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Abstract

Any-plane slicing is a visualisation technique common to many medical imaging
modalities, including 3D ultrasound. The acquired data is resampled on a user-
specified plane and rendered, usually after some interpolation, on a standard graphics
display. In this paper, we motivate and develop non-planar reslicing for freehand 3D
ultrasound: the data is resampled not on a flat plane, but a curved surface, which
is then unrolled for display on a flat screen. We show how to implement non-planar
reslicing in a sequential manner, so the reslice image can be constructed directly
from the raw B-scans and positions, without going through an intermediate voxel
array stage. Care is taken to ensure that distances measured along lines in the non-
planar reslice image are the same as the distances measured along the corresponding
curves in 3D space. The resulting tool has interesting clinical applications, made
accessible through an effective Graphical User Interface (GUI), which allows the user
to specify the required reslice surface rapidly and intuitively. The GUI, and some of
the applications, are illustrated in this paper.

1 Introduction

Conventional diagnostic ultrasound imaging is performed with a hand-held probe which
transmits ultrasound pulses into the body and receives the echoes. The magnitude and
timing of the echoes are used to create a 2D greyscale image (B-scan) of a cross-section of
the body in the scan plane.

Using a technique called freehand 3D ultrasound imaging [9, 11|, it is possible
to construct 3D data sets from a series of 2D B-scans — see Figure 1. A conventional
3D freehand examination can be broken into three stages: scanning, reconstruction and
visualisation. Before scanning, some sort of position sensor is attached to the probe. This
is typically the receiver of an electromagnetic position sensor [1, 2, etc.], as illustrated
in Figure 1, although alternatives include acoustic spark gaps [3], mechanical arms [4]
and optical sensors [13]. Measurements from the position sensor are used to determine
the positions and orientations of the B-scans with respect to a fixed datum, usually the
transmitter of the electromagnetic position sensor. In the next stage, the set of acquired
B-scans and their relative positions are used to fill a regular voxel array. Finally, this



Receiver

(xy.z,a,8y) .

Magnetic field Probe
y ——
Transmitter
X
z
Sequential Conventional
visualisation reconstruction

Voxel

~ A%
Conventional pE
visualisation

Regular voxel array

Figure 1: Freehand 3D ultrasound imaging. The conventional approach is a three-
stage process, involving scanning, reconstruction and visualisation. The alternative, se-
quential approach allows visualisation directly from the raw B-scans and positions. The
figure illustrates an examination of a gall bladder.

voxel array is visualised using, for example, any-plane slicing, volume rendering or surface
rendering (after segmentation).

Recently, we have proposed an alternative approach to freehand 3D ultrasound, which
bypasses the voxel array stage. In sequential freehand 3D ultrasound, the data is visu-
alised and analysed directly from the raw B-scans and positions — see Figure 1. Any-plane
slicing, panoramic imaging, volume estimation and surface rendering can be performed
without the use of an intermediate voxel representation [5, 6, 7, 12]: all of these facilities
are implemented in the Stradx freehand 3D ultrasound system'. The sequential approach
offers several advantages:

e When reslicing, the data is resampled only once, from the B-scan pixels to the slice
pixels. The conventional approach requires two resampling stages, from the B-scan
pixels to the voxel array, then from the voxel array to the slice pixels. Since resam-
pling usually involves data approximation, more accurate visualisation is possible by
avoiding one resampling process.

e Reslicing can be performed at the full resolution of the B-scan pixels without the
significant memory overhead of a high resolution voxel array.

e Visualisation and data analysis can be performed in real time, as the data is be-
ing acquired, since the sequential visualisation and volume measurement algorithms

1The software can be downloaded from http://svr-www.eng.cam.ac.uk/ rwp/stradx/.



reference each B-scan only once, in the order in which they are acquired.

e Segmentation (for volume measurement and surface rendering) is performed on the
B-scans themselves, instead of parallel slices through the voxel array. The B-scans
are high resolution and exhibit no reconstruction artifacts, making them relatively
easy to interpret for manual or assisted segmentation. The same cannot be said of
slices through the voxel array.

In this paper, we consider a visualisation technique called non-planar reslicing. This
is similar to any-plane slicing, except the data is extracted along a simple curved surface
instead of the usual flat plane. In Section 2, we describe how non-planar reslicing can be
performed in the sequential framework, providing full implementation details. In Section 3,
we show how the reslice surface can be specified using a simple, intuitive Graphical User
Interface (GUI), such that the desired view is arrived at rapidly. In this section, we
also illustrate several valuable in-vivo applications. Finally, we draw some conclusions in
Section 4.

2 Non-planar reslicing

Figure 2 illustrates the idea behind non-planar reslicing. A developable (unrollable)
surface is specified by the user and its intersection with the 3D ultrasound data is computed,
so that the surface can be ‘painted’ with the data it intersects. The painted surface is then
unrolled for display on a flat screen.

The particular class of developable surface considered here is defined by a plane 7 with
unit normal n and the plane curve c(s) lying in w — see Figure 2. The surface is swept
out by the set of rulings R which are all of length 2r, are all parallel to n and intersect
c(s) at their midpoints. In the non-planar reslice image, we will refer to the unrolled plane
curve and rulings as ¢/(s) and R’ respectively.

In designing the reslicing algorithm, there are two issues of paramount importance:

1. Distances should be preserved, so that distances measured along lines in the non-
planar reslice image are the same as the distances measured along the corresponding
curves in 3D space.

2. The surface will intersect the B-scans along a set of curves, and some sort of interpo-
lation will be required to produce a continuous reslice image. To be compatible with
the sequential approach, the interpolation scheme should reference each B-scan only
once, in the order in which they are acquired.

The starting point is the curve c(s) and the distance r, which are both specified by the
user as described in Section 3. It is sensible to ensure that the scale of the reslice image
(in mm/pixel) is the same as the scale of the original B-scans, so that the two types of
image can be directly compared. The B-scan scaling can be deduced from the settings of
the ultrasound machine or by a separate calibration process [8]. Using the same scaling,
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Figure 2: Non-planar reslicing. The non-planar reslice image shows the intersection of
the 3D data with a special class of developable surface, unrolled for display on a flat screen.

we can deduce the length of the unrolled curve ¢'(s) in pixels, which gives us the height
of the reslice image. We can also use the scaling and r to deduce the width of the reslice
image in pixels.

The reslicing algorithm works with the set of rulings R’ passing through the pixel centres
in the reslice image. Using the known scaling once more, we can deduce the corresponding
rulings R in 3D space. We can also translate individual pixel centres in the reslice image
to particular locations along the rulings R — see Figure 3. Having located each reslice
pixel in 3D space, we can finally shade each pixel according to the intensity of the nearest
B-scan pixel. It is desirable to introduce one user-defined parameter at this stage, namely
the maximum distance d allowable between the reslice pixel and the nearest B-scan pixel.
In this way, areas of the surface which are a long way away from any recorded data will be
left blank, instead of interpolated with misleading data.

Note that the line joining the reslice pixel to the nearest B-scan pixel will always be
normal to the plane of the B-scan. This observation allows us to implement the inter-
polation scheme in an efficient, sequential manner. Consider the box defined by the two
polygons a distance d either side of the nth B-scan — see Figure 4(a). This box defines the
maximum range of influence of the pixels in B-scan n. Now consider the intersection of one
of the rulings R with the box. Each extended B-scan pixel containing one of the reslice
image pixel centres is a candidate for shading the reslice image pixel, since it is the closest
pixel on B-scan n and lies within the distance limit d. The only circumstance that could
change the shading of the reslice image pixel is if a pixel from another B-scan is closer.
Therefore, we render the reslice image pixel with the intensity of the extended B-scan pixel
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Figure 3: Pixel mapping. Using the known B-scan scaling, the centres of the individual
pixels in the non-planar reslice image can be located in 3D space.

it intersects, but at a depth |z|, where |z| is the distance from the reslice image pixel centre
to the B-scan plane. By exploiting the graphics z-buffer in this way, we are able to perform
the interpolation efficiently in a sequential manner: should a pixel in a future B-scan be
closer, the reslice image pixel will be rendered again at a shallower depth, overwriting the
old value. The non-planar reslice image is therefore constructed as follows:

find rulings R and 3D locations of reslice image pixel centres;
for each B-scan n
for each ruling in R
find any intersections of reslice image pixel centres with extended
B-scan pixels;
render the reslice image pixel with the intensity of the intersected
B-scan pixel, at a depth |z

The fronto-parallel view in Figure 4(b) reveals how the intersection tests can be performed
efficiently. For each ruling in R, we locate only the first intersection (x1, y1, 21) to sub-pixel
accuracy, and the increments Az, Ay and Az. We then repeatedly add the increments to
(z1, 91, 21) to find subsequent intersections, rounding down the z and y values to locate the
intersected B-scan pixels.

Note that the interpolation scheme is well motivated by the physics of ultrasound acqui-
sition. Since real ultrasound beams have a finite thickness, often as much as 10 mm [10],
data in any particular B-scan is affected by structures a certain distance on either side
of the B-scan plane. The notion of an extended B-scan pixel, as defined in Figure 4, is
therefore justified. Good practice would be to set the distance limit d to half the width of
the ultrasound beam.
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Figure 4: Efficient sequential interpolation. The range of influence of B-scan n is
defined by a box extending a distance d on either side of the B-scan, as shown in (a).
Each reslice image pixel centre is tested for intersection with the box. If there is an
intersection, the reslice image pixel is rendered with the intensity of the extended B-
scan pixel it intersects, at a depth of |z|. In this way, the intensity will be updated if a
subsequent B-scan lies closer to the reslice image pixel centre. The intersections can be
calculated efficiently using an incremental algorithm, as shown in (b).

3 Defining the reslice surface

If the non-planar reslice tool is to be useful, we need to develop a straightforward way for
the user to specify the curve c(s) and the width r. In practice, ¢(s) will correspond to
some curved anatomical structure that the user wishes to unroll.

The first stage is to find the plane 7 in which c(s) lies. This can be achieved using a
standard any-plane slicing tool, such as the one already implemented in earlier versions of
the Stradx freehand 3D ultrasound system [5, 6, 7]. The plane is defined by a line in one
B-scan and a point in another, so that the resulting planar reslice reveals the key curved
structure. The user can then draw along the structure to define c(s).

Consider the example in Figure 5, which illustrates an examination of a 16-week foetus.



The goal is to obtain a frontal view of the entire left leg, including all the toes: since the leg
is bent at the knee and ankle, a non-planar reslice is necessary. The user starts by finding
the plane 7r passing through the hip, knee and ankle. This is achieved by scanning through
the B-scans until one is found which shows some of the fibula and tibia, as in Figure 5(a).
The user draws a line down the middle of the two bones. To fully define the plane, the
user now scans through the B-scans, following the femur up towards the hip, and marks
a point near the top of the femur, as in Figure 5(b). The resulting planar reslice image,
revealing the entire leg in profile, is shown in Figure 5(c). The user then draws along the
leg to specify c(s). The non-planar reslice can now be constructed, using some default
value of r, as in Figure 5(d). The user can change r by simply resizing the non-planar
reslice window, while a slider at the bottom of the window controls the interpolation limit
d. Note how all five toes are clearly visible in the non-planar reslice, ruling out one of the
more common foetal abnormalities. Since lengths are preserved in the non-planar reslice,
it is straightforward to measure the hip-to-toe distance along the unrolled leg, which is
approximately 75mm.

A further application is illustrated in Figure 6: here, the goal is to construct a frontal
view of a 22-week foetus’ unrolled spine. The first step is to select a B-scan through the
thorax, as in Figure 6(a), and draw a line between the vertebrae. The plane 7 is fully
defined by another point on the midline of the spine, marked by the user on a B-scan
through the neck, as in Figure 6(b). The resulting planar reslice in Figure 6(c) shows the
full length of the spine in profile. The user then draws along the spine to specify c(s). The
non-planar reslice in Figure 6(d) shows a frontal view of the entire length of the unrolled
spine, including some of the rib cage. The length of the spine, from neck to coccyx, is
approximately 117mm.

4 Conclusions

The non-planar reslice tool is a valuable addition to the portfolio of visualisation techniques
for freehand 3D ultrasound. It can be implemented in a sequential manner, allowing
reslices to be constructed without the need for an intermediate voxel array. The sequential
implementation described in this paper takes care to preserve distances, so the clinician can
easily measure the lengths of curved anatomical structures. Two interesting applications
in obstetrics have been illustrated. There are many other potential applications: the body
is full of curved structures that would benefit from being visualised as a whole.
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(a) B-scan 1 (b) B-scan 2
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Figure 5: Visualisation of a 16-week foetus’ left leg. (a) and (b) show two B-scans
from the recorded sequence. (c) is a planar reslice of the data, passing through the diagonal
line in image (a) and the cross in (b). The planar reslice (c) shows the foetus’ left leg in
profile: the vertical line corresponds to the B-scan (a). (d) is a non-planar reslice, defined
by the curve drawn by the user in (c). The non-planar reslice shows an unrolled, frontal
view of the leg, including all five toes.
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Figure 6: Visualisation of a 22-week foetus’ spine. (a) and (b) show two B-scans from
the recorded sequence. (c) is a planar reslice of the data, passing through the diagonal line
in image (a) and the cross in (b). The planar reslice (c) shows the foetus’ spine in profile:
the vertical line corresponds to the B-scan (a). (d) is a non-planar reslice, defined by the
curve drawn by the user in (c). The non-planar reslice shows an unrolled, frontal view of
the spine, from neck (top) to coccyx (bottom).
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