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Abstract. Stereotactic techniques are prevalent in neurosurgery. A fun-
damental assumption of stereotaxis is that the brain is a rigid body. It has
been demonstrated, however, that following a craniotomy the brain tis-
sue will shift by 10 mm on average. We are investigating intra-operative
ultrasound, using an optical tracking system to record the position and
orientation of the ultrasound probe, as a method of measuring and cor-
recting for brain shift. We have determined that the accuracy to which
ultrasound image coordinates can be tracked (including the errors in-
volved in calibration) is better than 0.5 mm within the ultrasound image
plane, and better than 2 mm perpendicular to the plane. We apply two
visualization methods to compare the ultrasound and the pre-operative
MRI: the first is real-time overlay of the ultrasound with the co-planar
MR slice, and the second is the real-time texture mapping of the ultra-
sound video into a 3D view with the MRI. Our technique is demonstrated
on a poly vinyl alcohol cryogel phantom.

1 Introduction

1.1 Stereotaxis and Brain Tissue Shift

Pre-operative MR or CT images are used to identify the surgical target and
to plan procedures in stereotactic neurosurgery. The images are registered to
a surgical coordinate system through a set of fiducial markers visible in the
images. The most commonly used fiducials are Z bars attached to the stereotactic
frame: a single MR or CT slice through three or more Z bars is sufficient to
calculate the coordinate transformation from image coordinates to stereotactic
frame coordinates.

Recently, frameless stereotactic systems have been developed which use fidu-
cial markers affixed directly to the skin or the skull. These markers are registered
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to a 3D tracking system after the patient’s head has been immobilized for surgery.
The tracking system can then report tool positions in image coordinates.

There is an implicit assumption for both of the above stereotactic methods
that the target does not move between the time the pre-operative images are
obtained and the time when surgery is performed. This assumption has recently
been examined [1][2]. It has been found that for craniotomies, brain tissue will
shift by an average of ten millimetres during the operation.

A very general method for dealing with the problem of brain shift is to obtain
images during surgery. Imaging modalities that can be used during neurosurgery
include interventional MRI and ultrasound.

1.2 Intra-Operative Imaging

For an intra-operative imaging technique to be acceptable, the benefit it provides
must outweigh the disruption it causes to routine operating room activity.

Interventional MR units restrict the access the surgeon has to the patient.
Much of the standard operating-room equipment is incompatible with strong
magnetic fields, including surgical instruments, anaesthesia units and life-support
equipment. In addition to the cost of the interventional MR unit itself, the cost
of rendering ancilliary equipment MR compatible is high.

Intra-operative ultrasound can be used as an adjunct to existing neurosurgi-
cal procedures because it is safe and minimally disruptive. Some advantages of
ultrasound are: 1) a conventional ultrasound machine can be used in the oper-
ating room, 2) there are no compatibility problems between ultrasound imaging
and standard operating room equipment, 3) the ultrasound machine is portable.

The aim of our group and others that work with stereotactic intraoperative
ultrasound [3][4][5] is to use ultrasound images to measure brain shift. This is
achieved by tracking the position and orientation of the ultrasound probe, such
that the ultrasound image is always registered to the stereotactic coordinate sys-
tem and to the pre-operative images. We sample the probe position/orientation
at 20–60 s−1, which makes a real-time MR/ultrasound overlay possible. A still
from an overlay done during a surgical procedure at the Montreal Neurological
Institute is shown in Figure 1. The ventricles and the falx were used as landmarks
to detect brain shift.

Our ultimate goal is to use homologous landmarks in 3D ultrasound and pre-
operative 3D data sets to correct the pre-operative images for brain shift via an
elastic deformation. We have demonstrated, using a deformable phantom, the
2D deformation of MR images to match ultrasound images [6].

1.3 Tracking Systems and Registration

In order for a tracking system to be useful, two separate calibrations must be
performed. The first is required because the coordinate system associated with
the surgical tool (e.g. ultrasound image coordinates if the ‘tool’ is an ultrasound
probe) is in general not identical to the coordinate system of the ‘tool holder’
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Fig. 1. Left: A still from a MR/ultrasound video overlay which was part of an
amygdalohippocampotomy procedure. Right: The ultrasound video still from the
overlay, with the overlay ROI outlined.

(the portion of the OTS on which the tracked infared LEDs are mounted). We
refer to the transformation between ‘tool’ and ‘tool holder’ coordinates as the
tool calibration matrix, and denote it h

uT . The procedure we use to find h
uT for

the ultrasound probe is described below.
The second calibration transformation converts tracking-system coordinates

(relative to the cameras of the OTS) to a more useful coordinate space (e.g. the
pre-operative image space if we are doing an MR/ultrasound overlay). We refer
to this transformation as the world calibration matrix, and denote it as p

t T .
These two transformation matrices are combined with the transformation t

hT
returned by the OTS (the transformation between the infrared LEDs and the
OTS cameras) to provide the transformation p

uT between ultrasound image space
and pre-operative image space:

p
uT = p

t T
t
hT h

uT (1)

2 Materials and Methods

The primary components of our system are an Aloka SSD-2000 ultrasound scan-
ner with a 5 MHz neuro ultrasound probe (Aloka Co., Ltd, Tokyo 181-8522,
Japan), a POLARIS optical tracking system (Northern Digital Inc., Waterloo
ON N2V 1C5, Canada, www.ndigital.com), and a 450 MHz Pentium II worksta-
tion with video input/output capabilities.

Our image-guided neurosurgery platform, ASP, has been developed using
the Visualization Toolkit [8] (VTK). We have added our own classes to VTK
to support the POLARIS, video input, and trilinear interpolation of oblique
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slices from rectilinear image volumes. We chose VTK because it provides a very
high-level interface for 3D rendering (making it exceptional for prototyping soft-
ware), because the source code is available and the addition of custom features
is straightforward, and because it is platform-independent across all modern
versions of Windows and UNIX.

Our visualization methods were tested on a poly vinyl alchohol cryogel [9]
(PVA-C) phantom which we built for that purpose.

2.1 Ultrasound Probe Calibration

It is necessary to determine the calibration transformation which converts ultra-
sound image coordinates to the tracked infrared LED (‘tool holder’) coordinates.
Our calibration relies on a small phantom, consisting of strings supported by a
lucite frame, which is modelled after the Z bars used for frame stereotaxy. The
cross section through each Z bar is visible as three bright spots in the image. We
manually place a 2.5 mm diameter region-of-interest around each spot, within
which the centroid is calculated, to measure the coordinates of the spots.
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Fig. 2. Ultrasound probe calibration using a Z-bar phantom. One of the anno-
tated images used for a calibration is shown on the right.
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Figure 2 displays the coordinate systems involved in the calibration. The
calibration matrix to be found is h

uT , the transformation from ultrasound image
coordinates to the tool holder coordinates. The following method is applied:

1. The transformation t
fT from frame coordinates to tracking system coodinates

is calculated, using four divots at known locations on the frame.
2. For each of the point triplets (Z bar cross-sections) visible in the image, the

position pf of the central point in frame coordinates is calculated.
3. Each point is converted to probe-holder coordinates using ph = h

t T t
fT pf .

4. For each point ph in probe-holder coordinates, there is a homologous point
pu in ultrasound image coordinates which is the central point of the corre-
sponding Z-bar cross-section triplet. Least-squares minimization is used to
calculate the transformation h

uT between ultrasound image coodinates and
probe holder coordinates.

We have encapsulated the above procedure within a small application which
allows the user to grab ultrasound images (the OTS transformation h

t T is au-
tomatically recorded at the same time), place annotation marks, and apply the
above calibration procedure.

2.2 Viewing Options

Our software currently supports 2D and 3D real-time viewing options. In 2D
mode, the tracking of the ultrasound probe is used to determine the intersection
of the ultrasound image with the pre-operative MR data set. The MR slice which
lies at the intersection is interpolated from the MR data set, and is overlaid on
top of the live ultrasound video. The overlay is streamed to a video encoder and
can be recorded on a VCR. The typical update rate is 4 frames per second. The
result is as shown in Figure 1.

For the 3D viewing mode (see Figure 3), the ultrasound video is streamed into
ASP, our 3D surgical navigation software, and an alpha (transparency) mask is
applied to it. The ultrasound video is then texture-mapped onto a plane within
the 3D scene, which is re-rendered with an updated video frame and ultrasound
probe position at approximately ten frames per second.

3 Results and Discussion

3.1 POLARIS Accuracy

An accuracy of 0.35 mm RMS is quoted for the POLARIS on its data sheet.
Our own measurements of the POLARIS accuracy for our tracked pointer (the
tip of which is 180 mm from the origin of the POLARIS tool holder) are given
in Table 1. It can be seen that the error in the z coordinate, the depth-of-field
coordinate, is greater than that in x or y. As well, the tracking accuracy improves
by a small amount when the tool holder is in the same orientation relative to
the POLARIS for all measurements.



Ultrasound Probe Tracking for Real-Time Ultrasound/MRI Overlay 925

Fig. 3. The ultrasound video is texture-mapped into a 3D view of the MR data.

When several samples are averaged for each registration point, with a small
change in the pointer orientation for each sample, the accuracy increases
to 0.15 mm. In comparison, fiducials in an MRI with 1 mm3 voxels can gen-
erally be located to within 0.3–1.0 mm.

Table 1. Accuracy of the POLARIS Tracking System

σx σy σx

√
σ2

x + σ2
y + σ2

x

[mm] [mm] [mm] [mm]

similar orientation 0.093 0.114 0.282 0.318
varied orientation 0.157 0.190 0.316 0.401
average 50 samples 0.027 0.079 0.122 0.148

This table is condensed from data included in [6]

3.2 Ultrasound Calibration Accuracy

The accuracy of the ultrasound probe calibration transform h
uT was estimated

by performing four separate calibrations, using four ultrasound images for each
calibration. For all four calibrations the calibration phantom was in the same
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location, and the phantom was only registered to the OTS once to determine
the transformation t

fT . Because each of the fiducial divots was registered to
within 0.15 mm, the overall error on t

fT was on the order of 0.2 mm.
For each of the calibration matrices h

uTi, a point pu in the ultrasound im-
age was converted to tool holder coordinates phi = h

uTi pu. The standard de-
viation σph of these coordinates is the reproducibility of the calibration. This
can be converted into ultrasound image coordinates through the transformation
σpu = u

hT σph where u
hT is the inverse of any of the h

uT .
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Fig. 4. Reproducibility of the ultrasound probe calibration.

Figure 4 shows the values of σpu (broken into x, y, and z components) for
points along the y axis (depth axis) of the ultrasound image. The values of σx

and σy are excellent; σz is comparable only at 3.5 cm depth (approximately 1
cm below the top Z bar in most of the images used for the calibration).

3.3 Registration Accuracy

The POLARIS tracking accuracy is 0.3–0.4 mm, the accuracy of the registration
of the calibration phantom to the OTS is 0.2 mm, and the ultrasound probe
calibration reproducibility is better than 0.3 mm in either x or y. The total
registration accuracy between ultrasound image coordinates and the OTS coor-
dinates is 0.5 mm or better in x,y and between 0.5 and 2.0 in z. The accuracy
in an MR/ultrasound overlay is therefore governed primarily by the error in the
registration of the MR, which is usually on the order of 1–2 mm.
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4 Conclusion

We have determined that the registration of ultrasound images for use in stereo-
tactic neurosurgery can be done to a very high precision, better than 0.5 mm
in the x and y directions and around 1 mm in the z direction except at depths
greater than 7 cm. This precision is more than sufficient to accurately measure
and correct for brain shift. In fact, the accuracy of the measurement of brain
shift will be limited by either the accuracy of the registration of the MR images
(via conventional stereotactic techniqes) or by the resolution of the MR and
ultrasound images.
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