical plan reconstruction with fMRI BOLD activation segmented in dark and light blue and tumor in
green (upper left panel), and the three orthogonal planes with 3D iUS-3 overlaid on preoperative MP2Rage. Notice the navigation probe in close proximity to the
tracts running through the tumor. In order to preserve these tracts, no further resection medially was performed.
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DISCUSSION

2D and 3D iUS Compared to Preoperative
MRI
In the present paper, the locations and margins of the tumors as
shown by iUS were in agreement with preoperative MRI. This is
consistent with findings in the literature of significant correlation
between 2D US and preoperative MRI (28, 29). While there is
additional literature on the ability of iUS to provide better tumor
delineation than T1-weighted MRI iUS, (30; G. 31), we have not
systematically studied this.

iUS and Navigation
Navigated 3D iUS was able to provide real-time information
regarding brain shift, possible problems with registration and to
identify potential surgical entry points in all cases. Since we used
iUS-1 and iUS-2 to validate neuronavigation on preoperative MRI,
wewere able to recognize rigidmismatches and avoid errors such as
incision of the incorrect gyrus that could have happened if we had
navigated solelyon thepreoperativeMRI (Case 1). iUSallowedus to
enhance neuronavigation by providing important information
regarding the best window between two functional areas to
proceed with a corticectomy (Case 3). A recent study of 210
glioma patients reported that serially acquired navigated iUS
played an important role in assessing resection progress (32).

iUS to Measure and Monitor Brain Shift
An important advantage of iUS is its ability to monitor brain
shift over the course of surgical resection and to provide real-
Frontiers in Oncology | www.frontiersin.org 994
time anatomical information that reflects the current
intraoperative state. In our cohort, we observed minimal brain
shift between iUS-1 and iUS-2, but as the surgical resection
progressed, the mismatch between the preoperative MRI on the
navigation system and the iUS became evident, rendering
neuronavigation suboptimal for clinical decision-making.
Therefore, the only true, real-time image-guidance available to
us was from iUS. While we have not employed any non-rigid
registration methods in this study, we and others have developed
several that have continued to move the field forward for
registration of MRI-MRI and MRI-iUS volumes (6, 27, 33–37).

Concordance Between iUS and iMRI
Our study showed a concordance rate of 100% between iUS and
iMRI findings in predicting the EOR in patients where good
contact between the US probe and the brain surface was possible;
on iUS-3 four patients showed no residual tumor and fifteen
patients showed residual tumor, all confirmed by iMRI. These
results are similar to the earliest study that revealed a 100%
concordance rate between the two imaging modalities (28). (38)
showed in a study of 20 GBM surgeries that tumor detection
sensitivity using a navigated linear array ultrasound transducer is
significantly higher (78% vs. 24%) compared to using a curved
array transducer, while specificity is reduced (from 58% vs 96%).
A more recent study in both adult and pediatric patients with
brain tumors using iUS showed 81% concordance, with 19%
false-negative results (39). The main hurdle in using iUS to
establish the EOR is the difficulty by the end of the surgery to
assess if a hyperechoic area is truly residual tumor, since the
FIGURE 6 | iUS1 in Case 3. Central panel shows a sagittal T2*-weighted imaging with fMRI BOLD activations for lower extremity (red) and upper extremity (blue).
(A) Coronal iUS-1 showing the most anterior part of the tumor; (B) coronal iUS-1 showing the only possible surgical corridor that avoids the fMRI BOLD activations
areas and Corticospinal Tract (CST); (C) Coronal iUS-1 overlaid with fMRI BOLD activation for lower extremity and CST superior to the tumor; (D) coronal iUS-1 with
overlay of CST superior to the tumor.
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enhancement artifact caused by differences in attenuation of the
resection cavity fluid and the surrounding brain is a significant
surgically induced ultrasound artifact (40). Although we noticed
this artifact in some of our cases, we were able to confirm the iUS
findings using iMRI because all the cases were performed in the
AMIGO suite. A potential solution to this problem is a coupling
fluid that attenuates ultrasound energy like the normal brain and
reduces enhancement artifacts, which has been studied though is
not yet commercially available (40).

Limitation of iUS Imaging
In patients with large resection cavities, either new or previous,
contact between iUS probe and the brain surface can be difficult
or impossible to achieve, particularly in cases where the head
position does not favor retention of fluid in the cavity. In such
cases we were unable to obtain 2D and hence 3D iUS.

Challenges in Creating 3D iUS Volume
Although 3D iUS provides us with a powerful surgical tool,
creating these volumes poses some challenges. It is difficult to
maintain a uniform speed of probe translation while collecting
2D images for a volume. This task becomes more difficult later in
the surgery when the resection cavity is filled with fluid and
subtle variations in the steadiness of the transducer leads to
artifacts in the resultant 3D volume.
CONCLUSION

The impact of iUS on neurosurgical practice continues to evolve
in the face of improved transducers, neuronavigation systems,
and surgical technique. This review of the recent experience at
our institution illustrates the practical benefits of iUS in relation
Frontiers in Oncology | www.frontiersin.org 1095
to iMRI, and the challenges encountered in a range of tumor
resection cases.
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Background: Intraoperative MRI and 5-aminolaevulinic acid guided surgery are useful to
maximize the extent of glioblastoma resection. Intraoperative ultrasound is used as a time-
and cost-effective alternative, but its value has never been assessed in a trial. The goal of
this randomized controlled trial was to assess the value of intraoperative B-mode
ultrasound guided surgery on the extent of glioblastoma resection.

Materials and Methods: In this randomized controlled trial, patients of 18 years or older
with a newly diagnosed presumed glioblastoma, deemed totally resectable, presenting at
the Erasmus MC (Rotterdam, The Netherlands) were enrolled and randomized (1:1) into
intraoperative B-mode ultrasound guided surgery or resection under standard
neuronavigation. The primary outcome of this study was complete contrast-enhancing
tumor resection, assessed quantitatively by a blinded neuroradiologist on pre- and post-
operative MRI scans. This trial was registered with ClinicalTrials.gov (NCT03531333).

Results: We enrolled 50 patients between November 1, 2016 and October 30, 2019.
Analysis was done in 23 of 25 (92%) patients in the intraoperative B-mode ultrasound
group and 24 of 25 (96%) patients in the standard surgery group. Eight (35%) of 23
patients in the intraoperative B-mode ultrasound group and two (8%) of 24 patients in the
standard surgery group underwent complete resection (p=0.036). Baseline
characteristics, neurological outcome, functional performance, quality of life,
complication rates, overall survival and progression-free survival did not differ between
treatment groups (p>0.05).

Conclusions: Intraoperative B-mode ultrasound enables complete resection more often
than standard surgery without harming patients and can be considered to maximize the
extent of glioblastoma resection during surgery.

Keywords: glioblastoma, extent of resection, intraoperative ultrasound, randomized controlled trial, image
guided neurosurgery
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INTRODUCTION

Patients with glioblastoma have a poor prognosis with a median
overall survival of 15 months, despite surgical resection with
concomitant and adjuvant chemoradiotherapy (1). Complete
resection of contrast-enhancing tumor on T1-weighted post-
contrast MRI has consistently been associated with longer overall
survival (2, 3). It is shown that intraoperative technologies,
specifically 5-aminolevulinic acid or intraoperative MRI guided
surgery, are useful to maximize tumor resection during
glioblastoma surgery (4–6). Although intraoperative MRI has
been associated with higher rates of complete glioblastoma
resection, its use is expensive and time-consuming (6).

Intraoperative ultrasound guidance is used during
gl ioblastoma surgery as a t ime- and cost-effect ive
intraoperative imaging alternative (7). Retrospective studies
have shown that intraoperative B-mode ultrasound has the
potential to support the surgeon to maximize the extent of
glioblastoma resection (8–10). In addition, advanced
ultrasound techniques such as contrast enhanced ultrasound,
Doppler and elastopgraphy have the potential to better identify
residual tumor volumes during glioma surgery (11–14). As
Jenkinson et al. showed in a Cochrane review however, the
value of intraoperative ultrasound to maximize tumor resection
has never been assessed in a randomized controlled trial (4).

We therefore initiated the first randomized controlled trial
assessing the value of intraoperative B-mode ultrasound guided
surgery on the extent of glioblastoma resection.
MATERIALS AND METHODS

In this randomized controlled trial, patients of 18 years or older
with a newly diagnosed, contrast-enhancing presumed
glioblastoma, deemed totally resectable, presented at the Erasmus
MC (Rotterdam, The Netherlands) were enrolled. Exclusion
criteria were tumors located in the basal ganglia, cerebellum,
brain stem or crossing the midline thereby prohibiting complete
resection; multifocal tumors; patients with a Karnofsky
performance status < 60 or with pre-existing neurological deficits
(e.g. aphasia, hemiparesis). The study was approved by the Medical
Ethical Committee of Erasmus MC (MEC-2015-46). All patients
gave written informed consent prior to participation. This trial was
reported following the CONSORT guidelines and registered with
ClinicalTrials.gov (NCT03531333).

Randomization and Intervention
We randomly assigned patients (1:1) into intraoperative B-mode
ultrasound guided surgery (intervention) or resection under
standard neuronavigation (control). Randomization was done
via www.sealedenvelope.com with use of random computer-
generated blocks of four by a research assistant who was not
otherwise involved with this study. Neurosurgeons and patients
were not blinded for treatment allocation. The primary outcome
assessor, an independent neuroradiologist, was blinded for
treatment group allocation.
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Intraoperative ultrasound guidance was performed with the
BKMedical Flex Focus 800 ultrasound system alone or integrated
with a neuronavigation system (Brainlab, Munich, Germany).
The BKMedical craniotomy 8862 transducer was used, which is a
convex array transducer with a sector angle of 66° and a contact
surface of 29 x 6mm. B-mode, 2-D ultrasound imaging was used
without additional usage of advanced ultrasound modalities such
as 3-D imaging, contrast-enhanced imaging or elastography.
Intraoperative ultrasound was used before opening of the dura
to locate the tumor, during tumor resection and to locate any
residual tumor in the surgical cavity. Resection was continued
until no residual tumor suspected, hyperechoic lesion as seen on
ultrasound images was observed in the surgical cavity, or until
further resection was deemed unsafe.

Standard surgery was performed with conventional
neurosurgical techniques, such as neuronavigation system,
cavitational ultrasonic surgical aspiration and surgical
microscope. After wound closure, surgeons were asked in both
treatment groups to estimate whether complete tumor resection
was achieved (yes or no). Surgery time was measured from skin
incision to wound closure. Standard adjuvant chemo-and or
radiotherapy and clinical follow-up with periodic MRI scans
were followed for patients in both groups (15).

Outcome Measures
The primary outcome of this study was complete resection of
contrast-enhancing tumor on early postoperative MRI. All
patients underwent 1.5T or 3T MRI scanning with and without
gadolinium-based contrast agent one day before surgery and
within 48 hours after surgery. One blinded, independent, highly
experienced neuroradiologist assessed the tumor localization and
extent of tumor resection by volumetrically measuring initial and
residual contrast-enhancing tumor volumes. First, pre- and post-
operative T1-weighted contrast scans were loaded into Brainlab
Elements. Using the SmartBrush tool, semi-automatic tumor
assessment of all tumor involved contrast enhancement on
preoperative scans and on post-operative scans (excluding
small vessels or blood in the surgical cavity) was performed.
Tumor localization in terms of eloquence was rated following the
Sawaya classification (grade 1: non-eloquent, grade 2: near
eloquent, grade 3; eloquent) (16). Complete resection was
defined as ≥ 99% resection of contrast-enhancing tumor volume.

Secondary outcomes were: extent of tumor resection (%);
neurological status on the National Institutes of Health Stroke
Scale (NIHSS) within one week after surgery; functional status on
Karnofsky performance scale seven weeks, three months and six
months after surgery; change over time in health-related quality
of life (EORTC QLQ-C-30 (10) and QLQ-BN20 (17–19)
questionnaire) from baseline up to six months after surgery;
complication rates; overall survival and progression free survival.
EORTC scoring procedures were followed to calculate scale
scores (20). Three QLQ-C30 scales (global health, physical
functioning, cognitive functioning) and two QLQBN-20 scales
(motor dysfunction and communication deficits) were
preselected for analysis. A change over time of ≥10 points were
classified as clinically meaningful changes (21). Complications
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were classified according to the US National Cancer Institute
common toxicity criteria (CTCAE, version 4.0). Overall survival
was defined as time from surgery to death and progression-free
survival was defined as time from surgery till clinical or
radiological progression following the RANO criteria (22).

Statistical Analysis
Sample size calculation was performed for the primary outcome
based on retrospective studies on intraoperative ultrasound and
standard surgery as described in the trial protocol (Supplemental
Material). Based on complete resection rates of the conventional
treatment arm as reported by Stummer et al. we estimated that in
the standard surgery group 36% of patients would have complete
tumor resection (5). With an estimated effect size of 40% increase
of complete resection proportion, power of 80% and significance
level at 0.05, we calculated that each group had to include 23
patients. To account for the possibility of drop-out or missing
data, we increased the sample size to 25 patients per treatment arm
and a total of 50 patients.

Statistical analyses were performed with SPSS 25.0 statistical
software (IBM Corp.). Descriptive statistics were tested between
treatment arms with the Chi Squared test or Fisher Exact test in
case of categorical variables and with the Mann-Whitney U test
in case of continuous non-normal distributed data. Survival data
were compared between treatment groups with log rank tests and
Kaplan Meier estimates and analyzed with multivariable Cox
proportional-hazards models. Linear Mixed Models were used to
compare health-related quality of life scores over time between
treatment arms.
RESULTS

We enrolled 50 patients between November 1, 2016 and October
30, 2019. Two patients who were diagnosed with metastases after
Frontiers in Oncology | www.frontiersin.org 3100
surgery in the ultrasound group and one patient who received a
biopsy instead of surgery in the control group were excluded
from all further analyses (Figure 1). Patient and tumor baseline
characteristics did not differ between treatment groups (Table 1).
Eight (35%) of 23 patients in the intraoperative ultrasound group
and two (8%) of 24 patients in the standard surgery group had
complete resection of contrast-enhancing tumor (odds ratio 5.9
(95% CI 1.1-31.6), p=0.036; proportion difference 27% (95% CI,
FIGURE 1 | Flowchart.
TABLE 1 | Baseline characteristics.

Intraoperative
ultrasound

(n=23)

Resection under
standard neuronavigation

(n=24)

Age, median years (IQR) 62 (54-71) 64 (57-70)
Sex
Male 14 (61%) 14 (58%)
Female 9 (39%) 10 (42%)

KPS, median (IQR) 90 (80-100) 90 (80-100)
Tumor localization*
Non-eloquent 8 (35%) 8 (33%)
Near eloquent 6 (26%) 6 (25%)
Eloquent 9 (39%) 10 (42%)

Tumor volume, median
cm3

(IQR)

38.6 (16.9-60.1) 32.3 (17.2-44.6)

NIHSS, median (IQR) 1 (0-1) 0 (0-2)
Quality of life, mean (SD)**
Global health status 75 (24) 77 (17)
Physical functioning 88 (15) 91 (16)
Cognitive functioning 88 (16) 85 (21)
Motor dysfunction 12 (18) 10 (21)
Communication deficit 17 (24) 9 (14)
May 20
Data are No. (%), unless stated otherwise. *Sawaya Grading System **For global health
status, physical functioning and cognitive functioning, a higher score represents better
functioning. For motor dysfunction and communication deficit, a higher score represents
more problems.
KPS, Karnofsky performance status; IDH, isocitrate dehydrogenase; MGMT,
methylguanine; DNA, methyltransferase; NIHSS, National Institutes of Health stroke score.
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2.8-47.7), p=0.024). Median extent of resection was 97% (IQR
89-100) with intraoperative ultrasound and 95% (IQR 79-98)
with standard surgery (p=0.151, Table 2). Median residual
tumor volume was 0.9 cm3 (IQR 0.2-3.4) with intraoperative
ultrasound and 1.4 cm3 (IQR 0.7-6.4) with standard surgery
(p=0.205). Patient outcome of both treatment groups are
presented in Table 3.

Intraoperative ultrasound was used four times (range two to
nine) on average per surgery. In the operating room, surgeons
estimated that complete tumor resection was achieved in 15
(65%) of 23 patients when intraoperative ultrasound was used
and in 17 (71%) of 23 patients without the use of intraoperative
ultrasound (p=0.680). However, cases in which complete
resection was thought to be achieved corresponded with
radiological complete resection in only two (11.8%) of 17 in
the standard surgery group and in seven (46.7%) of 15 patients in
the intraoperative ultrasound group (proportion difference
34.9%, 95% CI 3.5-59.6, p=0.031; odds ratio 6.6, 95% CI 1.1-
39.3, p=0.049). Median surgery time with intraoperative
ultrasound guided surgery (177 minutes, IQR 135-255) was
comparable to standard surgery (179 minutes, IQR 146-
227, p=0.907).

Secondary outcome in terms of overall survival, progression
free survival and health-related quality of life did not differ
between treatment arms (p>0.05, details available as
Supplemental Material). Median Karnofsky performance
status seven weeks and three months after surgery was 90
(IQR 70/80-100) in both treatment groups. Six months after
surgery, Karnofsky performance status was 60 or below in three
patients (17%) who underwent intraoperative ultrasound surgery
and in seven patients (37%) who underwent standard surgery
(p=0.269). Neurological outcome as measured using the NIHSS
scale within one week after surgery did not significantly differ
between treatment groups (NIHSS 0 (IQR 0-2), p=0.825). In the
intraoperative ultrasound vs. standard surgery groups, 16 (70%)
respectively 19 (79%) patients had the same neurological status
on the NIHSS scale after surgery as before surgery and five (22%)
respectively three (13%) patients had neurological improvement.
Frontiers in Oncology | www.frontiersin.org 4101
Four (9%) of all 47 patients had new or worsened neurological
deficits: two (8%) patients who underwent intraoperative
ultrasound guided surgery (one patient with hemiparesis and
one with delirium and superior sagittal sinus thrombosis) and
two patients (8%) who underwent standard surgery (one patient
with aphasia and one with postoperative hemorrhage).
Characteristics of these patients are presented in more detail in
Table 4. Frequency of new or worsened neurological deficits did
not significantly differ between treatment groups (p=0.591).
DISCUSSION

This is the first randomized controlled trial that assessed the value
of intraoperative B-mode ultrasound guided surgery on the extent
of glioblastoma resection. Our trial showed that intraoperative B-
mode ultrasound guided surgery enables complete contrast-
enhancing tumor resections more often than standard surgery,
without harming patients in terms of neurological outcome,
functional performance or health-related quality of life.

Complete resection of contrast-enhancing tumor during
glioblastoma surgery has consistently been associated with
TABLE 2 | Surgery outcome.

Intraoperative
ultrasound

(n=23)

Resection under
standard

neuronavigation
(n=24)

p
value

Resection 0.036*
Complete 8 (35%) 2 (8%)
Incomplete 15 (65%) 22 (92%)

Extent of resection,
median (IQR), %

97 (89-100) 95 (79-98) 0.151

Residual tumor volume,
median (IQR), cm3

0.9 (0.2-3.4) 1.4 (0.7-6.4) 0.205

Surgery time,
median (IQR), minutes

177 (135-255) 179 (146-227) 0.907

Blood loss,
median (IQR), ml

150 (0-400) 125 (58-200) 0.729
Data are n or n (%), unless stated otherwise.
*Significant, p value <0.05.
TABLE 3 | Patient outcome.

Intraoperative
ultrasound

(n=23)

Resection under
standard

neuronavigation
(n=24)

p
value

IDH mutation 0.494
Mutated 0 (0%) 0 (0%)
Wildtype 19 (83%) 17 (71%)
Unknown 4 (17%) 7 (29%)

MGMT promotor methylation 0.347
Methylated 6 (26%) 7 (29%)
Unmethylated 13 (57%) 9 (38%)
Unknown 4 (17%) 8 (33%)

Adjuvant therapy 0.148
None 3 (13%) 2 (8%)
Chemo or radiotherapy 3 (13%) 0 (0%)
Chemoradiation* 17 (74%) 22 (92%)

NIHSS post-operative,
median (IQR)

0 (0-2) 0 (0-2) 0.825

KPS after surgery,
median (IQR)
Seven weeks 90 (90-100) 90 (80-100) 0.412
Three months 90 (80-100) 90 (70-100) 0.540
Six months 90 (70-90) 70 (60-90) 0.228

Quality of life change,
baseline vs. six months**
Global health status -2 (35) -14 (28) 0.344
Physical functioning -8 (31) -13 (18) 0.267
Cognitive functioning -11 (32) -2 (30) 0.893
Motor dysfunction 2 (21) 5 (20) 0.893
Communication deficit 1 (26) -6 (22) 0.609

Overall survival,
median (95% CI), days

377 (247-507) 372 (320-424) 0.751

Progression-free survival,
median (95% CI), days

227 (107-347) 233 (153-313) 0.937
May 2021
 | Volume 11 | Article 6
Data are n or n (%), unless stated otherwise. *Stupp protocol **A change of ≥10 points is
considered to be clinically relevant.
KPS, Karnofsky performance status; IDH, isocitrate dehydrogenase; MGMT,
methylguanine; DNA, methyltransferase; NIHSS, National Institutes of Health stroke score.
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longer overall survival (2, 3, 23, 24). It is shown that 5-
aminolevulinic acid and intraoperative MRI guided surgery
improves the extent of glioblastoma resection (4–6, 25–27).

An alternative potentially cost- and time-effective technology
that is used to acquire real-time imaging and apply brain shift
correction during neuro-oncological surgery is intraoperative
ultrasound guidance (7). Retrospective studies have suggested
that intraoperative ultrasound increase the extent of tumor
resection during surgery (8–10). These studies however,
included different glioma subtypes and held different
definitions of gross total resection, thereby introducing some
degree of selection and confounding biases. No randomized
controlled trial was performed to date to assess the value of
intraoperative ultrasound to maximize the extent of glioblastoma
resection (4).

When compared to intraoperative MRI, intraoperative
ultrasound has two advantages; it is less expensive and, as
shown in our trial, it does not prolong surgery time. Surgeons
could rapidly control for residual tumor in the resection cavity
multiple times during surgery without prolonging surgery time.
The interpretation of intraoperative ultrasound images might be
more challenging than intraoperative MRI images, however, the
integration of an intraoperative ultrasound systems with a
standard neuronavigation system (as used in our trial) enables
surgeons to overlay intraoperative ultrasound images on
navigational preoperative MRI scans, which may facilitate the
interpretation of ultrasound images and consequently the
accuracy of complete tumor resection estimation. Importantly,
we observed that when intraoperative ultrasound was used,
surgeons were able to estimate complete tumor resection in the
operating room significantly more accurately than with standard
surgery without ultrasound guidance, as confirmed on post-
operative MRI.

Complete tumor resection as a primary outcome has some
aspects that need careful consideration. Several definitions of
complete tumor resection exist across studies, both qualitatively
as quantitatively (2, 25). Studies defined complete tumor
resection as no residual contrast-enhancing tumor on a post-
operative MRI scan (24, 28), which is a relatively stringent
definition (if quantitatively assessed) and may result in false
Frontiers in Oncology | www.frontiersin.org 5102
positive assessment of the presence of residual tumor due to non-
specific contrast enhancement such as ischemia, small vessels, a
non-specific tissue response, or by T1-hyperintense blood in the
surgical cavity that is incorrectly interpreted as enhancement. In
our trial, this was mitigated by overlaying the identically acquired
and registered pre- and post-contrast T1w sequences to exclude
any T1-hyperintense areas from the residual tumor delineation.
To take interpretation varieties into account, some studies
defined complete tumor resection as contrast-enhancing
residual tumor smaller than 0.175 cm3 following Stummer
et al. (5, 6) while others have used extent of resection cut-off
percentages, such as 95%, 97% or 98% (27, 29–32). In relation to
this, it is known that residual tumor assessment of glioblastoma
has a low interobserver agreement, introducing some degree of
subjectivity when distinguishing contrast-enhancing residual
tumor from non-specific contrast enhancement (33). In this
trial, complete tumor resection was defined as more than 99%
resection of contrast-enhancing tumor volume, accepting
residual contrast-enhancing volume smaller than one percent
to account for the non-tumor related post-surgical reactive
enhancement amongst others, which is present even on early
(within 48h) post-operative MRI scans (34). Even then, our
complete resection proportion is lower than that reported in
conventional treatment arms of previous trials, however the
median extent of resection in both groups were high (97% in
intraoperative ultrasound vs. in 95% standard surgery) (5, 6).
This indicates that the low proportion of complete resection
could partially be explained by a possible stringent interpretation
of small contrast-enhancing voxels in the surgical cavity rather
than surgical performance, as described earlier. This may have
led to false positive interpretation of residual contrast enhanced
tumor (i.e. false negative complete resection outcomes) in our
trial. Importantly, we included only glioblastoma that were
deemed complete resectable prior to surgery, which could
partially explain the high median extent of resection
percentages in both treatment groups (97% with ultrasound
guidance and 95% with standard surgery). Our hypothesis in
this trial was that in these totally resectable deemed glioblastoma,
intraoperative ultrasound would be useful to resect the last small
tumor portions and thus to actually achieve complete resection
TABLE 4 | Details of patients with complications.

Patient
number

Sex Age Treatment group NIHSS
before
surgery

NIHSS
after

surgery

CTCAE
grade

Details of
complication

Treatment of
complication

KPS Seven weeks-
three months-six

months

Survival
(days)

1 Male 75 Resection under
standard
neuronavigation

1 5 2 Aphasia None 80-80-70 377

7 Male 65 Resection under
standard
neuronavigation

0 2 4 Postoperative
hemorrhage

Emergency
craniotomy

80-80-60 361

30 Male 59 Intraoperative
ultrasound

1 9 2 Delirium and a sagittal
sinus thrombosis

Haldol for delirium;
Fraxiparine for
thrombosis

n/a 36

35 Male 43 Intraoperative
ultrasound

0 14 3 Left sided hemiparesis
and central facial

palsy

None 50-40-n/a 172
May
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more often. As mentioned earlier, since only high resection cut-
off percentages (e.g. >97% and >98%) (25, 28) are associated with
survival benefit, we chose complete resection, rather than
resection percentage as primary outcome.

A limitation of this trial is that it was not double-blinded,
however, complete resection of contrast-enhancing tumor,
our primary outcome, was assessed by an independent,
blinded neuroradiologist.

Another limitation of this trial is that only 2-D, B-mode
intraoperative ultrasound imaging was used in our trial without
the use of advanced ultrasound techniques. Earlier studies have
shown that intraoperative B-mode ultrasound enables gross total
resection of contrast enhancing tumor more frequently (8–10).
Tumor detection however, is dependent on factors such as
surgeon experience, resolution and used probe. As Coburger
et al. showed, a linear array ultrasound probe is superior in
detecting tumor than conventional ultrasound probe. This is
even more relevant, since it is shown that the detection of
especially smaller residual volumes (<1cm3) becomes a
challenge. Advanced ultrasound techniques such as contrast
enhanced ultrasound, Doppler ultrasound and elastography
have the potential to improve tumor detection during surgery
(11). Prada et al. showed that next to B-mode imaging, contrast
enhanced ultrasound to be useful and highly specific in the
identification of residual tumor (12, 13). Finally, it is also shown
that elastography could better discriminate between different
tissues and was able to identify lesion margins sharper compared
to B-mode (14). Future studies that include such advanced
ultrasound techniques to study the potential of supporting the
surgeon to safely maximize the extent of glioblastoma resection
are desired. Our trial did not show any overall survival benefit for
patients who underwent intraoperative ultrasound. It should
be noted however, that our trial did not aim and was not
designed or powered to show differences in overall survival.
Although complete glioblastoma resection is associated with
survival benefit, future trials on image guidance with a suited
design and larger sample size are still needed to show any
potential clinical benefit directly in the trial itself for patients
with glioblastoma.

In conclusion, this randomized controlled trial showed that
intraoperative ultrasound guided surgery enables complete
contrast-enhancing tumor resections more often than standard
surgery, without harming patients in terms of neurological
outcome, functional performance or health-related quality of
Frontiers in Oncology | www.frontiersin.org 6103
life. Intraoperative ultrasound is a safe and useful intraoperative
imaging alternative and, just as intraoperative MRI or 5-
aminolevulinic acid guided surgery, can be considered to
maximize the extent of contrast-enhancing glioblastoma resection.
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Background: In glioma surgery, the patient’s outcome is dramatically influenced by the
extent of resection and residual tumor volume. To facilitate safe resection,
neuronavigational systems are routinely used. However, due to brain shift, accuracy
decreases with the course of the surgery. Intraoperative ultrasound has proved to provide
excellent live imaging, which may be integrated into the navigational procedure. Here we
describe the visualization of vascular landmarks and their shift during tumor resection
using intraoperative navigated 3D color Doppler ultrasound (3D iUS color Doppler).

Methods: Six patients suffering from glial tumors located in the temporal lobe were
included in this study. Intraoperative computed tomography was used for registration.
Datasets of 3D iUS color Doppler were generated before dural opening and after tumor
resection, and the vascular tree was segmented manually. In each dataset, one to four
landmarks were identified, compared to the preoperative MRI, and the Euclidean distance
was calculated.

Results: Pre-resectional mean Euclidean distance of the marked points was 4.1 ± 1.3
mm (mean ± SD), ranging from 2.6 to 6.0 mm. Post-resectional mean Euclidean distance
was 4.7. ± 1.0 mm, ranging from 2.9 to 6.0 mm.

Conclusion: 3D iUS color Doppler allows estimation of brain shift intraoperatively, thus
increasing patient safety. Future implementation of the reconstructed vessel tree into the
navigational setup might allow navigational updating with further consecutive
increasement of accuracy.

Keywords: intraoperative ultras, color Doppler ultrasound, intraoperative imaging, brain shift, glioma
INTRODUCTION

Gliomas are the most common primary brain tumors representing 27% of all brain and central
nervous system (CNS) tumors and 80% of malignant brain tumors in the United States (US)
population (1). The broad category of gliomas encompasses tumors of astrocytic, oligodendrocytic,
or ependymal origin and is classified by the World Health Organization (WHO) into four
grades, depending on histological and molecular characteristics (2). Grade I tumors, typically
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seen in children, are potentially curable when resected, whereas
low-grade gliomas (WHO grade II), which are mostly seen in
young adults, progress eventually to high-grade gliomas (3).
The majority of gliomas (55.1%) are glioblastomas WHO
grade IV, which occur with an incidence of 3.4 per 100,000
(1). The main cornerstones of glioma therapy include surgery for
histological diagnosis and tumor removal, radiotherapy, and
pharmacotherapy (4). There is an ongoing debate on the
appropriate resection strategy, mainly driven by the
demonstration of glioma cells within regions appearing to be
normal brain tissue on cerebral magnetic resonance tomography
(MRI) (5) and computed tomography (CT) (6, 7) and even in
histologically normal brain regions (8). Several studies have
proved the extent of resection (EOR) and the residual tumor
volume in glioma surgery to be important factors influencing the
patient’s outcome as measured in progression-free survival and
overall survival (9–12). Thus, it is common practice to resect as
much tumor as possible while preserving neurological
functions (13).

Prerequisite for this is the localization of pathological tissue as
well as eloquent brain areas during the neurosurgical procedure,
which can be realized using neuronavigational systems. These
systems commonly utilize preoperative imaging, to which the
patient is registered (14). Intraoperative imaging modalities such
as computed tomography (iCT) (15–17), magnetic resonance
tomography (iMRI) (18–20), and ultrasound (iUS) (21–23) can
be integrated into these systems, improving safety and accuracy.
Besides the possibility of instant resection control, intraoperative
imaging can help the neurosurgeon to deal with brain shift, a
well-described phenomenon, which is mostly due to brain
swelling, loss of cerebrospinal fluid, tumor reduction, brain
retraction, and influences of gravity after craniotomy and dural
opening (24, 25). First efforts to estimate the extent of brain
deformation date back to the 1980s (26). Since then various
attempts have been made to approach this issue including optical
scanning (27) and navigated pointer based surface displacement
measurements (28, 29), a stereotactic system with integrated
operative microscope and video analysis (24), iMRI (30, 31), and
iUS (32–34). Brain shift has been shown to occur during the
whole operative procedure, which can be partially addressed by
serial MRI acquisitions as demonstrated by Nabavi et al. (35).
The main limitations of iMRI are its restricted availability,
structural requirements, time consumption, and high costs (36,
37). None of these drawbacks apply for iUS, which can be
performed without significant interruption of the surgical
procedure, is nowadays widely available, straightforward in
use, and cost-effective (38). Modern ultrasound systems can be
fully integrated into neuronavigational setups (39, 40) and are
able to provide the neurosurgeon with information about
resection extent in glioma surgery (40, 41) and brain
deformation (39).

First descriptions of brain shift measurements utilizing iUS
were published in the late 1990s, when specific, easily identifiable
structures like the ventricles were marked in preoperative and
intraoperative imaging to evaluate brain shifting (32–34). In
2003 Keles et al. analyzed pre- and postresectional navigated iUS
Frontiers in Oncology | www.frontiersin.org 2106
for brain shift correction and determination of resection extent
(42). By that time iUS image quality and integration into
navigational setups were rather poor, but improved
successively the following years (39, 40, 43). In 2010 Ohue
et al. described a new US-linked navigation system with
improved imaging quality, which they used to quantify brain
deformation at different anatomical (ventricles, meninges, sulci)
or pathological structures (tumor boundaries) before and after
dural opening and after tumor resection (22). These structures
were identified in intraoperative brightness modulation
(B-mode) ultrasound, whereas vessels can be visualized better
in color or power Doppler mode. Already in 2001, Slomka et al.
described a voxel-based registration of 3D Doppler ultrasound
and preoperative MRI datasets using an iterative algorithm
searching for the best geometric match in six cases (44).
Rasmussen et al. examined postoperative automatic fusion of
magnetic resonance angiogram (MRA) and intraoperative 3D
Doppler ultrasound (i3D US Doppler) in five cases and found
satisfactory results in terms of accuracy and time expenditure
(45). In 2007 Reinertsen et al. intensified research in this respect
and validated retrospectively an algorithm in five patients that
used vascular centerlines extracted from both modalities to
eventually achieve non-linear registration (46). The
aforementioned investigations were feasibility studies outside
the operating theater, and it took until 2014 to implement
intraoperative use, when Reinertsen et al. reported an
ultrasound-based registration method to correct for brain shift
running during surgery. They performed semi-automatic
registration based on MRA and i3D US Doppler datasets, in
which the vascular tree was segmented, in seven cases (three
vascular and four tumor procedures) and reported their method
to be fully integrated into the neuronavigational system and
ready to use (37). I3D US Doppler can also be sufficiently co-
registered to other vascular imaging modalities, such as 3D
digital subtraction angiography (DSA), as shown in 37 vascular
cases by Podlesek et al., who utilized a curved linear array
transducer capable of generating 3D volumes, which is
typically used for endocavitary examinations in obstetrical,
gynecological, and urological applications. They described iUS
to be a valuable adjunct to established intraoperative vascular
imaging modalities like indocyanine green angiography (ICG),
although they did not integrate iUS into the navigational setup
(47). Mohammadi et al. proposed and tested in a phantom and
animal model a new approach for brain shift estimation utilizing
a combination of surface imaging (stereo vision) and iUS
Doppler, which were both registered to preoperative MRI
respectively MRA datasets (48, 49). However, this approach
has so far not entered clinical practice.

In our institution, i3D US datasets are routinely acquired
during brain tumor resections, adding intraoperative live
imaging to our multimodal neuronavigational setup. We have
shown for brain metastasis that i3D US clearly delineates tumor
boundaries and thereby allows pathologically based estimation of
brain shift (50). Whilst tumor contours clearly identifiable with
i3D US allow object analyzation and consecutive brain shift
estimation in metastasis surgery, this becomes more challenging
August 2021 | Volume 11 | Article 656020
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in glioma surgery, where tumor boundaries are often not well
defined in iUS. In the presented prospective work, we focused on
brain shift estimation in glioma surgery utilizing preoperative
MRI (preMRI) and i3D US Doppler datasets for the visualization
of vascular structures. We designed this work as a proof-of-
concept study to examine how the analysis of the vascular shift
can be implemented in the preexisting navigational setup with as
little workaround as possible to make it easily applicable for
intraoperative use.
MATERIALS AND METHODS

To allow good visualization of vessels in i3D US, we only
included patients suffering from gliomas and one case of a
dysembroplastic neuroepithelial tumor (DNET), which were
operated utilizing a temporal craniotomy. For more details see
Table 1. Informed consent was obtained from all patients. Ethics
approval was granted for prospective archiving clinical and
technical data applying intraoperative imaging and navigation
(study no. 99/18).

All patients underwent MRI imaging within a few days before
surgery, typically including contrast-enhanced imaging and
time-of-flight (ToF) sequences for vascular imaging.
Preoperative imaging was transferred to the navigational
system (Brainlab, Munich, Germany), consisting of a ceiling-
mounted double monitor (Curve, Brainlab, Munich, Germany),
a wall-mounted double display (Buzz, Brainlab, Munich,
Germany), and navigational software.

All procedures were conducted under general anesthesia, and
all patients received 40 mg of dexamethasone. After narcosis
induction, the patients were positioned, the head placed
horizontally and fixed to the OR (operating room) table using
a radiolucent Doro head clamp with metallic pins. The pins were
placed in such a way that in between intraoperative computed
tomography (iCT) scanning for registration was possible without
significant artifacts. A reference array with four reflective
markers was attached to the head clamp. Although not
necessary for registration, three fiducial markers were placed
on the patient’s head within the scanning range allowing
registration accuracy measurements. After a 90° rotation of the
OR table to the 32-slice mobile CT scanner (AIRO, Brainlab,
Munich), a low-dose registration scan (0.042 mSv) of 62 mm
scan length was performed. During the scanning process the
navigational camera detected reflected markers permanently
attached to the AIRO-scanner and the reference array. The
Frontiers in Oncology | www.frontiersin.org 3107
dataset was automatically transferred to the navigational
system and fused to the preoperative imaging data to establish
patient registration. After rotating the OR table back, the
registration accuracy was checked by placing the tip of the
navigational pointer in the divot of each of the three fiducial
markers, which allowed calculation of the target registration
error (TRE) as the Euclidean offset of the pointer tip. The
reference array was removed and replaced by a sterile one after
surgical skin preparation and sterile draping. Further details on
the setup using iCT as an registration device were published
before (51).

After team time-out, the skin was incised, and the temporalis
muscle dissected. Subsequently, 125 ml of 15% mannitol were
administered, and a temporal craniotomy performed. First sets of
i3D US and i3D US Doppler data were acquired before dural
opening using the ultrasound device bk5000 (bk medical, Herlev,
Denmark) with a high resolution, small footprint transducer
(N13C5, bk medical, Herlev, Denmark), which has a convex
contact surface of 29 × 10 mm, a frequency range of 5–13 MHz,
and is fully immersible and sterilizable. The pre-calibrated US
probe was equipped with a reference array with three reflective
markers. Saline was used as a coupling fluid, and the probe was
swept gently over the dural layer for image acquisition. The
generated 0.3 mm 2D slices were automatically transferred to the
navigational system and transformed to co-registered 3D
datasets. During the further surgical procedure, the i3D US
and i3D US Doppler datasets were displayed either in an
overlay view, side-by-side, or as standalone. After tumor
resection, another set of US Doppler images was acquired in
the same way in six cases.

For analysis of the vascular displacement, the vascular tree
was segmented manually using a threshold-based filtering
approach or outlined manually in ToF or T1 contrast-
enhanced sequences. Because currently, the software does not
allow threshold-based segmentation in i3D US Doppler
datasets, in ultrasound images the vascular structures were
segmented manually with the smart brush application
(Brainlab navigational software, Munich, Germany), which is
a computer-assisted outlining tool, allowing accelerated object
segmentation. Representative, easily identifiable structures,
such as vascular bifurcations, were marked in each dataset.
To gain information on the brain deformation before dural
opening, the Euclidean distance of the defined landmarks in
preoperative MRI (preMRI) and pre-resectional i3D US
Doppler was calculated. The brain shift occurring during the
operative course was determined using the distance of the
TABLE 1 | Patient characteristics and tumor volume.

Case Age [Years] Diagnosis Tumor volume [cm3]

1 62.4 GBM 47.8
2 37.0 DA 71.5
3 40.8 GBM 39.9
4 71.4 DA* 67.5
5 35.2 DNET 20.4
6 55.6 GBM 41.3
August 2021 | Volum
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corresponding structures in post-resectional i3D US Doppler
compared to preMRI.

GraphPad Prism 8.4.3 (GraphPad Software, San Diego, USA)
for MacOS was used for statistical analysis. Under the
assumption of normally distributed data, a paired t-test was
used for further analysis. A p-value <0.05 was considered
statistically significant.
RESULTS AND DISCUSSION

Six patients with temporal glial tumors were included in this
study. The mean ± standard deviation (SD) patient age was 50.4 ±
14.9 years, ranging from 35.2 to 71.4 years. The mean ± SD tumor
volume was 48.07 ± 19.00 cm3 (range: 20.4 to 71.5 cm3).
Histopathological workup revealed glioblastoma in three cases.
One case was classified as a diffuse astrocytary glioma with
molecular features of a glioblastoma WHO grade IV, and one
patient was diagnosed with WHO grade II diffuse astrocytoma.
We also included one patient with a temporal DNET. The mean
TRE was 0.82 ± 0.11 mm (mean ± SD), depicting an excellent
registration accuracy. Patient characteristics and tumor volume
are summarized in Table 1.

The generation of 3D iUS Doppler image sets was
straightforward. Pre-resectional 3D iUS Doppler was performed
in all cases before dural opening. In case no. 3, the 3D iUS
Doppler image set was corrupted by artifacts, primarily caused by
dural thickening, permitting no reliable identification of
bifurcations or other prominent vascular structures. In all other
cases, one to four vascular anatomic points were identified and the
Euclidean distance to the corresponding preMRI data calculated
(Figure 1). For each case the mean Euclidean distance of the
marked points was calculated, ranging from 2.6 to 6.0 mm
(mean ± SD = 4.1 ± 1.3 mm). Post-resectionally, 3D iUS
Doppler was conducted in all six cases. Here, we found a
Euclidean distance of 4.7. ± 1.0 mm (mean ± SD), ranging from
2.9 to 6.0 mm. All measurements are shown in Table 2.
Interestingly, apart from one measured value in case no. 2, the
measured Euclidean distances within each case did not vary
much, suggesting that the mean value can give a good
indication for the estimation of the local brain deformation.
Interestingly, according to our measurements the extent of pre-
resectional and post-resectional shift of vascular landmarks is
similar (mean of differences: 0.55 mm), without statistically
significant differences (p = 0.625; paired t-test), as shown in an
illustrative example in Figure 2. This is in contrast to the generally
accepted assumption that the main shifting occurs after durotomy,
as shown by Hill et al., who found a dural displacement of only 1.2
± 2.0 mm (mean ± SD) after craniotomy, but a brain shift of 4.4 ±
1.9 mm (immediately after dural opening) and of 5.6 ± 1.9 mm
(approximately 1 h later), respectively (29). On the other hand,
Ohue et al. described a displacement of tumor margins of 3.4 ± 1.9
mm (mean ± SD) after craniotomy but before durotomy, which
increased to 5.1 ± 2.7 mm, when the dura mater was opened (22).
Similar findings were reported by Lettboer et al., who found the
main displacement after craniotomy but reported an additional
Frontiers in Oncology | www.frontiersin.org 4108
shift of only 0.2 mm once the dural layer was opened (52).
Regarding the pre-durotomy shift, our results are well in line
with those of Ohue et al. and Lettboer et al., but one would expect
more additional brain deformation after tumor resection as
demonstrated, for example, by Roberts et al., who found a mean
displacement of 1 cm (24). Yet there is a high variability in the
extent of brain shift (25), and particularly deeper located structures
are less prone to shifting (25, 53), which could also apply for the
vascular structures and thus explain our results. Sastry et al.
attributed the observation of a rather small post-durotomy shift
to registration errors (38). In an earlier study, we determined the
accuracy of the co-registration of the precalibrated ultrasound
probe, using a tracked ultrasound phantom containing wires, and
found an offset of 1.33 ± 0.33 (mean ± SD) (50). Given this and the
here calculated high registration accuracy, we consider the
influence of the registrational inaccuracies to be minor on our
results. Care has to be taken when interpreting our results of the
rather small brain shift of deeper located vessels in this study, as in
many surgical situations already a little spatial offset of vascular
structures could have devastating effects, if not considered by the
surgeon. With that in mind, Š teňo et al. described the visualization
of lenticulostriate arteries during the resection of insular low-grade
gliomas using navigated 3D power Doppler and found this to be a
promising approach to increase safety during the surgical
course (54).

During surgery the main region of interest with respect to
brain shift is the tumor surrounding area, and the actual brain
deformation present there might be underestimated by
measuring the movement of distant vascular landmarks. In our
study, i3D US color Doppler did not depict small peritumoral
vessels with such a high resolution that allowed analysis of
shifting when compared to preMRI. Regarding this, a
reasonable alternative to color Doppler is power Doppler,
which does not measure the velocity and direction of the
Doppler signal (and thus blood flow) but the power
(amplitude) of the signal (55). Power Doppler allows detection
of smaller vessels with less blood flow (55, 56), such as
peritumoral vascular structures, and is less prone to typical
color Doppler limitations and artifacts, like angle dependency
or aliasing. Color Doppler is angle dependent, because it depicts
the velocity along the ultrasound beam direction and not the true
blood flow velocity, and thus, it is not able to detect flow
perpendicular to the ultrasound beam. Aliasing occurs when
the pulse rate limitation of the ultrasound transducer is exceeded
or with inadequate velocity scale settings, resulting in incorrect
pixel values. Neither applies for power Doppler, because it is not
based on velocity measurements (55, 57). Additionally, power
Doppler has less noise artifacts, which can be influenced
by Doppler gain settings (38, 57). On the other hand, the power
Doppler signal has a tendency to extend beyond the borders of
vessels, which consequently appear thicker than they actually are,
and the visualization of too many surgically not important vessels
might result in rather confusing imaging (58).

Recently, contrast-enhanced ultrasound (CEUS) has been
introduced as a real-time imaging in neurosurgical procedures,
facilitating identification of pathological tissue and tumor blood
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FIGURE 1 | Case no. 2. Identification of vascular anatomic landmarks in MRI and navigated reformatted 3D iUS Doppler. First and second row: preoperative MRI
and corresponding pre-resectional 3D iUS Doppler in axial, coronal, and sagittal plane. Third and fourth row: preoperative MRI and corresponding post-resectional
3D iUS Doppler in axial, coronal, and sagittal plane. CAbif, internal carotid artery bifurcation; M1bif, M1bifurcation; pre3D iUS Doppler, pre-resectional 3D iUS
Doppler; post3D iUS Doppler, post-resectional 3D iUS Doppler.
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supply (59). Ilunga-Mbuyamba et al. acquired intraoperative
CEUS and compared it to preoperative MRI data, using an
algorithm for image registration. They described a good
delineation of smaller vessels and used those data to estimate
brain shift (60).

Our study was partially limited by the quality of the 3D iUS
Doppler datasets, hampering the identification of landmarks.
Additionally, we were confronted with several problems when
segmenting the vascular tree. Preoperative MRI segmentation of
the vessels was performed automatically in TOF or T1 contrast-
enhanced sequences, or, alternatively, using the computer-assisted
segmentation via the smart brush tool, depending on the quality of
the auto-segmented objects. However, in 3D iUS Doppler
ultrasound, neither automatic segmentation nor generation of
objects using simple thresholding is currently available in the
navigational software. Therefore, the vascular tree had to be
manually segmented with the smart brush tool, which turned
out to be a challenging and time-consuming procedure due to
Frontiers in Oncology | www.frontiersin.org 6110
artifacts in the reconstructed and reformatted datasets. Whilst a
rough segmentation and identification of vascular landmarks
could be performed during surgery by either a neurosurgeon or
a trained computer scientist experienced in this field within 5–10
minutes, thorough segmentation using the smart brush tool was
more complex and not feasible during the surgical procedure at
this stage. Segmentation of small perivascular vessels in ultrasound
datasets, which could have been localized with power Doppler or
CEUS, using the smart brush tool, and manual identification of
corresponding landmarks (e.g., vascular bifurcation) in the
peritumoral region would have prolonged the whole procedure
dramatically, if even possible. Thus, we focused on greater vascular
structures, which could be identified in color Doppler and did not
include power Doppler or CEUS analysis. Nevertheless, given a
future implementation of automatic ultrasound segmentation
into the navigational software, both share a great potential in
the field of local brain shift estimation by delineating small
peritumoral vessels.
TABLE 2 | Measurements.

Case pre3D iUS Doppler vs. preMRI post3D iUS Doppler vs. preMRI

Vascular Structure Euclidean Distance
[mm]

Mean Euclidean Distance
[mm]

Vascular Structure Euclidean distance
[mm]

Mean Euclidean Distance
[mm]

1 ICAbif 5.1 6.0 ICAbif 4.9 5.0
M1bif 6.9 M1bif 5.0

2 ICAbif 3.8 3.5 ICAbif 2.4 2.9
M1bif 3.4 M1bif 3.4
M2bif 4.9 M2bif 3.0
M1cont 1.86 M1cont 2.9

3 – – – ACIbif 5.2 5.2
Basilar tip 5.1

4 ICAbif 4.5 4.3 ICAbif 3.4 4.5
M1bif 4.0 M1bif 5.5

5 – 4.0 ICAbif 6.2 6.0
M1bif 4.0 M1bif 5.7

6 ICAbif 3.2 2.6 ICAbif 6.2 4.8
M1bif 2.0 Basilar tip 4.1

A2 4.2
August 2021 |
A2, A2 segment of anterior cerebral artery; ICAbif, internal carotid artery bifurcation; M1bif, M1bifurcation segment of the MCA; M1cont, vascular contact of M1 to another vascular branch;
M2, M2 segment of MCA; MCA, middle cerebral artery; pre3D iUS Doppler, pre-resectional 3D iUS Doppler; post3D iUS Doppler, post-resectional 3D iUS Doppler.
FIGURE 2 | Illustrative case no. 2. 3D view of vascular landmarks segmented in MRI (left) and US (middle). Combined presentation of both segmentations (right)
depicts the spatial overlap.
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Another option would have been to utilize third-party
applications for the analysis of the vessel tree and to transfer
the data back to the navigational system. This would allow
deeper exploration of approaches, as the one proposed by
Reinertsen et al., who used vascular centerlines for the
calculation of brain deformation (37, 46). However, here we
focused on the built-in features of the navigational system to test
for intraoperative applicability. To increase usability and
efficiency, the analysis tools should be implemented into the
navigational software itself, e.g., for automatic identification and
correction of brain shift after 3D iUS Doppler acquisition.

This work involved only patients with temporal mass lesions.
We chose this approach to allow good visualization of the
vascular tree encompassing, if available, the internal carotid
artery, the A1/A2 segment of the anterior cerebral artery, and
the M1/M2 segment of the medial cerebral artery, and to make
our result more comparable to each other. On the other hand,
this patient inclusion criterion makes it difficult to generalize the
study results to differently located tumors, in which visualization
of the vascular tree may be less successful. Eventually, this study
cannot describe the impact of 3D iUS Doppler on every kind of
brain tumor resection, but only for those cases in which the
deeply located vascular structures are easily depictable in
Doppler imaging. Finally, due to the limited number of
identified corresponding anatomical landmarks, the here
described approach does not allow full correction of brain shift
within the navigational system yet. Identification of more
representative landmarks or vascular segments would allow
fusion of preoperative and intraoperative imaging as shown by
Rasmussen et al., who have found satisfactory results in five cases
of automatic multimodal fusion of preMRI and i3D US Doppler
postoperatively and proposed intraoperative use of their
technique (45).

Despite these limitations, we found 3D iUS Doppler to be a
valuable adjunct to our multimodal navigational setup. In the
current setup, identification of vascular landmarks in color
Doppler imaging allows intraoperatively estimation of local
brain shift and thus increases safety during resection. Future
Frontiers in Oncology | www.frontiersin.org 7111
implementation of automatic segmentation in ultrasound
imaging or the possibility of generating objects via simple
thresholding would facilitate further analysis of the vascular
anatomy and brain shift and might allow navigational
updating using 3D iUS Doppler datasets. Under these
conditions, the advantages of power Doppler mode and CEUS
could be fully exploited, and it will be of great interest to find out
which type of vascular imaging contributes best and most
feasibly to the determination of brain shift.
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