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Abstract. Image-guided radiation therapy during free-breathing
requires estimation of the target position and compensation for its motion.
Estimation of the observed motion during therapy needs to be reliable
and accurate. In this paper we propose a novel, image sequence-specific
confidence measure to predict the reliability of the tracking results. The
sequence-specific statistical relationship between the image similarities
and the feature displacements is learned from the first breathing cycles. A
confidence measure is then assigned to the tracking results during the real-
time application phase based on the relative closeness to the expected val-
ues. The proposed confidence was tested on the results of a learning-based
tracking algorithm. The method was assessed on 9 2D B-mode ultrasound
sequences of healthy volunteers under free-breathing. Results were evalu-
ated on a total of 15 selected vessel centers in the liver, achieving a mean
tracking accuracy of 0.9 mm. When considering only highly-confident re-
sults, the mean (95th percentile) tracking error on the test data was re-
duced by 12% (16%) while duty cycle remained sufficient (60%), achiev-
ing a 95% accuracy below 3 mm, which is clinically acceptable. A similar
performance was obtained on 10 2D liver MR sequences, showing the ap-
plicability of the method to a different image modality.

Keywords: confidence, tracking, learning, respiratory motion, image
guidance, ultrasound.

1 Introduction

Image-guided radiation therapy of abdominal organs during free-breathing re-
quires estimation of the target position and compensation for its motion over
the duration of the entire treatment session [9]. Examples of imaging techniques
available for observing the internal motion are ultrasound (US) and magnetic
resonance imaging (MRI). US is increasingly used, as it can image soft tissues
in real time, and with higher temporal and spatial resolution than other modal-
ities, is non-ionizing and inexpensive [4]. MRI is a popular choice for guidance
of focused ultrasound surgery as it provides thermometry images, also used
for tracking [15], yet the temporal resolution is about 5 times lower than US.
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The intrafraction motion estimation needs to be reliable and accurate, to reduce
the size of the safety margins due to expected residual tumor motion in the planned
dose delivery [19]. Gating is commonly used to reduce motion uncertainties. Yet
it generally leads to relatively low duty cycles (20-50%) for maintaining accept-
able accuracy [9,16]. Following the tumor motion by tracking keeps duty cycle at
100%, but can have high errors. Here we propose gated-tracking, where gating (i.e.
accepting motion predictions) is based on the estimated accuracy (confidence) of
the current tracking result and tracking is used to follow the tumor.

Confidence measures for motion estimation from images can generally be
based on image appearance, motion field properties, or both. Estimates are likely
more accurate for strong image features, high image similarity and realistic mo-
tion patterns. Usually maximization of these criteria has been incorporated in
the tracking approach to increase accuracy. For example, methods based on opti-
cal flow [10,2,11] and probabilistic approaches [18,13] include already confidence
values in their tracking formulation. Yet they are tailored for the specific tracking
strategy. Learning-based methods have been employed for detecting the areas of
the images which can be most reliably tracked [1,6,8]. A probabilistic confidence
measure, based on the local image similarity, was provided for a block matching
method [13]. Consistency of motion estimates across groups of image has been
used in image registration to detect errors and improve accuracy [5]. However
such a strategy is too time-consuming for real-time applications.

We propose a different approach for assigning confidence measures, which is
independent from the motion estimation strategy and image modality, and is
based on the relationship between image similarity and estimated displacement
vectors. This method exploits the recurring similarities of both motion and image
appearance in pseudo-repetitive scenarios, like breathing. The aim is to keep the
tracking errors below 5 mm, to fulfill the clinical requirements for target margins
in radiation therapies [9]. Further reductions will facilitate to keep the overall
system error within this limit, when also having to incorporate spatio-temporal
motion prediction [12]. A strategy was devised to automatically determine the
required thresholds of the confidence values to stay within these limits.

2 Materials

We collected nine 2D US sequences of the liver of healthy volunteers under free-
breathing, from the same spatial location. In details, second harmonic B-mode
US sequences were acquired over 3-10 min, using a Siemens Antares scanner
(CH4-1 transducer, center frequency 1.82 - 2.22 MHz) [14]. These images (longi-
tudinal or intercostal planes) are characterized by spatial and temporal resolu-
tion ranging in [0.28, 0.71] mm and [14, 25] Hz, and size in [82632, 279300] pixels.
To explore the validity of the method independently of the image modality, we
gathered 2D MR sequences from 10 healthy volunteers under free-breathing.
These consisted of sagittal navigator slices, acquired at 2.6-3.4 Hz for 4D-MRI
[17]. The MRIs were captured using a balanced Steady State Free Precession
sequence (flip angle 70°, TR=3.1 ms) on a 1.5T Philips Achieva MR system.
Image resolution and size ranged in [1.29, 1.37] mm and [50176, 65536] pixels.
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Given a sequence of T 2D images I(t), with ¢ € [0,T — 1], the tracking objec-
tive is to compute the position of anatomical landmarks inside the liver (vessel
centers) P;(t) € R? in each image. ROI, ;(t) and d;(t) = P;(t) — P;(0) denote a

rectangular region of interest from I(t) centered in P;(t) and the displacement
of the landmark with respect to the initial frame, respectively.

3 Method

We propose a novel, sequence-specific confidence measure to predict the reliabil-
ity of tracking results. The sequence-specific statistical relationship between the
image similarities and the feature displacements is learned from the first breath-
ing cycles. A confidence measure is then assigned to the tracking results during
the real-time application phase based on the relative closeness to the expected
values. The proposed measure was tested on the results of two tracking methods
and two image modalities: an automatic learning-based tracking algorithm for
US images; and a deformable registration for MRIs.

3.1 Tracking Algorithm

For US, we used the learning-based block matching algorithm (LB-BMA) pro-
posed in [3], which exploits the pseudo-repetitive nature of respiration. Dur-
ing an initial training phase of 10 breathing cycles the images are registered
and the relationship between the image appearance and the displacements is
learned. Image registration is performed non-iteratively by optimizing a local
affine transformation with respect to normalized cross-correlation (NCC). The
transformation is defined for ROI,;((0), which is automatically extracted by
finding the blob-like feature centered at P;(0) [3] and expanding it by 3 times
its size. The ROI; image appearance for the training set is efficiently stored
by dimensionality reduction via principal component analysis (PCA). For each
landmark in the real-time application phase, the most similar ROI from the
training set is selected based on the distance in the PCA space and used for
temporal alignment of the BMA. For previously unseen image variations (out-
liers), affine registration is performed to stay adaptive to non-periodic motions.
For tracking the MR slices we used the deeds registration method [7], which can
cope with sliding boundaries, is relatively fast (0.5 s per slice) for a deformable
registration and publicly available.

3.2 Confidence Measure

Independently from the tracking algorithm, the confidence measure is learned
from an initial set of T}, images I(¢') in a sequence, with ¢’ € [0, T;, — 1], where
we extract the tracked position of J landmarks P;(t'). For each landmark, we
compute the magnitude of the Euclidean distances to the initial frame d;(t’)

||d;(¢')]] and normalize it to the range of the distances from the T;, frames, d;(t’).
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We also compute NCC between the initial ROI; ¢(0) and the same sized and posi-
tioned, non-transformed ROI at ¢, i.e. NCC;(t') = NCC(ROI;(0), ROIL; o(t)).

We collect all 2D data points N;(t') = [d;(t'), NCC;(#')] for the training data
and fit a polynomial curve F(c) = Y7, a;c’ of degree n € {1,2,3} to the 5%-
95% of this distribution, with «; the estimated parameters and ¢ the vector of
c(t') = d;(t'). Degree n is selected to minimize the sum of squared errors and
maximize the coefficient of determination of the fit, while avoiding zero-crossing
of the a; confidence bounds and hence overfitting. We also extract the 99%
confidence bounds (F%’(c)) of the fit via the Matlab £it function. An example
of F(c) is shown in Fig. 1.

For each P;(r) during the application phase (7 € [Ti,, T — 1]), we calculated
N;(7) = [d;(1), NCC;(7)] and find its projection to F(c) with minimum distance
p; (1) = ||N; (1) — F(c*)||, where ¢* = argmin.||p, (7, c¢)||. If the distance p;(7) of
the data point N;(7) to F(c) is within the 99% confidence bounds and d;(7) does
not exceed the observed d;(t') (to avoid extrapolation), the confidence measure
C;(r) €10,1] is assigned according to the local 99% confidence as follows:

If p;i(1) < F®(c )and d;(7) < mazyd;(t') do C;(1) =1 —2p;(7)/F*(c*)
else do Cj(7) =

3.3 Evaluation

Quantitative evaluation of the tracking and the gated-tracking method was per-
formed on a total of 15 selected vessel centers inside the liver from the US data
and 20 from the MRIs. We randomly selected 10% of the apphcatlon images
in each sequence and annotated the landmark position P ( f) corresponding to
P;(0), and computed the tracking error TE;(f) = ||P;(t) — P;(t)||. Results were
summarized by the mean (MTE), standard deviation (SD) and the 95th per-
centile (TE?) of the single distribution including all TE;(f) belonging to the
data subset. We also determined the motion magnitude M;(£) = ||P;(0)— P;(1)]|.
The confidence values C;(t) € [0, 1] were divided into S = 20 intervals CT, =
[s,1], with s € {0,0.05,0.10,...,0.95}. We computed S tracking errors based on
accepting results with confidence C;(t) € CI;. For each CI; we define its duty
cycle (DC) as the the ratio between the number of accepted tracking results (T} ;)
and the total number of frames in the application phase: DC; =T s /(T — Tin).
In order to select one confidence interval to apply during the application
phase to all sequences, we split the US data into two similar sized subsets for
training and testing. Subset Set!® included 7 landmarks from 5 sequences and
subset SetyS consisted of the remaining 8 points from 4 sequences. Similarly,
we annotated 2 vessel landmarks per MR sequence and selected alternately the
sequences in order of acquisition for the training and test set, e.g. training on
volunteers {1,3,...,9} (SetM%), testing on volunteers {2,4,...,10} (Setd/%).
For the training data we selected s*, which minimized the 95th percentile er-
ror (T E?’z*) while keeping DCj s« > 60%. During gated-tracking we considered
only the frames whose confidence values are within the selected interval Clg«.
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Fig. 1. (Top) example of confidence curve F(c) and 99% bounds F°(c) obtained from
training data points (in black) for a representative sequence. (Bottom) example of
tracking results in ROI; o for 3 points with different confidence values, showing P(¢1)
with similar NCC as P(t2), and P(t1) with similar distance d as P(t3). The initial
image ROI;0(0), with point-landmark P(0) in yellow, is shown as a reference.

Two experiments were conducted, where the role of the subsets as training and
test set was swapped to assess the sensitivity of the results to the data selection.

Finally, we compared the gated-tracking results to the ones of gating, where
we accepted tracking results with small displacement, i.e. d;(7) < 3 mm.

4 Results

For US, we used 5 breathing cycles (260-453 frames) for Tj,. The number of
application frames ranged in [2233, 14211]. The MTE+SD (TE?) for all land-
marks was 0.904+0.77 (2.04) mm. MTE ranged in [0.38, 2.34] mm, while the
TE$® was in [0.90, 6.57] mm. For these landmarks the motion magnitude M
was 5.17£3.21 mm, and the 95th percentile was 10.59 mm. Fig. 1 shows the
relationship between motion and image similarity for (left) the initial phase and
(right) the application phase. It can be observed that some of the application
phase data falls outside the confidence region and will be discarded first. The
example images illustrate outliers with respect to motion and image similarity.

The overall 95th percentile errors in comparison to duty cycle values can be
seen for the training set on the left graphs in Fig. 2. The lowest TE? in the
objective region was 1.91 mm (-24%) and 1.50 mm (-11%) for SetY> and Sety*
respectively, see Table 1. Using the resulting s* for gated-tracking on the test
set provided the same TE? reduction, while keeping overall duty cycle at 59%
and 68%. Gating results showed similar or worse TE®®, but DC<47%.
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Fig. 2. 95th percentile of TE vs. duty cycle for (left) training set with determined
optimum confidence interval Cls~ = [s*,1] and (right) test set with sequence-specific
curves (in colors) and indicated result for C' I+ (circles).

Table 1. Summary of the results for the two US subsets (Set!® and SetY*) used
interchanged as test and training set. Results of the TE are in mm, while DC is in %.

Gated-tracking

Gated-tracking

Tracking trained on Set!® trained on Sety* Gating
CI = [0.20, 1] CI = [0.15, 1]
MTE+SD  1.104+0.93 0.97+0.56 0.97+0.57 1.2341.20
. TE® 2.51 1.91 1.91 3.64
5 range MTE; [0.65, 2.34] [0.70, 1.55] [0.69, 1.58] [0.58, 3.14]
& range TE} [1.18, 6.57] [1.19, 3.24] [1.18, 3.18] [1.07, 6.89]
DC 100 65.90 67.96 46.15
range DC;  [100, 100] [31.82, 77.61] [33.66, 79.75] [15.30, 68.38]
MTE+SD  0.7340.54 0.62+0.44 0.63+0.45 0.62+0.47
. TE® 1.68 1.49 1.50 1.52
5o range MTE; [0.38, 1.06] [0.33, 1.02] [0.33, 1.02] [0.35, 1.03]
& range TE}® [0.90, 3.04] [0.67, 2.00) [0.67, 2.18) [0.88, 2.28]
DC 100 58.57 61.06 38.02

range DC;  [100, 100]

[37.53, 76.66]

[39.98, 79.21]  [16.12, 53.72]

Due to the lower temporal resolution of the MRIs, we considered 25 breathing
cycles (Ty, € [141,519] frames). The following 1160 frames (7 min) were used
for testing. For a mean motion amplitude of 5.634+5.12 mm, tracking results
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Table 2. Summary of MR results as in Table 1.

Gated-tracking  Gated-tracking
Tracking trained on Set% trained on Set}’® Gating
CI = [0.35, 1] CI = [0.55, 1]

& MTE+SD 1.14+1.75 1.0341.40 1.0541.42 1.664-0.95
?g TE® 2.99 2.31 2.38 3.24
w DC 100 81.12 64.56 41.24
& MTE+SD 0.96+0.91 0.90+0.74 0.88-0.70 1.634-0.87
ig TE® 2.21 2.07 1.95 3.17
w DC 100 83.21 67.79 39.28

achieved an overall accuracy of 1.05+1.38 mm (TE%=15.69 mm). Similarly to
US, gated-tracking trained on the same subset resulted in an improvement of
the TE? by 23% and 12% for Set® and Set}/® respectively, see Table 2. On
the test set, the 95th percentile error reduction was 20% and 6%, with overall
DC of 65% and 83%. Gating resulted in higher errors and lower DCs (= 40%).
The mean run-time of the confidence estimation is 0.2 ms/frame, with Matlab
implementation on a single PC with Intel®Core™i7 CPU (2.66 GHz, 8 GB).

5 Conclusion

We proposed a method for estimating the confidence of tracking results for
pseudo-repetitive motion scenarios. It is based on learning the sequence-specific
relationship between image similarity and motion vectors, based on the assump-
tion that during the initial learning phase the tracking errors are low. The confi-
dence prediction is independent from the tracking method and image modality.
The actually applied confidence interval is decided based on training data. Tested
on US sequences, the method reduced 95th percentile errors by between 11% and
24% (to below 1.7 mm on average) while keeping duty cycle at 59% and 68%.
Similar results were obtained for the MR sequences, with a reduction of the 95th
percentile errors between 6% and 20% while keeping duty cycle at 65% and 83%.
For both scenarios, performance was improved by gated-tracking over gating.

In future work we will verify the method’s general applicability to other track-
ing algorithms and larger datasets. For slow varying drift of the target, we envi-
sion to update the learning phase. Integration of the estimated confidence values
in an overall motion prediction system is the long term plan to facilitate robust
and reliable therapy guidance.
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