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Patient management is not based on a single decision. Rather, it is dynamic: based on a sequence of decisions, with therapeutic adjust-
ments made over time. Adjustments are personalized: tailored to individual patients as new information becomes available. However, 
strategies allowing for such adjustments are infrequently studied. Traditional antibiotic trials are often nonpragmatic, comparing drugs 
for definitive therapy when drug susceptibilities are known. COMparing Personalized Antibiotic StrategieS (COMPASS) is a trial design 
that compares strategies consistent with clinical practice. Strategies are decision rules that guide empiric and definitive therapy deci-
sions. Sequential, multiple-assignment, randomized (SMART) COMPASS allows evaluation when there are multiple, definitive therapy 
options. SMART COMPASS is pragmatic, mirroring clinical, antibiotic-treatment decision-making and addressing the most relevant 
issue for treating patients: identification of the patient-management strategy that optimizes the ultimate patient outcomes. SMART 
COMPASS is valuable in the setting of antibiotic resistance, when therapeutic adjustments may be necessary due to resistance.
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Clinical patient management is not based on a single decision. 
Rather, it is dynamic: based on a sequence of decisions, with 
adjustments of therapy made over time. Adjustments are per-
sonalized: tailored to individual patients as new information 
about those patients becomes available.

Consider the treatment of serious bacterial infections. Here, 
there are 2 major decision-points regarding treatment selection: 
empiric and definitive therapies. Empiric therapy is selected 
based on the clinicians’ best judgment, given the often-limited 
information that is immediately available upon recognition of 
the clinical syndrome. Definitive therapy is selected once the 
organism identification, antibiotic susceptibility testing (AST) 
results, tolerability, and clinical course of the patient are known.

In the face of unknown information (eg, AST results, tolerabil-
ity), clinicians would benefit from understanding which strategy—
or sequence of decisions, based on up-to-date information at each 

step of the way—optimizes the patient outcome and experience. 
For example, a clinician may be interested in the effectiveness of 
the following strategy for a patient with blood culture–growing, 
Gram-positive cocci in clusters: start or continue vancomycin; if 
it turns out to be coagulase-negative staphylococci, stop antibi-
otics; if methicillin-susceptible Staphylococcus aureus, switch to 
cefazolin; if methicillin-resistant S. aureus, continue with vanco-
mycin, unless there are treatment-limiting side effects, in which 
case switch to daptomycin; or if blood cultures are persistently 
positive, for example, switch to ceftaroline or add ceftaroline.

Traditional antibiotic trials are often nonpragmatic (Table 1), 
comparing drugs or drug combinations for definitive therapy 
when drug susceptibilities are known. This reflects a focus on 
licensure rather than providing practical information for helping 
clinicians make treatment decisions by evaluating which deci-
sion-making strategies produce the best outcomes for patients 
in clinical practice: a distinction that often goes unrecognized. 
We propose a trial design framework to address these limitations 
and better inform decision-making in clinical practice.

COMPASS

COMparing Personalized Antibiotic StrategieS (COMPASS) is 
a trial design that compares strategies consistent with clinical 
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practice. A strategy is a decision-rule that guides patient treat-
ment, comprised of an empiric therapy decision combined with 
a personalized, definitive-therapy decision. The most import-
ant goal for clinical practice is to identify the strategy that pro-
duces the best ultimate outcome.

Consider the treatment of patients for complicated urinary 
tract infection (cUTI). Levofloxacin is a standard-of-care, em-
piric, oral therapy for cUTI that is effective in infections caused 
by levofloxacin-susceptible organisms. Levofloxacin resistance 
is common [1]; thus, some clinicians are concerned about pre-
scribing levofloxacin for a suspected cUTI. But suppose that 
when levofloxacin resistance exists, an adjustment of therapy 
can ultimately rescue the patient and elicit a positive outcome. 
In clinical practice, the important question is how the strategy 
of empiric, oral levofloxacin with an adjustment if levofloxacin 
resistance is discovered compares with an alternative strategy—
for example, utilizing an empiric regimen that covers levoflox-
acin-resistant organisms—with respect to the ultimate patient 
response.

There is an important distinction between a strategy and the 
treatments received. Patients on the same strategy can receive dif-
ferent treatments, due to different early responses or AST results. 
Consider the following strategy for the treatment of cUTI:

•	 Empiric treatment with oral levofloxacin; for definitive 
therapy, if AST indicates levofloxacin resistance, then change 
to an oral agent to which the organism is susceptible; other-
wise, continue levofloxacin.

Suppose Simon and Garfunkel are randomized to this strategy. 
At the definitive stage, Simon’s AST indicates levofloxacin re-
sistance; thus, Simon is switched to oral fosfomycin (as there is 
no other effective, oral alternative). Garfunkel’s AST indicates 
levofloxacin susceptibility; thus, Garfunkel remains on levo-
floxacin. Simon and Garfunkel receive different treatments, but 
are part of the same strategy. Either may ultimately fail or suc-
ceed at a test-of-cure visit. Here, the AST acts as the tailoring 
criterion for directing patient treatment at the definitive stage.

The tailoring criterion could also incorporate a short-term clin-
ical response: for example,toxicity, requiring a therapy adjustment. 
For example, the Antibacterial Resistance Leadership Group [2] 
is conducting a randomized trial comparing the above, oral, step-
down strategy with an alternative strategy for the treatment of 
cUTI: empiric treatment with a once-daily, 3-gram, oral dose of 
fosfomycin; for definitive therapy, if fosfomycin induces intolerable 
diarrhea, then the treatment is changed to levofloxacin; otherwise, 
fosfomycin is continued. Suppose Hall and Oates are randomized 
to this strategy. At the definitive stage, Hall has intolerable diarrhea; 
thus, Hall is switched to levofloxacin. Oates does not experience di-
arrhea; thus, Oates remains on fosfomycin. Hall and Oates receive 
different treatments, but are part of this same alternative strategy.

SMART COMPASS

When there are multiple definitive-therapy options, then a sequen-
tial, multiple-assignment, randomized (SMART) COMPASS trial 
can be considered. Sequential randomization [3–5] provides the 
opportunity to create new strategies, which differ with respect to 
definitive therapy selection, and compare them in a randomized 
setting. Trial participants requiring therapy adjustment at the de-
finitive stage can be re-randomized to the definitive therapy options 
to determine the optimal adjustment path and overall strategy.

For illustration, consider a trial evaluating treatments for in-
fection at a specific infection site, where Gram-stain results are 
known (Figure 1). Suppose there are 2 empiric treatment options: 
A1 and A2. Further, suppose that at the definitive stage, a patient 
remains on the original empiric therapy if the patient is respond-
ing well and AST results indicate susceptibility to the empiric 
therapy selection. However, if the patient is not responding well or 
the AST results indicate resistance to empiric therapy, then there 
are 2 definitive treatment options (B1 and B2) for patients on em-
piric A1 therapy and 2 definitive treatment options (B1 and B3) for 
patients on empiric A2 therapy. Adjustment options for patients 
on empiric therapies A1 and A2 may be similar or dissimilar.

Here, patients could be randomized to A1 or A2 for empiric 
therapy. If a patient is randomized to A1 and is not respond-
ing well or the AST results indicate resistance to A1, then 

Table  1.  Examples Illustrating a Lack of Pragmatism of Traditional 
Antibiotic Trials

• � Drugs are evaluated in subgroups of patients but, in the clinical setting, 
whether a patient belongs to the subgroup is unknown until after treat-
ment initiation. For example, drugs are often evaluated in patients with 
infections caused by susceptible organisms, but whether a patient’s infec-
tion is caused by a susceptible organism is unknown until after treatment 
initiation.

• There is a focus on evaluating specific drugs rather than the therapeutic 
strategies that optimize ultimate patient outcomes. For example, a 
patient’s response is characterized as a failure if they change therapy—a 
subjective determination—though they may not ultimately clinically fail. 
Interest in patients that change therapy wanes, despite the opportunity 
to evaluate the next important step in clinical practice: therapeutic adjust-
ments that may effectively treat the patient.

• The overwhelming majority of patients with the infection of interest are 
not represented in clinical trials, as evidenced by the high screen-to-enroll-
ment rates observed in many trials.

•  Drugs are evaluated in 1 population in clinical trials but then used to treat 
a different population in practice. For example, in noninferiority (NI) trials, 
patients with recent prior therapy are excluded to ensure assay sensitivity 
to detect differences if they exist. But drugs approved on the basis of NI 
trials are used in patients with prior therapy.

•  NI trials are not conducted to address the question of which therapy is 
better to use for treating patients in practice. Furthermore, they often re-
quire eligibility restrictions that limit generalizability and the feasibility of 
enrollment.

•  Separate trials are often inefficiently conducted to address different re-
search questions, such as: How should the patient be treated if they have 
a resistant organism? How should the patient be treated if they do not re-
spond well to empiric therapy? How should the patient be treated if they 
do respond well to empiric therapy?

•  Empiric therapy carries downstream effects, affecting definitive therapy 
options and effectiveness. The compartmentalized evaluation of empiric 
therapy suffers from non-ignorable censoring of adverse events after 
empiric therapy discontinuation. The compartmentalized evaluation of de-
finitive therapy often suffers from poor generalizability, due to eligibility 
restrictions on empiric therapy.
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the patient will be re-randomized to B1 or B2. Otherwise, 
the patient will remain on A1. If a patient is randomized to 
A2 and is not responding well or the AST results indicate 
resistance to A2, then the patient will be re-randomized to 
B1 or B3. Otherwise, the patient will remain on A2. With this 
design, 4 treatment strategies (S1-S4) could be investigated 
(Figure 1).

Sequential randomization provides efficiencies compared to 
a traditional, 4-arm, randomized trial, where each trial par-
ticipant is randomized exactly once to 1 of the 4 strategies at 
the start of the trial. The efficiency stems from the fact that 
data from individual patients can contribute to the evaluation 
of multiple strategies. Suppose a patient is randomized to A1 
for empiric therapy and, subsequently, the AST indicates sus-
ceptibility and A1 is well tolerated; thus, A1 is continued. The 
experience of this patient is consistent with each of the first 2 
strategies: S1 and S2. Their data can be used to evaluate both 
strategies.

RESEARCH QUESTIONS ADDRESSED WITH SMART 
COMPASS

The SMART COMPASS design can be used to evaluate multiple 
research questions. The primary intent of SMART COMPASS 
is to compare strategies, consistent with the goal of finding the 
optimal clinical treatment plan rather than a single best drug. 
Note that each of the 4 strategies in Figure 1 could be compared 
in a pairwise manner (6 possible comparisons, in this case: 
S1 vs S2, S1 vs S3, S1 vs S4, S2 vs S3, S2 vs S4, and S3 vs S4). 
Research teams can evaluate and prioritize research questions, 
based upon the specific objectives of the trial, in order to ap-
propriately power the study, given that multiple comparisons 
[6, 7] between treatment strategies will be made. Note that 2 of 
the comparisons would involve a smaller number of patients. 
A comparison of S1 vs S2 represents a comparison of B1 vs B2 
for definitive therapy in patients with prior empiric A1 therapy 
whose AST indicates either resistance or intolerability to A1. 
A comparison of S3 vs S4 represents a comparison of B1 vs B3 

Figure 1.  Examples of the SMART COMPASS trial, comparing 4 strategies (S1-S4). Each panel highlights a distinct strategy in yellow. (A) In S1, initial randomization to 
empiric therapy A1. For definitive therapy, if AST indicates R or A1 is not tolerated, then path changes and is re-randomized to B1. Otherwise, path continues with definitive 
therapy A1. (B) In S2, initial randomization to empiric therapy A1. For definitive therapy, if AST indicates R or A1 is not tolerated, then path changes and is re-randomized to B2. 
Otherwise, path continues with definitive therapy as A1. (C) In S3, initial randomization to empiric therapy A2. For definitive therapy, if AST indicates R or A2 is not tolerated, 
then path changes and is re-randomized to B1. Otherwise, path continues with definitive therapy as A2. (D) In S4, initial randomization to empiric therapy A2. For definitive 
therapy, if AST indicates R or A2 is not tolerated, then path changes and is re-randomized to B3. Otherwise, path continues with definitive therapy A2. Abbreviations: AST, 
antibiotic susceptibility testing; DOOR, desirability-of-outcome ranking; QOL, quality of life; R, randomization; Re, resistance; S, susceptibility; SMART COMPASS, sequential, 
multiple-assignment, randomized trials for comparing personalized antibiotic strategies.
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for definitive therapy in patients with prior empiric A2 therapy 
whose AST indicates either resistance or intolerability to A2. 
Given that these 2 comparisons are restricted to subgroups of 
patients, they may be under-powered unless sample size adjust-
ments are made.

Secondary analyses may include comparing empiric ther-
apies (A1 vs A2), adjusting for or averaging over subsequent 
definitive treatments. Subgroup analyses based on baseline 
characteristics, such as susceptible diseases, can be conducted, 
as in other clinical trials. For example, a comparison of A1 vs A2 
in a subgroup of patients that is susceptible to both A1 and A2 
may be of interest in a regulatory setting.

Exploratory analyses may include evaluating how baseline 
factors or covariates measured in the empiric stage (eg, adher-
ence) affect definitive-treatment contrasts. This may inform fu-
ture revisions to the tailoring criterion, subsequently defining 
new strategies that may enhance personalized treatment.

We illustrate SMART COMPASS designs with 2 examples.

Example 1: Gram-negative Infection

Consider the treatment of patients with sepsis in the intensive 
care unit or the treatment of cancer patients with neutropenic 
fever: populations in which antibiotic-resistant, Gram-negative 
bacteria are common. Plazomicin is a novel, aminoglycoside 
antibiotic that has extended activity against a wide range of 
Gram-negative bacterial pathogens, including carbapenem-re-
sistant Enterobacteriaceae (CRE) [8]. However, how plazomicin 
should be used in clinical practice to optimally treat patients 
with infections remains unclear.

Some theorize that it would be added to a best-available therapy 
(BAT). However, it is unknown whether plazomicin would pro-
vide greater benefits in combination with BAT, compared to BAT 
alone. Furthermore, if it does provide benefits, it is unknown 
whether it would be optimal to add plazomicin to BAT at the 
empiric or the definitive therapy stage. The advantage of treat-
ing people with plazomicin at the empiric stage is that patients 
with CRE and other relevant pathogens for which plazomicin 
may have beneficial effects will be treated at the soonest possible 
time, optimizing their chance of a successful outcome. However, 
patients without CRE and other relevant pathogens would be 
sub-optimally exposed to plazomicin, but would be unlikely to 
benefit. Alternatively, unnecessary exposure to plazomicin could 
be avoided by delaying treatment to the definitive stage. However, 
the treatment of patients with infections due to CRE and other 
relevant pathogens that may benefit from plazomicin would be 
delayed a few days, potentially critically limiting its effectiveness.

A SMART COMPASS trial can be conducted to determine 
the optimal use of plazomicin (Figure 2). In the empirical stage, 
patients would be randomized to BAT alone vs BAT + plazo-
micin. For patients randomized to BAT alone, if laboratory 
testing indicates CRE or another relevant pathogen, then these 
patients would be re-randomized to BAT vs BAT + plazomicin. 

Here, BAT is not a specific drug, but a strategy of using the best, 
known therapy at a particular moment in time. For the patients 
randomized to BAT + plazomicin in the empirical stage, if labo-
ratory testing indicates that they do not have CRE or a relevant 
pathogen, then plazomicin can be withdrawn. This would result 
in a trial with 3 strategies (Figure 2) that could then be com-
pared with respect to the ultimate patient outcomes.

Example 2: Gram-positive Infection

Staphylococcus aureus bloodstream infection is a serious, 
common infection without a defined, optimal treatment 
strategy [9]. Current standard-of-care treatment involves ex-
tended durations of potentially-toxic antibiotics, long-term in-
travenous access, and blood draws for drug monitoring.

When treating patients with complicated S.  aureus blood-
stream infections, an important clinical question is identification 
of the best management strategy for the completion of therapy. 
Options may include continuing, switching, or intensifying 
initial therapy, depending on the clinical response. A SMART 
COMPASS design (Figure 3) could be used to evaluate options. 
Trial participants with methicillin-resistant Staphylococcus au-
reus bacteremia would be randomized to vancomycin or dapto-
mycin for initial therapy. Follow-up cultures would be obtained, 
per the standard of care. If the follow-up cultures were negative, 
then the initial, randomized agent would be continued. If the 
follow-up cultures were persistently positive, then trial partic-
ipants initially on vancomycin would be re-randomized to: (1) 
add ceftaroline, or (2) switch to ceftaroline. Trial participants 
initially on daptomycin would be re-randomized to: (1) add cef-
taroline, or (2) switch to ceftaroline. This produces a trial evalu-
ating 4 strategies (Figure 3).

Statistical Considerations

When using SMART COMPASS, complex statistical calcu-
lations are required for confidence interval estimation, hypo-
thesis testing, and sample size determination. The complexity 
arises from the fact that different strategies can “share” patients, 
in contrast to standard trials, where distinct patients are used 
for each arm. In Example 1, CRE-negative patients receive 
the same treatment; thus, they contribute to both strategies 
2 and 3.  This is statistically more efficient than traditional 
trials, where a single patient’s data only contributes to a single 
strategy. However, sharing patients adds complexity. To ob-
tain an unbiased estimate of the overall response for strategy 
2 (or 3), CRE-negative patients must be down-weighted rela-
tive to the CRE-positive patients in strategy 2 (or 3). Technical 
details are provided in the Supplementary Material, with a cata-
logue (Supplementary Table 1) of sample sizes, estimators, and 
parameters for the design described in Example 1.

As for any trial, the feasibility of a SMART COMPASS trial 
depends on the type of patients that can be enrolled. Consider 
the design from Example 1. If resistant pathogens are very rare, 
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then strategies 2 and 3 are virtually identical, and the trial is 
effectively a comparison of early plazomicin vs early BAT. In 
the planning stage, the feasibility of different designs should be 
thoroughly explored.

DISCUSSION

COMPASS may have an ethical attractiveness as a form of per-
sonalized medicine, tailoring adjustments to therapy based upon 
new, patient-specific information as it is obtained. Clinicians 
and patients may find this attractive, potentially increasing trial 
participation and retention.

COMPASS is pragmatic approach, mirroring antibiotic 
treatment decision-making processes as they unfold in clinical 
practice and addressing the most relevant question for treating 
patients: identification of the patient-management strategy that 
optimizes the ultimate patient outcomes. COMPASS is particu-
larly valuable in the setting of antibiotic resistance, where adjust-
ments to therapy may be necessary. Patients in the same strategy 
can receive different treatments. Consider a phage treatment 
where the phage is tailored based upon the specific infection. 

Though different patients will received distinct, tailored phages, 
interest lies in evaluating the strategy of phage application. The 
intervention is defined by the strategy, not solely by the biolog-
ical makeup. The evaluation of strategies represents the funda-
mental intention-to-treat principle, which states to analyze as 
randomized, regardless of the treatment received.

The pragmatic nature of COMPASS lends itself to pragmatic 
benefit:risk assessments and global outcomes, such as the desir-
ability-of-outcome ranking [10], where rank-based or partial 
credit analyses could be performed [11]. Simpler, traditional 
outcomes, such as treatment success, can also be evaluated. If 
there are costs to making adjustments, then adjustment-free 
treatment success can be evaluated as an outcome.

Industry sponsors typically prefer an evaluation of a specific 
drug and consider a change of therapy as a failure. But under-
standing ultimate patient outcomes in the presence of therapeu-
tic adjustments helps to inform the utility of empiric use. The 
importance and cost of a necessary therapeutic change depends 
on whether therapeutic adjustments effectively manage or res-
cue the patient.

Figure 2.  Example of Gram-negative SMART COMPASS trial, comparing 3 strategies (S1-S3). Each panel highlights a distinct strategy in yellow. (A) In S1, empiric therapy is BAT 
+ plazomicin. For definitive therapy, if a case has CRE or another specific pathogen, then continue BAT + plazomicin; if not, then switch to only BAT. (B) In S2, empiric therapy is BAT. 
For definitive therapy, if a case has CRE or another specific pathogen, then add plazomicin to BAT; if not, then continue with only BAT. (C) In S3, empiric therapy is BAT and definitive 
therapy is BAT. Abbreviations: BAT, best-available therapy; CRE, carbapenem-resistant Enterobacteriaceae; DOOR, desirability-of-outcome ranking; ICU, intensive care unit; QOL, 
quality of life; R, randomization; SMART COMPASS, sequential, multiple-assignment, randomized trials for comparing personalized antibiotic strategies.
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SMART COMPASS provides the opportunity to compare 
adjustment alternatives and evaluate which are optimal when 
adjustments are needed. It provides efficiencies, since individ-
ual patients can contribute to the estimation of outcomes for 
multiple strategies. SMART COMPASS can be viewed as a type 
of platform trial, given its multi-strategy focus.

SMART COMPASS trial results depend on, for example, the 
prevalence of resistance when ASTs are used as the tailoring cri-
terion. Since the goal of SMART COMPASS trials is to obtain 
answers for real-world questions in clinical practice, pragmatic 
enrollment strategies that mimic clinical practice, with trials 
utilizing fewer entry criteria restrictions, may be considered. 
However, an advantage of SMART COMPASS is that research-
ers can calibrate response rates and resulting treatment con-
trasts to resistance rates unobserved in the trial. The treatment 
contrast can be plotted as a function of the resistance prevalence 
and the resistance rate, representing a turning point at which a 
particular therapy can be identified as superior to another. This 

is particularly appealing given the dynamic nature of the patho-
gen population over time, due to resistance evolution and the 
geographic heterogeneity of resistance.

Disadvantages of SMART COMPASS include complicated 
logistics and analyses. Therapeutic adjustments create chal-
lenges for blinding. Sequential randomization creates opera-
tional complexities, with an additional stage of randomization. 
During sample size calculations and analyses, weighting of 
patients is required to obtain appropriate estimates of effects 
and associated standard errors. Estimates of the proportions of 
patients that will be re-randomized at the definitive treatment 
stage are required for sample size calculations.

When implementing SMART COMPASS, consenting trial 
participants should focus on the strategy, rather than individ-
ual treatments (although these will also be discussed) or stages 
of treatments, given the efficiency of consenting once rather 
than at each therapeutic stage. Although a goal of consenting 
to the strategy is to prevent loss to follow-up, a second stage of 

Figure 3.  Example of Gram-positive SMART COMPASS trial, comparing 4 strategies (S1-S4). Each panel highlights a distinct strategy in yellow. (A) S1 uses vancomycin, 
with or without ceftaroline. Initial therapy uses only vancomycin; for definitive therapy, if a follow-up blood culture is positive, then ceftaroline should be added. Otherwise, 
continue only vancomycin. (B) S2 uses either vancomycin or ceftaroline. Initial therapy uses only vancomycin; for definitive therapy, if a follow-up blood culture is positive, 
then ceftaroline should be used instead. Otherwise, continue only vancomycin. (C) S3 uses daptomycin, with or without ceftaroline. Initial therapy uses daptomycin; for de-
finitive therapy, if a follow-up blood culture is positive, then ceftaroline should be added. Otherwise, continue only daptomycin. (D) S4 uses either daptomycin or ceftaroline. 
Initial therapy uses daptomycin; for definitive therapy, if a follow-up blood culture is positive, then ceftaroline monotherapy should be used instead. Otherwise, continue only 
daptomycin. Abbreviations: BSI, bloodstream infection; dapto, daptomycin; DOOR, desirability-of-outcome ranking; MRSA, methicillin-resistant Staphylococcus aureus; QOL, 
quality of life; R, randomization; SMART COMPASS, sequential, multiple-assignment, randomized trials for comparing personalized antibiotic strategies vanco, vancomycin.
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randomization is a time at which trial participants may be more 
likely to drop out, as they may be most focused on the initial ther-
apy. Investigators must carefully explain the therapeutic strat-
egy foci, rather than specific interventions, and the importance 
of completing the complete strategy, regardless of therapeutic 
adjustments. Separate randomization at each stage, rather than 
a single, up-front randomization, has the advantage of allowing 
for stratified randomization at the definitive stage. During trial 
monitoring of COMPASS and SMART COMPASS trials, medical 
monitors and data-monitoring committees must transition the 
focus from evaluating the benefits and harms of specific drugs or 
drug combinations to evaluating the equipoise of the strategies.

Traditional randomized, controlled trials are designed to 
compare the safety and efficacy of specific drugs in a careful-
ly-controlled, circumscribed, clinical setting. This often does 
not reflect how the drugs are actually used in clinical prac-
tice. Clinical decision-making is not a single event: rather, it 
is a strategy; a series of decisions occurring over time as new 
information becomes available and as clinical events evolve. 
COMPASS and SMART COMPASS are pragmatic trial designs 
that address the practical questions in clinical practice by com-
paring therapeutic strategies.
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