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Purpose: Total body irradiation (TBI) has been widely utilized as part of the conditioning regimen for
hematopoietic stem cell transplantation (HSCT), but is associated with significant toxicities. Targeted
TBI using helical Tomotherapy allows precise and homogeneous tumor coverage and excellent sparing
of organs at risk. The purpose of this study was to evaluate the clinical outcomes of a novel hypo-
fractionation strategy for patients receiving total marrow and involved lymphoid irradiation (TMLI) as
part of the conditioning regimen before HSCT.
Methods and Materials: 61 patients (7 acute myelogenous leukemia (AML), 33 acute lymphoblastic leu-
kemia (ALL), 18 non-Hodgkin’s lymphoma (NHL), 3 mixed acute leukemia (MAL)) received conditioning
radiation treatment with TMLI (8 Gy to bone marrow, 10 Gy to involved field in 2 fractions per day) in
conjunction with chemotherapy before transplantation.
Results: The median age of 61 patients with TMLI was 24 (4–54) years. The prescribed dose covered the
entire bone and involved target volume, and the dose of organs at risk (OAR) was reduced by 28%�78% of
the prescription dose. Grade 1–2 nausea and vomiting occurred in 12 patients and grade 1–2 pain in 6
patients during radiotherapy. Fatigue occurred in 16 patients. 2 patients had diarrhea, enteritis, and 1
patient had fever. None of patient had grade 3–4 non-hematologic adverse reactions. Late (30 days after
HSCT) grade 2 toxicities including reversible enteritis occurred in 3 patients. 5 patients developed infec-
tious pneumonia. The 2 years progression-free survival (PFS) was 64.1% (95% CI: 0.16–0.22) and overall
survival (OS) was 74.7% (95% CI: 0.19–0.24) for the 61 patients who had received their planned HSCT. The
2-year non-relapse mortality was significantly reduced to 5% in this patient cohort.
Conclusions: This study demonstrates that hypo-fractionated TMLI (8 Gy to bone marrow, 10 Gy to
involved field in a single day) as a conditioning regimen for lymphoma and acute leukemia was feasible
and the clinical outcomes were acceptable.
� 2020 Published by Elsevier B.V. on behalf of European Society for Radiotherapy and Oncology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Total body irradiation (TBI) is an important part of conditioning
regimens in patients undergoing hematopoietic stem cell trans-
plantation (HSCT) [1]. A myeloablative regimen that includes TBI
before HSCT resulted in higher survival rates compared to regi-
mens without TBI [2]. In HSCT, TBI serves a dual purpose. One is
cell killing, which contributes to eradication of malignant cells,
potentially complements high-dose systemic chemotherapy. TBI
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provides therapy to sanctuary sites not easily reached by
chemotherapy drugs and provides another mechanism of tumor
cell kill against chemotherapy-resistant cell clones. The other is
immunosuppression to decrease the risk of graft versus host dis-
ease (GVHD) and to enable sustained engraftment [3,4]. However,
treatment-related morbidity and mortality can increase, negating
any potential advantage for survival [5,6]. A more targeted form
of TBI is clearly needed to reduce the dose to normal organs rela-
tive to tumor, which would improve the therapeutic ratio of this
important treatment modality.

Helical Tomotherapy (HT) as a new CT-image guided rotational
intensity modulated radiotherapy can deliver highly conformal
dose distributions [7,8]. To large complex target shapes while
simultaneously avoiding doses to critical normal organs, making
it an attractive option for the delivery of conformal targeted TBI
[9]. Total bone marrow and involved lymphoid irradiation (TMLI)
was designed to treat bone marrow and involved targets, including
lymph node chains, liver, spleen, brain, spinal cord and testes
[9,10]. The potential advantages, the acute toxicities, initial clinical
experiences, and challenges of this approach were reported
recently [10].

The optimal ablative dose or the fractionation scheme for FTBI
has yet to be carefully explored [5]. The total myeloablative TMI
dose used from literature search ranged from 6 to 12 Gy, with
the most common total dose of 12 Gy delivered in 2 Gy fractions
twice a day for 3 consecutive days [2]. Lin et al. reported that
TMI with 8 Gy (2 Gy/day for 4 days) as a conditioning regimen
for multiple myeloma was feasible and the outcomes were accept-
able for the Asian patient population [11]. In this work, we present
the treatment of a hypo-fractionated TMLI (8 Gy to bone marrow
with concurrent 10 Gy to involved target delivered in 2 equal frac-
tions in a single day) for lymphomas and acute leukemia in Asian
patients as part of allogeneic HSCT regimen.
2. Materials and methods

2.1. Patients

61 consecutive patients treated with TMI/TMLI using HT at our
institution between October 2016 and January 2019 were selected
for this retrospective analysis.

TMLI was delivered at 4 Gy twice a day (BID) (minimum 6 h
between fractions) to bone marrow for a total of 8 Gy, 5 Gy BID
to the involved targets, including involved lymph nodes, liver,
spleen, brain, spinal cord, testes, for a total of 10 Gy. 8 patients
without involved target were treated with TMI, where bone mar-
row was the only target and received 4 Gy BID for a total 8 Gy.
TMI/TMLI was performed on day �1. GVHD prophylaxis consisting
of tacrolimus and sirolimus was also started on day �1. On Day 0,
collected peripheral blood stem cells from HLA-matched related
(45 patients) or matched unrelated donors (16 patients) was
infused.

Standard anti-emetic regimens were used and palifermin was
not administered.
2.2. Helical Tomotherapy planning

Immobilization: Patients were positioned using a dedicated
immobilization system developed by our radiotherapy technicians’
team to best fix the patients. Details of the technique have been
previously published[9].

Computed Tomography (CT) Simulation: The patients were
planned with head first supine position for upper torso and with
feet first supine position for lower extremities. Image sets were
scanned with 5.0 mm slice thickness for upper and lower body.
43
Contouring: All the CT images were sent to the Eclipse treat-
ment planning system (Varian Medical System, Palo Alto, USA)
for contouring. The clinical target volume (CTV) was defined as
all skeletal bones while excluding the mandible. Considering the
possible involuntary motion and setup error, the CTV was divided
into three subvolumes: head, trunk, arms and legs[9]. These three
subvolumes were enlarged of 3, 5 and 7 mm in three dimensions
respectively, to generate the planning treatment volume (PTV-
bone). Lymphatic sanctuary sites potentially including the major
lymph node chains, liver, spleen, testes, and brain, with additional
margin of 5 mm in three directions were contoured to generate
PTV-lymph. The organs at risk (OARs) in the study included lens,
eyes, optic nerves, parotid glands, oral cavity, lungs, heart, kidneys,
stomach, small bowel, bladder and rectum.

Planning for TMLI: The prescription dose was 4 Gy BID for a
total dose of 8 Gy to the PTV-bone, and 5 Gy BID for a total dose
of 10 Gy to the PTV-lymph. For planning objective, at least 95% vol-
ume of PTV was the prescription dose. The dose volume histograms
were calculated for the target and individual OARs. Toxicity of
treatment was scored according to the Common Terminology Cri-
teria for Adverse Events v3.0 (CTCAE v3.0).

Image Guidance: Four MVCT scans for each patient were per-
formed (three for the Plan-Upper delivery and one for Plan-
Lower) in order to check the patient’s whole body alignment. An
automatic registration process of the kilovoltage planning CT with
the MVCT was performed utilized three rigid translations in the
left–right, superior-inferior, and anterior-posterior directions, as
well as roll (rotation around the SI axis). After the automatic image
registration, the attending physician verified the image fusion and
alignment to ensure proper PTV coverage and normal organ spar-
ing[9].

2.3. Supportive care

Intravenous fluid support, and anti-emetics were prescribed 2 h
before TMLI treatment. Non-steroidal anti-inflammatory drugs
were given to patients with fever after radiotherapy.

2.4. Analysis

Descriptive statistics were collected for patients and disease
characteristics, treatment features and toxicity. All analyses were
performed using the Statistical Package for the Social Sciences, ver-
sion 12.0 (SPSS, Chicago, IL, USA).
3. Results

3.1. Patient population

61 consecutive patients between October 2016 and January
2019 were enrolled in this study. The patients’ characteristics are
shown in supplementary Table 1. The median age was 24 (range,
4–54). Patients were enrolled on this trial with a median of
6 months (range, 2–35 months) from diagnosis. 20 patients had
refractory leukemia at transplant. 1 patient received left optical
nerve radiotherapy (30 Gy / 15 Fractions) 9 months before TMI, 1
NK / T cell lymphoma patient had nasal cavity radiotherapy
(56 Gy / 28 Fractions) 2 years before TMLI, 8 patients had Car t cell
therapy with a median of 4 months (range, 1–8 months) before
TMLI.

3.2. Toxicities

Grade 1–2 nausea and vomiting occurred in 12 patients and
grade 1–2 pain in 6 patients during radiotherapy (Fig. 1). No nau-



Fig. 1. Toxicities. All the toxicities were grade 1–2, none of the patients developed
grade 3–4 adverse reactions.

Fig. 3. Clinical outcomes. A: overall survival (OS) and B: progression-free survival
(PFS).
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sea or vomiting > grade 2 was observed. Grade 1–2 fatigue
occurred in 16 patients. 2 patients had grade 1–2 diarrhea, and 1
patient had fever. None of the patients developed grade 3–4 non-
hematologic adverse reactions. Late (30 days after HSCT) grade 2
toxicities including reversible enteritis occurred in 3 patients. 5
patients developed infectious pneumonia, mainly manifested as
cough, expectoration and wheezing, which were confirmed by
PET-CT. Among them, 4 patients improved after anti-infectious
treatment, and 1 patient died because of poor infection control
caused by persistent leukopenia.

For all TMI patients, the mean doses of the OARs were approx-
imately 28–78% of the prescribed PTV dose, mostly below 5 Gy,
except for the doses to the brain, for which the average dose was
approximately 6.3 Gy. The lenses, with an average max dose of
approximately 2.3 Gy, were the organs that received the least dose.
Compared to the lower OARs doses of TMI group, the mean dose of
gastrointestinal tract and brain in TMLI patients increased slightly
as expected, approximately 72–90% of the prescribed 10 Gy to
PTVlymph (Fig. 2).

Fig. 3 showed the follow up clinical outcome following HSCT.
The 2 year overall survival (OS) rate for the 61 patients enrolled
was 74.7% (95% CI: 0.19–0.24) (Fig. 3A) and the 2 year
progression-free survival (PFS) was 64.1% (95% CI: 0.16–0.22)
(Fig. 3B). The relapse rate was 27% and the non-relapse mortality
was 5%.
Fig. 2. The mean dose of organs at risk (OARs) of 8 total marrow irradiation (TMI)
patients, 53 total marrow and involved lymphoid irradiation (TMLI) patients.
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4. Discussion

We are the first to report the clinical outcomes of a novel hypo-
dose fractionation strategy of a myeloablative conditioning regi-
men including 61 patients of TMI (8 patients) / TMLI (53 patients)
treated with 8 Gy to the bone marrow and 10 Gy to the involved
targets as part of HSCT regimen. None of the patients had grade
3–4 non-hematologic adverse reactions. Comparing to conven-
tional TBI, TMI and TMLI can reduce the doses to OARs significantly
[12,13]. The doses to OARs as a percentage of the prescription dose
of lens, stomach, small intestine, lungs, heart, eyes, liver, and kid-
neys in TMI were on average 21%, 27%, 33%, 47%, 36%, 33%, 33%
and 20% of TBI. In TMLI, those numbers were on average 19%,
60%, 54%, 45%, 42%, 32%, 33% and 22%, respectively. By successfully
reducing dose accumulation in the oral cavity, esophagus, stomach,
and small bowel (the average reductions compared with 8 Gy TBI
were 55%, 46%, 63%, and 60%, respectively), Hypo-fractionated
TMLI in our study did not increase the toxicities in the entire treat-
ment course and was as effective as conventional TBI treatment.
Wong et al[14] and Hui et al[15] reported a substantial dose reduc-
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tion magnitude of OARs comparing TMI versus TBI of 15–65% and
30–88%, respectively.. Our results of 29–74% average reduction of
OAR doses were comparable with others. For TMLI (8–10 Gy / 2
Fractions) regimen, the mean doses of the OARs were mostly lower
than TMLI (12 Gy/8 Fractions) regimen.

Like any other radiation treatments, the total dose and fraction-
ation for TBI have to be balanced between the relapse rate, side
effects and complications [16-18]. Historically, TBI regimens dif-
fered widely in total dose, fractionation schedule, dose rate, patient
positioning, and beam modifiers [19]. In the 1970 s, the most com-
monly used TBI schedule was a single fraction of about 10 Gy
administered at a low-dose rate [20,21]. In the 1980 s, some
researchers recommended fractionating the dose once daily or
twice daily with the goal of improving the therapeutic ratio, reduc-
ing relapse rates, GVHD and toxicities, particularly to reduce treat-
ment mortality [22]. Based on many clinical data supporting use of
fractionation and reduced dose-rate, myeloablative regimens
delivering 12 Gy, twice daily, over 3 days, in combination with
chemotherapy were most commonly adopted [23]. TMI and TMLI
are a new form of delivering myeloablative dose to target volume
while significantly reducing dose to normal organs. Although it has
been carried out for more than a decade clinically, there is no uni-
form standard on the optimal total dose and fractionation.

Shigematsu et al. reported that 1-year OS was 80.0% for
fractionated-TBI (FTBI) 12 Gy/4–6 fractions[24]. Thomas et al.
reported that the 2-year OS was 65% for the FTBI schedule, com-
pared to 45% for the single fraction TBI (STBI) 10 Gy schedule for
acute nonlymphoblastic leukemic in first remission (p = 0.05). No
acute toxicity difference was observed between the two treat-
ments[25]. However, in another large retrospective study in 21
French institutions, Socie et al. compared a STBI 10 Gy versus sev-
eral fractionated schemes of FTBI 12 Gy, mainly 2 Gy BID for 3 days
or 4 Gy once daily for 3 days[26]. The study did not demonstrate a
significant difference in OS, but the fractionation significantly
reduced the incidence of chronic GVHD. In order to improve the
OS, Clift et al. conducted two randomized studies on patients with
myeloid leukemia, one cohort with standard TBI of 12 Gy and the
other with dose escalated to 15.75 Gy. It was discovered that dis-
ease recurrence decreased significantly in the higher dose group.
However, the toxicity to the liver and lungs increased. Because of
the treatment related mortality, there was no difference in the
OS of patients in the two groups[27,28]. Our study is the first
one to demonstrate that a hypo-fractionated TMLI (Single day
treatment of 8 Gy to bone marrow, 10 Gy to involved target deliv-
ered in 2 fractions) on Tomotherapy as a conditioning regiment for
lymphoma and acute leukemia was feasible and the outcomes
were acceptable. The 2 years PFS and OS are 64.1% and 74.7% for
the 61 patients, with a better OS than commonly employed FTBI
12 Gy / 6 Fractions (74.7% versus 65%[25]). Although the compar-
ison is preliminary, there are several possible explanations why
our study had a slightly better OS and worth further investigation:
1. the dosage: according to time dose fractionation formula, the
biological equivalent dose of 8 Gy in 2 fractions BID approximates
that of 12 Gy in 6 fractions[9], the therapeutic ratios were similar.
2. the fractionation: The delivery of TMLI in 1 day probably reduces
treatment mortality. The 2 years non-relapse mortality was 5% in
our study, which was lower than 20.4% seen in FTBI 12 Gy deliv-
ered 4–6 fractions regimens [29]. In our study, a hypo-
fractionation concept was used to deliver myeloablative dose in a
single day. The biological effective dose was kept equivalent, by
giving an overall lower total dose, but higher radiation dose in each
fraction. The increased dose per fraction may offer a clinical benefit
for TMI [17], which was supported by Hui et al. [17] in the radia-
tion escalation strategies. Given the favorable clinical outcome,
hypo-fractionation TMI/TMLI scheme should be explored as an
alternative conditioning regimen for HSCT.
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