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Abstract

Purpose: Total Marrow Irradiation (TMI) is a highly conformal treatment of the human skeleton
structure requiring a high degree of precision and accuracy for treatment delivery. Although

many centers worldwide initiated clinical studies using TMI, currently there is no standard for
pretreatment patient setup. To this end, the accuracy of different patient setups was measured using
pretreatment imaging. Their impact on dose delivery was assessed for multiple institutions.
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Methods and Materials: Whole body imaging (WBI) or partial body imaging (PBI)

was performed using pretreatment megavoltage computed tomography (MVCT) in a helical
Tomotherapy machine. Rigid registration of MVCT and planning kilovoltage computed
tomography images were performed to measure setup error and its effect on dose distribution. The
entire skeleton was considered the planning target volume (PTV) with five sub regions: head/neck
(HN), spine, shoulder and clavicle (SC), and one avoidance structure, the lungs. Sixty-eight total
patients (>300 images) across six institutions were analyzed.

Results: Patient setup techniques differed between centers, creating variations in dose delivery.
Registration accuracy varied by anatomical region and by imaging technique, with the lowest to
the highest degree of pretreatment rigid shifts in the following order: spine, pelvis, HN, SC, and
lungs. Mean fractional dose was affected in regions of high registration mismatch, in particular the
lungs.

Conclusions: MVCT imaging and whole body patient immobilization was essential for
assessing treatment setup, allowing for the complete analysis of 3D dose distribution in the PTV
and lungs (or avoidance structures).

Keywords
MVCT; TMI

INTRODUCTION

Total body irradiation (TBI) has been widely used for conditioning prior to hematopoietic
stem cell transplantation (HCT). Dose escalation of TBI produces decreased relapse rates
in patients with leukemia [1, 2]. However, treatment-related deaths increase because of
organ toxicity from TBI [1, 2]. This outcome negates any potential advantage for survival
with escalated doses of TBI. Recently, total marrow irradiation (TMI) was developed to
achieve dose escalation with helical Tomotherapy [3-7] while reducing radiation doses to
normal tissues. Unlike TBI, TMI targets the entire skeletal system while sparing sensitive,
normal tissues, such as the lungs. TMI treatment risks are similar to those of intensity
modulated radiation therapy (IMRT), such as sharp dose gradients near both the planning
target volume (PTV) and avoidance structures. The close proximity of dose gradients to
these structures increases the risk for detrimental impacts caused by patient positioning
and setup uncertainties [8]. Reliable pre-treatment patient positioning methods along with
accurate and precise verification of patient positioning are therefore crucial to deliver the
prescribed dose to the PTV while sparing normal tissues.

Currently, there is a worldwide effort to adopt targeted radiation treatment procedures for
hematological malignancies, and the potential for TMI is being studied at multiple centers
globally [9, 10]. Many of these centers use different pre-treatment position verification
techniques. Little is known about how the patient position varies across multiple treatment
fractions or how patient positioning impacts TMI dose delivery between different centers. To
investigate this unmet clinical need, the international consortium of total marrow irradiation
(ICTMI) worked with the six participating institutions to assess the accuracy of patient

setup and its impact on dose delivery. Two steps were taken to accomplish this goal: 1)
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compare pre-treatment rigid registrations by institution to assess patient setup technique and
2) quantify how pretreatment rigid registration affects the planned dose delivered to the
patient. On the basis of this evaluation, recommendations for improved TMI treatment setup
are given.

METHODS AND MATERIALS

Patient Immobilization

All institutes used whole body immobilization with some minor variations in technique.
Institutions 1, 3, 5, and 6 immobilized patients using a Vac-Lok and thermoplastic mask
(each from different companies depending on the center) [3, 11]. TMI is typically treated

in 2 parts: an upper (body) and lower (legs) section. Institution 1 used a breathing motion
tracking software to account for chest motion. Institutions 2 and 4 used an all-in-one base
plate comprising 2-3 thermoplastic meshes to restrict regions of the head/neck, thorax/arms,
and legs [9]. For initial setup and verification, a series of tattoos along the head, shoulder,
thorax, pelvis, and leg regions were used.

Definition of the CTV and PTV

For TMI, the clinical target volume (CTV) was marrow-containing bony skeleton. Strictly
speaking, the entire bony skeleton is more than the marrow-forming tissue and therefore

did not need to be entirely included in the CTV. However, for simplicity of contouring, it
was easier to use the CT number of bone to define the CTV. For institution 3, instead of a
uniformly symmetric margin, the planning target volume (PTV) was created from the CTV
using a customized margin and is described as follows. For the areas that have more setup
uncertainty such as shoulders and spinous processes, a 5-10 mm margin was added to CTV
to generate PTV. For the arms and thighs, a 10 mm margin was used. For all other bones
including skull, anterior spine and pelvic bones where setup is reproducible, no margin was
used because the CTV was the bone, but the biologic target was the marrow. Institutions 1 &
2 used a symmetric 10 mm margin for all target regions. Institutes 4 & 6 used a symmetric 5
mm and 7 mm margin, respectively. Institute 5 had a customized PTV with margins of 5 mm
to the long bone of the extremities, 3 mm for pelvis, 2 mm for cranial bones, and 1 mm for
all other bones.

Planning Philosophy

We identified two different approaches for TMI treatment planning: conformal avoidance
and conformal targeting, as described previously by Hui et al [11]. Conformal targeting
focuses irradiation on the ribs and spares as much of the non-lung normal tissue as possible.
Conformal avoidance irradiates the non-lung normal tissue to the prescribed dose, with a
high dose interface at the boundary of the lungs. Institution 1 was the only institution to
utilize conformal targeting, whereas the other institutions treated with conformal avoidance.
To treat the legs, a second plan was created and the patient rotated to feet first supine and
reimaged/treated [12] using the helical TomoTherapy.
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Daily MVCT Imaging

Daily MVCT images and image registration data from 6 institutions and 68 total patients
using different patient immobilizations, megavoltage computed tomography (MVCT)
imaging protocols, and TMI treatment plans were acquired through the International
Consortium of TMI (ICTMI) (Table 1). The data were collected using the helical
Tomotherapy (Accuray Inc., Madison, WI) unit, which has an on-board MVCT detector
array to generate volumetric images for patient localization [13]. Patient pretreatment setup
is defined as the imaging, immobilization, and planning technique used for the delivery of
the radiation therapy.

Two methods of pretreatment imaging were used: Whole body MVCT imaging (WBI)

was used in institutions 1, 2, and 3, and partial body MVCT imaging (PBI) was used in
institutions 4, 5, and 6 (Figure 1). Whole body images were taken from the top of the neck
or base of the skull to below the pelvis (Figure 1a) and registered with the kVCT. Partial
body imaging (PBI) techniques typically covered 2-3 regions. The first region started at

the base of the skull down to the shoulders (Figure 1b). The second region covered the
abdominal cavity down to the pelvis (Figure 1c). The third region covered the top of the
iliac crest down to the diaphysis of the femur (Figure 1d). For PBI-based registrations, shifts
from both the head and neck (HN) and lower regions were recorded and averaged together.
The averaged coordinates were used as the pretreatment shifts for that fraction. Registration
of the partial and whole body images and the potential for registration mismatches can

be seen in Figures 1e-k for the different regions. MVCT slices with widths of 6 mm are
commonly used to minimize time for patient scanning and post image processing. Before
MVCT imaging, alignment with external lasers to fiducial markers on the patient is done by
a therapist.

Pretreatment Rigid Registration Assessment and its Effect on Dose Recalculation

Pre-treatment rigid registrations from each institution were evaluated following previously
published methods [7, 14, 15]. All CT images were down-sampled to 256x256 resolution
to match TomoTherapy based MVCTSs, ensuring that differences in resolution would not
affect the dose calculation. Results from pre-treatment rigid registrations were used to
quantify setup errors for each institution, which include global systematic error, random
error, patient-to-patient variations, and the overall distribution error. Details of these error
calculations can be found in the supplemental section.

Rigid registration dose (or delivered dose) was evaluated using the recorded pre-treatment
shifts taken from the TomoTherapy MVCT image guidance system. The reported
translational shifts were first applied between the planning KVCT and the daily MVCT, and
then the daily fractional dose was calculated using the original DICOM-RTDose files. Since
translation shifts were accounted for we are investigating the residual error from patient
setup. All dose evaluations were performed within the Velocity Al system (Varian Medical
Systems, Inc., Palo Alto, CA, USA). The planned dose distribution was compared with the
delivered dose (sum of the fractional doses) in terms of a structure’s mean dose, 90% (D90),
and 10% (D10) isodose line. The relative difference in the planning dose per fraction was
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evaluated for an overall assessment of treatment delivery accuracy. Both regional dose and
overall skeletal dose variations were considered in treatment delivery assessment.

Statistical analyses were performed using GraphPad Prism v 7.04 (GraphPad Software

Inc. La Jolla, CA, USA). Data are presented as the mean + s.d. Outliers were identified
using a robust nonlinear regression method, ROUT (Q = 1%, “Q” is the maximum

desired false discovery rate) and were assessed per institution. Multiple group comparisons
were performed with a one-way ANOVA test correcting for multiple comparisons. Group
comparisons were performed with an unpaired two-tailed Student’s test. A p value of <0.05
was considered statistically significant.

Rigid Registration Errors

Measures of the mean, random, and systematic errors from pre-treatment patient setup are
presented in Figures 2a-d for each institution, and a detailed chart of the errors is found in
Supplement Table 1. As shown in Figure 2a, the highest global error is 8.2 mm, which was
significantly different (p < 0.0001) from the other institutions. This result is largely due to
the y-direction (longitudinal) error of 6.8 mm. Institution 5 was the best overall performing
institution, with an overall distribution error of 4.5 mm compared to 7.3 mm. Results from
WBI and PBI institutions for patient to patient and random error can be found in Figure 2e.
The imaging techniques were found to be significant from each other (p < 0.0001) with WBI
having the lower overall distribution error of 3.8 mm compared to PBI’s 5.3 mm. Patient
roll was small (<1 degree, Supplement Table 1) and therefore it is not included for dose
calculation.

Effect of MVCT length on patient registration

Because PBI was used by half of the centers covering different anatomical regions with
varying number of slices, we investigated whether there was a positive correlation between
number of slices used for PBI registration and WBI registrations. The effect of varying the
number of MVCT slices used for image registration on registration precision and accuracy
are shown in Supplement S1. The magnitude of RMS displacement between WBI and

PBI of varying slices decreased with increasing number of slices for both pelvis and lung
regions. Our results indicate a suggested minimal regional coverage of >10 cm in the
cranial-caudal direction with a slice thickness of 5-6 mm to minimize spatial error of less
than 5% from the overall WBI baseline registration.

Effects of rigid registration on dose

Figure 3 displays the percentage difference in mean dose for daily treatments for each WBI
imaging institution. Percent differences from the planned and delivered doses for the PTV
are in Figure 3a-e. Prescription dose is defined differently for each institution as seen in
Table 1. Figure 3g-k displays the percent difference between the regional CTV mean dose
and the planned PTV mean dose. Figure 3f is the 95% Confidence Intervals (CIs) for the
PTV and are measured as [-2.8%, —1.3%] in the HN, [-1.3%, —0.4%)] in the SC, [-0.9%,
-0.3%)] in the spine, [-1.2%, —0.6%] in the pelvis, and [-2.0%, —0.6%] for the skeleton.
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Figure 31 shows the 95% Cls for the mean CTV dose as compared with the mean PTV dose,
measured as [-3.0%, —0.7%] in the HN, [-1.6%, —0.4%] in the SC, [-0.7%, —0.1%] in the
spine, [-2.3%, —0.4%)] in the pelvis, and [-2.7%, —1.0%] for the skeleton. While institute 1
has higher uncertainty in D90 in skeleton; institutes 2 & 3 have higher uncertainties in the
pelvis (Figure 3a).

Figure 4 displays the percentage mean lung dose difference for daily treatments for

each WBI imaging institution. The different treatment planning isodose distributions are
visualized in Figure 4b & 4c. The 95% CI for lungs from WBI institutes is [-0.8%, 3.4%)]
as seen in Figure 4d. Figures 4e-j are the resulting dose volume histograms (DVHs) of
the lungs for 3 different cases: high, close to expected, and low dose. Blue represents the
resulting fractional dose and red the original planned dose. A representative fraction with
shoulder misalignment and its effect on PTV dose can be seen in Figure 5.

DISCUSSION

This is the first multicenter investigation of the precision of TMI delivery through the
ICTMI consortium. We performed analysis of pretreatment patient setup and its effect on
the administered dose between multiple institutions using different setup methods. MVCT
imaging was crucial to assess pretreatment patient setup, dose validation and institutional
variations in dosimetric accuracy. Pretreatment WBI MVCT allows for assessment of 3D
dose distribution within the skeletal PTV and lungs. Institutional variations in pretreatment
patient setup existed with overall distribution errors ranging from 4.5 mm to 7.3 mm.

Pretreatment Rigid Registration Errors and their Effects on Dose Distribution

There are significant differences between institutions for patient pretreatment setup. The
longitudinal (y) direction of rigid registration had the highest overall distribution error
compared with the lateral (x) and vertical (z) directions (Supplement Table 1 and Figure
2a). These results are different from previous works which indicated greater error in the

z direction [7, 15]. This difference is likely due to previous studies investigating patient
setup for solid tumor treatments rather than whole body skeletal targeting. Most treatment
protocols set a threshold for pre-treatment setup. For example, if the shifts are greater than 5
mm, the patient should be moved and reimaged. If pre-alignment is not properly performed,
large displacements can be identified with MVVCT imaging. In one institution, the vertical
direction shifts were far outside expected values [>5 cm]. The pretreatment MVCT allows
for detection of these large shifts, suggesting the need for image guidance with conformal
radiation delivery.

The D90 had greatest uncertainty in skeletal regions as compared to the mean or D10.

On the other hand, the lungs had the greatest uncertainty and dosimetric variation in D10
values. An example of these uncertainties can be seen in the DVH curves for a single patient
treatment (Supplement Figure S2). In TMI studies, the DVH of skeletal target regions at

the D90, and the lungs at D10, should be critically evaluated to minimize uncertainties

to improve on the overall accuracy and precision of the treatment. Details of the CTV
dosimetry can be found in the supplemental section.
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Despite regional differences in the delivered dose, the overall PTV mean dose was still
within 5% of the planned dose for all institutions. The example in Figure 5 shows the
shoulder and clavicle (SC) were misaligned; however, the misalignment had no effect on the
overall PTV dose for that day, because the SC only accounts for <2% of the total skeletal
volume. However, in the case of non-homogeneous disease distribution (e.g. leukemia),
small regions of poor dose coverage could have adverse effects on relapse prevention,
demonstrating the importance of 3D DVH calculations of PTV dose [16-18]. 3D imaging of
target and its localization may be important to avoid the possibility of under-dosing (cold
spot) the target regions and to allow accurate dose delivery [16].

The merits of WBI imaging compared to PBl imaging

Among the participating centers, institution 5 had the lowest overall error when compared
to the other institutions using PBI imaging. PBI is faster to assess patient positioning than
WBI. However, PBI results in incomplete images of certain key regions such as the lung
(Figure 1b & 1h), which may result in loss of information that is relevant to assess patient
dose delivery. While the variation in systematic error between WBI and PBI is similar,

the overall error distribution is less for WBI because of lower random error (Figure 2e &
Supplement Table 2). One possibility for higher error in PBI is the averaging of multiple
limited body registrations which are then applied as the overall rigid shifts. A limitation of
MVCT imaging is poor soft tissue contrast. However, for TMI, MVCT imaging is useful for
identifying bony treatment regions. Image resolution and the speed of MVVCT imaging for
TMI treatments are currently being improved, which has potential to further reduce image
acquisition time, making WBI MVCT scans more feasible [19].

Lung dose and planning philosophy

One of the major goals in TMI planning is to limit the lung dose to reduce risk for interstitial
pneumonitis (IP). Previous studies on IP from TBI-related radiation exposure to the lungs

is directly associated with mean lung dose, dose per fraction, dose rate, and chemotherapy
regimen [20, 21]. However, the lung dose measurements from these studies are obtained

by single point dosimetry rather than calculated using 3D imaging based dosimetry, which
makes variations in dose poorly understood [22]. WBI allows for 3D dosimetric analysis,
which will enable quantitative associations between 3D dose distribution and IP.

There was greater uncertainty (nearly double) in the D10 for conformal targeting compared
with conformal avoidance (Figure 4a). Variation in the lung dose is visible fraction to
fraction, and often the deviation in the DVVH occurs at a high dose as seen in Figure 4e-j.
However, the mean dose for the whole lung was typically higher for conformal avoidance
(0.5% from expected) versus conformal targeting (1.2% from expected) planning because of
the presence of high dose interfaces in close proximity to the lung. One of the major goals
of TMI clinical trials is to allow for dose escalation, as it has been shown to reduce the
relapse rate [23-25]. Increasing accuracy of patient setup will enable further dose sparing to
avoidance structures, enabling more reliable treatment delivery and dose escalation. Current
prescriptions range from as low as 12Gy to as high as 20 Gy given in 2-4 Gy fractions.

In the future, with increasing number of centers adopting TMI for treating hematological
malignancies and experience gained from the current study, we will expand this study to a

Radiother Oncol. Author manuscript; available in PMC 2022 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zuro et al.

Page 8

larger population through the consortium to develop a more robust benchmark on setup and
dosimetric tolerance. This approach could help to establish multicenter trials and compare
clinical outcomes from different centers.

This work has shown that center-to-center variations in patient setup and doses delivered are
dependent upon patient immobilization, pretreatment imaging protocols and PTV definition
for TMI. The whole body immobilization is generally recommended for patient localization.
The WBI MVCT imaging modality is recommended over PBI for monitoring patient

setup variation. WBI MVCT imaging is also recommended for monitoring dose delivery.
Based upon participating centers, PTV margin can be adjusted depending upon proximity
of targets to OARs to improve dosimetric results, furthering the need for WBI before

each treatment. Although this study suggests reasonable patient localization and dosimetry,
further expansion is under way. As TMI treatment for bone marrow transplantation becomes
more mainstream, additional centers can be added globally.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. WBI institutions have lower overall setup error compared with PBI
. MVCT WBI ensures accurate assessment of 3D regional and global dose

variations

. Variation is greatest in DVH of skeletal target at 90% and the lung at 10%
isodose

. Dose planning (avoidance vs targeting) has significant impact on lung dose
coverage
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Fig. 1.

E)?amples of WBI and PBI and their respective registrations. (a) Whole Body registration
with associated kVCT. Three sub-regions commonly imaged in PBI: (b) head and neck.

(c) abdominal, and d) pelvic are shown registering with their K\VCTs. Red boxes indicate
regions where PBI was not performed but significant mismatches in WBI were found. Slices
from WBI and PBI are shown for various regions (e-k). Orange CT scans are from WBI
scans. Green CT scans are from PBI scans. Regions outside of PBI imaging show mismatch
in WBI while only slight mismatches occur in nearby PBI images regions.
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Fig. 2.

(a) Box plot (Tukey) of rigid translations for each institution from pre-treatment rigid

registration for each cardinal direction and the 7/ (RMS average: y x> + Y2 + z2). (b—d)
Graph of random and systemic errors for each institution (x, J; 2) in each cardinal direction
(%, ¥, 2). (e) Graph of random and systemic errors for the two primary MVCT imaging
techniques: WBI & PBI for each cardinal direction. Numerical results can be found in
Supplement Table 1 & 2. Results were calculated following Yan’s methods and detailed in

the Supplement section.
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Fig. 3.

(a—€) Regional percent dose difference for the PTV between the delivered and the planned
mean doses. 90% isodose (D90) and 10% isodose (D10) for the skeleton five sub regions:
skeleton, head & neck (HN), shoulder with clavicle (SC). Spine with Sternum, and Pelvis,
for all Whole Body imaging institutions 1.2, & 3 (A =5 for each institute). (g—k) Regional
percent dose differences for the CTV as compared to the PTV mean dose. Delivered doses
are calculated on the basis of recorded pretreatment shifts before radiation delivery. Regional
percent differences in mean dose between (f) delivered PTV and (l) delivered CTV doses
from the planned PTV mean dose in the SC. spine, head and neck (HN) based on the number

of patients, presented with confidence intervals.
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Fig. 4.
(a) Percent dose difference for the lungs between delivered and planned mean doses,

90% isodose (D90) and 10% isodose (D10). Isodose lines of the thoracic cavity of two
different treatment planning methods: (b) conformal avoidance and (c) conformal targeting.
(d) Percent dose difference between expected and delivered dose in the lung for all WBI
institutes (V= 15) (e—j) is the resulting DVHs of the lung for 3 different representative
cases: overdose, close to expected dose, and under-dosed. Blue represents the resulting
fractional dose and red the original planned dose.
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Fig. 5.

Example of misaligned shoulder from TMI treated patient. (a) root-mean-square (RMS)
displacement per fraction showing a large shift in the SC region on days 5 and 6.

(RMS =4/ X2 + Y% + z?%), and (b) dose-volume-histogram (DVH) graph of the rigid and
planned dose of the shoulder, for day 5 of treatment (c) image of misaligned shoulder on day

5 of treatment.
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Table 1:

Page 16

Classification of MVCT protocol, KVCT protocol, dose prescription and PTV definition per institution.
Further details of PTV definition for institution 3 and 5 are provided in the methods section.

Institution # of PTV KVCT MVCT PTV
patients Definition data data Planned Dose
. 5mm thick slices, 108cm WBI, range of 0-6mm with a mean of ~ e
1 6 Symmn‘?;?cir}Omm starting from bottom of 3mm thick slices, starting from bottom of 1561f8r£¥ 0'285
9 pelvis pelvis
2 11 Symmetric 10mm ls(();r;m;sl?ﬁ ::!;}f.sn 1%%%“ WABI, 6mm thick slices, 80cm scan 12Gy in3
margin the t(?p of the hgad length, starting from top of the head fractions
Non-symmetric . .
3 20 margins variable for sfarptri?] thf'rcokmSIt'ﬁgst'olzolfctrﬁe WBI, 6mm thick slices, 80cm scan 20Gy in 10
target region (see 9 head P length, starting from top of the head fractions
methods for details)
. . PBI, two sets of images taken at: 1.
4 11 Symmetric 5mm i%?nn: etrf: '?E ::;flsn 1?;:;;“ center of the pelvis 2. from the neck; 8-12Gy in 4-7
margin the tog of the hgad 6mm thick slices with a scanning length fractions
P 30cm each
Symmetric margins . . PBI, two sets of images taken at: 1.
5 10 variable for target i%gm etgu;ﬁ ::;flsn 1%;21 center of the pelvis 2. from the neck; 13.5Gy in 9
regions (see the tog of the hgad 6mm thick slices with a scanning length fractions
methods for details) P 30cm each
. . PBI, two sets of images taken at: 1. illiac
6 10 Symmetric 7mm gg,:mmltewcgsslt'gasihl%gm crest of the pelvis 2. midline of the eyes; 12Gy in3
margin the tog of the hgad 6mm thick slices with a scanning length fractions
P 44cm each

Radiother Oncol. Author manuscript; available in PMC 2022 February 07.



	Abstract
	INTRODUCTION
	METHODS AND MATERIALS
	Patient Immobilization
	Definition of the CTV and PTV
	Planning Philosophy
	Daily MVCT Imaging
	Pretreatment Rigid Registration Assessment and its Effect on Dose Recalculation

	RESULTS
	Rigid Registration Errors
	Effect of MVCT length on patient registration
	Effects of rigid registration on dose

	DISCUSSION
	Pretreatment Rigid Registration Errors and their Effects on Dose Distribution
	The merits of WBI imaging compared to PBI imaging
	Lung dose and planning philosophy

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Table 1:

