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Abstract

Background: Amikacin is tested as a first-line drug for Mycobacterium avium complex (MAC).

MAC often shows trailing growth in amikacin well when broth microdilution minimum

inhibitory concentration (MIC) is measured. Although Clinical and Laboratory Standards

Institute recommends reading amikacin MIC at the concentration of complete inhibition,

trailing growth often causes a subjective variation in MIC readings and a shift in MIC toward

false resistance. Therefore, this study was performed to evaluate the effect of trailing growth

of MAC on amikacin MIC and suggest the objective criteria to read MIC in trailing growth.

Methods: From November 2021 to April 2022, antimycobacterial susceptibility tests were

performed request-based for clinical isolates of MAC using Sensititre SLOMYCOI (Thermo

Fisher Scientific, Cleveland, OH, USA). For strains with an amikacin MIC of 32 pg/mL or

higher, the AST was re-tested, and the MIC was determined at the point of trailing growth onset.

The onset of trailing growth is defined as the point where a notable decrease in bacterial growth

is observed compared to the preceding well, and where increasing concentrations of amikacin

do not result in any additional inhibition of bacterial growth. Mutations in the rrs gene were

additionally tested for all isolates included in the study. Amikacin treatment history was

searched for patients corresponding to all isolates included in the study. MIC corresponding to



the 50th percentile (MICso) and 90th percentile (MICoo) of MAC isolates were determined and

the epidemiological cut-off (ECOFF) value was also calculated using the ECOFFinder

algorithm. The MICso, MICoo and ECOFF values of the study isolates were validated by

comparison with the amikacin MIC distribution in the European Committee on Antimicrobial

Susceptibility Testing (EUCAST) deposited data set. This study was approved by the

Institutional Review Board of Asan Medical Center (S2022-1595-0001).

Results: A total of 134 isolates including 67 M. intracellulare, 65 M. avium, and 2 M. chimaera

were tested for AST and interpretation of amikacin MIC resulted in 44 (32.8%) being

categorized as intermediate and 29 (21.6%) as resistant. A total of 72 isolates (53.7%) of M.

intracellulare and M. avium, classified as intermediate and resistant, were re-tested using the

SLOMYCOI panel, with MIC reading at the concentration which trailing growth started.

Among them, 44 isolates of MAC were changed to more susceptible category when trailing

growth was considered no growth; 10 and 4 isolates of M. intracellulare changed from resistant

to intermediate or susceptible, respectively, and 1 and 4 isolates of M. avium changed from

resistant to intermediate or susceptible, respectively. Any of MAC isolates including one of

resistant category did not carry rrs mutation. The MICso, MICo, and ECOFF values of the

study isolates were in excellent agreement with the distribution of amikacin MICs from

EUCAST. Among all patients included in this study, six had a history of amikacin treatment.



Of those, only one had a history of six month treatment with amikacin and MAC isolate from

the patient exhibited definite resistant MIC of greater than 64 against amikacin.

Conclusion: At initial readout, amikacin resistance amounted to 21.6% of clinical isolates,

however the resistance was not correlated with 7s mutations in our study. When CLSI

interpretation conditions were strictly followed, amikacin resistance rates were much higher

than clinical expectations due to trailing growth. To make the current CLSI breakpoints

clinically meaningful, we believe it is best to read the MIC at the concentration trailing growth

started.

Keywords: Mycobacterium avium complex, Amikacin, Minimum inhibitory concentration,

Trailing growth, Sensititre SLOMY COI panel
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Background

The incidence of nontuberculous mycobacterial pulmonary disease (NTM-PD) is increasing
globally [1], and this trend is observed also in South Korea. According to the study using
national health insurance data from 2007 to 2016, the prevalence of NTM infection
significantly increased from 6.7 per 100,000 population in 2007 to 39.6 per 100,000 population
in 2016 [2]. Similarly, the incidence of NTM infection also increased markedly from 6.0 per

100,000 in 2008 to 19.0 per 100,000 in 2016.

Mycobacterium avium complex (MAC) is the most common pathogen causing NTM-PD.
Currently, the species and subspecies that constitute the MAC include M. avium subsp. avium,
M. avium subsp. paratuberculosis, M. avium subsp. silvaticum, Mycobacterium arosiense,
Mycobacterium bouchedurhonense, Mycobacterium chimaera, Mycobacterium colombiense,
Mycobacterium intracellulare, Mycobacterium marseillense, Mycobacterium
paraintracellulare, Mycobacterium timonense, Mycobacterium vulneris, Mycobacterium
yongonense [3]. Among these, M. avium subsp. avium and M. intracellulare are well-known
pathogens. Recently, M. chimaera has also been recognized as a pathogen [4]. It has been

reported in patients undergoing open heart surgery, where M. chimaera forms biofilms in the



water tanks of heater-cooler units used during the surgery. This can lead to infection through

aerosolized bacteria entering the heart area during open heart surgery.

The first-line drugs to treat MAC-related disease include rifampin (RIF), ethambutol (EMB),

macrolide, and/or amikacin [5]. In controlled clinical trials, macrolides have been identified as

antimicrobial agents that show a correlation between in vitro susceptibility tests for MAC and

the clinical response [6]. Additionally, recent reports also indicate a correlation between the

minimum inhibitory concentration (MIC) values of amikacin and clinical response [7].

Therefore, macrolides and amikacin are considered first-line drugs for evaluating the

susceptibility of MAC isolates.

On the other hand, for EMB, RIF, and rifabutin (RFB), the correlation between MIC values

and clinical response is known to be poor [3]. Therefore, while these are recommended

treatment regimens, the Clinical and Laboratory Standards Institute (CLSI) M24-Ed3 does not

recommend reporting susceptibility for these drugs due to the inability to establish breakpoints

that differentiate susceptible and resistant strains. However, previous studies have indicated

that an unfavourable response is associated with MAC-PD patients having MICs >8 pg/mL for

RIF and EMB, suggesting that reporting MIC values could be useful [8]. Due to insufficient

research on streptomycin, it is recommended that only the MIC value be reported if this drug

1s tested.



As the acquired mutational resistance mechanisms, such as mutations in the 23S rRNA gene,

are the same for clarithromycin and azithromycin in MAC isolates, it is cost-effective to test

only one macrolide. Due to reasons such as poor solubility at the high concentrations used in

testing, clarithromycin is the preferred class drug for macrolide testing, and testing for

azithromycin susceptibility is not recommended.

Numerous studies suggest that amikacin resistance in MAC is associated with mutations in the

16S rRNA (7rs) gene [9, 10]. Therefore, sequencing the 16S rRNA gene to identify mutations

at positions 1408, 1409, and 1411 (Escherichia coli numbering) can confirm amikacin

resistance in MAC isolates. However, the absence of mutations in these positions does not

guarantee susceptibility, as other resistance mechanisms may exist.

For isolates from patients intolerant to macrolide therapy or with macrolide-resistant MAC,

antimycobacterial susceptibility testing (AST) for second-line agents such as moxifloxacin and

linezolid, following the clinical breakpoints of CLSI M62, should be considered. However, the

in vivo effectiveness of these agents for MAC disease remains unproven [3]. Due to limited

options for treating macrolide-resistant infections, interest in multidrug regimens, including

clofazimine, is increasing [11]. Yet, since breakpoints for clofazimine are not established, only

MIC values should be reported if AST is performed on this drug.



AST is recommended if a patient exhibits no clinical improvement or deteriorates while

remaining culture positive. In cases of disseminated disease, AST should be repeated after three

months of treatment, and for chronic pulmonary disease, after six months [12].

CLSI M24-Ed3 recommends using the broth microdilution test for antimycobacterial

susceptibility testing of NTM, including MAC [3]. Except for trimethoprim-sulfamethoxazole,

the MIC of drugs is determined in a well where visible bacterial growth is completely inhibited

[13]. Accurate MIC reading is critical because the assignment of susceptible, intermediate, and

resistant depends on which well the MIC is read from, and this decision influences treatment

selection.

Sensititre SLOMYCOI panel (Thermo Fisher Scientific, Cleveland, OH, USA) is a

commercialised broth microdilution testing kit widely used in clinical laboratories. However,

it has been used to evaluate MIC only against Mycobacterium marinum [14] and clarithromycin

MIC for MAC [15]. Although studies have been conducted to determine the epidemiological

cut-oft (ECOFF) value for MAC or to identify the distribution of MICs in MAC species using

the Sensititre panel, to our knowledge, the evaluation of the amikacin MIC using the Sensititre

SLOMYCOI panel in MAC is not well established [16-20]. In the broth microdilution assay

for MAC employing a Sensititre SLOMY COI panel, MIC determination occasionally becomes

ambiguous due to non-confluent, faint sporadic trailing growth within the amikacin well.
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Difficulty in MIC reading due to trailing growth in broth microdilution is common in the

antifungal susceptibility test of Candida species to azole drugs, particularly fluconazole,

voriconazole, and Aspergillus species to itraconazole [21, 22]. Moreover, according to CLSI

MO07-Ed11 and M24-Ed3, in the context of conducting antimicrobial susceptibility tests using

broth microdilution for gram-positive cocci against chloramphenicol, clindamycin,

erythromycin, linezolid, tedizolid, and tetracycline, and for Nocardia species against linezolid,

it is recommended to ignore trailing growth [3, 23]. Difficulties in determining the MIC of

amikacin for MAC in broth microdilution assays because of trailing growth have been

described in a previous study; however, the study did not use the Sensititre SLOMY COI panel

[9].

There have been reports suggesting variability in reading MAC's MIC depending on the

reader's experience [7]. In this study, readers with less than two years of experience tended to

record the AST results of the same MAC sample as "+growth," while those with over five years

of considerable experience often noted them as negative.

This study aimed to propose a method for amikacin MIC reading in the presence of trailing

growth during broth microdilution for MAC using Sensititre SLOMY COI panels and assess

the clinical significance of the findings.



Materials and Methods

Study Population

In this study, a total of 134 strains, isolated more than once from individual patients and
identified as MAC by a polymerase chain reaction (PCR)-hybridisation assay (GenoType
Mycobacterium CM/AS; Hain Lifescience GmbH, Germany), were included. These isolates
were collected between November 2021 and April 2022 at the Asan Medical Center in Seoul,

South Korea.

Species Identification by Sequencing Methods

Sequencing of the 16S rRNA, &sp65, and rpoB genes was carried out on all strains using
previous literature primers to determine MAC species (Table 1) [24-26]. Sequences obtained
via PCR were analysed using the National Center for Biotechnology Information (NCBI) Basic
Local Alignment Search Tool (BLAST). In cases where the results of the 16s rRNA, &sp635,
and rpoB genes analyses were discordant, an isolate was assigned to a species if the NCBI

BLAST results for at least two of these three genes were consistent.



Table 1. Primer sequences used for sequencing in the study

Target Primer Sequence
16S rRNA gene 8FPL 5"AGT TTG ATC CTG GCT CAG 3'
806R 5' GGA CTA CCA GGG TAT CTA AT 3'
515FPL 5'TGC CAG CAG CCG CGG TAA 3
13B 5' AGG CCC GGG AAC GTATTCAC 3'
hsp65 HSPFOR 5" ACC AAC GAT GGT GTG TCC AT 3'
HSPREV 5'CTT GTC GAA CCG CAT ACCCT 3'
rpoB rpoB 1 F 5' GGC AAG GTC ACC CCG AAG GG 3'
rpoB 1 R 5'AGC GGC TGC TGG GTG ATC ATC 3'
rrs (16S TRNA) rrs1-F 5" ATG ACG TCA AGT CAT CAT GCC 3'
rrs1-R 5" AGG TGA TCC AGC CGC ACCTTC 3'
rrl (23S rRNA) 23SF 5' AAT GGC GTAACGACT TCT CAACTGT 3'
23SR 5' GCA CTA GAG GTT CGT CCG TCC C 3




Antimicrobial Resistance Genes

Mutations at positions 1408, 1409, and 1411 (E. coli numbering) were investigated via

sequencing of the rrs gene (16S rRNA gene) associated with amikacin resistance [9, 27].

Additionally, in alignment with findings from previous studies, we investigated mutations in

other regions of the rrs gene, beyond positions 1408, 1409, and 1411, to rule out amikacin

resistance arising from mutations in these alternative areas of the gene.

Similarly, mutations at positions 2058 and 2059 (E. coli numbering) of the 7/ gene (23S rRNA

gene) associated with macrolide resistance were investigated [10, 27-29].

Antimycobacterial Susceptibility Test and Trailing Growth

Antimycobacterial susceptibility test (AST) was performed for all strains via the broth

microdilution method using Sensititre SLOMY COI (Thermo Fisher Scientific, Cleveland, OH,

USA) and cation-adjusted Mueller-Hinton broth with 5% oleic albumin dextrose catalase.

The obtained MIC results were read when the bacterial growth was completely inhibited. For

strains with an amikacin MIC of 32 pg/mL or higher, the AST was re-conducted, and the MIC

was determined at the point of trailing growth onset, which is defined as the juncture at which

a notable decrease in bacterial growth, as illustrated in Figure 1, becomes evident. Beyond this

8



point, no further inhibition of bacterial growth is observed in wells with increasing amikacin

concentrations.
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Figure 1. Image of the Sensititre SLOMY COI plate's amikacin wells illustrating the point of
trailing growth onset. In this image, a marked reduction in bacterial growth is observed as the
amikacin concentration increases from 8 pg/mL to 16 pg/mL. Beyond this concentration, up to
64 pg/mL, no further inhibition of bacterial growth is apparent. When the MIC is read at the
onset of trailing growth, the MIC for this case is determined to be 16 pg/mL.
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Review of Amikacin Treatment History

For the 134 isolates corresponding to the research participants, the history of amikacin usage
in the related patients was investigated by reviewing electronic medical records. Drug
susceptibility was re-tested for strains resistant to clarithromycin, and previous macrolide

treatment history was investigated.

Calculation of MIC metrics

The MIC data obtained from the re-tested strains were combined with the MIC data of
specimens not re-tested below MIC 16 pug/mL for joint analysis. From these combined data, we
calculated the modal MIC, MICso, and MICyo, as well as the 99.9% ECOFF value according to
the ECOFFinder algorithm [30]. The modal MIC represents the MIC value at the median when
the strains are arranged in order of their MICs. MICso is the MIC at which 50% of isolates are
inhibited, while MICyg is the MIC inhibiting 90% of isolates. The European Committee of
Antimicrobial Susceptibility Testing (EUCAST) recommends the use of John Turnidge's
ECOFFinder algorithm for ECOFF calculation. The ECOFFinder algorithm statistically
determines the ECOFF by utilizing the principle that the distribution of the base-2 logarithm

of MICs for any species follows a Gaussian distribution. The program for the ECOFFinder

11



algorithm can be downloaded from the EUCAST website

(https://www.eucast.org/mic_and zone distributions and ecoffs) and the CLSI website

(https://clsi.org/meetings/susceptibility-testing-subcommittees/ecoffinder/).

Similarly, using the MIC data from the isolates read at the point of complete bacterial growth

inhibition (following the CLSI guidelines), we calculated the modal MIC, MICso, MICoo, and

the 99.9% ECOFF value.

Ethical Considerations

This study was approved by the Institutional Review Board of Asan Medical Center (S2022-

1595-0001). Consent from participants was waived.
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Results

Identification of MAC Species

All 65 isolates identified as M. avium in the PCR-hybridisation assay were identified as M.
avium through multiple gene sequencing. Of the 69 isolates identified as M. intracellulare
using the PCR-hybridisation assay, 67 were identified as M. intracellulare and 2 as M.

chimaera via the sequencing method.

Results of Antimycobacterial Susceptibility Tests for Antimicrobials with Established

Breakpoints

According to the results of the AST, in which the MIC was measured at the point of complete
bacterial growth inhibition, 97.0% of M. avium strains were susceptible to clarithromycin,
whereas 1.5% were resistant (Table 2). Furthermore, 10.8% of M. avium strains were resistant
to amikacin, and more than 60 % were resistant to linezolid and moxifloxacin. All M.
intracellulare strains were susceptible to clarithromycin with no resistant isolates, and 32.9%,

86.6%, and 92.5% were resistant to amikacin, linezolid, and moxifloxacin, respectively.

13



Table 2. Minimum inhibitory concentration (MIC) values for Mycobacterium avium complex clinical isolates, read at complete bacterial growth inhibition

Amikacin Clarithromycin Linezolid Moxifloxacin
MIC No. (%) of isolates Susp  No. (%) of isolates Susp  No. (%) of isolates Susp  No. (%) of isolates Susp
(ng/mL)
Mavi Mint Mchi Mavi Mint Mchi Mavi Mint Mchi Mavi Mint Mchi
0.5 - - - 2(3.1) 1(1.5) - s - - - 3(4.6) - - s
1 - - - 9 (13.9) 2(3.0) - s - - - 6(9.2) - - s
2 - - - 23(354) 35(52.2) 1(500) S - - - 14 (21.5) 5(7.5) 1(50.0) |
4 - - - 23(35.4) 26 (38.8) 1(50.0) S 1(1.5) - 1(50.0) S 17 (26.2) 19 (28.4) - R
8 3(4.6) 2(3.0) - S 6(9.2) 3(4.5) - S 7(10.8) 1(1.5) - S 21(32.3) 36 (53.7) 1(500) R
160or  33(50.8) 22 (32.8) 1(500) S 1(1.5) - -1 18 (27.7) 8 (11.9) -1 4(6.2) 7(10.4) - R
>8 (Moxi)
32 22(338) 21(313) 1(50.0) | - - - 21 (32.3) 39 (58.2) 1(50.0) R - - - -
64 5(7.7) 16 (23.9) - R - - - 18 (27.7) 17 (25.4) - R - - [
>64 2(3.1) 6 (9.0) - R 1(1.5) - - R - 2(3.0) - R - - - -
Total 65 (100.0) 67 (100.0) 2(100.0) 65 (100.0) 67 (100.0) 2(100.0) 65 (100.0) 67 (100.0) 2 (100.0) 65 (100.0) 67 (100.0) 2(100.0)

Data are shown as n (%). Susp, Susceptibility; Mavi, M. avium; Mint, M. intracellulare; Mchi, M. chimaera; Moxi, Moxifloxacin; S, Susceptible; I, Intermediate; R, Resistant

14



Antimicrobial Resistance Gene Mutations

An M. avium strain resistant to clarithromycin remained resistant upon re-testing, and trailing
growth was not observed in the clarithromycin well. A well-known A2058T mutation in the r7/
gene was detected in the M. avium strain that was resistant to clarithromycin; however, no
mutations in the 77/ gene were observed in other isolates.! The patient from whom the
clarithromycin-resistant strain had a MIC >64 pg/mL was isolated with a 5-year history of

azithromycin treatment.

The rrs gene, which is associated with amikacin resistance in the M. avium complex, underwent
sequencing, and all strains, including those showing resistance to amikacin, were identified as

having the wild-type version of the gene.?

T Among the total of 134 strains included in the study, only one strain (M. avium) exhibited the widely

recognized A2058T mutation in the 7/ gene (23S rRNA gene).

2 In all study isolates, the 77s gene (16S rRNA gene) was found to be wild type, with no mutations observed.

15



Results of Antimycobacterial Susceptibility Tests for Rifampin, Rifabutin, and

Ethambutol

The percentages of M. avium, M. intracellulare, and M. chimaera strains with a MIC of >8
ug/mL were 43.9 %, 62.7 %, and 100 % for RIF, and 96.9%, 94.0%, and 100% for EMB,

respectively (Table 3).

16



Table 3. In vitro minimum inhibitory concentrations (MICs) of rifampin, rifabutin, and ethambutol for 134 Mycobacterium avium complex clinical isolates

Species  Antimicrobial Minimum inhibitory concentrations (MICs) No. (%) of isolates
agents with MIC>8 (ng/mL)
0.25 (RIF)or 0.5 1 2 4 8 >8 (RIF)or  >16
<0.25 (RFB) 16 (EMB)
Mavi Rifampin 1 1 10 16 15 9 13 - 22 (33.8)
Rifabutin 39 17 8 - 1 - - - 0 (0.0
Ethambutol - - - - 2 16 41 6 63 (96.9)
Mint Rifampin - - 1 9 15 28 14 - 42 (62.7)
Rifabutin 7 31 23 4 1 - - - 0(0.0)
Ethambutol - - - 1 3 49 11 3 63 (94.0)
Mchi Rifampin - - - - - 2 - - 2 (100.0)
Rifabutin - - 1 1 - - - - 0(0.0)
Ethambutol - - - - - 2 - - 2 (100.0)

Data are shown as number of isolates. RIF, rifampin; RFB, rifabutin; EMB, ethambutol; Mavi, M. avium; Mint, M. intracellulare; Mchi, M. chimaera

17



Re-evaluation of Amikacin MIC after Re-test of Antimycobacterial Susceptibility Test

For the strains that exhibited intermediate or resistant MIC values of 32 pg/mL or higher for
amikacin, AST was carried out again by determining the MIC at the onset of trailing growth;
the results are described in Table 4. In the case of M. avium, when the MIC was assessed
following the complete inhibition of bacterial growth (as per CLSI M24-Ed3 guidelines), 22
strains initially exhibited an MIC of 32 ug/mL. However, upon re-evaluation, where the MIC
was read at the onset of trailing growth, these strains exhibited a diverse range of MIC values
spanning from 4 pug/mL to 64 pg/mL. Among these, 36.4% maintained the original MIC
reading of 32 pg/mL, whereas 54.5% presented a lower MIC than initially determined.
Similarly, among the five strains previously characterized with an MIC of 64 pg/mL, 40.0%
maintained the same MIC value upon retesting, whereas the remaining three strains (60.0%)
exhibited a lower MIC. The two strains which had initially shown an MIC >64 pg/mL,

revealed MICs of 8 pg/mL and 16 pg/mL, respectively when re-tested.

18



Table 4. Comparison of amikacin MIC readings for M. avium and M. intracellulare obtained by two different methods

Amikacin MIC at complete M. avium amikacin MIC at the start of trailing growth (ug/mL)

growth inhibition (ug/mL) = 8 16 32 64 >64 Undetermined* _ Total

32 1(4.5) 2(9.1) 9 (40.9) 8(36.4) 1(4.5) 0 (0.0) 1(4.5) 22 (100.0)
64 0 (0.0) 1(20.0) 1 (20.0) 1 (20.0) 2 (40.0) 0(0.0) 0 (0.0 5 (100.0)
>64 0 (0.0) 1 (50.0) 1 (50.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 2 (100.0)

M. intracellulare amikacin MIC at the start of trailing growth (ug/mL)

32 0 (0.0) 1(4.8) 8(38.1) 8(38.1) 3(14.3) 0 (0.0) 1(4.8) 21 (100.0)
64 0 (0.0) 0 (0.0) 3(18.8) 10 (62.5) 3(18.8) 0 (0.0) 0(0.0) 16 (100.0)
>64 0 (0.0) 0 (0.0) 1(16.7) 0 (0.0) 4 (66.7) 1(16.7) 0(0.0) 6 (100.0)

Data are shown as n (%). *Contamination or no growth of mycobacteria in the control well even after re-testing.
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Regarding M. intracellulare, out of the 21 strains initially presenting an MIC of 32 pg/mL,
only 38.1% retained this value upon re-evaluation, whereas 42.9% demonstrated a reduced
MIC value. Among the 16 strains that had previously shown resistance with an MIC of 64
pg/mL, only 18.8% retained the original MIC upon re-evaluation. As for the six strains initially
recording an MIC >64 pg/mL, only one strain (16.7%) remained resistant upon re-examination,
with four strains presenting an MIC of 64 pg/mL and the remaining strain showing an MIC of

16 pg/mL.

History of Prolonged Amikacin Treatment

A history of prolonged amikacin treatment lasting 6 months was identified in only one patient
(Table 5). The isolate from this patient had an amikacin MIC >64 pg/mL, regardless of the
reading method used. Furthermore, an M. intracellulare isolate from a patient with a 1-week

exposure to amikacin showed a two-fold decrease in MIC to 16 pg/mL upon re-testing.

20



Table 5. Clinical information regarding patients with a history of prior amikacin exposure

Case  Species of MAC Prior amikacin ~ MIC with susceptibility at ~ MIC with susceptibility Other Treatment Post-treatment
exposure complete growth inhibition  ignoring trailing growth comorbidities regimen AFB conversion
(ng/mL) (re-test) (ug/mL)
1 M. intracellulare 6 months >64, R >64, R - Az+R+E+INH Not Converted
2 M. intracellulare 1 week 64, R 16, S DM, Bladder Az+R+E Converted
cancer, 3VD,

Squamous cell

carcinoma
3 M. intracellulare 3 months 32,1 16, S - Az+R+E+Am Not Converted
4 M. intracellulare 3 months 8,S Not done Schwannoma, Az+R+E Converted
Lung
5 M. avium 4 months 32,1 16, S - Az+E+Am+INH Not Converted
6 M. avium 3 months 32,1 32,1 - AzZ+E+Am Not Converted

AFB, acid-fast bacilli; DM, diabetes mellitus; 3VD, three-vessel disease; Az, azithromycin; R, rifampin; E, ethambutol; INH, isoniazid; Am, amikacin; MIC, minimum

inhibitory concentration; MAC, Mycobacterium avium complex
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Difference in MIC Distribution Depending on Interpretation of Trailing Growth

The difference in MIC distribution when reading the MIC either by ignoring trailing growth or
at the point of complete growth inhibition is illustrated in Figure 2. Comparison of the two
distinct MIC reading methods revealed a general trend: when trailing growth was ignored,
rather than taking readings at the point of complete growth inhibition, lower MIC values were
generally observed for both M. avium and M. intracellulare species. Consequently, the number
of strains classified as intermediate or resistant decreased, whereas the count of susceptible

strains increased.
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Figure 2. Comparative distribution of MIC values for (A) M. avium and (B) M. intracellulare
read using two different methods. The MIC values ignoring trailing growth were re-tested only

for cases with an initial MIC of 32 pg/mL or above, and the results are presented in addition to



For M. avium, ignoring trailing growth, had no impact on the modal MIC and MICsy, with both
remaining at 16 pg/mL. However, the MICq decreased from 64 to 32 pg/mL, and the 99.9 %
ECOFF decreased from 128 to 64 pg/mL (Table 6). In the case of M. intracellulare, the
exclusion of trailing growth did not affect the modal MIC, which remained at 16 pg/mL, but
the MICso decreased from 32 to 16 pg/mL. The MICoy remained at 64 pg/mL, whereas the

99.9 % ECOFF decreased from 256 to 128 pg/mL.
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Table 6. Comparison of MIC reading methods and associated MIC metrics for M. avium and

M. intracellulare

Species MIC reading methods Modal MIC  MICsy MICq  99.9% ECOFF

M. avium Complete growth inhibition 16 16 64 128
Ignoring trailing growth 16 16 32 64

M. intracellulare ~ Complete growth inhibition 16 32 64 256
Ignoring trailing growth 16 16 64 128

All MIC metrics values are expressed in pg/mL. ECOFF, epidemiological cut-off value.

25



Discussion

The MIC values read at the onset of trailing growth during re-testing showed a low concordance

rate compared with the original MIC values read at the point when bacterial growth was

completely inhibited. For M. avium, the concordance rates were as follows: MIC = 32 pg/mL,

36.4%; 64 ng/mL, 40.0%; and >64 pg/mL, 0.0%. In the case of M. intracellulare, the

concordance rates were MIC = 32 pug/mL, 38.1%; 64 ng/mL, 18.8%; and >64 ug/mL, 16.7%.

In several studies, the MICso and MICoo for amikacin against M. avium and M. intracellulare

have been reported to be 16 pg/mL and 32 pg/mL, respectively [7, 31]. In this study, when we

excluded trailing growth for M. intracellulare, a decrease in MICso from 32 pg/mL to 16 pg/mL

was observed. Similarly, for M. avium, the MICqo showed a reduction from 64 pg/mL to 32

ug/mL (Table 6). Therefore, these findings suggest that by ignoring trailing growth, the MIC

values closely align with those previously reported in the literature.

Recently, efforts have been made to determine the ECOFF values for MAC against amikacin

[20, 32]. Beyond single studies, EUCAST has been actively gathering MIC distribution data
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from various researchers and subsequently publishing an aggregated MIC distribution along

with the 99.9% ECOFF value on their official platform (http://mic.eucast.org/Eucast2/). Based

on the cumulative data gleaned from previous studies and the MIC distribution data provided

by EUCAST, the ECOFF values for M. avium and M. intracellulare stand at 64 pg/mL.

Moreover, our findings indicated that when trailing growth was disregarded, the ECOFF for M.

avium decreased from 128 to 64 pg/mL, aligning seamlessly with the values reported in the

EUCAST MIC distribution. Concurrently, the ECOFF for M. intracellulare saw a reduction

from 256 to 128 pg/mL, which is close to the value reported by EUCAST. However, the

classification of susceptibility by the CLSI M24-Ed3 breakpoint considers MICs of 16 pg/mL

or below as susceptible, 32 pg/mL as intermediate, and 64 pg/mL or above as resistant, resulting

in a discrepancy between the EUCAST ECOFF and the CLSI breakpoint. This finding suggests

that the CLSI guidelines for the amikacin breakpoint for MAC should be revised if the MIC is

to be read at the point of complete growth inhibition, as has traditionally been done. If CLSI is

to maintain its current breakpoint, the MIC should be read, ignoring trailing growth.

The detection of the A2058T mutation in the 77/ gene in clarithromycin-resistant isolates is

consistent with previous research findings [10]. Previous studies have indicated that mutations

in the rrs gene were rarely observed in strains with an amikacin MIC of 64 ng/mL. However,
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they were predominantly detected in strains with a MIC >64 pg/mL. Therefore, the absence of

rrs gene mutations in the eight isolates with a MIC >64 ng/mL, as determined at the point of

complete inhibition of bacterial growth in this study, contradicts previous findings [7, 9, 10].

In contrast, the MIC results obtained at the onset of trailing growth provided a more plausible

explanation for the absence of r7s gene mutations. One patient, whose isolate exhibited an

amikacin MIC exceeding 64 pg/mL at the onset of trailing growth, had a history of amikacin

treatment for 6 months, which is consistent with previous reports indicating that patients with

MAC isolates demonstrating an amikacin MIC greater than 64 pg/mL had received treatment

for over 6 months [7]. However, no rrs gene mutation was observed in this M. intracellulare

isolate. Although the exact MIC of this strain was not determined, previous studies have

provided strong evidence of rrs gene mutations in cases where amikacin MIC >256 ug/mL [9,

10]. However, the number of strains with MIC = 128 pug/mL or 256 ug/mL in previous studies

was relatively small. Additionally, other resistance mechanisms to amikacin, such as

aminoglycoside acetyltransferase, enhanced intracellular survival protein (eis), and drug efflux

pumps, may be present in these strains alongside rrs gene mutations [9, 10]. Furthermore, in

another study focused on Mycobacterium abscessus and Mycobacterium massiliense, rrs

mutations were only detected in strains with amikacin MIC >2,048 pg/mL, suggesting that rrs

mutations may be involved in resistance only in highly resistant strains [27]. Although the
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clinical significance of trailing growth in the amikacin well of the Sensititre panel has not been
reported, our study demonstrated that ignoring trailing growth and reading the MIC at the point
of trailing growth onset is more consistent with the patient's treatment history and genotyping
results. Further evaluations with more cases may be necessary to ascertain the cause of trailing

growth and its clinical implications.

Among the 69 isolates identified as M. intracellulare via PCR-hybridisation, two isolates were
identified as M. chimaera after sequencing of the 16S rRNA, Asp65, and rpoB genes; the
remaining 67 isolates were identified as M. intracellulare. PCR-hybridisation and sequencing
showed identical results for M. avium strains. As the PCR-hybridisation assay using GenoType
Mycobacterium CM/AS cannot distinguish between M. chimaera and M. intracellulare [33],

sequencing species-specific genes is useful for accurate differentiation.
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Limitations

If a larger sample size had been used in this study, it is possible that more strains exhibiting
resistance with MICs >64 pg/mL when the MIC was read while ignoring trailing growth would
have been identified. This would have potentially allowed for the confirmation of alternative
genotypic resistance mechanisms beyond the 7rs gene. The failure to accomplish this due to
the limited sample size constitutes a limitation of this study, necessitating further investigation

in subsequent research.
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Conclusions

For accurate species identification of MAC, sequencing of the 16S rRNA, Asp65, and rpoB
genes was conducted, enabling differentiation between M. intracellulare and M. chimaera,
which were indistinguishable by the previous PCR-hybridization method. The sequencing of

16S rRNA, hsp65, and rpoB genes effectively identified M. chimaera.

As 132 of 134 MAC isolates were susceptible to clarithromycin, macrolides could be used as
first-line drugs without AST in patients with MAC disease. Only 7.5% of susceptible MAC
strains were found for linezolid and 6.7% for moxifloxacin. Therefore, when considering these
antimicrobials for MAC infection treatment, it is essential to perform antimycobacterial

susceptibility testing and tailor the therapeutic approach according to these findings.

For Rifampin and Ethambutol, no breakpoints exist to distinguish between susceptibility,
intermediate, and resistance. However, there have been reports of unfavorable outcomes with

MIC values of 8 or above. In this study, the percentage of isolates with an MIC of 8 or above
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was 33.8% for M. avium with Rifampin and 96.9% for Ethambutol, while for M. intracellulare,

it was 62.7% for Rifampin and 94.0% for Ethambutol. Therefore, when considering treatment

with these drugs, it is crucial to conduct susceptibility testing to determine the MIC.

When trailing growth is interpreted as false growth and MICs are read accordingly, the resultant

MICs for MAC against amikacin are generally lower than when trailing growth considered as

true growth. Furthermore, these adjusted MICs, which disregard trailing growth, provide a

more accurate explanation of the rrs genotype results, amikacin treatment history, and

EUCAST's MIC distribution than the MICs according to the CLSI guidelines. Therefore, CLSI

guidelines should be updated to ignore trailing growth when reading the amikacin MIC for

MAC.

32



References

Kumar K and Loebinger MR. Nontuberculous Mycobacterial Pulmonary Disease:

Clinical Epidemiologic Features, Risk Factors, and Diagnosis: The Nontuberculous

Mycobacterial Series. Chest 2022;161:637-46.

Lee H, Myung W, Koh WJ, Moon SM, Jhun BW. Epidemiology of Nontuberculous

Mycobacterial Infection, South Korea, 2007-2016. Emerg Infect Dis 2019;25:569-72.

CLSI. Susceptibility Testing of Mycobacteria, Nocardia spp., and Other Aerobic

Actinomycetes, 3rd Ed. CLSI guideline M24. Wayne, PA: Clinical and Laboratory

Standards Institute, 2018.

Thomas S, Stevenson D, Otu AA, Vergidis P, Barker J, Ashworth A, et al. Microbial

Contamination of Heater Cooler Units Used in Extracorporeal Membrane Oxygenation

Is Not Aerosolized into the Environment: A Single-Center Experience. Infect Control

Hosp Epidemiol 2020;41:242-4.

Daley CL, laccarino JM, Lange C, Cambau E, Wallace RJ, Jr., Andrejak C, et al.

Treatment of Nontuberculous Mycobacterial Pulmonary Disease: An Official

ATS/ERS/ESCMID/IDSA Clinical Practice Guideline. Clin Infect Dis 2020;71:e1-e36.

Griffith DE, Brown-Elliott BA, Langsjoen B, Zhang Y, Pan X, Girard W, et al. Clinical
33



10.

I1.

and Molecular Analysis of Macrolide Resistance in Mycobacterium avium Complex

Lung Disease. Am J Respir Crit Care Med 2006;174:928-34.

Brown-Elliott BA, Iakhiaeva E, Griffith DE, Woods GL, Stout JE, Wolfe CR, et al. In

Vitro Activity of Amikacin Against Isolates of Mycobacterium avium Complex with

Proposed MIC Breakpoints and Finding of a 16S rRNA Gene Mutation in Treated

Isolates. J Clin Microbiol 2013;51:3389-94.

Kwon BS, Kim MN, Sung H, Koh Y, Kim WS, Song JW, et al. In Vitro MIC Values of

Rifampin and Ethambutol and Treatment Outcome in Mycobacterium avium Complex

Lung Disease. Antimicrob Agents Chemother 2018;62.

Kim SY, Kim DH, Moon SM, Song JY, Huh HJ, Lee NY, et al. Association Between

16S rRNA Gene Mutations and Susceptibility to Amikacin in Mycobacterium avium

Complex and Mycobacterium abscessus Clinical Isolates. Sci Rep 2021;11:6108.

Huh HJ, Kim SY, Shim HJ, Kim DH, Yoo 1Y, Kang OK, et al. GenoType NTM-DR

Performance Evaluation for Identification of Mycobacterium avium Complex and

Mycobacterium abscessus and Determination of Clarithromycin and Amikacin

Resistance. J Clin Microbiol 2019;57.

Nasiri MJ, Calcagno T, Hosseini SS, Hematian A, Nojookambari NY, Karimi-Yazdi M,

et al. Role of Clofazimine in Treatment of Mycobacterium avium Complex. Front Med

34



12.

13.

14.

15.

16.

(Lausanne) 2021;8:638306.

Griffith DE, Aksamit T, Brown-Elliott BA, Catanzaro A, Daley C, Gordin F, et al. An

Official ATS/IDSA Statement: Diagnosis, Treatment, and Prevention of

Nontuberculous Mycobacterial Diseases. Am J Respir Crit Care Med 2007;175:367-

416.

Wiegand I, Hilpert K, Hancock RE. Agar and Broth Dilution Methods to Determine the

Minimal Inhibitory Concentration (MIC) of Antimicrobial Substances. Nat Protoc

2008;3:163-75.

Chazel M, Marchandin H, Keck N, Terru D, Carriére C, Ponsoda M, et al. Evaluation

of the SLOMYCO Sensititre(®) Panel for Testing the Antimicrobial Susceptibility of

Mycobacterium marinum Isolates. Ann Clin Microbiol Antimicrob 2016;15:30.

Babady NE, Hall L, Abbenyi AT, Eisberner JJ, Brown-Elliott BA, Pratt CJ, et al.

Evaluation of Mycobacterium avium Complex Clarithromycin Susceptibility Testing

Using SLOMYCO Sensititre Panels and JustOne Strips. J Clin Microbiol

2010;48:1749-52.

LiY, Liu C, Ma A, He W, Qiu Q, Zhao Y, et al. Identification and Drug Susceptibility

Testing of the Subspecies of Mycobacterium avium Complex Clinical Isolates in

Mainland China. J Glob Antimicrob Resist 2022;31:90-7.

35



17.

18.

19.

20.

21.

Wang W, Yang J, Wu X, Wan B, Wang H, Yu F, et al. Difference in Drug Susceptibility

Distribution and Clinical Characteristics Between Mycobacterium avium and

Mycobacterium intracellulare Lung Diseases in Shanghai, China. Journal of Medical

Microbiology 2021;70.

Wetzstein N, Kohl TA, Andres S, Schultze TG, Geil A, Kim E, et al. Comparative

Analysis of Phenotypic and Genotypic Antibiotic Susceptibility Patterns in

Mpycobacterium avium Complex. Int J Infect Dis 2020;93:320-8.

Jaftré J, Aubry A, Maitre T, Morel F, Brossier F, Robert J, et al. Rational Choice of

Antibiotics and Media for Mycobacterium avium Complex Drug Susceptibility Testing.

Front Microbiol 2020;11:81.

Maurer FP, Pohle P, Kernbach M, Sievert D, Hillemann D, Rupp J, et al. Differential

Drug Susceptibility Patterns of Mycobacterium chimaera and Other Members of the

Mycobacterium  avium-intracellulare  Complex.  Clin ~ Microbiol  Infect

2019;25:379.el-.e7.

Wang HC, Hsieh MI, Choi PC, Wu CJ. Comparison of the Sensititre YeastOne and

CLSI M38-A2 Microdilution Methods in Determining the Activity of Amphotericin B,

Itraconazole, Voriconazole, and Posaconazole against Aspergillus Species. J Clin

Microbiol 2018;56.

36



22.

23.

24.

25.

26.

27.

Arthington-Skaggs BA, Lee-Yang W, Ciblak MA, Frade JP, Brandt ME, Hajjeh RA, et

al. Comparison of Visual and Spectrophotometric Methods of Broth Microdilution MIC

End Point Determination and Evaluation of a Sterol Quantitation Method for In Vitro

Susceptibility Testing of Fluconazole and Itraconazole Against Trailing and Nontrailing

Candida Isolates. Antimicrob Agents Chemother 2002;46:2477-81.

CLSI. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow

Aerobically, 11th Ed. CLSI guideline M07. Wayne, PA: Clinical and Laboratory

Standards Institute, 2018.

Lee H, Bang HE, Bai GH, Cho SN. Novel Polymorphic Region of the rpoB Gene

Containing Mycobacterium Species-Specific Sequences and Its Use in Identification of

Mycobacteria. J Clin Microbiol 2003;41:2213-8.

Turenne CY, Semret M, Cousins DV, Collins DM, Behr MA. Sequencing of Asp65

Distinguishes Among Subsets of the Mycobacterium avium Complex. J Clin Microbiol

2006;44:433-40.

Kirschner P, Springer B, Vogel U, Meier A, Wrede A, Kiekenbeck M, et al. Genotypic

Identification of Mycobacteria by Nucleic Acid Sequence Determination: Report of a

2-Year Experience in a Clinical Laboratory. J Clin Microbiol 1993;31:2882-9.

Lee SH, Yoo HK, Kim SH, Koh WJ, Kim CK, Park YK, et al. The Drug Resistance

37



28.

29.

30.

31.

32.

Profile of Mycobacterium abscessus Group Strains from Korea. Ann Lab Med

2014;34:31-7.

Jamal MA, Maeda S, Nakata N, Kai M, Fukuchi K, Kashiwabara Y. Molecular Basis

of Clarithromycin-Resistance in Mycobacterium avium-intracellulare Complex. Tuber

Lung Dis 2000;80:1-4.

Nash KA and Inderlied CB. Genetic Basis of Macrolide Resistance in Mycobacterium

avium Isolated from Patients with Disseminated Disease. Antimicrob Agents

Chemother 1995;39:2625-30.

Turnidge J, Kahlmeter G, Kronvall G. Statistical Characterisation of Bacterial Wild-

Type MIC Value Distributions and the Determination of Epidemiological Cut-Off

Values. Clin Microbiol Infect 2006;12:418-25.

Schon T and Chryssanthou E. Minimum Inhibitory Concentration Distributions for

Mycobacterium avium Complex-Towards Evidence-Based Susceptibility Breakpoints.

Int J Infect Dis 2017;55:122-4.

Froberg G, Maurer FP, Chryssanthou E, Fernstrom L, Benmansour H, Boarbi S, et al.

Towards Clinical Breakpoints for Non-Tuberculous Mycobacteria - Determination of

Epidemiological Cut Off Values for the Mycobacterium avium Complex and

Mycobacterium abscessus Using Broth Microdilution. Clin Microbiol Infect

38



2023;29:758-64.

33. Mok S, Rogers TR, Fitzgibbon M. Evaluation of GenoType NTM-DR Assay for

Identification of Mycobacterium chimaera. J Clin Microbiol 2017;55:1821-6.

39



Hi
Mo
fo
12

oot

S|

0y

+
0x

HiZ: OF0|ZtAM2  Mycobacterium avium complex(MAC)Ol| CHSt
dALE Aldg O EIIS{orst= 1A FM|O|CE. MACS HM|B{X| DA H
(broth microdilution) 22 XA AKX & = (minimum inhibitory concentration, MIC)S
e W ofo|ZtAl wellof| A =8 E(trailing growth)y= FF E QICH Clinical and
Laboratory Standards Institute (CLSI) 7FO|E2fRI0|M = w2 A& 0| &3 AN &=

SEO0A ofojFtelel MICE &E As HEOHE, 2dAFE2 FF MIC

5
2

=0

1A

el XolE ZEAZIA E2, fUd FL=2 MICE =0l

ol

3

A0l Tt mMatM, O e+& MAce =AGZ0| orb|Ztal Mico| BjX[=

FHIFUNM MICE HEAH=z Esot= 7|ES AMASH|

3

[
=

0z

Sl b 2021E 11TEEH 20228 427X MACS| YA 22| =#F0 CH

rot

L

ot K| ZE == A& (antimycobacterial susceptibility test, AST)= Sensititre SLOMYCOI

40



(Thermo Fisher Scientific, Cleveland, OH, USA)& AMESHH F 7[HIo 2 +HE|RULCE

ot0|Ztal MICZF 32 pg/mL O] & ¢l w30 CishA= ASTE MAASIAL, MICE

Il

AT AR XHOAM BEEACE S AIR2 O well2t BRI

dte2|of 90l =of A Zaota otb|Fh sEE

ol

AP E EbEOl B

-

S AM7t HEEX e XNHL2 YOSIRAL BR= ALY @30 CHSt s
FUA BOIZ} FI/PHoz HAERCH, Re A7 OiY 2HAE2l ofbf7Fhl
K23 o ZALE|QJUCH AF0| ZE MAC #F2| so0HM HE Q| =(MICs0)2t
90RHA  HMEAFMICw)S  EH2AQMs=ot Z2FEJD, et BHAY
7| % X|(epidemiological cut-off value, ECOFF)X ECOFFinder €1 2|&Z AtESI
ALtz ALt A0 ZRE FFO| MICs,, MICoo X ECOFF @2 /8 A
dd dAb fI¥=2| (Buropean Committee on Antimicrobial Susceptibility Testing,

EUCAST)O| XM=& CIO|EMES| ofn|7tel MIC %2t H|Wst ASE ALt O

A= ORAHER 7|2 Fe|RJ2|e 52l ZHUCHS2022-1595-0001).

Zif F 13430 Y 22| #EFWM. intracellulare 677, M. avium 657 S M.

41



chimaera 25°)0| TSt ASTZ A|AE[2D, ofO|ZtAl MIC E=0| 2 HEE=

4475(32.8%), WAEQ HFE 29FQlL6%E =25LQCt ol F7t Gl

Loz BEFE T 712FG3.7%)° M. intracellulare R M. avium wTES

SLOMYCOIE AtE05t0] MAASHRL, 2HFE| AHXHE MICE TH=oIRAS

M, MAC 44F= O Z=dQ "= HZGZ|ACE of0|ZtA WEOIUE M

107 34T ddoz2 HARRCH, WEHOIUE M

oft

intracellulare T3

avium T T 1T T 4T dEde 2 HARULH M5 WY HFo

MAC & s ®UA BOE 71N wFs ZAZX] UM odTOAM

SHEYZ Mot MICE EH=E5eE 4% MICso, MICo S ECOFFat<= EUCAST

g8 =8 ooy &9 ofn|7tdl MIC 2=t E YX|SHACL 6FS| =HARD

ofgjZrel X|==o| A/, T b FE ofgjFpiez e/fE ¢ F7 XEE

— — =

HIUIOH, X|27|Zt & 222 MAC #F= OF0|ZtAl MIC7t 64 pg/mL O|MC =2

ZE: CLsI 7t0|E2tele| = =40 M= ord|Zrelof Chst Lig H[E0|

42



21.6%0 HSIRAKXITE s RTA BOI7L &

80|

=0 ofo|Ftid

X7

O & &I AL

9Lh 4ol

H| Of

2

10| A 2k

if|

=13
=

g TAENAM He

Li-g =0l

ofa|7H4l

43



	목차
	Background 1
	Materials and Methods 6
	Results 13
	Discussion 26
	Limitations 30
	Conclusions 31
	References 33
	국문요약(Korean abstract) 40


