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Abstract
Purpose Currently, intraoperative ultrasound in brain tumor surgery is a rapidly propagating option in imaging technology.
We examined the accuracy and resolution limits of different ultrasound probes and the influence of 3D-reconstruction in a
phantom and compared these results to MRI in an intraoperative setting (iMRI).
Methods An agarose gel phantom with predefined gel targets was examined with iMRI, a sector (SUS) and a linear (LUS)
array probe with two-dimensional images. Additionally, 3D-reconstructed sweeps in perpendicular directions were made
of every target with both probes, resulting in 392 measurements. Statistical calculations were performed, and comparative
boxplots were generated.
Results Every measurement of iMRI and LUS was more precise than SUS, while there was no apparent difference in height
of iMRI and 3D-reconstructed LUS. Measurements with 3D-reconstructed LUS were always more accurate than in 2D-LUS,
while 3D-reconstruction of SUS showed nearly no differences to 2D-SUS in some measurements. We found correlations of
3D-reconstructed SUS and LUS length and width measurements with 2D results in the same image orientation.
Conclusions LUS provides an accuracy and resolution comparable to iMRI, while SUS is less exact than LUS and iMRI.
3D-reconstruction showed the potential to distinctly improve accuracy and resolution of ultrasound images, although there is
a strong correlation with the sweep direction during data acquisition.
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Introduction

The first line of treatment for gliomas is a neurosurgical oper-
ation. Multiple studies stress the importance of the extent of
resection (EoR) on the survival for low-grade gliomas (LGG)
and high-grade gliomas (HGG) [1–3]. To achieve this objec-
tive, a proper visualization and differentiation of tumor tissue
and normal brain tissue is essential. In diffuse infiltrative
gliomas, this can be especially challenging. Presently, there
are several different imaging methods that can be used to
visualize gliomas.

High-field intraoperativeMRIwith a field strength of 1.5T
or 3T serves as the gold standard for intraoperative imaging as
it shows comparable imaging results to pre- andpostoperative
MRI [4]. However, intraoperativeMRI requires special regu-
lations and standards for operation roomswhich in turn create
higher costs as well as increased time commitments for staff.

Intraoperative ultrasound (iUS) in contrast is inexpen-
sive, allows fast image acquisition and is available in most
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neurosurgical centers [5]. For glioma surgery, it is a well-
established and highly satisfying technique used in most
centers performing glioma surgery [6]. In meta-analyses of
studies using iUS for glioma resection, iUS was found to
be of value for intraoperative resection guidance and can
improve the extent of resection [7,8]. However, it has the
disadvantages of providing only two-dimensional data and
its subjective image interpretation leads to an abnormally
high dependence on the expertise of the examiner [9,10].

New advances in ultrasound technology have been made
and implemented into neurosurgical operation rooms. More
than two-thirds of surgeons using iUS use some of these
modern features [6]. Some clinical studies indicate a better
orientation in the operation situs with navigated ultrasound
probes [11]. Others demonstrate a better brain shift con-
trol with intraoperative data updates in modern navigated
ultrasound [12–15]. In addition, first clinical studies using
navigated ultrasound for resection control show divergent
results, especially if they compare ultrasound to intraopera-
tive MRI findings [9,16,17].

Apart from initial experience with the intraoperative
navigated ultrasound and first clinical studies, to our knowl-
edge there is no publicly available data investigating the
technical possibilities of linear array ultrasound and its
3D-reconstruction compared with conventional sector array
ultrasound and MRI with a special focus on accuracy and
resolution limits. Both of these are crucial variables for brain
tumor resection and resection control. Such data can only be
provided by experimental trials.

We aim to evaluate the technical possibilities of mod-
ern linear array ultrasound (LUS) with and without 3D-
reconstruction in an experimental study using phantoms. The
results were compared to the current gold-standard MRI. On
account of initial, promising clinical studies at our center [16,
17], we affirm that linear array transducers provide an accu-
racy and resolution comparable to that of intraoperativeMRI.

Additionally, we investigated two-dimensional sector
array ultrasound commonly used in brain surgery and the
impact of 3D-reconstruction on the accuracy and resolution
of this probe and compared the results to the findings ofMRI.

As a third question, we compared the results of linear
and sector array ultrasound (SUS). Taking into account the
above-mentioned studies at our center [16,17], we expected
the SUS results to be less exact than those of LUS and MRI.

Material andmethods

Phantom

For this study, an agarose gel phantom was developed. The
gel was cast in a defined cuboid acrylic glass mold with inter-
nal dimensions of 17.2×17×19 cm (height×width×length).

This mold functioned as an evaporation barrier and provided
stability for the gel. To allow for optimal fusion and reg-
istration of any imaging method, donut markers and drill
holes were placed on the exterior. The lower part of the
mold was filled with an agarose and water mixture thus
ultrasound reflections from the bottom of the mold could be
avoided. In the upper 5.2 cm of the mold in every gel layer of
7.5 mm, bodies with defined dimensions (13× 13× 30 mm)
were placed in defined angles to each other. Those bodies
contained fine mica powder for contrasting them in MRI
and ultrasound images and a higher concentration (3%) of
agarose. The bodies were placed in pairs on the already con-
gealed lower layer in angles of 1.91◦ and 5.73◦. The angles
are generated from a distance of one and three millimeters
between the two bodies at one end of the fissure. The rect-
angular shape of the bodies was chosen to provide a straight
fissure for easy and exact resolution measurements. These
targets were then fixed with fine needles and cast into the
next gel layer. Every layer contained four bodies and over-
lapped with the upper and lower layer. After seven of these
layers, the top of the phantomwas sealedwith a thin foil with-
out air pockets to prevent volume changes to the gel through
evaporation. Two equal phantomswith 28 bodies each, form-
ing 14 fissures for resolution measurements, were produced
(Fig. 1).

Software and hardware

Except for the CT (Philips� Brilliance 40 CT, Philips,
Amsterdam, The Netherlands), all devices were used in a
Brainsuite (Brainlab, Munich, Germany) environment. This
special operation room contained an optical ceiling-mounted
navigation system (VectorVision sky, Brainlab, Munich, Ger-
many), a 1.5 tesla MRI (Espree Magnetom, Siemens, Erlan-
gen, Germany) and a mobile ultrasound unit (iU22, Philips)

Fig. 1 View of the phantom during construction with attached donut
markers and targets not yet fully embedded in agarose gel
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in the same room. It was used with a X7-2 xMATRIX array
transducer with a sector array image (SUS) and a L15-7io
linear array transducer (LUS). The LUS was used with a
wideview setting. It opened the field of view at the sides of the
image by eight degrees, allowed the visualization of the upper
five registration wires embedded in the registration phantom
as required for an exact automated registration. Also, the full
length of the bodies in the image plane could only be depicted
with this setting enabled. Both probes used XRES (Philips)
adaptive imaging processing. Penetration depth of LUS was
set to 5 cm respectively 7 cm for the lowest target layer.
SUS was set to 8.1 cm penetration depth. For navigation and
registration iPlan3.0 (Brainlab) was used.

Measurements

The phantom was first measured with CT (Philips� Bril-
liance 40 CT, Philips) set to the lowest possible slice
thickness (0.488 mm) to get a highly accurate data set
for navigation. This was necessary since the plastic mold
with the drilled “anatomic landmarks” was not depicted in
MRI images. Thereafter, it was placed into the 1.5 tesla
Siemens Espree Magnetom (Siemens, Erlangen, Germany).
The MRI scan was performed in a setting equal to an intra-
operative MRI (iMRI). For the scan, a specialized head coil
(Noras, Höchheim, Germany) was used. This head coil is
typically used for intraoperative MRI. Hereafter, the phan-
tom was referenced in the navigation system. Finally, the
ultrasound probes were registered as described by Coburger
et al. [18]. The above-described setup mimics the clini-
cal situation of a cranial tumor surgery. Every target was
measured with conventional two-dimensionally and three-
dimensionally reconstructed ultrasound with the linear and
sector ultrasound probe. The three-dimensional measures
were taken twice: once with the image orientation parallel
to the fissure between the bodies and once perpendicular
to the fissure to determine whether any correlations of 3D-
results and image acquisition direction exist or not (Fig. 2).
For the reconstructed volumes, the software registered 30–
50ultrasound imageswith corresponding navigation data and
calculated a 3D-volume. For measuring the smallest possi-
ble resolutionwith conventional ultrasound, trajectorieswere
placed at the last point where the fissure was definable.

Statistics

Both distance and volumetric measurements of iMRI and the
3D-reconstructed ultrasound were taken with the iPlan3.0
software. We took 2D measurements with LUS and SUS
using the ultrasound device. Statistical calculations were per-
formed with SPSS 24 (Lead Technologies, INC, Charlotte,
USA). Datawere visualized using boxplots and tables. Cross-

Fig. 2 Illustration of image orientation and sweep direction for 3D-
data acquisition. Image of a target consisting of two bodies with the
fissure (black) in between. Arrows mark the sweep direction, and the
lines of the same color illustrate the image orientation. Red = image
orientation perpendicular to the fissure (3D+ (+ representing the fissure
and the image orientation with two perpendicular lines)), green = image
orientation parallel to the fissure (3D = (= representing the fissure and
the image orientation with two parallel lines)). The two white spots
inside the fissure are light reflexes caused by the camera

correlating tables comparing the measurements against each
other are provided in the supplements.

Results

Every target was measured once with each method. A total
of 392 data sets were acquired: 56 data sets by iMRI, 56 two-
dimensional data sets with each US-probe and 112 3D data
sets for each US-probe. Half of these sets were made with
an image plane parallel (3D=) and the other half with the
image plane perpendicular (3D+) to the fissure formed by
the angle between two bodies. Not all measurements were
evaluable due to different issues described below. Table 1
shows the quantity of evaluable measurements for each body
dimension as well as for resolution measurements.

iMRI magnetic resonance imaging in a setting equal to
intraoperativeMRI; 3D = LUS 3-dimensional reconstructed
linear array ultrasound with image plane parallel to the
fissure; 3D+LUS 3-dimensional reconstructed linear array
ultrasound with image plane perpendicular to the fissure;
2DLUS 2-dimensional linear array ultrasound; 3D = SUS
3-dimensional reconstructed sector array ultrasound with
image plane parallel to the fissure; 3D+SUS 3-dimensional
reconstructed sector array ultrasound with image plane per-
pendicular to the fissure; and 2DSUS 2-dimensional sector
array ultrasound.

Regarding thequantity of evaluablemeasurements, Table 1
reveals that sector ultrasound could never measure all targets
for three reasons. Firstly, the image of the sector ultrasound
probe with its pointed shape impeded a full acquisition of
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Table 1 Results and quantity of evaluable measurements of all measurement methods

iMRI 3D = LUS 3D+LUS 2DLUS 3D = SUS 3D+SUS 2DSUS

Length (real body
dimension: 30 mm)

Evaluable measurements 56 40 56 48 24 48 32

Mean value (in mm) 30.05 31.20 29.94 31.75 34.17 31.56 34.18

Standard deviation (in mm) 0.20 0.50 0.33 0.33 0.63 1.05 0.54

Mean relative difference to real
body dimension (in %)

− 0.2 − 4.0 0.2 − 5.9 − 13.9 − 5.2 − 13.9

Height (real body
dimension: 13 mm)

Evaluable measurements 56 56 56 56 48 48 48

Mean value (in mm) 13.06 13.10 13.09 13.23 13.50 13.48 13.69

Standard deviation (in mm) 0.21 0.15 0.14 0.18 0.30 0.31 0.27

Mean relative difference to real
body dimension (in %)

− 0.5 − 0.8 − 0.7 − 1.7 − 3.9 − 3.7 − 5.3

Width (real body
dimension: 13 mm)

Evaluable measurements 56 56 56 56 48 39 48

Mean value (in mm) 12.91 12.76 13.05 13.25 13.78 14.65 14.59

Standard deviation (in mm) 0.25 0.28 0.19 0.19 0.71 0.72 0.43

Mean relative difference to real
body dimension (in %)

0.7 1.8 − 0.4 − 2.0 − 6.0 − 12.7 − 12.3

Resolution Evaluable measurements 28 28 28 28 13 24 24

Mean value (in mm) 0.28 0.33 0.15 0.57 1.26 0.66 1.07

Standard deviation (in mm) 0.10 0.15 0.09 0.18 0.20 0.21 0.29

iMRI magnetic resonance imaging in a setting equal to intraoperative MRI; 3D = LUS 3-dimensional reconstructed linear array ultrasound with
image plane parallel to the fissure; 3D+LUS 3-dimensional reconstructed linear array ultrasound with image plane perpendicular to the fissure;
2DLUS 2-dimensional linear array ultrasound; 3D = SUS 3-dimensional reconstructed sector array ultrasound with image plane parallel to the
fissure; 3D+SUS 3-dimensional reconstructed sector array ultrasound with image plane perpendicular to the fissure; 2DSUS 2-dimensional sector
array ultrasound

the body dimension, especially of the length. This was also
the reason why 3D=LUS (used with wideview-mode) could
not measure the length of all bodies. Secondly, the poor
image quality close to the sector ultrasound probe impeded
the depiction of the top layer of targets. The third reason
is only an issue for the resolution measurements. The 3D-
reconstructed parallel sector ultrasound (3D = SUS) was
often not able to depict the thinner fissurewith one-millimeter
distance between the two bodies.

Referring to Table 1, iMRI provided more precise results
than both two-dimensional ultrasound measurements
(2DSUS and 2DLUS). In the direct comparison of the two
probes, we found that linear array measurements were more
precise than the corresponding ones made with the sector
array probe both in 2D and in 3D mode. For all SUS mea-
surements the spread was wider than for iMRI and all LUS
measurements (see standard deviation in Table 1).

Furthermore, we found a connection between length,
width and resolution results, and the image orientation while
performing the 3D-scan. In contrast, height shows nomarked
differences between both three-dimensional measurements
with the same probe. This connection was most apparent
regarding 3D = SUS and 3D+SUS. Length and resolution
were more exactly measured with the image plane perpen-
dicular to the fissure between the two bodies (3D+SUS).
Width was better measured with an image orientation par-

allel to the fissure (3D = SUS). It is noticeable that the
poorer 3D-reconstructed results, which at the same time are
closer to the 2D-measurement for length and width, were
measured with the image data captured by the probe itself.
The better results were reconstructed using navigation data
of the image set. This correlation is also visualized in Figs. 3
and 4.

As with the sector ultrasound, the linear array measure-
ments show a correlation of image orientation with the
2D-measurements. The same measurements are closer to the
results of the 2DLUS, although the perpendicular image set
(3D+LUS) always provided more exact results.

Table 1 also shows that the 3D-reconstructed linear array
ultrasound provides more precise results for any measure-
ment than the 2DLUS. Nearly all results of iMRI and
3D-LUS are in a range of less than half a millimeter around
the real body dimension. Only length measured with 3D =
LUS exceeds this range. The results of 3D+LUS are more
precise than 3D = LUS and 2DLUS for each observed
parameter. As visualized in Figs. 3 and 4, 3D+LUS mea-
surements are close to those of iMRI. For resolution results
they are even more exact than iMRI.

All measurements with the sector ultrasound probe show
poorer results than iMRI and the linear array probe, except
for length measured with 2DLUS versus 3D+SUS.
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Fig. 3 Comparison of all measurement methods as relative differences
from the real body dimension

Fig. 4 In this boxplot, the absolute differences in allmeasurementmeth-
ods to the median iMRI resolution are illustrated. The median iMRI
resolution as current gold standard serves as reference (dotted line)

Figure 3 shows a comparison of all measurement methods
as relative differences from the real body dimensions.

The reconstructed linear array transducer results are all
clustered around the reference line with a maximum differ-
ence of 4.0% (Table 1) for length measured with 3D = LUS.
Sector ultrasound results always overestimated the body
dimensions up to 13.9% (Length measured with 3D =
SUS).

Figure 4 illustrates the absolute differences in resolution
of all measurement methods to the median iMRI resolution
in a boxplot. The results of iMRI are clustered around the
reference line as the median resolution of the current gold
standard serves as the reference. The resolution differences

of 3D = LUS are close to those of iMRI, while 3D+LUS
exceeds the resolution limit of iMRI. Both two-dimensional
and the 3D-reconstructed SUS measurements offer a poorer
resolution than iMRI and the 3D-reconstructed LUS.

Discussion

Since Gronningsaeter et al. [19] integrated ultrasound imag-
ing into a modern neuronavigation system, there has been a
growing number of studies examining the use of ultrasound
imaging in brain tumor surgery. Navigated ultrasound has
proven itself valuable for intraoperative brain shift control
[12–15]. The use of small, shaped probes inside the resec-
tion cavity showed a good visualization and differentiation
of edema, pathologic and normal brain tissue, and improved
resection control by ultrasound [16,17,20]. Moiyadi et al.
used modern navigated 3D-ultrasound as standalone intra-
operative imaging [21].

Despite these clinical studies, which mostly demonstrated
a positive applicability of ultrasound in brain tumor surgery,
to date, no data examining the accuracy and resolution of
modern navigated ultrasound probes have been found. Fur-
thermore, few studies exist in which modern ultrasound
devices are compared to other intraoperative imaging tech-
niques like intraoperative MRI.

The aim of this study was to fill this gap in empirical
research with data ascertained using an experimental phan-
tommimicking the features of brain tissue with an embedded
tumorous lesion. The measurements of two different modern
ultrasound probeswere compared toMRI in an intraoperative
setting.

Accuracy of themethods used

CT, iMRI and iUS measurements were possible without sig-
nificant impairment of image quality. Reference data for
resolution are only available for the LUS probe (L15-7io
used on an iU22). Our data showed a resolution of 0.57 mm
at a set penetration depth of 5 cm. Reference data by Moran
et al. showed a highly comparable resolution of 0.6 mm for
the full range of depth and a resolution of 0.53 mm for a
depth of 0–10 mm [22].

Comparison of linear and sector array
measurements

We found a clear superiority of the resolution and accuracy
of LUS compared to SUS. The best results of SUS are only
close to the poorest LUS results regarding length (2DLUS
vs. 3D+SUS) and resolution (2DLUS vs. 3D+SUS). These
experimental data correspond with previous clinical findings
of our group assessing sensitivity and specificity for resid-
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ual tumor detection during LGG and HGG surgery [16,17].
Since these studies did not measure the exact extent of resid-
ual tumor but assessed histopathologic findings around the
resection cavity, a direct comparison of the data was not
possible. Yet, ROC tests revealed a “poor” accuracy of the
2DSUS transducer, whereas the 2DLUS transducer reaches
a “fair” accuracy.

The three-dimensionally reconstructed images almost
always provided more accurate results than the 2D-measur-
ements. One reason for this superiority of 3D-reconstructed
results might be the better image quality of navigated ultra-
sound described by Renovanz et al. [10]. Another factor that
might have a positive influence on the results is the recon-
struction algorithm, since it fills the voxels of the volumewith
the surrounding data and extrapolates the end of the fissure
in certain situations.

Another interesting finding of the three-dimensional mea-
surements is the connection between length, width and
resolution results, and the image orientation. It is noticeable
that the 3D-results measured with the image data captured
by the probe itself (length in 3D=, width in 3D+) are closer
to the two-dimensional results of the same probe. For SUS
the better results are reconstructed out of the navigation
data of the entire image set (width in 3D = SUS, length
in 3D+SUS). Regarding linear array ultrasound, 3D+LUS
is more exact than 3D = LUS for each investigated vari-
able. This leads to the assumption that the reconstruction
based on an accumulation of several 2D ultrasound images
provides more exact values than the fanned-out SUS image
or the angled part of the wideview-image of the LUS
probe.

For both probes, height measurements provided com-
parable results with all measurements (2D, perpendicular
and parallel), within the same probe. This measure can be
regarded as a control since height is not affected by the
scan direction. We found a variance of less than 0.3 mm
within the three height measurements of each probe, result-
ing in a considerably low error of measurement in our
series.

Lindseth et al. [23] investigated the pinpoint accuracy of
a phased array navigated ultrasound system (SonoWand�,
MISON AS, Norway), examining a wire phantom in a water
bath. They obtained average differences in measurements of
0.05 mm (Y- and Z-axis) and 0.21 mm (X-axis) for 50 mm
each, which is relatively similar to the results of the linear
array ultrasound in our study. Although the results cannot
be directly compared, because they did not separate their
results in different sweep directions and acquisition moves
(tilt scan or translation sweep), they also show a relation
to the X- and Y-axes, representing length and width. As in
our data, height also showed the smallest differences and
standard deviation.

Comparison of linear array ultrasound and iMRI

The results of iMRI and the 3D-reconstructed measurements
with the linear array probe were all clustered around the
real body dimension. They differed in a small range of 0.2–
4.0% to the real body dimension. The resolution limit was
once higher and once lower than iMRI, depending on the
image orientation during data acquisition. 2DLUS overes-
timated the real body dimension of up to 5.9%, and the
resolution limit was nearly twice as high as the one of iMRI
and the 3D-reconstructed LUS. Considering the results of
the above-mentioned clinical results of our group [16,17],
this difference in 3D-LUS compared to iMRI might not be
of significance during surgery as a specificity and sensitivity
for residual tumor detection of 2DLUS close or even better
than iMRI was described.

Comparison of sector array ultrasound and iMRI

In our experimental study, all SUS measurements showed an
inferior resolution compared to iMRI and overestimated the
real body dimensions by up to 13.9%. Taking into consider-
ation that SUS could not depict the topmost targets, our data
resemble that of the clinical study of Gerganov et al. after
resection [9]. Visualization of small or superficial residual
tumor pieces with sector array ultrasound was described as
being difficult to generate, caused by decreasing image qual-
ity and artifacts occurring during resection.

Contrary to the above-mentioned differences between
SUS and MRI, an experimental animal study of Sheng et
al. [24] showed no significant differences. They measured
the volume after splenic microwave ablation with a phased
array 3D-reconstructed ultrasound and MRI.

Our results of measurement inaccuracies are smaller than
the differences reported for other sources of error in brain
tumor surgery such as brain shift and other sources of patient
to image registration inaccuracies [23,25–27].

Limitations

Wewere unable to determine the exact speed of sound in our
gel mixtures. An agarose concentration of 2% was described
to have acoustic properties close to human tissue [28]. As a
result, we used concentrations close to this ratio.

Temperature and the use of backscattering material could
also have had an influence on the speed of sound and,
as a consequence, on the accuracy of the ultrasound. The
speed of sound has an influence on measurements in prop-
agation direction of the ultrasound beam. In linear array
transducers, it influences measurement of height. Width
and length measurements are influenced in sector array
transducer and in wideview-parts of the used linear array
transducer caused by the angled propagation direction. Other
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sources of error using ultrasound devices are the quality loss
caused by data transfer between the navigation software and
the ultrasound device [19] as well as errors caused by the
calibration process [23,29]. Another limitation is the ultra-
sound reconstruction algorithm that was used, due to the fact
that there have been more accurate algorithms developed in
recent years than the PNN algorithm used by our software
[30,31].

Another point to bementioned concerning iMRI is the loss
of accuracy by distortions outside of the isocenter [32,33].

The results of the 3D measurements cannot be transferred
directly to the clinical routine. Our study represents an ideal
experimental setup. During surgery, ultrasound scanning is
limited by the shape of the situs and the resection cavity
which significantly impairs the quality of image reconstruc-
tion. During the course of surgery, several artifacts might
accumulate, significantly impairing the quality of US images
[9,34].

Future perspectives and clinical implications

Our data on3D reconstruction froman experimental setup are
not per se transferable to the clinical routine. Usually irreg-
ularly shaped resection cavities have to be assessed. Thus,
usually a slightly fanned acquisition scan has to be performed
leading to a drop of resolution in regions distant to the probe.
Attenuation artifacts will further impair the scanning results.
Intraoperative MRI is not as prone to artifacts as iUS. Hence,
it is very important to make a comparison in a clinical setup
to assess whether the advantages of linear array ultrasound
hold true for a non-experimental setup. Surgeons using 3D-
reconstructed ultrasound should be aware of the correlation
of the resolution and accuracy with the image orientation
while data acquisition.

Conclusion

In an experimental setup, modern intraoperative linear array
ultrasound provides an accuracy comparable to MRI in an
intraoperative setting. The accuracy of conventional sector
ultrasound is significantly poorer than iMRI and linear array
ultrasound. 3D reconstruction in the current experimental
setup has the potential to improve accuracy of ultrasound
images, though there is a strong dependence on image orien-
tation during data acquisition.
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