Limitation of Conventional TBI and new treatment technology development:

Contrary to the clinical dogma which states that TBI doses all fall within a range of £10% of
prescription dose, our first computed tomography (CT) based study showed that the
conventional TBI treatment has significant limitations, with highly inhomogeneous dose delivery
to different organs [7]. For instance, we demonstrated that the BM was under-dosed by > 20%.
Throughout the body, the greatest variation in dose was in the lung. Some portions of the lungs
received doses 32% above that prescribed. Our results suggest that this inhomogeneous dosing
results from breathing-associated variations in lung shape. These data demonstrate that
significant limitations and uncertain dose distribution are inherent in current TBI

techniques.

Novel approaches to total body irradiation and total marrow irradiation treatment have been
proposed using helical tomotherapy which offers the possibility of many attractive advantages
over conventional methods of treatment [8]. We developed two conceptual radiation delivery

processes: “Conformal avoidance TBI’ and

“Conformal TMP’ (Figure 2) and predicted their CoEa et TH s Tt
usefulness in dose escalation [8]. “Conformal
avoidance TBI” is feasible by reducing the dose to all
OAR (lungs, heart, eyes, liver, and kidneys) reducing the

risk of both acute and long term toxicity and maintaining

high dose to the rest of the body. This is shown in Figure

2. This can be achieved if the 3D anatomies of OAR are | .
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known more precisely in comparison to sites of disease. Figure 2 Isodose distributions on a patient CT
whole body scan. Prescription dose was 13.2
Gy (1.65 Gy/fx, 8 fractions). Conformal
when radiation is targeted to bone and BM while reduced | aveidance TBI (left panel) shows a
homogenous dose to bones and soft tissue
in the rest of the body including OAR. This approach is with reduced dose to lungs and. Conformal
TMI (right panel) delivers the highest dose
radiation to bone and bone marrow

known more precisely than OAR. structures. [Hui et al. 2005]

Conversely, the “Conformal TMI” approach is feasible

preferred if the 3D anatomical sites of disease area are

While new technology is a huge step forward in scientific development, one must consider
challenges associated with this treatment and how to improve those areas to offer safe and
attractive option for clinic usages. A comprehensive development would require understanding

several interdisciplinary fields: physics, clinical aspects, radiobiology and biology of this new



treatment. We will address these issues briefly Physics related challenges are a) Patient
Localization, b) Body deformation, c) Real time body motion. Long treatment procedure is a key
challenge to bring this technology to clinic. Radiobiology of increased focused radiation to bone
marrow, and incredsed dose rate are unknown. Ultimately, there is a large gap in our knowledge
of bone and marrow dynamics and how this dynamic system responds to total marrow

irradiation.

Megavoltage CT (MVCT) measuring 3D patient localization: Inaccuracy of localization is
determined by monitoring setup error, defined as the displacement coordinates (X, Y, and 2)
required to match daily MVCT with the treatment planning CT (baseline) scan. Different types of
setup errors were measured as described by Schubert [9]. Figure 3 shows global systematic
errors for all major treatment sites including TMI [10], highlighting the large setup error in whole
body patient localization in Y and Z directions compared to other commonly treated sites

(example, H&N, prostate) using tomotherapy.

Larger setup inaccuracy could be attributed to a combination of factors including: A) less

effective body
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Figure 3. Distribution of global systematic errors for 249 patients treated from
2005 to 2008 in the Y and Z direction. 6,147 MVCT scans were taken (pelvis:
949 scans, chest: 735scans, H&N: 1,567 scans, prostate: 2,711 scans, spine:
Civco) system customized 143 scans, and TBMI&TMI (red arrow): 42 scans).

for TBMI, and B) medium width (4mm) MVCT scan. Pilot tests of this frame reveal that the
system is user friendly and results in quicker patient immobilization (<5 minutes) with only small
uncertainties in Y & Z (< 5mm). Improvement in initial patient localization and restricted motion
during treatment will improve the accuracy of dose delivery and reduce the requirement for
multiple re-optimizations during treatment.

Body deformation over the entire treatment process could be another aspects that need to be

properly evaluated [13]. As lung is most sensitive organ to reduce radiation dose, lung



deformation should properly be evaluated, and it is essential for dose escalation procedures. An
example of the range of motion in the lung is shown in Figure 4. This measurement indicates
that a 10 mm margin was adequate around the thoracic bone target was adequate over the full
respiratory excursion. With a prescribed target dose of 18 Gy, the mean lung dose was
calculated to be 10.7 Gy (dose volume histogram (DVH) in Figure 4C). This mean lung dose is
60% of the prescribed 18 Gy dose, similar to our preclinical study [8].

Normalized Volume
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Figure 4 shows the change in lung volume (normal breathing) between treatment planning CT and treatment
MVCT and its influence on target coverage and dose to lungs. A. large cranio-caudal (10 mm) lung motion
is observed (sagittal image), B. Reduced lung volume during MVCT-guided treatment, causes shifts in
target coverage (cross sectional image); C. shows the impact of increasing target margin on lung DVH. For
prescribed dose of 18Gy, mean Lung dose is measured to be 10.7 Gy, 12.4 Gy, and 13.8 Gy for the target
margin of 10, 15, and 20 mm around the thoracic bone.

Therefore, by maintaining the lung dose at or below the conventional TBI lung dose (13.2
Gy+10%), and assuming the observed proportionality, we project that the target BM dose can
be increased up to 24 Gy. However, any further increase in lung/chest wall motion will
necessitate increasing the margin to thoracic bone. Increased margins at the thoracic bones will
increase radiation dose to lungs.

Clinical Persepective: Relapse is a major obstacle to the success of bone marrow
transplantation. The conformal radiation treatment delivered by the helical tomotherapy (HT)
was shown to have the potential to enhance the therapeutic ratio (dose to tumor / organs at risk
(OARs)[14]). Using this rationale, targeted total body irradiation, referred as to total marrow
irradiation (TMI), is becoming an important investigative treatment as a conditioning regimen for
hematological malignancies [15, 14, 16, 12, 17-19, 20 ].

Figure 5 shows TMI treatment planning targeting bone and bone marrow spaces along the
entire axis of a patient using helical tomotherapy as part of bone marrow transplant conditioning
regimen. Clinical benefits of this process are two fronts — reduction of dose to critical organs and

as a consequence one could escalate dose to radiosensitive hematological malignancies. Dose



escalation studies are current undergoing in several institutes around the world. This will be

discussed during presentation.

-
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Figure 5. Sectional view of dose painting: (I) transverse, (Il) sagital, (lll) coronal view for upper part of the body, and
(IV) transverse, (V) sagital, (V1) coronal view for lower part of the body; (VII) The dose volume histogram for PTV(A),
liver(B), heart(C), eye(D), lungs(E), spleen(F), left kidney(G), right kidney(H), lens(l), scrotum(J), and (V) DVH for
bony anatomy: Upper body PTV (A), thoracic bone(A1); bone of skull(A2); pelvic bone(A3); right extremities(A4) are
shown in lower middle panel (VIll). Right lower panel (IX) shows DVH for lower body PTV (A’"). (taken from Hui et al.
Acta Oncol. 2007;46(2):250-5.).

During our ongoing clinical TMI, we also observed potential dose heterogeneity leading to
underdosing at different skeletal sites in total marrow irradiation (TMI) with helical tomotherapy
due to the thread effect. Ripple amplitude, defined as the peak-to-trough dose relative to the
average dose due to the thread effect, and the DVH parameters for 9 cases in different skeletal
regions at off-axis (e.g. bones of the arm, or femur). We observed large and significant variation
in dose coverage to peripheral skeletal site such as arm bone for large patients with maximum
left-to-right arm distance (mLRD). Peripheral dose heterogeneity could be reduced by
implementing the favorable pitch value and adjusting arm position to reduce mLRD distance.
Time required to treat a patient with TMI using Tomotherapy is substantially long (1-2 hours).
Whole body MVCT scan is used for patient localization which takes 20-30 minutes. To reduce
this imaging time, we have developed Fast MVCT topo TMI. This method substantially reduces

imaging time for patient localization.



Radiobiology of high dose rate on engraftment:

TMI treatment is delivered relative higher dose rate
(600-800 cGy/min) compared to conventional TBI
treatment dose rate (10-25 cGy/min). There have been
relatively few studies reporting the biological
consequences of these dose-rates in hematopoietic
cell transplant (HCT). Using zebrafish models of HCT,
we recently reported the comparison of outcomes in
adult zebrafish irradiated with 20Gy at either 25 or 800
cGy/min in the context of experimental HCT (Glass et
al PLOS ONE, accepted).

While striking differences between the dose-rate
groups in parameters of cell death, myelosuppression,
selected gene expression indicators of damage, and
hematopoietic cell homing were not detected at early
time points after radiation, recipient fish did show a
significant dose-rate dependent effect in early

engraftment 9 and 31 days after HCT (Figure 6).

Following HCT, the higher dose rate showed
significantly improved donor-derived engraftment at 9
days post-transplant (p<0.0001), and improved
engraftment persisted at 31 days post-transplant.
However, sdf-1a/cxcr4b axis were not responsible for

the observed dose-rate effect on engraftment.

Overall, the adult zebrafish model of HCT offers a new
system for radiobiological and mechanistic

interrogation of this phenomenon.

Engraftment After Transplant
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Figure 6: Hematopoietic cell transplant after
radiation.

A, wild type (WT) zebrafish were irradiated
with 20Gy at either 800 cGy/min (HDR) or 25
c¢Gy/min (LDR), and transplanted with
bactin2:EGFP hematopoietic cells. At 1, 2, 9,
and 31 days after transplant, kidneys were
harvested from recipients and isolated
hematopoietic cells were analyzed by flow
cytometry for percentages of GFP-positive
cells.

B, Flow cytometry analysis of hematopoietic
cells isolated from transplanted fish 9 days
after transplant.




Effect of radiation on BM damage and recovery: The functional components of bone marrow

(i.e., the hematopoietic and stromal populations) and the adjacent bone have traditionally been

evaluated incompletely as distinct entities rather
than the integrated system. We perturbed this
system in vivo using a medically relevant radiation
model in the presence or absence of ovarian

function to understand integrated tissue interaction.

Ovary-intact and ovariectomized mice underwent
either no radiation or Single fractional 16 Gy
radiation to the caudal skeleton (IR, OVX%R).
Marrow fat, hematopoietic cellularity, and
cancellous bone volume fraction (BV/TV %) were
assessed. The expected inverse relationship
between marrow adiposity vs. hematopoietic
cellularity and bone volume was observed.
Interestingly compared with OVX mice, intact mice
demonstrated double the reduction in hematopoietic
cellularity and a tenfold greater degree of bone loss
for a given unit of expansion in marrow fat (Figure
7).
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Figure 7. 3-D illustration of interrelationships
among the three tissue components of bone
and marrow: hemopoietic component measured
by cellularity, stromal damage component
measured by marrow fat or adipose content,
and osseous component measured by the
cancellous bone BV/TV%. Cumulative
increases in marrow fat after irradiation, in the
absence of ovarian function (10 fold) was not
reflected by equivalent losses of either
cancellous bone or hematopoietic cellularity.
The proportionality of changes in these tissue
components were maintained among irradiated
intact mice.

Ovariectomy prior to delivery of a clinically-relevant focal radiation exposure in mice seems to

exacerbate post-radiation adipose accumulation in the marrow space but blunted bone loss and
hematopoietic suppression. In the normally coupled homeostatic relationship between the bone
and marrow domains, OVX appears to alter feedback mechanisms. In future, how this non-
linear phenomenon (presumably due to differential radiosensitivity) could impact in bone marrow

engraftment following TMI treatment will be investigated.

Bone marrow physiology and functional imaging: Understanding fundamental bone and
marrow physiology becomes key element while trying to understand radiation. There are no
investigations on skeletal wide bone marrow physiology, their metabolic processes. We

developed functional microPET-CT imaging that allows non-invasive, longitudinal monitoring of



skeletal physiology and how TMI treatment could change bone and marrow metabolic function.
Our investigation of skeletal metabolic process — indicates skeletal function (both marrow and
bone metabolic function) may be different at different skeletal sites. Additionally, there might be
differential radiosensitivity of hematopoietic, stromal cells, and bone cells. Natural question
arises whether same radiation dose though out the skeleton is going to have same impact on
bone, marrow, and on malignant cells. Investigation of these questions and understanding
skeletal wide variation in biological environment and how radiation affects elements of local

environment will bring new era of external beam targeted therapy.
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