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Radiation therapy (RT) for the management of lymphoma has evolved over the past few decades. Large, extended, or
involved fields have been replaced by smaller involved sites or nodal volumes. Currently, customized plans are created
for each individual patient, and these plans encompass only the areas involved by disease. A critical factor that has
enabled this shift in practice is the evolving use of imaging studies. Imaging plays a key role in patient selection and
RT planning and delivery. The objective of this manuscript is to provide guidelines for best practice of use of
imaging in pretreatment evaluation, treatment choice, RT target volume definition, and RT treatment verification and
delivery. � 2019 Elsevier Inc. All rights reserved.
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Consensus Recommendations

� Positron emission tomography (PET)/computed tomo-
graphy (CT) is recommended as the standard modality
for staging and response assessment in fluorode-
oxyglucose (FDG)-avid lymphomas, in line with the
international Lugano guidelines. Accurate definition of
sites of involvement before any systemic therapy is
important for radiation therapy (RT) planning. Baseline
pretreatment PET/CT is recommended as best practice.

� Radiation oncologists should familiarize themselves with
the limitations of FDG imaging and recognize conditions
that mimic lymphoma, such as brown fat; physiologic
uptake in tonsils, nasopharynx, or salivary glands;
inflammatory uptake; benign tumors of parotids;
sarcoidosis; thymic hyperplasia; and physiologic bone
marrow uptake.

� Magnetic resonance imaging (MRI) is indicated in
certain anatomic areas: central nervous system, head
(orbits, nose/paranasal sinuses, and skull base), and
skeletal sites.

� The use of 5-point score (known as Deauville criteria) is
recommended for response assessment, in line with the
international Lugano guidelines.

� Deauville score 3 requires cautious interpretation, with
consideration given to clinical context, histological type,
disease stage, bulk, and estimated prognosis, as well as
the results of clinical trials. In some clinical trials using a
de-escalation strategy with omission of RT, Deauville
score 3 was not considered complete metabolic response.

� When defining RT targets based on PET/CT, the clinician
should carefully consider the anatomical information
from the CT part of the scan because some small
involved nodes with low FDG uptake may be below the
PET detection limit.

� Smaller nodes that are not FDG-avid but seen on CT
adjacent to (or between) FDG-avid nodes, and judged to
be involved, should be included in the target volume. For
CT masses with partial FDG uptake, the entire mass
should be included in the target volume.

� Residual FDG-avid areas can be treated to higher doses
using an integrated boost technique.

� Thin-slice CT should be performed in the chosen
treatment position, using immobilization devices if
required, and should include relevant organs at risk in
whole. Intravenous contrast is recommended to help
identify blood vessels and enhance soft-tissue definition.

� Breathing-control techniques (eg, deep inspiration breath
hold) are recommended as best practice for mediastinal
treatment to help reduce organ-at-risk doses.

� PET/CT is highly recommended as best practice for
planning modern radiation volumes, according to the
involved node or involved site RT concepts.

� If RT is the sole modality of treatment, a dedicated
planning PET/CT can be performed in the treatment
position, with the use of immobilization devices if
required.
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� If chemotherapy is given before RT, it is recommended
that the prechemotherapy PET/CT be performed in a
position similar to RT position to enable accurate
coregistration with the planning CT and outlining of
involved node RT volumes.

� If the prechemotherapy PET/CT cannot be obtained in
the treatment position and accurate coregistration is not
possible, the concept of involved site RT as described in
other International Lymphoma Radiation Oncology
Group guidelines should be used to account for the lack
of optimal prechemotherapy imaging.

� In sites where MRI is useful, both PET/CT and MRI
scans should be coregistered with planning CT scans to
guide target volume definition.

� Image guided radiotherapy, particularly using cone beam
CT, is recommended with modern RT techniques, which
use small target volumes and steep dose gradients, to
ensure accuracy of treatment delivery.

� The frequency of imaging has not been studied carefully
in the context of lymphoma, and individual departments
should decide on the frequency of imaging based on local
setup accuracy data, margins used to create the planning
target volume, specific treatment site, and use of
immobilization devices.
Introduction

Imaging plays an important role in the management of
lymphomas, including guiding, planning, and delivering
radiation therapy (RT). Recent advances in imaging,
together with progress in RT technology, underpin the
significant improvement in the accuracy and safety of RT
for lymphomas. In fact, most of the modern advances in RT
for lymphoma, as it has changed from wide-field
2-dimensional (2D) radiation to smaller 3-dimensional
(3D) volumes, are imaging-dependent.

Imaging has influenced the use of RT for lymphomas in
numerous ways. For example, more accurate staging
contributes to appropriate patient selection for the various
treatment options. In addition, modern imaging
contributes to accurate mapping of areas involved by
disease, enabling better targeting and use of smaller
radiation treatment volumes. 3D imaging is critical not only
for RT target definition, but also for organ-at-risk
(OAR) outlining, tissue inhomogeneity correction, dose
calculation, and advanced RT planning (eg, 3D conformal
RT, intensity modulated radiation therapy [IMRT], and
proton therapy). Lastly, imaging is critical for verification
of treatment delivery using 2D or 3D image-guidance at the
time of RT.

In this manuscript, we discuss the optimal use of
imaging for lymphoma staging and response assessment,
guiding treatment decisions, radiation target volume
definition, and treatment verification. We cover the most
commonly used imaging modalities, including computed
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 06, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.



Volume 104 � Number 3 � 2019 Imaging for lymphoma radiotherapy 503
tomography (CT), 18F-fluorodeoxyglucose (FDG)-positron
emission tomography (PET)/CT, and magnetic resonance
imaging (MRI). It is important to note that the strength of
evidence for the use of imaging varies among histological
types, and this point will be highlighted whenever relevant.

Role of Imaging in Staging and Pretreatment
Evaluation

RT is used in various clinical situations in the management
of lymphoma; it can be used as the only modality, as part of
combined modality treatment with systemic therapy, as
salvage treatment, and as palliative therapy. The decision to
give RT in any of these situations depends on accurate
staging of the disease and assessment of response to prior
chemotherapy when given.

The international Lugano guidelines1,2 recommend the
use of FDG-PET/CT as the standard imaging modality for
staging FDG-avid lymphomas and CT or MRI for
lymphomas with low or variable FDG avidity. Most
lymphomas are FDG avid, except for some extranodal
marginal zone lymphomas, small lymphocytic lymphoma,
and some cutaneous T cell lymphomas, in which FDG
uptake is variable.3 For FDG-avid lymphomas, a baseline
PET/CT scan is recommended for staging, and a
posttherapy scan is recommended for metabolic response
assessment. PET/CT has a well-documented advantage
over CT alone in staging, because of its greater sensitivity
in detecting involvement of lymph nodes of normal or
borderline size and extranodal sites.1,4 In addition, response
assessment is more accurate with PET/CT compared with
CT because metabolic changes precede anatomic changes,
and PET has the ability to better define complete response
in the presence of residual masses.1,2

Importance of accurate staging before RT for
localized disease

From the radiation oncologist’s perspective, PET/CT
staging is crucial when RT is used as the sole modality of
treatment for localized disease. For example, RT
monotherapy is the standard treatment of early-stage
follicular lymphoma (FL) or nodular-lymphocyte
predominant Hodgkin lymphoma (HL). In these
situations, local control after RT is typically high,5,6 and
failure is most commonly due to undetected disease outside
the RT volume. Accurate staging and the detection of more
advanced disease improves selection of patients for RT as
monotherapy and leads to improved outcomes. Several
studies showed a significant incidence of upstaging in FL
by PET/CT7-9; thus, patients with early-stage FL
experience improved outcomes if a baseline PET scan is
performed to exclude the presence of distant disease.6,10

Likewise, a PET scan is considered important in patients
with solitary plasmacytoma11 and in cases of nasal natural
killer (NK) or T cell lymphoma, to exclude the presence of
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distant disease before initiating a course of definitive RT.
Accurate staging and mapping of disease is also important
in the context of RT given as part of a combined modality
approach to enable the inclusion of all involved sites12 and
to reduce the level of uncertainty leading to unnecessary
larger radiation volumes.

MRI is particularly helpful for certain anatomic areas of
lymphoma involvement, including head, central nervous
system, skeletal sites, and pelvis. Both PET/CT and MRI
scans can be fused (coregistered) with planning CT scans to
guide target volume definition, and in some situations the
use of all 3 modalities is advantageous (discussed later).
Combined PET/MRI scanners are now available, and their
use in lymphoma is under evaluation. One advantage of this
modality is less radiation exposure, which is particularly
important in pediatric patients.
Limitations of FDG imaging in lymphoma

It is important for radiation oncologists to recognize the
limitations of FDG imaging when using PET scans for RT
planning. For example, it is critical to recognize benign
conditions with aberrant glucose metabolism, which can
result in false-positive findings on FDG imaging. In the
head-and-neck region, FDG uptake might be observed in
metabolically active brown fat,13,14 especially in young
patients (Fig. 1). Use of intravenous (IV) contrast-enhanced
CT therefore is recommended to distinguish the
physiologic uptake in brown fat from the nodes involved by
lymphoma. Physiologically, increased FDG uptake can be
seen in some head-and-neck areas, such as the
nasopharynx, tonsils, and parotid and submandibular
salivary glands. Assessing the level and symmetry of
uptake, taking a history of recent upper respiratory
infections, and examining the pattern of disease
involvement elsewhere help to differentiate physiologic or
inflammatory uptake from lymphoma. Symmetric uptake in
tonsils of equal size is generally considered to be
physiologic, whereas tonsils that are asymmetric in both
size and FDG uptake should be evaluated with direct
examination and possibly biopsy. Focal uptake in the
parotid gland owing to incidental pleomorphic adenoma
can also be mistaken as lymphoma involvement.

In the thorax, FDG uptake in mediastinal nodes
secondary to sarcoidosis or sarcoid-like reaction, which can
develop during treatment as a reaction to chemotherapy,
mimics lymphoma (Fig. 2).15 However, the uptake is
usually low grade, and the distribution is bilateral and
symmetrical. Confirmation with endobronchial ultrasound
and histologic examination may be required in some cases.
Physiologic FDG uptake owing to rebound thymic
hyperplasia can also occur in response to chemotherapy,
particularly in children and young adults, and it can be
differentiated from lymphoma by its characteristic inverted
V or triangular shape; however, it can also be unilateral or
focal in appearance.16
AEL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 06, 2019.
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Fig. 1. Examples of 18F-fluorodeoxyglucose (FDG)-uptake in brown adipose tissue. (A) Staging scans. Transverse section
shows symmetrical FDG uptake in axillary and mediastinal region in brown adipose tissue with no corresponding nodes on
computed tomography (CT). (B) Response assessment scans. Positron emission tomography (PET)/CT scan for response
evaluation after chemotherapy in a 31-year-old woman with diffuse large b-cell lymphoma. The scan was repeated after
premedication with propranolol, and there was no longer FDG uptake in the adipose tissue.
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When treating skeletal sites, it is important to recognize
that generalized, diffuse increased FDG uptake may be due
to physiologic bone marrow activation in response to
chemotherapy or use of growth factors. Previous sites of
marrow involvement may appear photopenic compared
with surrounding uptake after successful treatment. On the
other hand, residual FDG uptake after treatment in areas of
previous bone involvement may be due to bone remodeling
and osteoblastic activity, rather than residual lymphoma,
and careful interpretation is required.

In addition, false-negative PET/CT findings are possible.
Some lymph nodes or parts of lymph node masses seen on
CT might not be FDG avid but are involved with lym-
phoma.17 The ability of FDG-PET/CT to detect sites of
lymphoma is dependent on the interaction between the size
of the lesion, the intensity of abnormal FDG uptake, the
normal background activity, and the spatial resolution of
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the scanner. Small lymph nodes or lymphoma lesions
(<5-6 mm) may be falsely negative on FDG-PET; hence,
the evaluation of the CT part of PET/CT is equally
important. Clinical judgment, taking into consideration
disease natural history and disease distribution, and
clinician experience are important factors in the
interpretation. It is also important to note that if the
radiation oncologist is uncertain about an area of potential
involvement, he or she should review the scan with an
experienced nuclear medicine physician.
PET/CT Interpretation for Radiation Treatment
Decision Making

The differentiation of complete metabolic response (CMR)
from residual disease is important for RT decisions. In
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 06, 2019.
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Fig. 2. 18F-fluorodeoxyglucose uptake in sarcoidosis. Positron emission tomography/computed tomography (PET/CT) scan
in a 26-year old man with suspicion of malignant lymphoma. A biopsy from mediastinal PET-positive lymph node was
consistent with sarcoidosis.
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some situations, the indication to give RT is based only on
the lack of CMR, and in other situations, the radiation
oncologist may decide to “boost” residual active areas to a
higher dose.

The International Lugano guidelines1 recommend the
use of a 5-point score (known as the Deauville score
[DS]) based on comparison of the residual activity to the
mediastinal blood pool and the liver (Table 1).
Interpretation of metabolic response

Scores 4 and 5 can be classified further into partial
metabolic response, stable metabolic disease, or
progressive metabolic disease (Table 2), which can be
helpful for RT decisions. For example, cases with partial
metabolic response (DS 4-5) with significant response
compared with baseline may be adequately treated with
additional RT,18-20 whereas cases with DS 4-5 but
progressive or new sites of disease might require additional
systemic treatment.

In addition, it is worth noting that DS 3 may require
cautious interpretation. In some clinical trials in HL, DS 3
was not considered CMR when a de-escalation strategy was
used to omit RT in CMR.21 Conversely, DS 3 was
considered CMR in other trials of response-adapted
Table 1 Deauville response criteria

Deauville
score 18F-fluorodeoxyglucose uptake

1 No residual activity
2 Residual activity � Mediastinal blood pool
3 Residual activity > Mediastinal blood pool

but � Liver
4 Residual activity moderately above liver
5 Residual activity markedly above liver,

or new areas
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therapy.22 When interpreting DS 3, consideration should
be given to the clinical context, including the histologic
type, disease stage, bulk, estimated prognosis, and the
results of clinical trials.
CMR and RT

Although achieving CMR after chemotherapy is a powerful
prognostic factor associated with significantly better
prognosis in HL and diffuse large B-cell lymphoma
(DLBCL), it does not equate to the absence of residual
microscopic disease, which can escape FDG-PET/CT
detection, even with the recent improvements in
technology and detection limits. This is evident from the
fact that a proportion of patients, albeit small, still relapse
in sites of previous disease after achieving CMR. For
example, studies testing omission of RT in patients with
early-stage HL who achieved a CMR showed a small but
consistent benefit to giving RT to sites of involvement,
implying that RT eradicated microscopic residual disease in
these patients.21,23

Therefore, it is prudent to consider the overall prognosis,
the risk of local recurrence, and the degree of response in
making therapy decisions based on metabolic response. A
number of additional factors can be considered, including
the presence of a residual mass after chemotherapy and of
bulky disease before chemotherapy. The presence of a re-
sidual mass may predict a higher probability of microscopic
disease, even with CMR on PET. Retrospective evidence
has shown that patients with DLBCL with CMR but re-
sidual masses on CT have higher relapse rates than those
with CMR and no residual mass.24 In early-stage HL, the
relative reduction in tumor size on CT was found to be
predictive of risk of relapse, independent of metabolic
response.25 In addition, the presence of bulky disease
before chemotherapy has long been considered a negative
prognostic factor in both HL and DLBCL, even after the
introduction of rituximab,26 and previously bulky sites are a
AEL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 06, 2019.
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Table 2 Metabolic response categories

Response

18F-fluorodeoxyglucose
uptake

Complete metabolic
response

DS 1, 2, or 3

Partial metabolic response DS 4 or 5dimprovement
compared to baseline

Stable metabolic disease DS 4/5dno significant change
from baseline

Progressive metabolic
disease

DS 4/5duptake > baseline
or new areas

Abbreviation: DS Z Deauville score.

Fig. 3. Heterogeneity in 18F-fluorodeoxyglucose uptake
owing to motion artefact. Positron emission tomography/
computed tomography (PET/CT) scan of the chest in a
patient with mediastinal lymphoma scanned in free
breathing (upper panel) and same patient scanned in deep
inspiration breath hold (lower panel).
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common site of recurrence. RT to sites of initial bulk re-
duces the risk of relapse in both HL and DLBCL, and, to
date, no mature or randomized data have shown that
omission of RT to sites of initial bulk achieving CMR is
associated with acceptably low recurrence rates.27

More recently there has been increasing interest in
measuring the total volume of metabolically active disease
at baseline using segmentation and volumetric software. A
number of studies, using different software and different
thresholds for defining metabolic tumors, have shown that
the baseline metabolic tumor volume predicts prognosis
independent of established prognostic criteria and response
to treatment.28-31 The available studies examined the total
volume of disease, regardless of whether there was a “bulky
mass” in one site. In the future, the presence of high
metabolic tumor volume in one site might be a better
definition of high-risk bulk than unidimensional or
bidimensional measurements.32

Another important consideration is the heterogeneity of
FDG uptake within large masses or the presence of
noneFDG-avid visible nodes on CT among FDG-avid
nodes. In both situations, it is recommended that all
visible abnormalities be included in the radiation target
volume.17 Importantly, mediastinal lymphomas can present
heterogeneous FDG uptake as a consequence of motion
during the relatively long acquisition time. If PET image
acquisition is done in breath hold, the heterogeneity will
often disappear, indicating that some of the FDG
heterogeneity is due to motion artefact (Fig. 3).
CT Scanning for RT Planning (Simulation)

Optimal CT for planning

Thin-slice (2-3 mm) CT and the use of IV contrast are
recommended for RT planning scans to improve image
resolution and reduce partial volume effect. Typically,
scanning is done with 120 KeV, but 140 KeV may be
needed for patients with large body habitus. Alternatively,
an “automatic exposure control” system can be used to
modulate the tube current automatically to compensate for
variations in patient attenuation, both between different
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patients and within any given patient. Planning CT scans
should cover any nearby OAR (eg, lungs) completely to
enable doseevolume histogram calculations for entire
organs. Immobilization devices should be used when
appropriate, as described in other International Lymphoma
Radiation Oncology Group (ILROG) guidelines.33

Breathing-control techniques

The use of breathing-control techniques, such as
deep-inspiration breath hold (DIBH), has been shown to
help reduce doses to OARs in mediastinal lymphoma
treatment and is strongly recommended.34-36 With DIBH,
the lung volume increases and the heart is pulled caudally,
resulting in lower radiation doses to the lungs and heart
(Fig. 4).35 The margin added around the CTV to create an
internal target volume for respiratory motion can also be
reduced, further sparing normal tissues; however, it is
important to ensure that the reduced margin still accounts
for the small potential change in the magnitude of deep
inspiration, both intrafraction and interfraction, which is
allowed within the tolerance limits of breathing-control
techniques. The type and frequency of image guidance
should be considered when selecting an appropriate margin.
Smaller margins require more frequent imaging, preferably
with cone beam CT (CBCT), to ensure consistent coverage
of the target. Studies examining the optimal margin for
advanced techniques using DIBH and CBCT are required.

Several methods are available for DIBH treatment.
These involve either active breathing control, in which the
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 06, 2019.
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Fig. 4. Effect of deep-inspiration breath holding (DIBH) (A) Expansion of lung and inferior displacement of heart.
(B) Displacement of heart from planning target volume. (C) Changes in clinical target volume shape and displacement away
from breast.
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depth of inspiration is controlled by a machine, or voluntary
DIBH, in which the deep-inspiration level is monitored by
surface imaging of the chest wall or a reflector block placed
on the chest wall using mounted cameras. Some systems
provide visual feedback to the patient with goggles or a
screen. During treatment delivery, the level of deep
inspiration is monitored, and treatment is interrupted if
there is a significant deviation from the planned breath-hold
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position. Treatment in DIBH requires the acquisition of the
planning CT scan with the same breathing control
technique that is used for treatment. Patient coaching and
training before the CT simulation are vital to ensure
reproducibility of the breath hold throughout the course of
treatment.

The use of IV contrast is recommended for CT simu-
lation to improve soft-tissue definition and visualization of
AEL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 06, 2019.
Copyright ©2019. Elsevier Inc. All rights reserved.
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nodes and blood vessels. It also enables outlining of cardiac
substructures, including the coronary arteries, for detailed
dosimetry. Ideally, the timing of contrast injection is chosen
carefully to optimize the visualization of the coronaries,
and the use of contrast with DIBH scans is recommended.

RT planning for abdominal lymphomas involves several
technical considerations. First, breathing-control techniques
are beneficial for treating the upper abdomen to avoid
diaphragmatic movement, which causes significant
displacement of upper abdominal organs. Furthermore, the
stomach is located just below the heart; therefore, treatment
of gastric lymphomas in DIBH can reduce the dose to the
heart by increasing the distance between the heart and
stomach. When treating the stomach or duodenum, it is
advisable to have the patient fast for 4 to 6 hours before the
simulation scan and before each treatment to minimize the
volume of the stomach and variation in its size and
position.

Target Volume Definition

Modern RT for lymphoma is based on defining 3D target
volumes in line with International Commission on
Radiation Units and Measurements guidelines as described
in other ILROG guidelines; it uses all available information
from imaging studies and clinical examination. The quality
of diagnostic imaging plays an important role in planning
accurate radiation therapy and determines how tight the
radiation volume can be around involved sites.

Impact of PET/CT on target volume definition

PET/CT is more accurate than CT alone for staging1,2,37

and mapping disease sites, both nodal and extranodal;
therefore, the published ILROG guidelines recommend that
PET/CT should be used for radiation target volume
definition.33,38,39 This is particularly important for modern
RT volumesdnamely, involved site radiation therapy
(ISRT) or involved node radiation therapy (INRT), which
cover the involved nodes only with a suitable margin and
therefore rely heavily on accurate identification of all
involved sites on imaging. Furthermore, the use of
3D-conformal techniques, IMRT, and proton therapy
produces a desirable steep dose gradient outside the target
volume and requires a higher level of confidence in
targeting the involved sites accurately. Therefore, PET/CT
is highly recommended for the implementation of any
modern RT techniques that treat volumes smaller than
IFRT. In addition, PET/CT is useful for identifying
FDG-avid residual disease after chemotherapy, which may
warrant an additional radiation boost delivered either
sequentially or through a simultaneous integrated boost.

There are some notable exceptions to the value of
FDG-PET/CT in this context. As discussed earlier,
extranodal marginal zone lymphomas, small lymphocytic
lymphoma, and cutaneous T cell lymphomas have variable
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FDG uptakes,3 and FDG-PET/CT might underestimate the
extent of disease or miss it altogether.40-44 Some anatomic
sites have high level of physiologic FDG uptake, making
visualization of lymphoma more difficult, such as primary
central nervous system lymphoma (FDG uptake in normal
brain tissue) and bowel lymphoma45 (FDG uptake in
normal bowel). Alternative imaging modalities are
discussed later.

The impact of FDG-PET on radiation planning for
lymphoma has been examined in a number of studies. For
example, one retrospective study in HL showed that
PET/CT would have changed the volume in 10 of 30
patients, and 7 patients had sites of PET involvement that
were outside the CT-defined irradiated volume.46 In a large
study of 135 patients and using INRT volumes for HL,
PET/CT detected at least 1 additional LN in 70.4% of
patients and at least 1 additional LN area in 40.7% of
patients compared with CT alone.47 Another study
evaluated 95 treatment sites in both HL and non-Hodgkin
lymphoma and found similar results.40 In summary, these
studies concluded that the incorporation of FDG-PET has a
significant impact on target definition in ISRT and INRT
volumes for both HL and non-HL.
Practical issues for use of PET/CT for target volume
definition

FDG-PET data can be incorporated into RT planning in 2
ways: performing a dedicated RT planning PET/CT scan or
coregistering the diagnostic PET/CT and planning CT scans
to allow for image fusion.41 The first method is preferred; it
allows the use of the INRT concept, but it involves
performing a planning (simulation) PET/CT scan with the
RT treatment conditions. These include the use of
positioning tools, such as a firm, flat couch top,
immobilization devices, laser beams for alignment, and
wide-bore scanners that accommodate scanning in
treatment positions, as detailed in the report by the
International Atomic Energy Agency on the use of PET/CT
for RT planning.42 The report also recommended that
image quantification and contouring software be linked
with RT planning systems and that PET/CT protocols be
within the quality control framework of RT. This approach
is feasible when RT is the only modality of treatment or is
used for persistent disease after chemotherapy, if the aim of
RT is to treat residual disease only.

In the combined-modality setting, the initial,
preechemotherapy staging scans can be performed in a
different center or with a different patient position;
therefore, adopting this approach requires significant
coordination between teams. If feasible, it enables the
implementation of the strict INRT concept, which requires
optimal imaging in the treatment position. Even if the
initial scan is not performed using the RT treatment
conditions, sometimes the patient position in the diagnostic
scan is close enough to the RT treatment position to allow
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 06, 2019.
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image fusion with deformable image registration. However,
if the patient positioning is significantly different
(eg, because of different arm position) and satisfactory
image coregistration is not possible, the alternative is
careful target outlining, using information from the
diagnostic PET/CT as a visual guide, and allowing a
suitable margin to account for uncertainties due to
differences in position: the ISRT concept.

If breathing-control techniques (eg, DIBH) are to be
used, it is highly desirable that an additional limited
thoracic scan in DIBH be acquired during PET/CT
scanning, which can later be fused with the planning DIBH
CT for optimal accuracy. One bed position covering 22 cm
in 5 to 6 breath holds is usually adequate because the lack
of respiratory motion compensates for the reduced count
acquisition, resulting in high-quality images.
Other imaging modalities

In certain clinical situations, the use of multiple imaging
modalities provides a significant advantage for lymphoma
staging, precise anatomic localization, and response
assessment. The most frequently used additional imaging
modality is MRI, which plays an important role in selected
patients with lymphoma.

MRI is characterized by superior soft tissue contrast and
lack of ionizing radiation. The greater soft tissue resolution
makes it an excellent modality for imaging extranodal
disease, particularly in the central nervous system, orbit,
nasal sinuses, skull base regions, bone marrow, and
musculoskeletal regions. In addition, MRI is the imaging
modality of choice in the workup of pediatric and pregnant
patients to avoid exposure to ionizing radiation.

MRI is the preferred imaging modality for primary or
secondary CNS lymphoma.43,44 Typical findings are
homogenously enhancing single (60%-70%) or multiple
lesions (30%-40%) that involve the periventricular space
(60%) and supratentorial locations. On precontrast
MRI scans, lesions are homogeneously isointense or
hypointense on T1-weighted images and hyperintense on
T2-weighted images. Edema at presentation is frequently
observed.44

Likewise, MRI is the modality of choice for the
diagnosis and follow-up of extranodal NK/T cell lymphoma
because of its superior soft-tissue contrast in the nasal
cavity. In extranodal NK/T cell lymphoma, nasal type, the
typical signal intensity of tumors is higher than that of
muscle but lower than that of sinonasal mucosa and fluid
paranasal sinusitis on T2-weighted spin echo images. On
T1-weighted spin echo images, tumors show similar to
higher signal intensity compared to muscle. MRI is
particularly sensitive for detecting small retropharyngeal
nodal involvement. The superior ability to demonstrate
involvement of adjacent sites, such as the orbit, masticator
space, and sinuses, makes MRI the best modality to guide
CTV delineation (Fig. 5).
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In addition, FDG avidity of mucosa-associated lymphoid
tissue (MALT) lymphoma is variable,48-52 and 20% to 40%
of patients may have a false-negative FDG-PET/CT result;
therefore, MRI plays an important role in accurate
assessment of this histologic type.48,53,54 For example, MRI is
used in imaging MALT lymphoma involving the head-and-
neck (eg, the orbit and dura) and breast, providing excellent
delineation of the disease and its anatomic relations.

In the preceding situations, it is recommended that all
available imaging modalities be available at the time of RT
planning, ideally with an ability to fuse with the planning
simulation CT. Combined PET and MRI scanning is being
introduced into clinical practice and will likely be useful in
this clinical setting. Further development in MRI, such as
whole-body diffusion-weighted imaging with background
body signal suppression and functional MRI, are showing
promise in improving lymphoma characterization.55-58

Treatment Verification and Delivery

Imaging plays an important role in ensuring accurate and
safe delivery of the planned RT. Image guided radiation
therapy (IGRT) involves the use of modern imaging
methods during RT to ensure accurate target localization.
Two methods comprise the majority of IGRT strategies in
current use. First is the acquisition of a 3D CBCT, which
can be compared with the planning CT dataset. The second
is acquisition of 2D, orthogonal kilovoltage or megavoltage
images, which can be compared to digitally reconstructed
radiographs from the planning CT.

Importance of IGRT

IGRT has been used with increasing frequency in the field
of radiation oncology; however, limited data exist regarding
the role of IGRT in the treatment of lymphomas. There are
several potential benefits of using image guidance during
RT for lymphomas, particularly that modern lymphoma RT
involves limited target volumes (ISRT, INRT) and the use
of small planning target volume (PTV) expansions, which
is desirable to minimize irradiation of normal tissues.
Furthermore, advanced techniques such as IMRT and
proton therapy, which generate tightly conformal dose
distributions and steep dose gradients, are being used more
frequently. With smaller target volumes and steep dose
gradients, accurate target localization is of paramount
importance. IGRT allows for margin reduction and highly
conformal dose distribution, with consequent sparing of
normal tissues. It is therefore recommended that IGRT
techniques be used whenever appropriate in the treatment
of lymphomas.

Application of IGRT in lymphoma

There are several specific instances in which the use of 3D
IGRT is beneficial in the treatment of hematologic
AEL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 06, 2019.
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Fig. 5. The use of multiple-modality imaging for radiation therapy planning: A case of natural killereT cell lymphoma,
nasal type. (A, D) On T1-weighted spin echo images, tumors show similar to higher signal intensity compared to muscle.
(B, F) On T2-weighted spin-echo images, typical signal intensity of tumor is higher than that of muscle but lower than that of
sinonasal mucosa and paranasal fluid. (E) Tumors are homogeneously enhanced on T1-weighted images after contrast.
(C) Physiologic 18F-fluorodeoxyglucose uptake of the optic nerve on positron emission tomography can be confused with
tumor extension, which can be clarified with MRI (A, B).
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malignancies. One common setting is mediastinal RT,
because minimizing dose to the lungs, heart, and female
breasts is of critical importance. IGRT allows for sparing of
adjacent normal tissues, resulting in decreased toxicity.59

Furthermore, when DIBH is used for mediastinal RT,
image guidance is important to verify the level of
inspiration. Other settings in which IGRT may be
particularly valuable include treating mobile structures
such as the stomach and mesenteric masses,60,61 using
IMRT in the head and neck and irradiating tumors expected
to undergo a significant reduction in size over the course of
therapy. The CBCT field of view should be chosen
carefully to cover the PTV and structures that are most
likely to move. For cases in which all areas of interest
cannot be covered in 1 CBCT view and multiple scans are
required, the image should focus on the PTV, with the
option of performing multiple views on a weekly basis if
required.

There are 2 basic IGRT strategies: online and offline
correction. With online correction, the patient is on the
treatment couch while the verification is performed, and the
correction is applied to the same RT fraction. In the offline
strategy, images are acquired before treatment, matched to
the reference image at a later time, and applied during
subsequent fractions. The treatment site, expected
magnitude of error, and institutional practice determine the
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frequency of online imaging. If large daily shifts are
anticipated or slight shifts will result in significant changes
in dose distribution, daily online verification is
recommended.

An important consideration, particularly in the treatment
of young patients with long life expectancies, is radiation
exposure from image guidance procedures. In principle,
although IGRT does entail additional low-dose
radiation exposure, it also enables a reduction in PTV
expansion, thus reducing the exposure of normal tissues to
higher doses. Nonetheless, it is important to reduce the
radiation exposure associated with IGRT to the
minimal reasonably achievable dose. Scan parameters can
be optimized to minimize dosedfor example, by reducing
the amperage, limiting the region that is scanned,
choosing the angle through which the gantry rotates to
avoid sensitive structures, and using beam filters to
reduce scatter. Future studies that focus on acceptable
IGRT dose in various patient populations and other
approaches to reduce radiation exposure from image
guidance are needed.

The ongoing development of MR-Linac combines 2
technologiesdan MRI scanner and linear acceleratordto
locate tumors precisely, tailor the shape of photon beams in
real time, and deliver radiation accurately to moving
tumors, with the added advantage of avoiding the radiation
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 06, 2019.
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dose from CBCT. This emerging technology is expected to
play an important role in the field of lymphoma RT.
Conclusion

Modern RT for lymphomas is a highly individualized
treatment aiming to encompass sites of disease involvement
and to limit irradiation of normal tissues to a minimum.
Modern imaging with CT, PET, and MRI plays a crucial
role and is used for patient selection, evaluation, RT
planning, treatment delivery, and response assessment to
improve both the efficacy and safety of RT. Further
research and developments in imaging will increase our
ability to deliver individualized RT with even greater
accuracy to patients with lymphoma in the future.
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