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Summary

Nearly real-time assessment
of anatomic and dosimetric
consequences for head and
neck treatment is feasible
using a graphics processing
unit—based deformable regis-
tration framework. Substan-
tial interfraction anatomic
changes resulting in clini-
cally relevant dosimetric
variations were observed for
11 head and neck cases.
Although the cumulative
target mean and maximum
doses varied insignificantly,
the cumulative minimum
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Purpose: The purpose of this study was to systematically monitor anatomic variations
and their dosimetric consequences during intensity modulated radiation therapy
(IMRT) for head and neck (H&N) cancer by using a graphics processing unit
(GPU)-based deformable image registration (DIR) framework.

Methods and Materials: Eleven IMRT H&N patients undergoing IMRT with daily
megavoltage computed tomography (CT) and weekly kilovoltage CT (kVCT) scans
were included in this analysis. Pretreatment kVCTs were automatically registered with
their corresponding planning CTs through a GPU-based DIR framework. The defor-
mation of each contoured structure in the H&N region was computed to account for
nonrigid change in the patient setup. The Jacobian determinant of the planning target
volumes and the surrounding critical structures were used to quantify anatomical vol-
ume changes. The actual delivered dose was calculated accounting for the organ defor-
mation. The dose distribution uncertainties due to registration errors were estimated
using a landmark-based gamma evaluation.

Results: Dramatic interfractional anatomic changes were observed. During the treat-
ment course of 6 to 7 weeks, the parotid gland volumes changed up to 34.7%, and the
center-of-mass displacement of the 2 parotid glands varied in the range of 0.9 to
8.8 mm. For the primary treatment volume, the cumulative minimum and mean and
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target and parotid gland doses
deviated significantly from
the plans. Clinical imple-
mentation of this technology
may enable timely plan
adaptation and potentially
lead to improved outcome.

voxel level.

equivalent uniform doses assessed by the weekly kVCTs were lower than the planned
doses by up to 14.9% (P=.14), 2% (P=.39), and 7.3% (P =.05), respectively. The
cumulative mean doses were significantly higher than the planned dose for the left pa-
rotid (P =.03) and right parotid glands (P =.006). The computation including DIR and
dose accumulation was ultrafast (~45 seconds) with registration accuracy at the sub-

Conclusions: A systematic analysis of anatomic variations in the H&N region and their

dosimetric consequences is critical in improving treatment efficacy. Nearly real-time
assessment of anatomic and dosimetric variations is feasible using the GPU-based
DIR framework. Clinical implementation of this technology may enable timely plan
adaptation and improved outcome. © 2015 Elsevier Inc. All rights reserved.

Introduction

Intensity modulated radiation therapy (IMRT) is a standard
treatment technique for head and neck (H&N) cancer. IMRT
has demonstrated the capability of delivering highly
conformal doses to targets while sparing adjacent critical
structures including parotid glands, spinal cord, and others.
Daily volumetric image guidance not only improves patient
alignment and dose delivery accuracy but also reveals patient
anatomic changes resulting from patient weight loss, tumor
shrinkage, soft tissue deformation, and internal organ motion
(1, 2). These anatomic changes are commonly observed
among H&N patients undergoing RT (1-5). If unaccounted
for, the changes may have detrimental effects on tumor
control and sparing of organs at risk (OARSs) (1, 3, 4).

Adaptive RT (ART) is an appealing concept that aims to
adjust the treatment plan based on the anatomical changes
assessed on a daily basis, using pretreatment volumetric
images (6-12). Wu et al (3) reported that the dosimetric
benefit of replanning with reduced margins could result in
up to 30% parotid gland dose sparing. Lee et al (4) reported
an average of 15% difference between the mean dose to the
parotid and that of the planned dose due to anatomic
changes during a course of radiation treatment. Recently,
Schwartz et al (9) performed a prospective adaptive trial
for a group of 24 H&N cancer patients with 1 to 2 replan(s)
in the middle of the treatment course. The early outcomes
indicated promising clinical outcome results including low
initial toxicity and high disease control. Chen et al (13)
also concluded that ART confers a significant benefit in
appropriately selected patients with H&N cancer. However,
clinical implementation of ART remains challenging and
labor intensive due to the complexity and lack of robust-
ness in automated image registration, segmentation, and
dose summation. Subsequently, the integration of ART in
H&N treatment is mostly manual and empirical, without
precise knowledge of the most appropriate timing and
frequencies to initiate ART (1-4). A robust automated ART
framework is essential to implement the concept in routine
clinical workflow without inducing treatment delay or
excessive staff burden.

We aimed to validate an in-house deformable image
registration (DIR) and dose accumulation framework (14)

that registered the patient’s daily treatment scan to the
planning computed tomography (CT) by using a patient-
specific biomechanical H&N model and a multiresolution
registration method with the following goals: (/) to enable
fast assessment of the anatomic changes and organ motion for
both targets and OARs during the course of treatment; and (2)
to evaluate the resulting dosimetric differences between the
delivered doses and the planned doses. Our ultimate goal was
to monitor the delivered dose to the primary targets and
critical structures in nearly real time and to facilitate a data-
driven decision-making process for ART.

Methods and Materials

In-house graphics-based unit-based dose
deformation and accumulation framework

The general-purpose graphics processing unit (GPU)-based
framework involved mainly a multiresolution optical flow
registration algorithm for registering simulation CTs with
corresponding weekly CT datasets (14, 15). The computa-
tional steps were optimized to ensure the registration
algorithm was completed in subminute computational time.
First, the target volumes and OARs delineated on the
planning CT were registered in a nonrigid manner and
transferred to the weekly CT images. The deformation of
each contoured structure was computed to account for
nonrigid changes in the patient setup. Second, by warping
the planning kilovoltage CT (kVCT) anatomy to the weekly
anatomy, a new warped kVCT was generated. The planning
dose distribution was then overlaid on the warped kVCT.
To compute the dose delivered to each voxel in the plan-
ning volume, the deformation map was used to accumulate
the overlaid dose back on the planning CT. This generated a
new dose map that corresponded to the underlying anatomy
in the weekly CT. The new contour was created automati-
cally by taking each voxel in the new data volume and
mapping it back to the planning CT, using the deformation
vector. The deformed contours allowed for dose calculation
and accumulation, resulting in dose-volume histograms
(DVHs) and other dosimetric parameters. Third, the Jaco-
bian determinant for the planning target volume (PTVs)
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and the critical structures was used to quantify anatomical
volume changes for each week. Fourth, a gamma analysis
(7) was performed to provide a quantitative comparison
between the calculated doses with respect to the planning
dose distribution. The acceptance criteria for the gamma
test were set to 1% intensity difference in 1-mm’ range;
gamma <1 was considered acceptable.

Landmark-based registration validation

The key to the work was the accuracy and robustness of the
in-house registration algorithm. The validation of the pro-
posed DIR framework, including the deformable image
registration and the dose integration were performed using
planning kV and weekly kV images. A landmark-based
interactive validation tool was developed to evaluate the
uncertainty in dose distribution due to registration error. We
considered the planning kVCT to be the source (or refer-
ence) image and the final week of the weekly kVCT to be
the target image. For each of the selected landmarks in the
reference image, the corresponding landmark in the target
kVCT data was calculated using the image registration
algorithm and visually displayed as cross hairs in the target
image. A set of 100 landmarks were selected on the target
or critical structures of a reference kVCT and mapped to the
target image. Once the landmarks were picked, the user
either accepted the registration results or marked the correct
landmark on the target image. The target registration error
(TRE) metrics (14, 15), defined as the sum of the squared
difference between the ground truth displacement and the
displacement computed from the registration process for
each of the datasets, were computed.

Clinical data

Eleven H&N patients treated with simultaneous integrated
boost technique on a Hi-ART tomotherapy system (Accu-
ray Inc) were included to validate the in-house-developed
framework. Patient data for this study were acquired as part
of an institutional review board—approved adaptive plan-
ning protocol. All patients received 2 sets of volumetric
image scans during treatment: weekly kVCTs and daily
megavoltage CTs acquired before each treatment. The
planning kVCT image set was acquired prior to the start of
treatment, using a Brilliance CT system (Philips Medical
Systems, Best, The Netherlands). Weekly volumetric kVCT
images of each patient enrolled in the protocol were reac-
quired on the same equipment throughout the course of
treatment. All patient kVCT images were acquired with the
patient in the simulated treatment position using a 50- to
70-cm field of view, 512 x 512 pixels in-plane resolution,
and 3-mm slice thickness. Table 1 shows the patient char-
acteristics. A total of 71 weekly kVCT scans were acquired
and analyzed. Patients 9, 10, and 11 (patient numbers are
shown in Tables 1 and 2) were replanned during the middle
of the treatment. Megavoltage CTs were not used in this

study due to poorer soft tissue contrast. Unless otherwise
specified, the accumulated doses were computed based on
weekly kVCTs.

The prescription doses were 2.0 to 2.1 Gy/fraction
delivered in 30 to 35 fractions. The targets and critical
structures, such as clinical target volumes (CTVs), PTVs,
spinal cord, and parotid glands were delineated by a radi-
ation oncologist on the planning CT. A 3-mm margin was
used for the CTV-to-PTV expansion, and a 5-mm margin
was applied to the cord to account for setup uncertainty. All
patients were treated with helical IMRT (version 4.1;
TomoTherapy), with a field size of 2.5 cm, pitches of 0.277
to 0.3, and modulation factors of 2.2 to 3.2.

Assessment of anatomic and dosimetric variations

The anatomic and positional changes for the targets and the
parotid glands were measured on the weekly kVCT scans.
For the targets, the delivered mean, minimum, and
maximum dose, D90 (the minimum dose covering 90% of
PTV), D95, V90 (the percent volume covering 90% of
prescription dose), V95, and V100, as well as equivalent
uniform dose (EUD) were calculated (assuming o = —15
for the targets) and collected. For the OARs, we considered
the minimum, mean, and maximum doses for the cord and
parotid glands. The center of mass (COM) for the PTV1
and parotid glands and the COM distances between these
structures were measured. Weekly delivered doses were
estimated assuming constant anatomy for that week as re-
flected by the weekly kVCT. Finally, the accumulated dose
was calculated and compared to the planned dose.

Results
Accuracy and robustness of the framework

Figure 1 shows the verification of the in-house DIR
framework using a landmark tool. Figure la shows the
source image (the planning CT) with delineated structure
outlines of the target and left and right parotids. Figure 1b
and c show the target image (a weekly kVCT) overlaid with
the deformed contours. The corresponding landmark points
in the target image were calculated using the image regis-
tration algorithm and visually displayed as cross hairs.

Table 2 shows the registration accuracy and the standard
deviation of the whole body, the PTV, and the left and right
parotids, using a landmark-based TRE metric (14). The
averaged TREs were in the range of 0.88 to 1.25 mm
(average: 1.03 £ 0.72 mm), 0.68 to 2.42 mm (average:
1.34 4+ 0.67 mm); 1.28 to 2.13 (average: 1.79 & 0.89 mm);
and 1.45 to 2.11 mm (average: 1.77 + 0.85 mm) for entire
patient anatomy, PTV, and left and right parotids, respec-
tively. Given the pixel size of 1.95 x 1.95 x 3 mm, the
proposed DIR framework reached subvoxel accuracy.

We further evaluated the dose distribution uncertainties
due to registration errors. The landmark-based interactive
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Table 1 Patient characteristics and treatment delivery summary
No. Date enrolled Tx beginning Tx completion Tx duration Initial weight Final weight Weight change

Patient  Diagnosis of fx  (mo/d/y) date (mo/d/y) date (mo/d/y) (d) (kg) (kg) (kg)
1 Nasopharynx 33 06/23/11 06/23/11 08/09/11 47 81.6 76.2 —54
2 Tonsil 35 11/17/11 11/17/11 12/30/11 43 934 83.8 -9.6
3 Tonsil 35 11/25/09 12/07/09 01/26/10 50 88.0 85.9 =21
4 Tonsil 35 04/23/09 05/07/09 07/02/09 56 95.7 84.8 —-10.9
5 Tonsil 35 10/20/10 10/28/10 12/20/10 53 72.1 63.3 —8.8
6 BOT 35 12/29/10 01/07/11 02/18/11 51 63.5 62.6 —0.9
7 Tonsil 35 08/17/09 08/31/09 10/09/09 39 83.9 76.9 —7.0
8 Tonsil 30 10/08/12 10/16/12 11/28/12 43 86.4 82.0 —4.4
9 Tonsil 35 11/21/11 11/21/11 01/05/12 45 107.5 96.0 —11.5
10 BOT 35 10/18/12 10/22/12 12/11/12 50 99.8 89.1 —10.7
11 Ethmoid Sinus 35 03/02/11 03/02/11 04/20/11 49 84.8 79.4 —5.4

Abbreviations: BOT = base of tongue; fx = fraction; Tx = treatment.

tool was developed to evaluate the uncertainty of registra-
tion error. We modified the gamma dose distribution eval-
uation tool to quantify the effect of the spatial uncertainty
of the deformable registration on dose distribution. Using
the mean and standard deviation of the target registration
error, we introduced a normally distributed random
displacement during evaluation. For each voxel in the test
dose distribution, the gamma analysis works by finding the
corresponding voxel in the truth dose distribution, and
performing a local neighborhood search to evaluate the
Euclidean magnitude in dose/distance space. The random
displacement was applied when finding the corresponding
voxel in the truth-dose distribution, to effectively shift the
local search neighborhood. The gamma analysis was then
performed as usual. The introduction of random error
caused less than 1% increase in the percentage of voxels
that failed both the gamma evaluation (1%/1 mm) and a
direct dose comparison.

Table 2
entire body

Average £+ SD registration accuracy across the

Left Right

Overall PTV parotid parotid
accuracy accuracy accuracy accuracy

(mm) (mm) (mm) (mm)

Subject Avg +£SD Avg +£SD Avg 4SD Avg +SD

1 1.00 0.71 0.68 045 187 097 1.63 0.77
2 1.08 0.78 1.05 042 2.04 1.09 170 0.85
3 123 0.84 1.69 0.70 197 0.81 2.06 0.87
4 1.01 054 121 050 132 051 1.45 0.54
5 099 0.62 123 055 128 050 1.51 0.68
6 098 0.73 1.52 0.74 1.69 0.82 1.73 0.79
7 0.88 0.64 0.74 039 195 1.13 1.87 1.03
8 090 0.82 242 153 197 120 190 1.16
9 099 076 1.88 1.10 1.68 093 1.58 0.68
10 1.02 072 097 041 213 1.17 211 1.16
11 125 0.79 134 056 1.84 0.70 1.95 0.80

Multiple observers, including the primary physician,
physician residents, and physicists reviewed the deformed
contours for the target and parotid glands using the pro-
posed landmark verification tool. Minimal variations
(1-2 mm) of interobserver errors were found, which is
comparable to the TRE metrics.

Interfractional variations

The in-house tool was applied to analyze the patient cohort
of 11 cases. The volume changes were assessed by weekly
kVCT scans and normalized to the planning volume. The
volume changes varied from —34.7% to 14.6% and
—27.7% to 12.6%, respectively, for the left and right
parotids during the 6- to 7-week treatment course. The
volume increases between the planning week (week 0) CT
to week-1 CT were likely due to the elapsed days between
the planning CT and the start date of the first treatment
(Table 1).

Figure 2a shows the contours of the parotid glands
throughout the treatment course of 6 weeks for a repre-
sentative patient. On average, the COM distances between
the two parotid glands appeared to decrease in the range of
0.9 to 8.8 mm (mean: 4.9 + 2.3 mm) at the end of the
treatment course, meaning that the parotid glands were
gradually moving toward the patient’s mid-plane. Figure 2b
and ¢ show the COM distance (normalized to the COM
distance at the planning stage) versus the ratio of the mean
doses normalized to the planned mean doses for the parotid
glands. The delivered mean doses increased as the parotid
glands gradually migrated toward the mid-sagittal (high-
dose region) plane. Linear regression was performed for the
mean parotid gland doses as a function of COM displace-
ment. Moderate correlation was observed between COM
displacement and the mean parotid dose deviation from the
plan. This observation was consistent with published
reports (2, 4, 11, 12).

All patients lost weight over the treatment course
(Table 1). The average and relative weight losses were
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Fig. 1.

Verification of in-house deformable image registration, using a landmark tool. (a) Source image with the delineated

structures; (b and c) target image overlaid with the deformed contours. The selected landmark points in the source and target

images were displayed as crosshairs.

7.0 £ 3.6 kg and 7.8% + 3.7%, respectively. Given the
treatment duration of 6 to 7 weeks, the weight-loss-per-
treatment-elapsed days was approximately 0.14 £ 0.09 kg/
day. Linear regression (R> < 0.4) shows there was mild
correlation between patient weight loss and mean parotid
dose change but no apparent correlation was found between
the cord maximum dose, the PTV1 mean dose, and patient
weight change (not shown).

The cumulative mean doses assessed by the weekly
kVCT scans for the PTV1 were 68.9 + 6.1 Gy versus
68.8 + 6.2 Gy for the planned dose (P=.39 using paired
t-tests). The maximum cord dose delivered was
437 £ 7.5 Gy compared to 40.7 + 4.2 Gy (P=.18).
However, significantly higher mean doses were seen for
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both parotid glands in the composite plans (P=.03 for the
left parotid and P=.006 for the right parotid) shown in
Figure 3a and b.

Figure 3d shows the ratio of the cumulative dose to the
planned dose for the PTV1 in this patient cohort. While the
maximum doses were consistent with the planned
maximum doses within 5.7%, the cumulative mean dose
ratios were within 1.1% of the planned mean doses for
PTVI1. Target DVHs also showed a moderate level of
variation. Cold spots were observed in the cumulative dose
distributions for the PTV1 in 6 out of 11 patients. Up to
14.9% of minimum dose reduction was observed for patient
7 (who had the second largest PTV volume), resulting in
significant EUD changes (P=.05) from the plan.

0.8

06 y=-0.0164x + 0.9142
04 R? = 0.38804

0.2

o

-10 -8 -6 -4 -2 0
COM dist. displacement (%)

(a) Contours of the targets and parotid glands assessed from the weekly kVCT scans overlaid on the planning

dose distribution. Correlations between the displacement of the COM distance of the parotid glands and the mean dose
variation at the end of treatment for the right (b [Rt]) and left (c [Lt]) parotid. COM = center of mass; dist. = distance;

kVCT = kilovoltage computed tomography.
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Comparison of cumulative doses to planned doses for (a) right (Rt) parotid (P=.03), (b) left (Lt) parotid (P=.006),

and (c) maximum cord doses compared to planned doses (P=.18). (d) Ratios of cumulative dose normalized to planned dose
are shown for the PTV1. EUD = equivalent uniform dose; PTV = planning target volume.

Figure 4a shows the plan and the deformed structures on
a weekly kVCT scan for a representative case. Figure 4b
shows the planned dose distributions; Figure 4c shows the
delivered dose distribution, and Figure 4d shows the
calculated gamma distribution for those voxels with gamma
>1 on the weekly kVCT scan. Such gamma maps can be
used to identify areas that need closer inspection. At looser
gamma criteria of 2 mm/2%, 71.7% (right parotid), and
89.7% (left parotid) volumes saw changes in dose but such
dose changes were not extreme because the failure rates
were minimal at 3%/3 mm (failure rates of 0% for the right
and 1.4% for the left parotid). Comparison of the plan and
delivered DVHs for the PTV1 and parotid glands are
shown. Most of the gamma failure is around the surface of
the patient, potentially due to weight loss and minor posture
changes.

Run-time analysis

The in-house dose deformation and accumulation tool
achieved a fast calculation of 45 seconds for registering one
weekly kVCT with a planning CT, including: (/) data
resizing and resampling of approximately 2 seconds
(resampled data dimensions: 200 x 200 x 50 voxels;
resampled voxel dimensions: 1.95 x 1.95 x 3.0 mm);
(2) the deformable image registration using optical flow
registration algorithm of 20 seconds; (3) Jacobian analysis
of 6 seconds; (4) gamma analysis of 5 seconds; and

(5) other minor processes such as file reading and writing of
12 seconds (14).

Discussion

A nearly real-time anatomic and dosimetric assessment and
evaluation framework was presented that facilitates clinical
decision making for ART by quantitatively accounting for
plan quality degradation during the treatment course. A
quantitative patient-specific biomechanical H&N anatomic
model assembled using the conventional CT simulation (to
account for subject-specific sub-anatomy locations), was
used to register with routine on-board CT (to monitor the
effects of posture/physiologic variations in gross treatment
volume).

Progressive anatomical changes during the treatment
resulted in substantially increased doses to the parotids
and potential cold spots to the targets (1-4). The dosi-
metric degradation was a result of compounding factors
including the percentage of volume and positional
changes for the parotid glands, tumor shrinkage, patient
weight loss, and others. Larger weight loss may have
resulted in larger COM reduction of the parotid glands,
which led to larger delivered doses to the parotids, but the
correlation was not strong. Overall, our results are
consistent with those of previous studies demonstrating
dramatic patient anatomic changes during the radiation
treatment for H&N cancer (9, 10, 16).
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Fig. 4. (a) Planned and deformed structures on a weekly kVCT: (b) planned dose distributions; (c) delivered dose dis-
tribution; (d) calculated gamma distribution (gamma >1) overlaid on the weekly kVCT; (e) comparison of the planned
to delivered DVHs for the PTV1 and parotid glands. DVH = dose-volume histogram; kVCT = kilovoltage computed
tomography; Lt = left; PTV = planning tumor volume; Rt = right.

The concept of performing ART on a regular basis to and time consuming to delineate and validate the target and
quickly compensate for target underdoses and/or normal OARs on a daily basis. ART usually involves altering the
structure overdoses is appealing. However, its implementa- planned doses according to variations in patient anatomy.

tion is challenging because it is prohibitively labor intensive This relies on an accurate representation of the changing dose
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distribution within the patient, which generally requires a full
dose recalculation. To further reduce online replanning time,
this work adopted a dose resampling or warping method (of
the planned dose distribution) to assess 3-dimensional dose
distribution at the time of treatment delivery. Dosimetric
differences were validated against full dose recalculation for
prostate and H&N ART by previous publications and proven
to be well within £5%. This is considered clinically
acceptable and can be effective implementation in current
clinical practice (17-20). This work however is in the context
of the ICRU framework and the assumptions may not be
applicable for low-margin probabilistic planning or highly
targeted ablative therapy approaches. Furthermore, although
the image quality for various on-board imaging modalities
(such as kilovoltage and megavoltage cone beam CTs and
megavoltage CT) was sufficient for bony landmark—based
patient alignment purposes (2, 5, 21), they generally yield
inferior image quality that could reduce the image registra-
tion, segmentation and dose deformation accuracy for
adaptive planning. These limitations further underline the
importance of an automated framework that is interobserver
dependent and robust to different imaging qualities.

The next step is to integrate the framework into our
clinical workflow to monitor the actual dose delivered to
the primary targets and critical structures in a systematical
manner and to flag large dose degradation between the
planned and delivered dose distribution to trigger a detailed
plan reviewing process and/or a potential plan adaption.
Given a large number of H&N patients are being detected
yearly (22) and the limited clinical resources, it is not
realistic (and probably not necessary) to apply ART to all
H&N patients. The presented tool may efficiently identify a
subset of H&N patients for whom ART is most beneficial.
In the long run, a longitudinal study for a randomized
patient population may shed light to establish the stan-
dardized adaptive protocol.

Conclusions

We demonstrated the feasibility of an ultrafast assessment
and documentation framework for systemically monitoring
the anatomic and dosimetric variations during the course of
H&N treatment. The mean dose delivered to the target
appeared to be consistent with the plan, whereas the cu-
mulative EUDs for the PTV1 and cumulative dose to the
OARs may be significantly different from the planned
doses. The automated framework may offer timely in-
terventions such as ART. Clinical implementation of this
technology may lead to improved outcome.
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