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Simple Summary: Total body irradiation is an essential large-field technique enabling myeloablation
before allogeneic stem cell transplantation. With its field encompassing all organs, a diverse spectrum
of toxicities may arise. This work analyzes long-term pulmonary, cardiac, ocular, neurological and
renal toxicities in a monocentric patient cohort and identifies possible risk factors. Both the number
of patients and the duration of the follow-up period exceed those of many comparable studies in
the literature.

Abstract: Total body irradiation is an effective conditioning modality before autologous or allogeneic
stem cell transplantation. With the whole body being the radiation target volume, a diverse spectrum
of toxicities has been reported. This fact prompted us to investigate the long-term sequelae of
this treatment concept in a large patient cohort. Overall, 322 patients with acute leukemia or
myelodysplastic syndrome with a minimum follow-up of one year were included (the median follow-
up in this study was 68 months). Pulmonary, cardiac, ocular, neurological and renal toxicities were
observed in 23.9%, 14.0%, 23.6%, 23.9% and 20.2% of all patients, respectively. The majority of these
side effects were grades 1 and 2 (64.9–89.2% of all toxicities in the respective categories). The use of
12 Gray total body irradiation resulted in a significant increase in ocular toxicities (p = 0.013) and
severe mucositis (p < 0.001). Renal toxicities were influenced by the age at transplantation (relative
risk: 1.06, p < 0.001) and disease entity. In summary, total body irradiation triggers a multifaceted,
but manageable, toxicity profile. Except for ocular toxicities and mucositis, a 12 Gray regimen did
not lead to an increase in long-term side effects.

Keywords: survivorship; TBI; long-term toxicity; leukemia

1. Introduction

Allogeneic stem cell transplantation (alloSCT) has an important role in the treatment of
acute leukemia, offering curation in both primary and recurrent/refractory situations [1,2].
Total body irradiation (TBI) is used as a conditioning modality to achieve myeloablation and
enable subsequent engraftment of donor marrow independently from pharmacodynamics
or pharmacokinetics [1,2]. However, as a large-field technique, TBI may be accompanied
by a diverse spectrum of toxicities, such as fatigue, loss of appetite, nausea/vomiting,
erythema, mucositis, esophagitis, diarrhea, xerostomia and pneumonitis as (sub-)acute
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side effects. Long-term sequelae include the impairment of the musculoskeletal, endocrino-
logical, renal, cardiopulmonary and ocular systems and veno-occlusive disease (VOD) in
the liver, as well as secondary malignancies [1–4]. Technical and conceptual innovations in
radiotherapy (RT) were introduced in previous decades in order to reduce toxicities and,
thereby, the burden of (secondary) disease [3,4]. In spite of this significant progress, the
long-term toxicity profile of patients undergoing alloSCT with TBI is still to be defined as
previous works have been limited by the number of patients studied and the duration of
the follow-up period. This may have led to a putative underestimation of toxicity rates
and the extent of the spectrum of side effects. Our analysis aims at providing a detailed,
long-term evaluation of a large cohort of patients treated at a hematological center. Toxicity
rates and gradings were assessed and analyzed to identify risk factors for the respective
organ-specific side effects.

2. Materials and Methods
2.1. Clinical Data

Retrospective analysis was applied to patients with acute leukemia or myelodysplastic
syndrome who underwent alloSCT with a conditioning regimen involving TBI at our
hematological center between 2001 and 2018 in this monocentric study. The follow-up was
scheduled according to the guidelines of the European Leukemia Net and the German
Working Group for Stem Cell Transplantation and Cellular Therapies, with a required
minimal follow-up of 1 year (the median follow-up was 68 months). Patients showed
a high degree of adherence to the scheduled follow-ups with only infrequent dropouts
(e.g., due to a patient’s relocation). Patient data regarding demographics and toxicities
were collected from the clinical files and the hospital’s information system (Orbis, Dedalus
Health Care, Bonn, Germany), which provided toxicity documentation, doctors’ letters and
imaging. Additionally, family physicians were contacted in case of insufficient data/follow-
up. For the diagnosis of pneumonia, the presence of bacteria/viruses, and/or a response
to antibiotic/antiviral treatment was necessary. The grading of toxicities was executed
according to the National Cancer Institute’s Common Terminology Criteria for Adverse
Events version 5.0 [5] (CTCAE).

2.2. Radiation Treatment

TBI has been performed with various radiation machines during the last 20 years. At
the beginning of the evaluation period, a cobalt-60 machine (Philips Health Systems,
Amsterdam, The Netherlands) with emitted energies of 1.173 megaelectron-volt and
1.332 megaelectron-volt (averaging 1.22 megaelectron-volt) was used. The patient was
positioned 3.5 m from the radiation source in a lying position with a 0.5 cm plexiglass plate
in front of them. In 2002, we introduced a PRIMUS linear accelerator for TBI (Siemens
Healthineers, Erlangen, Germany) and from 2012 on, a TrueBeam linear accelerator (Varian
Medical Systems, Pao Alto, CA, USA) was used. TBI from both linear accelerators was
performed as follows: Patients were irradiated in four orthogonal lying positions (anterior–
posterior, posterior–anterior and two lateral planes) while situated in a specialized bed that
was 5.45 m from the linear accelerator. The applied dose rate was 20 cGray (Gy)/min. A
beam-spoiler was positioned directly in front of the patient to guarantee beam buildup.
In vivo dosimetry was used via semi-conductor probes (PTW, Freiburg, Germany) with
eight measurement positions (head, neck, larynx, thorax, mediastinum and abdomen) to
ensure homogenous delivery. An additional larynx block was used in the case of >10%
local overdosage. For 12 Gy TBI, lead blocks were applied in front of the mediastinum in
the lateral treatment positions to limit irradiation of the lungs. To compensate for potential
underdosage in that case, additional anterior–posterior and posterior–anterior fields were
used for the axillae and the mediastinum.
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2.3. Statistical Analysis

Statistical analysis was performed with the program SPSS® version 27.0 (IBM®, Ar-
monk, NY, USA). The Kaplan–Meier method was used to visualize and analyze time-
dependent events and incidence curves. The interval between treatment and the onset of
toxicity (cardiac or pulmonary) was described as either cardiac toxicity-free survival (CTFS)
or pulmonary toxicity-free survival (PTFS), and was determined as the time between the
first day of RT and the detection of the relevant toxicity event. For both toxicity categories, a
landmark analysis was carried out to analyze and visualize the occurrence of long-term RT
sequelae. Ocular, neurological and renal toxicity and secondary neoplasia were recorded
as non-time-dependent, binary variables. Univariate analysis was performed using the
Cox-proportional-hazards regression model (backward elimination (likelihood ratio)) for
time-dependent variables and binary logistic regression for non-time-dependent variables
in order to determine the relative risks in relation to age, sex, disease, TBI dose, previous
cranial radiation (regarding ocular toxicity) and chemotherapy (regarding pulmonary
toxicity). Variables with a p-value < 0.1 were entered into a multivariate analysis (backward
elimination (likelihood ratio)). Fisher’s exact test was used to compare the toxicity rates
of TBI doses in cross tabulations. A p-value below 0.05 was considered to be statistically
significant and no adjustment for multiple testing was made.

3. Results

Overall, the 322 patients had a median age of 47 years at transplantation (18–74 years)
and a median follow-up of 68 months (M) was identified (see Table 1 for details).

Table 1. Patient and treatment characteristics are given in absolute numbers and percentages (in
parentheses). ALL: acute lymphoid leukemia, AML: acute myeloid leukemia, Gy: Gray, MDS:
myelodysplastic syndrome, PLL: prolymphocytic leukemia, TBI: total body irradiation.

Patient Characteristics n (% or Range)

Number of patients 322

Median age at transplantation 47 (18–74)

Sex
Male 182 (56.5)

Female 140 (43.5)

Diseases
AML 213 (66.1)
ALL 91 (28.3)
MDS 15 (4.7)

Biphenotypic leukemia 2 (0.6)
T-PLL 1 (0.3)

Graft-versus-host disease
None 121 (37.6)

Acute only 70 (21.7)
Chronic 128 (39.8)

No information 3 (0.9)

TBI dose
<8 Gy 4 (1.2)
8 Gy 236 (73.3)

12 Gy 82 (25.5)

Conditioning regimens
Fludarabine-8 Gy 137 (42.5)

Melphalan-Fludarabine-8 Gy 93 (28.9)
Cyclophosphamide-12 Gy 68 (21.1)

Etoposide-12 Gy 9 (2.8)
Other 15 (4.7)
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Table 1. Cont.

Patient Characteristics n (% or Range)

Previous cranial radiation
Yes 52 (16.1)
No 267 (82.9)

No information 3 (0.9)

The disease entities present were acute myeloid leukemia (AML) in 213 patients (66.1%
of the cohort), acute lymphoid leukemia (ALL) in 91 patients (28.3%) and myelodysplastic
syndrome (MDS) in 15 patients (4.7%). The conditioning regimens consisted of fludarabine-
8 Gy (either alone in the case of 137 patients (42.5% of the cohort), or in combination
with melphalan in the case of 93 patients (28.9%)), cyclophosphamide-12 Gy (68 patients
(21.1%)), etoposide-12 Gy (9 patients (2.8%)) or other (15 patients (4.7%)). Data on mucositis
were available for 291 patients (90.4% of all patients) with an overall mucositis rate of
86.3%, among which 39.4% were mild to moderate (grades 1 and 2). Compared to that,
57.8% of mucositides were labeled grade 3 and 2.8% were labeled grade 4 (see Table 2).
There was a significantly higher rate of severe mucositis (grades 3 and 4) in the 12 Gy TBI
regimen (53.2% vs. 83.9% of all mucositides for 8 Gy and 12 Gy, respectively, p < 0.001).
Organ-specific toxicities were found in 23.9%, 14.0%, 23.6% (6.2% cataracts), 23.9% and
20.2% of all patients for pulmonary, cardiac, ocular, neurological and renal toxicities, respec-
tively. Most patients suffered from grade 1 and 2 toxicities, which account for 64.9%, 70.0%,
80.0%, 87.0% and 89.2% of pulmonary, cardiac, ocular, neurological and renal toxicities,
respectively. Regarding these sequelae, 12 Gy TBI only resulted in a significant increase
in the rate of ocular toxicities (p = 0.013; see Table 2). Two patients displayed VOD (0.6%
of the cohort), both received 8 Gy TBI and 17 patients (5.3%) had secondary malignan-
cies. The most prevalent specific toxicities were polyneuropathy (19.6%), sicca-syndrome
(16.1%), pneumonia (13.4%), cataract (6.2%) and bronchial obstruction (6.2%). Concerning
cardiac toxicities, the most common sequelae were heart failure (3.7%), pericardial effusion
(2.5%), atrial fibrillation (2.2%), other arrhythmias (1.9%) and valve disease (1.9%). Other
distinctive complications include acute respiratory distress syndrome (ARDS (0.6%)) and
radiographic leukoencephalopathy (0.6%).

Table 2. Overview of toxicities regarding different organ systems and comparison between 8 and 12 Gray conditioning
regimens (Fisher’s exact test). Multiple toxicities were possible for each patient. Percentage values of toxicities are given
in parentheses and refer to the respective cohort (n = 322 for the whole cohort, n = 236 for the 8 Gy group and n = 82
for the 12 Gy group) except for mucositis. Percentage values of toxicity grades show the distribution of toxicity grades
according to Common Terminology Criteria for Adverse Events version 5.0 and add up to 100% in each category. ARDS:
acute respiratory distress syndrome, Gy: Gray, TBI: total body irradiation, VOD: veno-occlusive disease.

Toxicity and Grade n * (%) TBI Dose p-Value

8 Gy 12 Gy

VOD 2 (0.6) 2 (0.8) 0 >0.99

Mucositis ** 251 (86.3) 188 (85.1) 62 (92.5) <0.001
Grades 1 and 2 99 (39.4) 88 (46.8) 10 (16.1)

Grades 3–4 152 (60.6) 100 (53.2) 52 (83.9)

Pulmonary 77 (23.9) 56 (23.7) 19 (23.2) 0.82
Pneumonia 42 (13.4) 30 (12.2) 11 (11.8)

Bronchial obstruction 20 (6.2) 14 (5.9) 6 (7.3)
Dyspnea 9 (2.8) 8 (3.4) 1 (1.2)

Pleural effusion 7 (2.2) 5 (2.1) 1 (1.2)
ARDS 2 (0.6) 1 (0.4) 1 (1.2)
Other 4 (1.2) 4 (1.6) 0

Grades 1 and 2 50 (64.9) 40 (71.4) 10 (55.5)
Grades 3–5 27 (35.1) 16 (28.6) 9 (44.5)
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Table 2. Cont.

Toxicity and Grade n * (%) TBI Dose p-Value

Cardiac 45 (14.0) 31 (13.1) 13 (15.9) 0.58
Heart failure 12 (3.7) 10 (4.0) 1 (1.1)

Pericardial effusion 8 (2.5) 5 (2.0) 3 (3.3)
Atrial fibrillation 7 (2.2) 5 (2.0) 2 (2.2)

Other cardiac arrhythmias 6 (1.9) 3 (1.3) 3 (3.3)
Valve disease 6 (1.9) 5 (2.0) 1 (1.1)

Coronary heart disease 5 (1.6) 5 (2.0) 0
Myocarditis 3 (0.9) 2 (0.8) 1 (1.1)

Other 4 (1.2) 2 (0.8) 2 (2.2)
Grades 1 and 2 28 (70.0) 22 (84.6) 6 (46.2)
Grades 3–5 *** 12 (30.0) 4 (15.4) 7 (53.8)

Ocular 76 (23.6) 45 (19.1) 30 (36.6) 0.013
Sicca-Syndrome 52 (16.1) 28 (11.4) 23 (24.7)

Cataract 20 (6.2) 11 (4.5) 9 (9.6)
Other 13 (4.0) 9 (3.7) 4 (4.3)

Grades 1 and 2 52 (80.0) 30 (76.9) 21 (84.0)
Grades 3–5 **** 13 (20.0) 9 (23.1) 4 (16.0)

Neurological 77 (23.9) 59 (25.0) 17 (20.7) 0.78
Polyneuropathy 63 (19.6) 49 (20.0) 14 (15.0)

Concentration impairment 15 (6.1) 13 (5.3) 2 (2.2)
Leukoencephalopathy 2 (0.6) 0 1 (1.1)

Grades 1 and 2 67 (87.0) 53 (89.8) 14 (82.3)
Grades 3–5 10 (13.0) 6 (10.2) 3 (17.6)

Renal 65 (20.2) 57 (24.2) 7 (8.5) 0.002
Grades 1 and 2 58 (89.2) 52 (91.2) 5 (71.4)

Grades 3–5 7 (10.8) 5 (8.8) 2 (28.6)

Secondary neoplasia 17 (5.3) 13 (5.5) 4 (3.9) 0.96

* Including conditioning regimens <8 Gray. ** Information on mucositis status was available for 291 patients (90.4% of all patients),
percentage values for this category are adjusted relative to this number. *** Toxicity grade not available for 5 patients. **** Toxicity grade
not available for 11 patients.

For cardiac toxicity-free survival (CTFS; see Figure 1A), there was no significant
association found in the univariate analysis between CTFS duration and the disease entity
(ALL vs. AML p = 0.371, MDS vs. AML p = 0.533), sex (p = 0.378) or the TBI dose (p = 0.373).
Age at the time of transplantation had a significant association with cardiac toxicities in
univariate analysis (relative risk (RR): 1.03, confidence interval (CI): 1.00–1.05; p = 0.048; see
Table 3). The mean CTFS was 169.6 M (CI: 159.1–180.0 M), with toxicity events occurring
between 1 and 159 M after radiation was administered.
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Figure 1. Landmark analysis of patients surviving at least one year after TBI-containing alloSCT.
Kaplan–Meier curves for cardiac toxicity-free survival (CTFS; (A)) and pulmonary toxicity-free
survival (PTFS; (B)) are presented above and their respective courses during follow-up, with 95%-
confidence intervals, are indicated in red. Mean values were 169.6 months (M; confidence interval:
159.1–180.0 M) for CTFS and 165.6 M (confidence interval: 152.2–178.9 M) for PTFS.
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Table 3. Univariate and multivariate analysis of different risk factors for organ-specific toxicities.

Toxicity Variable Comparison Univariate Analysis Multivariate Analysis Multivariate Analysis
Step One Step Two

RR Range p RR Range p RR Range p

Disease ALL vs. AML 0.71 0.34–1.50 0.371
MDS vs. AML 1.46 0.45–4.77 0.533

Cardiac TBI dose 12 Gy vs. 8 Gy 0.73 0.36–1.47 0.373
Sex male vs. female 1.32 0.72–2.41 0.378

Age at SCT 1.03 1.00–1.05 0.048

Disease ALL vs. AML 1.04 0.63–1.71 0.886
MDS vs. AML 0.81 0.25–2.61 0.729

TBI dose 12 Gy vs. 8 Gy 0.75 0.44–1.29 0.301
Pulmonary Conditioning flu vs. cy 1.79 0.98–3.30 0.060

chemotherapy
Sex male vs. female 0.90 0.57–1.42 0.641

Age at SCT 1.01 1.00–1.03 0.139

Disease ALL vs. AML 0.25 0.11–0.56 0.001 0.32 0.13–0.78 0.012 0.31 0.13–0.74 0.008
MDS vs. AML 1.07 0.33–3.50 0.910 0.99 0.30–3.32 0.991 1.00 0.30–3.34 0.997

Renal TBI dose 12 Gy vs. 8 Gy 0.29 0.13–0.67 0.004 0.90 0.35–2.33 0.826
Sex male vs. female 0.94 0.55–1.63 0.836

Age at SCT 1.06 1.03–1.09 <0.001 1.06 1.03–1.09 <0.001 1.06 1.03–1.09 <0.001

Disease ALL vs. AML 1.23 0.70–2.17 0.471
MDS vs. AML 1.25 0.38–4.10 0.713

Neurological TBI dose 12 Gy vs. 8 Gy 0.94 0.81–1.10 0.436
Sex male vs. female 0.63 0.37–1.07 0.089

Age at SCT 1.02 1.00–1.04 0.147

Disease ALL vs. AML 1.27 0.72–2.23 0.417
MDS vs. AML 1.77 0.58–5.42 0.320

TBI dose 12 Gy vs. 8 Gy 2.45 1.41–4.26 0.002 2.29 1.22–4.30 0.010 2.60 1.49–4.54 0.001
Ocular Sex male vs. female 1.33 0.79–2.26 0.285

Age at SCT 1.00 0.99–1.02 0.689
Previous cranial yes vs. no 2.12 1.12–4.00 0.020 1.38 0.67–2.85 0.387

irradiation

Disease ALL vs. AML 0.90 0.28–2.92 0.865
Secondary MDS vs. AML 3.28 0.70–15.33 0.130
neoplasia TBI dose 12 Gy vs. 8 Gy 0.44 0.14–1.42 0.168

Sex male vs. female 1.80 0.62–5.21 0.278
Age at SCT 1.04 1.00–1.08 0.078

ALL: acute lymphoid leukemia, AML: acute myeloid leukemia, cy: cyclophosphamide, flu: fludarabine, Gy: Gray, MDS: myelodysplastic syndrome, RR: relative risk, SCT: stem cell transplantation, TBI: total
body irradiation.
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Regarding pulmonary toxicity-free survival (PTFS; see Figure 1B), there was no signif-
icant impact of conditioning chemotherapy (p = 0.06), sex (p = 0.641), TBI dose (p = 0.301),
age at transplantation (p = 0.139) or disease entity (ALL vs. AML p = 0.886, MDS vs. AML
p = 0.729) on PTFS duration, according to univariate analysis. The mean PTFS was 165.6 M
(CI: 152.2–178.9 M), with toxicity events occurring between 1 and 184 M after radiation
was administered.

In univariate analysis, renal toxicities were found to be less prevalent for ALL patients
(RR: 0.25, CI: 0.11–0.56; p = 0.001) and in the 12 Gy conditioning group (RR: 0.29, CI:
0.13–0.67; p = 0.004; see Table 3), whereas greater age predisposed patients to a higher level
of risk (RR: 1.06, CI: 1.03–1.09; p < 0.001). In comparison, sex (p = 0.836) had no significant
impact. Age at transplantation, disease entity and TBI dose were entered into multivariate
analysis, with a significant result found for age at transplantation (RR: 1.06, CI: 1.03–1.09;
p < 0.001) and ALL vs. AML (RR: 0.31, CI: 0.13–0.74; p = 0.008). For neurological toxicities,
a univariate analysis did not show a significant association with sex (p = 0.089), TBI dose
(p = 0.436), disease entity (ALL vs. AML p = 0.471, MDS vs. AML p = 0.713) or age at
transplantation (p = 0.147). Ocular toxicities were significantly associated with the 12 Gy
TBI dose (RR: 2.45, CI: 1.41–4.26; p = 0.002) and previous cranial irradiation (RR: 2.12, CI:
1.12–4.00; p = 0.020). In contrast, there was no significant association for disease entity (ALL
vs. AML p = 0.417, MDS vs. AML p = 0.320), sex (p = 0.285) and age at transplantation
(p = 0.689). Multivariate analysis showed an association for ocular toxicity with a higher
TBI dose (RR: 2.60, CI: 1.49–4.54; p = 0.002). Overall, 17 patients suffered from secondary
malignancies without significant differences in univariate analysis for TBI dose (p = 0.168),
sex (p = 0.278), disease entity (ALL vs. AML p = 0.865, MDS vs. AML p = 0.130) or age at
transplantation (p = 0.078).

4. Discussion

Our analysis comprises data from a long-term follow-up of patients who underwent
alloSCT after TBI-based conditioning regimens in a large monocentric cohort. Our data
reveal a complex, but manageable, toxicity profile spanning different organ systems. Most
adverse effects were reported to be mild or moderate. Importantly, there has been no
significant association between radiation dose and the side effects for most organs. Greater
age at transplantation seems to be a predisposing factor for renal and cardiac sequelae.

Our work demonstrates an average follow-up of 68 M, which exceeds the observation
time of most studies from the literature. For example, studies on pulmonary toxicities
reveal durations of follow-up between 15 M and 138.8 M; however, most are shorter than
5 years [6–22].

Overall, pulmonary toxicities had a prevalence of 23.9% in the current analysis
and, thereby, significantly contribute to morbidity and mortality. In the literature, in-
cidence numbers of pulmonary toxicities (often only registered as pneumonitis) differ
between 8.3% and 70.5%, depending on the study cohort and the conditioning regimens
utilized [6,7,10–17,19–26]. A comparison of the present study to similar TBI cohorts is
provided in Table 4. RT induces a multi-step process of local inflammation resulting in sub-
acute pneumonitis and, later, collagen deposition, which causes chronic lung fibrosis [4,27].
Normal tissue-complication probability calculations in a TBI cohort have an estimated rate
of 20.3% for overall pneumonitis (both clinical and radiological), 0.6% for clinically symp-
tomatic pneumonitis and 20.4% for lung fibrosis [26]. In contrast, the present analysis only
registered infectious pneumonia without accounting for radiation-induced pneumonitis. It
should be noted that the diagnosis and subsequent treatment of (subclinical) pneumonites
may rely on radiologists and hemato-oncologists, as well as radiation oncologists, having
awareness of this ailment. Without regular follow-up imaging, an underestimation of
this complication may be assumed. However, the incidence rate of the clinically similar
ARDS in our patient cohort was comparable (0.6%) to the calculated rate of clinically mani-
fest pneumonitis, which suggests ambiguity in diagnosis, with one entity perhaps being
mistaken for the other. Radiation dose rate is discussed as a significant risk factor, with
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postulated risk-causing rates varying from 2.5 cGy/min to 41 cGy/min [7–17,23–25,28–32].
Cut-off values of 9 cGy/min (autologous) and 15 cGy/min (alloSCT) are identified as a
predictor for increased lung toxicity [6,11,15,30], although some evaluations have denied
this association [16,32]. Nevertheless, the use of 20 cGy/min in the current analysis did not
result in an increased rate of lung toxicity, but instead proved to be feasible and safe when
the irradiation time was reduced to a few minutes for each treatment position.

Table 4. Overview of patient cohorts undergoing TBI with a long-term follow-up. Analyses were only included if toxicities
of 2 or more organs were reported. Studies with selective approaches based on IMRT were not included. 2nd mal.: secondary
malignancies; card.: cardiac; FU: follow-up; fx: fraction; Gy: Gray; M: months; n.a.: data not provided; neuro.: neurological;
pulmo.: pulmonary; TBI: total body irradiation; y: year.

Study n Age (y) FU (M) TBI Dose Pulmo. Card Renal Ocular Neuro. 2nd Mal.

Belkacémi,
1998 [21]

326
(118 alloSCT)

3–63
(median 30) 68 10 Gy/1 fx

12 Gy/6 fx 19% * n.a. n.a. cataract:
8% * n.a. n.a.

Bölling,
2011 [19] 120 18–70

(mean 46.1) 23 4–12 Gy/2–6 fx 20.4%
(8.6%) ** n.a. 12.8% cataract:

8.6% n.a. 5.8%

De Felice,
2016 [22]

211
(48 adults)

3–53
(median 14) 40 12 Gy/6 fx 9%

(adults: 8.3%) n.a. n.a. cataract:
12.8% (adults: 10.4%) n.a. 0%

Marnitz,
2014 [20]

110
(62 alloSCT)

17–54
(mean 34) 68 n.a. 15.5% * n.a. n.a. 28% * n.a. 0%

Thomas,
2001 [18]

186
(42% alloSCT)

15–60
(median 36.5) 55 10 Gy/1 fx

12–13.5 Gy/6 fx 19% * n.a. n.a. 28% *
(15% cataract) n.a. n.a.

Present
study 322 18–74

(median 47) 68 8–12 Gy/4–6 fx 23.9% 14.0% 20.2% 23.6%
(6.2% cataract) 23.9% 5.3%

* Percentages are given for the total cohort (including autologous SCT). ** In this analysis, 8.6% designates pulmonary events without
recurrent infectious events.

Furthermore, dose rate, along with single-fraction TBI [21,33–35], has been postulated
as a risk factor for cataract development. A small cohort of 23 patients undergoing alloSCT
(the majority of whom were treated with TBI conditioning) showed a cataract rate of 84.6%
for single-fraction TBI, in contrast to 0% for a fractionated approach [33]. These results are
supprted by the results of two large cohort evaluations in which 5-year cataract incidences
of 34% and 61% vs. 10% and 11% were estimated for single-fraction and fractionated TBI,
respectively [18,34]. Further risk stratification could be performed by altering the radiation
dose rate according to the suggested cut-off values of 4.8 cGy/min and 9 cGy/min [21,34].
Although the dose rate of 20 cGy/min that was used in the present study would fall in the
high-risk category for cataract formation, the observed rate of 6.2% was well below the
expected value of 54% after 5 years.

Concerning neurological toxicities, an overall incidence rate of 11–59% has been
described in the literature, depending on the degree of human leukocyte antigen matching
and the risk profile of the hematological disease [36]. Among them, encephalopathies bear
significant morbidity and mortality and may be caused by infection or, secondarily, by
conditioning therapies such as TBI or busulfan chemotherapy as well as by graft-versus-
host disease (GVHD). There were no cases of symptomatic encephalopathy (but 0.6% of
patients showed radiological leukoencephalopathy) in the present study’s cohort, which
may be due to an underestimation or low-risk profile.

Cardiac side effects were found in 14.0% of patients in our study, with the majority
being heart failure, pericardial effusion or arrhythmia. Valvular disease occurring as a
toxicity was less common, reflecting the different radiosensitivities of cardiac substructures.
The risk of coronary heart disease showed a linear association with the median cardiac
dose [37], whereas the risk for valvular disease increased exponentially beyond 30 Gy dose
exposure [38]. Comparisons to other TBI cohorts in this regard are difficult to achieve
as most do not report cardiac side effects (see Table 4). Previous studies investigating
the effect of thoracic radiotherapy on cardiac toxicities did not identify patients’ age at
treatment as a consistently significant risk factor [37,38]. However, age may not be the
single contributing factor but is likely to be modulated by comorbidities (e.g., diabetes and
obesity) or substance abuse (e.g., nicotine and alcohol consumption).



Cancers 2021, 13, 5640 9 of 12

For renal toxicities, the data describing the impact of TBI dose have differed but
in our analysis it has not been identified as a significant risk factor. Indeed, Borg et al.
described only one case of radiation nephritis in a cohort of 59 patients undergoing
12 Gy-conditioning TBI after 24 M [31]. Mirabell et al. presented details of risk strati-
fication for renal dysfunction after TBI, based on RT dose and GVHD, and showed a high
risk for a 13.5 Gy TBI, independent of the presence or absence of GVHD, and 12 Gy TBI
with GVHD present [39]. Regarding renal dysfunction, greater age at transplantation is a
major risk factor and it may also explain the better outcomes for ALL patients, as these had
a lower median age. This is underscored by an analysis by Delgado et al., who defined an age
of 30 years or older as a significant risk factor for chronic renal failure (hazard ratio: 6.58) [40].

The rise of modern, intensity-modulated radiation therapy (IMRT) offers the possibil-
ity to replace classical TBI approaches (such as those used in the present study) with a more
selective technique. IMRT can be used to selectively target bone marrow and/or lymphoid
tissue (allowing total marrow irradiation/total lymphoid irradiation) and it can enable
dose escalation within these structures while avoiding surrounding at-risk organs [1,3].
Early clinical applications of IMRT-based approaches could confirm a favorable toxicity
profile [9,17], but these advantages have to be carefully balanced with a more complex pro-
cess of decisive contouring, RT planning and execution, as well as quality assurance [1,3].
Furthermore, precise dose coverage and the avoidance of healthy tissue is challenging
due to differing patient positioning and patient movement; a multi-institutional study on
patient setup accuracy found the largest shifts, from planning computed tomography (CT)
to pre-treatment mega-voltage CT, in the lungs, which may result in low-dose variations
exceeding 10% [41].

Some of the limitations of the present analysis are due to its monocentric and retro-
spective character. The documentation of toxicities was sometimes incomplete (e.g., data on
mucositides were only available for 90.4% of the patients), which may cause over- or under-
estimations. Data on comorbidities, toxin exposure and substance abuse were not studied
in detail and may reveal additional risk factors. There may also be a substantial study bias
due to greater awareness of certain toxicities. Given the lack of detailed documentation
(e.g., such as the documentation available on radiological pneumonitis by radiologists and
clinicians), further evaluation was not possible. In this context, causal attribution of a given
toxicity to chemo- vs. radiotherapy was somewhat ambiguous due to overlapping toxicities
caused by radio- and chemotherapy. There has also been a notable, albeit not exclusive,
association between pulmonary toxicities and both fludarabine-containing regimens with
8 Gy TBI (97.5% in the 8 Gy cohort) and non-fludarabine-containing regimens with 12 Gy
TBI (98.8% in the 12 Gy cohort). Thus, the exact impact of each treatment modality is
difficult to decipher and an increase in the 12 Gy group may be masked. Total marrow or
total lymphoid irradiations were not included in the study cohort and consequently could
not be analyzed. Furthermore, reduced-intensity conditioning was only used in a minority
of patients, preventing us from drawing any conclusions about this regimen.

5. Conclusions

TBI is a safe conditioning regimen used before alloSCT that results in various, but
mostly moderate, toxicities. Except for high-grade mucositis and ocular toxicities, there
were no higher rates of side effects in the 12 Gy cohort in comparison to the 8 Gy group.
For a reliable toxicity assessment, a sufficient length of follow-up is needed as well as a
structured schedule for re-appointments, including clinical and radiological examinations.
Radiologists, transplantation physicians and radiation oncologists have to be aware of the
type and frequency of these side effects in order to counsel about, monitor and eventually
treat these therapy-associated diseases.



Cancers 2021, 13, 5640 10 of 12

Author Contributions: Conceptualization, M.O. and M.S.; methodology, M.O., J.-H.M. and M.S.;
software, J.M. and M.O.; validation, M.O., J.M., J.-H.M. and M.S.; formal analysis, M.O. and J.M.;
investigation, M.O., J.M. and J.-H.M.; resources, M.S. and H.T.E.; data curation, J.M. and M.O.;
writing—original draft preparation, J.M. and M.O.; writing—review and editing, M.O., J.M., J.-H.M.,
S.S., C.R., K.K., G.L., M.S. and H.T.E.; visualization, J.M., M.O. and M.S.; supervision, M.S. and
H.T.E.; project administration, M.O. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The analysis was performed according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of
“Ärztekammer Westfalen-Lippe” (protocol code 2019-366-f-S) on 21 October 2019.

Informed Consent Statement: Additional patient consent was not required as this study was retro-
spective and mono-institutional, according to the recommendations of the Institutional Review Board.

Data Availability Statement: Data relevant to this study are presented in the paper. The public
deposition of data is not possible due to restrictions put in place by the Institutional Review Board.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Paix, A.; Antoni, D.; Waissi, W.; Ledoux, M.-P.; Bilger, K.; Fornecker, L.; Noel, G. Total Body Irradiation in Allogeneic Bone

Marrow Transplantation Conditioning Regimens: A Review. Crit. Rev. Oncol. Hematol. 2018, 123, 138–148. [CrossRef] [PubMed]
2. Wong, J.Y.C.; Filippi, A.R.; Dabaja, B.S.; Yahalom, J.; Specht, L. Total Body Irradiation: Guidelines from the International

Lymphoma Radiation Oncology Group (ILROG). Int. J. Radiat. Oncol. Biol. Phys. 2018, 101, 521–529. [CrossRef]
3. Wong, J.Y.C.; Filippi, A.R.; Scorsetti, M.; Hui, S.; Muren, L.P.; Mancosu, P. Total Marrow and Total Lymphoid Irradiation in Bone

Marrow Transplantation for Acute Leukaemia. Lancet Oncol. 2020, 21, e477–e487. [CrossRef]
4. Hoeller, U.; Borgmann, K.; Oertel, M.; Haverkamp, U.; Budach, V.; Eich, H.T. Late Sequelae of Radiotherapy—the Effect of

Technical and Conceptual Innovations in Radiation Oncology. Dtsch. Aerzteblatt Online 2021, 118, 205–212. [CrossRef] [PubMed]
5. National Institutes of Health National Cancer Institute. Common Terminology Criteria for Adverse Events (CTCAE) Version 5.0; U.S.

Department of Health and Human Services: Washington, DC, USA, 2017.
6. Ozsahin, M.; Belkacémi, Y.; Pène, F.; Laporte, J.; Rio, B.; Leblond, V.; Korbas, D.; Touboul, E.; Gorin, N.C.; Schlienger, M.; et al.

Interstitial Pneumonitis Following Autologous Bone-Marrow Transplantation Conditioned with Cyclophosphamide and Total-
Body Irradiation. Int. J. Radiat. Oncol. Biol. Phys. 1996, 34, 71–77. [CrossRef]

7. Cosset, J.M.; Baume, D.; Pico, J.L.; Shank, B.; Girinski, T.; Benhamou, E.; Briot, E.; Malaise, E.; Hayat, M.; Dutreix, J. Single
Dose versus Hyperfractionated Total Body Irradiation before Allogeneic Bone Marrow Transplantation: A Non-Randomized
Comparative Study of 54 Patients at the Institut Gustave-Roussy. Radiother. Oncol. 1989, 15, 151–160. [CrossRef]

8. Socie, G.; Devergie, A.; Girinsky, T.; Reiffers, J.; Vernant, J.P.; Le Bourgeois, J.P.; Herve, P.; Guyotat, D.; Maraninchi, D.; Rio, B.
Influence of the Fractionation of Total Body Irradiation on Complications and Relapse Rate for Chronic Myelogenous Leukemia.
The Groupe d’Etude Des Greffes de Moelle Osseuse (GEGMO). Int. J. Radiat. Oncol. Biol. Phys. 1991, 20, 397–404. [CrossRef]

9. Chiang, Y.; Tsai, C.-H.; Kuo, S.-H.; Liu, C.-Y.; Yao, M.; Li, C.-C.; Huang, S.-Y.; Ko, B.-S.; Lin, C.-T.; Hou, H.-A.; et al. Reduced
Incidence of Interstitial Pneumonitis after Allogeneic Hematopoietic Stem Cell Transplantation Using a Modified Technique of
Total Body Irradiation. Sci. Rep. 2016, 6, 36730. [CrossRef] [PubMed]

10. Byun, H.K.; Yoon, H.I.; Cho, J.; Kim, H.J.; Min, Y.H.; Lyu, C.J.; Cheong, J.-W.; Kim, J.S.; Kim, H.S.; Kim, S.-J.; et al. Factors
Associated with Pulmonary Toxicity after Myeloablative Conditioning Using Fractionated Total Body Irradiation. Radiat. Oncol. J.
2017, 35, 257–267. [CrossRef]

11. Abugideiri, M.; Nanda, R.H.; Butker, C.; Zhang, C.; Kim, S.; Chiang, K.-Y.; Butker, E.; Khan, M.K.; Haight, A.E.; Chen, Z.; et al.
Factors Influencing Pulmonary Toxicity in Children Undergoing Allogeneic Hematopoietic Stem Cell Transplantation in the
Setting of Total Body Irradiation-Based Myeloablative Conditioning. Int. J. Radiat. Oncol. Biol. Phys. 2016, 94, 349–359. [CrossRef]

12. Durie, E.; Nicholson, E.; Anthias, C.; Dunne, E.M.; Potter, M.; Ethell, M.; Messiou, C.; Brennan, J.; Eagle, S.; Talbot, J.; et al.
Determining the Incidence of Interstitial Pneumonitis and Chronic Kidney Disease Following Full Intensity Haemopoetic Stem
Cell Transplant Conditioned Using a Forward-Planned Intensity Modulated Total Body Irradiation Technique. Radiother. Oncol.
2021, 158, 97–103. [CrossRef]

13. Latini, P.; Aristei, C.; Aversa, F.; Checcaglini, F.; Maranzano, E.; Panizza, B.M.; Perrucci, E.; Carotti, A.; Martelli, M.F. Interstitial
Pneumonitis after Hyperfractionated Total Body Irradiation in HLA-Matched T-Depleted Bone Marrow Transplantation. Int. J.
Radiat. Oncol. Biol. Phys. 1992, 23, 401–405. [CrossRef]

14. Latini, P.; Aristei, C.; Aversa, F.; Checcaglini, F.; Maranzano, E.; Raymondi, C.; Panizza, B.M.; Perrucci, E.; Martelli, M.F. Lung
Damage Following Bone Marrow Transplantation after Hyperfractionated Total Body Irradiation. Radiother. Oncol. 1991, 22,
127–132. [CrossRef]

http://doi.org/10.1016/j.critrevonc.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29482775
http://doi.org/10.1016/j.ijrobp.2018.04.071
http://doi.org/10.1016/S1470-2045(20)30342-9
http://doi.org/10.3238/arztebl.m2021.0024
http://www.ncbi.nlm.nih.gov/pubmed/34024324
http://doi.org/10.1016/0360-3016(95)02063-2
http://doi.org/10.1016/0167-8140(89)90129-1
http://doi.org/10.1016/0360-3016(91)90048-9
http://doi.org/10.1038/srep36730
http://www.ncbi.nlm.nih.gov/pubmed/27830767
http://doi.org/10.3857/roj.2017.00290
http://doi.org/10.1016/j.ijrobp.2015.10.054
http://doi.org/10.1016/j.radonc.2021.02.020
http://doi.org/10.1016/0360-3016(92)90760-F
http://doi.org/10.1016/0167-8140(91)90008-5


Cancers 2021, 13, 5640 11 of 12

15. Gao, R.W.; Weisdorf, D.J.; DeFor, T.E.; Ehler, E.; Dusenbery, K.E. Influence of Total Body Irradiation Dose Rate on Idiopathic
Pneumonia Syndrome in Acute Leukemia Patients Undergoing Allogeneic Hematopoietic Cell Transplantation. Int. J. Radiat.
Oncol. Biol. Phys. 2019, 103, 180–189. [CrossRef]

16. Oya, N.; Sasai, K.; Tachiiri, S.; Sakamoto, T.; Nagata, Y.; Okada, T.; Yano, S.; Ishikawa, T.; Uchiyama, T.; Hiraoka, M. Influence of
Radiation Dose Rate and Lung Dose on Interstitial Pneumonitis after Fractionated Total Body Irradiation: Acute Parotitis May
Predict Interstitial Pneumonitis. Int. J. Hematol. 2006, 83, 86–91. [CrossRef]

17. Shinde, A.; Yang, D.; Frankel, P.; Liu, A.; Han, C.; Del Vecchio, B.; Schultheiss, T.; Cheng, J.; Li, R.; Kim, D.; et al. Radiation-Related
Toxicities Using Organ Sparing Total Marrow Irradiation Transplant Conditioning Regimens. Int. J. Radiat. Oncol. Biol. Phys. 2019,
105, 1025–1033. [CrossRef]

18. Thomas, O.; Mahé, M.; Campion, L.; Bourdin, S.; Milpied, N.; Brunet, G.; Lisbona, A.; Le Mevel, A.; Moreau, P.; Harousseau, J.; et al.
Long-Term Complications of Total Body Irradiation in Adults. Int. J. Radiat. Oncol. Biol. Phys. 2001, 49, 125–131. [CrossRef]

19. Bölling, T.; Kreuziger, D.C.; Ernst, I.; Elsayed, H.; Willich, N. Retrospective, Monocentric Analysis of Late Effects after Total Body
Irradiation (TBI) in Adults. Strahlenther. Onkol. 2011, 187, 311–315. [CrossRef]

20. Marnitz, S.; Zich, A.; Martus, P.; Budach, V.; Jahn, U.; Neumann, O.; Arnold, R. Long-Term Results of Total Body Irradiation in
Adults with Acute Lymphoblastic Leukemia. Strahlenther. Onkol. 2014, 190, 453–458. [CrossRef]

21. Belkacémi, Y.; Pène, F.; Touboul, E.; Rio, B.; Leblond, V.; Gorin, N.C.; Laugier, A.; Gemici, C.; Housset, M.; Ozsahin, M. Total-Body
Irradiation before Bone Marrow Transplantation for Acute Leukemia in First or Second Complete Remission. Results and
Prognostic Factors in 326 Consecutive Patients. Strahlenther. Onkol. 1998, 174, 92–104. [CrossRef]

22. DE Felice, F.; Grapulin, L.; Musio, D.; Pomponi, J.; DI Felice, C.; Iori, A.P.; Bertaina, A.; Tombolini, V. Treatment Complications and
Long-Term Outcomes of Total Body Irradiation in Patients with Acute Lymphoblastic Leukemia: A Single Institute Experience.
Anticancer Res. 2016, 36, 4859–4864. [CrossRef]

23. Barrett, A.; Depledge, M.H.; Powles, R.L. Interstitial Pneumonitis Following Bone Marrow Transplantation after Low Dose Rate
Total Body Irradiation. Int. J. Radiat. Oncol. Biol. Phys. 1983, 9, 1029–1033. [CrossRef]

24. Kelsey, C.R.; Horwitz, M.E.; Chino, J.P.; Craciunescu, O.; Steffey, B.; Folz, R.J.; Chao, N.J.; Rizzieri, D.A.; Marks, L.B. Severe
Pulmonary Toxicity After Myeloablative Conditioning Using Total Body Irradiation: An Assessment of Risk Factors. Int. J. Radiat.
Oncol. Biol. Phys. 2011, 81, 812–818. [CrossRef]

25. Molls, M.; Quast, U.; Schaefer, U.W.; Szy, D.; Beelen, D.W.; Quabeck, K.; Graeven, U.; Sayer, H.G.; Bamberg, M.; Sack, H. Clinical
Results and the Essen Concept of TBI. Radiother. Oncol. 1990, 18 (Suppl. S1), 121–124. [CrossRef]

26. Oertel, M.; Kittel, C.; Martel, J.; Mikesch, J.-H.; Glashoerster, M.; Stelljes, M.; Eich, H.T. Pulmonary Toxicity after Total Body
Irradiation—An Underrated Complication? Estimation of Risk via Normal Tissue Complication Probability Calculations and
Correlation with Clinical Data. Cancers 2021, 13, 2946. [CrossRef]

27. Hanania, A.N.; Mainwaring, W.; Ghebre, Y.T.; Hanania, N.A.; Ludwig, M. Radiation-Induced Lung Injury: Assessment and
Management. Chest 2019, 156, 150–162. [CrossRef]

28. Gogna, N.K.; Morgan, G.; Downs, K.; Atkinson, K.; Biggs, J. Lung Dose Rate and Interstitial Pneumonitis in Total Body Irradiation
for Bone Marrow Transplantation. Australas. Radiol. 1992, 36, 317–320. [CrossRef]

29. Lawton, C.A.; Barber-Derus, S.; Murray, K.J.; Casper, J.T.; Ash, R.C.; Gillin, M.T.; Frank Wilson, J. Technical Modifications in
Hyperfractionated Total Body Irradiation for T-Lymphocyte Deplete Bone Marrow Transplant. Int. J. Radiat. Oncol. Biol. Phys.
1989, 17, 319–322. [CrossRef]

30. Carruthers, S.A.; Wallington, M.M. Total Body Irradiation and Pneumonitis Risk: A Review of Outcomes. Br. J. Cancer 2004, 90,
2080–2084. [CrossRef]

31. Borg, M.; Hughes, T.; Horvath, N.; Rice, M.; Thomas, A.C. Renal Toxicity after Total Body Irradiation. Int. J. Radiat. Oncol. Biol.
Phys. 2002, 54, 1165–1173. [CrossRef]

32. Sampath, S.; Schultheiss, T.E.; Wong, J. Dose Response and Factors Related to Interstitial Pneumonitis after Bone Marrow
Transplant. Int. J. Radiat. Oncol. Biol. Phys. 2005, 63, 876–884. [CrossRef]

33. Livesey, S.J.; Holmes, J.A.; Whittaker, J.A. Ocular Complications of Bone Marrow Transplantation. Eye 1989, 3 Pt 3, 271–276.
[CrossRef]

34. Belkacémi, Y.; Ozsahin, M.; Pène, F.; Rio, B.; Laporte, J.P.; Leblond, V.; Touboul, E.; Schlienger, M.; Gorin, N.C.; Laugier, A.
Cataractogenesis after Total Body Irradiation. Int. J. Radiat. Oncol. Biol. Phys. 1996, 35, 53–60. [CrossRef]

35. Bautista Juanes, J.A.; Theischen, M.; Beelen, D.W.; Pauleikhoff, D.; Koch, J.M.; Waubke, T.N.; Wessing, A. Ocular complications
of long-term survival of bone marrow transplantation. A prospective study with 21 patients. Klin. Mon. Augenheilkd. 1993,
202, 110–115.

36. Rodriguez, T.E. Neurologic Complications of Bone Marrow Transplantation. Handb. Clin. Neurol. 2014, 121, 1295–1304. [CrossRef]
37. Darby, S.C.; Ewertz, M.; McGale, P.; Bennet, A.M.; Blom-Goldman, U.; Brønnum, D.; Correa, C.; Cutter, D.; Gagliardi, G.;

Gigante, B.; et al. Risk of Ischemic Heart Disease in Women after Radiotherapy for Breast Cancer. N. Engl. J. Med. 2013, 368,
987–998. [CrossRef]

38. Cutter, D.J.; Schaapveld, M.; Darby, S.C.; Hauptmann, M.; van Nimwegen, F.A.; Krol, A.D.G.; Janus, C.P.M.; van Leeuwen, F.E.;
Aleman, B.M.P. Risk of Valvular Heart Disease after Treatment for Hodgkin Lymphoma. J. Natl. Cancer Inst. 2015, 107, djv008.
[CrossRef]

http://doi.org/10.1016/j.ijrobp.2018.09.002
http://doi.org/10.1532/IJH97.05046
http://doi.org/10.1016/j.ijrobp.2019.08.010
http://doi.org/10.1016/S0360-3016(00)01373-0
http://doi.org/10.1007/s00066-011-2190-1
http://doi.org/10.1007/s00066-014-0607-3
http://doi.org/10.1007/BF03038482
http://doi.org/10.21873/anticanres.11049
http://doi.org/10.1016/0360-3016(83)90393-0
http://doi.org/10.1016/j.ijrobp.2010.06.058
http://doi.org/10.1016/0167-8140(90)90190-8
http://doi.org/10.3390/cancers13122946
http://doi.org/10.1016/j.chest.2019.03.033
http://doi.org/10.1111/j.1440-1673.1992.tb03208.x
http://doi.org/10.1016/0360-3016(89)90446-X
http://doi.org/10.1038/sj.bjc.6601751
http://doi.org/10.1016/S0360-3016(02)03039-0
http://doi.org/10.1016/j.ijrobp.2005.02.032
http://doi.org/10.1038/eye.1989.37
http://doi.org/10.1016/S0360-3016(96)85011-5
http://doi.org/10.1016/B978-0-7020-4088-7.00088-2
http://doi.org/10.1056/NEJMoa1209825
http://doi.org/10.1093/jnci/djv008


Cancers 2021, 13, 5640 12 of 12

39. Miralbell, R.; Bieri, S.; Mermillod, B.; Helg, C.; Sancho, G.; Pastoors, B.; Keller, A.; Kurtz, J.M.; Chapuis, B. Renal Toxicity after
Allogeneic Bone Marrow Transplantation: The Combined Effects of Total-Body Irradiation and Graft-versus-Host Disease. J. Clin.
Oncol. 1996, 14, 579–585. [CrossRef]

40. Delgado, J.; Cooper, N.; Thomson, K.; Duarte, R.; Jarmulowicz, M.; Cassoni, A.; Kottaridis, P.; Peggs, K.; Mackinnon, S. The
Importance of Age, Fludarabine, and Total Body Irradiation in the Incidence and Severity of Chronic Renal Failure after Allogeneic
Hematopoietic Cell Transplantation. Biol. Blood Marrow Transplant. 2006, 12, 75–83. [CrossRef]

41. Zuro, D.; Vagge, S.; Broggi, S.; Agostinelli, S.; Takahashi, Y.; Brooks, J.; Leszcynska, P.; Liu, A.; Zucchetti, C.; Saldi, S.; et al.
Multi-Institutional Evaluation of MVCT Guided Patient Registration and Dosimetric Precision in Total Marrow Irradiation:
A Global Health Initiative by the International Consortium of Total Marrow Irradiation. Radiother. Oncol. 2019, 141, 275–282.
[CrossRef]

http://doi.org/10.1200/JCO.1996.14.2.579
http://doi.org/10.1016/j.bbmt.2005.08.036
http://doi.org/10.1016/j.radonc.2019.07.010

	Introduction 
	Materials and Methods 
	Clinical Data 
	Radiation Treatment 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

