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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: In adaptive radiotherapy, deformable image registration (DIR) is used to propagate
Deformable image registration delineations of tumors and organs into a new therapy plan and to calculate the accumulated total dose. Many
Uncertainty DIR accuracy metrics have been proposed. An alternative proposed here could be a local uncertainty (LU) metric
Deformation vector field correctness for DIR results.

Radiotherapy

Materials and methods: The LU represented the uncertainty of each DIR position and was focused on deformation
evaluation in uniformly-dense regions. Four cases demonstrated LU calculations: two head and neck cancer
cases, a lung cancer case, and a prostate cancer case. Each underwent two CT examinations for radiotherapy
planning.

Results: LU maps were calculated from each DIR of the clinical cases. Reduced fat regions had LUs of
4.6 + 0.9mm, 4.8 = 1.0mm, and 4.5 = 0.7mm, while the shrunken left parotid gland had a LU of
4.1 + 0.8 mm and the shrunken lung tumor had a LU of 3.7 + 0.7 mm. The bowels in the pelvic region had a
LU of 10.2 = 3.7 mm. LU histograms for the cases were similar and 99% of the voxels had a LU < 3 mm.
Conclusions: LU is a new uncertainty metric for DIR that was demonstrated for clinical cases. It had a tolerance

of < 3mm.

1. Introduction

Adaptive radiotherapy (ART) is commonly employed in head and
neck cancer [1-3], prostate cancer [4,5], and other sites [6,7] and
modalities [8,9]. Deformable image registration (DIR) is an important
ART tool because it helps to delineate organs and targets for therapy re-
planning [10-13].

DIR has been used for summing dose accumulations over treatment
courses. To measure daily dose distributions, structures are propagated
to cone beam CT images or megavoltage CT images acquired for patient
setup and dose calculations [12-19]. DIR has been used to calculate
accumulated dose distributions using daily dose distributions [20-22].
Daily distributions are deformed according to the deformation vector
field (DVF), and then summed to obtain a total dose distribution. This
assumes that DIRs work accurately. However, issues of sliding organs
[23] and uniform-density regions [24] are well known. Specifically,
DIR deformation at the interface between a fixed organ and a sliding
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organ was inaccurate because these organs could move separately. The
incorrect deformation may be visually obvious. The issue of uniform-
density regions is that the interior of these regions could be deformed
and incorrect deformation is difficult to identify because the pixels have
the same density. There is little information on the accuracy of de-
formation in the interior, especially for clinical cases. Hence, an accu-
racy check does not work, which is more serious for dose accumulation
because it may lead to incorrect dose summations.

The most frequently used metric for DIR accuracy is the Dice si-
milarity coefficient (DCS) [25]. It indicates the similarity in volume and
shape between organs in reference and deformed images, which is the
resulting image of DIR [26,27]. Target registration error (TRE) quan-
tification, which shows the distance error for fiducial markers and/or
anatomical landmarks between a reference image and a deformed
image, is also frequently calculated [28-32]. The Hausdorff distance
and surface errors [27,33] use boundaries of organs and fiducial mar-
kers in the reference image as the ground truth, and thus only assess
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deformation accuracies of the boundaries and markers. If deformation
in the interior of a uniform-density organ is incorrect when the organ in
the resulting deformed image is grossly similar to the reference image,
the evaluations will assess the result as good. DSC, Hausdorff distances,
TRE, and surface errors cannot assess the correctness of interior de-
formation in organs. Intensity differences between two images have not
been effective when a voxel in the organ is moved to a wrong place.
Elsewhere, a known deformation was performed on a reference image
to generate a moving image that was deformed to fit the reference
image [27,28]. The deformation calculated by DIR methods and the
given deformation were compared. However, it is difficult to follow
anatomical motion such as respiration.

In a DVF assessment, Varadhan et al. [27] used inverse consistency
error, Jacobians, and harmonic energy. The inverse consistency error
revealed the difference between a DVF from image A to image B cal-
culated with a DIR, and another DVF from image B to image A as a
consistency metric [34,35]. The Jacobian and the harmonic energies
indicated the deformation magnitude and DVF smoothness. Schreib-
mann et al. evaluated a DVF directly by using the Curl operation [36]
that detected unrealistic deformation. For an accurate quantification of
dose accumulation, accuracy evaluation of an individual DIR result is
necessary. However, because of the lack of deformation ground truth,
that assessment in clinical cases is impossible.

For DIR uncertainty evaluation, Murphy et al. [24] used randomly
defined volumes of interest (VOIs) in a pair of CT image sets and ob-
tained DVFs for the VOIs with DIR. The mean DVF was calculated from
the DVFs in overlapping regions of the VOIs and the DVF error was the
difference from the mean. This method required 50 repeated DIR ex-
ecutions for one pair of images. Another study calculated the DIR un-
certainty by using at least five image sets [37]. These methods revealed
variations in multiple DVFs and the comprehensive uncertainty of the
DIR method. However, they could be used for DIR quality assurance
and not for results.

Here, a local uncertainty (LU) metric was calculated from a moving
image and a DVF; it required one DIR execution. It evaluated un-
certainties in uniform-density regions and was applied to four clinical
cases.

2. Methods
2.1. Local uncertainty

The LUs represented positional variations of candidates for a target
position, which were calculated from surrounding organ edges after
DIR. Hence, organ edges were used to determine candidate positions in
organ interiors.

A moving image was defined as one of the initial images for DIR and
was deformed to match a reference image. A reference image was de-
fined as another initial image to which the moving image was matched.
A deformed image was a deformed moving image and a DIR result.

To calculate the LU for target position py, neighboring positions p;,
P2 P3-.-.Pn Were searched radially from pg in an initial moving image I
(before DIR). The neighboring positions were set on organ edges that
had sufficient contrast with the pixel density at po (Eq. (1)):

q€ Iire,
q|qg=p,+ k-v; and MIN (k), and (i
Iref(po)_cnt > Iref(q) or Iref (po) +cnt < Iref (Q)
1,2, 3..n)

b
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Here, v, was a unit vector of arbitrary direction that originated on
Po, k was the minimum number to satisfy the third condition in Eq. (1),
and cnt was the minimum contrast needed to resolve a pixel on an organ
edge.
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(Eq. (2)). The DIR mapped po, P1, P2 P3,--- Pn 10 P’0, P'1, P2 P'3,++- P'ns
respectively, with a DVF T in Eq. (3):

h=p;—p, = Ik-?i)l( i=1,2,3..n) 2
p =Tp (3)

Then, a candidate position c’; in a deformed image was calculated as
the intersection of the p'-centered sphere with radius r; the p;, ;-cen-
tered sphere with radius r;; ;, and the p';, »-centered sphere with radius
r;+2. The p'-centered sphere with radius r; was defined as:

f(pi,’ rl) (x_xl;i)z + (y_y;i)Z + (Z_z;)i)z = riz (4)
The intersection of the three spheres was then calculated from:
f@/,n=A
gJ’ = f(p,‘(_'_la ni) =A
f@/,5> r2) = A )

where A was an arbitrary value. The intersection g could have two
positions (g’; o and g’ ;) at the maximum. The closer of the two positions
to p’p was chosen as candidate c’; (Eq. (6)):

g, whend(pg, &) < d(pg, g;));
¢ = ’

g else 6)
where d(p’o, g’j.0) and d(p’o, g’j.1) was the distance between p’y and g’ o
or g’ .

Finally, the LU value at p', was calculated from the coordinates of
the candidates (Eqs. 7-10):

LU = \Jo? + o; + o7
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where m was the number of candidate positions, and X, y, and Z were
the mean values of the x, y, and z candidate coordinates. The co-
ordinates of the i; candidate were x; y; and z;. Hence, the LU value
represented the positional variation of a target position, shown sche-
matically in Fig. 1 for 2D images.

In Fig. 1 of the Supplementary Material, a uniform-density region in
a reference image was shifted by one pixel in a moving image. DIR
software often provides a resulting DVF that exhibited deformation only
in areas close to the boundary of the uniform-density region. In this
case, the Dice coefficient was one because the shape of the region in the
deformed image completely matched that in the reference image.
However, the actual positions of the stationary portion of the uniform-

Organ in the deformed
moving image )

Organ in the original
moving image

Fig. 1. Schematic of candidate position determination in two-dimensional
images for a local uncertainty calculation.
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