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Abstract
Background Drug susceptibility testing (DST) for Nocardia spp. is essential to initiate effective antibiotic therapy. 
Currently, the only recommended technique is the determination of minimum inhibitory concentrations (MICs) by 
microdilution. This method can be tedious to perform, despite the availability of ready-to-use plates. Herein, the aim 
was to determine the critical inhibition diameters specific to Nocardia spp.

Methods MICs of 134 Nocardia isolates were determined by microdilution. Interpretative categories (Susceptible/
Intermediate/Resistant) were determined using Clinical and Laboratory Standards Institute breakpoints. In parallel, 
disk diffusion DST was performed. Receiver-operating-characteristic (ROC) curves were constructed to determine the 
inhibition diameter value that best discriminated between susceptible and non-susceptible strains (intermediate/
resistant). The category agreement (CA), the rate of major (maj) and very major (vmj) discrepancies between 
microdilution and disk diffusion method was calculated.

Results For tobramycin, the critical diameter of 19 mm (diameter ≤ 19 mm = resistant strain; 
diameter > 19 mm = susceptible strain) provided a CA of 98.5%, 0.0% vmj, and 2.9% maj discrepancies, reaching 
strictly the acceptable performance criteria defined by the U.S. Food and Drug Administration (FDA). For amikacin, 
the critical diameter of 25 mm (diameter ≤ 25 mm = resistant strain; diameter > 25 mm = susceptible strain) provided 
a CA of 98.5%, 0.0% vmj, and 1.5% maj discrepancies. For imipenem, excluding N. farcinica and N. cyriacigeorgica, the 
critical diameter of 29 mm (diameter ≤ 29 mm = resistant strain; diameter > 29 mm = susceptible strain), provided a 
CA of 98.6%, 0.0% vmj, and 0.0% maj discrepancies. Despite an estimated vmj rate 0.0%, the 95%-confident-interval 
exceeded the FDA criteria due to an insufficient number of amikacin/imipenem-resistant strains. For other tested 
antibiotics (ciprofloxacin, moxifloxacin, amoxicillin-clavulanate, ceftriaxone, cotrimoxazole, linezolid), the FDA criteria 
were not reached.

Conclusions Although the FDA criteria were mostly unmet, disk diffusion DST was suitable to accurately categorize 
Nocardia isolates into interpretative categories for the aminoglycosides and imipenem only, excluding species N. 
farcinica and N. cyriacigeorgica.
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Background
Nocardiosis is a disease caused by telluric bacteria of the 
Nocardia genus; this rare but serious infection affects 
approximately 500 to 1000 individuals per year in the 
United States [1] and predominantly occurs in immu-
nocompromised patients, such as those with solid organ 
and hematopoietic stem cell transplanted recipients, 
patients with auto-immune diseases treated by immuno-
therapies and/or corticosteroids, and patients with struc-
tural and functional lung impairments (cystic fibrosis, 
chronic obstructive pulmonary disease, and bronchiecta-
sis) [1, 2]. Since high mortality rates due to disseminated 
nocardiosis are reported, reaching 50% in Europe [3], an 
early diagnosis leading to the initiation of a therapy using 
appropriate antibiotics is vitally important. Drug suscep-
tibility testing (DST) is typically recommended for all 
Nocardia infections, as drug susceptibility strongly dif-
fers among Nocardia species as well as the patients’ toler-
ance to antibacterial agents [1, 2].

Currently, the Clinical and Laboratory Standards 
Institute (CLSI) broth microdilution method is the only 
recommended method to perform DST on Nocardia iso-
lates (2018 edition, 4). Although ready-to-use plates are 
available for microdilution susceptibility testing, such as 
the Sensititre™ Myco RAPMYCOI or NOCARDIA AST 
plates (Thermo Fischer Scientific, Waltham, MA, US), the 
microdilution technique can be tedious and expensive to 
set up for small to medium-sized laboratories. Therefore, 
these laboratories have to recourse to a reference labo-
ratory, which inevitably delays DST turnaround times. 
Disk diffusion DST techniques are more easily imple-
mented in this type of structure for the sake of simplicity 
and practicability [4]. Prior to the European harmoniza-
tion recommended by the European Committee Antimi-
crobial Susceptibility Testing (EUCAST), the Comité de 
l’Antibiogramme de la Société Française de Microbiologie 
(CA-SFM) proposed in 2013 critical inhibition diame-
ters for many antibiotics, they were however not related 
to any particular bacterial species [5]. A large French 
retrospective epidemiological study used these critical 
inhibition diameters to assess antibiotic susceptibility 
in Nocardia clinical isolates isolated in France (n = 793) 
[6]. However, Lebeaux et al. did not validate these criti-
cal inhibition diameters by comparison with the determi-
nation of the minimum inhibitory concentration (MIC) 
using broth microdilution ; they justified their choice by 
explaining that a previous study on a limited number of 
Nocardia strains (n = 26) had compared different DST 
methods on Nocardia [7]. Of note, this study reported 
that the disk diffusion method had a very good percent-
age of category agreement (95.7%) using a composite 
reference method, which was the same as the one found 
using MIC determination by broth dilution. However, the 
aforementioned study used the National Committee for 

Clinical and Laboratory Standards Institute breakpoints 
(edition of 1993, 1994) for microorganisms that grow 
aerobically, and not specifically for Nocardia [7]. Earlier 
studies had attempted to determine Nocardia-specific 
breakpoints for disks inhibition diameters and MIC [8, 
9].

Since the EUCAST harmonization, critical inhibi-
tion diameters not related to a bacterial species have 
been removed from CA-SFM guidelines, and no critical 
inhibition diameter has been proposed specifically for 
Nocardia. At a time of laboratory accreditation, it seems 
difficult to use critical inhibition diameters that are 10 
years old [5], present in a reference system that has not 
been updated. Therefore, the aim of the present study 
was to attempt to determine critical inhibition diameters 
specific to Nocardia, using broth microdilution MIC 
determination as the reference method [10] and a modi-
fied-EUCAST methodology for fastidious organisms disk 
diffusion DST [11].

Methods
Nocardia isolates
A collection of 134 Nocardia strains from different geo-
graphical locations (Provincial Laboratory for Pub-
lic Health, Edmonton, AB, Canada; the Karolinska 
University Hospital, Stockholm, Sweden; and the Infec-
tion Control Lab [NHLS] and Department of Clinical 
Microbiology and Infectious Diseases, Charlotte Maxeke 
Hospital, Johannesburg, South Africa), collected by the 
EUCAST, were used in the present study. The isolates 
originate from clinical samples collected from patients 
affected by nocardiosis. Nocardia isolates were cultured 
on Columbia agar with 5% sheep blood (COS, bioMéri-
eux, Marcy l’Etoile, France) and incubated at 35 °C ± 2 °C 
during 48 to 72 h, in an aerobic atmosphere. Then, iso-
lated colonies were used to perform Nocardia identifica-
tion by 16 S rRNA/hsp65 amplification and sequencing, 
as previously described [12].

Microdilution DST
Microdilution DST was performed using ready-to-use 
plate Sensititre™ Myco RAPMYCOI AST plates (Thermo 
Fischer Scientific) according to the manufacturer’s 
instruction. Briefly, Nocardia colonies cultured on COS 
agar for 48 to 72  h were emulsified using a moistened 
swab in demineralized water, to obtain a bacterial sus-
pension at 0.5 McFarland turbidity standard. Then 50µL 
of the suspension were transferred into Muller-Hinton 
cation adjusted broth (Thermo Fischer Scientific). Sen-
sititre™ Myco RAPMYCOI AST plates were inoculated 
using the Sensititre™ Automated Inoculation Delivery 
System (Thermo Fischer Scientific) with 100µL of sus-
pension added to each well. Sensititre™ Myco RAPMY-
COI AST plates were then incubated at 35  °C ± 2  °C for 
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48 h and 72 h, depending on the growth of the positive 
control well. Sensititre™ Myco RAPMYCOI AST plates 
were read using manual and automated reading (Sen-
sitire™ VIZION™, Thermo Fischer Scientific) and MICs 
were recorded. Interpretative categories defined as Sus-
ceptible (S), Intermediate (I), and Resistant (R) were 
determined using the CLSI critical concentrations for 
Nocardia spp and other aerobic actinomycetes [13].

Disk diffusion DST
A sterile cotton swab was dipped into the bacterial sus-
pension at 0.5 McFarland turbidity standard, and a MH-F 
agar plates (Mueller Hinton agar with 5% defibrinated 
horse blood and 20 mg/L β-Nicotinamide adenine dinu-
cleotide, Biorad, Hercules, CA, US) was inoculated by 
swabbing in three directions according to the EUCAST 
methodology for fastidious organisms [11]. Then, the 
following antibiotic disks were applied: tobramycin 
10  µg, amikacin 30  µg, ciprofloxacin 5  µg, moxifloxacin 
5 µg, amoxicillin-clavulanate acid 20 –10 µg, ceftriaxone 
30 µg, imipenem 10 µg, trimethoprim-sulfamethoxazole 
1.25–23.75 µg (cotrimoxazole), linezolid 10 µg (SIRscan® 
Discs, i2a, Perols, France). Agar plates were incubated at 
35 °C ± 2 °C, in an aerobic atmosphere, and the inhibition 
zones were read after 48 and 72 h of incubation using a 
digital caliper.

Statistical analysis
For statistical analyses, non-susceptible Nocardia strains 
were considered to be Nocardia strains with interpreta-
tive categories I and R determined from broth microdilu-
tion MIC and (CLSI) critical concentrations for Nocardia 
spp and other aerobic actinomycetes [13].

Chi2 test was performed to compare the proportions 
of S, I, and R strains to ceftriaxone and imipenem after 
48 h and 72 h incubation using RStudio, version 1.2.1335 
(RStudio Team (2009–2019), RStudio: Integrated Devel-
opment for R. RStudio, Inc., Boston, MA, USA). For N. 
cyriacigeorgica and N. farcinica, the I and R strains were 
grouped together in the same category in order to comply 
with the validity conditions for the use of the Chi2 test.

Receiver operating characteristic (ROC) curves were 
used to quantify the power of the test to discriminate 
between S and I/R strains, and to determine the inhibi-
tion diameter value that best discriminated between 
them (Youden index or the point closest to the upper 
left-hand corner of the ROC curve referred as ROC01 
herein). They were constructed and calculated using 
easyROC, a web-tool for ROC curve analysis (ver 1.3.1) 
(http:// biosoft .erciye s.ed u.tr/app/easyROC/) and  i n t e r p r 
e t e d according to the Desquilbet’s tutorial [14].

The US Food and Drug Administration (FDA) criteria 
were used to assess the acceptability of the disk diffusion 
method’s performance for each antibiotic [15]: percent 
category agreement (CA) > 89.9%, a major discrepancy 
(maj: the reference category result is S and the new device 
result is R) rate ≤ 3% based on the number of susceptible 
organisms tested, a very major discrepancy (vmj: the ref-
erence category result is R and the new device result is S) 
rate based on the number of resistant organisms tested 
for which the upper limit of the 95% confident interval 
(95%CI) is < 7.5% and the lower limit of the 95%CI is 
< 1.5%. A minor discrepancy is when the reference cat-
egory is S or I and the reported category is S or I, but dif-
fers from the reference.

Results
Nocardia isolates diversity
The collection included 134 strains from 20 different 
Nocardia species (Table 1), with a predominant number 
of strains of the species most frequently found in human 
pathology (N. farcinica, N. cyriacigeorgica, N. nova com-
plex, N. abscessus complex; [6, 16–18]).

Impact of incubation time on MIC reading for imipenem 
and ceftriaxone
We compared the proportions of S, I and, R strains 
to ceftriaxone and imipenem after 48  h and 72  h incu-
bation (Fig.  1 and Table S1), knowing that the DST 
microdilution of 4/31 N. farcinica strains, 5/31 N. cyriaci-
georgica strains, and 1/9 N. brasiliensis strains were not 

Table 1 Species identification of 134 Nocardia isolates included 
in the study
Nocardia species Number

N = 134
N. cyriacigeorgica 31
N. farcinica 31
N. nova complex 29
N. nova 26
N. veterana 2
N. elegans 1
N. abscessus complex 14
N. gamkensis 8
N. gamkensis/exalbida/arthritidis 2
N. asiatica 4
N. brasiliensis 9
N. wallacei 6
N. gipuzkoensis 4
N. puris 2
N. brevicatena/paucivorans 1
N. barduliensis 1
N. flavorosea 1
N. otitidiscavarium 1
N. pseudobrasiliensis 1
N. shimofusensis 1
N. terpenica 1
N. thailandica 1

http://biosoft.erciyes.edu.tr/app/easyROC/
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interpretable after 48  h incubation, due to insufficient 
growth control. For these strains, the DST microdilution 
was only read at 72 h incubation.

The extension of the incubation of broth microdilution 
DST at 72 h resulted in a significant increase in the pro-
portion of imipenem-R strains and a significant decrease 
in imipenem-S strains for N. farcinica, as well as a signifi-
cant increase in imipenem-I/R strains and a significant 
decrease in imipenem-S strains for N. cyriacigeorgica 
(Fig. 1, Table S1). Similarly, the extension of the incuba-
tion resulted in a significant increase in the proportion 
of ceftriaxone-I/R strains and a decrease in ceftriaxone-
S strains for N. cyriacigeorgica. Conversely, the exten-
sion of the incubation had no significant impact on the 
distribution of ceftriaxone interpretative categories for N. 
brasiliensis.

It should be noted that incubation length also had an 
impact on the detection of expected resistance [13], 
depending on the species concerned; for example, 25.0% 
(2/8) of N. brasiliensis strains were categorized as S to 
imipenem after 48 h of incubation, and 3.6% (1/28) of N. 
farcinica strains were categorized as S to ceftriaxone after 
48 h of incubation (Table S1).

ROC curves analysis
Cotrimoxazole and linezolid
All Nocardia strains were S to linezolid (MIC 
ranged from ≤ 1 to 4  mg/L; MIC50 ≤ 1  mg/L; and 
MIC90 = 2  mg/L) and cotrimoxazole (MIC ranged from 
≤ 0.25/4.75 to 2/38  mg/L; MIC50 ≤ 0.25/4.75  mg/L; and 
MIC90 = 0.5/9.5 mg/L) using the DST microdilution with 
72 h incubation. There was however a large distribution 
of inhibition diameters, ranging from 14 to ≥ 40 mm for 
linezolid, and from 6 (for 25% of the strains) to ≥ 40 mm 
for cotrimoxazole, which did not allow to determine a 
critical inhibition diameter (Figure S1 and S2).

Imipenem
Considering all the strains after 48  h of incubation, the 
area under the curve (AUC) of ROC curve was > 0.9, 
p < 0.001 (Figure S3), indicating a high discriminatory 
power of disk diffusion DST to accurately categorize 
Nocardia strains (Fig.  2). The critical inhibition diam-
eter calculated was 28  mm according to the Youden 
and ROC01 methods. Nevertheless, the FDA criteria 
were not reached using this critical inhibition diameter 
(Table  2). Among the discrepancies observed, the 2/2 
strains with vmj discrepancies after 48 h incubation that 
would have been categorized S according to the imipe-
nem critical diameter (diameter > 28 mm (S)), with MIC 
at 16 and 32  mg/L (R) both belong to the N. farcinica 

Fig. 1 N. farcinica (n = 28 at 48 h and 31 at 72 h), N. cyriacigeorgica (n = 27 at 48 h and 31 at 72 h) and N. brasiliensis (n = 8 at 48 h and 9 at 72 h) isolates 
proportion according to interpretative category S (susceptible, in green), I (intermediate, in orange), R (resistant, in red) for imipenem (in the left) and cef-
triaxone (in the right) according to the incubation time (48–72 h). Minimal inhibitory concentrations were determined by broth microdilution using Sen-
sititre™ Myco RAPMYCOI and interpretative categories were determined using Clinical Laboratory Standard Institute critical concentrations. *** p < 0.001; 
** p < 0.01; NS: not significant
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species, as does the strain with a minor discrepancy 
(diameter > 28 mm (S) with MIC at 8 mg/L (I)). Similarly, 
all strains of N. farcinica and N. cyriacigeorgica for which 
an inhibition diameter around the imipenem disk was 
measurable (49/49) at 48  h incubation, including these 
two strains with vmj discrepancies and the strain with a 
minor discrepancy, showed inhibition diameters around 
the imipenem disk > 28 mm (from 32 mm to 50 mm).

Conversely, considering all the strains after 72  h of 
incubation, the AUC of the ROC curve was between 0.5 
and 0.7, indicating a low discriminatory power of disk 
diffusion DST to accurately categorize Nocardia strains 
(Figure S4). After 72  h incubation, 61/62 of the N. far-
cinica and N. cyriacigeorgica had an inhibition diameter 
around the imipenem disk of > 29 mm (from 30 mm to 
50  mm). Since this low discriminatory power for imi-
penem could be due to the risk of false imipenem resis-
tance with increased MIC due to the extended delay of 
72 h for N. farcinica and N. cyriacigeorgica, the analysis 
was repeated by removing the data of these species. By 
removing the data for N. farcinica and N. cyriacigeorgica, 
the AUC of the ROC curve was > 0.9, p < 0.001 (Figure 
S5), indicating a high discriminatory power of disk dif-
fusion DST (Fig. 3). The critical inhibition diameter cal-
culated was 29 mm according to the Youden and ROC01 
methods, but this inhibition diameter did not reach the 
FDA criteria (Table 2).

Amoxicillin-clavulanate and ceftriaxone
For amoxicillin-clavulanate at 48 h incubation, the AUC 
of the ROC curve was > 0.9, p < 0.001 (Figure S6) indicat-
ing a high discriminatory power of disk diffusion DST 

(Fig.  4). The critical inhibition diameter calculated was 
20  mm for 48  h according to the Youden and ROC01 
methods, but this inhibition diameter did not reach the 
FDA criteria (Table 2). It should be noted that 9/9 strains 
with maj discrepancies after 48 h incubation, that would 
have been categorized R according to the amoxicillin-
clavulanate critical diameter, belong to the complex N. 
nova (5 strains) and to the N. cyriacigeorgica species (4 
strains).

On the contrary, the AUC of the ROC curve was 
between 0.7 and 0.9 at 72  h incubation, indicating a 
medium discriminatory power of disk diffusion DST to 
accurately categorize Nocardia strains (Figure S7). For 
ceftriaxone at 48  h and 72  h incubation, the AUC was 
between 0.5 and 0.7, indicating a low discriminatory 
power of disk diffusion DST to accurately categorize 
Nocardia strains (Figure S8 and S9).

Amikacin
For amikacin after 48  h and 72  h incubation, the AUC 
of the ROC curve was > 0.9, p < 0.001 (Figure S10 et 
S11) indicating a high discriminatory power of disk dif-
fusion DST (Figs. 5 and 6). The critical inhibition diam-
eter calculated was 22 mm and 25 mm, for 48 h and 72 h 
incubation, respectively, according to the Youden and 
ROC01 methods. Nevertheless, the FDA criteria were 
not reached using these critical inhibition diameters 
(Table 2). It should be noted that 2/2 strains with maj dis-
crepancies after 48 h incubation and 2/2 strains with maj 
discrepancies after 72 h incubation, that would have been 
categorized R according to the amikacin critical diam-
eter, belong to the N. wallacei species. Moreover, these 

Fig. 2 Distribution of Nocardia isolates excluding N. farcinica and N. cyriacigeorgica (n = 72) according to the inhibition diameter (mm) measured around 
the imipenem disk and their minimal inhibitory concentration (MIC) for imipenem determined by broth microdilution using Sensititre™ Myco RAPMYCOI 
after 48 h incubation. Shades of green: strains categorized as susceptible; orange: strains categorized as intermediate; shades of red: strains categorized 
as resistant according to Clinical Laboratory Standard Institute critical concentrations. Bold dotted line: critical inhibition diameter according to Youden 
index and the point closest to the upper left-hand corner of the ROC curve (ROC01) = 28 mm (inhibition diameter ≤ 28: imipenem I or R; inhibition diam-
eter > 28: imipenem S)
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strains had MIC for amikacin of 8  mg/L after 48  h and 
72 h incubation.

Tobramycin
For tobramycin after 48 h and 72 h incubation, the AUC 
of the ROC curve was > 0.9, p < 0.001 (Figure S12 et S13) 
indicating a high discriminatory power of disk diffusion 
DST (Figs. 7 and 8). The critical inhibition diameter cal-
culated was 19 mm and 18 mm, for 48 h according to the 
Youden and ROC01 methods, respectively; and 19  mm 
for 72  h according to both methods. The FDA criteria 
were not reached using the critical inhibition diameters 
after a 48 h incubation. By contrast, the FDA criteria were 
reached using the critical inhibition diameter of 19 mm 
after a 72 h incubation (Table 2). It should be noted that 
3/4 strains with maj discrepancies after 48 h incubation, 
that would have been categorized R according to the 
tobramycin critical diameter of 18  mm, and 1/2 strains 
with maj discrepancies after 72 h incubation, that would 
have been categorized R according to the tobramycin 

critical diameter of 19 mm, belong to the N. nova species. 
Moreover, these strains had MIC for tobramycin between 
2 and 4  mg/L after 48  h and MIC of 2  mg/L after 72  h 
incubation.

Fluoroquinolones
For ciprofloxacin and moxifloxacin, the AUC of the ROC 
curve was > 0.9, p < 0.001 using both incubation time 
(Figure S14, S15, S16, and S17) indicating a high dis-
criminatory power of disk diffusion DST (Figs. 9, 10, 11 
and 12). For ciprofloxacin, at 48 h the critical inhibition 
diameter calculated was 24 mm according to the Youden 
and ROC01 methods, and at 72 h it was 25 mm accord-
ing to the Youden method and 27 mm according to the 
ROC01 method. For moxifloxacin, the critical inhibition 
diameter calculated was 29 mm for 48 h according to the 
Youden and ROC01 methods, and at 72 h it was 33 mm 
according to the Youden methods and 32 mm according 
to the ROC01 method. Nevertheless, the FDA criteria 

Table 2 Critical inhibition diameter determination for antibiotics and FDA criteria associated
Antibiotic/Incuba-
tion time

Number of strains 
categorized S by the 
reference method

Number of strains 
categorized R by the 
reference method

Break point 
determination 
Method

Critical inhibition 
diameter value
(mm; ≤ X: I/R;
> X: S)

CA
% 95%CI 
[; ]

vmj rate
% 95%CI 
[; ]

maj rate
% 95%CI 
[; ]

Imipenem/48 h 54 12 Youden index 28 93.1
[84.5; 97.7]

16.7
[2.1; 48.4]

3.7
[0.5; 12.7]ROC01

Imipenem/72 h 
(without N. farcinica. 
N. cyriacigeorgica)

45 26 Youden index 29 98.6
[92.5; 99.9]

0.0
[0.0; 13.2]

0.0
[0.0; 7.9]ROC01

Amoxicillin-clavula-
nate/48 h

57 30 Youden index 20 89.3
[82.0; 94.3]

3.3
[0.1; 17.2]

15.8
[7.5; 27.9]ROC01

Amikacin/48 h 111 1 Youden index 22 97.3
[92.4. 99.4]

0.0
[0.0; 97.5]

1.8
[0.2; 6.4]ROC01

Amikacin/72 h 130 4 Youden index 25 98.5
[94.7; 99.8]

0.0
[0.0; 60.2]

1.5
[0.2; 5.4]ROC01

Tobramycin/48 h 62 50 Youden index 19 95.5
[89.9; 98.5]

0.0
[0.0; 7.1]

8.1
[2.7; 17.8]

ROC01 18 6.5
[17.9; 15.7]

Tobramycin/72 h 69 65 Youden index 19 98.5
[94.7; 99.8]

0.0
[0.0; 5.5]

2.9
[0.4; 10.1]ROC01

Ciprofloxacin/48 h 15 67 Youden index 24 85.6
[76.9; 91.9]

9.0
[3.4; 18.5]

6.7
[0.2. 31.9]ROC01

Ciprofloxacin/72 h 21 97 Youden index 25 79.9
[72.1; 86.3]

12.4
[6.6; 20.6]

0.0
[0.0; 16.1]

ROC01 27 82.8
[75.4; 88.8]

8.2
[3.6; 15.6]

4.8
[0.1; 23.8]

Moxifloxacin/48 h 32 35 Youden index 29 84.9
[76.0; 91.5]

5.7
[0.7; 19.2]

21.9
[9.3; 40.0]ROC01

Moxifloxacin/72 h 64 48 Youden index 33 91.0
[84.9; 95.3]

0.0
[0.0; 5.6]

14.6
[6.1; 27.8]

ROC01 32 90.3
[84.0; 94.7]

12.5
[4.7; 25.4]

FDA: U.S. Food and Drug Administration; CA: category agreement; vmj: very major discrepancies rate; maj: major discrepancies rate. 95%CI: 95% confident interval. 
In bold: conditions that reached the FDA acceptable performance criteria
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were not reached using these critical inhibition diameters 
(Table 2).

Discussion
The aim of the present study was to propose specific 
critical inhibition diameters for the Nocardia genus that 
could accurately discriminate between susceptible and 
non-susceptible strains to the main antibiotics used in 
the treatment of nocardiosis.

The CLSI warns of the risk of false resistance to ceftri-
axone for N. cyriacigeorgica and N. brasiliensis species, 

as well as for the risk of false resistance to imipenem for 
N. farcinica and N. cyriacigeorgica species, notably due 
to an extension of the incubation period for DST to 72 h 
[10]. Regarding the incubation time for broth microdilu-
tion DST, the extension to 72 h had a strong impact on 
MIC values and consecutively on interpretative catego-
ries for imipenem for N. farcinica and N. cyriacigeorgica, 
as well as for ceftriaxone for N. cyriacigeorgica; with the 
risk of producing false R results. We therefore strongly 
advise laboratories performing broth microdilution DST 
for Nocardia to systematically read the plates for these 

Fig. 4 Distribution of Nocardia isolates (n = 112) according to the inhibition diameter (mm) measured around the amoxicillin-clavulanate disk and their 
minimal inhibitory concentration (MIC) for amoxicillin-clavulanate determined by broth microdilution using Sensititre™ Myco RAPMYCOI after 72 h in-
cubation. Shades of green: strains categorized as susceptible; orange: strains categorized as intermediate; shades of red: strains categorized as resistant 
according to Clinical Laboratory Standard Institute critical concentrations. Bold dotted line: critical inhibition diameter according to Youden index and 
the point closest to the upper left-hand corner of the ROC curve (ROC01) = 20 mm (inhibition diameter ≤ 20: amoxicillin-clavulanate I or R; inhibition 
diameter > 20: amoxicillin-clavulanate S)

 

Fig. 3 Distribution of Nocardia isolates excluding N. farcinica and N. cyriacigeorgica (n = 72) according to the inhibition diameter (mm) measured around 
the imipenem disk and their minimal inhibitory concentration (MIC) for imipenem determined by broth microdilution using Sensititre™ Myco RAPMYCOI 
after 72 h incubation. Shades of green: strains categorized as susceptible; orange: strains categorized as intermediate; shades of red: strains categorized 
as resistant according to Clinical Laboratory Standard Institute critical concentrations. Bold dotted line: critical inhibition diameter according to Youden 
index and the point closest to the upper left-hand corner of the ROC curve (ROC01) = 29 mm (inhibition diameter ≤ 29: imipenem I or R; inhibition diam-
eter > 29: imipenem S)
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species after a 48  h incubation. On the other hand, for 
N. brasiliensis, and despite our limited number of strains 
(n = 8), we found that a 48  h incubation did not suffi-
ciently detect the expected resistance to imipenem (I or R 
were detected only in 75% of cases after 48 h incubation), 
whereas an extension to 72 h incubation had no signifi-
cant impact on ceftriaxone results. For this reason, we 
would recommend to read the broth microdilution DST 
of N. brasiliensis after a 72 h incubation.

For disk diffusion DST, despite a high discriminatory 
power after the analysis of the AUC of the ROC curve 
for several antibiotics (imipenem and amoxicillin-clavu-
lanate after 48  h incubation, and amikacin, tobramycin, 

and fluoroquinolones after 48  h and 72  h incubation), 
the FDA criteria to assess the performance acceptability 
of disk diffusion method were reached only for tobramy-
cin after a 72  h incubation (critical inhibition diameter 
of 19 mm). Moreover, for tobramycin at 72 h incubation, 
given that 1/2 strains categorized S using MIC deter-
mination in broth microdilution with inhibition diam-
eters < 19  mm belong to the N. nova species, expected 
to be resistant [13], the determination of the interpre-
tative category for this strain would be more reliable 
using the disk diffusion DST than the broth microdilu-
tion DST. Considering that the true interpretative cate-
gory of these strains was amikacin R (according to their 

Fig. 6 Distribution of Nocardia isolates (n = 134) according to the inhibition diameter (mm) measured around the amikacin disk and their minimal inhibi-
tory concentration (MIC) for amikacin determined by broth microdilution using Sensititre™ Myco RAPMYCOI after 72 h incubation. Shades of green: strains 
categorized as susceptible; shades of red: strains categorized as resistant according to Clinical Laboratory Standard Institute critical concentrations. Bold 
dotted line: critical inhibition diameter according to Youden index and the point closest to the upper left-hand corner of the ROC curve (ROC01) = 25 mm 
(inhibition diameter ≤ 25: amikacin I or R; inhibition diameter > 25: amikacin S)

 

Fig. 5 Distribution of Nocardia isolates (n = 112) according to the inhibition diameter (mm) measured around the amikacin disk and their minimal inhibi-
tory concentration (MIC) for amikacin determined by broth microdilution using Sensititre™ Myco RAPMYCOI after 48 h incubation. Shades of green: strains 
categorized as susceptible; red: strain categorized as resistant according to Clinical Laboratory Standard Institute critical concentrations. Bold dotted line: 
critical inhibition diameter according to Youden index and the point closest to the upper left-hand corner of the ROC curve (ROC01) = 22 mm (inhibition 
diameter ≤ 22: amikacin I or R; inhibition diameter > 22: amikacin S)

 



Page 9 of 14Prudhomme et al. Annals of Clinical Microbiology and Antimicrobials          (2024) 23:105 

species identification), then we would obtain a CA of 
99.3% 95%CI [95.9%; 99.9%], a vmj rate 0% 95%CI [0.0%; 
5.4%] and a maj rate 1.5% [0.0%; 7.9%] (data not shown). 
Interestingly, the critical inhibition diameter of 19 mm is 
almost exactly the median of the range that was approxi-
mately fifty years ago proposed by Wallace et al. for a 
10 µg tobramycin disk load: R ≤ 15 mm, S ≥ 25 S [9].

For the other conditions, it might be interesting to 
investigate in details the results for which the FDA cri-
teria were close to be reached, e.g. for amikacin 72 h and 
for imipenem 72  h, excluding the data for N. farcinica 
and N. cyriacigeorgica. For amikacin, after 72 h of incu-
bation, where the estimated vmj rate was zero and the 
maj rate was < 3%, a critical diameter of 25 mm appears 
to accurately discriminate between susceptible and 

Fig. 8 Distribution of Nocardia isolates (n = 134) according to the inhibition diameter (mm) measured around the tobramycin disk and their minimal 
inhibitory concentration (MIC) for tobramycin determined by broth microdilution using Sensititre™ Myco RAPMYCOI after 72 h incubation. Shades of 
green: strains categorized as susceptible; orange: strains categorized as intermediate; shades of red: strains categorized as resistant according to Clinical 
Laboratory Standard Institute critical concentrations. Bold dotted line: critical inhibition diameter according to Youden index and the point closest to the 
upper left-hand corner of the ROC curve (ROC01) = 19 mm (inhibition diameter ≤ 19: tobramycin I or R; inhibition diameter > 19: tobramycin S)

 

Fig. 7 Distribution of Nocardia isolates (n = 112) according to the inhibition diameter (mm) measured around the tobramycin disk and their minimal in-
hibitory concentration (MIC) for tobramycin determined by broth microdilution using Sensititre™ Myco RAPMYCOI after 48 h incubation. Shades of green: 
strains categorized as susceptible; orange: strains categorized as intermediate; shades of red: strains categorized as resistant according to Clinical Labora-
tory Standard Institute critical concentrations. Bold dotted line: critical inhibition diameter according to Youden index = 19 mm (inhibition diameter ≤ 19: 
tobramycin I or R; inhibition diameter > 19: tobramycin S). Solid bold line: critical inhibition diameter according to the point closest to the upper left-hand 
corner of the ROC curve (ROC01) = 18 mm (inhibition diameter ≤ 18: tobramycin I or R; inhibition diameter > 18: tobramycin S)
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non-susceptible (I or R) Nocardia strains. This is espe-
cially true considering that the two strains categorized as 
susceptible based on MIC determination by broth micro-
dilution, with inhibition diameters < 25  mm, belong to 
the N. wallacei species, which is expected to be resistant 
[13]. In this case, interpretative category determination 
would be more reliable using the disk diffusion DST than 
the broth microdilution DST. Considering that the true 
interpretative category of these strains was amikacin R 

(according to their species identification), then we would 
obtain a vmj rate 0% 95%CI [0.0%; 45.9%] and a maj rate 
0% [0.0%; 2.8%] (data not shown). The upper limit of 
95%CI of vmj rate would remain > 7.5%. Nevertheless, in 
order to obtain an upper limit of the 95%CI < 7.5% for an 
estimated vmj rate of 0%, a minimum of 48 amikacin-R 
Nocardia strains would have to be included [15]. Ami-
kacin resistance in Nocardia is unusual, apart from the 
N. transvalensis complex [16], and this species is not 

Fig. 10 Distribution of Nocardia isolates (n = 134) according to the inhibition diameter (mm) measured around the ciprofloxacin disk and their minimal 
inhibitory concentration (MIC) for ciprofloxacin determined by broth microdilution using Sensititre™ Myco RAPMYCOI after 72 h incubation. Shades of 
green: strains categorized as susceptible; orange: strains categorized as intermediate; shades of red: strains categorized as resistant according to Clinical 
Laboratory Standard Institute critical concentrations. Bold dotted line: critical inhibition diameter according to Youden index = 25 mm (inhibition diam-
eter ≤ 25: ciprofloxacin I or R; inhibition diameter > 25: ciprofloxacin S). Solid bold line: the point closest to the upper left-hand corner of the ROC curve 
(ROC01) = 27 mm (inhibition diameter ≤ 27: ciprofloxacin I or R; inhibition diameter > 27: ciprofloxacin S)

 

Fig. 9 Distribution of Nocardia isolates (n = 97) according to the inhibition diameter (mm) measured around the ciprofloxacin disk and their minimal 
inhibitory concentration (MIC) for ciprofloxacin determined by broth microdilution using Sensititre™ Myco RAPMYCOI after 48 h incubation. Shades of 
green: strains categorized as susceptible; orange: strains categorized as intermediate; shades of red: strains categorized as resistant according to Clinical 
Laboratory Standard Institute critical concentrations. Bold dotted line: critical inhibition diameter according to Youden index and the point closest to the 
upper left-hand corner of the ROC curve (ROC01) = 24 mm (inhibition diameter ≤ 24: ciprofloxacin I or R; inhibition diameter > 24: ciprofloxacin S)
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the most frequently found in human pathology [6, 16–
18], thus, enriching the collection with N. transvalensis 
complex strains would appear to be a complicated task. 
Interestingly, this critical inhibition diameter of 25  mm 
is exactly the median of the range that was proposed 
approximately fifty years ago by Wallace et al. for a 30 µg 
amikacin disk load: R ≤ 20 mm, S ≥ 30 mm [9].

For imipenem at 72 h, excluding the data for N. farci-
nica and N. cyriacigeorgica, for which the estimated vmj 
rate was 0.0% and the maj rate < 3%, a critical diameter 
of 29 mm seems to accurately discriminate between sus-
ceptible and non-susceptible (I or R) Nocardia strains. 

The upper limit of 95%CI of vmj rate was > 7.5% due to 
insufficient included number of strains categorized imi-
penem R (n = 26). In order to obtain an upper limit of the 
95%CI < 7.5% for an estimated vmj rate of 0%, a mini-
mum of 48 imipenem-R Nocardia strains would have to 
be included. As an imipenem resistance is more common 
in Nocardia strains, it would be possible to complete 
the available data with additional imipenem-R strains 
in order to confirm this result. Since the vast majority 
(61/62) of the N. farcinica and N. cyriacigeorgica strains 
retained a diameter > 29  mm around the imipenem disk 
even after 72  h incubation, this confirms that the low 

Fig. 12 Distribution of Nocardia isolates (n = 134) according to the inhibition diameter (mm) measured around the moxifloxacin disk and their minimal 
inhibitory concentration (MIC) for moxifloxacin determined by broth microdilution using Sensititre™ Myco RAPMYCOI after 72 h incubation. Shades of 
green: strains categorized as susceptible; orange: strains categorized as intermediate; shades of red: strains categorized as resistant according to Clinical 
Laboratory Standard Institute critical concentrations. Bold dotted line: critical inhibition diameter according to Youden index = 33 mm (inhibition diam-
eter ≤ 33: moxifloxacin I or R; inhibition diameter > 33: moxifloxacin S). Solid bold line: the point closest to the upper left-hand corner of the ROC curve 
(ROC01) = 32 mm (inhibition diameter ≤ 32: moxifloxacin I or R; inhibition diameter > 32: moxifloxacin S)

 

Fig. 11 Distribution of Nocardia isolates (n = 93) according to the inhibition diameter (mm) measured around the moxifloxacin disk and their minimal 
inhibitory concentration (MIC) for moxifloxacin determined by broth microdilution using Sensititre™ Myco RAPMYCOI after 48 h incubation. Shades of 
green: strains categorized as susceptible; orange: strains categorized as intermediate; shades of red: strains categorized as resistant according to Clinical 
Laboratory Standard Institute critical concentrations. Bold dotted line: critical inhibition diameter according to Youden index and the point closest to the 
upper left-hand corner of the ROC curve (ROC01) = 29 mm (inhibition diameter ≤ 29: moxifloxacin I or R; inhibition diameter > 29: moxifloxacin S)
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discriminating power observed at 72  h for imipenem, 
when considering all Nocardia strains, was due to these 
strains, categorized as falsely R to imipenem with higher 
MIC due to the extended 72  h delay. For these species, 
extending the incubation period from 48 h to 72 h seems 
to have less impact on inhibition diameters around the 
imipenem disk than on imipenem microdilution MIC 
determination. For N. farcinica and N. cyriacigeorgica, 
admitting the clinical categorization S, I, and R obtained 
through the MIC for imipenem at 48 h incubation (avail-
able for 55 strains) and considering a critical inhibition 
diameter of 29 mm for imipenem after 72 h incubation, 
the CA would be 90.9% 95%CI [80.0; 96.9] but two N. 
farcinica strains would remain with vmj discrepancies 
(strains categorized R with imipenem MIC at 48 h incu-
bation and S with imipenem disk diffusion DST at 72 h 
incubation), one N. cyriacigeorgica strain with maj dis-
crepancies (strain categorized S with imipenem MIC at 
48 h incubation and R with imipenem disk diffusion DST 
at 72  h incubation), and two N. farcinica strains with a 
minor discrepancy (strains categorized I with imipenem 
MIC at 48 h incubation and categorized S with imipenem 
disk diffusion DST at 72 h incubation; data not shown). 
Hence, even if the critical inhibition diameter for imi-
penem at 72  h incubation of 29  mm was confirmed, it 
would only be valid for Nocardia species other than N. 
cyriacigeorgica and N. farcinica. Yet these two species 
are the most frequently found in human pathology [6, 
16–18] and imipenem is one of the drugs of choice in the 
probabilistic treatment of Nocardiosis [2]. Consequently, 
although limited, the interest in having disk diffusion 
DST validated exclusively for Nocardia species other 
than N. farcinica and N. cyriacigeorgica, especially for 
such an important drug, must be considered.

For amoxicillin-clavulanate after a 48  h incubation, 
the determination of the interpretative category could 
be more reliable by using a critical inhibition diameter 
around the disk of 20 mm than the broth microdilution 
DST. Considering that the true interpretative category 
was amoxicillin-clavulanate-R for the 9 strains having 
MIC ≤ 8/4 mg/L and an amoxicillin-clavulanate inhibition 
diameters ≤ 20, and according to species identification 
(N. nova complex and N. cyriacigeorgica,, which were 
expected to be R to amoxicillin-clavulanate according to 
CLSI [13]), it would allow to improve the maj rate (0.0% 
95%CI [0.0%; 7.4]; data not shown) and the CA (97.3% 
95%CI [92.4; 99.4], data not shown) without allowing 
the vmj rate (2.6% 95%CI [0.0; 13.5], data not shown) to 
reach the FDA criteria. Herein, the determination of a 
zone I for amoxicillin-clavulanate diffusion DST would 
not enable to improve the criteria since the strain with 
vmj discrepancies and a MIC > 64/32 mg/L had an inhi-
bition diameter around the amoxicillin-clavulanate disk 

(30 mm) too distant from the critical inhibition diameter 
(20 mm).

For other antibiotics with an AUC of the ROC 
curves > 0.9 (imipenem and fluoroquinolones), deter-
mining a zone I for disk diffusion DST did not meet the 
FDA criteria. This was partly due to the strains with vmj 
discrepancies for which the inhibition diameters were 
widely distributed toward higher values.

Although the composition of MH-F medium is strictly 
controlled, and that it is the most appropriate medium 
for cotrimoxazole susceptibility testing for fastidious 
germs such as Haemophilus influenzae [19], it seems 
unsuitable to test this antibiotic on Nocardia; in the pres-
ent study, 25% of the strains showed a contact inhibition 
diameter to the cotrimoxazole disk (6 mm), while broth 
microdilution DST categorized all Nocardia strains as 
susceptible. In the study by Wallace et al. in which a criti-
cal diameter of 20 mm was proposed for cotrimoxazole 
1.25–23.75 µg, they found 94% of susceptible strains [8]. 
This implies that they did not observe strains with con-
tact bacterial diameters, which may indicate that MH-F 
medium is not suitable for cotrimoxazole disk diffusion 
DST on Nocardia. This finding may also be due to the dif-
ficult reading of the diameter around the cotrimoxazole 
disk, which often includes a zone of partial inhibition, 
making the 80% inhibition reading subjective. Never-
theless, the choice of MH-F medium for the study is 
questionable. While it provides certainty regarding the 
growth of all Nocardia species, even the most fastidious 
(e.g. N. nova complex, N. abscessus complex), it should be 
noted that some species are not particularly fastidious (N. 
farcinica and N. cyriacigeorgica) and can easily grow on 
conventional MH medium. It would then be interesting 
to see whether a change of medium could improve the 
performance of the disk diffusion DST and to determine 
specific critical diameters for the MH medium.

Regarding the impact of Nocardia species on the DST 
technique, the present study did not reveal any particu-
lar species with high rates of vmj and maj discrepancies 
except for imipenem, for which all strains with vmj dis-
crepancies were either N. farcinica or N. cyriacigeorgica 
after 48 h and 72 h of incubation. Therefore there is no 
particular species that could not be tested for DST using 
disk diffusion. However, to precisely assess this point, 
experiments would have to be carried out on large collec-
tions containing a single species of Nocardia, which may 
be difficult to obtain for particularly rare species.

Conclusions
In conclusion, the present study did not find that the disk 
diffusion DST is suitable to accurately categorize all the 
susceptibilities of Nocardia spp. to antibiotics, according 
to the experimental conditions used. It might however be 
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suitable to assess the resistance to aminoglycosides and 
imipenem, except for N. farcinica and N. cyriacigeorgica.
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