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Total body irradiation (TBI) has been an essential component of the conditioning
regimen in hematopoietic cell transplantation for many years. However, higher
doses of TBI reduce disease relapse at the expense of more significant toxicities.
Therefore, total marrow irradiation and total marrow and lymphoid irradiation
have been developed to deliver organ-sparing targeted radiotherapy. Data from
different studies show that TMI and TMLI can be safely administered in escalating
doses in association with different chemotherapy conditioning regimen protocols,
in situations with unmet needs, such as multiple myeloma, high-risk hematologic
malignancies, relapsed or refractory leukemias, and elderly or frail patients, with
low rates of transplant-related mortality. We reviewed the literature on applying
TMI and TMLI techniques in autologous and allogeneic hematopoietic stem cell
transplantation in different clinical situations.
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Introduction

Total body irradiation (TBI) has been an essential component of the conditioning
regimen in hematopoietic cell transplantation (HCT) for many years. In patients with
malignant diseases, the conditioning regimen has two main objectives: (1) to reduce tumor
burden and disease relapse after transplant and (2) to provide sufficient immunoablation
to prevent rejection. TBI has been widely used due to its immunosuppressive profile and
effectiveness against leukemias and lymphomas, even in sanctuary sites such as the brain
and testes (1). Higher doses of TBI reduce disease relapse at the expense of more significant
toxicities, especially in the lungs, liver, bowel, thyroid, and gonads. It also leads to impaired
growth and development in children, fertility issues, secondary malignancies, and increased
transplant-related deaths (2). To decrease organ toxicity, fractionated TBI was an effective
strategy due to a higher proportion of intact repair mechanisms retained in normal tissues
as opposed to cancer cells (3), and hyperfractionated TBI and partial lung shielding have
reduced fatal interstitial pneumonitis from 50% in the single-dose regimen to 18%, with
100% engraftment rate (4).
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The need for reducing TBI toxicity to critical organs while
increasing doses to selected targets through technical optimization
has emerged as an essential need for the bone marrow transplant
team and radiation oncologists. Total marrow irradiation (TMI)
and total marrow and lymphoid irradiation (TMLI) were developed
to deliver organ-sparing targeted radiotherapy using intensity-
modulated radiation therapy (IMRT). The term TMI is usually
used if the target is the bone and bone marrow, and TMLI adds
the spleen and major lymph node chain. As a result, radiation to
structures such as the lenses, oral cavity, thyroid, parotid glands,
esophagus, lungs, heart, liver, stomach, kidneys, urinary bladder,
genitalia, and small bowel are usually minimized.

Total marrow irradiation was usually used in autologous HCT
for multiple myeloma and TMLI in allogeneic HCT (5). Data from
different studies show that TMI and TMLI can be safely delivered
at an escalated dose in association with different chemotherapy
conditioning regimen protocols. Our objective is to review
literature data regarding conditioning regimes and the application
of TMI techniques in autologous and allogeneic TMI. Thus, we
performed a search in PubMed with the following strategy: (“Total
marrow”[Title]) OR (“Targeted marrow”[Title]) OR (“Targeted-
marrow” [Title]) OR (TMI[Title] AND transplant®[Title]).

TMI treatment planning

The main targets for TMI planning purposes are bones and
bone marrow. For TMLI, the spleen and major lymph node chains
are also included. Depending on the institution’s protocol, the liver,
brain, and testes may also be included. There are several protocols
with different radiation dose prescriptions, ranging from 6 to 20 Gy
(5, 6). The irradiation protocol starts with the simulation, outline of
targets and organs at risk (OAR), planning (dose calculation) and,
finally, the delivery of the treatment.

A computed tomography (CT) scan with 5-10mm is
performed for the simulation. Patients usually stay in the supine
position, with immobilization devices such as vacuum bags and/or
thermoplastic masks. In addition, 4D CT scans of the chest and
abdomen may be utilized to account for any organ movement
during respiration (5).

The contouring begins with defining the target volumes and
the avoidance structures. First, the clinical target volume (CTV)
is defined as the spleen and entire bony skeleton, excluding
the mandible. After that, anisotropic margins to account for
possible uncertainties in beam alignment, patient positioning,
organ motion, and organ deformations are generated to create
the planning target volume (PTV). Avoidance structures, also
known as organs at risk, include lenses, parotid glands, oral cavity,
thyroid, esophagus, lungs, heart, liver, stomach, kidneys, small
bowel, urinary bladder, and genitalia (6).

The treatment may be delivered by a regular linear accelerator
(LINAC) or TomoTherapy® (combines intensity-modulated
radiation therapy (IMRT) with a spiral delivery pattern). For
LINAGC, the planning is generated using 4-5 isocentric volumetric
modulated arc therapy techniques to the upper body. The lower
extremities are planned and treated with junctioned AP-PA fields
(7, 8). Volumetric imaging (image-guided radiation therapy -
IGRT) is used for daily patient setup (5).
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TMI in autologous HCT

Total marrow irradiation in autologous conditioning regimen
for multiple myeloma was pioneered by Einsele et al. (9). Eighty-
nine patients with stage II-IIT multiple myeloma, de novo or
pretreated, received TMI 9 Gy, 12 mg/kg oral busulfan (equivalent
to 9.6 mg/kg intravenous busulfan), and cyclophosphamide 120
mg/kg in patients. Three patients had sinusoidal obstruction
syndrome (SOS). Transplant-related mortality was as low as 2%.
Median progression-free survival was 36 months for patients with
de novo MM. Complete response increased from 2% to 44%
following chemoradiotherapy (Table 1). In the current days, the use
of intravenous busulfan may attenuate the incidence of SOS.

Cailleteau et al. (10) reported the results of a phase I trial of
melphalan 140 mg/m2 combined with TMI before autologous HCT
for patients in their first relapse. Thirteen patients were included.
Four dose levels were explored: 8 Gy, 10 Gy, 12 Gy, and 14 Gy.
The dose administered to the lungs was systematically below 8 Gy.
Maximum tolerated dose was not reached, and the rate of acute
toxicity was low. Pre-TMI rate of CR was 15% and the post-TMI
rate of CR was 31%, showing that TMI increased the depth of
response in these patients without increasing toxicity. Patel et al.
(13) combined up to 9 Gy of TMI with melphalan 200 mg/m? in
12 patients with relapsed myeloma. The maximum tolerated dose
was not achieved, there was no grade 4 non-hematologic toxicity,
and median overall survival was around 3 years. Although feasible,
maximal doses of TMI and melphalan, when combined, have yet to
be established.

Ladbury et al. (11) reported the results of a unicentric protocol
that included a second autologous HCT with single-agent TMI
(doses: 10-18 Gy) after a first transplant based on melphalan 200
mg/m?. Thirty patients received the second HCT based on TMI.
The maximum tolerated dose was 16 Gy. In a long follow-up (12.3
years among survivors), the progression-free survival at 10 years
was 20%. There were five cases of secondary malignancies and an
additional five cases of non-melanoma skin cancers. Somlo et al.
(15) also tested a second high-dose therapy based on TMI (doses:
10-18 cGy) in 22 patients. The maximum tolerated dose was also
16 Gy. In a quite similar strategy, Giebel et al. (12) published
the results of a tandem HCT strategy with 12Gy in the first
course and melphalan 200 mg/m? in the second one. Fifty patients
were included. Five-year progression-free survival was 55%. The
authors showed the anti-myeloma activity of TMI monotherapy
since VGPR increased from 46% to 74% after the first transplant
and 86% after the second transplant. The rate of complete response
changed from 10% before the first auto-HCT to 42% after tandem
transplantation. Non-hematological complications were infrequent
and only 14% of patients had mucositis grades 2-4. Both studies
have shown that the maximal dose of TMI, when used as a single
agent, is 16 Gy.

Lin et al. (14) tried to compare the results of autologous HCT
for multiple myeloma with TMI 8 Gy combined with melphalan
140 mg/m2 with single-agent melphalan 200 mg/m2, but the small
number of patients hampered further analyses.

Most of these reports do not represent the current practice
in multiple myeloma, and these strategies should be tested
in the context of highly active induction regimens and
maintenance therapy.
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TABLE 1 Clinical results of TMI in autologous transplants for multiple myeloma.

Author, year Study type N  Drugs TMI dose Relapsed Complete VGPR
disease response
Cailleteau et al. (10) Phase I 13 | Melphalan 140 mg/m2 Max 14 Gy 100% 31% 69%
Ladbury etal. (11) Phase 1/11 54 MTD 16 Gy 0% 48% 70%
Giebel et al. (12) Phase IT 50 12 Gy 0% 42% NA
Patel et al. (13) Phase I 12 | Melphalan 200 mg/m2 Max 9 Gy 100% NA 73%
Lin et al. (14) Randomized 3 Melphalan 140 mg/m2 8Gy 0%
Somlo et al. (15) Phase I 25 MTD 16 Gy 0% 23% 73%
Einsele et al. (9) Phase I/11 89 | Busulfan 12 mg/kg 9Gy 0% 44% 56%
Cyclophosphamide 120
mg/kg

TMI, total marrow irradiation; VGPR, very good partial response; MTD, maximum tolerated dose.

TMI in matched-related and unrelated
HCT

The safety and efficacy of TMI and TMLI as part of the
conditioning regimen in allogeneic HCT have been evaluated in
different publications over the years (Table 2).

Ali et al. (6) evaluated RIC conditioning with busulfan
(2 days) and fludarabine with TMI 6Gy in 26 patients with
high-risk hematologic malignancies not eligible for myeloablative
transplantation. In this publication, the median age was 64
years, and 73% had active or measurable residual disease at
transplantation. They included 18 matched-unrelated donors, five
matched sibling donors, and three haploidentical donors. All
patients engrafted neutrophils. The 1-year overall survival was 65%,
the 1-year TRM was 4%, and the 1-year cumulative incidence of
relapse was 43%, demonstrating a feasible intensification of RIC
conditioning with TMI in medically frail patients with high-risk
disease. These results show that low-dose TMI combined with a
RIC conditioning regimen leads to a high engraftment rate. The
relapse rate was relatively high, although the frequency of active
disease prior to HCT was also high.

Reduced-intensity conditioning (RIC) may provide reasonable
disease control in frail patients with high-risk hematologic
malignancies undergoing allogeneic HCT. Wong et al. (28),
Rosenthal et al. (24), and Jensen et al. (20) prospectively studied
the association of a RIC conditioning regimen with melphalan and
fludarabine associated with TMLI 12 Gy. Wong et al. evaluated
toxicities in eight patients with hematologic malignancies with this
conditioning regimen, and grades 2-3 nausea, vomiting, mucositis,
and diarrhea were observed, with no grade 4 non-hematologic
toxicity. Rosenthal et al. (24) included 33 patients over 50 years or
with compromised organ function and showed the median time to
neutrophil engraftment of 14 days, 1-year OS of 75%, 2-year NRM
of 25%, and 21% deaths due to progressive disease. Jensen et al.
evaluated the clinical outcomes of 61 patients with a median age
of 55 years and 5-year OS, NRM, and relapse were 44%, 33%, and
26%, respectively (20).

Ogawa et al. (16) tested myeloablative conditioning consisting
of cyclophosphamide 60 mg/kg/day for 2 days and TMLI with
doses of 14, 16, and 18 Gy for 3 days in 343 design in nine

Frontiersin Medicine

patients with acute lymphoblastic leukemia or chronic myeloblastic
leukemia with unrelated donors. All patients achieved neutrophil
engraftment at a median of 19 days. No patient showed dose-
limiting toxicities, and 1-year overall survival was 83.3%. There
were three disease relapses and no documented TRM. Stein et al.
(21) evaluated TMLI with a dose ranging from 12 to 20 Gy in
51 patients with active relapsed/refractory leukemia undergoing
HCT with matched-related or unrelated donors, combined with
cyclophosphamide and etoposide. The maximum tolerated dose
was 20 Gy. All patients had neutrophil engraftment at a median
of 15 days. In this high-risk population, 88% of patients achieved
complete response at D+30. With a median follow-up of 24.6
months, 33 patients relapsed. The 1-year OS was 55.5%, and the 1-
year TRM was 3.9%. Hui et al. (22) evaluated TMI in a phase I dose-
escalation trial with 12 patients who received conditioning therapy
with cyclophosphamide and fludarabine in conjunction with TMI
at 15Gy and 18 Gy (in 3 Gy/fractions) while maintaining TBI
dose to vital organs at <13.2 Gy. The median time for neutrophil
recovery was 26 days. The 1-year OS was 42%, 1-year relapse was
36%, and 1-year TRM was 42%. Although excessive specific organ
toxicity was not found, the authors decided to suspend enrollment
in the 18 Gy arm due to 50% transplant-related mortality. In
summary, these studies show that higher doses of TMI combined
with cyclophosphamide-based chemotherapy are feasible and that
the maximum tolerated dose of TMI might not have been reached.

In a phase I trial published by Patel et al. (23), TMI
3Gy, 6Gy, 9Gy, and 12 Gy were combined with myeloablative
fludarabine and busulfan in 14 patients with high-risk hematologic
disease undergoing HCT with HLA-matched related, unrelated,
or mismatched donor using peripheral blood grafts. All patients
engrafted promptly at a median of 15 days. Extrahematologic
toxicities were limited to grades 1-2. With a median follow-up of 3
years, the OS was 50%, with four deaths caused by transplantation-
related complications and three due to relapse.

Wong et al. (25) presented 2 phase I trials of a combination of
TMI with higher-intensity chemotherapy in patients with advanced
leukemias. The first trial consisted of a TMI dose of 12-15 Gy
combined with etoposide (60 mg/kg) and cyclophosphamide
(100 mg/Kg). The median age of the 12 included patients was 33
years, with a median follow-up of 14.7 months, and five patients
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TABLE 2 Clinical results of TMI/TMLI in matched-donor allogeneic transplants.

Author, year

Type of study

Disease

Disease status at
transplant

Conditioning
regimen

TMI dose

Lymphoid
irradiation

Relapse

Ogawa et al. (16) Prospective phase I 9 ALL and CMML Complete response Cyclophosphamide and 14-18Gy Yes 0 1y:83% 33,3% (3 cases)
trial TMLI
Ali et al. (6) Prospective phase I 23 Hematological 73% had active or Busulfan (2 days) and 6Gy No 1y:4% 1y 65% 1y: 43%
trial malignancies measurable residual fludarabine
disease at transplant
Stein et al. (17) Prospective phase IT 18 AML Complete response and TMLI and PTCy 20Gy Yes 2y:0% 2y:86.7% 2y:16.7%
trial (MRD)-negative
Haraldsson et al. Prospective 37 Hematological Complete and partial TMI-based 12 Gy No - 1y GRFS: 67.5% -
(18) observational study malignancies response
Shi et al. (19) Retrospective study 61 Hematological 20/ patients with TMI/ TMLI 10Gy Yes 2y:5% 2y:74.7% 27%
malignancies refractory leukemia hypo-fractionation
Jensen et al. (20) Prospective study 61 Hematological Complete and partial Fludarabine, Melphalan, 12 Gy Yes 5y:41% 5y:33% 5y:26%
malignancies response and active TMLI
disease
Stein et al. (21) Prospective phase I 51 Acute leukemia relapsed/refractory Cyclophosphamide and 12-20 Gy Yes 1y:3.9% 1y:55.5% 64%
study etoposide, TMLI
Hui et al. (22) Prospective phase I 12 Acute leukemia and Complete and partial Cyclophosphamide and 15 Gy and 18 Gy No 1y:42% 1Y:42% 1y:36%
study prolymphocytic response and active fludarabine, TMI
leukemia disease
Patel et al. (23) Prospective phase I 14 High-risk Complete response and Busulfan and fludarabine, 3-12Gy No 3y:28% 3y:50%
study hematologic active disease TMI
malignancies
Rosenthal et al. (24) Prospective Phase 1/2 33 Advanced Complete and partial Fludarabine, Melphalan, 12Gy Yes 2y:25% 1y:75% 21%
study hematologic disease | response and active TMLI
disease
Wong et al. (25) Prospective phase I 12 Advanced Induction failure and first TML, etoposide and 12-15Gy No 16% 50% 33.3%
study AML/ALL relapse cyclophosphamide
Wong et al. (25) Prospective phase I 20 Advanced Induction failure, firstand | Busulfan and etoposide, 12-13.5Gy No 40% 25% 35%
study AML/ALL second relapse ™I

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CMML, chronic myelomonocytic leukemia; TMLI, total marrow and lymphoid irradiation; TMI, total marrow irradiation; TRM, transplant-related mortality; OS, overall survival; PTCy,

post-transplant cyclophosphamide; GRFS, graft-vs.-host disease-relapse-free survival.
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remained in CR, and no dose-limiting toxicity was achieved.
The second trial consisted of TMI 12-15.5Gy associated with
busulfan (4 days) and etoposide (30 mg/kg). They included 20
patients with a median age of 41 years. Grade 4 dose-limiting
toxicities were seen at 13.5Gy (stomatitis and hepatotoxicity)
(25). Therefore, doses of TMI combined with higher-intensity,
busulfan-based probably should be limited
to 12 Gy.

Haraldsson et al. (18) compared 37 patients who underwent

chemotherapy,

allogeneic transplants and received TMI to a retrospective control
of 33 patients that had received TBI. Dose distribution for TMI
patients was kept to a minimum in kidneys, heart, bowel bag,
and liver. The 1-year GVHD-free, relapse-free survival (GRES)
was 67.5% for TMI and 39.4% for TBI (p = 0.03), and this
difference was higher in patients receiving MUD HCT (p <
0.01). No significant differences in neutrophil recovery, overall
survival (OS), transplant-related mortality (TRM), or relapse were
found. Therefore, compared with TBI, TMI may offer superior
results in terms of GRFS. A recent study compared dosimetric
changes in irradiation received by the target volume and organs
at risk between TBI and TMI plans. The authors theoretically
calculated TMI plans for 35 patients who had already received TBI
conditioning. In this analysis, TMI significantly reduced the dose
in organs at risk, with mean dose reduction in the liver by 49% and
spleen by 55-59%, and achieved the prescribed dose in the target
volume (29).

Shi et al. (19) evaluated 61 patients with hematologic
malignancies who underwent HLA-matched related or unrelated
HCT with peripheral blood stem cells. In eight patients, the
conditioning regimen consisted of TMI, and in 53 patients, TMLL.
Patients received 8 Gy in the bone marrow in a single day treatment
and 10 Gy in the involved field in two fractions a day associated
with GVHD prophylaxis with tacrolimus and sirolimus. None of
the patients had grades 3-4 non-hematologic toxicities. The 2-year
OS was 74.7%, 2-year TRM was 5%, and the relapse rate was 27%,
demonstrating that the hypo-fractionation TMI/TMLI scheme may
be an alternative in this scenario.

Graft-vs.-host disease (GVHD) is a significant cause of
morbidity and mortality after allogeneic stem cell transplantation,
and comparisons between haploidentical HCT with post-transplant
cyclophosphamide (PTCy) and unrelated donor (URD) HCT have
shown comparable overall survival with lower incidences GVHD
with PTCy. Therefore, in recent years, PTCy has been expanded
to matched transplants. Stein et al. (17) have recently published
a study testing TMLI at 20 Gy with PTCy for patients with
acute myeloid leukemia in the first or second complete response
undergoing matched donor allogeneic HCT. The patient safety
lead-in segment followed a 343 dose expansion cohort of up to
12 additional patients. PTCy was administered 50 mg/kg on days
+3 and +4 after infusion, and tacrolimus was given until day
+90 and then tapered. All patients were engrafted. The authors
demonstrated the feasibility of a chemotherapy-free conditioning
regimen with a 2-year OS of 86.7%, 2-year TRM of 0%, 2-year
relapse of 16.7%, and GRES rate of 59.3% after a median follow-up
of 24.5 months.

Another recent study evaluated 50 patients with hematologic
malignancies who underwent conditioning with fludarabine,
thiotepa, cyclophosphamide, and TMLI total dose of 13.5Gy
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and TLI of 11.5Gy. They included 11 matched-related donors
and 39 haploidentical donors. Patients received donor regulatory
T cells and conventional T «cells before infusion, followed
by CD34+ selected grafts on day 0, with no pharmaceutical
immunosuppressive therapy. Eighteen patients (36%) had grade II
acute GVHD, and the mean TMLI dose to the whole intestine was
7.1 Gy (30).

Extramedullary (EM) relapse in patients receiving TMI or
TMLI is a concern in allogeneic HCT. Kim et al. (31) evaluated 101
patients enrolled in TMLI trials between 2006 and 2012, with total
radiation doses ranging from 12 to 15 Gy. In this population, EM
relapse occurred in 13 patients (12.9%) and bone marrow relapse
in 25.7%, comparable to published results with regimens including
TBI. Of the 13 patients, seven had the extramedullary disease before
HCT, which was the only significant predictor of subsequent EM
disease (31).

As TMI decreases radiation in organs at risk and allows
dosage escalation to improve oncologic outcomes, subsequent
malignant neoplasms (SMNs) are another concern. Han et al.
(32) retrospectively compared the estimated radiation-induced,
organ-specific, secondary solid-tumor rates in 20 patients who
received TMI (10 patients received 12 Gy and 10 patients 20 Gy
with 12 Gy to the brain and liver) to a generated conventional
TBI treatment plan with a prescription dose of 12Gy and
showed TMI could significantly reduce overall radiation-induced
secondary solid-tumor. Another recent publication compared
SMN in patients submitted to TBI (171 patients) or TMI-based
conditioning regimens (171 patients) to a 12-20 Gy dose. TMI
patients received higher radiation doses (16 Gy vs. 13.2Gy),
with no significant difference in the risk of SMN in the two
cohorts (nine patients in the TBI group and 10 in the TMI
group), and no patients developed a subsequent hematologic
malignancy (33).

TMI in haploidentical HCT

Using the PTCy platform has revolutionized haploidentical
HCT with low rates of GVHD and TRM. However, relapse
remains a concern in high-risk patients. In this context, TMI
and TMLI may be an alternative to reduce toxicities without
hampering disease control (Table 3). A recent phase I trial has
been published, including 31 patients with high-risk leukemias or
myelodysplastic syndrome. The conditioning regimen was based
on TMLI with increasing doses from 12 to 20 cGy associated
with fludarabine and cyclophosphamide. PTCy with tacrolimus and
mycophenolate mofetil was the GVHD prophylaxis. All patients
achieved neutrophil recovery at a median of 17 days. In addition,
the authors demonstrated a 2-year NRM of 13%, a cumulative
incidence of grade II to IV acute GVHD at day 100 of 52%, and
acute GVHD grades III to IV of 6%. In the group of patients
who received recommended TMLI dose at 20 Gy, 1-year overall
survival was 83% and 1-year relapse of 17% (26), demonstrating
the feasibility and safety of TMLI combined with PTCy.

Sarina et al. (27) evaluated TMLI 2 Gy instead of TBI 2 Gy
associated with a non-myeloablative (NMA) conditioning regimen
with cyclophosphamide, fludarabine in patients who underwent
haploidentical transplantation with PTCy, calcineurin inhibitor,
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TABLE 3 Clinical results of TMI/TMLI in haploidentical allogenic transplants.
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*Data of haploidentical were not presented separately.

TMLI, total marrow and lymphoid irradiation; TMI, total marrow irradiation; TRM, transplant-related mortality; OS, overall survival; PTCy, Post-transplant cyclophosphamide; HL, Hodgkin lymphoma; NHL, non-Hodgkin lymphoma; CLL, chronic lymphocytic

leukemia; PLL, prolymphocytic leukemia.
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and mycophenolate mofetil. Fifty-nine patients were included in
TMLI and 37 in the TBI group, and, in multivariable analysis,
TMLI did not influence OS, TRM, or PES compared with TBI. This
finding is relatively expected since TBI 2 Gy is seldom toxic.

Ali et al. (6) have included three haploidentical transplants
in the cohort of patients with high-risk hematologic malignancies
submitted to RIC Bu/Flu conditioning associated with TMI. These
patients received tacrolimus, MMF, and PTCy, and the authors
showed the feasibility of this association in frail patients, although
the low number of patients hampers further conclusions.

In summary, these studies show that TMLI and TMI in doses
up to 20 Gy are feasible with PTCy and RIC or NMA conditioning
regimens. To the best of our knowledge, there is no data on
TMLI or TMI combined with myeloablative doses of chemotherapy
and PTCy.

Discussion

The data reviewed herein show that TMI and TMLI are feasible
and safe and may reduce TBI toxicities associated with different
chemotherapy protocols. Furthermore, it can be delivered to other
populations, but only a few prospective trials have been published
so far, with small samples restricted to phase I or II clinical trials.

In the autologous HCT scenario, some trials with multiple
myeloma patients have been done. Multiple myeloma is caused
by the abnormal proliferation of plasma cells and accounts for
about 15% of all hematological malignancies (34). Over the last
20 years, autologous HCT has been considered the standard
therapy for transplant-eligible patients with multiple myeloma, as
itimproves progression-free survival compared to schemes without
HCT, even with new therapies in recent years (35, 36). The most
frequently used conditioning regimen is melphalan 200 mg/m?,
but different schemes have been evaluated to increase response
rates and progression-free survival. Since multiple myeloma is
highly sensitive to radiotherapy, some studies have evaluated the
combination of chemotherapy with total body irradiation (TBI),
but with no benefit in overall survival because of increased toxicities
(37, 38). In this scenario, TMI was evaluated in association with
different chemotherapy protocols or as a second HCT and showed
that high doses of TMI may be delivered upfront or in the relapse
setting. However, as the treatment of multiple myeloma has been
revolutionized with new treatments in recent years, these strategies
should be tested in the context of highly active induction and
maintenance regimens.

In the allogeneic HCT scenario, higher intensities of the
conditioning regimens reduce the chance of relapse of the
underlying disease (39), at the expense of increased transplant-
related mortality, including regimens with TBI (40).

For elderly patients or patients with comorbidities, different
reduced-intensity conditioning protocols have been increasingly
used, and a conditioning regimen that changes the balance point
with lower transplant-related mortality and higher cure rates
is desirable. Therefore, TMI and TMLI may be an alternative
to these frailer patients. Their feasibility and safety have been
demonstrated, with engraftment rates similar to those found with
other conditioning regimes, even in haploidentical HCT and
associated with PTCy. In addition, the relapse rates of these RIC
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regimens with high doses of TMI are encouraging. On the other
hand, high doses of busulfan combined with TMI may enhance the
antileukemic effect of the conditioning regimen and be an option
for younger patients with high-risk leukemia.

The technological gap limits the widespread use of TMI and
TMLI. Technical issues in precise radiotherapy are challenging,
and manual contouring of targets may take long periods (41).
To increase clinical experience and the number of clinical trials
with this strategy, it is necessary to develop uniform planning
and treatment guidelines in radiation oncology departments
and a collaborative effort between radiation oncology and the
hematology team. In addition to that, the optimum chemotherapy
association for each population still needs to be defined, and
comparative trials with other conditioning regimen strategies are
needed (42).

Conclusion

In conclusion, TBI has been widely used in HCT at the
expense of more significant toxicities. TMI or TMLI addresses
the need to reduce the toxicity of TBI to critical organs
while increasing the dose to selected targets through technical
optimization. This strategy has been used safely and effectively in
autologous HCT for multiple myeloma and allogeneic HCT for
hematologic malignancies at escalating doses in combination with
different chemotherapy regimen protocols. The main benefits of
this technique are the possibility of intensifying the conditioning
regimen, which leads to a reduced chance of relapse, without
increasing transplant toxicity and transplant-related mortality. The
main limitations are the availability and training of staff in this
technique, long periods for manual contouring of targets, and lack
of randomized studies compared with other conditioning regimens.
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