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ARTICLE INFO ABSTRACT

Article history: Background and purpose: To reduce relapse risk, Total Body Irradiation (TBI) is part of conditioning reg-
RECE}VEd 3 August 2020 imens for hematopoietic stem cell transplantation (HSCT) in pediatric acute leukemia. The study purpose
Received in revised form 7 October 2020 was to evaluate clinical practices regarding TBI, such as fractionation, organ shielding and delivery tech-
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Available online 1 November 2020 niques, among SIOPE affiliated radiotherapy centers.

Methods: An electronic survey was sent out to 233 SIOPE affiliated centers, containing 57 questions about
clinical practice of TBI. Surveys could be answered anonymously.

Keywords: . Results: From over 25 countries, 82 responses were collected. For TBI-performing centers, 40/48 irradi-
Total body irradiation - . . P

TBI ated <10 pediatric patients annually (range: 1-2 to >25). Most indications concerned acute lymphoblas-
Leukemia tic leukemia (ALL) or acute myeloid leukemia (AML). Four different fractionation schedules were used, of
Stem cell transplantation which 12 Gy in 6 fractions was applied in 91% for ALL and 86% for AML. Dose reduction to the lungs,
Radiotherapy mostly to a mean dose of 8-10 Gy, was applied by 28/33 centers for ALL and 19/21 centers for AML, in
Pediatric contrast to much less applied dose reduction to the kidneys (7/33 ALL and 7/21 AML), thyroid (2/33

ALL and 2/21 AML), liver (4/33 ALL and 3/21 AML) and lenses (4/33 ALL and 4/21 AML). Conventional
TBI techniques were used by 24/29 responding centers, while 5/29 used advanced optimized planning
techniques.
Conclusion: Across SIOPE, there is a high level of uniformity in fractionation and use of lung shielding.
Practices vary regarding other organs-at-risk shielding and implementation of advanced techniques. A
SIOPE radiotherapy working group will be established to define international guidelines for pediatric TBI.
© 2020 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 155 (2021) 113-119 This is
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Chemotherapy cures most children with hematologic malignan-
cies. However, some 15% of all children with acute leukemia (acute
lymphoblastic leukemia (ALL) or acute myeloid leukemia (AML))
and high risk features or relapse, benefit from donor (allogeneic)
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3-4 days [2-5]. In the long term, TBI is associated with well-known
side-effects, such as cataract, hypothyroidism, interstitial pneu-
monitis and lung fibrosis, renal dysfunction, sinusoidal obstruction
syndrome, decreased gonadal function and infertility, growth inhi-
bition, as well as a higher risk of secondary malignancies [6-15].
TBI below the age of 3-4 years induces more multi-organ dysfunc-
tion and neurocognitive abnormalities, and is generally not per-
formed [11,16]. Fractionated TBI, especially with doses <14.4 Gy,
incurs less acute and late effects, including secondary malignan-
cies, compared to single high-fraction dose TBI [14,17-21].

For AML, chemotherapy-only regimens are the mainstay for
conditioning, but TBI-containing regimens are also employed in
e.g. high-risk recurrent cases [22-25]. For ALL, conditioning with
a combination of chemotherapy and TBI has mostly shown better
leukemic control [26-29]. An ongoing international randomized
controlled trial in ALL (ALL SCTped 2012 FORUM, EudraCT number:
2012-003032-22), comparing chemotherapy-only conditioning
with chemotherapy plus TBI conditioning, has stopped randomiza-
tion prematurely due to superior overall and event-free survival
rates in the TBI-containing arm [29,30]. Based on this trial,
chemotherapy plus TBI is once more the first choice for ALL HSCT
conditioning in children >48 months of age.

TBI-providing pediatric radiotherapy centers should carefully
evaluate how late effects could be mitigated without compromis-
ing efficacy. The implementation of modern conformal radiother-
apy techniques like rotational intensity-modulated radiotherapy
(IMRT) (e.g. volumetric modulated arc therapy (VMAT), helical
tomotherapy) could be beneficial to achieve both a homogeneous
dose delivery to the target volume of the body, and dose reduction
for organs-at-risk (OAR) [31,32]. Other approaches to spare OAR
are in use as well, such as total marrow and/or lymphoid irradia-
tion (TM(L)I) [32-34].

Some years ago, the International Lymphoma Radiation Oncol-
ogy group presented guidelines for TBI in adults [35]. For growing
children, several considerations regarding total dose, fractionation
and organ shielding may be of even more interest than for adults.
The lack of a specific pediatric guideline, and the low numbers of
pediatric patients treated in each center makes international col-
laboration necessary to achieve homogenization of TBI practices.
The first step in establishing such collaboration, is to evaluate the
degree of heterogeneity in clinical practice. Therefore, the purpose
of this study was to map the current clinical practice of myeloab-
lative TBI across SIOPE-affiliated radiotherapy centers by means
of a survey.

Materials and methods

To collect information on the current practice of myeloablative
TBI across SIOPE-affiliated countries (https://www.siope.eu/about-
siope/members/), an online accessible survey with a maximum of
57 questions was designed using Survey Monkey (SVMK Inc., CA,
USA).

In the context of the Joint Action on Rare Cancer (JARC) project,
endorsed by the European Union, pediatric radiotherapy depart-
ments have been mapped in 2019 [36]. The survey was sent to
one radiation oncologist per center; a total of 233 centers in 33
countries were contacted.

Participants could choose to participate anonymously or to
mention their name and affiliation.

The survey focused on clinical aspects of myeloablative TBI in
pediatric patients. It included multiple-choice questions with room
for remarks, as well as several open-ended questions. Depending
on the given answers, certain questions were skipped if not appli-
cable. Questions were asked regarding the center’s frequency of
pediatric myeloablative TBI performance annually; TBI indications;
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age characteristics of pediatric TBI patients; total TBI doses and
fractionation schedules; OAR shielding / underdosing; use of con-
ventional or advanced optimized radiotherapy techniques for
TBI; use of CT for TBI planning; and potential application of TM
(L)I. A follow-up survey with 8 additional questions regarding
boost doses and use of anesthesia (sedation) was sent to 27 known
TBI-performing survey participants in September 2020. Responses
were collected via Survey Monkey and analyzed at the depart-
ments of radiation oncology in Utrecht UMC and LMU Munich. Sur-
vey respondents were invited for a web-based live discussion of
the results and to join a TBI working group. These participants
evaluated the survey outcomes and resulting manuscript as co-
authors.

Regarding the evaluation of differences in lung shielding dose,
the equivalent total dose in 2-Gy fractions (EQD,) was calculated
for different fractionation schedules; for leukemia-dose effect with
an o/f ratio of 10, and for lung toxicity (fibrosis) dose—effect with
an o/p ratio of 3. EQD, was calculated by EQD, = D (d + (at/B))/(2+
(ot/B)), without correction for overall treatment time (OTT) since all
fractionation schemes were completed within 3-4 days.

Results

Between January 31 and March 1, 2020, 82 responses were col-
lected (35% return rate), from at least 25 out of 33 countries as
could be derived from non-anonymous participation. In September
2020, 18 responses to the follow-up survey were collected. Since
answers in the survey could be skipped by respondents, results
are given as absolute numbers of centers providing information.

Fifty-two centers in 16 countries, out of 82 participating cen-
ters, performed TBI with myeloablative radiotherapy doses for
pediatric patients; 48 of these respondents answered multiple
questions. Thirty centers did not perform TBI in children. Major
reasons for not performing TBI were referral to another center
(n=17), technical limitations (n = 8), and/or no TBI under sedation
possible (n = 2).

Across the centers, there was a great variety in the total number
of pediatric TBI's performed annually: 1-2 (10/48); 3-5 (16/48);
6-10 (14/48); 11-15 (5/48); 16-20 (2/48); >25 (1/48).

For ALL, respondents indicated that TBI was performed in their
center in case of high-risk disease at first presentation (19/37), at
first recurrence (30/37), and at second recurrence (14/37). For
AML, TBI was performed in case of high-risk disease at first presen-
tation (8/22); at first recurrence (13/22), and at second recurrence
(11/22).

Most centers performed TBI in 6-10 pediatric patients with ALL
(range 1-2 to 21-25) per year, and in 1-2 pediatric patients with
AML (range 1-2 to 11-15) per year (Fig. 1).

The minimum age for TBI as conditioning for HSCT in pediatric
ALL and AML patients, as responded by 15 and 10 participants
respectively, varied from 2 years (12%), through 3-4 years (50%),
to 5 years (12%) old. One center did not have a minimum age cut-
off, 2 others responded that it depended on risk or indication. The
upper age-limit for “pediatric” patients was 16, 18 or 21 years for
14, 29 and 1 centers, respectively.

Myeloablative TBI was performed with varying dose schedules,
but the majority of centers used 12 Gy in 6 fractions of 2 Gy, given
as 2 fractions per day over 3 days (91% of centers for ALL and 86% of
centers for AML) (Fig. 2). One center spread this dose over 4 days in
a 1-2-2-1 fractionation schedule. Other twice-daily schedules were
14.4 Gy in 8 1.8-Gy fractions and 13.2 Gy in 8 1.65-Gy fractions. A
once-daily fractionation schedule that was used, was 11 Gy in 4
fractions of 2.75 Gy over 4 days. No center mentioned currently
using a single-fraction high dose for TBI in leukemia.
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Fig. 1. Number of responding centers that treat 1-2, 3-5, 6-10, 11-15, 16-20 or

21-25 pediatric patients per year with myeloablative TBI, for ALL and AML.
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A ALL TBI fractionation; 33 centers* B AML TBI fractionation; 21 centers*
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Fig. 2. Fractionation schemes as used by responding centers for TBI in HSCT
conditioning for ALL (A) and AML (B). Twice-daily fractionation schemes are used,
except a once-daily fractionation scheme in Italic. *3 (ALL) respectively 2 (AML)
centers performed 2 different fractionation schedules.

Boost doses, when indicated, were performed in once-daily
fractions as cranial or craniospinal irradiation to doses of 5.4 Gy
in 3 fractions, in addition to 14.4 Gy TBI; 6 Gy in 3-4 fractions,
in addition to 12 Gy or 14.4 Gy TBI; or 12 Gy in 6 fractions, in addi-
tion to 12 Gy TBI (cranial boost: 12/17 centers; craniospinal boost
3/17 centers). When indicated, boost doses on the testes were
given to a dose of 4 Gy in 1 fraction in addition to 12 Gy or
14.4 Gy TBI; 6 Gy in 3 fractions in addition to 12 Gy TBI; or
12 Gy in 6 fractions in addition to 12 Gy TBI (11/17 centers). On
occasion, a boost of 12 Gy in 6 fractions would be given on other
leukemic deposits, in addition to 12 Gy TBI (2/17 centers).

Sedation, if indicated and possible within a center, was no
impediment for twice-daily TBI fractionation.

Six respondents reported performing Total Marrow Irradiation
(TMI) or Total Lymphoid Irradiation (TLI) for children in their insti-
tutes, mostly in special cases after e.g. graft rejection. One center
used TMI as standard for all myeloablative treatments in pediatric
patients.

Dose reduction for OAR was applied by nearly all of the
responding centers: for both ALL (29/33 centers; 88%) and AML
(19/21 centers; 90%). A dose-reduction was given on the lungs by
most centers; 28/33 centers for ALL and 19/21 centers for AML.
The maximal accepted lung dose was mostly 8-10 Gy for a TBI pre-
scription dose of 12 Gy, and 12 Gy for a prescription dose of
144 Gy. Fig. 3 represents EQD, calculations for leukemia-
effective dose versus lung-toxicity-dose as utilized in different cen-
ters for ALL and AML. A minority of centers performed dose reduc-
tion to the kidneys (7/33 centers for ALL and 7/21 centers for AML),
lenses (4/33 ALL and 4/21 AML), liver (4/33 ALL and 3/21 AML), or
thyroid (2/33 ALL and 2/21 AML) (Table 1).

Most of the responding centers (24/29) used conventional
techniques for TBI, while 5/29 centers used advanced optimized
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techniques for all referred children (Fig. 4). Advanced techniques
comprised IMRT, VMAT and helical tomotherapy. The number of
pediatric patients receiving myeloablative TBI within these centers
were 11-15 (1 center), 6-10 (1 center), and 3-5 (3 centers). Four-
teen out of 29 centers performed CT-based planning, with an axial
CT slice thickness between 2 and 10 mm.

Discussion

In this survey on myeloablative TBI practice across SIOPE-
affiliated centers, we observed large consistency in dose prescrip-
tion, indications, age limit for TBI, lung shielding, boost doses,
and the use of conventional techniques. However, to further
decrease the risk of potential late effects, more research and con-
sensus is needed on the value and relevance of shielding of other
organs-at-risk and implementation of advanced radiotherapy tech-
niques for TBIL

In adults, a European survey among 56 centers in 23 countries
reported important heterogeneity of TBI techniques [37]. Another
recent survey in Australia and New Zealand reported use of mainly
fractionated TBI, but heterogeneity in shielding and TBI procedures
[38]. Guidelines published by Wong et al. in 2018 gave directions
to homogenize indications and procedures for TBI in adults [35].

From the current survey on TBI for children, international con-
sensus can be concluded on factors such as lowest age-limit and
use of fractionated schedules instead of single-fraction high dose
TBI. A summary of these factors is given in Table 2. Since older pub-
lications reported on neuropsychological and other developmental
deficiencies, such as growth inhibition and endocrine abnormali-
ties, in very young children after TBI conditioning [11,16],
chemotherapy-only conditioning regimes are commonly preferred
for children under 2-4 years old. The current FORUM trial uses
4 years as a cut-off for chemotherapy-only versus TBI-based condi-
tioning [29]. Only a few centers in our survey stated to perform TBI
for children at or under 2 years old. No responding center is cur-
rently performing single-fraction high dose TBI for pediatric
leukemia.

Radiation dose reduction to the lungs is clinical practice in
almost all responding centers. Reports on lung interstitial
disease and associated worse survival odds for doses >8 Gy in
TBI-conditioned patients have been published, and a mean dose
reduction to below 8-10 Gy has been advised to reduce risks of
pneumonitis or lung fibrosis [6,10,16]. In our survey, 27/33 centers
applied lung EQD, doses between +7 and +10 Gy, and some
exceptions accepted up to 14.4 Gy.

Practices vary regarding shielding of other organs-at-risk. Only
a few centers in our survey performed e.g. kidney, liver, eye/lens or
thyroid shielding. Nephrotoxicity after HSCT is ascribed to both
chemotherapy and TBI [7,8,24]. A Biologically Effective Dose
(BED) of >16 Gy is associated with increased risk of renal dysfunc-
tion [8]. Acute and late liver toxicity after combined chemotherapy
and TBI conditioning in the form of elevated liver enzymes is
described frequently; hepatic sinusoidal obstruction syndrome
can occur in up to one-fourth of patients after HSCT, and TBI is
thought to be a contributing factor [16,39,40]. Also, children with
early liver injury after HSCT, which occurs more often in TBI-
containing regimens, are at higher risk of transplantation-related
mortality [41]. Specific shielding of the liver is complicated with
conventional techniques.

Cataract risk is related to single-dose TBI, corticosteroid-use,
and also to chronic graft-versus-host-disease [15]. Eye/lens shield-
ing for reduction of cataract risk may still be relevant in fraction-
ated TBI, since severe cataracts mostly form at BEDs of >40 Gy
[7]. Depending on dose rate, 6 fractions of 2 Gy will give
a37-43 Gy BED on the lenses [7]. Therefore, even with fractionated
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Table 1

Maximum accepted organ doses (lungs, kidneys, liver, thyroid, lenses) for different TBI fractionation schedules in leukemia (ALL and AML), by responding number of centers.

Organ shielded

Fractionation

Max accepted organ dose (Gy) ALL AML

No. of centers No. of centers

Lungs

Kidneys

Liver

Thyroid

Lenses

6x2 =12 Gy

8 x 1.65 =13.2 Gy
8 x 1.8 =144 Gy

4x275=11Gy
6 x2=12Gy

8 x 1.65 =13.2 Gy
8 x 1.8 = 144 Gy

4%275=11Gy
6 x2=12Gy

8 x 1.65 =13.2 Gy

8 x 1.8 =14.4 Gy
4 x 2.75 =11 Gy

6 x2=12Gy
8 x 1.65 = 13.2 Gy

8 x 1.8 = 144 Gy
4 x 2.75 =11 Gy

6x2=12Gy

8 x 1.65 =13.2 Gy

8 x 1.8 =14.4 Gy
4 x 2.75 =11 Gy

14.4

14.4

13.2

144

2

=}
~

_am N = = )
o

N
~

N == N == w
3]
[SI N RN Y U NG S e T

[=2]

NN = We = m N =W s s
N
N

N = o N =

= = = =
_ =

TBI, cataracts are diagnosed during follow-up in a high percentage
of children [13]. Eye shielding does not seem to increase the risk of
central nervous system recurrence [42]. Optimized techniques may
provide a better opportunity to reduce lens doses without decreas-
ing the central nervous system dose.
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Shielding of the thyroid may reduce the risk of hypothyroidism,
thyroid nodules and thyroid carcinoma, which, according to older
publications with very long follow-up, occur in >10% of the chil-
dren after HSCT with TBI [13,15]. Other second cancers after HSCT
are not related to the type of conditioning (with or without TBI),
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Fig. 4. (A) Example of a treatment room setup for conventional TBI and of a conventional TBI plan using lateral photon beams. (B) Example of a patient table setup for TBI by
means of an advanced radiotherapy technique and of a VMAT plan dose distribution. Relative isodose values depicted on the side of the plan images.

Table 2
Summary of guiding clinical principles regarding pediatric myeloablative TBI, as
followed by the majority of responding centers.

TBI factor Guiding principle

High-risk and recurrent ALL and AML
No TBI < 3 years of age

12 Gy in 6 fractions of 2 Gy, b.i.d.
Mean lung dose 8-10 Gy (EQD,
6.9-9.3 Gy)

Cranial irradiation (18-24 Gy)

Testes irradiation (18-24 Gy)
Twice-daily sedation can be routinely
performed

Most prevalent indications
Age

Fractionation

Organ dose reduction

Boost, if indicated (cumulative
dose)
Sedation, if indicated

but are more often diagnosed after HSCT in second remission than
in first remission [14,15].

Conventional TBI techniques are standard of care in the major-
ity of responding centers. The use of lead shielding can reduce the
dose to particular OAR. However, leukemic compartments in the
beam behind the shields are underdosed as well. One advantage
of modern rotational techniques is the possibility to decrease the
doses in specific OAR while increasing homogeneous target cover-
age in the rest of the body at the same time [43-47]. TLI/TMI/TMLI
approaches aim to protect even more OAR while specifically
delivering the dose in lymphoid | marrow tissues to pursue an
anti-leukemic effect [33,34,48], or to induce less graft-versus-
host-disease [32].

The use of modern TBI techniques with integrated shielding
could maximally reduce OAR doses to mitigate late effects, without
increasing risk of leukemia recurrences. Further research and
consensus meetings can result in broadly supported guidelines.

For inverse optimized delivery techniques, a CT-based planning
is indispensable. In our survey, we found that 50% of the respond-
ing centers were using CT-based planning, which would be the first
step for the introduction of modern techniques. The entire process
of advanced optimized techniques is technically more challenging
than the conventional techniques and can take several hours of
contouring, 30 h for dose calculation and optimization, 6-8 h for
quality assurance and between 40 and 120 min for one treatment
session, depending on patient height and fraction dose
[31,43-46,49], which may be explanatory factors for the limited
implementation at the present time. If performance of advanced
optimized techniques can become more standardized, less time-
consuming and thus more user- and patient-friendly, widespread
implementation could be achieved.

Although a 35% overall return rate is in line with comparable
surveys [37,50], the weakness of our current study is that only
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30-40 participants filled out a significant part of the survey. On
the other hand, a representative number of countries across SIOP
Europe have participated in the survey, including low- and middle
income countries.

The establishment of a collaborative platform in which clinical
and technical issues are discussed, is the next step in a process
to create more homogeneity in pediatric myeloablative TBI
approaches. The platform should consist of clinicians, physicists
and technicians willing to improve outcomes and to facilitate
broader study and interpretation of side-effects. The objective is
to reach final consensus on TBI fractionation schedule(s), selection
and dose constraints of the organs-at-risk, on the technical aspects
of overarching advice on treatment-planning and -delivery for
modern TBI, as well as the potential role of TMI, TLI and TMLI
techniques.

In conclusion, myeloablative TBI in the conditioning of HSCT for
pediatric acute leukemia is a relatively infrequent procedure in
many radiotherapy departments. Nonetheless, there is interna-
tional uniformity regarding fractionation schedules, age limits,
the use of boost doses and the need for lung shielding. Practices
vary regarding shielding of other organs-at-risk. Conventional
techniques are applied more frequently than advanced optimized
techniques. Improving clinical outcomes and reduction of toxicity
may be possible through collaborative development of interna-
tional guidelines for myeloablative TBI in pediatrics.
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