Chapter 22
PET-CT Imaging of Lymphoma

Lale Kostakoglu

Effective combination therapy protocols can produce prolonged
disease-free and overall survival in the majority of patients
with Hodgkin’s disease (HD) and certain subtypes of non-
Hodgkin’s lymphoma (NHL). Even in patients with
advanced-stage HD and aggressive NHL, complete remis-
sion can be achieved in up to 75% of patients at first presen-
tation with proper management [1, 2]. Accurate risk factor
profiling using staging and established predictors of out-
come, including gene profiting as well as effective restaging
and response evaluation during or following therapy are pre-
requisites in the determination of optimal treatment. This
may also lead to selection of a proper subset of patients in
whom radiation therapy (RT) could be avoided. Anatomic
imaging modalities such as computed tomography (CT) lack
the ability to identify lymphoma in normal size lymph nodes
and are unable to differentiate nodes which are enlarged due
to other therapy-related benign causes [3]. Similar to CT,
magnetic resonance imaging (MRI) findings are not specific
for viable tumor and cannot differentiate active lymphoma
from infectious or inflammatory processes including radia-
tion fibrosis [4, 5]. Ga-67 scintigraphy, despite its proven
prognostic value as a predictor of therapy response during or
after therapy, suffers from low spatial resolution, lack of
specificity, low sensitivity in infradiaphragmatic lesions, and
low-grade lymphoma [6, 7]. Ga-67 scintigraphy has now
largely been superseded by positron emission tomography
imaging using [F-18]fluorodeoxyglucose (FDG PET).

FDG PET has become an integral part of the initial staging
and response evaluation algorithm for lymphoma, providing
vital information regarding tumor biology and metabolism.
There is now convincing evidence that FDG PET is a more
accurate imaging modality in the staging and evaluation of
treatment response in lymphomas compared to conventional
imaging techniques [8-20], including both CT and Ga-67
scintigraphy. Furthermore, persistent FDG uptake during
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and after chemotherapy has proven highly sensitive and
specific in the differentiation of residual viable disease from
benign posttherapy changes. This superior feature can poten-
tially alter patient management and outcome by identifying
the subset of patients requiring additional therapy or a change
in treatment regimen. The accuracy of FDG PET imaging
has significantly improved with the recent introduction of
combined modality PET-CT [19]. PET-CT provides a com-
prehensive examination that combines morphologic diagno-
sis and functional/metabolic information in the same imaging
session [21].

This chapter summarizes the data on the proven and
potential utility of FDG PET imaging in combination with
CT at staging, restaging, and predicting response to therapy
as well as the current limitations of this combined imaging
modality in patients with lymphoma.

Pathologic and Clinical Classification
of Lymphomas

The current lymphoma classification system is based on both
morphologic and biologic characteristics of lymphomas. The
Revised European-American Classification of Lymphoid
Neoplasms (REAL) system was developed in 1994 to incor-
porate morphology, clinical features, immunophenotype and
cytogenetics [22]. The World Health Organization (WHO)
classification subsequently updated the REAL system with
minor modifications [23]. This integrated system — WHO/
REAL classification — is currently in clinical use for both HD
and NHL [24]. Despite the complexity and diversity of this
integrated system, lymphomas are traditionally subdivided
into two broad categories: Hodgkin’s disease (HD) and non-
Hodgkin’s lymphomas (NHL). Also for practical purposes
NHL can be classified into indolent (low-grade) and aggres-
sive lymphomas. NHL accounts for more than 85% of the
lymphomas. Aggressive lymphomas constitute approximately
60% of NHL series, while indolent lymphomas account for
approximately 40% of new diagnoses. The vast majority of
NHL (~90%) are of B-cell origin. Early stage lymphoma is
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curable in greater than 75% of patients; however, advanced
stage disease is curable in only 50% of patients [25].

HD accounts for 10—15% of lymphomas and composed of
two different entities, classical HD representing 95% of
cases, and nodular lymphocyte-predominant HD that makes
up 5% of cases. Classical HD is further subdivided into nod-
ular sclerosis (accounts for 65-80% of all cases), mixed cel-
lularity, lymphocyte rich, and lymphocyte depletion types.
With polychemotherapy the cure rate for HD is greater than
80% of patients with first-line therapy. Patients with nodular
lymphocyte-predominant HD, usually present with isolated
peripheral lymph node involvement. These patients have a
clinical course resembling NHL with an indolent growth pat-
tern with single and multiple relapses as well as late relapses.
Diffuse large cell lymphoma, most common type of aggres-
sive NHL, sometimes occurs concurrently or subsequently in
patients with nodular lymphocyte-predominant HD with a
cumulative risk of 9% at 10 years [26].

Staging of Lymphomas

The TNM (tumor, node, metastasis) system is not applicable
in lymphomas because usually the specific origin of tumor is
not clearly identified. The Ann Arbor staging system remains
the most widely used staging system which was introduced
for HD and a modified version of this system is adopted for
the use in NHL (Table 22.1) [27, 28]. There are basically
four stages of lymphomas as demonstrated in Table 22.1.
Subscript suffixes are affixed to any stage for more detailed
staging. The constitutional symptoms (B) (Fever higher than
100.5°F, night sweats, and weight loss) and bulky disease
(X) (tumor >10 cm) portend worse prognosis for each stage

Table 22.1 Ann Arbor staging system of lymphomas

Stage I

Involvement of a single lymph node region or involvement of a single
extralymphatic organ

Stage II

Involvement of two or more lymph node regions on the same side of
the diaphragm or localized involvement of an extralymphatic organ
or site plus an involved lymph node region on the same side of the
diaphragm

Stage II1

Involvement of lymph nodes involved on both sides of the diaphragm
can be accompanied by extralymphatic organ involvement
including the spleen

Stage IV

Diffuse or disseminated involvement of one or more extralymphatic
organs with or without associated lymph node involvement

The presence or absence of the following symptoms should be noted

with each stage designation

A=asymptomatic

B =fever, sweats, or weight loss greater than 10% of body weight

of HD. The subscript is “E” denotes extranodal disease
contiguous or proximal to the known nodal site: Stages I and
ITA are considered early-stage disease although up to 35% of
patients with early-stage HD have occult abdominal nodal or
splenic involvement [29]. Stages IIB (particularly bulky), III,
and IV are considered advanced-stage disease.

Staging Workup of Lymphomas

Recommended procedures for a thorough staging workup
include medical history and physical examination, laboratory
procedures (complete blood cell count with differential, periph-
eral blood smear, lactate dehydrogenase, 3, microglobulin,
serum protein electrophoresis, sedimentation rate, and blood
chemistries), bone marrow biopsy in patients with B symptoms
and advanced stage disease. The imaging studies typically
include chest radiograph, chest, abdomen, and pelvis CT, and
may also involve ultrasonography, endoscopy, and MRI, and
lately whole-body FDG PET. Ga-67 SPECT imaging can still
be used, although it has been replaced by FDG PET imaging in
most centers. Other studies, including organ biopsy and CSF
sampling, are considered in certain clinical situations.

Role of Imaging in Management
of Lymphoma

Aggressive NHL and HD

At initial staging, an accurate and objective imaging modality
is of particular importance in guiding therapeutic approach,
especially the use of radiation therapy (RT). Although stag-
ing is clinically important, studies of immunophenotype and
molecular genetics are essential to refine diagnosis and man-
agement, particularly in NHL. Until recently, extended field
RT has been considered the standard treatment for early stage
HD. There is, however, an increasing trend to employ che-
motherapy and most groups adopted a strategy using short
duration chemotherapy combined with involved field RT
(restricted to involved lymph nodes) in this group of patients
[30]. Advanced stage (stages III-1V) disease is invariably
treated with multiple chemotherapy protocols. Thus, staging
still holds its critical position in the management of lym-
phoma even with the latest changes in therapeutic approach.
In patients with HD or aggressive NHL (mostly DLCL), the
therapy objective is the complete eradication of disease while
minimizing adverse short- or long-term complications of
therapy, particularly related to the RT. Unnecessary use of
RT could result in excess toxicity such as secondary
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malignancies and cardiac disease, while appropriate use can
potentially decrease risk of disease recurrence and allow for
shorter courses of chemotherapy cycles attendant reduction
of chemotherapy toxicity [31]. Hence, segregating patients
who could achieve cure without the need of RT is an impor-
tant management strategy involving imaging.

Perhaps the most clinically relevant issue surrounding
aggressive NHL and HD is the ability to perform prognostic
determination. FDG PET findings can be an independent
predictor of tumor response or complementary to the estab-
lished prognostic factors; international prognostic index in
NHL and international prognostic score in HD, and poten-
tially contribute to, or single-handedly, direct a change in
management. For this concept to be of practical value, how-
ever, alternative treatment options should be available and
also establishment of prognosis as favorable or poor must be
followed up with a treatment change that is necessary and
sufficiently effective to improve outcomes.

Mantle Cell Lymphoma

Mantle cell lymphoma is a rare and distinct entity of lym-
phomas which accounts for 5-10% of all lymphoma cases.
Patients usually present with advanced stage disease (Ann
Arbor stages II and IV) with generalized lymphadenopathy
and extranodal involvement (90%) (BM, liver spleen GIT)
similar to other indolent lymphomas. The prognosis is invari-
ably poor, however, due to aggressive and progressive clini-
cal course with no curative conventional therapy generally
available. Imaging for staging purposes does not have major
influence on management due to disseminated nature of dis-
ease; however, evaluation of therapy response is important
for potential therapeutic alterations. PET-CT may have a
niche in the posttherapy period for evaluating residual masses
and therapy response. Nonetheless, in the absence of effec-
tive alternative therapy options, the role for imaging in the
management of mantle cell lymphoma is relatively limited.

Indolent (Low-Grade) NHL

Low-grade lymphomas are incurable with current treatment
modalities. The treatment in indolent lymphomas is defined
by clinical symptoms rather than disease extent; therefore,
determination of extent of disease or therapy response may
not lead to improved outcomes. With current therapeutic
strategies, identification of additional disease sites using
PET-CT in the staging of indolent NHL is not an important
determinant of management, as 80-90% of patients initially
present with advanced-stage disease with generalized nodal

and extranodal disease (mainly BM) involvement. New
approaches combining classical dose-intense chemotherapy
with “tumor-specific” antibody targeting may lead to a survival
benefit [32], potentially increasing the role of imaging in the
management of low-grade NHL. Nonetheless, imaging
currently has a limited role in the management of indolent
lymphoma owing to specific features of the disease. A char-
acteristic of indolent lymphomas is the phenomenon of spon-
taneous regression. Such spontaneous regression is usually
partial and short-lived, and imaging findings can help deter-
mine the disease status which may prompt therapy during the
active course of disease. Other characteristics of indolent
lymphomas include synchronous discordant lymphomas
(20-30% of newly diagnosed patients) and transformation to
an aggressive subtype (30-50%) during the first 10 years fol-
lowing diagnosis [33]. In these situations, PET-CT has a
definite role to determine the sites of discordant lymphomas
as well as transformation for biopsy guidance and subse-
quent effective management.

PET-CT for Diagnosis and Staging
of Lymphoma

The diagnosis of lymphoma requires adequate tissue for his-
topathologic diagnosis, and imaging can direct the site of
biopsy when such is not clinically obvious. Accurate initial
staging of patients with lymphoma can be crucial for deter-
mining treatment strategy, including the use of RT. Advanced-
stage HD or NHL is treated with combination chemotherapy.
Early-stage HD patients (stage I and II) are generally divided
into favorable or unfavorable groups based on prognostic
factors. The patients in the favorable group are managed with
treatment reduction strategies; the patients in the unfavorable
group are managed with combined modality therapy.
Traditionally the imaging modality of choice for the diag-
nosis and staging of lymphoma has been CT, in some instances
accompanied by sonography or endoscopy. MRI is a com-
petitive anatomic imaging technique which can provide
images of the abdomen of somewhat comparable diagnostic
quality with the advent of faster acquisition sequences, par-
ticularly the turbo spin-echo (TSA) or fast spin-echo
sequences. Additionally, MRI offers advantages including
better tissue discrimination, lack of ionizing radiation and use
of contrast agents with less risk of systemic effects [34-36].
Nevertheless, the diagnostic accuracy of both CT and MRI
depends largely on lymph node enlargement and multiplicity.
Thus, false-negative results occur in normal size lymph nodes
that harbor lymphoma and lymph nodes that are enlarged due
to reactive changes can give rise to false-positive findings.
FDG PET as a metabolic imaging modality and more
recently PET-CT as a combined morphologic and metabolic
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Fig. 22.1 Hodgkin’s lymphoma on left supraclavicular lymph node
biopsy. Anterior FDG PET (a) maximum intensity projection image
(MIP) shows mediastinal FDG uptake as well as small foci in the left
axilla, left supraclavicular fossa, and in the upper abdomen. Coronal
contrast enhanced CT (b) and FDG PET (c) images demonstrate the
confluent bulky intensely FDG avid mediastinal soft tissue and a 1.2-
cm FDG avid left supraclavicular lymph node (arrow). Transaxial

modality has been integrated into the diagnostic algorithm of
staging for both HD and NHL. The findings of FDG PET are
usually concordant with those of CT at initial staging, even
though, PET detects additional tumor sites and also can
upstage or downstage disease in some patients (Fig. 22.1)
[10—12]. One should also realize, however, that although the
additional information derived from an imaging modality
can upstage or downstage disease, the findings may not lead
to management changes unless early stage disease is upstaged
to advanced stage disease or vice versa.

Nodal Lymphoma

HD and NHL have different presentations both in the chest
and abdomen, including different morphologic and metabolic

contrast-enhanced CT (d) and FDG PET (e) images demonstrate an
FDG avid 1.3-cm lymph node just below the gastroesophageal junction
(arrow) and FDG avid nodal mass at the anterior cardiophrenic sulcus
(arrowhead). The cardiophrenic nodal involvement is still considered
above the diaphragm disease; however the gastrohepatic ligament node
involvement, not readily apparent on CT images alone, is below the
diaphragm and renders the patient stage I11

features (Tables 22.2 and 22.3). Lymph node involvement is a
central feature of diseases.

CT in Nodal Lymphoma

Atinitial staging, CT is usually performed with oral and intra-
venous contrast and in the follow-up evaluation is performed
without the use of intravenous contrast at some centers. Most
mediastinal lymph nodes can be detected without intravenous
contrast, but are more reliably measured on contrast enhanced
scans. Inclusion of the neck in the CT or MRI evaluation
yields a more accurate staging as lymphoma, particularly with
HD, which accounts for 10% of the head and neck tumors.
When lymphoma involves cervical lymph nodes they can be
either enlarged or numerous. In general cervical, axillary, and
mediastinal lymph nodes are considered abnormal when their
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Table 22.2 PET-CT imaging features of Hodgkin’s disease

Lymphoma type General characteristics and PET-CT findings

Classical HD .

Lymphocyte-predominant
Hodgkin’s disease .

Contiguous involvement along lymph node regions

Initial disease located in the chest in >70%

Superior mediastinal LN’s involved in the most of patients (>90%)

Coronal scans are useful in defining mediastinal disease

Bulky mediastinal HD defined as tumor mass greater than one third of intrathoracic diameter at T5-T6
Bulky mediastinal HD is denoted as “X” in staging, associated with worse prognosis

Bulky mediastinal disease has to be specifically reported for a proper management

Isolated lung involvement does not occur in the absence of mediastinal disease

Pulmonary and chest wall involvement is often the result of direct extension

Posterior mediastinal involvement is usually associated with infradiaphragmatic disease

Pleural effusions usually occur with bulky disease

In the abdomen, HD is mostly located in upper abdomen and retroperitoneal LNs

PET is particularly important in evaluating the abdomen as LN enlargement may not occur in retroperitoneal
nodal compartment

Majority of recurrences occur within 2 years of completion of therapy

Patients treated with combination of chemo and RT are at a higher risk of developing secondary tumors
including leukemia, NHL, solid tumors

Involvement of mediastinum and hilar regions is not as common as in classical HD

Skip areas are more common compared to contiguous pattern seen with classical HD

Recurrences are usually late, development of NHL is more common than classical HD

LN lymph node, RT radiation therapy

Table 22.3 PET-CT imaging features of non-Hodgkin’s lymphoma

Lymphoma type

General characteristics and PET-CT findings

Aggressive

Indolent
Follicular

CLL/SLL

Marginal zone/MALT

Mantle cell

PET-CT defines the lung parenchyma for excluding involvement in patients with lower mediastinal and hilar
lymphoma

Disease distribution is more even in the involved parts of the body compared to HD

Pulmonary lymphoma is a part of advanced stage disease

In the abdomen, disease can be at any LN station including mesenteric LNs

Mesenteric LN involvement is usually associated with encasement of the vessels

In abdominal disease, LNs are almost always enlarged unlike HD

Majority of recurrences occur within 2 years of completion of therapy

In evaluating Waldeyer’s ring PET should be accompanied with contrast CT or MRI, as physiologic uptake in
lymphatic tissues especially in tonsils may be prominent

Lymphoma in Waldeyer’s ring is with cervical LN involvement in 50% of patients

Salivary gland involvement is invariably the result of systemic disease

Lymphoma of the thyroid gland presents as a thyroid nodule and usually affects women with Hashimoto’s
thyroiditis

Low-grade FDG uptake in multiple LN stations, both in supradiaphragmatic and infradiaphragmatic sites
Hilar and mediastinal LNs are often involved but large mediastinal masses are rare

Heterogenous uptake with at times focal lesions in the BM suggests BM involvement

Lesions with FDG uptake in the liver, spleen indicate lymphoma involvement

Hepatosplenomegaly is diffuse rather than with discrete lesions

During waxing and waning periods FDG uptake may disappear and reappear in various sites

Low-grade to undetectable FDG uptake in massively enlarged LNs in a widespread fashion
Hepatosplenomegaly is diffuse rather than with discrete lesions

Primary pulmonary lymphoma is often of MALT type NHL

MALT lesions if positive on initial staging should be followed by PET-CT after treatment of H. pylori with
antibiotics if applicable

Heterogenous uptake with at times focal lesions in the BM suggests BM involvement

Extranodal involvement of the liver and GIT is not rare

BM bone marrow, CLL/SLL chronic lymphocytic leukemia/small lymphocytic lymphoma, GIT gastrointestinal tract, LN lymph nodes
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short axis diameter exceeds 10 mm. This size criterion of
6 mm has been advocated for prevascular, internal mammary,
posterior mediastinal, and anterior diaphragmatic lymph
nodes [37].

In patients with HD, thoracic disease, mediastinal nodes,
particularly those in the superior mediastinal location, is
more frequently involved (=85%), while intrathoracic lym-
phoma in NHL is an extension of widespread disease process
(Tables 22.2 and 22.3). Mediastinal HD is characterized by
the presence of a discrete anterior superior mediastinal mass
with surface lobulation due to involvement and coalescence
of multiple lymph nodes (Fig. 22.2), while characteristic fea-
tures of mediastinal aggressive NHL, mainly diffuse large
cell type, included regular contour and absence of associated
cervical and abdominal lymphadenopathy [38]. In general,
extranodal involvement of the lung parenchyma, pleura, and
pericardium is more common with NHL than with HD
because of the frequent vascular invasion and hematogenous
spread associated with the former [39]. Although CT and
MRI are equally sensitive in the evaluation of mediastinal
involvement, CT is usually preferred for its availability and

K

.

=

Fig. 22.2 Nodular sclerosing Hodgkin’s lymphoma. Anterior FDG
PET MIP image (a) shows bulky mediastinal disease and left supra-
clavicular lymph node involvement. Transaxial contrast-enhanced CT
(b) and FDG PET-CT fusion (c¢) images of the chest reveal surface
lobulation of the mediastinal mass due to coalescence of enlarging
lymph nodes as typically seen with Hodgkin’s lymphoma. Transaxial

relatively lower cost. MRI is spared for patients with iodine
allergies and poor renal function. CT plays a significant role
for recognizing bulky mediastinal HD as these patients have
worse prognosis due to higher risk of disease recurrence
compared to those with nonbulky disease. Bulky disease is
defined as a mediastinal mass exceeding one third of the
chest diameter or greater than 10 cm in diameter.

In the abdomen, lymph node enlargement of greater than
10 mm, most often retroperitoneal, are generally considered
pathologic. It should be noted that with HD, retroperitoneal
lymph nodes may be involved without enlargement compro-
mising the sensitivity of CT scans with a reported false-
negative rate of 20-80% [40]. With NHL, bulky and usually
confluent retroperitoneal lymph node involvement is more
common (Fig. 22.3) and mesenteric disease is seen in approx-
imately 50% of the patients, unlike in HD (~15%) [36].
Lymph node calcification at initial presentation is very rare.
MRI with a T2-weighted TSE sequence is considered equiv-
alent to multidetector helical CT and represents an alterna-
tive morphologic method of examination in abdominal
lymphoma [35].

contrast enhanced CT (d) and FDG PET (e) images of the abdomen
demonstrate two small foci of FDG tracer uptake in the spleen (arrows),
only seen as subtle findings on the FDG PET MIP image, and without
corresponding abnormality on the portal venous phase contrast
enhanced CT images, corresponding to splenic involvement, rendering
the patient stage III
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Fig. 22.3 Non-Hodgkin’s lymphoma. Anterior FDG PET MIP image
(a) shows multiple foci of widely distributed nodal disease including
lymph node involvement in cervical, axillary, mediastinal, mesenteric,
and retroperitoneal nodal basins. Unlike classic Hodgkin’s lymphoma,
disease is not centripetally extending from a dominant focus. Transaxial
contrast enhanced CT (b) and FDG PET-CT fusion (c) images reveal

FDG PET in Nodal Lymphoma

Although FDG accumulates in the majority of lymphomas,
because of the differences in immunophenotype and cytogenetics,
glucose utilization may vary as evidenced by FDG uptake char-
acteristics among various subtypes (Table 22.4). In a review of
172 patients, FDG PET detected disease in at least one site in
94% of patients, including 100% of patients with aggressive
NHL (diffuse large cell lymphoma) and 98% of patients with
HD. In contrast, FDG PET detected disease in only 67% of
marginal zone and 40% of peripheral T-cell lymphoma [41].
Our experience has been in line with these findings with regard
to sensitivity of FDG PET in different subtypes of lymphoma.
The lower typical FDG tracer uptake in certain indolent lym-
phomas diminishes the sensitivity advantage of FDG PET
images relative to conventional morphologic criteria such as
used by CT. Nonetheless, several studies have reported a poten-
tial role for FDG PET in staging low-grade NHL, particularly
follicular cell and nodal marginal zone lymphoma [8, 11, 14, 20,
42, 43]. In contrast to marginal zone lymphoma, however, FDG
PET is considerably less reliable in the detection of extranodal

enlarged FDG avid right common iliac lymph nodes and nonenlarged
FDG avid left common iliac and mesenteric lymph nodes. Aside from
the right iliac lymphadenopathy, the involved lymph nodes elsewhere
are, at most, borderline enlarged, and thus largely diagnosed as disease
involvement based on the abnormal FDG tracer uptake depicted on the
FDG PET images

marginal zone lymphoma of mucosa-associated lymphoid
tissue (MALT) where FDG tracer uptake in involved lymph
nodes is usually very low to undetectable (Fig. 22.4) [43, 44].
These differences support other recent data suggesting that
nodal and extranodal marginal zone lymphomas may be distinc-
tive entities rather than nodal lymphoma being a more advanced
stage of MALT [45].

Small lymphocytic subtype (SLL) is also typically associ-
ated with low to undetectable FDG tracer uptake in involved
lymph nodes resulting in diminished sensitivity relative to
CT [42]. SLL and chronic lymphocytic leukemia (CLL) are
closely related and in WHO classification wherein SLL is
considered as the tissue infiltrate of CLL; this disease is
referred to as CLL/SLL. In this entity, the most consistent
clinical finding is diffuse lymphadenopathy and the corre-
sponding FDG PET finding is varying degrees (usually low
to undetectable) of FDG uptake (Fig. 22.5). A diminished
sensitivity for small lymphocytic lymphomas is interestingly
seen with Ga-67 imaging as well [46].

Mantle cell lymphoma is a rare type subentity of lym-
phoma associated with aggressive clinical behavior, but with



274

L. Kostakoglu

Table 22.4 FDG PET imaging in subtypes (REAL/WHO classification) of lymphomas

Subtype Clinical course FDG uptake patterns

HD

Classical HD (most common) Aggressive High FDG uptake >95% positive
Lymphocyte-predominance HD Aggressive FDG uptake may be < classical HD

NHL

DLCL (most common) Aggressive High FDG uptake >95% positive

Follicular (second most common) Low-grade Moderate to low FDG uptake <90% positive
Transformed follicular Aggressive High FDG uptake >95% positive

Small lymphocytic lymphoma/chronic Low-grade Low to undetectable FDG uptake 60-70% positive
Lymphocytic leukemia (CLL/SLL)

Extranodal Marginal zone/MALT Low-grade Varies from low-to-undetectable to high <70% positive
Nodal Marginal Zone Low-grade High FDG uptake >95%

Burkitt’s Aggressive High FDG uptake >95% positive

T/natural killer cell Aggressive High FDG uptake >95% positive

Peripheral T-cell Aggressive Low-to-undetectable FDG uptake <50%

Mantle cell Aggressive High-to-moderate FDG uptake >90% positive

CNS lymphoma Aggressive High FDG uptake (> adjacent gray matter) >95% positive

Bone marrow involvement may not be reliably assessed by PET imaging; however, FDG PET is highly reliable in primary or bone involvement of

advanced stage disease.

Fig.22.4 Non-Hodgkin’s lymphoma on left axillary lymph node biopsy,
found consistent with marginal zone of mucosa associated lymphoid tis-
sue (MALT). Anterior FDG PET MIP image (a) shows no appreciable
abnormal FDG tracer uptake on the whole torso image. Transaxial con-
trast enhanced CT; (b) and FDG PET (c) images reveal subcarinal and

molecular features of low-grade lymphomas. The diagnostic
sensitivity of FDG PET for mantle cell lymphoma is high,
reported to be 90-100% [43, 47]. In this subtype FDG uptake
characteristics are more or less similar to that seen in follicu-
lar low-grade lymphoma. Also in this patient population, one
should be mindful of extranodal involvement, which is found
in approximately 90% of patients and may involve unusual
areas such as skin, GIT, breast, and lung (Fig. 22.6).

right hilar lymphadenopathy which is associated with no abnormal FDG
tracer uptake. Transaxial contrast-enhanced CT (d) and FDG PET
(e) images of the upper abdomen reveal bulky para celiac and porta
hepatic lymphadenopathy as well as a large mass in the spleen, none of
which is associated with appreciable abnormal FDG tracer uptake

On initial staging the CT and FDG PET findings will be in
agreement for the majority of cases, although the FDG PET
images have been reported to manifest additional disease
sites in about 10-28% of patients with aggressive NHL or
HD (10-17). Overall, FDG PET is more sensitive and spe-
cific than CT in identifying lymphoma involved lymph nodes,
except in the case of indolent lymphomas, which demonstrate
low level or absent FDG tracer uptake [9, 48-52]. In general, FDG
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Fig. 22.5 Non-Hodgkin’s lymphoma, small lymphocyte subtype.
Patient with history of chronic lymphocytic leukemia presenting with
axillary lymphadenopathy. Anterior FDG PET MIP image (a) shows
only faint FDG tracer uptake in the bulky axillary lymphadenopathy

Fig.22.6 Cutaneous involvement of non-Hodgkin’s lymphoma (man-
tle cell lymphoma). Transaxial contrast-enhanced CT (a) and FDG
PET-CT fusion image (b) demonstrates intense FDG tracer uptake by

PET has been superior to CT alone in the detection of nodal
disease except in the abdomen and pelvis, in which the two
methods have produced equivalent results. However, com-
bined PET-CT systems can improve the sensitivity and speci-
ficity of the FDG PET image further, particularly in the neck,
abdomen and pelvis. In a small study of 19 patients with
nodal disease (either HD or aggressive NHL) evaluated by
both PET-CT and separately acquired contrast enhanced CT
studies [53], PET-CT demonstrated additional lesions in four
patients which were not detected on contrast-enhanced CT,
while contrast-enhanced CT did not depict any nodal involve-
ment that was undetectable on PET-CT [53]. As noted, how-
ever, when the lymphoma subtype is one with characteristically
low or absent FDG tracer uptake, such as MALT, CLL/SLL,

and subtle increased FDG tracer activity in the bulky retroperitoneal
lymphadenopathy. Coronal contrast-enhanced CT (b) and FDG PET
(c) images demonstrate the extensive discrete enlarged retroperitoneal
and axially lymph nodes with very little associated FDG tracer uptake

the soft tissue centered in the skin over the right anterior chest. Such
extranodal involvement is commonly seen with mantle cell lymphoma
and can also include gastrointestinal tract, breast, and lung

peripheral T cell, and low-grade follicular lymphoma, the CT
findings based on lymph node size will be the chief criterion
for nodal involvement.

Regarding size criteria for abnormal lymph nodes, in a
study comparing one-, two-, and three-dimensional measure-
ments of nodal involvement in lymphoma, there were no sig-
nificant differences in staging between the three groups,
although three-dimensional methods were most accurate and
reproducible [54]. Regarding FDG PET criteria for abnormal
lymph nodes, tracer uptake greater than mediastinal back-
ground activity is considered abnormal, with tracer uptake
greater than liver tracer activity definitely abnormal. By semi-
quantitative measurement of standardized uptake value (SUV),
this has generally corresponded to SUV measured values
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greater than 2-2.5 in the earlier literature. It should be noted
that due to rapid changes in scanner design, image acquisition
protocols, and image reconstruction methods, measured uptake
values referred to as SUVs are no longer reliably comparable.

Differences in FDG tracer uptake observed between
aggressive and indolent lymphoma expressed semiquanti-
tatively by SUVs have been reported; SUV = 11.8 + 4.7 for
aggressive lymphomas and SUV = 6.4 + 5.3 for indolent
lymphomas [8, 11, 14, 20]. Our experience has been such
that the mean SUVs are 4.5 + 2.0 (range, 1.5-9.5) in indo-
lent lymphomas and 12.5 + 5.5 (range, 3.0-36) in aggres-
sive lymphomas with a significant overlap in small lesions

Fig.22.7 Transformation to high grade lymphoma. Patient with original
diagnosis of low grade follicular lymphoma treated 15 years prior, now
presents with left sided abdominal pain. Anterior FDG PET MIP image (a)
reveals intense foci of FDG tracer uptake in the abdomen and pelvis, not in
an entirely nodal distribution. Transaxial contrast-enhanced CT (b), FDG
PET (c), and FDG PET-CT fusion (d) images reveal the residual retroperi-
toneal soft tissue from the original lymphoma encasing the aorta is without
any FDG tracer uptake, but enhancing soft tissue nodules (arrows) are

(unpublished data). Segregating SUVs into two distinct
categories for the differentiation of aggressive and indolent
lymphomas may be accurate for majority of cases, but not
for all due to the high and low outliers for both groups.
Also one of the inherent problems is the inaccurate SUV
measurements in small tumors and the need for specifica-
tion of standardization parameters.

In cases of transformation to a more aggressive subtype of
lymphoma FDG uptake characteristics may help identify an
area of high-grade transformation in indolent disease and
thereby influence management (Fig. 22.7). While the capa-
bility of FDG PET has not been prospectively assessed for

seen in the lower posterior chest wall musculature that are intensely FDG
avid. Transaxial contrast enhanced CT (e) and FDG PET-CT (f) fusion
images at the level of the pelvis reveal both lymph node involvement and
extranodal involvement in the abdominal wall musculature. Such recurrent
disease presenting with extranodal involvement will typically be of higher
grade than the original disease and requires biopsy for histopathological
classification of the new disease. PET-CT findings identify sites of high-
grade transformation most suitable for biopsy
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this purpose, based on the disparate SUVs between high- and
low-grade lymphomas, FDG PET may offer clinically valu-
able information by directing biopsy to the sites with highest
FDG tracer uptake relative to other sites of disease
involvement.

Extranodal Lymphoma

The exact definition of extranodal lymphoma remains contro-
versial, but generally extranodal definition indicates presenta-
tion outside lymph node areas (i.e., extranodal lesion is the
presenting site and constitutes the predominant disease bulk).
Extranodal NHL can arise in any organ and encompasses a
heterogeneous group of disease presentations. The most common
extranodal sites include: central nervous system (CNS),
gastrointestinal tract (GIT), especially stomach, Waldeyer’s
ring (palatine and lingual tonsils/tongue base, nasopharyngeal
lymphoid tissue), liver, spleen, bone, and bone marrow (BM).
HD usually involves extranodal sites by direct invasion from
nodal sites. The therapeutic strategy in patients with primary

Fig.22.8 Extranodal lymphoma
involving Waldeyer’s ring in the
neck. Anterior (a) and lateral (b)
FDG PET MIP images reveal
intense FDG tracer uptake in the
right parapharyngeal region with
moderately low level physiologic
FDG tracer activity seen
elsewhere in Waldeyer’s ring.
Low level FDG tracer uptake is
seen in cervical lymph nodes as
well. On the transaxial contrast-
enhanced CT image (c) the mass
in the right palatine tonsil is
discernable by nonenhancing
asymmetric soft tissue which is
intensely FDG avid on the
corresponding FDG PET image
(d) normal physiologic FDG
tracer activity in the left palatine
tonsil is seen (arrowhead), as
well as low level tracer activity
in a left level II cervical lymph
node (small arrow) due to
unrelated benign inflammatory
response

extranodal lymphomas is in general analogous to that of nodal
lymphomas. In stage I and II disease local therapy is adminis-
tered, however, detection of occult distant disease necessitates
the use of chemotherapy. In state III or IV disease the main-
stay of treatment is chemotherapy.

CT and MRI in Extranodal Lymphoma

In the head and neck, the most common site for extranodal
lymphoma involvement is the Waldeyer’s ring (Fig. 22.8).
Lymphoma of the head and neck cannot be distinguished
from squamous cell cancer although necrosis is more com-
mon in the latter and calcification is rare with lymphoma.
This is followed by sinus, nasal cavity, nodal sites, salivary
glands (mostly parotid), and orbit. Almost 50% of extranodal
head and neck lymphoma is associated with nodal disease.
Patients with Waldeyer’s ring involvement have a slightly
worse prognosis [55].

The gastrointestinal tract can be involved by primary
NHL or by extension of nodal or adjacent organ involvement
of NHL or HD (Fig. 22.9). The most common site is the
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Fig. 22.9 High-grade diffuse B
cell lymphoma involving small
bowel. Transaxial contrast
enhanced CT (a) and FDG
PET-CT fusion (b) images
demonstrate extensive soft tissue
thickening of a segment of
duodenum that is associated with
intense abnormal FDG tracer
uptake. Lymphomatous
involvement of bowel typically is
extensive before obstructive
symptoms occur

stomach accounting for 50% of the gastrointestinal tract
lymphoma presentations. Generally gastric lymphoma can-
not be differentiated from gastric carcinoma, although luminal
obstruction is uncommon with lymphoma due to lack of
fibrous tissue response [56]. Low-grade primary gastric NHL
of the MALT type is a common gastrointestinal tract lym-
phoma and there is a connection between this type of lym-
phoma with Helicobacter pylori infection [57]. In the small
intestine, aneurysmal dilatation may be seen due to transmural
extension of lymphoma, but differentiation from other malig-
nant processes is not easy unless it is associated with bulky
lymphadenopathy. The most common site for small intestinal
lymphoma is the ileum; however, it may also involve the
proximal jejunum particularly in association with celiac
disease [58]. Colonic involvement is not common, but may
occur in the cecum and rectum.

Lymphomatous involvement can be seen in the BM or
the cortex of the bone. Bone and BM involvement is more
common in NHL (especially in low-grade lymphoma)
than in HD and confers stage IV disease. MRI is more
sensitive than biopsy in detecting BM infiltration due to
sampling errors associated with biopsy. It is becoming
now feasible to routinely assess the entire marrow using
MRI; however, in the follow-up period, persistent post-
therapy MRI abnormalities may give rise to false positive
results [59]. Cortical bone involvement can be primary or
secondary, the former is usually of NHL type. Primary
bone lymphoma has a tendency to involve the metaphy-
seal regions of the appendicular skeleton while secondary
bone lymphoma usually involves the spine. In patients
with bone involvement by direct extension from adjacent
nodal disease, as it happens in HD, stage does not change.
Bone involvement of HD is more often sclerotic (~50%)
and NHL is osteolytic (~80%). This condition is denoted
as “E.” In patients with both BM and adjacent soft tissue
involvement, MRI is preferred over CT; however, assess-
ment of cortical bone integrity is performed with CT for
better definition of disease.

Primary CNS lymphoma, which is exclusively of the
NHL type (>80% B cell), is more frequently seen in immu-
nocompromised patients, including patients with AIDS and
those with prior organ transplantation; however, it can also
occur in immunocompetent patients [60]. CT and MRI gen-
erally provide findings that are suggestive but not conclusive
for CNS lymphoma [61]. The most frequent locations are
supratentorial brain, including cerebral hemispheres, corpus
callosum, basal ganglia, and rarely cerebellum and spinal
cord [62]. Although MR perfusion imaging has been reported
to distinguish between AIDS-associated CNS lymphoma
and toxoplasmosis, imaging characteristics can be similar in
both, and accurate differentiation between these two diseases
still remains challenging.

The spleen is more frequently involved with lymphoma
than is the liver. Approximately 30% of patients with either
NHL or HD have splenic involvement while only up to 9%
patients with HD and 14% patients with NHL have hepatic
involvement [63]. The liver involvement is rare without the
association of splenic lymphoma. In about one third of the
time lymphoma involvement can be seen in normal size
spleens [64]. CT can detect splenic lesions only when there
are focal macroscopic lesions or substantial splenomegaly.
Nodular disease is usually associated with aggressive NHL
and diffuse disease with low-grade NHL [65].

FDG PET in Extranodal Lymphoma

A multitude of studies have reported that FDG PET may pro-
vide more information about the extent of disease in cases with
extranodal lymphoma compared to CT alone [11, 15, 18, 66].

FDG PET can differentiate primary lymphomas of the CNS
from infectious processes, with a reported accuracy of 89%
[67, 68]. Distinguishing infectious etiology such as toxoplas-
mosis can be a challenge for morphologic imaging studies,
including CT and MRI, particularly in patients with AIDS.
Due to the low sensitivity and specificity of polymerase chain
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reaction test for toxoplasmosis and Epstein-Barr virus titers
for lymphoma, patients with AIDS and CNS lesions are
empirically treated with pyrimethamine and sulfadiazine for
2-4 weeks. Essentially, a lesion with an FDG uptake higher
than the adjacent gray matter indicates a malignant process
which should be biopsied for confirmation rather than empiri-
cally treated as infectious. T1-201 is also known as a valuable
imaging tool in the differentiation of CNS lymphoma from
infectious causes, especially toxoplasmosis [69]. There are
no systematic prospective data comparing T1-201 findings
with those of FDG PET in the evaluation of CNS lymphoma,

however, in few anecdotal cases we have observed that the
sensitivity of FDG PET appears to be better than T1-201 imaging
in the detection of CNS lymphoma. Difficulty arises, however,
when CNS lymphoma undergoes necrosis or is below the
resolution limits of PET systems (<8 mm).

The detection of BM involvement identifies a group of
high-risk patients and changes disease management; hence,
this is particularly important in early stage patients given the
trend toward less intensive treatment in this group of patients
(Fig. 22.10). The incidence of BM involvement at diagnosis
varies according to the type of lymphoma. In general, the

Fig. 22.10 Extranodal lymphoma. Anterior FDG PET MIP image (a)
reveals abnormal FDG tracer uptake corresponding to a retroperitoneal
nodal mass and extensive multiple foci of disease in the skeleton, liver,
and spleen. Coronal contrast enhanced CT (b) and FDG PET (c) images
show the 3-cm precaval lymph node mass which is intensely FDG avid,
and multiple foci of abnormal FDG tracer uptake in the skeleton, and
the liver and spleen with subtle corresponding findings on the portal
venous—enhanced CT images of the liver and spleen, but no correspond-
ing CT findings in the involved skeleton. Transaxial contrast-enhanced

CT (d), FDG PET (e), and FDG PET-CT fusion images (f) reveal the
osseous involvement in the right sacrum and left ileum are without dis-
cernable sclerotic or lytic abnormalities, including at the anterior cortex
of the right sacrum where there is clear extension of soft tissue beyond
the cortex (arrow). Osseous involvement of lymphoma is almost always
marrow based and often without appreciable CT findings, despite exten-
sive abnormal tracer uptake depicted on the FDG PET images. The dis-
seminated involvement of extralymphatic organs renders the patient
stage IV
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Fig. 22.11 Hodgkin’s lymphoma with osseous involvement.
Anterior FDG PET MIP image (a) demonstrates abnormal FDG
tracer uptake corresponding to mediastinal lymphadenopathy and
bilateral supraclavicular lymph nodes, and intense FDG tracer
uptake at the T12 vertebral body and in the right ileum. Sagittal CT
(b) and FDG PET (c¢) images reveal diffuse sclerosis in the T12

incidence is very low in patients with HD (as low as 1-2%),
while it is commonly observed in low-grade lymphoma
(mainly follicular cell subtype) (60—70%), chronic lympho-
cytic leukemia, and mantle cell lymphoma (90-100%). In
aggressive NHL (mainly diffuse large cell lymphoma), BM
infiltration is seen in 25-40% of patients [70]. BM biopsy is
the mainstay of BM evaluation despite its association with a
high rate of false-negative findings due to sampling errors.
MRI is especially useful in detecting BM involvement; how-
ever, its sensitivity is much higher than its specificity and
thus benign entities such as hemangiomas and inflammatory
processes can easily mimic lymphoma. Overall, focal FDG
uptake suggests pathological BM activity, a pattern more
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thoracic vertebral body and intense uniform FDG tracer uptake
throughout the vertebral body. Transaxial CT (d) and FDG PET
(e) images reveal mixed lytic and sclerotic changes in the region of
intense FDG tracer uptake in the right ileum (arrow). Osseous
involvement of Hodgkin’s lymphoma more typically will have scle-
rotic changes on the CT images

commonly seen in HD patients (Fig. 22.11). In aggressive
NHL, the degree of BM involvement may range from a few
cells to complete marrow replacement. In cases with the lat-
ter condition, FDG uptake is usually diffuse and somewhat
heterogeneous. Diffusely increased FDG uptake is also
observed in patients with BM hyperplasia, particularly fol-
lowing administration of colony stimulating factors (e.g.,
G-CSF) (Fig. 22.12) [71, 72].

While several studies reported that FDG PET is an effec-
tive means for the detection of extranodal lymphoma, the
sensitivity to detect BM infiltration is usually limited to about
80%, regardless of the subtype of lymphoma [41, 43, 73, 74].
In patients with negative BM biopsy, FDG PET may reveal
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Fig. 22.12 Diffuse bone marrow hypermetabolism secondary to
colony-stimulating factor on anterior FDG PET MIP image. Bone
marrow stimulated by hematopoietic stimulation factors used in
conjunction with chemotherapy can be very intense but uniform.
Osseous lymphomatous involvement is usually heterogenous, but when
extensive can be relatively uniform

focal BM infiltration is present remote to the biopsy site
owing to the virtue of evaluating the entire body at one acqui-
sition. Nevertheless, a minimal degree of BM involvement
can result in false-negative findings on FDG PET due to the
inherent resolution limits of FDG PET imaging [18, 73, 74].

Bone marrow involvement of lymphoma should not be
confused with primary bone lymphoma which is a separate
entity and accounts for less than 5% of all primary bone
tumors. Although there is no series of cases performed using
FDG PET, our experience is that FDG avidly accumulates in
all primary bone lesions or osseous extension of lymphoma
of advanced-stage disease unlike bone marrow involvement.

Splenic involvement by lymphoma is more sensitively
detected on FDG PET images than CT [11, 15], or conven-
tional Gallium-67 imaging [75]. Both focal and diffuse
involvement can be seen on FDG PET images even when
contrast-enhanced CT is normal (Fig. 22.13). Certain
hemopoietic stimulants used in chemotherapy regimens,
however, can cause diffuse splenic FDG uptake as well as
diffuse bone marrow FDG activity. With the advent of com-
bined PET-CT imaging, accuracy in the detection of extran-
odal lymphoma is advanced by the complementary strengths
of the two modalities. In a small series involving 19 patients

comparing PET-CT with non—contrast-enhanced CT to
conventional fully optimized contrast-enhanced CT alone,
the PET-CT detected extranodal disease (bone and splenic
involvements) in three patients while separately acquired
contrast-enhanced CT was false-negative at these sites.
However, in one patient, contrast-enhanced CT revealed
small bowel involvement while the non—contrast-enhanced
PET-CT was false-negative [53]. Since PET-CT studies have
now evolved to more widely include intravenous contrast
administration, the fully complementary nature of combined
PET-CT examination in the detection of extranodal involve-
ment of lymphoma is realized.

FDG PET Versus Ga-67 Imaging

There is no comparative study using PET-CT and Ga-67
imaging in the same lymphoma population; however, and
FDG PET has been shown to have superior sensitivity to
Ga-67 scintigraphy and provide superior incremental value
when combined with conventional diagnostic methods [76—
80]. The discrepancy in the detection sensitivity between
Ga-67 and FDG PET imaging has recently been shown to be
independent of the disease volume, location, and histology in
both nodal and extranodal disease. The discrepancy in the
detection sensitivity between these two radiotracers can be
explained not only by the superior counting statistics and
spatial resolution of PET tomograph technology, but also by
biologic differences considering the significant disparities in
the mechanism of uptake of Ga-67 and FDG [80, 81].
Consequently, at present, FDG PET, particularly PET-CT,
has largely downgraded Ga-67 imaging to an infection imaging
agent from its past position as a staging or restaging modality
in HD or aggressive NHL.

Influence of PET-CT on Patient Management at Initial
Staging

As noted previously, accurate staging is more clinically rele-
vant in aggressive NHL and HD than in indolent and mantle
cell lymphoma, as the latter pair are associated with advanced-
stage disease in a vast majority of patients. Even in the aggres-
sive lymphomas, one should realize that not all stage changes
as aresult of PET-CT findings would translate into changes in
therapeutic strategy. In routine practice, the stage category is
usually altered within the same risk category (early stage vs
advanced stage) and thus does not lead to management
changes, but if additional information obtained from FDG
PET, upstages early stage disease to advanced stage or vice
versa, and therapy may be changed accordingly. Hence, the
additional information provided by FDG PET is felt to be
more useful in patients who are diagnosed with early stage
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Fig. 22.13 Follicular B cell lymphoma with splenic involvement.
Anterior FDG PET MIP image (a) reveals intense heterogenous
FDG tracer uptake in the spleen as well as lymph node involvement
above and below the diaphragm, including bulky retroperitoneal
disease. Transaxial contrast-enhanced CT (b) and FDG PET
(¢) images demonstrate diffusely increased FDG tracer uptake
throughout the spleen with additional multiple intense foci of

disease than in advanced stage disease as treatment strategy
may be altered by detection of unexpected disease sites in the
former patient population not in the latter [82].

The superior sensitivity of FDG PET has been reported to
lead to a change in disease stage in 8—48% of patients with
untreated NHL and HD by virtue of revealing additional dis-
ease sites not revealed on anatomic imaging that were con-
firmed by either biopsy or long-term clinical follow-up [9,
17, 48-50, 83-85]. Based on the significance of change in
stage for therapeutic strategy, FDG PET findings may result
in intra or intermodality treatment modifications in 8-25%
of HD or aggressive NHL patients [17, 49, 50, 83—-86].

The most important imaging data derived influence on
therapy would be the accurate separation of patients into
favorable and unfavorable risk categories, especially in the
early-stage HD patient population. The relevant therapeutic
changes in early-stage disease with favorable prognostic fac-
tors group include treatment reduction strategies, essentially
shorter courses of chemotherapy rather than a longer course
as exclusive treatment, as opposed to a shorter course of che-
motherapy followed by radiation therapy.

abnormal FDG tracer uptake. Subtle corresponding regions of
decreased attenuation are seen on the portal venous phase contrast-
enhanced CT images. Lymphomatous involvement of the spleen can
manifest as a spleen with no parenchymal abnormalities on the
CT images, including contrast-enhanced CT images (d), but with
uniform intense abnormal FDG tracer activity on the FDG PET
images (e)

PET-CT for Restaging and Evaluation
of Therapy Response

Following therapy, evaluation of residual disease and the
efficacy of therapy is crucial when alternative therapeutic
strategies exist, so that intramodality or intermodality treat-
ment changes can be made to increase progression-free or
overall survival. In early stage lymphoma (aggressive NHL
or HD) up to 90% of patients respond to therapy; however,
advanced stage lymphoma confer poor prognosis with a cure
rate of less than 50% in newly diagnosed patients [87, 88].
Assessment of therapy response is therefore, more important
in patients with advanced stage disease than with early stage.
Also one important issue is that the treatment strategy for
aggressive NHL is determined based upon immunopheno-
type and molecular genetics of the tumor rather than the ana-
tomic extent alone. Aggressive NHL is treated exclusively
with chemotherapy except in some cases local therapy may
be added. Thus in this patient population, the primary role
for imaging is the assessment of therapy response.
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CTin the Posttherapy Evaluation
of Lymphoma

Evaluation of treatment response using CT can be quite
challenging. Differences in slice thickness and inconsistencies
in the use of intravenous contrast may render the comparisons
difficult. Following therapy, the mass attenuation values of
the lymph nodes decreases with or without overall reduction
in lymph node size in responding patients; however, there is
no established standard for an accurate categorization of
responders and nonresponders based on CT criteria. Achieving
a complete response, which is defined as complete disappear-
ance of the tumor mass, is the goal of cytotoxic therapy.
However, failure to completely eradicate tumor mass with
chemotherapy does not always correlate with persistent tumor
cells or unfavorable prognosis [89]. This dilemma on ana-
tomic imaging has been recognized in the response criteria for
both HD and NHL [90, 91]. Both systems designate residual
masses of unclear etiology as CRu, or unconfirmed/uncertain
complete responses due to inherent uncertainty associated
with posttherapy residual CT masses. Naturally, further and
aggressive treatment in patients with benign posttherapy
masses only increases morbidity and risk of second malignan-
cies [31]. The patients with HD are at a higher risk of devel-
oping solid tumors years after therapy as a long-term side
effect of combination chemotherapy and radiotherapy. New
masses discovered more than 10 years after therapy in the
lung, thyroid, breast, and stomach should be considered as
de novo primary tumors and must be verified by biopsy [92].

In patients with bulky lymphoma, chemotherapy followed
by RT is the conventional treatment approach in those with
residual posttherapy masses. Radiation related tissue changes
usually appear within 3—6 months after completion of RT
with a presentation of ground glass opacities confined to the
mantle radiation ports. Acute changes eventually disappear
after 6 months, usually replaced by chronic changes in the
ensuing 18 months, presenting as retraction or traction bron-
chiectasis and mediastinal fibrosis which may resemble
granulomatous disease but they are usually symmetrical and
confined to the mantle port [93].

FDG PET in the Posttherapy Evaluation
of Lymphoma

As many as 50-80% of patients with HD and 30% of those
with NHL will have residual masses after treatment. However,
only a small percentage (~15-20%) of these patients relapse.
A multitude of studies have demonstrated that FDG PET is
an effective imaging modality and more accurate than CT

alone in the differentiation of posttherapy inert masses from
active residual disease (Fig. 22.14), as well as monitoring
response to therapy [13, 14, 86, 94—-101].

FDG PET has been consistently reported to identify residual
disease and/or preclinical relapse during the follow-up
period (Fig. 22.15) [13, 14, 86, 94-101]. Despite reported
high negative predictive values of greater than 90% obtained
FDG PET by various investigators, false-negative findings
are inevitable in cases with residual microscopic disease.
Nevertheless, positive predictive value of FDG PET, also on
the order of 90%, should be regarded more vital in the con-
text of identifying patients who need immediate therapy
changes or additional treatment after first-line therapy.
In this group of patients, FDG PET could also avoid unnec-
essary further therapy in patients who achieve complete
response to chemotherapy. One major concern that has not
been addressed adequately, however, is the definition of
patient population who would require further treatment with
RT in the presence of false-negative findings associated with
undetectable low-burden disease.

In summary, negative FDG PET findings in areas corre-
sponding to persistent posttherapy masses usually indicate
posttreatment fibrosis. Nevertheless, false-negative results
can be obtained for small lesions that are below the detection
limits of current PET tomographs (<5-6 mm) or diffusely
distributed microscopic disease. False-positive FDG PET
findings can occasionally be obtained in infectious or inflam-
matory processes, however, the pattern of FDG uptake in
these situations is usually recognizable and can be differenti-
ated in most cased, especially when CT findings are taken
into account, with the notable exception of granulomatous
disease coexisting with lymphoma. Posttherapy FDG tracer
accumulation in the region of original disease should be rec-
ognized as a compelling evidence for further therapy, how-
ever, owing to the associated high positive predictive value
(90%) for residual viable disease.

Prediction of Therapy Outcome After
Completion of Therapy

Criteria based on clinical, imaging, and laboratory findings
which allow for risk stratification have been developed and
validated for HD, known as the international prognostic
score (IPS), and for NHL, known as the international prog-
nostic index (IPI) [90, 101]. The IPS for HD (Table 22.5) is
based on seven adverse factors, while the IPI, the most widely
used system for aggressive NHL (Table 22.6), predicts the
risk of recurrence and overall survival by taking into account
five adverse factors [102]. In this regard, sequential FDG
PET imaging has a role in the determination of tumor
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Fig. 22.14 Compete metabolic response of diffuse large B-cell non-
Hodgkin’s lymphoma to chemotherapy with ametabolic residual scar-
ring. Anterior FDG PET MIP image (a) pre-chemotherapy demonstrates
intense abnormal FDG tracer activity corresponding to extensive mes-
enteric lymphadenopathy as well as involvement of axillary and inguinal
lymph nodes. The posttherapy anterior FDG PET MIP image (b) reveals
complete resolution of all abnormal FDG tracer uptake, with normal
physiologic tracer activity distribution. Coronal contrast-enhanced CT

response rates [16, 95-99, 103, 104]. For example, in patients
categorized as high risk for recurrence by IPI or IPS criteria,
recurrent lymphoma should be anticipated in almost all
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(¢) and FDG PET images (d) performed prior to therapy reveal the
extensive mesenteric lymph node involvement with a conglomerate
mass as well as an involved left axillary lymph node. The posttherapy
coronal contrast-enhanced CT (e) and FDG PET (f) images demon-
strate the residual soft tissue (arrows) along the superior mesenteric
vein is entirely without any abnormal FDG tracer activity, indicating
this is residual scar tissue, without metabolically active macroscopic
lymphoma

patients with posttherapy residual abnormal FDG tracer
uptake and in slightly under half of those with residual post-
therapy CT masses [16, 97, 103].
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Fig.22.15 Incomplete
metabolic response of Hodgkin’s
lymphoma to chemotherapy.
Anterior FDG PET MIP (a)
prechemotherapy demonstrates
intense abnormal FDG tracer
activity corresponding to disease
involving bulky mediastinal
lymphadenopathy, bilateral lower
cervical, and supraclavicular
nodal involvement, an isolated
right subdiaphragmatic lymph
node, as well as focal involve-
ment of the spleen. The
posttherapy shallow left anterior
oblique FDG PET MIP image
(b) reveals complete resolution
of all abnormal FDG tracer
uptake, except a conspicuous
single focus or abnormal FDG
tracer uptake in the right
mediastinum (arrow). There is
additionally on the posttherapy
FDG PET diffuse increased bone
marrow FDG tracer uptake
reflecting the use of hematopoi-
etic stimulants in the chemo-
therapy regimen. Coronal
contrast-enhanced CT (c¢) and
FDG PET (d) images prechemo-
therapy reveal the intensely FDG
avid mediastinal and supraclavic-
ular lymphadenopathy and an
intense focus of FDG tracer
activity in the spleen The
postchemotherapy coronal
contrast-enhanced CT (e) and
FDG PET (f) images show
complete resolution of the
lymphadenopathy and of the
splenic lesion, with the exception
of a 2-cm residual right
mediastinal lymph node
interposed (arrow) between the
superior vena cava and ascending
aorta, which maintains intense
abnormal FDG tracer uptake,
indicating the residual abnormal
soft tissue is remaining viable
lymphoma
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Table 22.5 International prognostic score (IPS) for Hodgkin’s
lymphoma

Adverse factors High risk Low risk
Serum albumin <4 g/dL >4 g/dL
Hemoglobin <10.5 g/dL >10.5 g/dL
Patient gender Male Female
Age >45 years <45 years
Clinical stage Stage IV Stage [-III
WBC >15,000/mm? <15,000/mm?
Absolute <600/mm?* >600/mm?
lymphocytes

Table 22.6 International prognostic index (IPI) for non-Hodgkin’s
lymphoma

Adverse factors High risk Low risk

Age >60 years <60 years

Clinical stage /v /1

Patient gender Male Female

Performance status >2 <2

Extranodal sites of >1 Oorl
disease

Serum lactate Elevated Normal 15,000/mm?
dehydrogenase

Combined Modality Therapy Including Radiation
Therapy

The other important management issue is the avoidance of
RT, especially in the HD population. The use of RT is asso-
ciated with a short-term survival advantage; however, RT
has an adverse effect on long-term survival due to signifi-
cantly increased risk for many late complications such as
development of a second malignancy or cardiovascular dis-
ease [31, 93]. Ongoing trials investigating treatment reduc-
tion, including reduction of radiation dose or radiation field
size, and abbreviated chemotherapy, are intended to reduce
RT treatment-related long-term complications [31]. PET-CT
may well be a valuable imaging tool to risk stratify these
patients and select the subgroups that will or not require RT
followed by chemotherapy, based on the identification of
residual viable disease on the FDG PET images.

In a mixed (HD and aggressive NHL) series of 44 patients
presenting with bulky abdominal lymphoma, at the end of
chemotherapy with or without RT, all those with positive
FDG tracer uptake in residual masses eventually succumbed
to disease relapse, while only 4% relapse occurred among
those that had residual masses but no associated abnormal
FDG tracer uptake [99].

Persistent FDG uptake after first-line chemotherapy was
predictive of residual or recurrent disease after completion of
first-line chemotherapy for aggressive NHL in a prospective
study [103]. The negative predictive value of posttherapy

FDG PET findings was 80% with a mean follow-up of
approximately 24 months, while positive predictive value
was 100% with a mean disease-free survival of only 3
months. This study highlights false-negative FDG PET find-
ings can be as high as 20% probably due to microscopic
residual disease. In the small number of studies evaluating
exclusively patients with HD, after the first-line treatment,
disease-free survival was significantly shorter for the PET
positive group at 0—4% and longer for the PET negative
group at 85-93% [105, 106]. These results provide grounds
for future trials to evaluate the prognosis in patients who are
administered abbreviated courses of chemotherapy with or
without combined RT given at lower radiation doses in cases
with negative FDG PET results.

High-dose Chemotherapy and Autologous Stem Cell
Transplantation

For patients with relapsed lymphoma, high-dose chemotherapy
(HDT) with autologous stem cell transplantation (SCT) is the
treatment of choice resulting in 5-year event-free survival
rates of up to 45% [107]. The outcomes after HDT/SCT,
however, can be significantly different between chemosensi-
tive and chemoresistant patients. Hence differentiation of
these two patient populations is important for the identifica-
tion of the optimal group that would benefit from HDT/SCT.
Patients with less than 25% decrease in SUV measured FDG
tracer uptake in the lymphoma after HDT had a progressive
disease course while among those with more than 25%
decrease in SUVs, 86% remained in complete remission
[108]. Similarly, another study found none of the patients
with complete resolution of FDG tracer uptake in response to
the initial course of therapy before HDT/SCT relapsed subse-
quently [109], while seven or eight patients with a moderate
or high FDG tracer uptake before HDT/SCT relapsed [109].

Early Prediction of Response During Therapy

The rapidity of response to therapy regimen has been sug-
gested to be a good predictor of the ultimate response to that
particular therapy regimen [110-112]. Patients with aggres-
sive NHL who experience a partial response or who respond
slowly to front-line chemotherapy have been reported to
have a poor prognosis. In this group of patients, early intro-
duction of dose-intensive salvage therapy before the devel-
opment of progressive disease may be beneficial [111]. Since
chemotherapy effect on tumor metabolic activity precedes
the tumor size reduction, early evaluation of therapy response
would be primarily based on the metabolic images.

Based on in vitro studies, FDG tracer uptake is propor-
tional to the viable tumor cells, and viable tumor cells
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decrease early during effective chemotherapy. In a clinical
study, 7 days after initiation of chemotherapy, tumor glu-
cose metabolism as measured by FDG tracer uptake
decreased by at least 74% in responding patients [113]. All
lesions displayed a further decrease of FDG tracer uptake
resulting in a total decrease of 83—-96% from baseline to day
42 after initiation of therapy. There was no indication initial
enhancement of FDG uptake as suggested by data from cell
culture and animal studies. Further, the FDG tracer uptake
values at day 42 were lower in patients with long-term
remission compared to patients with early relapse [113].
Similarly, persistent FDG tracer uptake in the lymphoma
after two to four cycles of chemotherapy was reported to
predict poor progression-free survival in patients with
aggressive NHL and HD [105, 106]. Persistent FDG uptake
after a few cycles of chemotherapy was associated with
relapse rates ranging from 70% to 100% while the relapse
rate in patients with complete disappearance of FDG tracer
uptake during therapy was as low as 8%. In one study, at
midtreatment, none of the patients with persistent abnormal
FDG tracer uptake achieved a durable complete remission,
while 84% of patients with negative FDG PET results
remained in complete remission after a median follow-up of
approximately 3 years [106]. In this study, multivariate
analysis revealed that FDG PET at midtreatment was a
stronger prognostic factor for progression free survival
compared with IPI criteria.

Could FDG PET predict as early as after one cycle of che-
motherapy? It has been demonstrated that FDG PET after
one cycle of chemotherapy was predictive of long-term out-
come in aggressive NHL and HD [104, 114]. In one series by
Kostakoglu et al., patients with persistent FDG uptake after
one cycle of chemotherapy had a shorter progression free
survival (median, 5 months) than those with negative FDG
PET results (progression-free survival medians not reached)
after a follow-up of 36 months [104]. The positive and nega-
tive predictive values for FDG PET after one cycle chemo-
therapy were 90% and 85%, respectively. However, these
results were obtained on a dual-head camera system which
lacks sensitivity and therefore may give rise false-negative
results. Recently, in a study by the same investigators, using
a dedicated full ring PET system, all patients (17 patients)
with no appreciable FDG uptake after one cycle of chemo-
therapy remained in complete remission after a follow-up of
12 months, whereas 90% of patients with a positive FDG
PET result had a relapse or persistent disease requiring fur-
ther therapy, including bone marrow transplantation. These
are promising results; nonetheless, these data should be inter-
preted with caution until larger, multi-institutional studies
with a longer follow-up period are executed. Additionally,
comparison of the predictive value of early FDG PET scan-
ning to more conventional prognostic measures (such as the
International Prognostic Index in aggressive lymphoma) as

not yet been performed with sufficient patients to establish
whether FDG PET derived early response criteria provides
superior or complementary prognostic information.

If further studies confirm that persistent positive FDG
PET results during therapy, preferably after one cycle, indi-
cate a poor prognosis, one could consider an early change
in therapy to a more aggressive approach (such as second-
line chemotherapy and high-dose treatment with autolo-
gous stem cell transplant) early during the course of
treatment (either before completion of a full course of ini-
tial chemotherapy or in first remission). However, the clini-
cal benefit of such an approach, and whether this early
change in therapy would improve upon a predicted outcome
would require prospective testing in proper randomized
clinical trials.

In conclusion, it appears that the superiority of FDG PET
lies in its positive predictive value, especially early in the
course of chemotherapy-based treatment of lymphoma, as to
therapy resistance or failure. The negative predictive value of
FDG PET, however, may not be as reliable as minimal resid-
ual disease, especially microscopic, that cannot be detected
given the resolution limits of current PET tomographs. Thus,
late relapses remain to be a possibility in patients with nega-
tive FDG PET results.

Comparison of FDG PET and Ga-67 Imaging
in Posttherapy Evaluation

Ga-67 scintigraphy was the antecedent imaging modality to
monitor response to chemotherapy in patients with lym-
phoma. However, with the proven advantages and strength of
FDG PET imaging, Ga-67 scintigraphy is no longer widely
used. There are only a few studies evaluating the potential of
FDG and Ga-67 comparatively, in the posttherapy setting,
but generally effective treatment sharply reduces tumor
uptake of both Ga-67 and FDG activity within days and prior
to volume response, whereas abnormal uptake of both Ga-67
and FDG persisted in treatment failure [115]. Nevertheless,
the significantly higher sensitivity and specificity of FDG
PET compared to Ga-67 scintigraphy for detection of nodal
or extranodal lymphoma in both pretherapy and posttherapy
setting has established FDG as the preferred metabolic tracer
for lymphoma with Ga-67 scintigraphy in 93% versus 29%.

PET-CT systems provide important information particu-
larly in the posttherapy setting; metabolic findings that are
overlooked due to the subtlety of metabolic changes of FDG
PET may result in the detection of residual disease after cor-
relation with the simultaneously acquired and registered and
aligned CT images. Furthermore, equivocal CT findings,
which are suggestive of either recurrent tumor or posttherapy
changes, can now be distinguished with the guidance of the
additional information obtained from FDG PET images. In
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addition to diagnosis and staging and restaging of malignant
disease, combined PET-CT is useful in planning radiation
therapy and determining the optimum approach for CT-guided
biopsy [21, 53]. Consequently, the addition of metabolic
imaging can have a great effect on treatment in patients with
a residual mass at the time of posttreatment evaluation.

Special Considerations with Lymphoma
Imaging

Special considerations for imaging patients with lymphoma
are summarized in Table 22.7.

Benign Lymphoproliferative Disorders

Benign lymphoproliferative disorders represent a spectrum
of lymphoid abnormalities characterized by lymphocyte
proliferation. LPD can be divided into two broad categories;
benign and posttransplantation. The benign LPD most fre-
quently manifest in the thorax, where the site can be the
lymph nodes or in the bronchus associated lymphoid tissue
of the lung [116]. Entities such as plasma cell granuloma,
pseudolymphoma, posttransplant lymphoproliferative disor-
ders, lymphoid interstitial pneumonia, and lymphomatoid
granulomatosis involve the pulmonary parenchyma as a pri-
mary site of intrathoracic disease, while Castleman’s dis-
ease, infectious mononucleosis and angioimmunoblastic

Table 22.7 Special consideration with FDG PET imaging in lymphoma

Entity Pitfalls Helpful features
Post Chemo Varying degrees of FDG uptake in ¢ Residual uptake > surrounding background uptake suggests
the region of original disease minimal residual disease
Reduction in SUV >95% of initial SUV usually indicates complete
resolution of disease
Post-RT Diffuse, heterogeneous uptake in » Uptake coinciding with exact location of original lesion indicates
the portal region residual disease
» Uptake outside the original disease suggests inflammatory changes
¢ Optimal evaluation is usually performed at 3—4 months after RT
Post-GCSF Diffuse, homogeneous, or * In patients with known BM involvement, this is usually an equivocal
heterogeneous uptake in the finding
axial and appendicular BM
HIV + patients/LPD FDG accumulation in multiple ¢ Low-grade uptake in multiple LNs (usually superficial LN stations)
enlarged LNs suggests benign LPD which can be due to infectious processes
Lesion confined to either LN or ¢ High-grade FDG uptake in enlarged LNs (deep + superficial) indicates
organs, Multiple disease sites malignant LPD, i.e., lymphoma. Lymphoma in immunosuppressed
(LNs or organs) patients is of aggressive NHL or HD
¢ Low-grade uptake in intrathoracic LNs or lung parenchyma suggests
benign etiology
¢ High grade FDG uptake in multiple LNs or extranodal sites indicates
lymphoma.
Sarcoidosis Bilateral hilar uptake » Hilar uptake is asymmetrical with HD or NHL, unlike sarcoidosis
* Isolated hilar involvement without mediastinal disease does not occur
¢ Pulmonary parenchymal lymphoma is considered as advanced HD or
NHL
Renal transplant Uptake in the pelvis e Pelvic transplant kidney should not be confused with a pelvic mass;

Lung nodules Isolated uptake in lung

Unusual lesion distribution
pattern

Second malignancies
Metachronous
neoplasms)

CT and clinical correlation is necessary if PET-CT is not available. Of
note, the incidence of developing lymphoma is high in the posttrans-
plant period.

¢ Focal lung nodule without mediastinal/hilar disease does not occur in
lymphoma.

¢ Primary pulmonary lymphoma (usually solitary nodule) is often of the
MALT type.

* Rapidly developing diffuse pulmonary opacities may be seen in
cutaneous T-cell lymphoma, but these are usually in association with
mediastinal and hilar disease.

 Distribution of FDG uptake outside patterns described in
Tables 22.3A and B should raise a question about second malignan-
cies, particularly in the breast, liver, lung, adrenals, pancreas, ovaries,
and prostate.

BM Bone marrow, chemo chemotherapy, GCSF granulocyte colony stimulator factor, H/V human immunodeficiency virus, LN lymph nodes, LPD

lymphoproliferative disorder, RT radiation therapy
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lymphadenopathy involve intrathoracic lymph nodes. It is
important to differentiate the “benign” forms of LPD from
the more common, aggressive lymphomas. Overall, intratho-
racic disease confined to one compartment, either lymph
nodes or lung parenchyma, implies a more benign etiology
whereas multiple sites of disease, a malignant neoplasm.
There is considerable overlap between benign LPD and
NHL, especially in the immunocompromised patients. One
might assume that the FDG uptake would be lower in this
benign form of LPD than that seen in aggressive NHL and
HD. Only anecdotal case reports are available regarding the
FDG uptake patterns in Castleman’s disease in the literature
[117, 118]. FDG accumulation in one of these case reports
was modest (SUV: 6.2) in a hilar location and low in the
other (SUV: 1.7-3.2) in a pelvic location. It is expected that
in the indolent forms of NHL, the differentiation between
benign LPD and lymphoma may not be possible. In the
absence of a systematic study assessing FDG accumulation
patterns, it is only speculative to discuss this topic; however,
one must bear in mind that this category of diseases should
be considered as a potential false-positive group among
other granulomatous processes, especially in the posttherapy
setting [119].

AIDS-Related Lymphoma

AIDS-related lymphomas, both NHL and HD, are character-
ized clinically by the presence of B symptoms (weight loss,
night sweats, and fevers) at diagnosis in approximately 90%,
advanced clinical stage with extranodal involvement in
greater than 60% at presentation, and clinical aggressiveness
with poor therapeutic outcomes. Extranodal involvement is a
particularly distinctive feature, with the gastrointestinal tract
being the most common location. Other sites of involvement
include the central nervous system, the bone marrow, the oral
cavity, the lungs, and the skin. Recently a primary effusion
lymphoma (PEL) has been described in association with
HIV. This rare lymphoma develops exclusively in serous
body cavities (peritoneum, pleura, or pericardium) as a
malignant effusion [120]. FDG PET findings follow the clin-
ical presentation and CT findings with typically high levels
of FDG tracer uptake due to the aggressive nature of these
lymphomas.

Thymic Uptake

Following chemotherapy, thymic FDG uptake in young
adults and pediatric patients is a known phenomenon and
should not be mistaken with residual lymphoma, although at

times differentiation between the two conditions may be
challenging [121-123]. Thymic hyperplasia is a common
phenomenon after treatment, especially in children, with an
incidence of 16%. It has been proposed that this finding is
due to an immunologic rebound phenomenon characterized
by lymph follicles with large nuclear centers and infiltration
of plasma cells following thymic aplasia secondary to ste-
roid-induced apoptosis and inhibition of lymphocyte prolif-
eration. Rebound thymic hyperplasia is associated with
increased FDG tracer uptake and increased thymus volume.
In children with a malignancy roughly 75% will have increased
thymus FDG tracer uptake both prior to and following che-
motherapy, although with a significant increase after therapy,
while in young adults only about 5% will manifest increased
thymic FDG uptake after chemotherapy [122, 123].

BM Uptake After Administration of Colony
Stimulators

In patients with chemotherapy followed by bone marrow
stimulants such as granulocyte colony-stimulating factor and
granulocyte-macrophage colony-stimulating factor, the BM
will have diffuse, intense increased FDG accumulation
[71, 72]. Therefore, diffuse BM FDG uptake is commonly
attributable to the effect of hematopoietic cytokines. Diffuse
bone marrow FDG uptake can, however, also be caused by
bone marrow involvement by lymphoma and at times this
may be indistinguishable from hematopoietic cytokine-
mediated FDG bone marrow uptake.

Posttransplantation Period

Bone marrow transplantation (BMT) and immunocompro-
mised patients require special attention when interpreting
images. Lymphoma patients after therapy, in particular after
bone marrow transplantation, can develop cellular immuno-
deficiency until the transplanted marrow engrafts and creates
new white blood cells. These patients are extremely suscep-
tible to infections. Pulmonary infections are the most fre-
quent complications in BMT recipients [124]. Idiopathic
interstitial pneumonitis/ARDS, pneumocystis carinii, cyto-
megalovirus, aspergillus, and bacterial pneumonia are among
the most common causes of infections [125]. Additionally,
acute graft versus host disease (GVHD) often occurs during
the first 3 months following an allogeneic BMT. To minimize
the risk of graft rejection and GVHD, allogeneic BMT
patients are given immunosuppressants to prevent GVHD
before and after transplant. Use of these drugs, however,
increases the risk of infection. Therefore, caution should be
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exercised when interpreting PET-CT images in immunocom-
promised patients as infectious/inflammatory lesions and
granulomas can be falsely interpreted as persistent or recur-
rent tumor.

Conclusion

PET-CT is now the mainstay for imaging lymphoma patients.
The complimentary nature of the metabolic and anatomic
information provided by a PET-CT examination has become
an essential component of patient management, comple-
menting clinical and laboratory criteria used in staging,
restaging, and therapy monitoring. As emphasized above,
the nature of a particular lymphoma subtype and the patient’s
clinical presentation will determine the extent PET-CT imag-
ing is best employed in a particular patient’s management.
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