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Abstract 

 Total Body irradiation (TBI) has been used for many years as the 

preconditioning regime before bone marrow transplant. Dose escalation of TBI 

produced decreased relapse rates in patients with leukemia; however, treatment-

related deaths increased because of organ toxicity from TBI negating any 

potential therapeutic gain.  In 2005 a new technique called Total Marrow 

radiation (TMI) was founded as an alternative to TBI. TMI is a highly conformal 

treatment of the human skeleton structure requiring a high degree of precision 

and accuracy for treatment delivery. However, there are several challenges to 

establish and advance TMI treatment; specifically, 1) the existence of differences 

in treatment setup between centers which may cause differences in dose delivery 

and treatment accuracy. 2) the lack of a preclinical model to better understand 

the biological differences between TMI and TBI. Lack of preclinical TMI model, 

limits us for in depth understanding of how TMI dose escalation and bone 

marrow microenvironment plays role in leukemia relapse and whether new 

therapeutics (e.g. TMI and immune modulation) could be developed to improve 

treatment outcomes.  

 In this thesis, I assessed the state of current clinical TMI pre-treatment 

setup and its effect on dose delivery. Patient setup techniques differed between 

centers, creating variations in dose delivery. Image fusion accuracy varied by 

anatomical regions and by imaging technique. This effort allowed us to 

standardize treatment setup which can be used as reference for all centers.  
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 After creating a multi-center reference for TMI dose distribution, we 

developed and validated image guided preclinical TMI treatment technique in 

mice. Dose reduction in preclinical TMI mirrored that in clinical TMI.TMI treated 

mice showed full long-term donor engraftment after primary bone marrow 

transplant (BMT) and second serial BMT. Engraftment was similar to TBI. TBI-

treated mice showed acute gut damage, which was minimized in mice treated 

with TMI.  

 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. The development of a new 3D targeted 

preclinical system paves the way for new exploratory studies in the field of bone 

marrow transplant and radiobiology.  
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Chapter 1. Introduction 

1.1. Rational behind Total Body Irradiation  

 Bone marrow transplantation (BMT) is a curative treatment option for 

several malignant and non-malignant hematological diseases. However, without 

patient preconditioning, donor engraftment would fail. Engraftment failure is a 

byproduct of immunological response as demonstrated by Medawar et al. (1, 2). 

Therefore, an immune-suppressant treatment is needed to reduce the risk of 

donor engraftment rejection. This immune-suppressant treatment for patients 

with leukemia often takes the forms of Total Body Irradiation (TBI) or more 

recently Total Marrow Irradiation (TMI). The dose of radiation must be sufficiently 

large enough to both suppress the recipient’s immune system and eliminate the 

remaining leukemia cells (3-5).  

1.2. History of Total Body Irradiation & Bone Marrow Transplant 

development 

TBI has been proven to be an effective radiation treatment for 

hematological malignancies such as: Hodgkin’s and non-Hodgkin’s 

lymphoma, multiple myeloma, chronic leukemia, and a variety of solid tumors 

(6) with its initial usage dating back to 1927. The use of lethal radiation to 

suppress immune systems has been the subject of intense research since the 

late 1940s. Preclinical models of radiation induced immune suppression led to 

the discovery that bone marrow transplantation which allows for donor bone 
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marrow engraftment and regeneration of immune system (7, 8). Further 

preclinical modeling was done where dogs survived lethal exposure of TBI 

with autologous bone marrow transplant (9). Barnes, et al. was able to apply 

this method to a leukemia mouse model where mice were rescued from 

exposure to lethal radiation because of a healthy donor bone marrow 

transplant (10). This work demonstrated that TBI suppresses the immune 

system to facilitate long term healthy donor bone marrow engraftment 

Study of human bone marrow engraftment after lethal radiation began 

using hemopoietic tissue from cadavers, fetuses and living donors as far back 

as 1956 (11). A general lack of success in these earlier studies demonstrated 

the complexity of the human bone marrow transplant system and required 

further preclinical investigation. Only after successful experiments on marrow 

grafting following lethal radiation using outbred dogs (12-14) was there a 

resurgence of experiments. Successful marrow engraftment after TBI was 

then achieved using a host of other models such as rodents (15, 16), dogs 

(17), monkeys (18) and eventually in human patients (19). These studies 

eventually led to the standardization of marrow engraftment techniques using 

TBI (20) and clinical trial success (21). Originally published in 1975, the TBI 

treatment method earned Doctors Donnall Thomas and Joseph E. Murray the 

Nobel Prize in Medicine in 1990 and since then many studies have been done 

to determine the most effective treatment regimen for TBI (22-24). 
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1.3. Current state of TBI and rational behind Total Marrow 

Irradiation 

For over half a century, TBI has been a standard of care as a preconditioning 

regimen for host immune suppression and reduction of disease burden to allow 

donor engraftment (4, 5, 25, 26). However, TBI also results in severe toxicities 

due to large radiation exposure to vital organs. Pulmonary toxicities result in 

~50% of transplantation-related deaths (27, 28), and acute graft-vs-host disease 

(GVHD) is a major post-transplantation complication (29). Additionally, for 

relapsed/refractory patients with acute myeloid leukemia (AML) who are 

undergoing hematopoietic cell transplantation (HCT), the TBI conditioning regime 

is often not sufficient for disease control. Dose escalation of TBI produces 

decreased relapse rates in patients with leukemia (30-32). However, treatment-

related deaths increase because of organ toxicity from TBI (31-34). This outcome 

negates any potential advantage for survival with escalated doses of TBI as seen 

in Figure 1-1. Numerous techniques have been developed to reduce organ 

Figure 1-1: Kaplan-Meier estimates of survival and cumulative incidence of 
relapse for patients conditioned for HLA-identical marrow transplantation by 120 
mg/kg cyclophosphamide and 12.0 Gy or 15.75 Gy of fractioned TBI. This figure 
is taken from the publication reported by Clift et al. in 1998 
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toxicities associated with TBI (35-39). Low dose fractionation approaches were 

adopted but toxicities remained high (40). Shielding and compensators were also 

attempted to reduce organ toxicities but their effectiveness was limited due to the 

challenge of organ geometry and the precision required for daily patient 

positioning (41). 

Research in total marrow irradiation (TMI) was driven by two primary 

motivations: 1) 3D assessment of dose inhomogeneities of TBI and 2) a desire to 

escalate dose to the marrow while minimizing dose to sensitive tissues. In 2004 

Hui et al. demonstrated using 3D CT that thermolumescent detectors (TLDs) 

alone were unable to properly assess large variations in delivered dose for a 

standard TBI treatment (41). Then in 2005 Hui, et al. introduced a novel way to 

overcome both the organ toxicity and CT based treatment planning by adopting 

Helical Tomotherapy (Tomotherapy Inc., Madison, WI) technology (42-48). Unlike 

TBI, TMI targets the entire skeletal system while sparing sensitive, normal 

tissues, such as the lungs. Dose to sensitive organs were reduced by 35-70% 

with accurate dose delivery within ±7% to both target and critical organs a vast 

improvement over other contemporary radiation techniques at the time. Clinical 

data shows that dose-escalated TMI (20 Gy) as a preparative regimen prior to 

allogenic HCT for high-risk refractory leukemia patients was feasible and had 

therapeutic benefit, conferring an overall survival (OS) rate of 48% at 2 

years(49), in contrast to the <10% OS reported for similar patients with active 

disease given TBI- or busulfan-based myeloablative regimens (50). However, 

relapse remains a major problem, suggesting more research is needed to 
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optimize TMI treatment for improving the survival benefit of patients with 

relapsed/refractory AML and to explore combinatorial therapeutics including TMI 

together with immunomodulatory drugs for hematological diseases (51). 

Furthermore, as TMI has become adopted by more centers but there is a wide 

variation in treatment setup techniques and patient positioning. This creates 

challenges when attempting center to center treatment outcome comparisons.  

1.4. Gap between preclinical and clinical development 

 Since the development of helical TMI there has been an explosion of 

feasibility studies and clinical research within the field (43, 44, 46, 47, 52). This 

technique only made possible by the development of3D imaging with dose 

modeling and the Multi-leaf collimator (MLC). These leaps forward in technology 

have further enabled advancements in clinical research (53). However, 

preclinical modeling has sorely lacked behind. This is largely due to the lack of 

technological developments for preclinical radiation therapy research. Unlike 

clinical research, where onboard imaging systems for 3D imaging and MLCs for 

radiation treatment are relatively common, they have not existed for preclinical 

systems until recently. Recent developments such as an Intensity Modulated 

Radiation Treatment (IMRT) (54, 55) and MicroCT treatment systems (56) for 

preclinical research have closed the technological gap between preclinical and 

clinical treatments. The introduction of a preclinical 3D CT system has allowed 

for the study of dose deposition beyond 2D planar film. Preclinical modeling 

played an integral role in the development of TBI and BMT. This preclinical 

model furthered the understanding of the complicated biological mechanisms of 
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immune modulation and bone marrow engraftment. As TMI develops, having a 

robust preclinical radiobiological model of its own will assist in future progression 

of clinical treatments. 

1.5. Outline of this thesis 

 Chapter 2 is the evaluation of precision using current clinical TMI 

treatment techniques and its impact on the dose distribution. TMI is a highly 

conformal treatment of the human skeleton structure requiring a high degree of 

precision and accuracy for treatment delivery. There are currently many centers 

worldwide initiating clinical studies using TMI but there is currently no standard 

for patient pretreatment setup. To this end, the accuracy of different patient 

setups was measured using pretreatment imaging and their impact on dose 

delivery was assessed for multiple institutions.  

 Chapter 3 transitions to discussing the development and progress of 

preclinical TMI treatment techniques and their evaluation as effect radiobiological 

models. A new novel preclinical TMI treatment technique using new microCT 

technology is reported with an example of a practical application. The model was 

validated dosimetrically and biologically using bone marrow transplant 

techniques.  

 Chapter 4 demonstrates and outlines the details of a perspective 

radiobiological study for assessing lung toxicities following TMI related treatment. 

This study is an example of many potential studies and mirrors current clinical 

works. Chapter 5 is a conclusion with a wrap up outlining future projects that will 

be developed from the works presented in this thesis. 
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Chapter 2. Assessment on the Precision of Clinical TMI 

using Megavoltage computer tomography (MVCT) 

2.1. Introduction – Rational behind precision assessment 

 TMI treatment risks are similar to 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 (57). 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 (58, 59). 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 
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accomplish this goal: 1) 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. Based on this 

evaluation, recommendations for improved TMI treatment setup are given. 

2.2. Methods 

2.2.1. 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) 

(42, 47). 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 

(58). For initial setup and verification, a series of tattoos along the head, 

shoulder, thorax, pelvis, and leg regions were used.  

2.2.2. 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 
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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. 

2.2.3. Planning Philosophy 

 We identified two different approaches for TMI treatment planning: 

conformal avoidance and conformal targeting, as described previously by Hui et 

al (42). 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 (60) using the helical Tomotherapy. 

2.2.4. 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 
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through the International Consortium of TMI (ICTMI) (Table 2-1). 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 (48). Patient pretreatment setup is defined as the imaging, 

immobilization, and planning technique used for the delivery of the radiation 

therapy.  
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Institution # of patients PTV Definition KVCT data MVCT data 
PTV Planned 

Dose 

1 6 
Symmetric 

10mm margin 

5mm thick 

slices, 108cm 

starting from 

bottom of pelvis 

WBI, range of 

0-6mm with a 

mean of 3mm 

thick slices, 

starting from 

bottom of pelvis 

15-18 Gy in 5 - 

6 fractions 

2 11 
Symmetric 

10mm margin 

10mm thick 

slices, 126cm 

scan length 

starting from 

the top of the 

head 

WBI, 6mm 

thick slices, 

80cm scan 

length, starting 

from top of the 

head 

12Gy in 3 

fractions 

3 20 

Non-symmetric 

margins variable 

for target region 

(see methods for 

details) 

5mm thick 

slices, 121cm 

starting from 

the top of the 

head 

WBI, 6mm 

thick slices, 

80cm scan 

length, starting 

from top of the 

head 

20Gy in 10 

fractions 

4 11 
Symmetric 5mm 

margin 

10mm thick 

slices, 134cm 

scan length 

starting from 

the top of the 

head 

PBI, two sets of 

images taken at:  

1. center of the 

pelvis 2. from 

the neck; 6mm 

thick slices with 

a scanning 

length 30cm 

each 

8-12Gy in 4-7 

fractions 

5 10 

Symmetric 

margins variable 

for target regions 

(see methods for 

details) 

10mm thick 

slices, 134cm 

scan length 

starting from 

the top of the 

head 

PBI, two sets of 

images taken at:  

1. center of the 

pelvis 2. from 

the neck; 6mm 

thick slices with 

a scanning 

length 30cm 

each 

13.5Gy in 9 

fractions 

6 10 
Symmetric 7mm 

margin 

2mm thick 

slices, 185cm 

scan length 

starting from 

the top of the 

head 

PBI, two sets of 

images taken at:  

1. iliac crest of 

the pelvis 2. 

midline of the 

eyes; 6mm thick 

slices with a 

scanning length 

44cm each 

12Gy in 3 

fractions 

 Table 2-1: 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. 

  

 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 2-1). Whole body 
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images were taken from the top of the neck or base of the skull to below the 

pelvis (Figure 2-1a) 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 2-1b). The second region covered the 

abdominal cavity down to the pelvis (Figure 2-1c). The third region covered the 

top of the iliac crest down to the diaphysis of the femur (Figure 2-1d). 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 Figure 2-1e-

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.  

 We varied the number of MVCT slices used from whole body images and 

performed image registrations with the planning kVCT. These registrations were 

compared with WBI-based registrations in the lung and pelvic bone region for the 

same patient. PBI slices were determined by initially selecting slices at the iliac 

crest of the pelvis and cranial half of the lungs, then adding additional inferior 

slices to both regions. The difference in root-mean-square (RMS) displacement 

between the WBI registration and PBI registration were calculated with varying 

image lengths.  
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 Figure 2-1:  Examples 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 kVCTs. 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. 

  

2.2.5. Pretreatment Rigid Registration Assessment and its Effects on 

Dose Recalculation 

 Pre-treatment rigid registrations from each institution were evaluated 

following previously published methods (43, 61, 62). All CT images were down 

sampled to 256x256 resolution to match Tomotherapy based MVCTs, ensuring 

that differences in resolution would not affect the dose calculation. Results from 
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pre-treatment rigid registrations were used to quantify setup errors for each 

institution, which include global systematic error (2-1), random error (2-2), 

patient-to-patient variations (2-3), and the overall distribution error (2-4). 

Equations are derived by Yan, et al (61):  

 𝑀(𝜇𝑖) = ∑
𝑁𝑖µ𝑖

𝑁

𝑃
𝑖=1  𝑤ℎ𝑒𝑟𝑒 𝜇𝑖 = ∑

𝑚𝑘

𝑁𝑖

𝑁𝑖
𝑘=1      (2-1) 

 ∑(𝜇𝑖) = √
∑ 𝑁𝑖(𝜇𝑖−𝑀(𝜇𝑖))2𝑃

𝑖=1

(𝑁−1)
   (2-2)   

 𝑅𝑀𝑆(𝜎𝑖) = √∑
(𝑁𝑖−1)(𝜎𝑖)2

(𝑁−1)
𝑃
𝑖=1  𝑤ℎ𝑒𝑟𝑒 𝜎𝑖 = √

∑ (𝑚𝑘−𝜇𝑖)2𝑁𝑖
𝑘=1

(𝑁𝑖−1)
 (2-3) 

 ∑ = √∑(𝜇𝑖)2 + 𝑅𝑀𝑆2(𝜎𝑖)𝑜𝑣𝑒𝑟𝑎𝑙𝑙  (2-4) 

 µi = is the individual systemic error for patient i 

 P is the total number of patients 

 N is the total number of treatment fractions 

 Ni = treatment fractions for patient i 

 mk = measured position correction for the kth fraction of patient i 

 σi = individual random error for patient i 

  

 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-RT dose files. Since translation shifts were 

accounted for, we are investigating the residual error from patient setup. All dose 
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evaluations were performed within the Velocity AI 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 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 ± 

standard deviation. 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.  

2.3. Results 

2.3.1. Rigid Registration Errors 

 Measures of the mean, random, and systematic errors from pre-treatment 

patient setup are presented in Figure 2-2 & Figure 2-3 for each institution, and a 

detailed chart of the errors is found in Table 2-2. As shown in Figure 2-2, 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 
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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 

2-3. 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, Table 2-3) and therefore it is 

not included for dose calculation.  

  

 Figure 2-2: Box plot (Tukey) of rigid translations for each institution from 
pre-treatment rigid registration for each cardinal direction and the R (RMS 
average:√𝑋2+𝑌2+𝑍2 ). 
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 Figure 2-3: Graph of random and systemic errors for each institution (x, y, 
z) in each cardinal direction (x, y, z). 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 Table 2-2 & Table 2-3. Results were 
calculated following Yan’s methods and detailed in the method section equations 
(2-1) to (2-4). 
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Global Systemic Errors 

Institution 
X 

(mm) 

Y 

(mm) 
Z (mm) 

Average 

√(X^2 + 

Y^2 + Z^2) 

Roll 

(degrees) 

1 0.95 0.25 2.33 2.53 -0.07 

2 -1.78 3.56 4.57 6.06 0.61 

3 -0.25 -0.16 -0.57 0.64 -0.04 

4 -2.26 6.88 3.76 8.16 0.11 

5 0.31 -2.30 2.24 3.22 0.13 

6 -0.72 -1.10 4.31 4.51 N/A 

Variation in Systemic Error 

Institution 
X 

(mm) 

Y 

(mm) 
Z (mm) 

Average 

√(X^2 + 

Y^2 + Z^2) 

Roll 

(degrees) 

1 1.96 3.62 2.34 4.74 0.53 

2 1.85 3.81 3.28 5.35 0.53 

3 2.22 2.18 1.25 3.36 0.50 

4 1.64 3.31 2.04 4.22 0.54 

5 1.73 1.91 1.42 2.95 0.21 

6 1.92 1.96 2.77 3.90 N/A 

Magnitude of Random Error 

Institution 
X 

(mm) 

Y 

(mm) 
Z (mm) 

Average 

√(X^2 + 

Y^2 + Z^2) 

Roll 

(degrees) 

1 2.38 4.16 2.97 5.64 0.78 

2 1.46 2.89 2.69 4.21 0.40 

3 1.98 2.21 1.86 3.50 0.44 

4 2.11 4.01 3.14 5.51 0.66 

5 1.90 2.18 1.79 3.40 0.28 

6 0.83 2.18 1.74 2.91 N/A 

Overall Distribution Error 

Institution 
X 

(mm) 

Y 

(mm) 
Z (mm) 

Average 

√(X^2 + 

Y^2 + Z^2) 

Roll 

(degrees) 

1 3.09 5.52 3.78 7.36 0.94 

2 2.36 4.78 4.24 6.81 0.66 

3 2.98 3.10 2.24 4.85 0.67 

4 2.67 5.20 3.75 6.94 0.85 

5 2.57 2.90 2.29 4.50 0.35 

6 2.09 2.93 3.27 4.86 N/A 

 Table 2-2: Detailed table of global systemic errors for each institution’s 
submitted patient population based on the recorded pretreatment rigid 
registration. 
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Global Systemic Errors 

Technique 
X 

(mm) 

Y 

(mm) 

Z 

(mm) 

Average 

√(X^2 + 

Y^2 + 

Z^2) 

Roll 

(degrees) 

WBI -0.07 0.60 0.97 5.08 0.04 

PBI -0.68 0.77 3.90 6.60 0.14 

Variation in Systemic Error 

Technique 
X 

(mm) 

Y 

(mm) 

Z 

(mm) 

Average 

√(X^2 + 

Y^2 + 

Z^2) 

Roll 

(degrees) 

WBI 3.37 3.46 2.86 3.36 0.57 

PBI 1.93 4.34 2.82 3.16 0.37 

Magnitude of Random Error 

Technique 
X 

(mm) 

Y 

(mm) 

Z 

(mm) 

Average 

√(X^2 + 

Y^2 + 

Z^2) 

Roll 

(degrees) 

WBI 0.14 0.18 0.20 0.21 0.03 

PBI 1.76 3.22 3.94 4.27 0.45 

Overall Distribution Error 

Technique 
X 

(mm) 

Y 

(mm) 

Z 

(mm) 

Average 

√(X^2 + 

Y^2 + 

Z^2) 

Roll 

(degrees) 

WBI 3.37 3.47 2.87 3.37 0.57 

PBI 2.61 5.40 4.85 5.31 0.59 

 Table 2-3: Detailed table of global systemic errors for each MVCT imaging 
technique’s patient population based on the recorded pretreatment rigid 
registration 

  

2.3.2. 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 Figure 2-4. The 
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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. 

  

 Figure 2-4: Difference between minimal slice registration and WB 
baseline registration (N=10) for the pelvis and lung regions from the 3 WBI 
institutions. All images are registered at 256x256 with 6mm slice thickness. 
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2.3.3. Effects of Rigid registration on dose 

 Figure 2-5 & Figure 2-6 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 2-5. Prescription dose is 

defined differently for each institution as seen in Table 2-1. Figure 2-6 displays 

the percent difference between the regional CTV mean dose and the planned 

PTV mean dose. Figure 2-5f 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. Figure 2-6f shows the 95% CIs 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 2-5a). 
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 Figure 2-5: a-e) 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: Head & Neck (HN), Shoulder with 
Clavicle (SC), Tspine with Sternum, and Lspine, for all Whole Body imaging 
institutions 1, 2, & 3 (N=5 for each institute). Delivered doses are calculated 
based on recorded pretreatment shifts before radiation delivery. Regional percent 
differences in mean dose between f) delivered PTV 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.  



  

 23 
  

  

 Figure 2-6: a-e) Regional percent dose difference for the CTV between 
the delivered and the planned mean doses, 90% isodose (D90) and 10% isodose 
(D10) for the skeleton five sub regions: Head & Neck (HN), Shoulder with 
Clavicle (SC), Tspine with Sternum, and Lspine, for all Whole Body imaging 
institutions 1, 2, & 3 (N=5 for each institute). Regional percent differences in 
mean dose between f) 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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 Figure 2-7 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 2-7b & Figure 2-7c. The 95% CI 

for lungs from WBI institutes is [-0.8%, 3.4%] as seen in Figure 2-7d. Figure 

Figure 2-7: 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 (N=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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2-7e-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 2-8.  

  

2.4. 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 

Figure 2-8: 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 = √𝑥2+𝑦2+𝑧2), 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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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.   

2.4.1. Pretreatment Rigid Registration 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 (Table 2-2 and Figure 2-5a). These results are different from previous 

works which indicated greater error in the z direction (43, 62). 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 MVCT 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 
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seen in the DVH curves for a single patient treatment (Figure 2-9). 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. Since the CTV is encapsulated within 

the PTV, the uncertainty in the mean dose is expected to decrease or remain 

unchanged. Comparing the confidence intervals and dosimetry from Figure 2-5f 

& Figure 2-6f shows that is the case for SC and pelvis; but for the Spine, HN, 

and skeleton uncertainty increases. Despite differences in dosimetry all regions 

were still within 5% of expected value. This uncertainty in the mean dose 

between CTV to PTV and PTV to PTV is most likely inherent (random) error. 

Sternum was included with the spine which is sensitive to patient’s breathing 

motion therefore can significantly affect the dosimetry. The head and neck 

dosimetry is not well understood and needs to be investigated further. 

Figure 2-9: Example DVHs of a 10 fraction TMI treatment for: a) Tspine and 
Sternum and b) lungs. Variations in the DVH can be seen at the 90-95% line for 
the bone structure and 10-30% for the lung. 
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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 2-8 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 (63-65). 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 (63).  

2.4.2. The merits of WBI compared to PBI 

 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 2-1h), 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 2-2e & Table 2-3). 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 

MVCT imaging for TMI treatments are currently being improved, which has 
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potential to further reduce image acquisition time, making WBI MVCT scans 

more feasible (66). 

2.4.3. 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 (67, 68). 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 (41). 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 2-7a). Variation in the lung 

dose is visible fraction to fraction, and often the deviation in the DVH occurs at a 

high dose as seen in Figure 2-7e-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 near 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 (52, 

69, 70). 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 
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adopting TMI for treating hematological malignancies and experience gained 

from the current study, we will expand this study to a 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.  

2.5. Conclusion 

 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.  
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Chapter 3. First Multimodal Image-Guided Total Marrow 

Irradiation 3D model for Preclinical Studies 

3.1. Introduction – Rational behind TMI Preclinical Model 

development 

 CT-guided imaging for 3D dose calculation and augmentation of TMI in 

patients was achieved through a series of developments. Unlike standard TBI 

treatment, the first CT-guided 3D treatment planning showed a large uncertainty 

in organ dose coverage (71). The CT-guided TMI development allowed 3D dose 

calculations and modulation of radiation to desired regions while reducing doses 

to organs at risk (42). Although clinical TMI technological development has led to 

a large number of clinical trial investigations worldwide to allow dose escalation 

and reduction of relapse for patients with high-risk leukemia (53, 72-74), a lack of 

advanced pre-clinical technology has limited the scope of further scientific 

advances. Historically, mouse TBI treatment was performed using an X-ray 

source in which the traditional dose to the object was calculated by measuring 

the distance between the X-ray source to the object and dose calibration 

performed as standard (75). This process lacked imaging identifying organs, as 

well as a 3D dosimetric model to calculate detailed organ dosimetry and ignored 

the dosimetric effect of tissue heterogeneity. A film-based 2D image guidance 

identifying organ position and copper compensator allowed us to develop the 

first-generation TMI. However, it lacks 3D imaging, treatment planning for 

generating organ dosimetry such as dose volume histograms, and an accurate 

calculation of the dose to the bone, marrow, lungs and other organs. Therefore, 



  

 32 
  

there is an unmet need for the development of a 3D image guided preclinical TMI 

model to further our mechanistic understanding of TMI treatment, to test various 

approaches for advancing TMI in patient care.    

 Addressing these issues to advance targeted radiation delivery for 

hematological research, we report here the development of an image-guided, 

high-precision preclinical TMI mouse model and evaluate its potential for 

maintaining long-term bone marrow engraftment while reducing organ damage, 

in comparison to standard TBI. This approach includes the development and 

characterization of a whole-body, CT-based, 3D image-guidance system 

identifying target and vital organs, allowing for precise dose calculations and 

optimization and validation of TMI delivery. Previous efforts to reduce whole-body 

radiation with the aim of reducing toxicity have resulted in increased relapse 

potential (reviewed by Sengsayadeth et al.(76)), and reduced engraftment or 

mixed chimerism(77), which can be overcome by increasing the number of donor 

cells(78). However, it is unknown how varying radiation exposure to vital organs 

could affect engraftment dynamics. Since TMI can maintain a high dose of 

radiation to the bone marrow and spleen, we hypothesized that TMI, along with 

reduced radiation exposure to body, will allow successful long-term engraftment. 

We further explored a comparative evaluation of TMI dosimetry between 

preclinical models and clinical data.   

3.2. Methods 

 All animal experiments were carried out in accordance with the guidelines 

of the Institutional Animal Care and Use Committee (IACUC). C57BL/6 and 
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CD45.1 mice were purchased from National Cancer Institute (NCI, Wilmington, 

MA, USA). Tg(LZG85)Luc-GFP/B6 (B6 luciferase) mice were obtained from Dr. 

Defu Zheng, City of Hope and maintained by the Animal Resource Center of City 

of Hope.  

3.2.1. Micro Irradiator 

 The TMI treatment was performed using the Precision X-RAD SMART 

Plus / 225cx (Precision X-Ray, North Branford, CT, USA), an X-ray irradiator able 

to image and treat small animals through modulation of its beam filtration, tube 

current, and potential differences. It had a maximum tube potential of 225 kV. 

Photons were filtered through a beryllium window with an additional 2.0 mm 

aluminum filter for imaging and 0.32 mm copper filter for treatment (56).  

3.2.2. TMI treatment workflow 

 A workflow for TMI planning and treatment is represented in Figure 3-1. 

This workflow was performed on a reference planning animal to build a treatment 

plan for a set of treated animals. The reference planning animal matched the 

treated animals in species, sex, age (within 2 weeks), and weight (within 4 

grams) to ensure treatment accuracy and reproducibility. Further details are 

provided below.  
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3.2.3. Treatment positioning 

 An air-tight animal holder (6” long, cylindrical) made primarily of Delrin® 

and acrylic material was constructed as seen in Figure 3-2. The animal was 

placed in this animal holder to ensure reproducible animal positioning and 

immobilization. The holder limited animal motion along the longitudinal axis, 

increasing positioning reproducibility. Two ports from the front of the holder 

allowed circulation of isoflurane for anesthesia. The holder’s effectiveness in 

stabilizing the mouse in position was tested by acquiring CT images of five 

female B6 mice (weighing approximately 20g), with both the holder and the flat 

 Figure 3-1: The detailed step-by-step process for the TMI treatment is 
shown. Steps on the left in red are major steps. Steps in blue are sub-steps. 



  

 35 
  

standard bed and were used as reference scans for their respective experiments. 

For simulating treatment conditions, a second set of CT scans for each mouse 

was then acquired for each setting (holder or standard bed) and registered with 

the reference scans using the on-board Pilot imaging software. After registration, 

the absolute displacements (root mean square of changes in sagittal, coronal, 

and axial directions) were recorded. For imaging and treatment, animals were 

anesthetized initially with 4% isoflurane at a flow rate of 1.5 liters per minute, 

then positioned in the animal holder. Isoflurane was then maintained as 2% 

isoflurane at a flow rate of 1.5 liters. 

 

3.2.4. Whole Body cone-beam computed tomography (CBCT) with 

contrast 

 For pre-imaging, the reference animal and holder were aligned using a built-

in laser system (macro laser alignment at the isocenter). Scout images (fast partial 

CBCT) were performed to verify minimal roll or tilt (less than 2 degrees) that may 

be present after initial laser alignment. CBCT scans of reference animals in the 

 Figure 3-2: Custom-designed mouse holder base used in TMI treatment 
with a mouse placed in the chamber (base and transparent air-tight cylindrical 
chamber) to maintain continuous and homogeneous flow of isoflurane during TMI 
treatment delivery 
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prone position were acquired using 40 kVp, 3 mA beam settings with a 0.2 mm 

voxel size. To verify beam coverage of the entire spleen and to provide dose 

estimations to other soft tissues in the treated mice, a subset of mice were imaged 

using iodine-based eXIATM 160 as a soft tissue contrast agent to clearly visualize 

and contour soft-tissue regions(79, 80). The eXIATM 160 (Binitio Biomedical Inc, 

Ottawa, Canada) was injected (5 µl/g of body weight, 100 µl solution) intravenously 

via the tail vein. Mice were imaged at four different time points; before injection 

and 1 hour, 4 hours, and 24 hours post injection to measure the temporal pattern 

of contrast enhancement. Mice images without contrast agents were registered to 

images of mice with the eXIATM 160 injections using Velocity AI (Varian Medical 

Systems, Inc, Palo Alto, CA). Using Velocity, sensitive soft tissue organs were 

identified and contoured for use in treatment planning. Additionally, in five mice, 

whole body microMRI (MR solution, Guildford, United Kingdom) was performed 

and co-registered with a CT scan in Velocity to verify position of organs. A board- 

certified radiologist evaluated images and contours.  

3.2.5. Image registration using the CBCT 

 Soft tissues were identified using a system of multi-modal images with 

rigid and deformable image registration. Initially, prior to registration, the contrast 

and non-contrast cone beam CT (CBCT) scans were registered with rigid 

registration. Prior to the development of the animal holder, whole-body 

deformable registration was not possible due to large set up error between 

planning and contrast images (Figure 3-3Ai-Figure 3-3Aii). Deformable image 

registration in Velocity AI (Varian Medical Systems, Inc, Palo Alto, CA) was 
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performed using the Multipass registration setting, an intensity based, modified 

Basis spline (B-spline) algorithm (81, 82). To improve deformation registration 

accuracy, deformable image registration was performed in three separate 

anatomical regions (skull, thoracic cavity, pelvis) (Figure 3-3Aiii). However, 

because of the development of the animal holder, whole body registration 

became feasible (Figure 3-31B) by limiting the initial body positioning.  

 Because of limitations in CT soft tissue contrast, even with contrast 

material, whole-body MRI was introduced. We combined multimodal imaging, 

CT, contrast enhanced CT, and whole-body MRI to identify 3D geometry of vital 

organs following previously published work (79, 80, 83-85). One week later, mice 

were scanned with whole body MRI using 7T PET-MRI by MR SolutionsTM 

(vendor’s gradient echo sequence with FOV of 80x40x32 mm3, the matrix of 

160x80x64 [RxPxS]; flip angle of 40 deg, TE of 3 ms, and TR of 30 ms). Co-

registration of MicroCT and MRI was used to generate a whole-body CT image 

along with imaging of the organs (Figure 3-31C). 



  

 38 
  

  

 Figure 3-3: A) Registration of planning CT to contrast CT for same 
subject animal without the animal holder. i) planning CT (red) displayed over 
contrast CT (green). ii) result of global deformation between planning and 
contrast CT showing error in certain local regions (e.g., lungs and T spine within 
defined square box). iii) Regional deformation – Body is broken into multiple 
regions (shown in square red box), each deformed independently of each other 
between the reference and treated animal. B) Registration between i) planning 
and ii) contrast CT for the same subject animal with the animal holder. iii) whole 
body registration between planning and contrast CTs. C) Deformable registration 
between i) contrast CT and ii) MRI. Results of iii) deformable registration 
allowed for identification of soft tissue organs 
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3.2.6. TMI treatment planning and analysis 

 Mouse CT scans were divided into 7 regions for treatment optimization. 

Radiation beam layout by regions (beam size, isocenter location, normalization 

point) is provided in Table 3-1. For each region, parallel opposed beams with 

varied beam size were used to create a homogenized dose within the center of 

the beams. Visualization of a projected radiation beam on a 3D CT image 

allowed for proper beam placement (adjustment of beam size and isocenter) to 

cover the target and reduce exposure to adjacent critical organs. Beam sizes 

were varied (40x40mm to 5mm square or circle) in different regions using 

different collimator settings. During treatment planning, the prescription mean 

dose was set to cover the target (bone, marrow and spleen). Dose was 

normalized based on the soft tissue of the marrow within the bone. Treatment for 

femur and humerus was normalized based on internal bone marrow dose. For 

regions where the size of the bone marrow compartment was too small, the dose 

was normalized based on the surrounding soft tissue structures. The spine and 

pelvis, sternum, and skull were normalized to the spinal cord, local muscle tissue, 

and brain doses, respectively (details are in Table 3-1). For TBI, a CT-guided 

treatment plan was generated in which the whole-body dose including target and 

organs was kept at 11 Gy. For initial TMI-based engraftment assessment, 4 

separate treatment plans were generated in which target (bone marrow and 

spleen) dose was kept at 11 Gy in all plans, and dose to organs were kept at 0 

Gy (TMI 1), 2 Gy (TMI 1 + 2GY), 4 Gy (TMI 1 + 4GY), and 6 Gy (TMI 1 + 6GY), 

respectively. This planning and subsequent delivery were performed to evaluate 
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engraftment differences between different TMI treatments using bioluminescence 

imaging (BLI). We then selected two TMI treatment groups for long-term studies. 

In TMI 1, the plan was generated to deliver 11 Gy (5.5 Gy TMI/fraction, 2 

fractions) to the target without radiation exposure to the remaining body including 

vital organs, whereas the TMI 1 + 4GY plan was generated combining TBI and 

TMI ((2 Gy TBI+3.5 Gy TMI)/fraction in 2 fractions). Both TBI and TMI were 

delivered at the isocenter with a dose rate of 400 cGy/minute. The treatment 

planning dose calculation was performed using the small animal radiotherapy 

planning system SmART-Plan(56) for both soft tissue (gut, lungs, liver) and 

skeletal structures (skull, femur, pelvis, spine).  
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 Table 3-1: Radiation beam layout by regions (beam size, isocenter 
location, normalization point) 
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 The X-ray tube settings were 225 kVp voltage and 13 mA current. The 

SmART-Plan employed a Monte Carlo dose engine based on 

EGSnrc/DOSXYZnrc(86, 87) for treatment planning; vendor recommended 

settings for Monte Carlo simulation can be found in Table 3-2: Parameters used 

 Table 3-2: Parameters used for Monte Carlo simulation of TMI 
treatment plans is standard, following guideline of Precision Xrad 
SmART Inc. 
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for Monte Carlo simulation of TMI treatment plans is standard, following guideline 

of Precision Xrad SmART Inc..  

 The energy spectrum used for the Monte Carlo dose calculation is shown 

in Figure 3-4. To plan the TBI treatments, three regions with parallel opposed 

beams (40x40 mm2 square beams size) were used to cover the body, with the 

dose normalized to the center of the animal’s body. 

  

 Figure 3-4: Energy spectrum of treatment beam used in Monte Carlo 
simulations. Generated with SpekCalc1,2,3 for a 225 keV peak energy beam with 
0.32 mm Cu & 0.8 mm Be filter. Assuming air thickness of 300 mm at angle of 20 
degrees from the normal. The energy spectrum used to simulate TMI is given 
with a mean energy of 86.1 keV and effective energy of 78.8 keV. 

  

3.2.7. TMI treatment delivery 

 Mice were treated in the prone position for all sessions. After creation of 

the TMI treatment plan, an individual mouse (placed in mouse holder under 

anesthesia) was repositioned on the center of table, guided by laser alignment as 
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described earlier for image scanning, to match the planning reference animal. 

CBCT or scout images of the treated mice were acquired and co-registered to 

the reference planning mouse using linear registration with the onboard 

registration software in the Precision X-ray system. The total treatment time for 

an 11 Gy TMI treatment was approximately 60 minutes. As a secondary goal, we 

further measured the effect of (a) mouse positioning on TMI dosimetry using 

female B6 mice aged 8 to 10 weeks with weights of ~20g, with TMI planning 

done in both prone and supine positions, and (b) animal size upon dose delivery 

using three sets of female B6 mice aged 6-15 weeks weighing 16-18g, 19-22g, 

and 29-31g, respectively, simulated in the prone position with TMI. 

3.2.8. Dosimetric validation 

 Detail validation of Monte Carlo-based treatment planning system (TPS) 

including calculation of dose-to-medium were previously published (56, 88). 

Additional dosimetric validation was performed using the following steps: (i) Film 

and dosimeter-based dosimetry: A modified TMI treatment plan (quality 

assurance TMI) was made to verify the dose delivery. The mouse was placed 

along its side, and radiation was delivered perpendicularly to the sagittal plane to 

allow the use of GafchromicTM EBT3 films (Ashland Specialty Ingredients, 

Bridgewater, NJ, USA) (89). Prior to film calibration, dose output was verified with 

an ion chamber (PTW TN30013 Farmer Chamber, Freiburg, Germany) following 

TG-61, TRS-398 standard protocol. All dosimetric output measurements are 

performed semi-annually based on the advice of the manufacturer (90). Briefly, 

the film was calibrated for treatment settings at the isocenter up to 5 Gy. After 
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calibration, the film was placed under the mouse, and a tissue prescription dose 

of 2 Gy was delivered. Afterwards, different regions of interest were outlined on 

the film identifying the exit dose through spine, lungs, and gut to accommodate 

density variation in the path of the X ray. The mean dose measurement was 

compared with the treatment planning system at the film location to establish 

agreement. The film was included in the QA simulation and treated as water. We 

used 2 Gy for film validation so that the dose response was in the linear region of 

the EBT3 film. As a second form of dosimetric validation, optically stimulated 

luminescent dosimeters (OSLDs, Landauer, Inc, Greenwood, IL, USA) (91) were 

measured with a tissue prescription dose of 5 Gy. Two film profiles of a 2 Gy TMI 

QA can be seen in Figure 3-5. Here dose from the overlap regions can be 

observed as ~50% of the prescription dose. A higher dose of 5 Gy was used for 

verification to demonstrate the robustness of the TMI treatment delivery. OSLDs 

were calibrated with the treatment settings (225kVp, 13mA) and then placed 

underneath the animal along the gut and spine. As with the film, OSLDs were 

included in the simulation with the measurement point treated as a medium of 

water.  
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 Figure 3-5: Film profiles of TMI QA treatment plan 

 (ii) Bone and marrow dosimetry: To the best of our knowledge, there is 

no currently available method in a preclinical system to directly measure dose 

deposition within the bone and marrow regions with consideration of 

heterogeneous tissue material for low-energy radiation beams. Overcoming the 

limitation of assessing dosimetry in bone and marrow regions, a 3D bone and 

marrow mimetic phantom was developed to study the dosimetric profile between 

bone and marrow. It was made with polycaprolactone (PCL), β-tri-calcium 

phosphate and poly (lactic-co-glycolic acid) (PLGA) -hydroxyapatite (HA) 

composite materials. These materials are biocompatible and osteoconductive 

(92, 93). The outer wall of the bone phantom is made of PCL polymer for 

providing rigidity (with high tensile strength of 16 MPa and tensile modulus of 
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0.4 GPa) to the bone phantom. PCL is highly hydrophobic and has longer 

degradation times than PLGA. β-tricalcium phosphate was added to PCL for 

alveolar bone augmentation and architectural stability. These materials were 

carefully heated to a molten solution, cast into desired molds, and characterized 

using a scanning electron microscope. The inner wall of the bone phantoms was 

coated with a 1 mm thick layer of PLGA-HA composite material. The fabricated 

BM phantom average Hounsfield unit (HU) was measured (996 ±130) and found 

to be within the range of normal bone density values. BM dose in vivo was 

evaluated by imaging the mouse pelvis and spine region with 0.1 mm voxel CT 

scans and planned with 150 µm dose grids. For the BM cylindrical phantom, a 

parallel opposed beam (20x20 mm2) was used from the side, and dose was 

normalized (11 Gy) at the center (bone marrow) of the phantom. 

3.2.9. Survival Study 

 Mice were randomly distributed to different groups and exposed to 

different regimens and followed for survival. TBI (11 Gy), TMI 1 (11 Gy), TMI 12 

Gy and TMI 14 Gy were delivered in single fraction, while TBI, TMI _0, TMI 1 + 

4GY, TMI 1 + 6GY and TMI 14 Gy were delivered in two fractions at 6h 

difference. Mice were then followed for survival.  

3.2.10. TMI treatment plans used for assessment of engraftment in a 

congenic BMT model 

 A congenic BMT model was carried out by transplanting donor C57BL/6 

(CD45.2) BM cells in irradiated recipient CD45.1 B6 mice. For initial TMI-based 

engraftment assessment, 4 separate treatment plans (TMI 1, TMI 1 + 2GY, TMI 1 
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+ 4GY, and TMI 1 + 6GY) were generated. TMI 1 is the treatment plan where the 

bones receive the prescription dose (11 Gy) while the rest of the body receives 

as low as reasonably achievable dose (this dose is due to their proximity to the 

beams placed in TMI plan). TMI 1 + 2GY, TMI 1 + 4GY and TMI 1 + 6GY are 

treatment plan where mice are deliberately treated with 2 Gy, 4 Gy and 6 Gy TBI 

respectively, and TMI doses were varied to maintain 11 Gy prescription dose to 

the bones. Alternative simplified description is following, (TMI 1: TMI 11 Gy + TBI 

0 Gy); (TMI 1 + 2GY: TMI 9 Gy + TBI 2 Gy); (TMI 1 + 4GY: TMI 7 Gy + TBI 4 Gy) 

and (TMI 1 + 6GY: TMI 5 Gy + TBI 6 Gy). Subsequently, treatment was delivered 

(in two fractions, 6h difference) and engraftment differences was evaluated 

between different TMI treatments using bioluminescence imaging (BLI) and 

compared it with TBI (11 Gy). We selected two TMI treatment groups TMI 1 and 

TMI 1 + 4GY for long-term engraftment and secondary bone marrow transplant 

studies. Three days post BMT, small intestines were harvested, and histological 

analysis was carried out. For non-invasive assessments of BM cells engraftment, 

whole body BLI imaging was performed. The details are in the supplement.  

3.2.11. Comparative evaluation of dose coverage between preclinical 

and clinical TMI 

 To compare preclinical dosimetry with clinical systems, we reviewed ten 

published articles in which patients with leukemia were treated with TMI 

techniques using either helical tomotherapy (Tomotherapy Inc, Madison, WI, 

USA) or volumetric arc therapy (VMAT) linear accelerators. Among the available 

literature, we selected 10 previously published papers on TMI to obtain 
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dosimetric coverage to various organs such as the skeleton, gut, lungs, kidneys, 

liver, and spleen (73, 94-100). Among these centers, some centers recruited 

patients for dose escalation studies with the goal of reducing relapse, whereas 

other centers used the technique to reduce organ exposure but to maintain the 

same prescription dose. Since prescription dose varies across centers, we 

tabulated the relative dose exposure to organs with respect to the prescribed 

dose and compared with the relative dose exposure obtained in our preclinical 

TMI model.  

 Statistical analysis was performed using the 2-tailed unpaired t test, and 

multiple group comparisons were performed with a one-way ANOVA test 

correcting for multiple comparisons. Data are presented as the mean ± standard 

deviation or standard error measurement. The difference was considered 

significant when the p value was <0.05. Statistical analyses were generated 

using GraphPad Prism software (GraphPad Software Inc. La Jolla, CA, USA). 

ns=not significant, *=p<0.05, **=p<0.01, ***=p<0.0005, ****=p<0.00005. 

3.3. Results 

3.3.1. Pre-imaging setup and identification of sensitive organs 

 Images of the custom-made treatment bed are presented in Figure 3-2: 

Custom-designed mouse holder base used in TMI treatment with a mouse 

placed in the chamber (base and transparent air-tight cylindrical chamber) to 

maintain continuous and homogeneous flow of isoflurane during TMI treatment 

delivery. The absolute displacement was reduced from 2.8 ± 1.1 mm using the 

standard bed to 1.5 ± 0.7 mm using the customized holder (n = 5). Reducing 
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displacements would reduce dose delivery uncertainty as the dose volume 

histogram (DVH) showed a high radiation dose gradient for the target. The holder 

allowed for less position verification imaging and repositioning compared to that 

in the standard bed, which reduced set up time between treated animals to about 

10 minutes. 

 Although CBCT provided a suitable contrast for skeletal tissue, there was 

limited contrast for soft tissue in the CBCT, thereby limiting the ability to visualize 

the spleen, an extramedullary hematopoietic organ, which was part of the target. 

To accurately identify the spleen, we used the eXIATM 160 on a subset of mice to 

observe the spleen for the planning target volume. Visualization of the the eXIATM 

160 contrast on whole body CT images scanned at four different time points are 

shown in Figure 3-6. Figure 3-6 showed contrast uptake by different organs over 

a 24 hour period, suggesting that a CT image, one hour post contrast injection, 

will provide maximum contrast for organ delineation. Accordingly, 3D organs 

were contoured for treatment planning as shown in Figure 3-8.   
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 Figure 3-7: The change in Hounsfield Units over the course of 24h after 
injection is shown (n=5) 
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 Figure 3-6: A-D) The contrast agent eXIATM 160 was injected via tail vein, 
and in vivo time-lapse CT imaging was carried out at different time points. 
Representative CT images taken at different time points are shown: A) prior to 
injection, B) 1h, C) 4h E) 24h after injection. 
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 Figure 3-8: Mouse contour (3D) showing skeletal tissue and vital organs, 
used in developing the TMI treatment plan 

  

3.3.2. Dosimetric validation of TMI 

 Figure 3-9 displays a fluoroscopic image of a mouse with beam layout for 

TMI quality assurance testing with the 3 regions (spine, lungs, gut) used for 

measuring agreement between Monte Carlo simulation and film dosimetry. As an 

alternative method, dose measured using OSLD detectors at the aforementioned 

locations were compared with the simulated dose as shown in Figure 3-9F. Film 
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and OSLD measurements were within ±5% accuracy of the simulated TMI dose 

calculation.  

 In vivo, dose profiles of bone and marrow at two regions, femur and spine, 

are shown in Figure 3-10 A&B. The dose profile for the BM phantom is shown in 

Figure 3-11 A-C. Both phantom and in vivo dose profile assessments revealed 

that the relative dose to the bone was 2.5 times higher than to the marrow dose 

(37 ± 3% n=5 mice, measured from contours of femoral bone and bone marrow). 

When the BM received an 11 Gy prescription dose, the mean dose absorption to 

 Figure 3-9: A) Fluorographic image displaying the animal position 
used for dosimetric verification with beam layout displayed in red. B) 
Gafchromic film used for dose verification (TMI dose delivered with 2 Gy) 
at three regions: C) spine, D) lungs and E) gut regions. Bar graphs 
displaying differences between measured and delivered dose to the 
Gafchromic film in spine, lungs and gut as identified in red in B. F) Bar 
graphs displaying differences between measured and delivered dose to 
the OSLD in same regions as described in B and C, delivered with 5 Gy 
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the bone was approximately 27.5 Gy. For in vivo biological dosimetry 

assessment, 2 days post TBI and TMI, mice BM cellularity was reduced by 86.9 

± 1.5% and 88.1 ± 0.7%, respectively, compared to unirradiated control mice 

(Figure 3-12). This result suggested that TMI delivery caused similar BM 

cytotoxicity when compared to TBI in the short term.  

  

 Figure 3-10: Dose painting location and corresponding dose profile across 
bone, marrow, and surrounding tissue regions in femur (A) and spine (B) region 
are shown. The dose calculation was measured using Monte Carlo planning 
system with grid size of 150 µm 
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 Figure 3-11: A) Bone and marrow mimetic phantom and B) dose profiles 
of this phantom filled with distilled water was measured using Monte Carlo 
planning system with dose calculation grid size of 150 µm. C) Hounsfield unit 
profile included 

  

 Figure 3-12: BM cellularity 40±4 h post TMI and TBI showed very similar 
reduction of BM cells in comparison to untreated mice BM, indicating similar BM 
damage. 
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3.3.3. TMI treatment planning and dosimetry 

 Schematics with demonstrations for parallel opposed beams in coronal 

view (Figure 3-13A), sagittal view (Figure 3-13B) and in a representative two 

cross-sectional views (Figure 3-13 C&D) presented the beam layout for a TMI 

treatment. Parallel opposed beams were used to create a homogenous dose 

toward the beam’s overlapping center (bone marrow). The 3D dose distributions 

represented by the DVHs are shown for TMI 1, TMI 1 + 4GY, and TBI treatments 

(Figure 3-13 E&F). The dose statistics are shown in Table 3-3 for 11 Gy TMI 1, 

TMI 1 + 4GY (TMI 7Gy + TBI 4Gy) and TBI treatment plans calculated on the 

same mice (n=5). The mean dose to the bone was within ±5% between TBI, TMI 

1 and TMI 1 + 4GY. Spleen dose was 11 Gy, kept at the prescription dose. The 

lung mean dose was reduced by 57% for TMI 1 and 31% for TMI 1 + 4GY. The 

gut mean dose was reduced by 67% for TMI 1 and 43% for TMI 1 + 4GY. Finally, 

the liver mean dose was reduced by 65% for TMI 1 and 41% for TMI 1 + 4GY. 

About 40-60% of the volume of vital organs received less than 10% of the 

prescription (11 Gy) dose; however, the part of organs close to the placed beams 

in TMI 1 received a higher dose, thereby increasing the mean delivered dose to 

30-40%. In TMI 1 + 4GY, roughly 40% of the vital organs received at least 50% 

of the prescription dose. Therefore, the mean dose value needs to be cautiously 

considered for TMI planning. The simulated TBI and TMI 1 treatment plans in the 

color wash are shown in Figure 3-13G. Mice position and weight had no impact 

on TMI dosimetry (Table 3-4). 
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 Figure 3-13: Beam arrangement for parallel opposed beams in coronal 
view (A), sagittal view (B), axial view at spine (C) and axial view at pelvis (D). A 
representative DVH comparing TMI 1 and TBI plan for major organs viz., (E), 
bones (F) gut, liver, and lung. G) Dose painting of TMI and TBI plan. 
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 Table 3-3: A) The mean delivered dose to target (bone marrow, spleen) 
and organs (lungs, gut and liver) was determined for the TBI, TMI 1 and TMI 1 + 
4GY treatment plans. The % reduction in dose delivered was calculated using 
the TBI-delivered dose to the respective organs as reference. There was a 
significant reduction of dose delivered to lung, liver, and gut; however, dose 
delivered to bone marrow was similar between TBI, TMI 1 and TMI 1 + 4GY 
plans. B-D) The D95 (B), D80 (C), and D5 (D) for bones and other vital organs 
for TBI, TMI 1 and TMI 1 + 4GY plans. The dose values ± standard deviation was 
calculated for n=5 mice/group. 

 

 

 

3.3.4. Comparative evaluation of preclinical to clinical TMI 

 Comparison of preclinical TMI plan dosimetry to clinical results is shown in 

Figure 3-14. Mean dose reductions were observed for many sensitive organs 

 Table 3-4: For an 11 Gy reference plan A) Table comparing prone and 
supine position effect on TMI planning, B) Table comparing age and weight effect 
on TMI planning 
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(heart, lungs, liver, and gut), while a similar dose was maintained for the spleen 

and skeleton. The exception were the kidneys, which showed a relatively higher 

dose in preclinical model, because kidneys fell within the primary radiation beam 

due to their proximity to the spine. Future development toward a multi-leaf 

collimator in preclinical treatment is expected to reduce radiation exposure to 

organs by considering their size, shape, and proximity to the target. Figure 3-15 

displays a region by region breakdown between preclinical and clinical TMI with 

their respective DVHs for comparison. 
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 Figure 3-14: Preclinical and clinical dosimetric comparisons: Dosimetric 
comparison between 10 preclinical and 10 clinical TMI cases. Median dose 
difference represented as a percentage of the prescription dose. Regions of 
interest are the heart, lungs, liver, spleen, gut, kidneys 
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3.3.4.1. Lungs 

 The mean dose of the lungs is higher in preclinical compared to the 

clinical by 7-8%. This higher dose can be seen in the DVH with the preclinical 

treatment depositing more dose in the lungs at 60% of the organ volume. This 

higher dose is deposited in the posterior part of the lungs i.e. region close to the 

 Figure 3-15: Regional analysis of clinical to preclinical TMI 1 with resulting 
DVHs for: lungs, kidneys, gut, and spleen. Red is preclinical and blue it clinical 
on the DVH. 
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spine. Most of this dose is secondary scatter but there is some primary beam 

“clipping” causing the mean dose to rise.  

3.3.4.2. Kidneys 

 Mean dose in the kidneys for preclinical TMI is 32% higher when 

compared with clinical. 50% of the organ volume is on average 75% of the 

prescription dose. The location of the kidneys close of the lumbar spine target 

means a portion of the kidneys fall within the primary beam. The isocenter is 

moved to a virtual isocenter above the spine to minimize kidneys dose while still 

maintain at 80% of prescription dose to the spine. Kidneys will remain 

problematic for 3D TMI treatments until the development of more precise 

radiation delivery tools. 

3.3.4.3. Gut 

 The mean preclinical gut dose is half of the mean clinical gut dose. From 

the DVH, 75% of the organ is receiving as little as 10% of the prescription dose. 

This contrasts with the clinic where 50% of the organ is receiving 50% of the 

prescription dose. There are differences in gut dose distribution, most of the 

clinical gut hotspot is located within the organ center in the large intestine. For 

preclinical most of the prescription dose lies away from the midline of the gut with 

a portion of the small intestine receiving damage. 

3.3.4.4. Spleen 

There are several reasons to target spleen as it a large reserve of 

Hemopoietic stem cells (HSC). Spleen treatment in clinical TMI is conformal with 
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the D90 hitting 90% of the organ volume. Preclinical spleen dose however dose 

not achieve a D90 dose coverage till 60% of the organ volume. In addition, 35% 

of the organ is receiving over 100% of the intended dose. This is due to the beam 

location for the spine intersecting the spleen. For preclinical treatment a second 

boost beam is applied tangent of the animal body to ensure at least 50% of the 

organ is receiving 90% of the dose. TMI maintains long-term engraftment with 

reduced organ damage. 

 TMI maintains long-term engraftment with reduced organ damage  

 We asked whether the commonly known myeloablative TBI dose (~11 Gy 

in C57BL/6) was similar to TMI for survival. Surprisingly, unlike TBI (14 days) 

where 11 Gy was completely lethal, TMI with a 11 Gy prescribed dose to the 

target and avoidance of dose to the rest of the body (TMI 1) was well tolerated 

and conferred survival for more than 100 days, indicating autologous recovery of 

BM. Therefore, we increased the dose of TMI and found that TMI 14 Gy (15 

days) was lethal while TMI 12 Gy (79 days) was sublethal (Figure 3-16A). 

However, TMI (11 Gy) with a reduced body dose (4-6 Gy) was lethal (12 days) 

(Figure 3-16A). The survival of the mouse was similar whether the radiation was 

given in one single dose or in 2 factions 6h apart. The two-fraction regime was 

considered for rest of the study.   
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 Figure 3-16: A) Survival curve showing that myeloablative dose of 
radiation for B6 mice was higher when radiation was delivered by TMI (14 Gy) 
than TBI (11 Gy). B) Schema of congenic primary and secondary bone marrow 
transplant (BMT) study. C) CD45.2 B6-Luciferase+ donor BM cells (2 million) 
engraftment 10 weeks post BMT by BLI. D) Donor cell engraftment in mice 
treated using different forms of TMI by varying doses to body (TMI I:0 Gy body; 
TMI I + 2: 2 Gy body; TMI I + 4; 4 Gy body; TMI I + 6: 6 Gy body). CD45.2 B6-
Luciferase+ donor BM cell (5 million) engraftment 10 weeks post BMT by BLI. 
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 Figure 3-17: A) Flow cytometry analysis and donor cell gating in TBI and 
TMI treated mice. B) The donor cell engraftment in peripheral blood (PB); 10 
weeks post BMT and C) BM 25 weeks post BMT.  Secondary BMT mouse 
showed similar donor engraftment in D) PB and E) BM between mice 
transplanted with primary BM cells from TBI, TMI I and TMI I + 4 treated mice 
(n=5). Representative images of H&E-stained small intestine sections 3 days 
post BMT from TBI (F) and TMI I (G) treated mice. Enlarged portion of the small 
intestine showing blunting of villi and crypts hyperplasia in TBI treated mice while 
TMI treated mice showed normal gut morphology. H) Average villi length 
(micrometer) for TBI and TMI treated mice (n≥3 mice) 

  

 Next, we evaluated the effect of TMI on long-term engraftment in the 

congenic mouse BMT mouse model. The recipient mice (CD45.1; C57BL/6) were 

transplanted with donor marrow cells (CD45.2) 24h post radiation as shown in 

the schema (Figure 3-16B). BLI based non-invasive assessment of donor cell 

engraftment shows that TMI I treated mice failed to engraft when 2 million donor 

BM cells was given, whereas TBI-treated mice engrafted successfully (Figure 

3-16C). We hypothesized that since TMI 11 Gy dose to the bone marrow was not 
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myeloablative more donor cells may be required to ensure engraftment. 

Increasing the donor BM cells to 5 million cells improved BM engraftment; 

however, engraftment was relatively lower than in TBI-treated mice (Figure 3-16 

D (ii)). We also analyzed engraftment in mice treated with TMI and with a partial 

body dose. TMI with a body dose of 0 and 2 Gy (TMI I and TMI I+2) (Figure 

3-16D ii, iii) had slightly reduced engraftment. However, a body dose of 4 Gy 

and 6 Gy (TMI I+4 and TMI I+6, respectively) ensured engraftment similar to TBI 

(Figure 3-16D (i, iv, v)). Therefore, we chose TMI I+4 for further study. 

Additionally, a further increase in the number of donor BM cells to 10 million 

showed ~90% engraftment in the peripheral blood of TMI I, TMI I + 4 and TBI 

treated mice by ~10-12 weeks post BMT (Figure 3-17A-C). The long-term 

engraftment analysis in the BM at 25 weeks post BMT showed that all mice 

groups engrafted donor BM cells similarly (Figure 3-17C). A secondary BMT, 

using BM cells from the primary TBI, TMI I and TMI I + 4 treated mice showed 

similar donor cell engraftment in PB and BM (Figure 3-17D-E) in the secondary 

recipient mouse, suggesting similar long-term repopulating ability for all three 

groups. 

 In assessing post BMT acute gut damage, three days post BMT, TMI-

treated mice gut showed mostly normal mucosal lining. The TBI treated mice 

mucosa shows villous blunting and crypt hyperplasia, as well as glandular drop 

out (Figure 3-17F-G). The height of the villi is shorter in the TBI setting (blunting) 

(Figure 3-17H) and there are fewer villi per area (drop out), relative to TMI. At 

the higher magnification (H&E, 200X magnification), the crypt in the TBI sample 
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shows crowding of the crypt lining cells (Figure 3-17H). This result clearly 

indicates that TMI, similarly to TBI, maintains suitable engraftment post BMT, 

however with the added advantage of reduced organ damage.  

3.4. Discussion 

 Innovations of image-guided TMI and its translation from the bench to 

bedside have facilitated the exploration of precision radiation treatment as a 

conditioning regimen for bone marrow transplantation in hematological 

malignancies (42, 47, 53, 73, 74, 94, 101) . However, a lack of a preclinical high-

precision TMI model impedes mechanistic understanding and investigation of 

experimental therapeutics. We developed and comprehensively characterized a 

novel multimodal image guided preclinical TMI 3D model, which can deliver 

precise radiation to the mouse skeletal system while reducing dose exposure to 

vital organs, an approach not achievable in standard TBI. Furthermore, we 

evaluated the impact of TMI with varying radiation dose exposures to the body in 

a congenic BMT model. 

3.4.1. Scientific and dosimetric development of Preclinical TMI 

 The described preclinical TMI development overcame several limitations 

by integrating several technological and computational advancements. The 

contrast enhanced whole body CT imaging and whole body MRI were employed 

to obtain 3D anatomical details of target and vital organs. The CT-guided Monte 

Carlo dose calculations accounted for tissue heterogeneity, enhancing accuracy 

of organ dose evaluation. Furthermore, onboard CT imaging allowed geometric 

verification and adjustment of mice prior to treatment delivery to ensure accurate 
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dose delivery. The 3D dose painting in a color map used in our model allowed 

visualization and inspection of dose coverage to targets and vital organs, as well 

as identifying locations of higher dose or hot spots due to overlap of the beam 

and underdoses due to gaps in beam placement. Hotspot management (in vital 

organs like the lungs) was essential for TMI treatment delivery. Furthermore, 

anatomically specific volumetric information allowed generating organ-specific 

DVHs, a quantitative radiation parameter that could be experimentally varied to 

measure treatment response, organ-specific toxicities, and immune modulation. 

This factor could also be exploited for inhomogeneous distribution and tumor 

heterogeneity (102). Taken together, overall, our preclinical TMI model allowed a 

high-precision dose optimization for targets such as bone, bone marrow, and 

spleen and non-target vital organs including lungs, liver, and gut. Lastly, 

dosimetric similarities and equivalence of our preclinical model to the clinical 

studies suggested that our model may be used for future clinically relevant 

investigations.  

 Although the TBI mouse model has been used for over 6 decades for 

biological investigations, the dose has not been calculated with consideration of 

tissue heterogeneity. In addition, TBI dose calculations for human studies have 

been performed without tissue heterogeneity. In human TBI treatment, a high 

energy (6 MeV linear accelerator, effective X ray energy ~ 1300 KeV) X-ray 

beam is used, whereas in mouse TBI, the commonly used method is a low-

energy X-ray irradiator. However, there is a relatively high dose to bone medium 

in mice during exposure to low energy, which is due to the following two reasons 
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(103, 104): a) The characteristic energy spectrum used for TMI or TBI treatment 

has a mean energy of 86.1 keV and effective energy of 78.8 keV (Supplementary 

Fig. S1),(105, 106) and b) the photoelectric absorption for this energy in bone 

medium is high (88), as the photoelectric mass coefficient is proportional to 

atomic number and energy: 
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 where 
𝜏

𝜌
 is the photoelectric mass attenuation coefficient, Z is the atomic 

composition of the medium, and hν is the energy of the incident photon. To the 

best of our knowledge, there is no currently available method in a preclinical 

system to directly measure dose deposition within the bone and marrow regions 

with consideration of heterogeneous tissue material for low-energy radiation 

beams. In our model, a sharp dose variation in the BM junction was evident from 

our BM mimetic phantom and was corroborated with the dose profile generated 

from treatment across the femoral cross section (Figure 3-10 & Figure 3-11). 

Therefore, when the mouse BM received 11 Gy in our study, the dose to bone 

was much higher (~27.5 Gy) using an X-ray irradiator. However, 11 Gy TBI has 

been commonly used in preclinical studies, without the realization that bone dose 

was much higher. The results from our preclinical model indicated the potential 

for inadvertent bone damage from TBI treatment. Therefore, caution should be 

taken when we use TMI to escalate BM dose to complement our clinical dose 

escalation studies and/or to eliminate remaining BM cells; bone damage should 

be carefully monitored. 
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3.4.2. Role of Preclinical TMI in future biological studies 

 During survival assessment, we found that mice treated with TMI 11 Gy 

survived for more than 100 days, implying autologous BM recovery, while TBI 11 

Gy was lethal. Among several reasons, one possible explanation is that 

unexposed lymph nodes, liver, and other organs provide a supportive 

environment to BM cells for autologous transplant after application of 11 Gy TMI. 

Therefore, we used different TMI doses and found that a TMI dose of up to 14 Gy 

was needed to ensure lethality in mice. How organ damage plays a role in 

engraftment will require future thorough investigation. However, 48h post 11 Gy, 

both TMI and TBI treated mice showed significantly reduced BM cellularity 

(~10%) (Figure 3-12), suggesting early damage to BM was very similar. 

Furthermore, as shown in the DVH (Figure 3-13F), the dose given for vital 

organs (gut, liver, lung, etc.) in the TMI model was significantly reduced from that 

in TBI, suggesting that the lethality may be a compound effect of BM failure and 

organ damage.  

 Additionally, increased donor BM cells (up to 10 million cells) was required 

for successful donor engraftment in TMI I treatment. However, a partial body 

dose of 4-6 Gy in addition to 11 Gy to the BM ensured better engraftment. 

Therefore, these results warrant more studies to understand the role of various 

organs in BM recovery and long-term engraftment post BMT. Our TMI model will 

provide an opportunity to decipher the individual organ role in autologous BM 

recovery/graft rejection, and effects of BM-specific dose escalation. Furthermore, 

TMI showed similar long-term engraftment as compared to TBI (Figure 3-17B-
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E), and temporal profiling indicated donor engraftment was complete by 8 weeks 

and was stable over the long term (25 weeks). Therefore, the TMI model may be 

an alternative preclinical transplantation conditioning approach to TBI. 

3.4.3. Technical limitations of current preclinical TMI model 

 Clinical TMI went through several developments, making the system user 

friendly, and exploration of appropriate applications to show its benefit led to 

more centers adopting this technology. At the same time, there are several 

limitations to our first preclinical TMI 3D model. It requires technical expertise to 

utilize whole body CT and MR imaging, identify and contour organs, and perform 

treatment planning and delivery. Moreover, treatment time is significantly longer 

than with TBI. We expect to adopt several technological developments to make 

the system robust, user friendly, and reduced in overall treatment time (54, 55). 

Among several approaches, custom-built mouse holders, atlas-based automated 

contouring of target and organs, automated selection of the radiation field, and 

multi-leaf collimator based intensity modulated radiation would help to reduce the 

time needed for the treatment and would enhance precision dosimetry, which will 

be incorporated to the preclinical platform over time. 

3.5. Conclusion 

 In conclusion, our novel preclinical image-guided 3D TMI model could be 

used as a new method for delivering radiation with high accuracy to geometrically 

and functionally complex targets, while reducing or sparing radiation to vital 

organs to preserve their functions. The model provides robust evidence of long-

term engrafted BM and reconstitution ability. Thus, our new high-precision TMI 
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preclinical model potentially enables the reverse translation of clinical data to 

improve mechanistic studies, ultimately leading to clinical development of 

potentially safe, effective, and durable therapeutic interventions for malignant and 

non-malignant hematological disorders.  



  

 73 
  

Chapter 4. Preliminary radiobiological assessment of 

lung toxicities following Preclinical TMI treatment 

4.1. Introduction 

 Normal lung tissue tolerance constitutes a limiting factor in TMI. Interstitial 

pneumonitis (IP) and radiation-induced lung fibrosis (RILF) are critical 

determinant for acute and late normal tissue complications. An estimated 25% of 

all BMT patients will die of IP (107). One of major goals of TMI planning is limiting 

the risk of lung damage. Previously we have investigated this from a clinical 

perspective by single point dosimetry and mean lung dose (67, 68). Computed 

tomography (CT) based treatment planning can provide a detailed calculation of 

dose delivery to the lung. However, a lack of advanced pre-clinical technology 

regulated the TMI animal model to film-based 2D organ dosimetry. As outlined in 

Chapter 3, recent developments in preclinical technologies have allowed for the 

3D imaging of animal organs with Monte Carlo based radiation treatment 

planning. This allows for 3D organ dosimetry with the generation of a dose 

volume histogram (DVH), a necessary component of radiobiological modeling. 

Using this new platform can enhance the understanding of complex biological 

systems as well as perform detailed organ dosimetry. With this platform, we 

assessed the lung potential lung toxicities of the preclinical platform using a 

series of established models for both mice and humans. 

 Due to the 3D CT images used in planning we can access lung dose risk 

using modern dosimetric analysis such as the concept of equivalent uniform dose 
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(EUD) (108). The concept of equivalent uniform dose (EUD) assumes that any 

two dose distributions are equivalent if they cause the same biological effect. 

Based on the 3D dose distribution or DVH the EUD can be calculated and used 

to estimate the tumor control probability (TCP) and normal tissue control 

probability (NTCP) (109). Through the assessment of the TCP/NTCP preclinical 

treatment plans can be optimized to better improve the therapeutic window 

(difference between TCP & NTCP).  

 Currently, there is a worldwide effort to adopt TMI. However, many of 

these centers use different treatment setups with a wide range of fractionated 

schemes and prescription doses (110). Investigating these differences in a 

preclinical model can assist in the standardization of TMI. In addition, one of the 

major goals of clinical TMI treatment development is escalating the prescription 

dose. Initial clinical trials have demonstrated that dose escalation has an overall 

improvement of the survival rate (69). Additional, previous work on radiation 

treatment of Acute myeloblastic leukemia (AML), on the most common forms of 

leukemia, has demonstrated large variations in cell sensitivity (111). Given all 

these varying factors and the desire to use the preclinical TMI platform for a 

variety of biological work there exists a need for a robust risk assessment 

radiobiological model for preclinical TMI. 

4.2. Methods 

4.2.1. Using Equivalent Uniform dose for TCP / NTCP calculations 

 The EUD is a mathematical model derived based on a mechanistic 

formulation using a linear-quadratic cell survival model (108).  
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 𝐸𝑈𝐷 = (∑ (𝑣𝑖𝐷𝑖
𝑎)𝑖=1 )

1

𝑎 

 The EUD can be used for both tumors and normal tissues, where a is a 

unitless model parameters that is specific to the normal structure or tumor of 

interest, and vi is unitless and represents the ith partial volume of the whole 

structure of interest corresponds to 1, the sum of all partial volumes vi will equal 

1. Di represents the dose of the ith partial volume. The parameter a will determine 

the behavior of the EUD-based model. Typically, the local control for tumors will 

depend on the volume that received the minimum dose. For normal tissues that 

exhibit a large volume effect the dose response may be closer to the average 

dose. 

 To calculate the EUD based NTCP, Niemierko proposed using the logistic 

function (112): 

 𝑁𝑇𝐶𝑃 =
1

1+(
𝑇𝐷50
𝐸𝑈𝐷

)
4𝛾50

 

 TD50 is the tolerance dose for 50% complication rate at a specific time 

interval. γ50 is a unitless model parameter that is specific to the normal structure 

or tumor of interest and describes the slope of the dose-response curve. γ50 has 

a value of 4 for late effects and a value of 2 for tumors. The parameters of a and 

γ50 are obtained by experimental result by fitting dose response data to the EUD 

TCP/NTCP results.  

 To calculate the EUD based TCP: 
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 𝑇𝐶𝑃 =
1

1+(
𝑇𝐶𝐷50

𝐸𝑈𝐷
)

4𝛾50
 

 The TCD50 is the tumor dose to control 50% of the tumors when the tumor 

is homogeneously irradiated. 

4.2.2. Interstitial pneumonitis model in humans 

  

 We applied the concept of EUD to calculate TCP and NTCP on 5 TMI 

treated mice to observe the changes in lung dose as a function of NTCP using a 

free software developed by Niemierko, et al. (112). Given are 3 cases of TBI/TMI 

treatment: 1) standard TBI, 2) TMI1 (100% TMI), 3) TMI2 (50% TMI, 50% TBI). 

Each case was simulated with prescriptions of 11Gy and 22Gy to simulate risk 

with dose escalation. The mice used where female Jackson B6 aged 8-12 weeks 

weighing approximately 20g. Table 4-1 lists the parameters used for interstitial 

 Table 4-1: Settings used for three different Pneumonitis models 
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pneumonitis endpoint simulation which are based on the work by  Safwat, et al. 

(113) . The single fraction animal TBI model and a non-chemo model are used 

for the purposes of lung NTCP modeling. A gamma of 2 is used for all modeling 

as is recommend from Emami (114) and Niemierko (108). Safwat does not report 

an alpha-beta in his work so the reported alpha-beta from Sampath (2.8) is used. 

4.2.3. Lung fibrosis model in mice 

 Lung fibrosis calculations were done using work established by Zhou 

(115). Setting used for simulation are given in Table 4-2. 

 

 Table 4-2: Table of modeling parameters used for fibrosis outcome 

4.3. Results 

4.3.1. Effect on complications from single verse multiple 

fractionation 

 Results of single and five fraction treatments with dose ranging from 11Gy 

to 22Gy total dose from radiobiological modeling using the free software from 

Niemieko using Zhou and normal tissue responses is given in Table 4-3.  
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 Table 4-3: Results of single and five fraction treatments with dose ranging 
from 11Gy to 22Gy using Zhou fibrosis model & Safwat pneumonitis model 

 From Table 4-3 fractionation can reduce the complication factor for 

adverse radiation induced effects. Complications for pneumonitis were reduced 

from 15.06% in the TBI to below 0.01% for 11Gy by introducing a fractionation 

regime. For dose escalation fractionation managed to reduce the complication to 

20.65%. Complication probability for fibrosis was reduced from 99.6% to 1.15% 

in TBI for TMI2 complication was also reduced from 43.6% to 0.02%.  

4.3.2. NTCP of fibrosis & pneumonitis models 

 Figure 4-1 displays the dose response model using Zhou single fraction 

parameters. NTCP curves are described by their physical dose to have 50% 

complication and complication at a fixed dose. TBI 50% complication has the 

lowest dose at 15.5Gy, TMI II 50% complication is reached at 23Gy, and TMI I 
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50% complication is reached at 31Gy. At 50% TBI complication (15.5Gy), TMI I is 

under 1% and TMI II is around 2.5%.   

  

 Figure 4-1: NTCP curves of TBI, TMI I, & TMI II using Zhou fibrosis 
parameters for single fraction 

 

 As outlined in Chapter 3 TMI body dose can be altered based on the 

needs of the project. To demonstrate the effect this can have on the lungs we 

varied TMI body dose from 0% (TMI) to 100% (TBI) of the prescription dose and 

calculated the NTCP based on a non-chemotherapy Safwat model which can be 

seen in Figure 4-2. 12Gy was chosen as it was the reported TCD50 from 

Safwat’s study. 
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 Figure 4-2: Application of mouse pneumonitis model following Safwat for 

single fraction  

  

TBI has the highest complication with 38% and TMI1 has the lowest complication 

with 0.44% for an 12Gy single fraction treatment plan. TMI1+8.5Gy has a 

complication of 15.1% demonstrating that reduction a 10% reduction in the mean 

dose can have a significant reduction in pneumonitis incidence. 

4.4. Discussion 

 With the recent development of a 3D conformal imaging system for 

preclinical TMI treatment there exists the possibility of developing a 

radiobiological model for predicting the risk of radiation induced lung 

abnormalities.  
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4.4.1. Dose escalation in the TMI model 

 The results show that dose escalation in the TMI preclinical model is 

possible as lung pneumonitis risk remains low in TMI1 (0.13%) and TMI2 (1.56%) 

when compared with TBI (15.06%) in dose escalation following Safwat modeling. 

Using the Zhou single fraction dose escalated fibrosis model TMI2 had a 

significantly increased risk of 43.6% when compared with TMI1 at 2.16%. 

Additionally, TBI fibrosis risk remains high at 99.6% indicating TBI mouse model 

will experience long term health problems post radiation. Unsurprisingly, fibrosis 

risk decreased with fractionation in the TBI, TMI1 and TMI2 to 1.15%, 

0.000185%, and 0.0277% respectively for 22Gy dose treatment. These results 

imply that fractionation should be considered when investigating dose escalation 

as long-term negative biological minimizes negative health related effects.  

 It should be noted that pneumonitis simulations used an alpha-beta of 2.8 

reported from Sampath (67). Sampath was selected since the work was 

exclusively based on TBI and Safwat did not report on an alpha-beta. However, 

Sampath’s modeling was with humans instead of the mice. The difference in 

biological response can be seen in the TCD50. Human non-chemo models 

reported a dose of 10.6Gy verse the animal Safwat model of 12Gy. It can be 

deduced that since modeling factors are different between human and animal 

then alpha-beta could be as well. 

4.4.2. Complications with radiobiological model 

 Beyond just radiation there are additional non-radiation variables could 

influence lung complications. Tait reported an influence of graft versus host 



  

 82 
  

diseases in the occurrence of lung complication due to infectious pneumonitis 

and cytomegalovirus (116). Chemotherapy may also be responsible for lung 

toxicity (117). This is important as often TMI is performed in combination with 

bone marrow transplant and/or chemotherapy. Safwat did modeling with chemo 

and non-chemo models using cyclophosphamide (250mg/kg). The results show 

and reduction in TCD50 from 12Gy to 5.3Gy. This effect can be seen in human 

modeling from Sampath’s work were the difference between the TCD50 with 

(8.8Gy) and without (10.6Gy) chemotherapy. For the purposes of biological 

modeling, additional models should be created based on the chemotherapy 

doses and radiation fractionation combinations to account for these varying risks. 

 One major complication of TCP/NTCP modeling is the EUD interpatient 

inhomogeneity. The EUD interpatient inhomogeneity remains relatively robust so 

long as the D50 for each subject remain within 30% of the prescribed dose (108). 

For TMI1 had variations of 32%, TMI2 variations of 30%, and TBI variations of 

1% in the D50. These results imply inhomogeneity in TMI1 & TMI2 most like 

caused by the placement of the thoracic spine treatment beams. In future studies 

this inhomogeneity must be carefully consider during TMI treatment planning and 

delivery.  

 As mentioned in previous discussions preclinical technological 

advancements can be assessed using a preclinical radiobiological model (55). 

Minimizing lung exposure will reduce the risk of complications and allow for 

further dose escalation that will be the subject of future studies. Another potential 

limitation of this study is the treatment time and anesthesia exposure. Preliminary 
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data has demonstrated that prolonged exposure to anesthesia can cause 

biological complications in the mice. Long recovery times post radiation and 

enhanced GVHD symptoms. This is preliminary observation and will be the 

subject of further investigations.  

 Another avenue of further study will be the dose rate effect on TMI lung 

biology. Experimental studies have shown a relationship between dose rate and 

cell killing with lower dose rates leading to less cell death (118, 119). Whether 

this effect translates to improved bone marrow cell engraftment has not yet been 

investigated. However, it has been demonstrated to be a factor for lung 

pneumonitis complication. Safwat et al (113) reported a 3.8Gy decrease in the 

TCD50 between mice receiving a lower dose rate. For simulation, the higher dose 

rate was chosen. Once a preclinical lung toxicity model has been established 

experiments comparing variable dose rates can be performed. 

 This work represents a simulation of preclinical lung complications 

following TMI treatment using work based on human clinical trial outcomes. 

There is currently no established radiobiological model done with the mouse 

model. With the establishment of a TMI animal treatment platform TCP/NTCP 

modeling can be investigated further and become standardized for a preclinical 

system.  
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Chapter 5. Conclusion 

5.1. Summary and general conclusions 

 TMI continues to be demonstrated as a viable alternative to TBI. Early 

feasibilities studies have produced positive results in the clinic (53). However, if 

clinical development is to continue then further investigation into the methodology 

behind TMI treatment and into its biological effect are needed. In this thesis, the 

current state of clinical TMI pre-treatment set up was assessed, the development 

of a new investigative preclinical platform was established and finally a 

demonstratable use of this platform outlining beginning a new era in 

radiobiological research. 

5.2. Future work 

5.2.1. Clinical TMI 

 With increasing number of centers adopting there exists a need for the 

establishment of a standardized clinical procedure. From previous work the WBI 

MVCT imaging modality is recommended over PBI for monitoring patient setup 

variation (110). 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. However, WBI prior to every 

treatment fraction is time consuming and difficult for the patient. Implementation 

of a fast MVCT imaging system can make the prospect of WBI more appealing to 

physicians and patients (66). Currently, there is an effort to create an AAPM 
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(American Association of Physicist in Medicine) task group for clinical TMI to 

establish benchmarks and recommendations for treatment. 

  The study of the bone marrow environment using Dual Energy Computed 

Tomography (DECT) has demonstrated its feasibility for clinical use (120, 121). 

Additionally, work has been done demonstrating the effectiveness in tracking 

AML disease in patients using F-18 fluorothymidine (FLT) (65). Currently there is 

a clinical study implementing these different modalities with TBI/TMI treatment 

patients to assess their Marrow Adipose Tissue (MAT) before and after 

treatment. In the future these modalities can be used to target high disease sites 

creating a new form of TMI, Functional TMI. However, for functional TMI to be 

implemented the precision of TMI treatment must be carefully considered.  

5.2.2. Preclinical Model 

 A major strength of the preclinical treatment platform is the 3D Cone 

Beam CT. The 3D system allows for the creation of DVHs which are needed for 

radiobiological assessment of a treatment plan. Current clinical radiobiological 

work relies on clumping data from a variety of treatments. Since we have 

established our own treatment model TCP/NTCP plan optimization can be done. 

These studies can provide further insight into the function of TMI lung resiliency 

from radiation damage.  The majority of the interstitial pneumonitis NTCP data is 

based off of human data from previous work by Emami, et al. and Sampath et al 

(67) (114). A significant influence on NTCP is the TCD50. Sampath reports a 

lower TCD50 of 8.8 – 10.6Gy compared with Emami’s TCD50 of 14.55Gy. The 

majority of Emami’s data is clubbed together from patients with Hodgkin’s 
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disease, localized lung carcinomas, hemibody or TBI with only the most serious 

of complications (pneumonitis) taken into consideration. Sampath’s data is based 

entirely upon TBI treatments. This could imply that radiation of the total body is 

increasing the complication probability of pneumonitis beyond just total lung 

treatments Given that in TMI treatments the gut and lungs are spared more 

radiation damage than in TBI, it is possible the TCD50 for preclinical TMI could be 

higher than Sampath’s clinically reported values. Such experimental studies 

investigating the role of gut in lung complication can be performed. 

 In clinical TMI the dose rate is set to around 400 cGy/min, a significant 

increase from the 15-20 cGy/min found in clinical TBI (53). Several publications 

have shown that high dose rate has no effect in TBI (122, 123). However, other 

sources have suggested that high dose rate may have adverse effects on normal 

organs in particular the lungs (124, 125). Safwat, et al. (113) The preclinical 

platform is capable studying such radiobiological effects in a controlled 

environment. Future studies will include testing a variable dose rate against our 

TCP/NTCP model and observe how dose rate can affect the bone marrow 

engraftment. 

 Our image guided TMI model could be potentially used for a range of 

scientific investigations: (i) RT dose escalation, complementing our ongoing 

clinical dose escalation strategy to study therapeutic benefit/survival toxcities of 

using chemotherapy before or after TMI. (ii) Biological investigation of radiation 

effects on hematopoietic stems cells between TMI and TBI-treated mice. (iii) 

radiation induced Lung injury (pneumonitis & fibrosis) and gut graft versus host 
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disease (GVHD) are often associated with high radiation exposure(27, 126). TMI 

reduced organ damage, particularly acute gut damage post BMT. Previous study 

suggests that an increased gut dose increases the severity of GVHD (126). 

Therefore, the GVHD mouse model in allogeneic BMT settings using TMI would 

enable us to further understand the role of radiation-induced gut damage in 

GVHD. (iv) A recent study using an anti-CD33-PET imaging modality showed 

that AML disease localizes mostly in the skeletal system and is highly 

heterogeneous (127). This disease heterogeneity has also been observed using 

F-18 fluorothymidine (FLT) PET imaging in patients (65, 128). Thus, PET-guided 

functional TMI (fTMI) could allow localized radiation boosts to sites of high 

disease burden to enhance increased tumor cell killing without damaging the 

entire skeletal system (51, 128). (v) T-regulatory and T-conventional 

(Tregs/Tcon) based adoptive immunotherapy in conjunction with the TBI 

conditioning regimen has been optimized in patients with leukemia (129). 

However, relapse rates have remained unacceptably high in the setting of 

haploidentical HCT. The major advantage of BM-targeted TMI is to be able to 

treat with dose-escalated TMI to offer a strong antileukemic conditioning for 

patients who cannot tolerate TBI because of older age, or for younger patient 

populations with comorbidities (130). Additionally, it is also possible that TMI may 

reduce the rate of transplant related mortality (TRM) in younger patients while 

maintaining the antileukemic activity of TBI. This outcome has led to the initiation 

of Treg/Tcon together with TMI conditioning to enhance the antileukemic effect 

(131). Our preclinical model will enable in-depth understanding of how TMI 
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conditioning in combination with adoptive immunotherapy reduces GVHD as well 

as maintaining a strong graft versus leukemia (GVL) effect. (vi) Furthermore, 

non-malignant hematological disorders (thalassemia and sickle cell disorders), 

are responsible for significant morbidity and mortality, representing a major 

global health problem. About 40-50% of patients have graft failure after 

allogeneic HCT (132), and increasing TBI conditioning from 2 Gy to 4 Gy 

significantly reduced graft failure (133). Multiple forms of organ damage are 

reported in adult patients with SCD (134). Therefore, it is anticipated that the TMI 

technology could adequately deliver high doses to the BM to improve 

engraftment, but with reduced radiation exposure to vital organs to decrease 

comorbidities associated with SCD. 
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