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Abstract: Patients with severe Coronavirus disease 2019 (COVID-19) are at high risk for secondary
infection with multidrug-resistant organisms (MDROs). Secondary infections contribute to a more
severe clinical course and longer intensive care unit (ICU) stays in patients with COVID-19. A
man in his 60s was admitted to the ICU at a university hospital for severe COVID-19 pneumonia
requiring mechanical ventilation. His respiratory condition worsened further due to persistent
bacteremia caused by imipenem-non-susceptible Klebsiella aerogenes and he required VV-ECMO.
Subsequently, he developed a catheter-related bloodstream infection (CRBSI) due to Candida albicans,
ventilator-associated pneumonia (VAP) due to multidrug-resistant Pseudomonas aeruginosa (MDRP),
and a perianal abscess due to carbapenem-resistant K. aerogenes despite infection control procedures
that maximized contact precautions and the absence of MDRO contamination in the patient’s room
environment. He was decannulated from VV-ECMO after a total of 72 days of ECMO support, and
was eventually weaned off ventilator support and discharged from the ICU on day 138. This case
highlights the challenges of preventing, diagnosing, and treating multidrug-resistant organisms
and healthcare-associated infections (HAIs) in the critical care management of severe COVID-19. In
addition to the stringent implementation of infection prevention measures, a high index of suspicion
and a careful evaluation of HAIs are required in such patients.

Keywords: COVID-19; intensive care; extracorporeal membrane oxygenation; healthcare-associated
infections; multi-resistant pathogens; carbapenem-resistant; case report

1. Introduction

Coronavirus disease 2019 (COVID-19) has a wide spectrum of severity ranging from
mild illness that does not require treatment to severe illness that requires an intensive
care unit (ICU) level of care, including intensive ventilation and extracorporeal membrane
oxygenation (ECMO) [1]. Patients with severe COVID-19 are at high risk for secondary infec-
tions with multidrug-resistant organisms (MDROs) [2,3]. Secondary infections contribute to
a more severe clinical course and longer ICU stays in patients with COVID-19 [2]. Secondary
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infection is a common complication of ECMO; however, few publications have described
such infection in patients with severe COVID-19 receiving ECMO. Here, we report on
multiple secondary healthcare-associated infections (HAIs) due to carbapenem-resistant
organisms in a patient with severe COVID-19 on prolonged venovenous extracorporeal
membrane oxygenation (VV-ECMO).

2. Case Presentation

A man in his 60s who smokes and has type 2 diabetes presented with fever and
shortness of breath, and was admitted to an isolation unit at a university hospital for
severe COVID-19 pneumonia. Despite treatment with dexamethasone and remdesivir, his
condition deteriorated rapidly and he required endotracheal intubation and mechanical
ventilation; therefore, he was transferred to the ICU on day two of admission. He was put on
airborne, droplet, and contact precautions in a single, airborne infection isolation room, with
negative pressure and an anteroom. However, on day 18 he developed a fever greater than
38.0 ◦C and his respiratory condition worsened further. He presented severe respiratory
failure with a partial pressure of oxygen (PaO2) of 51 mmHg on day 21 while on the
following ventilator settings: fraction of inspired oxygen (FiO2) of 1.0, pressure support (PS)
of 17 cmH2O, and a positive end-expiratory pressure (PEEP) of 12 cmH2O; and required VV-
ECMO (Figure 1). Culture from blood and the tip of the central venous catheter (CVC) were
positive for Klebsiella aerogenes (Isolate ID: KE-1) that was not susceptible to imipenem but
was susceptible to piperacillin-tazobactam, meropenem, and amikacin (Table 1). Sputum
cultures were positive for Citrobacter koseri and Pseudomonas aeruginosa (Table 1) but negative
for K. aerogenes. Urine analysis showed no pyuria (<5 white blood cells per high power
field), and urine culture was negative. A blood test showed elevated serum C-reactive
protein (CRP) (>10.0 mg/L; reference range, <0.3 mg/L) but low procalcitonin (PCT)
(0.11 ng/mL; reference range, <0.05 ng/mL). Liver and renal functions were normal. Tests
for serum 1,3-β-D-glucan, the cytomegalovirus (CMV) pp65 antigenemia assay, and stool
Clostridioides difficile toxins were negative. Whole-body enhanced computed tomography
(CT) on day 18 showed diffuse ground-glass opacities in both lung fields (Figure 2) but no
other abnormal findings, including venous thromboembolism, deep abscess, and sinusitis.
Despite treatment with piperacillin-tazobactam 4.5 g once every 6 h (q6h) to treat the
catheter-related bloodstream infection (CRBSI), the fever persisted. Blood cultures remained
positive for K. aerogenes 3 days after the initiation of piperacillin-tazobactam treatment,
despite the removal of the CVC and exchange of the ECMO oxygenator and pump. Because
of the suspected bacterial colonization of the ECMO cannulas, the antimicrobial regimen
was switched from piperacillin-tazobactam to a combination of short infusion (30 min)
of meropenem 2 g q8h plus amikacin 5 mg/kg q12h on day 23; however, blood culture
still remained positive for K. aerogenes on day 26, so the short infusion of meropenem was
switched to an extended infusion (3 h) [4]. Subsequently, the patient’s condition improved,
and blood culture became negative for K. aerogenes on day 32.

Although airborne precautions were lifted on day 24 after SARS-CoV-2 reverse tran-
scription polymerase chain reaction tests of two consecutive nasopharyngeal samples taken
24 h apart were negative, single room isolation and contact precautions were continued
because of the earlier detection of imipenem-non-susceptible K. aerogenes (Figure 1). On
day 40, respiratory function was improved such that the patient could be weaned off ECMO.
However, he deteriorated again because of CRBSI due to Candida albicans on day 38, and
ventilator-associated pneumonia (VAP) due to multidrug-resistant Pseudomonas aeruginosa
(MDRP) on day 45 (Table 1), and required a second course of ECMO due to his worsening
oxygenation (PaO2 of 52 mmHg with FiO2 of 1.0, PS of 15 cmH2O, and a PEEP of 12 cmH2O)
on day 47 (Figure 1).
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Figure 1. Clinical course and treatment of the present case: The patient had acquired multiple sec-
ondary infections requiring long-term broad-spectrum antibiotic use. Centers for Disease Control 
and Prevention criteria (https://www.cdc.gov/hai/index.html, accessed on 30 November 2021) for 
diagnosis of catheter-related bloodstream infection and ventilator-associated pneumonia were met. 
Abbreviations: CRBSI, catheter-related bloodstream infection; CRE, carbapenem-resistant Entero-
bacteriaceae; MDRP, multidrug-resistant Pseudomonas aeruginosa; CT, computed tomography; MV, 
mechanical ventilation; VV-ECMO, venovenous extracorporeal membrane oxygenation; RT-PCR, 
reverse transcription polymerase chain reaction. 

Figure 1. Clinical course and treatment of the present case: The patient had acquired multiple
secondary infections requiring long-term broad-spectrum antibiotic use. Centers for Disease Control
and Prevention criteria (https://www.cdc.gov/hai/index.html, accessed on 30 November 2021)
for diagnosis of catheter-related bloodstream infection and ventilator-associated pneumonia were
met. Abbreviations: CRBSI, catheter-related bloodstream infection; CRE, carbapenem-resistant
Enterobacteriaceae; MDRP, multidrug-resistant Pseudomonas aeruginosa; CT, computed tomography;
MV, mechanical ventilation; VV-ECMO, venovenous extracorporeal membrane oxygenation; RT-PCR,
reverse transcription polymerase chain reaction.

On day 64, he suddenly developed fever, hypotension, and tachycardia. Enhanced CT
revealed a perianal horseshoe abscess that was not apparent on physical examination (Fig-
ure 3). The abscess was successfully drained, and the culture showed non-carbapenemase-
producing, carbapenem-resistant K. aerogenes (Isolate ID: KE-2) (Table 1). The patient
recovered and, after a total of 72 days of ECMO support, was decannulated from VV-
ECMO on day 93, although mechanical ventilation was continued. Subsequently, the
patient had two more episodes of MDRP-VAP that were successfully treated with colistin
plus extended infusion meropenem and aerosolized tobramycin 90 mg q8hr in combina-
tion with intravenous piperacillin-tazobactam, respectively (Figure 1). He was eventually

https://www.cdc.gov/hai/index.html
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weaned off ventilator support and discharged from the ICU on day 138. At the time of
writing this paper, on day 228, the patient is undergoing rehabilitation on a general ward,
whereby continuous contact precautions are being continued because MDRP was detected
in sputum. Although chest CT on day 228 shows persistent interstitial changes distributed
throughout the entire lung fields (Figure 2), the patient is in a good clinical condition
without respiratory support, and his neurological and nutritional status is normal.
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Figure 2. Chest computed tomography (CT) images of the present case: (A) CT on day 18 of admis-
sion (just before extracorporeal membrane oxygenation cannulation). Bilateral, peripheral, and ba-
sal predominant ground-glass opacities (GGOs) and consolidation were observed; (B) CT on day 
228 (135 days post-decannulation). The CT shows significant improvement of GGOs and consolida-
tion but persistent interstitial changes distributed throughout the entire lung fields. 

Table 1. Antimicrobial susceptibility testing in detected bacterial isolates in the present case. 

 MIC Value (µg/mL) and Interpretation 

Organism Klebsiella 
aerogenes (KE-1) 

Klebsiella 
aerogenes (KE-2) Citrobacter koseri 

Pseudomonas 
aeruginosa 

MDRP 

Source Blood Drainage Culture Sputum Sputum Sputum 

Antibiotics 

Ampicillin >16 R >16 R >16 R   
Ampicillin-sulbactum >16 R >16 R ≤4 S   

Amoxicillin-
clavulanate 

>16 R >16 R ≤8 S   

Piperacillin 16 S 64 I >64 R 16 S 32 I 
Piperacillin-
tazobactam 

8 S 16 S 8 S 8 S 32 I 

Cefazolin >16 R >16 R ≤1 S   
Cefmetazole >32 R >32 R ≤4 S   

Figure 2. Chest computed tomography (CT) images of the present case: (A) CT on day 18 of admission
(just before extracorporeal membrane oxygenation cannulation). Bilateral, peripheral, and basal
predominant ground-glass opacities (GGOs) and consolidation were observed; (B) CT on day 228
(135 days post-decannulation). The CT shows significant improvement of GGOs and consolidation
but persistent interstitial changes distributed throughout the entire lung fields.
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Table 1. Antimicrobial susceptibility testing in detected bacterial isolates in the present case.

MIC Value (µg/mL) and Interpretation

Organism Klebsiella
aerogenes (KE-1)

Klebsiella
aerogenes (KE-2)

Citrobacter
koseri

Pseudomonas
aeruginosa MDRP

Source Blood Drainage Culture Sputum Sputum Sputum

Antibiotics

Ampicillin >16 R >16 R >16 R

Ampicillin-sulbactum >16 R >16 R ≤4 S

Amoxicillin-clavulanate >16 R >16 R ≤8 S

Piperacillin 16 S 64 I >64 R 16 S 32 I

Piperacillin-tazobactam 8 S 16 S 8 S 8 S 32 I

Cefazolin >16 R >16 R ≤1 S

Cefmetazole >32 R >32 R ≤4 S

Ceftriaxone ≤0.5 S >2 R ≤0.5 S

Ceftazidime >8 R >8 R ≤1 S 4 S >16 R

Cefepime ≤1 S 8 S ≤1 S 8 S >16 R

Imipenem 2 I >2 R ≤0.5 S 1 S >8 R

Meropenem ≤0.25 S >2 R ≤0.25 S ≤0.5 S >8 R

Aztreonam ≤1 S >8 R ≤1 S >16 R >16 R

Amikacin ≤8 S ≤8 S ≤8 S ≤4 S 32 I

Gentamicin ≤2 S ≤2 S ≤2 S 2 S 8 I

Tobracin ≤1 S 4 S

Minocycline >8 R >8 R 4 S

Ciprofloxacin <0.25 S >2 R <0.5 S 0.5 S >4 R

Levofloxacin 1 S >4 R ≤0.12 S 2 S >8 R

Fosfomycin ≤4 S >16 R ≤4 S >16 R >16 R

Trimethoprim-sulfamethoxazole ≤40 S ≤40 S ≤40 S

Bacteria and their antibiotic susceptibilities were determined by the VITEK-MS and VITEK-2 systems (Sysmex-
bioMérieux Japan, Tokyo, Japan), respectively. Susceptibility results were interpreted according to available
breakpoints set by Clinical and Laboratory Standards Institute (CLSI) guidelines (Performance Standards for An-
timicrobial Susceptibility Testing. M100-S27. CLSI, Wayne, USA. 2018). Abbreviations: MIC, minimum inhibitory
concentration; MDRP, multidrug-resistant Pseudomonas aeruginosa; R, resistant; I, intermediate; S, sensitive.
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the patient’s room environment, which is an important reservoir of MDROs [5]. Patients 
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acute respiratory distress syndrome and are commonly treated with empiric, broad-spec-
trum antibiotic therapy, which puts them at high risk of acquiring MDROs [1,2]. In pa-
tients undergoing ECMO, acquisition of MDROs significantly increases the risk for sub-
sequent VAP and CRBSI, both of which are associated with an increased risk of death [6]. 
Therefore, early detection and preventive strategies for HAIs and antimicrobial steward-
ship programs adapted to patients with severe COVID-19 receiving ECMO are needed. 

Determining the cause of fever in patients with severe COVID-19 receiving ECMO is 
challenging because fever can be caused by many infectious conditions, including VAP, 
CRBSI, catheter-associated urinary tract infection, ECMO device-related infection, Clos-
tridioides difficile infection, other bacterial infections (e.g., meningitis, sinusitis, biliary tract 
infections, and deep abscesses), non-bacterial infections (e.g., aspergillosis, CMV infec-
tion); non-infectious conditions (e.g., cerebral infarction/hemorrhage, venous thromboem-
bolism, adrenal insufficiency, crystal arthritis, and drug fever), and COVID-19 recurrence 
[2,7–10]. The accurate diagnosis of HAIs is often hampered by difficulties distinguishing 
HAIs from other infections and non-infectious conditions. For example, ECMO frequently 
masks the signs and symptoms of infections [11]. Patients with severe COVID-19 usually 

Figure 3. Perianal abscess in a patient with severe coronavirus disease 2019: (A) enhanced computed
tomography revealed a horseshoe-shaped collection of fluid, 35 mm in diameter, surrounding the
anus; (B) appearance of perianal region after incision and drainage—external examination before
drainage showed only a skin tag without swelling around the anus.
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We tested the ICU room for contamination with carbapenem-resistant organisms
on day 24. We collected a total of 10 samples from 10 sites, including eight high-touch
surfaces and medical devices (bed rail, bedside table, vital signs monitor, infusion pump
control panel, ventilator monitor/tube, venovenous extracorporeal membrane oxygenation
monitor, ultrasound imaging system probe/keyboard, and computer keyboard), the sink
surface/drain, and the floor surface (Supplementary Method S1). As a result, no bacterial
growth was detected in all the samples.

Both K. aerogenes isolates KE-1 and KE-2 were confirmed to be negative for carbapen-
emase genes of blaIMP-1, blaIMP-6, blaVIM, blaGES, blaKPC, blaNDM, and blaOXA-48 groups
(Supplementary Method S2). Whole genome sequencing (WGS)-based phylogenetic analy-
sis revealed isolates KE-1 and KE-2 were genetically separated (Supplementary Method S3,
Supplementary Dataset).

3. Discussion

In our case, multiple secondary HAIs occurred despite infection control procedures
that maximized contact precautions and despite the absence of MDRO contamination in the
patient’s room environment, which is an important reservoir of MDROs [5]. Patients with
severe COVID-19 tend to require ECMO for longer than patients with conventional acute
respiratory distress syndrome and are commonly treated with empiric, broad-spectrum
antibiotic therapy, which puts them at high risk of acquiring MDROs [1,2]. In patients
undergoing ECMO, acquisition of MDROs significantly increases the risk for subsequent
VAP and CRBSI, both of which are associated with an increased risk of death [6]. Therefore,
early detection and preventive strategies for HAIs and antimicrobial stewardship programs
adapted to patients with severe COVID-19 receiving ECMO are needed.

Determining the cause of fever in patients with severe COVID-19 receiving ECMO
is challenging because fever can be caused by many infectious conditions, including VAP,
CRBSI, catheter-associated urinary tract infection, ECMO device-related infection, Clostrid-
ioides difficile infection, other bacterial infections (e.g., meningitis, sinusitis, biliary tract
infections, and deep abscesses), non-bacterial infections (e.g., aspergillosis, CMV infection);
non-infectious conditions (e.g., cerebral infarction/hemorrhage, venous thromboembolism,
adrenal insufficiency, crystal arthritis, and drug fever), and COVID-19 recurrence [2,7–10].
The accurate diagnosis of HAIs is often hampered by difficulties distinguishing HAIs from
other infections and non-infectious conditions. For example, ECMO frequently masks the
signs and symptoms of infections [11]. Patients with severe COVID-19 usually present
diffuse bilateral lung infiltrates on chest imaging that are difficult to distinguish from
signs of other respiratory infections, including VAP, pulmonary aspergillosis, and CMV
pneumonia [7]. Extensive airspace opacification due to lung-protective lung strategies
makes interpretation of chest radiographic findings more difficult [11]. Clinical biomarkers
of inflammation, including CRP and PCT, are not specific to infections, and the inflam-
matory response can be caused by the host response to the ECMO circuit itself [12]. A
deep abscess is often hard to diagnose, particularly in patients under general anesthesia,
which masks pain [13]. A perianal abscess, which is typically caused by Enterobacterales
and anaerobic bacteria, can be fatal and requires urgent drainage [14,15], as seen in our
case. In the absence of visible signs in patients with COVID-19 sepsis, particularly in those
with risk factors such as male sex, smoking, and diabetes (which are also risk factors for
severe COVID-19) [13,16], physicians should consider examining the anorectal region by
enhanced CT or transperineal ultrasonography [17].

To the best of our knowledge, this case represents the longest reported ECMO runtime
with a successful recovery [18]. Some studies showed promising outcomes of prolonged
ECMO treatment (>28 days) in patients with severe COVID-19, although the data are
limited [1,18]. Survival after prolonged ECMO has improved remarkably in recent years
because of technological advances and prevention and management of complications [18];
however, HAIs are still one of the most difficult challenges for healthcare professionals ap-
plying ECMO. Bacterial colonization of ECMO cannulas should be considered in patients on
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ECMO with persistent bacteremia of unknown origin that does not improve with removal
of the CVC and exchange of the oxygenator and pump [19,20]; however, changing the can-
nulas is highly problematic because of the high risk of potentially lethal complications and
limited vascular access [21]. Furthermore, robust data are lacking on the optimal antibiotic
dose for patients on ECMO [22]. Ideally, therapeutic drug monitoring (TDM) is necessary
because circuit drug loss and enlarged volume of distribution have previously been re-
ported [22,23]; however, TDM of meropenem is not yet common practice. If this method is
not available, extended infusion of meropenem and combination therapy with aminoglyco-
sides for synergistic effects are reasonable therapeutic options for patients on ECMO with
refractory meropenem-susceptible, non-carbapenemase-producing-carbapenem-resistant
Enterobacterales bacteremia [24,25].

Therapeutic options for meropenem-resistant Enterobacterales and MDRP infections
are very limited in Japan, where the new first-line drugs for these MDROs (i.e., ceftazidime-
avibactam, meropenem-vaborbactam, imipenem-cilastatin-relebactam, and ceftolozane-
tazobactam) are not available at the time of writing [24,26]. Under these conditions, com-
bination therapy (i.e., β-lactam agent plus aminoglycoside or polymyxins) remains an
important therapeutic option for severe cases, even when considering adverse effects such
as nephrotoxicity and ototoxicity [25]. In this context, aerosolized tobramycin is also a
promising option for treatment of MDRP-VAP [27].

Although we have presented a single case report, it nevertheless highlights the signifi-
cant diagnostic and therapeutic challenges of HAIs in patients with COVID-19 receiving
long-term ECMO. Previous studies demonstrated a significant reduction in the incidence
of exogenous HAIs due to the stringent infection prevention and control (IPC) measures
implemented during the COVID-19 pandemic [28,29]. However, preventing the develop-
ment of secondary endogenous infections in patients requiring prolonged multidisciplinary
treatment in the ICU remains challenging, as in this case. In addition to adequate IPC
measures, a high index of suspicion and careful evaluation of HAIs are required in such
patients because clinical signs and symptoms, laboratory findings, and imaging features of
HAIs are usually unremarkable and non-specific, and a wide range of other infectious and
non-infectious conditions need to be differentiated. Infectious diseases specialists play a
crucial role in preventing and managing HAIs and in addressing antimicrobial resistance by
implementing antimicrobial stewardship to provide the best care for patients with severe
COVID-19.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10010019/s1. Supplementary Method S1: We
collected environmental samples with eSwab 480 CE (Copan, Brescia, Italy) and incubated them with
10 mL of Mueller–Hinton broth at 37 ◦C for 48 h for pre-enrichment. Then, we placed 100 µL of
the broth on the CHROMagarTM mSuper CARBA (Nippon Becton Dickinson, Tokyo, Japan) and
incubated the sample at 37 ◦C for 48 h. Supplementary Method S2: Both Klebsiella aerogenes isolates
KE-1 and KE-2 were confirmed to be negative for carbapenemase genes of blaIMP-1, blaIMP-6, blaVIM,
blaGES, blaKPC, blaNDM, and blaOXA-48 groups by using Cica geneusR Carbapenemase Genotype
detection kit 2 (Kanto Chemical CO., Inc., Tokyo, Japan). Supplementary Method S3: Whole genome
sequencing (WGS) was performed on both Klebsiella aerogenes isolates KE-1 and KE-2 as follows:
bacterial DNA was extracted with the QIAmp DNA Mini GIAcube Kit (Quiagen, Hilden, Germany)
according to the manufacturer’s instructions, and a DNA library was prepared from each sample with
a Nextera XT DNA Sample Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s
instructions. For sequencing, a Miseq (Illumina, San Diego, CA, USA) was used to generate paired-
end 300 bp reads. Both samples showed an average of 150-fold coverage (Supplementary Dataset).
Phylogeny based on WGS-based core-genome multi-locus sequence typing (cgMLST) was performed
with SeqSphere + version 6.0.2 (Ridom GmbH, Münster, Germany) by using an ad hoc scheme
comprising 4466 target loci based on the KCTC2190 genome (NC_015663.1) (Jünemann S et al., Nat
Biotechnol 2013; Seth-Smith HMB et al., Front Public Health 2019). The K. aerogenes isolates KE-1 and
KE-2 were genetically separated by 71 cgMLST allele differences (Weber DJ et al., Curr Opin Infect Dis
2013). Supplementary Dataset: Total numbers of contigs, total length, N50 length, average coverage,

https://www.mdpi.com/article/10.3390/microorganisms10010019/s1
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and accession numbers for Klebsiella aerogenes isolates KE-1 from blood culture and KE-2 from perianal
abscess drainage culture analyzed with whole-genome sequencing. Both samples showed an average
of 150-fold coverage. The sequence data have been deposited in the DDBJ/EMBL/GenBank Sequence
Read Archive under accession numbers DRX279247 and DRX279248.
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