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Purpose: 3D optical surface imaging has been applied to patient positioning in radiation therapy
(RT). The optical patient positioning system is advantageous over conventional method using cone-
beam computed tomography (CBCT) in that it is radiation free, frameless, and is capable of real-time
monitoring. While the conventional radiographic method uses volumetric registration, the optical
system uses surface matching for patient alignment. The relative accuracy of these two methods has
not yet been sufficiently investigated. This study aims to investigate the theoretical accuracy of the
surface registration based on a simulation study using patient data.

Methods: This study compares the relative accuracy of surface and volumetric registration in
head-and-neck RT. The authors examined 26 patient data sets, each consisting of planning CT data
acquired before treatment and patient setup CBCT data acquired at the time of treatment. As input
data of surface registration, patient’s skin surfaces were created by contouring patient skin from
planning CT and treatment CBCT. Surface registration was performed using the iterative closest
points algorithm by point—plane closest, which minimizes the normal distance between source points
and target surfaces. Six degrees of freedom (three translations and three rotations) were used in both
surface and volumetric registrations and the results were compared. The accuracy of each method
was estimated by digital phantom tests.

Results: Based on the results of 26 patients, the authors found that the average and maximum
root-mean-square translation deviation between the surface and volumetric registrations were 2.7 and
5.2 mm, respectively. The residual error of the surface registration was calculated to have an average
of 0.9 mm and a maximum of 1.7 mm.

Conclusions: Surface registration may lead to results different from those of the conventional volu-
metric registration. Only limited accuracy can be achieved for patient positioning with an approach
based solely on surface information. © 2014 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4898103]

Key words: surface registration, optical surface imaging, patient setup, patient positioning, radio-
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1. INTRODUCTION

Recently, ceiling mounted 3D optical surface imaging (OSI)
devices have been applied to patient setup in radiation ther-
apy (RT). The patient surface data are registered (matched) to
a surface model captured in the simulation room or contoured
from computed tomography (CT) data. Compared with the
conventional method of radiographic imaging for patient
setup, OSI has the advantages of being radiation free and
providing continuous, near real-time data.! The OSI systems
have been investigated to replace invasive stereotactic frames
for stereotactic radiosurgery (SRS).'”> The representative
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systems of OSI-guided RT are AlignRT (VisionRT Co.,
England)* and Sentinel (C-RAD Co., Sweden).> These sys-
tems allow continuous noninvasive real-time patient motion
monitoring.

Some research has reported on the clinical outcomes and
the accuracy of OSI when it is applied in RT. Nath et al.®
and Pan et al.,’ investigated the clinical outcomes of frame-
less surface imaging guided radiosurgery to treat brain metas-
tases. They concluded that the resultant accuracy of OSI is
comparable to that of conventional frame-based stereotactic
radiosurgery, but with greater patient comfort. Other groups
have investigated the feasibility of OSI for breast and prostate
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RT.%? Cervino et al. validated that OSI system accuracy was
within 1 mm in displacement and 1° in rotation compared
with an infrared optical tracking system.!® Similar results
were found in the research of Peng et al. through compar-
ison with the Elekta kV cone-beam CT (CBCT) and the Var-
ian frameless SonArray.!! Li et al. showed the OSI accuracy
was improved with a patient-specific head mold and a dental
mouthpiece in a 1D phantom test.'”> However, these studies
rely on a phantom test or a limited number of subjects or
focus only on the feasibility of clinical applications of OSI.
Recent research on the OSI accuracy using patients can be
found in Refs. 13-16, which argue OSI may reduce CBCT
scan frequency for patient setup where tumor location is fixed
relative to the surface although interfraction error is relatively
large. Here, we evaluate the accuracy of surface registration
by comparing registration results with that of a conventional
volumetric registration method for 26 head-and-neck cases
based on simulation experiments. The simulation study using
RT patients can estimate the surface registration’s theoret-
ical accuracy compared to the volumetric registration without
additional error factors. This research provides an objective
assessment of the accuracy of patient positioning based on
surface information and sheds useful insight into the validity
of surface imaging in radiation therapy.

2. METHOD
2.A. General description

In order to compare surface and volumetric registration,
we investigated retrospective 26 sets of planning CT and
CBCT data for head-and-neck RT. The CBCT data were ac-
quired on a Varian TrueBeam Linac (Varian Medical Sys-
tems, Palo Alto, CA)!” with tube current of 20 mA at 80 kVp,
and the patient was fixed with an immobilization mask. Ac-
cording to the study of Stieler et al.,'® there was no signifi-
cant difference of error among head-and-neck, thoracic, and
pelvic targets in OSI-based patient setup for RT. For each set
of data, one CBCT acquired in the course of their treatment
was registered to the planning CT data using both volumetric
and surface registration algorithms. The output of these regis-
tration algorithms is a set of translations and rotations that
aligns the two data sets. By examining the level of agree-
ment between the two registration approaches, we are able to
assess the accuracy of surface registration.

Surface data were extracted from the CT and CBCT by
using the contouring module of Eclipse treatment planning
system (Varian Medical Systems, Palo Alto, CA).!” We ex-
tracted the body surface underneath the immobilization mask
using thresholding and morphological image processing such
as erosion. The extracted surface is carefully examined visu-
ally to make sure it matches the true body surface. The source
objects for volumetric and surface registrations were, respec-
tively, the CBCT (V) and the corresponding surface (Sg).
The planning CT and the surface extracted therefrom were
used as the target volume (Vi) and target surface (Sy). The
calculated transformations [Ty = (fyiat: fo,verts fv,longs Fo,pitchs
Tu.rots Tv.roll) fOr volumetric registration and T's = (¢ 1at s, verts
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Is,longs Tspitchs T's;rot Ts,roll) for surface registration] consist
of three translations (lateral, vertical, and longitudinal) and
three rotations (pitch, rotation, and roll). The pitch, rotation,
and roll are rotations about the lateral, vertical, and longi-
tudinal axes, respectively. Figure 1 depicts the surface and
volumetric registrations with sample data and a flowchart.

2.B. Surface registration

One of the most popular and robust algorithms of sur-
face registration is the iterative closest point (ICP).'%!° The
ICP algorithm iteratively revises the transformation to mini-
mize the difference between two point clouds. The ICP based
on point—plane closest method!®?° minimizes the distance
between the source points and the target surface with the

V=T,V

Planning CT CBCT
Body extraction v, V..
Strga Ssrc *

Volumetric regi.
- Initial transformation
with overlay views
- Region of interest

Surface registration

- Noise removal, Clipping

- Initial transformation

- Iterative closest point - Rigid registration by
by point-plane closest mutual information

! !
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Fig. 1. (a) Surface registration. Sg.: source surface from planning CT,
Sug: target surface from treatment CBCT, Sj.: transformed source surface
calculated by surface registration, T's: transformation matrix calculated by
surface registration, (b) Volumetric registration. Vg.: source volume data
from planning CT, Vy,: target volume data from treatment CBCT, V. trans-
formed source volume data by volumetric registration, T',: transform matrix
by volumetric registration, and (c) Flowchart of the surface and volumetric

registrations.
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normal vectors. The error function E shown is given by
E=)"[(Rpi+t-g)-nil’, )
i

where p;: source points, g;: target points, R: rotation matrix,
t: translation vector, and n;: normal vectors.

Linear least-squares function is iteratively minimized to
obtain the transformation 7. At each iteration, the trans-
formation parameters (Z,1ae, s, verts Is,long, T's,pitchs T's,rots T's,roll)
are estimated and transformed by solving the least-squares
problem. We implemented the ICP based on point—plane
closest method by modifying the surface registration module
of the open source toolkit VTK.?! The initial transformation
is defined by a set of three pairs of input points defined by
the user. The implemented ICP algorithm then automatically
calculates the optimal transformation 7. S is transformed
by applying T'; to match with S, as illustrated in Fig. 1(a).
Some portions of the surface, such as nostril and mouth, were
removed with a mesh editing software RapidForm (3D Sys-
tems, Rockhill, SC)?? to reduce unnecessary segmentation er-
ror and noise in registration. The posterior side of the surface
was deleted because the 3D optical scanner on the ceiling
can capture only the anterior side of the patient in common
OSI-based IGRT.

2.C. Volumetric registration

While only the points and normals on the surface are used
for surface registration, intensity information of all voxels
in volume images contributes in volumetric registration. We
employed 3D Slicer?®?* for rigid volumetric registration. The
volumetric registration of V. to Vi, consists of the follow-
ing steps: (1) Loading of multivolume images; (2) Manual
transformation in overlay views for initial transformation; (3)
Definition of ROI (region of interest) for Vi.; and (4) 10
setting and execution of rigid registration. By maximizing the
mutual information?32¢ between CBCT and CT images, the
registration algorithm yields six transformation parameters,
T, (ty 100 Lo, verts L, long> T'v, pitchs ¥'v,rot> Ty, roll)-

2.D. Digital phantom tests

To ensure the performance of the surface and volumetric
registration methods, we performed three digital phantom tests
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and measured the resultant registration errors of the algo-
rithms. First, we transformed a sample patient’s surface (ex-
tracted from the planning CT) with known transformation
parameters [left panel of Fig. 3(a)]. Transformation parameters
were then computed using the registration algorithm described
in Sec. 2.B and compared with the known values. As the sec-
ond test, we simulated a treatment CBCT surface by truncating
upper and lower parts beyond the viewing volume of the CBCT
and applying a known transformation [right panel of Fig. 2
and left panel of Fig. 3(b)]. This surface was then registered
to the unchanged surface and the results were compared. All
surface modifications were made in RapidForm.22 Third, as a
test of volumetric registration algorithm, we simulated a sam-
ple source volume by transforming a planning CT with known
parameters. The rigid volumetric registration results obtained
using the method described in Sec. 2.C were then compared
with the known values.

2.E. Agreement between the surface and volumetric
registrations

We processed data for 26 head-and-neck patients, each con-
sisting of a planning CT and a pretreatment CBCT. Both sur-
face and volumetric registrations were carried out for each
case and the resultant registration parameters, T’y and T, were
compared. The root-mean-square (RMS) differences between
two sets of translation parameters of T and T,

D= \/Atlat2 + Al‘longz + Atvel‘t2 2)

are computed. In addition, to assess the accuracy of surface
registration, we measured the residual error by averaging the
minimum distances between Sy, and Sy.. For every point of
Sgre, the minimum distance to Sy, is computed by projecting
the point’s normal vector to Sy, The residual error indicates
how closely the two surfaces are matched after registration.

3. RESULTS

The implemented ICP algorithm for surface registration
provided the optimal transformation parameters for register-
ing S and Sy within 100 ms on a PC with Intel i7 3.40 GHz
CPU and 12 GB memory. This rapid computation suggests
that the surface registration can be used for monitoring or

Fic. 2. Digital phantom test data for the surface registration method: (a) a target surface from a sample patient’s planning CT data and (b) a simulated CBCT
source surface created by truncating and transforming the target surface in RapidForm (Ref. 22).
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Fic. 3. (a) First digital phantom test of surface registration (the sample source
surface was created by transforming the target surface with known transfor-
mation parameters); (b) Second digital phantom test of surface registration
(the target surface is contoured from a patient’s planning CT and the source
surface is created by truncating and transforming the target surface); (c) The
digital phantom test of volumetric registration—the unmatched parts marked
by arrows before the registration (left) were successfully matched after the
volumetric registration (right).

tracking patient motion in real-time during treatment. The re-
sults from our simulation studies and patient case studies are
summarized in the following.
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3.A. Digital phantom tests

Surface registration of a testing surface with the corre-
sponding transformed surface reproduced the known trans-
formation parameters with an accuracy better than 0.001 mm
or 0.001°. In the second simulation test, similar success was
accomplished for the five independent tests. With an in-
tended transformation of Ts (g 1ae ts,verts Ls,longs T's,pitch> F's,rots
o) = (—2.0, 2.0, — 1.0, —1.0, 1.0, —2.0), for example, our
ICP technique yielded transformation parameters of (—1.93,
1.98, —1.04, —-0.98, 0.97, —2.01). The RMS error of transla-
tion was found to be 0.08 mm. A negligible residual error of
0.01 mm was found after the surface registration. The first
and second surface registrations using digital phantoms are
shown in Figs. 3(a) and 3(b), respectively.

The digital phantom tests of the volumetric registration also
indicated that the submillimeter accuracy is achievable. For a
testing transformation of T, (tv,lat’ Ty, verts Lv,longs Vv, pitchs 7v,rots
Foroll) = (=2.0, 2.0, —1.0, —1.0, 1.0, —2.0), for example, the
resultant volumetric registration algorithm yields T, = (—1.93,
1.99, —1.03, —1.00, 0.97, —2.00). The corresponding RMS
error of translation is 0.07 mm. Figure 3(c) shows the overlaid
images of the source and target volume before and after the
simulation test. It is seen that the unmatched parts (marked in
arrows) before the registration were successfully matched after
the volumetric registration in Fig. 3(c).

3.B. Comparison between surface registration
and volume registration

As the main results of this study, Figs. 4 and 5 show the
differences between the surface registration (7'5) and the volu-
metric registration (T,) parameters for 26 patients. Figure 4
shows the deviation [VT = (T, —T,)] of the surface registra-
tion from the volumetric registration for all translation and
rotational parameters. The average and standard deviation of
VT’s each parameter are as follows: Vi,;=—-0.1+1.4 mm,
Vterr==0.5+£2.2 mm, Vtj5=0.3+1.7 mm, Vrpien=-0.3
+0.9°, Vi =0.1£0.5° and Vro; = 0.5+ 0.9°. Figure 5 shows
the RMS error between T and T,, and the residual error

Error between surface and volume regi. [mm, deg.]

1 1 1

Vit e Vten Vit iong VT pitch VT Vo
Transformation parameters
Fic. 4. Deviations of the surface registration compared to the volumetric registration, where VI' = (Ts — T,), (Vtias Vivers Vtiong Vpitchs Vot V7roll)

= (ts,lal - tu,lat’ ts,verl - tu,verb ls,long -

t,longs Vs, pitch — v, pitchs 7's,rot = T'v,rot V's,long = T'v,long)- The central box represents the central 50% of the data (its

lower and upper boundary lines are at the 25% and 75% quantile). The central line in the box indicates the median of the data, and the cross marks are the outlier

data.
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Fic. 5. (a) RMS error of translation between the surface and volumetric
registrations and (b) residual error of surface registration.

of the surface registration. The average RMS of the transla-
tional error between T'; and T', was found to be 2.7 mm, while
the maximum RMS error was 5.2 mm. The residual error of
the surface registration was calculated to have an average of
0.9 mm and a maximum of 1.7 mm.

4. DISCUSSION

In this study, we compared quantitatively the patient posi-
tioning based on surface registration and volumetric regis-
tration. Our study indicates that considerable difference be-
tween the surface registration (7'5) and the volumetric regis-
tration (T,) could occur. As shown in Fig. 5, although the
median values are found to be about zero, the average RMS
deviation for translation is 2.7 mm and the worst scenario
could be 5.2 mm. It is interesting to point out that error in the
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vertical direction (anterior—posterior) is usually the largest,
probably because only the front part of the patient data was
used in surface registration. These results stand in contrast to
research reported in Refs. 10—12, probably because previous
studies of OSI evaluation are largely phantom studies in ideal
environments. Recent patient studies showed similar accu-
racy errors in OSI patient setup, suggesting the OSI should
be carefully used because of the relatively large interfraction
variability.!3'® According to the study of Betgen et al.,'? in-
terfraction systematic and random errors are 2.0-5.0 mm and
0.9-2.2 mm for translation and between 0.08° and 1.56° for
rotation. Pallotta et al.'* reported mean absolute differences
of 2—4 mm in translations and 1°-2° in rotations between OSI
and CBCT. Our simulation results are similar level with the
previous research’s results using the real OSI systems, thus
we can conclude that the surface registration for interfraction
patient setup has such inevitable uncertainties compared to
the volumetric registration.

In RT patient setup using surface or volumetric imaging,
there are many possible errors due to changes in the patient’s
body shape between planning and treatment. To further inves-
tigate this issue, we show some snapshots of the registra-
tion results. Figure 6 shows the overlay images of planning
CT and treatment CBCT for two patients after volumetric
registration. The arrows indicate some salient body shape
differences between the two different time points of plan-
ning and treatment. Figure 7 shows the shape differences of
the patient’s body after the surface registration. Even though
the surface registration found the best match between the
planning and treatment surfaces, mismatched regions inside
the patients may appear because of the anatomy changes of
the patients. The cause of error between Ty and T, may be
largely attributed to two sources. First, the posture of the pa-
tient may change significantly from the planning CT scan and
the treatment, as shown in Figs. 6 and 7. Second, the patient
may experience significant weight loss during the treatment

(Patient #1)

FiG. 6. Overlapping sectional images of planning CT and treatment CBCT after volumetric registration for two patients. Red arrows indicate the salient changes
that have occurred in the volume during radiation treatment for head-and-neck cancer.

Medical Physics, Vol. 41, No. 12, December 2014
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Front view
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Back view

Fic. 7. Color-mapped surface of a patient’s body after surface registration according to the distance error. The arrows indicate error regions between source and

target surfaces due to shape changes.

period. Lee et al. reported a median weight loss of 3.3%
between the start and completion of treatment, with a daily
weight loss ranging between 0.15% and 0.22%.%” Because
weight loss can change the external shape of body, especially
on the neck, the patient’s body surface at treatment can differ
from that of planning CT. As surface registration considers
only the external shape of the body while the volumetric
registration includes intensity information of internal anat-
omy, weight loss is likely to have a more pronounced effect
on surface registration.

In general, OSI has certain advantages over conventional
techniques. However, it seems that its accuracy is guaranteed
only if special measures are taken to avoid the potential pitfalls
of the approach. To improve the repeatability of patient setup,
for instance, Li et al. utilized a patient-specific head-and-neck
support mold by CDR Systems>® and a dental mouthpiece.'?

The simulation study allows us to quantify the theoret-
ical accuracy of the surface registration method. It is worth
to mention that the surfaces used for registration in this study
were not obtained from an OSI system such as VisionRT
(Ref. 4) or Sentinel’ but rather extracted from CBCT data using
contouring software. Further study will be useful to demon-
strate the accuracy in using the CBCT-extracted skin surface to
represent that from an OSI. The results in this study might also
be influenced by CBCT’s limited field of view, imaging param-
eters, and reconstruction methods. The conventional method
of volumetric registration, used as a reference, may also have
intrinsic uncertainty. According to the research of Pallotta et al.
using the thorax and pelvic regions,' there was no change in
using the extracted surface from the planning CT as a refer-
ence (or target surface) instead of the surface from the OSI,
which indicates that the difference between the extracted sur-
face and OSI's surface is negligible. Pallotta et al. reported the
observed difference between them was not statistically signif-
icant (pelvis p =0.21 and thorax p =0.68).

5. CONCLUSION

From our simulation study using 26 head-and-neck RT pa-
tients, we conclude that surface registration may lead to results
different from that of the conventional volumetric registration.

Medical Physics, Vol. 41, No. 12, December 2014

Caution should thus be taken in using an OSI system as the
sole modality for patient setup in head-and-neck RT. Addi-
tional measures are useful to ensure the accuracy of OSIin RT
patient setup.
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