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Objectives: When bloodstream infections are caused by resistant bacterig, rapid antimicrobial susceptibility
testing (RAST) is important for adjustment of therapy. The EUCAST RAST method, directly from positive blood
cultures, was validated in a multi-laboratory study in Europe.

Methods: RAST was performed in 40 laboratories in northern Europe (NE) and 15 in southern Europe (SE) from
clinical blood cultures positive for Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Staphylococcus aureus or Streptococcus pneumoniae. Categorical results at 4, 6 and 8h of incubation were
compared with results for EUCAST standard 16-20 h disc diffusion. The method, preliminary breakpoints and the
performance of the laboratories were evaluated.

Results: The total number of isolates was 833/318 in NE/SE. The number of zone diameters that could be read
(88%, 96% and 99%) and interpreted (70%, 81% and 85%) increased with incubation time (4, 6 and 8h). The
categorical agreement was acceptable, with total error rates in NE/SE of 2.4%/4.9% at 4 h, 1.1%/3.5% at 6 h and
1.1%/3.3% at 8 h. False susceptibility at 4, 6 and 8 h of incubation was below 0.3% and 1.1% in NE and SE, re-
spectively, and the corresponding percentages for false resistance were below 1.9% and 2.8%. After fine-tuning
breakpoints, more zones could be interpreted (73%, 89% and 93%), with only marginally affected error rates.

Conclusions: The EUCAST RAST method can be implemented in routine laboratories without major investments.
It provides reliable antimicrobial susceptibility testing results for relevant bloodstream infection pathogens after

4-6 h of incubation.

Introduction
The need for rapid antimicrobial susceptibility testing (RAST) in
bloodstream infections is increasing.® Standard antimicrobial
susceptibility testing methods by EUCAST and CLSI require 16-20h
of incubation and the road to the development of methods or devi-
ces for RAST is long and winding.*®

Disc diffusion (DD) is easy to use, cheap and dependable
when performed in accordance with guidelines.®° It is flexible
and rapidly adapted to new antimicrobials. Many laboratories
are today acquainted with the EUCAST standardized DD
method.** However, the call for shorter diagnostic turn-around
times has prompted EUCAST to develop a rapid phenotypic
antimicrobial susceptibility testing (RAST) method based on DD

directly from blood culture (BC) bottles that can be performed
by any laboratory. During the development, BC bottles were
spiked with clinical isolates of the most important bloodstream
infection pathogens with and without defined resistance
mechanisms to agents from all relevant antibiotic classes.?
This resulted in a method where species were assigned prelim-
inary breakpoints for each of the reading times (4, 6 and 8 h)
and where a buffer area [area of technical uncertainty (ATU)]
between the susceptible (S) and resistant (R) categories was
introduced to reduce the occurrence of false-resistant and
false-susceptible results related to technical variation acceler-
ated by the short incubation time (Table S1, available as
Supplementary data at JAC Online).*?

© The Author(s) 2020. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecom
mons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original
work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

3230

020z Jequadaq || uo }senb Aq Z2zz68S/0EZE/ L 1/S /o191 /0el/wod dno owepese)/:sdjy Woly papeojumod


https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa333#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa333#supplementary-data
https://academic.oup.com/

EUCAST rapid AST validated in 55 European laboratories

JAC

The aim of this study was to investigate the performance of the
EUCAST RAST method in clinical laboratories under everyday
diagnostic conditions and to test the accuracy, practicality
and robustness of the method. The aim was also to fine-tune
the preliminary breakpoints from the RAST development study
(version 0),'? based on the overall results from the development
and the two clinical trials. The first trial, performed in northern
Europe (NE), was followed by an identical trial in southern Europe
(SE), to target countries with higher resistance rates. The results of
the trials contributed to the process of determining final EUCAST
RAST breakpoints (version 1.0).

Materials and methods

Tests performed by local clinical laboratories

The two trials were performed in 55 laboratories in 11 European countries
(40 laboratories in 6 countries in NE in the summer of 2017 and 15 laborato-
ries in 5 countries in SE in the summer of 2018; Table 1). A study protocol
was distributed to each laboratory (Text S1) and is similar to the RAST meth-
odology document now available on the EUCAST website.

Laboratories were required to perform RAST from one BC positive for
a Gram-negative bacterium and one BC positive for a Gram-positive bacter-
ium per weekday, for a period of 30days inside a defined 3 month span.
BCs positive for Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, Staphylococcus aureus or Streptococcus pneumoniae were
included. Species identification was performed using the in-house method
of the laboratories. Laboratories were instructed to adhere to EUCAST
recommendations on disc potencies, antimicrobial susceptibility testing
media, agar depth and handling of material.>'* Each laboratory listed
BC system, antibiotic disc manufacturer and brand of Mueller-Hinton
medium used.

DD plates were inoculated within 0-24 h of the positive BC signal and
BCs were kept in the BC incubator until tested. The agents tested varied
with the species (Table 2). All plates were incubated at 35+1°C, Mueller-
Hinton in ambient air and Mueller-Hinton with 5% defibrinated horse blood
and 20mg/L B-NAD in 5% CO,. The plates were incubated to allow reading
of the same plate at 4, 6 and, when possible, 8 h, with re-incubation be-
tween readings. All zone diameters were read from the front of the plate
with the lid removed. All isolates were stored frozen for later reference test-
ing at the EUCAST Development Laboratory (EDL) in V&xjo, Sweden. If a re-
sult was not reported, the reason was stated.

Reference testing

EUCAST standardized DD testing and confirmation of species identification
was performed on all isolates.>*® Broth microdilution (BMD) was performed
on arepresentative proportion (every fourth E. coli, every third S. aureus and
allisolates of the other species) of the NE isolates.***

E. coli and K. pneumoniae isolates resistant to cefotaxime and/or
ceftazidime were further tested for ESBL [discs from Mast Diagnostics
(Merseyside, UK)] and AmpC [MIC Test Strip (Liofilchem, Roseto degli
Abruzzi, Ttaly)].'® Isolates resistant to either or both of the cephalosporins
but phenotypically negative for ESBL and AmpC and isolates with a mero-
penem zone <28 mm with the reference method (the carbapenemase
screening breakpoint of EUCAST)® were sent to the Public Health Agency of
Sweden for further characterization of resistance mechanisms using WGS.

All S. aureus isolates were screened for methicillin resistance with
EUCAST standard DD using cefoxitin.’*® The presence of mecA or mecC in
screen-positive isolates was confirmed using standard molecular methods.

Data analysis

The proportion of readable inhibition zones at each incubation time was cal-
culated for all species/agent combinations. A zone diameter could be: not
read (poor growth); read but not categorized (in the ATU); or read and cate-
gorized as S or R. For each species, results were interpreted as S, R or ATU
using the preliminary breakpoints (breakpoint table version 0) based on
data from spiked BC bottles from the development of the RAST method-
ology.'? For each participating laboratory, and for each species and agent,
categorical errors were calculated using standard DD (EUCAST breakpoint
tables, version 8.0, valid at the time of the study) as the reference.!* Results
in the ATU were exempted from error calculations since no categorization
was performed. Categorical errors were defined as very major error (VME;
RAST =S and reference =R), major error (ME; RAST=R and reference =S) or
minor error (ME; RAST =S or Rand reference =1).

The results of the analysis of the complete material were later used
to fine-tune the breakpoints (EUCAST RAST breakpoints, version 1.0)
(Table S1).

The capability of the RAST method to detect ESBL and AmpCin E. coli
and K. pneumoniae, and methicillin resistance in S. aureus, was
evaluated using the RAST clinical breakpoints for cefotaxime, ceftazi-
dime (E. coli/K. pneumoniae) and cefoxitin (S. aureus). Results were also
evaluated regarding detection of carbapenemase production in E. coli
and K. pneumoniae following the introduction of RAST screening break-
points with meropenem in May 2019.%”

Table 1. Locations of participating laboratories and BC systems, Mueller-Hinton media and discs used

Mueller-Hinton

NE or SE (n) Country (n) BC system® (n) manufacturer® (n) Disc manufacturer® (n)

NE (40) Denmark (3), Finland (3), BacT/ALERT (bioMérieux) Becton Dickinson (16), Bio- Becton Dickinson (5), Mast
Iceland (1), Ireland (1), (22), BACTEC (Becton Rad (1), Fannin L.I.P. (1), Group (1), Oxoid/Thermo
Norway (11), Sweden Dickinson) (18) Oxoid/Thermo Fisher Fisher Scientific (32),
(21) Scientific (24) Rosco Diagnostica (2)

SE (15) France (2), Greece (3), Italy BacT/ALERT (bioMérieux) Agricons Ricerche (1), Becton Dickinson (5),

(2), Spain (4), Turkey (4)
Dickinson) (12)

(4), BACTEC (Becton

BioMaxima S.A. (1), Bio-
Rad (4), i2a Diagnostics
(2), Mast Group (1),
Oxoid/Thermo Fisher
Scientific (4)

Becton Dickinson (7),
bioMérieux (3), Bio-Rad
(2), Liofilchem (1),
Oxoid/Thermo Fisher
Scientific (2)

The number of laboratories is given in parentheses.

“0One laboratory used two BC systems and a few laboratories used Mueller-Hinton agar and antibiotic discs from more than one manufacturer.
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Table 2. Bacterial isolates, antimicrobial agents and resistance mechanisms included

Species (number of

Antimicrobial agents

Resistant isolates (standard DD)

Resistance mechanisms identified

isolates) and disc content NE, n (%) SE, n (%) NE SE
E. coli (n=580) piperacillin/tazobac- 7(2) 6 (4) carbapenemase n=0, carbapenemase n=1,
(NEn=430and SE tam 30/6 pg other third-gener- other third-gener-
n=150) cefotaxime 5 pg 24 (6) 25(17) ation cephalosporin ation cephalosporin
ceftazidime 10 pg 17 (4) 21 (14) resistance n=24 resistance n=24
imipenem 10 g° 0(0) 0(0)
meropenem 10 ug 0(0) 0(0)
ciprofloxacin 5 pg 58 (13) 50 (33)
amikacin 30 ug 0(0) 3(2)
gentamicin 10 ug 29 (7) 13 (9)
tobramycin 10 ug 25 (6) 17 (11)
K. pneumoniae piperacillin/tazobac- 0(0) 35(53) carbapenemase n=0, carbapenemase
(n=134) (NEn=68 tam 30/6 pg other third-gener- n=25, other
and SE n=66) cefotaxime 5 ug 4 (6) 35(53) ation cephalosporin third-generation
ceftazidime 10 ug 3(4) 35(53) resistance n=4 cephalosporin
imipenem 10 pg*® 0(0) 15(23) resistance n=10
meropenem 10 pg 0(0) 17 (26)
ciprofloxacin 5 pug 10 (15) 35(53)
amikacin 30 ug 0(0) 13 (20)
gentamicin 10 ug 1(1) 19 (29)
tobramycin 10 pg 1(1) 33 (50)
P. aeruginosa (n=69) piperacillin/tazobac- 6 (16) 4(13)

(NEn=37and SE tam 30/6 g

n=32) gentamicin 10 ug 0(0) 3(9)
tobramycin 10 pg 0(0) 3(9)
ceftazidime 10 ug 2(5) 4 (13)
imipenem 10 pg 4(11) 4 (13)
meropenem 10 pg 4(11) 4(13)
ciprofloxacin 5 pug 5(14) 3(9)

S. aureus (n=337) cefoxitin 30 ug 4 (1) 20(29) MRSAn=4 MRSAn=20
(NEn=267 and SE norfloxacin 10 pug 15 (6) 21 (30)
n=70) gentamicin 10 pg 0(0) 1(1)

erythromycin 15 pg®® 5(2) 20(29)
clindamycin 2 ug®® 5(2)d 19 (27)¢

S. pneumoniae oxacillin 1 ug 2 (6) benzylpenicillin non-
(n=31) (NEn=31 norfloxacin 10 pug 0(0) WT isolates (MIC
and SE n=5°) erythromycin 15 pg® 3(10) >0.06 mg/L) n=2

clindamycin 2 ng® 2(6)
trimethoprim/sulfa- 2 (6)

methoxazole
1.25/23.75 g

“No tentative breakpoints available or not evaluated in the trial.

®The erythromycin and clindamycin discs were placed at a distance of 12-20 mm from edge to edge for staphylococci and 12-16 mm from edge to

edge for streptococci to detect inducible clindamycin resistance.

“The five S. pneumoniae isolates from SE were excluded from the evaluation due to the low number.

94Including isolates with inducible resistance.

Quality control (QC)

The EUCAST standard QC procedure'® was performed both by the
participating laboratories and the EDL to control the media and discs
used.

Furthermore, the RAST QC procedure was performed by each laboratory
up to five times per QC strain: E. coli ATCC 25922, S. aureus ATCC 29213 and

S. pneumoniae ATCC 49619. BC bottles were inoculated with 1 mL from a
100-200 cfu/mL solution (suspension adjusted to a turbidity equivalent to
that of a 0.5 McFarland standard and then diluted 1:1 000 000) together
with 5mL of blood. DD according to the RAST method was performed
following a positive signal of the BC. QC data were submitted to the EDL to-
gether with the RAST results.
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Results

In general, laboratories reported few problems adhering to the
protocol. Some laboratories could not read results at 8 h because
of limited opening hours.

The total number of isolates included in NE/SE was 833/
318 (Table3). Of these, 430/150 were E. coli, 68/66 were
K. pneumoniae, 37/32 were P. aeruginosa, 267/70 were S. aureus
and 31/5 were S. pneumoniae. The S. pneumoniae isolates from SE
were excluded from the evaluation due to the low number.
Resistance rates for each species using reference antimicrobial
susceptibility testing are shown in Table 2.

The median time for inoculation of DD plates after a positive BC
signal (recorded for 84% of the bottles) was 7 h 36 min (range=0h
3min-25h 32min) and 99.2% of these isolates were handled
within the instructed time limit of 24 h.

After 4 h of incubation, E. coli and K. pneumoniae grew well. The
proportion of readable zones of the total number of completed tests
in NE/SE was 91%/90% for E. coli and 97%/89% for K. pneumoniae.
Although Gram-positive bacteria generally required a longer time
to results, zones for S. aureus could be read after 4h in 72%/50%
of the completed tests in NE/SE. For S. pneumoniae in NE, zones
could be read after 4 hin 54% of the completed tests.

P. aeruginosa, as shown in the initial study, did not grow after
4 hbut could mostly be read after 6 h (88/63% in NE/SE) (Table S2).

Intotal, the proportion of readable zones after 4,6 and 8 h of in-
cubation was 88%, 96% and 99%, respectively (Table 4).

Aggregated zone diameter distributions were compared with
those obtained using spiked bottles during the development of the

EUCAST RAST method'? and there were no systematic differences
between the distributions from the spiked bottles and the muilti-
laboratory trials.

The different BC systems (bioMérieux, n=26; Becton Dickinson,
n=30; one laboratory used both) and manufacturers of media
(n=7)anddiscs (n=7) used are listed in Table 1. No systematic dif-
ferences related to BC system or antimicrobial susceptibility testing
materials were detected (data not shown).

Results with preliminary RAST breakpoints (version 0)

The proportion of results in the ATU decreased with incubation
time in both trials (NE/SE): 21%/19% after 4 h, 17%/15% after 6 h
and 14%/13% after 8 h of incubation (Table 3).

As expected, the number of resistant isolates was higher in the
SE trial but this had only a limited effect on the frequency of cat-
egorical errors (Tables 2 and 3). False susceptibility (VME) at 4, 6
and 8 h of incubation was below 0.3% and 1.1% in NE and SE, re-
spectively, and the corresponding percentages for false resistance
(ME) were below 1.9% and 2.8% (Table 3). For results related to
each individual species, see Tables S2 and S3 and Figures S1 to S5.

E. coli and K. pneumoniae

In general, incorrect categorization was rare, partly because the
piperacillin/tazobactam ATU could buffer a large part of uncertain
results.

Most of the VMEs were related to ciprofloxacin but when com-
paring the preliminary ciprofloxacin RAST breakpoints (version 0)

Table 3. Theoretical and actual numbers of tests aggregated for all species, the proportions of tests that could be read and interpreted as S or R
(using breakpoint table version 0) after 4, 6 and 8 h and the categorical errors with RAST versus standard DD by EUCAST breakpoint tables version 8.0

at each reading time

Incubation time (h)

4 6 8
NE SE NE SE NE SE

Theoretical number of tests® 4932 2092 5199 2162 5199 2162
Number of completed tests® 4571 1827 5089 2121 4542 2113
Readable zones® (% of completed tests) 4034 (88) 1590 (87) 4943 (97) 1978 (93) 4477 (99) 2084 (99)
Results calculated on readable zones (%)

not interpreted as S or R (ATU) 21 19 17 15 14 13

interpreted as S 74 62 80 68 82 70

interpreted as R 4.8 19 3.8 17 3.7 16
Errors calculated on the total number of zones interpreted as S or R (%)

mEs 0.3 1.5 0.1 1.4 0.2 1.4

MEs 1.9 2.8 0.8 1.2 0.6 0.8

VMEs 0.1 0.5 0.2 0.9 0.3 1.1

total errors 2.4 4.9 1.1 35 1.1 33

Total number of isolates included: NE n=833 and SE n=318.

Minor error (mE; RAST =S or R and reference method =I); major error (ME; RAST =R and reference method =S); very major error (VME; RAST =S and ref-

erence method =R).

“Total number of possible isolate/agent combinations. The lower number of tests at 4 h is explained by the absence of norfloxacin breakpoints for

S. aureus.

PNumber of completed tests after excluding missing data (e.g. disc dropped).

“Number of tests with readable inhibition zones.
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Table 4. Theoretical and actual numbers of tests, the proportions of tests that could be read and interpreted as S or R after 4, 6 and 8 h and the cat-
egorical errors with RAST versus standard DD by EUCAST breakpoint tables version 8.0 at each reading time for all species in NE + SE [RAST breakpoint

table version 0 (v. 0) and version 1 (v. 1.0)]

Incubation time (h)

4 6 8

Breakpoint table v.0 v.1.0 v.0/N. 1.0 v.0/v. 1.0
Theoretical number of tests® 7024 7361 7361 7361
Number of completed tests® 6398 6718 7210 6655
Readable zones® (% of completed tests) 5624 (88) 5811 (87) 6921 (96) 6561 (99)
Results calculated on readable zones (%)

breakpoint table v.0 v.1.0 v.0 v.1.0 v.0 v.1.0

not interpreted as S or R (ATU) 20 16 16 7.5 14 5.7

interpreted as S 71 75 76 84 78 86

interpreted as R 8.8 8.8 7.6 8.5 7.7 8.6
Errors calculated on the total number of zones interpreted as S or R (%)

breakpoint table v.0 v.1.0 v.0 v. 1.0 v.0 v.1.0

mEs 0.7 0.6 0.5 0.6 0.6 0.8

MEs 2.2 2.1 0.9 1.1 0.7 0.9

VMEs 0.2 0.2 0.4 0.4 0.6 0.5

total errors 31 3.0 1.8 2.1 1.8 2.2

Total number of isolates included: n=1151.

Minor error (mE; RAST =S or R and reference method =1); major error (ME; RAST =R and reference method = S); very major error (VME; RAST =S and ref-

erence method=R).

“Total number of possible isolate/agent combinations. The lower number of tests at 4 h (breakpoint table v. 0) is explained by the absence of norfloxa-

cin breakpoints for S. aureus.

PNumber of completed tests after excluding missing data (e.g. disc dropped).

“Number of tests with readable inhibition zones.

with the 2019 reference breakpoint of EUCAST'® most VMEs
(n=20/26) disappeared, indicating that the reference method
in this case was partly responsible for the incorrect interpreta-
tions. See further notes in the section entitled ‘Additional
considerations’.

In K. pneumoniae, mEs with meropenem caused the majority
of incorrect interpretations (Table S3 and Figures S1 and S2).

ESBL-producing E. coli and K. pneumoniae were fairly frequent
in both NE (n=28) and SE (n=34). There were no carbapenem-
resistant isolates in NE but 26 were detected in SE (Table 2). RAST
correctly identified all isolates with ESBL provided cefotaxime and
ceftazidime zones were readable and could be categorized.

Of the 26 carbapenem-resistant isolates, the 6 h meropenem
screening breakpoint failed to detect one KPC-3-positive isolate
and one OXA-244-positive isolate.!” All carbapenem-resistant iso-
lates that could be read at 8 h were identified, using the screening
breakpoint.

P. aeruginosa

Only results after 6 and 8 h were evaluated since zones were not
readable at 4 h (Table S2). At 6 h some MEs, mainly related to cef-
tazidime, were observed. The few VMEs were not related to any
specific agent (Table S3 and Figure S3).

S. aureus

There were no breakpoints for norfloxacin at 4 h of incubation in
the preliminary breakpoint table (version 0), leaving only gentami-
cin and cefoxitin for evaluation. The high levels of MEs in both NE
and SE were mostly with gentamicin. The proportion of categorical
errors decreased with increasing incubation time. Errors were still
prominent in SE after both 6 and 8h of incubation (Table S2).
However, 2 of the 15 SE laboratories accounted for 80% (21/26) of
these errors and the VMEs were almost exclusively related to the
norfloxacin screen disc (Table S3 and Figure S4).

Among the S. aureus there were 24 MRSA isolates, 4 in NE and
20in SE (Table 2). All were resistant to cefoxitin using standardized
DD and mecA positive by PCR. All readable zones correctly identi-
fied isolates as methicillin resistant after 4 h. At 6 and 8 h of incuba-
tion one isolate was misinterpreted as methicillin susceptible.

S. pneumoniae

Early reading was difficult in S. pneumoniae, with 54%, 78% and
91% readability after 4, 6 and 8 h of incubation, respectively. Unlike
other species in the trial, the proportion of incorrect interpretations
increased with incubation time: 3.2%, 4.3% and 8.5% after 4, 6
and 8 h, respectively (Table S2). Incorrect interpretations (almost
exclusively MEs) were not related to any specific antimicrobial
agent (Table S3 and Figure S5).
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Results with final EUCAST RAST breakpoint table
(version 1.0)

Based on the aggregated results of the first study'? and the NE
and SE trials, the initial, preliminary breakpoints (version 0)
were adjusted to form EUCAST RAST breakpoint table version 1.0
(Table $1).2°

The adjustments performed reduced the width of several
ATUs, most prominently for piperacillin/tazobactam in E. coli and
K. pneumoniae and for clindamycin in S. pneumoniae. Breakpoints
were also added for norfloxacin in S. aureus after 4 h of incubation.
With these changes, more results could be categorized and
reported, while error rates were only marginally affected (Table 4).

Errors per laboratory

When interpreting results using the final EUCAST RAST version
1.0 breakpoint table, 93% (n=36/40) of NE laboratories and 73%
(11/15) of SE laboratories showed errors of less than 5% (VMEs,
MEs and mEs).

The somewhat poorer result among laboratories in SE was
primarily explained by 4 of the 15 laboratories accounting for 56%
of errors.

Standard DD versus BMD

BMD was performed on a subset of the isolates. Error rates for the
RAST method were generally not affected by whether BMD or
standard DD was used as the reference (Table S4).

QC

The three levels of QC performed are presented in Tables S5 to S7.
Participating laboratories submitted the results from standard DD
testing (Table S5) and for the RAST procedure (Table S6). The RAST
QC results, together with the results from the initial study,?
formed the basis for defining the targets and ranges for RAST QC
recommended by EUCAST for the implementation of RAST in
clinical laboratories.?® The QC results obtained by the reference
laboratory are presented in Table S7.

Discussion

Many attempts have been made to shorten the time required for
reporting antimicrobial susceptibility testing results. Both in-house
RAST and commercially available methods have been developed.
Genotypic methods are expensive, do not quantitate susceptibility,
detect only known resistance and are so far incapable of delivering
comprehensive susceptibility patterns. This is why phenotypic
methods are still preferred, at least for fast-growing bacteria.

New phenotypic antimicrobial susceptibility testing methods
are being developed, such as nanotechnologies, flow cytometry
and microfluid single-cell analysis®***? as well as those based on
measuring antibiotic degradation or residual viable organisms by
spectrophotometry (MALDI-TOF MS) after short incubation in the
presence of an antimicrobial.>>7?° Still, a standardized rapid
method, with results in 4-6 h after BC positivity, has been lacking.

However, direct antimicrobial susceptibility testing with reading
of inhibition zones after 4-8 h of incubation has been used since
the 1980s.2¢%7 Also, attempts have been made to standardize an

inoculum from 4-6 h subcultures or from positive BC broth?®73° but
without shortened incubation time, early reading and adapted
breakpoints.

In a recently published initiative from CLSI to create guidelines
for RAST, only 80% of the antimicrobial susceptibility tests could
be read after 6h of incubation and categorical agreements
(58.9%-73.2%) were low and related to BC manufacturer, with
more errors related to BacT/ALERT bottles.3! CLSI did not attempt
to create breakpoints suited to the shortened reading time.
Instead they accepted the errors obtained when using their stand-
ard breakpoints.

Reading plates after short incubation is complicated by thin (al-
though confluent) and sometimes hazy growth with poorly
demarcated zone edges. Furthermore, zone diameters change
during incubation and with short incubation the margin between
susceptible and resistant populations is less pronounced. In gen-
eral, inhibition zone sizes for susceptible isolates increase over
time, while zone diameters for resistant isolates tend to de-
crease.’®33? Based on this knowledge, it is crucial to develop
breakpoints that are not only specific to species but also to each
incubation time.

Our study aimed to investigate the performance of the EUCAST
RAST method directly from positive BC bottles in routine clinical
microbiology laboratories across Europe without major training
or investments in expensive devices. None of the participating lab-
oratories had practised the EUCAST RAST methodology prior to
receiving the protocol. Targeting laboratories in different parts of
Europe offered an opportunity to investigate the differences in out-
come between laboratories with high and low resistance levels.
We expected there to be more multiresistance in laboratories
around the Mediterranean and that this could result in more errors.
However, in K. pneumoniae, where there was significantly more
resistance in SE than in NE, errors were only moderately higher
(mainly mEs) in SE laboratories than in NE laboratories.

The higher error rates that were obtained in four of the SE
laboratories were not explained by resistance rates, resistance
mechanisms or QC results out of range. By excluding those labora-
tories, SE and NE showed similar error rates and the differences in
SE error rates between S. aureus and the Gram-negative bacteria
disappeared.

Since we could not find an obvious explanation for a higher error
rate in SE laboratories we assume that difficult-to-read zone diam-
eters were causing the problems, which may also explain the high
error rate observed after 8 h of incubation in S. pneumoniae, where
one isolate was not readable until after 8 h of incubation and then
interpreted as pan resistant (all antimicrobials measured as having
no zones at all), a result not likely in NE. Excluding this isolate
resulted in an error rate at 8h similar to that at 4 and 6h of
incubation.

There was no systematic difference between BC bottles from
different manufacturers in our study, which is contrary to the
findings of the CLSI study.® During the RAST development, it was
shown that the impact of removing a positive BC bottle from
the incubator immediately or several hours after the positive
signal was small.? It has previously been shown that continued
incubation of bottles beyond a positive signal does not significantly
affect the bacterial concentration in the broth.?>#°

The following four factors explain the high level of categorical
agreement compared with previous trials:
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(i) The use of species-specific breakpoints avoids the splitting
of WT distributions (distributions of MICs for organisms with-
out phenotypically detectable resistance mechanisms) and
thereby increases reproducibility of susceptibility categoriza-
tion.>377 Because of the poorer separation between WT and
non-WT distributions with shortened incubation, distinguish-
ing between susceptible and resistant isolates becomes even
more difficult.

(i) The use of incubation-time-specific breakpoints takes into
account the incomplete antibiotic diffusion in the agar after
short incubation and the progress of zone diameter develop-
ment over time.

(iii) Introduction of the ATU as a buffer between the S and R
breakpoints prevents unreliable results and thus avoids
many VMEs and MEs since it absorbs the increased variation
inherent in the RAST methodology (poorly controlled
inoculum, incomplete separation between WT and non-WT
populations, difficulties in reading poorly demarcated zone
edges). Consequently several ATUs are wider at 4h com-
pared with 6 and 8 h of incubation.

(iv) Breakpoints when finalized in the EUCAST RAST breakpoint
table version 1.0 took into account unavoidable inter-
laboratory variation.

To evaluate the clinical impact of obtaining antimicrobial
susceptibility testing results in 4, 6 or 8 h was beyond the scope of
this study. Clinical benefits of rapid species identification and
shortened time to antimicrobial susceptibility testing results, such
as increased proportion of optimally treated bloodstream infec-
tions, decreased hospital length of stay, decreased rate of transfer
to ICU and decreased in-hospital mortality, have been shown pre-
viously.>*#9 Shortened turn-around time of laboratory reports
combined with the introduction of antimicrobial stewardship
teams further reduce ICU length of stay and 30 day mortality.***

The EUCAST RAST method is already in use in many laborato-
ries. Two recently published studies evaluated the method with
reduced median ‘time to report’ up to 17 h and acceptable results
regarding categorical agreement when compared with their
standard methods. However, instead of proper reference meth-
ods, they used commercial methods without reference status.***>

In order to guide laboratories on how to streamline BC handling
and reduce turn-around times for the benefit of the patient we rec-
ommend the section ‘Tips and tricks’ in Text S2.

It is important to emphasize that this method was developed
to allow RAST results to obviate the need for confirmatory, second-
ary standard antimicrobial susceptibility testing. However, in
instances where a result is in the ATU after 8 h of incubation, a
standard overnight antimicrobial susceptibility test is needed.
Neither all antibiotics relevant for the treatment of bloodstream in-
fection nor all species have so far received RAST breakpoints and
RAST breakpoints should not be extrapolated to other antibiotics or
species. EUCAST continues to evaluate new antibiotics and species,
and the EUCAST RAST breakpoint table is gradually expanding.

Conclusions

We have shown that EUCAST RAST directly from positive BC bottles
can be mastered by routine clinical microbiology laboratories with-
out major training or investment in expensive devices. The cheap

and flexible method performed as intended when tried in a total of
55 laboratories in NE and SE. Our results show that, for most posi-
tive BCs, a valid RAST result with an overall categorical agreement
of 97% can be obtained after 4-6 h, depending on species, when
using the current RAST breakpoints from EUCAST. The successful
introduction of the RAST method in routine microbiology enables
rapid evaluation of empirical antibiotic treatment in bloodstream
infections.

Additional considerations

Since this study was performed, EUCAST has published RAST break-
points for S. aureus and clindamycin, including a method for detec-
tion of inducible clindamycin resistance.*®

The results in this study were evaluated against EUCAST
breakpoint tables version 8.0 (2018). In EUCAST breakpoint tables
version 9.0 (2019)!° the zone diameter breakpoints for
Enterobacterales and ciprofloxacin have been adjusted, reducing
the number of ciprofloxacin VMEs in this study (RAST breakpoint
version 0) from 13 to 4 and 13 to 2 in E. coli and K. pneumoniae,
respectively.

Acknowledgements

Part of the results from this study has been presented at the Twenty-
Eighth European Congress of Clinical Microbiology and Infectious
Diseases, Madrid, Spain, 2018 (Oral Presentation 0747), the Thirty-Fifth
Annual Meeting of the Nordic Society of Clinical Microbiology and
Infectious Diseases, Reykjavik, Iceland, 2018 (Poster 15/Oral
Presentation ‘The EUCAST rapid disk diffusion from positive blood cul-
tures - a report from the NordicAST/EUCAST multi-lab study’) and the
Twenty-Ninth European Congress of Clinical Microbiology and Infectious
Diseases, Amsterdam, The Netherlands, 2019 (Oral Presentation 0254).

We thank the other members of the RAST Study Group for contribu-
ting to the development of the RAST method.

Other members of the RAST Study Group

Denmark: Esad Dzgjic (Department of Clinical Microbiology, Hospital of
Southwest Jutland, Esbjerg); Dennis Schrgder Hansen (Department of
Clinical Microbiology, Herlev Gentofte Hospital, Herlev); Charlotte Nielsen
Agergaard (Department of Clinical Microbiology, Odense University
Hospital, Odense). Finland: Anu P&tdri-Sampo (Department of Clinical
Microbiology, University of Helsinki and Helsinki University Hospital,
Helsinki); Raija Manninen (Department of Clinical Microbiology, SataDiag
Laboratorio, Pori); Juha O. Grénroos (Department of Clinical Microbiology,
Turku University Central Hospital, Turku). France: Jean-Philippe Rasigade
and Waél Salka (Institute for Infectious Agents, Hospices Civils de Lyon,
Lyon); Pierre H. Boyer (Laboratory of Bacteriology, University Hospital of
Strasbourg, Strasbourg). Greece: Evangelia Lebessi and Nikolaos Zapaniotis
(Department of Microbiology, ‘Pan & Aglaia Kyriakou’ Children’s Hospital,
Athens); Efi Petinaki (Department of Microbiology, University Hospital of
Larissa, Larissa); Iris Spiliopoulou and Fevronia Kolonitsiou (Department of
Microbiology, University General Hospital of Patras, Patras). Iceland: Kristjan
Orri Helgason (Department of Clinical Microbiology, Landspitali University
Hospital, Reykjavik); Ireland: Jean Brazil (Microbiology Laboratory,
University Hospital Waterford, Waterford). Italy: Eleonora Riccobono
(Department of Experimental and Clinical Medicine, University of Florence,
Florence); Giuliana Lo Cascio and Laura Maccacaro (Microbiology Unit,
University Hospital of Verona, Verona). Norway: Helge Kolstad and Torunn
Sneide Haukeland (Department of Microbiology, Haukeland University
Hospital, Bergen); Pirkko-Liisa Kellokumpu and Andreas Fossum Mjgen

3236

020z Jequadaq || uo }senb Aq Z2zz68S/0EZE/ L 1/S /o191 /0el/wod dno owepese)/:sdjy Woly papeojumod



EUCAST rapid AST validated in 55 European laboratories

JAC

(Laboratory for Medical Microbiology, Haugesund Hospital Helse-Fonna,
Haugesund); Stdle Tofteland (Department of Clinical Microbiology,
Serlandet Hospital Trust, Kristiansand); Berit Harbak (Medical Microbiology,
Department of Laboratory medicine, Levanger Hospital, Levanger);
Susanne Hartvig Hartzen (Department of Medical Microbiology, Innlandet
Lillehammer Hospital, Lillehammer); Siri Haug Hansgen (Department of
Mikrobiologi and Infection control, Akershus University Hospital,
Larenskog); Karianne Wiger Gammelsrud and Unni  Skolbekken
(Department of Microbiology, Oslo University Hospital, Oslo); Nina
Michalsen (Center for Laboratory Medicine, @stfold Hospital Trust,
Sarpsborg); Anita Lavds Brekken (Department of Microbiology, Stavanger
University Hospital, Stavanger); Bodil Pedersen and Brian Guennigsman
(Department of Microbiology and Infection control, University Hospital of
North Norway, Tromsg); Astrid Lia and Ann Kristin Berg (Department of
Microbiology, Vestfold Central Hospital, Tensberg). Spain: Francesco Marco
and Cristina Pitart (Department of Clinical Microbiology, Hospital Clinic
Barcelona, Barcelona); Pilar Egea (Unit of Microbiology, University Hospital
Reina Sofia, Cordoba); Jose Luis Cortes-Cuevas (Department of
Microbiology, University Hospital Ramén y Cajal and Ramon y Cajal Health
Research Institute, Madrid); Jesus Machuca (Department of Microbiology,
University Hospital Virgen Macarena, Sevilla). Sweden: Martin Wietzke
(Clinical Microbiology, Southern Alvsborg Hospital, Boréds); Magdalena
Dammstrém (Clinical Microbiology, Unilabs, Eskilstuna); Roger Granstrém
(Clinical Microbiology, Gavle Hospital, Gévle); Maria Corneliusson (Clinical
Microbiology, Sahlgrenska University Hospital, Gothenburg); Marita
Skarstedt and Karin Frykfeldt (Division of Clinical Microbiology, County
Hospital Ryhov, Jonkoping); Carina Lindgvist Ivarsson (Department of
Clinical Microbiology, Central Hospital Vadxjo, Karlskrona); Adam Sergejev
(Department of Clinical Microbiology, Central Hospital Karlstad, Karlstad);
Susanna Hagstrém (Division of Clinical Microbiology, Linkdping University
Hospital, Linkdping); Ulrika Lidén (Department of Clinical Microbiology,
Sunderby hospital, Luled); Johan Rydberg (Department of Clinical
Microbiology, Skénes University Hospital, Lund); Hanna Ramstrom
(Department of Clinical Microbiology, Unilabs, Skévde); Inga Fréding
(Department of Laboratory Medicine, Karolinska University Hospital
Huddinge, Stockholm); Evangelos Alexandros Petropoulos and Karolina
Ininbergs (Karolinska University Hospital Solnag, Stockholm); Shah Jalal
(Department of Clinical Microbiology, Unilabs, Stockholm); Anna-Lena
Sundaqvist Persson (Department of Clinical Microbiology, Sundsvall Regional
Hospital, Sundsvall); Nina Kamenska (Department of Clinical Microbiology,
North Alvsborg County Hospital, Trollhdttan); Kerstin Granlund (Department
of Clinical Microbiology, University Hospital of Umed, Umed); Anna-Karin
Smekal and Anna Hill (Department of Clinical Microbiology, Uppsala
University Hospital Akademiska, Uppsala); Gunilla Radberg and Gabriel
Heyman (Department of Clinical Microbiology, Vdsterds Central Hospital,
Vsterds); Lized Rodriguez (Department of Clinical Microbiology, Central
Hospital Vaxjo, Vaxjo); Lisa Vennberg (Department of Clinical Microbiology,
Orebro University Hospital, Orebro). Turkey: Giilsen Hazirolan (Department of
Medical Microbiology, Hacettepe University Medicine Faculty, Ankara); Isin
Akyar (Acibadem Labmed Medical Laboratories, Istanbul); Gulsen Altinkanat
Gelmez (Medical Microbiology Laboratory, Marmara University Hospital,
Istanbul); Ayse Nur Sari Kaygisiz (Medical Microbiology Laboratory, Dokuz
Eylul University Hospital, Izmir).

Funding

This work was supported by the European Society for Clinical Microbiology
and Infectious Diseases (ESCMID) through its regular support of the devel-
opment of EUCAST methodology and by the Medical Research Council of
Southeast Sweden (grant number FORSS-744451).

Transparency declarations
None to declare.

Author contributions

E.J, EM. and G.K. planned the study. E.J. and A.A. performed the standar-
dized antimicrobial susceptibility testing. All authors analysed and eval-
uated the results as well as contributed to writing the manuscript.

Supplementary data

Tables S1 to S7, Texts S1 and S2 and Figures S1 to S5 are available as
Supplementary data at JAC Online

References

1 Inglis TJJ, Ekelund O. Rapid antimicrobial susceptibility tests for sepsis; the
road ahead. J Med Microbiol 2019; 68: 973-7.

2 Doern CD. The slow march toward rapid phenotypic antimicrobial suscep-
tibility testing: are we there yet? J Clin Microbiol 2018; 56: €01999-17.

3 Paterson DL. Impact of antibiotic resistance in gram-negative bacilli on
empirical and definitive antibiotic therapy. Clin Infect Dis 2008; 47 Suppl 1:
S14-20.

4 International Organization for Standardization. Susceptibility testing of in-
fectious agents and evaluation of performance of antimicrobial susceptibility
test devices—Part 1: Broth micro-dilution reference method for testing the
in vitro activity of antimicrobial agents against rapidly growing aerobic bac-
teriainvolved in infectious diseases. 20776-1. 2019.

5 EUCAST. EUCAST Disk Diffusion Test Manual, Version 7.0. 2019. http://
www.eucast.org/ast_of_bacteria/disk_diffusion_methodology/.

6 CLSI. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria
That Grow Aerobically—Eleventh Edition: MO7.2018.

7 CLSL Performance Standards for Antimicrobial Disk Susceptibility Tests—
Thirteenth Edition: M02. 2018.

8 van Belkum A, Bachmann TT, Ludke G et al. Developmental roadmap for
antimicrobial susceptibility testing systems. Nat Rev Microbiol 2019; 17:
51-62.

9 Ahman J, Matuschek E, Kahlmeter G. The quality of antimicrobial discs
from nine manufacturers—EUCAST evaluations in 2014 and 2017. Clin
Microbiol Infect 2019; 25: 346-52.

10 Ahman J, Matuschek E, Kahlmeter G. EUCAST evaluation of 21 brands of
Mueller-Hinton dehydrated media for disk diffusion testing. Clin Microbiol
Infect 2020; doi:10.1016/j.cmi.2020.01.018.

11 Brown D, Canton R, Dubreuil L et al. Widespread implementation of
EUCAST breakpoints for antibacterial susceptibility testing in Europe. Euro
Surveill 2015; 20: 21008.

12 Jonasson E, Matuschek E, Kahlmeter G. The EUCAST rapid disc diffusion
method for antimicrobial susceptibility testing directly from positive blood
culture bottles. J Antimicrob Chemother 2020; 75: 968-78.

13 EUCAST. Methodology—EUCAST Rapid Antimicrobial Susceptibility
Testing (RAST) Directly from Positive Blood Culture Bottles, Version 1.1. 2019.
http://www.eucast.org/rapid_ast _in_blood_cultures/methods/.

14 EUCAST. Breakpoint Tables for Interpretation of MICs and Zone
Diameters, Version 8.0. 2018. http://www.eucast.org/clinical_breakpoints/.

15 Matuschek E, Brown D, Kahlmeter G. Development of the EUCAST disk dif-
fusion antimicrobial susceptibility testing method and its implementation in
routine microbiology laboratories. Clin Microbiol Infect 2014; 20: 0255-66.

16 EUCAST. EUCAST Guidelines for Detection of Resistance Mechanisms and
Specific Resistances of Clinical and/or Epidemiological Importance, Version
2.0.2017. http://www.eucast.org/resistance_mechanisms/.

17 EUCAST. Screening for ESBL and Carbapenemases in E. coli and K. pneu-
moniae for Epidemiological Purposes as Part of the RAST Procedure, Version
1.0. 2019. http://www.eucast.org/screening_for_resistance_mechanisms_
with_rast/.

3237

020z Jaquieoaq || uo 1s8nb Aq zZZZ68S/0EZE/ 1 L/S./910Ie/o.l/W0d"dno"olwepeo.//:sd)y Woly papeojumoq


https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa333#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa333#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa333#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa333#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa333#supplementary-data
http://www.eucast.org/ast_of_bacteria/disk_diffusion_methodology/
http://www.eucast.org/ast_of_bacteria/disk_diffusion_methodology/
http://www.eucast.org/rapid_ast_in_blood_cultures/methods/
http://www.eucast.org/clinical_breakpoints/
http://www.eucast.org/resistance_mechanisms/
http://www.eucast.org/screening_for_resistance_mechanisms_with_rast/
http://www.eucast.org/screening_for_resistance_mechanisms_with_rast/

Akerlund et al.

18 EUCAST. Routine and Extended Internal Quality Control for MIC
Determination and Disk Diffusion as Recommended by EUCAST, Version 8.0.
2018. http://www.eucast.org/ast_of_bacteria/qc_tables/.

19 EUCAST. Breakpoint Tables for Interpretation of MICs and Zone
Diameters, Version 9.0. 2019. http://www.eucast.org/clinical_breakpoints/.

20 EUCAST. Zone Diameter Breakpoints for Rapid Antimicrobial Susceptibility
Testing (RAST) Directly From Blood Culture Bottles, Version 1.0. 2018. http://
www.eucast.org/rapid_ast_in_blood_cultures/breakpoints_for_short_incu
bation/.

21 LiY, Yang X, Zhao W. Emerging microtechnologies and automated sys-
tems for rapid bacterial identification and antibiotic susceptibility testing.
SLAS Technol 2017; 22: 585-608.

22 Mulroney KT, Hall JM, Huang X et al. Rapid susceptibility profiling of
carbapenem-resistant Klebsiella pneumoniae. Sci Rep 2017; 7: 1903.

23 Carvalhaes CG, Cayo R, Visconde MF et al. Detection of carbapenemase
activity directly from blood culture vials using MALDI-TOF MS: a quick answer
for the right decision. J Antimicrob Chemother 2014; 69: 2132-6.

24 Oviano M, Fernandez B, Fernandez A et al. Rapid detection of enterobac-
teriaceae producing extended spectrum B-lactamases directly from positive
blood cultures by matrix-assisted laser desorption ionization-time of flight
mass spectrometry. Clin Microbiol Infect 2014; 20: 1146-57.

25 Idelevich EA, Storck LM, Sparbier K et al. Rapid direct susceptibility testing
from positive blood cultures by the matrix-assisted laser desorption
ionization-time of flight mass spectrometry-based direct-on-target micro-
droplet growth assay. J Clin Microbiol 2018; 56: €00913-18.

26 Coyle MB, McGonagle LA, Plorde JJ et al. Rapid antimicrobial susceptibility
testing of isolates from blood cultures by direct inoculation and early reading
of disk diffusion tests. J Clin Microbiol 1984; 20: 473-7.

27 Perillaud C, Pilmis B, Diep J et al. Prospective evaluation of rapid antimicro-
bial susceptibility testing by disk diffusion on Mueller-Hinton rapid-SIR directly
on blood cultures. Diagn Microbiol Infect Dis 2019; 93: 14-21.

28 Wellinghausen N, Pietzcker T, Poppert S et al. Evaluation of the Merlin
MICRONAUT system for rapid direct susceptibility testing of gram-positive
cocci and gram-negative bacilli from positive blood cultures. J Clin Microbiol
2007; 45: 789-95.

29 Funke G, Funke-Kissling P. Use of the BD PHOENIX Automated
Microbiology System for direct identification and susceptibility testing of
gram-negative rods from positive blood cultures in a three-phase trial. J Clin
Microbiol 2004; 42: 1466-70.

30 Fitzgerald C, Stapleton P, Phelan E et al. Rapid identification and anti-
microbial susceptibility testing of positive blood cultures using MALDI-TOF MS
and a modification of the standardised disc diffusion test: a pilot study. J Clin
Pathol 2016; 69: 1025-32.

31 Chandrasekaran S, Abbott A, Campeau S et al. Direct-from-blood-culture
disk diffusion to determine antimicrobial susceptibility of Gram-negative bac-
teria: preliminary report from the Clinical and Laboratory Standards Institute
Methods Development and Standardization Working Group. J Clin Microbiol
2018;56:e01678-17.

32 vanden Bijllaardt W, Buiting AG, Mouton JW et al. Shortening the incuba-
tion time for antimicrobial susceptibility testing by disk diffusion for
Enterobacteriaceae: how short can it be and are the results accurate? Int J
Antimicrob Agents 2017; 49: 631-7.

33 Kahlmeter G, Brown DF, Goldstein FW et al. European harmonization of
MIC breakpoints for antimicrobial susceptibility testing of bacteria. J
Antimicrob Chemother 2003; 52: 145-8.

34 Turnidge J, Paterson DL. Setting and revising antibacterial susceptibility
breakpoints. Clin Microbiol Rev 2007; 20: 391-408.

35 Kahlmeter G. The 2014 Garrod lecture: EUCAST—are we heading to-
wards international agreement? J Antimicrob Chemother 2015; 70: 2427-39.
36 EUCAST. Setting Breakpoints for New Antimicrobial Agents, SOP 1.2.
2016. http://www.eucast.org/documents/sops/.

37 EUCAST. Development and Validation of EUCAST Disk Diffusion
Breakpoints. 2020. http://www.eucast.org/ast_of bacteria/calibration_and_
validation/.

38 Verroken A, Defourny L, le Polain de Waroux O et al. Clinical impact of
MALDI-TOF MS identification and rapid susceptibility testing on adequate
antimicrobial treatment in sepsis with positive blood cultures. PLoS One 2016;
11:e0156299.

39 Verroken A, Defourny L, le Polain de Waroux O et al. Correction: Clinical
impact of MALDI-TOF MS identification and rapid susceptibility testing on ad-
equate antimicrobial treatment in sepsis with positive blood cultures. PLoS
One 2016; 11: e0160537.

40 Zadka H, Raykhshtat E, Uralev B et al. The implementation of rapid micro-
bial identification via MALDI-ToF reduces mortality in gram-negative but not
gram-positive bacteremia. Eur J Clin Microbiol Infect Dis 2019; 38: 2053-9.

41 Perez KK, Olsen RJ, Musick WL et al. Integrating rapid pathogen identifica-
tion and antimicrobial stewardship significantly decreases hospital costs.
Arch Pathol Lab Med 2013;137: 1247-54.

42 Timbrook TT, Morton JB, McConeghy KW et al. The effect of molecular
rapid diagnostic testing on clinical outcomes in bloodstream infections: a sys-
tematic review and meta-analysis. Clin Infect Dis 2017; 64: 15-23.

43 Messacar K, Parker SK, Todd JK et al. Implementation of rapid molecular
infectious disease diagnostics: the role of diagnostic and antimicrobial stew-
ardship. J Clin Microbiol 2017; 55: 715-23.

44 Soo YT, Waled S, Ng S et al. Evaluation of EUCAST rapid antimicrobial sus-
ceptibility testing (RAST) directly from blood culture bottles. Eur J Clin
Microbiol Infect Dis 2020; 39: 993-8.

45 Jasuja JK, Zimmermann S, Burckhardt L. Evaluation of EUCAST rapid anti-
microbial susceptibility testing (RAST) for positive blood cultures in clinical
practice using a total lab automation. Eur J Clin Microbiol Infect Dis 2020; 39:
1305-13.

46 EUCAST. Zone Diameter Breakpoints for Rapid Antimicrobial Susceptibility
Testing (RAST) Directly From Blood Culture Bottles, Version 1.1. 2019. http://
www.eucast.org/rapid_ast_in_blood_cultures/breakpoints_for_short_incu
bation/.

3238

020z Jaquieoaq || uo 1s8nb Aq zZZZ68S/0EZE/ 1 L/S./910Ie/o.l/W0d"dno"olwepeo.//:sd)y Woly papeojumoq


http://www.eucast.org/ast_of_bacteria/qc_tables/
http://www.eucast.org/clinical_breakpoints/
http://www.eucast.org/rapid_ast_in_blood_cultures/breakpoints_for_short_incubation/
http://www.eucast.org/rapid_ast_in_blood_cultures/breakpoints_for_short_incubation/
http://www.eucast.org/rapid_ast_in_blood_cultures/breakpoints_for_short_incubation/
http://www.eucast.org/documents/sops/
http://www.eucast.org/ast_of_bacteria/calibration_and_validation/
http://www.eucast.org/ast_of_bacteria/calibration_and_validation/
http://www.eucast.org/rapid_ast_in_blood_cultures/breakpoints_for_short_incubation/
http://www.eucast.org/rapid_ast_in_blood_cultures/breakpoints_for_short_incubation/
http://www.eucast.org/rapid_ast_in_blood_cultures/breakpoints_for_short_incubation/

	l
	l

