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We evaluated the impact of respiratory motion on the lung dose during linac-
based intensity-modulated total marrow irradiation (IMTMI) using two different
approaches: (1) measurement of doses within the lungs of an anthropomorphic
phantom using thermoluminescent detectors (TLDs) and (2) treatment delivery
measurements using ArcCHECK where gamma passing rates (GPRs) and the
mean lung doses were calculated and compared with and without motion. In
the first approach, respiratory motions were simulated using a programmable
motion platform by using typical published peak-to-peak motion amplitudes of
5,8, and 12 mm in the craniocaudal (CC) direction, denoted here as M1, M2, and
M3, respectively, with 2 mm in both anteroposterior (AP) and lateral (LAT)
directions. TLDs were placed in five selected locations in the lungs of a RANDO
phantom. Average TLD measurements obtained with motion were normalized
to those obtained with static phantom delivery. The mean dose ratios were 1.01
(0.98-1.03), 1.04 (1.01-1.09), and 1.08 (1.04-1.12) for respiratory motions M1,
M2, and M3, respectively. To determine the impact of directional respiratory
motion, we repeated the experiment with 5-, 8-, and 12-mm motion in the CC
direction only. The differences in average TLD doses were less than 1% when
compared with the M1, M2, and M3 motions indicating a minimal impact from
CC motion on lung dose during IMTMI. In the second experimental approach,
we evaluated extreme respiratory motion 15 mm excursion in only the CC
direction. We placed an ArcCHECK device on a commercial motion platform
and delivered the clinical IMTMI plans of five patients. We compared, with and
without motion, the dose volume histograms (DVHs) and mean lung dose
calculated with the ArcCHECK-3DVH tool as well as GPR with 3%, 5%, and 10%
dose agreements and a 3-mm constant distance to agreement (DTA). GPR
differed by 11.1 + 2.1%, 3.8 + 1.5%, and 0.1 + 0.2% with dose agreement criteria
of 3%, 5%, and 10%, respectively. This indicates that respiratory motion impacts
dose distribution in small and isolated parts of the lungs. More importantly, the
impact of respiratory motion on the mean lung dose, a critical indicator for
toxicity in IMTMI, was not statistically significant (p > 0.05) based on the
Student’s t-test. We conclude that most patients treated with IMTMI will have
negligible dose uncertainty due to respiratory motion. This is particularly
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reassuring as lung toxicity is the main concern for future IMTMI dose
escalation studies.
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Introduction

Changes in the patient anatomy are one of the largest
contributors to uncertainties in dose delivery for radiation
therapy. Within a single treatment delivery, i.e., intra-fraction,
these changes are typically from organ motion related to
physiological processes, such as digestion, cardiac motion, and
respiration, with the latter typically being the most significant for
treatments in the thorax. In the case of total marrow irradiation
(TMI), the dose to the lung, as a critical organ at risk (OAR), is
often a limiting factor. However, the impact of respiratory
motion on the dose uncertainty in the lung has not been
previously reported for TML

Total body irradiation (TBI) is an integral component of
conditioning regimens prior to hematopoietic stem cell
transplants. It performs two critical functions, eradicating the
malignant cells escaping chemotherapy and immuno
suppression to prevent the rejection of donor marrow or
hematopoietic cells. Over the last two decades, the use of TBI
has been steadily declining due mainly to concerns about
toxicities, while alternative drug-based approaches are fast
becoming the standard of care for the treatment of
hematological malignancies (1-5). Various acute and chronic
radiation toxicities reduce the quality of life for patients treated
with TBIL. Acute effects include temporary hair loss, nausea,
vomiting, diarrhea, decreased blood cell count, mouth sores, and
skin irritation. Among the chronic effects of TBI are cataracts,
infertility, secondary malignancies, and decreased and delayed
growth and development in children (2, 3). Toxicities induced by
TBI inclusive conditioning regimens, such as pneumonitis, can
be life-threatening (6-9). Several studies reported interstitial
pneumonitis rates ranging from 6% to 30% with TBI (10-12).
Della Volpe et al. (13) reported, in a retrospective study, an
increase in lethal lung complications from 3.8% to 19.2% when
the lung dose exceeded a threshold of 9.4 Gy. Furthermore, TBI
dose escalation studies have failed due to increased fatal
complications (8, 9) and are deemed impossible with current
treatment techniques.

TMI has been introduced to replace TBI with the aim of
reducing toxicity and enhancing the therapeutic ratio (14-16).
The main advantage of TMI is the ability to focus radiation on
targets and reduce radiation dose to organs at risk (OARs),
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particularly to the lungs, the dose-limiting organ (6, 17). TMI
targets the entirety of the skeletal structure; consequently, most
OARs are in close proximity to one or more target structures (18,
19). The lung can be particularly challenging to spare as it is
tightly wrapped within the rib cage, a treatment target itself. It
has been shown that linac-based intensity-modulated total
marrow irradiation (IMTMI) and volumetric arc radiotherapy
(VMAT-TMI) can reduce OAR dose by 29%-65% when
compared with TBI (17, 20, 21). Similar results were also
reported using the helical TMI technique (16).

Several clinical studies have established the clinical feasibility
and tolerability of TMI in patients with advanced diseases as part
of a conditioning regimen prior to allogeneic stem cell
transplantation (22-24). TMI provides a potentially practice-
changing RT technique that may allow dose escalation, better
dose homogeneity, and lower toxicity. This may be expected to
improve upon the current standard of care in the treatment of
hematological malignancies and improve outcomes (19). Further
studies to investigate technical and dosimetric challenges such as
organ motion are imperative to limit toxicity and allow safe dose
escalation, which is of great interest especially in the treatment of
patients with advanced diseases.

It was suggested that the dose heterogeneity in both the PTV
and surrounding healthy tissue increases with increasing
respiratory motion amplitude (25). Most of our knowledge
regarding lung motion comes from the studies that evaluated
either a single point in tumor or internal markers using imaging
or external surrogates with devices such as Real-Time Position
Management System (RPM, Varian Medical Systems, Palo Alto,
CA) (26). A point in the lung may exhibit large displacements
due to respiratory motion, which results in significant geometric
and dosimetric uncertainties (25-28). Knybel et al. (29) reported
average motion amplitude changes to be 6.0 + 2.2 mm and Liu
et al. (30) reported that only 10.8% of the patients experienced
tumor motion more than 10 mm. Seppenwoolde et al. (31)
reported that the largest tumor motion was 12 + 2 mm in the CC
direction and 2 + 1 mm in both the anteriorposterior (AP) and
lateral (LAT) directions.

The steep dose gradients possible with IMRT enable better
target conformity and healthy tissue sparing, especially for
irregularly shaped concave target volumes. However, the sharp
dose gradient can potentially lead to dose uncertainty due to
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imperfections in patient positioning, immobilization, and organ
motion (32-34). The goal of this study is to evaluate the impact
of respiratory motion on the lung dose during IMTMI.

Materials and methods
Treatment planning

We used the anthropomorphic RANDO phantom (The
Phantom Laboratory, Salem, NY) for treatment planning and
dose measurement. The RANDO phantom was scanned with a 3-
mm slice thickness using a Picker PQ 5000 CT scanner (Philips
Medical Systems, Cleveland, OH). The entire skeletal structure
was contoured and expanded using a 3-mm isotropic margin to
construct the PTV. IMTMI planning followed the technique
described previously (4, 14, 15) using the Eclipse treatment
planning system (Varian""' Medical Systems, Palo Alto, CA).

The contoured OARs included the following: lenses of the
eyes, brain, oral cavity, lungs, liver, kidneys, heart, and small
intestine. Each TMI plan had three sub-plans: one for the head
and neck, one for the chest, and one for the pelvic region. PTVs
in the head and neck sub-plan included the cranium, mandible,
and cervical vertebral bodies (C1 to C7). The chest sub-plan
included the sternum, ribs, and thoracic vertebral bodies (T1 to
T12) and the pelvis sub-plan included the os coxae, femoral
head, lumbar vertebral bodies (L1 to L5), and the upper half of
the femur. The total prescribed IMTMI dose was 12 Gy. Nine
equally spaced 6-MV IMRT beams were created for each sub-
plan and optimized to deliver the prescription dose to provide
95% PTV coverage. In order to improve the homogeneity in the
junction areas, the chest sub-plan was optimized first and then
used as the base plan for both the pelvis and head and neck sub-
plans. Although we used only the chest sub-plan in this study, a
full IMTMI plan was generated to account for dose from
abutting fields and to simulate the IMTMI treatment and
actual dose a patient would receive in the clinic. Retrospective
patient data in this study were obtained from an IRB-approved
clinical trial.

TLD sensitivities

We used thermoluminescent detectors (TLD-100) with a
cross-section of 3 mm x 3 mm and a thickness of 0.9 mm. All
TLDs were annealed before each exposure in a high-temperature
Fisher Scientific Isotemp Oven (Fisher Scientific, Pittsburgh, PA)
for 1 h at 400°C and 18 h at 80°C to decrease residual signals.
After each exposure, the TLDs were stored at room temperature
for 16 h prior to read out. A Harshaw 3500 TLD reader (Thermo
Electron Corp., Santa Fe, NM) was used for TLD reading. TLD
sensitivities were obtained using three independent exposures to
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a uniform dose of 0.85 Gy from a 6-MV beam under full scatter
conditions, with a field size of 10 x 10 cm?, a source-to-axis
distance of 100 cm, and at a depth of 10 cm in solid water. TLDs
were examined according to the protocol defined by Reft et al.
(35). The standard deviations of the calibration factors defined
uncertainties in individual TLD sensitivities.

Radiation measurement

We modified the plugs that were provided with the RANDO
phantom to make enough room for three TLDs while keeping
them securely in place to eliminate positioning uncertainty. We
selected five points for measurement using the calculated dose
distributions to be representative of doses ranging from low to
high within the lungs. All points were at least 2 cm deep in the
body and 5 cm away from the edge of the phantom to avoid any
potential dosimetric error. Three TLD-100 chips were placed in
each of the five predetermined locations in the lungs of the
RANDO phantom. Each experiment was repeated three times to
reduce measurement uncertainty for each simulated
respiratory motion.

An expanding foam structure was created to support the
phantom and provide repeatable positioning. The motion
profiles were generated with an in-house programmable
motion platform as shown in Figure 1. Only the chest sub-
plan was used in this study as the aim of this study is to evaluate
the impact of respiratory motion on the lung dose. The RANDO
phantom was first set up to the predetermined isocenter location
using surface marks and lasers and then the chest sub-plan
treatment was delivered using a Varian Trilogy linear accelerator
(Varian Medical Systems Inc., Palo Alto, CA). Dose
measurement was first carried out in a static (no motion)
phantom as a reference and was repeated with the phantom in
motion. We used typical published peak-to-peak motion
amplitudes: 5, 8, and 12 mm in craniocaudal (CC) direction
for M1, M2, and M3, respectively, and 2 mm for both AP and
LAT directions (26, 30, 31). Figure 2 displays the respiratory
motion for M3. The motion platform was set in motion and the
treatment dose delivery was started after a random delay, as
would happen for a patient in the clinic. Additional
measurements were carried out with 5-, 8-, and 12-mm peak-
to-peak amplitudes in the CC direction only to evaluate the
impact of directional respiratory motion during IMTMI.

Statistical analysis

Two-sided, paired Student’s t-test evaluated statistical
significance with p-values < 0.05 using GraphPad Instat
version 3.05 (GraphPad Software, San Diego, CA, USA).
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FIGURE 1

Experimental setup showing the RANDO phantom immobilized with alpha-cradle on a motion platform.

Patient QA measurement with ArcCHECK

Patient-specific QA for routine IMRT and VMAT in our
clinic is done with ArcCHECK (Sun Nuclear, Melbourne, FL), a
3D cylindrical phantom with a diameter of 21 ¢cm and a helical
detector grid consisting of 1,386 diode detectors (0.8 x 0.8 mm?)
placed at intervals of 10 mm. We placed the ArcCHECK on a
commercial motion platform as shown in Figure 3 and repeated
the treatment delivery and measurement for plans from 5
patients who were treated in our clinic with 9 Gy (150 cGy
BID) IMTMI while simulating an extreme case of respiratory
motion with a 15 mm excursion in only the CC direction.
Gamma index analysis was performed and compared with and

without motion using 3%, 5%, and 10% dose agreement with a 3-
mm constant distance to agreement (DTA).

3DVH dose reconstruction

The ArcCHECK-3DVH system (Sun Nuclear Corporation,
Melbourne, FL, USA) is a commercial DVH-based QA tool. The
3D patient dose is constructed from the measurement data with
the provided internal calculation engine, called ArcCHECK
planned dose perturbation (ACPDP). The ACPDP algorithm
involves the following calculation steps: (a) synchronizing the
planned data with the ArcCHECK virtual inclinometer recorded

Distance (mm)

Time (sec)

Patient Breathing Motion

—CC
—AP/PA

Lateral

FIGURE 2

The respiratory motion M3 as simulated in this study. Cranio-caudal (CC); anteroposterior (AP); and lateral (LAT) directions.
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FIGURE 3

ArcCHECK detector placed array on the motion platform before dose measurement.

data; (b) generating a relative 3D dose grid to a homogeneous
cylindrical phantom for each sub-beam; (c¢) morphing the
relative dose based on the ArcCHECK-measured data to
produce the 3D absolute dose in the cylindrical phantom; (d)
taking the ratio of the reconstructed dose to the TPS-calculated
dose for each voxel in the phantom; and (e) perturbing the TPS-
calculated dose of the patient by the above ratios (36). The final
grid size of the reconstructed dose was kept the same as that of
the TPS dose calculation. To perform 3DVH reconstruction, the
following data set was gathered: (1) reference DICOM RT plan,
(2) DICOM RT dose (TPS-calculated dose for the patient and
ArcCHECK geometries, respectively), and (3) ArcCHECK
measurement data (.acml).

Results

Point dose measurements with TLD

IMTMI dose distribution of the chest plan shown in Figure 4
demonstrates the planned IMTMI dose coverage for the PTV in the
chest and sparing of the lungs in the RANDO phantom. Dose ranged
from 4 Gy (blue) to 12 Gy (red). A sharp reduction beyond the target
was achieved, which provided a lower dose to surrounding healthy
tissue. Dose in the coronal view shown in the left pane also displays
the index for three axial planes where the TLD measurements were
done. On the right, the three axial planes displayed dose distribution
and the location of five measurement points.

X X
@PS/}G@

~

FIGURE 4

| !
/ \ /A"‘\;(l /
2 3

IMTMI dose distribution in the RANDO phantom. A coronal slice on the left with the indexing (1-3) for the axial slices where the TLDs were
placed. On the right are the three axial slices showing the five measurement points within the lung. Dose range is shown from 400 cGy (blue) to

1,200 cQy (red).
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TLD measured doses and associated standard deviations
(error bars) in five points within the lungs are shown in Figure 5
for the motions M1, M2, and M3. TLD measurements were
normalized to the static reference dose obtained irradiation with
no motion. The mean normalized TLD readings (range) were
1.01 (0.98-1.03), 1.04 (1.01-1.09), and 1.08 (1.04-1.12) for M1,
M2, and M3, respectively. A statistically significant change in
delivered dose was observed for M2 and M3 (p < 0.05).
Additional measurements performed with 5-, 8-, and 12-mm
motion in CC direction only agreed within 1% with the
respiratory motions M1, M2, and M3, indicating that the
impact of respiratory motion in LAT and AP directions may
negligible during IMTMI.

Treatment delivery verification
with ArcCHECK

Treatment delivery dose map comparison obtained with
and without motion using ArcCHECK for a representative
patient is shown in Figure 6. The IMTMI. chest sub-plan had
a 96.8% GPR with no motion and 87.1% with motion with 3%/
3 mm criteria. This indicates that respiratory motion caused an
additional 10.3% of the detectors to measure a dose difference
greater than 3%. When the dose difference criterion was
increased to 5% with a constant 3-mm DTA, the GPR differed
by 2.8% (97% vs. 99.8%). Figure 7 compares the measured dose
differences for the three-dose agreement levels used in this
study: 3%, 5%, and 10%. Both the blue (+) and red (-) dots
identify the detectors or location within the lungs with a
measured difference of more than the specified level with
motion. As the dose difference criteria increased from 3% to
10%, the number of detectors detecting such a dose difference
decreased from 134 to only 1 in 1,386 detectors, respectively.
This indicates that the motion would change the dose by more

10.3389/fonc.2022.924961

than 10% only in one small, isolated location within the lung of
the same patient during IMTMI. For the cohort of 5 patients,
the average percent differences in GPR due to respiratory
motion was 11.1 * 2.1% with 3%/3 mm. Nonetheless, it was
only 3.8 £ 1.5%, and 0.1 + 0.2% when a dose agreement criterion
of 5% and 10% was used, respectively. Figure 8 shows the
comparison of 3DVH for the same patient with and without
motion. The percent difference in mean lung dose was less than
3% with motion. For the cohort of five patients evaluated in this
study, the effect of respiratory motion on the mean lung dose
(5.7 £ 0.3 Gy vs. 5.5 + 0.2 Gy) was not statistically significant
based on the Student’s ¢-test (p > 0.05).

Discussion

Organ motion is by far the largest contributor to
uncertainties in RT. Respiratory motion affects all tumor sites
in the thorax and abdomen and is the most profound and
relevant for radiotherapy. Organ motion, dose uncertainty,
motion mitigation, and management strategies in lung cancer
have been studied extensively. Previous IMRT studies have
indicated increasing dose discrepancies ranging from 3% to
12% between planned and delivered doses (37-40) due to
respiratory motion. Treatment delivery with higher dose rates
and smaller monitor-unit (MU) per segment has been associated
with larger dosimetric errors (41, 42). Seco et al. (43) argued that
interplay between organ (breathing) motion and leaf motion is
only significant when considering the case of treatment beams
made up of many few-monitor-unit segments, where the
segment delivery time (1-2 s) is of the order of the respiratory
period (3-5 s). During IMRT with small numbers of MUs per
segment, the difference between the motion-averaged and static
dose for 30 fractions could range from 6% to 12% for simple to
complex respiratory motion functions, respectively (44).

m Static

Dose (cGy)

=M2

M3

Point1

Point2

FIGURE 5

Point3

Point4 Point5

Comparison of TLD dose and associated standard deviations (error bars) in cGy with and without motion (M1, M2, and M3) for one TMI fraction

of chest plan (150 cGy).
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FIGURE 6

the 3%/3 mm gamma index passing criteria.
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Treatment delivery QA comparison for a patient with (A) no motion and (B) 15 mm CC motion. Measurements were done with an ArcCHECK
detector array and analysis is performed with the gamma index criteria of 3%/3 mm. Red and blue dots show the locations (detectors) that fail

15 mm CC motion

20°  60®  90° 120° 150°

210° 240° 270° 300° 330° o

18 21 28 27 30 33

TMI being a complex treatment technique delivering small
numbers of MUs per leaf segment is prone to large delivery
uncertainties especially when treating bones in the chest and
maximally sparing lungs at the same time. Several studies
investigated the dosimetric accuracy of both helical and linac-
based TMI delivery techniques in human-like phantoms and
confirmed that TMI is, regardless of the delivery technique,
dosimetrically accurate and safe (5, 17, 44). These studies,
nonetheless, were conducted in the “ideal” situation without

intrafraction motion. In this study, we performed a
comprehensive investigation of dose uncertainty in lungs due
to respiratory motion during linac-based IMTMI delivery. To
achieve this, an end-to-end test was carried out through
immobilization, simulation, planning, treatment delivery, and
dose measurement with and without motion using an
anthropomorphic phantom and an ArcCHECK placed on a
motion platform. When an extreme case of respiratory motion
was simulated with a 15-mm peak-to-peak displacement only

bbb hbonsond b6bhbonsond &bhbonsooa

7732 30 -28 26 -24 22 -20 -18 16 -14 1210 -3 -6

FIGURE 7

4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Percent difference in measured dose with and without motion. Blue (+) and red (-) dots represent the detectors or location within the lungs
with a measured difference greater than (A) 3%, (B) 5%, and (C) 10%, with 3mm distance to agreement criteria.
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Dose (Gy)

Lung DVH comparison with (solid) and without (dashed) motion. The mean dose difference was less than 3%

the CC direction during IMTMI, none of the patients had more
than 6 out of 1386 (0.4%) detectors reporting more than a 10%
dose difference. Similarly, we observed a dose difference of more
than 5% in only 53 + 21 (3.8 + 1.5%) detectors. These results
indicate that respiratory motions increase the dose only in small
and isolated parts within the lungs. Moreover, the mean lung dose,
which is the most relevant measure for toxicity, was not impacted
by respiratory motion. One possible explanation for this
observation is that the longer treatment times during TMI could
have a dose averaging effect. Considering the average lung motion
amplitude is 6.0 + 2.2 in approximately 90% of the patients with a
maximum of 12 = 2 mm (29, 30), it may be safe to assume that an
overwhelming majority of patients treated with TMI will have a
negligible dose uncertainty due to respiratory motion.

One of the potential limitations of this study is that the
respiratory motion was applied to the whole phantom.
Nonetheless, our approach is adequate to study the impact of
respiratory motion on the lung dose and ignores the dose
uncertainty in the target (bony anatomy). Bones in our body
are not affected by respiratory motion except for the ribcage,
which constitutes only a small portion of the target in TMI.
However, further analysis could include more realistic motions
to be simulated separately for targets and lungs.

Initial clinical trials have demonstrated that the TMI-
inclusive transplant regimens are safe and feasible (22-24, 45).
Several Phase 2 studies are ongoing to establish the outcome
benefit of adding TMI to the current standard of care (46-48).
Furthermore, there is an increased interest in dose escalation
studies based on the reports that a TBI dose of 15.6 Gy (30%
more than the standard dose of 12 Gy) halved the relapse rate
(8). However, treatment outcomes did not improve due to
radiation toxicity (9). Respiratory motion is a concern in the
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management of radiation toxicity as it has the potential to
increase the mean lung dose. Our study suggests that the
impact of respiratory motion on the lung dose may be
negligible. This is particularly assuring as there may be a
therapeutic benefit of higher TMI doses, especially for patients
with advanced hematological malignancies with poor prognoses.
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