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Abstract

There was inconsistent evidence regarding the use of matrix- assisted laser 

desorption/ionization time- of- flight mass spectrometry (MALDI- TOF MS) for 

microorganism identification with/without antibiotic stewardship team (AST) 

and the clinical outcome of patients with bloodstream infections (BSI). In a 

systematic review and meta- analysis, we evaluated the effectiveness of rapid 

microbial identification by MALDI- TOF MS with and without AST on clinical 

outcomes. We searched PubMed and EMBASE databases from inception to 

1 February 2022 to identify pre– post and parallel comparative studies that 

evaluated the use of MALDI- TOF MS for microorganism identification. Pooled 

effect estimates were derived using the random- effects model. Twenty- one 

studies with 14,515 patients were meta- analysed. Compared with conven-

tional phenotypic methods, MALDI- TOF MS was associated with a 23% re-

duction in mortality (RR = 0.77; 95% CI: 0.66; 0.90; I2 = 35.9%; 13 studies); 

5.07- h reduction in time to effective antibiotic therapy (95% CI: −5.83; −4.31; 

I2  = 95.7%); 22.86- h reduction in time to identify microorganisms (95% CI: 

−23.99; −21.74; I2 = 91.6%); 0.73- day reduction in hospital stay (95% CI: −1.30; 

−0.16; I2  = 53.1%); and US$4140 saving in direct hospitalization cost (95% 

CI: $- 8166.75; $- 113.60; I2  = 66.1%). No significant heterogeneity sources 

were found, and no statistical evidence for publication bias was found. Rapid 

pathogen identification by MALDI- TOF MS with or without AST was associ-

ated with reduced mortality and improved outcomes of BSI, and may be cost- 

effective among patients with BSI.
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INTRODUCTION

Bloodstream infection (BSI) is a major cause of sepsis 
affecting approximately millions of people worldwide 
each year (Laupland et al., 2007). The timeliness and 
appropriateness of antibiotic treatment are critical fac-
tors for patients' survival, which largely depend on the 
microbiology test results of blood cultures (Diekema 
et al.,  2004; Peterson et al.,  2001). Without culture- 
based evidence for bloodstream infection, antimi-
crobial therapy cannot effectively treat the infections 
(Diekema et al.,  2004; Fridkin et al.,  2014; McNulty 
et al., 2011). Conventional blood culture methods may 
require an interval of 6– 60 h before the infective patho-
gens are identified from positive blood cultures (Kirn 
& Weinstein,  2013; McGowan et al.,  2000; Zadroga 
et al., 2013). Although Gram staining could provide a 
rapid report of the suspected pathogens, it does not 
allow a clear- cut discrimination between contamina-
tion and true BSI. Therefore, broad- spectrum empiri-
cal treatment based on clinical judgement remains the 
mainstay of treatment. However, it has been shown 
empirical antibiotics are suboptimal or unnecessary 
in 25%– 50% of patients (Vora et al., 2015; Willemsen 
et al.,  2007). Unnecessary antibiotics could lead to 
the development of antibiotic resistance, increased 
risk of Clostridiodes difficile or invasive fungal infec-
tion and excess healthcare cost (Costelloe et al., 2010; 
Fridkin et al.,  2014; Hecker et al.,  2003; MacDougall 
et al.,  2005; Patel et al.,  2008; Schultz et al.,  2014). 
Suboptimal antibiotics adversely impact the outcome of 
sepsis (Brunkhorst et al., 2012; Campion & Scully, 2018; 
Suffredini & Munford, 2011). Each hour's delay in effec-
tive antibiotic results in an estimated 7.6% decrease in 
survival (Chaudhary et al., 2014; Funk & Kumar, 2011; 
Kumar et al., 2006; Seymour et al., 2017).

The microbial identification by matrix- assisted laser 
desorption/ionization time- of- flight mass spectrometry 
(MALDI- TOF MS) accelerates the isolate identification 
process of blood cultures (Hettick et al., 2004; Holland 
et al., 1996; La Scola & Raoult, 2009). MALDI- TOF con-
tains two parts of technology. The matrix- assisted laser 
desorption/ionization (MALDI) technology desorbs and 
ionizes large biomolecules from bacteria or fungi, while 
the recorded time of flight (TOF) in the magnetic cham-
ber generates characteristic mass spectral fingerprints 
that are unique and ideal for an accurate microbial 
identification (Domon & Aebersold, 2006). MALDI- TOF 
MS can identify the characteristics of molecules within 
a few minutes; therefore, it was soon applied to identify 
microorganisms detected in blood cultures (Bessède 
et al.,  2011; Marklein et al.,  2009). Since 2010, com-
mercialized platforms for clinical use became available. 
The introduction of this technique in the clinical labo-
ratory alongside the microbiology staffing and report-
ing has significantly shortened the time of microbial 
identification.

Although this strategy has the potential to increase 
the appropriateness of empirical antibiotic therapy and 
ultimately improve patients' survival, several previous 
studies showed inconsistent results on the efficiency 
measures and patients' clinical outcomes. Hence, 
there is a need to systematically summarize the current 
evidence on the clinical and economic impact of the 
MALDI- TOF MS technology. The primary goal of this 
systematic review and meta- analysis was to determine 
the effectiveness of MALDI- TOF MS- based pathogen 
identification with or without antibiotic stewardship in 
improving the efficiency of microbiology report and clin-
ical outcomes.

EXPERIMENTAL PROCEDURES

Search strategy and selection criteria

A systematic literature review and meta- analysis were 
conducted in accordance with PRISMA recommenda-
tions (Page et al., 2021). PubMed and EMBASE were 
searched from inception of the database to 1 February 
2022, with the search terms (“matrix- assisted laser des-
orption ionization time- of- flight mass spectrometry” OR 
“MALDI- TOF” OR “mass spectrometry”) AND (“blood-
stream infection” OR “BSI” OR “bacteremia” OR “blood 
culture” OR “septicemia” OR “sepsis”). Two authors (Y- 
HS and ZC) independently assessed the eligibility of 
clinical studies. The searches and studies were not lim-
ited by publication date, country or language. To ensure 
the comprehensive acquisition of literature, independent 
supplemental manual searches were performed on the 
reference lists of retrieved articles and other minor data-
bases, including Web of Science, Cochrane databases, 
China National Knowledge Infrastructures (CNKI), Latin 
American and Caribbean of Health Sciences Information 
System (LILACS) and African Index Medicus (AIM). 
Medical Subject Heading (MeSH) and EMBASE TREE 
tool (EMTREE) were used to guide the choice of appro-
priate search terms in other databases.

Inclusion and exclusion

Two reviewers independently identified articles eligible 
for in- depth examination (Y- HS, W- TH). Studies were 
included if at least one of the following outcomes was 
analysed: (1) efficiency measures such as time to bacte-
riology identification or time to effective antibiotic therapy 
or time to optimal antibiotics; (2) clinical outcome meas-
ures such as length of hospital stay, length of intensive 
care unit (ICU) stay or mortality; and (3) economical 
measure such as total hospitalization costs. Relevant in-
terventions were defined as the use of MALDI- TOF MS 
for the identification of microorganism from blood culture 
with or without a dedicated antibiotic stewardship team. 



   | 2669
bs_bs_banner

MALDI- TOF MASS SPECTROMETRY RAPID PATHOGEN IDENTIFICATION

Studies using pre– post comparison or parallel compari-
son designs were deemed appropriate, whereas review 
articles, editorials, case studies, letters to the editor or 
studies without a comparison group were excluded. 
When multiple articles reported on the same study pop-
ulation, we included only the most detailed publication 
that met the inclusion criteria. Discrepancies on articles 
meriting inclusions between reviewers were resolved by 
a consensus meeting of three authors (C- CL, YHS and 
W- TH). Study selection is summarized in Figure 1.

Data extraction and quality assessment

Data were extracted on first author's surname, 
country, year of publication, study design, study 
population, number of participants, algorithm for 

microbiology examination, and outcome measures, 
outcome before and after intervention according to 
the outcome definitions, crude and adjusted effect 
sizes if available and confidence intervals (CIs) of 
all continuous variables if available. Risk of bias was 
assessed independently by two authors (C- HY and 
W- TH) using Quality Assessment Tool for Before– 
After (Pre– Post) Studies With No Control Group of 
U.S. National Heart, Lung, and Blood Institute (2014 ).  
The tool was adopted in our study by removing four 
of 12 criteria that were not applicable to our specific 
study designs. Four criteria were regarding blinding 
(question 8), follow- up (question 9), interrupted time- 
series design (question 11) and individual- level data 
adjustment (question 12). Our modified tool included 
eight assessment criteria (one point each, total of 
eight points; Table  S1). Studies were classified as 

F I G U R E  1  Study selection process
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low quality (fewer than three points), moderate quality 
(3– 5 points) or high quality (more than five points).

Statistical analysis

We followed the Cochrane Collaboration recommen-
dations for meta- analysis and PRISMA guidelines of 
observational studies in our data reporting (Higgins 
et al., 2019; Page et al., 2021). Heterogeneity was tested 
using the Cochran Q statistic (p < 0.10) and quantified 
with the I2 statistic, which describes the variation of ef-
fect size that is attributable to heterogeneity across 
studies (Cochran, 1950; Higgins et al., 2003; Higgins & 
Thompson, 2002; Ioannidis et al., 2007). Because of the 
expected clinical heterogeneity in the reported outcomes 
across studies, summary estimates were calculated 
using the inverse- variance weighting model according to 
the method of DerSimonian and Laird, which accounts for 
within-  and between- study heterogeneity (DerSimonian 
& Laird, 1986, 2015). Galbraith plots were used to visu-
alize the impact of individual studies on the overall ho-
mogeneity test statistic (Galbraith,  1994). Publication 
bias was examined visually through funnel plots and 
statistically through Begg and Egger's tests (Begg & 
Mazumdar, 1994; Egger et al., 1997; Stuck et al., 1998). 
Meta- regression was used for two purposes in this study. 
First, we performed a univariate meta- regression analy-
sis to identify whether trial- level covariates were a signifi-
cant source of heterogeneity. These covariates included 
mean age, bloodstream infection (general vs. specific 
pathogen), study quality, antibiotic stewardship team 
(presence or absence), time to pathogen identification 
and time to effective antibiotic treatment.

When the meta- regression was significant, effect 
sizes were stratified on the same study characteristics 
so that they were available as separate estimates for 
each stratum. Second, we evaluated the potential ef-
fect modification by meta- regression. We were inter-
ested to investigate whether the mortality reduction by 
MALDI- TOF MS rapid organism identification algorithm 
would be modified by time reduced in bacteriology 
identification or time to effective antibiotic treatment. All 
meta- analyses were performed using STATA 11, with 
the metan, metareg, and metabias, galbr, confunnel 
package, except the meta- regression plot was created 
by the metafor package of R. p < 0.05 was considered 
statistically significant unless otherwise specified.

RESULTS

Study inclusion and quality assessment

Our literature search identified 1769 studies from PubMed 
and 4170 studies from EMBASE (Figure 1). After remov-
ing duplicates and applying inclusion and exclusion 

criteria for the abstract screening, 35 studies remained for 
full- text review. A total of 21 studies were included in the 
final meta- analysis (Table 1). Of the included studies, nine 
studies received six points on the quality assessment 
tool, due to compromising generalizability and a limited 
sample size (Carreno et al., 2016; Clerc et al., 2013; Mok 
et al., 2019; Nagel et al., 2014; Osthoff et al., 2017; Puckett 
et al.,  2021; Shimamoto et al.,  2021; Vlek et al.,  2012; 
Wenzler et al., 2016). Ten studies received seven points 
(Delport et al., 2016; Huang et al., 2013; Jeon et al., 2018; 
Lo et al.,  2020; Lockwood et al.,  2016; López- Pintor 
et al., 2021; Niwa et al., 2019; Perez et al., 2013, 2014; 
Zadka et al.,  2019), two studies received eight points 
(Dixon et al.,  2021; MacGowan et al.,  2020), indicat-
ing high quality of study (Table S1). Overall, 14,515 pa-
tients were included for analysis. There were only two 
randomized controlled trials among the included studies 
(Dixon et al.,  2021; MacGowan et al.,  2020). However, 
both RCTs were actually the same study but with differ-
ent analyses. Accordingly, only the primary study was in-
cluded in the analysis.

The study characteristics are summarized in Table 1. 
Studies were conducted in nine countries between 
2012 and 2021. The countries most represented were 
the USA (eight studies) (Carreno et al.,  2016; Huang 
et al., 2013; Lockwood et al., 2016; Nagel et al., 2014; 
Perez et al., 2013, 2014; Puckett et al., 2021; Wenzler 
et al., 2016), Switzerland, Canada, Korea, Japan and 
the UK (two studies each) (Clerc et al., 2013; Osthoff 
et al., 2017); and the Netherlands, Israel and Spain (one 
study each) (López- Pintor et al., 2021; Vlek et al., 2012; 
Zadka et al.,  2019). Except three cohort studies and 
two RCT studies, the remaining 16 studies were one 
group pre– post studies.

Three studies (Delport et al., 2016; Vlek et al., 2012; 
Wenzler et al., 2016) were performed in children, while 
the other 18 studies were on adults (Carreno et al., 2016; 
Clerc et al., 2013; Dixon et al., 2021; Huang et al., 2013; 
Jeon et al., 2018; Lo et al., 2020; Lockwood et al., 2016; 
López- Pintor et al., 2021; MacGowan et al., 2020; Mok 
et al., 2019; Nagel et al., 2014; Niwa et al., 2019; Osthoff 
et al., 2017; Perez et al., 2013, 2014; Puckett et al., 2021; 
Shimamoto et al., 2021; Zadka et al., 2019). In six stud-
ies, MALDI- TOF MS bacterial identification was imple-
mented with antibiotic stewardship (Carreno et al., 2016; 
Huang et al.,  2013; Lockwood et al.,  2016; Nagel 
et al., 2014; Puckett et al., 2021; Zadka et al., 2019).

Effect of rapid pathogen identification by 
MALDI- TOF MS on mortality reduction

Pooled analysis of eligible studies showed that rapid 
pathogen identification by MALDI- TOF was associated 
with reductions in the in- hospital mortality of patient 
with BSI (23% reduction; RR 0.77, 95% CI: 0.66– 0.90; 
Figure 2). The mortality reduction tended to be more 
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pronounced when restricting analysis to adult studies 
(31% reduction; RR 0.69, 95% CI: 0.57– 0.84; nine stud-
ies) or to studies co- implemented with antibiotic stew-
ardship programme (35% reduction; RR 0.65, 95% 
CI: 0.49– 0.86; six studies) (Table 2). Different studies 
focused on different BSI populations, with some on 
Gram- negative and others on Gram- positive patho-
gens. As for studies that focused on all patients with 
BSI, the mortality reduction was similar to the overall 
pooled effect size (25% reduction; RR 0.75, 95% CI: 
0.60– 0.94; six studies). Eleven studies were using 28-  
or 30- day mortality, and the mortality reduction was 
also similar to the overall effect size (24% reduction; 
RR 0.76, 95% CI: 0.64– 0.89) (Table 2).

Other clinical and economic 
effect of MALDI- TOF MS rapid pathogen 
identification

In addition to mortality, rapid pathogen identification by 
MALDI- TOF mass spectrometry resulted in several other 
clinical and economic benefits. It reduced the time to ef-
fective antibiotic therapy (5.07 hours' reduction; 95% CI: 
−5.83 to −4.31, p < 0.0001), time to pathogen identifica-
tion (22.86 hours' reduction; 95% CI: −23.99 to −21.74, 
p < 0.0001), length of hospital stay (0.73 days' reduction; 
95% CI: −1.30 to −0.16, p = 0.012) and direct hospitali-
zation cost (4140.18 US$ saving; 95% CI: −8166.75 to 
−113.6, p = 0.044). However, the reduction in length of 
ICU stay was not statistically significant (0.20 days' re-
duction; 95% CI: −0.38 to 0.79, p = 0.494) (Table 3).

Heterogeneity, effect modification and 
publication bias

The heterogeneity of the effect estimates for mortality 
reduction as quantified by I2 was <30% for all sub-
groups. The heterogeneity among studies of differ-
ent clinical and economic outcomes, however, was 
large. These outcomes were presented with continu-
ous figures, and higher heterogeneity than the bino-
mial outcomes was reasonably expected. We did not 
find statistical outliers to account for the major source 
of heterogeneity by the Galbraith plot (Figure  3). 
Furthermore, the potential sources of heterogene-
ity were assessed through meta- regression, and no 
difference in any effect size estimate was found by 
specific study characteristics. To explore whether the 
mortality reduction by MALDI- TOF MS was modified 
by reduced time to bacteriology identification or time 
to effective antibiotics therapy, we meta- regressed 
the effect of mortality reduction (in the form of log rel-
ative risk) on the time reduction for all studies. There 
was a trend towards a more significant mortality re-
duction with more reduced time to effective antibiotic 
initiation (meta- regression, p = 0.016, slope, −0.003, 
95% CI: −0.006- 0.000); however, mortality reduc-
tion by MALDI- TOF MS was not modified by reduced 
time to bacteriology identification (meta- regression, 
p  =  0.495, slope, −0.027, 95% CI: −0.076; 0.022) 
(Figure 4). There was no evidence of publication bias 
as the funnel plot looked symmetrical (Figure 5), and 
the p- values for Begg and Egger's tests were >0.05 
(Table 2).

F I G U R E  2  Forest plot comparing in- hospital mortality between MALDI- TOF MS bacterial identification and conventional methods 
among patients with bloodstream infection.
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DISCUSSION

In this meta- analysis comprising 21 studies with 
14,515 patients, we showed that rapid pathogen iden-
tification by MALDI- TOF MS was associated with a 
mean reduction of 22.86 h for time to pathogen iden-
tification and 5.07 h for time to effective antibiotic 
therapy. The reduction in time to effective antibiotic 
therapy resulted in a pronounced reduction (23% 

reduction) in the in- hospital mortality among patients 
with BSI. The largest reductions were seen in stud-
ies co- implemented with antibiotic stewardship pro-
grammes (35% reduction).

Shorter time to effective antibiotic therapy in BSI pa-
tients diagnosed with MALDI- TOF MS was found sig-
nificantly associated with lower mortality, ranging from 
11% mortality reduction for 2.7- h reduction in time to 
effective therapy (Mok et al., 2019) to 58% mortality 

TA B L E  2  Summary risk ratios of mortality before and after the introduction of MALDI- TOF for identification of pathogen from blood 
cultures

Category
Number of 
studies

Summary estimate 
(95% CI) I2 (95% CI)

Meta- regression, 
p- Value

Publication bias 
(Egger's test, p- Value)

Mortality 13 0.77 (0.66, 0.90) 35.9 (0.0, 65.7) NA 0.227

Reporting 28-  or 30- day mortality 11 0.76 (0.64, 0.89) 41.1 (0.0, 69.5) 0.522 0.181

Purely adult population 9 0.69 (0.57, 0.84) 37.1 (0.0, 69.8) 0.103 0.269

MALDI- TOF with AST 6 0.65 (0.49, 0.86) 26.7 (0.0, 70.6) 0.189 0.799

MALDI- TOF without AST 5 0.77 (0.61, 0.98) 44.9 (0.0, 78.3) 0.947 0.424

Abbreviations: AST, antibiotic stewardship team; BSI, bloodstream infection; MALDI- TOF, matrix- assisted laser desorption/ionization time- of- flight mass 
spectrometry.

TA B L E  3  Summary mean difference of continuous outcomes before and after the introduction of MALDI- TOF for identification of 
pathogen from blood cultures

Number of studies
Mean difference (95% confidence 
interval) p- value I2

Time to effective antibiotics (h) 18 −5.07 (−5.83, −4.31) <0.0001 95.7

Time to pathogen identification (h) 14 −22.86 (−23.99, −21.74) <0.0001 91.6

Length of hospital stay (days) 12 −0.73 (−1.30, −0.16) 0.012 53.1

Length of ICU stay (days) 8 0.20 (−0.38, 0.79) 0.494 87.1

Direct hospitalization cost (US$) 5 −4140.18 (−8166.75, −113.60) 0.044 66.1

F I G U R E  3  Galbraith plot of MALDI- 
TOF MS bacterial identification associated 
with in- hospital mortality as compared to 
conventional methods: Galbraith plot did 
not disclose any statistical outlier for the 
main analysis (in- hospital mortality).
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reduction for 17.4- h reduction in time to effective ther-
apy (Perez et al.,  2014). Although the technology of 
MALDI- TOF MS itself is expensive, the application of 
MALDI- TOF MS in the clinical settings as in this study, 
however, could shorten the length of hospital stay by 
0.73 days with a resultant mean saving of U$ 4140.18 
for each patient's hospitalization cost.

One study included in our analysis did not show 
improvement in mortality. Wenzler et al.  (2016) eval-
uated the clinical and economic outcomes of MALDI- 
TOF MS combined with stewardship intervention with 
A. baumannii pneumonia and/or bacteraemia in which 
the majority of AB isolates were resistant to at least 
three antibiotics. They found rapid organism identifi-
cation by MALDI- TOF MS was associated with a 19% 
increase in clinical cure (15% vs. 34%, p = 0.02) and a 

decreased length of stay (13 [range 8– 18] vs. 11 [range 
7– 15] days, p = 0.02), despite no difference in 14- day 
mortality (20% vs. 25%, p = 0.53). Unlike other included 
studies, Wenzler et al.’s study included a group of pa-
tients with BSI caused by multi- drug- resistant bacteria. 
MALDI- TOF MS could not provide the drug sensitivity 
results and could only guide the empirical antibiotics. 
When A.  baumannii was identified, intravenous and/
or inhaled colistin plus minocycline was recommended 
by the antibiotic stewardship team. In addition, there is 
substantial evidence supporting the implementation of 
antibiotic stewardship programme as it results in mor-
tality reduction in patients with systemic infection (Baur 
et al., 2017; Karanika et al., 2016; Schuts et al., 2016). 
In this study, we did not find a significant incremental 
value of antibiotics stewardship to the rapid pathogen 

F I G U R E  4  Meta- regression to analyse the relationship between the mortality reduction by MALDI- TOF (log risk ratios) to the time 
reduced for effective antibiotic initiation (Panel A) and time reduced for bacteriology identification (Panel B). The effect of MALDI- TOF on 
mortality reduction was significantly modified by the time reduced for effective antibiotic initiation (p = 0.016) but not by the time reduced for 
bacteriology identification (p = 0.495).
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identification by MALDI- TOF MS. In fact, Beganovic 
M et al. performed the only one study that compared 
MALDI- TOF with antibiotics stewardship to MALDI- TOF 
MS alone (Beganovic et al., 2017). The study found the 
addition of antibiotics stewardship to MALDI- TOF MS 
did not result in incremental benefits in mortality reduc-
tion but was associated with improvements in length of 
antibiotic therapy, ICU or hospital length of stay, recur-
rent bacteraemia and average direct cost (Beganovic 
et al., 2017). Previous studies showed that using molec-
ular rapid diagnostic testing with the help of antibiotic 
stewardship can cause mortality reduction (Timbrook 
et al., 2017). Therefore, despite the non- significant find-
ing of mortality reduction in our study, it is important 
to emphasize antibiotic stewardship programmes have 
many other benefits that could not be replaced by the 
MALDI- TOF MS rapid pathogen identification.

Over the past four decades, scientific research has 
focused on the development of novel therapeutic tar-
gets for sepsis (Suffredini & Munford,  2011). Despite 
this effort, no therapy aiming at these novel targets is 
currently licensed. The tremendous mortality reduc-
tion shown in this meta- analysis demonstrated early 
microbiology diagnosis by MALDI- TOF MS had more 
impact on the outcome of BSI than any of the previous 
therapeutic trials, such as early goal- directed therapy, 
steroid therapy, combination antibiotic therapy, hae-
mofiltration or organ support therapy. Results of the 
meta- regression showed ‘time to effective antibiotics’ 
was the strongest driver of mortality reduction, which 
was consistent with previous findings. Kumar et al. 
showed each 1- h delay in effective antibiotics was as-
sociated with around 8% increase in mortality among 
patients with septic shock. Seymour CM in a large ob-
servational study comprising 49,331 patients form 149 
hospitals showed longer time to the administration of 
antibiotics (odds ratio, 1.04 per hour; 95% CI: 1.03 to 

1.06; p  < 0.001) but not a longer time to the comple-
tion of a bolus of intravenous fluids (odds ratio, 1.01 per 
hour; 95% CI: 0.99 to 1.02; p = 0.21) was associated 
with higher risk- adjusted in- hospital mortality (Seymour 
et al., 2017).

Results of this meta- analysis confirmed the time to 
effective antibiotic therapy, rather than time to bacteri-
ology identification, was the key to outcome improve-
ment for BSI. There was a large time lag (average 
17 h) between bacteriology identification and effective 
antibiotic initiation. Details of this time lag were not 
clearly reported in the included literature, but several 
clinical, operational or systematic factors may provide 
some insights into this knowledge– implementation 
gap. Among the clinical factors, MALDI- TOF MS could 
characterize the pathogen species but could not ac-
curately predict drug resistance. Several rapid tests 
based on nucleic acid amplification or immunolateral 
flow could help identify the mechanisms of resistance 
of the bacteria (Kostrzewa et al.,  2013; Manukumar 
& Umesha,  2017). In addition, around 10%– 15% of 
the infections were polymicrobial, which could not be 
accurately discriminated by MALDI- TOF MS (Faron 
et al., 2017). Lastly, several reports also showed the 
inadequacy of current software in interpreting some 
of the blood culture samples. This weakness can po-
tentially be improved by the complimentary use of 
multiplex polymerase chain reaction, which identified 
bacterial species and drug- resistant genes simulta-
neously and could further shorten the time required 
for drug sensitivity test (Chang et al.,  2013; Kumar 
et al., 2006; Peters et al., 2004). For the operational 
or systematic factors, lack of 24– 7 MALDI- TOF ser-
vice, lack of prompt notification system to the treat-
ing physicians, lack of the antibiotic stewardship 
support system and lack of the hospital standard on 
the response time to the microbiology report, among 

F I G U R E  5  Funnel plot of effect 
estimate did not show signs of asymmetry, 
indicating no evidence of publication bias.
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many other aspects, have been reported (Alghamdi 
et al., 2019; Swaan et al., 2018).

Although most of the included studies were high- 
quality pre– post design (Carreno et al., 2016; Delport 
et al.,  2016; Huang et al.,  2013; Jeon et al.,  2018; 
Lockwood et al., 2016; López- Pintor et al., 2021; Mok 
et al.,  2019; Nagel et al.,  2014; Niwa et al.,  2019; 
Osthoff et al., 2017; Perez et al., 2013, 2014; Puckett 
et al.,  2021; Vlek et al.,  2012; Wenzler et al.,  2016; 
Zadka et al.,  2019), MacGowan et al. conducted the 
sole multicentre randomized controlled trial. According 
to the trial results, the introduction of MALDI- TOF MS 
service reduced the time to pathogen identification 
by almost half (38.5 vs. 55.2 h, p < 0.0001); however, 
it did not reduce the time to effective antibiotics (24 
vs. 13 h, p = 0.056) or 28- day mortality by nearly half 
(18.5% vs. 17.7%, p = 0.42). This analysis and previ-
ous studies have shown that time to effective antibi-
otics is negatively correlated with mortality. Possibly, 
the paradoxical increase in time to effective antibiot-
ics in the MALDI- TOF MS group may account for the 
null effect on mortality reduction. The authors did not 
provide an explanation on the paradoxical increase of 
time to effective antibiotics in the intervention arm, but 
the presence of antibiotic stewardship teams in both 
intervention and control groups might have reduced the 
positive effect of shortened turnaround times for blood 
culture reports.

Aside from the trial, we think current evidence is suf-
ficient for the promotion of the technology and systems 
that accelerate the BSI diagnosis and infective patho-
gen identification processes among patients with se-
vere infections. The message of this meta- analysis that 
MALDI- TOF MS could shorten the hospital stay and 
reduce the direct medical cost should inform the policy 
and hospital management decision- makers about pri-
ority and resource allocation. In addition, it is advisable 
for time to effective antibiotic therapy to be used as an 
important quality indicator for monitoring the hospital 
care quality for sepsis. Quality improvement campaign 
to narrow the time gap between infective pathogen 
identification and effective antibiotics initiation should 
also be promoted.

Strengths and limitations

This meta- analysis had many strengths. To the best 
of our knowledge, this was the first systematic review 
on the effectiveness of rapid pathogen identification by 
MALDI- TOF MS on both clinical and economical out-
comes of BSI. The low heterogeneity of the mortality 
outcome estimates made the pooled effect estimates 
more reliable. A formal cost- effectiveness analysis may 
be performed using pooled effect estimates from this 
study to assist with clinical or policy decisions. When 
planning future studies on the effect of rapid pathogen 

identification by MALDI- TOF MS, it would be advis-
able to adhere to some reporting policies to enable 
comparison and generalization of results. Controlled 
interventional study designs with either parallel com-
parison or before- and- after comparison are favour-
able designs to provide reliable data. Recommended 
elements for data reporting include time to bacteriol-
ogy identification, time to effective antibiotic therapy, 
length of hospital stay, length of ICU stay, 30- day mor-
tality and longer term mortality. Specific effects for 
Gram- negative and Gram- positive bacteria are also 
encouraged to report.

Our study had some limitations. The majority of 
the included studies had a pre– post design without a 
parallel comparison control group. The trend bias and 
confounding by time- varying covariates associated 
with a pre– post design could not be totally excluded. 
The systematic improvement after the implementation 
of a new programme may exaggerate the benefit of a 
new intervention. Second, although our results of meta- 
regression showed ‘time to effective antibiotics’ was 
the strongest driver of ‘mortality reduction’, the con-
comitant use of some rapid tools to detect the mecha-
nisms of resistance was not evaluated in this study and 
should be further investigated in future. Studies have 
shown that diagnostic tools for rapid detection of resis-
tance mechanisms, including T2 magnetic resonance 
(T2MR) assay, fluorescence in situ hybridization(FISH) 
and nucleic acid amplification technology, could have 
a strong impact on antimicrobial therapy. Third, there 
was only 1 study performed on children. Therefore, 
we could not analyse specific estimates for children. 
Similarly, only two studies provided a complete report-
ing for the effect on Gram- positive or Gram- negative 
bacterial BSI, while specific effect estimates for differ-
ent types of pathogens were not possible. Fourth, sig-
nificant heterogeneity between studies was detected 
in the continuous outcomes, which restricted our abil-
ity and confidence to generalize the results of these 
pooled effect estimates to all populations. The different 
discharge policy, operational parameters and charge 
rate that were not reported in the literature might have 
contributed to the heterogeneity in time, length of stay 
and cost measures. In addition, different age groups, 
different disease severity stages, co- implementation of 
antibiotic stewardship and the focus on different bac-
teria might have also contributed to the heterogeneity. 
Last but not least, it is true that the standard of care in 
control groups varies across studies, and the effect of 
MALDI- TOF on mortality reduction can only be deter-
mined when this standard is defined. However, there 
were few details on standard care reported in the in-
cluded literature, making it impossible to define a stan-
dard care pattern that would benefit from MALDI- TOF 
and antibiotic stewardship. In future studies, it should 
be encouraged to report the details of standard care 
protocol in the control groups.
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In conclusion, our meta- analysis showed that rapid 
pathogen identification by MALDI- TOF MS in com-
bination with or without antibiotic stewardship can 
greatly improve the outcome of BSI and may also be 
a cost- effective procedure. The effect size of mortal-
ity reduction was larger than any prior pharmacolog-
ical or treatment bundle interventional trial for sepsis 
patients. A formal multicentre randomized controlled 
trial is therefore needed to confirm the finding of 
these pre– post comparison studies. In addition, the 
significant association between time to effective an-
tibiotic therapy and mortality reduction makes it an 
important indicator for monitoring the care quality 
of patients with BSI in a hospital. Overall, MALDI- 
TOF is thought to be more effective and cost- saving 
than standard practice, although further research is 
required before its widespread application can be 
recommended.
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