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Abstract 

The approach to diagnosing fungal infections following solid organ transplantation (SOT) is 

patient-specific. An assessment of an individual’s risk for particular infections, also 

understood as the pre-test probability, should guide appropriate diagnostic testing whereas 

diagnostic stewardship is needed to produce interpretable, actionable and cost-sensitive 

results. This review provides a cognitive framework for practitioners aiming to diagnose 

fungal infections in recipients of SOT, taking into consideration the benefits and limitations 

of currently available diagnostic platforms. In order to better characterize diagnostic utility 

for this population, we focus on clinical studies that include patients with SOT in full or in 

part. The goal of this review is to improve the diagnosis of fungal infections in patients with 

SOT by encouraging a thoughtful, systematic diagnostic approach. 
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1. Introduction 

1.1 General Introduction 

Transplantation of solid organs (including heart, lung, kidney, liver, pancreas, and small 

intestine) provides improved quality of life and prolonged survivorship in patients with end-stage 

organ dysfunction. Patients receiving transplanted solid organs are at increased risk for infectious 

complications, in great part due to intense systemic immunosuppression employed to prevent 

organ rejection. The risk for acquisition of specific infectious pathogens is dependent on the time 

elapsed since the day of organ transplantation, the net state of immunosuppression, surgical 

factors (prolonged operations, high transfusion requirement, technique of anastomosis, vascular 

thrombosis), any occurrence of organ rejection, and presence of indwelling catheters, among 

others (Figure 1) [1-3]. Although bacterial and viral infections are the most common infectious 

complications, invasive fungal infections in patients with transplanted solid organs carry high 

morbidity, including graft failure and loss, as well as increased mortality [1,4-10].  A high index of 

suspicion for invasive fungal disease must be maintained for early detection while balancing 

diagnostic and antifungal stewardship. This review aims to provide a practical reference for the 

practicing clinician when fungal infection is suspected in a patient with a transplanted solid organ. 

The most commonly encountered fungal pathogens in the United States for SOT patients are 

Candida species (C. albicans, C. glabrata, and C. parapsilosis, less commonly C. krusei and C. 

tropicalis). Candida infections are most common in liver transplant recipients, followed by kidney, 

kidney-pancreas, and then lung transplant recipients [6]. Aspergillus species and Cryptococcus 

species are the next most common invasive fungi in this population [11,12]. Endemic mycoses 

(Histoplasma capsulatum, Blastomyces dermatitis, and Coccidiodes immitis / posadasii) are less 

common overall, with the risk impacted primarily by geographic exposure [9,13,14]. Mucorales 

infections are relatively uncommon, but carry a higher degree of morbidly and mortality given 

their fulminant clinical courses and limited available effective treatment options [10,15]. Other 

less common fungal infections, such as phaeohyphomycosis (caused by dematieacous or dark 

molds including Alternaria and Cladophialophora spp) or infections due to non-Aspergillus hyaline 

molds (such as Pseudallescheria and Fusarium spp), occur in the SOT with higher frequency than 

the immunocompetent population. Identification of these rare organisms is occurring with 

increasing frequency due to advances in clinical microbiology diagnostic technology [16-18]. 

1.2 Pre-Test Probability and Index of Suspicion 

Patients with SOT are at a higher risk of invasive fungal infection as compared to the general 

population due to necessary immunosuppression [10,19]. The American Society of Transplantation 

Infectious Diseases Community of Practice largely advocates against routine screening for fungal 

infections in patients who have received SOT [20]. A notable exception is screening for invasive 

aspergillosis with Aspergillus galactomannan on bronchoalveolar lavage fluid in lung transplant 

recipients in centers with a high incidence of infection, as well as pre-transplantation screening 

(symptomatic, serologic, radiographic) for coccididiomycosis and blastomycosis in recipients from 

highly endemic areas. This recommendation does not extend to potential recipients in areas 

endemic for histoplasmosis because of a low likelihood of subsequent infection [21-24]. However, 

institutional standards may vary based on the risk assessment of the population served. 
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Figure 1 Drivers of pre-test probability for invasive fungal infections in Solid Organ 

Transplantation. Several factors drive the pre-test probability for invasive fungal 

infections in solid-organ transplantation (SOT). A. The most important is the presenting 

clinical syndrome, which is the constellation of historical, physical exam, laboratory and 

radiographic findings. B. Different transplanted organ types are associated with different 

risks based on the variable prevalence of IFI in those populations. C. The type of induction 

and maintenance immunosuppression impact the risk for specific IFI as does any 

intensification of immunosuppression. D. Several phases of post-transplant opportunistic 

infections have been defined as a function of time elapsed since SOT, each conferring 

risks for specific types of IFI based on immune cell recovery. E. Certain epidemiologic 

exposures are associated with increased risk for acquisition of fungi, especially endemic 

mycoses. Active outbreaks should be factored in to pre-test probability as well. F. Any 

history of colonization of pathogenic fungi increases risk of disease after 

immunosuppression G. Mucositis, presence of intravenous catheters and surgical 

complications can serve as portals for development of invasive infections especially with 

yeasts. 

The first step in assessing the pre-test probability (and index of suspicion) for a particular fungal 

infection is determining its overall prevalence in a population of organ recipients. The 

transplanted organ is an important determinant in this assessment. For example, although 
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Candida infection is the most common infection in SOT overall, infection with Aspergillus is most 

common in lung transplant recipients [25]. Evaluation of the PATH alliance registry in the US and 

Canada from 2004 – 2008 demonstrated patients with liver transplantation experienced the 

shortest time to invasive mold infections and had the highest rate of dissemination [19]. The next 

step is determining the risk (or incidence) of infection after a certain time post-organ 

transplantation. Following induction immunosuppression, innate and adaptive immunity are 

significantly impaired. While innate immunity recovers within weeks, adaptive immunity recovers 

much slower with T-cell immunity taking up to 1-2 years to reconstitute [26]. Several phases of 

post-transplant opportunistic infections have been defined, each conferring risks for specific types 

of fungal (and non-fungal) infections and all closely linked to the timing and type of immune cell 

recovery post-transplant [1]. Due to impaired neutrophil function combined with disrupted 

mucosal barriers and almost ubiquitous presence of vascular catheters in the first month post-

transplantation, Candida spp are common fungal pathogens. Patients who develop prolonged 

neutropenia in the first month, particularly lung transplant recipients, are at increased risk for 

Aspergillus infections. Overall, Candida and Aspergillus species are the most commonly 

encountered pathogens in the first year after transplantation with Cryptococcus, endemic mycoses, 

and molds generally manifesting one year or later following transplantation [3,5,27]. 

Agents of induction and maintenance immunosuppression variably impact the risk of fungal 

infections [3]. Despite initial concerns for increased risk of fungal infection with Alemtuzumab, a 

monoclonal antibody to CD52 that targets both the cellular and humoral branches of the immune 

system, a similar incidence of fungal infections has been found as compared with other induction 

agents. When used as treatment for organ rejection, however, an increased incidence of fungal 

infections including aspergillosis, cryptococcosis and candidiasis was reported to occur within 

three months of therapy [28]. Similarly, the choice of maintenance immunosuppression has been 

associated with differing risks for invasive fungal infections (IFI). Mycophenolate has been 

associated with a lower risk for Pneumocystis jirovecii pneumonia while sirolimus has 

demonstrated in-vitro activity against Cryptococcus, Candida and Aspergillus [29]. As newer agents 

are added to the post-organ transplant armamentarium, additional risk assessments for 

associated IFI will be urgently needed in order to guide a diagnostic approach.  

The distribution of fungi in the environment has led to the recognition of both large well-

established environmental niches often associated with soil, terrain or vegetation as in the case of 

endemic fungi as well as micro-niches particular to specific transplantation centers in which 

certain fungal strains or resistance patterns predominate, often as a consequence of antimicrobial 

use practices. Person-to-person transmission of certain fungal infections, including P. jirovecii and 

C. auris, have occurred in transplant centers and any active outbreak should inform a particular 

patient’s pre-test probability [30,31]. 

Other important factors influencing the index of suspicion for IFI include concurrent medical 

conditions, prior infections or known colonization (including the microbiome of transplanted 

organ), and prior or current exposure to antifungal agents. Ultimately, and perhaps the most 

important determinant of the pre-test-probability, is the presenting clinical syndrome. This 

includes signs, symptoms, exposure history and characteristic radiographic findings (such as chest 

imaging for pulmonary aspergillosis, cryptococcosis, and invasive molds, or intracranial imaging for 

cryptococcal meningitis) [32,33]. 
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1.3 Microbiology Testing Stewardship and Assay Interpretation 

The diagnosis of an IFI in a patient with a transplanted solid organ occurs through careful 

assimilation of data from the clinical exam, radiography, and the microbiology laboratory. No 

individual diagnostic test is 100% sensitive and specific, and the prevalence of infection in the 

population studied influences positive and negative predictive values. Appropriate selection of 

diagnostic tests must be guided by the pre-test probability of a particular infection, itself based 

from multiple factors discussed in the previous section. Inappropriate or over-ordering of 

diagnostic tests carries the risk of misleading results with the possible consequences of antifungal 

overuse, increased costs, and worse outcomes.

An important concept in direct specimen testing is that available assays should only be 

performed on clinical specimens for which the test has been validated. This allows for adequate 

interpretation of results based on an understanding of performance characteristics. Performing 

testing on non-validated specimens should generally be discouraged as assay performance in 

these settings is uncharacterized and may be affected by specimen-laden interfering factors that 

can lead to false negative or false positive results. For samples not included in the manufacturer 

validation (regulated by the Food and Drug Administration) individual clinical microbiology 

laboratories can validate assays as Laboratory Developed Tests (LDTs). For tests that are 

developed or modified, Clinical and Laboratory Standards Institute Amendments (CLIA) mandates 

that individual laboratories establish the performance specifications for accuracy, precision, 

analytical sensitivity and specificity (including interfering substances), reportable range of results, 

reference intervals and test calibration. This system, which is overseen and enforced by CLIA 

regulators, has allowed LDTs to become an integral part of diagnostic testing, especially in 

immunocompromised populations where FDA-approved tests are lacking. Though extremely 

useful, it is important to recognize that the performance of LDTs may not be generalizable across 

transplant centers and are often based on fewer data than FDA-approved testing. Physicians 

should request these data from laboratories in order to better understand testing performance 

and how it applies to their patients.

Culture-based diagnostics have been well-established on essentially all clinical specimens. 

Fungal isolates are crucial for susceptibility testing and epidemiologic surveillance. In the setting of 

immunosuppression, particularly in the first year post-transplantation, serologic testing is often 

unreliable and negative serologic tests should not be used to exclude infections, including those 

related to fungi.  Conversely, since fungal burden is higher, antigen-based testing is significantly 

more sensitive in this population. For example, the urine Histoplasma antigen was 93% sensitive in 

a series of solid-organ transplant recipients as opposed to 36% for serology [34].

As no one diagnostic test in the microbiology laboratory is perfectly accurate, and given the 

clinical complexity of patients with SOT, a certain degree of diagnostic uncertainty must be antici-

pated when attempting to diagnose an IFI. To attain a final diagnosis, multiple parallel methods of 

diagnosis must often be employed and rectified with the clinical syndrome. Available diagnostic 

testing with the highest sensitivity and specificity for a given suspected syndrome should be se-

lected. The likelihood ratio for a given infection is influenced by the sensitivity and specificity of a 

chosen assay as well as the pre-test probability obtained from the overall index of suspicion. 

Overly-sensitive tests may lead to false positive results [35]. Certain causes of falsepositive results 

have now been well established. These include false positive 1,3--D-glucan with
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heavy gauze exposure, gram-positive bacteremia, intravenous immune-globulin and beta-lactam-

beta-lactamase antibiotics (although no longer common) [36].  Positive and negative results must 

be interpreted in context of each individual patient, recalling that many external factors affect the 

final test result. Considering the broader clinical syndrome is also necessary to differentiate an 

infectious pathogen from a colonizing organism, and certain clinical syndromes have not been 

convincingly linked with certain pathogens. For example, Candida pneumonia is thought to be 

exceedingly rare with few exceptions (tracheobronchitis in lung transplant recipients and 

hematogenous spread during intravascular infection) [37]. Additionally, methods based on isolate 

comparison to available databases, such as matrix-assisted laser desorption ionization time-of-

flight mass spectrometry (MALDI-TOF MS) are limited by the quality and currency of the reference 

standards. This vulnerability was exposed with the emergence of C. auris, an organism that is 

predictably misidentified or not identified by certain platforms, including earlier iterations of 

MALDI-TOF databases [38]. Updates to commercial identification systems will be required to 

ensure continued accuracy in diagnosing fungal infections.  Finally, the method and quality of 

sample collection can significantly influence the reliability of a result. Methods of sample 

collection used for immunocompetent patients can be used in patients following SOT with similar 

diagnostic yield [39-41]. Collaborating with experienced specialists to select the optimal method of 

sample collection is essential to balance risks of invasive procedures with the possibility of 

inadequate sampling. The considerations listed above become clinically relevant in the context of 

low positive results, high clinical suspicion in the presence of negative results, or conflicting results. 

2. Diagnostic Assays and Platforms for Fungal Infections in SOT 

Diagnostic assays for fungal infections can be categorized as either culture dependent or 

culture independent, and broadly divided into closed and open platforms (Table 1). Closed 

platform assays are directed at a limited number of fungi. Examples of closed-platforms include 

assays detecting specific fungal components (1,3--D-glucan, galactomannan, Histoplasma antigen, 

Blastomyces antigen, and Cryptococcus antigen), serology, some polymerase chain reaction (PCR) 

based assays, and multiplex assays (FilmArray, T2Candida). These assays are developed to detect 

the most clinically significant fungi. More advanced platforms carry higher degrees of sensitivity 

and less cross-positivity, but organisms not included in the assay will not be detected. Conversely, 

open-system platforms analyze fungal genetic material or protein composition and compare 

results to a database for identification. These platforms include sequencing methods 

(metagenomic next generation sequencing) and matrix assisted laser desorption ionization-time of 

flight mass spectrometry (MALDI-TOF MS). Such platforms aim to identify any fungi included in the 

reference database, and are limited only by the breadth and quality of the comparative database. 

A distinct advantage of these systems is the ability to expand and refine genetic or protein-based 

signatures, leading to an improved diagnostic ability. Notably, the most historically utilized open 

platform, and indeed the gold-standard of diagnosis, is direct morphologic identification of fungi 

from organisms cultured in the microbiology laboratory or observed in pathologic analysis of 

clinical specimens. The comparative reference in this case is the training and experience of the 

observer. 
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Table 1  Diagnostic methods for invasive fungal infection (IFI) in solid-organ transplantation (SOT). 

Agent of invasive 
fungal infection 

Microscopic characteristics Growth and Macroscopic 
characteristics 

Primary non-culture 
or histopathology 
diagnostic method  

Alternative/adjunct
ive diagnostic 
methods 

Emerging 
methods 

Yeast 

Candida 3-6 um narrow-budding 
yeast 
 
C.glabrata is smaller (2-
4um) 
 
Many clinically important 
species form pseudohyphae 
though some do not 
(C.glabrata, C.auris etc) 

Time to blood culture 
positivity: 1-3 days 
 
Growth on solid media: 1-2 
days 

Cultures and 
histopathology still 
primary means of 
diagnosis 
 
MALDI-TOF MS 

Magnetic 
resonance-based 
(T2MR) 
 
FilmArray 
 

-D glucan 

PCR/mNGS 
 
PNA-FISH 

Cryptococcus 3-15 um narrow-budding 
round yeast  
 
C.gatti is more ovoid 
 
No pseudohyphae 
formation 
 
Fontana-Mason and 
Mucicarmine stains on 
tissue can aid in diagnosis 

Time to blood culture 
positivity: 1-4 days 
 
Growth on solid media: 1-3 
days 
 
Most colonies are mucoid 
due to capsule 

Cryptococcus 
Antigen in CSF or 
serum 
 
MALDI-TOF MS 

FilmArray for CSF 
 

-D glucan not 
positive 

PCR/mNGS 

Rhodotorula 6-14 um narrow-budding 
round yeast 

Time to blood culture 
positivity: 1-4 days 

Cultures and 
histopathology still 

-D glucan PCR/mNGS 
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No pseudohyphae 
formation 

 
Growth on solid media: 1-2 
days 
 
Colonies are orange-pink in 
color and often mucoid due 
to capsule 
 
 

primary means of 
diagnosis 
 
MALDI-TOF MS 

Malassezia  2.5 to 6.0 μm broad-based 
budding ovoid (with 
bottleneck) yeast  
 
Produce pseudohyphae 
 

Time to blood culture 
positivity: 1-7 days  
 
Growth on solid media: 1-5 
days 
 
Will not grow if growth 
medium is not 
supplemented with long 
chain-fatty acids (done by 
adding a layer of olive oil or 
Tween 80), with the 
exception of M. 
pachydermatis  

Cultures and 
histopathology still 
primary means of 
diagnosis 
 
MALDI-TOF MS 

-D glucan PCR/mNGS 

Pneumocystis  Non-budding yeast 
 
Trophozoites 1-4 μm 
Cysts: 5-8um 
 
No pseudohyphae 
 

Growth cannot be sustained 
in culture 

Immunofluorescent 
stains (direct or 
indirect) 

PCR (highly 
sensitive but does 
not distinguish 
colonization from 
infection) 
 
Cell-wall stains 
including GMS 

mNGS 
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(insensitive in SOT 
patients) 
 

-D glucan (highly 
sensitive) 

Molds 

Aspergillus  Narrow (4-5um), acute 
angle branching, regularly 
septated hyaline hyphae 

Growth on solid media: 1-3 
days 
 
Pigmented colonies (coloring 
is species specific) 

Cultures and 
histopathology still 
primary means of 
diagnosis 

Serum and BAL 
galactomannan (can 
cross-react with 
other hyaline fungi, 
Histoplasma etc.) 
 
PCR 
 

-D glucan 

MALDI-TOF 
 
Breath 
metabolite-
based detection 
 
mNGS 
 
DNA 
amplification 
from formalin-
fixed specimens 

Non-Aspergillus 
hyaline molds 
(Fusiarum, 
Scedosporium, 
Paecilomyces etc) 

Narrow (4-5um), acute 
angle branching, regularly 
septated hyaline hyphae.  
 
Scedosporium reproductive 
structures are melanized 

Growth on solid media: 1-6 
days 
 
Pigmented colonies (species 
specific).  
 
Scedosporium colony 
reverse is brownish colored 
 
Fusarium grows in blood 
cultures 

Cultures and 
histopathology still 
primary means of 
diagnosis 

-D glucan MALDI-TOF 
 
PCR/mNGS 
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Mucorales Wide (8-10um), right angle 
branching, ribbon-like 
aseptate or pauci-septate 
hyphae.  

Growth on solid media: 
Within 1 day 
 
Usually very fast growing 
fluffy whitish colonies 

Cultures and 
histopathology still 
primary means of 
diagnosis 

-D glucan not 
positive 

MALDI-TOF 
 
PCR/mNGS 

Dematiaceous 
molds 
(Cladophialophora
, Alternaria, 
Exserohilum etc) 

Narrow (4-5um), acute 
angle branching, regularly 
septated melanized 
(brownish color) hyphae.  
 

Growth on solid media: 1-3 
days 
 
Dark colonies on surface and 
reverse 

Cultures and 
histopathology still 
primary means of 
diagnosis 

-D glucan MALDI-TOF 
 
PCR/mNGS 

Dematiaceous 
molds – “black 
yeasts” 
(Exophialia, 
Wangiella, 
Hortea) 
 

Immature colonies made of 
yeast-like forms (annelides) 
 
Mature colonies produce 
melanized hyphae 

Growth on solid media: up to 
14 days 
 
Dark colonies on surface and 
reverse 
 
Young colonies (1-2 weeks) 
look yeast like (flat, glabrous) 
 
Mature colonies (>2 weeks) 
look mold-like (fuzzy, raised) 

Cultures and 
histopathology still 
primary means of 
diagnosis 

-D glucan MALDI-TOF 
 
PCR/mNGS 
 

 

Endemic Fungi 

Histoplasma 
capsulatum 

2-5 um narrow-budding 
yeast, often intracellular 
within macrophages or 
histiocytes 
 
No pseudohyphae 

Growth on solid media: 2-8 
weeks (usually 2-3 weeks) 
 
Whitish colony, looks yeast-
like (flat, waxy) initially then 
mold-like (fuzzy, raised) as 
matures 

Histoplasma urine 
antigen 
 
DNA probe applied 
to cultured isolate 

Histoplasma serum 
antigen 
 
Histoplasma 
serology 
(complement 
fixation 
Immunodiffusion, 

PCR/mNGS 
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EIA) 
 

-D glucan  

Blastomyces 
dermatitides 

8-15 um broad-budding 
yeast 
 
No pseudohyphae 

Growth on solid media: 2-8 
weeks (usually 2-3 weeks) 
 
Whitish colony, looks yeast-
like (flat, waxy) initially then 
mold-like (fuzzy, raised) as 
matures 

Blastomyces urine 
antigen (high cross-
reactivity with 
Histoplasma 
antigen, no need to 
duplicate testing) 
 
DNA probe applied 
to cultured isolate 

Blastomyces serum 
antigen 
 
Blastomyces 
serology 
(complement 
fixation 
Immunodiffusion, 
EIA) 
 

-D glucan not 
positive 

PCR/mNGS 

Coccidioides 
immitis/posadasii 

10-80 um spherule 
containing 2-5um 
endospores  

Growth on solid media: 3-5 
days, arthroconidia require 
1-2 weeks 
 
Whitish colony, looks yeast-
like (flat, waxy) initially then 
mold-like (fuzzy, raised) as 
matures 

Coccidioides 
serology (EIA, 
complement 
fixation, 
Immunodiffusion) 
 
DNA probe applied 
to cultured isolate 
 

Coccidioides urine 
or serum antigen 
testing (not very 
sensitive) 
 

-D glucan 

PCR/mNGS 

*serology for endemic fungi suffers from high-cross-reactivity 

GMS: Gomori-methenamine stain; PCR: Polymerase-chain reaction; MALDI-TOF MS: matrix assisted laser dissociated ionized time of flight mass spectrometry;  mNGS: 

metagenomic next generation sequencing;  
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2.1 Culture-Dependent Assays 

Growth of yeast in blood cultures is often feasible, especially for Candida species, though the 

sensitivity is poor (~50%) [42]. Fusarium spp are unique among molds in their propensity to grow 

in blood cultures with a sensitivity of 48-82% in patients with invasive fusariosis [43,44]. Fungal 

blood cultures (Myco/F lytic) offer a modest advantage over conventional blood cultures (BACTEC) 

for mold identification (though likely not clinically significant) and none for yeasts [45]. Isolator 

Lysis-Centrifugation system-based culture is more sensitive for the diagnosis of endemic fungi, 

Cryptococcus and Malassezia [46].  Phenotypic identification of fungi in culture of clinical 

specimens is a longstanding standard of diagnosis. However, fungi, particularly molds and some 

endemic fungi, often grow slowly with some fungi (such as Histoplasma capsulatum) taking up to 

six weeks to form visible colonies. Grinding clinical specimens may prevent growth of Mucorales in 

culture because their aseptate hyphae are especially susceptible to disruption. Microbiology 

laboratories should be contacted when Mucorales are suspected to encourage mincing of tissue 

rather than crushing to enhance recovery of these fungi. Although morphologic growth 

characteristics can aid in identification, slow growth rates limit the clinical utility of fungal culture. 

Morphologic identification based on macroscopic colony characteristics and microscopic 

examination of reproductive structures (elicited by growth on nutrient-rich media such as 

cornmeal or potato dextrose agar) is often feasible down to genus level. However, further 

identification to species level is difficult and requires a high level of expertise in mycology, a skill 

that is unfortunately being lost as laboratories lose experienced technicians to time and 

automation. Fungal culture can be supplemented by nucleic acid probes, which are performed on 

colonies for confirmation. Most importantly, culture provides fungal isolates for susceptibility 

testing and genetic sequencing, crucial for monitoring resistance patterns in both clinical and 

epidemiologic settings [16].  

2.1.1 MALDI-TOF MS. Matrix-assisted laser desorption ionization-time of flight mass 

spectrometry (MALDI-TOF MS) produces characteristic protein-derived spectra, which are 

compared to reference databases for rapid organism identification. MALDI-TOF MS is an open 

platform, limited only by the breadth of the reference databases. These databases are 

continuously updated and as such MALDI-TOF MS offers tremendous diagnostic potential. 

Presently, fungal growth in sub-culture to isolate individual colonies for analysis is necessary for 

adequate results [47]. Adding a solution of formic acid to the matrix-laden yeast colonies breaks 

down capsules and thick outer walls, improving the mass-spectral quality. MALDI-TOF MS has 

demonstrated high accuracy in the diagnosis of yeast and is being actively used for routine yeast 

diagnosis in clinical laboratories. Performance for molds has been highly variable, likely due to 

higher susceptibility to differences in processing methods, including culture conditions, extraction 

methods, hardware function and set thresholds. Notably, Mucorales have been the most difficult 

to identify with MALDI-TOF MS [48]. Overall, MALDI-TOF MS can provide correct identification to 

the level of species for fungi in over 90% of isolates, which is markedly higher than genetic based 

identification assays [48-50]. MALDI-TOF MS precision is likely to improve with inter-laboratory 

standardization of reagents, protocols, and instruments. 
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2.2 Culture Independent Assays 

2.2.1 Histopathology. Morphologic identification of fungi from histopathologic specimens is a 

gold-standard of diagnosis. Histopathologic diagnosis with staining of tissue samples, an open 

platform, is the oldest method of identification and continues on most biopsy specimens obtained, 

is limited only by the knowledge and experience of the observer, and can provide rapid 

identification of fungi before growth in culture occurs [51]. The most useful stains for the 

diagnosis of fungi in tissue are the Gomori-methenamine silver and periodic acid Schiff stains 

which render black fungal forms on a green background and fuchsia forms on a pinkish 

background, respectively. When cryptococcosis is suspected, special stains such as the Fontana-

Mason (highlights melanin) and mucicarmine (highlights capsule) stains can be utilized. 

2.2.2 Antigen Detection. Antigen detection assays are available for polysaccharide antigens 

common to multiple fungi (1,3-β-D-glucan and galactomannan) as well as antigens specific for 

particular organisms (Blastomyces dermatitis, Histoplasma capsulatum, and Cryptococcus 

neoformans / gattii). Detection of pathogen-specific antigens in clinical samples must be 

interpreted within the entire clinical context as false positive results sometimes occur.  

2.2.2.1 Galactomannan and  β-D-Glucan. Galactomannan testing on serum or bronchoalveolar 

lavage (BAL) fluid is useful for the diagnosis of invasive aspergillosis. Only one assay is 

commercially available (Bio-Rad), and a systematic meta-analysis of fifty studies (including 

multiple categories of immunocompromised patients) determined the sensitivity ranged from 63-

78% and specificity ranged from 85-93% based on the optical density threshold utilized [52]. 

Galactomannan antigen was positive in only one-third of patients with culture or biopsy-proven or 

probable invasive aspergillosis following SOT in Switzerland [4]. Similarly, less than half of patients 

with SOT and culture-identified aspergillosis had positive serum galactomannan testing [53]. When 

assessed for performance in a meta-analysis, the assay had a lower sensitivity and specificity in 

patients immunosuppressed due to SOT as compared to patients with hematologic malignancy 

[54]. Therefore, galactomannan testing should not be used to rule out invasive aspergillosis in SOT. 

Testing galactomannan on BAL is more sensitive than serum and may be particularly useful in lung 

transplantation. In a study of 16 lung transplant recipients, the sensitivity and specificity of 

galactomannan on BAL for diagnosing invasive aspergillosis with cutoff of ≥ 0.5 was 100% [55]. 

False positive results are reported in SOT patients with histoplasmosis (though interestingly 

Histoplasma antigen testing is rarely positive with aspergillosis) and  with other factors including 

beta-lactam antibiotics, though the effect is increasingly rare [56-58]. The use of antifungal 

medication also decreases the sensitivity of detecting this antigen from serum [59]. Serial 

monitoring of serum galactomannan may be useful to monitor disease response in patients who 

have elevated levels [60]. 

Organisms that contain the polysaccharide 1,3-β-D-glucan in their cell wall may be detected by 

the 1,3-β-D-glucan assay in the setting of an IFI. The assay has poor sensitivity for organisms that 

contain little β-glucan in their cell wall including C. neoformans, Mucorales species and 

Blastomyces dermatitidis. Only one assay is commercially available (Fungitell, Associates of Cape 

Cod, Inc.), and is approved solely for serum samples. A meta-analysis of studies spanning 1995 to 

2011 investigating the diagnostic utility of this assay in patients with and without organ 

transplants demonstrated a pooled sensitivity and specificity of 80% and specificity of 82%, 

respectively [61]. This study also suggested the greatest sensitivity and specificity for this test 



OBM Transplantation 2018; 2(4), doi:10.21926/obm.transplant.1804037 

 

Page 14/27 

occurs with Pneumocystis jirovecii infection. Indeed this test may be most useful clinically when P. 

jirovecii pneumonia is suspected in a solid-organ transplant recipient, since GMS staining on BAL 

may be falsely negative [62]. In patients with lung transplantation, the assay demonstrated 

positive and negative predictive values that were too low to be useful for screening purposes [63]. 

Similarly, the assay demonstrated a sensitivity and specificity of 79.2% and 38.5%, respectively 

when used to evaluate BAL specimens from patients with lung transplants and proven or 

suspected IFI [64]. 

If a diagnosis is made, positive values can be trended over time to monitor therapy [65]. 

Although these assays are only FDA approved for serum samples (and BAL specimens for 

galactomannan), individual clinical microbiology laboratories can establish laboratory-developed 

tests to evaluate non-serum samples as well as to aid in the diagnosis of other fungi producing 

these polysaccharides. Such tests lack inter-laboratory standardization and must be rigorously 

validated but can be useful clinically. Testing 1,3--D-glucan on CSF samples was a highly useful 

adjunctive test for the diagnosis of iatrogenic fungal meningitis secondary to contaminated 

methylprednisolone acetate [66]. 

2.2.2.2 Histoplasma and Blastomyces Antigen. Histoplasma capsulatum antigen testing detects 

the presence of a specific cell wall polysaccharide and is primarily preformed on serum and urine 

samples. The sensitivity of urine Histoplasma antigen correlates with the burden of disease, with 

more severe infections associated with a higher frequency of antigen positivity [34,67]. Cautious 

interpretation of positive urine Histoplasma antigen must be taken as a high degree of cross-

reactivity with other endemic fungi occur, particularly Blastomyces dermatitis [68]. Low positive 

results should not be quickly dismissed as false positives especially in endemic areas; in one study 

three quarters of low-positive results were clinically significant [69]. Histoplasma antigen can also 

be detected from CSF and BAL specimens, although similar interpretive caution is needed in 

patients with solid organ transplantation [68]. CSF Histoplasma antigen was found to be 81% 

sensitive in a series of 55 immunocompromised patients, 10 of which were recipients of 

transplantation [70]. 

 An antigen assay for Blastomyces dermatitidis detects a cell wall polysaccharide and can be 

used for serum and urine samples. This assay is highly sensitive but similarly limited by a high 

degree of cross-reactivity, particularly with Histoplasma capsulatum and other fungal infections 

[71]. 

2.2.2.3 Cryptococcus Antigen. Polysaccharide antigens produced by Cryptococcus neoformans 

and Cryptococcus gattii can be detected by multiple commercially available assays using serum 

and CSF. These assays are highly sensitive (>90% in serum, >95% in CSF) and useful in the diagnosis 

of cryptococcal disease, including cryptococcal meningitis [72]. Initial high titers (>1:1024) serve as 

a poor prognosticator but titers do not respond to treatment in a sufficiently linear fashion to 

guide therapy [73]. A serum cryptococcal antigen titer greater than 1:64 is associated with a 

higher risk of cryptococcal meningitis in patients with SOT and cryptococcosis [74].  Additionally, 

isolated serum cryptococcal antigen titers ranging from 1:10 to 1:80 in the absence of other 

etiology for disease were adequate for chronic suppressive fluconazole in a case series of five 

patients with SOT [5]. 

2.2.3 Serology. Serology can help determine previous exposures and follow response to therapy 

in established infections, but positive and negative serologic testing must be interpreted in 

context of all other available data. Particular attention must be paid to geographic exposures with 
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serologic testing for endemic mycoses. Serology for coccidioidomycosis continues to be the 

primary non-culture or pathology-based diagnostic method for this infection. A positive titer as 

low as 1:2 is considered clinically relevant and warrants treatment in patients with SOT [75]. 

Serologic criteria for acute histoplasmosis have been established by The Council of State and 

Territorial Epidemiologists [76]. Serology is not useful for the diagnosis of invasive aspergillosis 

and is mainly reserved for workup of allergic bronchopulmonary aspergillosis, a non-infectious 

allergic manifestation.  

Interpretation of serologic testing poses a particular challenge in patients with SOT because 

immunosuppression dampens immune responses producing potentially false negative results. In 

addition, positive serology may represent acute or past infection and making the distinction can 

be difficult. Clinically informative serologic testing is available for histoplasmosis, 

coccidioidomycosis [77] and blastomycosis [78]. 

2.2.4 Polymerase Chain Reaction (PCR). Detection of fungal pathogens on direct clinical 

specimens utilizing polymerase chain reaction (PCR) based techniques commonly involves assay 

development in individual clinical microbiology laboratories with in-house validation. Certain FDA 

CLIA-certified laboratories have made such testing commercially available. Testing for fungi with 

LDT PCR assays can be highly sensitive. For example, a pooled meta-analysis of PCR based 

methods of detection of Candida species from blood samples estimated an overall sensitivity and 

specificity of 95% and 92%, respectively [79]. However, a lack of intra-laboratory standardization 

and clarity in assay performance characteristics renders interpretation of assay results difficult. 

A pertinent example is the use of PCR to detect Aspergillus species from blood, respiratory, and 

tissue specimens. As no standardized method of detection is used across clinical microbiology 

laboratories, the sensitivity and specificity of individual platforms in differing laboratories can vary 

widely [80,81]. In a Cochrane meta-analysis that included patients with solid organ transplantation, 

the sensitivity and specificity of PCR for the diagnosis of invasive aspergillosis ranged from 58.0 to 

80.5% and 78.5 to 95.2%, respectively with a mean sensitivity and specificity of 80.5% and 78.5% 

[82]. Notably, the sensitivity was estimated to decrease to 58.0% with an increase in the specificity 

to 96.2% with consecutive testing. More recent studies demonstrate improved PCR detection of 

Aspergillus in CSF samples, with 75% sensitivity and 98.3% specificity as well as positive and 

negative predictive values of 90% and 95.2% [83]. Similar trends are noted with PCR detection of 

other fungal infections, specifically P. jirovecii in patients with lung transplantation [84]. 

Alternatively, PCR can be applied to an unidentified fungal isolate. Fungal speciation can be 

achieved by primer binding to conserved internal transcribed spacer (ITS) regions in fungal 

ribosomal RNA, as well as other regions (such as elongation factor 1-alpha and beta tubulin) 

[50,85,86]. Fungi that do not contain primer-binding sites cannot be sequenced and therefore 

cannot be identified by this method. Additionally, sequencing data matching the organism in 

question must be present in the database used for comparison. These methods are similar to 

Sanger sequencing for identification but focus on a smaller portion of genetic material to provide 

identification. Sensitivity of broad-range PCR tests are lower than those directed at specific fungi. 

2.2.5 Film Array. FilmArray (BioFire, Salt Lake City, UT / Biomerieux) is a multiplex-PCR-based 

closed platform that requires a growth-phase step in liquid culture. The FilmArray assay approved 

for serum samples detects multiple organisms, but the only fungal organisms detected are 

Candida species (C. albicans, C. tropicalis, C. glabrata, C. parasipolis, and C. krusei). The primary 

benefit of this assay is the rapidity of detection from positive cultures without the need for sub-
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culturing. This assay can be useful in quickly detecting common pathogens for which a given 

patient is at risk. In a study of liver transplant patients, a multiplex FilmArray did not miss 

infections detected by conventional methods [87]. Clinically important fungi not included on the 

panel were accordingly missed in multi-center trials comparing this assay to conventional 

diagnostic methods [88,89]. However, this assay had a sensitivity and specificity of 99.2% and 

99.9%, respectively, for Candida species from clinical specimens, demonstrating the utility of this 

assay when considering the diagnostic time saved [88]. These studies highlight benefits of this 

rapid detection platform for common pathogens but emphasize that parallel methods are needed 

to detect pathogens not included in the assay. A separate FilmArray panel was investigated in a 

pre-clinical setting for CSF samples to detect cryptococcal meningitis, but was only 64.3% specific 

for Cryptococcus neoformans and gattii [90]. Commercially available FilmArray assays benefit from 

inter-laboratory standardization as compared to LDT PCR assays, which has implications for result 

interpretation for clinical care and research across institutions. 

2.2.6 T2Candida. The T2Candida system (T2 Biosystems, Lexington, MA) is a closed platform 

that detects the five most clinically significant Candida species (C. albicans, C. tropicalis, C. krusei, 

C. parapsilosis, and C. glabrata). The assay, which is based on PCR amplification of Candida DNA 

followed by measurement of T2 magnetic resonance of DNA-probe complexes, detects genetic 

material directly from blood samples within 4 hours, with all processing and amplification steps 

contained within the device. In an initial trial comparing detection of candidemia from both 

patient-derived and spiked samples with conventional blood cultures, the overall sensitivity and 

specificity for the T2Candida system was 91.1% and 99.4%, respectively, a significant improvement 

from the sensitivity of the current gold standard of blood cultures (only ~50% sensitive for Candida 

species) [91,92]. A subsequent study that also included patients with solid organ transplants 

detected significantly more episodes of candidemia in patients receiving antifungal agents as 

compared to conventional culture methods [42]. This system may have utility for early diagnosis, 

treatment decisions, and possibly prognosis in multiple patients populations at risk for Candida 

bloodstream infections, including patients with solid organ transplants [93-95]. The primary 

benefit may be in antifungal stewardship rather than diagnosis given the current reagent cost of 

this system, but cost modeling suggests the system could yield savings [96,97]. 

However, the T2Candida system has several pitfalls [42].  Though the Mylokanis study reported 

a sensitivity above 90% overall, the true sensitivity is likely to be lower. Indeed, the majority of 

positive samples in the study were contrived specimens (250 of 257) and 44% of these contrived 

samples contained a yeast concentration (11-100 Candida CFU/mL) significantly higher than the 

mean concentration (1 CFU/mL) in initial blood cultures of candidemic patients [98]. This implies a 

diminished negative predictive value of a negative test in a patient with a high-pretest probability 

for candidemia and reduces the real-world utility of T2 in guiding initiation or continuation of 

antifungals in this setting. Additionally, this assay does not detect several clinically important 

agents of candidemia (such as C. kefyr, C. lusitanea, C. guilliermondii, and C. auris), which comprise 

around 5-10% of candida infections in SOT patients [1,12]. The assay is also prone to technical 

errors, yielding indeterminate or invalid results in >50% cases in the original study, potentially 

impacting workflow. No prospective clinical trials comparing conventional fungal diagnosis with 

this system and conventional methods have been conducted in SOT patients to determine if the 

time saved in diagnosis translates to reduced morbidity, mortality, or cost savings.  
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2.2.7 Next Generation Sequencing and Metagenomics. Next generation sequencing (NGS), or 

sequencing methods developed after Sanger sequencing, are PCR-based methods in which entire 

pathogen genomes can be sequenced in a relatively short time due to parallel high throughput 

amplification of small genetic sections. Metagenomics is the process of sequencing multiple 

organisms present in a single sample and frequently utilizes sequencing technology such as NGS. 

These are open platforms in which sequencing results are compared to reference databases to 

generate identifications. Next generation sequencing can be applied to culture or directly to 

clinical specimens. The clinical utility of NGS is currently being evaluated in SOT patients, and 

appears to be most useful for viral identification pediatric populations but recent studies suggest 

how these platforms may be used in the future [99]. For example, NGS facilitated identification of 

a nosocomial outbreak of P. jirovecii involving patients with SOT in France [100]. Additionally, a 

metagenomics approach identified P. jirovecii DNA in blood, BAL fluid, sputum, and tissue [101]. 

Although it can be difficult to differentiate colonizing organisms from those leading to disease, 

detection of pathogenic organisms by metagenomic NGS is possible [102]. Next-generation 

sequencing currently suffers from high cost and lower organism-specific sensitivity as compared to 

traditional PCR so providers should make every attempt to send pathogen-specific PCR testing 

based on pre-test probability.   

3. Future Directions 

Although microbiology laboratories often perform similar assays, reagents and methods vary, 

leading to lack of standardization and difficulty in  inter-laboratory result interpretation. In the 

past decade, the WHO introduced testing standards for several transplant-associated viruses 

including CMV, EBV, and BKV designated in international units/ml. As a result, some improvement 

in variability was seen (especially with EBV testing) but significant inter-laboratories discrepancies 

still exist, underscoring the challenges associated with such endeavors [103]. Similar efforts can be 

made in standardizing platforms for IFI diagnosis. 

Combining conventional methods to detect fungi increases diagnostic yield in SOT recipients by 

compensating for limited sensitivity and specificity of individual platforms [75,104,105]. Using 

microbiology assays with other diagnostic modalities, such as radiography, can also enhance 

diagnosis. For example, abnormal 18-FDG PET/CT results can increase the index of suspicion for IFI 

in patients with SOT and direct diagnostic evaluation [106,107]. Such methods should not be used 

in isolation but should rather be incorporated into algorithms to guide definitive testing for IFI. 

Another approach to future research involve optimizing currently available methods for a more 

efficient means of detection. MALDI-TOF MS holds great promise in its ability to serve as a rapid 

open platform, but the necessity of fungal sub-culturing limits the utility even of this assay. 

Bacterial pathogens can be reliably detected by MALDI-TOF MS directly from positive blood 

cultures in immunosuppressed patients, including patients with SOT raising the possibility for 

direct identification of fungemia using MALDI-TOF MS [108]. 

Peptide nucleic acid fluorescent in situ hybridization (PNA-FISH) is another closed platform 

assay that can rapidly detect bloodstream infections of Candida species with similar performance 

to more widely utilized methods of detection [109]. In one study, this platform demonstrated a 

markedly higher rate of positive identification as compared to MALDI-TOF MS [110]. However, 

PNA-FISH has not been evaluated in the context of solid organ transplantation. 
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Rapid multiplex PCR assays have seen an expanded role in the diagnosis of fungal and bacterial 

infections in immunocompromised patients. However, commercially available systems often 

detect no fungal pathogens other than Cryptococcus on CSF [111,112]. PCR based assays 

incorporating fungi responsible for the majority of disease in SOT patients are currently under 

development and have been studied in patients with hematologic malignancies [113,114]. 

Additionally, multiplex FilmArray was investigated for direct analysis of clinical samples other than 

serum and CSF [115]. Research into the use of this assay for rapid diagnosis of Candida infections 

in SOT using samples other than serum or CSF, such as respiratory samples from patients with lung 

transplantation, could lead to improvements in both adequate treatment and optimal stewardship. 

Further utilization of these assays may significantly shorten time to diagnosis and enable the most 

appropriate antifungal regimens. 

A current limitation to multiplex assays is the production of a binary result; an organism is 

either detected or it is not. These qualitative assays do not yield organism burden, which may be 

clinically useful. Although detection of some fungi almost always signifies infection (ex: 

Cryptococcus), detection of others (ex: Candida, P. jirovecii) may indicate colonization rather than 

pathogenicity. This distinction can often be made based on clinical presentation, but may not be 

always possible, especially in acutely ill patients. The high sensitivity of newly developed open and 

closed platforms may lead to more false positive results and more mis-diagnoses of IFI. This in turn 

can lead to overlooking of the true pathogenic process. Semi- and fully quantitative methods can 

determine the burden of organism present and potentially differentiate between colonization and 

pathogenicity [116]. 

Broadening the use of other non-multiplexed assays could enhance care of patients with organ 

transplants. Routine PCR can be adapted to challenging specimen types, as is the case of 

Aspergillus fumigatus DNA detected from formalin-fixed samples of a lung transplant recipient 

[117]. 

A notable gap in the study of SOT patients with IFI exists for the diagnosis of Mucorales 

infections. These are less common in patients with SOT as compared to hematologic 

transplantation, but invasive infection carries a higher level of mortality than other IFI. No rapid 

diagnostic methods are available, and current methods of identification (phenotypic identification 

and MALDI-TOF MS) rely on growth in culture. This is a significant barrier to diagnosis given the 

often poor yield of culture. Methods enhancing the diagnosis of Mucorales infections are a 

significant need in this field. 

Novel point-of-care methods of invasive fungal detection are under development and clinical 

testing. An assay utilizing thermal desorption-gas chromatography/mass spectrometry determined 

characteristic signatures of volatile metabolites exhaled from patients with invasive aspergillosis, 

including patients with SOT [118]. This assay represents an open platform potentially capable of 

detecting volatile metabolites from other pathogens. Adaptation of this platform to provide early 

detection for Mucorales infections is a promising prospect. A separate point-of-care assay utilizing 

a lateral-flow device demonstrated sensitivity and specificity of 91% and 83%, respectively, for 

pulmonary aspergillosis when BAL fluid from SOT recipients was directly applied to the testing 

platform [119]. 

As new organ-types become transplanted with increasing frequency, data is emerging 

regarding IFI complicating these transplantations. For example, small intestine transplantation 

carries a similar risk for IFI as other transplanted organs, with Candida and Aspergillus infections 
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occurring most commonly [120]. Additional research is needed into the risk factors associated 

with IFI in emerging procedures such as vascularized composite allotransplantation as well as 

optimal methods of early detection based on the epidemiology of infection. 

4. Summary 

The primary challenge in the future of diagnostic testing for fungal infections is the correct 

application of available testing in an efficient and economic practice. The clinical microbiology 

laboratory in any transplant center is a vital resource in the care of patients with SOT. Index of 

suspicion for IFI must be maintained at an appropriate level based upon the individual patient 

characteristics and the broader environmental context of the patient and transplant center. 

Microbiology stewardship must be employed to avoid misleading results and incurring 

unnecessary costs. Result interpretation must be predicated upon a basic understanding of the 

mechanisms and limitations of a given testing modality and squarely based in the varying risks and 

exposures for an individual patient. The clinical microbiology laboratory resides at the center of 

these issues. Further work towards optimizing current platforms and developing future standards 

of diagnosis will continue the forward progression of the transplant infectious diseases field. 
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