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The problem

Sepsis is an overwhelming, dysregulated inflammatory 
response caused by infection (1) and commonly results 
specifically from bloodstream infections (BSI). Annually, 
there are well over 19 million world-wide cases of sepsis 
with more than a million in the US (2). With annual 
costs exceeding $20 billion, sepsis is the most expensive 
condition treated in US hospitals (3). Timely treatment 
with antibiotics is so important that broad spectrum 
antibiotics are administered sometimes without knowledge 
of the source of infection and always without knowledge 
of the particular pathogen or its antibiotic susceptibility. 
According to the Surviving Sepsis Campaign Guidelines (4),  
empiric antimicrobial drugs with activity against all likely 
pathogens should be administered in the first hour of 
recognition of sepsis or septic shock. This shotgun approach 
is used because the current standard of care for pathogen 
detection, identification (ID) and antibiotic susceptibility 
(i.e., body fluid culture) is a very poor diagnostic. The 
time to result for blood cultures can exceed 48 hours. In 
addition, cultures have low sensitivity. When bacteria in 
the blood are in low numbers, growth is sufficiently slow to 
produce a negative result. In addition, certain bacteria do 
not grow at all under standard culture conditions (5). Worse 
still, cultures lack specificity and are routinely contaminated 
with normal flora of the skin (6). The result is a one-size-
fits-all use of antibacterial drugs which leads to antibiotic 
resistance, opportunistic infection (e.g., Clostridium difficile), 
severe side effects (e.g., renal or hepatic failure) or potential 

under treatment of critically ill patients. A rapid diagnostic 
for pathogen ID and more importantly, antimicrobial 
susceptibility would reduce exposure time to empiric, 
broad-spectrum antibiotics and allow for rapid de-escalation 
to pathogen targeted therapy. 

A unique yet critical subset of BSI worth noting are 
those associated with implanted medical devices. The 
cardiovascular devices market, specifically those with direct 
contact with the bloodstream (e.g., pacemakers, defibrillators, 
prosthetic heart valves, left ventricular assist devices, stents, 
vascular access devices, and venous filters), is one of the 
fastest growing medical device industries. This growth is a 
function of increasing prevalence of cardiovascular disease (7), 
expanding indications for implantation (8), and fundamental 
bioengineering improvements in materials and electronics (9).  
As indications for implantation continue to expand, 
patients with increasing comorbidities and decreasing 
immunocompetence will receive these devices. Despite the 
significant benefits afforded by these devices, any foreign 
material placed within the bloodstream poses a significant 
threat of infection. The underlying pathology is related to 
the adaptive strategy of bacteria to adhere to, colonize, and 
form biofilms on abiotic materials (10). These biofilms confer 
significant protection from both host immune clearance 
as well as antibiotics. While medical device implantation 
rates have increased by as much as 65% over the last few  
decades (11), infection rates have increased disproportionately 
(i.e., >200%) (12). As a result, implanted medical devices 
are a leading cause of BSI in the US. Novel antimicrobial/
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antibiofilm device strategies are being investigated, but the 
time horizon for their development, regulatory approval 
and clinical adoption is quite long. Therefore, the trend of 
increasing medical device associated BSI will likely continue 
or worsen in the near future. 

A solution

With the recent adoption of the Sepsis Core Measure 
(SEP-1) by the Center for Medicare & Medicaid Service 
(CMS) there are strong economic incentives to increase 
vigilance for diagnosing sepsis. That combined with the 
current Sepsis-3 definitions (1) and Surviving Sepsis 
Guidelines (4) will continue to drive a low threshold for 
initiating empiric, broad-spectrum antibiotics. However, 
since the current diagnostic criteria are neither sensitive nor 
specific, there will be continued inappropriate use of broad- 
spectrum antibiotics with all the associated adverse effects 
(not the least of which is the continued selective pressure 
for antibiotic resistant species). This highlights the obvious 
clinical need to diagnosis BSI earlier and with improved 
accuracy including pathogen ID and antibiotic susceptibility. 
To that end, in a recent issue of Clinical Chemistry, Andini 
et al. (13) describe a nucleic acid amplification assay for 
detection, pathogen ID, and antibiotic susceptibility testing 
(AST) that shortens the time to result (and potentially the 
time to targeted antibiotic therapy) to ~7 hours. This is a 
profound improvement over the current standard of care 

which requires 48 hours or more (Figure 1). 
There are five key features of the described assay which 

contribute to it realized benefits. First, there is a custom 
initial sample processing step to remove human cells 
and DNA. This process is critical to remove inhibitors 
of polymerase chain reaction (PCR) as well as remove 
the large quantity of human DNA. In general, clinically 
significant bacteremia involves just a few bacterial cells 
per milliliter of blood. Therefore, there is a minuscule 
amount of bacterial DNA in a large background of human 
DNA. Removing the leukocyte DNA effectively improves 
the signal-to-noise ratio. Second, there is a brief culture 
enrichment period. Current quantitative PCR (qPCR) 
methods are not sufficiently sensitive to detect the very 
low concentrations of bacterial DNA directly from a blood 
sample. Therefore, the sample is cultured for 4 hours  
to allow bacteria to multiply to a level adequate for 
detection. Indeed, this allowed detection of 1 CFU/mL in 
the original sample. Third, the gene target for amplification 
by PCR was the 16–23 s ribosomal DNA (rDNA) internal 
transcribed spacer (ITS) region rather than the traditionally 
used 16 s rDNA. This sequence provides improved analytic 
specificity of different bacterial species. Fourth, the authors 
have developed a rich library of melt curves of the ITS 
region that effectively identify the bacterial species via high 
resolution melt curve analysis (HRMA) of the amplified 
gene product. In essence, this allows for sequential 
detection and ID without additional sample manipulation. 
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Figure 1 Comparison of the time-to-result for conventional blood culture, the qPCR ID + AST method proposed by Andini et al., and 
an idealized potential future technology. Note that the qPCR ID + AST method allows for de-escalation of therapy after the first empiric 
dose. An idealized future state could essentially eliminate empiric, broad-spectrum antibiotics by having a time-to-result less than one hour. 
qPCR, quantitative polymerase chain reaction; ID, identification; AST, antibiotic susceptibility testing.
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Fifth, phenotypic AST that uses rapid qPCR to shorten 
the time to detect growth in the presence of antibiotics was 
incorporated. While many nucleic acid technologies focus 
on detection of antibiotic resistance genes, this technique 
evaluates the actual response of the bacteria to the 
antibiotic. This is more analogous to the currently accepted 
use of minimum inhibitory concentrations (MICs) and 
breakpoints for determining susceptibility. Furthermore, 
not all resistance mechanisms are known or related to single 
specific genetic sequences (e.g., efflux pumps) (14). Lastly, 
there is significant discordance between the presence of a 
particular resistance gene and phenotypic manifestation of  
resistance (15).

The value of appropriate vs. empiric antibiotics

Empiric antibiotics recommendations are based purely on 
covering the most likely pathogen without actual knowledge 
of the case specific pathogen. As such, it is prone to both 
over and under treatment of patients. Typically, if diagnostic 
testing is performed, the empiric antibiotic choice can be 
adjusted or de-escalated once the microbiologic testing 
is complete. Even shortening the time to result for such 
testing has significant benefits. For example, using the 
Verigene® technology from Nanosphere, Inc., Sango et al.  
demonstrated that reducing the time to detection of 
vancomycin-resistant enterococcus (VRE) by 23.4 hours 
lead to a 21.7-day reduction in length of stay and more 
than $60,000 reduction in health costs (16). This benefit 
was attributed to timely administration of appropriate 
antibiotics. However, that technology still depends on 
traditional blood cultures and at best had time to result of 
18 hours, suggesting room for continued improvement. The 
benefit of appropriate pathogen-specific antibiotic therapy is 
further illustrated in a study comparing hospitalized patients 
with penicillin allergy versus non-allergic patients (17). 
It found that penicillin allergic patients received broader 
spectrum antibiotics such as fluoroquinolones, vancomycin, 
and clindamycin. They averaged 0.59 more total days in 
the hospital, had 23.4% more Clostridium difficile infections, 
14.1% more methicillin resistant Staphylococcus aureus 
(MRSA) infections, and 30.1% more VRE infections. Over 
three years, the increased lengths of stay and complications 
cost the health care system ~$60 million. In general, 
maximal benefit of rapid molecular microbial testing 
is realized when paired with a well-designed antibiotic 
stewardship program. More specifically, the implementation 
of a rapid diagnostic bundle combined with evidence 

based antibiotic stewardship improved appropriateness of 
initial broad spectrum antibiotics and actually decreased 
broad-spectrum antibiotic utilization in a multi-hospital  
system (18). Overall, the use of rapid molecular diagnostics 
to improve time to appropriate, targeted therapy has shown 
positive clinical effects both in terms of patient outcomes 
and health care costs (19,20). Clearly, getting the right drug 
for the right bug has the potential to save lives and money.

The threat of emerging antibiotic resistance

The first antibiotic, penicillin, was discovered in 1928. 
Since then we have seen a tremendous improvement in 
global health and longevity. Unfortunately, emerging 
antimicrobial resistance is becoming one of the greatest 
threats to global human health. Less than two decades after 
his discovery of penicillin, Alexander Fleming noted that 
microbes become educated to resist penicillin (21). The 
time from development of a new class of antibiotics to the 
detection of resistance has been consistently decreasing (22). 
In a recent study of urinary tract infections diagnosed in 
the emergency department, up to 5% of positive cultures 
had extended-spectrum lactamase producing strains (23). 
Worse still, 46% of the patients had discordant initial 
empiric antibiotic coverage (i.e., antibiotics that do not 
cover the isolated strain). As more and more pathogenic 
bacteria develop resistance to multiple classes of antibiotics, 
previously treatable illnesses will become lethal. Addressing 
this challenge requires investment in not only new 
antimicrobial drug discovery but also rapid diagnostics and 
antibiotic stewardship to reduce the selective pressure for  
resistance (24).

Some words of caution

The combined qPCR-based ID + AST assay described by 
Andini et al. improves the time-to-result for ID and AST 
of a few BSI pathogens. This improvement surpasses both 
the current standard of care and many of the emerging 
technologies coming to market (14) in terms of both ID and 
phenotypic AST. As such, it is anticipated that, if implement 
on a larger scale, this assay could improve both individual 
patient outcomes as well as emerging antibiotic resistance 
by reducing the utilization of broad-spectrum antibiotics 
in favor of appropriate targeted therapy. That said, some 
caution is required with this optimism. First, the assay still 
relies on culture enrichment of the bacteria in Mueller-
Hinton broth for detection. While dramatically reducing 
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the culture time, the other limitations of blood culture (as 
noted above) remain. Specifically, like traditional blood 
cultures this system will have poor sensitivity for fastidious 
organisms and may under perform in biofilm infections 
where bacteria have reduced growth rates. Likewise, the 
potential for contamination by rapidly growing commensal 
skin strains remains high and therefore may lead to 
false positives. Second, the initial sample processing to 
remove leukocytes may reduce the potential detection of 
intracellular pathogens (e.g., Salmonella, Legionella, and 
Mycobacterium). Additionally, the exceedingly common 
BSI pathogen S. aureus, which was once considered an 
extracellular pathogen, can survive and even replicate 
within phagosomes thus evading immune detection and 
clearance (25). Therefore, under certain conditions, S. 
aureus may also evade detection by this strategy. Third, this 
proof-of-concept study only evaluated four common BSI 
pathogens. While this group represents roughly a third of 
all BSIs, the process for multiplex scale-up is certainly not 
trivial. Fourth, the direct inoculation method of AST used 
here represents a paradigm shift from conventional AST. 
Typically, bacterial growth in the presence of antibiotics 
is measured by optical density to determine susceptibility. 
However, this method is highly sensitive to the initial 
inoculum and therefore requires subculture from a positive 
blood culture bottle to obtain a standard concentration. 
The method described using a △Ct from qPCR to 
determine response to antibiotics removes the subculture 
step and is less sensitive to initial inoculum. While the use 
of direct inoculation methods is gaining traction there is 
significant inertia to challenge current standards to define 
resistance by MIC and breakpoints. The activation energy 
to replace this industry standard will be quite high. Taken 
together, these concerns suggest that the qPCR-based ID + 
AST system (though likely to be beneficial) will be unable 
to fully replace traditional blood culture. However, even 
as a purely additive strategy, rapid diagnostics coupled to 
antibiotic stewardship programs have demonstrate cost  
effectiveness (19).

A challenge for future work

At this point the significance of BSI including medical 
device associated BSI and resulting sepsis should be clearly 
evident. Furthermore, the potential benefits of improved 
diagnostics not just around predicting outcomes in sepsis 
but rather identifying culprit pathogens and their antibiotic 
susceptibility are equally obvious. In pursuing that goal, 

the assay described by Andini et al. is capable of reducing 
exposure to empiric broad spectrum antibiotics to a single 
dose (Figure 1). Indeed, it motivates a greater challenge. 
Can empiric broad spectrum antibiotics be eliminated all 
together? Will the continued improvement of diagnostic 
technologies allow for ID and AST in less than hour? 
Imagine a future where new antibiotics are narrow, even 
species specific and prescribed initially based on rapid, 
molecular, culture-free, diagnostics. The development 
of the qPCR ID + AST assay represents a collaboration 
b e t w e e n  E m e r g e n c y  M e d i c i n e  a n d  M e c h a n i c a l 
Engineering. This type of multidisciplinary approach is 
key to future success on this challenge. There are myriad 
of technologies at all developmental stages including 
chiroplasmonic nanomaterials (26,27), quantum tunneling 
enzymatic detection (28), magnetic resonance (29), and  
microfluidics (30) that may have impact in this space if 
given sufficient resources for multidisciplinary collaborative 
research and translation. Diagnostic-selected, narrow-
spectrum antimicrobials are an obvious manifestation of 
precision medicine for infectious diseases and is clearly 
worthy of future pursuit and financial investment. 
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