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Foreword

Clear and concise clinical indications for PET/CT in the management of the oncol-
ogy and non-oncology patient are presented in this series of 15 separate booklets.

The impact on better staging, tailored management and specific treatment of the
patient with cancer has been achieved with the advent of this multimodality imaging
technology. Early and accurate diagnosis will always pay, and clear information can
be gathered with PET/CT on treatment responses. Prognostic information is gath-
ered and can further guide additional therapeutic options.

It is a fortunate coincidence that PET/CT was able to derive great benefit from
radionuclide-labelled probes, which deliver good and often excellent target to non-
target signals. Whilst labelled glucose remains the cornerstone for the clinical ben-
efit achieved, a number of recent probes are definitely adding benefit. PET/CT is
hence an evolving technology, extending its applications and indications. Significant
advances in the instrumentation and data processing available have also contributed
to this technology, which delivers high throughput and a wealth of data, with good
patient tolerance and indeed patient and public acceptance. As an example, the role
of PET/CT in the evaluation of cardiac disease is also covered, with an emphasis on
labelled rubidium and labelled glucose studies.

The novel probes of labelled choline, labelled peptides, such as DOTATATE,
and, most recently, labelled PSMA (prostate-specific membrane antigen) have
gained rapid clinical utility and acceptance, as significant PET/CT tools for the
management of neuroendocrine disease and prostate cancer patients, notwithstand-
ing all the advances achieved with other imaging modalities, such as MRI. Hence, a
chapter reviewing novel PET tracers forms part of this series.

The oncological community has recognised the value of PET/CT and has deliv-
ered advanced diagnostic criteria for some of the most important indications for
PET/CT. This includes the recent Deauville criteria for the classification of PET/CT
patients with lymphoma—similar criteria are expected to develop for other malig-
nancies, such as head and neck cancer, melanoma and pelvic malignancies. For
completion, a separate section covers the role of PET/CT in radiotherapy planning,
discussing the indications for planning biological tumour volumes in relevant
cancers.

vii



viii Foreword

These booklets offer simple, rapid and concise guidelines on the utility of PET/
CT in arange of oncological indications. They also deliver a rapid aide-memoire on
the merits and appropriate indications for PET/CT in oncology.

London, UK Peter J. Ell, FMedSci, DR HC, AQA



Preface

Hybrid imaging with PET/CT and SPECT/CT combines best of function and struc-
ture to provide accurate localisation, characterisation and diagnosis. There is exten-
sive literature and evidence to support PET/CT, which has made significant impact
in oncological imaging and management of patients with cancer. The evidence in
favour of SPECT/CT especially in orthopaedic indications is evolving and
increasing.

The Clinicians’ Guides to Radionuclide Hybrid Imaging (PET/CT and SPECT/
CT) pocketbook series is specifically aimed at our referring clinicians, nuclear med-
icine/radiology doctors, radiographers/technologists and nurses who are routinely
working in nuclear medicine and participate in multidisciplinary meetings. This
series is the joint work of many friends and professionals from different nations who
share a common dream and vision towards promoting and supporting nuclear medi-
cine as a useful and important imaging speciality.

We want to thank all those people who have contributed to this work as advisors,
authors and reviewers, without whom the book would not have been possible. We
want to thank our members from the BNMS (British Nuclear Medicine Society,
UK) for their encouragement and support, and we are extremely grateful to Dr Brian
Nielly, Charlotte Weston, the BNMS Education Committee and the BNMS council
members for their enthusiasm and trust.

Finally, we wish to extend particular gratitude to the industry for their continuous
supports towards education and training.

London, UK Gopinath Gnanasegaran
Jamshed Bomanji
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The Role of FDG PET/CT in the
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A critical appraisal of the role of FDG PET in Pyrexia of Unknown Origin (PUO)
depends on an understanding of current concepts of PUO and systematic review of
available evidence. This chapter provides an introduction to case definitions of PUO
and summarises the current evidence, reviews available guidelines and discusses
limitations in the application of FDG PET/CT for investigation of PUO.
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1.1 Pyrexia of Unknown Origin

The origin of the term PUO is typically ascribed to Petersdorf and Beeson in their
seminal work on 100 cases with ‘a fever of >38 °c on several occasions for 3 weeks
including 1 week inpatient investigation’ [1]. Similar definitions are still used,
essentially a protracted fever without a diagnosis after a reasonable set of investiga-
tions [2, 3]. Notably, the term is often used loosely and inappropriately to describe
any undiagnosed fever.

There are a myriad of causes of PUOs, broadly categorised as (1) infectious,
(2) inflammatory, (3) malignancy and (4) miscellaneous. These are elaborated in
Table 1.1.

Table 1.1 Causes of Pyrexia of Unknown Origin (Adapted with permission [4])

Infections

— Tuberculosis

— Atypical presentations of pneumonia and urinary tract infections
Vascular graft infections

Intra-abdominal abscess, typically liver or diverticular

— Prostatitis

Liver abscess

Infective endocarditis or pericarditis

— Bone/joint infections + infection of prosthesis

— Viral infections (EBV/CMV)

Toxoplasma

Imported/travel-related fevers that are not commonly seen (Brucellosis, Coxiella,
Enteric fever, Yersinia, Bartonella, Leishmaniasis, Histoplasma, Blastomycosis,
Coccidioidomycosis)

Inflammation

— Crystal arthropathy

— Polyarthritis (Rheumatoid arthritis, Seronegative Spondylarthropathy, Reactive arthritis)
— Adult-onset Still’s disease

— Haemophagocytic lymphohistiocytosis

— Systemic lupus erythematosus

— Systemic vasculitis

— Thyroiditis

Malignancy

— Hodgkin’s and non-Hodgkin’s lymphoma

— Castleman’s disease

— Renal cell carcinoma

— Hepatocellular carcinoma

Acute myeloid leukaemia

— Hairy cell leukaemia

— Blast crisis of chronic myelogenous leukaemia

— Ovarian cancer

— Atrial myxoma

Miscellaneous

— Alcoholic hepatitis

— Drug-induced Fever

— Habitual hyperthermia

— Factitious fever
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1.2 Rationale for FDG PET/CT in PUO

In spite of numerous attempts, there is no accepted investigational algorithm for
PUO. Cases often undergo repeated, often discordant cycles of investigations
including cultures, serology and imaging. Current estimates suggest that 20-50% of
PUO cases remain undiagnosed, and there is a recognised associated mortality, par-
ticularly in the first few months [5—7]. Furthermore, there is a need to streamline the
diagnosis to avoid unnecessary invasive investigations, exposure to reno-toxic con-
trast and radiation and to reduce costs. Some inflammatory causes of PUO are not
associated with abnormalities in cross-sectional imaging or serological tests; while
they may be steroid responsive, defining the diagnosis prior to presumptive treat-
ment is useful for future management and to reduce unnecessary and invasive
investigation.

Macrophages and neutrophils demonstrate high levels of the GLUT transporter
[8]. Therefore, because FDG accumulates in areas of infection and inflammation,
this could be useful in locating a focal source for the PUO. Additionally, the
scans do not require the use of potentially nephrotoxic contrast, they also rou-
tinely scan from vertex or skull base to thighs, including parts of the anatomy
particularly head and neck which are frequently not included in a diagnostic
body CT.

1.3 The Evidence for FDG PET/CT in PUO

Since the introduction of FDG PET/CT, there have been numerous publications
on the role of FDG PET/CT in PUO; however, there are more reviews discussing
potential benefits than studies reporting evidence. A recent meta-analysis dem-
onstrates the quality of existing studies is poor, comprising of retrospective case
series of patients referred for a FDG PET/CT scan for the investigation of PUO
[9]. The studies are largely confined to PUO in immunocompetent patients. The
fact that the study populations are limited to PUOs referred at the discretion of
the responsible clinician limits generalizability of conclusions about diagnostic
yield. Overall diagnostic yield, the proportion of all FDG PET/CT scans (both
normal and abnormal) that contribute to the diagnosis of PUO was reported as
56% (95%CI 50-61%); the heterogeneity statistic for the sub-group meta-
analysis was 12 = 61% [9]. Importantly, only 5 of 18 included studies reported
results of previous imaging, and a sub-group analysis estimated diagnostic yield
beyond conventional CT is 32% (95%CI 22-44%), 12 = 66%. The available
evidence therefore suggests that FDG PET/CT scan may provide a finding that
will help in making the diagnosis in approximately 32% of scans performed
after conventional imaging has failed. There is currently no evidence to suggest
which subsets of patients are more or less likely to have a diagnosis made with
FDG PET/CT. An example of a contributive positive FDG PET/CT is provided
in Fig. 1.1. FDG PET/CT helped to detect peritoneal tuberculosis in a patient
with PUO.
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Fig. 1.1 A 41-year-old female with cryptogenic cirrhosis and portal hypertension, spiking temps
despite amikacin/meropenem, blood cultures negative. CT shows free fluid, slight peritoneal
enhancement. FDG PET/CT shows intense diffuse peritoneal uptake. Peritoneal biopsy is positive
for TB

1.4 Limitations of FDG PET/CT in PUO

PET/CT will only detect some causes of PUO, e.g. some malignancies, foci of bac-
terial infections such as discitis and large vessel vasculitis. Other causes of PUO,
e.g. drug-induced, non-routinely avid malignancies such as renal cell carcinoma,
native valve endocarditis or many viral infections are typically not detected by PET/
CT due to the inherent limitations of the technique. Negative scans do not rule out
significant pathology. Additionally, the pattern of FDG uptake in the brain, heart,
gastrointestinal and urinary tracts can limit the detection pathology in these regions.
Accordingly, magnetic resonance imaging, transthoracic or transoesophageal echo-
cardiogram, colonoscopy and urinary tract ultrasound may be more sensitive for
pathology in these areas. Additionally, unless specially requested, the CT compo-
nent is of lower quality than a diagnostic, higher radiation dose, contrast enhanced
CT. Imaging post-PET may be needed for better definition.

1.5  Current Guidance and Investigational Algorithms

There have been numerous attempts to produce an investigational algorithm for
the investigation of PUO; however, the geographical variation in cases and
resources makes this a challenge. There are UK (Joint Royal Colleges) and
European guidelines on the use of FDG PET/CT in PUO [10-12] which state that
FDG PET/CT may be used after conventional imaging has failed to yield a
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diagnosis. A recent review on the use of FDG PET/CT in PUO also recommended
using it in patients who have negative or equivocal findings at initial workup [13].
Some have advocated for early FDG PET/CT after a minimal set of investiga-
tions [3]. However, there is limited evidence that FDG PET/CT has a diagnostic
yield over conventional imaging at the outset [9], and while use as a first-line
investigation prior to conventional cross-sectional imaging is becoming more
common, there is a risk of overuse in situations where specialist multidisciplinary
clinical assessment and focussed investigations might be equally effective. We
need better evidence that FDG PET/CT has a diagnostic yield over conventional
imaging at the outset [9].

Conclusion

Identifying the cause of a PUO can be challenging and the theoretical advan-
tages of FDG PET/CT are attractive. Although the quality of the evidence is
weak, it has been shown to have diagnostic yields of 56%, and 32% over CT [9].
Current guidelines suggest using it when conventional investigations, including
diagnostic CT, have failed to yield a diagnosis. However, the limitations should
be kept in mind, and the understanding of the superiority of a tissue diagnosis
retained.

Key Points

- FDG PET/CT is of value in patients with pyrexia of unknown origin and
raised inflammatory markers. It can detect malignancy (e.g. lymphoma),
inflammation (e.g. large vessel vasculitis) and infection. Its exact role, cost-
effectiveness and the best time when to use it has not yet been validated by
large studies.
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Vasculitides are defined by the presence of inflammatory leukocytes in vessel walls
with reactive damage to mural structures. They are often categorised by the size of
the vessels affected as large, medium and small vessel vasculitis. FDG PET/CT has
shown to be an effective tool to investigate large vessel vasculitis. It is particularly
useful because vasculitis can be difficult to diagnose given the absence of specific
symptoms (e.g. fever, weight loss, malaise, fatigue, raised inflammatory markers).
Morphological imaging shows anatomical changes and does not show inflammation
in the early phase prior to structural changes. FDG PET/CT allows early detection
of large vessel vasculitis before structural changes become detectable by conven-
tional imaging. It is also difficult to distinguish active inflammatory lesions from
residual anatomic changes due to previous inflammation [1, 2]. This book chapter
will discuss the two most common causes of large vessel vasculitis, the criteria for
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e-mail: thomas.wagner @nhs.net

© Springer International Publishing AG, part of Springer Nature 2018 7
T. Wagner, S. Basu (eds.), PET/CT in Infection and Inflammation,

Clinicians’ Guides to Radionuclide Hybrid Imaging,
https://doi.org/10.1007/978-3-319-90412-2_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90412-2_2&domain=pdf
mailto:thomas.wagner@nhs.net

8 T. Wagner

PET positivity, differential diagnosis, the influence of immunosuppressive therapy,
how PET can be used to change patient management, the evidence on PET for
monitoring response to therapy, non-PET imaging used for the diagnosis of large
vessel vasculitis and the role of FDG PET in medium and small vessel vasculitis.

2.1 Takayasu Arteritis

This rare disease mostly affects young women (80-90% of patients) with an age of
onset of 1040 years, with 1-3 new cases per million per year in the USA and
Europe. Systemic symptoms include fatigue, weight loss and low grade fever.
It primarily affects the aorta and its primary branches and subclavian artery
involvement is common. A meta-analysis showed pooled diagnostic performance in
estimating disease activity with sensitivity of 70.1% and specificity of 77.2%. FDG
PET/CT compared to disease activity assessed by NIH criteria showed a sensitivity
of 78% and specificity of 87%. The current literature is not clear on whether there
is correlation between vascular uptake, disease activity and biological parameters
[3—6]. Figure 2.1 is an example of a positive FDG PET/CT showing active large
vessel vasculitis in a patient with Takayasu arteritis.

Fig. 2.1 Increased uptake in the aortic arch and the brachiocephalic trunk in a patient with
Takayasu arteritis
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2.2 Giant-Cell Arteritis

Mean age at diagnosis is 72 years. Prevalence is 1 in 500 adults >50 years. It
affects predominantly the cranial branches of the arteries that originate from
the aortic arch. Visual loss is a major complication. Temporal artery biopsy is
the gold standard for diagnosis but has high false negative rates of 10-40%.
There is a strong association with polymyalgia rheumatica. Pooled diagnostic
performance for FDG PET is sensitivity 80%, specificity 89% and accuracy
84%. The main positive FDG vascular territories are the thoracic aorta, aortic
arch, supra-aortic trunks and carotid arteries. There are discordant results for
the correlation between vascular FDG uptake and serological markers (ESR,
CRP) [7].

2.3 Criteria for PET Positivity

On visual analysis, a smooth linear or long segmental pattern of uptake in the
aorta and its main branches with intensity higher than liver uptake is character-
istic of giant-cell arteritis. A 4 point scale (0: no uptake, 1: uptake less than
liver, 2: uptake equal to liver uptake and 3: uptake greater than liver uptake)
showed that grade >2 for aorta and >1 for other arteries are positive for vascu-
litis [7-9].

Various teams have looked at semi-quantitative methods and compared uptake in
vessel wall to blood pool, liver, lung and arterial uptake. The criterion that provided
the optimal diagnostic performance was aortic arch SUVmax to venous blood pool
SUVmax with a cut-off value of 1.53 that showed a sensitivity of 82% and specific-
ity of 91% [10-14].

Figure 2.2 shows an example of diffuse smooth linear uptake in the wall of the
aorta and its main branches, characteristic for large vessel vasculitis.

2.4 Differential Diagnosis

The main differential diagnosis of a positive PET for large vessel vasculitis is
atherosclerosis, which can be quite difficult, especially in older patients in whom
atherosclerosis is quite frequent. Typical findings for atherosclerosis are a patch-
work of normal vessel wall, focal inflammation/uptake and calcifications. Typical
findings for large vessel vasculitis are a smooth linear or long segmental pattern of
uptake in the aorta and its main branches.

There have been anecdoctal reports of false positive findings with point spread
function (PSF) reconstructions on the newer PET/CT cameras. The wall of large
vessels is better delineated with PSF reconstructions and physiological uptake in the
vessel wall is evident, which can make the vessel wall appear sharper and more
intense. Careful attention to this finding is necessary when switching to a PSF
reconstruction.
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Fig. 2.2 Diffuse smooth linear uptake in the wall of the aorta and its main branches, characteristic
for large vessel vasculitis

2.5 Impact of Inmunosuppressive Therapy
on Diagnostic Performance

The role of immunosuppressive therapy on the performance of FDG PET/CT was
investigated in a study of 67 patients where a panel of experts determined the diag-
nosis and clinical management with and without the results of FDG PET. Large
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vessel vasculitis was confirmed in 30 patients and ruled out in 31. Six patients with
inconclusive data were excluded. In the 30 patients not on immunosuppression,
sensitivity was 99.6%, specificity 86% and diagnostic accuracy 93%. There was no
false negative PET finding. In the 31 patients on immunosuppression, sensitivity
was 53%, specificity 79% and diagnostic accuracy 65%. There were eight false
negative PET findings [15].

2.6 Role of FDG on the Management of Patients

The same study [15] investigated how FDG results changed patient management.
The addition of FDG PET results changed diagnosis in 28% of patients, leading to
a reduction of the number of patients scored as indeterminate from 20 to 10.
The diagnostic accuracy was 54% without FDG PET and 71% with FDG PET. FDG
PET had higher additional diagnostic value in confirming than in ruling out large
vessel vasculitis. There was no significant change in the number of indications for
temporal artery biopsy. There was a change in the treatment recommendation in
25% of patients.

2.7 Role of FDG PET on Monitoring Response to Therapy

There is no good evidence showing that FDG PET has a role in monitoring response
to therapy.

In one study 35 patients were scanned at diagnosis, on steroid treatment and at
relapse. FDG PET was positive at diagnosis in 29/35 patients. FDG uptake in the
wall of the affected vessels was reduced at 3 months of treatment but there was no
further reduction at 6 months of treatment. The patients who relapsed had similar
FDG reduction of uptake between the baseline and treatment PET than patients who
did not relapse. The authors concluded that FDG PET performed in patients on
treatment is not predictive of relapse [10].

Another study assessed FDG PET and MRI in 25 patients with complicated giant-
cell arteritis despite immunosuppressive therapy. There was no significant correla-
tion between PET findings, CRP and ESR and clinical findings. The authors
concluded that MRI and PET were unreliable for assessing large vessel inflammation
in patients with complicated GCA and pre-existing immunosuppressive therapy [16].

2.8 Morphological Imaging

PET and morphological imaging are complementary. FDG PET will show vessel
wall inflammation before morphological changes occur. Structural imaging will
show arterial wall abnormalities, occlusions and aneurysms that can persist after the
inflammatory phase.

Colour-Doppler US can show a hypoechoic oedematous wall swelling (halo sign).
Sensitivity is 75%, specificity 83% with temporal artery biopsy as gold standard.
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High resolution MRI can show mural thickening, oedema, stenosis and dilatation.
Sensitivity is 89% and specificity 75% using biopsy-proven disease as a reference. CT
and CT angiography can measure aortic diameter in cases of dilatation and are useful
in detecting mural calcifications and to assess concentric mural thickening [17, 18].

2.9 Medium and Small Vessel Vasculitis

Because of the limited spatial resolution of PET (4—6 mm) the involvement of
medium and small vessels cannot be accurately displayed. FDG PET can sometimes
detect vessel wall inflammation in medium vessels. FDG PET can detect organ
involvement in small vessel vasculitis [19, 20].

Key Points

- FDG PET/CT is a sensitive and specific non-invasive test to assess patients
with a suspicion of large vessel vasculitis. Its use is complementary to CT
and MRI. FDG PET/CT should be performed before steroid treatment is
started or within 3 days of starting treatment. It is not sensitive to pick up
small and medium vessel vasculitis. Its role in assessing response to treat-
ment is not clearly defined at present.
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Immunodeficiency disorders encompass a wide array of clinical conditions in which
there is an aberration of one or more of the components of the immune system. These
disorders may be primary or secondary to some other condition. Primary disorders
usually become apparent in childhood but may present later in life. Secondary immu-
nodeficiency disorders are more common [1, 2]. The last few decades have witnessed
a steady increase in the population with immunodeficiency disorders. This is as a
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Fig. 3.1 A 36-year-old male with HIV infection with an undifferentiated sarcoma involving the
right neck and a concurrent squamous cell carcinoma of the left eyelid. A metastatic lesion to the
left lung is seen on the MIP

result of a number of factors. The high prevalence of HIV with 36.7 million infections
worldwide is an important contributing factor [3]. In addition, advances in medical
intervention have increased the immunocompromised population considerably. There
are more patients in the posttransplant state who are on immunosuppressive therapy,
more people using potent anti-cancer chemotherapy, and an increased survival of
patients with hematologic disorders and malignancies [1]. Also, chronic disease such
as diabetes mellitus and the use of drugs such as corticosteroids or immunosuppres-
sant in inflammatory disease have added to the numbers. Finally, our increased
understanding of underlying mechanism of immunosuppression with the discovery
of new primary immunodeficiency has also contributed to this increase [1, 4].

Opportunistic infections occur in immunocompromised host over and above
infections encountered by other people [5]. The clinical and radiological features of
infections in the immunodeficiency state are usually diminished as a result of the
blunted inflammatory response. This may delay the diagnosis. Malignancies on the
other hand tend be more aggressive and occur in a younger age in certain immuno-
deficiency states [6, 7], see Fig. 3.1.

PET/CT combines functional imaging with anatomical imaging, and hence it is
an important tool in the early diagnosis and management of conditions associated
with immunodeficiency where anatomically changes may be diminished.

3.1 PET/CT in HIV

The clinical manifestation of patients with HIV is highly variable. Patients with
HIV present with a wide range of infections, malignancies, and other disorders.
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3.1.1 HIV-Associated Malignancy

HIV-associated malignancies are classified as AIDS-defining cancers (ADCs) and
non-AIDS-defining cancers (NADCs). The ADCs include invasive cervical cancer,
non-Hodgkin’s lymphoma, and Kaposi’s sarcoma. The rates of ADCs have declined
considerably after the introduction of Highly active antiretroviral therapy (HAART);
however, they are still elevated compared to the rates in patients without HIV. The
NADCs include Hodgkin’s lymphoma, lung cancer, hepatic and anal cancers; these
cancers appear to have increased in the era of HAART [8-10]. The role of PET/CT
in these cancers is similar to patients without immunosuppression and is outlined in
Table 3.1 [11-13]. In cancers such as cervical cancer and aggressive lymphoma,
FDG PET/CT is used in the initial evaluation before therapy, defining the extent of
disease, predicting early treatment response, and assessing response at the end of
therapy [15-18], see Fig. 3.2. FDG PET/CT may be used to distinguish primary
CNS lymphoma and infectious space occupying lesions in the brain [19, 20]. In
HIV-associated Kaposi sarcoma, FDG PET/CT is able to detect occult lesions which
are difficult to detect on other imaging modalities [21, 22], see Fig. 3.3.

3.1.2 HIV-Associated Infections

TB usually manifests as a cavitatory lung disease frequently affecting the upper
lobes. In the presence of immunosuppression such as HIV, the lesions tend to
involve middle and lower lobes more often and cavitation occurs less frequently
[22-24], see Fig. 3.4. Extrapulmonary TB is also more likely to be diagnosed in
HIV [23, 24]. TB disease activity correlates with FDG uptake on PET/CT. FDG
PET/CT can be used to detect TB, stage infection and assess response to therapy
to TB [22-24]. In Pneumocystis jiroveci pneumonitis where there are differences
in manifestation in different immunodeficiency disorders such as HIV and renal
transplant recipients, FDG PET/CT has demonstrated its usefulness in early
diagnosis [25, 26].

Table 3.1 FDG PET/CT in malignancies associated with immunodeficiency [12—14]

Diagnosis

* Determine site of biopsy

* Differentiation of benign from malignant lesions
» Carcinoma of unknown primary evaluation
* Detect sites of suspicious malignant lesions
Staging

Response evaluation

Restaging

Suspected recurrence

Follow-up

Radiotherapy planning
Prognosis—SUVmax, TLG, MTV

SUVmax maximum standard uptake value, TLG total lesion glycolysis, MTV metabolic tumor
volume
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Fig. 3.2 Assessment of Hodgkin’s lymphoma on completion of therapy. Top FDG PET/CT on
completion of therapy. Bottom row baseline scan splenic, hepatic skeletal and nodes above and
below the diaphragm. There is complete metabolic and morphologic response. Illustrates the use
of FDG PET/CT at the end of therapy

Fig.3.3 Patient with HIV CD4 count 94 cells/mm?® and viral load 1,158,944 copies per mL. Biopsy
of the inguinal region revealed nodular Kaposi sarcoma. The axillary or mediastinal lymph also
noted and may be related to HIV lymphadenopathy other causes of lymphadenopathy such as
lymphoma or TB may only be excluded by histological assessment
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Fig. 3.4 HIV and TB coinfection demonstrating miliary TB of the lung and TB adenitis of the
mediastinal and abdominal nodes. The spleen is much more intense than the liver. This demon-
strates both atypical pulmonary and extrapulmonary TB encountered in the HIV patient

3.1.3 Fever of Unknown Origin (FUO)

PET/CT has been shown to be useful in evaluation of FUO [27, 28]. In HIV, viremia
did not impede the performance of FDG PET/CT [29]. FDG PET/CT is indicated in
HIV and other immunodeficiency states when initial clinical assessment and
primary investigation do not reveal the cause of the fever [11].

3.1.4 Other Conditionsin HIV

PET/CT has been shown to be useful in the management of conditions such as lipo-
dystrophy associated with the use of HAART in HIV. These patients demonstrate
marked increase of FDG in subcutaneous tissue which resolves when offending drug
is withdrawn [30, 31]. Another condition where PET/CT potentially makes a differ-
ence is HIV-associated neurocognitive disorder (HAND). When dementia occurs in
HIV, an increased subcortical uptake on FDG PET/CT scan after the exclusion of
other causes of dementia is an early indicator of HAND [32, 33]. FDG PET/CT can
detect carotid artery inflammation which may serve as an early marker to detect pro-
artherosclerotic process in HIV patients who are at a higher risk of developing a
stroke or myocardial infarction compared to the general population [34, 35]. FDG
PET/CT has demonstrated that in well-controlled HIV patients with well-suppressed
viral loads there is no increased arterial inflammation compared to people without
HIV [36].



20 A. Ankrah and M. Sathekge

3.2 Transplantation

Patients undergoing solid organ transplant or hematopoietic stem cell transplant
are at risk of developing secondary malignancies and infections due to the immu-
nosuppressed state to prevent rejection [37, 38]. FDG PET/CT was found to diag-
nose these malignancies and infections with high sensitivity and specificity in
solid organ transplants and hematopoietic stem cell transplant [39]. It is particu-
larly specific for the detection of posttransplant lymphoproliferative disease [40].
FDG PET/CT may also play a role in the evaluation of gastrointestinal graft versus
host disease [41, 42]. FDG PET/CT has been found to be a useful predictor of
outcome of transplant in some lymphomas. There are however conflicting out-
comes regarding the predictive value in pretransplant studies in non-Hodgkin’s
lymphoma [43-47].

3.3 Hematologic Malignancies

The role of FDG PET/CT in the various hematologic malignancies is considered in
Table 3.2 [48-65].

3.4 Fungal Infections

Invasive aspergillosis and candidiasis and other invasive fungal infections (IFIs) are
usually diagnosed in immunocompromised patient [66]. These usually occur in
patients with hematological disorders, hematologic stem cell and solid organ trans-
plant, intensive chemotherapy or primary immunodeficiency like chronic granulo-
matous disease [66, 67]. FDG PET/CT detects activity in different fungi and the

Table 3.2 FDG PET/CT in hematologic malignancies

Malignancy Role of FGD PET/CT

Lymphoma Staging and response assessment for aggressive lymphoma (Lugano
classification) [48]
Detects disease in normal sized nodes and more likely to determine splenic
and diffuse bone marrow disease than other imaging modalities [49, 50]
In early Hodgkin’s and DLBC lymphoma may obviate the need for bone
marrow assessment [51, 52]
Detect and directs biopsy for transformation of indolent to aggressive
lymphoma [53, 54]

Multiple Characterizes osseous and extra osseous disease involvement [55-57]
myeloma May replace routine bone marrow biopsy assessment during follow-up
[58-60]

Plasmacytoma Detects additional disease in patients suspected to have solitary
plasmacytoma upstaging disease and changing management [61]

Leukemia Not routinely used in management. In CLL may detect and direct biopsy
when Richter’s transformation is suspected [62—65]
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FDG uptake corresponds to disease activity [67-69]. It was found to detect IFIs
earlier compared to conventional imaging and to monitor disease activity and direct
antifungal therapy [70-72].

3.5 Febrile Neutropenia

Febrile neutropenia (FN), a complication of patients undergoing myelosuppressive
therapy is considered to be a sign of life-threatening infections. In FN however,
infections usually lack localizing clinical signs. FGD PET/CT was found to be use-
ful in detecting infectious foci including IFIs, septic emboli from central venous
catheters. The high negative predictive value of FDG PET/CT facilitated the man-
agement of such patients [73, 74].

3.6 Inflammatory Conditions

Many inflammatory disorders use corticosteroid or other drug to depress the immune
system in order to control symptoms of inflammatory disease. FDG PET/CT is able to
monitor the activity of many of these inflammatory diseases and help determine
whether the immunosuppressive therapy must be discontinued, increased, or main-
tained [75].

3.7 Diabetes Mellitus

Chronic conditions like diabetes are an important cause of immunosuppression.
Conditions which frequently occur in diabetes where PET/CT can play a role are
considered in Table 3.3 [76-84].

3.8 Limitations of PET/CT
FDG is a nonspecific tracer and the distinction between benign and malignant pro-
cess becomes even more challenging in immunosuppression where granulomatous

condition coexists.

Table 3.3 FDG PET/CT conditions frequently occurring in diabetes mellitus

Disorder Usefulness of FDG PET/CT

Tuberculosis Useful—Has been considered under HIV infections in this chapter
[11,22-24]

Osteomyelitis Particularly useful in vertebral osteomyelitis [76]

Diabetic foot Varying results have been reported [77-81]

Spondylodiscitis Very useful [82]

Infective Patient preparation important and must be considered complimentary

endocarditis to other imaging modalities [83, 84]
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3.9  Future Perspectives and Conclusion

Several other PET tracers are being used or are at various stages of development for
management of immunodeficiency disorders. F18 Fluorothymidine (FLT) a marker
of tumor proliferation whose uptake correlates with Ki67 and has been used in lym-
phomas. It is particularly useful for monitoring therapies containing cytostatic drugs
[85-87]. Ga 68 CXCR4 targets the chemokine receptor expressed in many solid and
malignant cancers. It is a potential therapy target for many cancers, especially hema-
tologic malignancy [88—90]. Other tracers such as PET tracers could potentially have
an impact on the management of immunodeficiency disorders [91]. PET/CT plays a
major role in many immunodeficiency disorders. This role is likely to expand as new
tracers are developed to deal with challenges faced in immunosuppressive disorders.

Key Points

* Immunodeficiency disorders encompass a wide array of clinical conditions
in which there is an aberration of one or more of the components of the
immune system. These disorders may be primary or secondary to some
other condition.

e The clinical and radiological features of infections in the immunodefi-
ciency state are usually diminished as a result of the blunted inflammatory
response.

e Clinical manifestation of patients with HIV is highly variable. Patients
with HIV present with a wide range of infections, malignancies, and other
disorders.

* FDG PET/CT may be used to distinguish primary CNS lymphoma and
infectious space occupying lesions in the brain.

e In HIV-associated Kaposi sarcoma, FDG PET/CT is able to detect occult
lesions which are difficult to detect on other imaging modalities.

* TB usually manifests as a cavitatory lung disease frequently affecting the
upper lobes. In the presence of immunosuppression such as HIV, the
lesions tend to involve middle and lower lobes more often and cavitation
occurs less frequently. Extrapulmonary TB is also more likely to be diag-
nosed in HIV.

» TB disease activity correlates with FDG uptake on PET/CT. FDG PET/CT
can be used to detect TB, stage infection and assess response to therapy to TB.

* In Pneumocystis jiroveci pneumonitis where there are differences in mani-
festation in different immunodeficiency disorders such as HIV and renal
transplant recipients, FDG PET/CT has demonstrated its usefulness in
early diagnosis.
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e PET/CT has been shown to be useful in the management of conditions
such as lipodystrophy associated with the use of HAART in HIV. These
patients demonstrate marked increase of FDG in subcutaneous tissue
which resolves when offending drug is withdrawn.

* FDG PET/CT makes a difference in HIV-associated neurocognitive disor-
der (HAND). When dementia occurs in HIV, an increased subcortical
uptake on FDG PET/CT scan after the exclusion of other causes of demen-
tia is an early indicator of HAND.

* FDG PET/CT can detect carotid artery inflammation which may serve as
an early marker to detect proartherosclerotic process in HIV patients who
are at a higher risk of developing a stroke or myocardial infarction com-
pared to the general population.

* FDG PET/CT has demonstrated that in well-controlled HIV patients with
well-suppressed viral loads there is no increased arterial inflammation
compared to people without HIV.

» Patients undergoing solid organ transplant or hematopoietic stem cell
transplant are at risk of developing secondary malignancies and infections
due to the immunosuppressed state to prevent rejection. FDG PET/CT was
found to diagnose these with high sensitivity and specificity in solid organ
transplants and hematopoietic stem cell transplant.

* FDG is a nonspecific tracer and the distinction between benign and malig-
nant process becomes even more challenging in immunosuppression where
granulomatous condition coexists.
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4.1 Introduction

Sarcoidosis is an intriguing multi-systemic disease of unknown aetiology.
However, histologically it is characterized by cellular immune activity with for-
mation of non-caseating granuloma in multiple organ systems [1], most fre-
quently involving the lung. The challenge lies not only in diagnosing but also in
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subsequent management of patients owing to the non-specific symptoms, over-
lapping signs and diverse imaging features. Hence, it often remains a diagnosis
of exclusion except when they present in acute stages, e.g. Lofgren’s syndrome
(triad of erythema nodosum, bilateral hilar lymphadenopathy and arthralgia).
There are a number of clinico-biochemical-radiological pointers with imaging
abnormalities can be detected on chest X-ray or HRCT but often poses a diagnos-
tic challenge due to lack of sensitivity and specificity of the available tools.
Hence, PET/CT has been studied extensively as an additional potential advanced
imaging tool in the diagnostic armamentarium in the domain of sarcoidosis. This
modality is of particular advantage in the following two aspects: (a) being a
hybrid functional imaging tool with an ability to acquire whole body images, it
is very useful for detecting not only thoracic disease but extra-thoracic sites as
well with detection of occult sites that were previously unknown; extra-pulmo-
nary sarcoidosis can be observed in 30-50% of patients with sarcoidosis (Fig. 4.1)
and (b) it is already established that FDG PET/CT is extremely useful in assess-
ing inflammatory activity and extent that would help in accurately mapping the

Fig. 4.1 A 43-year-old male, diagnosed with type II sarcoidosis. The biopsy from mediastinal
nodes demonstrated chronic granulomatous inflammation. FDG PET/CT shows extensive disease
in the chest and additionally uptake in the suprapancreatic and retro-peritoneal lymphadenopathy
suggestive of extra-thoracic disease involvement
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disease activity in a non-invasive manner. The latter application of FDG PET/CT
has been extended to treatment response monitoring where it serves as an impor-
tant sensitive and objective marker (Figs. 4.2 and 4.3). In this review, we have
endeavoured to explore the various utilities PET/CT can offer in the course of
sarcoidosis management.

Time
o~
e

Fig. 4.2 FDG PET and HRCT in treatment response evaluation in pulmonary sarcoidosis
(Reproduced with permission [55])

M

Pre-treatment

Post 6 weeks cortico-
steroid therapy

Fig.4.3 Early documentation of therapeutic response at 6 weeks following corticosteroid therapy
in patient with extensive sarcoidosis: promising role of FDG PET CT. The biopsy of the inguinal
nodes was confirmatory of sarcoidosis. The uptake in bilateral thyroid gland is consistent with
diagnosis of thyroiditis (which is frequently associated in this disorder) and the patient had history
of hypothyroidism. This is predicted to be due to association of autoimmunity in this population
(Reproduced with permission [56])
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4.2 PET tracers
4.2.1 '®F-Fluorodeoxyglucose PET/CT

BE-FDG is the most commonly used PET tracer worldwide, bulk of the indication
being oncology, however due to high uptake in inflammatory cells, it is also the
most common tracer utilized in the evaluation of sarcoidosis. The hybrid modality
combining both metabolic (PET) and anatomical imaging (CT) has enabled accu-
rate localization and attenuation correction with possibility of studying both meta-
bolic and morphological changes in the same imaging study. Traditionally, Ga-67
had been extensively used for the imaging of sarcoidosis but various studies have
shown more accurate assessment of extent of disease involvement with 'SF-FDG
PET/CT, including its ability of quantification of disease status [2—4]. The earliest
demonstration of FDG accumulation was reported by Lewis et al. in both thoracic
and extra-thoracic sites [5]. The sensitivity of *F-FDG PET has been reported 100%
for pulmonary sites and 90% for extra-pulmonary sites by Nishiyama et al. [4]. Due
to non-specificity of FDG PET/CT, it is not the modality of choice for diagnosis or
screening purposes, however, can be utilized after the routine investigations fail to
provide adequate diagnosis. FDG PET/CT certainly helps in uncovering the occult
sites, as demonstrated in two large cohort studies how PET has certainly helped in
uncovering new occult sites of active disease previously unknown [6, 7].

Diagnostic yield compared with serological markers

Around 60% of patients demonstrate high serum angiotensin-converting enzyme
(ACE) levels though the serum ACE levels do not always correlate well with severity
or extent of disease and in treatment response assessment. In a retrospective study of
36 proven cases of sarcoidosis, by Keijsers et al., ®FDG PET was found positive in
94% of patients. In the same population, angiotensin-converting enzyme (ACE) and
soluble interleukin-2 receptor (sIL-2R), the serological markers were positive in
36% and 47%, respectively [8]. Hence, FDG PET/CT can be useful as a baseline test
to document active sites of sarcoidosis in patients with strong clinical suspicion but
negative serological markers. Most patients present with non-specific constitutional
symptoms rather than organ-specific symptoms. Hence, FDG PET/CT imaging may
serve as a non-invasive tool to narrow down differentials and also to increase the
yield of biopsy. We must mention here that the FDG uptake can mimic the lymph
node involvement by malignancy, hence histological confirmation is mandatory.

4.2.2 Other PET Tracers Utilized in Sarcoidosis

4.2.2.1 Ga-DOTATATE PET/CT

It is known that somatostatin receptor is over-expressed in inflammatory cells,
especially activated macrophages [9]. The in vitro autoradiography of histologi-
cal biopsies of sarcoidosis has shown that epithelioid cells and giant cells
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expressed abundance of somatostatin receptor type 2 [10]. ¥Ga-DOTATATE has
high affinity for somatostatin receptor(SSTR) subtype 2 and 5 and hence soma-
tostatin receptor imaging (SSRI) is sometimes useful in inflammatory condition.
In a study by Soydal et al., 8 previously diagnosed patients were evaluated with
%Ga-DOTATATE, 5 patients with active disease demonstrated various degree of
tracer accumulation while in 3 patients with chronic inactive disease, the study
was normal [11].

4.2.2.2 8Ga-DOTATOC PET/CT

In another study by Nobashi et al., comparative evaluation of (68)Ga-DOTATOC
PET/CT %’Ga-scintigraphy (GS) in 20 patients of sarcoidosis documented
8Ga-DOTATOC-PET/CT positive in 19 patients and negative in one patient with
chronic inactive sarcoidosis, whereas GS was positive in 17 patients [12]. The inves-
tigators concluded PET/CT with ®Ga-DOTATOC may be superior to conventional
gallium-67 scintigraphy in detecting sarcoidosis lesions, especially in lymph nodes,
uvea, and muscles.

4.2.2.3 Experimental PET tracers

In a study by Kim SK, et al. for a patient with myelopathic symptoms and signs,
patient was evaluated with multiple investigations including F-18 FDG and F-18
FLT PET/CT, with definite diagnosis by histopathology. They opined that F-18
FDG-avid lymphadenopathies with mild '®F-FLT uptake can be characteristic find-
ing of sarcoidosis and the combination of F-FDG and '8F-FLT PET/CT can be
helpful in differentiating granulomatous inflammatory diseases such as neurosar-
coidosis from malignancy.

Yamada et al. evaluated the FDG/Met uptake ratio using 'F-FDG and
11C-Methionine PET to reflect differential granulomatous status in sarcoidosis and
whether it can be a useful tool for pre-treatment evaluation. They could divide
patients into the FDG-dominant group (FDG/Met uptake ratio > 2) and the Met-
dominant group (FDG/Met uptake ratio < 2) and the study show the rate of improve-
ment assessed by clinical status and chest radiographs was considerably higher in
the FDG (78%) than in the Met-dominant group (33%).

4.3 Initial Diagnosis

Due to non-specific symptoms and sign and diverse imaging characteristics, accu-
rate evaluation of pulmonary and/or extra-pulmonary organ involvement of sarcoid-
osis remains one of the great challenges and includes the assessment of sarcoidosis
activity in a specific organ and its functional consequences [13]. Since whole body
imaging is possible with FDG PET, in the past decade or so PET with '8F-FDG, has
emerged as a potentially powerful tool to visualize the intensity and extent of
inflammatory activity of sarcoidosis throughout the body [2, 6, 8] and also helping
in guiding the potential sites of biopsy.
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4.3.1 Pulmonary Sarcoidosis

Lungs are commonly involved in sarcoidosis (>90%). Most of them resolve spon-
taneously but about one third of the patients progress to fibrosis causing debilitat-
ing symptoms. Chest X-ray (CXR) is the most commonly used imaging modality
and the Scadding staging system based on X-rays is very useful from prognostica-
tion point of view (as patient with lower CXR more likely experience resolution of
CXR abnormalities), but doesn’t definitively decide initiation of therapy [14, 15].
Broncho-alveolar lavage (BAL) fluid analysis demonstrates characteristically
increased CD3/CD4 lymphocytosis in active sarcoidosis and HRCT correlates
with respiratory function impairment in sarcoidosis [16, 17]. FDG PET/CT may
show diffuse or multi-focal uptake pattern, but the severity of pulmonary involve-
ment as assessed by HRCT features and lung function parameters correlated with
the PET activity in sarcoidosis [18]. Brudin et al. demonstrated that regional glu-
cose metabolism in pulmonary disease is related to severity [19]. So total glucose
hypermetabolism may be related to extent and activity of disease. The extent of
disease activity may correlate with pulmonary function. Diffuse uptake in lung
parenchyma which are left untreated suggest poor prognosis. Metabolic activity
helps in choosing patients to initiate therapy or for observation. There is a linear
relationship of diffuse FDG uptake with change in pulmonary function tests post-
treatment [20] and one study also demonstrated that FDG uptake was related to
ACE levels [21].

4.3.2 Extra-Pulmonary Sarcoidosis

4.3.2.1 Lymphadenopathy

Most commonly involved group of lymph nodes in sarcoidosis is mediastinal and
hilar lymph nodes but enlarged lymph nodes are not exclusive of sarcoidosis as
several conditions like tuberculosis or malignancy can present with lymphade-
nopathy. Various studies have utilized parameter like standardized uptake value
(SUV) for categorizing lymph nodes as benign and malignant, even with dual
tracer-like FDG and FLT [22, 23]; however, no significant differences were identi-
fied. Mediastinoscopy is done for histological examination and disease
confirmation.

4.3.2.2 Cardiac

Cardiac involvement occurs in up to 25% of patients based on autopsy studies [24,
25]. Around 5% of patient manifest clinically with non-specific sign and symptoms,
presenting with conduction disorders, congestive heart failure or sudden cardiac
death and carries high risk of mortality and morbidity, accounting for 13-25% of
fatal cases [26, 27]. The clinical diagnosis of cardiac sarcoidosis had been custom-
arily established based on the Japanese Ministry of Health and Welfare Diagnostic
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Table 4.1 Cardiac sarcoidosis evaluation with FDG PET/CT: original studies and systematic
review

Author (year)/study type No of patients ~ PET tracer Sensitivity and specificity

Ohira (2007)/prospective 21 FDG 88 and 39%

Yamagashi (2003)/ 17 FDG, NH3 FDG uptake (82% sensitivity)
prospective NH3 defect (76% sensitivity)
Tahara (2010)/prospective 24 FDG 100 and 97%

Youssef (2012)/systematic 164 FDG 89 and 78%

review

Guidelines (JMHW) [28]. This was later revised by the Japan Society of Sarcoidosis
and other Granulomatous Disorders in 2006 [29]. Some of the studies using PET
tracers for diagnosis of cardiac sarcopidosis are summarized below (Table 4.1).

Various studies have evaluated the value of cardiac '8F-FDG PET imaging for
assessment of active cardiac sarcoidosis and now is being routinely undertaken for
the many centres [30-32]. The criteria for clinical diagnosis of cardiac sarcoidosis
that includes PET imaging has been established by Heart Rhythm Society [33]. It
appears that the combined use of FDG PET/CT and cardiac MR would provide the
best results in cardiac sarcoidosis that could allow the differentiation between active
granulomatous inflammation and fibrous lesions.

Patient Preparation for FDG PET for Cardiac Sarcoidosis

Critical factor to FDG PET cardiac sarcoidosis imaging has been to increase the
uptake of ®F-FDG by inflammatory cells in myocardium and suppressing physi-
ological cardiomyocyte uptake. The dietary preparation consist of carbohydrate
restricted foods for 24 h prior to the test, with an intake of high-fat and high pro-
tein foods for at least two meals 24 h prior followed by overnight fast [34-38].
Other method to suppress glucose uptake by normal myocyte include giving IV
unfractionated heparin (10 IU/kg 30 min prior + 5 IU/kg 15 min prior or 50 IU/kg
15 min prior to radiotracer administration), resulting in elevated plasma levels of
free fatty acids and increasing cardiac utilization of free fatty acids instead of
glucose [39, 40] as lower doses of IV heparin appear to be effective in suppressing
physiological uptake of F-FDG without significant prolongation of partial
thromboplastin time.

The interpretation of image pattern varies differently but none have been vali-
dated, however several studies correlated that the focal or heterogeneous tracer
uptake more correlated with and are characteristic feature of patients with cardiac
sarcoidosis [41, 42]. The various studies including a meta-analysis reported sensi-
tivity and specificity of FDG PET/CT in detecting cardiac sarcoidosis between
85-89% and 38-100%, respectively [32, 43, 44].

Due to physiological myocardial glucose uptake, diagnosis of cardiac sarcoid-
osis often faces challenge with FDG PET/CT, so alternative tracer was evaluated for
same. ®Ga-DOTANOC PET/CT study has been explored as an effective alternative
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with reported accuracy of 100% in one study [45]. In another study, Lapa et al. [46]
compared the SSTR-based PET/CT with contrast enhanced MRI (CMR) in detect-
ing cardiac sarcoidosis in suspected patients and the result show sensitivity of 47%
for SSTR PET/CT.

4.3.2.3 Others Sites

Grozdic-Milojevic et al. [47] studied bone involvement in chronic active sarcoid-
osis. Twenty-two percent patient show FDG positive bony lesion with uptake pat-
tern being focal, diffuse and both while CT indicated bone abnormalities in only 5%
of the patients. Muscular involvement of sarcoidosis has been described on FDG
PET as “tiger man sign” by Soussan et al. [48], which refers to thick linear FDG
uptake that predominantly involves the lower legs (2014). Granulomatous bone
marrow infiltration in the axial skeleton has been sensitively detected by both FDG
PET/CT and MR. Various other studies have also reveal sarcoidosis in multiple
other sites like spleen, kidney, muscle, etc.

4.4 Treatment Response Monitoring

Patients demonstrating ambiguous response clinically, serologically, radiologi-
cally, or on endoscopy benefit with addition of FDG PET CT showing remission
in disease activity. It has been well documented by various studies that cortico-
steroid therapy shows reduction of FDG uptake than baseline scan, thus proving
to be an objective tool of response assessment with the degree of SUV change
correlating with clinical and functional improvement [6, 49-51]. (Figs. 4.2
and 4.3; Table 4.2).

Negative FDG PET should be considered for deciding on stopping treatment.
Infliximab is an expensive treatment and monitoring response by PET will prove
beneficial in deciding to stop treatment. It is imperative that management guided
by PET will be economical in the long run with reduction of morbidity and
mortality.

Table 4.2 Treatment response evaluation with FDG PET/ CT

Number

Author (year) of patients  PET tracer  Organ Treatment and conclusion

Keijsers (2008) 12 FDG Lungs 6# infliximab; SUV decrease, vital
capacity, clinical follow up. Decrease
in SUVmax of the lung parenchyma
correlated with an improvement of
vital capacity VC& clinical
improvement

Osborne (2014) 23 Rb, FDG Heart Corticosteroids, ACE/ARB. Reduction

in the intensity and extent of
myocardial inflammation on FDG
PET was associated with
improvement in EF
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One specific aspect of benefit of early response evaluation was highlighted by Aide
et al. These investigators suggested that early FDG PET/CT can be undertaken within
10 weeks following corticosteroid treatment in individuals with suspected sarcoidosis
and/or malignancy the results of early response were able to differentiate between
sarcoidosis and neoplastic lesions which would resolve post-treatment [50]. This is
beneficial in those cancer patients where active management is not being immediately
considered, and FDG PET/CT images show discordant and surplus lesions.

4.5 Role in Chronic Sarcoidosis

A prospective study by Sobic-Saranovic et al. in 90 patients with chronic sarcoid-
osis demonstrated FDG PET/CT played a significant influencing factor in change in
therapy management. FDG PET detected active inflammation in 82% of the patients,
51% of which have normal ACE level and resulted in treatment alteration in 81% of
patients with chronic active sarcoidosis [52].

4.6 Prediction and Detection of Relapse

Two studies have evaluated the role of FDG PET/CT in detecting the chances of
relapse in patient with sarcoidosis and the study concluded that the patients who
were non-responders on FDG PET/CT after completion of therapy and those with
high pre-therapy SUV value were independent factor favouring high possibility of
relapse [53, 54].

4.7 Disease Prognostication

Diffuse uptake in lungs was earlier thought to indicate poor pulmonary function.
However, no prospective studies have demonstrated conclusively any direct relationship
of FDG uptake and pulmonary function post-treatment. Pulmonary and cardiac function
improvement is a desirable outcome of therapy. However, at present, serial tests are
often performed to document treatment response and organ function recovery.

4.8 Current Limitations and Future Directions

Due to the non-specificity of FDG in malignancy and infection or inflammation
with non-specific uptake pattern, it is difficult to diagnose sarcoidosis solely on the
basis of FDG PET study. Cardiac PET-MR and the in vivo imaging by various trac-
ers could help in understanding the pathophysiology and furthering individualisa-
tion of treatment. If specific characteristics on PET/CT or PET-MR could predict
the function recovery post-treatment a priori, then treatment could be accordingly
tailored to improve outcome.



38

A. Kalshetty et al.

Key Points

Sarcoidosis is an intriguing multi-systemic disease of unknown aetiology.

PET/CT has been studied extensively as an additional imaging tool in the
diagnostic armamentarium in the domain of sarcoidosis.

FDG PET/CT are useful for detecting thoracic disease, extra-thoracic and
occult sites and useful in assessing inflammatory activity and extent.

The sensitivity of 8F-FDG PET has been reported 100% for pulmonary
sites and 90% for extra-pulmonary sites.

FDG PET/CT is not the modality of choice for diagnosis or screening
purposes, however, can be utilized after the routine investigations fail to
provide adequate diagnosis.

FDG PET/CT can be useful as a baseline test to document active sites of
sarcoidosis in patients with strong clinical suspicion but negative serologi-
cal markers.

FDG PET/CT imaging may serve as a non-invasive tool to narrow down
differentials and also to increase the yield of biopsy. FDG uptake can
mimic the lymph node involvement by malignancy; hence, histological
confirmation is mandatory.

FDG PET/CT may show diffuse or multi-focal uptake pattern, but the
severity of pulmonary involvement as assessed by HRCT features and lung
function parameters correlated with the PET activity in sarcoidosis.

Most commonly involved group of lymph nodes in sarcoidosis is medias-
tinal and hilar lymph nodes but enlarged lymph nodes are not exclusive of
sarcoidosis as several conditions like tuberculosis or malignancy can pres-
ent with lymphadenopathy.

Combined use of FDG PET/CT and cardiac MR would provide the best
results in cardiac sarcoidosis that could allow the differentiation between
active granulomatous inflammation and fibrous lesions.

The interpretation of image pattern varies differently, sensitivity and speci-
ficity of FDG PET/CT in detecting cardiac sarcoidosis is between 85-89%
and 38—-100%, respectively.

Due to physiological myocardial glucose uptake, diagnosis of cardiac sar-
coidosis often faces challenge with FDG PET/CT, so alternative tracer was
evaluated for same. ®*Ga-DOTANOC PET/CT study has been explored as
an effective alternative with reported accuracy of 100% in one study.

Corticosteroid therapy shows reduction of FDG uptake than baseline scan,
thus proving to be an objective tool of response assessment with the degree
of SUV change correlating with clinical and functional.
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5.1 Introduction

In recent years, there is increasing number of individuals undergoing joint replace-
ment surgery owing to increased survival and modern lifestyle. The commonly per-
formed joint replacement surgeries involve the weight bearing hip and knee joints
and they significantly reduce the pain and stiffness along with improvement in
mobility and quality of life. However, prosthetic joint infection (PJI) is one of the
most severe complications; the infection rate after arthroplasty is ~1-2% in lower
limbs and almost triples after revision surgery. The cause of implant failure could be
either peri-prosthetic infection or aseptic loosening (more common) and hence,
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Table 5.1 Definition for periprosthetic joint infection by MSIS (Adapted from Parvizi et al. [6])

Major Two positive cultures with phenotypically same organism
A sinus tract communicating with the joint

Minor High CRP and ESR
High synovial fluid WBCs or leucocyte esterase test strip and change
High synovial fluid PMNs

Periprothetic tissue with positive HPE
A single positive culture

CRP C reactive protein, ESR erythrocyte sedimentation rate, HPE histopathological examination

correct diagnosis is critical for timely management and good outcome. The mortal-
ity rate due to prosthetic joint infections is 2.5% and these infections are also associ-
ated with morbidity, disability, and cost implications. The management of PJI
almost always necessitates the need for surgical intervention and prolonged courses
of intravenous or oral antimicrobial therapy [1-4] where as aseptic loosening
requires less aggressive management compared to the PJI.

There have been a number of parameters taken into consideration while diagnosing
PJI. In one of the early prospective case control study by Berbari et al., risk factors for
the development of prosthetic joint infection were studied [S]. The proposed criteria
for prediction of PJIs: (a) postoperative surgical site infection, (b) national nosocomial
infection surveillance score >2.0, (c) concurrent malignancy, and (d) prior THA.

The Workgroup of the Musculoskeletal Infection Society (MSIS) proposed the
new definition for peri-prosthetic joint infection as follows (Table 5.1) [6].

5.2 FDGPET/CTinPJI

The routine clinical or laboratory tests have low sensitivity, specificity, and accuracy
for the diagnosis of prosthetic joint infection. Hence, a combination of laboratory
investigations, histopathology, microbiology, and imaging studies is frequently
required [7]. The blood leukocyte count and differential is not sufficiently discrimi-
native or cannot convincingly predict either the presence or absence of infection [1].
Synovial fluid leukocyte count of >1.7 x 10%/L and differential of >65% neutrophils
was reported to have a sensitivity for diagnosing PJI of 94% and 97%, and specific-
ity of 88% and 98%, respectively [8]. Histopathological examination has sensitivity
of >80% and a specificity >90% [7]. However, the degree of infiltration with inflam-
matory cells may vary considerably between specimens from the same patient, even
within individual tissue sections. Therefore, areas with the most florid inflammatory
changes should be assessed and at least ten high-power fields should be examined
to obtain an average count [9]. The methods of culture and sensitivity also demon-
strate false-negative and false-positive results in a considerable number of cases.
More recently, several new tools have been investigated such as (a) use of pro-
teomics and analyzing synovial fluid biomarkers (a-defensin, IL-6, and CRP), (b)
visualizing biofilms with fluorescent in situ hybridization and detection of bacteria
via DNA microarray (for bettering culture-sensitivity results), and (c) use of ampli-
fication-based molecular techniques in cases of culture-negative PJI [10].
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As each modality continues to demonstrate limitations, there has been endeavours
to explore the feasibility of the newer noninvasive imaging modality like *F-fluoro-
2-deoxy-D-glucose positron emission tomography (FDG PET and PET/CT) in man-
agement of PJIs in view of its great promise shown in the evaluation of infection and
inflammation [11, 12]. Not only being technically less demanding, it scores many
points over routine radiolabelled leucocyte-marrow (WBC/BM) imaging like easy
availability, short duration of study period and safe with lower radiation exposure.
PET also provides superior spatial resolution compared to the WBC/BM imaging,
and hence may provide an advantage in managing these patients [12, 13].

Several previous studies have laid down the criteria for differentiating infected
prosthesis from non-infected one (Table 5.2).

The various criteria for peri-prosthetic infection on FDG PET or PET/CT used in
different studies were based on:

1. Visual assessment

2. Semi-quantitative analyses: dividing the bone—prosthesis interface into segments
and giving each segment a score.

3. Quantitative parameters like SUVmax

Among these, the visual interpretation has stood the test of time and by far has
come close to the accurate diagnosis in hip and knee arthroplasty-related infection.
Single semi-quantitative parameter-like SUVmax has not shown any reproducible
results for PJIs.

Table 5.2 Criteria for PJI on FDG PET/CT

Author Criteria for infection on FDG PET Final diagnosis
Chryssikos et al.  FDG uptake at bone-prosthesis (1) open wound or sinus in
[15] interface of the femoral component ~ communication with the joint;(2) a

systemic infection with pain in the
hip and purulent fluid within the
joint; or (3) a positive result on at
least three tests (ESR, CRP, joint
aspiration, intraoperative frozen
section, and intraoperative culture)
Microbiological examinations of the
surgical specimens in 125

Basu et al. [16] Positivity criteria for infection in

THASs:

Increased FDG uptake was noted at
the prosthesis-bone interface in the
middle portion of the shaft of the hip
prosthesis.

Negative:FDG uptake was limited to
the soft tissues, or adjacent only to
the neck of the prosthesis.

Positive for infection in TKRs:
Positive: Only uptake at the bone/
prosthesis interface

Negative: No or minimal uptake

prostheses, joint aspirations, clinical
follow-up of 6 months or more in 86
prostheses

(continued)
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Table 5.2 (continued)

Author Criteria for infection on FDG PET
Mumme T et al.  Five categories
[17] 1. No uptake in interface

bone-prosthesis

2. Uptake surrounding femoral
neck

3. Uptake localised in the area
surrounding the femoral neck
and in a part of the bone—
acetabular cup and/or I and VII
Gruen’s zones

4. Uptake in the area surrounding
the femoral neck and in the
totality of the bone—femoral
cup interface, without
compromising periprosthetic
soft tissue

5. Uptake localised in the neck
area and in most of the
bone—stem interface without
compromising periprosthetic
soft tissue

6. IVaplus IVb

7. Uptake in bone—prosthesis
interface and in periprosthetic
soft tissue

Delank KS et al.  Increased FDG uptake in the

[18] periprosthetic soft tissue

Vanquickenborne FDG uptake >grade 2 than control

Betal. [19] group (?)

Gravius et al. Interface between bone and

[20] surrounding soft tissue/ bone was
divided into 3 segments each for both
femur & tibia and in addition for 4
segments reflecting the surrounding
periprosthetic soft tissue. FDG uptake
in each of the segments was scored
(0-3)

Chacko et al. Increased FDG uptake at the BPI

[21] (uptake limited to the soft tissues
adjacent to the neck or the tip of the
femoral component was not

considered a sign of infection)

Final diagnosis

Operative findings, microbiological
and histological examinations in
symptomatic group

Asymptomatic arthroplasties

(n = 20) were integrated into a
clinical follow-up (>9 months)

Intra-operative findings, HPE,
microbiology

Microbiology, clinical f/u

<6 months

Operative findings, microbiological
culture and histological examination

Microbiology, histopathology,
surgical findings and clinical
follow-up

The criteria include characteristic pattern of uptake and location for infection,
like uptake in mid-shaft of the implant at the bone—prosthesis interface (Fig. 5.1).
If increased FDG uptake was present in the bone—prosthesis interface for either
hip or knee arthroplasty compared with adjacent soft tissue, a diagnosis of
infected prosthesis was suggested (Figs. 5.2 and 5.3) and if no such increased
tracer uptake was seen, infection was considered unlikely. As for hip prosthesis,
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Fig. 5.1 In this patient
with bilateral hip
prostheses, the maximum
intensity projection image
shows FDG uptake
patterns in non-infected
hip prosthesis and infected
hip prosthesis. In the right
non-infected hip
prosthesis, some uptake of
FDG is noted around the
neck (arrow heads), while
the bone-prosthesis
interface appears without
significant FDG uptake. In
contrast, the left infected
hip prosthesis reveals
significant tracer
concentration at the
bone-prosthesis interface
(arrows). In this particular
patient, there is also ¥
significant activity in the '
tip of the prosthesis

(dashed arrow)

(Reproduced with

permission from Basu

etal. [16])

FDG uptake around femoral head and neck can be seen for months or years after
the THA. Thus, if the increased tracer uptake is observed around the femoral
head or neck portion of the prosthesis but did not extend to the femoral shaft,
loosening was considered a likely diagnosis [14, 15] and does not favor a diag-
nosis of infection.

The literature review searched resulted in various studies evaluating the effec-
tiveness of FDG PET/CT in diagnosing PJI (Table 5.3) and they have included many
criteria for infection like FDG uptake at bone—prosthesis interface, dividing uptake
into categories ranging from no uptake to uptake in bone—prosthesis interface and in
peri-prosthetic soft tissue. The pooled sensitivity, specificity, positive predictive
value, negative predictive value from these studies were 82-100%, 79-97%,
69-95%, 90-98%, and 82-91%, respectively [14-21].

A recently published systematic review on the subject demonstrated a pooled
sensitivity of 87% and a pooled specificity of 87% in diagnosing PJIs by FDG
PET/CT [22].
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Fig. 5.2 Patient infected bilateral total knee replacement (right knee- 2004, left knee-revision
TKR on 2009), with complaints of pain in both knee joints in 2014, more on right knee joint. Both
sides are abnormal and suspicious for infection. Tomographic images showed the exact locations
of these sites at the bone-prosthesis interface. Uptake in the prosthesis bone interface is a suspect
for infection
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Fig. 5.3 Infected knee prosthesis. Coronal PET (left column) and axial PET, CT, and fused PET/
CT (right column) show focally increased FDG uptake at the prosthesis-bone interfaces of the knee
prosthesis as well as more diffuse distribution consistent with synovitis. Note the severe metal
induced artefacts on CT (Reproduced with permission from Basu et al. [28])

5.3 Drawbacks of FDG PET

The lower specificity of FDG PET study is due to the nonspecific FDG uptake
around prosthesis. Zhuang et al. reported that increased FDG uptake around the
femoral head and neck may persist for years following hip arthroplasty and can
occur in both symptomatic and asymptomatic patients; likely due to foreign body
reaction [23]. Increased FDG uptake around the distal tip of the hip prosthesis is
also nonspecific.

Another factor leading to low specificity is due to high FDG concentration
around prosthesis due to metallic artifacts in attenuated corrected images [24]. This
artifact can be minimized by viewing the non-attenuated corrected images, which
should always be compared to remove the ambiguity.
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Nonspecific uptake in healing tissues could last up to 6 months post-surgery.
Because of nonspecific FDG uptake in postoperative site in healing phase, the clini-
cal role of early PET CT is questionable. Most studies have PET CT done after
6 months of surgery. Prospective studies are needed to observe patterns of uptake in
asymptomatic and in early period following surgery. Zhuang et al. noted FDG uptake
minimizes by 3 months of surgery. Nonetheless, many studies in symptomatic cases
after 6 months show high performance of FDG PET CT in diagnosing PJIs.

5.4 Beyond FDG: FDG-Labelled Leukocyte Imaging

FDG-labelled WBCs could be considered as alternative to noninvasive diagnosis of
PJI as study have demonstrated that 87% of 'SF-FDG incubated with a WBC pellet
is found in granulocytes [25]. Two studies with FDG-labelled leukocyte in PJI have
shown pooled sensitivity, specificity, positive predictive, and negative predictive
value of 86-93%, 86-97%, 86-93%, and 97-100% [25, 26]. The concerns of FDG-
labelled WBCs include labelling yield, labelled leukocyte load, blood formula, and
propensity for homing in the reticuloendothelial system [27].
Potential indications of PET in patients of PJIs include:

(a) Noninvasive diagnosis of PJI with localization

(b) Guide biopsy for increasing yield

(c) Response assessment (could be monitored FDG-positive PJIs)

(d) Occult site of infection

(e) Risk stratification through assessment of involvement of joint space, stability of
joint/prosthesis, the integrity of surrounding soft tissue.

Conclusion

The indications and potential use of PET have not been explored fully. Most
studies have compared the accuracy of FDG PET/CT with other biological and
radiological markers. However, FDG PET CT can also guide tissue biopsy or
aspiration to increase the yield and towards accurate diagnosis. Extra informa-
tion can be actively sought for instead of just classifying into infection present or
not and include the presence of periosteal reaction, peri-prosthetic osteolysis,
peri-prosthetic calcification, sinus tract description, localization of infection,
extent of infection, involvement of joint space, stability of joint/prosthesis, the
integrity of surrounding soft tissue, etc. which can be of additional value in guid-
ing the orthopedic surgeon in the management of these patients. If PJI is due to
hematogenous spread of infection then, FDG PET/CT may additionally help
in localization of distant source of infection. The heterogeneity of criteria, lack
of specificity in diagnosis, and relatively lower yield of PET studies suggest that
they should be examined further by larger prospective trials.



52 P. Thapa et al.

Key Points

* FDG PET/CT is useful in management of PJIs (technically less demand-
ing, easy availability, short duration of study period and safe with lower
radiation exposure).

* PET provides superior spatial resolution compared to the WBC/BM imag-
ing, and hence may provide an advantage in managing these patients.

* There are various criteria for evaluation of peri-prosthetic infection on
FDG PET or PET/CT. Visual interpretation is found to be accurate in diag-
noses of hip and knee arthroplasty-related infection.

* Increased FDG uptake at the bone—prosthesis interface for either hip or
knee arthroplasty compared with adjacent soft tissue, a diagnosis of
infected prosthesis was suggested.

* FDG uptake around femoral head and neck can be seen for months or years
after the hip arthroplasty.

* The lower specificity of FDG PET study is due to the nonspecific FDG
uptake around prosthesis.

* Increased FDG uptake around the femoral head and neck may persist for
years following hip arthroplasty and can occur in both symptomatic and
asymptomatic patients; likely due to foreign body reaction.

* Increased FDG uptake around the distal tip of the hip prosthesis is also
nonspecific.

* High FDG concentration around prosthesis due to metallic artifacts in
attenuated corrected images limits specificity, but viewing non-attenuated
corrected images, may remove the ambiguity.

* Nonspecific uptake in healing tissues could last up to 6 months post-sur-
gery. Because of nonspecific FDG uptake in postoperative site in healing
phase, the clinical role of early PET/CT is questionable.
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6.1 Introduction

Osteomyelitis (OM) is defined as an infection of the bone. It can involve any bone
and is commonly caused by staphylococcus aureus. OM can be caused by haematog-
enous route, contiguous spread and iatrogenic or post- traumatic exposure of bone.
OM can either be acute or chronic type. Early diagnosis is necessary in order to avoid
its complications like loss of function and bone loss or fracture. Typical workup of
clinically suspected OM includes leucocyte count, serological inflammatory
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Table 6.1 Advantages of FDG High sensitivity

PET/CT over conventional High resolution images
radionuclide studies in infection High target to background ratio
and inflammation Fast technique completed in one session

Reprinted from PET Clin 2014;9(4):497-519. Hess et al.
“FDG PET/CT in infectious and inflammatory diseases”, with
permission from Elsevier

markers, X-ray, and blood culture. Histopathological examination concludes the
diagnosis. However, none of the tests mentioned are very specific for OM and biop-
sies are invasive. Conventional radionuclide imaging tests such as bone scintigraphy,
labelled white blood cell (WBC) scintigraphy, and gallium scanning all have the
drawbacks of relatively low spatial resolution; they are time consuming, technically
demanding, need handling of blood products (WBC labelling) and lack of sensitivity,
specificity, or both. FDG PET/CT has several advantages over conventional radionu-
clide imaging and morphological imaging alone (Table 6.1).

Patients with diabetes mellitus (DM) are prone for developing osteomyelitis
complicating the diabetic foot. Diabetic foot refers to ulceration, infection, and/or
destruction of deep tissues of foot with associated neurological abnormalities and
peripheral vascular disease. In the management of diabetic foot, it is very important
to distinguish soft tissue infections from osteomyelitis and to know the extent of
involvement. Here, FDG PET/CT scores over conventional modalities for accurate
delineation of diabetic foot infections due to its superior resolution.

6.2  Osteomyelitis in Axial and Appendicular Skeleton:
Performance of FDG PET/CT

The literature evidence on diagnosis of osteomyelitis using FDG PET/CT estab-
lishes this modality as one of the most promising imaging modality with sensitivity
and specificity more than 90% in most of the studies [1-3]. Although, it is very
sensitive for detection of infection with high negative predictive value, its specific-
ity may be low in immediate post-operative setting. This is because post-operative
inflammation persists up to 4—6 weeks after the procedure. In a meta-analysis done
by Termaat et al. [4], FDG PET showed the highest accuracy in diagnosing and
excluding chronic osteomyelitis, with a sensitivity of 96% and a specificity of 91%),
compared to 78 and 84% with combined bone and leukocyte scintigraphy and 84%
and 60% with magnetic resonance imaging (MRI).

For spinal infections, leukocyte imaging or combination of leukocyte imaging and
bone marrow scan have limited sensitivity as infection may be walled off. MRI is not
a preferable option in patients with metallic implants. FDG PET/CT in patients with
suspected spinal infection with and without metallic implants have shown sensitivi-
ties well above 90%, and specificity and accuracy at about 90% [3, 6].

In head-to-head comparison of FDG PET/CT and MRI by Demirev et al., the
investigators observed that both were accurate for diagnosis of active osteomyelitis.
A SUVmax cut-off of three gave optimal results with sensitivity of 88% and
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specificity of 90% for FDG PET/CT, whereas SUVmax ratio (i.e. lesion SUVmax
divided by SUVmax in a reference region) gave inferior results [7]. The authors
concluded that MRI can be considered the primary imaging modality for uncompli-
cated unifocal cases of osteomyelitis, whereas in cases of suspected multifocal dis-
ease or contraindications for MRI, FDG PET/CT should be preferred. This combined
sequential strategy worked well particularly for the equivocal cases.

6.3 Infectious Spondylodiscitis

It comprises of about 2-4% of osteomyelitis cases and is mostly seen in patients
with fever of unknown origin or as metastatic complication in bacteraemia [8]. CT
scan or MRI imaging may be difficult to interpret because of the inability to differ-
entiate degenerative changes and infection. Preliminary studies reported the diag-
nostic sensitivities of FDG PET/CT to approach 100% and specificities of 75-100%,
both at 100% for discriminating degenerative changes from disc-space infection and
thereby far surpassing MRI’s sensitivity of only 50% [9, 10]. Thus, addition of FDG
PET/CT in equivocal MRI findings may reduce the need for surgical exploration
[11]. Meta-analysis done by Prodromou et al. from 12 pooled studies found the
sensitivity and specificity of FDG PET/CT to be 97% and 88%, respectively, with
excellent ability to rule out the diagnosis with a very low negative likelihood ratio
of <0.1. Importantly, implants and other confounding factors did not affect the diag-
nostic efficacy when combined FDG PET/CT was employed [12].

6.4 FDG PET/CT in Diabetic Foot

Diabetic foot is a unique entity caused by diabetic neuropathy or peripheral vascular
disease and frequently a combination of both. There is loss of protective sensation
and development of anatomical deformities both making the feet susceptible to
repetitive trauma and ulceration. These make soft tissues of feet accessible to infec-
tive organisms. Further defence and treatment is weakened because the access of
protective phagocytic cells and antibiotics is reduced because of impaired circulation
related to peripheral vascular disease. Another important entity in the context of DM
is neuro-osteoarthropathy or Charcot arthropathy, where non-infectious soft tissue
inflammation is associated with rapidly progressive destruction of joints and bone.

The estimated risk of a diabetic patient developing a foot ulcer in his or her life-
time has been proposed to be as high as 25%, and the annual incidence of foot ulcers
has been estimated to be up to 2% [13, 14]. In up to one-third of diabetic foot infec-
tions, osteomyelitis can supervene and is frequently the result of direct extension of
the adjacent soft tissue infection. These happen in approximately 15% of overall
diabetic patients [15].

Early diagnosis of infection in diabetic foot is of paramount importance as it is
treatable with appropriate antibiotics and can potentially prevent complications
needing amputation in some cases. When it comes to soft tissue infection, MRI with
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its excellent soft tissue delineation is the modality of choice. In a meta-analysis
undertaken by Dinh and colleagues [16], they compared role of exposed bone or
probe-to-bone test, plain film radiography (PFR), MRI, bone scan and leukocyte
scan in detection of infection in diabetic foot. They concluded the presence of
exposed bone or a positive probe-to-bone test result is moderately predictive of
osteomyelitis and MR imaging is the most accurate imaging test for diagnosis of
osteomyelitis. As discussed earlier FDG PET has already established as very sensi-
tive modality in imaging bone infection. Hence, combination of PET/CT and MRI
or PET-MRI has potential to become the best imaging combination for investigating
suspected osteomyelitis in diabetic foot (Fig. 6.1).

The studies comparing the role of FDG PET or PET/CT in diabetic foot have
shown conflicting results (Table 6.2) though the studies undertaken with highest
numbers have shown utility of FDG PET in this patient group. One of the largest
studies done by Nawaz and colleagues [17] reported results from 110 prospectively
investigated diabetic patients. In this study, head-to-head comparison was made
between FDG PET, MR imaging, and PFR of the feet. They obtained promising
results with FDG PET, which correctly diagnosed osteomyelitis in 21 of 26 patients
and correctly excluded it in 74 of 80, with sensitivity, specificity, PPV, NPV, and
accuracy of 81%, 93%, 78%, 94%, and 90%, respectively. MR imaging had sensi-
tivity, specificity, PPV, NPV, and accuracy of 91%, 78%, 56%, 97%, and 81%,

Peripheral vascular Neuropathy (Motor,
disease (micro/macro- sensory and autonomic)
vascular disease)

Deformity, Loss of Protective Sensation, Dry Skin

Unrecognized Repetitive Trauma

Non-healing Ulceration and Superadded Infection

Fig.6.1 Primary pathogenetic factors (blue); the further complicating factors (brown); in diabetic
foot syndrome and diagnostic challenges where PET/CT/PET-MR imaging has a potential role
(green). Reprinted from PET Clin, 2012 Apr, 7(2): 151-60, Basu et al. ‘FDG PET and PET/CT
imaging in complicated diabetic foot’
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Table 6.2 Reported studies examining the role of FDG PET/PET/CT in diabetic foot syndrome

Study (first No. Charcot arthropathy PET alone/  Conclusion (useful/
author, year) patients  separately analyzed PET/CT limited accuracy)
Hopfner et al. 16 Yes PET alone Useful

[14], 2004

Keidar et al. [12], 18 No PET/CT Useful

2005

Basu et al. [18], 63 Yes PET alone Useful

2007

Schwegler et al. 20 No PET alone  Limited accuracy
[10], 2008

Nawaz et al. [17], 110 No PET alone Useful

2010

Familiari et al. 13 No PET/CT Limited accuracy
[11],2011

Reprinted from PET Clin, 2012 Apr, 7(2): 151-60, Basu et al. ‘FDG PET and PET/CT imaging in
complicated diabetic foot’

respectively, while PFR had sensitivity, specificity, PPV, NPV, and accuracy of 63%,
87%, 60%, 88%, and 81%, respectively. The investigators concluded that FDG PET
is a highly specific imaging modality for the diagnosis of osteomyelitis in the dia-
betic foot and, therefore, should be considered to be a useful complementary imag-
ing modality with MR imaging.

Clinically, it is very important to differentiate between osteomyelitis and Charcot
arthropathy as management of these two conditions is vastly different. Another
large prospective study by Basu and colleagues [18] also showed promising results
in diagnosing osteomyelitis and differentiating it from Charcot foot. A low degree
of diffuse FDG uptake that was clearly distinguishable from that of normal joints
was observed in joints of patients with Charcot osteoarthropathy (Fig. 6.2). The
SUVmax in lesions of patients with Charcot osteoarthropathy varied from 0.7 to
2.4, whereas those of the mid foot of the healthy control subjects and the uncompli-
cated diabetic foot ranged from 0.2 to 0.7 and from 0.2 to 0.8, respectively. The only
patient with Charcot osteoarthropathy with superimposed osteomyelitis in this
series had an SUVmax of 6.5. The SUVmax of the sites of osteomyelitis as a com-
plication of diabetic foot was 2.9-6.2. The overall sensitivity and accuracy of FDG
PET in the diagnosis of Charcot osteoarthropathy were100.0% and 93.8%, respec-
tively, and those for MR imaging were 76.9% and 75.0%, respectively. The investi-
gators concluded that these results underscored the valuable role of FDG PET in the
setting of Charcot neuroarthropathy by reliably differentiating it from osteomyeli-
tis, both in general and when foot ulcer is present.

The ischemic component in development of diabetic foot cannot be ignored.
FDG PET, by its ability to assess atherosclerotic inflammation in the large vessels
may be able to access this. However, this area in diabetic foot is not yet fully
explored and very few studies have explored this area [19, 20]. There is need for
further studies in this regard.
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6.5 Response Assessment

Few studies have tried to explore potential of FDG PET/CT in assessing response
to therapy in osteomyelitis. Riccio et al. [21] studied antibiotic treatment response
in pyogenic spine infection in 28 patients and concluded that uptake confined to the
margins of the destroyed disc should not be considered as persistent infection.
However, FDG uptake in bone and/or soft tissue on follow-up was suggestive of
poor clinical response. Thus, pattern of uptake along with quantification of meta-
bolic activity was found to be important in assessing response. Treatment response
in spondylodiscitis has also been explored. Nanni et al. [22] showed the feasibility
and superiority of using changes in SUVmax, as compared to C-reactive protein
(CRP), in establishing and monitoring response in patients with haematogenous
infective spondylodiscitis. They compared scans at 2 and 4 weeks after initial ther-
apy and found significantly lower SUVmax in responders after 4 weeks. However,
further studies are warranted to establish the role of FDG PET/CT in this regard.

Conclusion

FDG PET/CT has demonstrated promising results for imaging of osteomyeli-
tis. It is a useful adjunct to MRI in doubtful cases. It surpasses performance of
MRI is spinal infections. It significantly adds to established clinical workup of
the diabetic foot. Its ability to assess soft tissue, skeletal, vascular, and neuro-
logical (Charcot joints) complications in a single examination may make it an
important investigational tool in conjunction with MRI, in this potentially dan-
gerous disease. PET-MRI as a modality may evolve in this regard. However,
these aspirations need strengthening with larger prospective research studies in
future.

Key Points

e FDG PET/CT scores over conventional modalities for accurate delineation
of diabetic foot infections due to its superior resolution.

* FDG PET/CT in osteomyelitis of axial and appendicular skeleton has a
sensitivity and specificity of more than 90% in most studies.

e FDG PET/CT in patients with suspected spinal infection with and without
metallic implants have shown sensitivities well above 90%, and specificity
and accuracy are about 90%.

e CT scan or MRI imaging may be difficult to interpret because of the inabil-
ity to differentiate degenerative changes and infectious spondylodiscitis.
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* The diagnostic sensitivity of FDG PET/CT in patients suspected with
infectious spondylodiscitis, approach 100% and specificity of 75-100%
which surpasses sensitivity of MRIs. FDG PET/CT in equivocal MRI
findings may reduce the need for surgical exploration.

* FDG PET is a highly specific imaging modality for the diagnosis of
osteomyelitis in the diabetic foot and should be considered to be a useful
complementary imaging modality.
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Vascular graft insertion to treat aortic or peripheral aneurysm and lower limb occlu-
sive disease is now commonplace [1]. A variety of synthetic materials, autologous
veins, or a combination of the two can be used as the graft material depending on
the anatomical location and clinical circumstance [2]. Although graft-related com-
plications are uncommon, one of the most feared is graft infection and this remains
a major surgical challenge [3]. This chapter will discuss the use of '*F-FDG PET/CT
in the diagnosis of vascular graft infection.

Vascular graft infection is a relatively rare occurrence (cumulative incidence 1-6%
[4]) although it can cause significant morbidity and mortality. Complications of infec-
tion include anastomotic bleeding, sepsis, and conduit thrombosis [5, 6]; resultant
limb loss and mortality have been reported as up to 70% and 75%, respectively [7].

One of the difficulties of graft infection is that it is often non-specific in presenta-
tion and hence challenging to diagnose. Early-onset infection (defined as those
occurring within 4 months of insertion) can present with fever, bacteraemia, wound
infection, graft dysfunction with thrombosis or anastomotic bleeding, or abdominal
discomfort. Blood tests may show an inflammatory response. Late-onset infection
(after 4 months) is usually more insidious with patients presenting with complica-
tions such as graft erosion, hydronephrosis, or false aneurysm formation. Fever and
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an inflammatory response can be absent [8]. Once diagnosed, surgery remains the
mainstay of treatment of graft infection [5].

No current gold standard exists for the diagnosis. Clinical, microbiological, and
radiological investigations have all proven useful; however, there are no formal
diagnostic criteria or pathways [8]. The most commonly employed imaging modal-
ity is contrast enhanced computed tomography (CT). Studies suggest it is accurate
in diagnosing advanced graft infection but not low-grade infection (sensitivity
55.5%, specificity 100%) [9]. Advanced infection findings on CT include ectopic
gas, focal bowel wall thickening, perigraft fluid, perigraft soft tissue, pseudoaneu-
rysm formation, disruption of the aneurysmal wrap, and increased soft tissue
between the graft and surrounding wrap [10]. A further advantage of CT is that
simultaneous diagnostic or therapeutic intervention (such as needle aspiration) may
be carried out [5]. In low-grade infection, the high risk of false-negative results
necessitates the use of alternative structural and functional imaging techniques such
as magnetic resonance imaging (MRI), ultrasonography, or white blood cell labelled
scintigraphy [6]. Radiolabelled white blood cell scintigraphy with '''In or *™Tc-
HMPAO has been used for years to diagnose graft infection and EANM/SNMMI
guidelines suggest PET/CT may not offer any significant advantage over it in this
circumstance [11]. However, evidence suggests false-positive rates (especially early
post-operatively) are high [12, 13]; these may be from haematomas, lymphoceles,
sterile pseudoaneurysms, or infections near the graft [14, 15]. Another drawback is
the labour-intensive nature of the scan itself and the length of time it takes to obtain
a result when compared to PET/CT [15]. Hybrid imaging in the form of *F-FDG
PET/CT has also shown promise as increased glucose metabolism may be detected
earlier or in less florid infection compared to CT findings alone [16]; however, no
studies have compared PET/CT with radiolabelled white blood cell scintigraphy.

Several papers have been published in the literature suggesting that 'SF-FDG
PET/CT improves diagnostic accuracy in graft infection. Case reports published as
early as 2003 [17-20] have demonstrated the potential of FDG PET/CT. An early
prospective feasibility study by Fukuchi et al. [12] in 33 patients with suspected
aortic graft infection graded the intensity of FDG uptake on a five-point scale and
whether the uptake was focal or diffuse in nature. An intensity of three or four out
of five was thought to be positive for infection. They derived a sensitivity of 91% for
FDG PET compared to 64% for CT (p < 0.05) and a specificity of 64% compared to
86% (not significant). In a second large prospective study of 39 patients [13], PET/
CT had a sensitivity of 93%, specificity of 91%, positive predictive value of 88%,
and negative predictive value of 96% for the diagnosis of vascular graft infection.
Here, focal increased '®F-FDG uptake in the region of a vascular graft with intensity
higher than that of surrounding tissue was defined as infection. Low and medium
intensity linear uptake was not defined as infection.

In the largest prospective study to date, 76 patients with 96 various prostheses
suspected of being infected underwent *F-FDG PET/CT scanning [6]. The images
were again assessed on the basis of FDG uptake (on a three-point scale) subjectively
but also semi-quantitatively using regions of interest to derive maximum FDG
uptake compared to blood background. When focal as well as heterogeneous FDG
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uptake was considered positive, sensitivity, specificity, PPV, and NPV values were
98.2%, 75.6%, 84.4%, and 96.9% respectively [6]. Although semi-quantitative
analysis proved to be no more accurate than subjective analysis, graft border irregu-
larity on CT was an independent and significant predictor of graft infection.

More recent studies have assessed graft maximum standardised uptake value
(SUVmax) and attempted to determine an optimum cut-off between infected and
non-infected prosthesis to minimise false-positives and -negatives. Sah et al. [16]
suggested an SUVmax cut-off as greater than 3.7 whereas Tokuda et al. [21] sug-
gested greater than 8. The semi-quantitative analysis by Spacek et al. [6] produced
an SUVmax cut-off of 1.7.

Figures 7.1 and 7.2 show two examples of intense uptake on FDG PET/CT in
infected vascular grafts. Figure 7.3 shows diffuse moderate uptake in a non-infected
graft.

There are drawbacks to FDG PET/CT imaging. "®F-FDG activity can be
increased in scar tissue or post-operatively at sites of wound healing [22].
Similarly, a foreign body low-grade inflammatory reaction can be induced by
grafts [23]. Other likely sources of false-positives include an infected haema-
toma or a lymphocele around the site of the graft [16]. Whilst demonstrating high
sensitivity, these findings decrease the specificity of FDG PET/CT in accurately
identifying graft infection and it is important to differentiate them from true
abnormal uptake within the graft. It has been demonstrated these false-positives
could be differentiated from infection by assessing the pattern of uptake. Focal
or segmental uptake is more likely to represent infection compared to diffuse
uptake; in one paper using this as a diagnostic criterion significantly improved
specificity and PPV of FDG PET/CT [12]. Similarly, when prostheses with het-
erogeneous uptake were excluded from analysis, Spacek et al. [6] reported
increased sensitivity and specificity. They consider heterogeneous uptake to
decrease accuracy and suggest it is an uncertain finding. Difficulty arises when
the entirety of the graft is infected and under these circumstances uptake is likely
to be diffuse despite infection.

Fig. 7.1 Multifocal intense heterogeneous uptake in the wall of the EVAR and in adjacent soft
tissue is very suspicious for infected EVAR
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Fig.7.2 An 82-year-old with a previous EVAR. PUO for the last 4 months, still febrile on wide
spectrum triple antibiotic therapy. Intense uptake in soft tissue and wall of the EVAR with abnor-
mal uptake extending into lytic changes in a vertebral body, in keeping with an infected graft

o) .\(‘

Fig. 7.3 Long-standing diffuse moderate uptake in a femoro-femoral crossover graft, in keeping
with benign chronic inflammatory change

Other drawbacks include the lack of a true gold standard with which to compare
FDG PET/CT. One study [16] used microorganism detection in perigraft fluid,
another [13] used histopathological findings and microbiological assay at surgery
whilst a third used positive Gram stain of the prosthesis post-surgery or perigraft
fluid [24]. Additionally, study populations varied with, for example, different prior
treatment (including antimicrobial therapy) or different graft sites. Whilst most
focussed on aortic graft infection, the heterogeneity of the methods and study pop-
ulations means that drawing comparisons between papers (such as SUVmax val-
ues) is difficult. Finally, general drawbacks of PET/CT must be considered.
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Of particular relevance here is its relative unavailability out of hours or in an emer-
gency [16].

In conclusion, it is clear that 'SF-FDG PET/CT has the potential to be an extremely
valuable modality in the diagnosis of vascular graft infection with high sensitivity.
It is likely that a combination of subjective visual grading (in terms of both uptake
intensity and pattern) as well as SUVmax cut-off will be used in the future. However,
further studies with larger, more homogeneous patient populations must be con-
ducted before SUVmax values can be introduced into clinical practice.

Key Points

e FDG PET/CT is a sensitive non-invasive test to detect infection of vascular
grafts. It is complementary to CT angiography. Typical findings in an
infected graft are intense focal uptake. Non-infected grafts can demon-
strate moderate diffuse smooth uptake for years.
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A range of organisms including viral, bacterial, and fungal can infect the endocar-
dium, cardiac prosthetic devices, pericardium, and myocardium. Currently, most
evidence on the use of FDG PET/CT regards its use in prosthetic cardiac compo-
nents and valves. It should also be noted that echocardiography, CT, and MRI play
a useful role in the investigation of potential or proven cardiac infections. A good
overview of these modalities, together with helpful descriptions of the pathophysi-
ology of cardiac infections, has been described in a recent review article [1].
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8.1 Preparation for Cardiac PET/CT

Normal myocardium has variable uptake of glucose and the standard 4-6 h fast
prior to a PET/CT does not consistently suppress physiological cardiac FDG uptake
to allow accurate evaluation of pathological uptake. However, the combination of a
high fat, low carbohydrate diet followed by prolonged fasting (e.g. 18 h) as been
shown to significantly suppress physiological uptake [2—4]. Protocols using this
type of preparation are required when assessing for cardiac infections. The use of
unfractionated heparin to further supress myocardial uptake has also been described
[5] and is used in some centres [6].

8.2 Native Valve Infective Endocarditis

FDG PET/CT is not typically used for the diagnosis of native valve infectious endo-
carditis (IE), diagnosis is based on the modified Duke criteria which includes clini-
cal, echocardiographic, and biological findings, as well as the results of blood
cultures and serology [7]. Recent European Society of Cardiology (ESC) guidelines
on endocarditis [8] have maintained this approach and have also provided further
modified diagnostic criteria.

The rationale for this is due to the published low sensitivity of FDG PET/CT in
detecting native valve IE. A recent systematic review and meta-analysis [9] demon-
strated a sensitivity of 61%, lower than the modified Duke criteria of 80% [8].
Additionally, a recent cross-sectional study found that PET/CT was false-negative
in all cases of suspected native valve IE (n = 21) [6].

However, FDG PET/CT has proved to be useful in detecting septic emboli in
patients with native valve IE. In a prospective cohort study of patients with definite
IE, the systematic use of PET/CT in 47 patients compared to 94 controls who did
not have IE showed that PET/CT diagnosed significantly more infectious complica-
tions (septic emboli) (18% vs. 57.4%, p = 0.0001) and was associated with a two-
fold reduction in the number of relapses (9.6% vs. 4.2%, p = 0.25) [10]. The ESC
guidelines [8] have included imaging for embolic events, which can be performed
with FDG PET/CT, in the further diagnostic workup of patients who fall into the
“possible” category of the modified Duke criteria.

8.3 Prosthetic Valve Endocarditis

Diagnosis of prosthetic valve IE (PVE) is more challenging than native valve IE due
to more atypical presentation and more frequently negative blood cultures and echo-
cardiography [8]. The use of PET/CT in the evaluation of patients with possible
PVE, according to Duke criteria, is now recommended in recently published ESC
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guidelines on IE [8]. In these guidelines, abnormal activity around the site of
implantation detected by "F-FDG PET/CT (if the prosthesis was implanted >3
months previously) is considered a major criterion. This is based on a study of FDG
PET/CT in PVE which found a sensitivity, specificity, positive predictive value,
negative predictive value, and accuracy of 73% (95% CI: 54-87%), 80% (56-93%),
85% (64-95%), 67% (45-84%), and 76% (63-86%), respectively. Use of FDG
PET/CT increased the sensitivity of the modified Duke’s criteria at admission from
70% (52-83%) to 97% (83-99%), p = 0.008 [11].

8.4 Cardiac Implantable Electronic Device Infections

Cardiac implantable electronic devices (CIED) include pacemakers and implant-
able cardioverter defibrillators. When considering infections of these devices, it is
important to be aware of the distinction between an infection limited to the genera-
tor pocket versus an infection extending to the cardiac leads, valves, or endocardium
although differentiating between the two types of infection can be difficult.

Similarly to PVE, diagnosis can be challenging. Echocardiography plays a lead
role in the diagnosis of CIED infection; however, a normal echo does not rule it out.
There is increasing evidence of the usefulness of FDG PET/CT in suspected CIED
infection. The recent ESC guidelines [8] state: “Radiolabelled leucocyte scintigra-
phy and "8F-FDG PET/CT scanning may be considered additive tools in patients
with suspected cardiac device related IE, positive blood cultures and negative echo-
cardiography”. In addition, recent evidence-based guidelines on the use of PET/CT
in the United Kingdom [12] state PET/CT is indicated in the “evaluation of... car-
diac implantable device related infection in selected cases provided sufficient time
has elapsed since surgery”.

These recommendations are based on a number of studies. One study [13] com-
pared three groups of patients: group A consisted of 42 patients with suspected
CIED infection, group B included 12 patients without infection who underwent
PET/CT 4-8 weeks post-implant and group C included 12 patients implanted for >6
months without infection who underwent PET/CT for another indication. A ratio
between maximal suspicious cardiac uptake and lung parenchymal uptake
(cardiac,,:lung,,..,) was calculated. In Group A, 32 patients had positive PET/CT,
24 of these underwent extraction with excellent correlation. In 7 patients with posi-
tive PET/CT, 6 were treated as superficial infection with clinical resolution. One
patient with positive PET/CT but negative leukocyte scan was considered false posi-
tive due to a Dacron pouch. Ten patients with negative-PET/CT were treated with
antibiotics and none had relapsed at 12.9 + 1.9 months. Group B patients had mild
uptake seen at the level of the connector, group C patients did not demonstrate any
abnormal uptake. Median cardiac,,,:lung,.., was significantly higher in Group A
(2.02) vs. B (1.08) vs. C (0.57); p < 0.001.
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Fig. 8.1 No CIED infection. There is no uptake in the device pocket or lead to suggest infection.
Most modern PET /CT scanners have provisions for metal artefact reduction allowing accurate
assessment of metabolic activity

A later study used similar methods to analyse the use of FDG PET/CT to detect
pocket infection in CIEDs [14]. It used a ratio of maximum count rate around the
CIED to mean normal lung parenchymal count rate (pocket,,,.:lung,...,) in patients
with and without (controls) suspected CIED pocket infection, patients were man-
aged independently of PET/CT result. Patients with suspected generator pocket
infection that required CIED extraction (n = 32) had significantly higher *F-FDG
activity compared with those that did not require extraction (n = 14) or controls
(n = 40). The pocket . :lungc,, was: 4.80 (3.18-7.05) vs. 1.40 (0.88-1.73) vs.
1.10 (0.98-1.40), respectively; p < 0.001. The area under the receiver operator
characteristic analysis for the pocket:lung,.., was 0.98 for those ultimately
needing extraction with an optimal cut-off value of >2.0 (sensitivity 97%, speci-
ficity 98%).

A smaller study consisted of 27 patients [15] with suspected CIED infection who
had an initial PET/CT and a final diagnosis made via culture in those who had leads
removed or clinical/instrumental follow-up after 6 months in those who did not.
Among the ten patients with a positive PET/CT scan, seven received a final diagno-
sis of “definite IE”, one of “possible IE”, and two of “IE rejected”. Among the 17
patients with a negative-PET/CT scan, four were false-negative and received a final
diagnosis of definite IE. These patients underwent PET/CT after having started anti-
biotic therapy (=48 h) or had a technically suboptimal examination.

Figure 8.1 shows an example of a non-infected CIED. Figure 8.2 shows increased
uptake in an infected prosthetic aortic valve prosthesis. Figure 8.3 shows infection
of a device pocket with extension to the lead.
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Fig. 8.2 Aortic valve endocarditis with splenic abscess. There is focal uptake in the prosthetic
aortic valve suggesting infective endocarditis. There is a large photopaenic area in the spleen with
a rim of metabolic activity suggesting abscess. Whole body imaging allows evaluation of ectopic
source of infection

8.5 Pericarditis

It is important to remember there are mulitple non-infectious causes of pericarditis,
some of the most common being autoimmune and malignant (particularly lung,
breast, and lymphoma) [16] and PET/CT is frequently used in investigating these
pathologies. Viruses are the most common cause of pericarditis in the developed
world and TB in the developing world [16].

ESC guidelines on pericarditis are not specific on the use of PET/CT stating [16]:
“PET/CT can be indicated to depict the metabolic activity of pericardial disease”
(p- 2942). However, the guidelines do further elaborate that it is useful in
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Fig. 8.3 Device pocket infection with extension to the lead. There is uptake in the device pocket
with tracer uptake tracking along the intravascular part of the lead stopping short of the intra car-
diac insertion

distinguishing TB from idiopathic pericarditis, this is based on a study of 15 patients
which retrospectively evaluated the ability of PET/CT to distingish between the two
aetiologies [17]. This found that the mean and standard deviation (SD) of pericar-
dial thickness and SUVmax of acute tuberculous pericarditis was significantly
higher than in acute idiopathic pericarditis (5.1 SD [1.0] vs. 3.4 [0.9], p < 0.05; 13.5
[3.9] vs. 3.0 [0.7], p < 0.05, respectively). The mean and SD SUVmax of mediasti-
nal and supraclavicular lymph nodes of acute tuberculous pericarditis (5.3 [1.8])
was significantly higher than that of acute idiopathic pericarditis (2.8 [0.6], p < 0.05).
There was no significant difference in the mean size of the mediastinal and supra-
clavicular lymph nodes between acute tuberculous and idiopathic pericarditis.

8.6  Myocarditis

A variety of infectious and systemic diseases can also cause myocarditis. Viruses,
often enteroviruses, are the most important causes in developed countries [18, 19].
Electrocardiogram, myocardiocytolysis markers, and transthoracic echocardiography



8 PET and Cardiac Infections 77

are the standard first-line investigations, cardiac MRI is useful to provide further
structural and functional information and endomyocardial biopsy is the gold standard
diagnostic test [19].

ESC guidelines state (p. 2642) [19]: “Nuclear imaging is not routinely recom-
mended in the diagnosis of myocarditis, with the possible exception of suspected
cardiac sarcoidosis” and a relatively recent review on FDG PET in cardiac infec-
tions also does not describe any specific role for PET/CT [18]

Conclusion

e There are recommedations and evidence that FDG PET/CT is of use in evalu-
ating patients with suspected prosthetic valve or CIED infection when initial
investigations/diagnostic criteria are inconclusive.

e cardiac,,:lung,c,, or pocket,,:lung.., has been shown to be a useful param-
eter when assessing for CIED infection.

e FDG PET/CT should not currently be used to directly investigate for native
valve IE. However, in suspected native valve endocarditis, it can be used to
look for septic emboli, the knoweldge of which is useful when managing
patients with suspected IE.

* FDG PET is currently not routinely used to assess patients with pericarditis or
myocarditis; however, it has been shown to help distinguish between idio-
pathic and TB pericarditis.

Key Points

e There are recommendations and evidence that FDG PET/CT is of use in
evaluating patients with suspected prosthetic valve or CIED infection when
initial investigations/diagnostic criteria are inconclusive.

e FDG PET/CT should not currently be used to directly investigate for native
valve IE. However, in suspected native valve endocarditis, it can be used to
look for septic emboli, the knowledge of which is useful when managing
patients with suspected IE.

e FDG PET is currently not routinely used to assess patients with pericarditis
or myocarditis however it has been shown to help distinguish between idio-
pathic and TB pericarditis.
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9.1 Introduction

Systemic autoimmune diseases are a heterogeneous group of disorders in which
“self-tolerance” has been overcome by genetic and environmental factors and an
immune response has been mounted against the body’s own organs, tissues, and
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cells [1]. Diagnosis and treatment monitoring of these diseases is primarily done by
clinical evaluation, inflammatory markers and biopsy wherever feasible. Role of
anatomical imaging is limited to demonstrating tissue or organ destruction caused
by the autoimmune processes. Functional imaging, on the other hand, can show the
actual process of inflammation caused by activated immune cells in the target organ.
Traditionally *™Tc-colloid, radiolabelled immunoglobulins, bone scan, Gallium-67
scan have been used for this purpose. FDG PET/CT has been extensively used as
research tool in autoimmune disorders (AID).

The conventional Nuclear Medicine techniques are time consuming, lack both
sensitivity and specificity apart from having low resolution and two-dimensional
imaging capabilities. FDG PET/CT on the other hand directly visualizes abnor-
mally increased glucose metabolism in the activated immune cells at the site of
inflammation. It has high resolution and target-to-background ratio leading to bet-
ter sensitivity. The CT component of PET/CT adds to the specificity and exact
anatomical localization. Whole body FDG PET/CT imaging can be undertaken in
reasonably short time with visualization of complete disease extent in the body.
Although biopsy remains gold standard for diagnosis, PET/CT scan can show
most accessible site for biopsy and help in diagnosis, where biopsy site is inacces-
sible. Individuals with autoimmune diseases have increased susceptibility for
developing malignancy [2, 3]. FDG PET/CT can potentially image those malig-
nancies in the same scan. One important advantage of FDG PET/CT is ability to
quantify metabolic activity at the site of inflammation which makes serial moni-
toring of response to therapy possible. In this communication, we shall explore
the role of FDG PET/CT in individual autoimmune diseases based upon peer-
reviewed literature on the subject.

9.2 Autoimmune Vasculitis

It is an inflammatory disease characterized by inflammation and necrosis in the ves-
sel wall leading to reactive destruction of blood vessels. Histopathological analysis is
considered as the gold standard for the diagnosis. FDG PET/CT can help in accurate
localization of biopsy site and in case the biopsy site is inaccessible, PET/CT can still
confirm the diagnosis. Being whole body imaging, it helps to evaluate disease extent.
It appears the best choice for early diagnosis and treatment monitoring: CT, MRI, or
USG are not useful in early stages due to subtle morphologic changes, or for response
assessment due to slow changes. FDG PET/CT is very useful for evaluation of vas-
culitis in big- or medium-sized vessels, whereas small vessel vasculitis is below the
detection limit of current PET/CT scanners. Polymyalgia rheumatica with giant cell
arteritis is the most common vasculitis entity affecting medium and large vessels.
Significant number of patients also have extra-cranial disease manifestations at the
time of diagnosis; especially aortic involvement has a very serious implication such
as aortic dissection; hence, the reliable evaluation of it is of critical importance.
Bleeker-Rovers et al. [4] for the first time showed FDG PET to be a useful imag-
ing technique in diagnosing and determining the extent of vasculitis. After this, a
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number of studies have been done and FDG PET has been shown to have sensitivi-
ties of 77-92% and specificities of 89—100% in treatment-naive patients [5]. FDG
PET/CT is able to locate more vascular sites involved than MRI, but they were
found to be equivalent in making the initial diagnosis [6]. The treatment of vasculi-
tis reduces the FDG uptake in the vessels thereby lowering the sensitivity in post-
treatment patients. However, this property can be used to evaluate treatment response
[7]. As compared to anatomical imaging modalities, FDG PET is probably better to
predict early response to therapy since morphological changes develop later than
the metabolic response.

In a systematic review, Treglia et al. [8] evaluated 32 studies including more than
600 patients and concluded that FDG PET/CT is useful in the initial diagnosis,
assessment of activity, and extent of disease in patients with large vessel vasculitis.
The review also highlighted the role of FDG PET/CT in assessing disease activity
under immuno-suppressive treatment, in predicting relapse, or in evaluating vascu-
lar complications. They suggested need for standardization of the techniques
employed regarding PET analysis and diagnostic criteria.

9.3 Systemic Lupus Erythematosus (SLE), Polyarteritis
Nodosa, and Wegener’s Granulomatosis

These autoimmune diseases preferentially involve small- to medium-sized arteries.
There are few reports of FDG PET used to study CNS involvement in patients with
Wegener’s granulomatosis [9] and polyarteritis nodosa [10]. These studies highlight
potential role of FDG PET/CT in autoimmune-mediated CNS diseases. In the initial
studies of FDG PET for detecting CNS involvement in patients with SLE, glucose
metabolism was found to be reduced during active focal and diffuse disease [11]. In
these and the subsequent studies, FDG PET was considered to be the most sensitive
method for demonstrating reversible deficits and for correlating the functional
imaging results with neurological findings.

9.4 Inflammatory Bowel Disease

Chronic inflammatory bowel disease (IBD) includes Crohn’s Disease (CD) and
ulcerative colitis (UC). These diseases need monitoring of disease activity and
disease extent. Currently, there are scoring systems requiring multiple invasive
endoscopies (e.g., gastroscopy, colonoscopy, capsule endoscopy) and imaging
studies submitting the patients to high doses of radiation (e.g., SBFT, CT, entero-
clysis). FDG PET/CT being accurate and non-invasive imaging method for inflam-
mation imaging is likely to be significantly better for the management of these
patients.

The first study with stand-alone PET published in 1997 by Bicik et al. [12] used
FDG PET in seven patients with suspected IBD, and they found high FDG activity
in areas of active inflammation on biopsy and generally higher FDG uptake in
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patients with clinically active disease. Neurath et al. [13] used FDG PET in patients
with known IBD to assess disease extent and found PET to be much more sensitive
(85%) than MRI (41%) with comparable specificity. A meta-analysis by Treglia
et al. found an overall pooled per segment sensitivity and specificity of 85% and
87%, respectively, reported by various studies [14]. Role of FDG PET in detecting
and differentiating fibrostenosis (requiring surgery) versus inflammatory strictures
requiring only conservative medical treatment was studied by some [15, 16]. Spier
BlJ studied use of FDG PET/CT for assessment of response to treatment with impli-
cations for treatment strategy [17].

IBD pose a diagnostic challenge in children and adolescence because of invasive
endoscopies in them requiring general anesthesia. Hence, non-invasive imaging like
FDG PET/CT would be a much preferred option. In a review of literature by Malham
M et al. [18], from 1999 to 2013 results were encouraging with a potential for
detecting gastrointestinal inflammation with high sensitivity and reasonable speci-
ficity. Moreover, the ability of PET/CT to visualize the extraintestinal manifesta-
tions of IBD has proven valuable in the diagnostic workup of adults and the same
may be expected in a pediatric setting [19]. Hence, although literature is limited,
FDG PET/CT has promising potential in IBD in adult and more so in pediatric
population.

9.5 Psoriasis and Rheumatoid Arthritis

Psoriasis is chronic autoimmune inflammatory condition typically affecting the
skin, but it is also often associated with an inflammatory arthritis - psoriatic arthri-
tis (PsA). In 2001, Yun et al. described the first reported case of increased FDG
uptake on a PET scan in joints with active PsA [20]. Takata et al. showed that
FDG PET/CT can visualize arthritic joints and entheses in psoriasis patients.
Moreover, they showed that PET can be used to asses efficacy of treatment with
tumor necrosis factor-o (TNF-a) inhibitors on symptomatic and asymptomatic
PsA as well [21].

Rheumatoid arthritis (RA) is another autoimmune condition characterized by
symmetric/asymmetrical joint involvement with synovial inflammation, which in
advanced stages leads to irreversible destruction of joints due to formation of pan-
nus and cartilage erosion. In a systematic review of FDG PET imaging in joint
disorders comprising RA; Carey et al. [22] highlighted the importance of detect-
ing RA, specifically the synovial inflammation as early as possible to arrest pro-
gression to advanced stages. FDG PET being whole body imaging seems to be
highly useful in assessing global disease activity and/or inflammation burden.
Beckers et al. suggested that the degree of FDG uptake may be an indirect mea-
sure of neovascularization and consequently aggressive synovitis [23], thereby
possibly predicting the course of newly detected, early RA. It is stated that high
FDG uptake in large joints is correlated with the risk of developing atlantoaxial
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instability, a possibly severely debilitating condition. Few studies have shown that
FDG PET/CT may be able to predict the outcome of instituted treatment with both
traditional treatment (steroids and disease-modifying antirheumatic drugs) [24]
and biological treatment (tumor necrosis factor a-inhibitors, TNF-a-inhibitors)
[25]. The newer quantification parameters are of important value in treatment
response assessment in rheumatoid arthritis with FDG PET/CT [26, 27] (Figs. 9.1
and 9.2) the inflammation in both psoriasis and RA is systemic in nature, and
FDG PET/CT has been used to illustrate inflammation in not only skin lesions in
psoriasis and joints, but also in the large blood vessels in both psoriasis and RA
[28-31] as well as other extra-articular foci of inflammation including regional
lymph nodes.

&
[ L}
§ i {
- - . -8 ¥
- - -
s 0 L & 8

Metabolic index max

+
.

—

Fig. 9.1 The fluoro-2-deoxy-p-glucose-positron emission tomography/computed tomography
scan showing overall good response. The upper three images are the maximum intensity projection
images (at baseline, 3, and 6 months from left to right) showing the joint involvement and extra-
articular lesions including bilateral axillary nodes and inguinal nodes at baseline study. There is a
good response noted in the joints in the subsequent follow-ups. The lymph nodes also showed a
significant response with no uptake in the follow-up scans. The metabolic volumetric product
response (in the form of metabolic index max) response is depicted graphically as shown by the
curves (Reproduced with permission from Kumar et al. [26])
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Fig. 9.2 Fluoro-2-deoxy-D-glucose-positron emission tomography/computed tomography show-
ing overall no response to both first-line and step-up therapy. The upper three images are maximum
intensity projection images showing the joint involvement at baseline, 3, and 6 months. There is an
increase in the active inflammation noted in the joints in the first follow-up which is also illustrated
by the rise in the curve. This patient was advised etoricoxib, hydroxychloroquine after the baseline
scan. After the first follow-up, a step-up therapy was used with addition of methotrexate. The sub-
sequent scan also showed no response with increasing activity. The response is depicted graphi-
cally as shown by the rising curves for metabolic volumetric product (Reproduced with permission
from Kumar et al. [26])

9.6 Autoimmune Brain Diseases

Multiple sclerosis (MS) is an immune-mediated inflammatory, demyelinating
disease of the CNS. FDG PET can reveal the localization and distribution of
cerebral hypometabolism in relation to demyelinating lesions in the white
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matter and as well as change in glucose metabolism of cortex, basal ganglia, and
cerebellum [32]. FDG PET/CT is also useful in MS patients with cognitive dys-
function for investigation of global and regional cerebral glucose metabolism in
comparison to MRI findings [33]. According to Bakshi et al. [34] and Derache
et al. [35], FDG PET scans have clinical application as a marker for assessment
of disease activity and response to immunotherapy. Autoimmune cerebellar
ataxia may be caused by auto-antibodies to various cerebellar targets. Certain
investigations reveal a reduction in absolute values of regional cerebral glucose
metabolism in the cerebellar hemispheres and vermis, as well as in the brain-
stem or dentate nuclei [36, 37].

Autoimmune limbic encephalitis is a severe, neuropsychiatric disorder that
affects the limbic system, which is responsible for the basic autonomic func-
tions. Autoimmune limbic encephalitis (ALE) may be either paraneoplastic,
which is associated with a large number of cancers (lung, breast, testicular,
thymoma, Hodgkin’s lymphoma) or idiopathic (non-paraneoplastic). According
to Fisher et al. [38], PET/CT findings are specific to the disease and have a
combination of pronounced occipital hypometabolism and hypermetabolism in
the temporal and orbitofrontal cortex. Rey et al. [39] reported three cases with
non-paraneoplastic limbic encephalitis characterized by FDG PET bilateral
striatal hypermetabolism, in contrast to diffuse hypometabolism in the rest of
the brain.

9.7 Sjogren’s Disease, Autoimmune Pancreatitis,
and Thyroiditis

The list of autoimmune disorders and role of FDG PET/CT in this entity has
continuously increasing. Like Shih et al. have described it in case of Sjogren’s
disease [40]; Nakajo have described role of PET/CT in autoimmune pancreatitis
associated with extrapancreatic autoimmune disease [41]. Yoon Lee et al. con-
cluded that in difficult cases, the presence of diffuse uptake of FDG by the
pancreas or concomitant extrapancreatic uptake by the salivary glands can be
used to aid in differentiation of autoimmune pancreatitis and pancreatic cancer
[42]. Although not primarily used for diagnosis, diffuse increased FDG uptake
seen in both lobes of thyroid gland is often associated with autoimmune thyroid-
itis [43].

Immunoglobulin G4-related systemic disease is another important autoimmune
disorder, where FDG PET/CT has aided in assessing the extent of the disease, locate
the best site for biopsy, and also evaluate the response to treatment and diagnose the
suspicion of recurrence [44—46] (Fig. 9.3).
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Fig. 9.3 Baseline PET/CT scans showing metabolically active lesion with calcification in right
middle lobe in a patient of Inflammatory pseudotumor (IPT) of lung, a rare IgG, related disease
entity (Reproduced with permission from Basu et al. [46])
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Conclusion

Autoimmune disorders primarily cause inflammation in the target organ medi-
ated by auto-antibodies. Since advent of PET/CT scanners, the applications of
FDG in infection and inflammation imaging came to the fore. FDG PET/CT has
demonstrated its potentials in systemic immune-related inflammatory disorders.
Although most of the FDG PET/CT studies in imaging of autoimmune diseases
have been undertaken in small number of patients and are retrospective, the
promise of this hybrid imaging modality is obvious. With better planned pro-
spective studies, FDG PET/CT has the potential to become front-runner in imag-
ing and management algorithm of autoimmune disorders, especially for early
non-invasive diagnosis and treatment response monitoring.

Key Points

» Early visualization of active inflammation caused by activated immune
cells in the target organ is possible with FDG PET/CT, as against late tissue
or organ destruction visualized by anatomical imaging.

* Compared to conventional nuclear medicine techniques, FDG PET/CT has
high resolution and target-to-background ratio leading to better
sensitivity.

* As autoimmune disorders may involve multiple sites in the body, whole
body FDG PET/CT imaging is advantageous and can be undertaken in
reasonably short time.

* FDG PET/CT can show the most accessible site for biopsy and help in
diagnosis, where biopsy site is inaccessible.

* Individuals with autoimmune diseases have increased susceptibility for
developing malignancy. FDG PET/CT can potentially image those malig-
nancies in the same scan.

* FDG PET/CT with its ability to quantify metabolic activity at the site of
inflammation makes serial monitoring of response to therapy possible.
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10.1 Takayasu Arteritis

* Clinical details:

— A 40-year-old female. Known Takayasu arteritis with 3 vessel gut disease.
Bilateral renal artery stenosis and left subclavian artery stenosis. New mass
lesion around the abdominal arterial tree. On mycophenolate mofetil and

prednisolone

e Legend:
— Moderate diffuse uptake in the thickened wall of the aortic arch and left sub-

clavian artery in keeping with active large vessel vasculitis.
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e Teaching points:
— Diffuse smooth uptake in the wall of the large vessels is suggestive of large
vessel vasculitis.
— The aorta is very often involved.
— CT, MR, and FDG PET are complementary.
— FDG PET is useful to assess areas of activity in previously treated patients.
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10.2 Giant Cell Arteritis

* Clinical details:
— A 75-year-old female. Night sweats, anaemia, weight loss, and loss of appe-
tite for a month. Raised inflammatory markers.
e Legend:
— CT: mild thickening of aorta and great vessels consistent with aortitis
— FDG PET/CT: Smooth linear uptake in the thoracic aorta, supra-aortic ves-
sels, and abdominal aorta.
e Teaching points:
— FDG PET/CT is useful the diagnosis of large vessel vasculitis.
— Medium vessel vasculitis can be seen on PET/CT.
— The role of FDG PET to assess response to treatment is not yet established.




94 T. Wagner

10.3 Psoas Abscess

* Clinical details:
— A 60-year-old male. Previous medical history of aortobifemoral bypass.
Raised inflammatory markers. Suspicion of infected graft.
e Legend:
— FDG PET/CT: Intense uptake in a left psoas muscle abscess with adjacent
involvement of lumbar vertebral body and abdominal aorta.
e Teaching points:
— FDG PET/CT is useful to identify vascular graft infections.
— FDG PET/CT can be used for assessment of response to therapy.
— Normal non-infected vascular grafts often demonstrate diffuse moderate
uptake.
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10.4 Infected Vascular Graft

* Clinical details:
— A 80-year-old female with thoracic aortic graft
— Suspicion of infection
e Legend:
— Intense heterogeneous uptake in the aortic graft in keeping with infection.
Diffuse moderate uptake in the cortex of the kidneys in keeping with amyloid
deposition.
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10.5 Infective Endocarditis

* Clinical details:
— A 75-year-old male with infective endocarditis of mitral valve
e Legend:
— Intense uptake in the mitral valve prosthesis
e Teaching points:
— FDG PET/CT is not sensitive and should not be used for the detection of
infective endocarditis of native valves.
— FDG PET/CT is useful to detect septic emboli.
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10.6 Pericarditis

 Clinical details:
— A 55-year-old male with pericarditis.
e Legend:
— Increased uptake in small volume pericardial effusion.
e Teaching points:
— The level of uptake on FDG PET/CT will not differentiate between malignant,
inflammatory, and infectious aetiologies of pericarditis.
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10.7 Peritoneal Tuberculosis

* Clinical details:
— A 53-year-old male
— Vague abdominal pain, nausea
— CT shows diffuse peritoneal thickening
e Legend:
— FDG PET/CT shows intense uptake in peritoneal thickening. No evidence of
primary malignancy. Biopsy shows peritoneal tuberculosis.
e Teaching points:
— Appearances of diffuse peritoneal involvement on FDG PET/CT can be due
to peritoneal tuberculosis or malignant peritoneal disease.
— FDG PET/CT is often useful to guide tissue biopsy to the most avid
lesions.

ueq
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10.8 Skeletal Tuberculosis

* Clinical details:
— A 43-year-old male
— Swollen elbow joint, not resolving? tuberculosis, (all cultures negative) his-
tory of fever? any evidence of disseminated disease or lymphadenopathy
e Legend:
— Intense uptake in erosions and destructive bone lesions in the elbow and the
thoracic spine.
e Teaching points:
— FDG PET/CT is highly sensitive to detect tuberculosis.
— Tuberculosis, lymphoma, and sarcoidosis are three typical differential diag-
noses that can have very similar appearances.
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10.9 Spondylodiscitis

 Clinical details:
— A 64-year-old male
— Staph aureus infection
— C6/7 spondylodiscitis
e Legend:
— Intense uptake in a destructive lesion centred on C6/7 disc
e Teaching points:
— FDG PET/CT is sensitive and specific for the diagnosis of spondylodiscitis.
— It is often complementary to MRI.

-
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