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Abstract

Background: Although a variety of methods exist, the goal of in-vitro antimicrobial susceptibility testing
is the same; to provide a reliable predictor of how a microorganism is likely to respond to antimicrobial therapy
in the infected host. This type of information aids the clinician in selecting the appropriate antimicrobial agent,
provides data for surveillance and aids in developing antimicrobial use policies. The objective of this review was
to review phenotypic tests of bacterial antimicrobial susceptibility testing and to offer guidance in selecting the
appropriate method of testing.

Result: In this review, we summarized the different phenotypic antimicrobial susceptibility tests including
the principles, advantages and disadvantages. In addition, susceptibility testing of fastidious bacteria, anaerobic
bacteria and actinomycets are separately discussed. In-vitro antimicrobial susceptibility testing can be performed
using a variety of forms, the most common being disk diffusion, agar dilution, broth macro dilution, broth micro
dilution, and a concentration gradient test.

Conclusion: The choice of antimicrobial susceptibility testing depends on different factors including the
target organism, antimicrobial agent and testing intensions. The use of up-to-date interpretation breakpoints and
regular quality control mechanisms is mandatory to maintain the reliability and reproducibility of test results and
to draw the trends of antimicrobial susceptibility. Because phenotypic tests are time consuming and technically
demanding, clinical laboratories should look for rapid, easy and accurate automated methods of antimicrobial
susceptibility testing.

Introduction

Antimicrobial is an agent that kills micro-organisms or inhibits their growth. Streptococcus
pneumonia developed up to 55% resistance to penicillin in some regions, Salmonella typhi
(outbreaks of multi-resistant strains in 11 countries) [1]. Multi-Drug-Resistant Tuberculosis (MDR-
TB) has emerged as a challenge to global Tuberculosis (TB) control and remains a major public
health concern in many countries [2]. Historically, medical practitioners and veterinarians selected
antimicrobials to treat bacterial infectious diseases based primarily on past clinical experiences.
However, with the increase in bacterial resistance to traditionally used antimicrobials, it has become
more difficult for clinicians to empirically select an appropriate antimicrobial agent [3].

As a result, in vitro Antimicrobial Susceptibility Testing (AST) of the relevant bacterial
pathogens, from properly collected specimens, uses to validate methods.

Phenotypes are observable characteristics of cells. They can be easily observed, scored, and
measured without requiring expensive technology. Antimicrobial susceptibility testing is screening
of microbial presence, grow and identify organism and test for anti-microbial susceptibility or
to predict the in vivo success or failure of antibiotic therapy. In combination; phenotypic testing
of bacterial antimicrobial resistance; can be widely used in clinical and diagnostic microbiology
laboratories [4].

These assays also are essential for new resistance discovery. In the United States dilution and
disc diffusion tests are two basic methodologies that are standardized by the Clinical and Laboratory
Standard Institute (CLSI), formerly known as a National Committee for Clinical Laboratory
Standards (NCCLS). The lowest concentration that inhibits the visible growth of an organism is the
MIC (Minimum Inhibitory Concentration) value [5]. Minimum Inhibitory Concentrations (MICs),
the clinical laboratory standard guidelines provides for the interpretative criteria that give the value
of MICs or growth inhibition zone sizes to determine the categories of susceptible, intermediate and
resistant [5].
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The performance of antimicrobial susceptibility testing is
important to confirm susceptibility to chosen empirical antimicrobial
agents or to detect resistance in individual bacterial isolates and
to offer guidance to physician in selecting effective antimicrobial
therapy for a pathogen in a specific body site [6]. Therefore, the
objective of this review was to review phenotypic tests of bacterial
antimicrobial susceptibility testing and to offer guidance in selecting
the appropriate testing method.

Methodology

In this review, related research articles, review articles, textbooks
and standard guidelines of known organizations such as CLSI were
collected from PubMed and Google scholar based on the keywords
phenotypic tests, antimicrobial susceptibility, and review. A total of
250 related literatures have been downloaded; the importance of each
material was determined based on the objectives of this review and
the 210 were not found significant for this review. Finally, 40 of the
250 literatures were systematically reviewed and sited for this output.

Results and Discussion

Selection of antimicrobials

Selecting the appropriate antimicrobials for susceptibility testing
can be difficult due to vast numbers of agents available.

The following guidelines are noted when selecting antimicrobials.
Antimicrobials in the same class may have similar in-vitro activities
against selected bacterial pathogens. Certain microorganisms can
be intrinsically resistant to particular antimicrobial classes. Periodic
review of microorganisms that are currently predictably susceptible
to certain antimicrobial agents is recommended to ensure that
emergent, unexpected resistance is detected. Emerging resistance may
also be suspected following poor response to a standard antimicrobial
treatment regime [7].

The CLSI provides tables that list the antimicrobial agents
appropriate for testing members of the Entrobacteriaceae,
Pseudomonas, and other bacteria like Staphylococcus, Enterococcus,
Streptococcus, Haemophilus species, etc.

The listings include recommendations for agents that are
important to test routinely, and those that may be tested or reported
selectively based on the institution’s formulary [8]. Generally, labs
choose 10-15 antibiotics to test susceptibility for Gram positive
organisms and another 10-15 for Gram negative organisms; too
many choices can confuse physicians and be too expensive. Primary
objective is; use the least toxic, most cost-effective, and most clinically
appropriate agents that refrain from more costly, broader-spectrum
agents.

Antimicrobial susceptibility testing methods

Ease of performance, flexibility, adaptability to automated
or semi-automated systems, cost, reproducibility, reliability and
accuracy are factors affecting selection of AST methods [7].

The following methods (Dilution method, broth micro dilution,
disk diffusion method, gradient diffusion and automated instrument
methods) can be consistently providing reproducible and repeatable
results when followed correctly [3,9].
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Dilution method

This is quantitative assays used to determine Minimum
Inhibitory Concentration (MIC) of the antibiotic. Serial dilutions
of the antibiotic in broth or in agar are inoculated by standardized
suspension of the microorganisms (105-106 bacteria/ml). Drugs at
the lowest concentration of each antibiotic that inhibits visible growth
of organisms designated as the Minimum Inhibitory Concentration
(MIC). Ranges should encompass the concentrations used to define
the interpretive categories (susceptible, intermediate, and resistant)
of the antimicrobial agent [10]. The Mueller-Hinton medium used
for the testing of frequently encountered pathogens (members
of the family Entrobacteriaceae, Staphylococci, Enterococci, and
some nonfermentative gram-negative bacilli, such as Acinetobacter
baumannii and Pseudomonas aeruginosa) due to the flexibility of
dilution methods [10].

Breakpoints derived by regulatory bodies and professional
groups are frequently similar. Technical factors including incubation
temperature and atmosphere, inoculums size, and test medium
formulation, can affect MICs, justifying different breakpoints.
Antimicrobial susceptibility dilution methods appear to be more
reproducible and quantitative than agar disk diffusion [5].

Agar dilution

Agar testing is one of the standardized antimicrobial testing
methods Mueller Hinton Agar (MHA) is used for testing nonfastdious
aerobes and facultative anaerobic that requires no special supplement
for growth [10]. To prevent the interference for drug activity, any
calcium and magnesium containing supplement is not added.

Oxacillin MIC for Staphylococcus spp. carrying the mecA gene (is
a gene that codes for a PBP (Penicillin-Binding Protein) that does not
bind beta-lactam antibiotics) are detected with increased sensitivity
by the agar containing NaCl [11].

The test method has the ability to test multiple bacteria, except
bacteria that swarm, on the same set of agar plates at the same time
and has the potential to improve the identification of MIC endpoints
and extend the antibiotic concentration range. However; agar dilution
is often recommended as a standardized AST method for fastidious
organisms, such as anaerobes, Campylobacter and Helicobacter
species.

Broth dilution method

Broth dilution is a technique in which a suspension of bacterium
of a predetermined optimal or appropriate concentration is tested
against varying concentrations of an antimicrobial agent (usually
serial twofold dilutions) in a liquid medium of predetermined,
documented formulation [7]. The antibiotic-containing tubes are
inoculated with a standardized bacterial suspension of 1-5x105 CFU/
ml. Following overnight incubation at 35°C, the tubes are examined
for visible bacterial growth as evidenced by turbidity [12].

The broth dilution method can be performed either in tubes
containing a minimum volume of 2ml (macrodilution) or in smaller
volumes using microtitration plates (microdilution). The broth
macrodilution method is both reliable and well standardized and
is of particular utility in research studies and in testing of a single
antimicrobial agent for one bacterial isolate.
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The method is, however, both laborious and time intensive and,
because of the ready commercial availability of convenient micro-
dilution systems, is not generally considered practical for routine use
in clinical microbiology laboratories [13].

Standard trays contain 96 wells, each containing a volume of
0.1mL that allows approximately 12 antibiotics to be tested in a range
of 8 two-fold dilutions in a single tray. Microdilution panels are
typically prepared using dispensing instruments that aliquot precise
volumes of pre-weighed and diluted antibiotics in broth into the
individual wells of trays from large volume vessel test results may be
determined either visually or through the use of semi automated or
automated instruments [14]. However; the macro dilution method
is tedious, manual task of preparing the antibiotic solutions for each
test, the possibility of errors in preparation of the antibiotic solutions,
and the relatively large amount of reagents and space required for
each test.

Advantage of micro dilution: The generation of MICs, the
reproducibility and convenience of having prepared panels, the
economy of reagents and space that occurs due to the miniaturization
of the test and assistance in generating computerized reports if an
automated panel reader is used.

Disadvantage of micro dilution: Less flexible than agar dilution or
disk diffusion in adjusting to the changing needs of the surveillance/
monitoring programme and the purchase of antimicrobial plates
and associated equipment is be costly; this methodology may not be
feasible for some laboratories.

Agar disk diffusion

The disk diffusion susceptibility method is simple and practical
and has been well-standardized. The test is performed by applying a
bacterial inoculum of approximately 1-2x108 CFU/mL to the surface
of a large (150 mm diameter) Mueller-Hinton agar plate. Up to 12
commercially-prepared, fixed concentrations, paper antibiotic disks
are placed on the inoculated agar surface. Plates are incubated for 16-
24 h at 35°C prior to determination of results [15,16].

It is routinely used for the testing of common, rapidly growing,
and some fastidious bacterial pathogens.

The positive results of the disk diffusion test are “qualitative,”
in that a category of susceptibility (i.e., susceptible, intermediate,
or resistant) is derived from the test rather than an MIC. However,
some commercially-available zone reader systems claim to calculate
an approximate MIC with some organisms and antibiotics by
comparing zone sizes with standard curves of that species and drug
stored in an algorithm [17]. With this testing method, commercially
prepared filter paper disks impregnated with specified predetermined
concentrations of the antibiotics to be assessed are applied to the
surface of a defined agar medium previously inoculated with the
bacterial pathogen.

The disk diffusion method for AST is standardized primarily
for commonly encountered, rapidly growing bacterial pathogens
and is applicable to neither anaerobes nor fastidious species that
demonstrate marked variability in growth rate from strain to strain
[18].

Although not all fastidious or slow growing bacteria can be
accurately tested by this method, the disk test has been standardized
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for testing Streptococci, Haemophilus influenzae, and Neisseria
meningitidis through use of specialized media, incubation conditions,
and specific zone size interpretive criteria [14].

Advantages: It is technically easy to perform and results are
reproducible, the reagents and supplies are inexpensive, it does not
require the use of expensive equipment, it generates categorical
interpretive results well understood by clinicians and it allows for
considerable flexibility in the selection of antibiotics for testing.

Disadvantage: A limited number of bacterial species can be tested
using this method, is inadequate for detection of vancomycin-
intermediate Staphylococcus aureus and It provides only a qualitative
result, whereas a quantitative MIC result that indicates the degree of
susceptibility may in some cases be required.

Gradient diffusion method

The antimicrobial gradient diffusion method uses the principle
of establishment of an antimicrobial concentration gradient in an
agar medium as a means of determining susceptibility. The E-test is
a commercially available, it employs thin plastic test strips that are
impregnated on the underside with a dried antibiotic concentration
gradient and are marked on the upper surface with a concentration
scale. Several strips containing different antimicrobial agents may be
applied in a radial arrangement to the surface of large round plates, or
they may be placed in opposite directions on large rectangular plates
[19].

The MIC is determined by the intersection of the lower part
of the ellipse shaped growth inhibition area with the test strip. The
assays are performed in a manner similar to that for disk diffusion
using a suspension of test organism equivalent in turbidity to that
of a 0.5 McFarland standard to inoculate the surface of an agar
plate. This method is best suited to situations in which an MIC for
only 1 or 2 drugs is needed or when a fastidious organism requiring
enriched medium or special incubation atmosphere is to be tested
(eg, penicillin and ceftriaxone with pneumococci) [20]. Generally,
E-test results have correlated well with MICs generated by broth or
agar dilution methods.

Advantages: the ability to generate quantitative MIC results
for infrequently tested antimicrobial agent and the option to test
fastidious and anaerobic organisms, for which reliable disk diffusion
methods and/or commercial systems are not available, through the
use of specific enriched media. Gradient diffusion strips are, however,
considerably more expensive than the paper disks used for diffusion
testing.

Automated instrument methods

Use of instrumentation can standardize the reading of end points
and often produce susceptibility test results in a shorter period than
manual readings because sensitive optical detection systems allow
detection of subtle changes in bacterial growth. There are different
types of automated instruments (Micro Scan Walk away, BD
phoenix, Trek Sensititere and Vitek 1 and Vitek 2). They can generate
susceptibility test results within (3.5-16 hours) but the fourth one is
overnight system. Gram-negative susceptibility test panels containing
fluorogenic substrates can be read within 3.5-7 hours. Separate gram-
positive and gram-negative panels read using turbidimetric end
points are ready in 4.5-18 hours [21,22].
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Advantage: Increased reproducibility decreased labor costs and
issued rapid results.

Disadvantage: These are not available widely in developing country
including Ethiopia.

Susceptibility testing of fastidious bacteria

Clinical microbiology laboratories are faced with the challenge
of accurately detecting emerging antibiotic resistance among several
important bacterial pathogens. Certain of these are fastidious
organisms that require enriched media and modified growth
conditions for reliable susceptibility testing (e.g. S. pneumoniae) [23].
Many fastidious bacterial species do not grow satisfactorily using
standard in vitro susceptibility testing with unsupplemented media.

For several of more frequently encountered pathogens (eg.
S. pneumoniae, Streptococcus spp. other than S. pneumoniae, N.
gonorrhoeae, N. meningitidis, H. influenzae and H. parainfluenzae),
modification is made to the standard CLSI. The CLSI has published
guidelines for AST of the fastidious and/or infrequently recovered
bacteria (Aeromonas spp., Bacillus spp. other than Bacillus anthracis,
Campylobacter coli, Campylobacter jejuni and Corynebacterium spp.
[24].

Susceptibility testing of anaerobic bacteria

Most anaerobic infections are caused by penicillin-sensitive
bacteria, with the exception of infections originating in the intestinal
tract or the vagina. Such infections generally contain Bacteroides
fragilis, which produces f-lactamase and is resistant to penicillins,
ampicillins and most cephalosporin. The importance of anaerobic
bacteria as participants in and causes of significant infections and
the need for specific antibiotic therapy for bacteremia and surgical
prophylaxis against anaerobes are well documented. If practical,
individual hospitals should establish antibiograms for the more
frequently recovered anaerobes on a periodic basis and test individual
patient isolates as needed to assist in patient care [25].

The agar dilution susceptibility testing method, which uses
Brucella blood agar as the medium, is designated the reference
method by the CLSI anaerobe working group. Because of the time-
consuming, labor-intensive nature of this method, it is not generally
considered practical for routine use in most clinical microbiology
laboratories but serves as the reference method to which other more
practical testing methods can be compared.

Alternative testing methods currently used include BMD (Broth
Micro Dilution; is only standardized for members of the Bacteroides
fragilis group) limited agar dilution, and gradient strip diffusion
assays, such as E-test [14].

Susceptibility testing of Nocardia species and other
aerobic actinomycetes

Nocardia asteroides, the most commonly recognized aerobic
actinomycete, causes significant disease in immunocompromised
patients. Other species associated with human disease include
Nocardia brasiliensis, Nocardia otitidiscaviarum, Nocardia farcinica,
Nocardia nova and Nocardia transvalensis [26]. Susceptibility testing
results serve to guide initial therapeutic choices and may document
emergence of drug resistance. No commercially available broth
systems is cleared by the FDA (Food and Drug Administration) for
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Nocardia spp. or other aerobic actinomycetes recommended drugs
for primary testing are amikacin, amoxicillin-clavulanate, ceftriaxone,
ciprofloxacin, clarithromycin, imipenem, linezolid, minocycline,
moxifloxacin, trimethoprim-sulfamethoxazole, and tobramycin.
Second-line drugs for testing include cefepime, cefotaxime, and
doxycycline [27].

Susceptibility testing of Mycobacteria

Mycobacterial susceptibility testing is important for the
management of patients with tuberculosis and those with disease
caused by certain nontuberculous mycobacteria. According to
Centers for Disease Control and Prevention report mycobacterial
susceptibility testing guidelines, initial isolates from patients with
tuberculosis should be tested for susceptibility to isoniazid, rifampin,
ethambutol, and pyrazinamide [28].

Emerging and spread of drug resistance TB has encountered as
a great challenge in Africa egion, Sub-Saharan Africa in particular.
Information on the extent of MDR-TB from Africa region is very
limited, probably due to poor laboratory facilities, poor surveillance
mechanisms and reporting procedures, outdated databases and
sub-optimal coverage of the infrequent surveys. Sub-Saharan Africa
stands the burden of both very high TB incidence and the highest
HIV prevalence rates in the world, and represents 14 % of the global
burden of new MDR-TB cases [29]. In tuberculosis bacilli, resistance is
by means of genetic mutations: codon 531 of the rpoB gene (rpoB531)
is found to be the most frequent mutation associated with rifampicin
resistance and codon 315 of the katG gene (katG315) is found to be
the most frequent mutation associated with isoniazid resistance [30].

This guidance overrides the prior practice of performing
susceptibility testing for only 3 drugs (isoniazid, rifampin, and
ethambutol) and then only when a pulmonary or infectious disease
clinician requested it. Current guidelines also state that susceptibility
testing should be repeated after 3 months if the patient remains
culture-positive despite appropriate therapy. However, susceptibility
testing may be performed earlier if the patient appears to be failing to
respond to therapy or if intolerance to the drug regimen is evident.

First-line susceptibility test results should be available for isolates
of the Mycobacterium tuberculosis complex within 15 to 30 days
of original receipt of the specimen in the laboratory [28]. However;
ideally, susceptibility results should be available within 7 to 14 days
of specimen receipt. If resistance to any of the 4 initially tested
agents is discovered, testing of secondary drugs should be performed
as soon as possible. If the isolate is resistant only to pyrazinamide,
Mpycobacterium bovis should be ruled out because most M. tuberculosis
isolates are susceptible to pyrazinamide [27].

Both the agar proportion method and the radiometric method
define resistance as growth of more than 1% of the inoculum of
bacterial cells in the presence of an anti tubercular drug. The anti
tubercular drugs are inoculated at specific in vitro concentrations,
the values of which correlate to clinical responsiveness. If more
than 1% of the bacterial population grows in the presence of a
drug, that particular drug will not be of therapeutic utility [27]. The
agar proportion method is used primarily to confirm results from
commercial liquid broth systems and to test additional drugs that may
not be available for testing using other systems. Susceptibility testing
of Non-Tuberculous Mycobacteria (NTM) should be performed on
isolates considered clinically significant.
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The American Thoracic Society criteria for clinical significance
of NTM are positive cultures from at least two sputum specimens or
one bronchial wash or bronchial lavage specimen. Alternatively, a
transbronchial or lung biopsy with histopathologic findings consistent
with Mycobacteria and positive on culture for NTM is sufficient to be
interpreted as clinically significant. However, accurate susceptibility
predictions for other slowly growing Mycobacteria cannot be made.
The standard susceptibility testing method for NTM is BMD [27].
The macrolides are the only antimicrobial agents that should be tested
against M. avium complex because they are the only agents for which
correlations have been demonstrated between in vitro susceptibility
tests and clinical response [31].

Because the mutation leading to resistance is the same for
clarithromycin and azithromycin, only one drug need to be
tested. Generally, clarithromycin is tested because azithromycin
demonstrates poor solubility. Commercially available broth systems
have not yet been cleared by the FDA for slowly growing NTM.

Quality control and quality assurance

Adequate quality control or quality assurance systems should be
established in AST performing laboratories: quality control refers
to the operational techniques that are used to ensure accuracy and
reproducibility of AST. Strict adherence to specified and documented
techniques in conjunction with quality control (i.e. assurance of
performance and other critical criteria) of media and reagents, record
keeping, the appropriate reference microorganism(s) should be
strictly performed and reference microorganisms must be obtained
from a reliable source; for example, from the American Type Culture
Collection (ATCC) [32].

Susceptibility testing of Klebsiella pneumoniae and
Staphylococcus aureus

Klebsiella pneumoniae (K. pneumoniae) are ubiquitously present
and reported worldwide. In recent years, K. pneumoniae has become
important pathogens in nosocomial infections [4]. The importance of
K. pneumoniae species in the ever increasing number of gram negative
aerobic bacillary nosocomial infections in the United States and
India has been well documented. Epidemic and endemic nosocomial
infections caused by K. pneumoniae species are leading causes of
morbidity and mortality [33]. In addition to being the primary
cause of respiratory tract infections like pneumonia, rhinoscleroma,
ozaena, sinusitis and otitis, it also causes infections of the alimentary
tract like enteritis, appendicitis and cholycystitis [34].

Staphylococcus aureus has long been recognised as an important
pathogen in many diseases, for example the toxic shock syndrome,
vasculitis and glomerulonephritis [35]. Therapy of infection has
become problematic due to an increasing number of Methicillin-
Resistant Strains (MRSA). The difference between MRSA and
methicillin-susceptible strains is that MRSA is resistant to $-lactamase
stable $-lactam antibiotics. Often this is also associated with resistance
to many other antibiotics, which limits the therapeutic options.
The prevalence of MRSA has also increased world-wide and new
therapeutic agents, optimization of infection control measures and
introduction of new medical devices with a reduced risk of infection
are being investigated [36].

External proficiency testing
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To ensure that reported antimicrobial susceptibility data are
accurate; member Countries should initiate an inter-laboratory
proficiency testing programme. External proficiency testing can be
carried out on a national basis. Laboratories in member Countries
are also encouraged to participate in international inter-laboratory
comparisons (e.g. Enter-Net). All bacterial species subjected to AST
should be included. Countries should appoint or establish designated
reference or national laboratories that are responsible for: monitoring
the quality assurance programmes of laboratories participating
in surveillance and monitoring of antimicrobial resistance,
characterizing and supplying to those laboratories a set of reference
microorganisms and creating managing, and distributing samples to
be used in external proficiency testing [37].

Future directions in antimicrobial susceptibility testing

The antimicrobial susceptibility testing methods provides reliable
results when used according to the procedures defined by the CLSI or
by the manufacturers of the commercial products. However, there is
considerable opportunity for improvement in the area of rapid and
accurate recognition of bacterial resistance to antibiotics.

There is a need for development of new automated instruments
that could provide faster results and also save money by virtue of
lower reagent costs and reduced labor requirements.

The use of genotypic methods for detection of antimicrobial
resistance genes is promoted as a way to increase the rapidity and
accuracy of susceptibility testing [38]. Numerous DNA-based assays
are being developed to detect bacterial antibiotic resistance at the
genetic level. The newest and perhaps most state-of-the-art approach
is to predict antimicrobial resistance phenotypes via identification and
characterization of the known genes that encode specific resistance
mechanisms. Methods that employ the use of comparative genomics,
genetic probes, microarrays, nucleic acid amplification techniques
(e.g. Polymerase Chain Reaction (PCR) and DNA sequencing offer
the promise of increased sensitivity, specificity and speed in the
detection of specific known resistance genes [38,39].

There are hundreds of p-lactamases, and numerous
mutations, acquisitions, and expression mechanisms that result in
fluoroquinolone, aminoglycoside, and macrolide resistance; too
many to be easily detected by current molecular techniques [40].
However, despite the new influx of genotypic tests, documented
and agreed upon phenotypic AST methods will still be required in
the near future to detect emerging resistance mechanisms among
bacterial pathogens.

Conclusion

Even though there are various methods, choice of antimicrobial
susceptibility testing depends on different factors including the target
organism, antimicrobial agent and testing intensions. Above all,
the growth requirement or fastidious nature of the organism highly
determines the selection of a particular method of susceptibility
testing. The use of up-to-date interpretation breakpoints and
establishing regular quality control mechanisms is mandatory to
maintain the reliability and reproducibility of test results and to draw
the trends of antimicrobial susceptibility. Because phenotypic tests
are time consuming and technically demanding, clinical laboratories
should look for rapid, easy and accurate automated methods of
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antimicrobial susceptibility testing. The implementation of advanced
genotypic methods enables detection of drug resistance of a particular
microbe at genetic level.

Authors’ contribution

AH: Conceived, designed, proposed the review article idea,

collecting important materials, systematically reviewed the review
article and prepared the manuscript. MT and DG: prepared the initial
and final version of the manuscript for publication. All authors read
and approved the final version of the manuscript.

Acknowledgement

We would like to thank Mekelle University; College of Health

Science, Unit of Medical Microbiology and Immunology for allowing
us to do this Review.

References

1.

10.

11.

12.

13.

14.

WHO. Manual for laboratory identification and antimicrobial substance testing
of bacterial pathogen of public importance in the developing world. Geneva:
World Health Organization. 2003.

WHO. World Health Organization multidrug and extensively drug-resistant
TB (M/XDR-TB): Global report on surveillance and response. Geneva: World
Health Organization. 2010.

Walker RD. Antimicrobial susceptibility testing and interpretation of results.
Prescott JF, Baggot JD, Walker RD, editors. In: Antimicrobial Therapy in
Veterinary Medicine. Ames, IA: lowa State University Press. 2000.

Bochner BR. Global phenotypic characterization of bacteria. FEMS Microbiol
Rev. 2009; 33: 191-205.

Barry AL, Badal RE, Hawkinson RW. Influence of inoculum growth phase on
microdilution susceptibility tests. J Clin Microbiol. 1983; 18: 645-651.

Kiser KM, Payne WC, Taff TA. Clinical Laboratory Microbiology: A Practical
Approach. Upper Saddle River, NJ: Pearson Education. 2011.

OIE (World Health Organization for Animal Health) International Standards
on Antimicrobial Resistance. Microarray-based detection of 90 antibiotic
resistance genes of gram-positive bacteria. J Clin Microbiol. 2003; 43: 2291-
2302.

Jorgensen JH. Selection of antimicrobial agents for routine testing in a clinical
microbiology laboratory. Diagn Microbiol Infect Dis. 1993; 16: 245-249.

Threlfall EJ, Fisher IST, Ward L, Tschape H, Gerner-Smidt P. Harmonization
of antibiotic susceptibility testing for Salmonella: Results of a study by 18
national reference laboratories within the European Union-funded Enter-Net
group. Microb Drug Resist. 1999; 5: 195-200.

CLSI. Performance Standards for Antimicrobial Disk Susceptibility Tests;
Approved standard-Eleventh Edition. CLSI document M02-A11. Wayne, PA:
Clinical and Laboratory standards Institute. 2012.

Stepanovic S, Hauschild T, Dakic I, Al-DooriZ, Svabic-Vlahovic M, Ranin L, et
al. Evaluation of phenotypic and molecular methods for detection of Oxacillin
resistance in members of the Staphylococcus sciuri group. J Clin Microbiol.
2006; 44: 934-937.

Ericsson JM, Sherris JC. Antibiotic sensitivity testing: report of an international
collaborative study. Acta Pathol Microbiol Scand B Microbiol Immunol. 1971;
217:1-90.

ISO (International Organization for Standardization). Susceptibility Testing
of Infectious Agents and Evaluation of Performance of Antimicrobial
Susceptibility Devices-Part 1: Reference Method for Testing the In Vitro
Activity of Antimicrobial Agents against Bacteria Involved in Infectious
Diseases. Geneva, Switzerland. 2006.

CLSI. Methods for dilution antimicrobial susceptibility testing for bacteria that
grew aerobically; Approved Standard-Tenth Edition. CLSI document M7-A10.
Wayne, PA: Clinical and Laboratory standards Institute. 2009.

Citation: Atshaha AH, Tedla DG and Shfare MT. Phenotypic Tests
of Bacterial Antimicrobial Susceptibility Testing: A Systematic Review.
SM J Clin Med. 2017; 3(1): 1020.

15.

16.

17.

18

19.

20.

2

[y

22.

23.

24,

25.

26.

27.

28.

29.

30.

3

g

32.

33.

. Richter

Jorgensen JH, Turnidge JD. Antibacterial susceptibility tests: dilution and disk
diffusion methods. Murray PR, Baron EJ, Jorgensen JH, editors. In: Manual
of clinical microbiology. 9" edn. Washington, DC: ASM. 2007; 1152-1172.

Turnidge JD. Antibacterial susceptibility tests: dilution and disk diffusion
methods. Manual of clinical microbiology. 9" edn. Washington, DC: ASM.
2007; 11: 52-72.

Korgenski EK, Daly JA. Evaluation of the biomic video reader for determining
interpretive categories of isolates on the basis of disk diffusion susceptibility
results. J Clin Microbiol. 1998; 36: 302-304.

. Bauer AW, Kirby WM, Sherris JC, Turck M. Antibiotic susceptibility testing

by a standardized single disk method. Am J Clin Pathol. 1966; 45: 493-496.

Baker CN, Stocker SA, Culver DH, Thornsberry C. Comparison of the E Test
to agar dilution, broth microdilution, and agar diffusion susceptibility testing
techniques by using a special challenge set of bacteria. J Clin Microbiol.
1991, 29: 533-538.

Huang MB, Baker CN, Banerjee S, Tenover FC. Accuracy of the E test for
determining antimicrobial susceptibilities of Staphylococci, Enterococci,
Campylobacter jejuni, and gram-negative bacteria resistant to antimicrobial
agents. J Clin Microbiol. 1992; 30: 3243-3248.

SS, Ferraro MJ. Susceptibility testing instrumentation and
computerized expert systems for data analysis and interpretation. ASM.
2007; 245-256.

Zimmer B, Mirrett SReller LB, Weinstein M, Hindler J, Carey R, McAllister
S, et al. Automated methods for antibiotic susceptibility testing. Clinical
Microbiology and Infection. 2006; 12: 1-88.

Barry AL, Cotton JL, Jones RN. Evaluation of a proprietary broth medium
for microdilution susceptibility testing of nutritionally fastidious bacteria. Clin
Microbiol. 1986; 24: 701-704.

CLSI. Methods for Antimicrobial Dilution and Disk Susceptibility Testing of
Infrequently Isolated or Fastidious Bacteria; Approved guideline-Second
Edition. CLSI document M45-A2. Wayne, PA: Clinical and Laboratory
Standards Institute. 2010.

Goldstein EJ, Citron DM, Merriam CV, Abramson MA. Infection after elective
colorectal surgery: bacteriological analysis of failures in a randomized trial of
cefotetan vs. ertapenem prophylaxis. Surg Infect. 2009; 10: 111-118.

Wallace RJ, Tsukamura M, Brown BA, Brown J, Steingrube VA, Zhang YS,
et al. Cefotaxime-resistant Nocardia asteroides strains are isolates of the
controversial species Nocardia farcinica. J Clin Microbiol. 1990; 28: 2726-
2732.

CLSI. Susceptibility Testing of Mycobacteria, Nocardiae, and Other Aerobic
Actinomycetes; Approved standard-Second Edition. CLSI document M24-A2.
Wayne, PA: Clinical and Laboratory Standards Institute. 2011.

Center for Disease Control and Prevention (CDC). Initial therapy for
tuberculosis in the era of multidrug resistance: recommendations of the
Advisory Council for the Elimination of Tuberculosis. MMWR Recomm Rep.
2010; 42: 1-8.

Mekonnen F, Tessema B, Moges F, Gelaw A, Eshetiea S, Kumera G.
Multidrug resistant tuberculosis: prevalence and risk factors in districts of
Metema and west Armachiho, Northwest Ethiopia. BMC Infect Dis. 2015; 15:
461.

Chhabra N, Aseri ML, Dixit R, Gaur S. Pharmacotherapy for multidrug
resistant tuberculosis. J Pharmacol Pharmacother. 2012; 3: 98-104.

. Griffith DE, Askamit T, Brown-Elliott BA. Diagnosis, treatment, and prevention

of nontuberculous mycobacterial diseases. Stephen G., Audreyn N, editors.
In: Current Concepts in Laboratory Testing to Guide Antimicrobial Therapy.
Mayo Clin Proc. 2012; 87: 290-308.

CLSI. Development of In Vitro Susceptibility Testing Criteria and Quality
Control Parameters; Approved guideline-Third Edition. CLSI document
M23-A3. Wayne, PA: Clinical and Laboratory standards Institute. 2008.

Nordamann P, Cuzon G, Naas T. The real threat of Klebsiella pneumoniae
carbapenemase producing bacteria. Lancet Infect Dis. 2009; 9: 228-236.

Zxa


http://www.who.int/csr/resources/publications/drugresist/WHO_CDS_CSR_RMD_2003_6/en/
http://www.who.int/csr/resources/publications/drugresist/WHO_CDS_CSR_RMD_2003_6/en/
http://www.who.int/csr/resources/publications/drugresist/WHO_CDS_CSR_RMD_2003_6/en/
http://www.who.int/tb/features_archive/m_xdrtb_facts/en/
http://www.who.int/tb/features_archive/m_xdrtb_facts/en/
http://www.who.int/tb/features_archive/m_xdrtb_facts/en/
https://www.ncbi.nlm.nih.gov/pubmed/19054113
https://www.ncbi.nlm.nih.gov/pubmed/19054113
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC270868/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC270868/
https://www.pearsonhighered.com/program/Kiser-Clinical-Laboratory-Microbiology-A-Practical-Approach/PGM59116.html
https://www.pearsonhighered.com/program/Kiser-Clinical-Laboratory-Microbiology-A-Practical-Approach/PGM59116.html
https://www.ncbi.nlm.nih.gov/pubmed/8477580
https://www.ncbi.nlm.nih.gov/pubmed/8477580
https://www.ncbi.nlm.nih.gov/pubmed/10566869
https://www.ncbi.nlm.nih.gov/pubmed/10566869
https://www.ncbi.nlm.nih.gov/pubmed/10566869
https://www.ncbi.nlm.nih.gov/pubmed/10566869
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwjcoeu-yufSAhVM4YMKHVDBBKsQFggiMAE&url=https%3A%2F%2Fwww.researchgate.net%2Ffile.PostFileLoader.html%3Fid%3D58139aa4615e27240754da03%26assetKey%3DAS%253A422233756704
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwjcoeu-yufSAhVM4YMKHVDBBKsQFggiMAE&url=https%3A%2F%2Fwww.researchgate.net%2Ffile.PostFileLoader.html%3Fid%3D58139aa4615e27240754da03%26assetKey%3DAS%253A422233756704
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwjcoeu-yufSAhVM4YMKHVDBBKsQFggiMAE&url=https%3A%2F%2Fwww.researchgate.net%2Ffile.PostFileLoader.html%3Fid%3D58139aa4615e27240754da03%26assetKey%3DAS%253A422233756704
https://www.ncbi.nlm.nih.gov/pubmed/16517879
https://www.ncbi.nlm.nih.gov/pubmed/16517879
https://www.ncbi.nlm.nih.gov/pubmed/16517879
https://www.ncbi.nlm.nih.gov/pubmed/16517879
https://www.ncbi.nlm.nih.gov/pubmed/4325956
https://www.ncbi.nlm.nih.gov/pubmed/4325956
https://www.ncbi.nlm.nih.gov/pubmed/4325956
https://www.iso.org/standard/41630.html
https://www.iso.org/standard/41630.html
https://www.iso.org/standard/41630.html
https://www.iso.org/standard/41630.html
https://www.iso.org/standard/41630.html
https://www.ncbi.nlm.nih.gov/pubmed/9431974
https://www.ncbi.nlm.nih.gov/pubmed/9431974
https://www.ncbi.nlm.nih.gov/pubmed/9431974
https://www.ncbi.nlm.nih.gov/pubmed/5325707
https://www.ncbi.nlm.nih.gov/pubmed/5325707
https://www.ncbi.nlm.nih.gov/pubmed/2037671
https://www.ncbi.nlm.nih.gov/pubmed/2037671
https://www.ncbi.nlm.nih.gov/pubmed/2037671
https://www.ncbi.nlm.nih.gov/pubmed/2037671
https://www.ncbi.nlm.nih.gov/pubmed/1452709
https://www.ncbi.nlm.nih.gov/pubmed/1452709
https://www.ncbi.nlm.nih.gov/pubmed/1452709
https://www.ncbi.nlm.nih.gov/pubmed/1452709
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC269011/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC269011/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC269011/
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwil9vHy0ufSAhUKuI8KHeo-DFwQFgghMAI&url=https%3A%2F%2Fwww.researchgate.net%2Ffile.PostFileLoader.html%3Fid%3D58316897f7b67edfcd62fab8%26assetKey%3DAS%253A430426348101
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwil9vHy0ufSAhUKuI8KHeo-DFwQFgghMAI&url=https%3A%2F%2Fwww.researchgate.net%2Ffile.PostFileLoader.html%3Fid%3D58316897f7b67edfcd62fab8%26assetKey%3DAS%253A430426348101
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwil9vHy0ufSAhUKuI8KHeo-DFwQFgghMAI&url=https%3A%2F%2Fwww.researchgate.net%2Ffile.PostFileLoader.html%3Fid%3D58316897f7b67edfcd62fab8%26assetKey%3DAS%253A430426348101
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwil9vHy0ufSAhUKuI8KHeo-DFwQFgghMAI&url=https%3A%2F%2Fwww.researchgate.net%2Ffile.PostFileLoader.html%3Fid%3D58316897f7b67edfcd62fab8%26assetKey%3DAS%253A430426348101
https://www.ncbi.nlm.nih.gov/pubmed/19226203
https://www.ncbi.nlm.nih.gov/pubmed/19226203
https://www.ncbi.nlm.nih.gov/pubmed/19226203
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC268263/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC268263/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC268263/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC268263/
http://shop.clsi.org/site/Sample_pdf/M24A2_sample.pdf
http://shop.clsi.org/site/Sample_pdf/M24A2_sample.pdf
http://shop.clsi.org/site/Sample_pdf/M24A2_sample.pdf
https://www.ncbi.nlm.nih.gov/pubmed/26503269
https://www.ncbi.nlm.nih.gov/pubmed/26503269
https://www.ncbi.nlm.nih.gov/pubmed/26503269
https://www.ncbi.nlm.nih.gov/pubmed/26503269
https://www.ncbi.nlm.nih.gov/pubmed/22629081
https://www.ncbi.nlm.nih.gov/pubmed/22629081
http://shop.clsi.org/site/Sample_pdf/M23A3_sample.pdf
http://shop.clsi.org/site/Sample_pdf/M23A3_sample.pdf
http://shop.clsi.org/site/Sample_pdf/M23A3_sample.pdf
https://www.ncbi.nlm.nih.gov/pubmed/19324295
https://www.ncbi.nlm.nih.gov/pubmed/19324295

SMGre&up

Copyright © Atsbaha AH

34.Kumar AR. Antimicrobial Sensitivity Pattern of Klebsiella pneumoniae
isolated from Sputum from Tertiary Care Hospital, Surendranagar, Gujarat
and Issues Related to the Rational Selection of Antimicrobials. Sch J App
Med Sci. 2013; 1: 928-933.

35. Tseng, SH, Lee CM, Lin TY, Chang SC, Chang FY. Emergence and spread
of multi-drug resistant organisms: Think globally and act locally. J Microbiol
Immunol Infect. 2011; 44: 157-165.

36. Tanaka H, Sato M, Oh-Uchi T, Yamaguchi R, Etoh H, Shimizu H, et al.
Antibacterial properties of a new isoflavonoid from Erythrina poeppigiana
against methicillin-resistant Staphylococcus aureus. Phytomedicine. 2004;
11: 331-337.

37. Kahlmeter G, Brown DFJ, Goldstein FW, Macgowan AP, Mouton JW,
Osterlund A, et al. European harmonization of MIC breakpoints for
antimicrobial susceptibility testing of bacteria. J Antimicrob Chemother. 2003;
52: 145-148.

Citation: Atshaha AH, Tedla DG and Shfare MT. Phenotypic Tests
of Bacterial Antimicrobial Susceptibility Testing: A Systematic Review.
SM J Clin Med. 2017; 3(1): 1020.

38.

39.

40.

Cal HY, Archambault M, Gyles CL, Prescott JF. Molecular genetics methods
in the veterinary clinical bacteriology laboratory: current usage and future
applications. Anim Health Res Rev. 2003; 4: 73-93.

Chen S, Zhao S, Mcdermott PF, Schroeder CM, White DG, Meng J, et al.
A DNA microarray for identification of virulence and antimicrobial resistance
genes in Salmonella serovars and Escherichia coli. Mol Cell Probes. 2005;
19: 195-201.

Rice LB, Bonomo RA. Mechanisms of resistance to antibacterial agents.
Murray PR, Baron EJ, Jorgensen JH, editors. In: Manual of clinical
microbiology. 9th edn. Washington, DC: ASM. 2007; 1114-1145.

=a


http://saspublisher.com/wp-content/uploads/2013/12/SJAMS16928-933.pdf
http://saspublisher.com/wp-content/uploads/2013/12/SJAMS16928-933.pdf
http://saspublisher.com/wp-content/uploads/2013/12/SJAMS16928-933.pdf
http://saspublisher.com/wp-content/uploads/2013/12/SJAMS16928-933.pdf
https://www.ncbi.nlm.nih.gov/pubmed/21524608
https://www.ncbi.nlm.nih.gov/pubmed/21524608
https://www.ncbi.nlm.nih.gov/pubmed/21524608
https://www.ncbi.nlm.nih.gov/pubmed/15185847
https://www.ncbi.nlm.nih.gov/pubmed/15185847
https://www.ncbi.nlm.nih.gov/pubmed/15185847
https://www.ncbi.nlm.nih.gov/pubmed/15185847
https://www.ncbi.nlm.nih.gov/pubmed/12837738
https://www.ncbi.nlm.nih.gov/pubmed/12837738
https://www.ncbi.nlm.nih.gov/pubmed/12837738
https://www.ncbi.nlm.nih.gov/pubmed/12837738
https://www.ncbi.nlm.nih.gov/pubmed/15134292
https://www.ncbi.nlm.nih.gov/pubmed/15134292
https://www.ncbi.nlm.nih.gov/pubmed/15134292
https://www.ncbi.nlm.nih.gov/pubmed/15797820
https://www.ncbi.nlm.nih.gov/pubmed/15797820
https://www.ncbi.nlm.nih.gov/pubmed/15797820
https://www.ncbi.nlm.nih.gov/pubmed/15797820

	Title
	Abstract
	Introduction
	Methodology
	Results and Discussion 
	Selection of antimicrobials 
	Antimicrobial susceptibility testing methods
	Dilution method
	Agar dilution
	Broth dilution method
	Agar disk diffusion 
	Gradient diffusion method
	Automated instrument methods
	Susceptibility testing of fastidious bacteria
	Susceptibility testing of anaerobic bacteria
	Susceptibility testing of Nocardia species and other aerobic actinomycetes
	Susceptibility testing of Mycobacteria
	Quality control and quality assurance
	Susceptibility testing of Klebsiella pneumoniae and Staphylococcus aureus 
	External proficiency testing
	Future directions in antimicrobial susceptibility testing 

	Conclusion  
	Acknowledgement
	References

