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that typically involve the blood, the bone marrow, and the lymphatic organs. Due to exten-
sive research and well defined and standardized response criteria, the role of [18F]FDG-
PET/CT is well defined in these malignancies. Never the less, the reliability of visual and
quantitative interpretation of PET/CT may be impaired by several factors including inconsis-
tent scanning protocols and image reconstruction methods. Furthermore, the uptake of
[18F]FDG not only reflects tissue glucose consumption by malignant lesions, but also in
other situations such as in inflammatory lesions, local and systemic infections, benign
tumors, reactive thymic hyperplasia, histiocytic infiltration, among others; or following gran-
ulocyte colony stimulating factors therapy, radiation therapy, chemotherapy or surgical
interventions, all of which are a potential source of false-positive or negative interpreta-
tions. Therefore it is of paramount importance for the Nuclear Medicine Physician to be
familiar with, not only the normal distribution of [18F]FDG in the body, but also with the
most frequent findings that may hamper a correct interpretation of the scan, which could
ultimately alter the patients management.
In this review, we describe these myriad of situations so the interpreting physician can be famil-
iar with them, providing tools for their correct identification and interpretation when possible.
Semin Nucl Med 51:554-571 © 2021 Elsevier Inc. All rights reserved.
Introduction
Background
Hematologic malignancies represent a vast group of hemato-
poietic and lymphoid cancers that typically involve the
blood, the bone marrow, and the lymphatic organs. The
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WHO classification of these tumors, lastly revised in
2016,1,2,3 includes various types of acute and chronic leuke-
mia, multiple myeloma and lymphomas, the later ones con-
ventionally divided into Hodgkin’s (HL) and non-Hodgkin's
(NHL). Malignancies affecting the blood, that is, leukemia,
can be furthermore divided based on the level of cell differen-
tiation and maturity into acute lymphoblastic leukemia
(ALL), acute myeloid leukemia (AML), chronic lymphocytic
leukemia (CLL) and chronic myeloid leukemia (CML). Acute
lymphoblastic leukemia typically derives from malignant
lymphoid cells blocked at an early stage of differentiation,
which invade both hematopoietic organs (blood and bone
marrow), as well as extramedullary sites.4 Commonly affect-
ing healthy individuals, ALL tends to be more frequent in
children, by showing a conventional peak at 1-4 years of
age.5 Acute myeloid leukemia, on counterpart, derives from
malignant cells of myeloid lineage and is mostly diagnosed in
older patients, aged �60 years.6,7 The presence of recurrent
genetic abnormalities is a primary criteria for AML classifica-
tion, which decreases with age, while other AML types due
to myelodysplasia-related changes or therapy-related AML,
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tend to increase.7,8,9 Chronic lymphocytic leukemia repre-
sents instead the most frequent B cell leukemia in elderly
patients and the commonest form in Western countries, typi-
cally diagnosed at a median age of 72 years.10,11 Family
members of patients affected by CLL tend to have an
increased risk of CLL and other non-Hodgkin lymphomas,
which in case of mantle cell lymphoma (MCL), leukemic
marginal zone lymphoma (MZL) and lymphoplasmacytic
lymphoma requires a differential diagnosis with CLL.10,12

Chronic myeloid leukemia is another hematopoietic malig-
nancy arising from myeloid lineage, which is characterized
by a typical genetic alteration leading to the translocation t
(9;22)(q34;q11), with the shortened chromosome 22, also
known as Philadelphia chromosome.13,14 The traslocation
determines a BCR�ABL1 fusion gene that codes for
BCR�ABL1 transcripts, which can be used for peripheral
blood and bone marrow diagnosis of CML together with the
detection of Philadelphia chromosome. CML rarely affects
children, while it is mostly present in older population, with
a median age at diagnosis 60-65 years.14 Multiple myeloma
(MM) represents the second most common hematological
malignancy in high-income countries, accounting for almost
1% of the tumors.15,16 It derives from monoclonal plasma
cells that accumulate in the bone marrow and produce M-
protein, leading to a variety of manifestations starting with
subtle asymptomatic conditions such as monoclonal gamm-
opathy of undetermined significance (MGUS) or smoulder-
ing multiple myeloma up to bone fractures and complicated
organ dysfunction.16 Along inherited genetic variants, other
risk factors have been associated to MM development,
including obesity, chronic inflammation, as well as exposure
to pesticides, organic solvents, or radiation.17,18 The intro-
duction of autologous stem-cell transplantation (ASCT)
along systemic treatment and novel drugs, has improved
patients outcome, especially at younger age,19 with median
overall survival rising up from 4 to 10 years.20,21 Lympho-
mas represent instead a large group of malignancies affecting
the lymphoid organs. The majority are encompassed into
non-Hodgkin lymphomas, while 10% of them are repre-
sented by Hodgkin Lymphoma.22,23 Based on the cell types,
NHL can be characterized into B-cell lymphomas (85%-90%
of the cases), T-cell and natural killer (NK)-cell
lymphomas,1,23,24 whereas HL can be conventionally divided
into classical or nodular lymphocyte-predominant and non-
classical forms.1 The key elements identifying in any case HL
on a histopathological level are the Reed-Sternberg (HRS)
cells, also known to be of B-cell origin.24 On a clinical point
of view, HL and most B-cell representatives of NHL, that is,
Diffuse Large B-Cell Lymphoma (DLBCL), Burkitt lymphoma
(BL), are defined as aggressive malignancies. While is it also
possible for more indolent forms, that is, Follicular lym-
phoma (FL), to transform into more aggressive lymphomas,
typically DLBCL. Of note, the aggressive switch known as
Richter's transformation, is also documented for chronic lym-
phocytic leukemia.25,26 The variegate nature of the different
lymphoma subtypes determines a large spectrum of clinical
presentations and outcome, which very much depend on the
type of cell-origin and disease extent. Once based on the Ann
Arbor classification,27 the staging system for lymphomas has
markedly changed following the embedment of diagnostic
imaging into the clinical work-up,28,29,30 reaching up to the
current Lugano classification31 used for both HL and NHL.
Indications of [18F]FDG-PET/CT in
Haematological Malignancies
Haematological malignancies were one of the first indications
to perform [18F]FDG-PET/CT and up to date a substantial
amount of patients who are referred for [18F]FDG-PET/CT
are suspected for a hematological malignancy. Due to exten-
sive research and well defined and standardized response cri-
teria, the role of [18F]FDG-PET/CT is well defined in
hematological malignancies and summarized in European
and American guidelines.32,33,34,35,36,37,38,39. A summary of
the current recommendations of different types of lympho-
mas and leukemias are presented in Table 1.
Technical Considerations
The reliability of visual and quantitative PET/CT interpreta-
tion in hematological malignancies may be impaired by sev-
eral factors including inconsistent scanning protocols and
image reconstruction methods of PET/CT.

Imaging artifacts may occur due to technical and physical
factors on the imaging system, such as follows:

i) The limited spatial resolution of PET scanners may

result in a reduced sensitivity, especially when it comes
to small lesions. Here we have to keep in mind, that
PET interpretation is validated on scanners with limited
resolution, and over-interpretation must be avoided.
This is why an improved scanner quality should be han-
dled with care. Improved PET images obtained e.g. by
using point spread function might improve tumor
detectability, but does not necessarily improve patients
outcome. In contrast, the rate of PET positive patients
during response assessment might increase, and may
lead in on overtreatment including acute toxicities and
long-term sequelae such as 2nd malignancies.40,41

ii) Misalignment between PET and CT data sets can lead
to localization errors and incorrect attenuation correc-
tion. One major reason for misalignment is the respira-
tory movement, when using diagnostic CT in deep
inspiration for attenuation correction. In order to avoid
such errors, restriction on quality of CT imaging would
be accepted.42

iii) Furthermore CT contrast agents can cause artifacts
leading to subsequent overestimation of attenuation
and artificially elevated regions of PET activity. Previ-
ous studies reported that SUVs increase less strongly in
tumor tissue than in background locations such as the
liver or mediastinal blood pool.43,44,45,46

This observation could be of clinical significance, as refer-
ence regions are nowadays increasingly used for



Table 1 Current Guideline Recommendations on the Routine Clinical Use of [18F]FDG-PET/CT in Lymphomas, Multiple Myeloma
and Leukemias

Staging Interim
Evaluation

End of Treatment
Evaluation

Routine
Follow-Up

Suspected
recurrence

Lymphoma type
Hodgkin lymhoma (HL)
Classical HL X X X X
Nodular HL X X X X
Non-Hodgkin lymphoma (NHL)
DLBCL X X X X
Follicular lymphoma X (st I and II) X
T-cell lymhomas X X X X
Mantle cell lymphomas X X X

Multiple myeloma X X X X

Transformation X
Biopsy localization X

Leukemias
ALL extramedullair disease X X X
AML extramedullary disease X X X
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quantitative PET interpretation, not only in hematological
malignancies. Uptake values in lesions and reference loca-
tions show significant changes when contrast-enhanced CT
is used for attenuation. Hereby, tumor SUVs increase to a
lesser degree than SUVs particular in the liver and mediasti-
nal blood pool, especially in situations with a lower lesional
[18F]FDG uptake.47

The following procedures may be affected in particular: (1)
Evaluation of residual tissue using reference regions (eg,
assessment of the Deauville score with or without support of
SUV measurements) (2) Calculation of ratios between tumor
and background SUVs (eg, tumor-to-blood-pool ratio) (3)
Measurement of percentage changes between the SUV in the
patient’s most intense lesion at baseline as well as on follow-
up scans (eg, DSUVmax). However, the role of CT contrast
media in the management of patients with hematological
malignancies is still under discussion. According to the inter-
national consensus recommendations contrast-enhanced CT
exclusively should be used for specific issues, for instance to
obtain more accurate measurements of nodal size in clinical
studies, to distinguish bowel from lymphadenopathy, to
assess compression or thrombosis of central vessels and for
radiotherapy planning.31

Standardization of image reconstruction methods and the
use of comparable SUV measurements are therefore crucial
when using PET/CT in hematological malignancies. It should
always be considered whether a patient might additionally
benefit from contrast-enhanced CT and whether this exami-
nation can be integrated into a planned PET/CT. Ideally, the
attenuation correction CT should be performed without
enhancement through a contrast fluid, and additional diag-
nostic CT with i.v. contrast should be restricted to body part
of clinical relevance.
Normal [18F]FDG Distribution
and its Variants
Before being able to detect abnormalities on an [18F]FDG PET-
CT scan performed in patients with hematological malignan-
cies, or any other indication, it is of paramount importance to
know the normal distribution of this tracer within the body.

For this, PET-CT scans should be performed following the
recommendations of procedure guidelines such as those
published by the European Society of Nuclear Medicine
(EANM) or the Society of Nuclear Medicine and Molecular
Imaging (SNMMI).48,49

In this section, we present a basic description of normal
[18F]FDG distribution together with typical variants found in
routine [18F]FDG PET-CT examinations.
Head and Neck
The brain has the highest [18F]FDG accumulation in the
whole body due to the exclusive use of glucose as a metabolic
substrate. High uptake is routinely seen within the cortical
grey matter and basal ganglia. Because of this high baseline
uptake, [18F]FDG is not the ideal tracer for tumor brain
imaging. In spite of this, a recent meta-analysis by Park HY et
al50 and a recent guideline from the European Association
for Neuro-Oncology,51 suggest the use of [18F]FDG PET-CT
over whole-body contrast enhanced CT in suspected primary
central nervous system lymphoma, as it usually presents as a
highly hypermetabolic brain lesion, with uptake higher than
the surrounding tissue. Furthermore, current guidelines for
staging of primary CNS lymphoma from the “International
Primary CNS Lymphoma Collaborative Group” and the
“National Comprehensive Cancer Network” (NCCN)



FDG-PET/CT Variants and Pitfalls in Haematological Malignancies 557
recommend whole body imaging with [18F]FDG PET-CT or
contrast enhanced CT to exclude systemic involvement.52,53

Lymphoid tissue in the head and neck, especially involv-
ing the Waldeyer�s Ring, is often seen and is usually symmet-
rical. Nevertheless, a slight degree of asymmetry can be
accepted as non-pathological.54 Seasonal variations have
been described and related to upper respiratory tract infec-
tions.55 Particular caution should be taken when interpreting
these findings in the context of patients with lymphoma.
Involvement of the Waldeyer�s Ring may be considered if a
significant asymmetry is seen on PET images and this corre-
lates with CT images.56 Nevertheless, confirmation is recom-
mended if this involvement changes patient management. In
our experience, bilateral cervical lymph nodes (mainly in
level II) can sometimes be found together with the previously
described findings, which in the context of lymphoma
patients it raises a particular challenge (Fig. 1). Ideally, these
findings should be biopsied for confirmation if they change
patient’s management, but if not, the activity of the lymph
nodes can be compared with the activity or location of the
other involved lymph nodes for a better diagnostic approach.
Even though the salivary glands can show varied degrees

of tracer accumulation, it is usually mild, homogeneous and
symmetric.57,58

Thyroid uptake is usually absent or mild with a diffuse and
homogeneous distribution.
Thorax
The thymus can be frequently seen in children, but sometimes
also in young adults. It can usually be identified as an anterior
Figure 1 This is the case of a 22-year-old patient with Hodgk
PET-CT show cervical and mediastinal lymph node involveme
ovaries due to menstrual cycle. (B) PET-CT after 4 cycles of A
most of the mediastinal and cervical lymph nodes, (C) while th
persistent increased metabolic activity. Due to the discordant
cervical lymph nodes is performed. Histopathological examina
lar lymphoid hyperplasia with no signs of infiltration by lymph
mediastinal soft tissue with an inverted “V” shape in a coronal
plane showing a mild [18F]FDG uptake. Care should be taken
when interpreting these findings in patients with hematologi-
cal malignancies, as the thymus can hypertrophy and increase
its uptake after chemotherapy (thymic rebound),59 becoming
a potential source of false positive findings (Fig. 2).

Breast tissue usually shows low levels of uptake that can get
higher in patient in the postovulatory phase of the menstrual
cycle or depending on the amount of active glandular tissue.60

For example, lactating breast usually show bilateral high levels
of heterogeneous uptake. On the other hand, uptake decreases
with increasing age and lower breast density.61

Mediastinal physiologic activity is largely dependent on
blood pool activity of [18F]FDG. In contrast, myocardial
activity is variable and depends on fasting state. In normal
conditions, the heart primarily uses glucose metabolism as a
source of energy, therefore, increased myocardial uptake will
be found. On the other hand, when fasting, the myocardium
will decrease its uptake, as it will turn to a fatty acid metabo-
lism. In general, the most frequent finding is a homogeneous
left ventricular myocardial uptake.

Other variants that can cause a false positive interpretation
due to increased [18F]FDG are the lipomatous hypertrophy62

of the atrial septum and the crista terminalis.63

The lung and pleural usually show very low uptake if there
is no associated pathology.
Abdomen
Gastrointestinal (GI) tract [18F]FDG activity is common and
often benign. The mechanism of physiologic uptake is not
in’s Lymphoma, Nodular Sclerosis subtype. (A) Staging
nt (Stage II). Arrows show bilaterally increase uptake in
BVD treatment shows a complete metabolic response of
e superior cervical lymph nodes (bilateral level II) show
findings, ultrasound guided core needle biopsy of both
tion of both cervical lymph nodes shows reactive follicu-
oma, therefore no change in management was needed.



Figure 2 Transverse and coronal slices of FDG-PET/CT, fusion and CT in a 22- year-old male patient with common var-
iable immune deficiency and weight loss in whom malignant disease needed to be excluded. FDG-PET/CT showed
moderately to strongly increased FDG-uptake in the anterior mediastinum, representing thymus hyperplasia. This
physiological entity is a pitfall of FDG-PET imaging and should not be interpreted as a malignant finding. No malignant
lesions were detected in this patient.
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fully understood, but it is thought to be a combination of
mucosal and smooth muscle uptake, microbial overgrowth
and [18F]FDG excretion.64 It can be variable, but is typically
mild to moderate in intensity and diffuse in distribution.65

Focal activity in the GI tract can also be a normal variant (ie,
polyps, inflamed diverticula, focal colitis) (Fig. 3), but should
be further evaluated to discard malignancy. This can be done
by correlating with underlying CT abnormalities, the use of
dual-time-point images66 or by recommending a colonos-
copy. Furthermore, intense colonic activity with diffuse dis-
tribution can be seen in patients with colitis, inflammatory
vowel disease or when the patient is using oral antidiabetic
drugs such as metformin.67

Physiologic [18F]FDG activity in solid abdominal organs
such as liver, spleen, pancreas and adrenal glands, without
an underlying CT abnormality is usually mild, diffuse and
homogeneous, with a higher pool activity in the liver when
compared to the other organs.68

[18F]FDG is excreted by the kidneys, therefore, uptake is
seen in calyces, ureters and bladder. The activity seen within
the ureters can be heterogeneous depending on peristalsis.
Pelvis
In pre-menopausal women, endometrial and ovarian uptake
depends on the menstrual cycle. Increased endometrial
uptake can be seen during the flow phase (typically within
the first 4 days of the menstrual cycle) and during ovulation
(typically day 14 of the menstrual cycle).69 Physiologic ovar-
ian uptake can be seen during ovulation (Fig 1) and in rela-
tion to a corpus luteal cyst.70

On the other hand, in post-menopausal women, neither
endometrial or ovarian uptake should be seen. If any [18F]
FDG uptake is seen in this group of patients, it should be
regarded as suspicious, and further work-up should be
recommended. This is why it is so important to document
the date of the last menstrual period to aid interpretation.

In men, prostate activity is usually mild and homoge-
neous, even in benign prostate hyperplasia. Any site of focal
or diffuse increased uptake should be further investigated.
Skeletal and Muscular System
Uptake in muscles (eg, ocular, tongue, mastication and pho-
nation muscles) can be frequently seen and is usually due to
activation before or during the uptake period. Recent insulin
injection or food intake will also give rise to increased [18F]
FDG muscular uptake.71 It is usually symmetric, but in some
cases such as surgery, irradiation, muscle contraction or uni-
lateral palsy, they can show an asymmetric pattern that
should be interpreted with caution.72 The elongated shape of
the uptake can also suggest a physiological uptake, neverthe-
less, focal uptake at the genioglossus insertion in the oral cav-
ity can be frequently seen and relates to muscle activity to
maintain the upper airway in the supine position.73

Activity in cortical bone is usually mild and homogeneous
if there are no underlying bone abnormalities. On the other
hand, bone marrow activity is lower than that of the bone,
except in some particular cases, which are described on sec-
tion 4.6.
Brown Fat
Brown fat uptake has a variable incidence, being more often
seen in young74 female patients.71 It is due to locally
increased metabolic activity from a cold stimulus that results
in local thermogenesis.75 Brown fat uptake can be typically
seen in head and neck region (mostly in the posterior aspect),
the suprasternal notch, the upper axilla, the mediastinum,
the paraspinal regions, the cardiac apex and the pararenal



Figure 3 Forty-two- year-old patient with renal transplant and the diagnosis of intestinal non-Hodgkin’s lymphoma,
diffuse large beta cell subtype. (A and B) Staging PET-CT shows extensive involvement of the small intestine with wall
thickening that shows increased metabolic activity. At least two necrotic mesenteric lymph nodes are noted (red
arrow). Also, another two sites of focally increased uptake are noted near the hepatic angle of the colon (white arrow)
and in the terminal ileum, which are also considered as lymphoma involvement. (C) PET-CT after four cycles of R-
CHOP shows a very good response, nevertheless, there is persistent uptake in the lesion at the terminal ileum (D)
which causes intestinal obstruction. (E) PET-CT after completing 6 cycles of the treatment, shows response of all previ-
ously visualized lesions, but 2 new sites of increase metabolic uptake are seen in the (F) hepatic angle of the colon and
(G) in the proximal transverse colon. Due to the paradoxical findings, colonoscopy was performed and biopsies were
taken from both lesions, with a final histopathological result of: (F) tubular adenoma with low grade epithelial dyspla-
sia and (G) hyperplasic polyp.

FDG-PET/CT Variants and Pitfalls in Haematological Malignancies 559



Figure 4 Maximum-intensity projection (MIP) (A) and transverse slices of fusion of FDG-PET/CT and CT (B) demon-
strating physiological high FDG-uptake in brown fat in cervical, paraclavicular, paravertebral, mediastinal, parasternal,
retrocrural and pararenal regions in a 17-year old male patient with suspicion of lymphoma due to eosinophylic fascii-
tis. No lesions suspicious of lymphoma were diagnosed on FDG-PET/CT.
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space.71 The correct interpretation of this kind of uptake
used to be very challenging in the PET era, nevertheless, the
incorporation of hybrid imaging has dramatically reduced
this problem. In lymphoma patients these uptakes can be a
potential source of false positive or false negative findings,
therefore, a careful assessment is required when found
(Fig. 4). This can be done by carefully going through the CT
images to identify underlying lymph nodes within the acti-
vated brown fat. On the other hand, brown fat uptake can be
minimized by ensuring that the patient is warm and rested
during the uptake period, avoiding medication such as nico-
tine or adrenergic agents, diet and also by the use of beta-
blockade or diazepam.71,76
Pitfalls of [18F]FDG in
Haematological Malignancies
Usually, it is accepted that, in cancer patients such as those
with hematological malignancies, finding foci of increased
[18F]FDG uptake can be considered as indicative of active
disease. Nevertheless, it is known that [18F]FDG not only
accumulates in malignant lesions, but also in other types of
lesions such as benign tumors, sites of infection and inflam-
mation, among others.
Therefore, knowledge of patients history, symptoms, labo-

ratory findings (such as tumor markers, etc) and physical
examination findings can be very important in accurately
interpreting foci of increased uptake. Furthermore, as differ-
ences in [18F]FDG activity can overlap among benign and
malignant lesions, CT and other conventional imaging char-
acteristics can also be of help for a correct interpretation.
Finally, if the findings can potentially alter patients manage-
ment, confirmation by biopsy should be pursued.

In this section we describe the most common sources of
potential pitfalls while performing [18F]FDG PET-CT in
patients with hematological malignancies.
Brain
[18F]FDG PET-CT is recommended for the detection and
systemic staging of primary CNS lymphoma. For other
hematological malignancies, [18F]FDG PET-CT is useful
detecting extramedullary disease. Therefore, potential pitfalls
have to be taken into consideration for a correct interpreta-
tion. For example:

False negative findings:

� Lymphomatosis cerebri and intravascular brain lym-
phoma may show, in some cases, a normal pattern of
brain [18F]FDG distribution.77

� Meningeal involvement in extramedullary leukemia
might be difficult to assess due to lesion size and super-
ficial extension.78

False positive findings:

� Acute cerebral infarction.79

� Infection, especially in leukemia patients that can have
post-treatment immunosuppression.
Head and Neck
Head and neck involvement by hematological malignancies is
mainly due to lymph node or lymphoid tissue involvement;
therefore, it will be treated in section 4.7. Lymphatic system.
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Thorax
Thoracic involvement, mainly lung involvement (as mediasti-
nal lymphadenopathy will be addressed in section 4.7. Lym-
phatic system), can occur throughout the whole spectrum of
hematological malignancies. For example, most patients with
lymphoma (85% of HL and 66% of NHL)80 may have pul-
monary findings. On the other hand, primary involvement of
the lung by lymphoma is rarer.
There is a myriad of presentations of lung involvement due

to hematological malignancies, the most common being:81

� Bronchovascular or lymphangitic: due to direct inva-
sion from lymph nodes or bronchopulmonary lym-
phatics.

� Nodular: which can be single or multiple. In the con-
text of AML (but also myelodisplasic syndrome and
myeloproliferative neoplasms)82 if a lung mass is
found, myeloid sarcoma should be suspected.

� Pneumonic (alveolar): indistinguishable from bacterial
pneumonia

� Miliary

Endobronquial disease and pleural effusion have also been
described. Vascular complications such as (but not limited
to) superior vena cava syndrome and thromboembolic dis-
ease, are not rare and should be taken into consideration.
Figure 5 Herein we report on a 62 year-old male referred for res
treatment. The patient had no history of pulmonary disease and
to the scan. An unexpected diffuse lung parenchyma involvem
18F-FDG PET/CT images (D-F) documented an associated inten
opacities; in addition, the presence of some residual lymphom
situation, the imaging findings required a differential diagnosis
tested by reverse transcriptase- polymerase chain reaction (RT-P
sequent weeks, the patient was hospitalized and treated. After a
swabs, the patient was considered recovered. Subsequent lymp
mented some minor residual subpleural ocapities on CT. with n
ing 18F-FDG PET/CT, confirming the complete recovery of pulm
On the other hand, there are various findings that could
hamper the interpretation of these studies. For example,
infectious processes of the lungs are common (Fig. 5), some
of them due to immunosuppression, were opportunist
pathogens can be frequently found. Noninfectious lesions,
such as drug-induced lung injury by cytokines, immunother-
apeutic drugs or transfusion of blood products, have to be
taken into consideration as they account for up to half of the
lung manifestations found. Primary lung cancer is another
common differential diagnosis that should be taken into con-
sideration.
Abdomen
Gastrointestinal Tract
The gastrointestinal (GI) tract is one of the most common
extranodal sites involved in hematological malignancies,83,84

but it can be particularly challenging to identify on imaging,
mainly due to the higher incidence of other pathologies and
due to the high physiologic GI uptake seen on [18F]FDG
PET-CT images.

Primary GI tract lymphomas account for only 1-8% of all
GI malignancies, nevertheless, it is one of the most common
sites for extranodal lymphomas, accounting for 30%-40% of
extranodal NHL,84,85 while it is extremely rare to see it in HL
patients.86,87 Furthermore, secondary GI involvement by
taging 18F-FDG PET/CT during Non-Hodgkin lymphoma
was overall asymptomatic, that is, no fever or cough prior
ent with inflammatory infiltrate was seen (A-C). Fused
se hypermetabolism in all subpleural and periaortic lung
a was seen in the abdominal region. Given the pandemic
with COVID-19. The patient was therefore immediately
CR), which confirmed positive for COVID-19. In the sub-
period of quarantine and two consecutive negative nasal
homa restaging, two months after initial diagnosis, docu-
o evidence of residual metabolism in the lungs on restag-
onary inflammation.
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lymphoma is found in up to 50% of patients at autopsy.83,88

The stomach is the most common site, with a reported inci-
dence of 47%-75%, followed by the small intestine (mainly
the ileum) and the colon.83,86

Imaging patterns have been described as diffuse infiltration
(usually seen as a homogeneous wall thickening), focal
lesions,89 or multifocal (also known as “lymphomatous pol-
yps”), all of which show moderate to high [18F]FDG uptake
that depends on the histology.
Gastrointestinal tract involvement by multiple myeloma is

uncommon, but when it happens, the most frequent sites
involved are usually the stomach and small bowel.90,91 In
general, these lesions may appear as large masses or as wall
thickening, with a moderate to intense [18F]FDG uptake.92

Extramedullary plasmacytomas of the gastrointestinal tract
are rare, with an incidence of only 4%,93,94 and usually pres-
ent as masses.
Autopsy reports have suggest an incidence of up to 25% of

GI involvement in patients with leukemia, being more com-
mon in acute than in chronic leukemia. Lesions have been
described as nodules, plaques, diffuse infiltration, polyps and
convoluted in appearance.95,96

Common sources of false positive findings are:

� Primary GI malignancies, mainly adenocarcinomas,
which usually presents with less wall thickening and
less lymphatic involvement.97

� Diverticulitis, that typically presents as a focal uptake
together with common inflammatory CT characteristics.

� Colonic polyp or primary colonic neoplasm.
� Physiologic [18F]FDG uptake that can be diffuse or focal.
Liver
Hepatic involvement is a common extranodal manifestation
of hematological malignancies,98,99 but Imaging findings are
mostly nonspecific.
In lymphomas, primary hepatic involvement is rare,

accounting for <1% of all non-Hodgkin lymphomas, while
secondary involvement has been reported in at least 50% of
patients at autopsy.100 It is important to differentiate between
both, as they have different management and prognosis.
Liver involvement by lymphoma has been described on
imaging to manifest as: Focal liver mass or masses, diffuse
infiltration and multifocal and/or military.101,102,103

In multiple myeloma, the liver (together with lymph
nodes, spleen, kidneys and pleura) is one of the most com-
mon sites of extramedullary disease. Autopsy studies have
reported liver involvement in about 30% of myeloma
patients. As in lymphoma, imaging findings are usually pre-
sented as unifocal, multifocal or diffuse involvement, with a
moderate to intense [18F]FDG uptake.104,105

Liver involvement on [18F]FDG PET-CT by leukemia has
been reported to show a diffuse pattern in ALL and CML,
and a multifocal pattern on AML.106

The most common differential diagnoses that should be
taken into account are the following:
� Hepatocellular carcinoma, usually shows a low [18F]
FDG.

� Infection, usually opportunistic, such as fungal
microabscesses

� Hemangioma
� Drug toxicity may show a diffuse increased [18F]FDG

uptake
� Septic emboli
� Metastases

Spleen
The most common hematological malignancy to affect the
spleen is lymphoma. Its infiltration is found in approximately
30 � 40% of patients,107 with an uptake pattern that can
been focal, miliary or diffuse. Also, spleen infiltration should
be considered when the CT shows a homogeneous spleno-
megaly with no focal [18F]FDG lesions, even though spleno-
megaly can happen without any tumor involvement.108

In leukemia, spleen involvement is mostly seen as a dif-
fusely increased uptake78 and splenomegaly, but focal/mili-
tary lesions have also been described.109

Spleen involvement in Multiple Myeloma can be seen in
approximately 1/3 of patients at autopsy.110 As in lym-
phoma, involvement can be present as splenomegaly with or
without focal lesions with increased uptake.111

Common pitfalls have been described, mainly due to false
positive findings. For example:

� Focal hypermetabolic lesions: Infection, infarction,
extramedullary hematopoiesis.107

� Miliary hypermetabolic lesions: Infection, fungal
microabsceses109 (specially in leukemia patients due to
immune suppression after treatment),

� Diffusely increased uptake: Response to infection,
post-therapy period (Fig. 6), hematopoietic prolifera-
tion (which is usually associated with increased sym-
metric uptake in bone marrow of axial skeleton).

Pancreas
Primary involvement of the pancreas by lymphoma accounts
for less than 2% of all pancreatic neoplasms, most of them
being of B cell type.112 In contrast, secondary involvement is
much more frequent and has been reported in up to 30% of
non-hodgkin lymphoma patients in autopsy.113

The following uptake patterns have been described for
pancreatic involvement with lymphoma:

1. On morphological images:114,115,116,117
a. Diffuse homogeneous enlargement of the pancreas
b. Segmental enlargement of the pancreas
2. On [18F]FDG PET:118
a. Solitary: most common form. Usually involving the
head.

b. Diffuse
c. Multiple
d. Segmental



Figure 6 Diffuse bone marrow and spleen uptake (with splenomegaly) in a patient with diffuse large beta cell lymphoma
after receiving granulocyte colony-stimulating factor. Persistent lymph nodes (white arrows) present an uptake that is
lower than the hepatic pool uptake (Deauville score: 3).
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Pancreatic involvement by multiple myeloma is rare, with
a reported incidence rate of 2.3% based on autopsy stud-
ies.119 Obstructive jaundice and abdominal pain have been
described as the most common symptoms.120 On imaging,
some have reported a focal or diffuse infiltration of the gland
as the most common findings.115

In leukemia, pancreatic infiltration is very rare, with only a
few cases reported in the literature for acute lymphoblastic leu-
kemia (ALL), both in adults and pediatric patients.121,122 To our
knowledge, no patterns of involvement have been described,
only the findings of case reports that show focal disease.
In general, the following differential diagnoses should be

taken into consideration when finding abnormal [18F]FDG
uptake in the pancreas in patients with hematological
malignancies:

1. Focal uptake with a solid mass

a. Pancreatic Adenocarcinoma: Responsible for

approximately 95% of pancreatic cancers.123 It usu-
ally shows more aggressive features than lymphoma,
like infiltration or obstruction of adjacent struc-
tures.124 On contrast enhanced CT, early enhance-
ment similar to that of unaffected pancreatic tissue
can be seen in Myeloma and Lymphoma, in contrast
to what is seen in pancreatic adenocarcinoma.125

Also, the metastatic pattern of adenocarcinoma can
help orient diagnosis, being the most frequent sites
of involvement the liver, peripancreatic lymph
nodes, peritoneum, lung and pleura.126 Also, lym-
phomas are usually larger and bulkier than adeno-
carcinomas.124 [18F]FDG uptake intensity is not
useful to differentiate diagnosis.
b. Neuroendocrine tumor (NET): They account for
only 1-3% of all pancreatic cancers.127 Well differ-
entiate NET, especially if they have a low prolifer-
ative activity, usually show low [18F]FDG uptake,
conversely to what is seen in lymphomas.

c. Focal acute/chronic pancreatitis: It is usually diffi-
cult to differentiate. Clinical history and laboratory
findings may help guide diagnosis. Chronic pan-
creatitis usually show low [18F]FDG uptake and
upstream atrophy of the pancreas.115

d. Cystic tumors
e. Focal autoimmune pancreatitis: Might be difficult

to differentiate based on uptake, but usually
presents upstream atrophy.115

f. Infection: Usually preceded by a history of sever
acute pancreatitis.
2. Diffuse uptake with diffuse enlargement:

a. Autoimmune pancreatitis: Usually shows rela-

tively low [18F]FDG uptake.128 Abnormal uptake
in other organs such as salivary glands, retroperi-
toneum or kidneys129 can help diagnosis of auto-
immune disease. Even though both may present
lymphadenopathy, if they are large and below the
level of renal veins it is more indicative of
lymphoma.115

b. Acute pancreatitis: Is usually accompanied by
severe abdominal symptoms and characteristic lab-
oratory findings, like elevated amylase, that can
help differentiate from lymphoma.

c. Multiple foci:
d. NET: Especially in multiple endocrine neoplasia

syndromes.
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Pancreatic metastases can present with a focal (solitary),
multiple or diffuse pattern,129,130 which makes it very diffi-
cult to interpret. We recommend a correlation with the clini-
cal history, serum tumor markers and other imaging findings
to correctly pose a differential diagnosis.

Adrenal Glands
Usually, lesions found in the adrenal gland are benign in
nature, mostly adenomas. Nevertheless, adrenal glands are a
frequent site of metastasis in patients with cancer, with a rate
of approximately 25%-75% depending on the site of the pri-
mary tumor.131 The most common tumors with adrenal
metastasis are lung, kidneys, melanoma, breast, colon and
rectal, among others.
There are a very few case reports of adrenal involvement

by hematological malignancies, mostly by lymphoma and
less frequently by myeloma. Therefore, the finding of meta-
bolically increase adrenal lesions should give rise to the fol-
lowing differential diagnosis:

� Adenomas: if using a non-contrast enhanced CT, an
attenuation of <10HU has been described correctly
identify adrenal adenomas with a sensitivity of 71%
and a specificity of 98%.132

� Metastases
� Primary adrenal tumor like adrenal carcinoma or

pheocromocytomas.
Genitourinary System
Renal involvement is usually found in hematological malig-
nancies due to hematogenous or lymphatic spread,133 and is
usually seen in the context of other concomitant sites of
extramedullary involvement.
Primary involvement of the kidneys by lymphoma is rare,

accounting for less than 1% of extranodal lymphoma.134 On
the other hand, secondary renal involvement by lymphoma
has been reported to be found in approximately 30-60% of
patients with non-Hodgkin lymphoma. Bilateral involvement
is seen in 10 � 20% of the cases.135

The most common imaging finding, seen on approxi-
mately 50%-60% of patients, is the presence of multiple
parenchymal nodular masses of different sizes.136 A solitary
mass can be seen in approximately 10%-25% of
patients.134,136 Renal lymphomas are intensively [18F]FDG
avid, nevertheless, physiological accumulation and excretion
of the tracer at the parenchyma and collecting systems can
make it difficult to identify.137 In these cases, delayed PET-
CT images, with or without administration of a diuretic drug
and intravenous hydration, may be of help.138 Correlation
with contrast enhanced CT images may also be of use.136,137

On autopsy series, renal involvement by multiple mye-
loma has been reported in approximately 10-30% of patients,
but this rarely manifests on imaging.139 The most common
imaging patterns described have been the presence of peri-
nephric nodules or masses, and less frequently, focal renal
masses.140 Renal plasmocytomas have also been reported
Renal involvement by leukemia is rarely detected by imag-
ing (less than 5%), nevertheless, on autopsy, involvement
has been reported to be found in 60-90% of patients.135,141

It usually presents as nephromegaly, which can be unilateral
o bilateral, but also focal lesions have been describe.135,142

As renal involvement is rare on imaging, detection of a lesion
should raise other more common possibilities as differential
diagnosis.

Common differential diagnoses that should be taken into
consideration:

� Renal cell carcinoma: Tends to show only mild [18F]
FDG uptake.

� Metastases: common primary tumor with renal metas-
tases are melanoma, lung, colon and breast.143

� Abscess
� Acute pyelonephritis
� Angiomiolipoma
� Bladder cancer
� Chronic pyelonephritis
� Renal adenoma
� Renal cyst
� Renal infarction
� Wilms disease
Pelvis
Involvement of pelvic organs (ie, cervix, uterus, ovary and
prostate) by hematological malignancies is rare, except for
lymphoma, were cases of primary a secondary involvement
has been described, and some anecdotal cases of gynecologi-
cal plasmocytomas.

Due to the low incidence of involvement, further work-up
should be recommended when finding abnormal [18F]FDG
uptake in these organs.

Common causes of increased [18F]FDG uptake:144

� Primary malignancies
� Metastases
� Benign prostate hyperplasia, usually has a mild uptake
� Pelvic inflammatory disease
� Endometriomas and/or endometriosis
� Benign cystadenomas
� Teratomas
� Miomas
� Abscesses
� Schwannomas
� Benign uterine leiomiomas (uterine fibroids)
Skeleton and Bone Marrow
Bone marrow involvement is one of the most important
prognostic factors in patients with lymphoma. [18F]FDG
PET-CT has a great accuracy in discarding and detecting
bone marrow involvement in patients with diffuse large B
cell lymphoma (DLBCL) and Hodgkin’s lymphoma (HL)



Figure 7 Staging PET-CT in a 25 year-old patient with Hodgkin
Lymphoma, nodular sclerosis subtype extensive supra diaphrag-
matic lymph node involvement. Diffusely increased metabolic
uptake is seen in the bone marrow with negative bone marrow
biopsy. Care should be taken when interpreting bone marrow
uptake in HL patients, as a diffusely increased bone marrow activity
should not be regarded as lymphoma involvement.
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(Fig. 7), with a pooled sensitivity and specificity of 88,7%
and 99.8% for DLBCL,145 and 96.9% and 99.7% for HL.146

Due to these excellent results, [18F]FDG PET-CT has
replaced bone marrow biopsy in these lymphoma sub-
types.30 Nevertheless, it has been reported to miss diffuse
bone marrow involvement in 10-20% of DLBCL patients,147

therefore, a negative PET does not firmly rule out bone mar-
row involvement in clinically advanced DLBCL. Conse-
quently, bone marrow biopsy is still necessary in this
scenario if relevant for patient management.
In other subtypes of NHL, mainly indolent NHL, bone

marrow biopsy with immunohistochemistry and flow cytom-
etry are still considered as gold standard for the detection of
bone marrow involvement.148

In multiple myeloma, bone disease occurs in virtually all
patients during the course of the disease. A recent consensus
statement by the International Myeloma Working Group rec-
ommends incorporating [18F]FDG PET-CT into the diagnos-
tic work-up of this hematological malignancy.149

[18F]FDG PET-CT is not regularly used in the assessment
of leukemia. However, several case reports have
demonstrated its potential in diagnosis and follow-up of leu-
kemic bone marrow infiltration,150 nevertheless, further
research is needed before acceptances in clinical guidelines.
Patterns of uptake have been described as focal or diffuse on
[18F]FDG PET-CT imaging.151

Common sources of false-positive findings:

� Diffusely increased [18F]FDG uptake:
� Following the administration of granulocyte stimulat-

ing factors (G-CSF) (Fig. 6). It is recommended to
delay imaging for up to 4-6 week after administration.

� Reactive hyperplasia due to previous chemotherapy. It
is also recommended to delay images for up to 4-6
weeks after chemotherapy.152

� Hypercellular bone marrow due to anemia, infection,
alcohol, autoimmune disorders.

� Metabolic disorders; such as renal osteodystrophy and
parathyroid carcinoma.153

� Other malignant disorders (ie, diffuse metastatic
involvement from prostate cancer)154,155

� Focal or regional [18F]FDG uptake:
� Bone remodeling or fractures
� Postsurgical or biopsy areas
� Due to metallic implants
� Degenerative bone cysts
� Primary bone malignancy (ie, Fibrosarcoma)
� Benign bone lesions (ie, eosinophilic granuloma)
� Joint surfaces
� Inflammation - Infection

Most of these differential diagnoses can be narrowed by
the careful evaluation of the TC component. For example, if
a sclerotic component is seen within a focal avid lesion, this
is less likely to be due to myeloma infiltration. On the other
hand, if there is infiltration of the medullary cavity and ero-
sion of the inner cortical bone, this increases the likelihood
of myeloma infiltration.

False negative findings have been describe in hyperglyce-
mic patients, after a recent administration of high-dose of ste-
roids (which should be suspended at least 5 days before
scanning)156 and in small sub-centimetric lytic lesions. It can
also be negative in patients with multiple myeloma with a
low concentration of plasma-cell infiltration.157
Lymphatic System
Lymph node involvement can be seen in most hematological
malignancies, especially in lymphoma, but also in cases of
extramedullary multiple myeloma and leukemia.

One of the great strengths of [18F]FDG PET-CT imaging is
its ability to detect tumor involvement in lymph nodes that
are not enlarged, which is one of the reasons it is the modal-
ity of choice when evaluating these malignancies.

However, [18F]FDG uptake is not exclusive of malignant
cells. Neutrophils and activated macrophages also show and
increased uptake which results in and increased metabolic
activity in a variety of benign processes such as granuloma-
tous disease (such as sarcoidosis) (Fig. 8), tuberculosis,



Figure 8 Fifty-five year-old female with Mantel cell lymphoma of the milt in the history, presenting with B symptoms
(fever and weight loss) and high suspicion of transformed NHL. [A] [18F]FDG-PET/CT shows multiple enlarged and
highly [18F]FDG-avide lymph nodes in the mediastinum and right supraclavicular. Due to the symmetrical uptake sar-
coid like reaction was part of the differential diagnosis but recurrent lymphoma could not be ruled out. Pathology
results of lymph nodes 4R and 11R (via EBUS) showed granulomatous inflammation. [B] Follow-up scan 10 weeks
later show decreased [18F]FDG-uptake in all nodes, confirming self-limiting sarcoid like reaction.
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inflammatory lymph nodes, systemic infections like HIV,
among others.
Special care should be taken when evaluating axillary

lymph nodes in patients who have recently received the
SARS-CoV-2 vaccine, as these may present lymph nodes
with increased uptake in the same side where the vaccine
was injected.
Pitfalls During and/or After Treatment
The correct interpretation of [18F]FDG PET-CT during
(interim) or following completion of therapy of hematologi-
cal malignancies is of critical importance, as misdiagnosis
may lead to a major impact on patient management. Pitfalls
related to many diseases that can mimic a progression or
refractory disease have to be taken into consideration. Also,
the timing from surgery, administration of G-CSF, chemo-
therapy, external beam radiotherapy or radioinmunother-
apy48,49 has to be taken into account to avoid potential
sources of false positive findings.
Infection and/or Inflammation
These are the most common pitfalls during and after treat-
ment evaluation, as patients are more prone to infections due
to treatment-induced neutropenia, anemia and thrombocyto-
penia.
In this context, infections are mainly found in the lungs,

presenting as a mild and diffuse increased uptake with typical
CT findings. Care should be taken when interpreting these
findings, and should not be considered as disease progres-
sion, especially if there was no lung involvement before
treatment. CT evaluation after completing antibiotic treat-
ment should be recommended.

In patients with systemic infections, diffusely increased
uptake in bone marrow and spleen can be seen, and should
also not be considered as progressive disease.

Granulomatous disease, mainly due to sarcoidosis but also
induced by different immunotherapy agents (see section
4.8.3), should be considered when persistent mediastinal
and/or hilar lymph nodes are found. An early control should
be done to confirm non-progression.158

Various Treatment Induced Pitfalls
The effects of G-CSF and chemotherapy in spleen and bone
marrow activity are a very common source of potential pit-
falls and should always be considered.

Interstitial lung disease due to drug toxicity can be seen
after treatment with rituximab or bleomycin, and should be
recognized on CT findings.159

Thymic hyperplasia or rebound, caused by a suppression
of thymic activity during chemotherapy,160 can be seen for
up to 2 years, but is more frequent in the first 6 months fol-
lowing treatment.161 In patients with mediastinal involve-
ment on initial staging this finding can be challenging to
differentiate for residual disease. In doubtful cases, biopsy or
diffusion-weight MRI should be performed.158

Radiotherapy can induce inflammation of tissues or organs
involved in the radiation field causing, for example, pneumo-
nitis, esophagitis or pharyngitis, which could potentially be
sources of false positive findings.

The most common post-surgical causes of false positive
findings are due to inflammation, infection, abscess, fistula,
fat necrosis (which can also be a chemotherapy induced
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finding) and reactive lymphadenitis,162 which can be found
on, or near, the surgical area.

Immunotherapy
Special attention should be given to immunomodulatory reg-
imens. Typically, immunotherapeutic drugs aim to foster the
anti-tumoral activity of the immune system by inhibiting
blockage mechanisms mediated by immune checkpoints
such as PD-1 (programmed cell death-1) and its ligand (PD-
L1), or by conveying anti-tumoral activity through chimeric
antigen receptor T (CAR-T) cell therapy.163,164,165 Along the
desirable effect on tumor masses, immunotherapy promotes
the appearance of atypical response patterns, such as pseudo-
progression or dissociated response, and is associated to the
development of immune-related adverse events
(irAEs).166,167,168 Pseudoprogression is characterized by a
transient increase in tumor size, followed by stabilization or
shrinkage on subsequent imaging. To overcome the occur-
rence of pseudoprogression and allow its proper classifica-
tion, new response criteria have been proposed in 2016 for
immunotherapy response assessment, that is, LYRIC (Lym-
phoma response to immunomodulatory therapy criteria).169

Hence, indeterminate responses (IR) have been contemplated
to classify lymphoma patients treated with immunotherapy.
Quite variegate can be instead the presentation of irAEs,
which tend to be more frequent after the first months of
treatment, affecting 10% to 11% of the patients.166,170 The
advantage of [18F]FDG PET-CT is that it can depict early in
time the presentation of irAEs, including those having the
major impact in patient safety, i.e. pneumonitis, colitis, pan-
creatitis, hypophysitis, hepatitis, and so forth. On the other
hand, particularly for sarcoidosis-like reactions to immuno-
therapy, the real challenge can be the differential diagnosis
with lymphoma progression. In this case, the pattern of dis-
tribution, typically involving the mediastinum and lung hila,
can be of help, particularly when the new sites of FDG
uptake do not correspond to previous sites of lymphoma
involvement.

Others
Technical and physical factors regarding the scanner, as those
mentioned in section 2, can induce important artifacts and
limit the comparison of images for response assessment. This
is especially relevant when evaluating response with Deauville
criteria and also when using a semi-quantitative evaluation.
Never the less, even though Deauville scoring might be

limited,171 it remains as the Standard Scoring for Response
assessment.172 Maybe, in the near future, the use of the meta-
bolic tumor volume will help to avoid uncertainties when
applying the Deauville scoring system.
Summary
[18F]FDG PET-CT is the imaging modality of choice for [18F]
FDG avid lymphomas and can be of great help providing
additional information in other hematological malignancies.
Nevertheless, [18F]FDG uptake not only reflects tissue
glucose consumption by malignant lesions, but also in
inflammatory lesions, local and systemic infections, benign
tumors, reactive thymic hyperplasia, histiocytic infiltration,
or following G-CSF therapy, radiation therapy, or surgical
interventions, all of which could result in false-positive
findings.173

Being familiar with the most frequent differential diagnosis
for lesions in each location where hematological malignancies
are found can be helpful. On the other hand, sometimes the
amount of possible differential diagnosis is too big. There-
fore, knowing the clinical history of the patient, their symp-
toms, the results of laboratory findings (including tumor
markers) and physical examination, can help narrow down
the possible diagnosis. Also, CT characteristics and those of
other conventional imaging modalities have been described
and can be of help, nevertheless these characteristics usually
overlap among different lesions. In the end, if lesion detec-
tion is prone to change the clinical management of the
patient, the nuclear medicine physician should recommend
further work up, like biopsy, to confirm the findings.
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