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Abstract

Background and purpose. Deformable image registration (DIR) is a key component of image-guided and adaptive
strategies in radiotherapy. DIR based on image intensities alone is promising for online applications, but is
challenged in regions with low intensity gradients. In this study we have investigated the performance of intensity-
based DIR applied to contour propagation of the rectum and bladder, focusing on the consequences in terms of dose/
volume parameters. Material and methods. The rectum and bladder volumes were delineated in the planning computed
tomography (pCT) scan and in 8-9 repeat CTs (Vmanual) for nine prostate cancer patients. The volumes from the
pCT were propagated onto the repeat CTs using intensity-based DIR (Vprop). Dose/volume parameters for Vmanual
and Vprop were derived by dose re-calculations following rigid registration on prostate fiducials. Linear regression was
used to identify qualitative and quantitative volumetric measures of the DIR performance being associated with the
differences in dose/volume parameters. Results. The median differences in dose/volume parameters assessed for Vprop
and Vmanual were modest, but individual differences ~7 Gy were seen. The observed differences in dose/volume
parameters showed strong correlations to the measures of the DIR performance as well as with the volume variations,
most pronounced for the rectum (R?=0.63-0.85; p =< 0.05). Conclusion. Limitations in the intensity-based DIR algo-
rithm resulted in large individual differences in dose/volume parameters between propagated and manually segmented

volumes, which were correlated with volumetric measures of the DIR performance.

Deformable image registration (DIR) is a core com-
ponent of image-guided and adaptive strategies in
radiotherapy (RT) [1,2]. DIR algorithms based on
image-intensities alone have considerable potential
in particular for rapid online adaptive RT (ART)
strategies but are challenged in regions with less
sharp image intensity gradients [3-7].

Online ART is being pursued also for tumour
sites in the pelvic region, including both re-planning
and plan selection strategies [8—10]. The rectum and
the bladder are key volumes of interest for these
tumour sites, being the dose-limiting organs at risk,
e.g. in RT of prostate cancer [8,10-13]. For hollow
organs such as the rectum and the bladder the sur-
face is a reasonable approximation of the organ
[3,14]. DIR-based propagation of rectum and blad-
der contours therefore provides a method to assess

the accuracy of the DIR [4,5]. Assessment of the
accuracy of intensity-based DIR algorithms has
usually involved either qualitative or quantitative
measures of the contours propagated with DIR, to
evaluate the geometric agreement between these
contours vs the anatomy and/or manually delineated
contours. In two previous investigations we found the
performance of an intensity-based DIR algorithm,
when applied to propagation of pelvic contours
between treatment planning computed tomography
(pCT) scans and either repeat CT or cone beam CT
(CBCT) scans, to be less successful when large
deformations were observed between pairs of regis-
tered images [6,7]. However, in order to thoroughly
judge the performance of the DIR in terms of the
clinical implications, also dose/volume parameters
should be included in the evaluation.
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In this study we have therefore investigated the
precision of intensity-based DIR as applied to prop-
agation of rectum and bladder contours in prostate
RT, by assessing dose/volume-based measures and
how these are related to qualitative and quantitative
geometric measures of the DIR quality.

Material and methods

Image acquisition and deformable tmage registration
(DIR)

This study included CT imaging data (one pCT and
8-9 repeat CT scans/patient acquired during the
course of RT) from nine patients previously treated
with intensity-modulated RT for prostate cancer at
Haukeland University Hospital in Bergen, Norway
between 2007 and 2008. The images were acquired
in supine position from 1.4 to the pelvis (slice thick-
ness: 2—3 mm, resolution: 512 X 512 pixels, in-slice
resolution: 0.88 X 0.88 pixels) [15]. For the purpose
of this study a radiation oncologist delineated the
rectum and bladder volumes in the pCT (VpCT)
and all repeat CT scans (Vmanual) (78 repeat CT
scans in total). Each of the repeat scans was regis-
tered to the pCT for the corresponding patient using
intensity-based DIR following rigid bony anatomy-
based registration (translations and rotations, 200—
3000 Hounsfield Units window in SmartAdapt
v.10.0, Varian Medical Systems, Palo Alto, Inc., CA,
USA). Finally the DIR-based rectum and bladder
contours were propagated onto the repeat CT scans
(Vprop). The DIR algorithm used in these opera-
tions was a modified ‘demons’ algorithm constrained
by the intensity differences in the specified field-of-
view [16,17]; a more detailed description of this DIR
algorithm can be found in two previous studies from
our group [6,7].

Doselvolume-based evaluations

In order to perform dose/volume-based investiga-
tions of the DIR performance, each patient was sim-
ulated to be treated according to our current RT
protocol for localised prostate cancer, 78 Gy deliv-
ered in 39 fractions using volumetric modulated arc
therapy (RapidArc, Eclipse v.10.0, Varian Medical
Systems). All plans were generated using 15 MV
photons and 120-leaf multi-leaf collimators and all
dose calculations were performed with the analytic
anisotropic algorithm. The pCT was rigidly regis-
tered (translations only) to each of the repeat scans
by means of intra-prostatic fiducial markers (2-3
fiducials/patient) followed by a new dose calculation
maintaining the number of monitor units, according
to our clinical image-guidance procedures [18-20].
Based on these dose distributions several dose/

volume parameters were assessed for both Vmanual
and Vprop: the mean dose (Dmean), the relative vol-
ume receiving more than 70 Gy (V70Gy) as well as
the generalised equivalent uniform dose (gEUD)
[21] using k=11 [22] for the rectum and k=8
[23,24] for the bladder as values for the volume-
dependence parameter (k). For each studied dose/
volume parameter, the parameters were averaged
over the number of scans available for each patient.
These treatment course averaged parameters were
compared pair-wise between Vprop and Vmanual
using a Wilcoxon signed-rank test with the hypo-
thesis of no difference in the median value for
corresponding parameters.

Doselvolume-based measures relative to volumetric
measures

In order to relate the dose/volume parameters with
previously applied evaluation methods, qualitative
and quantitative measures were calculated. The qual-
itative measure was a clinical judgment of the Vprop
volumes and was based on a slice-by-slice-scoring (of
a radiation oncologist specialised in prostate cancer)
assessing the number of slices with unacceptable
deviations (shape and/or distance) relative to the
anatomy [6,7]. The number of slices where unaccept-
able deviations were identified was finally scaled to
the total cranio-caudal extension of each organ. The
quantitative measures included a contour similarity
measure, the Dice’s similarity coefficient (IDSC) [25]:

Vprop M I/manual
( Vprop + Vmanual ) (1)
2

DSC =

The DSC ranges from zero to one and a higher value
indicates a larger volume overlap between Vprop and
Vmanual. In addition the quantitative measures
included the actual volume variation, i.e. the relative
volume deviation between Vmanual and VpCT
(Vmanual/VpCT) as well as the corresponding devi-
ation between Vprop and Vmanual (Vprop/Vmanual),
the DIR quality related volume variations (these
deviations were calculated as |Vmanual-VpCT|/
VpCT and | Vprop-Vmanual |/Vmanual). Similarly to
the assessment of the dose/volume parameters the
qualitative and quantitative measures were averaged
over the available scans for each patient, resulting in
nine values for each investigated measure. The statis-
tical test applied was a paired Wilcoxon signed-rank
test with the hypothesis of no difference in the median
values of these volumes/ratios.

The relationship between the dose/volume
parameters and the qualitative and quantitative mea-
sures was explored using univariate linear regression
analyses (UVA). Within these analyses the absolute



Table I. The Vmanual and the Vprop volumes [population median
(range)]. The p-value refers to a Wilcoxon signed-rank test.

Volumes (cm?) Rectum Bladder
Vmanual 82.5 (50.2-120) 130 (73.0-240)
Vprop 99.5 (51.3-121) 126 (76.5-251)
Vprop/Vmanual 1.02 (0.97-1.53) 1.07 (0.70-1.30)
P 0.31 0.17

differences in the previously described dose/volume
parameters calculated between Vprop and Vmanual
were used (Dmeandiff, V70Gydiff and gEUDAiff). In
addition, one further dose/volume parameter was
introduced: the absolute difference in relative volume
calculated for each dose level (1 Gy sampling)
between these volumes, averaged across the DVH
(DVHJiff).

The statistical analyses were performed in MAT-
LAB (MATLAB R2010, MathWorks Inc., MA,
USA) and in STATA (STATA v.11, Stata-Corp LP,
College Station, TX, USA). The p-value and when
appropriate, the correlation coefficient (R?), are
given for the suitable statistical test. A p-value below
0.05 was considered statistically significant.

Results

The propagated volumes (Vprop) tended to be larger
than the manually outlined volumes (Vmanual),
although the differences were not statistically signifi-
cant (Table I). The average DSC calculated between
Vprop and Vmanual ranged from 0.72 to 0.85 for
the rectum, and from 0.80 to 0.94 for the bladder
(Table II). Within the qualitative evaluations the
average fraction of slices, relative to the number of
slices of the total cranio-caudal organ extension,
where the rectal Vprop deviated from the anatomy
ranged from 0.02 to 0.43 while the corresponding
average fraction for the bladder ranged from 0.04
to 0.43.

The dose/volume parameters calculated for
Vmanual were overall slightly higher (population
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median: 0.2-0.7 Gy) compared to the corresponding
parameters calculated for Vprop (Table III); however,
the differences were far from statistically significant.
However, large individual variations were observed
for all of the three dose/volume parameters, most
pronounced for Dmean of the bladder (population
range for the difference: —4.6, 6.3 Gy). The median
(range) DVHAiff was 2.2(1.2-5.5)% for the rectum
and 2.3(0.6-7.6)% for the bladder.

On UVA significant correlations (p=0.05) with
the dose/volume measures were found for all mea-
sures for the rectum and was most pronounced with
DVHJiff (R>=0.70-0.85 for the four quantitative
and qualitative measures; Table IV). All four dose/
volume measures were significantly correlated
with the DSC (R?=0.45-0.79). For the bladder the
strongest significant correlations with the dose/
volume measures were seen with |Vprop-Vmanuall/
Vmanual (R?=0.62-0.83) and the qualitative mea-
sure (R®=0.46-0.74) and was most pronounced
for gEUDdiff and DVHJiff (Figure 1; Table IV).
The association between the DIR quality and the
resulting DVHs are exemplified in Figure 2.

Discussion

In this study we have investigated the performance
of intensity-based DIR as applied to contour propa-
gation for the rectum and the bladder in the setting
of prostate RT, focusing mainly on dose/volume
endpoints and their correlations with qualitative and
quantitative volumetric measures. For the investi-
gated dose/volume parameters we observed a ten-
dency that the doses received by the manually
delineated volumes (Vmanual) were higher than the
corresponding doses to the volumes propagated
using DIR (Vprop). Further a trend of the Vmanual
volumes being smaller than the Vprop volumes was
observed. Much of the variation in the dose/volume
measures was related to the volumetric measures
describing the volume difference between Vprop and
Vmanual.

Table II. Patient averages (range), given for one of the quantitative measures (DSC) and the qualitative

measure.

Rectum Bladder
Patient
No. DSC Qualitative DSC Qualitative
1 0.85 (0.76-0.98) 0.10 (0.02-0.19) 0.92 (0.88-0.95) 0.06 (0.00-0.31)
2 0.83 (0.76-0.87) 0.22 (0.05-0.44) 0.84 (0.71-0.93) 0.41 (0.17-0.68)
3 0.84 (0.79-0.87) 0.07 (0.02-0.27) 0.80 (0.67-0.93) 0.43 (0.21-0.59)
4 0.72 (0.66-0.80) 0.43 (0.32-0.57) 0.87 (0.84-0.91) 0.12 (0.00-0.23)
5 0.75 (0.69-0.79) 0.33 (0.13-0.52) 0.88 (0.82-0.93) 0.24 (0.00-0.64)
6 0.77 (0.74-0.83) 0.26 (0.14-0.42) 0.85 (0.76-0.92) 0.43 (0.06-0.67)
7 0.81 (0.80-0.83) 0.02 (0.00-0.11) 0.94 (0.90-0.95) 0.04 (0.00-0.13)
8 0.80 (0.76-0.85) 0.25 (0.00-0.40) 0.80 (0.76-0.85) 0.08 (0.00-0.16)
9 0.79 (0.69-0.86) 0.22 (0.00-0.65) 0.94 (0.87-0.95) 0.10 (0.00-0.52)
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Table III. The investigated dose/volume-based measures [population median (range)] assessed for the

Vmanual and the Vprop volumes.

Rectum Bladder
Dose/volume
measures Vmanual Vprop p Vmanual Vprop p
gEUD (Gy) 58.3 (56.3-60.3) 58.8 (55.8-60.3) 0.37 59.9 (52.9-67.2) 59.4 (53.3-66.9) 0.26
V70Gy (%) 6.2 (3.7-9.0) 6.8 (3.5-9.7) 0.51 12.5 (4.7-29.1) 11.2 (4.9-27.5) 0.11
Dmean (Gy) 19.1 (9.4-27.2) 18.4 (7.7-24.2) 0.14 12.8 (2.6-45.3) 11.0 (2.5-44.1) 0.14

Relatively modest differences in the median val-
ues for corresponding dose/volume parameters were
found between Vprop and Vmanual, and these were
not significantly different. We certainly acknowledge
the limited number of patients included in the study,
however, these findings were confirmed when
repeating the analyses on a per scan level (assuming
that the 78 CT scans could be considered as inde-
pendent patients) where we similarly obtained small
differences in the compared volumetric and dose/
volume-based measures across the population.
However, large individual variations were observed
which were explored in the subsequent linear reg-
ression analyses. We observed significant (p =0.05)
linear correlations between the majority of the dose/
volume-based measures and the qualitative and
quantitative volumetric measures. Strong correla-
tions were observed with the volumetric measures
describing the volume difference between the prop-
agated and the manually delineated contours (Rec-
tum: DSC and | Vprop-Vmanual |/Vmanual; Bladder:
| Vprop-Vmanual [/Vmanual) and for the rectum the
strongest correlations were also observed with the
actual volume variation. The rectal gEUD and
V70Gy were not significantly correlated with the
measure describing the DIR quality related volume
variations or with the actual volume variations. For
the applied gEUD volume dependence parameters
(Rectum: k=11; Bladder: k=8) the high-dose
region was weighted stronger than intermediate
doses [21]. For the bladder significant correlations
were less pronounced with Dmean. Among all
investigated dose/volume parameters the largest
individual differences were seen for this measure,
which probably influenced on the subsequent
correlation studies.

Comparing the correlations with the dose/vol-
ume-based measures between the assessed quantita-
tive measures; equally strong correlations were
observed using the volumetric difference between
the propagated and the manually delineated volumes
or the actual volume difference (relative to the pCT)
for the rectum. Due to the low number of patients,
a multi-variate analysis could not be performed. For
the bladder the strongest correlations were found
using the volumetric difference between the propa-
gated and the manually delineated volumes. Larger
actual volume variations were obtained for the blad-
der (range 0.59-1.94) compared to the rectum
(range 0.48-1.18). A likely explanation of the con-
siderable volume changes is that no preparation pro-
tocol was used for any of the included patients
[26,27].To some extent this limits our study at least
in establishing any volume time trends. Still, the
effectiveness of such protocols has been questioned
[11,20]. Our work nevertheless showed that the
investigated DIR algorithm was unable to track sub-
stantial (both smaller and larger) volume variations
relative to the VpCT. This was most pronounced
for the bladder with the Vmanual/VpCT being up
to 44% larger than Vprop/VpCT. For intensity-
based DIR algorithms this is a frequently recognised
drawback, which is commonly explained by lack of
image intensities to track organ volume elements
[3,4,6,7,14].

Previous performance evaluation of DIR as
applied to contour propagation has usually involved
volumetric measures evaluating the agreement with
manually delineated contours using similarity mea-
sures and/or landmarks [3,6,7,14]. Some investiga-
tions have complemented such evaluations with a
qualitative clinical judgement of the agreement

Table IV. Linear correlations (R?) between the dose/volume-based measures and the quantitative and qualitative measures. *p =0.05.

Rectum

Bladder

| Vprop-Vmanual |/ |Vmanual-

| Vprop-Vmanual l/ | Vmanual-

R? DSC Vmanual VpCT Y% pCT Qualitative DSC Vmanual VpCT l/ VpCT  Qualitative
gEUDdiff (Gy)  0.49* 0.15 0.11 0.47* 0.23 0.83* 0.61%* 0.58*
V70diff (%) 0.45%* 0.13 0.09 0.32 0.22 0.62* 0.32 0.56*
Dmeandiff (Gy)  0.46* 0.63* 0.76* 0.48 0.14 0.32 0.08 0.46*
DVHGAiff (%) 0.79* 0.83* 0.85% 0.70* 0.39 0.81* 0.59% 0.74*
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Figure 1. The linear correlation between two of the dose/volume-based measures (Rectum: DVHJiff; Bladder: gEUDJiff) and the
volume variations related to the DIR quality (|Vpr0p—Vmanual |/Vmanual) or the actual volume variation (|Vmanual—VpCT |/VpCT) for

the rectum (left) and the bladder (right).

between propagated contours and the anatomy
[3,6,7]. In both of our previous studies a trend in
association between the DSC and the clinical scoring
was observed for both the rectum [6] and the bladder
[6,7], with a high DSC value corresponding to a
larger agreement with the anatomy compared to a
low DSC value. In the current study significant
correlations were found between these two measures
and the majority of the applied dose/volume para-
meters for the rectum. For both the rectum and the

& Vmanual

Relative volume (%)

~. _— Vprop

0 20 0 50

Dose (Gy)

Relative volume (%)

bladder the strongest correlations with the dose/vol-
ume parameters were however obtained using the
actual volume difference (rectum), the measure,
different from the DSC, that described the volume
difference between the manually delineated and
the propagated volumes or with the qualitative
measure (for both rectum and bladder).

In conclusion we have documented limitations in
the intensity-based DIR algorithm that resulted in
relatively large individual differences in dose/volume
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Figure 2. An illustration of the association between the quality of the DIR and the resulting differences in the DVH for the bladder.
Referring to the upper right plot in Figure 1, the two patients shown here are the patients with the largest (left), respectively the
smallest (right) DIR quality related volume variations (|Vprop-Vmanual |/'Vmanual =0.30 and 0.01, respectively) and gEUDdJiff
(gEUDJiff = 1.94 and 0.47). For both patients, the scan shown is the scan with values of the DIR quality related volume variations closest

to the median.
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parameters between propagated and manually seg-
mented volumes. These differences were significantly
correlated with qualitative and quantitative measures
of the DIR performance such as the volumetric dif-
ference between the manually delineated and the
propagated volumes, with the strongest associations
observed for the rectum.
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