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Abstract. Tracked intra-operative ultrasound can be registered to
real-time synthetic ultrasound derived from a motion model to align
pre-operative images with a patient’s anatomy during an intervention.
Furthermore, synchronisation of the motion model with the patient’s
breathing can be achieved by comparing diaphragm motion obtained
from the tracked ultrasound, with that obtained from the synthetic ul-
trasound. The purpose of this study was to assess the effects of spatial
misalignment between the tracked and synthetic ultrasound images on
synchronisation accuracy. Deformable image registration of 4-D volun-
teer MR data was used to build realistic subject-specific liver motion
models. Displacements predicted by the motion model were applied to
acoustic parameter maps obtained from segmented breath-hold MR vol-
umes, and dynamic B-mode ultrasound images were simulated using a
fast ultrasound propagation method. To prevent synchronisation errors
due to breathing variations between motion model acquisition and inter-
ventional ultrasound imaging from influencing the results, we simulated
both the synthetic and the tracked ultrasound using a single motion
model. Spatial misalignments of up to £2 cm between the tracked and
synthetic ultrasound resulted in a maximum motion model breathing
phase error of approx. 3 %, indicating that respiratory synchronisation
of a motion model using tracked ultrasound is relatively insensitive to
spatial misalignments.

Keywords: dynamic ultrasound, motion models, synchronisation, breath-

ing, image guidance.

1 Introduction

Minimally- and non-invasive liver interventions, such as radio-frequency ablation
and high-intensity focused ultrasound, rely on accurate image guidance to com-
pensate for intra-operative respiratory motion. Over the past few years, several
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methods for quantifying organ motion using 4-D CT or MR based motion models
have been presented [1H4]. Such models can be used in combination with intra-
operative imaging, such as B-mode ultrasound, to spatially align pre-operative
images to the patient’s anatomy during an intervention [5-8], allowing for a more
accurate treatment of a target region.

Apart from spatial registration, accurate real-time temporal synchronisation
of a motion model with the patient’s breathing is equally important [4,[d]. To
achieve this, a surrogate breathing signal needs to be available during inter-
vention, for example by tracking skin markers |1] or using a navigator to track
diaphragm motion [2, |4, [10].

The purpose of this study was to assess the effects on synchronisation accu-
racy of a pre-operative motion model with a subject’s breathing due to spatial
misalignment between tracked interventional ultrasound and real-time synthetic
ultrasound derived from the motion model. Deformable image registration of
free-breathing volunteer MR data was used to build a subject-specific liver mo-
tion model as a function of breathing phase. To obtain acoustic parameter maps,
breath-hold MR volumes were segmented into liver, blood, lung, and ribs. The
maps were deformed by applying the displacements predicted by the motion
model, and a fast ultrasound propagation simulation was used to compute dy-
namic B-mode ultrasound images. One such simulated ultrasound sequence was
used to represent the tracked ultrasound, while a second sequence, computed
at a slightly different location to simulate spatial misalignment, represented the
real-time synthetic ultrasound. A navigator window was positioned at the di-
aphragm in both simulated sequences, from which surrogate breathing signals
and a motion model phase error were computed.

2 Materials and Methods

We propose the following scenario for synchronising a motion model to a sub-
ject’s breathing during an intervention (Fig.[dl). Prior to intervention, real-time

synthetic diaphragm breathing
ultrasound navigator signal
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Fig. 1. Scenario for synchronising a motion model to a subject’s breathing. Note that
in this study both the tracked and synthetic ultrasound were simulated using a single
motion model.

MR images are acquired and deformable image registration is used to obtain
a motion model. High-resolution breath-hold MR, images are segmented into
different tissue types to allow the computation of simulated ultrasound images.

During intervention, tracked dynamic B-mode ultrasound images of the mov-
ing diaphragm are continuously acquired. Using the tracking information, these
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images can be aligned spatially with the motion model co-ordinate system. A
fast ultrasound simulation technique produces a synthetic dynamic B-mode se-
quence at the tracked location of the real ultrasound. These can be registered to
the tracked ultrasound to improve spatial alignment between the motion model
and the subject |5, 8]. Furthermore, by placing navigator windows at the moving
diaphragm in both the tracked and synthetic ultrasound sequences, two breath-
ing signals can be obtained, which may be used to synchronise the motion model
with the breathing.

In this paper, assuming this scenario, we computed a synchronisation error mea-
sure due to spatial misalignment between the tracked and synthetic ultrasound.
Instead of using real tracked ultrasound, we simulated it using the motion model in
the same way as was done for the synthetic ultrasound. This prevented introducing
additional synchronisation errors due to variations in a subject’s breathing which
may occur between motion model acquisition and interventional ultrasound imag-
ing, and which are of potentially larger magnitude than the synchronisation errors
due to misalignment. Furthermore, the breathing signal obtained from the simu-
lated tracked ultrasound acts as a “ground-truth”, which would not be available if
real tracked ultrasound would have been used. The following sections present the
different parts of our computations in more detail.

2.1 MR Data Acquisition

Data were acquired for three healthy volunteers using a 1.5 T cylindrical bore
Philips Achieva MR scanner at Guy’s Hospital, London. A fast 3-D T1-weighted
gradient echo sequence (THRIVE) was used to obtain high-resolution scans dur-
ing breath-hold, and 4-D (3-D+time) real-time scans during free breathing. Par-
allel imaging with a 32-channel coil array using a SENSE acceleration factor
of 8 resulted in scan times of approx. 16 seconds per breath-hold volume, and
1 second per real-time volume, respectively. A respiratory signal, obtained from
a pneumatic bellow placed around the chest of each volunteer, was recorded
during all scans.

The breath-hold scans were acquired at exhale with a voxel size of 1.4 X
1.4 x 1.7 mm? and a field-of-view of 400 x 400 x 270 mm? covering the whole
abdomen. To reduce the time needed for a single real-time scan, the sequence
parameters were modified to decrease the spatial resolution to 1.5 x 1.5 x 4 mm?,
while keeping a similar FOV. A total of N?°4 = 40 volumes were acquired over
approx. 10 breathing cycles.

2.2 Deformable Registration of Real-Time Free Breathing Scans

To obtain a measure of breathing induced displacements throughout the liver, the
real-time MR, scans were registered using a non-rigid fluid registration method
[11]. This method solves the time-dependent Navier-Lamé equations for a com-
pressible viscous fluid resulting in a diffeomorphic transformation between source
and target images. The registration is driven by image-derived forces and em-
ploys a full multi-grid scheme [11]].
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First, the real-time volume with a breathing phase closest to exhale was man-
ually selected and used as the source (i.e reference) volume. This scan was reg-
istered to all other target volumes, resulting in a set of N2°? displacement fields
for each volunteer.

To assess the registration accuracy, corresponding anatomical landmarks, in-
cluding vessel bifurcations and points on the diaphragm, were picked manually
in each volume, resulting in a set of N*°? points for each location. Landmark
points were identified for each volunteer at five different locations distributed
throughout the liver. The mean target registration error (TRE), defined as the
mean of the Euclidean distance between each landmark point in the reference
volume and corresponding points in the other volumes, was computed before
and after registration.

2.3 Motion Model Breathing Phase from Respiratory Bellow Signal

To fit a motion-model to the registration results, the tissue displacement at each
voxel must be known as a function of the breathing cycle. Since we would like to
represent an average breathing cycle by sorting the sparse real-time data, and
the amplitude of the bellow signal may vary across breathing cycles (see Fig. 2I),
we used the breathing phase instead [, [12].

To compute the breathing phase from the bellow signal, it was first convolved
with a Gaussian to obtain a signal with clearly defined minima at times ¢/, and
maxima at times ¢]"®*, i = 1,..., N™?*, The minima were assigned a breathing
phase of zero, while the phase of each maximum was set to the average phase
over all maxima, ™%, calculated using

) 1 Nmax pmax _ tmin
max __ i %
¢ - Nmax ; t;r_l,'_uil _ tgnin ’ (1)

where N™# is the total number of maxima. The breathing phase corresponding
to each real-time scan, ¢;, was linearly interpolated as a function of its acquisi-
tion time t;, using

(t,f,-;;i;;,,) gmax for ¢min < ¢; < pmax
¢J - — ¢ ¢ ___pmax — . (2)
7 (e ) (L= 37 for 9o <t < ey

with i = 1,..., N™ and j = 1, ..., N,

2.4 Motion Model

With the method outlined in the previous section, each real-time scan was as-
signed a respiratory phase ¢;, which, together with the deformable registration
results, gave a set of tissue displacements at each voxel location 7, denoted by

wi(r) =u(r,¢;), with i=1,... N*9. (3)
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Fig. 2. Signal from a respiratory bellow (left) as a function of acquisition index il-
lustrating variations in breathing amplitude. Open circles indicate the real-time MR
acquisitions, whereas triangles indicate minima and maxima. B-spline fit to displace-
ment data (right) as a function of phase at a single location in the liver. Open circles
indicate the B-spline control points (i.e. the motion model coefficients).

To interpolate these displacement data, we used a 1-D cyclic homogeneous cubic
B-spline with four control points as a fitting function, given by

k=4
a(r,¢) = fi()Br(r) , (4)
k=1

where f(¢) are the B-spline basis functions, and B (r) are the control point
values (i.e. the motion model coefficients) at each location = and for each spatial
direction x, y, and z. This particular fitting function was chosen because previous
work had shown it to give the best approximation to the registration results [13].

By substituting equation (@] into [@]), we obtain a set of N2 equations for
the known displacements u;, given by

uy (r) fi(en)  falen)  Sfaldr)  fa(dr) | (8, (r)
us(r) || fild2)  f2d2)  fa(d2) o fa(d2) | |By(r) .
2N Il z z | | @
unsca(r)]  [fi(@waa) fa(@neca) fo(dnaa) fa(dnea)| LBa(T)

From this over-determined system of linear equations, the unknown motion
model coefficients B were found by computing the Moore-Penrose pseudo-
inverse of the basis functions matrix fi(¢;) using singular value decomposition.
Note that, since the basis functions are independent of r, this inverse needs to
be computed only once [3].

With the motion model coefficients known, equation (@) allows the computa-
tion of an approximate model displacement @ as a function of phase for every
voxel location (Figure [2)). Using the corresponding anatomical landmark points
mentioned above, the mean target model error (TME), defined as the mean of
the Euclidean distance between each landmark point in the reference volume
and the corresponding locations predicted by the motion model for the other
volumes, was computed for all volunteers.
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2.5 Simulating Ultrasound Scan Lines

Synthetic ultrasound images were simulated using a fast propagation model sim-
ilar to others described in the literature [5-8]. We assigned local impedance and
absorption coefficients to different tissue types segmented from the breath-hold
MR scan similar to [8], rather than using a conversion from CT Hounsfield units
as in [5, [7].

Assuming a plane longitudinal acoustic wave propagating along a ray, and
considering perpendicular reflection at a tissue interface ¢ where the acoustic
impedance changes from Z;_; to Z;, the ratio of reflected to incident intensity,

7+, is given by
Zi— Zi1\’
1 7 i—1
t=(7000) )

withi = 1,..., N, and boundary condition r{- = 0. Using a Lambertian reflection
model, the intensity reflection ratio at an oblique interface can be written as

L |9A3'VZZ“ s
||VZ1H TZ ) ( )

with & a unit vector along the ray direction, and n,; the unit normal at the
i-th interface. In practice, the inner product term is obtained by computing the
gradient of the impedance, as indicated by the right-most term.

The ratio of transmitted to incident intensity up to the i-th interface is com-
puted by tracing along each ray using

j=i
ti:H(l—TjL) y (8)
j=1
whereas the ratio of absorbed to incident intensity can be written as
A; = Hexp —0.1In(10)e; Az) (9)

with Ax the distance between successive sampling points along the ray, and the
local absorption coefficient c; has the units of dBcm™!. Combining equations
@), ) and (@), the reflected intensity from the i-th interface, received at the
transducer, is given by

et = 1o 2 A%y (10)

where the transmission and absorption terms are squared since the ultrasound
wave is assumed to travel along the same path twice. The effects of finite beam
width in the elevational direction were simulated by convolving I, along the
beam direction with a Gaussian, while the effects of multiple active transducer
elements was taken into account by convolving I, perpendicular to the beam
direction with a 1-D triangular window function |6, I8, [14].

To obtain realistic speckle patterns representative of liver parenchyma, we ap-
plied a texture quilting technique using real ultrasound images as input [15, [16],
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as a computationally efficient alternative to performing extensive scattering sim-
ulations [6]. Inverse log-compression was applied to the texture map, resulting
in a texture intensity I'***, which was blended with the reflected intensity (I0Q)
using

Jtot — ereﬂ + (1 o ’LU) t2 A2 Jext , (11)

with blending weight w. The final log-compressed ultrasound scan line image
was computed from

IYS = log(1 + al***)/log(1 + a) , (12)

where a is the log-compression factor.

Fig. 3. Example of log-compressed simulated transmission, absorption, reflection, and
final ultrasound B-mode image (left-to-right)

2.6 Simulating Dynamic B-Mode Ultrasound

To obtain 3-D impedance and absorption maps for the different tissues, we used
semiautomatic methods to segment the breath-hold MR scan into liver, blood
vessels, lung and ribs. The vessels were segmented using a Hessian-based multi-
scale filter [17]. Literature values for impedance and absorption coefficients were
assigned to the segmented regions [18] (see Table[Il), and Gaussian distributed
noise was added to introduce small spatial inhomogeneities within regions of
single tissue type.

Table 1. Acoustic impedance Z (in 10°kgs™'m™2) and absorption coefficient o (in
dBcm™1!) for tissue types considered in this study [18]

liver blood lung ribs
Z 1.65 1.61 0.50 7.8
a 0.94 0.18 12.0 20.0

To simulate a dynamic B-mode ultrasound sequence, we defined a sector-
shaped region representing an ultrasound image at a location in the breath-hold
MR volume (Fig. @). The apical edge of this sector, representing the curvilinear
ultrasound transducer face, was placed on the skin surface below the rib cage
with the sector axis pointing upwards at an angle such that the liver, diaphragm,
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and part of the right lung were in view (Fig. H]). Please note that probe induced
liver deformations were not taken into account.

Values for motion model B-spline control point coefficients 3 were obtained
at regularly spaced points across the sector using linear interpolation. Displace-
ments of these points were computed using equation () resulting in a warped
sector point-set. The impedance and absorption coefficients were linearly inter-
polated across the warped sector, and equation ([I2]) was used to simulate a
B-mode sector scan (Fig. B]). By varying the breathing phase and repeating the
simulation, a dynamic sequence of B-mode scans was obtained.

nnnnn

Fig. 4. Virtual ultrasound sector positioned inside the MR, breath-hold volume (left),
the resulting simulated B-mode image showing the diaphragm navigator window (cen-
tre), and the corresponding 1-D profile (right)

By combining a physics-based ultrasound propagation model with the texture
maps our simulated ultrasound images contain sufficient characteristics of real
ultrasound images, allowing acquisition of a breathing signal from the moving
diaphragm, as explained in the next section.

2.7 Ultrasound Diaphragm Navigator Breathing Signal

Surrogate breathing signals were extracted from the simulated dynamic B-mode
sequences by positioning a narrow navigator window at the diaphragm location
[10] (see Fig. [ centre image). By integrating across this navigator and com-
puting the maximum of the resulting 1D profile (Fig. @ right), a diaphragm
navigator breathing signal s was obtained, which was normalised. This was done
for both the tracked ultrasound and the synthetic ultrasound, resulting in the
normalised signals s® and s°, respectively.

2.8 Synchronisation Accuracy: Motion Model Phase Error

The known relation ¢(s®) between the synthetic signal s* and the motion model
phase ¢ can be used to instantiate the motion model during an intervention using
the signal s® from the tracked ultrasound. In practice, spatial misalignments
between the tracked and synthetic ultrasound result in differences between the
signals s* and s®, leading to small errors in the phase ¢ at which the motion model
is instantiated (Fig.[]). Since, in this study, we used a simulation to represent the



Simulated Dynamic Ultrasound for Synchronising Liver Motion Models 121

tracked ultrasound, the “ground-truth” relation ¢(s') is also known. This allows
quantifying the synchronisation accuracy by the following phase error metric:

Ap = (s") — ¢(s%) - (13)

3 Results and Discussion

Numerical results for the target registration and target model error are given
in Table 2l The mean liver displacement of 4.6 4+ 3.8 mm before correction was
reduced to 2.5+ 1.7 mm when applying the motion model, which is comparable
to the real-time MR scan voxel size (1.5 mm in plane, 4 mm out of plane).

Table 2. Mean, standard deviation, and maximum displacement in mm of the corre-
sponding anatomical landmarks (second column). For each volunteer five landmarks
at different locations throughout the liver were used. Residual displacements after reg-
istration correction (TRE, third column), and after motion model correction (TME),
are given in the third and fourth columns, respectively.

displacement TRE TME
volunteer mean ¢ max mean ¢ max mean o max
1 47 33163 22 1.1 60 24 13 7.7
2 46 43174 23 16 7.2 2.6 1.910.2
3 44 37209 21 14124 24 1.714.6
all 46 3.8209 22 14124 25 1.714.6

Deformable registration of a single real-time scan took around 30 minutes
on a standard PC. To speed up the non-rigid registrations we are preparing
to use a GPU accelerated registration method |19], and initial tests showed a
computation time of approx. 60 seconds per registration.

The time needed to calculate the motion model coefficients 3(r) across the
complete volume by inverting equation (Bl was approx. 2 minutes. Reslicing and
interpolating the coefficients and simulating a single ultrasound image took of
the order of a few seconds. Since we would eventually like to use our technique
in clinical applications, real-time simulation of the synthetic ultrasound will be
required, which can potentially be achieved using GPU techniques |6, [7].

Fig. Blshows plots of the navigator signals and resulting phase error (3] due to
translations along the superior-inferior axis of £2 cm of the tracked ultrasound
with respect to the synthetic ultrasound, which represents an estimate of the
upper limit of misalignment one may expect at the start of a treatment. The
resulting maximum phase error was approx. 3 %, which indicates that the phase
error is rather insensitive to alignment inaccuracies. This could potentially also
be of importance for applications where the location of a diaphragm navigator
used during pre-operative imaging is different from the location used during
intervention [4].

Finally, comparing the tracked ultrasound signal directly to the bellow sig-
nal could be an alternative and more direct way for synchronising the motion
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Fig. 5. Navigator signals (left panel) for the tracked (solid line) and synthetic ultra-
sound for misalignments in the superior-inferior direction of +2 cm (dashed line) and
—2 cm (dotted line). Corresponding phase error A¢ (right panel) as a function of motion
model input phase ¢.

model to a subject’s breathing. However, since these signals would potentially
capture different breathing modes, like chest and abdominal breathing, a larger
synchronisation error may result.

4 Conclusion

We presented a method for building a realistic liver motion model from MR scans
obtained during breath-hold and real-time breathing. Applying the motion model
to the segmented breath-hold volume, and using a fast ultrasound propagation
model, dynamic B-mode sequences were simulated. A surrogate breathing signal
was then computed by positioning a navigator window across the diaphragm,
from which a motion model phase error, due to spatial misalignment between
tracked ultrasound and synthetic ultrasound, was obtained. We found that for
spatial misalignments of £2 c¢m, the maximum phase error was approx. 3 %,
indicating that synchronising a motion model to a subject’s breathing is rather
insensitive to inaccuracies in tracked ultrasound localisation.
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