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Abstract
Purpose The aim of this report is to present IBIS (Interactive
Brain Imaging System) NeuroNav, a new prototype neuro-
navigation system that has been developed in our research
laboratory over the past decade that uses tracked intraopera-
tive ultrasound to address surgical navigation issues related
to brain shift. The unique feature of the system is its ability,
when needed, to improve the initial patient-to-preoperative
image alignment based on the intraoperative ultrasound data.
Parts of IBIS Neuronav source code are now publicly avail-
able on-line.
Methods Four aspects of the system are characterized in
this paper: the ultrasound probe calibration, the tempo-
ral calibration, the patient-to-image registration and the
MRI-ultrasound registration. In order to characterize its real
clinical precision and accuracy, the system was tested in a
series of adult brain tumor cases.
Results Three metrics were computed to evaluate the preci-
sion and accuracy of the ultrasound calibration. 1) Repro-
ducibility: 1.77 mm and 1.65 mm for the bottom corners
of the ultrasound image, 2) point reconstruction preci-
sion 0.62–0.90 mm: and 3) point reconstruction accuracy:
0.49–0.74 mm. The temporal calibration error was estimated
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to be 0.82 ms. The mean fiducial registration error (FRE) of
the homologous-point-based patient-to-MRI registration for
our clinical data is 4.9 ± 1.1 mm. After the skin landmark-
based registration, the mean misalignment between the ultra-
sound and MR images in the tumor region is 6.1 ± 3.4 mm.
Conclusions The components and functionality of a new
prototype system are described and its precision and accu-
racy evaluated. It was found to have an accuracy similar to
other comparable systems in the literature.
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Introduction

When resecting brain tumors, conventional neuronavigation
systems based on preoperative computed tomography (CT)
or magnetic resonance imaging (MRI) are limited by the fact
that these images do not reflect the surgical reality of the
patient throughout the whole procedure. The main goal of
intraoperative imaging like ultrasonography or intraopera-
tive MRI (iMRI) is precisely to address that limitation.

Intraoperative ultrasound

Intraoperative brain ultrasonography is not new. The first pa-
pers discussing the use of ultrasound to image the brain were
published in 1947 [1] and 1950 [2–4] using one-dimensional
A-mode images. The first papers using real-time B-mode 2D
imaging as we know it today were published in the early
eighties [5,6]. A new era in ultrasound imaging began with
the advent of tracked ultrasound [7–11]. With this technol-
ogy, the position and orientation of the ultrasound probe can
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be known in real-time. Since the ultrasound probe is tracked
in 3D space, the x,y,z coordinate of each ultrasound image
pixel is known and can be matched with multiplanar refor-
matted preoperative CT or MR images. The latest commer-
cial neuronavigation systems like the VectorVision2� [12]
(BrainLAB, Heimstetten, Germany) and the StealthStation
Treon� Treatment Guidance System (Medtronic, Louisville,
CO, USA) have incorporated tracked ultrasound and enable
acquisition and visualization of 2D ultrasound with the corre-
sponding preoperative image data. In addition to this feature,
the commercial SonoWand� system [13] (Mison, Trond-
heim, Norway) allows the reconstruction of 3D ultrasound
volumes from 2D ultrasound slices in near real-time. These
reconstructed intraoperative volumes can then be visualized
with their corresponding preoperative CT or MR data sets.
A number of research groups have also proposed similar 3D
ultrasound visualization possibilities [14–16].

IMRI/ultrasound

Studies comparing iMRI and intraoperative tracked ultra-
sound are rare. Tronnier et al. [17] used a low-field iMRI
system and a 3D ultrasound in parallel for seven tumor cases.
They found the iMRI system bulky and that it interfered
with many surgical instruments, including the microscope.
Gerganov et al. [18] compared the SonoWand� system,
which allows 3D ultrasound reconstructions, with a high-
field iMRI system during brain tumor resection procedures.
They found that the image quality before the resection to
be of similar quality with both modalities. The advantage of
ultrasound over iMRI was its significantly shorter prepara-
tion and acquisition time and its drawback, the limited field
of view. The field of view is a limitation of systems using
optical tracking, because in these systems the probe must
be seen by the tracking camera at all times thereby limiting
the freedom of motion. However, tracked ultrasound costs a
fraction of the price of an iMRI system.

IMRI and ultrasound have both been extensively used
in brain tumor surgery, both to visualize the tumor and
its boundaries before surgery, and to assess residual tumor
toward the end of the resection. Even for experienced neu-
rosurgeons, it can be difficult to define tumor margins [19],
and intraoperative imaging has been found to be helpful in
that regard. Unsgaard et al. [20] have shown that in 53% of
cases in which the resection was otherwise considered com-
plete, 3D ultrasound allowed them to identify residual tumor.
Knauth et al. [21] reported similar findings using a 0.2 Tesla
iMRI system in a series of 38 high-grade glioma patients.
Recently, Hatiboglu et al. [22] found that their high-field
iMRI helped finding residual tumor in 47% of their glioma
cases. When comparing both modalities, Tronnier et al. [17]
found thought iMRI was superior to ultrasound in terms of
residual tumor evaluation at the end of surgery.

In terms of visualizing tumors before the resection, van
Velthoven et al. [23] have shown that ultrasound is as reli-
able as MRI to delineate gliomas, metastases and meningio-
mas. It may even be superior to MRI in defining low-grade
tumor boundaries [24]. Van Velthoven et al. [23] also found
that ultrasound enabled the differentiation of more structural
details within the tumor. They also found that ultrasound
could more distinctively delineate between the cystic and the
solid part of a tumor compared to MRI.

Another advantage of ultrasound over MRI is the intui-
tive nature of the signal intensity, which measures the dif-
ferences in stiffness and density between tissues. In tumor
cases for example, neurosurgeons often use the haptic feed-
back from the instruments to help them differentiate between
normal and pathological tissue when they are visually very
similar. In these cases, the ultrasound signal provides the sur-
geon with information similar to what their sense of touch is
providing.

Brain shift

Intraoperative imaging can also be a valuable tool for charac-
terization and correction of the well-known brain shift prob-
lem. After opening the dura, for a brain tumor patient, the
brain shifts because of cerebrospinal fluid drainage or leaks,
tissue resection, swelling, cyst drainage, etc. The main cause
of brain shift is often the tumor resection itself. By remov-
ing tumor tissue and possibly draining associated cysts, the
brain tissue around the tumors changes considerably in shape.
If the tumor is deep, creation of a resection channel also
impacts on the brain. When retractors are used, the brain obvi-
ously deforms. Furthermore, retractors’ compressing action
can make the surrounding brain swell by interfering with the
venous drainage. However, brain shift can be significant even
before the resection starts [25]. This is particularly true if the
preoperative scans are done days before the operation. Within
only a few days, an aggressive tumor has time to grow and
the effect of steroids used to reduce edema can lead to impor-
tant changes in the brain’s morphology. Gravity plays a role
throughout the operation as well and displaces each lobes of
the brain differently [26], although its effects are minimized
when the patient is operated in the same head position as in
the scanner (supine).

Brain shift during brain tumor surgery is a complex phe-
nomenon that has been studied by several groups, often with
the help of iMRI [26–31]. Only one will be detailed here
for their very thorough investigation. Nabavi et al. [26] have
imaged 25 tumor patients at four time points during sur-
gery, in an open-bore 0.5T iMRI scanner. As most groups,
they found the brain surface sunk with gravity, even well
after dural opening. In their study, the maximal surface
shifts ranged from almost no detectable shift for the smaller
lesions to up to 5 cm for the larger lesions. The mean maximal
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shift was found for larger tumors right after the resection, but
before dural closure.

New prototype neuronavigation system

The aim of this report is to present a new prototype neu-
ronavigation system that has been developed in our research
laboratory over the past decade to address the brain shift issue
identified above. The system continues previous work pub-
lished by our research group in 1998 by Comeau et al. [32].
The system is called IBIS NeuroNav; IBIS stands for Inter-
active Brain Imaging System. The system is interactive in
the sense that the surgeon can interact with the data to
visualize different structures, examine spatial relationships,
acquire intraoperative ultrasound data and use it to (re-)
register preoperative images. The purpose of developing our
own navigation system was to have a robust software plat-
form that would facilitate integration of different research
prototype tools into a system that could be tested and val-
idated in real clinical conditions, while also benefiting the
practice of the neurosurgeons at our institution. Our goal is
ultimately to design a neuronavigation system with improved
navigation accuracy to allow an optimal surgery.

The system allows planning and navigation on preop-
erative medical image data (MRI, CT, functional MRI
(fMRI), positron emission tomography (PET), etc.) as well as
navigation with intraoperative tracked ultrasound. It also
incorporates a very broad range of functionalities, includ-
ing ultrasound probe calibration, automatic 3D surface seg-
mentations, 3D ultrasound reconstruction from tracked 2D
ultrasound images and advanced inter-modality registration
techniques. In addition, it allows automatic intraopera-
tive correction of the patient-to-preoperative scan misalign-
ment based on intraoperative ultrasound data, which to our
knowledge is the first system to do so.

The following sections describe the components, func-
tionalities and characterization of the system. In order to
characterize its real clinical precision and accuracy, the sys-
tem was tested in a series of adult brain tumor cases. Four
aspects of the system are characterized in this paper: the
ultrasound probe calibration, the temporal calibration, the
patient-to-image registration and the MRI-ultrasound regis-
tration.

System description

Components of the system

IBIS NeuroNav is composed of a tracking system, an ultra-
sound scanner, and a workstation. Figure 1 shows a typical
setup of the neuronavigation system when used in the oper-
ating room. Since IBIS NeuroNav is a research prototype,

Fig. 1 Components of our neuronavigation system and layout of the
equipment when using two neuronavigation systems (IBIS NeuroNav
and SNN) in parallel

it is always used in parallel with a commercial neuronav-
igation system. At the time of the study, the SNN system
(Surgical Navigation Specialists Inc., Missisauga, Ontario,
Canada) was used by the hospital (see Fig. 1). The follow-
ing paragraphs detail the role and the relationships of each
component in the system.

The workstation runs Debian GNU-Linux 3.1 and has a
dual core Intel� Xeon� 3 GHz processor. The screen is a
19 inch ViewSonic LCD monitor (ViewSonic Co, Walnut,
CA, USA). The workstation is used to run the IBIS Neu-
roNav software and communicate with the tracking system
and ultrasound device. The main design of the IBIS Neu-
roNav software was completed by the author D.L.C., and
the individual components were designed and implemented
by authors S.D. and A.K. IBIS NeuroNav is written in C++
and uses the Visualization ToolKit (VTK) libraries [33] for
image processing and visualization and Qt 3 for the graphical
user interface. IBIS NeuroNav reads and writes the medical
image data in the MINC format [34], which is the format used
at our institute for image processing. The MINC file format
contains coordinate information that enables the images and
volumes to be registered and compared to each other using
tools from the publicly available MINC library (packages.
bic.mni.mcgill.ca).

The ultrasound scanner enables intraoperative imaging of
the patient during surgery. The ultrasound machine is an HDI
5000 (ATL/Philips, Bothell, WA, USA) and the 2D probe
used is a P7-4 MHz phased array transducer. The ultrasound
images are captured by IBIS NeuroNav through a Pinna-
cle PCTVTM frame-grabbing card (Pinnacle Systems, Inc.,
Mountain View, CA, USA).
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Fig. 2 During surgery, navigation with the pointer is done in the Polaris
coordinate system (second column). In order to correlate the pointer’s
position with the MRI (first column) and ultrasound images (fourth
column), they must also be transformed in that coordinate system.
The MRI is transformed in the Polaris coordinate system through the

patient-to-image registration. The transformation from the tracked
probe to the Polaris coordinate system is given by the Polaris cam-
era directly. The ultrasound image is mapped in the tracked probe’s
coordinate system (third column) through a probe calibration proce-
dure

Tracking is done with a Polaris� infrared optical system
(Northern Digital, Waterloo, Ontario, Canada).

The tracking system establishes a coordinate system in
which the patient and tools can be tracked in 3D space.
As seen in Fig. 1, each navigation systems (IBIS Neuro-
Nav and SNN) is connected to their own optical tracking
devices that are placed one above the other. IBIS NeuroNav
can track any tools compatible with the Polaris tracking sys-
tem. For simplicity, when used in the operating room, IBIS
NeuroNav tracks the same tools as the SNN system: a ref-
erence (TA002, Traxtal Technologies Inc., Toronto, Ontario,
Canada) and a pointer (Aesculap AG & Co. KG, Tuttlin-
gen, B-W, Germany). In addition, IBIS NeuroNav tracks a
2D ultrasound probe. The reference is rigidly attached to
the Mayfield clamp which is firmly attached to the patient’s
head and defines the origin of the Polaris� coordinate space
(see second column of Fig. 2). The pointer is tracked by the
Polaris� camera and is used to navigate in this space. IBIS
NeuroNav also tracks an ultrasound probe, on which reflec-
tive spheres are rigidly fixed using a TA003 tracker (Traxtal
Technologies Inc., Toronto, Ontario, Canada). The TA003
is screwed on a custom-made anodized aluminum adapter,
which consists of a rod attached to a cylinder (see third col-
umn of Fig. 2). The cylinder rigidly holds the probe in place
with 8 screws. When used intraoperatively, the probe cannot
be sterilized, so it is draped in a sterile plastic sleeve during
surgery and sterile passive spheres are clipped through the
bag.

Mapping the MRI and ultrasound images in Polaris space

To map a voxel from an MRI to its corresponding ultrasound
pixel (right), three transformations are necessary. The MRI

must first be transformed to the Polaris coordinate system,
second to the tracked ultrasound coordinate system and third
to the ultrasound image coordinate system.

MRI to Polaris space

The transformation from MRI space to patient space (see
Fig. 2), also called the patient-to-image registration, is
done using seven anatomical landmarks including the nose
(bridge), the eyes (bilateral inner and outer canthi) and the
ears (bilateral tragus valleys). The patient-to-image registra-
tion is done simultaneously for SNN and IBIS NeuroNav,
with both systems tracking the same reference and pointer.
Both systems report a root mean square error (RMSE), also
called the mean Fiducial Registration Error (FRE). In addi-
tion to the mean FRE, IBIS NeuroNav also computes the
individual FRE for each landmark point pair, which can help
improve the initial registration. The quality of the registra-
tion is evaluated by touching the scalp with the pointer while
simultaneously verifying the probe-skin distance on the neu-
ronavigation screen. If the registration is not satisfactory,
points may be removed/added or redone. Once completed,
the patient-to-image registration allows the surgeon to relate
the patient’s head to the preoperative scans.

Ultrasound to Polaris space

The transformation from the tracker to the Polaris space is
given by the tracking system. Ultrasound probe calibration
consists of finding the last transformation between the 2-D
coordinates of pixels in the ultrasound image into the tracker
space. Finding this transformation is mandatory for all sys-
tems using tracked ultrasound. For the calibration of our
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Fig. 3 Phantoms used for calibration and its validation. a 4 z-fiducials phantom with b a typical ultrasound image of the z-fiducial phantom.
c Cross-wire phantom used for calibration validation with d a typical ultrasound image of the cross-wire phantom

ultrasound probe, a phantom with four z-fiducials [35] was
used (see Fig. 3a). The wires in this phantom form Z shapes
that are intersected by the ultrasound image plane, and each
of these z-fiducial produces three visible points on the image
(see Fig. 3b). Using similar triangles, the position of the cen-
ter point can be found and only that point is then considered
as a homologous point between the image and phantom. A
least squares minimization technique is used to minimize the
distance between the two sets of points in order to find the
unknown calibration parameters. There are 3 parameters to
describe the translation, 3 for the rotation and 2 for the scal-
ing. A detailed description of the calibration procedure and
calibration phantoms can be found in Mercier et al. [36].

Temporal calibration

Temporal calibration is the process of synchronizing each
ultrasound image with its appropriate pose coming from the
tracking device. The temporal calibration of our system was
evaluated using the technique defined in Treece et al. [37]
with the StradX software [38]. The technique involves imag-
ing the bottom of a tank filled with water by moving the
probe up and down for a few seconds. The bottom of the tank
produces a line that is automatically segmented from each
ultrasound image. The temporal offset is found by computing
the minimum root mean square error between the distances
derived from the b-scans and those derived from the tracking

device. Temporal calibration only needs to be done once and
compensated for if necessary.

System validation

Probe calibration validation

To evaluate the calibration procedure, a second phantom with
a simple cross-wire, (Fig. 3c, d) was used. To compensate
for speed of sound distortions, the phantoms were imaged in
water at room temperature mixed with 9.5% ethanol. Because
the adapter and tracker are solidly screwed on the ultrasound
probe, calibration does not need to be redone after each case.

The final calibration transformation (matrix) is generally
obtained from a series of calibration matrices. Each of the
individual calibration matrices leads to positioning the ultra-
sound plane at a slightly different location in world space.
The stability or precision at which the image plane’s position
varies with each calibration trial is termed the calibration
reproducibility. In this study, the calibration reproducibility
was computed at 7 points in the ultrasound image.

Another common way of assessing the quality of the probe
calibration is to image a phantom, ideally a phantom different
from the one used for calibration, and evaluate the precision
and accuracy at which points can be located on that phan-
tom. For our experiments, the second phantom included a
cross-wire (Fig. 3c, d) that was imaged from multiple viewing
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angles and two depths (65 and 95 mm). The point of intersec-
tion of the cross was extracted from each ultrasound image
and mapped in world space, forming a cloud of points. The
tightness (or spread) of this cloud can be used to estimate
the point reconstruction precision. Because the phantom was
precisely built, the position of the wire-crossing is known
in world space and is therefore considered as the gold stan-
dard value. The point reconstruction accuracy is obtained
by comparing the position of each point in the cloud to this
gold standard. As in other similar studies [39,40], the mean
Euclidian distance is reported here.

Patient-to-image registration accuracy

In order to evaluate the registration accuracy of each patient-
to-image registration, the mean FRE given by the neuronav-
igation systems was used. It represents the mean distance
between corresponding fiducials after registration [41,42].

MRI-ultrasound co-registration accuracy

The magnitude of the MRI-ultrasound misalignment on
these cases was evaluated by first estimating an ideal
MRI-ultrasound registration as a baseline for comparison.
As no gold standard is available for clinical data, our bronze
standard [43] was defined by selecting corresponding ana-
tomical landmarks in both modalities. For each case, a
senior neurosurgeon (R.D.F.) chose seven to eleven corre-
sponding anatomical features in both the ultrasound and MR
volumes. The features included vessels, easily identifiable
sulcal patterns, ventricle walls, etc. The mean absolute
Euclidian distance between the corresponding points in both
modalities was then computed to estimate the co-registration
accuracy.

Use of IBIS NeuroNav for brain tumor surgery

Patients

As our laboratory is located in a neurological hospital,
IBIS NeuroNav has been tested in the context of neurosur-
gery. Earlier prototypes of the system were tested clinically
[44–46] on a few patients with various pathologies. Below,
we describe the application of the current system to adult
brain tumor resections on 14 patients. Tumor types consisted
in seven high-grade gliomas, six low-grade gliomas and one
dysembryoplastic neuroepithelial tumor (DNT). Tumor loca-
tion was left frontal (7 cases), left temporal (5 cases), right
parietal (1 case) and left occipital (1 case). All 14 cases could
not be used for all accuracy metrics for different reasons. The
results section clearly identifies how many patients were used
for each metric and explains in each case why.

The following sections describe the processing and pro-
cedures that apply specifically to brain tumor cases, but the
system may be used for many other types of interventions.

Preoperative imaging and processing

This section describes the preoperative preparation of the
data as it was done at the time of this study (2006–2008).
Note that during this first phase of development, the pre-
operative data preparations were not the focus of any re-
search project in our laboratory. The clinical MR scanner at
our institution is a 1.5 Tesla GE Signa EXCITE� (General
Electric, Milwaukee, WI, USA). The standard preoperative
MRI protocol for a tumor patient only includes one high
resolution sequence, it is a global T1–weighted enhanced
with double dose gadolinium (TE=8 ms, TR=23 ms, FA =
20◦, 0.5×0.5 mm pixel size and 1- mm slice thickness). Other
sequences (T2/PD, T1 FLAIR, DWI) are also acquired, but
with 5.5- mm slices; these are used only for diagnostic pur-
poses. The high-resolution T1-weighted scan is the one used
for navigation in most tumor cases. If a low-grade glioma is
suspected, surgeons may request an additional higher-reso-
lution T2-weighted scan (TE=92 ms, TR=6.3 s, FA = 90◦)
with a slice thickness of 2.2 mm that covers the tumor area.
In tumors adjacent to eloquent cortex, the surgeon may
request specific functional evaluation such as PET [47] and/or
fMRI [48] studies. The fMRI data are acquired on a 3 Tesla
Siemens Trio scanner (Magnetom TRIO; Siemens, Erlangen,
Germany) using gradient echo EPI sequences. The fMRI pro-
tocol includes an anatomical T1-weighted MR scan which
is rigidly registered to the preoperative T1-weighted image
from the GE 1.5-Tesla scanner. The PET scans are acquired
on an ECAT Exact HR+ scanner (Siemens/CTI, Knoxville,
TN, USA). To map the PET functional activations on the
preoperative MR scans, a rigid-body mutual information-
based registration is computed. Informed written consent was
obtained from all patients according to the institutional guide-
lines established by the ethics committee of the Montreal
Neurological Hospital and Institute.

The preoperative scans are first converted from DICOM
into the MINC format [34]. Processing of these scans is
done using the MINC library tools developed at our institu-
tion. The first step is to correct for intensity non-uniformities
[49] in the images. Typically, the following 3D surfaces are
then extracted from the MR volumes: skin, cortex, lateral
ventricles, tumor(s) and selected parts of the vasculature
(venous sinuses and vasculature near the tumor). All surfaces
are extracted from the T1-weighted gadolinium-enhanced
(gado) scan, the highest resolution scan. In cases of non-
enhancing tumors, the 2.2- mm T2-weighted scan may be
used for the tumor segmentation. The cortical surface is auto-
matically extracted by calling a series of MINC tools. The
main steps of the preprocessing are:
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Fig. 4 Example of 3D surface
extractions for a left temporal
brain tumor case. a Cortex in
gray and vasculature in red
b Vasculature in red, ventricles
in blue and tumor in green
c Ventricles in blue, tumor in
translucent green and fMRI
activation in pink d Ventricles in
blue, tumor in translucent green,
PET activations in gray and
yellow

1) Map the scan into Talairach-like MNI space [50]
2) Classify tissues (gray-matter, white matter, cerebrospi-

nal fluid) using an artificial neural network classifier [51]
3) Extract the cortical surface [52]
4) Color cortical surface according to curvature
5) Map the cortical surface back into native space

The other segmentations are done using a MINC tool
called Display that allows simultaneous viewing and segmen-
tation of volumes in standard coronal, sagittal and transverse
cut planes as well as a 3D view. As a structure is manually
labeled in any view, all other views are updated immediately.
The skin surface is extracted using an iso-surface, with a
threshold given by the user. Vessel segmentation is achieved
with manual threshold-based techniques. The main veins and
vessels around the tumor site are extracted. The tumor(s) and
lateral ventricles are also extracted manually using threshold-
ing. If functional data are available, the surgeon collaborates
with a neuropsychologist to decide which activations are the
most pertinent and at what value they should be thresholded.
3D surfaces of the selected functional areas are extracted in
Display using iso-surfaces. The 3D surfaces are saved in a
geometry file containing polygons which can be read and
manipulated by the MINC tools as well as IBIS NeuroNav.
Figures 4 and 5 show typical segmentations viewed in the
IBIS NeuroNav software. The 3D surfaces are used for both
planning and for neuronavigation by the surgeon. The coor-
dinates of each object are derived from the initial MINC

files, enabling them to be visualized and compared with the
multimodal volumetric data.

Intraoperative ultrasound imaging

Ultrasound image acquisition

In our brain tumor series, ultrasound data were typically
acquired three times during surgery. Each time, both con-
ventional anatomical images (b-mode) and power Doppler
images were usually acquired. Power Doppler was chosen
over color Doppler for its greater sensitivity to vessels. A
depth setting of 8 cm was generally chosen because it enables
visualization of both the pathology and surrounding anatom-
ical features like the falx or ventricles.

The first ultrasound acquisitions are always done on the
dura, after the bone flap is removed, but before the resec-
tion begins. At this stage, the surgeon examines the B-mode
acquisitions with their corresponding preoperative data in
order to detect differences that could influence the surgical
plan. In brain tumor cases, the comparison of this first
ultrasound on dura to the preoperative MR volume is impor-
tant since it allows the surgeon to assess the tumor char-
acteristics on both modalities. Specifically, the surgeons
examine the tumor boundaries using both modalities and
if additional information concerning the tumor components
(e.g. cyst, necrosis) can be extracted from the ultrasound.
Since preoperative images may be carried out some time
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Fig. 5 Screenshot of IBIS NeuroNav showing an MR scan in the three usual orthogonal planes and the 3D view of these planes with the same
segmented objects presented in Fig. 4. The case presented here is a patient with a low-grade left temporal glioma

before surgery, the ultrasound may detect changes in tumor
and brain morphology since the preoperative scan. As mag-
netic resonance imaging angiograms are not part of our stan-
dard scanning protocol, the Doppler data allowed for a more
detailed view of the vasculature adjacent or inside the tumor
than the available MR scans. The second phase of acquisi-
tions is done during the resection—either with the probe on
the cortex or with the probe in the water-filled resection cav-
ity. Such images enable the surgeon to evaluate the amount
of resection completed. The last phase of acquisition is com-
pleted at the end of the resection to verify for possible residual
tumor and bleeding.

While the ultrasound images are being acquired, the corre-
sponding reformatted MR slice is displayed simultaneously,
as seen in Fig. 6. Each ultrasound sweep is saved and can
be viewed repeatedly. The ultrasound image can be superim-
posed on the MRI (see the “Blend” check box in the upper
right corner of Fig. 6). The superposition allows a quali-
tative 2D evaluation of the misalignment between the two
modalities. This double window with the blending option
is a common feature of the most recent commercial neu-
ronavigation systems. Because we think it is a particularly
useful feature, we decided to implement it on our system as

well. The position of the ultrasound plane relative to other
segmented structures can also be viewed in the 3D window
in real-time during the acquisition or during the playback
(Fig. 7). Additional acquisition details are discussed in the
clinical perspective section below.

Ultrasound volume reconstruction

In the literature, only a few systems can reconstruct the
tracked 2D ultrasound into a 3D ultrasound volume [13,14,
53]. IBIS NeuroNav has this functionality (Fig. 8). It uses
a pixel-based method [54], which means each pixel from
each 2D image is inserted into a regular 3D grid that can be
visualized and navigated like the preoperative data. Before
reconstructing, the data are first masked: the real ultrasound
signal is kept and everything else around it (e.g., annota-
tions, scale bars) is masked to 0 (black). The reconstruction
time depends on the size of the field of view (FOV), resolu-
tion and the number of frames that were acquired. The user
can choose the desired resolution and interpolation method
for the reconstruction. Typically, sweeps contain between
200 and 600 frames and are reconstructed at a voxel size of
0.3 × 0.3 × 0.3 mm. For example, a sweep containing 425
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Fig. 6 When acquiring ultrasound images, the surgeon looks at this
double window. The left side shows the current 2D ultrasound im-
age (power Doppler ultrasound here) and the right side shows the

corresponding slice of another volume, typically the preoperative
T1-weighted MRI as it is shown here

Fig. 7 Position of the ultrasound plane (in black) relative to a tumor
(in red) and the lateral ventricles (in blue)

frames with a FOV of 19 × 18 × 11 cm takes about 10 min
to reconstruct. Different reconstruction parameters can be
chosen for the postoperative analysis of the data when the
reconstruction time is less critical. For example, interpola-
tion using a non-isotropic kernel, which better accounts for
the ultrasound slice thickness, is possible. The ultrasound
volumes are not segmented to extract 3D surfaces as for the
preoperative scans.

Among the very useful features of our prototype system
is the ability to compare the current ultrasound sweeps with
previous acquisitions. The previous acquisition could be
the preoperative data, or previous ultrasound data like that
acquired on the dura. Such comparisons are very useful to
better understand the ultrasound images acquired toward the
end of surgery, as they that are not always easy to interpret.

Intraoperative MRI-ultrasound realignment

Even before the dura is opened, a mismatch of varying
magnitude is usually observed between the tracked ultra-
sound images and reformatted preoperative images [53]. This
mismatch is evidence of errors in the patient-to-image reg-
istration, inaccuracies in ultrasound probe calibration and

potential brain shift described earlier. Since the intraoperative
ultrasound data reflects the physical reality of the surgical
field of interest, it can be used to recompute and refine the
patient-to-image registration using intraoperative imaging.
In neurosurgery, only a few authors have tried correcting the
misalignment prospectively using ultrasound [55,56].

In the series of cases reported here, two automatic tech-
niques for MRI-ultrasound rigid body registration were
tested intraoperatively: a vessel-based technique [57,58] and
a method based on mutual information [59]. For each case,
the best visual result was chosen for display to the surgeon.
In the cases where the automatic registration is not satis-
factory, the registration can be done manually by choosing
corresponding landmarks in both modalities. Figure 9 shows
an example of the MRI-ultrasound alignment before (left)
and after (right) a manual rigid body correction.

Results

This section gives the numerical quantification of all the pre-
cision and accuracy tests done on the prototype system. The
goal of this section is to establish what surgeons can expect
when using the system clinically for neuronavigation.

Ultrasound probe calibration evaluation

Figure 10 shows the calibration reproducibility at seven loca-
tions in the 2D ultrasound image plane.

We imaged the cross-wire phantom from four different
angles and with three different depth settings. Table 1 shows
the point reconstruction precision and accuracy as well as the
bias for these three settings. The distribution of the distance-
based probe calibration results in Table 1 is more similar to
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Fig. 8 Axial, sagittal and coronal views of a gadolinium-enhanced T1-weighted MRI on the left with the corresponding slices from the reconstructed
3D ultrasound on the right

Fig. 9 2D reslice of a 3D ultrasound (in orange tones) overlaid on the corresponding MRI (in grayscale). Left initial misalignment (largest of the
series), we see that the falx are very far one from another. Right after a manual rigid body correction of the alignment the falx now overlap
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Fig. 10 Calibration reproducibility results at 7 locations in the ultra-
sound image plane

a Maxwell–Boltzmann distribution than a Gaussian distribu-
tion. However, we have decided to report the mean for an
easier comparison with the four similar studies included in
the discussion section.

Figure 11 shows 3D renderings of the reconstructed points
(in green) for the third depth setting (depth setting=95 mm
with the point at 25 mm).

Temporal calibration evaluation

The time lag between the Polaris� positions and the ultra-
sound images was estimated to be 82 ms.

Patient-to-image registration evaluation

Problems with patient-to-image registration occurred on 2
of the 14 cases. In the first case of the series, the system
was brought in when the patient was already draped and
a very approximate registration was done using four corti-
cal points. A software malfunction occurred in the second
case. Based on the 12 remaining brain tumor cases using the

skin fiducials method described earlier, the mean FRE value
for IBIS NeuroNav is estimated to be 4.9 ± 1.1 mm. When
recorded for the last 6 cases, the FRE value given by the SNN
system used in parallel was almost identical (4.6 ± 1.2 mm).
As previously mentioned, each system had its own indepen-
dent Polaris camera for tracking. A paired Student’s t-test
performed on both sets of FRE values, comparing the SNN
and IBIS NeuroNav systems, showed no significant differ-
ences (P = 0.21).

MRI-ultrasound co-registration accuracy

In the 12 subjects with successful patient-to-image registra-
tion, three cases lacked B-mode imaging acquired on the
dura. Therefore, the remaining 9 cases were used for quanti-
tative validation. After the skin landmark-based registration,
the mean MRI-ultrasound misalignment (N = 9) is 6.1 mm
with values ranging from 2.4 to 10.9 mm. In this series, the
surgeons found that a correction of the initial MRI-ultrasound
alignment was necessary in five out of the nine cases. Visu-
ally, the surgeons found that a rigid registration was sufficient
to obtain a good alignment between the ultrasound taken on
the dura and the preoperative MRI on these cases.

Clinical perspective

Two neurosurgeons were involved in testing and in the eval-
uation of system (R.F.D and K.P.). As Lindner et al. [60]
reported, we found that the more experienced the surgeons
are with ultrasound, the more useful they find it. Even if
ultrasonography is widely available, neurosurgeons are gen-
erally less comfortable interpreting ultrasound compared to
MR images. The surgeons involved in this project preferred
looking at the double window (Fig. 6), which showed the
2D ultrasound slice with its corresponding MR reslice, over
looking at the 2D ultrasound alone, as reported by Miller
et al. [61]. They also found the 3D ultrasound reconstruc-
tions to be a very useful complement to the tracked 2D

Table 1 Point reconstruction
precision, accuracy and bias for
different depth settings

Depth setting Depth of the image Reconstruction Reconstruction Bias
( mm) point ( mm) precision ( mm) accuracy ( mm) ( mm)

65 25 0.90 0.74 x: 0.10

y: −0.25

z: −0.19

65 45 0.62 0.49 x: −0.01

y: 0.01

z: −0.01

95 25 0.62 0.82 x: −0.46

y: −0.02

z: −0.60
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Fig. 11 3D rendering illustrating the point reconstruction precision,
accuracy and bias on a 3D model of the cross-wire phantom. In an ideal
calibration, all four green points would be exactly located on the wire

crossing. The rendering shows how the current calibration tends toward
the ideal position

ultrasound displayed in the double window with the MRI.
The most obvious advantage of 3D over 2D ultrasound is
the improved visualization of the 3D spatial relationships
between brain structures—especially when compared to
standard view (e.g., coronal, sagittal and axial) MR images.
The 3D reconstructions also enable the production of 2D
cross-sectional images at any angle, including angles impos-
sible to achieve during the sweep.

Discussion

Ultrasound probe calibration evaluation

Comparing the ultrasound calibration quality with other pub-
lications is not straightforward since it depends on many fac-
tors such as the depth settings, tracking technology, range of
viewing angles used and probe type. Therefore, the following
comparisons must be considered with care.

The position of the bottom corners of the ultrasound image
generally gives the largest calibration reproducibility values
and for that reason many authors report only these measures.
Blackall et al. [40] evaluated the CR on two different types
of phantoms yielding 1.05 and 1.84 mm. Prager et al. [62]
computed the CR on four different phantoms and their val-
ues range from 0.92 to 5.37 mm. Kowal et al. [63] measured
the CR for four different types of calibration phantoms and
obtained values ranging from 1.9 to 3.2 mm. With a range
of 0.28–1.77 mm, our results are consistent with those pub-
lished in the literature.

The point reconstruction precision was evaluated by
Kowal et al. [63] on four phantoms. They obtained values
ranging from 2.2 to 2.5 mm. Prager et al. [62] also estimated
the PRP value on four phantoms and obtained values ranging

Table 2 Average distance and average velocity of one randomly
selected sweep acquired by each surgeon

Number of Average distance Average velocity
frames (N) between 2 frames ( mm) ( mm/s)

Surgeon #1 413 0.12 3.26

Surgeon #2 330 0.09 2.71

from 1.65 to 3.43 mm. Blackall et al. [40] used two phantoms
and found PRP values of 0.80 and 1.15 mm. At 0.71 mm, our
PRP is smaller than that previously reported in the literature.

Lindseth et al. [3] computed the point reconstruction accu-
racy (PRA) for three different phantoms and two differ-
ent probes. Their PRA values range from 0.38 to 0.63 mm.
Blackall et al. [40] estimated the PRA using two phantoms
at 1.15 and 1.16 mm. Here, at 0.64 mm, the PRA of IBIS
NeuroNav is similar to those reported by Lindseth et al. and
smaller than those reported by Blackall et al.

When looking at the bias results in Table 1 and Fig. 10,
we found that the reconstructed points were approximately
equally distributed around their ideal position and hence it
was not necessary to correct for any bias in the calibration.

In summary, when all the calibration results are combined,
we conclude that the quality of our ultrasound probe calibra-
tion is very similar to that obtained in the literature.

Temporal calibration evaluation

At 82 ms, our latency was considered to be negligible and
no compensatory action was taken. This decision was based
on the findings by Rousseau et al. [64] and on the follow-
ing reasoning. The average velocity and average distance
between two frames were computed on a random sweep of
N frames acquired by each surgeon (see Table 2).
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Based on these results, an approximate velocity of
3 mm/s will be used in this example. With a latency of
82 ms, the positioning error of a slice would be approximately
0.082 s * 3 mm/s=0.246 mm, which is lower than the point
reconstruction accuracy of 0.64 mm.

Patient-to-image registration evaluation

Comparing our surgical in vivo mean, FRE value with other
publications is also difficult since it depends on numerous
factors including the tracking mode; the preoperative imag-
ing; the type, number and location of the markers, etc. Three
comparable in vivo experiments using anatomical landmarks,
optical tracking and similar preoperative MR imaging are
presented here [65–67]. These studies report FRE values
ranging from 2.3 to 3.2, which is slightly lower than our
estimated FRE of 4.9 mm. Because the SNN systems yield
almost identical FRE values as our system using a different
software and a different Polaris� camera, these two com-
ponents can be ruled out as a possible sources of error. On
both the SNN and IBIS NeuroNav systems, the landmarks
are chosen by an experienced technician on the gadolinium-
enhanced T1-weighted MR scan and by the neurosurgeon or
resident on the patient. Potential discrepancies could come
from the misinterpretation of the location of these points
since they were not chosen by the same person. Another
significant source of inaccuracy might come from both the
reference and the pointer tools. The tracking is done using old
non-sterile spheres that may have been manipulated count-
less times. Over time, the tools may also have changed from
their ideal geometry. In addition, pointer calibration is not
done for each case.

Although no systematic quantitative measures were done,
the FRE values did not seem to correlate with the navigation
accuracy. In other words, even when the patient-to-image reg-
istration error was large, the tumors on ultrasound and MRI
were sometimes very well aligned. This is in agreement with
most authors in the literature, who did not find a correlation
between the TRE and FRE [56,65,68–70]. Both Fitzpatrick
et al. [71] and Shamir [72] actually recently proved that the
FRE and TRE are in fact uncorrelated. Fitzpatrick et al. [73]
define the FRE value as “the root mean square error in the fit
of the fiducials after registration” and the TRE as “the true
accepted measure of the accuracy of the registration process”,
which in other words is the registration error at a specific
point of interest that was not incorporated in the registration
computation.

MRI-ultrasound co-registration accuracy

The first publication to quantify the MRI-ultrasound
co-registration accuracy using intraoperative data is from

Lindseth et al. [25]. They manually translated (in x,y,z) the
MRI to best match the ultrasound volume on 12 patients.
They report a mismatch ranging from 1.0 to 8.7 mm with a
mean of 5.33 ± 2.43 mm. Letteboer et al. [74] also regis-
tered 3D volumes using translations only, but the registra-
tion was done automatically using mutual information. They
found that prior to opening the dura, the average shift was
3.0 mm parallel to the direction of gravity, with a maximum
of 7.5 mm, and 3.9 mm perpendicular to the direction of grav-
ity, with a maximum of 8.2 mm. These results are very similar
to ours even if they do not include rotational errors, which
would likely have increased the values they found. Keles
et al. [75] have estimated the co-registration accuracy in 2D
only, using anatomical structures that typically do not shift
like the choroids plexus and falx and obtained a mean accu-
racy lower than 2 mm. The highest misregistration error was
found on the cortex, with a mean of 3.5 mm. These values
are probably lower in part because they were done in 2D. In
our previous clinical work, Reinertsen et al. [58] measured
the co-registration accuracy on 5 patients using 10 manually
selected landmarks from Doppler ultrasound on the dura and
the preoperative MR angiography after registration and found
a mean co-registration accuracy of 7.34±2.1 mm with values
ranging from 4.68 to 9.70 mm. Using a closest point projec-
tion distance (CPPD) analysis [76] on 6 brain tumor cases,
Ji et al. [56] found an initial tumor boundary misalignment
between ultrasound and preoperative MRI of 2.5 ± 1.3 mm.
As expected, the TRE for registration in the clinical setting
is larger than when using phantoms.

The numbers cited above represent the co-registration
accuracy when calculated with the ultrasound taken on the
dura, before the surgery. This misalignment has two causes:
system registration errors and real brain shift. Before open-
ing the dura, our opinion is that the combined errors from the
patient-to-image registration and probe calibration are larger
than the brain shift (prior to resection). However, if the pre-
operative scans are acquired more than a few days before
surgery, the proportion of the error coming from the brain
shift component may increase.

Neither the StealthStation Treon nor the VectorVision2
allows for re-registration based on the ultrasound data
to address the MRI-ultrasound misalignment issue. The
SonoWand� system does not allow correcting for the
misregistration either, but enables the surgeon to continue
the surgery navigating solely with reconstructed ultrasound.
This last solution circumvents the brain shift problem by
enabling navigation with updated 3D ultrasound images. This
solution is only attractive for surgeons that are comfortable
looking at the anatomy solely with ultrasound, which gener-
ally requires some training. We think that this functionality is
important, but that aligning ultrasound with all preoperative
data provides real clinical benefit by allowing all modalities
to complement each other.
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It is important to note that improving the MRI-ultrasound
co-registration accuracy does not automatically imply an im-
proved surgical tool navigation accuracy (TRE). This specific
aspect was not tested here and is currently under study. How-
ever, since no significant bias was found in our ultrasound
calibration and that the error involved in ultrasound probe
calibration is generally smaller than the patient-image regis-
tration error [77], we hypothesize that improving the MRI-
ultrasound alignment in our system should improve the TRE.

Future developments

New features are currently being developed to address the
surgeons’ needs and system weaknesses. For example, at
5–10 min, the ultrasound volume reconstruction time is long.
A faster, almost real-time technique would facilitate its use.
In an upcoming larger series of brain tumor cases, we will
now use a new robust rigid body MRI-ultrasound registration
technique developed in our laboratory (paper submitted to
Medical Image Analysis). Finally, to further improve the sys-
tem, uncertainty visualization would be a helpful addition by
either visualizing the uncertainty in the pointer’s tip position
as proposed in Wiles et al. [78] or to visualize the uncertainty
associated with the segmentation and modeling of different
anatomical or functional structures as in Weiler et al. [79].

Conclusions

Publicly available source code

MincView is a program that includes all the functionalities of
IBIS NeuroNav except the ones requiring tool tracking (i.e.,
it cannot be used for ultrasound image acquisition or probe
calibration). It can be used for preoperative surgical planning
with advanced data visualization and surface rendering. Its
source code is now publicly available from http://www.bic.
mni.mcgill.ca/ServicesSoftwareVisualization/MincView.

The aim of this report is to describe and validate a new
prototype neuronavigation system that has been developed
in our research laboratory over the past decade. The sys-
tem allows planning and navigation on preoperative images
as well as navigation with intraoperative tracked ultrasound.
Reconstructing ultrasound in 3D is also possible. Parts of
the system’s source code are now publicly available on-line.
The system was tested intraoperatively in a series of adult
brain tumor cases and it was found to have a globally similar
accuracy to other similar systems in the literature. The
system was useful during surgery, especially because of
its ability to improve the MRI-ultrasound alignment at the
beginning of surgery. In order to properly compare the
ultrasound taken on the dura with the preoperative MRI,
the surgeons found that a correction to the registration was

needed in five out of nine cases, which shows the importance
of such a feature.
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