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ABSTRACT Broad-range fungal PCR is a powerful tool for identifying pathogens
directly from patient specimens; however, reported estimates of clinical utility vary
and costs discourage universal testing. We investigated the diagnostic and clinical util-
ity of broad-range fungal PCR by examining 9 years of results from sinonasal specimens,
hypothesizing that this anatomic location would identify immunocompromised patients
at high risk for invasive fungal disease. We retrospectively identified 644 PCRs and 1,446
fungal cultures from sinus sites. To determine the relative performance of each testing
modality, we performed chart review on 52 patients having specimens submitted for
culture and PCR on the same day. Positivity rates were significantly higher for PCR
(37.1%) than culture (13.7%) but similar for formalin-fixed and fresh tissues (42.3% versus
34.6%). Relative to culture, PCR had significantly faster turnaround time to both prelimi-
nary (94.5 versus 108.8 h) and final positive (137.9 versus 278.5 h) results. Among chart-
reviewed patients, 88% were immunocompromised, 65% had proven or probable fungal
disease, and testing sensitivities for culture and PCR (67.5% and 85.0%) were not statisti-
cally different. Nevertheless, PCR identified pathogens not recovered by culture in 14.9%
of cases and informed clinical decision-making in 16.7% of all reviewed cases, and sensi-
tivity of PCR combined with culture (90.0%) was higher than that of culture alone.
We conclude that broad-range fungal PCR is frequently informative for patients at risk
of serious fungal disease and is complementary to and has faster turnaround time than
culture. Formalin-fixed tissue does not adversely affect diagnostic yield, but anatomic
site may impact assay positivity rates.

KEYWORDS fungal PCR, molecular microbiology, sinusitis, invasive fungal infection,
invasive fungal disease, clinical yield, frozen section, fungal stain

Prompt, species-level identification of fungal pathogens helps providers tailor anti-
fungal medication, with the potential for a significant patient survival benefit (1–3).

Broad-range molecular assays for the detection and identification of fungal pathogens
now constitute an important diagnostic modality that can be applied to both cultured
isolates and direct patient specimens, including formalin-fixed paraffin-embedded
(FFPE) tissue (4–6). Broad-range PCR-based detection of fungal pathogens may be particu-
larly important when initial microscopy or cultures are negative (7, 8) or when organisms
are unexpectedly identified in histopathology, since morphologic identification of fungi in
direct specimens is highly error prone (9, 10). Nevertheless, the reported diagnostic yields
of molecular assays have varied widely across studies (11), with estimated clinical sensitiv-
ity ranging from 57.1% for microscopy-negative specimens to 96.6% for patients with sus-
pected culture-negative invasive fungal infections (IFI) and attendant specificity estimates
ranging from 91.0% to 98.2% (6, 8, 12, 13). The clinical utility of broad-range fungal PCR is
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similarly debated, with molecular results reported to have changed management in from
0% to 58.2% of cases reviewed (6, 13).

Preanalytical variables likely account for some of these inconsistencies. Factors asso-
ciated with increased diagnostic yield include larger specimen volume (6), microscopi-
cally observed inflammation and/or organisms (6, 7, 12), anatomic site selected (7), and
specimen collection method, with better yields obtained from tissue than fine-needle
aspirates (6) or body fluids (7). These uncontrolled, specimen-specific variables leave in
question the optimal application of broad-range fungal PCR despite its high concord-
ance with orthogonal fungal assays (6, 12, 13).

Acknowledging that specimen-specific factors may influence testing outcomes, in
this study, we characterized the comparative clinical performance of molecular testing
and conventional, culture-based methods by leveraging paired patient specimens that
had been concordantly collected and submitted for laboratory diagnosis by each mo-
dality in parallel. Although we are unable to assess the contributions of these factors to
test results, this study design enables their effects to be largely controlled for. We hypothe-
sized that targeted application of testing in a patient population at high risk for invasive
fungal sinusitis (IFS), a disease predominantly seen in immunocompromised patients with
mortality on the order of 50% (1, 14, 15), would best demonstrate diagnostic yield and
clinical value of testing and, therefore, specifically examined sinonasal samples. Testing
results were integrated with retrospective chart review in order to evaluate diagnostic yield,
clinical impact, turnaround time (TAT), likelihood of invasive fungal disease by European
Organisation for Research and Treatment of Cancer (EORTC) criteria, and impact of formalin
fixation on organism detection.

MATERIALS ANDMETHODS
Ethical approval. This study was approved by the Institutional Review Board of the University of

Washington (STUDY00002130).
Case identification. All fungal cultures and broad-range PCRs performed from 1 January 2011

through December 2019 were identified in the Laboratory Information System (LIS). Analysis was per-
formed using R version 4.0.4. Sinonasal specimens were identified by a natural language search of the
“specimen description” field using asterisks (*) as wild cards (i) by using the keywords sinus, maxilla/maxil-
lary, maxilla, frontal, septum, ethmoid, sphenoid, nasal, and turbinate, (ii) by excluding specimens with key-
words indicating a nonsinus site of origin (brain, cortex, cerebellum, tumor, sulcus, petrosal, dura, lobe,
trac*, gyrus, heart, atri*, catheter, pubic, CSF [cerebrospinal fluid], cavern, sputum, heel, and pyriform), and
(iii) by excluding specimens collected by neurosurgeons at our institution since early versions of the script
included intracranial specimens despite filtering by specimen description. Autopsy testing was excluded.
Specimens were further segmented with the R script into either reference laboratory—i.e., specimens sub-
mitted by outside facilities—or local specimens based on associated ordering location metadata.

Microbiology assays. All tests were performed using standard, validated protocols in the clinical labo-
ratory certified under the Clinical Laboratory Improvement Amendments (CLIA) regulations, including cul-
ture, direct stain, and molecular assays. Specimens received for fungal culture were examined by direct
fluorescent KOH-calcofluor stain upon receipt and inoculated onto inhibitory mold agar containing
chloramphenicol (Hardy Diagnostics), brain heart infusion agar with blood (Hardy Diagnostics), and
Sabouraud’s agar (Hardy Diagnostics). Usage of Sabouraud’s agar was discontinued as of August 2019 after
internal studies demonstrated that its use did not change the rate of mold recovery (data not shown).
Cultures were examined daily for the first 4 days postinoculation and twice weekly thereafter. Matrix-
assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) was performed for
yeasts but not for molds, for which sequence-based identification could be performed in-house.

Broad-range endpoint PCR with sequence-based identification was performed essentially as previ-
ously described (4, 5) using primers targeting 28S D1/D2, ITS1, and ITS2 loci. All analytical steps were
batched, per laboratory protocol, when possible. Briefly, DNA was extracted from fresh tissue with stand-
ard QIAcube DNA extraction protocols (Qiagen) or from 50 to 100 mm of FFPE tissue with deparaffiniza-
tion in xylene followed by alcohol rehydration prior to QIAcube extraction. Pre-PCR steps were per-
formed in a dedicated clean room with decontamination of FFPE blocks prior to sectioning and
extraction. Fixed volumes of extracted DNA (5 ml) were added to PCRs for all loci in technical duplicate
with a parallel inhibition control reaction. If inhibition was observed, amplification was repeated using
1:5 and 1:10 template dilutions. Resulting ribosomal DNA (rDNA) amplicons were prepared for Sanger
sequencing with the BigDye Xterminator reaction kit (Thermo Fisher Scientific). Taxonomic identification
was performed following CLIA laboratory protocols by comparing DNA sequences to a curated, in-house
database developed using publicly available sequences in GenBank, with emphasis on sequences from
type strains. The most specific taxonomic identification possible was recorded. If different species were
detected by amplification and sequencing of different loci, each analytically valid result was reported.
Preliminary result entry was performed following two independent reviews by American Society for

Lieberman et al. Journal of Clinical Microbiology

November 2021 Volume 59 Issue 11 e00955-21 jcm.asm.org 2

https://jcm.asm.org


Clinical Pathology-certified medical laboratory scientists. Final result entry occurred after review by a
pathologist.

Determination of TAT. Turnaround time (TAT) was calculated from sample receipt to final result.
FFPE tissue blocks were previously fixed, grossed, and processed in anatomic pathology laboratories
and thus are not reflected in these TATs. Preliminary results were reported for both assays, typically to
the genus level for culture and species level for PCR. Preliminary TAT was calculated in a convenience
subset of sinus specimens for which every LIS update for each specimen was available by manually
reviewing the daily result updates in the LIS line by line for the first presumptive organism identification
by broad-range fungal PCRs (n = 237, including 58 FFPE) or positive fungal cultures (n = 109). Negative
fungal cultures were excluded from this analysis, as these are all held for 28 days.

Chart review. Medical records were reviewed for 54 patient encounters representing all 52 unique
patients for whom specimens were submitted for both fungal PCR and culture and were collected on
the same day. Multiple encounters for the same patient were included if occurring at least 3 weeks apart.
Chart review evaluated pretest diagnosis, probability of IFI by EORTC criteria (16), pretest exposure to
antifungal agents, fungal test results, clinical interpretation of test results, changes in management, and
case outcomes.

In accordance with EORTC criteria for classification of IFI current as of 2020 (16), patients were char-
acterized as having “proven” IFI if fungal organisms were known from a prior, recent sampling, were
detected by direct stain in the microbiology laboratory (KOH-calcofluor) at the time of specimen collec-
tion, or were detected during intraoperative frozen section on the day of specimen collection. Otherwise,
encounters were classified as “possible” or “probable” IFI based on established guidelines. For patients who
did not meet criteria for determination of possible or probable IFI, such as nonimmunosuppressed hosts or
those with well-controlled HIV, pretest probability of IFI was classified as “not applicable” (NA) unless IFI was
proven (16). Clinical diagnosis of the case as true fungal infection or not a fungal infection (including alterna-
tive diagnoses such as presence of bacterial infection) was determined from the clinical notes, including rele-
vant pathology reports, and used to establish concordance between test method and clinical interpretation.

Statistical analysis. Statistical tests were performed in GraphPad Prism version 7.03 and R version
4.0.4 using stats package version 4.0.4. Nonparametric statistical tests were employed: Welch two-sam-
ple t test for unequal variances, Fisher’s exact test, or Mann-Whitney test for nonparametric ordinal data.
Kruskal-Wallis test was used to detect differences in medians across groups. Pearson’s exact method for
calculating confidence intervals (CIs) was performed in GraphPad.

Data availability. A Health Insurance Portability and Accountability Act (HIPAA)-compliant version
of the R script used for analysis may be obtained by contacting the corresponding author.

RESULTS
Aggregate positivity rates of fungal PCR and culture. Over the 9-year study pe-

riod, we identified a total of 644 fungal PCRs from 569 patients and 1,446 cultures from
949 patients originating from sinonasal specimen sites (Fig. 1). Testing performed for
patients seen in our hospital system (i.e., local patients) comprised 101 PCRs from 71
separate patient encounters and 1,396 cultures from 918 patient encounters (Fig. 1)

FIG 1 Consort diagram for included patients and test results. Sinus specimens were identified from the LIS by a custom script to filter based
primarily on specimen description. Sinus specimens were stratified into those submitted for reference laboratory testing or those from local
patients. Local patient specimens, representing 71 patient encounters, were filtered for inclusion in chart review. During chart review, one
patient had an additional (third) set of paired cultures and PCRs collected .3 weeks from either other set of specimens that was included for
analysis.

Targeted Use of Broad-Range Fungal PCR Journal of Clinical Microbiology

November 2021 Volume 59 Issue 11 e00955-21 jcm.asm.org 3

https://jcm.asm.org


resulting in 220 unique isolates, 192 of which could be identified by phenotypic assays
(see Fig. S1 in the supplemental material). Sequence-based identification was required
for taxonomic identification for 25 of the 220 local isolates (11.4%); sequence-based
identification was not performed on 3 isolates which could not be identified by tradi-
tional methods. The overall fungal PCR positivity rate for sinonasal specimens was
37.1%, significantly higher than the 13.7% fungal positivity observed for culture
(P = 2.2 � 10216 [Table 1]). The positivity rate for sinonasal FFPE specimens was 42.3%
(n = 208) and was statistically equivalent (P = 0.0634) to the 34.6% positivity observed
for fresh specimens (n = 436). Fungal PCRs performed on sinonasal specimens from
local patients had a positivity rate (43.6%) similar to that of fungal PCRs performed for
sinonasal specimens submitted from outside institutions (35.9%; P = 0.1440 [Table 1]).
Among all local patient specimen collections, the PCR positivity rate was significantly
higher than for culture (Table S1), particularly for local patients (43.6% versus 13.8%;
P = 3.73 � 10212).

Turnaround times of fungal PCR and culture. To best compare turnaround times
of culture and PCR, we focused on the subset of “paired” specimens from local
patients, defined as those submitted on the same day for parallel testing by both of

TABLE 1 Summary of chart review patients

Pretest EORTC
category

No. of: No. (%) positive by:

Culture vs
PCR P valueb

Unique
patientsa

Patients with
pretest antifungal
exposure

Paired
specimens Culture PCR

All 52 43 54 29 (53.7) 36 (66.7) 0.238
Proven IFI 28 23 28 22 (78.6) 25 (89.3) 0.844
Probable IFI 9 7 10 5 (50.0) 7 (70.0) 0.726
Possible IFI 11 11 11 0 (0.0) 1 (9.1) NDd

Not applicablec 5 1 5 2 (40.0) 3 (60.0) ND
aOne patient had parallel PCR and culture performed three times with.3 weeks between each sampling, and
each encounter was included as a single unique patient for overall counts, but testing was counted twice as
“probable” and once as “proven” IFI based on chart review.

bFisher’s exact test.
cOne patient to whom EORTC criteria were not applicable had HIV and a CD4 count of 14 cells/ml, and pretest
amphotericin B had a true positive detection of A. fumigatus by PCR only; all other results for patients in this
category were clinically thought to reflect bystanders/colonizers.
dND, not determined.

FIG 2 Turnaround times to final results for local patients. Turnaround times were determined for
local patients receiving PCR (n = 66) and culture (n = 71) and were stratified by positive and negative
results. Error bars represent median and IQR. The positive PCR median TAT, 137.9 h (n = 29), was
faster than the median for final positive culture, 278.5 h (n = 28; P , 0.0001). Negative PCR median
TAT, 100.5 h, was faster than the positive PCR median TAT (P = 0.0049), negative culture median TAT
(698.6 h [P , 0.0001]), and positive culture median TAT (P , 0.0001). Tests for significance included
Mann-Whitney rank sum test and Kruskal-Wallis test to detect different medians across groups
(P , 0.0001).

Lieberman et al. Journal of Clinical Microbiology

November 2021 Volume 59 Issue 11 e00955-21 jcm.asm.org 4

https://jcm.asm.org


those assays. Fungal PCR yielded final results faster than culture (Fig. 2), with a median
positive PCR TAT of 137.9 h (interquartile range [IQR], 113.3 to 158.6 h) and a positive
culture TAT of 278.5 h (IQR, 209.5 to 494.0 h; P , 0.0001). Similarly, for negative PCRs
and cultures, the median TATs were 100.5 h (IQR, 83.2 to 130.0 h) and 698.6 h (IQR
689.1 to 715.1 h), respectively (P , 0.0001). Fifteen cultures with outlier TATs of
.300 h were identified, six of which required sequence-based identification (see the
Supplemental Results).

Recognizing that both assays can generate clinically informative preliminary results,
we manually reviewed the LIS result history for a subset of broad-range PCRs (n = 237)
and positive cultures (n = 109) to identify TAT to the first clinically actionable, prelimi-
nary result (Fig. 3). Preliminary results from culture were reported, at least to the genus
level, for 99 of 109 positive cultures, with the majority reported as “mold identified” or
“yeast identified” with further identification pending additional incubation and bio-
chemical testing (yeasts) or sequence-based identification (molds). In contrast, positive
fungal PCRs identified organism taxonomy, usually to the species or species complex
level, in all 99 positive tests. The median TAT for preliminary result by PCR was 94.5 h
(IQR, 60.0 to 117.9 h). Positive and negative PCRs had similar preliminary TATs, 95.0 h
(IQR, 62.5 to 117.9 h) and 93.1 h (IQR, 52.4 to 116.1 h), respectively. Median preliminary
TATs for PCR performed on FFPE (96.1 h; IQR, 72.5 to 120.3 h) and fresh tissue (93.2 h;
IQR 52.4 to 115.6 h) were not statistically different from each other (P = 0.1593 [Fig. 3]).
The median preliminary TAT for positive cultures was 108.8 h (IQR, 66.5 to 209.8 h) and
was slower than PCR (P = 0.0009 [Fig. 3]).

Diagnostic yield of fungal testing. To evaluate the success of fungal PCR and con-
ventional fungal culture in diagnosing clinically assessed disease, we next conducted
chart review of the 54 local patient encounters (52 patients; all specimen collections/
encounters .3 weeks apart) which resulted in paired patient specimens being submit-
ted for fungal PCR and culture-based testing. Forty-six patients (88.4%) were markedly
immunocompromised: 41 had hematopoietic neoplasms, 1 presented with AIDS (CD4
count 14 cells/ml), and 2 were solid-organ transplant patients (Table S2). Three addi-
tional patients had diabetes mellitus type 2 without other immunocompromise, one

FIG 3 Turnaround time to first actionable preliminary result. Shown are the number of hours (TAT)
from specimen receipt to first reporting of a positive cultures (n = 109) and preliminary result for PCR
(n = 237). Red dots represent positive results; blue dots represent negative results. Median preliminary
TATs were 108.8 h for culture and 94.5 h for PCR (P = 0.0009, Mann-Whitney Test). Median preliminary
TATs for positive and negative PCR preliminary results were similar at 95.0 h (IQR, 62.5 to 117.9 h) and
93.1 (52.4 to 116.1 h). The median preliminary TAT for PCR performed on fresh tissue (n = 179) was not
significantly different from that of PCR on FFPE (n = 96.1; P = 0.1593). Error bars show median and
interquartile range.
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had a solid neoplasm, one had well-controlled HIV, and one presented with a nasal
lesion due to oxymetazoline hydrochloride (Afrin) use (Table S2). For chart review,
patients were stratified by pretest probability of fungal detection by EORTC criteria for
fungal infections (Table 1; full results in Table S1): 21 were classified as having proven
IFI, 26 were classified as having possible or probable IFI, and there were 5 for whom
EORTC criteria did not apply (Table 1 and Table S2).

The first result for all specimens was either a direct fungal stain, performed by pro-
tocol as part of the fungal culture assay in all cases (n = 54), or an intraoperative pa-
thology consult (“frozen section”) performed in a subset of cases when requested by
surgeons (n = 36). Direct stain was positive in 18 cases (33.3%), while intraoperative pa-
thology consult (frozen section) was positive in 19 (52.7%) (Table S2). Either direct stain
or frozen section was positive in 26 cases (48.1%), and 1 false-positive case, a frozen
section, was identified (Table S2). Stain results were reported as fungal elements, fun-
gal hyphae, or yeast given the known risks of major diagnostic errors identifying fungi
in situ by morphology (9, 10). For one frozen section, further classification was attempted
and erroneously described Fusarium as suggestive of a mucormycete based on morphol-
ogy (Table S2, case 40). Positive percent agreement (PPA) for both staining methods with
PCR and culture was high, usually.90% (Fig. 4), but between the two staining methods it
was 57.9% (n = 36 [Fig. 4]). Notably, negative percent agreement (NPA) for either staining
method with culture or PCR was low (,70%).

PCR detected an organism in 36 cases (66.7%), and culture was positive in 29 cases
(53.7%) (Table 1). Although positivity rates for PCR and culture were not different in
this cohort (P = 0.2381), both rates were significantly higher than aggregate positivity
rates for culture (13.7%; P, 0.0001) or PCR (37.1%; P, 0.0001) alone. PCR detected an
organism in 11 cases for which both direct stain and frozen section were negative
(20.4%) and did not detect an organism in 1 case for which yeast was seen on direct
stain, although the organism was not thought to contribute to the patient’s pathology
(Table S2, case 39). Culture detected an organism in 7 cases where both staining meth-
ods were negative (13.0%) and could not recover an organism in 4 stain-positive cases:

FIG 4 Test concordance across stain, frozen section, culture, and PCR. Contingency tables compare categorical results (pos/neg) for culture
and direct stain (A), broad-range fungal PCR and direct stain (B), fungal culture with frozen section (C), broad-range fungal PCR and frozen
section (D), fungal culture and both direct stain and frozen section performed in tandem (E), broad-range fungal PCR and both direct stain
and frozen section performed in tandem (F), broad-range fungal PCR and fungal culture (G), and direct stain and frozen section (H). *, one
false-positive frozen section result was reported.
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3 positive by frozen section and 1 positive by direct stain, all four of which were also
positive by PCR (Fig. 4 and Table S2). Three polyfungal cases were detected by culture,
one of which was also determined to be polyfungal by broad-range PCR (DNA of dis-
tinct organisms detected in different amplified loci).

To estimate each assay’s sensitivity and specificity for detection of clinical disease,
we extracted from chart review the final posttest clinical assessment of whether the
patient’s pathology was driven by a fungal infection (true clinical case), nonfungal
infection, or noninfectious process (Table S2). The consensus diagnosis documented
by the clinical team(s) integrated assessment of all laboratory, histopathology, and ra-
diographic findings with the patient’s disease course. By this metric, broad-range PCR
had a sensitivity of 85.0% (95% CI, 70.1 to 94.3%) and culture had a sensitivity of 67.5%
(95% CI, 50.9 to 81.4%; P = 0.1136), while the specificity of either assay alone was
85.7% (95% CI, 57.2 to 98.2% [Fig. 5 and Fig. S2]). The sensitivity of culture performed
jointly in combination with PCR was 90.0% (95% CI, 76.3 to 97.2%) if a positive result
from either test was accepted. The specificity of such biphasic testing was 78.5% (95%
CI, 49.2 to 95.3%). Notably, the sensitivity of culture combined with PCR was signifi-
cantly higher than that of culture performed alone (P = 0.0269) but not different from
that of PCR alone (P = 0.7370). The specificity of biphasic testing did not differ signifi-
cantly from that of using either assay alone (P = 1.0 [Fig. 5 and Fig. S2]). Overall percent
agreement between PCR and culture was 75.9%, with PPA of 89.7% and NPA of 60.0%
(Fig. 5 and Fig. S2). In comparison to that of PCR, culture, or biphasic testing with PCR
and culture performed jointly, the sensitivity of direct stain was much lower, 45.2%
(95% CI, 29.9 to 61.3% [Fig. 5 and Fig. S2]). The sensitivity of frozen section, 67.9% (95%
CI, 47.7 to 84.1%), was also less than that of the combination of PCR and culture (Fig. 5
and Fig. S2). Although the specificities were 100% (95% CI, 73.5 to 100%) for stain and
87.5% (95% CI, 47.4 to 99.7%) for frozen section (Fig. 5), both methods lacked precision
in organism identification. The sensitivity and specificity for performing both stains in
tandem and accepting a positive result from either test were 78.6% (95% CI, 59.1 to
91.7%) and 87.5% (95% CI, 47.4 to 99.7%), respectively.

Clinical impact of fungal PCR results. Based on chart review, PCR was the primary
driver of a change in the clinical management of nine cases. Broad-range PCR was the

FIG 5 Estimated sensitivity and specificity of PCR, culture, and stains. Contingency tables compare categorical results (pos/neg) to final
clinical diagnosis for broad-range fungal PCR (A), fungal culture (B), tandem submission of both broad-range fungal PCR and fungal culture
(C), direct stain of specimens submitted for culture (D), frozen section results (E), and tandem submission of both frozen section and direct
stain (F). Shown is the number of cases, N, with assay performed in the upper left of each table. Estimated sensitivity (Sensi.) and specificity
(Speci.) are reported in each table, with corresponding 95% confidence intervals (percent) reported below. *, one frozen section erroneously
suggested mucormycete morphology in a case of Fusarium infection.
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sole assay to identify a pathogen in seven cases, and in two additional cases it identi-
fied the pathogen faster than culture (Table S3). Conversely, culture detected two true
positives missed by PCR. Out of 10 cases with discordant PCR and culture results, nine
patients were immunocompromised and one had end-stage renal disease, ethanol
abuse, and anemia on admission (patient 51 [Table S2]). Of the 13 negative cultures
which were adjudicated as false negatives by the clinical assessment, 9 were for patients
who had prior antifungal exposure. Of the six false-negative broad-range fungal PCRs, four
were for patients who had prior antifungal exposure and two originated from the same
patient with persistent sinus aspergillosis (patient 6 [Table S2]). In three cases, culture, PCR,
or both assays detected organisms in nonimmunocompromised patients (patients 13, 39,
and 50) that were deemed by the clinical team to represent bystanders/colonizers or
superinfection and which led to de-escalation or nonescalation of therapy. Cumulative
mortality in the chart reviewed cohort was 51.9%, including a 30-day (from testing) mortal-
ity rate of 15.4% and cumulative 1-year mortality rate of 36.5% (Fig. S3). Fungal infection
was a significant factor in the deaths of 8 of 11 patients who died within 60 days from test-
ing (21.2% [Table S3]).

DISCUSSION

Laboratory stewardship for molecular microbiology testing has emerged as an im-
portant consideration in clinical practice, with the goal of maximizing diagnostic yield
while reducing both unnecessary testing and costs of patient care. Past studies have
reported heterogeneous estimates of the clinical yield and positivity rates of broad-
range fungal PCR. Comparing prior literature can be challenging, as some studies have
included specimens from diverse anatomic sites and patient populations (7, 12) and
consequently may be confounded by variations in pretest probability of infection and
other preanalytical factors. Similarly, analytical differences may be due to variation in tar-
get loci used by performing laboratories, such as 18S (13) or 28S (6) ribosomal genes. This
study sought to elucidate optimal application of broad-range fungal PCR in a single ana-
tomic site at risk for fungal infection in immunocompromised patients. These findings
were corroborated by chart review of a subset of patients from a single institution, thereby
minimizing variation in both analytical and preanalytical parameters, like specimen han-
dling and formalin fixation.

Our results indicated that broad-range fungal PCR in sinus sites had a relatively
high positivity rate, ranging from 35.9% for sinus specimens submitted for reference
testing to 43.6% for local cases, which was significantly higher than culture positivity
(13.8% in local cases). We also observed that broad-range fungal PCR typically yielded
both final and preliminary results faster than culture and that preliminary results were
more specific from PCR than from culture. In comparison, negative fungal PCR results
were available several weeks before negative cultures were finalized, adding value in
ruling out fungal infection. Negative fungal PCR results were reported substantially
faster than positive results, indicating the additional time required to sequence and an-
alyze positive cases. Thus, an important diagnostic consideration for using PCR is added
value in ruling out fungal infection. While direct stain and frozen section are important
rapid diagnostic tools with TATs of ,1 h (17), we found that both staining methods had
limited sensitivity (Fig. 5 and Fig. S2) and could not provide meaningful taxonomic identifi-
cations (9, 10). PCR and culture consequently provide important clinical information that is
not otherwise obtainable.

In addition, the PCR positivity rate for FFPE sinus tissue (42.3%) was statistically
equivalent to that of fresh sinus tissue (34.6%). Several studies have demonstrated
equivalent diagnostic yield of broad-range PCR performed in both FFPE and fresh tis-
sue (6, 7, 12), which is surprising given that formalin induces DNA damage (18) and
can decrease diagnostic yield (19, 20). Our observation of equivalent positivity between
fresh and fixed specimens submitted for fungal PCR is consistent with these prior reports,
suggesting that a pathologist’s ability to select optimal tissue for PCR-based pathogen
detection can compensate for formalin damage to DNA.
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In order to evaluate for clinical yield and real-world assay performance, and to con-
trol for underlying differences in the patient populations assessed by culture or PCR,
we reviewed the charts of all patients from our hospital system with sinus specimens
tested by both methods in parallel. To minimize selection bias created by PCR orders
placed on FFPE after histopathological evaluation, we focused on assays initiated on
the same day. Almost all (88.5%) of those patients were immunocompromised and sig-
nificant overall mortality was observed, consistent with the hypothesis that sinus tissue
submitted for fungal PCR represents a patient population with a higher-than-average
pretest probability of invasive fungal infection.

In the focused chart review, fungal PCR was the only test to detect a pathogen in
14.9% of cases (8 of 54) and drove a change in treatment in 16.7% of cases. Similarly,
direct stain was negative in 38 and 50% of cases found positive by culture or PCR,
respectively, and frozen section was negative in ;25% of positive cultures or PCRs. In
aggregate, median TATs to final and preliminary results were faster for PCR than cul-
ture; however, chart review demonstrated that culture was also a major contributor to
management decisions. The discrepancy between aggregate and chart review TAT
data may be attributable to multiple factors. It could reflect a high frequency of infec-
tion with faster-growing molds like Aspergillus fumigatus, Fusarium spp., and mucormy-
cetes, which accounted for 11.8%, 6.9%, and 5.5% of cultured isolates identified by
chart review, respectively. Alternatively, the increasing role of isolate identification by
sequence analysis may have prolonged final culture result TAT, while adding specificity
and without delaying preliminary findings. Lastly, an increased number of slower grow-
ing fungi from lower-risk patients may not have been captured by the focused chart
review (Supplemental Results). Discordant results for PCR, culture, direct stain, and fro-
zen section were likely due to preanalytical factors, since the detected pathogens in
such cases were common organisms expected to be detected by each method.

In our cohort, two PCRs and two cultures derived from three patient cases recov-
ered fungal organisms deemed to be nonpathogens by the clinical infectious dis-
eases team. We conclude that culture and PCR are similar in detecting organisms
that are not primary drivers of pathology (e.g., colonizers/bystanders). While detec-
tion of nonpathogens in both PCR and culture is rare, their presence can be readily
interpreted by specialist clinicians, particularly in consultation with laboratorians.

Collectively, these data demonstrate that broad-range fungal PCR is an impor-
tant assay in the evaluation of patients at risk for fungal disease, that it is comple-
mentary to culture-based methods, and that the addition of PCR to culture provides
superior sensitivity to culture alone. PCR assays have limitations and are unlikely to
ever fully replace culture. For example, loci routinely sequenced from direct patient
specimens cannot resolve closely related species within taxonomic complexes or
subgenera without obtaining sequences from additional loci, as is the case with
Fusarium spp. and Aspergillus spp. (Fig. S2), and cultured isolates are required to
phenotypically determine antifungal susceptibilities. Nevertheless, our results show
that broad-range fungal PCR has demonstrated ability to detect pathogens that are
not recovered by culture, to reduce TAT, drive clinical decision-making, corroborate
culture findings, and have high yield from FFPE specimens. These findings argue
that clinicians caring for high-risk patients should submit tissue for PCR simultane-
ously with culture and/or coordinate with anatomic pathologists to ensure that
FFPE with visible fungi is promptly submitted for molecular testing when cultures
are negative or not ordered.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.3 MB.
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