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Bacteremia is the presence of viable bacteria in the bloodstream, a complicated
and potentially dangerous systemic medical condition that may range from
asymptomatic and clinically relatively indolent cases to more severe bloodstream
infection (BSI) and ultimately life-threatening septic shock with fatal outcome. BSI
is classified as simple (bacteremia only) or complex (BSI with metastatic spread),
and the morbidity is higher in the latter, probably due to insufficient eradication.
Treatment of simple BSl is usually short-term antibiotic courses, whereas complex
BSI with metastatic foci requires more advanced treatment including long-
term antibiotics or invasive drainage to gain infection control. Thus, identifying
metastatic infection has an important clinical impact but remains a challenge;
only half of the patients progress to complex BSI, and many patients present
without relevant signs or symptoms, so imaging is pivotal. This review summarizes
the potential role and recommendations of [*®FIFDG-PET/CT in BSI, based on
the relatively sparse and heterogeneous literature. [**FIFDG-PET/CT should
be considered in suspected complex BSI, in patients at high risk of metastatic
spread, and in BSI in ICU patients. [*®FIFDG-PET/CT has an impact on patient
management, treatment strategy, and patient outcome, mainly by directing the
diagnostic process toward more specific diagnostics or by modifying treatment
regimens resulting in reduced relapse rates and reduced mortality. Finally, a
negative scan may obviate the need for further workup.

[*®FIFDG-PET/CT, infection, bacteremia, blood stream infection (BSI), PET

Introduction

Bacteremia or bloodstream infections (BSI) are common and difficult clinical entities with
potentially serious consequences including death. Some reports state that BSI occurs in 5-10%
of hospitalized patients with overall mortality higher than 15% (1, 2).

In fever of unknown origin, the key issue is usually to establish the focal point of the fever.
In BSI, another and perhaps clinically more important issue is to distinguish between simple
bacteremia (BSI only) and complex (or metastatic) bacteremia (BSI with solid or metastatic
foci). A significant proportion of patients progress from simple bacteremia to complex
bacteremia; studies on Staphylococcus aureus report metastatic infection in 16-73% of patients
(3, 4). Complex bacteremia requires a different treatment strategy, i.e., escalation (added/
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combined drug regimens), elongation (prolonged treatment for
4-6weeks depending on the location of foci), and/or surgical
interventions (prosthesis removal or drainage of deep tissue
abscesses). Correspondingly, insufficient eradication leads to relapse
in approximately 15% and an increase in mortality, but in one-third
of cases, the metastatic foci remain asymptomatic (5). Thus, a great
deal of work is going into differentiating patients at risk of complex
BSI — if they are identified, guidelines usually suggest prolonged
treatment to prevent or reduce the risk of fulminant bacterial spread.
Risk factors for developing complex BSI include community
acquisition, prolonged or persistent symptoms/findings, and
prosthetic implants (3). However, 35-50% of all patients at high risk
of complex BSI never progress to spread, and as such, as many as 50%
of patients are over-treated to prevent spread (4).

Bacteremia is divided into gram-positive and gram-negative
bacteremia; gram-positive bacteremia is more common than gram-
negative ones. This may be attributable to the increased use of
prosthetic devices, intravenous catheters, invasive procedures, and the
widespread use of antibiotic prophylaxis with fluoroquinolones that
all predispose to gram-positive growth (6).

In gram-positive bacteremia, there are some characteristic
associations between species and sites of focal infections, e.g.,
pneumococci and pneumonia, whereas S. aureus infection sites are
often more occult, and therefore more commonly encountered as the
culprit species in BSI of unknown origin. Gram-negative bacteremia
is often caused by Escherichia coli and other Enterobacteriaceae. It is
usually associated with gastrointestinal or urinary tract infections,
whereas gram-negative species have much less ability to adhere to
prosthetic material than gram-positive ones (6, 7). These pointers
should be kept in mind when assessing imaging, but most species can
give rise to BSI anywhere, so one must keep an open mind.

Further division is based on where the patient most likely
contracted the infectious microorganism: community-acquired BSI
(CA-BSI) is usually defined as outpatients or patients with confirmed
BSI <48h post-admission, whereas nosocomial BSI (N-BSI) is usually
defined as confirmed BSI >48h post-admission. In CA-BSI, gram-
negative is more prevalent, whereas gram-positive is more prevalent
in N-BSI (1, 8).

Some specific scenarios

Staphylococcus aureus is probably the most commonly encountered
BSI by the nuclear medicine physician in referrals to ['"*F]FDG-PET/
CT. First, the incidence of S. aureus BSI is generally increasing due to an
aging population with heart valve prostheses and joint prostheses that
are common predilection sites. Second, S. aureus has an inherent ability
for metastatic spread and progression to complex BSI that require more
advanced treatment to reduce the risk of recurrence, prolonged disease,
or mortality that may reach 20-40% (9, 10). Staphylococcus aureus BSI
comprises 20% of N-BSI, and metastatic spread is a dreaded
complication (9). Most common are infectious endocarditis,
osteomyelitis and joint infections (including prosthetics), and deep
tissue abscesses — all trigger treatment modification (i.e., escalation or
elongation of antibiotic regimens or surgical interventions) (11). A
special entity is S. aureus-associated pneumonia, which accounts for 8%
of all BSI, 30% of N-BSI, and 68% of all BSI in the intensive care unit
(ICU). Overall, BSI is established in 5-15% of community-acquired
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pneumonia and 24-36% of ventilator-associated pneumonia, whereas
the rate of BSI is approximately 60% in both community-acquired
S. aureus pneumonia and nosocomial S. aureus pneumonia in the
ICU. In the former, BSI usually occurs early in the course, whereas in
the latter case, pneumonia may be ventilator-associated or secondary to
influenza, and therefore, BSI may appear rather late (11). Thus, it is
clinically relevant to differentiate between bacteremia secondary to
S. aureus pneumonia and pneumonia secondary to S. aureus BSI, so
even with well-known pneumonia in ICU patients, an ['"*F]FDG-PET/
CT late in the course may contribute to localizing metastatic foci
including the lungs.

Regarding the ICU, the incidence of BSI is at least double that of
the general hospital population and mortality is at least 3-fold and
described as the leading cause of death in the ICU. Patients are
evaluated for foci with the aim of source control, e.g., drainage, but
despite extensive workup, foci often remain occult. [*F]JFDG-PET/CT
is difficult in the ICU setting due to multiple interfering factors leading
to reduced scan quality, e.g., multiple intravenous drugs (some
dissolved in glucose), generally difficult blood glucose control, and
frequently poor kidney and/or liver function (2, 12). The practical
setup is also challenging. At our institution, we usually inject FDG in
the ICU, and patients are only in the PET center for the scan, but even
then, ["*FJFDG-PET/CT takes significantly longer than a CT, which
puts a strain on ICU resources. Finally, ICU patients are usually
hooked up to monitors, ventilators, injection pumps, etc., which may
hamper imaging or even the possibility to pass through the scanner.
["*FIFDG-PET/CT scans in ICU patients need planning and close
cooperation between the specialties.

Febrile neutropenia is a dreaded complication in oncology and
hematology, but only 30-50% is due to infection, and BSI is only
present in 25-30%. In many cases of febrile neutropenia, fever is
caused by chemotherapy or tumor fever, and there is no effect from
antibiotics. On the other hand, in approximately 50% of febrile
neutropenia patients with BSI, the bacteremia is complex with focal
spread, and prolonged treatment is warranted just as in non-oncologic
BSI (13).

Aim

This review explores the potential impact of ["*F]JFDG-PET/CT
on subsequent treatment strategies in both simple and complex BSI. A
positive PET/CT scan may direct the diagnostic process toward more
specific diagnostics. A more direct impact on management is the
modification of treatment, for instance, as a guide for invasive
treatment, e.g., abscess drainage. It may also cause escalation or
elongation of therapy based on positive findings or even de-escalation
following negative scans. Sometimes a negative scan may also prompt
a switch from intravenous to oral regimens in limited disease. Thus,
[*F]JFDG-PET/CT may directly influence patient prognosis through
its impact on treatment modifications if better focal control reduces
morbidity, relapse rates, and mortality (Table 1).

Impact on patient management

Several studies have looked at the overall impact of [*F]
FDG-PET/CT on treatment modifications. Brendserud et al. (14)
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TABLE 1 Overview of studies evaluating [**FIFDG-PET/CT in bloodstream infections.

Population

Study Major findings

design

Studies evaluating the impact of [*FIFDG-PET/CT on treatment

Brondserud et al. (14) BSI with Gram-positive cocci or SA 157 Retrospective | Change in therapy in 15%
van Leerdam et al. (15) High risk SA-BSI 132 Retrospective | Change in therapy in 17%
Tsai et al. (16) BSI with mixed species 102 Retrospective | Change in management in 45%
Pijl et al. (2) BSI in ICU-patients 30 Retrospective | Change in management in 47%
Kluge et al. (12) BSI in ICU-patients 18 Retrospective | Change in management in 33%

Studies evaluating the impact of [**FIFDG-PET/CT on pati

ent outcome

Vos et al. (5) BSI at risk of metastatic spread 115 Prospective PET increased detection of metastatic foci, reduced relapse rate,
and reduced mortality
Berrevoets et al. (4) High risk BSI with negative PET and 76 Retrospective | Comparable relapse rates and mortality in simple BSI vs. high risk
echocardiography vs. simple BSI BSI
Yildiz et al. (17) High risk BSI with or without PET 102 Retrospective | PET resulted in reduced mortality compared to controls

Studies evaluating the impact of [**FIFDG-PET/CT on managemen

t and patient outcome

echocardiography

Ghanem-Zoubi et al. (18) SA-BSI with/without PET 149x2 | Prospective PET resulted in longer courses of antibiotics and better mortality
compared to controls

Berrevoets et al. (3) High risk BSI 929 Retrospective PET changed treatment in 73% and reduced mortality

Kouijzer et al. (19) Complicated BSI with negative PET and 106 Retrospective | Switch from intravenous to oral antibiotics is safe and reduce

duration of hospital stay

BSI, bloodstream infections; SA, Staphylococcus aureus; SA-BSI, Staphylococcus aureus bloodstream infections; PET, ["*F]FDG-PET/CT.

performed a retrospective study of consecutive patients with
confirmed BSI with S. aureus and gram-positive cocci other than
pneumococci (as they usually present themselves fairly easily). All
patients underwent an ["*F]JFDG-PET/CT scan in the search for
infectious foci, and besides the overall diagnostic yield of ["*F]
FDG-PET/CT, they also evaluated any relevant clinical impact defined
as cases where PET results identified foci as the first modality or when
findings led to treatment modifications. They found metastatic foci in
56% and high clinical impact in 47% of the 157 included patients,
including changes in therapy in 15%. When patients experience long
disease courses, some fear a potential negative impact from antibiotic
treatment on ["“F]JFDG-PET/CT efficacy, but in this study, the
duration of antibiotic treatment neither influence the clinical impact
nor the time interval from confirmed BSI to ['**F]FDG-PET/CT.

Patients are often subjected to a wide range of futile examinations
prior to PET. Reducing these by performing [*F]FDG-PET/CT earlier
would benefit the individual patient and health economics. In this
study, patients underwent a median of four futile investigations prior
to PET (with a range of 0-12), albeit the study was not specifically
designed to evaluate this particular issue.

The most recent study by van Leerdam et al. (15) found similar
results with regard to additional foci and change in treatment in a
retrospective cohort of patients with S. aureus BSI suspected to
be complex and therefore pre-planned antibiotic treatment of
>6weeks. They included 132 patients who underwent ["*F]FDG-PET/
CT and found additional metastatic foci in 52%. The original
treatment plan changed in 17%, primarily due to the confirmation or
rejection of an infected vascular graft or thrombus. The treatment
regimen was shortened in two cases where suspected vascular
thrombus infection and arthritis were ruled out. Antibiotic treatment
was switched from an intravenous to an oral regimen in three cases
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with ruled-out infected thrombus but confirmed pulmonary
metastatic foci. In 13 cases, intravenous treatment was extended (and
in four of these additional rifampicin was also added) due to
confirmed infection in vascular or joint prostheses, endocarditis,
osteomyelitis, and/or soft tissue abscess. Thus, ["*F]JFDG-PET/CT
could individualize and refine the treatment of S. aureus BSI planned
for generic long-term antibiotic regimens.

In another retrospective, single-center study, Tsai et al. (16)
included 102 patients BSI who underwent ["*F]JFDG-PET/CT within
1 week of diagnosis. In total, 73% of the scans were positive; the most
common organs/tissues were vertebral osteomyelitis/spondylodiscitis
(21%) and lung (21%). They found a 3-fold higher impact on
management compared with the previous study, i.e., 45% (40 PET+/6
PET-), but in most cases, the modified management comprised
referral for subsequent imaging. A low number of PET-negative
patients were referred for subsequent imaging, which is an important
point; a negative ["*F]JFDG-PET/CT may reduce the need for further
imaging, as also suggested by the aforementioned results from
Brondserud et al.

To avoid over-utilization of PET scans, it is important to stratify
which patients to refer for ["F]JFDG-PET/CT. Tsai et al. found
increased CRP associated with positive scans, but the best cutoff of
54 mg/ml yielded a sensitivity of only 79% with a specificity of 65%.

Pijl et al. (2) included a retrospective, consecutive cohort
comprising all ICU patients with proven gram-positive BSI or gram-
negative BSI and an ["*F]FDG-PET/CT. They included 30 patients
with a median CRP of 114 mg/L. S. aureus was the predominant cause
(37%) and mortality was 30%. Many patients underwent examinations
prior to PET, e.g., X-ray (100%), ultrasonography (93%), CT (71%),
and MRI (17%). As a special feature, PET scans were quality assessed
based on background, motion artifacts, suppression of physiologic
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uptake, and overall readability; 70% was deemed adequate and 30%
was of poor quality.

In the 21 PET-positive scans, the most common findings were
pneumonia or arthritis. Overall, [*F]FDG-PET/CT led directly to a
change of management in 14 out of 30 patients (47%). On regression
analysis, only PET quality was associated with positive findings
(reduced image quality led to fewer PET positives), whereas CRP,
duration of antibiotics, duration of admittance to ICU, or mechanical
ventilation did not impact diagnostic yield. This is in keeping with
some of the findings mentioned previously.

This study also points to the potential of employing PET earlier in
the course to limit futile tests.

Finally, [*F]FDG-PET/CT impacted test probability. Overall
pretest probability for infection was 73%, whereas the post-test
probability was 95% (in PET+) and 22% (in PET—), respectively.

These results were corroborated by an older study by Kluge et al.
(12). They retrospectively included 18 ICU patients with severe
septicemia without known focus. In total, 12 had BSI, and all were
extensively worked up prior to [*F]JFDG-PET/CT. The median time
from ICU admission to ["*F]JFDG-PET/CT was 11 days, and 17 out of
18 patients received antibiotics at the time of PET.

The PET results led to therapeutic changes in six patients (33%),
i.e., surgery in two, pacemaker removal in two, and initiation or
prolonged antibiotics in two cases.

Impact on patient outcome

Another approach is the impact on patient outcomes. This was
the focus of one of the first large studies on [*F]JFDG-PET/CT in
bacteremia by Vos et al., probably the first prospective one (5). It was
a case—control study of patients with gram-positive BSI, with risk
factors of metastatic spread and with or without a PET scan. Case
patients received PET-directed treatment: no foci prompted 14-day
treatment, whereas foci prompted prolonged treatment for
6-12weeks depending on the location of the foci. They compared
115 cases with 230 controls.

Overall, they found metastatic foci in 68% of cases vs. 36% of
controls, especially endovascular, spinal, and pulmonary lesions.
These foci not only require prolonged antibiotic regimen or invasive
intervention, but they also only rarely have localizing symptoms.
Opverall, the relapse rate was 2.6% in cases versus 7.4% in controls —
this was not statistically significant, although the study was designed
to detect a 10% decrease, in a subgroup of S. aureus-related relapses,
the difference reached statistical significance. All-cause 6 months
mortality was lower in cases (19%) than in controls (32%).

The two groups were comparable according to baseline
characteristics, but two factors stood out: treatment delay was more
prevalent in controls (45% vs. 27%), although it did not influence
mortality when added as a covariate. The second potential confounder
was a higher prevalence of prolonged BSI in the intervention group,
which could skew patients toward a higher relapse rate, but they did
not obtain continuous blood cultures routinely in the controls, so the
true effect of this is equivocal.

Berrevoets et al. (20) looked at the value of a negative ['*F]
FDG-PET/CT in a retrospective case—control setting. They compared
patients with S. aureus BSI and risk factors for complex BSI but
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negative echocardiography and negative ["*F]FDG-PET/CT (36 cases)
vs. patients with simple BSI (40 controls).

As mentioned earlier, the same prolonged treatment is recommended
for manifest complex BSI and patients with risk factors for developing
complex BSI. Moreover, as also mentioned previously, 35-50% of
patients with risk factors never develop complex BSI and are over-treated.

In this study, they investigated the safety of a similar 2-week
treatment regimen in simple BSI vs. selected groups of BSI with a high
risk for complicating spread. They found comparable relapse rates and
mortality (both infection-specific and all-cause of 19% vs. 15%). These
results suggest that it is safe to withhold preventive measures
(prolonged antibiotic regimen) in high-risk patients with negative
["F]FDG-PET/CT scans.

Yildiz et al. (17) compared high-risk patients infected with
S. aureus in a retrospective case-control setup, i.e., 48 cases undergoing
["*F]JFDG-PET/CT versus 54 controls without scans. Overall, mortality
was 31%, which was reduced significantly from 44% in controls to
17% in cases, and the reduced mortality remained at 30 days, 90 days,
and 1year. This is in accordance with the most prevalent findings
being spondylodiscitis, bone or joint prosthesis infections, vascular
graft infections, and abscesses; findings that all require more aggressive
treatment such as surgery, removal of prostheses, or prolonged
antibiotic regimen to be controlled.

Impact on treatment modifications
and outcome

A small group of studies looked at both treatment modifications
and outcomes.

The first study by Ghanem-Zoubi et al. (18) prospectively
recruited patients with S. aureus BSI for a matched cohort to
compare 149 patients who underwent ["*F]FDG-PET/CT with 149
who did not. ["*F]JFDG-PET/CT found a relatively high number of
foci initially not suspected which all required longer antibiotic
regimens (e.g., bones) or surgical interventions (e.g., soft tissue
abscess drainage). Thus, patients of the intervention group received
antibiotics for longer periods (42 days versus 19 days), and 18%
underwent focus controlling procedures as a direct consequence
of [¥F]FDG-PET/CT findings. Consequently, the intervention
group had significantly lower 90-day mortality (14%) compared
with the controls (29%). Interestingly, differences in baseline
characteristics were skewed toward potentially more severe disease
in the intervention group, e.g., more long-term bacteremia and
thus higher rates of high-risk S. aureus BSI, which should actually
have skewed the mortality toward a more favorable outcome for
the control group.

Berrevoets et al. (3) included consecutive patients in a
retrospective cohort of in-patients with high-risk S. aureus BSI and an
["*F]JFDG-PET/CT (n=99) and compared it with a control group who
did not undergo ["*F]JFDG-PET/CT (n=49). In the case group,
metastatic infection was present in 73%, most without any diagnostic
clues. Again, many foci were located in organs or tissue requiring
prolonged antibiotics or intervention (e.g., bones, joints, and
abscesses), and 104 treatment modifications were recorded in 74
patients (e.g., escalation/de-escalation of antibiotics or invasive
interventions). The overall relapse rates were 2.2% (4/184), whereas
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the 3-month mortality was 19% (35/184). However, comparing the
two groups, S. aureus-related 3-month mortality was only 12% in the
PET group compared with 33% in the no PET group. In a univariate
analysis, the performance of an ["*F]JFDG-PET/CT was one of the
factors associated with improved survival.

The same group performed a study in a similar setup but looked
at the impact on the outcome of de-escalation treatment regimens in
a retrospective cohort of consecutive in-patients with complicated
S. aureus BSI (19). A dreaded complication of S. aureus BSI is infective
endocarditis, and according to guidelines, complicated S. aureus BSI
requires prolonged antibiotics for 4-6 weeks. Some studies suggest a
switch from an IV regimen to oral antibiotics after 2 weeks to shorten
hospital stay, reduce patient inconvenience, and reduce costs. This
study tested the safety of this approach in 106 patients with
complicated S. aureus BSI without evidence of infective endocarditis
or other endovascular foci on echocardiography and ["*F]FDG-PET/
CT. They compared the switch strategy (n=60) with continuous IV
treatment (n=46) and found no relapses in either group. Although
mortality was lower in the switch group (6.6% vs. 13.3%), results were
not statistically significant, but the duration of hospital stay was
significantly shorter (17 days vs. 29 days) (19).

It is important to note that continuous or prolonged IV treatment
was at the discretion of the treating physician, and the continuous IV
treatment group included significantly more high-risk patients.
Nonetheless, the IV-to-oral switch of antibiotic regimen is feasible and
safe in complex, metastatic high-risk S. aureus BSI without signs of
endovascular foci on echo and ["*F]FDG-PET/CT.

Conclusion/perspectives

["*F]FDG-PET/CT has an overall clinical impact on up to half of
the patients; more specifically, it leads to changes in treatment in
15-73% of patients, and as a result of these management changes,
reduced relapse and mortality of 2-3-fold are observed (Table 2).

However, the literature is not without challenges; the studies
presented here, although not systematically retrieved, probably
comprise the bulk of the clinical studies on the subject and they are
relatively small with 18-157 patients. Most are retrospective with only
two prospective ones, and the patient populations and the
microorganisms covered are highly heterogeneous. Thus, pooling the
results and making overall conclusions may be difficult. For instance,
two of these studies, albeit the two smallest ones, included ICU
patients that are notoriously difficult with a multitude of pitfalls.

A number of knowledge gaps remain. For instance, the timing
of [""F]JFDG-PET/CT — should it be performed upfront or only
after a number of futile examinations? Cost issues may suggest the
latter to reduce the number of scans, but some proportion of these
patients end up in the PET scanner eventually, so some efforts
should be put into defining when to use ["*F]FDG-PET/
CT. Moreover, very little is known about the impact of the clinical
courses themselves, for instance, the potential impact on diagnostic
yield from long-term antibiotics, the duration of symptoms,
underlying malignancies, etc.

["*F]FDG-PET/CT may save futile exams but may also prompt
additional unnecessary exams due to false positive findings. This
may affect cost-effectiveness, but although some studies address
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TABLE 2 Main conclusions on ['**FIFDG-PET/CT in bloodstream

infections.
Important patient | Suspected complex blood stream infections

populations « Patients at high risk of metastatic spread

« Blood stream infections in ICU-patients

Potential impact

« Directing the diagnostic process towards more

on patient
management specific diagnostics
treatment » Modify treatment regimen

strategy, and o Guide to invasive treatment (e.g., abscess drainage)

patient outcome o Escalation or elongation of therapy (positive findings)
0 De-escalation of therapy (negative scans)
o Switch from intravenous to oral regimens in limited
disease (negative scans in complex
bloodstream infections)
« Decreased mortality when ["*F][FDG-PET/CT

is performed

o Negative scans may reduce the need for further workup

some of these issues as secondary endpoints, the available data do
not allow definite conclusions. More widespread implementation
of novel technologies such as digital or whole-body PET scanners
may alleviate some of the aforementioned shortcomings, e.g.,
improved image resolution, reduction of false positive findings,
and reduced radiation dose, especially in children, but further
studies are needed.

Nonetheless, the available literature leaves no doubt of the potential
of ["FJFDG-PET/CT in the diagnostic workup of BSI, at least in
patients with high-risk complex BSI with risk of metastatic disease, and
perhaps especially in S. aureus BSI. This was also the conclusion of two
very recent systematic and focused reviews compiling much of the same
literature (21, 22). ["*F]JFDG-PET/CT reduced relapse rate and mortality
due to the detection of additional foci that led to better-guided treatment
and ultimately better source control.
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