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Review of Clinical and Laboratory Diagnostics for
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bDepartment of Biological Sciences, Northern Arizona University, Flagstaff, Arizona, USA
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ABSTRACT Coccidioidomycosis is a fungal disease associated with soil exposure that
frequently goes undiagnosed due at least in part to its nonspecific presentation and the
lack of clinical suspicion by health care providers. Currently available diagnostics for coc-
cidioidomycosis offer qualitative results that can suffer from low specificity, while semiquan-
titative assays are labor-intensive and complex and can require multiple days to complete.
Furthermore, significant confusion exists regarding the optimal diagnostic algorithms and
appropriate usage of available diagnostic tests. This review aims to inform clinical laborator-
ians and treating clinicians about the current diagnostic landscape, appropriate diagnostic
strategies, and future diagnostic directions for coccidioidomycosis, which is expected to
become more prevalent due to increased migration into areas of endemicity and climate
changes.

KEYWORDS Coccidioides, coccidioidomycosis, valley fever, serology, diagnostics, com-
plement fixation, immunodiffusion, enzyme immunoassay, antigen, antibody, fungus

Coccidioidomycosis (“valley fever”) is caused by the dimorphic fungi Coccidioides immitis
and C. posadasii. These organisms exist in a mycelial form in the soil, and during periods

of low precipitation/drought, they produce aerosolizable arthroconidia (spores). Infection
generally occurs via the inhalation of airborne arthroconidia, which gives rise to the spherule/
endospore phase of infection (1). The majority of those who present with clinically relevant dis-
ease exhibit respiratory symptoms within 1 to 3 weeks of exposure, with fever, cough, chills,
night sweats, weight loss, and/or joint pain. Coccidioidomycosis causes 17 to 29% of all cases
of community-acquired pneumonia (CAP) in regions where the disease is endemic, which
were historically concentrated in California and Arizona but appear to be expanding into other
central and northwestern states (2). Severe infection can occur naturally in many other mam-
malian species, including primates, dogs, cats, horses, dolphins, and sea lions (3, 4). The ma-
jority of acute pulmonary cases resolve over weeks to months with or without treatment (5).
However, roughly 5 to 7% of patients will develop more complicated infections ranging
from complicated pulmonary disease (nodules, cavities, or pleural disease) to disseminated
disease most frequently affecting the skin, bones/joints, and/or the central nervous system
(CNS). The rates of infection and the severity of coccidioidomycosis are higher for males
than for females, with observed coccidioidal meningitis (CM) rates of 2.4% in men versus
1.8% in women (6). Immunocompromised (including pregnant women), diabetic, Black,
and Filipino patients of both sexes are also at an increased apparent risk of complicated
and severe infection courses (7, 8).

Diagnostic criteria for coccidioidomycosis have been developed by the European
Organization for Research and Treatment of Cancer and the Mycoses Study Group Education
and Research Consortium (EORTC/MSGERC) (9). Criteria for “proven disease” include histopa-
thology or direct microscopy of specimens obtained from the affected site demonstrating

Editor Romney M. Humphries, Vanderbilt
University Medical Center

Copyright © 2023 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Ian H. McHardy,
mchardy.ian@scrippshealth.org, or George R.
Thompson III, grthompson@ucdavis.edu.

The authors declare no conflict of interest.

Published 8 March 2023

May 2023 Volume 61 Issue 5 10.1128/jcm.01581-22 1

MINIREVIEW

https://orcid.org/0000-0002-2121-5460
https://orcid.org/0000-0002-3439-4517
https://orcid.org/0000-0001-8518-5750
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/jcm.01581-22
https://crossmark.crossref.org/dialog/?doi=10.1128/jcm.01581-22&domain=pdf&date_stamp=2023-3-8


characteristic forms of Coccidioides or the recovery of the fungus from the affected site(s).
“Probable disease” requires evidence of exposure (residence or travel to an area of endemicity)
and the presence of coccidioidal antibodies in the serum or cerebrospinal fluid (CSF). These cri-
teria were developed for use in clinical trials, the development of diagnostic tests, and epidemi-
ological studies and need not be rigorously adhered to during routine clinical care.

This review summarizes currently available diagnostics for coccidioidomycosis and
emphasizes areas of uncertainty and future needs.

CULTURE ANDMICROBIOLOGY

The isolation of Coccidioides spp. from clinical specimens remains the standard for
definitive diagnosis. While culture evaluation can occur in a biosafety cabinet under biosaf-
ety level 2 (BSL-2) conditions, the 6th edition of Biosafety in Microbiological and Biomedical
Laboratories (BMBL) recommends BSL-3 practices when propagating and manipulating spor-
ulating Coccidioides cultures (10). Respiratory samples, either sputum cultures or those
obtained by bronchoalveolar lavage (BAL), may reveal the organism in as early as 48 to 72 h
using routine blood, chocolate, or mycologic media, including Sabouraud dextrose agar
incubated at 25 to 30°C. Unlike other dimorphic fungi, the only observable morphotype on
routine culture media is mycelium. The addition of cycloheximide to culture medium inhibits
some saprobic fungi and is useful as a selective medium as it supports the growth of dimor-
phic fungi. Routine blood cultures are not helpful for the evaluation of suspected coccidioi-
domycosis. Detection was possible but rare using fungal isolator blood cultures and usually
only for highly immunocompromised individuals (11). However, fungal isolator tubes are
being discontinued in the United States, which should encourage reliance on tissue-based
culture and serologic diagnostic modalities. In addition to lower respiratory tract samples,
material for microscopy and culture can be collected from other presumed sites of infection,
including cutaneous and soft tissue lesions, bone lesions, CSF, or joint aspirates, among
others. While observable using low-power microscopy without a stain, calcofluor white can
improve spherule detection (Fig. 1A), although the sensitivity of microscopy (even with cal-
cofluor white staining) may not exceed 22% compared with culture (12).

The sensitivity of cultures for the detection of Coccidioides spp. depends on the host’s
immune status, the fungal burden, and the site of infection. Culture success is most com-
mon from respiratory specimens, but the overall culture sensitivity for coccidioidomycosis
cases is unclear and is estimated to not exceed 50% (13, 14). Isolate recovery rates have
been observed to be 13% from pleural fluids, 30% from CSF specimens (from CM cases),
and 44% from respiratory specimens from established coccidioidomycosis cases (13–15).
While only limited data are available, pleural biopsy specimens may be among the more
rewarding specimen types for culture success when pleural disease is present (16).

Following inoculation onto solid culture media, mycelial fungal growth may be observable
in as early as 2 to 3 days. Combined with its ability to grow on routine bacteriology media,
this can present significant and serious infection risks for unsuspecting clinical laboratorians,
underscoring the imperative for proper training such that cultures containing mold are neither
manipulated nor opened outside a biosafety cabinet. Arthroconidia present in culture are
abundant at levels several orders of magnitude higher than those observed in the environ-
ment, and laboratory-acquired infection is unfortunately frequent and well documented (17).
Optimally, cultures should be examined daily for the first 10 days and then weekly thereafter
(17). It may be necessary to hold cultures for up to 6 weeks, particularly in patients currently
receiving antifungal therapy, as this may significantly delay fungal growth. Macroscopically,
colonies are typically white to gray, although they may produce variably colored pigment (yel-
low/brown to orange) over time. Discrete concentric rings of developmentally distinct myce-
lium may be observed (Fig. 1C). Microscopically, hyphae are thin, hyaline, and septate. As
arthroconidia mature, the alternating disjunctor cells undergo lytic degradation, releasing
“boxcar”- or “barrel”-shaped arthroconidia (;2 to 5 mm in length) easily visible with lacto-
phenol cotton blue staining (Fig. 1B). Arthroconidia may also be seen with other genera,
including Malbranchea and Geotrichum, so confirmation of the culture identity is consid-
ered necessary in most laboratories.
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Until 2021, the Coccidioides AccuProbe assay (Hologic, Sunnyvale, CA, USA) was the
most common and convenient mechanism for confirming the identity of Coccidioides culture
isolates (18). However, this test was discontinued in 2021, necessitating new workflows for
culture identification. A common response has been to utilize matrix-assisted laser desorp-
tion ionization mass spectrometry (MALDI-MS) (following culture inactivation). The recently
released, FDA-approved V3 FDA database for the Vitek MS system (bioMérieux, Marcy-
l’�Etoile, France) includes Coccidioides immitis/C. posadasii, along with many other dimorphic
fungal species, allowing convenient in-house confirmation for some laboratories. At the
time of manuscript preparation, no FDA-approved database was available for the MALDI
Biotyper (Bruker, Billerica, MA, USA) that could identify Coccidioides spp. To address this defi-
cit, some laboratories with Bruker MALDI instruments have turned to custom research use
only (RUO) spectral library creation using in-house isolates; at least one database is publicly
available via a material transfer agreement (19). Alternatively, DNA sequencing or PCR can
be employed to confirm the isolate identity but would currently necessitate the develop-
ment and implementation of a laboratory-developed test (LDT) as no commercial options
for these methods exist to test culture isolates (13, 20–22).

PATHOLOGY

Within the host (37°C), arthroconidia transform into spherules (up to 120mm in diameter),
which are thick-walled spherical structures (Fig. 1D) containing hundreds of endospores, each
approximately 2 to 4mm, that are released upon spherule rupture. Each endospore can fur-
ther propagate to a spherule, continuing the life cycle of Coccidioides spp. Tissue sections
should be stained with periodic acid-Schiff (PAS), Grocott-Gomori methenamine silver (GMS),
or hematoxylin and eosin (H&E) stain to assist in the detection of the characteristic large, thick-
walled spherules of Coccidioides spp. Microscopic examination of wet preparations of sputum,
bronchoalveolar lavage fluid, pus, or other samples treated with potassium hydroxide (KOH)

FIG 1 Morphotypes and culture morphology of Coccidioides. (A) Calcofluor white-stained fluorescent
spherules, approximately 10 to 15 mm in diameter (magnification, �600). (B) Mycelial arthroconidia,
approximately 2 to 5 mm (magnification, �1,000), stained with lactophenol cotton blue. (C) Coccidioides
mold growing on solid culture medium following extended incubation. (D) A spherule, approximately
120 mm in diameter (magnification, �1,000), engulfed in a multinucleated giant cell. Splenic tissue was
stained with hematoxylin and eosin.
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may be helpful, but these methods are less sensitive. Histologic “mimickers” exist, including
Prototheca wickerhamii, which can resemble small spherules, and Rhinosporidium seeberi, which
can appear similar to larger ones. Adiaspores from Adiaspiromyces species must also be distin-
guished from the spherules of Coccidioides spp. Adiaspores do not contain endospores, and
adiaspores are typically much larger than empty Coccidioides spherules. The molecular meth-
ods discussed below may be helpful when uncertainty exists about the identity of structures
observed in tissue.

SUSCEPTIBILITY TESTING

While rarely warranted or recommended, antimicrobial susceptibility testing can be
performed via broth macrodilution using arthroconidia according to the CLSI M38-A3
reference standard (23), and MICs are read as the lowest concentration that results in$80%
inhibition of growth compared with the antifungal-free control well (24). No susceptibility
breakpoints for Coccidioides spp. have been established by the CLSI, FDA, or EUCAST to
date, and no automated susceptibility platforms are currently available for testing filamen-
tous fungi. Accordingly, susceptibility testing usually requires the shipment of culture
isolates to reference laboratories, which further requires that laboratory staff are properly
trained and competent in category A shipping requirements as Coccidioides spp. are consid-
ered a UN2814 infectious substance affecting humans.

MIC data from 581 isolates sent to the Fungal Testing Laboratory at the University
of Texas, San Antonio, revealed that the geometric mean MIC of fluconazole (7.71 mg/mL)
was significantly higher than those of other triazole antifungals like itraconazole (0.25mg/mL),
posaconazole (0.14 mg/mL), or voriconazole (0.11 mg/mL) (25). This finding is concerning as
fluconazole remains among the most commonly prescribed antifungals for coccidioidomyco-
sis. While these in vitro findings have not yet been correlated with patient outcomes and may
be subject to some degree of selection bias, they raise concerns about the optimal therapy of
serious or refractory infections (26).

SEROLOGY

In immunocompetent patients, coccidioidomycosis typically manifests with detectable se-
rum IgMwithin 1 to 3 weeks of symptom onset, followed shortly thereafter by IgG production.
Due to the nonspecific presentation of acute coccidioidomycosis, associated diagnostic delays,
and the insensitivity/impracticality of other front-line diagnostics, most patients are diagnosed
using serological methods. While antibodies can be detectable in many body fluids, antibody
titers are nearly always highest in serum (Ian H. McHardy and George R. Thompson III, unpub-
lished observations). Apart from CSF, antibody testing of other body fluids is not generally rec-
ommended and is unlikely to be informative. Among highly immunocompromised individu-
als, the sensitivity of antibody detection can be as low as 67% (27), so multiple diagnostic
modalities, including antigen detection and culture, may be necessary. Available serologic
diagnostics currently include enzyme immunoassays (EIAs), immunodiffusion (ID), comple-
ment fixation (CF), and a lateral flow assay (LFA). These assays exhibit differing sensitivities
and specificities and have different roles in a diagnostic algorithm for coccidioidomycosis
(Fig. 2). ID and CF remain the benchmarks for coccidioidal serologic testing but are complex
and less standardized and require considerable technical experience maintained in very few
clinical laboratories. Laboratories can mitigate unnecessary diagnostic delays associated with
reference laboratory utilization by exploring the FDA-approved serologic options described
below for in-house implementation.

Lateral flow assay. More recently, an LFA has been developed (Sõna; Immy,
Norman, OK, USA). This rapid test was designed to detect Coccidioides-specific IgG and
IgM, and results can be available within 1 h. This test has been evaluated in a prospec-
tive evaluation of 392 patients (293 hospitalized patients and 99 outpatients) with sus-
pected coccidioidomycosis (28). In this trial, the LFA was found to have 31% sensitivity
and 92% specificity compared to EIA results. The optical density values of positive EIA
IgM results were significantly higher for LFA-positive results than for LFA-negative
results. In the subset of patients where CF results were available, titers were frequently
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low but detectable in those with negative LFA results. Accordingly, while the positive
predictive value of the test may be high, particularly for disseminated cases where
titers are frequently $1:16, confirmatory ID testing is recommended for negative LFA
results. While possibly suboptimal for ruling out coccidioidomycosis, the LFA may have
value for antimicrobial stewardship; antibacterial agents might be safely discontinued
in patients who test positive via an LFA in clinically appropriate situations.

EIAs. EIAs are qualitative or semiquantitative assays that are attractive due to their
relative simplicity, speed, and fair, but overall inferior, analytic characteristics compared
with CF and ID. Several commercial kits are available to measure anticoccidioidal IgM
and IgG antibodies (Clarus [Immy, Norman, OK, USA] and Premier [Meridian Bioscience,
Cincinnati, OH, USA]). Separately, a laboratory-developed EIA is also performed by
MiraVista Diagnostics (MVista). Importantly, EIAs suffer from some deficiencies in sensi-
tivity and high false positivity rates compared to other methodologies and should not
be used for definitive assessment, particularly of CSF specimens, for this reason (29).

A comparative study of different EIA kits to a composite clinical standard showed that
the sensitivity and specificity of the Immy EIA IgM test were 35% and 86%, respectively; for
the IgG test, the sensitivity was 53%, and the specificity was 97%. The sensitivity and speci-
ficity of the Meridian EIA IgM test were observed to be 57% and 70%, respectively; for the
IgG test, the sensitivity was 69%, and the specificity was 95% (30).

Separately, an independent assessment of the Meridian and Immy EIA kits for the
diagnosis of coccidioidomycosis and the interlaboratory agreement of test results was jointly
conducted by the Arizona Department of Public Health and the Centers for Disease Control
and Prevention (CDC). This analysis showed sensitivity and specificity results similar to those
outlined above (IgM sensitivity of 11%, IgM specificity of 100%, IgG sensitivity of 64%, and
IgG specificity of 99% for Immy; IgM sensitivity of 36%, IgM specificity of 92%, IgG sensitivity
of 65%, and IgG specificity of 99% for Meridian). This study also found more interlaboratory
variability in the performance of the Meridian test kit.

An industry-sponsored evaluation has shown a higher sensitivity using the MVista
EIA than using the Meridian or Immy assays, although the sensitivity of the MVista EIA
for IgM was still only 61.2% (31). The specificities for both IgM and IgG detection in this
study remained high for all three assays ($90%).

FIG 2 Recommended algorithm for the diagnosis of coccidioidomycosis. *, coccidioidal antigen testing may be beneficial for
immunocompromised patients with negative serologic results. £, confirmation by ID may not be necessary for positive IgG results by
EIA and LFA results in highly endemic areas.
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Importantly, due to the imperfect sensitivity of EIAs, negative EIA results for patients
with strong clinical suspicion for coccidioidomycosis should be retested and/or confirmed
via ID. Similarly, all positive IgM-only results by EIAs and positive IgG results by EIAs in areas
with a low prevalence should also be confirmed with ID. However, in areas where the dis-
ease is highly endemic, a positive IgG result by an EIA may be considered a probable infec-
tion, but downstream clinical staging by CF testing still allows prognostic information and is
useful to monitor during therapy (30).

Immunodiffusion. Immunodiffusion, or “Ouchterlony double immunodiffusion,” relies
on the ability of antibodies and antigens in different wells of ;0.8% gellan plates to diffuse
and form a visible band(s) of precipitation at their intersection point. If performed in experi-
enced laboratories, ID can be highly sensitive and specific for the detection of Coccidioides-
specific antibodies, with the specificity exceeding 95% (32, 33). Estimates of the sensitivity of
ID vary and depend on the duration of symptoms and the patient’s immune status, but it is
among the most sensitive serologic methods and is currently the serologic diagnostic
method of choice for confirmatory testing (34). Of the available FDA-approved ID assays,
only Meridian’s package insert includes language supportive of the use of preconcentrated
specimens; off-label or independent LDT verification may be necessary for use with other
reagents. ID performance with unconcentrated specimens is not recommended and may
yield suboptimal sensitivity.

When present, the position of the precipitation band between wells containing the
culture filtrate antigen and an antibody-containing specimen can provide a preliminary
assessment of IgG antibody abundance (i.e., CF titer); precipitation bands observed close to
the culture filtrate antigen well are usually associated with high titers, while bands close to the
serum well are associated with low to undetectable CF titers (our unpublished observations).

Historical nomenclature is occasionally referenced with coccidioidal ID results, which may
lead to some confusion without context. First, coccidioidal IgM may be referred to as “precipi-
tin” (also “tube precipitin” or “TP”), which references an antiquated tube precipitin assay that
assayed for solid, flake-like “precipitin” formation when serum containing anti-Coccidioides
IgM was mixed with heat-stable antigen (including glycosylated b-glucosidase-2) found in
Coccidioides species culture filtrates (35, 36). Some laboratories continue to report ID reac-
tions for IgM as “IDTP” (ID tube precipitin). Similarly, the antibody responsible for CF reactivity
was found to be IgG, so ID results for IgG are occasionally referred to as “IDCF” (immunodiffu-
sion complement fixation).

Complement fixation. Complement fixation testing provides a semiquantitative
assessment of coccidioidal IgG antibody and can be performed on sera, CSF, and other body
fluids (e.g., synovial and pleural fluids, etc.) (14). The test relies on two intrinsic properties of
complement: (i) free complement (unbound to IgG antibody) will lyse sensitized (hemolysin-
treated) red blood cells (RBCs), and (ii) complement will bind to IgG antibodies that are bound
to their target antigens. Complement that is bound to IgG antibodies will not lyse sensitized
RBCs. Thus, when coccidioidal antigen-antibody complexes are present in sufficient quantities
to bind all exogenous complement in a mixture, sensitized RBC lysis is prevented, which can
be qualitatively or semiquantitatively assessed by turbidity or spectrophotometry, respectively.
In this way, serial 1:2 dilutions of patient sera or CSF are tested, and the titer is reported as the
concentration of the specimen in the last tube containing intact RBCs.

CF is less sensitive than ID (performed on preconcentrated specimens), and over 25% of
uncomplicated pulmonary cases develop no detectable CF titer due to the small quantity of
IgG present in these cases (34, 37). Accordingly, CF should be used not for diagnosis but
rather for disease staging, prognosis, and antifungal response monitoring (37, 38). In general,
complicated (i.e., disseminated and chronic pulmonary) cases tend to exhibit CF titers of
$1:32, while uncomplicated (i.e., acute/nondisseminated) cases tend to exhibit lower CF
titers of,1:32 (37). However, there are many exceptions, so this should be considered not
a rigid “rule” but rather general guidance; clinical findings are often more informative than
CF titers. For example, 16% of uncomplicated cases develop titers of $1:32, and 56% of
meningitis cases exhibit maximum serum titers of#1:32 (37). In most cases, maximal titers
develop within the first 31 to 50 days following serologic diagnosis.
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Quantitative immunodiffusion (qID) can also be used instead of CF to semiquantitatively
assess IgG titers in cases where CF is uninterpretable due to the myriad of frequently
encountered technical failures associated with CF (e.g., anticomplementary activity) (34). Like
CF, serial 1:2 dilutions of patient sera or CSF are plated adjacent to a well containing the anti-
gen (Coccidioides culture filtrate containing chitinase), and the titer is reported after 48 h as
the last dilution with an observable band of precipitation.

The kinetics of antibody decline during successful therapy vary depending on the type
of disease; those with uncomplicated pulmonary infection exhibit a more rapid antibody ti-
ter decline than those with complicated (e.g., chronic pulmonary or disseminated) disease
(37, 38). Some patients exhibit persistent elevation, or stasis, of their CF titers despite clinical
improvement. Some of these patients are likely serofast, while others may experience
repeated environmental exposure or have subclinical persistence of active infection (38).

Serial CF testing of the CSF in cases of meningitis has shown a correlation with con-
current CSF parameters (cell count, protein, and glucose), although both serology and
routine CSF values respond more slowly than clinical signs and symptoms of disease
(39). Importantly, given the lifelong repercussions for patients diagnosed with CM, lab-
oratorians should be aware that any positive CF results performed on a CSF specimen
can result in a diagnosis of CM. Accordingly, appropriate labeling of specimen sources
on both tubes and requisitions is critically important. Complicating the challenge of
CM diagnosis is the finding that high serum titers may “spill over” into CSF, resulting in
false-positive ID results for CSF samples. This is why complement fixation, being less
sensitive than ID, is the recommended diagnostic modality for CM diagnosis (40).

ANTIGEN DETECTION

The detection of circulating coccidioidal antigens in patient samples for diagnosis
has focused on the recognition of spherule-derived antigens (41), galactomannan (42),
and, more recently, chitinase-1 (CTS1) (43). Initial studies evaluating spherule-derived
antigens in patient sera detected circulating antigen in 35 of 233 patients, and antigen
was detected infrequently following the development of IgM and/or IgG antibodies
(41). Following the recognition of the cross-reactivity of coccidioidomycosis with the
Histoplasma urine antigen EIA, a specific Coccidioides (galactomannan) antigen assay
was developed and evaluated in a cohort of 24 patients (16 patients with acute cocci-
dioidomycosis and 12 of these with HIV). Antigenuria was detected in 71% of patients
in this study (42), although the performance characteristics in nonimmunosuppressed
patients have been less favorable, and the sensitivity in the veterinary population has
been found to be less than 20% (44). Several case reports and case series have also
shown positivity in the CSF of patients with coccidioidal meningitis (45), although
attempts to use this test serially to monitor the response to therapy have thus far
yielded conflicting results. More recently, the detection of CTS1 in patient blood sam-
ples has been explored, and antigen was detected in 87% of patients with proven or
probable coccidioidomycosis, although this assay was later determined to also detect
anticoccidioidal antibodies, limiting its utility in monitoring patients longitudinally (43).

Serum (1!3)-b-D-glucan (BDG) has undergone limited evaluation for the detection
of coccidioidomycosis and appears to have a limited role, although sensitivity may not
exceed 44% (46, 47). BDG has been found to be positive in the CSF of patients with
coccidioidal meningitis, with a sensitivity of 96% and a specificity of 82% in one study
(48). Serial antigen or BDG testing of the serum, urine, or CSF is not routinely per-
formed due to the lack of data supporting this approach.

MOLECULAR METHODS

Numerous PCR-based methods have been developed and applied for the detection
of Coccidioides species from clinical specimens, culture, and the environment (13, 14,
21, 22, 49). However, only one has received FDA approval (GeneSTAT, St. George, UT,
USA) and is approved only for bronchial alveolar lavage and bronchial wash specimens.
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The sensitivity of PCR on clinical specimens appears to be similar to that of culture in
the limited studies that have been published to date.

Emerging next-generation sequencing (NGS)-based assays have also been used to detect
Coccidioides species in clinical specimens and formalin-fixed, paraffin-embedded tissue (50,
51). While the sensitivities may vary, this hypothesis-free methodology could be particularly
helpful for coccidioidomycosis where significant diagnostic delays occur due to low clinical
suspicion or awareness. However, the lack of FDA-approved solutions, rigorous technical
requirements, and high start-up costs currently limit the widespread implementation of these
assays in clinical laboratories. Outside clinical laboratories, NGS has also been used in outbreak
investigations and can reliably link isolates epidemiologically (52, 53). Similarly, differentiation
between C. immitis and C. posadasii is neither clinically necessary nor possible using most
available diagnostic modalities, but it is achievable using molecular approaches like NGS.

IMMUNOSURVEILLANCE

In the early 20th century, the detection of delayed-type hypersensitivity following the sub-
cutaneous injection of a coccidioidal culture filtrate was reportedly a successful form of immu-
nosurveillance (34). A reformulated skin test (Spherusol; Nielsen BioSciences) is available and
approved for patients recovering from acute pneumonia, but contemporary studies have
raised questions about the overall sensitivity, which may not exceed 72% compared to current
diagnostics (54–56). Furthermore, many patients with disseminated coccidioidomycosis test
negative by skin tests (54). Accordingly, future applications using this method may be limited.

FUTURE DIAGNOSTIC TEST DEVELOPMENT

The available diagnostic repertoires described above largely derive from develop-
ments in the early to mid-20th century, are highly labor-intensive, and necessitate
significant expertise. Meanwhile, the prevalence of coccidioidomycosis continues to
increase with the increasing migration of naive hosts into areas of endemicity and
the pathogen potentially expanding its ecological range due to climate change (57).
Accordingly, there is interest in the development of new diagnostic and prognostic
tools with increased throughput that simultaneously have reduced complexity and a
shorter turnaround time.

Given the high morbidity and mortality rates associated with the reactivation of dor-
mant Coccidioides in some patient populations, there is a need for more sensitive immu-
nosurveillance modalities to more accurately detect previous infection and, thus, inform
the appropriate management of high-risk (e.g., oncology, transplant, and some allergy
and immunology) patients (24). Accordingly, efforts have been made to develop in vitro
diagnostic tests that assess the cellular immune response of coccidioidomycosis patients.
Promising initial studies indicate that cytokine profiles correlate with skin test results and
might one day be used for both the diagnosis and prognosis of infection (58, 59). While
such approaches may prove fruitful, clinical validation and calibration against disease se-
verity/outcome, as were done for CF, would be valuable (33).

SUMMARY AND CONCLUSIONS

Due to the restricted geographic range and variable impacts on patients, investment
into new diagnostic approaches for coccidioidomycosis has been relatively low com-
pared with similarly virulent pathogens with broader endemicity. It is hoped that recent
funding efforts at the federal and state levels will reverse this trend as much work
remains to develop and tailor the next generation of diagnostic and prognostic tools to
fit into the current rapidly evolving diagnostic landscape. In the absence of more rapid
and high-throughput alternatives, clinical laboratories are encouraged to educate their
clinician clients about local trends and consider implementing commercially available
EIAs or ID assays as appropriate to better balance diagnostic access, sensitivity, and turn-
around time compared with culture- and reference laboratory-based diagnostics.
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