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Abstract

Purpose: Re-planning for four-dimensional computed tomography (4DCT)-based
lung adaptive radiotherapy commonly requires deformable dose mapping be-
tween the planning average-intensity image (AVG) and the newly acquired AVG.
However, such AVG-AVG deformable image registration (DIR) lacks accuracy as-
sessment. The current work quantified and compared geometric accuracies of
AVG-AVG DIR and corresponding phase-phase DIRs, and subsequently inves-
tigated the clinical impact of such AVG-AVG DIR on deformable dose mapping.
Methods and Materials: Hybrid intensity-based AVG-AVG and phase-phase
DIRs were performed between the planning and mid-treatment 4DCTs of 28
non-small cell lung cancer patients. An automated landmark identification al-
gorithm detected vessel bifurcation pairs in both lungs. Target registration error
(TRE) of these landmark pairs was calculated for both DIR types. The correlation
between TRE and respiratory-induced landmark motion in the planning 4DCT
was analyzed. Global and local dose metrics were used to assess the clinical
implications of AVG-AVG deformable dose mapping with both DIR types.
Results: TRE of AVG-AVG and phase-phase DIRs averaged 3.2 £ 1.0 and
2.6 £ 0.8 mm respectively (p < 0.001). Using AVG-AVG DIR, TREs for landmarks
with <10 mm motion averaged 2.9 + 2.0 mm, compared to 3.1 + 1.9 mm for the
remaining landmarks (p < 0.01). Comparatively, no significant difference was
demonstrated for phase-phase DIRs. Dosimetrically, no significant difference in
global dose metrics was observed between doses mapped with AVG-AVG DIR
and the phase-phase DIR, but a positive linear relationship existed (p = 0.04)
between the TRE of AVG-AVG DIR and local dose difference.

Conclusions: When the region of interest experiences <10 mm respiratory-
induced motion, AVG-AVG DIR may provide sufficient geometric accuracy;
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1 | INTRODUCTION

Recent advances in radiotherapy (RT) have en-
abled the use of highly conformal treatment plans.1'2
However, over the treatment course, patient's breath-
ing pattern can change,3 and the tumor and normal
tissue can change in volume, shape, and position in
response to the treatment.* As a result, the original
treatment plan may not be optimal to deliver the pre-
scribed dose, potentially leading to tumor underdosing
and healthy tissue overdosing. To account for these
changes over the treatment course, the treatment plan
must be adapted to the new anatomy as previous stud-
ies have demonstrated improved clinical outcomes
with lung adaptive RT.5® The goal of adaptive RT is to
maintain target coverage and normal tissue sparing by
re-optimizing the treatment plan, based on the most
recent imaging data that reflect setup differences,
patient anatomy changes, and tumor response.7'8 An
essential part of adaptive RT workflow is to consider
the dose received in the initially completed fractions
in the dose optimization based on the newly acquired
planning image.9

In many RT practices for non-small cell lung can-
cer (NSCLC), four-dimensional computed tomography
(4DCT) is used for treatment planning to account for
respiratory-induced motion during beam deIivery.10
Composed of 3-dimensional CT images acquired over
full breathing cycles, a 4DCT is usually binned into 10
breathing phases, ranging from end-inhalation phase
(TO) to mid-ventilation phase (T3) to end-exhalation
phase (T5)."" An average-intensity image (AVG) can
also be created by averaging pixel intensity values
of all breathing phases of a 4DCT, and many lung
RT practices calculate the radiation dose for treat-
ment planning using AVG because it is composed of
the average density seen at each voxel location,'?
which allows the delineation of the internal target vol-
ume, comprising of individual target volumes at all
phases.15'17 The current NRG lung template mandates
that dose calculation is performed on AVG for free
breathing lung cases.'

During plan adaptation, calculation of the composite
dose requires the dose distribution on the AVG of the orig-
inal planning 4DCT to be mapped onto the dose distribu-
tion on the AVG of the newly acquired 4DCT."® This dose
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conversely, extra attention is warranted, and phase-phase DIR is recommended.
Dosimetrically, the differences in geometric accuracy between AVG-AVG and
phase-phase DIRs did not impact global lung-based metrics. However, as more
localized dose metrics are needed for toxicity assessment, phase-phase DIR
may be required as its lower mean TRE improved voxel-based dosimetry.

4DCT, adaptive radiotherapy, deformable image registration accuracy, non-small cell lung cancer

mapping can be achieved with deformable image registra-
tion (DIR) between the associated AVGs (AVG-AVG DIR).

Intuitively speaking, accurate DIR is the prerequi-
site for accurate dose deformation for plan adaptation,
and for 4DCT-based NSCLC treatment planning, it is
important to quantify the uncertainty in DIR between
the primary and adaptive 4DCTs. Although numerous
studies have evaluated the accuracy of intra-4DCT
DIR (e.g. between TO and T5),2%2* very limited num-
ber of studies investigated the accuracy of inter-4DCT
(phase-phase) DIR to analyze the effect of longitudi-
nal anatomic changes over the course of RT.%° The
RTOG 1106 trial implemented AVG-based planning
for free-breathing treatments and rigidly registered
the original and mid-treatment AVGs for dose propa-
gation because the uncertainty of AVG-AVG DIR was
unknown.2® Therefore, the current work evaluated the
accuracy of AVG-AVG DIR to provide the uncertainty
within this adaptive treatment planning workflow for
NSCLC.

In this study, the geometric accuracy of AVG-AVG
DIR was quantified using corresponding anatomic land-
marks and was subsequently compared with the geo-
metric accuracy of DIR between corresponding phase
pairs of the 4DCTs. The accuracy of AVG-AVG DIR and
phase-phase DIR was also evaluated with respect to
landmark motion observed for each patient during stan-
dard respiratory motion at the planning stage. Finally,
by evaluating the dosimetric impact of such geometric
accuracy, implications of AVG-AVG deformable dose
mapping for adaptive re-planning were investigated
and the associated clinical guidelines were provided.

2 |
21 |

METHODS AND MATERIALS
Patient data

The original planning 4DCT and a mid-treatment
4DCT (approximately four weeks into treatment to
mimic an adaptive RT setting) were retrospectively
evaluated for 28 randomly selected patients, who
were previously treated with intensity-modulated RT
under an Institutional Review Board—approved ran-
domized clinical trial for locally advanced NSCLC."
Weekly 4DCTs, 6-8 per patient, were acquired
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during the treatment course for motion and target re-
assessment. These 4DCTs were acquired with voxel
size of 0.98 x 0.98 x 2.5 mm? using the Discovery CT
system (General Electric Healthcare, Waukesha, WI)
with 120 kVp, operated in cine mode. Patient surface
motion was monitored by Varian's Real-time Position
Management Respiratory Gating (Varian Medical
Systems, Palo Alto, CA).?’

2.2 | Hybrid intensity-based DIR

The DIR algorithm used for this evaluation was
ANACONDA (ANAtomically CONstrained Deformation
Algorithm), a hybrid intensity—based DIR algorithm
commercially available in RayStation v9 (RaySearch
Laboratories, Stockholm, Sweden).?’ The image reg-
istration process is as follows. Prior to image deforma-
tion, reference and target images are rigidly registered
based on image similarity measured over all voxels
that are enclosed by the external body contours in both
images. The optimization process of ANACONDA is
based on image similarity as measured by a correla-
tion coefficient and is solved by a quasi-Newton algo-
rithm.2° This process is regularized by minimizing the
Dirichlet energy of the generated deformation vector
field (DVF). DVF smoothness is maintained by penaliz-
ing large shape deviations of regions of interest (ROIs)

2.3 | Quantitative metrics for DIR
accuracy assessment

2.31 | Dice similarity coefficient

American Association of Physicists in Medicine Task
Group 132 recommends metrics including Dice similar-
ity coefficient (DSC) and target registration error (TRE)
for validation of DIR accuracy. DSC is a measure of

overlap between the ROI in the reference image and
the same ROI in the deformed target image:

DSC = 2 (Vgeformed N Vreference)

: ™

Vdeformed + Vreference

where v, .. ..., is the volume of the deformed ROI and
Virerence 19 the volume of the reference ROI.*® DSCs of
lung contours across all DIRs were obtained.

2.3.2 | Target registration error

Unlike DSC, which focuses on the alignment of the
organ contour, TRE addresses the internal alignment
of images. TRE is defined as the three-dimensional
Euclidian distance between a landmark's position in the
deformed target image and its location in the reference
image:

2

2 2
TRE = \/(Xdeformed - Xreference) + (y deformed ~ Y| reference) + (Zdeformed - Zreference) ’ (2)

defined in the reference image, and invertibility is
checked by the determinant of the Jacobian. When the
optimization process is constrained by user-delineated
organ contours in both reference and target images,
such geometric information makes the ANACONDA
method hybrid.

In the current work, rigid registration was first es-
tablished between the planning AVG and the mid-
treatment AVG, focusing on bone and tumor regions
and discarding rotations to mimic the daily kilovolt
alignment. With ANACONDA, TO0, T3, T5, and AVG
of the mid-treatment 4DCT were registered to their
counterparts of the planning 4DCT (as the reference
image). Left and right lung boundaries were manu-
ally contoured in each image pair to guide the DVF
as controlling ROls. The rigid and deformable reg-
istrations were systematically performed through
RayStation scripting. For each registration, the re-
sults were qualitatively assessed via image fusion
of the deformed target image and the reference
image with a focus on the bronchial and vascular
alignment, per recommendation of the American
Association of Physicists in Medicine (AAPM) Task
Group 132.28

where x, y, and z are the Cartesian coordinates in the
reference image space. In the current work, vessel bifur-
cations were used as landmarks because of their abun-
dance in the lungs and high contrast against air-like lung
tissue. Landmark pairs were identified on corresponding
phases (T0O, T3, and T5) of the planning 4DCT and the
mid-treatment 4DCT. These landmark pairs were over-
laid onto the AVGs of the corresponding 4DCTs to as-
sess the accuracy of AVG-AVG DIR, given that the AVG
comprises all phases and exists in the same image space
with phases of the same 4DCT. As a result, TRE of each
landmark pair was computed for AVG-AVG DIR and
phase-phase DIRs (TO-TO DIR, T3-T3 DIR, or T5-T5
DIR).

2.4 | Automatic landmark
identification method

Manual landmark identification is a cumbersome pro-
cess that could introduce uncertainties such as inter-
observer variability. For the current work, the following
in-house fully-automatic landmark identification work-
flow was used.* By thresholding the reference and
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target images, vessels on these images were automati-
cally segmented, through which the centerlines could
be extracted and the bifurcations on the centerlines
detected using the neighbors’ count. The segmented
vessels on the reference and target images were then
registered via a separate intensity-based Demons
DIR algorithm,®' after which bifurcations <4 mm apart
after the deformation were considered landmark pairs.
Landmarks in both lungs were automatically identified
on TO pairs, T3 pairs, and T5 pairs. This workflow has
been previously validated against 10 pairs of TO/T5
lung 4DCTs, each with 300 manually identified land-
mark pairs (DIR-Lab, http//www.dir-lab.com) and 10
pre-/post-RT pairs of liver contrast-enhanced CTs with
five manual landmarks each.

In the current work, the automatic workflow was also
validated against manually identified landmarks in the
ipsilateral lung from a random subset of 10 patients.
Compared with the contralateral lung, the ipsilateral
lung could inherently exhibit larger anatomic changes
between the two 4DCTs owing to tumor response. For
the validation, 16 anatomic landmark pairs were man-
ually identified at vessel bifurcations in the ipsilateral
lung in TO pairs. These landmarks were uniformly dis-
tributed along the superior-inferior direction of the lung
to potentially cover a wide range of respiratory motion
exhibited by different regions of the lung.>3? The same
16 landmark pairs were then re-identified in the T3

-
]
FIGURE 1 Manual landmark
identification process to validate the
automatic landmark workflow. The
planning four-dimensional computed
tomography (4DCT) and the mid- *

treatment 4DCT are shown. Coronal
views of the end-inhalation phase (T0),
mid-ventilation phase (T3), and end-
exhalation phase (T5), as well as the
average-intensity image (AVG), are shown
in the left column. Simplified cartoons of
the two 4DCTs are shown on the right.
Deformable image registrations (DIRs)
were established between corresponding
phases and AVGs of the two 4DCTs. A
landmark at the lower vessel bifurcation
in the right lung was identified with
different colors in different phases. The
landmark's locations in these phases
were transferred onto the AVG of each
corresponding 4DCT

A0

r"\.
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pairs and T5 pairs. Each landmark (position) was then
directly copied to the AVG pairs, the same way as in
the automatic workflow. In total, for each 4DCT set, 16
landmarks were identified in each of the three phases,
and three variations of these 16 landmark positions (48
total) were identified in the AVG. The above process
is described in Figure 1. Linear regression was used
to compare mean TRE values from each phase-phase
DIR of manual landmarks against the mean TRE val-
ues of automatic landmarks.

2.5 | Landmark-based DIR accuracy
measurement

2.51 Comparison of geometric accuracy
between AVG-AVG DIR and phase-
phase DIRs

The TRE of each landmark pair from TO-TO DIR, T3-
T3 DIR, T5-T5 DIR, and AVG-AVG DIR was obtained
for all 28 patients. Paired Student's t-test was used
to compare TRE of AVG-AVG DIR and TRE of TO-
TO DIR, based on TO-TO landmark pairs, and such
comparison was repeated for T3-T3 landmark pairs
and T5-T5 landmark pairs. The same statistical test-
ing was also used for comparisons among the phase-
phase DIRs.

Mid-treatment

=
R

Planning

7

0N

TO %

: €3
AVG @
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2.5.2 | Effect of breathing motion

For each patient, respiratory-induced landmark breath-
ing motion was represented by the displacement of land-
marks under hybrid intensity-based DIR between T5
(reference exam) and TO of the planning 4DCT, with both
lungs as controlling ROI. Assuming TREs of landmark
pairs in the AVG pair and corresponding phase pairs fol-
low a Gaussian distribution, we used linear regression to
quantify the effect of landmark breathing motion on TRE
for AVG-AVG DIR and T5-T5 DIR. A more simplified
comparison was made in which these landmarks were
divided using a cutoff of motion magnitude of 10 mm,
and a two-sample unequal variance t-test was used to
compare the average TRE values for landmarks that
showed at least 10 mm motion and those that showed
<10 mm motion, for both AVG-AVG DIR and T5-T5 DIR.

2.5.3 | Clinical impact of DIR geometric
accuracy on dose mapping

Hybrid intensity-based DIR was established be-
tween AVGs and between T5s (from planning to
mid-treatment) with both lungs as controlling ROls.
Accordingly, the original planned dose on AVG, cal-
culated with RayStation's default uniform dose grid of
3 mm, was deformed to the mid-treatment 4DCT to
simulate adaptive RT with both AVG-AVG DIR and T5-
T5 DIR (warranted by AVG and phase existing in the
same image space). For the ipsilateral lung, multiple
linear regression was performed to correlate AVG-
AVG DIR TRE, along with several planning metrics, to
the absolute difference in mean lung dose (MLD) be-
tween the planned dose deformed with AVG-AVG DIR
versus with T5-T5 DIR, and the absolute difference in
the volume of lung receiving at least 20 Gy (V,,) be-
tween the planned dose deformed with AVG-AVG DIR
versus with T5-T5 DIR, as clinical endpoints. The plan-
ning metrics include gross tumor volume (GTV) motion
in the superior-inferior direction, GTV volume inside
lung, GTV center of gravity to diaphragm, diaphragm
breathing motion in the superior-inferior direction, GTV
dose homogeneity index (DHI) (concept proposed by
Ding et al.®3), DHI of normal lung (lung excluding GTV),
and percent of primary tumor volume (PTV) in normal
lung. In addition, the dose discrepancy on a voxel/sub-
regional level was evaluated using the percentage of
landmarks on T5 that had at least 2 Gy absolute dose
difference when the dose distribution was mapped
using AVG-AVG DIR versus T5-T5 DIR.

3 | RESULTS

AVG-AVG DIR and phase-phase DIR were suc-
cessfully performed for all patients. On average,

654 + 162, 603 + 186, and 606 + 194 landmarks were
identified on each patient's TO, T3, and T5 pairs re-
spectively. The average DSC of left and right lung
contours combined was 0.95 + 0.02 for AVG-AVG
DIR and 0.93 + 0.03 for all phase-phase DIRs. AAPM
Task Group 132 considers DSC of 0.80-0.90 satis-
factory within the contouring uncertainty of the struc-
tures.?® Therefore, according to this metric, the DIRs
were deemed successful.

31 | Validation of automatic landmark
identification workflow

For 10 randomly selected patients, 16 landmarks were
manually identified where they were uniformly distrib-
uted along the superior-inferior direction within the ipsi-
lateral lung. TREs of these landmarks were compared
against those of the automatic landmarks for each
phase-phase DIR (Figure 2). With a slope of greater
than 1.0, the automatic method consistently reported
a larger TRE compared with the manual method (aver-
age TRE 2.5 + 0.9 mm for automatic compared with
2.4 £ 1.7 mm for manual). However, the coefficient of
determination was 0.8, and the averaged difference
between the two methods was 0.1 mm, substantially
smaller than the largest voxel dimension (2.5 mm). In
addition, the paired Student's t-test showed no statisti-
cal significance (p = 0.55), indicating that the automatic

8-

TRE of auto landmarks [mm]
&

0 r T r T . T .
0 2 4 6 8

TRE of manual landmarks [mm]

FIGURE 2 Target registration error (TRE) differences between
deformable image registration (DIR) across average-intensity
images and DIR across phases for each patient. Each data point
represents a labeled patient. The result of linear regression is TRE
(auto)=0.5 x TRE (manual) +1.4. Coefficient of determination is
0.81
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method was an acceptable substitute for the manual
method.

3.2 | AVG-AVG DIR compared with
phase-phase DIRs

As shown in Figure 3, the mean TRE of TO landmark
pairs was 3.6 + 1.1 mm for AVG-AVG DIR compared
with 2.8 + 0.8 mm for TO-TO DIR (p < 0.001). The
mean TRE of T3 landmark pairs was 3.0 £ 0.9 mm for
AVG-AVG DIR compared with 2.6 £ 0.8 mm for T3-T3
DIR (p < 0.001). The mean TRE of T5 landmark pairs
was 3.0 £ 0.8 mm for AVG-AVG DIR compared with
2.5+ 0.8 mm for T5-T5 DIR (p < 0.001). In total, AVG-
AVG DIR resulted in a mean TRE of 3.2 + 1.0 mm
compared with 2.6 + 0.8 mm for phase-phase DIRs
(p < 0.001). For all patients except one, TRE for AVG-
AVG DIR was higher than TRE for phase-phase DIRs
(for such patient, the TRE for AVG-AVG DIR was
0.07 mm lower than that for TO-TO DIR and 0.03 mm
lower than that for T3-T3 DIR).

3.3 | Geometric impact of landmark
motion on DIR TRE

Respiratory-induced landmark motion was represented
by the displacement of T5 landmarks under T5-T0 DIR
of the planning 4DCT. Linear regressions between
landmark motion and TRE for AVG-AVG DIR as well as

8=

»
1

Mean TRE [mm]
n

FIGURE 3 Boxplots of mean target
registration error (TRE) of the 28 patients.
Each color pair of boxplots represents
the mean TRE of phase pairs for the
corresponding phase-phase DIR and for
AVG-AVG DIR. The standard deviation

of TRE ranged from 1.0 to 3.4 mm (not

N
1
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for T5-T5 DIR both yielded coefficient of determination
values of <0.1. When comparing landmarks grouped
using a cutoff of 10 mm motion, for AVG-AVG DIR, the
mean TRE of T5 landmarks with <10 mm motion was
2.9 £ 2.0 mm compared with 3.1 £ 1.9 mm for T5 land-
marks with at least 10 mm motion (p < 0.001), whereas
for phase-phase DIR, the mean TRE of T5 landmarks
with <10 mm motion was 2.5 + 2.0 mm compared with
2.5+ 1.9 mm for T5 landmarks with at least 10 mm mo-
tion (p = 0.30). Therefore, landmark pairs with at least
10 mm motion had significantly larger TREs than those
with <10 mm motion in AVG-AVG DIR, which was not
observed for phase-phase DIR.

3.4 | Clinical impact of DIR geometric
accuracy on dose mapping

Figure 4 shows for patient #14 the comparison of the
deformed planned dose with AVG-AVG DIR versus T5-
T5 DIR. This patient carried the largest absolute differ-
ence in MLD between the two deformed doses.
Ipsilateral lung planning information for all 28 patients
is shown in Table 1. Multi-linear regression resulted in
non-significant correlations (p > 0.05) when correlating
AVG-AVG DIR TRE as well as clinical planning infor-
mation (columns 3-9) to the difference in global clinical
metrics of MLD and V,, between doses mapped with
AVG-AVG DIR versus T5-T5 DIR (columns 11 and 12).
However, when comparing these two mapped doses
on a sub-regional level, both TRE of AVG-AVG DIR and

@
.
. A
A
A L3
A A
4
[]
L]
AA Ah

shown). *AVG, average-intensity image; 0
DIR, deformable image registration; TO,

end-inhalation phase; T3, mid-ventilation

phase; T5, end-exhalation phase

T T T T T T
AVG-AVG TO-TO AVG-AVG T3-T3 AVG-AVG T5-T5

DIR
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FIGURE 4 This figure shows, for patient 14, deformed doses (left panels) and their difference (right panel) on an axial slice of the
average-intensity image (AVG) of the mid-treatment week. The upper-left and lower-left panels show the deformed planned dose with AVG-
AVG DIR and with T5-T5 DIR respectively. *DIR, deformable image registration; T5, end-exhalation phase

GTV motion reached statistical significance (p = 0.04
and p = 0.01, respectively), and percent of PTV in nor-
mal lung achieved p = 0.06, when correlated against
the metric: portion of T5 landmarks that had at least
2 Gy absolute dose difference (22 Gy%) (column 10).
For this local dose metric, 12 patients achieved at least
10% (at least 10% of total T5 landmarks had at least
2 Gy absolute dose difference). Eleven of these 12
patients met at least one of the following conditions:
TRE larger than 3.0 mm (recommended dose grid size,
per AAPM Task Group 1322%), GTV motion larger than
5.0 mm (AAPM Task Group 764 recommends that re-
spiratory management techniques be considered when
tumor motion is larger than 5.0 mm), or percent of PTV
in normal lung larger than 20%, achieving sensitivity of
0.92. Only 3 of the 16 patients with <10% of =2 Gy%
demonstrated any of these three criteria, achieving a
specificity of 0.81.

4 | DISCUSSION
In the current work, we evaluated the accuracy of
AVG-AVG DIR and compared it with that of DIR be-
tween corresponding phases (TO, T3, and T5) for
4DCT-based treatment planning in NSCLC. Based on
imaging data and landmark pairs from 28 NSCLC pa-
tients, our findings indicated that AVG-AVG DIR has
larger uncertainty, i.e., inferior accuracy, compared with
phase-phase DIR, and that breathing-induced motion
degrades the accuracy of AVG-AVG DIR more than
that of phase-phase DIR.

AAPM Task Group 132 recommends that the target
TRE should be less than the maximum image voxel
size.?® Therefore, given that 4DCTs used in the cur-
rent work were 2.5 mm thick, T5-T5 DIR achieved the
AAPM-recommended target TRE, with mean TRE of

2.5 + 0.8 mm, and thus can be deemed clinically ac-
ceptable. For phases typically subject to larger breath-
ing artifacts,® T3-T3 DIR and TO-TO DIR almost met
the target TRE, with 2.6 £+ 0.8 mm and 2.8 £ 0.8 mm
respectively. However, with an overall mean TRE of
3.2 £ 1.0 mm, AVG-AVG DIR did not meet the un-
certainty recommendation, with more than half of the
lateral resolution (0.98 mm) over the recommended
threshold. In addition, our analysis of the effect of mo-
tion showed that large landmark respiratory motion
(i.e., at least 10 mm) affects AVG-AVG DIR more than
phase-phase DIR. In summary, phase-phase DIR was
more robust against breathing motion, which was not
achieved by the AVG-AVG DIR. Therefore, per AAPM
Task Group 132, additional uncertainty should be as-
sumed, depending on the clinical protocol, if AVG-AVG
DIR is used for dose mapping. This is especially true
for patients who breathe with a relatively large magni-
tude, which can potentially introduce a large amount
of uncertainty, as well as for anatomic structures that
typically have a large motion, such as tumors close to
the diaphragm.

Geometrically robust points, which are necessary
for TRE, require a geometrically robust image. By
definition, AVG is constructed from averaging the pixel
intensities of all phases over the breathing cycle. As
a result, anatomy on AVGs is blurred due to breathing
motion and thus carries inherent uncertainty in repre-
senting the true anatomic shapes, which makes AVG
not geometrically robust. Practically speaking, AVG is
commonly used as the planning image for dose cal-
culation because it captures the entire tumor move-
ment under respiratory motion.'?36-38 This helps to
avoid overdosing normal tissue near the tumor and
under-dosing the tumor itself, which can happen
with a smooth dose intensity map around the tumor.
Although AVG-AVG DIR is the more straightforward
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choice for clinicians, extra care must be taken when
using AVG-AVG DIR to perform dose mapping when
adaptive planning is required, given the small but po-
tentially clinically significant uncertainty. Furthermore,
considering the effect of TRE on dose metrics, a TRE
reduction of 1.6 mm for phase-phase DIR used to
deform and propagate the planning dose has been
shown to clinically affect decision-making in stereo-
tactic body RT treatment planning.39 These findings
support the potential clinical benefit of using phase-
phase DIR rather than AVG-AVG DIR.

The maijor strength of the current work was the large
number of landmark pairs made available by the au-
tomatic landmark identification workflow (average of
600+ per DIR). As a result, this work contributed to
closing the gap on evaluating inter-4DCT DIR in the
presence of anatomy changes through internal land-
mark points. In addition to using landmarks to deter-
mine TRE as the internal metric, we also used DSC of
the left and right lung contours as the external metric.
Because the hybrid intensity-based DIR method was
constrained by matching the lung contours on the ref-
erence and target images, DSC values would naturally
be large. In addition, the DSC can quantify how well
the organ boundary matches, but it does not guaran-
tee accurate modeling of internal volume.*? Therefore,
using DSC as the sole metric to represent DIR accu-
racy would be inadequate, and consequently DSC was
reported to supplement TRE.

In terms of landmark identification on AVG, the same
anatomic landmarks were detected on the three phase
images on both 4DCTs and then were directly used
for AVG-AVG DIR. The presented method that trans-
fers landmarks defined in the breathing phases onto
the AVG of the same 4DCT enabled representation of
the actual position of these landmarks (the average of
a landmark's locations in breathing phases) in AVG,
which is difficult to identify directly, especially in regions
that experience large respiratory-induced motion.

In our validation of automated landmarks, automatic
landmarks achieved larger TREs than manual land-
marks. This is potentially due to landmarks identified
by automatic workflows systematically produce worse
DIR, so identifying landmarks throughout the entire
lung would on average produce larger TREs. This re-
sult could also be attributed to a lack of one-one corre-
spondence between automatic landmarks and manual
landmarks and the limited number of manual landmark
pairs identified. A small set of landmark points has
been shown to be insufficient for calculating TRE be-
cause this misrepresents the actual spatial accuracy.41
In fact, only 16 landmark pairs were chosen manually
per patient due to the cumbersome nature of manual
landmark identification, thus potentially limiting the
TRE accuracy based on these landmarks.

The difference in DIR accuracy among the three
phases (TO, T3, and T5) could be attributed to

differences in the magnitude of breathing artifacts. At
TO, the full inhale phase, the patient changes breathing
direction, so this phase is most prone to breathing ar-
tifacts due to diaphragm motion. In addition, the inhale
position tends to vary from breathing cycle to breathing
cycle. In contrast, in T5, the patient spends a longer
proportion of the breathing phase in the exhale posi-
tion, thus leading to the fewest motion artifacts; vessels
especially near the diaphragm are not “washed out” and
can be more accurately identified. Therefore, T5-T5
DIR has the potential to provide the highest registration
accuracy among phase-phase DIRs. This can be ap-
plied in four-dimensional dose calculation, with phase
dose mapped and summed on T5 as the gold-standard
dose calculation method for a 4DCT.*? Therefore, our
findings can support the investigation of the differences
between T5-based four-dimensional planned dose and
accumulated dose using T5-based four-dimensional
weekly doses with T5-T5 DIR. Retrospective toxicity
studies on a voxel or regional level are also warranted,
to achieve the most accurate representation possible
for the delivered dose.

In the dosimetric study, as the landmark TRE in-
creased, the probability of the dose to an image voxel in
the planning AVG being mapped to a different anatomi-
cal location in the re-planning AVG also increased. Such
effect was pronounced in the high dose—gradient re-
gion near the GTV where adjacent image voxels shared
large dose differences. It was magnified when the GTV
motion was large, which further increased TRE of AVG-
AVG DIR. However, their effect was lessened on global
clinical metrics such as mean lung dose, where these
voxel-level dose differences cancel each other out. For
instance, patient 24 had AVG-AVG DIR TRE of 5.4 mm
(largest among all patients) and achieved 21.6% in the
previously defined metric 22 Gy%, but only achieved
21 cGy and 0.2 in absolute MLD difference and V,,, dif-
ference respectively. On the contrary, patient 8 carried
AVG-AVG DIR TRE of 5.7 mm but only achieved 2.1%
in 22 Gy% due to low GTV motion (0.9 mm) and low
PTV in normal lung (5.5%). These results are similar
to those concluded by Hardcastle et al.,*® where larger
registration error in high dose gradient regions caused
larger dosimetric uncertainty. These observations
demonstrated that the clinical impact of DIR geometric
accuracy, as represented by TRE, must be interpreted
in the context of the patient and dosimetric parame-
ters. Therefore, when dose is mapped with AVG-AVG
DIR versus phase-phase (T5-T5) DIR, global clinical
metrics are unlikely to differ significantly. However, if
local doses are evaluated based on the mapped dose,
phase-based mapping should be considered.

Lastly, to provide context in the clinical adaptive
workflow, the following three simplified workflows in
the order of increasing complexity can be considered.
(1) Three-dimensional treatment planning using AVG-
AVG DIR: original planned dose is calculated on AVG
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of planning 4DCT; at adaptation, the fraction-corrected
planned dose is deformed to the AVG of the newly ac-
quired 4DCT with AVG-AVG DIR; the adapted dose is
created based on the deformed dose on the new AVG.
(2) Three-dimensional treatment planning using phase-
phase DIR: this is an alternative to (1) where a specific
phase-phase DIR is performed and used to map the
dose calculated on the original AVG onto the second-
ary AVG for better accuracy. (3) Full four-dimensional
treatment planning using phase-phase DIR: dose is
calculated on each phase of the planning 4DCT, de-
formed to a reference phase, and summed over the
breathing phases; the fraction-corrected 4D planned
dose on a specified phase is deformed to the corre-
sponding specified phase of the newly acquired 4DCT
with phase-phase DIR; the adapted dose is created
based on the deformed dose.**

5 | CONCLUSION
In the current work, TRE was used to quantify the ge-
ometric uncertainty of DIRs between corresponding
AVGs and corresponding phases for 4DCT-based lung
adaptive RT for 28 NSCLC patients. When the region
of interest has respiratory-induced motion <10 mm,
AVG-AVG DIR may provide sufficient clinical accuracy;
however, when motion is at least 10 mm, extra atten-
tion is warranted and phase-phase DIR, especially
T5-T5 DIR, is recommended. Dosimetrically, the geo-
metric accuracy of AVG-AVG DIR has not been shown
to significantly impact global lung-based clinical met-
rics. However, phase-phase DIR may be required for
advanced toxicity correlation studies that utilize local
dose metrics (e.g., dose used in voxel-based analyses).
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