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Summary

Staphylococcus aureus bacteraemia (SAB) continues to affect ~25,000 patients in the UK per
year with a high crude mortality of 30% at 90 days. Prompt source control improves outcomes

in sepsis and SAB and is included in sepsis guidelines. A recent clinical trial of adjunctive
antibiotic treatment in SAB found that the majority of recurrences of SAB were associated

with a failure of source management. In this condition, the ability to control the source of
infection may be limited by the ability to detect a focus of infection. Echocardiogram is

now a routinely used tool to detect such unknown foci in the form of unexpected infectious
vegetations. We review the literature to explore the utility of advanced imaging techniques,

such as [18F]fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG
PET/CT) and magnetic resonance imaging (including whole-body MRI), to detect foci which may
otherwise be missed. As unknown foci are associated with increased mortality, we propose that
increasing the detection of foci could enable improved source control and result in improved
outcomes in SAB.
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Introduction

Staphylococcus aureus bacteraemia (SAB) has a high crude 90-day mortality of 30%,
leading to 2-10 deaths per 100,000 population per year [1]. This incidence rate is higher
than recorded mortality rates from tuberculosis and mortality rates are similar to those seen
in Gram-negative bacteraemia [2—4]. Detecting infectious foci improves clinical outcomes,
presumably by enabling more effective source control. However, in 15-20% of cases of
SAB no infectious focus can be found [1]. This may relate to the sensitivity level of
current tests. The absence of an identifiable focus is associated with 50% greater mortality
from SAB [1-3]. The conclusion of the largest recent trial of antibiotics in SAB was that
recurrences were ‘more commonly caused by failure to recognize or remove the primary
infection focus than a failure of antibiotic treatment’ [3]. This highlights the importance of
having more sensitive tests for detecting the focus of infection in SAB and, where possible,
subsequently removing it. Early cessation of antibiotics relies on the reliable exclusion of
metastatic infectious foci. We discuss the role of imaging and how advanced imaging may
be harnessed to improve diagnosis in this life-threatening condition.

Positron emission tomography/computed tomography (usually [18F]fluorodeoxyglucose
(FDG), denoted PET/CT subsequently) has traditionally been used primarily in oncology
but is increasingly used to assess abnormal glucose metabolism in infection. This is possible
due to the increase in glycolysis occurring in activated white blood cells in response to
infection (or inflammation). PET/CT has become more widely available in the UK in
regional hospitals and tertiary centres over the last five years. During that time the use of
PET/CT in England has more than doubled and the median time from request to procedure is
now seven days, including the two working days required to report the scan [5]. This enables
its use within a realistic time-frame for the diagnosis of infectious foci in SAB.

Magnetic resonance imaging (MRI) has the benefit of avoiding radiation exposure. However,
it is time-consuming and may be uncomfortable for the acutely unwell patient who is
required to lie flat for a prolonged period to obtain imaging, particularly if they have back
pain. Focused MRI selects one area to investigate but the location of infection may not be
obvious in SAB. Whole-body MRI (WB-MRI) has been enabled by recent advances in MRI
technology and has an increasing role to play in diagnostics [6]. This technology allows

a broad investigation of the whole body in a single visit to the radiology department, as
opposed to as many as 12 visits reported in studies to date in SAB patients [7]. A recent case
report has highlighted the potential utility of WB-MRI in SAB when the scan is optimized to
detect septic foci [8]. The protocol for investigation of SAB takes ~1 h, which is comparable
to focused MRI, though on occasion a further focused MRI may be required for an area of
interest. The use of coils in WB-MRI may be uncomfortable for the patient but in our clinic
>90% of patients with myeloma were able to tolerate the entire procedure and in patients
with lung cancer this pathway to diagnosis was preferred to standard imaging staging
pathways [9]. There is limited experience of the use of WB-MRI in SAB but WB-MRI has
been found to improve diagnosis in chronic recurrent multifocal osteomyelitis and be more
sensitive than PET/CT in the assessment of myeloma [10,11]. Figure 1 shows a volunteer
receiving WB-MRI and wearing coils.
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Foci of infection
There is a wide range of potential locations for SAB foci including:
- infectious endocarditis (IE, heart valve);
- osteoarticular (bone and joint);
- lung (pneumonia, lung abscess or pleural infection);
- skin and soft-tissue infection (SSTI);
- intravenous catheter (1\VVC);

- other (for example central nervous system (CNS) infection, implant
infection, intravascular infection, genitourinary tract infection, wound infection,
hepatobiliary infection or splenic abscesses);

- not determined (‘unknown”).

Although contamination should always be considered in the differential of a blood culture
containing S. aureus it is estimated that this is rare, representing ~1.5% of cases [4].

In some studies, foci of infection are divided into endovascular and non-endovascular. They
may then be further divided into removable (e.g. intravenous catheter) and non-removable
(e.g. endovascular graft infection) due to the prognostic implications of infected device
removal. Where more than one focus occurs, the literature may fail to detail the full range of
foci present when reporting the detail of cases as a hierarchy of foci is utilized [1].

Almost one-fifth of cases are concluded to be due to ‘unknown’ foci [12]. These occult foci
may represent micro-foci, which cannot be detected, removed or treated. Alternatively, these
cases may represent missed diagnoses of deep or difficult-to-diagnose foci.

Infective endocarditis

The recommendation to perform echocardiography routinely in SAB differs from
recommendations in the investigation of other bacteraemia and demonstrates how SAB
requires particular investigation of its source [13-16]. More than two decades ago Fowler
et al. prospectively screened 103 patients with SAB using echocardiography and found

a rate of 25% of endocarditis, compared to just 7% of cases that would have been

detected due to clinical suspicion alone [17]. They recommended the increased use of
invasive transoesophageal echocardiography (TOE) in SAB and routine use of transthoracic
echocardiography (TTE) and this change in practice was adopted widely. International
guidelines now recommend echocardiography be performed routinely in all cases of

SAB bacteraemia [13-16]. American guidelines suggest that TOE is preferred in some
circumstances, though further work is needed to clarify which cases these would be [15,16].

TOE is more sensitive for IE than TTE alone (90-100% vs 70-80% respectively) [13].
Despite the improved sensitivity of TOE, as it is an invasive test it is performed less

often. A multi-centre study in Denmark prospectively screened 244 patients with SAB with
TTE/TOE [18]. The majority of patients in this study had TOE (62%) and the remaining
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patients had TTE alone. The authors found an overall rate of IE, defined as definite IE
according to the modified Duke criteria, of 22%. They explored the pre-existing risk factors
and clinical signs present in those cases of IE. They found that patients with an unknown
source of SAB were significantly more likely to have IE (20 (38%) vs 31 (16%), £ =0.001).
In patients whom they considered had a low-risk of infection (based on pre-test clinical
probability) they found a low rate of IE (5%). They suggested such calculation of risk could
be used to stratify cases for TTE/TOE in SAB. This suggestion of pre-TOE risk assessment
was supported by a subsequent review of the literature which suggested that, although TOE
is preferred when feasible, there may be identifiable low-risk patients in whom TOE is not
required [19]. This was based on a rate of major complications from TOE of 1 in 5000 but,
given the high mortality of SAB, it remains possible that the benefits of TOE outweigh the
risks, particularly when the source is not known pre-imaging. Repeated echocardiograms
may be required to demonstrate vegetations, so in the presence of risk factors or clinical
features, or where the source of SAB remains unknown, a single echocardiogram should not
be used alone as an exclusion of IE.

There is an increasing interest in the role of cross-sectional imaging in the detection of

IE in SAB. In mice S. aureus-induced IE can be detected using MRI technology [20]. A
review of the benefit of cardiac MRI found an increasing role in the diagnosis of valvular
lesions, though vegetations can be easily missed due to the fine imaging slices used in cine
[21]. In a small single-centre study in Turkey cardiac MRI was requested on 16 patients
with presumed IE to obtain additional information, particularly in six patients who had been
unable to complete a TOE [22]. In this study the diagnosis of IE was made by the authors
based on clinical, laboratory and echocardiographic findings. The modified Duke criteria
and microbiological results were not reported. In these 16 patients 11 had lesions visible on
cardiac MRI and 12 had lesions visible using echocardiogram, with 15 out of 16 patients
having lesions visible using one of these modalities.

Cross-sectional imaging has benefits beyond simply determining the source of infection

in IE; specifically, it can assist with the detection of septic emboli. Such emboli may be
missed clinically and their detection may alter clinical management. Prospective screening
with brain MRI of those with left-sided IE can reveal unexpected brain lesions [23]. In
addition, when PET/CT is used, ~10% of patients have an unexpected additional (non-
bacteraemic) finding on imaging, and these findings may be clinically relevant [7]. In a
meta-analysis of 13 studies (including 537 patients) of the utility of PET/CT imaging in

IE this was found to be a useful adjunctive tool when TTE/TOE was performed [24]. The
sensitivity and specificity of PET/CT combined with echocardiography in this study for IE,
as defined by the authors using modified Duke criteria or alternative methods, were found
to be 77% and 78% respectively, and this was found to be higher in cases of prosthetic
valves and more recent studies. In native valve endocarditis protocols, detection of cardiac
involvement on PET/CT ideally requires prolonged fasting to minimize normal myocardial
uptake. In one study of 303 episodes of endocarditis the sensitivity of PET/CT in prosthetic
valve endocarditis (PVE) was 93% with a specificity of 90%, whereas for native valve
endocarditis the corresponding values were 22% and 100%, demonstrating the utility of
PET/CT in the exclusion of PVE in diagnostic work-up [25].
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Osteoarticular infection

There is a lack of clear national or international guidelines on the management of SAB

with an osteoarticular source, though it falls within other guidelines such as endocarditis and
meticillin-resistant Staphylococcus aureus (MRSA) [13,14]. Where diagnostic algorithms
are present within national guidelines in Australia and in Scotland, these recommend

a symptoms/signs-based approach to osteoarticular imaging [26,27]. Australian SAB
guidelines advise that MRI should be considered in the case of new or worsening back,
joint, or bone pain [26]. Alternative tests include bone scan (bone/joint or muscular pain) or
ultrasound-guided aspiration of swollen tender joints [26]. US guidelines for MRSA advise
the use of MRI with gadolinium for detection of early osteomyelitis [14]. In a large Danish
cohort study of 10,891 patients with SAB, osteomyelitis was found to be more common
(11%) than IE (4%), though in this study rates of IE were low [28]. In a pooled analysis

of five prospective studies in SAB, similarly rates of osteoarticular infection (13%) were
found to be higher than rates of IE (8%) [12]. These high rates highlight the importance of
accurate detection of osteoarticular foci. The investigation of osteoarticular sites of infection
has traditionally been symptom-based, but the high incidence of back pain, for example,
may mean that such foci are easily missed. It is recognized that on detecting a lesion of
bacterial spondylodiscitis at one level of the spine, a whole-spine MRI should be considered
to avoid missing other asymptomatic lesions [29].

The current preferred imaging technology for osteoarticular infection is usually MRI, as
demonstrated by its widespread use in detecting spinal infection, epidural abscesses and
osteomyelitis. Early studies in rabbits involved the introduction of S. aureus into the
medullary space and subsequent comparative imaging using CT or MRI [30]. MRI was
found to detect osteoarticular changes earlier than CT in this situation.

It is unclear whether PET/CT or MRI is the optimal imaging modality when seeking

to detect osteoarticular infection in SAB. Head-to-head trials of PET/CT versus MRI or
PET/CT or MRI versus no bone imaging in SAB are rare. A prospective study of PET/CT
compared to MRI in suspected vertebral osteomyelitis included 11 cases of SAB [31]. In
this study 32 patients with suspected vertebral osteomyelitis had both PET/CT and MRI
performed in the same clinical episode. The authors found both imaging modalities to be
100% sensitive for vertebral osteomyelitis and the specificity of PET/CT to be 83% and

MRI 92%. MRI detected more epidural/spinal abscesses and PET/CT detected metastatic
infection in 16 patients, half of those scanned. An earlier prospective study compared MRI
to PET/CT in 26 patients with suspected haematogenous infective spondylodiscitis [32].
Eighteen out of 26 patients were confirmed to have infective spondylodiscitis including eight
patients with S. aureus infection. In those with S. aureus infection half (four out of eight)
were found to have a further unexpected focus of infection on PET/CT (three cases of IE and
one of shoulder septic arthritis). In this study the authors reported sensitivity of PET/CT as
83% and MRI 94% for vertebral osteomyelitis. They reported specificity of 88% and 38%
for PET/CT and MRI, respectively, as they found they were unable to exclude infection in
five out of eight (62%) patients with MRI. Both studies highlight the potential additional
utility of PET/CT, as both modalities were highly sensitive for discitis but PET/CT provided
additional relevant information in half of the cases. In our clinical practice we have seen
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cases in which early MRI can seemingly miss an infective vertebral focus which is later
evident on PET/CT (Figure 2). In a prospective study of 20 patients with persistent foot
ulcers and diabetes, MRI was found to detect confirmed osteomyelitis in six out of seven
cases and PET did so in two out of seven cases [33]. These numbers are too small to draw
conclusions and, although the patients had evidence of S. aureus infection in six cases, none
had SAB.

An alternative to CT and MRI for detection of bone pathology in SAB is bone scintigraphy.
Australian guidelines suggest this as a potential imaging investigation when determining the
infective focus in SAB [26]. Bone scintigraphy has historically been found to be abnormal
at an earlier time-point than conventional radiography or CT [34]. However, in UK practice
itis rarely used. In a recent UK randomized control trial (RCT) of SAB just 2% of patients
had a bone scan, in contrast to 3% who had a PET/CT and 36% who had a CT scan [35]. Of
the 494 patients for whom data was available, only one patient had a white blood cell scan
[35]. For diabetic foot osteomyelitis, for example, which may be associated with SAB, bone
scintigraphy has a sensitivity of 80-90% but a specificity of <50% [36].

Lung infection (pneumonia, lung abscess, and pleural infection)

A chest radiograph (CXR) is a routine investigation in sepsis and therefore likely to have
been performed prior to the identification of SAB in patients with this condition. It is
included as part of the diagnostic pathway in the Australian algorithm for investigation of
SAB [26]. The CXR may be abnormal due to the source of infection (e.g. pneumonia, lung
abscess, necrotising pneumonia, empyema) or the dissemination of infection (septic emboli)
or from parenchymal changes related to the deterioration of the patient (e.g. fluid overload
or acute respiratory distress syndrome). An abnormal CXR appearance, for example of

a lung abscess in an intravenous drug user, may highlight the possibility of SAB prior

to the diagnosis being made on blood culture. A CT chest is not indicated as a routine
investigation in SAB but may be performed where investigation of abscesses or pleural
infection is required. Ultrasound scan may additionally enable image-guided drainage of
pleural collections.

Skin and soft-tissue infection

Clinical examination rather than imaging is the key assessment in the case of SSTI in SAB.
However, techniques such as PET/CT and WB-MRI may detect skin lesions when these are
missed clinically. In the case of a wound or recent surgery a high-index of clinical suspicion
needs to be present regarding this site for the infection and focused imaging may be required
of a deep surgical site or wound.

Intravenous catheter infection

IVC infection is a common source of infection in SAB, responsible for up to 28% of cases
[12]. The device may be central or peripheral. The diagnosis is usually made through the
collection of blood cultures from an infected device, prompting early device removal. In all
cases of SAB a review of intravenous catheters is required. There may be thrombus at the
site of the line and there may be a need to differentiate between infected and non-infected
thrombus in such cases. IVC infection is often described as uncomplicated if the IVC
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(source) is rapidly removed. Reviews describe the potential for shorter antibiotic courses
in catheter-associated bacteraemia and SAB but the possibility of dissemination remains so
imaging such as echocardiogram may still be required despite early device removal [19].

Central nervous system infection

SAB may rarely occur due to CNS infection (e.g. meningitis associated with SAB or
invasion from an infected surgical site in the CNS). MRI is the imaging modality of

choice in such infections and may detect silent cerebral involvement in S. aureus infective
endocarditis. Although a CT brain may initially detect an area of concern, this would then be
accompanied by MRI including diffusion-weighted and post-gadolinium contrast sequences
to further detail the CNS involvement. Knowledge of CNS involvement may guide drug
choice, e.g. to include antibiotics that penetrate the blood-brain barrier.

Implant or vascular infection

An area in which PET/CT has been particularly helpful is that of prosthetic vascular graft
infection [37]. For example, a prospective study of 33 patients with suspected aortic graft
infection in Japan assessed by PET/CT versus CT alone found PET/CT to have higher
sensitivity but lower specificity for infection in the graft [38]. The complexity in this setting
is to differentiate uptake secondary to chronic low-grade inflammation from that of infection
when interpreting the imaging results. In addition, PET/CT is increasingly used in the
diagnostic assessment of native vascular infections and may demonstrate this focus when it
had not previously been suspected clinically in SAB.

Not determined (‘unknown’)

The “‘unknown’ (or occult) focus of infection group is of great concern in SAB due to

the association with increased mortality [1-3]. In a retrospective observational study in

the Netherlands, PET/CT within 14 days of the first positive blood culture with Gram-
positive bacteria in patients with suspected metastatic infectious foci was associated with
significantly lower three-month mortality (19% vs 32% without PET/CT; P =0.01; N =
435) [39]. In addition, PET/CT was the first test performed to detect a focus of SAB
infection in 30% of these cases. A further retrospective observational study, which focused
on SAB (also in the Netherlands), demonstrated that those patients with high-risk SAB who
underwent PET/CT had one-third of the mortality of those who did not [40]. In this study,
105 out of 184 patients (57%) with SAB underwent PET/CT. The imaging result informed
clinical practice, leading to modifications of treatment in 75% of high-risk SAB cases in this
study, demonstrating how such imaging can alter patient management. The authors therefore
conducted a subsequent study to demonstrate that early use of PET/CT in the SAB pathway
can enable safe early cessation of antibiotics (N =76) [41].

In Belgium, a single-centre, retrospective observational study of 102 patients with ‘high-
risk” SAB (as defined using their risk profile and from a total of 196 patients with SAB)
found that 48 patients had been investigated using PET/CT [42]. The one-year mortality of
those who had PET/CT was 8 out of 48 (17%) compared to 24 out of 52 (44%) in those
who did not have a PET/CT (P =0.002). A single-centre retrospective study in Denmark
reviewed data from 157 patients with bacteraemia of unknown origin with catalase-negative
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Gram-positive cocci (excluding pneumococci and enterococci) or S. aureus bacteraemia
from 2009 to 2013 [7]. They found that PET/CT was the first imaging modality to identify
sites of infection in 41% of bacteraemia cases, that it led to change of antimicrobial

therapy in 15%, and that it established a new diagnosis unrelated to bacteraemia in 10%.

In this study, IE was frequently diagnosed using PET/CT. However, a major challenge with
observational studies in this field is reverse causality — it is difficult to exclude the possibility
that scans were not done partly because patients were too unwell, or had already moved to a
palliative pathway.

Imaging costs

In the UK, NHS Reference Costs of PET/CT were £909 in 2017 [43]. The alternative
imaging modalities remain cheaper. A transthoracic echocardiogram had a reference cost in
the same year of £71 (simple; £253 for complex), localized MRI £208, CT £140 and white
cell scan £205. A whole-body MRI currently costs approximately £500 for comparison.

The imaging cost per episode of SAB in a recent UK SAB trial was £395.60 for those

494 patients (65% of the total 757 analysed) who had imaging [35]. To understand these
costs in context, the average cost of a single episode of SAB was £12,197 in this trial. If
PET/CT can be used to reduce mortality and morbidity it is likely to be cost-effective despite
its apparently high cost. The cost also needs to account for the prevention of other futile
imaging or investigation and their impact [7].

Radiation exposure

The overall effective dose from PET/CT, using a low-dose CT protocol, is ~8 mSv from the
[18F]FDG and 6 mSv from the CT. This equates to approximately five years’ background
radiation that we all experience. The use of MRI would prevent such exposure to radiation
S0 has obvious benefits.

Discussion

Failure to identify a focus of infection is associated with high mortality in SAB [1-3].
Cross-sectional imaging has been associated with improved outcomes in retrospective
studies in SAB but few studies have directly compared imaging modalities or compared
optimized imaging to standard of care [39,40,42]. In order to influence clinical outcomes
it is likely that additional imaging is required within seven to 14 days. However, some
modalities may be falsely negative, particularly early in disease evolution.

Globally there are no previously published trials of enhanced imaging in SAB but there are
two current trials, both focusing on PET/CT. PETCT4SAB (NCT02476487) is a single-site
single-arm interventional trial, which recently closed having recruited 143 participants [44].
TEPSTAR (NCT03419221) is an RCT randomizing 290 adults with SAB to PET/CT vs
standard of care (expected recruitment completion July 2020) [45].

Itis likely that imaging is under-utilized in current diagnostic pathways and that unsuspected
infectious foci are thus likely to be underdiagnosed [39]. We have found that the impact of
imaging on SAB is an area requiring further investigation and analysis (Figure 3). Previous
studies in this field are small and findings inconclusive. Reported clinician decision-making
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appears to be improved by imaging results but it is to be expected that opinions will change
when increased information is available. What is not clear is whether increased or optimized
imaging can subsequently impact on patient outcomes. In order to answer such a question
the ideal method would be an RCT incorporating either WB-MRI or PET/CT as routine to
increase diagnostic yield and then explore clinical outcomes.

This approach to the optimal diagnosis and detection of infectious foci, combined with the
reassurance of imaging demonstrating absence of foci, has the potential to enable tailored

antibiotic selection and potentially earlier cessation of unnecessary antibiotics. In an era of
personalized medicine and improved availability of imaging at lower prices, we anticipate
increased future utilization and seek evidence to support such an approach.
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Figure 1. A volunteer wearing coils as would be worn for a whole-body magnetic resonance
imaging and demonstrating the procedure.
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Figure 2.

A%ase of a patient who underwent magnetic resonance imaging (MRI) on day 2 following
Staphylococcus aureus bacteraemia (SAB) which did not reveal a focus (left), then a
positron emission tomography (PET)/computed tomography (CT) (middle) on day 10 which
revealed a spinal focus (L4/5) with a repeat MRI on day 17 (right) to confirm this diagnosis.
Although this may represent progression in imaging over time, it highlights the potential
utility of PET/CT when the focus is unclear. A bone single-photon emission CT was also
performed at day 6 and activity at L4/5 was reported on this as degenerative.
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An overview of investigations in Staphylococcus aureus bacteremia incorporating the role
of whole-body imaging. High-risk criteria as used in reference [41]; IAAT, initiation of
appropriate antibiotic therapy; FBC, full blood count; U & E, urea and creatinine and
electrolytes (renal profile); LFT, liver function tests; CRP, C-reactive protein; CXR, chest
radiograph PET/CT, positron emission tomography/computed tomography; MRI, magnetic
resonanceimaging; WB-MRI, whole-body MRI.

J Hosp Infect. Author manuscript; available in PMC 2024 July 10.




	Summary
	Introduction
	Foci of infection
	Infective endocarditis
	Osteoarticular infection
	Lung infection (pneumonia, lung abscess, and pleural infection)
	Skin and soft-tissue infection
	Intravenous catheter infection
	Central nervous system infection
	Implant or vascular infection
	Not determined (‘unknown’)
	Imaging costs
	Radiation exposure

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3

