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Abstract: Invasive fungal infections (IFIs) are frequent and outcome-relevant complications in the
early postoperative period after orthotopic liver transplantation (OLT). Recent guidelines recommend
targeted antimycotic prophylaxis (TAP) for high-risk liver transplant recipients (HR-LTRs). However,
the choice of antimycotic agent is still a subject of discussion. Echinocandins are increasingly being
used due to their advantageous safety profile and the increasing number of non-albicans Candida
infections. However, the evidence justifying their use remains rather sparse. Recently published data
on breakthrough IFI (b-IFI) raise concerns about echinocandin efficacy, especially in the case of intra-
abdominal candidiasis (IAC), which is the most common infection site after OLT. In this retrospective
study, we analyzed 100 adult HR-LTRs undergoing first-time OLT and receiving echinocandin
prophylaxis between 2017 and 2020 in a tertiary university hospital. We found a breakthrough
incidence of 16%, having a significant impact on postoperative complications, graft survival, and
mortality. The reasons for this may be multifactorial. Among the pathogen-related factors, we
identified the breakthrough of Candida parapsilosis in 11% of patients and one case of persistent IFI
due to the development of a secondary echinocandin resistance of an IAC caused by Candida glabrata.
Consequently, the efficacy of echinocandin prophylaxis in liver transplantation should be questioned.
Further studies are necessary to clarify the matter of breakthrough infections under echinocandin
prophylaxis.

Keywords: liver transplantation; targeted antimycotic prophylaxis; echinocandins; invasive fungal
infections; breakthrough infections

1. Introduction

Invasive fungal infections (IFIs) have been identified as one of the major outcome-
determining complications after liver transplantation [1–4]. Given the incidence of 5% to
42%, they are still associated with high mortality rates of up to 50% in the case of candidiasis
and up to 90% in the case of aspergillosis, the two main mycotic pathogens [5–11]. Based
on predefined risk factors, targeted antimycotic prophylaxis (TAP) is recommended for
high-risk liver transplant recipients (HR-LTRs) [12–18]. However, a consensus on the ideal
antimycotic agent is still missing [19–24].

The use of echinocandins is supported by the lower nephrotoxic side effects (compared
to amphotericin B) and the trend of a progressively rising rate of non-albicans Candida
infections, which are partly less susceptible to triazoles [13,18,25–29]. Established as a
first-line treatment for invasive candidiasis (IC), echinocandins have demonstrated broad
efficacy with low toxicity [7,22,30–34]. Due to their low interaction potential, echinocandins
do not interfere with coadministered immunosuppression and require no dosage adaption
in the case of renal replacement therapy [35–41].
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Despite the increasing use of echinocandins, current evidence on their benefits is still
sparse [42]. Based on the recently published definition of breakthrough IFI (b-IFI) by the
Mycoses Study Group Education and Research Consortium (MSG-ERC) and the European
Confederation of Medical Mycology (ECMM), this retrospective study aims to investigate
the incidence and risk factors for b-IFI in adult HR-LTRs under targeted echinocandin
prophylaxis.

2. Materials and Methods
2.1. Study Population and Data Acquisition

This retrospective study analyzed the risk of a breakthrough IFI (any IFI occurring
during ongoing prophylaxis) in adult HR-LTRs managed with echinocandins as antifungal
prophylaxis. We included all high-risk, first-time orthotopic liver transplant (OLT) recipi-
ents between January 2017 and December 2020 admitted to the intensive care units of the
Department of Anesthesiology and Intensive Care Medicine of the Medical University of
Innsbruck. Patients were classified as high risk for IFI if they had two or more (out of 15)
predefined perioperative risk factors (Figure 1). Patients under 18 years of age, elective re-
transplantations more than 90 days after first transplant, combined organ transplantations,
and patients receiving an active substance other than echinocandin monotherapy as an-
timycotic prophylaxis were excluded from our study. In the case of an early postoperative
liver retransplantation (within 90 days after the first transplant), only data related to the
first transplantation were analyzed.
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Figure 1. Perioperative risk factors for invasive fungal infections. Abbreviations: MELD: Model
for End-Stage Liver Disease Score, ESRD: end-stage renal disease, PRBC: packed red blood cells,
CMV: cytomegalovirus.

We collected data on (1) patients’ sociodemographic characteristics, the underlying
disease leading to OLT, Charlson Comorbidity Index, and the disease severity as mea-
sured by simplified acute physiology (SAPS III) and MELD score; (2) the transplantation
procedure (organ donation, preservation, and implantation); (3) immunosuppression and
anti-infective prophylaxis including the postoperative outcome, as well as graft and patient
survival.

Moreover, we collected data on the incidence of fungal colonization, superficial and
invasive fungal infection, agent and duration of prophylaxis, possible adverse events of
prophylaxis, and perioperative risk factors for mycotic infection. All elective patients were
screened for fungal precolonization at admission and were rated as colonized in the case of
two or more positive clinical site surveillance cultures (nasal, pharyngeal, or rectal).

The date and the cause of death were extracted from the medical documentation.
Death was attributed to IFI if there was a positive fungal culture or infectious process at
the time of death, and no evidence of other causal factors was found.
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Microbiological data were recorded for 90 days from the transplantation (end of study
(EOS)), with long-term follow-up for patient and graft survival of 1 year after OLT. All
positive microbiological findings were screened for contamination.

This work was approved by the Ethics Committee of the Medical University of Inns-
bruck, Austria (Number 1126/2022).

2.2. Definition of an Invasive Fungal Infection and Breakthrough Infection

A “proven” IFI was defined according to the definitions of the European Organi-
zation for Research and Treatment of Cancer/Invasive Fungal Infections Cooperative
Group and the National Institute of Allergy and Infectious Diseases Mycoses Study Group
(EORTC/MSG) Consensus Group [43]. Infections during ongoing critical care treatment
were rated as “probable” upon the recommendations of the EORTC/MSGERC ICU Working
Group [44].

Besides clinical symptoms of an infectious disease process, fundoscopic findings or
hepatosplenic lesions by computed tomography were accepted as clinical criteria. Myco-
logical criteria were defined by positive serum 1,3-β-d-glucan in two consecutive samples
or recovery of Candida in an intra-abdominal specimen obtained surgically or within
24 h from external drainage. Candidemia was defined as the isolation of Candida spp.
from at least one blood culture. An isolated Candida peritonitis without candidemia was
rated as invasive only in cases with histopathologic or direct microscopic examination of
perioperatively sampled sterile fluid or tissue. Positive samples taken from drains more
than 24 h after surgery, as well as Candida isolation from respiratory secretions, stool, skin,
and wound sites, and an asymptomatic candiduria were interpreted as colonization or
“possible” infection in the case of clinical signs of sepsis [33,44–47].

Detection of Aspergillus spp. was only rated as “probable” invasive aspergillosis (IA)
after positive mycological evidence of Aspergillus spp. either via cytology, direct microscopy,
and/or culture in a lower respiratory tract specimen, or via a galactomannan antigen index
>0.5 in plasma/serum, and/or galactomannan antigen >0.8 in bronchoalveolar lavage fluid
(BALF) in the case of at least one diagnostic sign in computed tomography or bronchoscopic
proof of a tracheobronchitis.

In the case of an IFI, computed tomography, transesophageal echocardiography, and
fundoscopy were routinely performed to detect organ involvement.

Breakthrough IFI was defined as any IFI occurring during ongoing prophylaxis, in-
cluding fungi outside its spectrum of activity. The time of b-IFI occurrence was defined as
the first attributable clinical sign or symptom, mycological finding, or radiological feature.
A relapse IFI was defined as occurrence after treatment and being caused by the same
pathogen at the same site, although dissemination can occur [48].

2.3. Immunosuppression and Overall Anti-Infective Prophylaxis

The standard immunosuppression was performed by a triple combination of methyl-
prednisolone, tacrolimus (target C0 levels of 7–10 ng/mL), and mycophenolate mofetil. In
the case of tacrolimus-related side effects, it was switched to cyclosporine A (target C0 level
of 150–200 ng/mL). Mycophenolate mofetil was switched to enteric-coated mycophenolate
sodium or azathioprine in the case of gastrointestinal side effects.

Elective recipients received preoperative selective digestive decontamination (nonab-
sorbable antibiotics and oral amphotericin B), followed by extended-spectrum perioperative
antibacterial prophylaxis with piperacillin–tazobactam for five days. Levofloxacin was
used alternatively for patients with allergy against β-lactam agents.

Patients with high risk for cytomegalovirus (CMV) infection (seropositive donors,
seronegative recipients) received antiviral prophylaxis (valganciclovir) for 3–6 months.
A pre-emptive approach based on a weekly polymerase chain reaction surveillance was
followed otherwise, and therapy was started only after detection of CMV viremia above a
lower limit of quantification greater than 250 IU/mL before clinical symptoms.
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At least once per week a routine, microbiological screening was performed (including
Candida surveillance cultures from swabs of the throat, perineum, and urine cultures). A
more-often sampling was performed if indicated by the critical care specialist.

2.4. Antimycotic Prophylaxis and Treatment

The targeted antimycotic prophylaxis included micafungin until the end of March
2019. Thereafter, anidulafungin was used based on the overarching recommendation of the
local drug commission. In the case of pre-existing fungal colonization with echinocandin-
resistant Candida spp. or Aspergillus spp., the prophylaxis was switched to fluconazole,
voriconazole, or liposomal amphotericin B, and the patient was consequently excluded
from the study.

Antimycotic prophylaxis was started as soon as the criteria for HR-LTRs were ful-
filled. If TAP was started on the day of operation, it was rated as “immediate”, and
“delayed” when started during the postoperative course. We used micafungin in a dosage
of 100 mg/d or a loading dose of anidulafungin (200 mg), followed by 100 mg/d, both
given intravenously.

In the case of a diagnosed infection, we adapted the antifungal regime as follows:
fluconazole (800 mg loading dose, 1200–1600 mg with a body mass index >30 kg/m2),
followed by a maintenance dose of at least 400 mg (600–800 mg with body mass index
>30 kg/m2). The dosage was furtherly adjusted according to the renal function or in the
case of renal replacement therapy. Voriconazole was initiated by two loading doses of
6 mg/kg every 12 h, followed by a maintenance dose according to a weekly performed
therapeutic drug monitoring. Isavuconazole was started with 200 mg every 8 h for two
days, followed by a daily dose of 200 mg. Liposomal amphotericin B (L-AmB) was dosed
at 3 mg/kg per day.

The echinocandin prophylaxis was carried out over a period of minimum 7 to 14 days,
and prolonged in the case of a diagnosed IFI or on clinical decision by the intensivist.
Reasons for discontinuation of the prophylaxis were the completion of prophylaxis at
discharge or missing clinical signs of infection, death, or switch to the therapeutic regime
in the case of diagnosed infection.

Echinocandin therapy was continued in the case of invasive candidiasis and a positive
response to therapy. In the case of confirmation of a fungal pathogen outside the echinocan-
din’s spectrum of activity or if a salvage therapy was indicated by the treating clinician, a
switch to another agent was performed.

Antimycotic susceptibility was assessed according to the breakpoints determined by
the European Committee on Antimicrobial Susceptibility Testing Subcommittee on Anti-
fungal Susceptibility Testing [49]. Given the limited testing of echinocandins as first-line
therapy of invasive aspergillosis, voriconazole was used as a first-line agent for aspergillo-
sis, and isavuconazole as an alternative in the case of voriconazole-caused side effects or a
suspected mucormycosis. [50,51] Liposomal amphotericin B or combination therapy of dif-
ferent antifungal agents has been used as a last option in critically ill patients. Fluconazole
was used as first-line therapy for invasive Candida parapsilosis infections [22–24,33,48,52,53].

The duration of treatment continued for at least 14 days after the time of the last
negative blood culture in the case of candidemia or until all clinical signs and symptoms
had resolved.

2.5. Surgical Technique

An orthotopic transplantation of a standard criteria donated (SCD) whole organ of
a deceased donor after brain death (DBD) after static cold storage (SCS) was defined as
standard OLT. The recipient hepatectomy was performed by retrohepatic caval resection
without venovenous bypass and the biliary anastomosis by duct-to-duct reconstruction.
Deviations from this standard OLT were recorded.

From February 2018, normothermic machine perfusion (NMP) was implemented on a
routine basis for donations after circulatory determination of death (DCD) in the case of
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surgically highly complex recipients or high-risk patients or for logistic reasons in the case
of limited operative resources) [54].

Extended criteria were defined according to the Eurotransplant Foundation rules
(donor age >65 years, donor body mass index >30 kg/m2, ICU stay with ventilation
>7 days, serum sodium >165 mmol/L, hepatic steatosis >40%, total bilirubin >3 mg/dL,
aspartate aminotransferase (AST) >90 U/L, alanine aminotransferase (ALT) >105 U/land
DCD) [55].

2.6. Outcomes

The primary outcome was the occurrence of a proven or probable b-IFI during ongoing
exposure to echinocandin prophylaxis within 90 days after transplantation at EOS [43,44].

The secondary outcomes related to fungal infections included the rate of any IFI
(i.e., persistent, refractory, and relapse IFI, as well as donor-derived infections), fungal
susceptibility, fungal colonization at the time of admittance, adverse events of the antimy-
cotic prophylaxis and superficial fungal infections at EOS. Moreover, we analyzed 90-day
mortality, 1-year graft and patient survival, and ICU-related events (e.g., length of ICU stay,
rate of postoperative dialysis, ICU mortality, etc.) and postoperative surgical complications
(e.g., bile leakage, reoperations, retransplantations, etc.).

2.7. Statistical Analyses

We performed all statistical analyses using SPSS (Version 22.0. Released 2013, Armonk,
NY, USA: IBM Corp.). A significance level of 0.05 was applied, and all statistical assessments
were two-sided. Depending on the data normality and the type of variables, results are
presented as mean with standard deviation, median (range, minimum–maximum), and
frequency (percent). For parametric data, the independent samples t-test was used, and
the Mann–Whitney U test for numeric and ordinal data with non-normal distribution. The
Chi-square test and Fisher’s exact test were used to test differences between the nominal
data (frequencies). We used the univariate Cox proportional hazards model to investigate
the potential risk factors for b-IFI occurrence. Covariates with a significance level of p < 0.05
were included in a multivariate model.

3. Results
3.1. Patient Population and Risk Factors for b-IFI

During the observation period, 299 patients underwent OLT, with 100 meeting the
inclusion criteria (Figure 2).

The mean age was 57 ± 12 years with 75% (n = 75) male patients. Included patients
had a mean SAPS III score of 46 ± 8, a median Charlson Comorbidity Index of 4 (0–10),
and a median MELD score of 15 (6–40). Except for age, there were no significant differences
between both groups of patients.

Cancers (33%, 33/100) and alcoholic cirrhosis (26%, 26/100) were the main underlying
reasons for transplantation. Acute hepatic failure was diagnosed in 10% (10/100) of the
cases.

The baseline demographics and clinical characteristics are summarized in Table 1.
Regarding the analyzed risk factors for IFI, there were no significant differences

between the b-IFI and no IFI group of patients, apart from the type of donation (p = 0.028),
the duration of cold ischemia time (p = 0.021), and the venous anastomosis (p = 0.024)
(Tables 1 and 2).

The univariate Cox regression analyses identified the age of the recipient, cold ischemia
time (minutes), operative technique (piggyback), split-liver transplantation, donor-derived
infection, bile leak, relaparotomy (any reason), and early retransplantation as independent
risk factors for IFI development (Supplementary Table S1). Finally, recipient age and donor-
derived infection had an increased hazard ratio for IFI within 90 days in the multivariate
Cox regression model (Table 3).



J. Fungi 2023, 9, 272 6 of 17

J. Fungi 2023, 7, x FOR PEER REVIEW 6 of 19 
 

 

 

Figure 2. Flow chart of patient selection. Abbreviations: OLT: orthotopic liver transplantation; IFI: 

invasive fungal infection, b-IFI: breakthrough invasive fungal infection; EOS: end of study. 

The mean age was 57 ± 12 years with 75% (n = 75) male patients. Included patients 

had a mean SAPS III score of 46 ± 8, a median Charlson Comorbidity Index of 4 (0–10), 

and a median MELD score of 15 (6–40). Except for age, there were no significant differ-

ences between both groups of patients. 

Cancers (33%, 33/100) and alcoholic cirrhosis (26%, 26/100) were the main underlying 

reasons for transplantation. Acute hepatic failure was diagnosed in 10% (10/100) of the 

cases. 

The baseline demographics and clinical characteristics are summarized in Table 1. 

Table 1. Sociodemographic and clinical characteristics, including the perioperative risk factors for 

b-IFI (n = 100). 

Characteristics 
All Patients 

(n = 100) 

No b-IFI 

(n = 84) 

b-IFI 

(n = 16) 

p-

Value 

Age (years) 55.8 ± 12.1 57.4 ± 10.8 47.7 ± 14.0 0.003 

Male sex 75 (75.0) 66 (78.6) 9 (56.3) 0.111 

Weight (kg)  79 ± 18 80 ± 17 75 ± 21 0.290 

Height (cm)  174 ± 9 174 ± 9 175 ± 9 0.759 

Body mass index (kg/m2) 26.2 ± 5.5 26.5 ± 5.3 24.3 ± 6.0 0.150 

SAPS III score 45.6 ± 8.1 45.8 ± 8.1 44.0 ± 8.4 0.458 

MELD score 15 (6–40) 15 (6–40) 14.5 (9–40) 0.777 

Charlson Comorbidity Index 4 (0–10) 4 (0–10) 4 (0–8) 0.980 

Underlying disease     

Cirrhosis—Alcoholic cirrhosis 26 (26.0) 21 (25.0) 5 (31.3) 

0.559 Malignancy and other tumors 33 (33.0) 29 (34.5) 4 (25.0) 

Cirrhosis—Virus related 5 (5.0) 4 (4.8) 1 (6.3) 
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Table 1. Sociodemographic and clinical characteristics, including the perioperative risk factors for
b-IFI (n = 100).

Characteristics All Patients
(n = 100)

No b-IFI
(n = 84)

b-IFI
(n = 16) p-Value

Age (years) 55.8 ± 12.1 57.4 ± 10.8 47.7 ± 14.0 0.003
Male sex 75 (75.0) 66 (78.6) 9 (56.3) 0.111
Weight (kg) 79 ± 18 80 ± 17 75 ± 21 0.290
Height (cm) 174 ± 9 174 ± 9 175 ± 9 0.759
Body mass index (kg/m2) 26.2 ± 5.5 26.5 ± 5.3 24.3 ± 6.0 0.150
SAPS III score 45.6 ± 8.1 45.8 ± 8.1 44.0 ± 8.4 0.458
MELD score 15 (6–40) 15 (6–40) 14.5 (9–40) 0.777
Charlson Comorbidity Index 4 (0–10) 4 (0–10) 4 (0–8) 0.980
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Table 1. Cont.

Characteristics All Patients
(n = 100)

No b-IFI
(n = 84)

b-IFI
(n = 16) p-Value

Underlying disease

Cirrhosis—Alcoholic cirrhosis 26 (26.0) 21 (25.0) 5 (31.3)

0.559

Malignancy and other tumors 33 (33.0) 29 (34.5) 4 (25.0)
Cirrhosis—Virus related 5 (5.0) 4 (4.8) 1 (6.3)
Cirrhosis—Nonalcoholic fatty
liver cirrhosis 5 (5.0) 5 (6.0) 0 (0.0)

Acute hepatic failure 10 (10.0) 8 (9.5) 2 (12.5)
Cholestatic diseases 12 (12.0) 11 (13.1) 1 (6.3)
Cirrhosis—Autoimmune
cirrhosis 3 (3.0) 2 (2.4) 1 (6.3)

Metabolic diseases 4 (4.0) 3 (3.6) 1 (6.3)
Other 2 (2.0) 1 (1.2) 1 (6.3)

Risk Factors

MELD score >30 17 (17.0) 14 (16.7) 3 (18.8) 1.000
Fungal precolonization 13 (13.0) 10 (11.9) 3 (18.8) 0.432
Prehospitalization 26 (26.0) 24 (28.6) 2 (12.5) 0.227
SCr >2/ESRD 14 (14.0) 13 (15.5) 1 (6.3) 0.458
Organ donation type

Whole organ donation 95 (95.0) 82 (97.6) 13 (81.3)
0.028Split-liver donation 5 (5.0) 2 (2.4) 3 (18.8)

High urgency transplantation 9 (9.0) 7 (8.3) 2 (12.5) 0.633
CMV status 53 (54.1) 47 (56.6) 6 (40.0) 0.270

High risk (D+/R-) 32 (34.8) 28 (36.4) 4 (26.7)
Intermediate risk (D+/R+,

D-/R+) 33 (35.9) 27 (35.1) 6 (40.0) 0.824

Low risk (D-/R-) 27 (29.3) 22 (28.6) 5 (33.3)
Extended criteria donation 75 (75.0) 63 (75.0) 12 (75.0) 1.000
Donor age (years) 47.8 ± 16.1 48.6 ± 16.3 43.3 ± 15.1 0.229
Donation death type

DBD 92 (92.0) 77 (91.7) 15 (93.8)
1.000DCD 8 (8.0) 7 (8.3) 1 (6.3)

Organ preservation
Static cold storage 68 (68.0) 55 (65.5) 13 (81.3)

0.257Normothermic machine
perfusion 32 (32.0) 29 (34.5) 3 (18.8)

Total operation time (minutes) 216 (175–754) 384 (175–754) 383 (188–614) 0.840

Cold ischemia time (minutes) 474
(171–1199)

470
(185–1199) 385 (171–724) 0.021

Prolonged operation (≥10 h) 2 (2.0) 2 (2.4) 0 (0.0) 1.000
Transfusion of ≥40 units PRBC 2 (2.0) 1 (1.2) 1 (6.3) 0.296
Venous anastomosis

Retrocaval resection 94 (94.9) 82 (97.6) 12 (80.0)
0.024Piggyback technique 5 (5.1) 2 (2.4) 3 (20.0)

Biliary anastomosis
Duct-to-duct reconstruction 90 (90.0) 76 (90.5) 14 (87.5)

0.660Roux-en-Y
choledochojejunostomy 10 (10.0) 8 (9.5) 2 (12.5)

Data are presented as mean ± standard deviation, median (minimum–maximum range), or number of patients
(%). Abbreviations: IFI: invasive fungal infection; b-IFI, breakthrough IFI; SAPS III: simplified acute physiology
score III; MELD: Model for End-Stage Liver Disease; SCr: serum creatinine; ESRD: end-stage renal disease; DBD:
donation after brain death; DCD: donation after circulatory death; CMV: cytomegalovirus; PRBC: packed red
blood cells.
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Table 2. Clinical characteristics and risk profile of patients with IFI (n = 19).
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3 M 61 Cancers—Hepatocellular carcinoma and cirrhosis 8 • • • • •
4 M 60 Cirrhosis—Alcoholic cirrhosis 13 • • • •
5 M 58 Cancers—Hepatocellular carcinoma and cirrhosis 13 • •
6 M 36 Cholestasis disease-Others: secondary sclerosing cholangitis 35 • • • • • • • •
7 F 24 Metabolic disease-Others: MNGIE 9 • • • • • •
8 F 57 Cirrhosis—Alcoholic cirrhosis 10 • • • •
9 F 22 Metabolic diseases-Wilson disease 22 • •
10 M 62 Cancers—Hepatocellular carcinoma and cirrhosis 11
11 F 57 Cirrhosis—Virus C-related cirrhosis 9 • • •
12 M 67 Acute hepatic failure 40 • • • • • • • •
13 M 48 Cirrhosis—Alcoholic cirrhosis 13 • • • • •
14 M 53 Cirrhosis—Alcoholic cirrhosis 18 • • • • •
15 M 29 Cholestatic disease-Primary sclerosing cholangitis 25 • • •
16 M 60 Cirrhosis—Alcoholic cirrhosis 22 • • • • • •
17 F 65 Acute hepatic failure 37 • • • • • •
18 M 56 Cholestasis disease—Others: secondary biliary cirrhosis 17 • • • • • • • •
19 F 55 Cirrhosis—Autoimmune cirrhosis 16 • • • • • • • •

Abbreviations: IFI: invasive fungal infections; M: male; F: female; MELD: Model for End-Stage Liver Disease Score; SCr: serum creatinine; HU: high urgency; ECD: extended criteria dona-
tion; DCD: donation after circulatory determination of death; NMP: normothermic machine perfusion; CMV: cytomegalovirus; ERCP: endoscopic retrograde cholangiopancreatography;
RYC: Roux-en-Y choledochojejunostomy.
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Table 3. Identification of risk factors for b-IFI: multivariate analysis (n = 100).

Nondependent Variable B-Coefficient p-Value HR
95% Confidence Interval

Lower Upper

Age (years) −0.043 0.035 0.96 0.92 0.99
Cold ischemia time (minutes) 0.001 0.338 1.00 1.00 1.00

Piggyback operative technique 1.008 0.331 2.74 0.36 20.96
Split-liver transplantation 1.383 0.116 3.99 0.71 22.42
Donor-derived infection 2.478 0.003 11.92 2.35 60.30

Relaparotomy, any reason 1.016 0.127 2.76 0.75 10.19
Variables with increased hazard ratio for IFI: recipient age and donor-derived infection. Variables excluded from
model (multicollinearity): bile leak and early transplantation. Abbreviations: IFI, invasive fungal infections; b-IFI,
breakthrough IFI; HR, hazard ratio.

3.2. Targeted Antimycotic Prophylaxis

Of the 224 patients undergoing first-time OLT, 100 (45%) received TAP with echinocan-
dins, 67 (67%) patients received micafungin, and 33 (33%) patients received anidulafungin.

Within the group of patients with IFI, TAP was started immediately in 68% (13/19) of
patients. In six patients (32%), TAP was started with a median delay of 13.5 days (11–55) due
to the high-risk criteria not being met until the postoperative course. In most of the cases
(83%, 5/6), the high-risk criteria were met first by the occurrence of biliary complications.

The overall median duration of prophylaxis was 9 (1–86) days, with no significant dif-
ference between the patients with and without b-IFI (8 (1–40) vs. 10 (1–49) days, p = 0.156).
Within the group of patients with b-IFI, the duration of prophylaxis extended until the time
of b-IFI diagnosis, since from this point onwards, antimycotic medication was regarded as
therapy (Supplementary Table S2).

In 7% (7/100) of patients, drug-related adverse events were recorded (three cases of
gastrointestinal symptoms, four cases with mildly elevated bilirubin and transaminase
levels). All of these were associated with the usage of micafungin and limited only to the
period of use. None of the adverse events were considered serious or dose-limiting.

3.3. Characteristics of Invasive Fungal Infections
3.3.1. Incidence

Nineteen (19) (19%) patients developed a proven or probable IFI within 90 days
after transplantation, with 16 (84%, 16/19) patients having a breakthrough infection. The
rates of invasive fungal infections did not differ significantly between micafungin and
anidulafungin (16%, 11/67 vs. 15%, 5/33, p = 1.000).

More than half of the IFIs (52%, 10/19) were diagnosed within the first two weeks
after transplantation, and 68% (13/19) within the first month. Invasive candidiasis was
diagnosed within a median of 13.5 days (3–77), and IA within 36 days (26–42). Almost
one-third of patients (26%, 26/100) had been prehospitalized within three months before
transplantation, and an associated fungal precolonization could be detected in 13% (13/100,
p = 0.036) (Table 1).

3.3.2. Composition of Pathogens and Infection Sites

Besides a single invasive Saccharomyces cerevisiae infection, two major pathogens dom-
inated the fungal spectrum of the proven or probable infections: invasive candidiasis in
84% (16/19) and invasive aspergillosis in 16% (3/19) of patients (in one case as secondary
fungal pathogen). Within the group of the non-albicans Candida species, in four cases,
infections were caused by C. glabrata and in three by C. krusei (Table 4).
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Table 4. Overview of the diagnosed IFI (n = 19).
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1 M (12) C. albicans Fungemia,
Peritonitis (12)

P • • • • 1. Voriconazol
2. Amphotericin Survived, graft failure d56, and Re-TX d58

2 M (12) C. krusei Fungemia,
Peritonitis (12) P • • • • • • Anidulafungin Death, sepsis at d39 (ICU)

3 M (3) C. albicans Peritonitis (3) PR • • • Voriconazol Survived, graft failure d2, Re-TX d2
4 M (1) C. albicans Peritonitis (14) P • • • • Micafungin Survived

5 M (40) A. fumigatus Pneumonia (42) P • • •1 • • • 1. Voriconazol
2. Amphotericin Death, sepsis at d110

6 M (8) C. dubliniensis Peritonitis (8) P • • • • • 1. Voriconazol
2. Amphotericin Death, sepsis at d116

7 M (9) C. krusei Peritonitis (10) P • • • • Micafungin Death, sepsis at d48 (hospital)
8 M (7) C. albicans Peritonitis (26) P • • • Micafungin Survived
9 M (1) C. albicans Peritonitis (4) P • • • • Micafungin Survived
10 M (1) C. albicans Peritonitis (13) PR • • Micafungin Death, sepsis at d221 (hospital)
11 M (1) Saccharomyces spp. Peritonitis (55) P • • • Micafungin Survived

12 A (14) C. glabrata Fungemia,
Peritonitis (38) P • • • • • • • • Isovuconazol Death, sepsis at d43 (ICU)

13 A (1) C. dubliniensis Peritonitis (37) PR • • Anidulafungin Survived
14 A (21) C. parapsilosis Peritonitis (21) P • • • Voriconazol Death, sepsis at d38 (ICU)

15 A (20) C. glabrata Fungemia,
catheter-related (44) P • • • Anidulafungin Graft failure d62, Re-TX d160. Death, sepsis

at d329
16 A (13) C. krusei Peritonitis (13) P • • • Anidulafungin Survived

17 A (8) C. glabrata Fungemia,
Peritonitis (8) P • • • • • Fluconazol and

Amphotericin
Graft failure d10, Re-TX d11. Death, sepsis at
d91 (ICU)

18 A (17) C. glabrata Fungemia,
catheter-related (77) P • • • • Anidulafungin Survived, graft failure d2, Re-TX d4

19 A (15) A. fumigatus Pneumonia (26) P • • • • • • • Anidulafungin Death, sepsis at d26 (ICU)
1 Possible infection. Abbreviations: M: micafungin; A: anidulafungin; C.: Candida, A.: Aspergillus; IFI: invasive fungal infection, P: proven; PR: probable, d: day; Re-TX: retransplantation;
ICU: intensive care unit.
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The main infection site in patients with an IC was isolated peritonitis without fungemia
in 63% (10/16) of the patients, followed by peritonitis with secondary candidemia in 25%
(4/16) and isolated candidemia in 13% (2/16) (Table 4). All cases of isolated candidemia
were catheter related. The two cases of IA affected the lungs (without clinical proof of
dissemination), and Saccharomyces cerevisiae caused isolated peritonitis. Eleven patients
(11%) developed a superficial fungal infection (mucosal infection) during the observation
period (Table 5). Finally, we could confirm three cases (16%, 3/19) of a donor-derived
infection (Table 4).

Table 5. Postoperative outcome (n = 100).

Outcome All Patients
(n = 100)

No b-IFI
(n = 84)

b-IFI
(n = 16) p-Value

Superficial fungal infections (mucosal) 11 (11.0) 11 (13.1) 0 (0.0) 0.207

Length of ICU stay (days) 7.0 (2–117) 6.5 (2–45) 18.0
(3–117) 0.054

Postoperative dialysis 61 (61.0) 49 (58.3) 12 (75.0) 0.270
Postoperative CMV viremia 37 (37.0) 33 (39.3) 4 (25.0) 0.399
Reoperations

Bile leakage 30 (30.0) 19 (22.6) 11 (68.8) 0.001
Endoscopic retrograde

cholangiopancreatography 1 (1.0) 1 (1.2) 0 (0.0) 1.000

Reconstruction 22 (22.0) 13 (15.5) 9 (56.3) 0.001
Secondary Roux-en-Y choledochojejunostomy 7 (7.0) 4 (4.8) 3 (18.8) 0.079

Early retransplantation (<90 days) 6 (6.0) 3 (3.6) 3 (18.8) 0.050
Other 29 (29.0) 26 (31.0) 3 (18.8) 0.385

Mortality within 90 days 11 (11.0) 7 (8.3) 4 (25.0) 0.073
Mortality during ICU stay 12 (12.0) 6 (7.1) 6 (37.5) 0.003
1-year Patient Survival 81 (81.0) 73 (86.9) 8 (50.0) 0.002
1-year Death-Censored Graft Survival 76 (93.8) 70 (95.9) 6 (75.0) 0.074

Data presented as median (minimum–maximum range) or number of patients (%). Abbreviations: IFI: invasive
fungal infection; ICU: intensive care unit; CMV: cytomegalovirus; PRBC: packed red blood cells.

3.3.3. Susceptibility and the Therapeutic Regimen

Within the group of patients with IC, all cases of Candida albicans were susceptible to
ongoing prophylaxis. In the case of non-albicans species, all cases of Candida glabrata were
initially susceptible to anidulafungin (none received micafungin prophylaxis). One patient
developed a refractory IFI due to secondary echinocandin resistance during ongoing
therapy. Moreover, all cases of Candida krusei and Candida dubliniensis were tested as
susceptible to echinocandins and echinocandins and triazoles, respectively. The sample
of Candida parapsilosis was tested to be intermediately susceptible to anidulafungin (MIC
4 mg/L). Given the above, the detected primary pathogens were outside the spectrum of
activity of echinocandin prophylaxis in 37.5% (6/16) of patients with b-IFI.

Within the patients with fungal organisms not susceptible to echinocandins, two
patients died before an adaption of therapy could be performed. In the rest of the patients,
the therapy was switched to voriconazole (n = 2), isavuconazole (n = 1), and a combination
therapy of fluconazole and L-AmB (n = 1). Finally, in one patient, voriconazole was further
escalated to L-AmB during the treatment.

Within the group of echinocandin-susceptible IFI patients, the antifungal agent was
switched three times empirically to voriconazole; two of them were further escalated to
L-AmB. In the remaining nine patients with proven b-IFI, the already-used echinocandin
was prolonged until the end of therapy.

Finally, in addition to the case of proven secondary IA, two further cases of late-onset
IFI (Candida glabrata) after the termination of TAP were identified. In both patients, IFI was
diagnosed after an immediately started anidulafungin prophylaxis for over 17 and 20 days,
with an onset of 60 and 24 days, respectively. In both cases, treatment with anidulafungin
was resumed. During the study period, no case of relapse IFI was detected.
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3.4. Outcome
3.4.1. Postoperative Course

The median duration of the initial postoperative ICU stay was 7 (2–117) days (Table 5).
More than one-half of patients (61%) needed renal replacement therapy, and more than
one-third (37%) developed a CMV viremia. Surgical revisions were necessary for the
majority of patients (54%), mostly due to biliary leakage (29%) and bleeding complications;
6% needed an early retransplantation.

Patients with b-IFI experienced an increased rate of biliary leaks (69% vs. 23%,
p = 0.001) and more early retransplantations (19% vs. 4%, p = 0.050). The ICU mortality of
these patients was 38%, being higher as compared to patients without b-IFI (7%, p = 0.003).
The need for postoperative dialysis or occurrence of CMV viremia was comparable between
both groups (Table 5).

3.4.2. Mortality

Overall 90-day mortality was 11% (11/100). In the group without b-IFI (n = 7), two
patients died due to bacterial sepsis, and one each due to intracerebral hemorrhage, post-
operative hemorrhage, fungal sepsis, and acute liver failure (primary nonfunction). All
patients died during their initial ICU stay, while one died intraoperatively during the
transplantation.

Within the patients with b-IFI, 25% (4/16) died during the first 90 days after trans-
plantation. All deaths were attributable to sepsis during an ongoing IFI and occurred
after a median of 40 days (30–49) after OLT. Considering the causative pathogen, three
out of four of the fatal IFIs were caused by non-albicans Candida spp. (Candida krusei and
Candida parapsilosis), and one by Aspergillus spp. (Figure 3). All postoperative outcomes are
summarized in Tables 4 and 5.
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Finally, the vast majority of patients (81%, 81/100) were alive one year after transplan-
tation. However, in patients with b-IFI, one-year survival was significantly reduced to 50%
(8/16 vs. 73/84, 87%; p = 0.002), and especially within the IC with non-albicans species,
as 60% of patients died (Table 4). Moreover, none of the patients with IA survived the
initial ICU stay, while five out of six (83%) patients with invasive Candida albicans infections
survived.
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4. Discussion

In this retrospective study, we present data from 100 adult patients undergoing first-
time OLT with a high-risk profile for developing IFIs. In these patients, receiving targeted
antimycotic prophylaxis with micafungin or anidulafungin, b-IFI was observed in 16%.
Moreover, the overall incidence of IFIs within 90 days after transplantation was 19%.
Recipient age and donor-derived infection were identified as the main risk factors for b-IFI.
The observed incidence of b-IFI is rather high when compared to the international data
(incidence up to 11%, Supplementary Table S3). This may be explained by the high rate of
ECD organs (75%) and the main surgical technique of implantation (bicaval resection under
transient clamping of the vena cava in 94% of the patients). Moreover, these factors could be
a further reason for the high rate of reoperations (54%) and postoperative renal replacement
therapy (61%), both possible risk factors and consequences of an IFI. Likewise, the high
share of preoperative hospitalizations, the associated precolonization upon admission,
and the rate of donor-derived infections may be further important factors. However, the
available publications reported on rather smaller patient samples, which could lead to an
underrepresentation of IFIs.

One-third of the primarily detected fungal pathogens were outside the spectrum of
activity of the utilized echinocandin prophylaxis. This included three cases with IA (16%),
and two cases with Candida parapsilosis (11%), which has been recently pointed out by the
authors of the TRANSNET study [56].

Moreover, we detected one case of Candida glabrata, with a refractory IFI due to a
secondary echinocandin resistance during ongoing therapy, but no proof of relapse IFI. This
goes along with recent findings describing intra-abdominal candidiasis, particularly cases
of Candida glabrata, as a possible hidden reservoir for the development of echinocandin
resistance [57].

In this context, the importance of infection sites should be mentioned, since we could
confirm reported data on intra-abdominal candidiasis being the main infection site after
OLT [13,58,59]. In our population, nearly two-thirds of the IC patients developed isolated
peritonitis without fungemia, followed by peritonitis with secondary candidemia in 25%.
These findings are important as recently published data indicated that echinocandins
might have limited penetration in the abdominal sites of infection [60,61]. Among the two
cases of isolated candidemia, both were identified as fungal biofilm infections of vascular
indwelling catheters, which were immediately removed at the time of diagnosis.

Although all cases of invasive Candida albicans infection would have been sensitive to
fluconazole, the majority of the IC infections were caused by non-albicans species (63), of
which only three would have been susceptible to fluconazole.

In regard to the adverse events of echinocandin prophylaxis, side effects were rarely
observed. However, this could be also underrepresented given the retrospective nature of
the study. In all seven cases, adverse events were described as being mild and reversible
upon drug cessation.

Finally, more than one-half of the IFIs were diagnosed within the first two weeks after
transplantation, with more than two-thirds within the first month, clearly demonstrating
the importance of IFIs in the early postoperative course. The median time to diagnosis was
depending on the pathogen, and was in compliance with the available literature (26–42).

Concerning clinical outcome, we could confirm one-year mortality associated with IFIs
being nearly twice as high as without. Moreover, IFIs showed a significant impact on graft
survival, especially during the early postoperative period. Invasive fungal infections were
associated with a distinct increase in postoperative complications, resulting in an increased
ICU mortality. All IFI patients, who died during their initial ICU stay, died directly from
the fungal infection within two to three weeks.

5. Limitations

The presented study should be interpreted in light of the retrospective and monocentric
study design limitations. A possible selection bias cannot be excluded. Despite the fact
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that the sample size is limited by the scope of this monocentric study, it represents one of
the largest recently published studies in this field. Our results require further prospective
confirmation to identify and account for unknown factors that might have an influence on
the outcomes. Moreover, the attribution of IFIs on mortality is limited by possible effects of
the underlying disease and the postoperative course.

6. Conclusions

Despite the profound evidence regarding risk factors in liver transplant recipients
enabling the targeted use of antifungals as prophylaxis for IFIs, there is still a significant
risk for b-IFI with a tremendous impact on patient outcome in the case of echinocandin use.

When selecting an antifungal therapy, toxicity, drug interactions, pharmacokinetic
metabolism, and tissue penetration must be considered in addition to the antifungal spec-
trum, killing pattern, and clinical efficacy. While echinocandins are active and fungicidal
against Candida spp., they are only fungistatic against Aspergillus spp. with no activity at all
against most other molds.

Moreover, procedural, host, and fungal factors can contribute to a substantial rate
of breakthrough infections. Our findings also raise doubts about the effectiveness of
echinocandins in the case of intra-abdominal candidiasis, the most common site of fungal
infection after OLT. Further prospective and randomized controlled trials are warranted
to investigate the relationship between targeted echinocandin prophylaxis and b-IFI in
HR-LTRs, providing clear recommendations on future perioperative management.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jof9020272/s1. Table S1. Risk factors for b-IFI within 90 days from
liver transplantation: univariate Cox regression analyses (n = 100); Table S2. Antimycotic prophylaxis
(n = 100); Table S3. Literature overview of Echinocandin use as prophylaxis in liver transplant
recipients.

Author Contributions: Conceptualization, R.B., Z.B. and S.R.; Methodology, R.B., B.T., Z.B. and S.R.;
Software, R.B., Z.B. and S.R.; Validation, R.B., Z.B. and S.R.; Formal analysis, T.S., Z.B. and S.R.;
Investigation, R.B., T.S., Z.B. and S.R.; Resources, R.B. and S.R.; Data curation, R.B., Z.B. and S.R.;
Writing—original draft, R.B., B.T., T.S., Z.B. and S.R.; Writing—review and editing, R.B., B.T., T.S.
and S.R.; Visualization, R.B., Z.B. and S.R.; Supervision, R.B., B.T. and S.R.; Project administration,
R.B. and S.R.; Funding acquisition, R.B. and S.R. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This retrospective study was approved by the Ethics Com-
mittee of the Medical University of Innsbruck, Austria (Number 1126/2022).

Informed Consent Statement: Patient consent was waived due to the retrospective nature of the
study and ethics committee approval.

Data Availability Statement: The datasets used and analyzed during the current study can be made
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Scolarici, M.; Jorgenson, M.; Saddler, C.; Smith, J. Fungal Infections in Liver Transplant Recipients. J. Fungi 2021, 7, 524. [CrossRef]
2. Singh, N.; Wagener, M.M.; Marino, I.R.; Gayowski, T. Trends in Invasive Fungal Infections in Liver Transplant Recipients:

Correlation with Evolution in Transplantation Practices. Transplantation 2002, 73, 63–67. [CrossRef]
3. Silveira, F.P.; Husain, S. Fungal Infections in Solid Organ Transplantation. Med. Mycol. 2007, 45, 305–320. [CrossRef]
4. Saliba, F.; Delvart, V.; Ichaï, P.; Kassis, N.; Botterel, F.; Mihaila, L.; Azoulay, D.; Adam, R.; Castaing, D.; Bretagne, S.; et al. Fungal

Infections after Liver Transplantation: Outcomes and Risk Factors Revisited in the MELD Era. Clin. Transpl. 2013, 27, E454–E461.
[CrossRef]

5. Singh, N. Fungal Infections in the Recipients of Solid Organ Transplantation. Infect. Dis. Clin. N. Am. 2003, 17, 113–134. [CrossRef]
6. Paya, C.V. Fungal Infections in Solid-Organ Transplantation. Clin. Infect. Dis. 1993, 16, 677–688. [CrossRef]

https://www.mdpi.com/article/10.3390/jof9020272/s1
https://www.mdpi.com/article/10.3390/jof9020272/s1
http://doi.org/10.3390/jof7070524
http://doi.org/10.1097/00007890-200201150-00011
http://doi.org/10.1080/13693780701200372
http://doi.org/10.1111/ctr.12129
http://doi.org/10.1016/S0891-5520(02)00067-3
http://doi.org/10.1093/clind/16.5.677


J. Fungi 2023, 9, 272 15 of 17

7. Gavaldà, J.; Meije, Y.; Fortún, J.; Roilides, E.; Saliba, F.; Lortholary, O.; Muñoz, P.; Grossi, P.; Cuenca-Estrella, M. Invasive Fungal
Infections in Solid Organ Transplant Recipients. Clin. Microbiol. Infect. 2014, 20 (Suppl. S7), 27–48. [CrossRef]

8. Barchiesi, F.; Mazzocato, S.; Mazzanti, S.; Gesuita, R.; Skrami, E.; Fiorentini, A.; Singh, N. Invasive Aspergillosis in Liver
Transplant Recipients: Epidemiology, Clinical Characteristics, Treatment, and Outcomes in 116 Cases. Liver Transpl. 2015, 21,
204–212. [CrossRef]

9. Nagao, M.; Fujimoto, Y.; Yamamoto, M.; Matsumura, Y.; Kaido, T.; Takakura, S.; Uemoto, S.; Ichiyama, S. Epidemiology of Invasive
Fungal Infections after Liver Transplantation and the Risk Factors of Late-Onset Invasive Aspergillosis. J. Infect. Chemother. 2016,
22, 84–89. [CrossRef]

10. Zicker, M.; Colombo, A.L.; Ferraz-Neto, B.H.; Camargo, L.F.A. Epidemiology of Fungal Infections in Liver Transplant Recipients:
A Six-Year Study of a Large Brazilian Liver Transplantation Centre. Mem. Inst. Oswaldo Cruz 2011, 106, 339–345. [CrossRef]

11. Neofytos, D.; Fishman, J.A.; Horn, D.; Anaissie, E.; Chang, C.H.; Olyaei, A.; Pfaller, M.; Steinbach, W.J.; Webster, K.M.; Marr, K.A.
Epidemiology and Outcome of Invasive Fungal Infections in Solid Organ Transplant Recipients. Transpl. Infect. Dis. 2010, 12,
220–229. [CrossRef]

12. Vera, A.; Contreras, F.; Guevara, F. Incidence and Risk Factors for Infections after Liver Transplant: Single-Center Experience at
the University Hospital Fundación Santa Fe de Bogotá, Colombia. Transpl. Infect. Dis. 2011, 13, 608–615. [CrossRef]

13. Raghuram, A.; Restrepo, A.; Safadjou, S.; Cooley, J.; Orloff, M.; Hardy, D.; Butler, S.; Koval, C.E. Invasive Fungal Infections
Following Liver Transplantation: Incidence, Risk Factors, Survival, and Impact of Fluconazole-Resistant Candida parapsilosis
(2003–2007). Liver Transpl. 2012, 18, 1100–1109. [CrossRef]

14. Pacholczyk, M.J.; Lagiewska, B.; Lisik, W.; Wasiak, D.; Chmura, A. Invasive Fungal Infections Following Liver Transplantation—
Risk Factors, Incidence and Outcome. Ann. Transpl. 2011, 16, 14–16. [CrossRef]

15. Rogers, J.; Rohal, S.; Carrigan, D.R.; Kusne, S.; Knox, K.K.; Gayowski, T.; Wagener, M.M.; Fung, J.J.; Singh, N. Human
Herpesvirus-6 in Liver Transplant Recipients: Role in Pathogenesis of Fungal Infections, Neurologic Complications, and Outcome.
Transplantation 2000, 69, 2566–2573. [CrossRef]

16. Karchmer, A.W.; Samore, M.H.; Hadley, S.; Collins, L.A.; Jenkins, R.L.; Lewis, W.D. Fungal Infections Complicating Orthotopic
Liver Transplantation. Trans. Am. Clin. Climatol. Assoc. 1995, 106, 38.

17. Phoompoung, P.; Herrera, S.; Pérez Cortés Villalobos, A.; Foroutan, F.; Orchanian-Cheff, A.; Husain, S. Risk Factors of Invasive
Fungal Infections in Liver Transplant Recipients: A Systematic Review and Meta-Analysis. Am. J. Transpl. 2022, 22, 1213–1229.
[CrossRef]

18. Husain, S.; Tollemar, J.; Dominguez, E.A.; Baumgarten, K.; Humar, A.; Paterson, D.L.; Wagener, M.M.; Kusne, S.; Singh, N.
Changes in the Spectrum and Risk Factors for Invasive Candidiasis in Liver Transplant Recipients: Prospective, Multicenter,
Case-Controlled Study. Transplantation 2003, 75, 2023–2029. [CrossRef]

19. Eschenauer, G.A.; Kwak, E.J.; Humar, A.; Potoski, B.A.; Clarke, L.G.; Shields, R.K.; Abdel-Massih, R.; Silveira, F.P.; Vergidis, P.;
Clancy, C.J.; et al. Targeted versus Universal Antifungal Prophylaxis Among Liver Transplant Recipients. Am. J. Transpl. 2015, 15,
180–189. [CrossRef]

20. Cruciani, M.; Mengoli, C.; Malena, M.; Bosco, O.; Serpelloni, G.; Grossi, P. Antifungal Prophylaxis in Liver Transplant Patients: A
Systematic Review and Meta-Analysis. Liver Transpl. 2006, 12, 850–858. [CrossRef]

21. Evans, J.D.W.; Morris, P.J.; Knight, S.R. Antifungal Prophylaxis in Liver Transplantation: A Systematic Review and Network
Meta-Analysis. Am. J. Transpl. 2014, 14, 2765–2776. [CrossRef]

22. Pappas, P.G.; Kauffman, C.A.; Andes, D.R.; Clancy, C.J.; Marr, K.A.; Ostrosky-Zeichner, L.; Reboli, A.C.; Schuster, M.G.; Vazquez,
J.A.; Walsh, T.J.; et al. Clinical Practice Guideline for the Management of Candidiasis: 2016 Update by the Infectious Diseases
Society of America. Clin. Infect. Dis. 2016, 62, e1–e50. [CrossRef]

23. Husain, S.; Camargo, J.F. Invasive Aspergillosis in Solid-Organ Transplant Recipients: Guidelines from the American Society of
Transplantation Infectious Diseases Community of Practice. Clin. Transpl. 2019, 33, e13544. [CrossRef]

24. Aslam, S.; Rotstein, C. Candida Infections in Solid Organ Transplantation: Guidelines from the American Society of Transplanta-
tion Infectious Diseases Community of Practice. Clin. Transpl. 2019, 33, e13623. [CrossRef]

25. Lortholary, O.; Renaudat, C.; Sitbon, K.; Madec, Y.; Denoeud-Ndam, L.; Wolff, M.; Fontanet, A.; Bretagne, S.; Dromer, F.; Bouges-
Michel, C.; et al. Worrisome Trends in Incidence and Mortality of Candidemia in Intensive Care Units (Paris Area, 2002–2010).
Intensive Care Med. 2014, 40, 1303–1312. [CrossRef]

26. Gleason, T.G.; May, A.K.; Caparelli, D.; Farr, B.M.; Sawyer, R.G. Emerging Evidence of Selection of Fluconazole-Tolerant Fungi in
Surgical Intensive Care Units. Arch. Surg. 1997, 132, 1197–1202. [CrossRef]

27. Nguyen, M.H.; Peacock, J.E.; Morris, A.J.; Tanner, D.C.; Nguyen, M.L.; Snydman, D.R.; Wagener, M.M.; Rinaldi, M.G.; Yu, V.L.
The Changing Face of Candidemia: Emergence of Non-Candida Albicans Species and Antifungal Resistance. Am. J. Med. 1996,
100, 617–623. [CrossRef]

28. Rocco, T.R.; Reinert, S.E.; Simms, H.H. Effects of Fluconazole Administration in Critically Ill Patients: Analysis of Bacterial and
Fungal Resistance. Arch. Surg. 2000, 135, 160–165. [CrossRef]

29. Singh, N.; Wagener, M.M.; Cacciarelli, T.V.; Levitsky, J. Antifungal Management Practices in Liver Transplant Recipients. Am. J.
Transpl. 2008, 8, 426–431. [CrossRef]

30. Pappas, P.G.; Silveira, F.P. Candida in Solid Organ Transplant Recipients. Am. J. Transpl. 2009, 9 (Suppl. S4), S173–S179. [CrossRef]

http://doi.org/10.1111/1469-0691.12660
http://doi.org/10.1002/lt.24032
http://doi.org/10.1016/j.jiac.2015.11.005
http://doi.org/10.1590/S0074-02762011000300014
http://doi.org/10.1111/j.1399-3062.2010.00492.x
http://doi.org/10.1111/j.1399-3062.2011.00640.x
http://doi.org/10.1002/lt.23467
http://doi.org/10.12659/AOT.881989
http://doi.org/10.1097/00007890-200006270-00016
http://doi.org/10.1111/ajt.16935
http://doi.org/10.1097/01.TP.0000065178.93741.72
http://doi.org/10.1111/ajt.12993
http://doi.org/10.1002/lt.20690
http://doi.org/10.1111/ajt.12925
http://doi.org/10.1093/cid/civ933
http://doi.org/10.1111/ctr.13544
http://doi.org/10.1111/ctr.13623
http://doi.org/10.1007/s00134-014-3408-3
http://doi.org/10.1001/archsurg.1997.01430350047008
http://doi.org/10.1016/S0002-9343(95)00010-0
http://doi.org/10.1001/archsurg.135.2.160
http://doi.org/10.1111/j.1600-6143.2007.02089.x
http://doi.org/10.1111/j.1600-6143.2009.02909.x


J. Fungi 2023, 9, 272 16 of 17

31. Singh, N.; Husain, S. Invasive Aspergillosis in Solid Organ Transplant Recipients. Am. J. Transpl. 2009, 9 (Suppl. S4), S180–S191.
[CrossRef]

32. Saliba, F.; Pascher, A.; Cointault, O.; Laterre, P.-F.; Cervera, C.; Waele, J.J.; de Cillo, U.; Langer, R.M.; Lugano, M.; Göran-Ericzon,
B.; et al. Randomized Trial of Micafungin for the Prevention of Invasive Fungal Infection in High-Risk Liver Transplant Recipients.
Clin. Infect. Dis. 2015, 60, 997. [CrossRef] [PubMed]

33. Cornely, O.A.; Bassetti, M.; Calandra, T.; Garbino, J.; Kullberg, B.J.; Lortholary, O.; Meersseman, W.; Akova, M.; Arendrup, M.C.;
Arikan-Akdagli, S.; et al. ESCMID* Guideline for the Diagnosis and Management of Candida Diseases 2012: Non-Neutropenic
Adult Patients. Clin. Microbiol. Infect. 2012, 18 (Suppl. S7), 19–37. [CrossRef]

34. Glöckner, A. Treatment and Prophylaxis of Invasive Candidiasis with Anidulafungin, Caspofungin and Micafungin: Review of
the Literature. Eur. J. Med. Res. 2011, 16, 167–179. [CrossRef]

35. Chen, S.C.A.; Slavin, M.A.; Sorrell, T.C. Echinocandin Antifungal Drugs in Fungal Infections: A Comparison. Drugs 2011, 71,
11–41. [CrossRef]

36. Eschenauer, G.; DePestel, D.D.; Carver, P.L. Comparison of Echinocandin Antifungals. Ther. Clin. Risk Manag. 2007, 3, 71–97.
[CrossRef]

37. Hebert, M.F.; Townsend, R.W.; Austin, S.; Balan, G.; Blough, D.K.; Buell, D.; Keirns, J.; Bekersky, I. Concomitant Cyclosporine and
Micafungin Pharmacokinetics in Healthy Volunteers. J. Clin. Pharmacol. 2005, 45, 954–960. [CrossRef]

38. Fukuoka, N.; Imataki, O.; Ohnishi, H.; Kitanaka, A.; Kubota, Y.; Ishida, T.; Tanaka, T. Micafungin Does Not Influence the
Concentration of Tacrolimus in Patients after Allogeneic Hematopoietic Stem Cell Transplantation. Transpl. Proc. 2010, 42,
2725–2730. [CrossRef]

39. Inoue, Y.; Saito, T.; Ogawa, K.; Nishio, Y.; Kosugi, S.; Suzuki, Y.; Kato, M.; Sakai, T.; Takahashi, M.; Miura, I. Drug Interactions
between Micafungin at High Doses and Cyclosporine A in Febrile Neutropenia Patients after Allogeneic Hematopoietic Stem
Cell Transplantation. Int. J. Clin. Pharmacol. Ther. 2012, 50, 831–837. [CrossRef]

40. Hebert, M.F.; Blough, D.K.; Townsend, R.W.; Allison, M.; Buell, D.; Keirns, J.; Bekersky, I. Concomitant Tacrolimus and Micafungin
Pharmacokinetics in Healthy Volunteers. J. Clin. Pharmacol. 2005, 45, 1018–1024. [CrossRef]

41. Muhl, E.; Martens, T.; Iven, H.; Rob, P.; Bruch, H.P. Influence of Continuous Veno-Venous Haemodiafiltration and Continuous
Veno-Venous Haemofiltration on the Pharmacokinetics of Fluconazole. Eur. J. Clin. Pharmacol. 2000, 56, 671–678. [CrossRef]

42. Liu, Y.; Lan, C.; Qin, S.; Qin, Z.; Zhang, Z.; Zhang, P.; Cao, W. Efficacy of Anti-Fungal Agents for Invasive Fungal Infection
Prophylaxis in Liver Transplant Recipients: A Network Meta-Analysis. Mycoses 2022, 65, 906–917. [CrossRef]

43. Peter Donnelly, J.; Chen, S.C.; Kauffman, C.A.; Steinbach, W.J.; Baddley, J.W.; Verweij, P.E.; Clancy, C.J.; Wingard, J.R.; Lockhart,
S.R.; Groll, A.H.; et al. Revision and Update of the Consensus Definitions of Invasive Fungal Disease from the European
Organization for Research and Treatment of Cancer and the Mycoses Study Group Education and Research Consortium. Clin.
Infect. Dis. 2020, 71, 1367–1376. [CrossRef]

44. Bassetti, M.; Azoulay, E.; Kullberg, B.J.; Ruhnke, M.; Shoham, S.; Vazquez, J.; Giacobbe, D.R.; Calandra, T. EORTC/MSGERC
Definitions of Invasive Fungal Diseases: Summary of Activities of the Intensive Care Unit Working Group. Clin. Infect. Dis. 2021,
72, S121–S127. [CrossRef]

45. Blot, S.I.; Vandewoude, K.H.; de Waele, J.J. Candida Peritonitis. Curr. Opin. Crit. Care 2007, 13, 195–199. [CrossRef]
46. Montravers, P.; Dupont, H.; Eggimann, P. Intra-Abdominal Candidiasis: The Guidelines—Forgotten Non-Candidemic Invasive

Candidiasis. Intensive Care Med. 2013, 39, 2226–2230. [CrossRef]
47. Carneiro, H.A.; Mavrakis, A.; Mylonakis, E. Candida Peritonitis: An Update on the Latest Research and Treatments. World J. Surg.

2011, 35, 2650–2659. [CrossRef]
48. Cornely, O.A.; Hoenigl, M.; Lass-Flörl, C.; Chen, S.C.A.; Kontoyiannis, D.P.; Morrissey, C.O.; Thompson, G.R. Defining Break-

through Invasive Fungal Infection-Position Paper of the Mycoses Study Group Education and Research Consortium and the
European Confederation of Medical Mycology. Mycoses 2019, 62, 716–729. [CrossRef]

49. Arendrup, M.C.; Cuenca-Estrella, M.; Lass-Fl€, C.; Hope, W.W. EUCAST Technical Note on Candida and Micafungin, Anidula-
fungin and Fluconazole. Mycoses 2014, 57, 377–379. [CrossRef]

50. Sabol, K.; Gumbo, T. Anidulafungin in the Treatment of Invasive Fungal Infections. Ther. Clin. Risk Manag. 2008, 4, 71. [CrossRef]
51. Aruanno, M.; Glampedakis, E.; Lamoth, F. Echinocandins for the Treatment of Invasive Aspergillosis: From Laboratory to Bedside.

Antimicrob. Agents Chemother. 2019, 63, e00399-19. [CrossRef]
52. Management of Invasive Candidiasis and Aspergillosis in Adults. Conférence de Consensus Commune Organisée Conjointement

Par La SFAR, La SPILF et La SRLF Avec La Participation de La Société Française D’Hématologie, de La Société Française de
Mycologie Médicale et de La Société Française de Greffe de Mœlle. Rev. Pneumol. Clin. 2004, 60, 289–293.

53. Boyer, A.; Cadier, G.; Accoceberry, I.; Lhomme, E.; Ricard, C.; Gruson, D.; Blanchard, E. Guidelines for Antifungal Therapies in
Intensive Care Unit Patients: Not so Bad! Clin. Microbiol. Infect. 2019, 25, 1291–1292. [CrossRef]

54. Cardini, B.; Oberhuber, R.; Fodor, M.; Hautz, T.; Margreiter, C.; Resch, T.; Scheidl, S.; Maglione, M.; Bösmüller, C.; Mair, H.; et al.
Clinical Implementation of Prolonged Liver Preservation and Monitoring through Normothermic Machine Perfusion in Liver
Transplantation. Transplantation 2020, 104, 1917–1928. [CrossRef]

55. Nemes, B.; Gámán, G.; Polak, W.G.; Gelley, F.; Hara, T.; Ono, S.; Baimakhanov, Z.; Piros, L.; Eguchi, S. Extended Criteria Donors in
Liver Transplantation Part I: Reviewing the Impact of Determining Factors. Expert Rev. Gastroenterol. Hepatol. 2016, 10, 827–839.
[CrossRef]

http://doi.org/10.1111/j.1600-6143.2009.02910.x
http://doi.org/10.1093/cid/ciu1128
http://www.ncbi.nlm.nih.gov/pubmed/25520332
http://doi.org/10.1111/1469-0691.12039
http://doi.org/10.1186/2047-783X-16-4-167
http://doi.org/10.2165/11585270-000000000-00000
http://doi.org/10.2147/tcrm.2007.3.1.71
http://doi.org/10.1177/0091270005278601
http://doi.org/10.1016/j.transproceed.2010.04.030
http://doi.org/10.5414/CP201738
http://doi.org/10.1177/0091270005279274
http://doi.org/10.1007/s002280000216
http://doi.org/10.1111/myc.13508
http://doi.org/10.1093/cid/ciz1008
http://doi.org/10.1093/cid/ciaa1751
http://doi.org/10.1097/MCC.0b013e328028fd92
http://doi.org/10.1007/s00134-013-3134-2
http://doi.org/10.1007/s00268-011-1305-2
http://doi.org/10.1111/myc.12960
http://doi.org/10.1111/myc.12170
http://doi.org/10.2147/TCRM.S882
http://doi.org/10.1128/AAC.00399-19
http://doi.org/10.1016/j.cmi.2019.05.009
http://doi.org/10.1097/TP.0000000000003296
http://doi.org/10.1586/17474124.2016.1149061


J. Fungi 2023, 9, 272 17 of 17

56. Andes, D.R.; Safdar, N.; Baddley, J.W.; Alexander, B.; Brumble, L.; Freifeld, A.; Hadley, S.; Herwaldt, L.; Kauffman, C.; Lyon,
G.M.; et al. The Epidemiology and Outcomes of Invasive Candida Infections among Organ Transplant Recipients in the United
States: Results of the Transplant-Associated Infection Surveillance Network (TRANSNET). Transpl. Infect. Dis. 2016, 18, 921–931.
[CrossRef]

57. Shields, R.K.; Nguyen, M.H.; Press, E.G.; Clancya, C.J. Abdominal Candidiasis Is a Hidden Reservoir of Echinocandin Resistance.
Antimicrob. Agents Chemother. 2014, 58, 7601–7605. [CrossRef]

58. Kullberg, B.J.; Arendrup, M.C. Invasive Candidiasis. N. Engl. J. Med. 2015, 373, 1445–1456. [CrossRef]
59. Eschenauer, G.A.; Lam, S.W.; Carver, P.L. Antifungal Prophylaxis in Liver Transplant Recipients. Liver Transplant. 2009, 15,

842–858. [CrossRef]
60. Zhao, Y.; Prideaux, B.; Nagasaki, Y.; Lee, M.H.; Chen, P.Y.; Blanc, L.; Ho, H.; Clancy, C.J.; Nguyen, M.H.; Dartois, V.; et al.

Unraveling Drug Penetration of Echinocandin Antifungals at the Site of Infection in an Intra-Abdominal Abscess Model.
Antimicrob. Agents Chemother. 2017, 61, e01009-17. [CrossRef]

61. Rodvold, K.A.; Yoo, L.; George, J.M. Penetration of Anti-Infective Agents into Pulmonaryepithelial Lining Fluid: Focus on
Antifungal, Antitubercular and Miscellaneous Anti-Infective Agents. Clin. Pharmacokinet. 2011, 50, 689–704. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/tid.12613
http://doi.org/10.1128/AAC.04134-14
http://doi.org/10.1056/NEJMra1315399
http://doi.org/10.1002/lt.21826
http://doi.org/10.1128/AAC.01009-17
http://doi.org/10.2165/11592900-000000000-00000

	Introduction 
	Materials and Methods 
	Study Population and Data Acquisition 
	Definition of an Invasive Fungal Infection and Breakthrough Infection 
	Immunosuppression and Overall Anti-Infective Prophylaxis 
	Antimycotic Prophylaxis and Treatment 
	Surgical Technique 
	Outcomes 
	Statistical Analyses 

	Results 
	Patient Population and Risk Factors for b-IFI 
	Targeted Antimycotic Prophylaxis 
	Characteristics of Invasive Fungal Infections 
	Incidence 
	Composition of Pathogens and Infection Sites 
	Susceptibility and the Therapeutic Regimen 

	Outcome 
	Postoperative Course 
	Mortality 


	Discussion 
	Limitations 
	Conclusions 
	References

