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General discussion and summary

Antimicrobial resistance (AMR) represents a serious clinical and public health challenge.
The emergence of drug resistant bacteria has been paralleled by a stagnation in the anti-
biotic development pipeline. Currently, the biggest threat is posed by the antimicrobial
resistant ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) patho-
gens.' These pathogens are characterized by potent drug resistance mechanisms and
are a leading cause of severe multidrug resistant infections, especially in the nosocomial
setting. The acquisition of antimicrobial resistance genes by ESKAPE pathogens and
other multidrug resistant organisms (MDRO) has reduced the treatment options for
serious infections, and increased the death rates due to treatment failure worldwide.?

Infections with pathogens with reduced susceptibility to antibiotics are associated with
higher mortality compared to infections with their more susceptible counterparts.’ Data
suggest that this disparity may -in part- be the result of a mismatch of empiric therapy.>*
Therefore, the changing epidemiology of AMR requires constant adaptation of antimi-
crobial policy guidelines. Increasing resistance in major human pathogens, demands
further broadening of the empiric therapy with the aim to ensure adequate coverage.
At the same time, this leads to more consumption of broad-spectrum antibiotics and
contributes dramatically to the rising prevalence of resistance. Strategies to target the
use of antibiotics in the empiric setting are needed to escape from this vicious cycle of
increasing antimicrobial consumption and development of resistance in human patho-
gens.

No matter the strategy, empiric antibiotic therapy is inevitably accompanied by a certain
degree of uncertainty, as is ubiquitous in medicine.> Uncertainty about the pathogen
and the antimicrobial susceptibility pattern, are among the primary concerns. However,
uncertainty is not limited to the microbiological aspect alone. This thesis addressed the
uncertainties that are associated with empiric antibiotic therapy, how they affect daily
decision making, and how they can be tackled in antibiotic policy making and antibiotic
stewardship. In this chapter the results of these studies are summarized, and the poten-
tial implications are discussed.

FROM UNCERTAINTY TO PROBABILITY

Time to positivity as a tool in empiric antimicrobial treatment

At the time of the first assessment of the patient, the clinical diagnosis often remains
uncertain. Blood cultures are essential in the diagnostic process, in particular when the
source of the infection is not yet evident and the presence of bacterial infection is ques-
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tionable.® Historically, diagnosing or excluding bloodstream infection is the weakest link
in the diagnostic process, as bacterial growth of blood samples in culture media takes
several days. Because of the modernisation of blood culture methods, and the develop-
ment of continuous monitoring systems, the time to positivity (TTP) of blood cultures
has been reduced substantially during the past decades. In Chapter 2 we describe the
potential of time to positivity (TTP) in the diagnostic approach of patients with suspected
bacterial infections. The study shows that, in patients with bacteraemia, the majority
of blood cultures reached positivity within 24 hours. The probability of blood culture
positivity after 24 hours was 1.8% (95% Cl 1.46-2.14%). The knowledge that the prob-
ability of bacteraemia is very low when blood cultures have remained negative for 24
hours is valuable for clinical decision making. In particular if further diagnostics aimed
at identifying bacterial infection have not revealed an infectious source, the antibiotic
therapy deserves to be re-assessed.

For the application of this probability to the bedside, the pre-test probability of blood-
stream infection (BSI) in the individual patient should be considered. The pre-test
probability is largely dependent on the clinical syndrome, for example septic versus
non-septic patients, but may be difficult to estimate. Sepsis is defined as a life-threat-
ening organ dysfunction due to a dysregulated host response to infection. However,
the majority of patients in whom blood cultures are obtained, does not fulfill the sepsis
criteria and have a relatively lower pre-test probability of BSI. When the pre-test prob-
ability is high, for example in septic shock, the probability of bacteraemia at T=24 may
rise accordingly. On the other hand, in patients with sepsis and septic shock, bacterial
load is likely to be relatively high, and therefore TTP may actually be shorter.” So, when
it comes to the probability of BSI at T=24 hrs., the shorter TTP may - at least to some
extend- counteract the relatively high prevalence of BSI in septic patients.

A second factor to consider with regard to TTP, is the patient population. TTP may dif-
fer between patient populations with BSI, either because of patient characteristics or
because of the specific distribution of pathogens.® Patients with neutropenia constitute
a highly relevant subpopulation. During neutropenia, i.e an absolute neutrophil count
below 0.5 x 10° cells/L, patients are more susceptible to bacterial bloodstream infec-
tions, which are associated with substantial morbidity and mortality.” However, it is
notoriously difficult to distinguish bacterial infection from viral of fungal infection or
non-infectious pathology in this patient population.’ Chapter 3 shows that the finding
in the general population - that the probability of BSI is low after 24 hours - also applies
to patients with neutropenia. For some of the major pathogens, such as Staphylococcus
aureus, Enterobacterales and Pseudomonas aeruginosa, median TTP was low in patients
with neutropenia as compared to the general patient population. This may be explained
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by the fact that in the (near) absence of neutrophils, the bacterial load is higher, reflected
in alow TTP. In patients with neutropenia, excluding bacteraemia at an early time point
is at least as important as in the general population, as the differential diagnosis of
febrile neutropenia is broad. A low probability of BSI at T=24 hrs. may warrant early
diagnostics, i.e. additional imaging looking for insidious fungal infections.

Although guidelines advise extensively on the initial choice of empiric antibiotics in sep-
sis, there is limited research on the safety of de-escalation of antibiotic therapy, in im-
munocompetent nor immunocompromised patients. Currently, in immunocompetent
adults, the consensus is to discontinue antibiotic therapy when blood cultures remain
negative for 48 hours up to 96 hours and no primary site of infection has been identified.
With the results from Chapter 2 and 3, the 48 hour timespan should be questioned. The
current broad spectrum empirical treatment of 48 hours may thus be unnecessarily
longer than the time that is needed to diagnose bacteraemia. In the meanwhile patients
are exposed to potentially toxic therapy, antimicrobial resistance is enhanced and
health care costs increased. Both in the general patient population and in patients with
neutropenia, the potential gain is significant. The benefit of a TTP-guided de-escalation
approach would not be limited to the individual patient. Considering the vast number
of patients that present each day with suspected bacterial infections, it would impact
overall antimicrobial consumption as well.

Inaddition toits valueinthe assessment of the probability of BSI, TTP may also be helpful
in determining the probability of BSI with a specific class of pathogens. The distribution
of pathogens is relevant, as this may guide early de-escalation strategies. For example,
Chapter 3 shows that in patients with febrile neutropenia, the probability of BSI with a
Gram-negative aerobic pathogen is very unlikely when blood cultures have remained
negative for 24 hours. These results were confirmed in a recent prospective study.”
Guidelines for the treatment of febrile neutropenia recommend empirical treatment
for a minimum of 48-96 hours. To address the relatively high prevalence of colonization
with MDRO’s in patients with onco-haematological disease, the recommended regimens
are rather broad spectrum and include reserved antimicrobial agents. In the unlikely
event of a BSI with a TTP of more than 24 hours, the pathogens are most often Gram-
positive and/or anaerobic. Therefore, there is no rationale to delay the reassessment of
the spectrum of Gram-negative antimicrobial treatment beyond 24 hours, because of
pending blood culture results, as current international guidelines recommend to do.™
So, in addition to the potential value for the duration of antimicrobial therapy in general,
TTP may provide guidance with respect to the spectrum of empiric therapy, at different
points in time.
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Further research is needed to assess whether the duration of empirical antibiotic
therapy and/or its spectrum can be safely reduced using TTP. Informing the physician
about the remaining probability of blood culture positivity in his patient at T= 24 hours,
could in itself be an intervention that affects diagnostic strategy and/or empirical
therapy. Obviously, blood culture positivity is merely one of the factors that guide re-
assessment of empirical therapy. Knowledge of a low probability cannot directly be
translated to a potential for safe de-escalation. The clinical re-evaluation of the patient
and the results obtained with other diagnostics, i.e. microbiological tests and imaging,
are at least equally important. The outcome of re-assessment at 24 hours may therefore
be continuation of antibiotic therapy or even escalation, despite the preliminary blood
culture negativity. The different scenarios are depicted in figure 1. The real potential of
TTPin decision making, is that it enables incorporating the factor time in the differential
diagnosis of bloodstream infection. With TTP, antimicrobial therapy may be tailored
to optimally fit the probability of BSI versus alternative (infectious or non-infectious)
syndromes.

In Chapter 4 TTP is used as part of a clinical rule in patients with Staphylococcus aureus
bacteraemia (SAB). The purpose of this decision rule was not to diagnose BSI with S.
aureus, but to differentiate between uncomplicated and complicated SAB. A risk score,
composed of both clinical data and TTP was developed and validated externally. The
risk score performed fairly well in predicting complicated SAB. The risk score is however
insufficient to guide decision making ‘standing on its own’, but enables a more accurate
assessment of the probability of complicated SAB. This chapter illustrates that TTP may
not merely be used for the assessment of the probability of BSI over time, but also for
risk assessment and prognosis in SAB specifically.

There are limitations to the use of TTP in clinical practice. TTP reflects the bacterial
load in the blood and the microbial growth rate, but it is merely an indirect measure.
As a result, the use of TTP in clinical practice is hampered by many confounding fac-
tors, most importantly variation in the volume of blood in the bottles and variation in
transportation logistics. The time from collection of the blood culture sample to loading
of the bottle differs between hospitals. This affects TTP, limiting the generalizability of
the results, both in this thesis and in other publications. Future studies should be of a
multicenter, prospective design and account for these aspects. It is nevertheless worth
supporting further efforts to make use of the valuable information that TTP carries, that
up till now remains hidden for clinicians.
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Figure 1. Effect of early (24 hrs.) compared to late (48 hrs.) re-evaluation of empiric antimicrobial
therapy on antimicrobial consumption in 4 different scenarios.

24 hrs. 48 hrs.
START evaluation evaluation

‘ Legend
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24 hrs. evaluation point

48 hrs. evaluation point

Antimicrobial use if empirical Abx
is continued until re-assessment at
T=48 hrs.

Difference in antimicrobial use if
.| evaluation is brought forward 24
hours.

B | Discontinuation ‘ C | De-escalation: narrowing of spectrum

+ + + +

24 hrs. 48 hr.

E Continuation

Legend A) The timeline of antimicrobial therapy, in a patient with suspected bacterial infection. The source of infection and/
or the causative pathogen, cannot always be identified and the timing is variable. Re-evaluation of empirical antimicrobial
therapy at 24 hours, compared to 48 hours, has a potential impact on antimicrobial consumption of 24 hours and is largely
dependent of the findings at reassessment. In all exemplary scenario’s (B to E) the patient presents with sepsis of unknown
origin and empiric treatment with a third generation cephalosporin is started. B) Therapy is discontinued. Example: the
patient is stable at re-assessment, blood cultures are negative and there are no signs of localized infection. C) Therapy is
de-escalated to a narrower spectrum. Example: blood cultures have remained negative at T=24 hours, and re-assessment
reveals pneumonia. Therapy is narrowed to penicillin D) Therapy is escalated to a broader spectrum. Example: at the 24
hour re-assessment, the patients is hemodynamically unstable and deteriorating, empiric therapy is broadened by adding
an aminoglycoside. E) Continuation. Example: At T=24 the patient is clinically stable. Blood cultures have remained nega-
tive. The most probable source is a urinary tract infection. Therapy is continued awaiting urine cultures.
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Increasing antimicrobial resistance and the empiric treatment of sepsis
and bacteraemia

Previous chapters of this thesis provide insight in the probability of bloodstream infec-
tion at different points in time. The next question is whether the causative pathogen is
susceptible to the institutional antibiotic sepsis therapy. Empiric antibiotic treatment
needs to be tailored to the local setting, accounting for the local epidemiology of patho-
gens. Worldwide the prevalence of pathogens with resistance to empiric sepsis therapy
isincreasing. When to change standard sepsis therapy to a broader spectrum, is a recur-
rent dilemma. Using local clinical and microbiological data, Chapter 5 provides insight
in the probability of a mismatch of empiric therapy if different antibiotic strategies were
to be applied. The study shows that treatment adequacy rate can be increased, without
increasing inappropriate reserve antimicrobial consumption, by tailoring antimicrobial
therapy based on the probability of infection with a MDRO. We proposed a method to
calculate the probability of adequate empiric therapy in a predefined population and
to calculate the associated antimicrobial consumption. The number needed to treat
(NNT) provides insight into the number of patients that need to be treated with a reserve
antimicrobial agent to prevent an antibiotic mismatch in one patient. With the proposed
method, different antibiotic strategies can be compared.

To draw conclusions from the estimated NNT of different antibiotic strategies, it is es-
sential to consider the consequences of a mismatch in BSI. Although antibiotic therapy
may be the cornerstone in the treatment of bacterial infections, the magnitude of the
effect of a mismatch on patient survival is still a matter of debate. To decide on antibi-
otic therapy, and which adequacy rate of empiric therapy is - or is not- to be accepted,
knowledge on the effect of a mismatch in patient outcome is essential.

Chapter 6 shows that, in a cohort of patients with BSI, a mismatch of empiric therapy
was not independently associated with 14 day mortality. Disease severity scores were
relatively low in the patient cohort, and therefore the results are not applicable to
patients with severe sepsis and septic shock.” In these patients there are theoretical
grounds and previous studies indicating that delays in instituting adequate antimicro-
bial therapy are indeed causally linked to mortality. Nevertheless, the data described in
Chapter 6 suggest that, overall, the magnitude of the effect of adequate empiric therapy
in BSI may be overestimated in daily clinical practice. Mortality in BSI is multifactorial
and empiric antibiotic therapy may merely be a piece of the bigger puzzle. A correct
diagnosis, adequate fluid resuscitation, adjustment of antibiotics based on culture re-
sults, and source control, may be even more important determinants of patient survival.
The fact that adequate empiric therapy may not be the ‘holy grail’, is relevant when
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evaluating the NNT to prevent a mismatch of antibiotic therapy. Ultimately, we do not
aim to treat the micro-organism, but the patient that has the infection.

FROM PROBABILITY TO DECISION MAKING

Decision making in clinical practice

As described in previous chapters, prescribing antimicrobial therapy -by its very nature-
involves decision making under uncertainty."*"> Under such uncertainty, antimicrobial
prescribing is not solely driven by an objective consideration of the available facts, as
no human behaviour is. It is driven by attitudes and values, in response to intrinsic and
extrinsic stimuli. For example social team dynamics and personal reputation, among
others, may be prominent determinants of prescription behaviour. In Chapter 7, a theo-
retical framework was developed to describe the determinants of antibiotic prescription
behaviour. Decision making under uncertainty is - and will always be- entangled with
medical practice. Therefore medical students should be educated on the determinants of
their own professional behaviour to raise awareness of the complexity of the decisional
environment.'® Education on the non-medical factors, such as social team dynamics,
that may influence the decisions doctors make in daily practice, is underrepresented in
medical curricula.*

Teaching the clinical examples of cognitive biases in decision making creates awareness
and may increase the resistance of medical students to these effects. An illustration
is the propensity to resolve uncertainty by action rather than inaction and how this is
likely to result in overly broad antibiotic therapy. A successful balance of certainty and
uncertainty can only be achieved if professionals are aware of just how complex the
decisional environment is and what the pitfalls are.

Education on determinants of decision making in medicine should not stop with attain-
ing the medical degree. Some of the strongest determinants of prescription behaviour,
such as hierarchy and team dynamics, become even more apparent on the working floor.
Discussions in peer group meetings may raise alertness to social aspects that influence
medical decision making, and provide doctors with experience and tools to recognize
and counteract potentially undesirable factors.

On a different level, knowledge of the determinants of antibiotic prescribing may be
used for stewardship purposes.'’ For example, in order to efficiently improve adherence
to antibiotic guidelines, it is essential to identify the determinants of non-compliance
and target the improvement strategies accordingly. Further research should therefore
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focus on quantifying the relative importance of individual determinants of antibiotic
prescribing.'®

Antibiotic policy making

The first part of this thesis addresses uncertainties associated with empiric therapy and
provides a starting point to estimate the probability of BSI and antimicrobial resistance.
It enables the adjustment of empiric antimicrobial therapy to the local pathogen
prevalence and susceptibilities, as current guidelines on antibiotic stewardship stress
to do.” However, even the most advanced calculations, will not solve the central ques-
tion: when to escalate empiric therapy to a broader spectrum. Ultimately it needs to be
decided which adequacy rate and which NNT are acceptable. This is a question that may
only be answered when both clinical data, local epidemiology and ethics are combined
in a balanced way. A method to determine the antimicrobial resistance threshold above
which antibiotic therapy should be adjusted to a broader spectrum, has never been
universally agreed upon.

In Chapter 8 we have constructed a framework to combine clinical and epidemiological
data with ethics, to address antibiotic policy dilemma’s. The first part of the framework
is aimed at retrieving the required clinical and epidemiological (local) data, identifying
the uncertainties and estimating probabilities as discussed in the first part of this thesis.
The second part builds on the available data, by putting them in an ethical perspec-
tive. In a moral deliberation session, involving all relevant stakeholders, the dilemma is
evaluated. The framework does not aim to deliver ‘the correct answer’, but it structures
the different aspects of antibiotic policy dilemmas in an era of antimicrobial resistance.

The ethical aspects involving antimicrobial therapy are complex, as the consequences of
today’s antibiotic policy transcend the individual patient, and even the current genera-
tion. It may be because of this complexity, that the ethical aspects often remain implicit
in today’s antibiotic guidelines on empiric therapy. Regardless of the method or frame-
work that is used, guidelines should report thresholds, e.g. the resistance rate at which
a change of antimicrobial class is recommended. More importantly, both the scientific
and ethical considerations that lie at the base of the recommendations, should be made
explicit. This transparency would enable local antibiotic policy makers, to translate
international guidelines into local policy. Furthermore it may launch and support the
debate on important questions, such as which degree of uncertainty is acceptable in
empiric therapy, and how the interests of current and future generations relate to each
other. As these questions are relevant for each dilemma on empiric antibiotic therapy,
regardless of country and setting, more research should be directed on how to better
integrate this ethical dilemma into antibiotic policy making.
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CONCLUSIONS

In conclusion, it is essential that strategies are developed and implemented to optimize
empiric therapy in those who need it, while minimizing exposure to broad-spectrum
therapy in patients who will not benefit from it. Prediction tools to estimate the risk of
BSI, antimicrobial resistance and/or complications, allow the targeting of antimicrobial
regimens and support de-escalation strategies. These strategies should incorporate local
epidemiology and the severity of the clinical syndrome, while balancing the importance
of a match of empiric therapy against the pitfalls of overuse of broad-spectrum therapy.
To design those strategies, thresholds should be determined on which uncertainties are
-and are not- tolerable. To this aim ethics should be incorporated into antibiotic policy
making explicitly.
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