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ABSTRACT
Introduction: Carbapenemase-producing Gram-negative bacilli have been major culprits in 
hospital-associated infections (HAIs), particularly in critically ill patients suffering device- 
associated infections (DAIs). The current study aimed to investigate the performance of the 
modified Hodge test (MHT) as a phenotypic confirmatory method for the detection of carba
penemase-producing Gram-negative bacilli and to compare it to the gold standard PCR for the 
detection of carbapenemase production in both non-susceptible and phenotypically suscep
tible isolates. The latter were expected to harbor silent carbapenemase genes, as suspected 
from the inappropriate response to carbapenem therapy.
Methods: Ninety-five bacterial isolates from 75 critically ill patients were collected over 6 
months from several ICUs at Cairo University Hospitals. The isolates were subjected to anti
biotic susceptibility testing (AST) for carbapenems and were further screened by MHT, followed 
by genotypic analysis via multiplex PCR.
Results: Enterobacteriaceae were the most commonly isolated pathogens (55.8% of the total 
isolates), followed by Acinetobacter spp. (24%). Lower respiratory tract infections were the most 
common HAIs (42.11%), followed by surgical site infections (27.37%). All isolates demonstrating 
carbapenem resistance by AST were found to harbor at least one of the following carbapene
mase genes: blaKPC, blaOXA-48, blaIPM, blaVIM, and blaNDM-1. Alarmingly, 97.8% of the isolates 
which exhibited carbapenem-susceptible profile and negative MHT were harboring carbape
nemase genes as confirmed by multiplex PCR. With the exception of one isolate (E. coli) which 
was not harboring any carbapenemase gene, the remaining 94 bacterial isolates were found to 
carry either a single or multiple carbapenemase genes.
Conclusion: The silent dissemination of different classes of carbapenemases even in isolates 
with negative MHT is a daunting challenge. It necessitates the implementation of strict 
antibiotic stewardship along with updated and actionable approach to detect non-expressed 
carbapenemase genes in phenotypically susceptible isolates.
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1. Introduction

Throughout the last decades, hospital-acquired infec
tions have become a grave problem in the environ
ment of intensive care units (ICUs). The advancement 
in human medicine has been ensued by extended 
hospitalization, with unwarranted and long-term anti
biotic treatment. In a setting of immune-deficient 
patients with invasive procedures, this could cause 
serious repercussions on mortality rates and treatment 
consequences [1].

In the meantime, due to the surging rates of resis
tance witnessed to commonly prescribed antibiotics, 
carbapenems have become the most substantial ther
apeutic option for handling infections caused by 
Gram-negative bacilli (GNB) [2]. Nonetheless, an 
alarming concern is the global spread and the cumu
lative prevalence of anti-microbial resistance to β- 
lactam antibiotics (including carbapenems) among 
Pseudomonas aeruginosa, Acinetobacter baumannii as 

well as members of the Enterobacteriaceae family, 
which represents a life-threatening medical and public 
health issue [3].

Prompt molecular identification of carbapenemase 
genes in GNB is crucial for infection control and 
prevention, surveillance, and epidemiological studies. 
Furthermore, it would have a major influence upon 
determining an appropriate initial treatment, which 
will positively impact critically ill patients [4]. Several 
diagnostic modalities have been recognized based on 
the detection of carbapenem-hydrolyzing activity. 
Additionally, several phenotypic confirmatory tests 
have also been implemented, such as NG-test 
CARBA 5, Xpert Carba-R, mCIM, and eCIM [5].

This study was performed in several ICUs at Kasr 
Al-Ainy University Hospitals to detect carbapenemase 
genes among Gram-negative bacteria; both resistant 
and phenotypically susceptible strains, and to compare 
the modified Hodge test (MHT) as a phenotypic 
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confirmatory test with multiplex PCR as a gold stan
dard genotypic method.

2. Materials and methods

2.1. Ethical consideration

Before commencing this study, it was approved via the 
Research Ethics Committee of the Institutional Review 
Board, Faculty of Medicine, Cairo University. An 
informed consent was procured from each participant.

2.2. Population of study and disease condition

This cross-sectional analytical study was conducted on 
75 critically ill patients with healthcare-associated 
infections (HAIs), comprising device-associated infec
tions (catheter-associated urinary tract infections, 
CAUTI; and ventilator-associated events, VAE), dur
ing a 6-month period in several ICUs at Kasr Al-Ainy 
Hospitals, Cairo University.

2.2.1. Inclusion criteria
● Patients with HAIs after 2 calendar days of 

admission according to the CDC [6].
● Patients with CAUTI having a UTI where an 

indwelling urinary catheter (IUC) was in place 
for >2 calendar days on the date of event, 
with theday of device placement being day 1, 
and an indwelling urinary catheter was in place 
on the date of event or the day before [6].

● Patients with VAE/Ventilator-Associated 
Pneumonia (VAP): According to the CDC defini
tion [7], the patient must have fulfilled the criteria of 
the three stages of VAE following a baseline period 
of stability or improvement on the ventilator.

2.3. Samples

During the study period, 95 bacterial isolates were col
lected from 75 critically ill patients with HAIs. These 
isolates were obtained by cultivating the following clin
ical specimens: sputum, bronchoalveolar lavage (BAL), 
endotracheal tube (ETT) aspirate, urine, wound swab, 
and drainage of chest tube. The isolation was done 
using blood agar and MacConkey’s agar plates incu
bated aerobically at 37°C for 24–48 hours. Identification 
of the isolates was done according to the conventional 
microbiological standard tests: Gram’s stain, glucose 
fermentation, lactose fermentation, and oxidase test 
[8]. Identification up to the species level was done 
using Microbact-12A, Oxoid, UK, and API-20E, 
bioMérieux, France, identification systems.

2.4. Antimicrobial susceptibility testing and 
carbapenem resistance screening by disk diffusion

The antimicrobial susceptibility profiles were per
formed by employing the following antibiotics 
(Oxoid, UK): Ertapenem (10 µg), Imipenem (10 µg), 
Meropenem (10 µg), Ceftazidime (30 µg), Cefepime 
(30 µg), Aztreonam (30 µg), Amikacin (30 µg), 
Ciprofloxacin (5 µg), and Tigecycline (15 µg). Zone 
of inhibition for each antibiotic was measured as per 
the standard CLSI and EUCAST guidelines and inter
preted as susceptible, resistant, or intermediate if 
applicable [9,10].

2.5. Phenotypic confirmatory test for 
carbapenemase production using the modified 
Hodge test (MHT)

All isolates were subjected to phenotypic confirmatory 
tests using the MHT. The standard suspension (E. coli 
ATCC 25,922 at a turbidity of 0.5 McFarland) was 
diluted as 1:10 in sterile saline. Thereafter, it was 
inoculated on Mueller-Hinton agar plate that was 
supplemented with zinc sulfate. For each plate, the 
tested colonies were streaked out from the edge of 
meropenem disk (10 µg) toward the plate periphery. 
After overnight incubation, indentation of the inhibi
tion zone(s) indicated that the test strain attacks car
bapenems. This test was considered negative for 
carbapenemase production in case there was no 
enhanced growth [11].

2.6. Genotypic detection of carbapenemase genes

● Discrete colonies were carefully isolated from 
each plate and hence sub-cultivated to obtain 
non-contaminated pure isolates.

● Genotypic analysis procedures were performed in 
a well-equipped molecular laboratory at the 
Medical Biochemistry Department, Faculty of 
Medicine, Cairo University.

● Multiplex PCR was operated to detect carbape
nem resistance genes (blaKPC, blaOXA-48, blaIPM, 
blaVIM, and blaNDM-1) using specific primers 
(Invitrogen by life technologies, Thermo Fisher 
Scientific Inc. USA) to amplify internal fragments 
with sizes from 181 bp to 744 bp [12] (Table 1).

● DNA was extracted using a commercially available 
kit (Qiagen DNeasy Blood & Tissue Kit; Qiagen 
GmbH, Hilden, Germany) as per the manufacturer’s 
instructions. The extracted DNA was subjected to 
enzymatic amplification via a commercially available 
kit (Bio Basic. Canada INC) in a final volume of 50 μl 
using a thermal cycler (Applied Biosystems). The 
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PCR products were resolved by electrophoresis on 
1.5% agarose gel.

2.7. Statistical analysis

Data were coded and entered employing the statistical 
package SPSS (Statistical Package for the Social 
Sciences) version 24. For quantitative data, mean, 
standard deviation, median, minimum, and maximum 
were employed, while for categorical data, frequency 
(count) and relative frequency (percentage) were 
employed. The standard diagnostic indices including 
sensitivity, specificity, positive predictive value (PPV), 
negative predictive value (NPV), and diagnostic effi
cacy were all calculated.

3. Results

The current study was carried out on 95 clinical iso
lates retrieved from 75 critically ill patients; where 
some enrolled patients yielded more than one isolate 
from different sites.

● The study population comprised 51 males (68%) 
and 24 females (32%), with their ages between 16 
and 84 years (mean 49.9). The patients were 
identified as having HAIs according to the CDC 

criteria, with 3–70 days (mean 12.36) of hospital 
stay prior to infection onset.

● Among the 75 patients, 67 (89%) had inserted 
urinary catheters and 41 (54.6%) were on 
mechanical ventilators.

● Among the 95 bacterial isolates, 
Enterobacteriaceae were the most frequent patho
gens (55.8% of the total isolates), followed by 
Acinetobacter spp. 23/95 (24% of the total iso
lates), and lastly Pseudomonas spp. 15/95 (16%). 
Thirty-eight (40%) isolates were retrieved from 
sputum specimens, and 30 (31.5%) isolates from 
wounds, as depicted in Table 2.

BAL: Bronchoalveolar lavage; ETT aspirate: endo
tracheal tube aspirate

● Pneumonia was the most common entity of 
HAIs, with 40 retrieved isolates (42.11%), fol
lowed by surgical site infections (SSIs) with 26 
isolates (27.37%), then urinary tract infections 
(UTIs) with 24 isolates (25.26%).

● Out of 95 HAIs isolates, 41 isolates were from 
DAIs (43.2%). VAEs fulfilling the criteria of CDC 
affected 21% of all critically ill patients, and 
48.78% of mechanically ventilated patients, 
while CAUTIs affected 22.1% of all patients and 
31.34% of patients with urinary catheters.

Table 1. List of primers used in the study.
Primer Primer sequence (5′–3′) Product length Target

OXA- 48-F 
OXA-48-R

TTG GTG GCA TCG ATT ATC GG 
GAG CAC TTC TTT TGTGAT GGC

744 bp blaOXA-48

NDM-1-F 
NDM-1-R

GTA GTG CTC AGT GTC GGC A 
GGG CAG TCG CTT CCA ACG GT

475 bp blaNDM-1

VIM -F 
VIM -R

SGR TRS RTG GRCR CATAS CRCS 
TCS SCR GRA CCR SAG CRC ACR

360 bp blaVIM

KPC -F 
KPC -R

SAC CRC STC GCR GSA CCS RT 
SCC RSC ASG CCS GRT RTC S

275 bp blaKPC

IMP-F 
IMP-R

GRA ASA GAR TRG CST AST 
CSA CRT TST CTR/T RAG TGS

181 bp blaIMP

Table 2. Isolated bacteria from clinical samples (n = 95).
N (%) 

95(100%) Sputum Wound Urine BAL ETT aspirate Pleural fluid

K. pneumoniae 22 (23.1%) 8 (36%) 5 (22.7%) 8 (36%) 1(4.5%) 0 0
A. baumannii 17 (17.9%) 11 (64.7%) 4 (23.5%) 1 (5.9%) 0 1 (5.9%) 0
P. aeruginosa 14 (14.7%) 5 (35.7%) 7 (50%) 2 (14%) 0 0 0
E. coli 9 (9.5%) 0 4 (44%) 5 (55.5%) 0 0 0
R. terrigena 6 (6.3%) 4 (66.6%) 1(16.6%) 1 (16.6%) 0 0 0
A. lwofii 6 (6.3%) 3 (50%) 0 2 (33%) 0 0 1 (16.6%)
P. mirabilis 5 (5.2%) 0 5 (100%) 0 0 0 0
K. rhinoscleromatis 4 (4.2%) 1 (25%) 1(25%) 2 (50%) 0 0 0
P. agglomerans 4 (4.2%) 4 (100%) 0 0 0 0 0
E. coli – inactive 3 (3.2%) 0 0 3 (100%) 0 0 0
E. aerogenes 2 (2.1%) 0 2 (100%) 0 0 0 0
K. ozaenae 1 (1.1%) 0 1 (100%) 0 0 0 0
S. rubidaea 1 (1.1%) 1 (100%) 0 0 0 0 0
P. flourescens 1 (1.1%) 1 (100%) 0 0 0 0 0
Total 38 

(40%)
30 
(31.5%)

24 
(25.2%)

1 
(1.1%)

1 
(1.1%)

1 
(1.1%)
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3.1. Susceptibility pattern using disk diffusion 
and modified Hodge test

● The antibiotic susceptibility test was performed 
using disk diffusion AST for all isolates (n = 95), 
including tigecycline which was used for 
Enterobacteriaceae only. Tigecycline zone dia
meter ≤15 mm was considered resistant, while 
zone diameter ≥18 mm was considered suscepti
ble according to EUCAST [10].

● All three carbapenems (Meropenem, Imipenem, 
and Ertapenem) were used to test for susceptibil
ity pattern of each isolate of Enterobacteriaceae, 
while only imipenem and meropenem were used 
for non-fermentative Gram-negative bacteria.

● Each isolate found to be resistant to any of the 
carbapenems used was considered “carbapenem 
resistant” (Group A), while isolates which were 
susceptible to all tested carbapenems were con
sidered “carbapenem susceptible” (Group B). No 
isolate showed an intermediate result. Antibiotic 
resistance pattern for all isolates is shown in 
Table 3.

● The susceptibility patterns among all 95 isolates 
using disk diffusion (Kirby–Bauer) method 
revealed resistance to carbapenems in 49 isolates 

(Group A). Further phenotypic confirmation for 
carbapenemase was performed for all isolates 
using MHT. The prevalence of carbapenemase 
producers was as follows: out of the 49 carbape
nem-resistant isolates by AST, 44 isolates were 
positive according to MHT as evidenced by the 
indentation of the inhibition zone of the MEM 
disc; whereas 3 isolates were negative, and only 2 
isolates were indeterminate.

● In the remaining 46 isolates which were carbape
nem-susceptible via disk diffusion (Group B); 41 
isolates were negative according to MHT, while 5 
isolates were indeterminate (Figure 1).

3.2. Genotypic analysis

All 95 isolates of the study were subjected to genotypic 
analysis via multiplex PCR as a gold standard method.

● All 49 suspected carbapenem-resistant isolates 
(Group A) were found to harbor at least one of the 
following carbapenemase genes: blaKPC, blaOXA-48, 
blaIPM, blaVIM, and blaNDM-Of note, only 44 isolates 
out of 49 were MHT positive; thus in Group A only, 
the sensitivity of MHT when compared to PCR as 
the gold standard method was 89.8% and the accu
racy was also 89.8%.

● Although apparently sensitive, PCR was per
formed for Group B because it was expected 
that they harbor silent carbapenemase genes, as 
suspected from the inappropriate response to 
carbapenem therapy.

● As expected, 45 out of 46 carbapenem-susceptible 
isolates (Group B) were found to harbor at least one 
carbapenemase gene. These non-expressed (silent) 
genes were isolated from different bacterial species 
among patients with inappropriate clinical response 
to carbapenem therapy (Table 4).

Table 3. Resistance pattern for both groups: carbapenem 
resistant (A) and susceptible (B).

Antibiotic resistance pattern

Group A 
N (%) 

49 (100%)

Group B 
N (%) 

46 (100%)

Ertapenem 29 (59%) 0
Imipenem 42 (85.7%) 0
Meropenem 44 (89.7%) 0
Ceftazidime 49 (100%) 25 (54%)
Aztreonam 47 (96%) 25 (54%)
Cefepime 49 (100%) 16 (34.7%)
Ciprofloxacin 47 (96%) 13 (28%)
Amikacin 46 (93.8%) 5 (10.8%)
Tigecycline 6 (12%) 0

Figure 1. MHT showing indentation (clover-leaf appearance) indicating carbapenemase production by the tested isolates (A), and 
isolates with no indentation indicate negative MHT (B), while isolates with inhibited E. coli ATCC 25,922 growth indicate 
indeterminate result (C). Meropenem (MEM) disc (10 µg) was used.
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● Excluding indeterminate results, the overall sensitiv
ity and specificity of MHT in relation to PCR as 
a gold standard in all 95 isolates (both Groups 
A and B) were 50.57% and 100%, respectively, as 
shown in Table 5.

● Except for a single isolate (E. coli) that was not 
harboring any carbapenemase gene, the remain
ing 94 bacterial isolates were found to carry at 
least one carbapenemase gene.

● The most common carbapenemase gene identi
fied in the current study was KPC in 51/95 
(53.7%) of isolates, followed by OXA-48 in 39/ 
95 (41%) then VIM, IPM and NDM-1 in 28/95 
(29.5%), 26/95 (27.3%), and 14/95 (14.7%) of 
isolates, respectively.

● Out of 94 bacterial isolates harboring carbapenemase 
genes in the present study, only 39 isolates were 
harboring a single gene (41%); 21 were harboring 
blaKPC gene, 13 isolates were harboring blaIPM, two 
were harboring blaOXA-48, two were harboring 
blaVIM, and only one isolate was harboring 
blaNDM-1 gene. The remaining 55 isolates (57.9%) 
were harboring multiple (double or triple) carbape
nemase genes.

4. Discussion

Infections attributed to GNB have been considerably 
escalating in the ICUs [3]. In the present study, lower 

respiratory tract infections were the most frequently 
encountered HAIs (42.11%), while wound infections 
came next at 32.6%, then urinary tract infections 
(25.26%). That was partly in accordance with 
Pradhan et al. [13] and Sileem et al. [14], who reported 
that respiratory tract infections were the most frequent 
nosocomial infections (65.8% and 79.5%, respectively) 
and were followed by urinary tract infections (17.1% 
and 14.1%, respectively).

In the current study, the prevalence of VAE was 
21% in all critically ill patients, and 48.78% in 
mechanically ventilated patients. The result of the 
current study was concordant with the earlier results 
by Mathai et al. [15] who demonstrated a high VAP 
rate (37.5%) among mechanically ventilated ICU 
patients. Moreover, a study by the American 
Thoracic Society [16] encountered VAP in 8–20% of 
all ICU patients and up to 27% of mechanically venti
lated patients.

In the meantime, infections triggered by multi-drug 
resistant (MDR)-GNB are not only challenging to 
treat at the individual patient level, but they also con
tribute to augmented healthcare expenditure, hospital 
length of stay (LOS), high morbidity, and high mor
tality. The WHO grades carbapenem-resistant 
Enterobacteriaceae (CRE) amongst the highest priority 
pathogens [17,18]. In this study, Enterobacteriaceae 
were the most common isolates (55.8%), followed by 
Acinetobacter spp. (24%), and lastly Pseudomonas spp. 
(16%). On the other hand, a study by Katchanov et al. 
[18] on 119 patients colonized or infected with MDR- 
GNB revealed that P. aeruginosa was identified in 
55.5% of patients, Enterobacteriaceae in 37%, and 
A. baumannii in 15.1% [18].

For the treatment of critically ill patients having 
life-threatening infections caused by MDR-GNB, the 
carbapenems, such as meropenem and imipenem, are 
currently considered the last resort [19]. Resistance 
to carbapenems is chiefly due to the production of 
the hydrolyzing enzymes; carbapenemases. 
Moreover, other β-lactamase-like AmpCs (either 
chromosomal or acquired); and ESBLs joined with 
other mechanisms such as porin mutations, increased 
expression of efflux systems or penicillin-binding 
protein alterations can also result in carbapenem 
resistance [20,21]. Consequently, it is vital to com
prehend carbapenem resistance mechanisms and 
their identifying methods. In this context, the appli
cation of a simple and precise laboratory method to 
detect carbapenemase production in GNB would be 
of a prominent benefit.

In the present study, we attempted to determine the 
presence and the prevalence of five carbapenemase 
genes (blaKPC, blaOXA-48, blaIPM, blaVIM, and 
blaNDM-1), among clinical isolates of 
Enterobacteriaceae, Acinetobacter spp., and 
Pseudomonas spp., preliminary by AST followed by 

Table 4. Distribution of expressed (Group A) and non- 
expressed (silent; Group B) carbapenemase genes isolated 
from different bacterial species.

Organisms

Total 
number 

of 
isolates

blaKPC blaOXA-48 blaIPM blaVIM blaNDM-1

A B A B A B A B A B

K. pneumoniae 22 (23.1%) 6 4 5 1 5 4 4 2 3 0
A. baumannii 17 (17.9%) 10 1 6 0 2 1 5 1 5 0
P. aeruginosa 14 (14.7%) 1 7 0 8 1 2 0 4 0 2
E. coli 9 (9.5%) 0 6 0 4 0 3 0 1 0 2
R. terrigena 6 (6.3%) 2 1 1 1 3 0 1 0 2 0
A. lwofii 6 (6.3%) 1 2 2 1 1 0 2 0 0 0
P. mirabilis 5 (5.2%) 0 1 0 4 0 1 0 4 0 0
K. rhinoscleromatis 4 (4.2%) 2 0 2 0 2 0 0 0 0 0
P. agglomerans 4 (4.2%) 1 1 2 1 0 0 1 1 0 0
E. coli – inactive 3 (3.2%) 0 2 0 1 0 0 0 0 0 0
E. aerogenes 2 (2.1%) 1 0 0 0 1 0 0 0 0 0
K. ozaenae 1 (1.1%) 0 0 0 0 0 0 0 1 0 0
S. rubidaea 1 (1.1%) 1 0 0 0 0 0 1 0 0 0
P. flourescens 1 (1.1%) 0 1 0 0 0 0 0 0 0 0

95

Table 5. Sensitivity and specificity, PPV & NPV of MHT in 
relation to PCR.

Statistic Value 95% CI

Sensitivity 50.57% 39.64% to 61.47%
Specificity 100.00% 2.50% to 100.00%
PPV 100.00%
NPV 2.27% 1.85% to 2.80%
Accuracy 51.14% 40.25% to 61.95%
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the phenotypic confirmatory test (MHT), and to com
pare the result of the latter with genotypic detection of 
these genes via multiplex PCR as the gold standard 
method.

Out of the 95 studied isolates; 49 isolates were non- 
susceptible to carbapenems according to AST (Group 
A), and 46 were susceptible to carbapenems (Group 
B). MHT was positive in 44 out of 49 carbapenem 
non-susceptible (Group A) isolates (89.8%). This was 
in accordance with the result reported by Anwar et al. 
[22] who revealed that 83.3% of the meropenem resis
tant strains screened by MHT tested positive.

Employing MHT, three isolates tested negative 
although they were carbapenem non-susceptible by 
AST. Meanwhile, none of the isolates in the carbape
nem-susceptible group (Group B) yielded false- 
positive results via MHT. On the other hand, the two 
indeterminate results by MHT could correspond to 
isolates producing inhibitory substances, such as coli
cin, that inhibited the growth of E. coli ATCC 25,922 
in this study [23].

Although PCR is not suitable for daily testing prin
cipally due to its high cost, PCR analysis remains the 
gold standard method for the detection of carbapene
mase producers [24]. In the present study, all 49 sus
pected carbapenem-resistant isolates by AST, 
underwent genotypic confirmation by multiplex 
PCR, and all of them were found to harbor at least 
one carbapenemase gene. Of note, 44 out of these 49 
isolates were MHT-positive; hence, the sensitivity of 
MHT compared to PCR as the gold standard method 
was 89.8%. In the meantime, all of the MHT-positive 
isolates were carbapenemase producers as confirmed 
by PCR. Nonetheless, these results differ from those by 
Takayama et al. [25] who reported that only 58.3% of 
the Enterobacteriaceae isolates showing positive MHT 
(using meropenem disc) had carbapenemase genes 
detected by PCR.

It is worth addressing that numerous studies eval
uated MHT performance in the detection of carba
penemase producers; however, to our knowledge, 
only a few of them studied the genotypic profile of 
negative-MHT isolates for non-expressed (silent) 
genes. In the present study, 45 out of 46 isolates in 
Group B which showed phenotypically susceptible 
carbapenem profile by AST, and 41 of which showed 
negative MHT were harborers of carbapenemase 
genes as confirmed by multiplex PCR. This, if con
sidered, renders the overall sensitivity and specificity 
of MHT in relation to PCR in all 95 isolates (both 
Groups A and B) 50.57% and 100%, respectively. 
This study findings mirror those of Doyle et al. [26] 
and Solanki et al. [27]; both of which documented 
that the sensitivity and specificity for MHT were 58% 
and 93%, respectively. In contrast, according to one 
Egyptian study on 100 Klebsiella pneumoniae isolates, 

MHT had sensitivity and specificity of 100% and 
47%, respectively [28].

Notably, while MHT is useful for the detection of 
carbapenemases, it possesses low sensitivity and low 
specificity for metalloenzymes [23,27]. In addition, 
MHT may yield false-positive results chiefly due to 
CTX-M-producing strains with reduced outer mem
brane permeability and high-level AmpC producers 
[29,30]. Consequently, the diminished expression 
levels of carbapenemase-encoding genes are thought 
to contribute to silent dissemination within hospital 
settings because carbapenem MICs remain low and 
phenotypic tests may test as negative [31].

On the other hand, the most common carbapene
mase gene identified in the current study was blaKPC in 
53.7% of the isolates, followed by blaOXA-48 in 41% of 
the isolates, then blaVIM, blaIPM, and blaNDM-1 in 
29.5%, 27.3%, and 14.7% of the isolates, respectively. 
This was discordant with a previous study from Egypt, 
demonstrating that 28.57% of Klebsiella pneumoniae 
isolates produced carbapenemase class D, 25.2% pro
duced class A enzyme, and 16.66% produced class 
B [28]. However, AlTamimi et al. [30] revealed 
a high prevalence of blaOXA-48 carbapenemase produ
cers in 38.33% of isolates, followed by blaNDM in 8.3%, 
while blaVIM was detected in one isolate only of 
K. pneumoniae.

Of note, the combined carbapenemases in a single 
isolate render its overall hydrolytic spectrum wider 
and the available antibiotics even fewer. For example, 
isolates that once harbored an MBL and subsequently 
acquired a KPC, become fully resistant even to aztreo
nam, which could have remained active without the 
presence of KPC [31].

Out of 94 bacterial isolates harboring carbapene
mase genes in the present study, only 39 isolates were 
carrying a single gene (41%). The remaining 55 iso
lates (57.9%) were carrying multiple (double or triple) 
carbapenemase genes. In a study by Kazi et al. [12] 
18.5% of the studied isolates possessed dual carbape
nemase genes. On the other hand, Baran and Aksu 
[20] identified one carbapenemase-encoding gene in 
90 out of 181 (49.7%) of the carbapenem non- 
susceptible isolates, and in only four (2.2%) isolates, 
multiple carbapenemase genes were identified.

The prompt identification of carbapenem-resistant 
pathogens is crucial not only for the commencement 
of accurate antimicrobial regimen but also for discon
tinuing their spread. Phenotypic methods are growth- 
dependent and time-consuming as they take 18–24 h 
for completion; hence, they are not clinically useful 
and results are also subjective [30].

Therefore, identification by molecular methods 
such as real time-PCR has proven to be sensitive 
and more accurate. Multiplex PCR will also help in 
simultaneous detection of various genes, hence 
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decreasing the required materials, manpower, and 
expenses. This assists in defining the epidemiology 
of these genes and is of significant infection control 
concern [27].

The strength of this study is based on the fact that 
few studies had performed the genotypic analysis of 
phenotypically sensitive isolates, which revealed the 
harboring of silent carbapenemase genes among dif
ferent species of Gram-negative bacteria. This study 
may raise questions about the molecular methods of 
carbapenemase gene expression in vivo, despite being 
phenotypically sensitive in vitro. In addition, high
lighting the problem of the DAIs in healthcare settings 
in Egypt, especially VAE and CAUTIs, gives an alarm
ing data for improving the infection control measures. 
On the other hand, this study which reveals the extent 
of carbapenem resistance spread may guide to imple
ment an effective antibiotic stewardship in Cairo 
University Hospitals.

The limitation of this study could be the need 
for the whole genome sequencing to confirm the 
presence of carbapenemase genes. Moreover, the 
complementary step to detect mRNA expression is 
also important to reveal the extent of carbapene
mase gene expression. Noteworthy, the use of 
MHT as a confirmatory test for carbapenem resis
tance may be replaced by more recent tests in the 
last few years.

5. Conclusion

Multiplex real-time PCR is a robust, reliable, and 
rapid method for detection of the most prevalent 
carbapenemase genes. In the meantime, our study 
results provide evidence of the diminished expres
sion levels of carbapenemase-encoding genes which 
contribute to silent dissemination within hospital 
settings where carbapenem AST may well yield 
negative results.

Future studies should include a multiplex PCR 
assay confirmed by whole genome sequencing 
together with mRNA expression assay that is capable 
of differentiating between expressed and silent genes 
to provide timely and accurate detection of potential 
carbapenem resistance among susceptible isolates.
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