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      PET/CT in RT Planning                     
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5.1          History of Radiation Therapy 
in Hodgkin’s Lymphoma 

 Only seven years after Wilhelm Conrad Röntgen 
discovered X-rays in 1895, the fi rst documented 
case of Hodgkin’s lymphoma (HL) was treated 
with radiotherapy [ 40 ]. William Allen Pusey, a 
professor of dermatology at the University of 
Illinois, had been using X-rays to treat a variety 
of dermatologic conditions. A 4-year-old boy 
with enlarged cervical lymph nodes “the size of a 
fi st” was referred to Dr. Pusey and after irradia-
tion the mass remarkably diminished to the size 
of an almond. In an era when there were no suc-
cessful cancer therapies, 40 years before the 

introduction of chemotherapy, Dr. Pusey and col-
leagues marveled at this seemingly magical 
response. Radiation was offered to subsequent 
patients with HL over the next few years, and 
although a response to therapy was almost always 
demonstrated, the treatment was palliative. 
Primitive treatment machines were only capable 
of delivering low energy X-rays and the disease 
inevitably recurred. 

 In the early 1920s, kilovoltage equipment 
was developed. This allowed higher doses of 
radiation therapy to penetrate deeper into tissue 
with more skin-sparing effects. René Gilbert, a 
Swiss radiologist, was the fi rst to report durable 
responses in treating patients with HL using kV 
X-rays with larger treatment fi elds that also 
included lymph node regions that were not 
obviously involved with disease. A number of 
patients treated in this way had a remarkable 
long-term survival [ 15 ], and by the 1950s, Vera 
Peters at the Ontario Institute of Radiotherapy 
had studied enough patients to report that early-
stage HL can be cured with fractionated radia-
tion therapy using large fi elds [ 39 ]. By the 
1970s it had been established that the standard 
of care for early- stage HL was RT with fi elds 
aimed at all of the clinically relevant lymph 
node regions of the body [ 25 ]. Around this 
time, outcomes for advanced disease were fur-
ther improved with the introduction of multi-
agent chemotherapy regimens [ 11 ]. Radiation 
remains one of the most effective modalities 
for the treatment of HL as lymphomas and 
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lymphatic tissue in general are highly radiosen-
sitive. It is well known that the sensitivity of 
cells to radiation is proportional to the degree 
of proliferative activity and inversely propor-
tional to the degree of differentiation. In other 
words, undifferentiated cells with high mitotic 
capability, such as the cells within malignant 
nodes in HL, are more likely to be radiosensi-
tive. Of course, other factors play a role, includ-
ing the oxygen concentration (hypoxic tumors 
are less sensitive to radiation) and inherent cel-
lular response to DNA damage. 

 Over the last 40 years, radiation delivery 
techniques have continued to improve. This 
allowed for a more uniform dose distribution 
and better- targeted therapy. Advances were 
seen in other disciplines as well – more effec-
tive and less toxic multi-agent chemotherapy 
agents were developed, there were vast 
improvements in radiographic imaging, we 
obtained a better understanding of prognostic 
factors, and after rigorous study we made 
strides toward tailoring therapy based on stage 
and risk classifi cation. In the modern era, 
early-stage HL is commonly treated with com-
bined chemotherapy and radiation. Advanced 
disease is generally treated with more intensive 
chemotherapy regimens, while RT is reserved 
for bulky masses or areas of residual disease 
after chemotherapy. Today with combined 
modality treatment, HL has one of the highest 
cure rates of all malignancies with long- term 
survival over 80 %. 

 Unfortunately these high cure rates have come 
with a price. The majority of HL patients are chil-
dren or young adults and late effects of treatment 
can be devastating and has an impact on survival. 
Two of the most signifi cant late effects include 
development of secondary malignancy and car-
diovascular disease [ 1 ,  3 ,  6 ]. It is felt that the risk 
of developing a radiation-induced secondary 
malignancy is related to both dose and fi eld size. 
In a retrospective study of patients treated for 
HL, death caused by heart disease was exceeded 
only by death caused by HL and other neoplasms. 
Mediastinal irradiation increases the risk of sub-
sequent death from heart disease, and this risk 

increases with total dose delivered to the medias-
tinum, minimal cardiac blocking, and young age 
at treatment [ 21 ]. 

 Radiation continues to have an important role 
in ensuring locoregional control and improving 
overall outcome in the combined modality treat-
ment approach for HL, but efforts have been 
made to minimize treatment judiciously in order 
to lower the impact of late effects on morbidity 
and mortality. One of the most dramatic ways in 
which we have scaled back treatment has been 
the reduction in radiation fi eld size as we move 
away from elective nodal irradiation with 
involved fi eld radiation to more targeted confor-
mal approaches with involved-node and involved- 
site radiotherapy. Central to this paradigm shift 
have been improvements in radiation delivery 
techniques, including the incorporation of FDG- 
PET/CT into the design of radiation treatment 
fi elds. 

 Although multiple radiopharmaceuticals exist, 
 18 F-FDG is the most widely available and widely 
used radiopharmaceutical in oncology including 
in HL. Therefore  18 F-FDG will be the focus of 
this text. PET/CT has proven its value in staging 
for HL as well as in evaluating treatment response 
and has been increasingly used as an imaging 
method for the planning of radiation therapy for 
lymphomas.  

5.2     Evolution of Radiation 
Treatment Fields 

 Historically lymphoma was managed with 
extended fi elds that encompassed all of the lymph 
node regions in the body, given the possibility of 
microscopic extension of disease outside the 
areas of palpable disease as well as reports of dis-
tant recurrences after local radiotherapy alone. 
These traditional extended fi elds are illustrated in 
Fig.  5.1 . A mantle fi eld includes the lymph node 
regions above the diaphragm and the inverted-Y 
fi eld includes the lymph node regions in the 
abdomen and pelvis. When an inverted-Y fi eld 
was combined with mantle fi eld radiation, the 
combination was referred to as  total nodal irra-
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diation . At the time, single-modality radiation 
was preferred over the mechlorethamine, vincris-
tine (Oncovin), procarbazine, and prednisone 
(MOPP) regimen of chemotherapy given its high 
rates of sterility and secondary leukemia, and 
chemotherapy was reserved for cases of disease 
refractory to RT. Radiation was delivered with 
linear accelerators using two-dimensional plan-
ning. 2-D planning makes use of an X-ray simu-
lator and a two-dimensional treatment planning 
system used for calculation of dose distribution 
after the radiation oncologist defi nes treatment 
fi elds based on bony anatomy.

   In the 1980s, computerized tomography (CT) 
revolutionized the imaging of tumors. CT scans 
were not only helpful for the radiation oncologist 
because they allowed for a better understanding 
of the tumor and normal tissue in 3-dimensions, 
but by the 1990s, CTs also became a critical com-
ponent of treatment planning and a routine part of 
cancer management. An additional advantage of 
CT scan for radiation planning is that Hounsfi eld 
units (metrics to quantify tissue radiodensity) are 
correlated with electron density of tissue at each 
voxel relative to the electron density of water. 
Due to this correlation it became possible to use 

information from the CT to calculate radiation 
absorption and scattering in tissue. In the modern 
era of 3-D planning, the radiation oncologist con-
tours the volume of tissue to be irradiated as well 
as normal structures. Dose parameters can then 
be calculated for any region that is contoured on 
the planning software. In this process of contour-
ing, the radiation oncologist utilizes all available 
information regarding the patient’s anatomy, 
including diagnostic CT, MRI, PET, ultrasound, 
physical exam, as well as reports from any endo-
scopic procedures or operations. Using the treat-
ment planning software, it is possible to fuse 
other imaging modalities to the planning CT such 
that information from both PET and MRI can be 
seamlessly incorporated into target volume delin-
eation on the planning CT. In this way, the PET is 
directly incorporated into the process of radiation 
treatment planning. 

 In the 1990s and early 2000s, it was recog-
nized that when chemotherapy was added to radi-
ation therapy, the extended fi eld could be replaced 
with a smaller fi eld known as the “involved fi eld,” 
which remained the standard of care until recently 
[ 49 ]. Involved fi eld radiation encompasses not 
only the involved lymph nodes but also the other 

  Fig. 5.1    Historical radiation fi elds. Digitally reconstructed radiographs of ( a ) mantle and ( b ) inverted-Y extended 
fi elds       
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lymph nodes within the same lymph node region 
defi ned by the Ann Arbor classifi cation for HL 
staging. All of the fi eld borders were based on 
bony landmarks such that they could be planned 
on 2-D simulation units. 

 A review of relapses in patients treated with 
chemotherapy alone showed that most recur-
rences occur in the initially involved lymph nodes 
[ 42 ]. With continued advances in radiation tech-
nology and imaging, including 3-D planning and 
the introduction of FDG-PET scans, it became 
possible to further minimize treatment fi elds to 
only include the initially involved nodal volume 
in an effort to minimize radiation dose to normal 
tissues. This concept was introduced in 2006 by 
the EORTC-GELA in the form of involved nodal 
radiation therapy (INRT) [ 18 ]. 

 Unlike the involved fi eld, which included 
adjacent uninvolved lymph nodes, INRT limited 
treatment to only the pre and post-chemotherapy 
involved lymph node remnant(s) plus a relatively 
small margin for setup error of 1 cm [ 18 ]. The 
shift from involved fi eld to involved-node radia-
tion techniques mirrored the larger shift within 
the fi eld of radiation oncology from 2D planning 
based on bony landmarks and more conformal 
radiation delivery with 3D treatment planning 
using CT scans. For the fi rst time, ICRU 
(International Commission on Radiation Units 
and Measurements) terms were formally incor-
porated into the management of HL. These terms 
include the gross tumor volume (GTV), clinical 
target volume (CTV), and planning target volume 
(PTV). GTV refers to the position and extent of 
gross tumor, i.e., what can be seen, palpated, or 
imaged. The CTV contains the GTV plus a mar-
gin for sub-clinical disease spread. This is often 
the most diffi cult volume to contour because this 
area cannot be fully imaged and it is diffi cult to 
accurately defi ne. The PTV includes the CTV 
plus a margin to account for setup uncertainty. 
The PTV is the volume to which an isodose line 
is prescribed. In order to successfully implement 
INRT, patients must have pre- and post- 
chemotherapy contrast-enhanced CT scans in the 
treatment position, and whenever possible the 
pretreatment CT is performed in conjunction 
with a PET/CT, also in the treatment position. A 

major advantage of incorporating the PET/ CT 
into RT planning for INRT is that it can identify 
previously undetected lymph nodes that are likely 
to contain disease. As initially involved lymph 
nodes are usually either no longer visible or of 
normal size, a CTV is contoured that is the initial 
location and extent of disease prior to chemother-
apy. Per the EORTC-GELA INRT guidelines, a 
1 cm isotropic margin around the CTV was rec-
ommended as the PTV in most situations to 
account for internal organ motion and setup error 
[ 17 ]. Examples of IFRT and INRT treatment 
fi elds are also shown in Fig.  5.2 .

   Because INRT requires precisely fused pre- 
and post-chemotherapy images (including PET/
CT) in the treatment position, the International 
Lymphoma Radiation Oncology Group (ILROG) 
introduced the concept of Involved Site Radiation 
Therapy (ISRT) in 2013 [ 44 ]. One of the differ-
ences between ISRT and INRT is related to the 
quality and accuracy (i.e., patient positioning) of 
the pre-chemotherapy imaging. ISRT incorpo-
rates the opportunity to create larger CTV vol-
umes associated with uncertainties related to less 
than optimal pretreatment imaging (e.g., the pre-
treatment PET/CT is not obtained in the treat-
ment position). Per the ISRT guidelines, it is 
recommended that when contouring the CTV, 
one takes into account the quality and accuracy 
of imaging, volume changes since imaging, any 
potential disease spread, potential subclinical 
involvement, and adjacent normal tissue. There 
remains a great deal of subjectivity to this pro-
cess and quantitative imaging, such as PET/CT 
can be an invaluable tool in order to minimize 
this inter-observer variability. The approach to 
ISRT planning is shown in Fig.  5.3 .

   Both INRT and ISRT would not be possible 
without the many advances in the fi eld of radia-
tion therapy over the past two decades including 
computer-assisted 3D planning and treatment 
delivery. More precise delivery of radiation is 
now possible with maximum coverage of target 
volumes and more normal tissue sparing due to 
the development of intensity-modulated radio-
therapy (IMRT) and 3D conformal RT. Technical 
advances with dynamic multi-leaf collimators, 
image-guided radiation therapy, and improve-
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ments in patient immobilization and positioning 
all facilitate the delivery of highly complex, 
multi-fi eld, conformal treatment plans. In order 
to take full advantage of the recent and dramatic 
advances in radiation treatment delivery methods 
and successfully implement INRT/ISRT, the 
most accurate and precise target delineation is 
required. In the pre-PET era, the defi nitions of 
tumor volumes and treatment volumes were 
based primarily on structural imaging with con-
trast CT, physical exam fi ndings, and clinical 
judgment. The clinical target volume represents 
the microscopic extent of disease. Although there 
is no way to image the CTV directly, it is formed 
with a margin applied to the GTV that was con-
toured on the pretreatment planning CT and in 
most cases fused to the pretreatment PET/CT 
adjusting for changes in the position of normal 
tissues. Microscopic disease may be missed if the 
imaging fails to precisely defi ne the extent of 
tumor. Additionally, further reduction in fi eld 
size necessitates increased precision, and thus, 
the value of PET/CT for the planning of ISRT has 
dramatically increased. Although there is no data 
to suggest that incorporating PET/CT into vol-
umes leads to improvement in disease related 

outcomes, it is viewed as an invaluable resource 
and the incorporation of PET/CT into RT treat-
ment planning has become a central component 
of modern HL therapy with INRT and ISRT.  

5.3     Impact of PET on Target 
Volume Delineation 
in Hodgkin’s Lymphoma 

 As discussed in Chap.   1    , there is a higher accu-
racy in HL staging with FDG-PET scan, com-
pared to CT alone. Furthermore, studies in 
lymphoma as well as other malignancies have 
shown that the estimate of tumor extent is more 
accurate when functional and structural images 
are combined (see Chapter   4    ). Functional imag-
ing with PET can infl uence RT planning for HL 
in a number of ways. PET can reveal areas of dis-
ease that are not well visualized by other imaging 
modalities. These areas represent additional areas 
of disease adjacent to the primary tumor volume 
or unsuspected lymph nodes (LN) or extranodal 
sites (ENS) involved with disease. Moreover, 
upon PET/CT incorporation, equivocally 
involved LN or ENS on CT or MRI, benign reac-

  Fig. 5.2    Axillary radiation fi elds with ( a ) IFRT and ( b ) 
INRT displayed on digitally reconstructed radiographs. 
The volume contoured in green encompasses the pre- 
chemotherapy GTV. This volume represents the CTV in 

INRT treatment planning. In IFRT, the axillary fi eld 
includes ipsilateral infraclavicular and supraclavicular 
lymph node regions with the superior extent of the fi eld at 
C5–C6 interspace       
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tive lymphadenopathy or brown fat tissue will be 
less likely included in the radiation fi eld. As dis-
cussed in Chap.   2    , PET is also useful in evaluat-
ing residual masses after chemotherapy and can 
aid in the fi nal decision regarding radiation dose 
in HL since higher doses are required for macro-
scopic compared to microscopic disease. 

 As mentioned above, there have yet to be ran-
domized prospective studies to demonstrate an 
improvement in clinical outcome combining both 
imaging techniques for RT planning compared to 

CT alone, since FDG-PET has been widely 
adopted together with CT into routine standard 
practice. However, the impact of FDG-PET in 
radiation planning for HL has been addressed 
in a number of studies, which are summarized in 
Table  5.1 . The proportion of HL cases in which 
there are changes in target volume with the incor-
poration of PET into RT planning in these studies 
ranges from 17 to 70 %. In general, FDG-PET is 
more likely to increase rather than decrease treat-
ment fi eld size, and signifi cant changes in the 

  Fig. 5.3    Involved-site radiation therapy (ISRT). ( a ) Pre- 
chemotherapy GTV based on PET/CT. ( b ) Pre- 
chemotherapy GTV on post-chemotherapy planning CT. 
( c ) Clinical target volume encompassing the extent of ini-

tial disease, created by modifying the pre-chemotherapy 
GTV on post-chemotherapy planning CT. ( d ) Digitally 
reconstructed radiograph of AP fi eld       
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radiation fi eld tend to occur with the  incorporation 
of FDG-avid lymph nodes that would not have 
been included with CT planning alone. This is 
critical in the application of INRT and ISRT 
where the potential for a marginal miss is 
enhanced. Reasons for the difference in reported 
changes may be due to the different methods for 
defi ning the RT fi eld, different inclusion criteria 
(e.g., age) and the fi elds that were evaluated (e.g., 
supradiaphragmatic disease only vs. supra- and 
infradiaphragmatic fi elds).

   In 2004 Lee et al. reported one of the earliest 
studies addressing the feasibility and impact of 
incorporating PET into RT treatment fi elds in 
lymphoma [ 30 ]. Seventeen PET scans from 
patients with thoracic lymphoma (both HL and 
NHL) were registered to CT. Comparisons were 

made between GTV on PET compared to GTV 
on CT in regard to total volume, as well as lateral 
and inferior extension of the volume. Of note, the 
authors did not include both CT and PET infor-
mation in delineating GTV, as is often done in 
modern treatment planning. Of the patients who 
had disease visible on both imaging techniques, 
the median total CT volume was larger than the 
total PET volume. In drawing lateral blocks, 
there were differences >3.0 cm in 40 % of cases. 
In only three cases the GTV based on PET was 
smaller than the GTV based on CT. Furthermore, 
the inferior CT extent of disease was in general 
lower to that of PET. Although contouring with 
PET led to signifi cant differences in GTV extent 
compared to CT alone, the treatment fi elds were 
only minimally impacted since conformal treat-

   Table 5.1    Studies addressing the impact of FDG-PET on radiation planning   

 Study  RT fi eld  No. of pts 
 Median age 
(range)  Histology 

 Findings with addition of PET to 
treatment planning 

 Hutchings 2007  IFRT  30  35 (18–79)  HL  10 patients (33 %) had change in 
fi eld size 
 7 patients (23 %) had increase in 
treatment volume 
 2 patients (6 %) had decrease in 
treatment volume 
 1 patient had upstaging from IIB 
to IIIBS based on splenic 
involvement 

 Girinsky 2007  INRT  30  Not reported  HL  36 % of patients had increase in 
fi eld size 
 PET increased average target 
volume to 313 cm 3  from 291 cm 3  
without PET;  p  = 0.0007 

 Paulino 2011  IFRT  53  14 (6–21)  HL  9 patients (17 %) had change in 
fi eld size 
 8 patients (15 %) had increase in 
treatment volume 
 1 patient (2 %) had decrease in 
treatment volume 

 Robertson 2011  IFRT  30  14 (5–18)  HL  21 patients (70 %) had change in 
fi eld size 
 32 sites were added and 15 sites 
were excluded 

 Terezakis 2011  IFRT  29  58 (21–88)  5 HL 
 21 NHL 
 3 plasma cell 

 23 treatment sites (72 %) had 
change in fi eld size 
 15 sites (47 %) had increase in 
treatment volume (median 11 % 
increase) 
 8 sites (25 %) had decrease in 
treatment volume (median of 
20 % decrease) 
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ment methods were not used. The authors con-
clude that incorporating PET into treatment 
planning is feasible and the infl uence of PET in 
thoracic lymphoma radiation fi elds appears to be 
modest. 

 The subsequent studies examining the impact 
of PET/CT in RT fi eld design using IFRT or 
INRT including areas outside of the mediastinum 
did not agree with this conclusion. Hutchings 
et al. retrospectively evaluated the treatment 
plans for 30 adult patients with early-stage HL 
who underwent PET/CT prior to chemotherapy 
with adriamycin, bleomycin, vinblastine, dacar-
bazine (ABVD) [ 23 ]. They each received IFRT 
as defi ned by the Nordic guidelines after chemo-
therapy. The radiation oncologists were blinded 
on the PET result; therefore only CT was used in 
the treatment fi eld delineation. According to the 
Nordic guidelines, the radiation fi eld according 
to IFRT modality encompasses only the tissue 
volume that had contained the anatomical extent 
of detectable HL masses prior to chemotherapy, 
with an additional margin of at least 3 cm while 
sparing the remaining Ann Arbor lymph node 
region uninvolved by disease. In this study, the 
patients received 30.6 Gy in 1.8 Gy daily frac-
tions with a boost of 5.4 Gy to areas of residual 
disease after chemotherapy. After completion of 
the RT course, the delineation of treatment fi elds 
was repeated on the planning CT scan including 
information from staging PET CT images. The 
study was aimed at assessing the contribution of 
PET/CT to a CT-defi ned radiation volume; a 
radiologist and a nuclear medicine expert delin-
eated the radiation fi eld in CT and PET, respec-
tively. When a focus was defi ned as PET positive, 
the actual delineation of the target volume was 
performed using the corresponding CT images 
for the precise anatomical defi nition and target 
volumes defi ned based on the Nordic IFRT 
guidelines. In 10 of the 30 patients (approximate 
33 %), the delineation of the CTV would have 
been changed by PET/CT. Seven patients had 
sites of PET involvement that were outside of the 
irradiated volume; hence the fi nal irradiated vol-
ume would have increased. In these patients, the 
volume receiving a minimum of 90 % of the pre-
scribed dose was increased by 8–87 % (median 

17 %). In two patients, PET CT would have 
decreased the irradiated volume, and the volume 
receiving a minimum of 90 % of the prescribed 
dose was decreased by 18 % and 30 %. One 
patient had evidence of FDG uptake in the spleen 
that had not been visible on CT and was upstaged 
from stage IIB to stage IIIBS. Given that the 
majority of patients had an increase in treatment 
fi eld size, it was recommended that FDG-PET 
should be used to reduce the amount of tissue 
receiving radiation therapy and would be war-
ranted in RT planning for smaller fi elds such as 
INRT. It is noteworthy that of the 30 patients who 
received IFRT based on CT only in this study, 29 
are in complete remission at the time of publica-
tion after a median follow-up of 24 months. One 
patient relapsed within the irradiated fi eld after 
2.8 years in a site that was positive on both CT 
and PET. 

 Robertson et al. performed a similar study in 
the pediatric HL population [ 41 ]. A nuclear med-
icine physician experienced in pediatric PET 
imaging interpreted the staging PET/CT. IFRT 
was delivered with a CTV created that covered 
that particular anatomic region as defi ned by the 
Ann Arbor staging system. The methods were 
slightly different in that all relevant lymph node 
sites and extranodal sites were systematically 
evaluated in 30 patients and analyzed separately 
by both CT and FDG-PET. Criteria for anatomic 
and functional imaging were defi ned by the cur-
rent Children’s Oncology Group (COG) protocol 
guidelines. The CT criteria were based on lymph 
node size depending on anatomical location. The 
PET criteria, on the other hand, remained rather 
subjective with “the level of tumor uptake 
assessed subjectively by visual inspection and 
semi-quantitatively by determination of SUV.” 
The authors found an overall 14 % discordant rate 
between PET and CT results with more disagree-
ment in nodal vs. extranodal sites. When the 
studies disagreed for a particular anatomic loca-
tion, it was more common for the PET to be posi-
tive with a negative CT than vice versa. Thirty-two 
new sites were added and 15 sites were excluded 
from the IFRT fi elds, which altered the fi nal 
treatment volumes in an impressive 21 of 30 
(70 %) of patients. The most commonly added 
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sites were the contralateral neck, para-aortic 
nodes, and spleen. The most commonly excluded 
sites were pleura, pericardia, and lung nodules. 
The authors concluded that PET was particularly 
helpful in detecting disease in relatively small 
lymph nodes in the neck and axilla that were 
below CT size criteria and was also superior in 
revealing disease in areas that are diffi cult to 
visualize on CT such as in the abdomen near the 
head of the pancreas. Patients in this study were 
treated to 21 Gy in either 1.5 or 1.8 Gy fractions. 
Four of the 30 (13 %) had relapsed at some point 
during or after treatment. There were no recur-
rences in sites excluded from RT based on PET 
with the exception of an axillary recurrence in a 
node that was not considered FDG avid nor posi-
tive on CT and therefore was not included in the 
treatment fi eld. In retrospect, however, the site 
was reinterpreted as hypermetabolic at time of 
initial staging highlighting the importance of 
identifying initially involved lymph nodes for RT 
fi eld delineation. The other three recurrences 
were within RT treatment fi elds in areas that were 
positive on CT and PET. 

 Paulino et al. also examined the impact of 
PET/CT on IFRT fi eld design for pediatric 
HL. This was the largest cohort with 53 patients 
studied [ 38 ]. On CT scan, any node was consid-
ered involved with lymphoma if the transverse 
diameter was >1.5 cm above the diaphragm and 
>1 cm below the diaphragm (except mesenteric 
nodes where >1.5 cm was the cutoff). Staging 
PET CT was also performed where the level of 
tumor uptake was assessed subjectively by 
“visual inspection by a nuclear medicine physi-
cian and semi-quantitatively by determination of 
SUV” per COG guidelines. IFRT was delivered 
(21 Gy in 14 fractions) to all sites of initial dis-
ease plus the entire nodal region. IFRT fi elds 
were drawn with and without PET CT informa-
tion and compared. According to the study 
design, in cases where there was a discrepancy 
between CT and PET/CT staging, sites of disease 
were confi rmed by either biopsy ( n  = 4) or by 
response to chemotherapy ( n  = 19) prior to admin-
istering RT. On retrospective review, 19 of 53 
patients (35.8 %) had discordance in at least 1 site 
between CT and PET/CT fi ndings, which led to a 

change in radiotherapy fi eld in 9 (17 %). Upon 
PET/CT staging, the fi elds increased in size in 8 
patients and decreased in 1, with a similar pattern 
reported in Hutchings et al. and Robertson et al. 
The most notable change in the RT fi eld was the 
inclusion of the spleen in 4 cases. Twenty-fi ve 
nodal sites and disease regions were examined, 
the specifi city, sensitivity, and positive predictive 
value of PET being 99.5 %, 96.3 %, and 97.9 %, 
respectively, similar to that reported in previously 
published reports [ 13 ]. The author’s conclusion 
was similar to that of Hutchings et al. that upon 
inclusion of PET/CT for IFRT planning, the size 
of radiation fi elds likely increases, a concept in 
sharp contrast to the ongoing paradigm shift 
toward decreasing treatment intensity (and there-
fore fi eld size) to minimize late effects. 

 The relationship between PET/CT-aided RT 
planning and size of radiation fi elds was also 
addressed by Girinsky et al. [ 16 ]. Thirty patients 
with early-stage HL who were treated with INRT 
according to the EORTC-GELA guidelines were 
included in the study. All tumor masses but one 
were FDG-avid prior to chemotherapy. FDG 
helped localize undetected lymph nodes on CT 
scan in 36 % of the patients and the metabolic 
information from pre-chemotherapy PET/CT 
signifi cantly modifi ed the fi nal irradiation 
 volumes – the average volume incorporating PET 
was 313 cm 3  (95 % CI: 230–397) compared to 
291 cm 3  by CT (95 % CI: 212–370) ( p  = 0.0007). 
In this study, the only recurrence after a median 
of 2 years was in an unirradiated area in a patient 
with stage II disease treated with ABVD. 

 Terezakis et al. report similar results in the 
examination of patients with HL, NHL, and 
plasma cell neoplasms [ 46 ]. They found that with 
the incorporation of PET in the defi nition of 
IFRT fi elds, treatment volume had increased in 
15 sites (47 %) by a median of 11 % and treat-
ment volume was reduced in 8 sites (25 %) by a 
median of 20 %. 

 Despite the limitations of these studies, includ-
ing the retrospective nature of the analysis, lack of 
statistical validation due to small sample size, and 
mainly descriptive methods applicable to this type 
of data, each provides valuable insight into the role 
of PET/CT in treatment planning for HL. With the 
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exception of Lee et al., which examined less 
modern treatment and imaging techniques, these 
studies concordantly conclude that FDG- PET 
signifi cantly changes the fi nal treatment volumes 
in IFRT and INRT fi elds. Moreover, the incorpo-
ration of PET is recommended for modern con-
formal fi elds such as INRT and ISRT, as is the 
current treatment paradigm.  

5.4     Methods for Incorporating 
FDG-PET in RT Planning 

 After co-registration of the pretreatment PET/CT 
to the posttreatment planning CT, the target vol-
ume should be delineated as described above. 
Ideally, only the tumor-dependent FDG uptake 
should be included in the radiation fi eld, while 
the unspecifi c FDG uptake by infl ammatory tis-
sue should not be taken into account. Prior to the 
introduction of PET/CT, the defi nition of an 
involved lymph node in HL was variable. The 
dimensional criteria, with a threshold of 1–1.5 cm 
in the longest transverse diameter as suggestive 
of lymphoma harbinger, were generally accepted 
[ 7 ]. There are many objections to this defi nition 
including a technical limitation related to the fact 
that cross-sectional lymph node dimension may 
vary in different spatial directions on CT scan, 
lymph node architecture can be modifi ed by 
tumor invasion, and, most importantly, lymph 
nodes can contain disease without a signifi cant 
increase in size. An additional layer of complex-
ity is added due to inter-observer variability with 
CT scanning. 

 The EORTC-GELA guidelines on how to 
incorporate PET CT into treatment planning for 
INRT are summarized below [ 17 ].

•    Both planning CT and PET/CT images in the 
treatment position must be obtained prior to 
chemotherapy and planning CT images only 
after chemotherapy. All images should be 
contrast-enhanced.  

•   Pre-chemotherapy PET/CT should be care-
fully analyzed to identify any lymph nodes 
that may have been overlooked on CT. An 

example of an FDG-avid lymph node over-
looked on CT is shown in Fig.  5.4 .

•      Comparison of pre- and post-chemo images, 
both for morphologic asymmetry on CT and 
functional asymmetry on PET/CT, can be an 
indicator of disease involvement (e.g., 
involved lymph nodes may decrease in size or 
disappear entirely).    

 With the movement from extended fi eld to 
involved fi eld and more recently to involved- node 
or involved-site radiotherapy, there has been a 
strong desire to generate more specifi c guidelines 
on target volume delineation including how to 
interpret imaging results from the PET/CT scan, 
particularly given the degree of inter-observer 
variability. As it stands, no consensus has emerged. 

5.4.1     Automated and Semi- 
automated Methods of Target 
Volume Defi nition 

 All of the studies and guidelines mentioned thus 
far have focused around using a primarily quali-
tative visual assessment of FDG-PET to aid in 
target delineation. This inherently subjective 
method requires input from an experienced radi-
ologist and/or nuclear medicine physician and is 
prone to inter- and intra-observer variability. 
Contouring the tumor with the aid of PET is par-
ticularly prone to variability as one can easily 
make the GTV appear larger or smaller on the 
PET scan by adjusting the threshold levels in the 
planning or image viewing software. Despite 
these limitations, the visual interpretation method 
refl ects the current level of practice. 

 One challenge with PET imaging in particular 
is the issue of edge detection. The appearance of 
the lesion edge on PET can by infl uenced by a 
number of factors related to the size and shape of 
the lesion. One way to address this problem is to 
fuse the PET with cross-sectional anatomy on CT 
scan as is often done in clinical practice. The 
edges that are not well defi ned on PET may be 
better defi ned on CT. However, in areas of dis-
ease that are imbedded within an area of similar 
Hounsfi eld units (e.g., tumor next to atelectatic 
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lung), this is not very helpful. Visual contouring 
is the most common method of defi ning edges in 
3-dimensional space, but this again invites inter- 
observer variability and creates potential pitfalls 
with quality assurance. 

 Much controversy surrounds the value of PET 
in  tumor  volume delineation or the delineation of 
the pre-chemo GTV, which if performed in an 
automated or semiautomated way would require 
both a cutoff value and edge detection method-
ologies. Those who do not believe that PET 
should be used to delineate tumor volumes base 
their argument on the fact that PET and CT are 
conceptually different imaging modalities [ 16 ]. 
Additionally, CT scan can provide an instanta-
neous image, particularly when breath-hold tech-
niques are utilized, and inherent in its nature, a 
PET scan produces an image over time and as a 
result cannot be controlled for motion (e.g., 
mediastinal mass motion during the breathing 
cycle). Spatial resolution is also different between 
the two and image windowing can dramatically 
change the size of a tumor mass on FDG- 

PET. Regardless, PET remains an invaluable tool 
for target delineation given the metabolic infor-
mation it provides that complements the ana-
tomic information from CT scan [ 20 ]. 

 Because PET is critical to implementing INRT 
and ISRT, some authors have suggested that a 
threshold-based target volume could be deter-
mined in order to facilitate reproducibility from 
patient to patient and from physician to physician 
[ 29 ]. PET is a quantitative imaging technique; 
therefore mathematical models and imaging pro-
cessing methods have been proposed to aid in 
contouring a PET volume using an automatic or 
semiautomatic methodology. All methods have 
advantages and disadvantages, and none have 
proven to be clearly superior to the others. 
However, it must always be remembered that in 
their current state, automated methods have a 
shared inherent weakness in that they cannot dif-
ferentiate between FDG uptake due to malignancy 
compared to other benign conditions, which some 
would argue is the most challenging aspect of tar-
get delineation with PET in radiation planning for 

  Fig. 5.4    FDG-avid lymph node in right cervical region that was overlooked on CT ( arrow )       
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lymphoma. A few of the most common automated 
and semiautomated methods of target volume 
delineation will be described below.  

5.4.2     SUV 

 PET was ultimately developed as a quantitative 
tool. Although many methods have been devel-
oped [ 19 ], the SUV, despite its limitations, is the 
most widely used method for quantifying FDG- 
PET studies. In fact, most automatic or semiauto-
matic contouring methods involve SUV in some 
way. The SUV represents the FDG uptake within 
a tissue measured over a certain interval after 
FDG administration and normalized to the 
injected dose and to a factor that takes into account 
the distribution of FDG throughout the body (such 
as body weight) [ 28 ]. The determination of max 
SUV in a given lesion is a very common and reli-
able way to differentiate between benign and 
malignant conditions. However, one must always 
keep in mind that SUV should not be taken out of 
context, and absolute SUV measurements can be 
unreliable since it is a value that is affected by 
many factors. Technical factors such as errors in 
calibration between the PET scanner and dose 
calibrator [ 14 ], biologic factors such as patient 
comfort [ 2 ], and physical factors such as various 
image reconstruction parameters and region of 
interest (ROI) defi nitions [ 4 ] all play a role in 
SUV determination (see Chapter   4    ). It is also 
important to remember that a PET scan is not a 
sophisticated cancer map; it is simply a measure 
of glucose uptake in tissue. There are many other 
reasons why tissues take up glucose – e.g., physi-
ologic reasons, infl ammation, etc. which will be 
explained in more detail later in the chapter and 
more extensively in the Chap.   6     of this book.  

5.4.3     Thresholding 

 The simplest method of using PET for target vol-
ume delineation is to use SUV itself. For exam-
ple, in NSCLC, an SUV value ≥ 2.5 is considered 
abnormal and highly suspicious for tumor [ 22 ]. 
Although this approach may be reasonable for 

lung tumors, the appropriate SUV value cutoff is 
less clear for other malignancies such as head and 
neck cancer, esophageal cancer, and lymphoma. 
Furthermore, it is well known that benign condi-
tions can lead to SUV >2.5 and small lesions and 
edges of moving lesions may falsely lower the 
SUV to <2.5 due to what is known as the partial 
volume effect. 

 Using an absolute threshold or cutoff value 
with SUV is not only helpful in determining 
which lesions represent disease, it is also a 
straightforward way to perform auto- segmentation 
(i.e., auto-contouring) [ 50 ]. In fact, one of the 
most common methods of contouring a tumor 
based on FDG-PET is using a fi xed threshold 
method. For example, with a threshold cutoff 
value of 2.5, any voxel with an SUV of 2.5 or 
higher would be included the target volume. 

 In a similar way, a percent threshold for 
SUV max  or SUV peak  can be used instead of an abso-
lute threshold value. In this method, the volume 
defi ned as tumor represents a fi xed percentage 
relative to the tumor SUV max . Most reports use the 
value of 40–50 %; however with these thresholds, 
this technique may underestimate the size of the 
GTV, particularly when the primary tumor is large 
with inhomogeneous FDG uptake, as is often the 
case with lymphoma. On the other hand, using 
lower thresholds may overestimate the tumor vol-
ume and include areas that do not represent dis-
ease. A recent retrospective analysis of pediatric 
and young adult patients with HL demonstrated 
that applying SUV max  thresholds from 15 to 40 % 
led to signifi cant variations on INRT treatment 
volumes and the optimum starting threshold may 
be somewhere between 15 and 20 %, with the 
caveat that this low threshold will often include 
areas of physiologic uptake that must be carefully 
excluded by the trained eye with input from a 
nuclear medicine physician [ 47 ].  

5.4.4     Other Automated 
Segmentation Methods 

 More complex algorithms have been described in 
the literature for metabolic tumor volume (MTV) 
assessment, based on a tumor contouring approach, 
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using a predefi ned cutoff value of the measured 
activity inside the tumor compared to the surround-
ing background: the tumor to background ( T / B ) 
ratio [ 10 ]. The advantage of this method is that it is 
independent of tracer uptake in tumor, which can 
be quite heterogeneous in HL. The main disadvan-
tage is that it relies on quantifying background 
uptake, which is fraught with challenges similar to 
SUV calculation with inherent technical and statis-
tical errors. In order to address the issue with edge 
detection, numerous publications have reported the 
successful use of complex algorithms and adaptive 
thresholding methods [ 12 ]. 

 Although there have been many approaches to 
auto-segmentation described in the literature, 
each approach has limitations that preclude its 
implementation as standard of care. Most experts 
agree that automated or semiautomated methods 
should be aimed at reducing variability rather 
than replacing human operation, but we do not 
know the ideal way to use PET for target volume 
delineation. Given that the qualitative visual 
method (with knowledge of quantitative parame-
ters such as SUV) is still the primary method of 
incorporating PET into RT planning, there is a 
need for a multidisciplinary assessment of 
patients upfront before chemotherapy in order to 
have an accurate assessment of regions involved 
with disease for the application of smaller radia-
tion treatment fi elds.  

5.4.5     PET Imaging Protocols 

 Although most information on PET scan results 
can be gathered with visual assessment in daily 
practice, the quantitative readings could in theory 
give some advantages, by providing information 
on a continuous variable such as the intensity of 
FDG uptake by the tumor. Quantitative metrics 
for FDG uptake measurement is critical in 
response assessment, staging, and RT planning. 
Imaging protocols are designed to make results 
reproducible between patients. As such, they are 
often rigorous and must be consistently applied in 
order to generate the most meaningful informa-
tion. Some PET scanners are located within radia-
tion oncology departments and other institutions 

rely on PET scans obtained in the nuclear medi-
cine department. Regardless of the location of the 
PET scanner, the quality control is still important 
[ 33 ,  35 ]. In 2008, shortly after INRT was intro-
duced in Europe, the International Atomic Energy 
Agency published guidelines summarizing two 
consensus meetings regarding the role of PET in 
radiation treatment planning. These guidelines 
clearly state that when PET scans are to be used 
for radiation planning, all of the tools used for 
patient immobilization should be available includ-
ing customized molds and face masks. All images 
should be obtained on a fl at tabletop (similar to 
the radiation treatment table). Furthermore, laser 
beams should be installed for patient alignment 
and the gantry aperture must permit a range of 
patient positions, including arms up and arms 
akimbo [ 24 ]. Of course, this represents the ideal 
situation. Often, stand-alone pretreatment PET/
CT images are all we have available, in which 
case a great deal of caution must be used when 
transferring the PET or PET/CT into the RT plan-
ning software workstation and the PET imaging 
should be checked for correct normalization and 
SUV quantifi cation. 

 As previously described, RT planning after 
chemotherapy is based on the pre-chemo extent 
of disease unless disease progression has 
occurred. Ideally, the radiation oncologist should 
see the patient at diagnosis and obtain CT and 
PET/CT in the treatment position to allow for 
ease of contouring at the time of treatment. The 
treatment position in lymphoma varies depend-
ing on clinical factors including areas of disease 
involvement as well as patient age and normal 
tissue exposure. For the most part, arms will 
either be raised or akimbo with neck extended in 
cases that require irradiation of cervical nodes or 
Waldeyer’s ring. This includes imaging with 
immobilization devices where appropriate. If the 
radiation oncology facility is not equipped with a 
PET/CT scanner or if pre-chemo imaging in the 
treatment position is not available, then co-regis-
tration must take place. 

 Fusing the pretreatment PET/CT directly to 
the posttreatment, CT has the advantage of pro-
viding physiologic data with precise topographic 
localization and is preferred over side- by- side 
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imaging. Metwally et al. assessed the inter-
observer variability in CTV defi nitions when pre-
treatment PET/CTs were either co-registered to 
posttreatment planning CTs or evaluated with 
side- by- side imaging. The authors found that reg-
istration of the PET/CT and planning CT images 
resulted in signifi cantly greater consistency of 
tumor volume defi nition [ 34 ].  

5.4.6     Concept of Dose Escalation 

 In an attempt to better understand the biological 
signifi cance of FDG-avid areas of tumor in HL, 
Girinsky et al. measured the degree of shrinkage in 
the FDG-avid volume of tumor compared to non-
FDG-avid volume after treatment with chemother-
apy [ 16 ]. The hypothesis was that FDG- avid areas 
of disease may demonstrate less response to che-
motherapy and would therefore benefi t from 
receiving higher doses of radiation therapy (also 
known as dose escalation or dose painting). 
However, responses after chemotherapy were sim-
ilar for both FDG-avid and non-FDG-avid lesions 
(67 and 68 % decrease in size, respectively). In 
addition, on average 25 % of the volume of disease 
at baseline was FDG avid (range 0–54 %), sug-
gesting that about 75 % of the tumor mass would 
not have been visualized if the PET had been per-
formed alone. The authors conclude that dose 
escalation based on FDG avidity is not a reason-
able treatment strategy in HL. Although this study 
does not support the use of dose escalation based 
on FDG avidity, there may be other imaging bio-
markers that hold promise in determining which 
patients and which lesions are more likely to recur 
and would therefore benefi t from more aggressive 
local therapy.   

5.5     FDG-PET: Pitfalls 
and Artifacts Relevant to RT 
Planning 

 Although PET has high sensitivity in HL, there 
can be a number of false positives [ 31 ], particu-
larly when interpreted by radiologists or nuclear 

medicine physicians who lack experience in the 
pediatric lymphoma population [ 27 ]. Multiple 
noncancerous conditions can mimic lymphoma 
such as thermogenic brown fat (also known as 
brown adipose tissue (BAT)), strained muscle, 
infections, transforming germinal centers in nor-
mal lymphatic tissue, thymic hyperplasia, and 
general infl ammatory conditions such as granulo-
matous diseases (e.g. sarcoidosis) (see Chapter   6    ). 

5.5.1     Organ Motion 

 One must keep in mind that PET images are 
acquired over a relatively long period of time 
(more than 20’) and therefore lesions that are 
subject to motion related to the breathing cycle 
may appear larger than their actual size. This also 
has an impact on partial volume effect, where the 
tumor SUV is underestimated. We do not typi-
cally use respiratory gating during PET/CT 
acquisition but this could be considered moving 
forward if PET if PET alone were to be used for 
target volume delineation.  

5.5.2     Brown Adipose Tissue 

 BAT as opposed to white adipose tissue (WAT) is 
capable of generating heat in response to cold 
exposure or food ingestion as a consequence of its 
unique ability to uncouple oxidative phosphoryla-
tion in mitochondria. Hence, heat is generated 
rather than ATP during metabolism. The metabo-
lism of glucose during this process is via the 
anaerobic pathway and a greater amount of glu-
cose is required in order to provide the ATP for 
fatty acid oxidation. For this reason BAT is a 
potential source of false positives in PET scans. 
Brown fat is more common in children and 
females, is characteristically not associated with a 
radiographic or clinical abnormality, and typically 
has a curvilinear distribution in the neck and 
supraclavicular areas. This highlights the impor-
tance of contouring with FDG-PET co- registered 
with a CT scan to provide superior anatomic 
localization of all PET abnormalities. This abnor-
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mal uptake is also present in adipose tissue in 
other parts of the body, specifi cally in the medias-
tinum and perinephric fat. The incidence of FDG-
avid adipose tissue has been estimated to be 
between 2 and 6 % depending on the series and 
can be easily misinterpreted as additional areas of 
pathologic lymphadenopathy [ 8 ]. Measurement 
of SUV is not always helpful in differentiating 
between malignant and benign etiology. In one 
series, the SUV associated with BAT was reported 
as high as 20 [ 51 ]. An example of FDG uptake 
due to brown adipose tissue is shown in Fig.  5.5 .

5.5.3        Thymic FDG Uptake 

 It is generally accepted that some degree of thy-
mic FDG uptake can be expected until puberty, at 
which point the thymus undergoes fatty infi ltra-
tion and involutes. In these prepubescent patients, 

the rate of mild FDG uptake associated with a 
normal thymus has been estimated to be about 
50 % [ 37 ]. Some studies have shown that physio-
logic uptake can be seen in older patients as well 
[ 36 ]. Another cause of thymic uptake is thymic 
hyperplasia. This phenomenon is associated with 
chemotherapy, particularly in children with lym-
phoma, but can also be seen in adults [ 5 ]. A criti-
cal evaluation of the thymus may be necessary in 
radiation planning given that it is not uncommon 
for the thymus to be involved with mediastinal 
HL, more commonly in the nodular sclerosis sub-
type [ 48 ]. The recognition of physiologic uptake 
from involvement with HL is particularly impor-
tant in the era of more conformal radiation tech-
niques. In equivocal cases, other imaging 
modalities such as MRI can be useful to differen-
tiate benign thymic uptake from malignancy.  

5.5.4     Physiologic FDG Uptake 

 We must keep in mind that FDG uptake also 
occurs in nonmalignant tissue other than brown 
fat and the thymus [ 9 ,  43 ]. FDG accumulation is 
actually most notable in the brain and heart due to 
the presence of glycolytic metabolism. Because 
FDG is excreted through the urinary system, FDG 
activity will be present in the kidney’s intrarenal 
collecting system, the ureters, and the bladder. 
Less intense radiotracer activity is present in the 
liver, spleen, and bone marrow. Variable physio-
logic uptake can occur in the digestive tract as 
well. It is not uncommon for focal uptake to occur 
at the GE junction. Uptake in the digestive system 
could easily be assumed to represent subdiaphrag-
matic lymphadenopathy without correlation to 
anatomic cross-sectional imaging on CT. In 
patients who have fasted (which is required for 
PET scanning), it is not uncommon for the stom-
ach, normal colon, and small intestine to also dis-
play FDG uptake. In the bowel, the uptake is 
typically isolated rather than diffuse and its linear 
confi guration allows the correct identifi cation as 
uptake limited to the normal bowel. Other areas 
that can also lead to FDG uptake include the skel-
etal muscle, thyroid, and bone marrow.  

a

b

c

  Fig. 5.5    FDG uptake due to brown adipose tissue demon-
strated on ( a ) PET, ( b ) CT, and ( c ) co-registered PET/
CT. Note the absence of tissue density in the region of 
FDG uptake, a classic fi nding associated with brown adi-
pose tissue       
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5.5.5     Benign Pathologic Causes 
of FDG Uptake 

 Benign pathologic FDG uptake can occur in lymph 
nodes, posing problems in using PET/CT for RT 
planning in HL. One must be aware that active gran-
ulomatous disease such as sarcoidosis and tubercu-
losis can also cause uptake in lymph nodes [ 32 ]. 
Healing bone and degenerative joints and other sites 
of infection or infl ammation can all cause an 
increase in FDG that may mimic malignancy [ 45 ].      
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