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Abstract
Objective: To evaluate the efficacy and safety of PCT-guided antibiotic therapy compared with standard care in adult 
intensive care unit (ICU) patients with sepsis or septic shock.
Methods: PubMed, Scopus, the Cochrane Central Register of Controlled Trials (CENTRAL), and Web of Science were 
searched from database inception to January 2026 to identify randomized controlled trials (RCTs) comparing PCT-
guided antibiotic strategies with standard care in adult ICU patients with suspected or confirmed bacterial infections. 
The primary clinical outcome was all-cause mortality at the longest available follow-up, whereas the key antimicro-
bial stewardship outcome was duration of antibiotic therapy. Secondary outcomes included infection relapse, new 
infection or superinfection, antimicrobial-free days, clinical cure, and length of ICU or hospital stay. Random-effects 
meta-analyses were performed using intention-to-treat data. Trial sequential analysis (TSA) and the GRADE frame-
work were applied to assess the conclusiveness and certainty of the evidence.
Results: Sixteen RCTs involving 7,966 patients were included. PCT-guided therapy did not reduce all-cause mortality 
compared with standard care (RR = 0.99, 95% CI 0.92 to 1.06; p = 0.72), with trial sequential analysis indicating insuf-
ficient evidence to draw a definitive conclusion. In contrast, PCT-guided strategies significantly reduced antibiotic 
duration (MD = −1.51 days, 95% CI −2.24 to −0.78), with trial sequential analysis confirming a conclusive benefit. 
Procalcitonin guidance was associated with an increase in antimicrobial-free days without higher rates of new infec-
tion, superinfection, or clinical failure. Additionally, no significant differences were observed in ICU or hospital length 
of stay.
Conclusions: In adult ICU patients with sepsis or septic shock, RCT-guided antibiotic strategies were associated with 
reduced antibiotic exposure and increased antibiotic-free days, without a detectable improvement in survival. These 
findings support the use of procalcitonin as an adjunctive antimicrobial stewardship tool, provided that it is inte-
grated with clinical assessment, microbiological data, and sound clinical judgment.
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	�Introduction 
Sepsis is a life-threatening condition characterized by 
infection-induced immune dysregulation, resulting in 
acute organ dysfunction and high mortality among 
critically ill patients worldwide [1,2]. The timely ini-
tiation of appropriate antimicrobial therapy is a cor-
nerstone of international sepsis management and is 
consistently associated with improved survival and 
clinical outcomes [3,4].  However, effective antimicro-
bial management also requires careful determination 
of the optimal timing for antibiotic de-escalation or 
discontinuation to minimize antimicrobial resistance, 
drug-related adverse events, secondary infections, and 
avoidable healthcare costs [5–8]. In this context, rely-
ing solely on clinical improvement and nonspecific in-
flammatory markers may delay antibiotic discontinu-
ation, especially in critically ill patients with ongoing 
organ dysfunction. Therefore, adjunctive tools indicat-
ing resolution of infection may assist clinicians in mak-
ing individualized decisions regarding the duration of 
antibiotic therapy. 

Several biomarkers have been described for assessing 
infection severity and guiding antibiotic de-escalation 
strategies, with leukocyte count and C-reactive protein 
(CRP) being the most commonly used in clinical prac-
tice [9]. However, these markers may lack sufficient 
specificity in critically ill patients because they can be 
influenced by trauma, surgery, systemic inflammation, 
and noninfectious organ dysfunction. Among recent 
available biomarkers, procalcitonin, a calcitonin-relat-
ed gene product expressed by human epithelial cells in 
response to bacterial infections, has gained more atten-
tion as a biomarker with superior specificity and sensi-
tivity compared with CRP for monitoring the course of 
severe bacterial infections [10–13]. In February 2017, 
the US Food and Drug Administration approved proc-
alcitonin as a blood biomarker to support guidance of 
antibiotic therapy in patients with sepsis. Current sep-
sis guidance suggests that procalcitonin may be consid-
ered as an adjunct to support antibiotic discontinuation 
decisions in selected critically ill patients, while em-
phasizing that its use should complement rather than 
replace clinical judgment [14]. Although most rand-
omized trials of procalcitonin-guided strategies were 
designed to evaluate reductions in antibiotic exposure, 
emerging evidence suggests that these interventions 
may also influence mortality outcomes in critically ill 
populations. In this regard, a large, randomized trial 
conducted in the Netherlands reported a reduction in 

mortality associated with PCT-guided antibiotic thera-
py [5], whereas the recent ADAPT-Sepsis trial demon-
strated a non-significant difference in all-cause mortal-
ity at the last time point compared with standard care 
[15]. Given the conflicting results and a lack of robust 
evidence regarding the consistency of potential bene-
fits across different mortality time points, sepsis sever-
ity strata. Therefore, a comprehensive meta-analysis of 
RCTs is warranted to clarify the efficacy and safety of 
PCT-guided antibiotic therapy compared with stand-
ard care in adult patients with sepsis or septic shock 
and to inform evidence-based clinical practice recom-
mendations.

	�Methods 

Protocol Registration and Reporting Standards

This systematic review and meta-analysis protocol was 
developed in accordance with the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) [16] and follows the methodological guid-
ance outlined in the Cochrane Handbook for System-
atic Reviews of Interventions [17]. The protocol was 
registered in PROSPERO under registration number 
(CRD420261410435).

Information Sources and Search Strategy

A comprehensive and systematic literature search was 
conducted in MEDLINE (via PubMed), Scopus, the 
Cochrane Central Register of Controlled Trials (CEN-
TRAL), and Web of Science (WoS) from database in-
ception to January 2026, to identify RCTs evaluating 
PCT-guided antibiotic therapy compared with stand-
ard care or usual care in critically ill patients admit-
ted to the intensive care unit (ICU) with sepsis, sep-
tic shock, or suspected bacterial infection. A highly 
sensitive search strategy was developed using Boolean 
operators and a combination of MeSH terms and 
free-text keywords, including: “procalcitonin,” “PCT-
guided therapy,” “antibiotic discontinuation,” “stand-
ard care,” “sepsis,” “septic shock,” “bacterial infection,” 
and “intensive care unit”. No restrictions were applied 
regarding language, publication status, or publication 
date. A detailed search strategy for each database, in-
cluding all search terms, Boolean operators, and filters, 
is provided in the Supplementary Table 1. To ensure 
comprehensive coverage, forward and backward cita-
tion tracking was performed by manually screening the 
reference lists of included studies and relevant system-
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atic reviews, as well as identifying newer studies citing 
the included articles using Google Scholar. In addition, 
ClinicalTrials.gov and the WHO International Clini-
cal Trials Registry Platform (ICTRP) were searched to 
identify ongoing or unpublished trials.

Study Selection

All retrieved records were initially imported into End-
Note reference management software for duplicate 
removal. The deduplicated records were subsequently 
uploaded to the Rayyan web-based screening tool for 
further evaluation [18]. Study selection was conducted 
in two sequential stages. First, titles and abstracts were 
independently screened by two reviewers to assess 
eligibility according to the predefined inclusion and 
exclusion criteria. Second, the full texts of potentially 
eligible studies were retrieved and independently as-
sessed for final inclusion. Any discrepancies between 
reviewers at either stage were resolved through discus-
sion, and when consensus could not be reached, a third 
reviewer was consulted.

Eligibility Criteria and Outcomes

We included randomized controlled trials (RCTs) en-
rolling adult ICU patients with suspected or confirmed 
bacterial infection, including suspected sepsis, sepsis, 
severe sepsis, or septic shock, regardless of infection 
source, as defined by the original trial investigators 
using SIRS-based criteria, Sepsis-2, Sepsis-3, or trial-
specific definitions of suspected infection. Eligible in-
terventions included PCT-guided antibiotic strategies 
in which initiation, continuation, escalation, de-escala-
tion, or discontinuation of systemic antibiotic therapy 
was guided by serial procalcitonin measurements ac-
cording to a predefined algorithm or protocol. Com-
parator groups consisted of standard care, usual care, 
or guideline-based antibiotic management relying on 
clinical judgment without reference to procalcitonin 
values. Only RCTs conducted in ICU settings were 
included, with no restrictions on language or pub-
lication date. Studies were excluded if they involved 
pediatric populations, were conducted exclusively 
outside the ICU, evaluated biomarkers other than 
procalcitonin without a PCT-guided algorithm, used 
non-randomized designs, or focused on infections re-
quiring predefined prolonged antibiotic therapy where 
biomarker-guided discontinuation was not clinically 
appropriate. Eligible studies were required to report at 
least one prespecified outcome of interest. The primary 

clinical outcome was all-cause mortality at the long-
est available follow-up, whereas the key antimicrobial 
stewardship outcome was duration of antibiotic ther-
apy. The secondary outcomes included length of ICU 
stay or hospital stay, infection relapse or recurrence, 
new infection or superinfection, antibiotic-free days, 
and clinical cure.

Data Extraction

Data extraction was performed using a predefined, 
structured data extraction sheet developed in Microsoft 
Excel. The extraction sheet captured key information 
across three main domains: study summary charac-
teristics, baseline patient characteristics, and outcome 
data (including all prespecified primary and secondary 
outcomes). Data were extracted independently by two 
reviewers. Any discrepancies identified during the ex-
traction process were resolved through discussion and 
consensus, and when agreement could not be achieved, 
a third reviewer was consulted.

Risk of Bias Assessment

The risk of bias of included RCTs was independently 
assessed by two reviewers using the Cochrane Risk of 
Bias 2 (RoB 2) tool [19], which evaluates bias arising 
from the randomization process, deviations from in-
tended interventions, missing outcome data, measure-
ment of outcomes, and selection of the reported results. 
Each study was judged as having low risk of bias, some 
concerns, or high risk of bias according to the RoB 2 
algorithm. Any disagreements between reviewers were 
resolved through discussion and consensus.

Data synthesis and statistical analysis

All statistical analyses were performed using Stata/SE 
version 19.5 (StataCorp, College Station, TX). Data 
from all eligible trials were analyzed strictly according 
to the intention-to-treat (ITT) principle, whereby par-
ticipants were retained in their originally randomized 
groups regardless of treatment adherence, crossover, or 
protocol deviations. For dichotomous outcomes, treat-
ment effects were pooled as risk ratios (RRs) with cor-
responding 95% confidence intervals (CIs). For con-
tinuous outcomes, effects were summarized as mean 
differences (MDs) with 95% CIs. When continuous 
data were reported as medians with interquartile rang-
es or ranges, these were converted to means and stand-
ard deviations using established statistical methods 
before pooling. Study-specific effect sizes were pooled 
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using a random-effects DerSimonian–Laird model, ac-
counting for anticipated clinical and methodological 
heterogeneity across studies. Statistical heterogeneity 
was assessed using Cochran’s Q test, the I² statistic, and 
between-study variance (τ²), with I² values of approxi-
mately 25%, 50%, and 75% interpreted as indicating 
low, moderate, and substantial heterogeneity, respec-
tively. Additional graphical and exploratory analyses 
were performed to assess consistency and potential bi-
ases. L’Abbé plots were generated to visualize the risk–
benefit ratio for each included study, while Galbraith 
plots were used to identify potential outliers and sourc-
es of heterogeneity. Funnel plots were constructed to 
visually assess small-study effects and publication bias 
when a sufficient number of studies were available. To 
assess the robustness of the accumulated evidence and 
to minimize the risk of random errors arising from re-
peated significance testing, Trial Sequential Analysis 
(TSA) [20–22] was applied to both dichotomous and 
continuous outcomes. For dichotomous outcomes, we 
prespecified a two-sided α of 0.05, β of 0.20 (80% pow-
er), and an anticipated relative risk reduction of 10%, 
with the control event rate estimated from the pooled 
control groups across included trials. For continuous 
outcomes, the required information size was calcu-
lated using the observed variance, a prespecified clini-
cally meaningful mean difference, and adjustment for 
between-study heterogeneity based on the random-ef-
fects model variance. In both analyses, O’Brien–Flem-
ing α- and β-spending boundaries were applied. The 
evidence was considered conclusive if the cumulative 
Z-curve crossed the conventional significance bound-
ary and the trial sequential monitoring boundary, or if 
the required information size was reached; otherwise, 
the evidence was considered inconclusive, indicating 
that further studies may be necessary. 

The Grading of Recommendations Assessment, De-
velopment, and Evaluation (GRADE) [23] framework 
was used to assess the certainty of the evidence and the 
strength of recommendations. Certainty of evidence 
was classified as high, moderate, low, or very low. High 
certainty indicates strong confidence that the estimated 
effect is close to the true effect, whereas moderate cer-
tainty suggests that further research may affect the esti-
mate. Low certainty implies that additional studies are 
likely to substantially influence the effect estimate, and 
very low certainty reflects considerable uncertainty, 
with the true effect potentially differing markedly from 
the estimated effect. The GRADE approach provides a 
transparent and systematic method for translating evi-

dence into clinical recommendations.
Prespecified subgroup analyses were conducted for 

mortality according to follow-up time points (ICU, in-
hospital, 28-day, 60-day, and 90-day mortality), and 
for both all-cause mortality and duration of antibiotic 
therapy according to baseline illness severity stratified 
by SOFA score categories (0–6, 7–9, and ≥10). 

	�Results

Literature Search

The literature search identified a total of 6,730 records 
from electronic databases. After removal of 687 du-
plicate records, 6,043 records remained for title and 
abstract screening, of which 5,950 were excluded as 
clearly irrelevant. Consequently, 93 full-text articles 
were retrieved and assessed in detail for eligibility. Fol-
lowing full-text review, 16 RCTs met the eligibility cri-
teria and were included in both the systematic review 
and meta-analysis [1,5,15,24–36]. The study selection 
process is illustrated in the PRISMA flow diagram (Fig-
ure 1).

Characteristics of the included studies and risk of 
bias assessment

Sixteen RCTs enrolling 7,966 patients were included, 
of whom 3,985 were allocated to a PCT-guided anti-
biotic strategy and 3,981 to standard care. Across tri-
als, baseline demographic characteristics were compa-
rable between groups. The overall weighted mean age 
of enrolled patients was 63.5 years, and 4,747 patients 
(59.6%) were male. Follow-up duration ranged from 28 
to 365 days, with a median follow-up of 60 days and 
a mean follow-up of 93.4 days. A detailed summary 
of study characteristics and baseline demographics is 
presented in Table 1. Risk of bias assessment using the 
Cochrane RoB-2 tool demonstrated that the majority 
of included randomized trials were judged to be at low 
overall risk of bias or to raise some concerns. In con-
trast, Hochreiter et al. (2009) [28] was assessed as being 
at high risk of bias, primarily due to insufficient report-
ing of the randomization process and lack of adequate 
allocation concealment (Figure 2).

Primary Effectiveness – All-cause death

The primary efficacy endpoint of all-cause mortality 
was evaluated across sixteen RCTs that enrolled 7966 
patients, of whom 3,985 were allocated to a PCT-guid-
ed strategy and 3,981 to standard care. The pooled 
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Fig. 1. PRISMA flow diagram

Fig. 2. Risk of bias assessment (ROB-2) for the included studies.
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effect estimate using a random-effects DerSimonian–
Laird model demonstrated no statistically significant 
difference in all-cause mortality between groups (RR 
= 0.99, 95% CI 0.92 to 1.06, p = 0.72). Between-study 
heterogeneity was negligible, with no evidence of sta-
tistical inconsistency (τ² = 0.00; I² = 0.0%; Cochran’s 
Q(15) = 7.40, p = 0.95) (Figure 3). Leave-one-out sen-
sitivity analyses confirmed the robustness of the pooled 
estimate, with sequential omission of individual trials 
having no impact on the direction, magnitude, or sta-
tistical significance of the overall effect (Supplementary 
Figure 1). Additionally, subgroup analyses stratified by 
baseline SOFA score demonstrated no statistically sig-
nificant differences in all-cause mortality across sever-
ity strata, including patients with SOFA scores 0–6 (RR 
= 0.90, 95% CI 0.79 to 1.03; p = 0.11), SOFA scores 7–9 
(RR = 1.06, 95% CI 0.93 to 1.22; p = 0.36), and SOFA 
≥10 (RR = 0.97, 95% CI 0.83 to 1.14; p = 0.74). The test 
for subgroup differences was not statistically significant 
(Qb(2) = 3.07; p = 0.22), indicating no evidence of ef-
fect modification by baseline SOFA score (Supplemen-
tary Figure 2). Subgroup analyses according to mortali-
ty time-point demonstrated consistent, non-significant 
effects across all predefined categories, including ICU 
mortality (RR = 1.08, 95% CI 0.83 to 1.41; p = 0.56), 
in-hospital mortality (RR = 1.07, 95% CI 0.81 to 1.41; 
p = 0.63), 28-day mortality (RR = 0.95, 95% CI 0.87 to 
1.04; p = 0.31), 60-day mortality (RR = 1.05, 95% CI 
0.92 to 1.20; p = 0.49), and 90-day mortality (RR = 1.00, 
95% CI 0.89 to 1.13; p = 0.96). There was no evidence of 
subgroup heterogeneity (Qb(4) = 2.07; p = 0.72) (Sup-
plementary Figure 3). Moreover, TSA demonstrated 
that the cumulative Z-curve did not cross monitoring 
boundaries for benefit or harm and remained within 
the futility region. Despite an accrued sample size close 
to the RIS, the evidence remains insufficient to draw 
firm conclusions regarding a small-to-moderate mor-
tality effect (Figure 4). The L’Abbé plot demonstrated 
that study estimates clustered around the line of no 
effect, indicating comparable event risks between the 
PCT-guided and control groups across included tri-
als (Supplementary Figure 4). Visual inspection of the 
funnel plot showed no major asymmetry, with studies 
distributed reasonably around the pooled effect esti-
mate, suggesting no strong evidence of publication bias 
(Supplementary Figure 5). 

Meta-regression analyses showed no significant as-
sociation between the treatment effect on all-cause 
mortality and any of the evaluated covariates, includ-
ing age, sex distribution, and baseline illness severity 

(SOFA score and APACHE II score). Similarly, no sig-
nificant effect modification was observed according to 
the presumed site of infection, including respiratory 
tract, intra-abdominal, urinary tract, skin and soft tis-
sue, and catheter-related infections. Overall, these find-
ings suggest that the effect of PCT-guided therapy on 
all-cause mortality was consistent across the examined 
study-level characteristics (Supplementary Table 2).

Primary Effectiveness – Duration of Antibiotic 
Therapy

The effectiveness outcome of duration of antibiotic 
therapy was evaluated across fourteen RCTs reporting 
antibiotic exposure in patients managed with a PCT–
guided strategy compared with standard care. Using 
a random-effects DerSimonian–Laird model, PCT-
guided therapy was associated with a statistically sig-
nificant reduction in antibiotic duration (MD = −1.51 
days, 95% CI −2.24 to −0.78; p < 0.0001). Substantial 
between-study heterogeneity was observed (τ² = 1.39; 
I² = 87.6%; Cochran’s Q(13) = 104.72, p < 0.001) (Fig-
ure 5). Leave-one-out sensitivity analyses confirmed 
the robustness of the pooled estimate, with sequential 
omission of individual trials having no material im-
pact on the direction or statistical significance of the 
overall effect (Supplementary Figure 6). Furthermore, 
subgroup analyses stratified by baseline SOFA score 
demonstrated a significant reduction in antibiotic du-
ration among patients with lower to intermediate dis-
ease severity, including those with SOFA scores 0–6 
(MD = −2.51 days, 95% CI −3.76 to −1.26; p < 0.0001) 
and SOFA scores 7–9 (MD = −1.64 days, 95% CI −2.51 
to −0.76; p < 0.0001). In contrast, no statistically sig-
nificant reduction was observed among patients with 
SOFA ≥10 (MD = −0.44 days, 95% CI −1.50 to 0.62; p 
= 0.42). The test for subgroup differences was statisti-
cally significant (Qb(2) = 6.43; p = 0.04) (Supplemen-
tary Figure 7). By TSA, the cumulative Z-curve crossed 
both the conventional boundary for statistical signifi-
cance and the trial sequential monitoring boundary for 
benefit, supporting a statistically reliable reduction in 
antibiotic duration with PCT-guided therapy. The ac-
crued sample size approached the RIS, indicating that 
the available evidence is sufficient and conclusive to 
support this finding (Figure 6). Heterogeneity was fur-
ther explored using the Galbraith plot, which identified 
two studies lying outside the 95% confidence limits of 
the regression line, indicating that these trials contrib-
uted to between-study heterogeneity (Supplementary 
Figure 8). Potential publication bias was assessed using 
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Fig. 3. Forest plot of all-cause mortality

Fig. 4. Trial sequential analysis of all-cause mortality
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Fig. 5. Forest plot of duration of antibiotic therapy

Fig. 6. Trial sequential analysis of duration of antibiotic therapy
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a funnel plot, which demonstrated marked asymmetry, 
with three studies imputed by the trim-and-fill method 
to restore symmetry (Supplementary Figure 9A-B). 
The adjusted analysis did not materially alter the over-
all effect estimate, suggesting that the observed asym-
metry may be attributable to limited available literature 
and underlying clinical heterogeneity rather than true 
publication bias. 

Meta-regression analyses identified several study-
level covariates associated with the effect on the du-
ration of antibiotic therapy. Sex distribution (female 
proportion) and baseline illness severity, as measured 
by the SOFA score, were significant moderators of the 
treatment effect, indicating that studies with a higher 
proportion of female patients and greater illness se-
verity tended to report longer durations of antibiotic 
therapy. In contrast, age, male sex distribution, and 
APACHE II score were not significantly associated 
with the treatment effect. Likewise, no significant effect 
modification was observed according to the presumed 
site of infection, including respiratory tract, intra-ab-
dominal, urinary tract, skin and soft tissue, and cathe-
ter-related infections (Supplementary Table 3). 

Secondary Clinical Outcomes

Using a random-effects DerSimonian–Laird model, 
pooled analyses demonstrated no statistically signifi-
cant differences between PCT-guided strategies and 
standard care across secondary clinical and safety out-
comes. Specifically, PCT-guided therapy was associated 
with a non-significant trend toward higher infection 
relapse (RR = 1.35, 95% CI 0.98 to 1.85; p = 0.06), with 
negligible between-study heterogeneity (I² = 0.0%; τ² 
= 0.00; p = 0.70) (Supplementary Figure 10). Similarly, 
no difference was observed in the occurrence of new 
infection or superinfection (RR = 1.00, 95% CI 0.82 
to 1.22; p = 0.98), with moderate heterogeneity noted 
across studies (I² = 33.2%; τ² = 0.01; p = 0.20) (Sup-
plementary Figure 11). In addition, clinical cure rates 
were comparable between groups (RR = 1.02, 95% CI 
0.81 to 1.28; p = 0.90), with no evidence of heteroge-
neity (I² = 0.0%; τ² = 0.00; p = 0.51) (Supplementary 
Figure 12).

Secondary Efficacy Outcomes

Antimicrobial-free days were reported across seven 
trials involving 1954 patients receiving a PCT-guided 
strategy and 1975 patients receiving standard care. The 
pooled estimate based on the random-effects DerSi-
monian–Laird method demonstrated that PCT-guided 

therapy was associated with a significant increase in 
antimicrobial-free days compared with standard care 
(MD = 1.19 days, 95% CI 0.40 to 1.98; p < 0.0001), al-
though substantial heterogeneity was observed across 
studies (I² = 69.2%) (Supplementary Figure 13). In 
contrast, no statistically significant differences were 
observed in length of hospital stay (MD = −0.41 days, 
95% CI −2.15 to 1.33; p = 0.64; I² = 65.0%) or length 
of ICU stay (MD = −0.25 days, 95% CI −0.97 to 0.48; 
p = 0.51; I² = 72.6%) (Supplementary Figure 14). The 
GRADE assessment (Supplementary Table 4) indicat-
ed high-certainty evidence for all-cause mortality and 
new infection or superinfection; moderate-certainty 
evidence for duration of antibiotic therapy, infection 
relapse, clinical cure, and antimicrobial-free days; and 
low-certainty evidence for hospital or ICU length of 
stay.

	�Discussion
In this systematic review and meta-analysis of RCTs 
conducted in critically ill adult patients admitted to the 
ICU, we comprehensively evaluated the effectiveness 
and safety of PCT-guided antibiotic strategies com-
pared with standard care. Overall, PCT-guided therapy 
was not associated with a statistically significant reduc-
tion in all-cause mortality at any evaluated follow-up 
time point. However, PCT-guided strategies were asso-
ciated with a shorter duration of antibiotic therapy and 
more antibiotic-free days, without clear evidence of 
increased infection relapse, superinfection, or reduced 
clinical cure rates. These findings support the interpre-
tation that PCT-guided therapy functions primarily as 
an antimicrobial stewardship intervention rather than 
a survival-improving treatment.

Our analysis demonstrated no significant difference 
in all-cause mortality between PCT-guided therapy 
and standard care, despite the biological rationale sup-
porting PCT as a marker of bacterial infection sever-
ity and resolution. This finding was consistent across 
all predefined mortality time points, including ICU, 
in-hospital, 28-day, 60-day, and 90-day mortality, and 
across illness severity strata defined by SOFA score. The 
absence of heterogeneity in these analyses strength-
ens the robustness of this conclusion. According to 
GRADE assessment, this high-certainty evidence in-
creases confidence that PCT-guided therapy does not 
influence survival in critically ill patients. Mortality in 
critically ill patients with sepsis or suspected infection 
is multifactorial and influenced by host factors, co-
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morbidities, severity of organ dysfunction, adequacy 
of initial resuscitation, timeliness of source control, 
and overall quality of supportive care, rather than an-
tibiotic duration alone [1,37]. PCT-guided strategies 
inform decisions regarding antibiotic discontinuation 
rather than early initiation of empirical therapy, which 
are more likely to influence survival in septic patients. 
These conclusions are further strengthened by TSA, 
which demonstrated that the cumulative evidence did 
not cross boundaries for benefit or harm and entered 
the futility region, suggesting that further trials are un-
likely to reveal a clinically meaningful mortality effect 
of PCT-guided therapy in the ICU population. Notably, 
these findings are strongly reinforced by the recently 
published ADAPT-Sepsis, which includes the largest 
ICU-specific biomarker-guided antibiotic trial to date. 
ADAPT-Sepsis demonstrated that daily PCT-guided 
antibiotic discontinuation was noninferior to standard 
care for both 28-day and 90-day all-cause mortality, 
despite enrolling a population with substantial illness 
severity. The convergence of results between ADAPT-
Sepsis and the present meta-analysis provides compel-
ling contemporary evidence that PCT-guided strate-
gies do not confer a survival advantage in critically ill 
patients [15]. 

In contrast to mortality outcomes, PCT-guided ther-
apy was associated with a significant reduction in the 
duration of antibiotic therapy, with a mean decrease of 
approximately 1.5 days compared with standard care 
[1]. The TSA also confirmed this finding by statistically 
supporting a sufficient accumulation of information. 
Although substantial heterogeneity was observed, sen-
sitivity analyses demonstrated that the magnitude of 
effect was robust to the exclusion of individual studies. 
From a clinical perspective, modest reductions in anti-
biotic duration may translate into substantial benefits 
at both patient and system levels, including reduced 
risk of antibiotic-associated adverse events, decreased 
selective pressure for antimicrobial resistance, and 
lower healthcare costs [38]. These benefits are particu-
larly relevant in ICU settings, where the use of broad-
spectrum antibiotics is common, and antimicrobial 
resistance poses a growing threat. These benefits are 
particularly relevant in ICU settings, where the use of 
broad-spectrum antibiotics is common, and antimicro-
bial resistance poses a growing threat. The stewardship 
benefit observed in this meta-analysis is further sub-
stantiated by ADAPT-Sepsis, which reported a statisti-
cally significant reduction in total antibiotic duration 
of nearly one day in the PCT-guided group compared 

with standard care [15]. Subgroup analyses revealed 
that the reduction in antibiotic duration was observed 
among patients with low to intermediate illness sever-
ity (SOFA scores 0–6 and 7–9), whereas no significant 
reduction was observed in patients with SOFA scores 
≥10. This finding suggests that PCT-guided strategies 
may be less effective in patients with severe organ dys-
function, in whom persistent inflammation, secondary 
infections, or clinician concern regarding clinical in-
stability may override biomarker-based recommenda-
tions. 

In this analysis, PCT-guided therapy was noninfe-
rior to the standard of care for new infections, super-
infections, or failure to achieve clinical cure. Although 
a non-significant trend toward higher infection relapse 
was observed, the absolute risk difference was small, 
heterogeneity was negligible, and confidence intervals 
included unity, suggesting that this finding should be 
interpreted cautiously. Furthermore, PCT-guided ther-
apy was associated with a significant increase in antibi-
otic-free days, reinforcing its role in reducing unnec-
essary antimicrobial exposure without compromising 
patient safety. No significant differences were observed 
in ICU or hospital length of stay, indicating that re-
duced antibiotic use did not adversely affect short-term 
clinical recovery or resource utilization.

Substantial heterogeneity was observed for antibiotic 
duration and some secondary outcomes. This variabil-
ity likely reflects differences in PCT algorithms, cutoff 
thresholds, frequency of measurement, adherence to 
protocols, baseline illness severity, and local antimi-
crobial practices across trials. Galbraith plot analysis 
identified a small number of outlying studies that con-
tributed disproportionately to heterogeneity; however, 
excluding these studies did not materially alter the 
pooled estimates. Potential publication bias was sug-
gested by funnel plot asymmetry for antibiotic dura-
tion; however, trim-and-fill analysis did not change the 
overall effect size. This asymmetry may reflect clinical 
heterogeneity or selective reporting of stewardship-re-
lated outcomes rather than true publication bias.
The findings of the present meta-analysis are broadly 
consistent with the existing body of evidence evaluat-
ing PCT-guided antibiotic strategies in critically ill pa-
tients. Several large RCTs conducted in ICU popula-
tions have consistently demonstrated that PCT-guided 
algorithms reduce antibiotic exposure without a corre-
sponding increase in mortality. Notably, the PRORATA 
trial, which enrolled ICU patients with suspected bac-
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terial infections, showed a significant reduction in anti-
biotic duration in the PCT-guided group, while mortal-
ity at 28 and 60 days remained comparable to standard 
care [26]. Similarly, the SAPS trial, one of the largest 
ICU-based RCTs to date, confirmed that PCT-guided 
antibiotic discontinuation safely reduced antibiotic use 
without increasing 28-day or 1-year mortality, despite 
enrolling a population with substantial illness severity 
[5]. These findings have been corroborated by multiple 
meta-analyses. Earlier pooled analyses, including those 
by Schuetz et al. and Papp et al., reported significant 
reductions in antibiotic duration and exposure among 
critically ill patients managed with PCT guidance, with 
no adverse impact on survival [39,40]. However, many 
of these analyses combined heterogeneous patient 
populations, including non-ICU settings, or incorpo-
rated non-randomized studies, limiting the strength of 
causal inference. In contrast, our analysis exclusively 
included RCTs conducted in ICU settings, thereby 
minimizing clinical and methodological heterogeneity 
related to care environments. The inclusion of ADAPT-
Sepsis substantially strengthens the evidence base by 
providing high-certainty RCT data that align closely 
with our pooled estimates and reinforces the interpre-
tation of PCT guidance as a stewardship rather than a 
disease-modifying intervention [15].

More recent meta-analyses have suggested a poten-
tial mortality benefit of PCT-guided therapy in critical-
ly ill patients; however, these findings remain inconsist-
ent and controversial [41–43]. Differences in included 
study designs, outcome definitions, and follow-up du-
rations likely contribute to these discrepancies. Our 
subgroup analyses further refine the interpretation of 
prior evidence by demonstrating that reductions in an-
tibiotic duration are primarily driven by patients with 
low to intermediate illness severity, as defined by base-
line SOFA scores. This observation aligns with post 
hoc analyses of major RCTs, which have suggested that 
clinicians are more willing to adhere to PCT-guided 
discontinuation algorithms in clinically stable patients 
[44]. Such behavior may partially explain why anti-
biotic duration was not significantly reduced among 
patients with SOFA scores ≥10 in our analysis and 
underscores the importance of clinical context when 
applying biomarker-guided strategies. These findings 
reinforce that PCT-guided antibiotic therapy is best 
viewed as a stewardship intervention rather than a dis-
ease-modifying treatment [45]. 

Clinical implications

Taken together, these findings support the use of PCT-
guided antibiotic strategies as a safe, evidence-based 
antimicrobial stewardship intervention in critically ill 
patients, particularly among those with low to moder-
ate illness severity. In this population, PCT guidance 
facilitates earlier discontinuation of antibiotics with-
out compromising clinical outcomes, thereby reducing 
unnecessary antimicrobial exposure and its associated 
risks. However, the absence of a mortality benefit in-
dicates that PCT-guided therapy should not be ex-
pected to improve survival in the ICU setting, where 
outcomes are predominantly driven by disease severity, 
organ dysfunction, source control, and overall quality 
of supportive care.  The GRADE evidence profile sup-
ports strong confidence in this recommendation for 
stewardship purposes, while discouraging expectations 
of survival benefit. Importantly, PCT should not be ap-
plied as a standalone decision-making tool or used to 
override sound clinical judgment, especially in patients 
with severe organ failure, persistent hemodynamic in-
stability, or unresolved infectious sources [46]. Rather, 
the greatest clinical value of PCT appears to lie in its 
integration into structured antimicrobial stewardship 
protocols, where biomarker trends are interpreted in 
line with clinical trajectory, microbiological data, and 
complementary inflammatory markers, enabling in-
dividualized and context-sensitive antibiotic manage-
ment [47].

Strengths and limitations

This systematic review and meta-analysis have several 
important strengths. First, the analysis was restricted 
exclusively to RCTs conducted in adult ICU popu-
lations, thereby minimizing confounding related to 
study design and care setting and strengthening causal 
inference. Second, the large, pooled sample size and 
inclusion of nearly 8,000 critically ill patients provide 
substantial statistical power to detect clinically mean-
ingful effects, particularly for stewardship-related out-
comes. Third, all analyses were performed according to 
the intention-to-treat principle and adhered to rigor-
ous methodological standards. Fourth, the application 
of TSA represents a major methodological strength, as 
it allowed evaluation of the conclusiveness of the evi-
dence and mitigation of risks associated with random 
error and repetitive significance testing. Finally, pre-
specified subgroup analyses based on illness severity 
and mortality time points enhance the clinical inter-
pretability of the findings and provide nuanced insights 
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into patient populations most likely to benefit from 
PCT-guided strategies.

Several limitations merit consideration. Despite the 
exclusive inclusion of RCTs, substantial clinical heter-
ogeneity was observed for certain outcomes, particu-
larly duration of antibiotic therapy and length of stay. 
This heterogeneity likely reflects variability in PCT 
algorithms, cutoff thresholds, frequency of biomarker 
measurement, adherence to protocol recommenda-
tions, baseline illness severity, and institutional anti-
microbial stewardship practices across studies. Second, 
although funnel plot asymmetry was observed for an-
tibiotic duration, adjusted analyses using trim-and-fill 
methods did not materially alter the pooled effect es-
timates, suggesting that the observed asymmetry may 
be attributable to limited study numbers or underlying 
clinical heterogeneity rather than true publication bias. 
Nevertheless, the possibility of small study effects can-
not be fully excluded. Third, the absence of individual 
patient-level data precluded more granular explora-
tion of effect modification by factors such as infection 
source, pathogen type, appropriateness of initial empir-
ical therapy, or dynamic changes in organ dysfunction. 
Fourth, clinician adherence to PCT-guided algorithms 
varied across trials and was incompletely reported, po-
tentially attenuating the observed effects and limiting 
generalizability to real-world settings. Finally, while 
TSA strengthened inference regarding mortality and 
antibiotic duration, it does not eliminate uncertainty 
related to long-term outcomes or rare adverse events, 
which remain insufficiently reported in the existing lit-
erature.

Future research

Future studies should focus on individual patient data 
meta-analyses to better identify subgroups most likely 
to benefit from PCT-guided strategies, standardization 
of PCT thresholds and protocols, and evaluation of 
combined biomarker approaches. Trials targeting spe-
cific ICU populations, such as immunocompromised 
patients or those with septic shock, may further refine 
the role of PCT-guided antibiotic management.

	�Conclusion
Overall, PCT-guided therapy was not associated with 
a statistically significant reduction in all-cause mortal-
ity at any evaluated follow-up time point, indicating no 
survival benefit in the available randomized evidence. 

However, PCT-guided strategies were associated with 
a shorter duration of antibiotic therapy and more anti-
biotic-free days, without clear evidence of increased in-
fection relapse, superinfection, or reduced clinical cure 
rates. These findings support the interpretation that 
PCT-guided therapy functions primarily as an antimi-
crobial stewardship intervention rather than a survival-
improving treatment.
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