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Total body irradiation (TBI) with 
megavoltage photon beams is 
one component used in treating 

several diseases, including multiple 
myeloma, leukemias, lymphomas and 
some solid tumors.1,2 In combination 
with chemotherapy, TBI is most com-
monly used as part of the conditioning 
regimen prior to hematopoietic stem 
cell transplantation.1,3,4 TBI provides a 
uniform dose of radiation to the entire 
body, penetrating areas such as the cen-
tral nervous system (CNS) and testes, 
where traditional chemotherapy is inef-
fective.5,6 Additionally, it allows tailor-
ing of therapy with the ability to shield 

or boost the dose to certain regions as 
necessary. The purpose of TBI is three-
fold: to eliminate residual cancer cells, 
to provide space for stem cell engraft-
ment through bone marrow depletion, 
and to prevent rejection of donor stem 
cells through immunosuppression.3,4 

Dosing
The reported D0 value—the amount 

of ionizing radiation necessary to erad-
icate a particular cell type—of hemato-
poietic stem cells is 0.5 to 1.4 Gy, while 
those of human leukemia cell lines are 
0.8 to 1.5 Gy, indicating that both cells 
are radiosensitive.4 The ideal dosing 
schedule depends on patient age, dis-
ease and the intended type of stem cell 
transplant.6 Recommendations state 
that the most common dose schedule 
for myeloablative TBI is 12 to 15 Gy 
given in 8 to 12 fractions over 4 days, 
with 2 to 3 treatments daily.6-8 Doses 
> 15 Gy have been shown to decrease 
relapse rate, but also increase the in-
cidence of graft vs. host disease and 
decrease 2-year survival.7-9 Dose rates 
are often 6 to 15 cGy/min, consistent 

with recommendations of the American 
Association of Physicists in Medicine 
(AAPM) TG-17 report, as it has been 
reported that dose rates < 20 cGy/min 
help reduce complications.10 Low-dose 
TBI, with doses of 2 to 8 Gy given in 1 
to 4 fractions in combination with che-
motherapy, is an effective conditioning 
regimen for hematopoietic stem cell 
transplantation in patients who can-
not tolerate myeloablation due to age 
or comorbidities.6,11 Fractionated TBI 
has been shown to lead to a higher in-
cidence of graft rejection than the same 
dose delivered in a single fraction, 
possibly due to DNA repair during in-
terfraction intervals.4,7,12 However, frac-
tionation decreases the eradication of 
bone marrow stromal cells, which are 
necessary for successful hematopoietic 
stem cell engraftment, and is, therefore, 
considered the standard of treatment.4,6 
Whole-dose inhomogeneity should be 
maintained within ± 10% to minimize 
the risk of complications.6 The AAPM 
TG-29 report provides instructions 
for dose prescription calculations.13 

To perform these calculations, patient 

Total body irradiation:  
A practical review

Carson Wills, BS; Sheen Cherian, MD; Jacob Yousef, BS; Kelin Wang, PhD;  
Heath B. Mackley, MD, FACRO

Ms. Wills is a medical student at Penn-
sylvania State University College of 
Medicine, Hershey, PA. Dr. Cherian is 
assistant professor at Cleveland Clinic 
Department of Radiation Oncology, 
Cleveland, OH. Dr. Yousef is a medical 
student at Pennsylvania State Univer-
sity College of Medicine. Dr. Wang is 
assistant professor, and Dr. Mackley is 
associate professor at Penn State Cancer 
Institute Division of Radiation Oncology, 
Hershey, PA.



12       n        APPLIED RADIATION ONCOLOGY                                    www.appliedradiationoncology.com June  2016

TOTAL BODY IRRADIATION

applied radiation oncology

thickness should be measured at the 
prescription point, generally the level 
of the umbilicus.6 One method to inde-
pendently verify the accuracy of deliv-
ery is to perform in-vivo measurements. 
Penn State uses Landauer (Glenwood, 
Illinois) nanoDot OSLD dosimeters at 
the umbilicus position for the AP field, 
and an umbilicus-equivalent position 
facing the beam for the PA field, with ± 
5% tolerance as advised.14 

Equipment 
Guidelines recommend the use of par-

allel opposed pairs of high-energy pho-
ton beams from 4 to 18 MV for TBI;1,6 
in our institutions we use 6 MV to avoid 
underdosing superficial bones such as 
the iliac crest and sternum. AAPM’s 
TG-51 calibration protocol provides 
guidelines for dosimetry of high-energy 
photon beams.15 Recent studies demon-
strate the efficacy of helical tomotherapy 
and dynamic arc-based techniques for 
decreasing TBI treatment time and in-
creasing homogeneity of delivered radia-
tion; however, the use of this technique is 
not widespread.16-19 

At Penn State, a Varian Clinac iX is 
used for TBI, and at Cleveland Clinic, 
a Siemens Artiste is used. In both in-
stitutions, another linear accelerator is 
identified as a backup in case the pri-
mary treatment machine goes down. 
At Cleveland Clinic, this is an identical 
Siemens Artiste, and at Penn State, it is 
a Varian Trilogy. At Penn State, both 
linear accelerators were commissioned 
using the same source-to-surface dis-
tance (SSD = 463 cm). The absolute 
dose for both machines was calibrated 
at 100 cm SAD (surface to axis dis-
tance) using a 10-x-10-cm field size ac-
cording to the AAPM TG-51 protocol, 
but TBI treatments are delivered using a 
larger field (40-x-40-cm) and extended 
SSD. Thus, the dosimetry tasks for TBI 
commissioning included: a) measuring 
the output factor at the central point of 
treatment distance; b) generating the 
table of tissue maximum ratio (TMR) at 

the central point of treatment distance; 
and c) measuring the screen factor. At 
Penn State, this was performed using 
a PTW TN30013 ion chamber (PTW, 
Freiburg, Germany), a Fluke electrom-
eter (Fluke Biomedical, Everett, Wash-
ington), and multiple 30-x-30-cm PVC 
phantoms. To independently verify 
dosimetrical accuracy, in-vivo mea-
surements with nanoDot OSLD do-
simeters14 were performed with PVC 
phantoms after commissioning. 

When opposing photon beams are 
used for TBI, patients are treated with 
2 parallel-opposed fields, with each 
field treated in each fraction. If a single 
source of radiation is used, the patient 
is rotated 180 degrees along the longi-
tudinal axis between doses.4 For each 
field, the coronal midline of the patient 
is aligned with the treatment plane 
marked on the floor at the time of com-
missioning. Irradiation along the anteri-
or-posterior/posterior-anterior (AP/PA) 
direction provides better dose unifor-
mity.4 TBI stands, treatment couches or 
tables are used to immobilize the patient 
lying supine/prone or standing upright 
if a vertical beam is used, or with the 
patient on his or her side if a horizontal 
beam is used. Pediatric patients under 
anesthesia may need to be irradiated 
using a lateral beam while lying supine 
due to airway concerns, but this tech-
nique should be avoided when possible 
for patients with large lateral separa-
tions.4,6 Different setups and equipment 
used at the Penn State Cancer Institute 
are shown in Figures 1-3. Unlike con-
ventional radiation therapy in which 
skin sparing is often desired, it is pref-
erable for the skin to receive a full dose 
of radiation for certain types of diseases 
treated with TBI, such as leukemias that 
can circulate in the blood volume of the 
skin.4 Beam spoilers scatter electrons 
as photons from the TBI beam pass 
through them, allowing energy to de-
posit near the surface of the skin.4,20

Lung shielding using lead or alloy 
attenuators, which reduce radiation 

dose to the majority of lung tissue, is 
recommended during normal—but not 
low—dose TBI to reduce the risk of 
pneumonitis, particularly in patients 
with concomitant lung dysfunction.4,6,21 
However, overcompensation through 
the use of lung shields can increase the 
risk of leukemia recurrence, so shields 
should generally correspond to a 10% to 
50% reduction in radiation dose.4 Lung 
thickness, size and density must all be 
considered when calculating radiation 
dose to the lungs.1 Lung shields can be 
tailored to avoid shielding the thymus, 
hilum, thoracic vertebrae, and heart. An 
example of a radiograph showing lung 
shield placement and its corresponding 
digitally reconstructed radiograph pro-
duced during the planning process is 
shown in Figure 4.  

Literature demonstrating the benefit 
of lung blocking is limited, with only 
small retrospective series available. 
One such study assessed 44 patients re-
ceiving 12 Gy TBI in 6 fractions over 3 
days.22 Twenty-three patients received 
this regimen without shielding and the 
remaining 21 received lead shielding to 
50% dose reduction after the first 6 Gy, 
yielding a total lung dose of 9 Gy. Over 
the next 6 months, 6 out of the 23 pa-
tients (26%) who did not receive shield-
ing developed interstitial pneumonitis, 
diagnosed either clinically with cough, 
dyspnea, or radiographically as bilateral 
interstitial infiltrates without an infec-
tious etiology.22 In half of these cases, 
the complication was fatal. No one who 
received shielding developed intersti-
tial pneumonitis.22 Although this level 
of evidence is not definitive, given the 
potential of lethality if interstitial pneu-
monitis develops, the Children’s Oncol-
ogy Group recommended, but did not 
require, the use of lung blocks in recent 
protocols, such as ASCT (autologous 
stem cell transplant) 0631.   

Renal shielding is another common 
technique for reducing the level of radia-
tion delivered to the kidneys. Bone mar-
row transplant nephropathy, consisting 
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of renal dysfunction with hypertension, 
proteinuria, edema, anemia, and de-
creased glomerular filtration rate, is a 
serious possible complication of TBI.23 
Because kidneys are not a sanctuary 
site, kidney blocks have been used stan-
dardly at the Cleveland Clinic. The kid-
neys shift inferiorly significantly when 
patients move from a supine to upright 
position, so kidney blocks should be de-
signed based on scans performed in the 
desired TBI position.24,25 At the Cleve-
land Clinic, an intravenous urogram in 
the standing position is performed at 5, 
10, and 15 minutes, and the image with 
the best kidney outline is used for block 
design. Additionally, the radiologist re-
ports exactly at what distance the top and 

FIGURE 1. This patient is in the upright position with a bicycle 
seat for support. Lung blocks are suspended in front of the 
patient, with positioning confirmed by plain films. A plexiglass 
beam spoiler is positioned in front of the patient.

FIGURE 2. (A) In this setup, used exclusively in small children, a patient under 
general anesthesia can still be treated with anterior-posterior and poster-an-
terior fields by placing the patient on his side within a vacuum bag. (B) The 
same patient with lung blocks within a blue Styrofoam block in place for the 
anterior-posterior beam.

FIGURE 3. This image illustrates a table that rotates along a horizontal axis, used for pediatric 
patients who do not require general anesthesia. The patient lies flat on the table with custom 
vacuum bags built up around her to enable reproducibility in both the anterior-posterior and 
posterior-anterior positions.

A

B
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bottom of the kidneys are with reference 
to the central distance marker. Examples 
of radiographs showing the placement of 
kidney and the combination of lung and 
kidney shields from the Cleveland Clinic 
are shown in Figure 4. 

As with lung blocks, the level of evi-
dence in support of kidney blocks is lim-
ited to retrospective studies. One such 
example assessed 157 patients receiving 
14 Gy TBI and surviving at least 100 
days for the development of nephropa-
thy over 2.5 years from treatment. The 
authors report a nephropathy rate in the 

72 patients who did not receive kidney 
shielding of 29 +/- 7% and 14+/- 5% in 
the 68 patients who received 15% renal 
shielding. No incidents were reported in 
the 17 patients who received 30% kid-
ney shielding. The authors concluded 
that shielding should be used in those 
who require doses > 12 Gy.23 Although 
this is standard practice at the Cleveland 
Clinic, it is not the practice at the Penn 
State Cancer Institute, which follows 
Children’s Oncology Group protocols 
whereby only lung shields, and not kid-
ney shields, are allowed. Finally, both 

gonad and thymus shielding have been 
used by some clinicians,21 but are not 
used in either of our institutions.

Complications
Without careful medical monitor-

ing and hematopoietic stem cell trans-
plantation, TBI is a potentially fatal 
therapy.6 Immediately following TBI, 
the most common acute symptoms 
include nausea, emesis, loss of appe-
tite, diarrhea, mild erythema, pruritus, 
headache, xerostomia, parotitis and fa-
tigue syndrome.26 Therapies to control 
these side effects include intravenous 
hydration, antimucositis and antiemetic 
agents.6,27 Long-term complications 
of TBI include secondary malignan-
cies, infertility, cardiovascular disease, 
pneumonitis, nephritis, cataracts, and 
learning deficits and growth failure in 
children.6,28 Attention to calculations 
and careful technique is critical to mini-
mize the risk of late-term sequelae. 

Indications
TBI is used as part of the condition-

ing regimen for both autologous and 
allogeneic hematopoietic stem cell 
transplantations. A study of German 
stem cell transplant patients by Heinzel-
mann et al found that approximately 
10% of autologous transplant patients 
receive TBI, with chronic lympho-
cytic leukemia (80%) and non-Hod-
gkin’s lymphoma (35%) being the 
most common disorders for which TBI 
was used.29 The same study found that 
50% of allogeneic transplant patients 
received TBI, with acute lymphocytic 
leukemia (85%), acute myeloid leuke-
mia (45%) and chronic myeloid leu-
kemia (49%) being the most common 
disorders.29

Acute Lymphoblastic Leukemia
Acute lymphoblastic leukemia 

(ALL) is a disorder of malignant lym-
phoid progenitor cells. Although ALL 
affects children and adults, the majority 
of patients are diagnosed between ages 

FIGURE 4. Radiographic images showing the positioning of kidney (top) shields and the com-
bination of kidney and lung (bottom) shields on TBI patients at the Cleveland Clinic.   
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2 to 5 years.30 Approximately 6,000 
cases of ALL are diagnosed annually 
in the United States, many of which are 
idiopathic. The majority of initial treat-
ment regimens for ALL, which include 
a remission-induction phase, an intensi-
fication phase and continuation therapy, 
achieve overall disease-free survival 
rates of 80% to 90%.30 Both allogeneic 
and autologous stem cell transplantation 
have been successfully used in treat-
ing ALL, but allogeneic transplants are 
more common.31 Transplantation is the 
most intensive type of therapy for ALL 
and is typically considered in patients 
with high-risk ALL (such as those with 
Philadelphia chromosome-positive dis-
ease), those with early relapse (within 
3 years of primary remission), or those 
who have a poor response to induction 
therapy.3,30 Long-term survival rates > 
65% have been demonstrated for ALL 
patients transplanted during the first 
relapse.32,33 In a retrospective study 
using data from the International Bone 
Marrow Transplant Registry by Davies 
et al that compared cyclophosphamide 
plus TBI (CY/TBI) vs. busulfan plus 
cyclophosphamide (Bu/CY) condition-
ing regimens for childhood ALL, CY/
TBI was found to have a higher 3-year 
leukemia-free survival rate (55% vs. 
40%), lower treatment-related mortal-
ity, and a lower rate of treatment failure 
compared to Bu/CY.34 The addition of 
etoposide to the CY/TBI regimen may 
also improve survival.35 

Acute Myeloid Leukemia
Acute myeloid leukemia (AML) is 

a disorder of the myeloid cell lineage, 
characterized by rapid growth and ar-
rested maturation of cells.36 AML is the 
most common acute adult leukemia, 
with an incidence of approximately 
2.4/100,000 in the United States. Despite 
improvements in treatment, the survival 
rate of patients under age 65 is < 50%.3,36 
Treatment for AML is typically divided 
into induction and postinduction phases. 
Options for postinduction therapy consist 

of allogeneic bone marrow transplanta-
tion, autologous transplantation, or che-
motherapy. Allogeneic transplants can 
cure 50% to 60% of recipients and have 
relapse rates of < 20%,36-38 while autol-
ogous transplants have survival rates of 
45% to 55%.41 Greater leukemia control 
can be obtained through the use of condi-
tioning regimens with TBI (such as CY/
TBI), but the survival rate is comparable 
to chemotherapy combinations.40 

Chronic Lymphocytic Leukemia
Chronic lymphocytic leukemia (CLL) 

is a malignancy of disordered apoptosis 
and proliferation of the lymphoid cell lin-
eage. It is the most common type of leu-
kemia in North America and Europe, and 
predominantly affects adults.41 Unlike 
ALL and AML, CLL is incurable and, 
although treatment exists, most patients 
relapse. There are generally 3 subsets 
of CLL patients: one-third experience 
slow disease progression with treatment 
consisting of watchful waiting, one-third 
exhibit an indolent phase followed by 
progression, and one-third need direct 
treatment for aggressive disease.41 Che-
motherapy or autologous stem cell trans-
plants are used to aid remission efforts. 
However, Ritgen et al found that an un-
mutated variable heavy-chain gene plays 
a role in whether the transplant is suc-
cessful.42 Relapse was inevitable in the 
group with unmutated genes, whereas 
patients with mutated heavy-chain genes 
went into remission following autolo-
gous transplant.42 In elderly patients, the 
myeloablative conditioning regimen for 
transplant has a treatment-related mor-
tality of 40% to 50%, so lower doses of 
radiation are typically used.43 

Chronic Myeloid Leukemia
Chronic myeloid leukemia (CML) is 

a disorder of malignant myeloid cells. It 
was the first leukemia for which a distinct 
chromosomal aberration, the 9;22 trans-
location that results in a BCR-ABL fu-
sion gene, or Philadelphia chromosome, 
was discovered.44 CML is relatively rare, 

with an incidence of 1 to 2 per 100,000 
people, and is more common in the el-
derly population.44 Imatinib, a drug that 
competitively binds to and inhibits the 
BCR-ABL tyrosine kinase, is the treat-
ment standard and results in up to an 87% 
remission.44,46 Allogeneic stem cell trans-
plants are recommended as second-line 
therapy if imatinib fails, or in cases of 
high-risk disease.46 Five-year survival 
rates after allogeneic transplants are 
around 50%, with relapse rates around 
20%.46 Reduced-dose TBI has been ef-
fective in lowering morbidity associated 
with myeloablation, but is not standard.43

Multiple Myeloma
Multiple myeloma is a malignant 

monoclonal proliferation of plasma 
cells, and accounts for 13% of hemato-
logic cancers.47 Interactions between 
malignant plasma cells and bone mar-
row cells increase tumor growth and 
progression.47 Treatment for multiple 
myeloma depends on disease severity 
and patient age. Active or symptom-
atic disease requires immediate treat-
ment, whereas asymptomatic disease 
only necessitates clinical observation.47 
Symptomatic patients under age 65 who 
present without significant co-morbidi-
ties should be started on chemotherapy 
plus stem cell transplantation. Patients 
over age 65 or those with co-morbidi-
ties should be evaluated for autologous 
stem cell transplantation with low-in-
tensity conditioning, or remain on tradi-
tional chemotherapy regimens.47 

Lymphoma
There are many types of lymphoma, 

which can be divided into the categories 
of Hodgkin lymphoma, which is charac-
terized by the presence of Reed-Stern-
berg cells, and non-Hodgkin lymphoma, 
which encompasses all other types of 
lymphoma. Treatment of Hodgkin lym-
phoma typically includes chemotherapy 
followed by involved-field radiotherapy 
or involved-site radiotherapy, which 
target specific lymph nodes rather than 
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the entire body.48 Stem cell transplants 
are used as second line therapy for Hod-
gkin lymphoma that is difficult to treat 
or unresponsive to traditional therapy. 
Chemotherapy is the standard treatment 
for non-Hodgkin lymphoma, and stem 
cell transplants are only considered  
for patients unresponsive to chemother-
apy, although new protocols are under 
investigation.49,50  

Melanoma
Melanoma is a type of skin cancer 

with a lifetime risk of 1 in 59 in the 
United States.51 The most common risk 
factor for melanoma is sun exposure, 
and surgical removal is the treatment 
standard for cutaneous melanoma with 
negative lymph nodes.52 Metastatic 
melanoma is treated with chemotherapy 
or immunotherapy, including interleu-
kin-2 or interferon alpha.52 Adoptive 
cell transfer therapy is a relatively new 
treatment option that has shown antitu-
mor responses in > 50% of patients with 
advanced-stage melanoma. In this treat-
ment, chemotherapy is used to reduce 
host lymphocytes, and T cells harvested 
from tumors or peripheral blood that are 
specific for cancer antigens are infused 
into a patient.52,53 TBI can be used as 
part of the conditioning regimen before 
adoptive cell transfer, and is associated 
with higher tumor response.53,54 

Conclusion
TBI is an effective component of 

conditioning for hematopoietic stem 
cell transplant procedures. Although 
several adverse side effects are associ-
ated with TBI, treating various forms 
of leukemia and lymphoma with trans-
plantation remains one of the most suc-
cessful forms of therapy. More research 
is needed on the effects of low dose or 
nonmyeloablative irradiation, partic-
ularly for elderly patients, to reduce 
treatment-related morbidity and mor-
tality. In addition, research on faster, 
more uniform methods of radiation 
delivery, such as helical tomotherapy, 

may make TBI more accessible to a 
wider spectrum of patients. For centers 
interested in starting a TBI program, 
we recommend following appropriate 
AAPM reports referenced above; hav-
ing an identified, commissioned backup 
treatment machine in case of primary 
machine downtime; and following co-
operative group or IRB-approved re-
search protocols for treatment delivery.     
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