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Hybrid PET/(CT/MR) in infectious and
inflammatory diseases

Despite its relative short history, nuclear medicine is playing an important
role in the diagnosis of infectious and inflammatory diseases. In this

regard, already in the 1970s, planar imaging with labelled white blood

cell scintigraphy was proven successful. Non-specific radiolabelled
compounds, such as ®Ga-citrate, polyclonal human immunoglobulin (HIG),
or more specific like anti-E-selectin, anti-granulocyte antibodies, cytokines,
ciprofloxacin or antimicrobial peptides were either less successful or are still
under research.

Furthermore, the introduction of new technigues like SPECT led to higher
sensitivity to detect infectious and inflammatory diseases, and hybrid
camera techniques such as SPECT/CT helped to improve both the specificity
and the diagnostic accuracy, due to the synergy of the anatomical and
pathophysiological information it provides.

Since 2002, hybrid clinical PET/CT systems (PET + multislice CT) are
available. The combination of high sensitivity PET images fused with high
resolution CT images has gained an almost immediate widespread clinical
acceptance for diagnosis, staging and re-staging as well as prediction of
response to treatments in oncology.

In the USA the costs of PET/(CT) scans are reimbursed by the Centers for
Medicare and Medicaid Services (CMS). In the opinion of the CMS National
Coverage Determination there are clear indications for '®F-FDG PET/CT,
besides oncology, in diseases of the heart and the brain (i.e. myocardial
perfusion, seizures and the differential diagnosis of frontotemporal dementia
and Alzheimer’s disease). Apparently, the non-specificity of FDG is very well
recognised, but so far the use of FDG PET/CT in infectious and inflammatory
diseases is not reimbursed. This lack of reimbursement in the USA is most
likely the reason that a large proportion of publications that report on the

use of "®F-FDG PET/CT in diagnosing infectious and inflammatory diseases,
originate from Europe.

Because infectious and inflammatory conditions form a very heterogeneous
group of diseases, and patients may present with a variety of symptoms,
diagnosis can be an important problem to the clinician. Usually, after initial
laboratory tests, various conventional imaging procedures are consulted
(X-ray, ultrasound, CT and/or MRI) to reveal anatomical changes. However,

in the early stages of disease, morphologic changes or abnormalities may be
absent, so anatomic imaging modalities have a rather low sensitivity for early
stage disease. In addition, these techniques usually provide information on a
limited part of the body, and e.g. the use of total body MRI is not widespread.
Moreover, when morphologic changes are found after surgery or other
therapeutic interventions, differentiation of infection/inflammation from
residual changes is limited. Performing '®F-FDG PET/CT in an early stage of
disease may be beneficial for an early diagnosis.

However, it remains a challenge to define when the benefits of a hybrid
PET/CT outweigh the costs.

In this special issue of the TVNG readers will learn more about the work

of Dutch colleagues on infectious and inflammatory issues. The first
contribution is by Kouijzer et al from Radboud University Medical Center
(UMC) Nijmegen. They claim ®F-FDG PET/CT is cost-effective in patients
with ‘fever of unknown origin’ (FUO) because an adequate and early
diagnosis in FUO limits the number of non-contributing, often invasive, tests
and the duration of hospitalisation. Note: a first attempt to describe the cost-
effectiveness of "®F-FDG PET/CT in ‘inflammation of unknown origin’ was
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published in a previous issue of this journal (TVNG. 2015;37(2):1409-11).

Vos et al, also attached to Radboud UMC Nijmegen, describe the value of
8F-FDG PET/CT in metastatic infectious disease and suggest it should be
performed in all patients with high risk Gram-positive bacteraemia.
Scholtens from Meander Medical Center at Amersfoort reports on the value
of '8F-FDG PET/CT in cardiovascular infection and endocarditis.

Van der Laken, from VUMC Amsterdam, discusses the use of ®F-FDG and
8F-fluoride PET/CT next to MRI in the field of rheumatology, bearing in mind
that the efficacy of expensive biologicals (€ 20.000/patient/year) is only 50-
70%. Also clinical results with ""C-PK11195 PET as a marker of (activated)
macrophages are discussed.

Note: of particular interest for daily clinical practice is a recent overview by
Glaudemans et al from UMC Groningen on pitfalls and limitations of hybrid
imaging in infection and inflammation (Sem Nucl Med. 2015;45:500-12).

Hybrid PET/MRI is a different ball game: it presents soft tissue contrast
better and causes less radiation exposure in simultaneous imaging settings,
theoretically resulting in improved matching of the images. Voo et al from
Maastricht UMC also recognise a certain downside; MRI protocols increase
workflow complexity and are, compared with CT, time-consuming and
requiring more patient compliance. However, based on their positive first
clinical experiences, it is likely that hybrid PET/MRI will become a valuable
imaging approach in the diagnosis of many cardiovascular diseases, including
inflammatory pathologies such as myocarditis, cardiac sarcoidosis, or large
vessel vasculitis.

New developments in radiochemistry and e.g. peptide chemistry will
hopefully result in more selective tracers with high specific activity.

As inflammation is a nonspecific process (e.g. occurring both in malignancy
and infection), a tracer that may differentiate between inflammation and
infection is regarded to be the ‘Holy Grail’. However, so far such a tracer has
not been established.

Aarntzen and Boerman, affiliated with Radboud UMC Nijmegen, discuss
the main categories of clinical available techniques for in vivo immune cell
imaging. They highlight the current developments envisioned to have clinical
impact in the upcoming years.

Hopefully, this special issue contributes to the
increasing insight that hybrid nuclear medicine offers
powerful non-invasive techniques for visualisation

of infectious and inflammatory disorders. Especially
the use of whole body imaging that enables the
determination of both localisation and the number of
infectious/inflammatory foci. Results of hybrid nuclear
medicine investigations may therefore play a crucial
role in ‘specialised’ or ‘personalised” medicine.

Hans Balink, MID, PhD
Guest editor

« On the cover, a hybrid "*F-FDG PET/CT image of a 61-year-old man known with multiple liver
cysts and renal cysts and a renal transplant in the right fossa iliaca. The CRP value was125
mg/L. Subfebrile body temperatures. Blood cultures were positive for Escherichia coli and
Enterococcus faecalis. After initial Ciproxin, which was later followed by Augmentin without
clinical improvement, *F-FDG PET/CT showed pathological uptake at the margin of a lateral
localised liver cyst (black arrow). In consequence of the rising CRP levels with an infected liver
cyst, intravenous application of cefotaxime was started for 4 weeks, after which the patient
gradually recovered.
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Abstract

Kouijzer IJE, Vos FJ, Oyen WJG, Bleeker-Rovers CP.
The value of '®F-FDG PET/CT in fever of unknown
origin. Fever of unknown origin (FUO) was commonly
defined as fever higher than 38.3°C on several occasions
during at least three weeks with uncertain diagnosis
after a number of obligated investigations. FUO remains
a clinical challenge as no diagnosis is reached in up to
50% of cases. FDG PET and FDG PET/CT are valuable
imaging techniques for the evaluation of FUO. FDG PET/
CT facilitates anatomical localisation of focally increased
FDG uptake, thereby guiding further diagnostic tests

to achieve a final diagnosis in FUO. With FDG PET/CT
becoming widely available, FDG PET/CT should be a
routine procedure in the evaluation of FUO. Tijdschr
Nucl Geneesk 2015; 37(4):1469

Introduction

Fever of unknown origin (FUO) remains a challenging
diagnostic problem in medicine. In 1961, Petersdorf and
Beeson firstly defined the definition of FUO as an iliness of
more than three weeks duration with fever higher than 38.3°C
(101°F) on several occasions and diagnosis uncertain after one
week of study in the hospital (1). In 1992, this definition of
FUO has been modified by removing the requirement that the
evaluation must take place in the hospital and by excluding
immunocompromised patients as these patients need an
entirely different diagnostic and therapeutic approach (2, 3).
The quantitative criterion of a diagnosis uncertain after one
week has been changed in 2007 to a qualitative criterion that
requires a number of diagnostic procedures to be performed
(4).

The potential causes of FUO include a broad spectrum of
diseases: infectious diseases, non-infectious inflammatory
disorders, and malignancies. In the clinical analysis of a
patient with FUOQ it is essential to first identify diagnostic
clues by taking a complete history and performing a physical
examination followed by laboratory tests, chest radiography,

and abdominal ultrasonography. With these diagnostic

clues, a limited list of probable diagnoses can be made. If
subsequently a hypothesis for the cause of FUO can be
established, a further focused diagnostic work-up can be
performed to prove or refute the hypothesis. When diagnostic
clues are absent or misleading, FUO should be further
evaluated using a standard diagnostic protocol (4).

Imaging in FUO

Imaging techniques may help to identify the possible causes
of FUO. Anatomic imaging modalities such as CT and MRI
require anatomic changes in tissue secondary to inflammation
before detection is possible and therefore in many cases are
not able to detect early stages of disease. Also, anatomic
changes caused by cured disease or surgery may result

in false-positive interpretation of the images. In addition,
anatomic imaging techniques include only a limited area of
the body and do not provide information about other areas
being a major disadvantage if the potential cause of fever is
not clear. Whole body scintigraphic imaging techniques may
play an important role in the diagnosis of FUO, because they
are performed as whole body imaging examinations and the
radiotracers used are able to detect inflammatory processes
in the body in an early stage before anatomic changes appear.
Conventional scintigraphic methods are ¢’Ga-citrate
scintigraphy and ""'In-labelled or ®™Tc-labelled leukocyte
scintigraphy. However, these imaging techniques have their
limitations, such as handling of potentially infected blood
products (labelled leukocyte scintigraphy), high radiation
burden (¥’Ga-citrate scintigraphy and ""'In-labelled leukocyte
scintigraphy), instability of the labelling (**"Tc-labelled
leukocyte scintigraphy), and their relatively long time span
between injection and diagnosis (¥’Ga-citrate scintigraphy).

"8F-fluorodeoxyglucose (FDG) positron emission tomography
combined with computed tomography (PET/CT) has become
an established imaging procedure in oncology and has
successfully entered the field of clinical infectious diseases
(5). Imaging is normally performed as early as sixty minutes
after injection of FDG. Normal uptake may obscure pathologic
foci in some organs and tissues. High accumulation of FDG
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is always observed in the brain and also frequently present
in the myocardium. Because of FDG excretion into the

urine, visualisation of renal and pelvic abnormalities may be
disturbed. Diffuse or discrete uptake in the gastrointestinal
tract may result from peristalsis and is physiological (6).
When comparing FDG PET/CT and conventional scintigraphy,
advantages of FDG PET/CT are higher resolution, higher
sensitivity in chronic low-grade infections, and higher
accuracy in the central skeleton, as well as the short

time period between injection of the radiotracer and the
imaging procedure (7). As for many conventional scintigraphic
techniques, the mechanisms responsible for FDG uptake do
not allow differentiation among infection, sterile inflammation,
and malignancy. However, in FUQO, this appears to be an
advantage rather than a disadvantage as all of these disorders
are presented in patients with FUO. Therefore, FDG PET/CT
can be used to guide additional diagnostic tests to arrive

at the final diagnosis. Although FDG PET/CT is a relatively
expensive imaging technique and the availability may still be
more limited in some countries as compared with anatomical
imaging technigues and conventional scintigraphy, it can be
cost-effective in the diagnostic work-up of FUO when used at
an early stage. It helps to establish an early diagnosis reducing
hospitalisation days owing to a substantial number of routine
diagnostic purposes and the repetition of unnecessary and
unhelpful tests (8).

FDG PET in FUO

In FUO, several studies investigated the role of FDG PET (not
combined with CT): three retrospective and six prospective
studies in 396 patients with FUO (table 1). Two prospective
studies compared FDG PET with 8’Ga-citrate scintigraphy

in patients with FUO and found FDG PET to be helpful in
b55% (9) and 41% (10) of patients. Kjaer et al. (11) compared
"n-granulocyte scintigraphy with FDG PET in 19 patients
with FUO. FDG PET was only helpful in 16% and sensitivity,
specificity, positive predictive value (PPV), and negative
predictive value (NPV) were 50%, 46%, 30%, and 67 %,
respectively. Seshadri et al. (12) compared FDG PET with
"n-granulocyte scintigraphy in 23 patients with FUO. FDG
PET was helpful in 52% of patients with FUO. For FDG PET,
sensitivity was 86%, specificity was 78%, PPV was 86%, and
NPV was 78%. A small retrospective study in 16 patients with
FUO showed that FDG PET led to the final diagnosis in 11
patients (69%) (13). Bleeker-Rovers et al. (14) retrospectively
studied the contribution of FDG PET in 35 patients with FUO
and concluded that FDG PET was helpful in 37% of patients.
Sensitivity, specificity, PPV, and NPV were 93%, 90%, 87 %,
and 95%, respectively. Buysschaert et al. (15) performed a
large prospective study of 74 patients with FUO of whom 39
patients (63%) had a final clinical diagnosis. FDG PET was
helpful in 49% of these 39 patients. Bleeker-Rovers et al.
(16) showed that FDG PET was helpful in 66% of patients
with a final diagnosis and in 33% of all patients. Sensitivity,
specificity, PPV, and NPV were 88%, 77%, 70%, and 92%,
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respectively. In a Japanese multicentre retrospective study,
Kubota et al. (17) analysed the diagnostic results of FDG PET
for FUO according to four groups of final diagnosis: infection;
arthritis, vasculitis, or other autoimmune or collagen disease;
tumour or granuloma; and other or unknown diagnosis of
FUO. Sensitivity was highest in the tumour or granuloma
group (100%, 7/7), followed by the infection group (89%,
24/27), the autoimmune group (65%, 11/17), and the other
or unknown group (0%, 0/1). Overall helpfulness of FDG PET
was 51%.

Comparing these studies about the role of FDG PET in FUO is
rather challenging. In most of the studies the exact definition
of FUO was different from the internationally accepted
definition. Also, in four studies, the patient population was
highly selected as not all patients with FUO referred to the
hospital were recruited, but only those patients referred to
the Nuclear Medicine Department (9, 17), patients referred
for "In-granulocyte scintigraphy because of FUO by the
Department of Infectious Diseases (11), and patients referred
for FDG PET because of FUO by the Department of Internal
Medicine (15). In the study of Kubota et al. an FDG PET/CT
scanner was used in some cases, but the exact number of
patients who underwent FDG PET/CT was not mentioned
(17). Only the prospective study by Bleeker-Rovers et al. (16)
used the standard definition of FUO and included all patients
presenting with FUO to the hospital.

The two prospective studies of Meller et al. (9) and
Blockmans (10) et al. compared FDG PET with ¢’Ga-citrate
scintigraphy in a total of 78 patients with FUO. FDG PET was
superior to ’Ga-citrate scintigraphy because the diagnostic
value is at least similar to that of ’Ga-citrate scintigraphy and
the results are available within hours instead of days. Kjaer
et al. compared FDG PET with """In-granulocyte scintigraphy
in 19 patients with FUO. "'In-granulocyte scintigraphy was
concluded to be superior to FDG PET because of the high
percentage of false-positive FDG PET images (37%) (11).
However, in many patients included in this study no efforts
were undertaken to confirm the abnormalities found on

FDG PET. Specificity of FDG PET could have been increased
if these additional examinations were performed (18). It is
questionable whether this relatively high percentage of false
positive results is sufficient justification to reject FDG PET as
a valuable diagnostic technique in patients with FUO.

FDG PET/CT in FUO

Eleven retrospective studies and one prospective study have
investigated the role of FDG PET/CT in 540 patients with
FUQ (table 2). Keidar et al. (19) investigated the value of FDG
PET/CT in a prospective study of 48 patients with FUQ. In 22
patients (46%), FDG PET/CT identified the underlying etiology
of FUO. Sensitivity for FDG PET/CT was 100%, specificity
was 81%, PPV was 81%, and NPV 100%. In this prospective
study, FDG PET/CT was considered less helpful for the



Table 1. Literature on FDG PET in patients with FUQ.

reference

study design

FUQ definition

conclusion

Seshadri et al. (12)

Kubota et al. (17)

Bleeker-Rovers et al. (16)

Buysschaert et al. (15)

Kjaer et al. (11)

Bleeker-Rovers et al. (14)

Lorenzen et al. (13)

Blockmans et al. (10)

Meller et al. (9)

prospective (n=23)
comparison with "'In-
granulocyte

retrospective (n=81)

prospective (n=70)

prospective (n=74)

prospective (n=19)
comparison with "'In-
granulocyte

retrospective (n=35)

retrospective (n=16)

prospective (n=58)
comparison with ¥Ga

prospective (n=20)
comparison with ¥Ga

temp >38.3°C >3 weeks; no
diagnosis after 1 week in-
hospital investigation

temp >38.0°C >2 weeks;
no diagnosis after certain
obligated initial investigation

temp >38.3°C >3 weeks;
no diagnosis after certain
obligated initial investigation

temp >38.3°C >3 weeks;
no diagnosis after 3 days in

hospital or 3 outpatient visits;

and referral for FDG PET/CT

temp >38.3°C >3 weeks;

no diagnosis after 1 week
in-hospital or outpatient
evaluation; and referral for
"n-granulocyte scintigraphy

temp >38.3°C >3 weeks;
no diagnosis after 1 week
in-hospital or outpatient
evaluation

temp >38.0°C >3 weeks;
increased ESR and CRP;
inconclusive diagnostic tests

temp >38.3°C >3 weeks; no
diagnosis after 3 days in-
hospital investigations

temp >38.3°C >3 weeks;
no diagnosis after 1 week
of diagnostic workup; and
referral to nuclear medicine
department

FDG PET helpful in 52%,
sensitivity 86%, specificity
78%, PPV 86%, NPV 78%

FDG PET helpful in 51%,
sensitivity 81%, specificity
75%

FDG PET helpful in 33%, PPV
70%, NPV 92%

FDG PET helpful in 26%

FDG PET helpful in 16%,
sensitivity 50%, specificity
46%, PPV 30%, NPV 67%

FDG PET helpful in 37%, PPV
87%, NPV 95%

FDG PET helpful in 69%, PPV
92%, NPV 100%

FDG PET helpful in 41%,
FDG PET superior to Ga

FDG PET helpful in 55%, PPV
92%, NPV 75%, FDG PET
superior to ’Ga

ESR = erythrocyte sedimentation rate, CRP = C-reactive protein, PPV = positive predictive value, NPV = negative predictive value
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Table 2. Literature on FDG PET/CT in patients with FUO.

reference

study design

FUQ definition

conclusion

Gafter-Gvili et al. (29)

Tokmak et al. (30)

Kim et al. (28)

Crouzet et al. (27)

Pedersen et al. (26)

Pelosi et al. (25)

Sheng et al. (24)

Kei et al. (23)

Ferda et al. (22)

Federici et al. (21)

Balink et al. (20)

Keidar et al. (19)

retrospective (n=112)

retrospective (n=21)

retrospective (n=48)

retrospective (n=79)

retrospective (n=22)

retrospective (n=24)

retrospective (n=48)

retrospective (n=12)

retrospective (n=48)

retrospective (n=10)

retrospective (n=68)

prospective (n=48)

temp >38.3°C >3 weeks; no
diagnosis after 3 days or 1
week in-hospital or outpatient
evaluation

temp >38.0°C >3 weeks; no
diagnosis after 1 week in-
hospital investigation

not defined

temp >38.3°C >3 weeks;
no diagnosis after certain
obligated initial investigation

temp >38.3°C >3 weeks; no
diagnosis after 3d in-hospital
investigation

temp >38.3°C >3 weeks;
no diagnosis after certain
obligated initial investigation

not defined

temp >38.3°C >3 weeks;
no diagnosis after 3 days
in-hospital or 2 weeks
outpatient evaluation

not defined

temp >38.3°C >3 weeks; no
diagnosis after 1 week in-
hospital investigation

not defined

temp >38.3°C >3 weeks; no
diagnosis after 1 week in-
hospital investigation

FDG PET/CT helpful in 66%,
sensitivity 72.2%, specificity
57.5%, PPV 74.2%, NPV
53.5%

FDG PET/CT helpful in 60%,
accuracy 90.5%, sensitivity
93.8%, specificity 80%

FDG PET/CT helpful in 52%,
sensitivity 92%, specificity
23%

FDG PET/CT helpful in 57 %,
sensitivity 98%, specificity
87%

FDG PET/CT helpful in 45%,
PPV 83%, NPV 50%

FDG PET/CT helpful in 46%

FDG PET/CT helpful in 67 %,
sensitivity 89%, specificity
33%, PPV 80%, NPV 50%

FDG PET/CT helpful in 42%

FDG PET/CT helpful in 54%,
sensitivity 97 %, specificity
75%

FDG PET/CT helpful in 50%

FDG PET/CT helpful in 56%

FDG PET/CT helpful in 46%,
sensitivity 100%, specificity
81%, PPV 81%, NPV 100%

PPV = positive predictive value, NPV = negative predictive value
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diagnostic process than FDG PET/CT was in the retrospective
studies. Balink et al. (20) retrospectively analysed 68 patients
with FUO and in these patients FDG PET/CT was helpful in

56% of all patients. Federici et al. (21) investigated the role of
FDG PET/CT in ten patients with FUO and in four patients with
unexplained prolonged inflammatory syndrome. FDG PET/CT
was helpful for 50% of patients with FUQ. In 48 patients with
FUO, Ferda et al. (22) concluded FDG PET/CT to be helpful in
b4%. Sensitivity was 97 % and specificity was 75%. Kei et al.
(23) retrospectively included 12 patients with FUO and observed
a helpfulness of 42% for FDG PET/CT. In the study of Sheng

et al. (24) a final diagnosis was established for 36 (75%)
patients with FUO. For FDG PET/CT, sensitivity was 89%,
specificity was 33%, PPV was 80%, and NPV was 50%. In the
retrospective study of Pelosi et al. (25) including 24 patients with
FUOQ, FDG PET/CT was helpful in 46% of all patients. Pedersen
et al. (26) concluded FDG PET/CT to be helpful in 456% in a
study of 22 patients with FUO. Crouzet et al. (27) investigated
the value of FDG PET/CT in 79 patients with FUO.

FDG PET/CT was helpful in 57%, sensitivity and specificity were
98% and 87 %, respectively. In a retrospective study of Kim et al.
(28) including 48 patients with FUO, FDG PET/CT was helpful in
52%. In this study, sensitivity was 92% and specificity was
23% for FDG PET/CT. In a retrospective study of Gafter-Gvili et
al. (29) 112 patients with FUO were included. FDG PET/CT was
helpful in 74 patients (66%). Sensitivity, specificity, PPV, and
NPV of FDG PET/CT were 72.2%, 57.5%, 74.2%, and 53.5%,
respectively. Tokmak et al. (30) retrospectively included 50
patients with FUO. Of these patients, 25 underwent FDG
PET/CT and 21 were appropriate for analysis. FDG PET/CT
was helpful in 15 patients (60%). The accuracy, sensitivity,
and specificity of this imaging modality were 90.5%), 93.8%,
and 80%, respectively.

In these studies investigating the value of FDG PET/CT

in patients with FUO, helpfulness of FDG PET/CT ranges
between 42% and 67%. However, comparing these studies
is again difficult. In five of the eleven retrospective studies,
the definition of FUO was not further specified (20, 22, 24, 25,
28). Also, in three studies not all included patients underwent
FDG PET/CT, because a protocol for FDG PET/CT was lacking
(26, 28, 30). Also, in two studies the exact imaging technique
of FDG PET/CT was not described (26, 28). In one study,
patients were selected from patients with fever who were
readmitted on the Department of Infectious Diseases and
not from the total number of FUO patients (26). This leads

to selection bias. The study of Keidar et al. (19) was the only
study with a long-term follow-up of 12-36 months as part of
the study. Unfortunately, the authors did not mention the
precise duration of follow-up per patient. In all other studies
no long-term follow-up was part of the study.

Comparing FDG PET and FDG PET/CT in patients with FUO,
overall helpfulness for all studies investigating the role of FDG
PET in FUO was 40% (corrected for study population) and

overall helpfulness for all studies investigating the role of FDG
PET/CT in FUO was 57% (corrected for study population).
The difference in helpfulness of FDG PET and FDG PET/CT
may be due to the fact that fused images with CT result in
precise anatomical localisation of small lesions and better
differentiation between physiological and pathological
metabolic foci. However, studies investigating FDG PET/CT in
patients with FUO were often retrospective which leads to bias.
For a more exact assessment of the value of FDG PET/CT in the
evaluation of FUO, a large prospective study using a structured
diagnostic protocol with long-term follow-up would be more
helpful.

Conclusions

Conventional scintigraphic technigues should be replaced

by FDG PET/CT in the evaluation of patients with FUO. FDG
PET and FDG PET/CT are valuable imaging techniques for the
workup of FUO. It can be expected that FDG PET/CT is cost-
effective in patients with FUO, because an adequate and early
diagnosis in FUO limits the number of non-contributing and
often invasive tests and duration of hospitalisation. Therefore,
FDG PET/CT should become a routine procedure early in the
evaluation of FUO.

chantal.bleeker-rovers@radboudumc.nl
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Figure 1. A 68-year-old man presented with fever and malaise. Physical examination showed no abnormalities. The erythrocyte
sedimentation rate was increased with normal leukocyte rate, normal creatinine level, and liver function tests. FDG PET/CT
showed pathologic FDG uptake in the right maxillary sinus. This patient was diagnosed with chronic sinusitis and was referred
to the otorhinolaryngologist. After treatment his fever disappeared.

Figure 2. A 75-year-old man presented with weight loss, night sweats, fever, and recent vision loss of the left eye. Physical
examination was normal. The erythrocyte sedimentation rate was increased, with normal leukocyte count, creatinine level,
and liver function. FDG PET/CT showed pathologic FDG uptake in the large arteries in both legs. He was diagnosed with large
vessel vasculitis and was treated with high dosage corticosteroids. His fever disappeared.

Figure 3. A 65-year-old man presented with fever and myalgia. Physical examination showed no abnormalities. The erythrocyte
sedimentation rate was increased, with normal leukocyte count, creatinine level, and liver function. FDG PET/CT showed
irregular FDG uptake with hotspots in large, medium, and small arteries. He was diagnosed with polyarteritis nodosa. Treatment
was started with high dosage corticosteroids and cyclophosphamide. €
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Abstract

Vos FJ, Kouijzer IJE, Oyen WJG, Bleeker-Rovers CP. The
value of ®F-FDG PET/CT in metastatic infectious disease.
Clinically silent metastatic infectious foci are a well-known
complication in one third of patients with Gram-positive
bacteraemia. Delayed detection of these metastatic foci can
result in increased morbidity, relapse of infection and death
due to incomplete eradication.FDG PET/CT has proved to
be helpful in delineation of these clinically silent metastatic
infectious foci resulting in early treatment adjustment and
therefore decreased relapse rates and mortality.

A cost effectiveness analysis showed incremental costs

of routine FDG PET/CT is well within the acceptable range.
Even in a subgroup of patients with infective endocarditis,
introduction of FDG PET/CT searching for extracardiac
metastatic infectious foci tends to diminish relapse rates.
New generation PET-scanners and adjusted protocols are
promising in the detection of infectious endocarditis itself,
especially concerning prosthetic valves. Tijdschr Nucl
Geneesk 2015; 37(4):1476

Introduction

Multifocal infection is an important complication of Gram-positive
bacteraemia. It is known that complicating infectious foci occur in
approximately one third of patients with Staphylococcus aureus
and Streptococcus species bacteraemia (SAB and SSB) (1,2,3).
In high risk patients with SAB, endocarditis is found in 19-32%
when routine echocardiography is performed (4,5). In clinical
settings in which echocardiography is performed symptom-based,
e.g. because of the presence of cardiac murmurs, endocarditis

is revealed in only 5-13% of patients with high risk SAB, missing
a significant part of endocarditis cases (3,4,6). In native valve
endocarditis (NVE), which is in fact a metastatic infectious focus
in itself, extracardiac foci play an important role in treatment
failure (4,7). In 42-569% of patients with endocarditis, clinically
relevant metastatic infectious foci are present (1,6). Up to 32%
of metastatic infectious foci lack localising signs and symptoms,
thereby increasing the risk of remaining undiagnosed and (partly)
untreated. As infection-related mortality is significantly higher
among patients with complicating infectious foci, increased
morbidity and mortality can be influenced favourably by early
recognition and treatment of these clinically silent metastatic
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infectious foci (1,3,8,9). Patients at high risk for the presence of
complicated disease are relatively easy to identify using a set of
clinical parameters (table 1) (3, 6, 10, 11).

To date there are no guidelines describing a diagnostic protocol for
the detection of metastatic infectious foci in patients with Gram-
positive bacteraemia, except for the recommendation to perform
echocardiography in patients with SAB (5). Since conventional
radiological techniques only visualise a fixed part of the body, they
are almost always used for symptom-guided imaging. During

the last decade, whole body scanning using "®F-FDG PET/CT

has emerged as an important imaging technique in infectious
diseases, especially in infections which are difficult to diagnose,
for example vascular graft infections and spondylodiscitis (12).

In general, sensitivity of "®F-FDG PET/CT in diagnosing infections
compares favourably to other diagnostic modalities, since it
reveals early metabolic changes instead of anatomical changes.
Lower specificity due to ®F-FDG accumulation in conditions
involving leukocyte activation other than infection (e.g. vasculitis
and malignancy), may be a potential drawback, but can often

be overcome by correlation with previous history and additional
imaging techniques (13).

A growing number of case reports and case series appeared in
literature in which "®F-FDG PET/CT delineated clinically important,
but unsuspected metastatic infectious foci. Studies on the
subject are scarce, but promising (14). Two studies on the use

of "®F-FDG PET/CT in bloodstream infections were published,
with an additional third study in 2012 on the cost-effectiveness of
routine "®F-FDG PET/CT in high risk patients with Gram-positive
bacteraemia (table 2), six studies address the performance of
"8F-FDG PET/CT in clinically suspected infective endocarditis (table
3), and five study the use of '®F-FDG PET/CT in the detection of
extracardiac foci in endocarditis (table 4). These studies will all be
discussed in this concise review.

Table 1. Clinical criteria for the identification of patients at risk
for metastatic infectious disease.

community acquisition of infectious disease

signs of infection >48 hours before initiation of appropriate
treatment

positive blood cultures >48 hours after initiation of
appropriate treatment

fever >72 hours after initiation of appropriate treatment




Table 2. Literature on the value of '*F-FDG PET/CT in metastatic infectious disease.

reference study design aim outcome
(N study / control)
Se 100%, Sp 87%, PPV 89%,
. hed | ol NPV 100%
Vos et al. (2) prospective matched control | outcome: relapse rate, relapse rate (SAB) 1.4-8.9%
(115/230) mortality (0=0.04)

mortality 19.1-32.2% (p=0.01)

Bleeker-Rovers et al. (15)

retrospective (40)

new foci

detecting clinically relevant

PPV 91%, NPV 100%
relevant new foci in 45%

Vos et al. (16)

(115/230)

prospective matched control

cost-effective/ incremental costs

cost analysis routine PET/CT | due to treatment of clinically

relevant foci

Se = sensitivity
Sp = specificity

PPV = positive predictive value
NPV = negative predictive value

SAB = Staphylococcus aureus bacteraemia

Table 3. Literature on the value of 8F-FDG PET/CT in patients with clinically suspected infective endocarditis.

reference

study design
(N type of
endocarditis)

aim

outcome

Kouijzer et al. (21)

prospective
(NVE 66/PVE 66)

detecting endocarditis

Se 39%, Sp 93%, PPV 64%, NPV 82%

Ricciardi et al. (26)

(NVE 7/ PVE 20)

detecting endocarditis

"
Rouzet et al. (25) ?;S/SEDS; Ve detecting endocarditis Se 93%, Sp 71%, PPV 68%, NPV 94%
retrospective PVE, Se PET/CT 85%, TTE 69%, Duke criteria

77% (p<0.001)

Graziosi et al. (27)

prospective
(cardiac device related
27)

detecting endocarditis

Se 63%, Sp 86%, PPV 77%, NPV 76%

Saby ot al. (28) prospective detecting endocarditis Se 73%, Sp 80%, PPV 85%, NPV 67%,
Y ' (PVE 72) E increases accuracy of modified Duke criteria
rospective Se 87%, Sp 92.1%, PPV 93.6%, NPV 84.3%
Pizzi et al. (29) PHEELS detecting endocarditis ) o=l ° . ° i _0
(PVE 92) increases accuracy of modified Duke criteria

Se = sensitivity
Sp = specificity

PPV = positive predictive value

NVE = native valve endocarditis
PVE = prosthetic valve endocarditis

NPV = negative predictive value

TTE = transthoracic echocardiography
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Table 4. Literature on the value of ®F-FDG PET/CT in extracardiac metastatic infectious disease in patients with infective
endocarditis.

reference

study design (N)

aim

outcome

van Riet et al. (30)

prospective (25)

detecting clinically relevant
extracardiac new foci in
endocarditis

clinically relevant new foci in 7/25 (28%)

Bonfigliolo et al. (31)

prospective (71)

detecting clinically relevant
extracardiac new foci in
endocarditis

clinically relevant new foci in 17/71
(24%)

Kestler et al. (32)

prospective matched
control (47)

detecting extracardiac foci,
evaluating relapse rate

Se 100%, Sp 80%, PPV 90%, NPV
100%, relapse rate from 9.6% to 4.2%
(p=0.25)

Asmar et al. (33)

prospective (72)

detecting clinically relevant
extracardiac new foci in
endocarditis

clinically relevant new foci in 11/72
(15%)

Orvin et al. (34)

prospective (40)

detecting clinically relevant
extracardiac new foci in
endocarditis

extracardiac foci in 42.5%, treatment
modified in 35%

Se = sensitivity
Sp = specificity

PPV = positive predictive value
NPV = negative predictive value

Figure 1. An 68-year old woman admitted with a chronic Staphylococcus aureus infection of an arthrodesis of her right foot.
Despite extensive debridement and high dose flucloxacillin she remained febrile. Routine examination including chest X-rays did
not show any abnormalities. 8F-FDG PET/CT revealed a large retrosternal abscess, which was subsequently drained.
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8F-FDG PET/CT for the detection of infectious metastatic
foci in bacteraemia

It has been suggested that early treatment adjustment in

the presence of clinically silent infectious foci might lead

to a decrease in relapse rate, due to the fact that a smaller
amount of foci would remain untreated (2, 8). This concept
of early detection of metastatic infectious foci using '®F-FDG
PET/CT was evaluated in two studies. In a retrospective
cohort of forty patients with bloodstream infection, ®F-FDG
PET revealed a clinically relevant new focus in 45% of cases,
even though a median of four conventional diagnostic tests
had been performed prior to "®F-FDG PET (15). In the second
study, 115 non-neutropenic patients with Gram-positive
bacteraemia were prospectively included (2). Patients with
positive blood cultures growing Staphylococcus aureus,
Streptococcus species or Enterococcus species were
included when a clinical risk factor was present (table 1) and
were then evaluated by '®F-FDG PET/CT within two weeks
after the first positive blood culture. Results were compared
with a matched historical control group of 230 patients

in whom no "®F-FDG PET/CT was performed. Diagnostic
procedures were only performed symptom-guided in this
group. Significantly more patients were diagnosed with
metastatic foci in the study group (68% versus 36%). Of note,
in the "®F-FDG PET/CT group almost 40% of patients showed
multifocal disease, compared to 27 % of controls. Possible foci
detected with "®F-FDG PET/CT included endovascular, ocular
and pulmonary foci, osteomyelitis, infected joint prosthesis
and epidural abscesses. In more than half of the patients
diagnosed with endocarditis another metastatic infectious
focus was found, often leading to adjustment of therapy.
"8F-FDG PET/CT was the first to delineate infectious foci in
approximately one third of patients. Relapse rates decreased
from 7.4% to 2.6 % among study patients (p=0.09), and
from 8.9% to 1.4% in patients with Staphylococcus aureus
(p=0.04). Overall mortality after six months decreased
significantly from 32% to 19% in the '®F-FDG PET/CT group.
In conclusion, the addition of "®F-FDG PET/CT to the work-
up of high risk patients with Gram-positive bacteraemia is a
valuable technique that results in lower mortality rates.

A cost-effectiveness analysis on the use of ®F-FDG PET/CT in
patients with Gram-positive bacteraemia was also performed
(16). Alongside the clinical study, healthcare related costs
were collected, influencing total costs due to the addition

of ®F-FDG PET/CT (2). The diagnostic regimen incorporating
8F-FDG PET/CT resulted in an increase of incremental costs
of EUR 6.303 due to more in-hospital treatment of clinically
relevant metastatic infectious foci. The increase of costs
was mainly due to admission days (mean EUR 4.421). Costs
per mortality case prevented were EUR 48.325 and are well
within the range that is considered to be efficient by Dutch
guidelines. Cost-effectiveness would further improve when
patient management should be based on ®F-FDG PET/CT
abnormalities alone, without the confirmation by conventional
radiological techniques that was obligatory in the study. It

was concluded that costs should not be a reason to leave the
8F-FDG PET/CT out of the work-up of metastatic infectious
disease.

-~ -
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Figure 2. A 57-year old woman was admitted with
Staphylococcus aureus mitral valve endocarditis and
subsequent multifocal spondylodiscitis and septic arthritis of
both shoulders requiring prolonged treatment and drainage.

8F-FDG PET/CT in diagnosing endocarditis

To date, one should distinguish studies trying to establish infective
endocarditis and studies aiming to detect extracardiac metastatic
infectious foci complicating infectious endocarditis.

Currently, '8F-FDG PET/CT is not incorporated in guidelines for the
diagnosis of infective endocarditis (17). Infective endocarditis is
diagnosed using the revised Duke criteria based on both clinical
and microbiological findings and echocardiography (17). Sensitivity
of the Duke criteria is a limitation in clinical practice. Although case
reports and small case series suggest a promising role for the
detection of infective endocarditis, "®F-FDG PET/CT is frequently
considered unsuitable in detecting infective endocarditis, mainly
due to physiological cardiac '®F-FDG uptake and small lesion size
(13, 18-20). A recent study investigated the diagnostic value of
"8F-FDG PET/CT in detecting infectious endocarditis in 72 patients
with definite endocarditis (26). All patients underwent both
"8F-FDG PET/CT and echocardiography. Infectious endocarditis
was defined according to the revised Duke criteria. For "®F-FDG
PET/CT, sensitivity was only 39%, specificity was 93%, positive
predictive value (PPV) was 64 %, and negative predictive value
(NPV) was 82%. Because of this low sensitivity, it was concluded
that '®F-FDG PET/CT is currently unsuitable for diagnosing
endocarditis, but its high specificity is indeed promising (21).
Newer (time-of-flight) PET/CT scanners have improved resolution
and there is promising evidence that a ‘low carbohydrate, fat
allowed’ diet will adequately suppress cardiac '"®F-FDG uptake (22,
23). Furthermore, delayed imaging could increase the diagnostic
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accuracy of "®F-FDG PET/CT concerning the detection of small
intracardiac infectious foci, as demonstrated by a case report
recently published (24). These improvements may increase
sensitivity as is suggested in five recent studies, which are
discussed below.

All studies compared '®F-FDG PET/CT with modified Duke
criteria in patients with both NVE and prosthetic valve
endocarditis (PVE). Especially in PVE, "®F-FDG PET/CT
improves diagnostic accuracy (25-29). Performance of '8F-FDG
PET/CT was compared separately with radiolabelled leucocyte
scintigraphy in 39 patients with clinically suspected PVE and
inconclusive echocardiography results (25). The final diagnosis
was made by an expert panel based on the modified Duke
criteria after a follow-up of three months. Positive and
negative predictive value (PPV and NPV) were 68% and

94% for®F-FDG PET/CT and 100% and 81% for leucocyte
scintigraphy. ®F-FDG PET/CT showed higher sensitivity than
leucocyte scintigraphy. The authors stated that '8F-FDG

PET/CT was the preferred imaging technigue. Ricciardi et al.
retrospectively examined 27 patients with suspected infective
endocarditis (26). In this study, the majority of patients had
PVE (20 patients). '®F-FDG PET/CT showed a sensitivity of
85% , versus 69% for transoesophageal echocardiography
and 77% for the Duke criteria. In the study of Graziosi et al.,
that prospectively included 27 patients with an implanted
cardiac device related infective endocarditis (CDE), the
performance of '"®F-FDG PET/CT was evaluated (27). Of 10
patients with a positive '8F-FDG PET/CT, infective endocarditis
was proven in 7. In 17 patients with a negative examination,
4 scans were false negative (since the patients met the
modified Duke criteria). Some patients had a technically
suboptimal examination. Still ®F-FDG PET/CT increased the
diagnostic accuracy of the modified Duke criteria. In a large
prospective study, 72 consecutive patients with suspected
PVE were analysed (28) and received an '8F-FDG PET/CT at
admission. The addition of abnormal "®F-FDG uptake around
the prosthetic valve as a new major criterion significantly
increased the sensitivity of the modified Duke criteria at
admission (70% versus 97%), due to a significant reduction in
the number of possible PVE cases from 40 to 23 (56% versus
32%, p < 0.0001).

In the most recent study, 92 patients with suspected PVE or
CDE were prospectively included (29), supporting the addition
of the abovementioned '®F-FDG uptake as a diagnostic
criterion. Echocardiography, '®F-FDG PET/CT and cardiac CT
angiography (CTA) were performed. A final diagnosis was
reached by the infective endocarditis unit. '®F-FDG PET/CT
and echocardiography were concordant in 54% of cases.
Diagnostic performance of '®F-FDG PET/CT was better than
the modified Duke criteria in diagnosing PVE (PPV 93.6%
versus 92.9%, NPV 84.3 versus 84.3%). Further improvement
was reached using the Duke criteria combined with PET/CTA
(PPV 92.8%, NPV 88.3%). It substantially reduced the rate of
doubtful cases from 20% to 8%.
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8F-FDG PET/CT for the detection of extracardiac
metastatic infectious foci in endocarditis

The first study on the use of '®F-FDG PET/CT in detecting
extracardiac metastatic infectious foci in patients with
infective endocarditis was published in 2010 (30). This small
prospective study among 24 patients with 25 episodes of
definite infectious endocarditis, the value of '®F-FDG PET/CT
in diagnosing septic embolisms was investigated. Standard
work-up in this study consisted of investigation of the skin
for superficial embolism, fundoscopy for retinal embolism,
duplex examination of suspected vessels, echography, and CT
on indication. '®F-FDG PET/CT was performed in all patients
and revealed a septic embolism in 11 episodes (44%). In 7
positive cases (28%) there was no clinical suspicion on the
presence of metastatic infectious foci prior to ®F-FDG
PET/CT. The second study investigated 71 patients with
suspected infectious endocarditis (31). '®F-FDG PET/CT
detected unexpected extracardiac septic embolisms in 17
patients (24%), which were confirmed using conventional
techniques. Spondylodiscitis and pulmonary embolism
were most often leading to possible changes in therapeutic
management.

In the study of Kestler et al., '®F-FDG PET/CT was able to
detect septic embolisms in 57% of the 47 patients with
definite infectious endocarditis (32), compared to only 18%
in a matched control group of 94 patients with definite
endocarditis without "®F-FDG PET/CT evaluation (p<0.01). In
55% of true positive patients, '8F-FDG PET/CT was the first
to delineate extracardiac foci. Intravascular or endovascular
prosthetic infection, septic pulmonary embolism, and one
case of infected soft tissue around the pacemaker led to

a change in therapeutic management. The routine use of
"8F-FDG PET/CT was associated with a twofold reduction in
the number of relapses (9.6 versus 4.2%, p=0.25). In another
study by Asmar et al., "®F-FDG PET/CT was added to the
regular work-up in 72 patients with infective endocarditis (33).
A total number of 114 lesions were detected of which 65
were true positive and 25 were first detected by '®F-FDG
PET/CT. In 11 of 72 patients (15%) foci were considered
clinically relevant. The most recent study also aimed to
evaluate the clinical impact of '®F-FDG PET/CT on medical
management (34). In 40 consecutive patients with confirmed
infective endocarditis according to the Duke criteria, "®*F-FDG
PET/CT was performed within fourteen days from diagnosis.
Extracardiac foci were found in 17 patients (42 %), of which 8
patients experienced no symptoms. Treatment was modified
in 14 of 40 (35%) patients.

Conclusions

In patients with Gram-positive bacteraemia or endocarditis
thorough history taking, physical examination, and close
observation should delineate high risk patients based on a set
of clinical criteria (table 1). Studies show that in a large portion
of patients asymptomatic metastatic infectious foci are



present. In high risk patients with Gram-positive bacteraemia,
a structured diagnostic protocol including echocardiography
and '8F-FDG PET/CT aimed at the detection of these
asymptomatic foci, improves outcome as both relapse rate
and mortality decrease. A cost-effectiveness analysis shows
incremental costs due to in-hospital treatment of clinically
relevant metastatic foci are well within the acceptable
range, due to a decrease in relapse rates and subsequent
readmissions and tailored treatment duration in patients
without metastatic infectious foci. Therefore, '8F-FDG
PET/CT should be performed in all patients with high risk
Gram-positive bacteraemia.

In patients with infective endocarditis, routine use of "®F-FDG
PET/CT in order to delineate extracardiac foci also tends to
improve outcome. Besides, new generation '®F-FDG PET/CT
scanners and protocols are promising in detecting infective
endocarditis itself, opening doors for the incorporation of
18F-FDG PET/CT in diagnostic endocarditis guidelines.

fidel.vos@radboudumec.nl
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F-FDG PET/CT in cardiac implant infection
and endocarditis

A.M. Scholtens, MD

Department of Nuclear Medicine, Meander Medical Center, Amersfoort, the Netherlands

Abstract

Scholtens AM. "8F-FDG PET/CT in cardiac implant
infection and endocarditis. '®F-fluorodeoxyglucose
positron emission tomography combined with computed
tomography (FDG PET/CT) has shown clear value in
diagnosing infectious disease, with many recent reports
extolling its value in cardiovascular infection specifically.
Its ability to show infectious activity, image the entire
body and change clinical decision making have garnered it
a place in the most recent European Society of Cardiology
guidelines on endocarditis. This narrative review
discusses the current knowledge and possible future
perspectives on FDG PET/CT in cardiovascular infection.
Tijdschr Nucl Geneesk 2015; 37(4):1483

Introduction

8F-fluorodeoxyglucose positron emission tomography
combined with computed tomography (FDG PET/CT) has been
of increasing interest in the diagnostic workup of infectious
and inflammatory disorders, including cardiovascular infection.

Infectious endocarditis (IE) is an inflammation of the inner
lining of the heart due to bacterial, fungal or viral infection
which may involve the mural endocardium, native valvular
apparatus, prosthetic valves and leads from pacemakers or
defibrillators. Additionally, implantable device pockets or left
ventricular assist device (LVAD) components are also possible
infectious foci.

The clinical diagnosis of IE is often difficult, with the modified
Duke Criteria (originally intended as a tool to retrospectively
analyse the prevalence of |E) relying on results from
echocardiography, blood cultures and predisposing factors.
However, blood cultures can be negative in up to one in
three cases due to previous antibiotic therapy or causative
pathogens that are not cultured through normal techniques
and the presence of cardiovascular implants such as
prosthetic valves may hamper echocardiography.

Early diagnosis is imperative to ensure adequate treatment
through antibiotics, lead extraction or even surgery to remove
infectious foci. As |IE can develop from septicaemia based

on other infectious foci, and conversely is prone to develop
metastatic infection itself, it is also important to look beyond
the heart in search of pockets of disease. In this light,

FDG PET/CT shows great promise as an adjunct to current
diagnostic protocols based on its whole-body approach.

As FDG PET/CT has been incorporated into the latest
European Society of Cardiology Guidelines for the
management of infective endocarditis (1) its use will likely
increase as treating physicians become more aware of
the technique, which makes it all the more important that
the nuclear medicine community develops a standardised
acquisition, interpretation and reporting protocol for this
indication.

This work borrows from and expands upon our recent review
(2).

Patient preparation

As the physiological uptake of FDG in the myocardium is
highly variable, adequate suppression is key in differentiating
physiological from pathological metabolic activity. Normal
uptake in the myocardium is dependent upon serum insulin,
glucose and free fatty acid (FFA) levels, with elevated insulin
and glucose levels increasing cardiac glucose consumption
and increased FFA levels with decreased insulin and glucose
levels shifting cardiac metabolism away from glucose,
substituted by FFA metabolism.

It is generally agreed that prolonged fasting is effective in
decreasing myocardial glucose metabolism, with a low-
carbohydrate diet (LCD) the day before to intensify the effect.
Other additional measures include fat-rich meals to elevate
FFA levels or intravenous heparin administration

(15-50 1U/kg) before radiotracer injection, which induces
lipolysis and elevates serum FFA levels as much as fivefold
(3). A combination of these measures may be synergistic, and
we have good experiences with combining LCD, 12-hour fast
and heparin pre-administration.

Valvular endocarditis

Native valve endocarditis

The available data suggest that FDG PET/CT is relatively
ill-equipped to reliably visualise native valve endocarditis
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(NVE)(4). It is likely that this is attributable to the way NVE
usually manifests: small masses -vegetations- form at the site
of damage on valve surfaces, with microorganisms nestling
in these fibrin-rich masses. White blood cell (WBC) invasion
of these vegetations is uncommon (5). Although the relative
absence of white blood cells is not yet fully understood, it
may explain why FDG PET/CT performs less well in NVE:
The primary basis of FDG uptake in infection lies in increased
glucose transporter expression in WWBCs which then migrate
to the infectious process. The paucity in cellular response of
the immune system to infected vegetations directly leads to
diminished signal on FDG PET/CT. Added to this is the small
size of most vegetations, which may render them below the
resolution threshold of current scanners.

Prosthetic valve endocarditis

In prosthetic valve endocarditis (PVE) the cellular immune
system plays a larger role, although FDG PET/CT alone may miss
vegetations in PVE for the same reasons as in NVE (6). Saby et
al. showed a powerful role for FDG PET/CT in conjunction with
the modified Duke Criteria to more accurately assess PVE (7).
Although radiolabelled WBC scintigraphy has a higher specificity,
its sensitivity is relatively poor (8). Also, it is a relatively
cumbersome technique requiring multiple days and the handling
of blood products compared to the relatively simple single-day
protocol for FDG PET/CT.

Due to the likelihood of vegetations being non-FDG-avid,

a negative FDG PET/CT finding should not rule out solitary
vegetations and transthoracic or transoesophageal
echocardiography (TTE/TEE) or CT angiography (CTA) should be
performed for this purpose (6). On high quality scanners FDG
PET/CT and CTA of the valves may even be performed in the
same session.

Implantable devices

Cardiac implantable electronic device infection

Cardiac implantable electronic devices (CIEDs) such as
pacemakers or implantable defibrillators typically consist of the
device itself implanted in a subcutaneous pocket and one or
multiple leads running to the heart. Either of these components
may be involved in infection, which usually necessitates the
removal of the device.

CIED pocket infection

8F-FDG PET/CT seems adept at diagnosing infection of the CIED
pocket (9-11), distinguishing between deep pocket infection
where the device itself is involved and superficial infection of the
soft tissues above (but not involving) the device and its pocket.
The latter can be treated with antibiotics alone without device
removal (10), giving FDG PET/CT a potential to guide therapy in
these cases.

Lead infection
Diagnosing lead infection with FDG PET/CT is more challenging
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than pocket infection, probably due at least in part to smaller
lesion size, which may fall below the threshold of PET/CT. There
is large variation in the reported sensitivities for lead infection
detection (24 to 100%) (9,11), likely based on differences in
antibiotic use and imaging protocols. Interestingly, the study with
the lowest initial sensitivity saw it rise from 24 to 61% when
imaging was repeated at a later time point (3 hrs post injection),
allowing for background activity in the blood pool to decrease and
thus raising the contrast between lesions and background (11).

Left ventricular assist devices

LVADs are basically pumps implanted to perform the circulatory
function of the heart, often as a bridge-to-transplant. These
relatively large devices are comprised of in- and outflow
cannulas typically implanted through the apex of the heart and
the ascending aorta, the actual pump and a driveline which is
particularly prone to infection as it pierces the skin. Very little
evidence exists regarding FDG PET/CT in LVAD infection, with
one small series acting as proof-of-concept next to case reports
(12,13).

Figure 1. FDG PET/CT maximum intensity projection (MIP) images
of three patients with suspected prosthetic heart valve (PHV)
endocarditis. Scan A shows intense uptake surrounding the mitral
PHV (white arrow), proven to be infected after surgical removal,
without any other foci of infection. Scan B shows intense uptake
near the aortic PHV (white arrow) as well as in multiple metastatic
infectious foci in the lungs and muscles of the left leg (black
arrows). Scan C shows no uptake near the aortic PHV and TEE
showed no vegetations, ruling out PHV endocarditis. It does show
intense uptake between L2 and L3 due to spondylodiscitis as the
focus of infection (open white arrow).



Extracardiac infectious foci

Arguably the greatest asset of FDG PET/CT imaging is the
ability to image the entire body in a single imaging session.
A number of studies have demonstrated FDG PET/CT shows
more foci of infection than routine clinical and imaging
workup, often before any symptoms have arisen and with
therapeutic consequences (14-17), illustrated in figure 1.

The lungs, spleen and the musculoskeletal system are most
often reported as extracardiac foci of infection. The brain and
the urinary tract are more difficult to interpret in light of their
physiologically high activity (due to high uptake and excretion,
respectively) and the often small size of lesions.

Potential confounders

A number of circumstances may lead to misreading of FDG
PET/CT in the context of cardiac infectious disease, with
possible false positive and false negative interpretations.

False positive confounders

e A minimal amount of activity surrounding prosthetic heart
valves is likely a normal variant, based on mild foreign
body reactions.

e Inadequate suppression of myocardial glucose
metabolism may be quite focal, with activity in the basal
septum potentially misdiagnosed as valvular infection.

e Complicated surgery with hematoma can be hard to
distinguish from abscess formation, especially when
antibiotic therapy has been initiated.

e Foreign body reactions, especially to surgical adhesives
as sometimes used in cardiothoracic surgery, can be
extremely active on FDG PET/CT and nearly impossible to
distinguish from infection (18).

e Lipomatous hypertrophy of the interatrial septum is
potentially highly FDG-avid and close to the aortic valve.

e Moyocardial ischaemia leads to higher uptake of FDG (as
fatty acid metabolism is not possible in hypoxic regions)
and may lie adjacent to valves, especially the mitral valve.

e  Sterile granulomatous disease such as sarcoidosis can
mimic focal infection.

e Beam hardening artefacts near cardiac devices and leads
may be propagated to the attenuation correction, leading
to artefactually high activity on AC PET images.

False negative confounders

e \egetations may be negative on FDG PET/CT, as
explained above.

e Adequate antibiotic therapy may suppress infectious
activity below the threshold of FDG PET/CT although the
causative pathogen has not been fully eradicated (19).

A non-exhaustive list of these confounders, their effects
and possible considerations during image interpretation is
presented in table 1.

Future perspectives

For FDG PET/CT to grow further in IE and CIED infection,

it is important that we are aware of normal variations and
the limits of the technique. As vegetations may be missed
and normal myocardium may not be optimally suppressed,
adding diagnostic CTA of the valve(s) and heart and using
the contrast agent administered there to further clarify the
low-dose CT images of FDG PET/CT may further enhance
the diagnostic yield. Although this would mean a significant
increase in the radiation burden of such a hybrid imaging
protocol, the potential morbidity and mortality of IE and CIED
infection justify this. Also, comprehensive imaging early in
the course of the disease may limit additional imaging and its
radiation burden at a later stage.

Cessation of antibiotics before FDG PET/CT imaging may

be indicated when infectious parameters have decreased
significantly, so as to minimise false negative findings; on the
other hand, it could be argued that if infectious parameters
are decreasing there is no further indication for imaging. It

is probably wise to discuss with referring physicians that
imaging performed in the early stages, preferably before or
very shortly after antibiotic therapy is started, has a greater
likelihood of being diagnostically accurate and may affect
treatment choice.

As dual time point imaging has been proposed to improve
sensitivity for lead infections, it may be worthwhile to
evaluate in a wider scope of cardiovascular infection.
Structures other than leads should be interpreted with some
caution, as non-infectious inflammation may also become
more prominent on later images and lead to false positive
interpretations.

A unified protocol across different centres with patient
preparation to suppress myocardial glucose metabolism and
comparable acquisition and post-processing parameters would
allow for a pooled analysis of a larger body of patients, which
in turn would further elucidate the strengths and weaknesses
beyond the basic level of evidence available today.

Conclusion

FDG PET/CT has added value in the diagnostic workup of I1E
and CIED infection, to evaluate the local extent of disease
and to determine distant metastatic infectious foci especially.
Its inability to reliably image vegetations, however, makes
additional anatomical imaging of the valve a necessity. Careful
interpretation of findings during antibiotic therapy and when
known confounding factors are present, as well as unified
imaging protocols are important factors in further developing
the technique in the context of cardiovascular infectious
disease.
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Table 1. Potential confounders in FDG PET/CT imaging for cardiovascular.

potential effect considerations

confounder

antibiotic possible underestimation of | Have laboratory and clinical parameters of infection decreased
therapy the presence of infectious | since antibiotics were started? If no, FDG PET/CT is likely still

attenuation
correction
artefact

granulomatous
disease

inadequate
suppression
of myocardial
glucose
metabolism

myocardial
ischaemia

normal uptake
near prosthetic
heart valves
(PHVs)

surgical
adhesive

vegetations

foci

high-density objects may
give rise to beam-hardening
artefacts on low-dose CT,
which are propagated to
the density map used for
PET attenuation correction,
leading to false active areas

sterile inflammation
mimicking infection

difficult interpretation of
uptake surrounding valves

in the ischemic state there
is inadequate oxygen for
fatty acid metabolism;
metabolism is necessarily
shifted to glucose
consumption which leads
to uptake of FDG

difficulty distinguishing
physiological activity from
low grade infection

sterile inflammation
mimicking infection

only minimal cellular
inflammatory response
to pathogens nestled in
the fibrin-rich mass of
vegetations

appropriate. If yes, consider postponing FDG PET/CT until after
cessation of therapy or when signs and symptoms return.

Both attenuation corrected and raw uncorrected images should
be used to interpret possible infectious foci, especially near
dense structures such as implantable devices. PHVs usually do
not have the density needed to lead to correction artefacts.

Granuloma directly adjacent to the valve is difficult to
distinguish from infection. Intense activity that extends into
the myocardium, especially near the basal septum, but not
the perivalvular or perivascular fat planes may be due to
granulomatous disease such as sarcoidosis or inadequate
suppression (see below).

Activity in obviously unsuppressed myocardium reaching to the
valvular plane per continuitatem is less likely to be based on
infection, as is activity in the myocardium that does not involve
the valvular plane.

Focal uptake in myocardium corresponding to the arterial bed of
one or more coronaries and most profound in the subendocardial
region may be due to ischaemia, especially in patients with high
risk of or known cardiovascular disease.

Likely normal variants:

- in mechanical PHVs minimal to moderate uptake surrounding
the ring.

- in biological PHVs nearly symmetrical uptake near the struts
where the leaflets are fastened.

Has surgical adhesive been applied? This may give rise to
an especially active inflammatory response and should be
interpreted cautiously.

FDG PET/CT is not capable of ruling out infected vegetations,
and should be accompanied by adequate echocardiography or
CT angiography of the valves.
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De waarde van PET voor inflammatoire
reumatische ziektebeelden
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Abstract

Van der Laken CJ. De waarde van PET voor
inflammatoire reumatische ziektebeelden.
Geavanceerde beeldvormende technieken zijn
veelbelovend voor de vroeg diagnostiek en therapie
monitoring van diverse inflammatoir reumatische

ziekten. Het spectrum van diagnostiek verschuift

naar de zeer vroege stadia van de ziektebeelden om
vroegtijdig behandeling te kunnen opstarten en daarmee
irreversibele schade te voorkomen. Beeldvorming krijgt
ook een steeds belangrijkere positie in de therapie
monitoring en predictie van therapie uitkomst. In de
afgelopen 10-15 jaar zijn met succes diverse biologicals
als behandeling voor meerdere inflammatoir reumatische
ziekten (reumatoide artritis, spondyloartritis, artritis
psoriatica en een aantal systeemziekten) in de klinische
praktijk gebracht. Ondanks het belangrijke potentieel van
deze middelen is het effectiviteitspercentage 50-70%. Dit
betekent dat het gekozen middel bij een subgroep niet
aanslaat, terwijl de kosten aanzienlijk zijn (circa

€ 20.000/patiént/jaar). De gedachte is dat de ziekten een
heterogene pathogenese hebben en dat therapie op maat
zou kunnen bijdragen tot het verhogen van de effectiviteit
en het verlagen van de kosten. Beeldvorming zou niet
alleen kunnen bijdragen tot stratificatie van therapie, maar
ook om het behandelingsdoel remissie te bereiken. Dit
laatste door sensitieve monitoring van (verandering van)
inflammatoire ziekte activiteit.

Tijdschr Nucl Geneesk 2015; 37(4):1488

Geavanceerde beeldvormende technieken zijn veelbelovend
voor de vroege diagnostiek en therapiemonitoring van
diverse inflammatoire reumatische ziekten. Het spectrum
van de diagnostiek verschuift naar de zeer vroege stadia
van de ziektebeelden om vroegtijdig behandeling te kunnen
opstarten en daarmee irreversibele schade te voorkomen.
Beeldvorming krijgt ook een steeds belangrijkere positie in
de therapiemonitoring en predictie van therapie-uitkomst.

In de afgelopen 10 tot 15 jaar zijn met succes diverse
biologicals als behandeling voor meerdere inflammatoire
reumatische ziekten (reumatoide artritis, spondyloartritis,
artritis psoriatica en een aantal systeemziekten) in de klinische
praktijk gebracht. Ondanks het belangrijke potentieel van
deze middelen is het effectiviteitspercentage 50-70%. Dit
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betekent dat het gekozen middel bij een subgroep niet
aanslaat, terwijl de kosten aanzienlijk zijn (circa 20.000 euro
per patiént per jaar). De gedachte is dat de ziekten een
heterogene pathogenese hebben en dat therapie op maat
zou kunnen bijdragen tot het verhogen van de effectiviteit
en het verlagen van de kosten. Beeldvorming zou niet alleen
kunnen bijdragen tot stratificatie van therapie, maar ook om
het behandelingsdoel remissie te bereiken. Dit laatste door
sensitieve monitoring van (verandering van) inflammatoire
ziekteactiviteit.

Naast de toenemende bewijsvoering dat echografie en
MRI een belangrijke rol kunnen spelen om te voldoen

aan hierboven geschetste klinische behoeften, lijkt er ook
een meerwaarde voor positron emissie tomografie (PET)
weggelegd, als hybride techniek met computer tomografie
(CT) of magnetische resonantie imaging (MRI) (1-4). De
hoge sensitiviteit van de PET techniek om inflammatie op
moleculair niveau op te sporen, de mogelijkheid het signaal
te kwantificeren, whole body imaging en de mogelijkheid
specifieke tracers te gebruiken, maken deze techniek
onderscheidend ten opzichte van echografie en MRI.

In de huidige klinische praktijk van de reumatoloog wordt
de PET scan vooral gebruikt bij de diagnostiek van grote
vaten vasculitis, door beoordeling van ontstekingsactiviteit
in alle grote vaten, afgebeeld op de whole body scan,
alsmede bij de diagnostische work-up van een verhoogde
bloedbezinkingssnelheid door onbekende oorzaak (BSE
eci). Binnen het kader van wetenschappelijk onderzoek
wordt onder meer door onze groep veel onderzoek gedaan
naar de mogelijkheden van PET voor vroegdiagnostiek en
therapiemonitoring van reumatoide artritis, spondyloartritis en
grote vaten vasculitis. Hieronder worden de bevindingen met
PET bij deze ziektebeelden samen gevat.

Reumatoide artritis (RA)

Diagnostiek van (vroege) RA

De meest gebruikte tracer in de klinische praktijk is "®F-fluoro-
2-deoxy-D-glucose (*®F-FDG), een glucosederivaat dat
opgenomen wordt in metabool actieve processen zoals
ontstekingen. Visualisatie van artritisactiviteit is zeer goed
mogelijk (figuur 1). De semi-kwantitatieve opname van
'8F-FDG, uitgedrukt in standardized uptake values (SUVs), in
gewrichten bleek te correleren met gevalideerde klinische
meetmethoden om de ziekteactiviteit van RA vast te
stellen middels een Disease Activity Score (DAS) (4). Ook



Figuur 1 (4). "®F-FDG PET scans van een gezonde vrijwilliger (A en
B) en een RA patiént met actieve ziekte (C en D). (A) 3D scan met
normale distributie in de knie. (B) Normale distributie in handen en
polsen. (C) RA knieén. (D) RA handen en polsen.

correleerden gesimplificeerde visuele scoresystemen van
'8F-FDG (gradatie van 0 tot 4) met de klinische symptomen
van artritis (5-7).

De distributie van '®F-FDG opname in gewrichten kan helpen
bij de differentiatie van RA versus spondyloartritis (SpA)
activiteit in perifere gewrichten. '®F-FDG opname in RA
gewrichten wordt typisch geobserveerd in het synoviale
weefsel, terwijl de ®F-FDG opname in SpA gewrichten vooral
waargenomen wordt in de entheses als uiting van enthesitis
(6,8).

Ondanks de veelbelovende resultaten die tot op heden
bereikt zijn met'®F-FDG PET in de beeldvorming van RA, is
differentiatie van artritis ten gevolge van RA en artrose lastig
(9-11). De beeldvorming van '®F-FDG PET is zeer sensitief
doch weinig specifiek, hetgeen bepaald wordt door het
gebruik van de aspecifieke tracer '®F-FDG. Immers, '8F-FDG
wordt in ieder metabool actief proces opgenomen. Data

van een "8F-FDG PET studie lieten zien dat de kwantitatieve
opname van '8F-FDG in ontstoken gewrichten bij RA niet
verschilde van die bij artrose (9). Wel was het aantal PET
positieve gewrichten bij RA hoger dan bij artrose.

De specificiteit van de beeldvorming van RA met PET zou
kunnen worden verhoogd door het gebruik van tracers die
specifiek binden aan receptoren in RA synovium.

Aangezien RA gekenmerkt wordt door proliferatie van
synoviaasl weefsel in gewrichten, is ""C-methylcholine
(choline is een precursor voor synthese van fosfolipiden)

als tracer onderzocht voor visualisatie van RA (12). De
absolute opname van ""C-choline in RA gewrichten lag in
dezelfde range als die van '®F-FDG, doch de ‘uptake rate’ van
"C-choline was achtmaal hoger.

Een andere interessante target om artritis te visualiseren is
de macrofaag. Macrofagen spelen vanaf de eerste fase van
de ontwikkeling van artritis tot en met geavanceerde stadia
van RA een belangrijk rol (13,14). De ‘translocator protein

18 kDa' (TSPQ) die in het bijzonder tot expressie komt op
(geactiveerde) macrofagen, is succesvol als target gebruikt
middels de tracer ""C-PK11195 voor visualisatie van artritis en
vasculitis (15,16; figuur 2).

De gewrichtsopname van deze macrofagentracer op de ''C-
PK11195 PET scan in RA patiénten bleek goed te correleren
met de mate van macrofageninfiltratie in de sublining van
het synovium (15). In deze studie was in enkele klinisch

niet ontstoken gewrichten ook een PET signaal aanwezig,
hetgeen kon duiden op detectie van subklinische artritis.
Vervolgens bleek dat zeer vroege subklinische artritis bij
patiénten met artralgie en een positief anti-CCP met PET kan
worden opgespoord. Alle patiénten met een positieve PET
scan kregen binnen achttien maanden RA (17). Ondanks de
succesvolle bevindingen met macrofagen-targeting in RA,
wordt de detectie van meer subtiele artritis beperkt door

de peri-articulaire achtergrondbinding van ""C-PK11195. Er
zijn momenteel nieuwe macrofagentracers in ontwikkeling
welke een lagere achtergrondbinding tonen (18,19). De
veelbelovende bevinding van vroege detectie van RA, gebruik
makende van de meest optimale macrofagentracer, wordt
binnenkort gevalideerd in een grotere multicenter studie.

Predictie en monitoren van therapeutische effecten
Diverse "®F-FDG PET studies hebben laten zien dat PET een
gevoelige methode is om veranderingen van ziekteactiviteit
bij RA te monitoren (6,7,20). '®F-FDG PET veranderingen

in gewrichten correleerden met zowel veranderingen in
klinische ziekteactiviteit als serum-inflammatiemarkers
(21,22). Daarnaast werd de predictieve waarde van ®F-FDG
PET voor de uitkomst van infliximab (anti-tumornecrosefactor)
therapie aangetoond. Vroege "®F-FDG PET veranderingen van
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Figuur 2. ""C-(R)-PK11195 PET scans van handen en polsen in

(A) een anti-CCP-positieve patiént met artralgie, (B) een RA
patiént met evidente klinische artritis in verscheidene hand- en
polsgewrichten en (C) een gezonde vrijwilliger. Pijlen duiden

de gewrichten met tracer opname aan, welke afwezig is in de
gezonde vrijwilliger. Deze tracer toont ook achtergrondopname in
de intrinsieke handmusculatuur, beenmerg en weke delen rondom
de nagels.
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gewrichten, reeds tussen 0 tot 2 weken, bleken de klinische
uitkomst (DAS 28 score) op 4 en 5 maanden te voorspellen
(23). In tegenstelling tot de predictieve waarde van PET voor
de therapie-uitkomst, werd er geen correlatie gevonden
tussen BSE, C-reactief proteine (CRP) 0 tot 2 weken, en
klinische ziekteactiviteit op 4 tot 5 maanden na start van
infliximab therapie.

In een RA cohort in klinische remissie bleek dat mensen met
een cumulatief hogere '"C-PK11195 PET score van hand- en
polsgewrichten vaker een exacerbatie van RA kregen binnen
drie jaar klinische follow-up, dan mensen met een lage PET
score (24). Daarnaast wijzen de resultaten van deze studie op
een hogere specificiteit van PET met macrofagen- targeting

dan MRI in de predictie van exacerbatie van RA later in de tijd.

Inmiddels zijn deze resultaten bevestigd in een cohort met
vroege RA, welke na initiéle behandeling in klinische remissie
was gebracht (25). Deze resultaten tonen aan dat PET ook
subklinische artritis bij patiénten met een lage klinische
ziekteactiviteit kan opsporen en een rol zou kunnen spelen

in toekomstige predictie van het ziektebeloop en hiermee in
stratificatie van de behandeling. Dit is momenteel onderwerp
van verdere studies, waaronder verdere ontwikkeling van
specifieke tracers gericht op diverse inflammatoire targets.

Spondyloartritis (SpA)
MRI is onlangs geincludeerd in de nieuwe ASAS-
classificatiecriteria voor SpA (26) en fungeert heden in de

dagelijkse klinische praktijk als gouden standaard voor de
detectie van sacroiliitis. Echter, de rol van MRI voor de
diagnostiek van vroege SpA is nog onzeker. PET/CT zou hier
additionele waarde kunnen hebben.

Case reports met '®F-FDG PET/CT lieten zien dat de techniek
potentiéle waarde zou hebben voor het opsporen van
aseptische spondylodiscitis (27).

Er zijn aanwijzingen dat het ‘targeten’ van botformatie
(‘hallmark’ voor SpA) met "®F-fluoride PET/CT een alternatieve
mogelijkheid biedt voor de beeldvorming van ziekteactiviteit
van SpA (28,29). Een opnameratio van Sl-gewrichten/sacrum
> 1.3 leverde een sensitiviteit van 80% en een specificiteit
van 77% op (28). In een pilotstudie lijkt de "8F-fluoride tracer
superieur aan '®F-FDG en ""C-PK11195 voor de visualisatie van
ziekteactiviteit in de wervelkolom en Sl-gewrichten. Daarnaast
werden meer hot spots op "®F-fluoride PET/CT dan op MRI

in beeld gebracht, hetgeen een indicatie is dat deze PET
benadering informatie aan het MRI beeld kan toevoegen (29;
figuur 3). Momenteel lopen grotere '8F-fluoride PET/CT
studies om de verdere waarde van deze techniek voor
diagnostiek en therapiemonitoring van SpA te kunnen
bepalen.

Grote vaten vasculitis

Er zijn twee typen grote vaten vasculitiden: arteritis temporalis
(en in het verlengde van dit spectrum polymyalgia rheumatica)
en Takayasu arteritis. Bij beide kunnen aorta en/of afgeleide

Figuur 3. '8F-FDG en "®F-fluoride PET-CT en MRI scans van patiénten 1 (a-e) en 2 (f4). Coronale PET (3, c, f, h) en PET/CT (b, d, g, i) scans
met 8F-FDG (a, b, f, g) en "®F-fluoride (c, d, h, i). Multipele hotspots worden getoond; twee voorbeelden zijn aangeduid middels rode

gesloten pijlen (c, h). Sagittale MRI scan (short-tau inversion recovery, STIR) van de wervelkolom (e) en coronale/oblique MRI (STIR) van
S| gewrichten (j). Multipele laesies met toegenomen signaal (beenmergoedeem) worden getoond; een voorbeeld is aangeduid middels
een open pijl.
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arterién betrokken zijn. Er is een opmars van '®F-FDG
PET/CT voor de diagnostiek van grote vaten vasculitis omdat
het arteria temporalis biopt (als gouden standaard voor
diagnostiek van arteriitis temporalis) negatief kan zijn en het
geen informatie geeft over de betrokkenheid van andere
grote vaten. De hoge ‘relapse rate’ van grote vaten vasculitis
(50-60%) lijkt onder meer samen te hangen met vasculitis

in de aorta en de aftakkingen hiervan. Tenslotte wordt de
prognose van grote vaten vasculitis negatief beinvioed

door de ontwikkeling van aneurysmata (arteritis temporalis)
of stenosen (Takayasu) en is vroegtijdige opsporing en
behandeling van grote vaten vasculitis derhalve cruciaal.

De combinatie van hoge sensitiviteit van '®F-FDG om
inflalmmatie te detecteren, kwantificeren en whole body
imaging maken de '®F-FDG PET/CT techniek een geschikte
techniek om vasculitis over het gehele lichaam op te sporen
(figuur 4). Uit diverse studies komt naar voren dat '®F-FDG
PET/CT een goede sensitiviteit (57-96%) en specificiteit
(80-96%) heeft om grote vaten vasculitis op te sporen
(30,31). Differentiatie tussen vasculitis en atherosclerose kan
lastig zijn. Een visuele lineaire of lange segmentele opname
van "8F-FDG in de vaatwand lijkt het meest indicatief voor
vasculitis. De hoogste ‘interobserver agreement’ voor het
bepalen van betrokkenheid van grote vaten bij patiénten met
arteritis temporalis werd recent behaald wanneer hogere
vasculaire "®F-FDG opname dan lever opname als diagnostisch
criterium werd gebruikt (32).

De rol van "8F-FDG PET/CT voor de diagnostiek van Takayasu
arteritis is nog niet uitgekristalliseerd. Voor de initiéle
diagnose wordt veelal MRI en CT-angiografie gebruikt.

t &

Figuur 4. '8F-FDG PET scans in sagitale en coronale richting
van een patiént met grote vaten vasculitis (arteritis temporalis)
welke evidente opname in de vaatwand van onder meer de
aorta laat zien.

De prevalentie van grote vaten vasculitis bij polymyalgia
rheumatica, in het bijzonder de betrokkenheid van de arteria
subclavia, werd in 31% van de polymyalgia rheumatica
patiénten gevonden (33-35). De daadwerkelijke incidentie
van vasculitis bij polymyalgia rheumatica moet nog worden
vastgesteld in grote prospectieve studies.

Onder behandeling met prednison is afname van "®F-FDG

in aangedane vaatsegmenten in meerdere studies
gerapporteerd, alhoewel veranderingen in het PET signaal
niet altijd synchroon liepen met de klinische response (36-
37). Dit kan samenhangen met het gebrek aan consensus
over de klinische definitie van ziekteactiviteit en behoefte aan
evaluatiemethoden van "®F-FDG opname in de vaatwand(en).
"®F-FDG PET/CT lijkt geen waarde te hebben voor het
voorspellen van een exacerbatie van grote vaten vasculitis
na een aanvankelijke respons op prednison (35,38). Dit hangt
onder meer samen met vaatwand remodelling, welke in het
beloop van de vasculitis optreedt.

Tenslotte bleek grote vaten vasculitis op whole body '®F-FDG
PET/CT aanwezig in 24% van een cohort patiénten met
verhoogde BSE eci, waarna deze patiénten succesvol met
prednison konden worden behandeld (39).

j.vanderlaken@vumc.nl
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Abstract

Vo606 S, Gerretsen S, Gommers S, Mottaghy

FM. Hybrid PET/MR imaging in the diagnosis of
cardiovascular diseases: feasibility and initial results.
Hybrid imaging including PET/CT and SPECT/CT have
seen a great success in clinical routine. With the recent
advent of PET/MR scanners, expectations that PET/MR
would replicate that success are accordingly high. The
combination between the high spatial resolution and
detailed morphologic characterisation of MR with the
molecular/functional PET imaging is expected to result in
an increased diagnostic accuracy or even in the creation
of additional demands for hybrid imaging. As a new
imaging modality that has been recently introduced on
the market, there is still a limited PET/MR experience in
the field of nuclear cardiology and inflammation and many
applications still need to be validated. However, based on
positive first clinical experience, it is likely that the hybrid
PET/MR will become a valuable imaging approach in the
diagnosis of many cardiovascular diseases, including
inflammatory pathologies such as myocarditis, cardiac
sarcoidosis, or large vessel vasculitis.

Tijdschr Nucl Geneesk 2015; 37(4):1494

Introduction

Hybrid PET/MR emerges as an imaging modality with great
potential in diagnosis of cardiovascular diseases. The ability
to fuse images from two or more modalities is always
interesting, but to acquire them simultaneously or within

a narrow window of a few seconds to minutes is exciting
as it opens the potential of utilising the various functional
parameters into a single study.

Both PET and MR imaging have independently gained wide
acceptance for the diagnosis of cardiovascular diseases,
such as for the assessment of perfusion and tissue viability
in patients with ischaemic cardiomyopathies, cardiac
sarcoidosis, or large vessel vasculitis (LVV). PET is a sensitive
imaging tool able to image multiple metabolic parameters
depending on the radiotracer used. On the other hand, MR
imaging is able to provide excellent anatomic detail and is
able to deliver multimodal physiologic, functional imaging
parameters in the same time.
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In the hybrid PET/MR, the major advantage of MR over CT
as an adjunct to PET include the fact that MR provides a high
anatomic detail without exposing the patient to radiation.

MR imaging currently represents the gold standard for the
assessment of left ventricular function and offers features
such as myocardial ischaemia, oedema, or interstitial tissue
infiltration. Continuous motion correction provided by MR
imaging may improve substantially the quantification of
regional PET tracer uptake.

On the downside, MR increases workflow complexity
compared with CT. CT is fast and easy to perform, while

MR protocols are time-consuming and require more patient
compliance. The electromagnetic fields needed for MR also
restrict its use on patients with pacemakers, implantable
cardioverter defibrillators and mechanical heart valves, which
is a major disadvantage in cardiac imaging.

PET/MR is entering routine clinical practice at present.
Access to co-registered, almost simultaneous physiologic

and metabolic measurements have already made PET/MR

the most sophisticated quantitative imaging modality to
date. The expectation remains that the PET/MR system

will exploit superior tissue contrast inherent in the MR
component of the machine and the multi-parametric
functional information provided by PET in cardiac disease
state (1). Yet, cardiovascular PET/MR applications are in their
infancy and there are still no clear clinical indications or ‘killer’
cardiovascular applications yet defined for the use of the
integrated PET/MR. Moreover, it is still not clear whether
PET/MR will be able to offer added value or generate an
additional demand for imaging studies that PET/CT cannot
satisfy. The present paper looks briefly at the potential of this
new technology, presents initial literature, and shares our first
experience in Maastricht University Medical Centre of using
PET/MR in imaging cardiovascular diseases.

Cardiac PET/MR

PET/MR in ischaemic cardiomyopathies

Currently, the role of PET/MR in evaluating suspected or
known coronary artery disease is limited in view of the
established relatively cheap competing modalities such as
stress echo, CT calcium score/CT angiography, and myocardial
perfusion scintigraphy.

However, '8F-FDG PET has become a commonly used
technique in nuclear cardiology to identify injured, yet



viable myocardium (hibernating or stunned myocardium)
that is prone to benefit for the functional recovery after
revascularisation. Based on meta-analyses, the sensitivity
and specificity of '8F-FDG PET to predict functional recovery
after revascularisation are approximately 92% and 63%,
respectively (2).

Obviously, there are some drawbacks when using '®F-FDG
PET for viability imaging. The myocardial uptake of '®F-FDG
may be reduced in diabetic patients, which might result in
poor image quality. Furthermore, PET has a relatively low
spatial resolution. MR with the late-gadolinium enhancement
(LGE) approach evolved as a possible alternative approach
for viability assessment. This technique makes use of the
property of gadolinium chelates to accumulate in increased
extracellular spaces, such as scarred myocardium (3). The
uptake of gadolinium chelates into fibrotic/scarred tissue

is insulin independent. Another advantage of MR is the far
higher spatial resolution of approximately 1-3 mm, which
allows an accurate differentiation between transmural and
non-transmural infarction (4). Additionally, MR may help in
classifying areas of reduced or absent '®F-FDG uptake owing
to a thinned myocardial wall (e.g., in the case of heart failure)
which are often miscategorised as a scar by PET alone.

Our initial experience, similar to a recently published paper
(5), shows a substantial agreement between PET and MR

in evaluating viable myocardium after acute myocardial
infarction. Yet, there are also limited cases with discordance
between "®F-FDG PET and MR findings. For instance, a low
locally ™®F-FDG uptake, indicating nonviable myocardium,
but with a non-transmural LGE signal, indicating rest viable
tissue. However, whether this sensitive findings are relevant
in the overall functional recovery of these injured myocardial
segments in the long-term course after infarction is still
unclear.

PET/MR in non-ischaemic cardiomyopathies

Cardiac MR is already an imaging of choice in the
management of myocarditis. Using LGE, together with
double-inversion-recovery fast spin-echo T2- and T1-weighted
sequences, MR may be useful to detect infiltrative processes
and oedema in active myocarditis. However, as the infiltrative
processes in myocarditis may be diffuse, MR may fail to make
the correct diagnosis.

"8F-FDG PET may represent a valuable alternative, as

'8F-FDG is not only a sensitive marker of inflammation, but
also a quantifiable parameter for disease activity that could
complement MR in the detection, differential diagnosis, and
monitoring of myocarditis. Furthermore, recent evidence
suggests that the use of hybrid '®F-FDG PET/MR, performed
under fasting conditions, may result in improved diagnosis of
myocarditis (6). However, further confirmatory clinical studies
are warranted.

In cardiac sarcoidosis, the clinical course of the disease varies
from benign to life-threatening with sudden cardiac death

and heart failure. Owing to these risks, cardiac involvement

by sarcoidosis should be ruled out. Yet, a generally accepted
gold standard imaging is missing. The Guidelines of the
Japanese Ministry of Health and Welfare, which serves as

a worldwide standard for the clinical diagnosis of cardiac
sarcoidosis, do not include PET, in contrast to cardiac MR
and %’Ga scintigraphy. PET/MR seems a promising imaging
approach that might be useful for the initial diagnosis of
cardiac sarcoidosis and also for therapy guidance. In order

to suppress physiological glucose uptake in the myocardium
and substantiate glucose uptake in active inflammatory
sites, patients have to follow a strict preparation for the PET
study; this consists of a high-fat, low-carbohydrate diet for a
period of 24 hours before the examination and intravenous
administration of 50 1U/kg body weight of unfractionated
heparin 15 minutes before the FDG injection (7). As such,
"8FDG PET imaging is increasingly used for an accurate
assessment of the inflammatory status in active sarcoidosis.
On the other hand, MR allows the exact localisation of fibrotic
tissue by T2-weighted oedema imaging or LGE fibrosis
imaging. Moreover, a combined approach of myocardial
inflalmmation and perfusion assessment (e.g., *N-NH3,

82Rb, or MR sequences for myocardial ischaemia) allows for
exact staging of the disease: normal perfusion and enhanced
"8F-FDG uptake indicates active inflammation, hypoperfusion
and high glucose metabolism are suggestive of advanced
stage, while reduced/absent perfusion and missing '®F-FDG
uptake is indicative for end-stage cardiac sarcoidosis.

First clinical experience on simultaneous PET/MR shows the
benefits of combining PET and MR for a higher sensitivity
and specificity in diagnosing active cardiac sarcoidosis. This
is particularly true in patients with suspected relapse of the
disease after previous treatment. Similar to other cases
published in the literature (8,9), our data shows a clear benefit
of adding "®F-FDG PET to diagnosis as it often identifies
active myocardial inflammation within areas of established
subepicardial fibrosis, otherwise considered simple ‘scar’
(figure 1). When considering PET and MR alone, their
sensitivity in detecting abnormalities in cardiac sarcoidosis

is about 65% and 60%, respectively. In contrast, a recently
presented paper shows an increased sensitivity of hybrid
PET/MR to 89%-100% (10).

By differentiating between the hypermetabolic active disease
and the chronic ‘burnt out’ disease, PET/MR could therefore
have a substantial impact on the diagnosis of cardiac
sarcoidosis. At the same time, PET/MR might be helpful for
guidance of primary preventive device therapy (avoiding lead
placement into fibrosis in case of ICD implantation) (7) and
monitoring of disease activity under immunosuppressive
therapy (11).

Besides these promising initial results, the potential

value of cardiac PET/MR in ischaemic and non-ischaemic
cardiomyopathies remains further to be tested. The availability
of new specific tracers such as '8F-flutemetamol for cardiac
amyloidosis, ®*Cu-labelled macrophage targeted nanoparticles
for identifying cellular inflammation within the myocardial
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Figure 1. Cardiac "®F-FDG PET/MR in a patient with suspicion of relapse of cardiac sarcoidosis. To suppress physiological glucose uptake
in the myocardium, the patient was prepared with a high-fat, low-carbohydrate diet for a period of 24 hours before the examination

and was intravenously administered 50 IU/kg body weight of unfractionated heparin 15 minutes before the FDG injection. (A) LGE MR
images showing a patchy LGE enhancement (red arrows), suggestive for fibrous tissue. (B) FDG uptake on PET (white arrow) within the
area of LGE enhancement on MR, indicative for active inflammation in sarcoidosis. However, no FDG uptake in inferoseptal area of LGE
enhancement (dotted-line white arrow), most likely a “burnt out” sarcoidosis lesion as scar.

healing after infarction, or ®F-integrin (avp3) for targeting
inflasmmation are currently exploited.

Vascular PET/MR

Large vessel vasculitis (LVV), including giant cell arteritis and
Takayasu's arteritis, is an inflammatory disease that may have
serious and life-threatening consequences. '®F-FDG PET has
emerged as a powerful imaging modality for the diagnosis

of active vessel wall inflammation and therapy monitoring

of LVV (12). Besides inflammation, vessel wall changes and
vessel stenosis are important factors that have major impact
on prognosis and therapy management. This is particularly
true if we consider that arterial stenosis and aneurysms occur
in 98% and 27% of patients with Takayasu's arteritis (13).
Besides vasculitis of the supra-aortal arteries, patients with
giant cell arteritis present atypical aortic involvement and
thoracic aneurysms in 18% and 11% of which 50% develop
further aortic dissection leading to a death rate of 78% (14).
Nowadays PET is routinely performed in combination with

CT as a hybrid PET/CT examination. However, regarding soft
tissue contrast, CT is clearly inferior to MR, which has been
also shown to sensitively detect vessel wall changes in LVV
and accurately evaluate the luminal stenosis.

On this basis, the hybrid PET/MR using "®F-FDG emerges as a
potential imaging tool for the diagnosis and monitoring of LVV.
First results on PET/MR in LVV show that the hybrid "®F-FDG
PET/MR in vasculitis is feasible (figure 2). PET reveals more
vascular regions involved in inflammatory processes than MR
alone. Consequently, the inflammatory extent demonstrated
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by PET alone correlates significantly with C-reactive protein
(CRP). But the combination of PET and MR data shows an
even stronger correlation with CRP, which is reasonable since
MR may detect further vessel regions with morphological
vasculitis changes missed by PET likely due to its limited
spatial resolution (15). Furthermore, MR detects vessel
narrowing, occlusions, or aneurysmatic transformation even

in the absence of "®F-FDG positive inflammation. Indeed,
these findings indicated by MR alone could have been sites of
disease that are no longer active. Therefore, the combination
of PET with MR seems to represent disease extent of

LVV in a more reliable way than PET alone. Therefore, the
corroborated PET/MR information may have a major impact
on the further therapeutic regimen (from immunosuppressive
therapy to close follow-up examinations and potential vascular
surgery in case of vascular occlusion, stenosis, or aneurysm).

Conclusion

PET/MR is one of the most exciting developments in imaging
in recent years. There is scope within cardiovascular imaging
for this modality to develop, although widely accepted clinical
indications remain to be defined. The growing use of novel
PET tracers and functional MR parameters offers great
potential benefit for PET/MR in research but also clinical
cardiovascular imaging.

stefan.voo@mumec.nl/



Figure 2."8F-FDG PET/MR of thoracic descending aorta in a patient with suspicion of active large vessel vasculitis. (A) T2-weighted STIR
MR images showing oedema and intense vessel wall thickening (red arrow). (B) Intense FDG uptake on PET at this site in the aortic

vessel wall, is indicative for active inflammation and large vessel vasculitis.
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Abstract

Aarntzen EHJG, Boerman OC. In vivo imaging of
inflammation; what'’s next? Inflammation results from
a highly coordinated action of different cell types and
involves many different mediators. Research in the past
decade has resulted in a better understanding of the

role of inflammation in various disease types, including
infection, cancer and autoimmune disorders. In vivo
imaging has a potential role in the translation of this
knowledge in clinical practice, if we are only able to target
the relevant functional processes and fully understand
the images we acquire. We will explore the three main
domains of inflammation imaging; 1) targeting immune
cell metabolism, 2) in vivo targeting of immune cells

and 3) the ex vivo labelling of immune cells; and discuss
recent imaging protocols and future developments in the
in vivo imaging of inflammation. Tijdschr Nucl Geneesk
2015; 37(4):1498

Introduction

George de Hevesy first described radionuclide-based

imaging in 1935, when he published a letter in Nature on

the use of phosphorus-32 (°2P) for the study of phosphorus
metabolism (1). His and other techniques were later adapted
for applications in physiology, biochemistry and, only recently,
in molecular imaging. The experiments and clinical studies
performed by Scott and Hersey in the early 1970s (2, 3) led
to the routine application of radiolabelled leucocytes in clinical
practice. The introduction of fluor-18-fluorodeoxyglucose
('®F-FDG) at the end of the 1990s gradually pushed cell
labelling to the background (figure 1). The increasing need to
understand contributions of specific immune cell subsets in
auto-immune diseases and complex infections, and our recent
understanding of the inevitable role of inflammation in cancer
(4) has revived interest in imaging immune cells in vivo.

In this paper, we will discuss the main categories of clinical
available techniques for in vivo immune cells imaging and
highlight the current developments that we envision to have
clinical impact in the upcoming years.

Metabolic tracers

Immune responses require a highly coordinated action of
different cell types, involving neutrophils, lymphocytes,
macrophages, fibroblasts and endothelial cells. Most of
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these cells are quiescent, but capable to respond rapidly
upon inflammatory stimuli that require production of
cytokines, lipid mediators, enzymes and toxins, and increased
migratory ability. Glucose is the dominant fuel for these
processes and consequently the most widely used tracer for
inflammation imaging is "®F-FDG (figure 1 and 3). It targets
increased glycolysis, which is the central pathway in virtual

all types immune cells that can be involved in infectious and
inflammatory disorders.

The role of "®F-FDG PET/CT in imaging infection and
inflammation is highlighted in this issue by Kouijzer, Vos and
Van der Laken. An example of how imaging with "®F-FDG,

as an early biomarker for inflammation, can have clinical
consequences is provided by studies on cystic fibrosis and
idiopathic pulmonary fibrosis. Using dual time point imaging,
Umeda et al. found that continued increase of '®F-FDG uptake
predicted deteriorated pulmonary function after one year

(5). Similarly, the rate of ®F-FDG uptake in the whole lung in
stable cystic fibrosis correlates with more rapidly declining
lung function, sputum neutrophil counts, and CT scores (6, 7).

Metabolic tracers: what’s next?

Fuel meets function

'8F-FDG represents a nearly universal tracer for the

detection of inflammatory foci, with excellent sensitivity.

On the other hand, it inherently lacks specificity for further
detailing the type of inflammatory process. A considerable
body of literature is now available on the relation between
metabolism and cell function in immune cells (see box),
which might help in the interpretation of increased '®F-FDG
uptake in inflammatory processes. Parameters like distribution
pattern of ®F-FDG accumulation, maximum standardised
uptake value (SUV__ ), "®F-FDG accumulation dynamics over
time, have been shown to be relevant for localising low
virulence infections and guiding treatment (8, 9). However,

in discriminating infectious lesions from malignancy or

active from inactive tuberculosis lesions, using dual time
point imaging with '®F-FDG PET/CT was not successful,
demonstrating the complexity of using a tracer with such
low specificity (10). Translating knowledge of how ‘fuel feeds
function” of immune cells into clinical relevant frameworks for
disease evaluation will likely result in an improved specificity
of 8F-FDG PET/CT.

Imaging immune cell proliferation
The adaptive immune system, comprising mainly of T and B



lymphocytes, is characterised by low frequencies of highly demand for other biosynthetic molecules such as thymidine

specific cells that undergo rapid expansion once activated. for increased DNA-synthesis or choline for synthesis of cell
High proliferation rates can result in a more than 1000-fold membranes. Clinical PET tracers that target these processes
increase in frequencies of circulating antigen-specific T cells. have mostly been designed for oncologic applications;
Although fuelled by glucose, proliferating cells have a high 8F-fluorothymidine ('8F-FLT) for proliferation and '®F-choline
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Figure 1. The use of '"'In-oxinate labelled leucocytes and "*F-FDG for inflammation imaging in clinical studies in the past decades.

Figure 3. Imaging inflammation and infection in the era of positron-emitting radionuclides. Three typical examples of sarcoidosis (A),
tuberculosis (B) and large vessel vasculitis (C), demonstrate the improved sensitivity and image quality. Moreover, the whole body range
of scanning in these indications shows a particular distribution pattern that is essential to increase the specificity of '®F-FDG PET/CT.
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From left to right; mononuclear phagocytic cells, lymphocytes and neutrophils [with permission from Blausen Medical
Communications, Wikimedial.

Why do immune cells exploit the Warburg effect?

Glucose is the main energy source for immune cells, through

two metabolic pathways. The first is glycolysis, which is the
conversion of glucose to pyruvate in the cytoplasm. Pyruvate can
enter the tricarboxylic acid (TCA) cycle, which takes place in the
mitochondria: a process called oxidative phosphorylation (32-34).
Remarkably, immune cells preferentially use glycolysis to generate
ATP, which is less efficient then oxidative phosphorylation, even
when oxygen is widely available. This process is known as ‘aerobic
glycolysis’ or the ‘Warburg effect’. Immune cells probably switch
to this less efficient pathway of ATP-production to be able to meet
their high demands for biosynthetic precursors (e.g. lipid, proteins
and nucleic acids, that are side-products of glycolysis), required for
execution of effector functions.

Neutrophils. Their low number of mitochondria reflects
neutrophils’ dependency on glycolysis, rather than using oxidative
phosphorylation. The reason for neutrophils to stick to glycolysis

is their need to produce hydrogen peroxide (H,0,) in activated
status, which is their main microbial product. Series of clinical
studies (35) have confirmed increased '®F-FDG uptake in neutrophil
infiltrates by PET/CT. Validation by autoradiography demonstrated
increased tritium-deoxyglucose (*H-DG) uptake was dominated

by neutrophils. Enhanced glucose uptake occurs upon priming of
neutrophils, but is not required for executing the effector functions
itself such as the respiratory burst or degranulation (36). Elegant
studies in patients with bronchiectasis have shown an increase

in neutrophils in the alveolar space, determined by imaging '"In-
labelled white blood cells, but no increase in '®F-FDG uptake
measured on PET/CT. On the other hand, in lobar pneumonia there
is increased '®F-FDG uptake in the lung without evident emigration
of ""In-labelled white blood cells in alveolar space (37). These
studies confirm that '®F-FDG PET/CT might represent a biomarker
for early inflammatory processes, reflecting neutrophil activation
and priming.

Lymphocytes. In sarcoidosis, which is characterised by
lymphocytic infiltration, increased '®F-FDG uptake in lungs is well
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established (38). Multiple in vitro studies have shown increased
glucose metabolism in different stages of functional differentiation
of T cells (39). When a naive T cell encounters its cognate antigen
in the proper stimulatory context, it undergoes a transcriptional
program that is characterised by proliferation, rapid growth and
induction of specialised effector functions. This reprogramming
requires metabolic adaption from a catabolic metabolism to an
anabolic metabolism because, unlike in the quiescent state,
nutrients will not be used for homeostasis, but will be incorporated
in biosynthetic precursors required for daughter cells and effector
functions. This demand for biosynthetic precursors drives effector T
cells to increase their glycolysis, even in the presence of sufficient
levels of oxygen. To the contrary, T cells destined to become
memory cells must maintain catabolic metabolism, underlying their
longevity and may postpone their terminal differentiation, so they
rely mainly on mitochondrial fatty acid oxidation.

Macrophages. Macrophages are primarily glycolytic (40), with
relatively low numbers of mitochondria. In parallel with neutrophils,
inflammatory macrophages require radical oxygen species

for bacterial killing in phagolysosomes. Indeed, inflammatory
macrophages show increased '®F-FDG uptake as demonstrated

in multiple clinical studies on atherosclerosis (41) and in alveolar
macrophages in fibrotic lung disease (42). However, differentially
polarised macrophages may have different metabolic profiles

(43). The spectrum of macrophage phenotypes in cancer-related
inflammation is currently being explored, but we do not yet

fully understand how macrophages initially switch from pro-
inflammatory/tumour-suppressing to anti-inflammatory/tumour-
promoting or pro-angiogenic/wound-healing phenotypes. It has
been suggested that micro-environmental conditions such as
hypoxia in the tumour core may mediate this transition, presuming
a concurrent metabolic switch in macrophages. In contrast to pro-
inflammatory macrophages, pro-tumorigenic macrophages rely

on increased mitochondrial capacity for their energy resources,
enabling them to thrive in hypoxic conditions deep inside tumours
and ischaemic tissues and thereby facilitate angiogenesis.



for membrane synthesis. Increased '8F-choline uptake in
lymph nodes is a well-known pitfall for the interpretation of
lymph node metastases in cancer patients, mostly studied in
prostate cancer. Given the unspecific nature of ®F-choline, its
unfavourable physiologic uptake in liver, spleen, intestines and
the resulting suboptimal image quality, this tracer will probably
not prevail over '®F-FDG for imaging inflammatory foci.

'8F-FLT uptake in tumours has been shown to correlate with
the fraction of proliferating tumour cells in various types

of cancer. Increased "8F-FLT uptake in lymph nodes can
represent lymph node metastases, but also is the cause of
high rates of false-positives caused by reactive B cell germinal
centres (11). At our institute, we have demonstrated in a
cell-based vaccination study that increased "®F-FLT uptake

in lymph nodes after intranodal injection of antigen-loaded
dendritic cells correlated to the magnitude of antigen-specific
T and B cell responses as measured by in vitro monitoring.
Control injections in contralateral normal lymph nodes showed
that the injection alone or the mere presence of dendritic

cells did not cause enhanced "8F-FLT uptake in lymph nodes.
The SUV__ of "®F-FDG in vaccinated lymph nodes did not
exceed 4.5 and did not correlate with antigen-specific immune
responses measured otherwise (12). So, in our setting "8F-FLT
enabled the study of the dynamics of immune responses in
Vivo.

In vivo targeting of immune cells

The enhanced permeability and retention (EPR) effect and
the increased influx of activated lymphocytes in inflamed
tissue can be exploited for in vivo targeting of inflammation.
A wide variety of inflammatory mediators, receptor-specific
proteins and peptides, monoclonal antibodies or cell-specific
substrates has been tested to this end (reviewed in (13)).

Radiolabelled cytokines and chemokines

Once activated, T cells express increased numbers of
receptors involved in activation signalling and chemotaxis
that can be targeted for in vivo imaging. Following their
physiological role, these mediators often have high affinity
for their cognate receptors expressed on inflammatory
cells, which renders them interesting candidates for in vivo
imaging. The most investigated receptor is the interleukin
(IL)-2 receptor, named CD25, highly expressed on activated
T lymphocytes. In the 1980's, IL-2 has been labelled with
various isotopes, (i.e. iodine-123, iodine-125, technetium-
99m (%*MTc) and '8F) and tested in animal models. Clinical
studies using radiolabelled IL-2 involve patients with a wide
variety of inflammatory conditions like inflammatory bowel
disease, diabetes, atherosclerotic plagues (14-16) and
melanoma patients (17). Activated neutrophils, monocytes,
and to a lesser extent T lymphocytes, express CXCR1 and
CXCR2, the receptors for CXCL8 (IL-8), to facilitate rapid
recruitment of neutrophils to inflammatory foci in early stage
of inflammation. *mTc-CXCL8 was studied in patients with a
range of localised infections (18) and in inflammatory bowel

disease (Aarntzen E, Hermsen R, Drenth J, Boerman O, Oyen
W.J Nucl Med. 2015 Nov 25. pii: jnumed.115.165795. [Epub
ahead of print] ), demonstrating specific accumulation of
9mTc-CXCL8 within four hours after injection in inflammatory
lesions in direct correlation with disease activity, without
significant side effects.

In general, these small biological molecules show rapid
targeting with high affinity and rapid clearance from
circulation. Moreover, most molecules are internalised by
their target cells, all contributing to high target-to-background
ratios. Disadvantages include tracer-specific physiological
uptake in physiological sites in immune-reactive sites. The
tracer is or might be biologically active, which may lead to
side effects when higher doses are administered.

Monoclonal antibodies

The main advantage of monoclonal antibodies (mAbs) is

the high specificity and affinity for their cognate antigen,
addressing the main drawback of "®F-FDG mentioned earlier.
Several mAbs for specific cell types have been used, targeting
e.g. CD45, CD3, CD4 and CD8 (19). The specific targeting

of CD25, expressed on activated lymphocytes in leukaemia
patients is especially interesting as anti-CD25 mAbs have
been labelled with diagnostic and therapeutic radioisotopes
(20). Making ultimate use of the specificity of mAbs, mAbs
for (tumour-)antigen-specific cell populations have recently
been developed in a preclinical model using OVA-expressing
tumours (21).

Due to their large size, mAbs have a long circulation time
and slowly accumulate in the target tissue. Disadvantages of
radiolabelled mAbs include their sustained background levels
and their nonspecific accumulation due to the EPR effect.
Moreover, most mAbs have a mouse origin and can lead to
the induction of human anti-mouse antibodies (HAMA) that
can affect targeting efficiency.

In vivo targeting of immune cells: what’s next?

‘Smaller bodies’

Considering the high specificity of radiolabelled mAbs, efforts
have been made to increase the specific targeting of immune
cells by using smaller antibody formats, like ‘minibodies’,
‘diabodies’ or 'single-chain variable fragments’. These smaller
antibody formats have a more rapid tissue penetration, rapid
clearance and generally reveal higher target-to-background
ratios. Together with using PET radionuclides such as '8F or
gallium (%8Ga), these agents could improve image quality to
clinically relevant levels, which will boost in vivo inflammation
imaging.

Selecting therapeutic targets

Another development in radiolabelled mAbs that will likely
affect clinical decision-making is the targeting specific disease
processes that might have impact on treatment stratification.
For example, antibodies blocking the programmed death 1/
programmed death ligand 1 (PD1/PDL1) axis have shown
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Figure 2. Imaging of inflammation and infection in the era of gamma-emitting radioisotopes. This example shows serial imaging
investigations of one patient with total knee prosthesis of the right knee and persistent complaints of pain and dysfunction. In 2007

a leucocyte scan was performed, showing increased leucocyte migration in the right knee above the patella (A). In 2010, a IgG scan
showed focal accumulation of IgG over time around the prosthesis (B). Ten months later, in 2010, the bone scan showed increased
tracer accumulation in second and late phase, again around the prosthesis (C). All scans are compatible with inflammation, but revision
of the knee prosthesis in 2008 and 2010 and subsequent cultures did not show bacterial infection.

impressive results in various types of cancer, and patients
with high expression of PDL1 are most likely to benefit

from this therapy. Heskamp and colleagues showed that
indium-111 (""In)-labelled anti-PDL1 antibody accumulated in
PDL1 expressing tumours and did not show specific uptake in
tumours with low or no detectable levels of PDL1. Moreover,
SPECT/CT and autoradiography showed a heterogeneous
distribution of ""'In-PDL1 within the tumour, which might be
worthwhile to explore in future studies (22).

Ex vivo labelling of immune cells

Specific subsets of immune cells occur in rather small
absolute numbers in inflammatory lesions, which is a
challenge for in vivo imaging. In an attempt to increase

the sensitivity of imaging immune cells, subpopulations

of immune cells have been isolated from peripheral blood
and labelled ex vivo, before being tracked in vivo. The main
advantage of this technigue is that the specific activity

can be optimised and cell viability and function can be
investigated in a systematic way before application in the
clinic. Although numerous radionuclides have been used for
ex vivo labelling of immune cells, labelling cells with ""In
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oxinate or tropolonate are the most widely used strategies.
"In chelated by oxinate or tropolonate passively diffuses
over the cell membrane and intracellularly associates with
proteins in the cytoplasm, resulting in good intracellular
retention. Other clinically used strategies such as ®mTc-
hexamethylpropyleneamineoxime (*"Tc-HMPAOQO) and '®F-FDG
show higher leakage from the cell.

The robustness of the "''In-oxinate/tropolonate cell labelling
protocols has resulted in routine clinical application of these
protocols in leucocytes to image infection and inflammation
(23, 24) (figure 2). Also commercial kits are available for
leucocyte labelling (25).

Ex vivo labelling of immune cells: what’s next?
Development of PET labelling protocols

Although the relatively long half-life of ""'In (67 hours) allows
longitudinal tracking of labelled cells in processes that typically
require multiple days, the low sensitivity and limited spatial
resolution of the gamma camera imaging/SPECT is insufficient
for more advanced application, referred to in the introduction.
Furthermore, gamnma camera images are difficult to analyse
quantitatively. Recently, several procedures to label cells with



zirconium-89 (¥9Zr) (half-life 78 hours) have been described
(26-28). These methods offer a potential solution to the
emerging need for a long half-life PET tracer for quantitative
imaging of immune cells exploiting the superior sensitivity and
spatial resolution of PET. Although these studies demonstrate
comparable labelling efficacy and cell viability for human
leucocytes and cell lines, no clinical studies on #Zr-based cell
labelling have been published to date.

Life-long imaging

The ideal technique should allow clinicians to monitor the
whole-body tissue distribution of immune cells, to quantify
immune cells in a non-invasive and longitudinal fashion. This
unmet need can be addressed by using PET reporter gene
(PRGs) systems (29). A PRG encodes a protein that mediates
the specific accumulation of a PET

reporter probe (PRP) labelled with a positron-emitting
radionuclide. PRGs developed to date encode proteins with
various activities, including enzymes, transporters, and
receptors (29). The most commonly used PRGs are based

on herpes simplex virus type 1 thymidine kinase (HSV1-tk).
Several PRPs can be used to image cells engineered to
express HSV1-tk-based PRGs: 9-[4-"8F-3-(hydroxymethyl)
butyllguanine ("®F-FHBG), 2'-deoxy-2'-"8F-b-ethyl-1-D-
arabinofuranosyluracil ("®F-FEAU), and 2'-deoxy-2'-'8F-5-
iodo-1-D-arabinofuranosyluracil ("8F-FIAU). To date, HSV1-tk

is the only PRG that has been used to image therapeutic

cells in patients (30). The main disadvantage of HSV1-tk as

a PRG is its immunogenicity, which can lead to immune-
mediated elimination of transfected immune cells. The issue
of immunogenicity can be solved by replacing the viral kinase
with a human orthologue. Campbell and colleagues developed
a mutant PRG enzyme, using structure guided enzyme
engineering, which is orthogonal to the wild type enzyme
regarding its ability to phosphorylate endogenous nucleosides
(31). This TK2 double mutant efficiently phosphorylates
2'-deoxy-2'-'8F -5-methyl-1-beta-L-arabinofuranosyluracil (L-'8F-
FMAU) and has lower activity for the endogenous nucleosides
thymidine and deoxycytidine than wild type TK2. Imaging
studies in mice indicate that the sensitivity of this new human
PRG is comparable with that of a widely used PRG based on
HSV1-tk. The first clinical studies are eagerly awaited.

Outlook

In vivo imaging has proven to be a valuable tool for the
diagnosis and monitoring of infection and inflammation in
clinical practice. However, our increasing understanding of the
role of immune cells in a wide spectrum of infection, auto-
immunity and cancer, raises the bar of expectations for in
vivo imaging. The first of three main challenges we face for in
vivo imaging of inflammation, is imaging smaller numbers of
specific immune cell subsets, which requires optimisation of
sensitivity and specificity, for example by exploiting PET over
gamma camera and increasing the specific activity per cell.
Secondly, in the era of biologicals and monoclonal antibody-

based therapies, imaging protocols should target pathways,
receptors or cell subsets with direct relevance for treatment.
Thirdly, many of the current developments mentioned in this
overview will face large hurdles in the translation to clinical
practice. The development plan for new imaging protocols
should include issues like infrastructure, quality control
systems and costs right from the start, in order to increase
the efficacy of the translational process.

erik.aarntzen@radboudumc.nl!
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A fungus-like bacterium: Actinomyces

E.H.J.G. Aarntzen, PhD, M.J.R. Janssen, MD, PhD

Department of Radiology and Nuclear Medicine, Radboudumc, Nijmegen, the Netherlands

A 2-year-old girl, currently treated for a recurrent acute
lymphatic leukaemia, presented with spiking fever during
neutropenia. Although blood cultures and cultures of

the bronchoalveolar lavage were negative, especially for
Aspergillus, she was treated for a fungal infection based on
the results of the '8F-FDG PET/CT scan (left panel figure;

A) and clinical symptoms. After two weeks of anti-fungal
treatment, her spiking fever and malaise persisted and a
follow-up '8F-FDG PET/CT scan was performed (right panel
figure; B). This scan showed progressive ®F-FDG avid
lesions localised in lungs, spleen, lymph nodes, bone marrow
and soft-tissue. Based on the pattern of distribution, the
differential diagnosis included disseminated infection (fungal,
mould), lymphoma-transformed leukaemia or progressive
leukaemia. New biopsies were negative for leukaemia,
bronchoalveolar lavage cultures remained negative for

Aspergillus but revealed Actinomyces graevenitzii (right panel
figure, lower part; B). Her anti-fungal treatment was switched
to an anti-bacterial treatment, upon which her fever resolved
and her clinical condition improved rapidly.

Actinomyces species are gram-positive rods, however
bacteria colonies show branching networks of hyphae-like
structures that can be difficult to differentiate from fungi on
microscopic evaluation. Remarkably, also the clinical picture
and "®F-FDG PET image show strong similarities with fungal
infections. This case illustrates that the differential diagnosis
of fungal infections should include fungus-like bacteria like
the Actinomyces species, especially if a fungal infection is not
proven by culture or a polymerase chain reaction test.

erik.aarntzen@radboudume.nl €
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(A) '8F-FDG PET/CT scan showing multiple FDG-avid pulmonary nodules and FDG-avid foci in the spleen, lymph nodes, bone marrow
and soft tissue, suspicious of a disseminated infection. (B) Follow-up scan of the same patient after two weeks of anti-fungal treatment,
demonstrating progressive widespread FDG-avid lesions, not responding to treatment. Lower panel of (B), a microscopic view of Gram-
staining of an Actinomyces species in culture, showing Gram-positive non-spore forming bacteria with branching filamentous structures
that resemble a fungal growth pattern.
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1 -4 November, 2016. Ede, the Netherlands. www.radiologen.nl

RSNA 2016 _
27 November- 2 December, 2016. Chicago, USA.
https://www.rsna.org/Past_Meetings.aspx

Adreswijzigingen

Regelmatig komt het voor dat wijzigingen in het bezorgadres voor het
Tijdschrift voor Nucleaire Geneeskunde op de verkeerde plaats terechtkomen.
Adreswijzigingen moeten altijd aan de betreffende verenigingssecretariaten
worden doorgegeven. Dus voor de medisch nucleair werkers bij de NVMBR,
en voor de leden van de NVNG en het Belgisch Genootschap voor Nucleaire
Geneeskunde aan hun respectievelijke secretariaten.

De verenigingssecretariaten zorgen dan voor het doorgeven van de
wijzigingen aan de Tijdschrift adresadministratie.

Alleen adreswijzigingen van betaalde abonnementen moeten met ingang
van 1 januari 2011 rechtstreeks aan de abonnementenadministratie van
Kloosterhof Neer B.V. worden doorgegeven: Kloosterhof Neer B.V.,

t.a.v. administratie TvNG, Napoleonsweg 128a | 6086 AJ Neer of

per E-mail: nucleaire@kloosterhof.nl
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Xofigo® is geindiceerd voor de
behandeling van volwassenen met
castratieresistent prostaatcarcinoom,
symptomatische botmetastasen en
geen bekende viscerale metastasen.?
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gehealthcare.com

Open the door 5

to freedom from
chronic diarrhoea

How a diagnosis of bile acid malabsorption (BAM)
with SeHCAT™ can help patients with

irritable bowel syndrome?

e SeHCAT, Tauroselcholic [75Se] acid, is an accurate
diagnostic test for identifying patients with

bile acid malabsorption (BAM)'?

¢ BAM may be the underlying cause of

chronic diarrhoea in 1/3 of patients previously
diagnosed with diarrhoea predominant irritable

bowel syndrome (D-IBS)**#

¢ Accurate diagnosis and effective treatment
of chronic diarrhoea can lead to improvements

in patients’ symptoms and quality of life!

Imagination at work

VERKORTE BIJSLUITER SeHCAT 370 kBq capsules

Voor volledig informatie raadpleeg de samenvatting van de product-
kenmerken (SPC).

Samenstelling: [°Se]Tauroselcholzuur wordt geleverd in de vorm
van capsules met 370 kBq op de referentiedatum voor de activiteit.
Indicaties: Uitsluitend voor diagnostisch gebruik. [*Se]Tauro-
selcholzuur wordt toegepast voor het onderzoek naar de mal-
absorptie van galzuren en ter bepaling van het totale verlies aan
galzuren. Het kan worden gebruikt ter beoordeling van de ileum-
functie, voor onderzoek naar “Inflammatory Bowel Disease” en
chronische diarree en ter bestudering van de enterohepatische
kringloop. Dosering en wijze van toediening: De normale dosis
voor volwassenen en ouderen is één capsule, oraal toegediend.
Eris geen pediatrische toedieningsvorm en evenmin is er klinische
ervaring met het gebruik van dit product bij kinderen. Alvorens het
product bij kinderen wordt toegepast, moeten de voor- en nadelen
zorgvuldig worden afwogen, met name omdat het gebruik van een
vaste dosis een verhoogd EDE bij kinderen tot gevolg heeft (zie
SPC). Indien het product aan kinderen wordt toegediend, wordt
dezelfde dosering als voor volwassenen aangehouden. Ter verze-
kering van een goede passage van de capsule naar de maag wordt
de patiént aangeraden voor, tijdens en na het doorslikken van de
capsule telkens 15 ml water te drinken. Tijdens het innemen dient
de patiént te zitten of te staan. Procedure voor gebruik: Bepaling
van de vermindering van de galzuur-pool: De bepaling van het
tempo waarin het galzuur van de endogene pool verminderd kan
-indien gebruik wordt gemaakt van SeHCAT-worden uitgevoerd
6fwel door de retentie van de activiteit in het lichaam over een
periode van een aantal dagen te meten, 6fwel door de excretie

van de activiteit in de faeces te bepalen. Het resultaat kan worden

SeHCAT

Tauroselcholic [7°Se] acid

uitgedrukt als een afnametempo indien meerdere metingen zijn
gedaan, of eenvoudiger als een retentie-percentage na een vaste
periode (7 dagen is gebruikelijk). Bij dit onderzoek kunnen zowel
een “whole body counter” als andere teltechnieken worden ge-
bruikt. Voor sommige onderzoeken kunnen scintigrafische studies
geschikter zijn. Bepaling van de retentie van de radioactiviteit:
Whole body counter: Een 370 kBq (10 pCi) capsule wordt samen
met een slok water aan de patiént toegediend. Gebruikmakend
van de conventionele “whole body” teltechnieken kan een initiéle
telling van de patiént worden uitgevoerd. Deze telling geeft, na
substractie van de achtergrond, de “zero-time” of 100% waarde.
Na 7 dagen vindt opnieuw een telling plaats. De achtergebleven
radioactiviteit wordt als percentage van de 100% waarde uit-
gedrukt. Indien geen “whole body counter” beschikbaar is, kunnen
andere teltechnieken worden toegepast. Omdat de radioactiviteit
beperkt blijft tot de abdominale regio, zal een teller die deze regio
bestrijkt, volstaan. Ook kan het onderzoek worden uitgevoerd
met een gammacamera zonder collimator of zelfs met een enkel
scintillatiekristal. Bepaling van de excretie van de radioactiviteit:
De alternatieve methode om het verlies van galzuur te bepalen is
het tellen van de radioactiviteit in faecale monsters die worden
genomen gedurende een bepaalde periode (bijvoorbeeld 7 dagen).
Een dosis van 370 kBq (10 pCi, oranje/gele capsule) wordt hiervoor
aanbevolen. Het is belangrijk dat de standaard geometrie gehand-
haafd blijft en dat alle faeces verzameld wordt. Monsters van
patiénten die gelijktijdig andere radionuclidische onderzoeken
ondergaan, dienen slechts geteld te worden indien de faecale
excretie van het andere radionuclide verwaarloosbaar klein is

of indien de signaalverwerkingsapparatuur van het telapparaat
selectief de *Se-gammalijnen kan tellen. Contra-indicaties:

Overgevoeligheid voor het werkzame bestanddeel of voor één van
de hulpstoffen. Waarschuwingen: Er moet altijd rekening worden
gehouden met het optreden van overgevoeligheidsreacties. Ade-
quate reanimatievoorzieningen moeten onmiddellijk beschikbaar
zijn. Voorzichtigheid is geboden bij de toediening van [°Se]Tauro-
selcholzuur aan patiénten met een ernstige leveraandoening of
obstructie van de galwegen, want bij deze aandoeningen wordt de
stralingsdosis voor de lever aanzienlijk vergroot. Dit geneesmiddel
bevat 71,04 mg natriurn per capsule. Dit moet in aanmerking
worden genomen bij patiénten op een natriumarm dieet.
Bijwerkingen: Inmuunsysteemaandoeningen: Niet bekend:
Overgevoeligheid. Farmacotherapeutische groep: Technetium
(%9"Tc) Macrosalb, deeltjes voor injectie, ATC Code: VO9EBO1.

N van de verg voor hetin handel brengen: RVG
16191. Afleverstatus: Geneesmiddel op medisch voorschrift (U.R).
Beroepsbeoefenaren in de gezondheidszorg worden verzocht alle
vermoedelijke bijwerkingen te melden. Neem voor het melden van
bijwerkingen en/of voor medische informatie contact op met

MAH in NL: GE Healthcare B.V., De Rondom 8, 5612 AP,

Eindhoven (040-299 1000). Datum: Januari 2012

© 2015 General Electric Company - All rights reserved.

GE and GE Monogram are trademarks of General Electric Company.
GE Healthcare, a division of General Electric Company.

SeHCAT is a trademark of GE Healthcare Limited.
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