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Abstract

Candida albicans is a common fungal pathogen and amongst the leading causes of invasive candidiasis globally. This systematic review examines
the characteristics and global impact of invasive infections caused by C. albicans. We searched on PubMed and Web of Science for studies
reporting on criteria such as mortality, morbidity, drug resistance, preventability, yearly incidence, and distribution/emergence during the period
from 2016 to 2021. Our findings indicate that C. albicans is the most common Candida species causing invasive disease and that standard
infection control measures are the primary means of prevention. However, we found high rates of mortality associated with infections caused
by C. albicans. Furthermore, there is a lack of data on complications and sequelae. Resistance to commonly used antifungals remains rare.
Although, whilst generally susceptible to azoles, we found some evidence of increasing resistance, particularly in middle-income settings—
notably, data from low-income settings were limited. Candida albicans remains susceptible to echinocandins, amphotericin B, and flucytosine.
We observed evidence of a decreasing proportion of infections caused by C. albicans relative to other Candida species, although detailed
epidemiological studies are needed to confirm this trend. More robust data on attributable mortality, complications, and sequelae are needed to
understand the full extent of the impact of invasive C. albicans infections.

Key words: Candida albicans, invasive candidiasis, antifungal resistance, mortality, epidemiology.

Introduction Candida albicans is the most isolated fungal species in lab-
oratories, and it is the most common species responsible for
invasive candidiasis (IC), a common cause of mortality among
immunocompromised patients.” Previous studies have shown
a wide range of anatomical sites affected by C. albicans and
defined its complex pathogenesis.®*® Its ability to adapt to dif-
ferent host sites and changing host conditions is considered
a major factor in its ability to cause a variety of conditions,

Candida albicans is a diploid polymorphic yeast that is com-
monly found on skin and mucosal surfaces as part of the
normal human microbiome. However, it has considerable
pathogenic potential and can be infectious under certain con-
ditions, including weakened immunity, the presence of a criti-
cal illness, the presence of implanted medical devices, or whilst
on broad-spectrum antibiotics.!™* These infections can range . . . . 3
from mild skin and mucous membrane infections to severe from mucosal infections to invasive ones.

. . . . g . Preliminary identification is by observation of growth on
invasive infections, particularly in individuals with compro- . ) . . Ty
N 5.6 culture media and microscopic/macroscopic examinations.

mised immune systems.”>
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Accurate and rapid identification can be obtained by pro-
teomic (MALDI-TOF) and molecular methods such as RFLPs
(using gel electrophoresis), DNA-DNA hybridisation, and
polymerase chain reaction.!®

The incidence of IC is high, at 90 cases per 100 000 patients,
and has not shown a decrease in recent years.!! The high mor-
bidity and mortality associated with IC>7 is likely to be in
part driven by low clinical suspicion and a lack of sufficiently
rapid diagnostic tests, which combine to result in delays ad-
ministering appropriate treatment.'> Additionally, there is a
growing concern about the impact on clinical outcomes of an-
tifungal resistance in IC. So far, resistance is considered rare
in C. albicans, although examples such as azole resistance in
HIV patients treated with fluconazole for oral candidiasis and
echinocandin resistance in cases of C. albicans oesophagitis
are described.!3

Prevention of infection is difficult, and there is, as yet, no
effective vaccine. Many challenges to developing a vaccine for
Candida infections have been reported, including the diverse
forms of infection caused.'> However, multiple virulence fac-
tors that influence C. albicans infections, including adhesion,
invasion-promoting enzyme, mycelial growth, and phenotypic
change, have been identified as favourable targets for the de-
velopment of vaccines (as well as antifungal drugs).'2-4

Candida albicans is a significant public health concern, and
the understanding of its epidemiology, risk factors, and the de-
velopment of resistance to antifungal drugs is of great impor-
tance. Despite the worldwide concern, there has been a lack
of research to generate robust data from clinical and microbi-
ological studies to support effective diagnosis and treatment.
The absence of formal national or regional surveillance sys-
tems also leaves clinicians with limited or anecdotal informa-
tion about local epidemiology and antimicrobial resistance on
which to base decisions and treatment strategies.

Considering the increasing global threat of fungal
pathogens, the World Health Organization (WHO) es-
tablished an Expert Group (WHO Advisory Group on the
Fungal Priority Pathogen List) in 2020 that advised the
WHO during the development of the first ever WHO Fungal
Pathogen Priority List (FPPL) published in 2022.'5 This
systematic review evaluated the characteristics and global
impact of invasive C. albicans infections against a set of
criteria, including mortality, hospitalisation, and disability,
antifungal drug susceptibility testing, preventability, yearly
incidence, and global distribution and emergence from 2016
to 2021, and identified knowledge gaps for C. albicans to
inform the WHO FPPL.

Materials and methods

Search strategies

We conducted a comprehensive search for studies published
in English using the PubMed and Web of Science databases.
The study was conducted according to PRISMA guidelines.'®

On PubMed, the search was optimised using medical
subject headings (MeSH) and/or keyword terms in the ti-
tle/abstract for the pathogen and each criterion. The fi-
nal search used (Candida albicans|[MeSH Terms) combined,
using AND term, with criteria terms including (mortal-
ity[MeSH Terms]) OR (morbidity[MeSH Terms]) OR (hos-
pitalisation[MeSH Terms]) OR (disability[All Fields])) OR
(drug resistance, fungal[MeSH Terms]) OR (prevention and
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control[MeSH Subheading]) OR (disease transmission, in-
fectious|]MeSH Terms]) OR (diagnostic|Title/Abstract]) OR
(antifungal agents[MeSH Terms]|) OR (epidemiology[MeSH
Terms]) OR (surveillance [Title/Abstract]).

On Web of Science, MeSH terms are not available and
therefore topic search (TS), title (TI), or abstract (AB) search
was used. The final search used [TI=(‘candida albicans’) OR
TI=(‘c.albicans’)], combined, using AND term, with criteria
terms each as topic search, including (mortality) OR (case fa-
tality) OR (morbidity) OR (hospitalixation) OR (disability)
OR (drug resistance) OR (prevention and control) OR (dis-
ease transmission) OR (diagnostic) OR (antifungal agents)
OR (epidemiology) OR (surveillance). Symbol * allows a trun-
cation search for variations of the term (e.g., hospitalisation
or hospitalization).

All searches were limited to studies from 2016 to 2021.
Allowed study types were retrospective/prospective observa-
tional studies, randomised controlled trials, guidelines, epi-
demiology, and surveillance reports, which were published
from 2016 to 2021. Studies with fewer than 50 subjects, case
reports, conference abstracts, and review articles were ex-
cluded, as were studies reporting only on novel drugs or di-
agnostic tools not registered for clinical use.

Study selection

The final search results from each database were incorporated
into the online systematic review software, Covidence® (Ver-
itas Health Innovation, Australia). Duplicates were removed
in Covidence®. The remaining articles underwent title and
abstract screening based on the inclusion criteria. Full-text
screening was performed for the final eligible articles. The ti-
tle/abstract screening and full-text screenings were performed
independently by two reviewers on Covidence®. Any discrep-
ancies were resolved by a third reviewer. No reason was pro-
vided for exclusion during title and abstract screening, but
they were recorded for exclusions at full-text screening.

If there were any additional articles identified from refer-
ences of the included articles, these were added. The resulting
articles were subject to the final analysis. The extracted data
on the outcome criteria were quantitatively or qualitatively
synthesised depending on the amount and nature of the data.

Risk of bias assessment

Risk of bias assessment was performed for the included stud-
ies on relevant bias criteria, depending on the type of data ex-
tracted. Risk of bias tool for randomised trials version 2 (ROB
2) tool was used to assess the randomised controlled trials.!”
Risk of bias in non-randomised studies (RoBANS) tool was
used to assess the non-randomised studies.'® For the overall
risk, using the ROB 2 tool, the studies were rated low, high,
or some concerns. Using the RoOBANS tool, the studies were
rated as low, high, or unclear risk.

As the systematic review was intended to inform on specific
criteria rather than study outcomes as in traditional system-
atic reviews, the bias assessment tools were not perfectly suited
for the task to assess the bias for the specific criteria. We used
each criterion as an outcome of the study and assessed if any
bias was expected based on the study design, data collection,
or analysis in that study. Following that strategy, studies clas-
sified as unclear or high overall risk were still considered for
analysis.
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Figure 1. Flow diagram for selection of studies included in the systematic review based on the PRISMA statement.

Conference abstracts were not assessed due to limited re-
sources meaning that reporting bias cannot be properly as-
sessed.

Results

Study selection

PubMed and Web of Science Core Collection databases
searched between 1 June 2016 and 1 June 2021 yielded 2151
and 1198 articles, respectively. A total of 53 studies were in-
cluded in the final analysis (Fig. 1).

Risk of bias

Overall risk of bias for each study is presented in Table 1. Of
the included studies, 39 were classified as low risk of bias in all
domains assessed. For 14 studies, the risk of bias was classi-
fied as unclear. For 12 studies, the risk of bias was unclear
because management of confounding variables was poorly
described; for 7 studies, the issue was potential selection bi-
ases; and for 5 studies, measuring susceptibility, the risk of
bias was unclear as methods were poorly described or used
inconsistently.

Mortality rate

The most frequently described mortality types were in-
hospital and 30-day mortality (Table 2). In-hospital mortal-
ity ranged from 3.3%3° to 52.2%,°! whilst 30-day mortality

ranged from 23.4%* to 60.1%.2% For most studies (20/26),
in-hospital and 30-day mortality were in the range of 20%-
50%. The lowest rates of mortality were described for children
and neonates (e.g., 3.3% in China reported by Fu et al.3® and
8% in Italy described by Mesini et al.,*® both of which studies
carried a low risk of bias and contained #» = 69 and n = 180
patients, respectively). Most studies involved either critically
ill or neutropenic patients, but the two groups had broadly
similar mortality outcomes. Shahin et al. was the largest study
specifically describing mortality for C. albicans infection, with
n = 235 and a low risk of bias. This UK study focused on
critically ill patients in the ICU and documented mortality in
the critical care unit or 34.9%, and in-hospital mortality of
49.5%.57

Antifungal susceptibilities

In total, 36 studies reported susceptibility of C. albicans iso-
lates to antifungal drugs. The details of those studies (in-
cluding study type, sample size, and country of origin) are
summarised in appendix Table A1. Most studies reported on
susceptibility of isolates collected during cohort studies and
were both retrospective (7 = 17) and prospective (7 = 4) in
nature.

The next major study type was laboratory surveillance
(n = 11), amongst which were the three largest studies,
with >1000 isolates from multiple sites in multiple coun-
tries.2> 2240 All three of these studies had a low risk of bias.
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Table 1. Risk of bias.

First author Overall risk of bias Reference
Ahangarkani Low 19
Benedict Low 20
Castanheira Low 21
Castanheira Low 22
Chandrasekar Low 23
Chen Low 24
Cuervo Low 25
Dagi Unclear 26
Dogan Low 27
Eliakim-Raz Low 28
Fay Unclear 29
Fu Low 30
Ghanem-Zoubi Low 31
Gong Low 32
Gonzalez-Lara Unclear 33
Guo Low 34
Hsu Low 35
Issler-Fisher Low 36
Jamil Unclear 37
Jeon Unclear 38
Kakeya Unclear 39
Kritikos Low 40
Kumar Low 4
Lal Low 42
Lee Low 43
Li Low 44
Lindberg Low 4
Mesini Low 46
Muderris Low 47
Murri Low 48
Patel Unclear 49
Peron Unclear 50
Raja Unclear st
Ramla Low 32
Ramos Low 33
Ryan Low 54
Schwab Unclear 35
Seyoum Unclear 56
Shahin Low 7
Sharifynia Unclear 58
Shin Low 39
Tasneem Unclear 60
Tedeschi Low 61
Ueda Low 62
UluKilic Low 63
van der Geest Low o4
Wu Low 65
Xiao Low 66
Ying Unclear 67
Zhang Low 68
Zhang Low 69
Zhong Low 70
Zhou 2019 Low 71

Of the smaller sample sizes, there were 13 studies with 100-
1000 isolates and 21 with less than 100 isolates.

Data on drug susceptibility to azoles and other antifungal
drugs are presented in Tables 3 and 4, respectively. A variety
of methods were used to measure susceptibility, and there was
great heterogeneity in how results were reported. We focus
on reporting resistance percentages, according to CLSI or EU-
CAST methodologies as used in the study. Overall, these data
from the last 5 years show that C. albicans was mostly sus-
ceptible to the major antifungal drug classes. The two large
global studies showed overall low rates of resistance against

Parambath et al.

azoles, echinocandins, polyenes, and S-flucytosine.?!-*> How-
ever, there was a signal of regional variation, with 5.4% of
Asia Pacific and 10.1% of South American isolates show-
ing non-wild-type susceptibility to posaconazole. Of the 28
studies reporting azole susceptibility, 9 reported rates of re-
sistance over 5%, ranging from 5% to 62%, with the ma-
jority lying between 5% and 25%. All of these studies were
from middle-income countries: Kumar et al. India 2020,*!
Fay et al. Brazil 2019,%° Sharifynia et al. Iran 2019,® Zhang
et al. China 2019,%® Zhang et al. China 2020,”° Zhou et al.
China 2019,”" Ying et al. China 2016,°” Lal et al. Pakistan
2019,%? and Tasneem et al. Pakistan.®® Of these, only Zhang
et al. China 2019%% and Zhang et al. China 20207° reported
strictly invasive isolates, with fluconazole/voriconazole resis-
tance rates of 3%/6% and 3%/10%, respectively. Although it
was focused on non-sterile site isolates, the report from Ku-
mar was notable in that they detected ~50% of high vagi-
nal isolates of C. albicans were resistant to both fluconazole
and voriconazole, whilst resistance was <5% from other body
sites. The authors offered no explanation for this, but it is
likely to indicate regular treatment for recurrent vulvovaginal
infection.

Some 27 studies reported susceptibility to other antifun-
gals (including anidulafungin, caspofungin, micafungin, am-
photericin B, and flucytosine). The large global surveys by
Castanheira et al. in 2017 and 2020%":22 reported resis-
tance rates <1%, and none of the other studies reported
rates >5%.

Annual incidence and global distribution

Most established national estimates of the incidence of IC sug-
gest rates between 2 and 10/100 000 population/year, with ap-
proximately 70% of all cases caused by C. albicans. How-
ever, none of the studies identified here from the past 5 years
reported a population-based incidence estimate for invasive
infection with C. albicans. Eight studies reported in-hospital
incidence for various populations, using a wide range of dif-
ferent measures, as presented in Table 5.

Eighteen studies reported on the proportion of Candida in-
fections that were caused by C. albicans (Table 6). The major-
ity reported that the proportion was between 30% and 70%.
Those reporting changes over time all noted a decreasing pro-
portion of infections caused by C. albicans.

Candida albicans is globally distributed. Its incidence at the
population level and the proportion of candidaemia it causes
vary, but these differences may be related to features other
than geography, such as consumption of antifungal agents,
population demographics, and the prevalence of underlying
conditions associated with infection.

Inpatient care and the length of stay in hospital
Length of hospital stay was reported in seven studies from
a range of low-, middle-, and high-income settings (Table 7).
Lengths of stay were generally in the range of 2-4 weeks and
up to 2 months. It is not possible to determine how much of
this length of stay is attributable to the infection or to the
underlying condition.

Complications, sequelae, and disabilities

Two studies reported complications from C. albicans infec-
tion, specifically, metastatic infection resulting from blood-
stream infection (Table 8). In a study of 225 candidaemia pa-
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Table 8. Complications/sequelae.
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Study Level of Population No. of patients

Author/year  Study design period Country  care Population description with pathogen  Complications/sequelae

Shinetal.,  RCS MC 2007-2016 Korea Tertiary  Adults Patients with 82 4.4% of C. albicans

2020 candidaemia patients had serious

(n = 225) sequelae (distant

infection of eye,
heart, or
bone)—OR vs.
non-albicans
Candida was 5.12
in multivariable
regression

Ueda etal., RCS MC 2010 and Japan Not Adults Non-neutropenic 608 Following

2019 2016 specified patients with candidaemia:

candidaemia who Incidence of

underwent possible
ophthalmic ophthalmologic
examination candidiasis 20%
(n=781) Incidence of
confirmed

ophthalmologic
candidiasis 12.8%

MC = multi-centre; RCS = retrospective cohort study.

tients, Shin et al.’® found that 4.4% of the 82 patients with
C. albicans had metastatic infection—an odds ratio of 5.12
(P < .001) compared to patients with non-albicans candi-
daemia. Ueda et al.%? found that 12.8% of patients in Japan
with C. albicans candidaemia had subsequent ophthalmologic
infection. In both cases, patients were specifically screened for
infection.

Preventability

The search identified eight papers highlighting risk factors
for invasive disease caused by C. albicans (see Table 9) but
none addressing the effectiveness of risk factor mitigations.
The risk factors generally reflect those well established for
candidaemia—i.e., the presence of central venous catheters,
use of broad-spectrum antibiotics, administration of total par-
enteral nutrition, recent surgery, and immunosuppression (in-
cluding chronic kidney or liver disease, diabetes, and critical
illness). In paediatric population, premature birth and admis-
sion to the ICU were significant risk factors. The presence of
multiple risk factors was frequently reported. Dogan et al.
reported that C. albicans candidaemia was associated with
a higher rate of mortality compared to non-albicans candi-
daemia.

Trends in the last decade

Six studies were identified that reported specifically on the 5-
year trends for C. albicans (Table 10). They generally found
that the proportion of Candida infections caused by this or-
ganism was decreasing over time. Benedict et al.?® and Ryan
et al.>* also found that the overall incidence of candidaemia
was decreasing over time in paediatric and adult populations.

Discussion

Candida albicans is an important fungal pathogen, widely dis-
tributed across the globe, which results in a high but ill-defined
burden of disease and associated healthcare costs.”?

In-hospital estimates of incidence and species distribution
indicate that both the proportion and number of infections
caused by C. albicans have decreased relative to other Can-
dida species in both paediatric and adult populations over the
past few decades. Most established national estimates of the
incidence of IC suggest rates between 2 and 10/100 000 pop-
ulation annually,”® but we found no population-based inci-
dence estimates for invasive infection with C. albicans pub-
lished in the study period, representing a significant gap in
the literature. Although several studies were found reporting
on hospital-level incidence for various populations, the lack
of robust multi-country population-weighted incidence esti-
mates is a concern.

A broad range of mortality rates for in-hospital and 30-
day mortality were described, with most studies finding rates
of 20%-50%. Hospital lengths of stay of 2-4 weeks (and up
to 40-60 days in patients with endocarditis)’*”* were found
and are a reasonable starting estimate. The literature suggests
that complications such as endophthalmitis and endocarditis
are rare (<10%) in adults and older children, but higher in
neonates (10%—-50%).”~78 However, these rates for mortal-
ity, complications, and hospital lengths of stay are highly de-
pendent on clinical presentations, underlying conditions, site
of infection and clinical services available—furthermore, they
fail to define what is attributable to the infection itself. Well-
designed prospective epidemiological studies are needed to fill
these knowledge gaps.

Our search indicates that antifungal resistance is relatively
uncommon globally, and particularly in sterile site isolates.
Some studies did report high rates of azole resistance (ranging
from 20% to 60%), especially amongst non-sterile site isolates
from middle-income settings.?%> #1>38,71,42,60 Thjs is alarming
given that invasive disease is caused by commensal organisms.
The highest rate of azole resistance in a study with exclu-
sively blood-derived isolates was 10% resistance to voricona-
zole.?” Robust and systematic surveillance systems are needed
to monitor the threat of azole resistance.

Modes of transmission for C. albicans are well understood.
Several studies reported on the risk factors for infection with
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Table 10: Trends in the last 10 years.

Parambath et al.

Author/year Study design

Study period

Country Trends last 10 years

Benedict et al., LBS MC
2018

Chen et al., 2017 Retrospective SC
descriptive

analysis

Kakeya et al., PBS MC
2018

Raja et al., 2021 Retrospective MC

and prospective

Eliakim Raz et RCS SC
al., 2016

Ryan et al., 2019 PBS SC

2009-2016 USA

2007-2012

2003-2014

January UK
2006-June
study 2017

2007-2014

January 2004
and August
2018

The incidence in neonates
decreased from 31.5

cases/100 000 births in 2009 to
10.7 to 11.8 cases/100 000
births between 2012 and 2015,
the incidence in infants
decreased from 52.1

cases/100 000 in 2009 to 15.7
to 17.5 between 2012 and
20135, and the incidence in
non-infant children decreased
steadily from 1.8 cases/100 000
in 2009 to 0.8 in 2014
Increasing trend for the
proportion of non-albicans
Candida species of all Candida
isolates (P = .04)

The frequency of C. albicans
was 58.2% in 2003, approx.
40% for 2005-2011, approx.
30% in 2012 and 2014, (with a
temporary increase to 49.5% in
2013)

Proportion of C. albicans
infections was significantly
more in the first half of the
study period, compared to
second half (42.5% vs. 37.4%)
P=.03

The number of C. albicans
candidaemias fluctuated every
year with no clear linear trend
Allowing for variations in
candidaemia rate, C. albicans
remains the overall leading
cause of Candida BSI, but the
proportion of candidaemis
caused by C. albicans fell from
52.8% to 35.5% during the
study period

A reduction in the incidence of
C. albicans was observed from
2004 to 2018

Taiwan

Japan

Israel

Ireland

LBS = laboratory-based surveillance; MC = multi-centre; PBS = population-based surveillance; RCS = retrospective cohort study; SC = Single centre.

C. albicans, which are broadly similar to those identified for
all IC. Some studies also provided evidence on mitigation
strategies, such as prophylaxis in neonates’’ and prophylaxis
in haematology patients,®’ but the evidence base for effective
strategies needs to be developed and tested in a variety of set-
tings to inform future guidelines.

Our review is subject to several limitations that must be ac-
knowledged. First, there may be publication bias because we
did not retrieve studies on epidemiology and antifungal re-
sistance from low- and middle-income countries. This could
be due to a lack of research in these areas or because studies
were published locally with limited funding and not indexed
in international databases. Second, our search strategy may
have been subject to selection bias, as we only included data
produced by traditional commercial or academic publishers.
Third, we were unable to evaluate the impact of the COVID-
19 pandemic on C. albicans infections as our review only in-
cluded papers published until February 2021. Therefore, it is
crucial to interpret our findings with caution and to consider
these limitations when drawing conclusions.

Nevertheless, we conducted a comprehensive systematic re-
view on C. albicans, which gathered a wealth of data and iden-
tified major areas where existing data need to be strengthened.
One of the notable strengths of our study is its emphasis on
the need for stronger surveillance systems and epidemiology
studies. This is crucial as it can provide a better understand-
ing of the disease burden and global distribution of C. albi-
cans, as well as identify at-risk populations and dispersion
patterns. With this information, preventative measures can be
developed and implemented more effectively. Our study also
emphasises the need for a better understanding of the clinical
manifestations and susceptibility profiles for different molec-
ular types of C. albicans. This knowledge could potentially
inform individualised treatment options, leading to better out-
comes for patients.

This review has helped to inform the ranking of pathogens
in the WHO FPPL. It has gathered a wealth of data on C.
albicans in one place, but also identified major areas where
existing data need to be strengthened. These include accu-
rate estimates of disease burden, better evidence for infection
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prevention strategies, and improved systemic surveillance of
emerging antifungal resistance.
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