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ABSTRACT Trauma-related invasive fungal wound infections (IFIs) are associated
with significant morbidity and mortality. Early identification and treatment are criti-
cal. Traditional identification methods (e.g., fungal cultures and histopathology) can
be delayed and insensitive. We assessed a PCR-based sequencing assay for rapid
identification of filamentous fungi in formalin-fixed paraffin-embedded (FFPE) speci-
mens obtained from combat casualties injured in Afghanistan. Blinded FFPE speci-
mens from cases (specimens positive on histopathology) and controls (specimens
negative on histopathology) were submitted for evaluation with a panfungal PCR.
The internal transcribed spacer 2 (ITS2) region of the fungal ribosomal repeat was
amplified and sequenced. The PCR results were compared with findings from histo-
pathology and/or culture. If injury sites contributed multiple specimens, findings for
the site were collapsed to the site level. We included 64 case subjects (contributing
95 sites) and 102 controls (contributing 118 sites). Compared to histopathology, pan-
fungal PCR was specific (99%), but not as sensitive (63%); however, sensitivity im-
proved to 83% in specimens from sites with angioinvasion. Panfungal PCR identified
fungi of the order Mucorales in 33 of 44 sites with angioinvasion (75%), whereas
fungal culture was positive in 20 of 44 sites (45%). Saksenaea spp. were the domi-
nant fungi identified by PCR in specimens from angioinvasion sites (57%). Panfungal
PCR is specific, albeit with lower sensitivity, and performs better at identifying fungi
of the order Mucorales than culture. DNA sequencing offers significant promise for
the rapid identification of fungal infection in trauma-related injuries, leading to more
timely and accurate diagnoses.

KEYWORDS invasive fungal wound infection, trauma, combat, PCR-based assay,
mucormycosis, PCR, invasive fungal infection

Given the significant morbidity and mortality associated with trauma-related inva-
sive fungal infections (IFIs) (1–3), to improve outcomes, early identification of the

causative fungus is essential. Unfortunately, however, both culture and histopathology
have limitations. Specifically, conventional cultures are delayed and insensitive, while
histopathology does not offer genus level identification (4, 5). Molecular-based meth-
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ods offer a high degree of precision related to species identification and rapid turn-
around times compared with conventional cultures.

Recent analyses have shown that fungal DNA can be efficiently amplified from
formalin-fixed paraffin-embedded (FFPE) tissue samples, with the sensitivities of assays
targeting either internal transcribed spacer (ITS) units or ribosomal (or mitochondrial)
DNA (rDNA) ranging from 38% to 89% (6–11). However, these studies have not been
performed in the setting of blast-related trauma. Soil contamination is common in this
setting, and infections are often polymicrobial, with multiple fungal species being
cultured, creating a challenge. We developed and assessed the performance charac-
teristics of a panfungal PCR-based assay for the identification of filamentous fungi in
FFPE specimens obtained during surgical debridement of blast wounds, comparing it
with culture and histopathology. We also compared panfungal PCR with seminested
PCR assays in a preplanned protocol-specified blinded analysis.

(This work was presented in part at IDWeek, 3 to 7 October 2018, San Francisco, CA
[12].)

MATERIALS AND METHODS
Study design. Data utilized for this retrospective analysis were collected through the Trauma

Infectious Disease Outcomes Study (TIDOS) (13), an observational, multicenter study focused on exam-
ining outcomes of trauma-related infections among wounded military personnel. The FFPE tissue
specimens were procured through a separate protocol approved by the Institutional Review Board of the
Uniformed Services University of the Health Sciences. Due to concerns that formalin fixation and the
resultant DNA degradation could result in reduced yield, a prespecified pilot analysis that involved
submission of 20% of blinded specimens to two laboratories (University of Texas Health Sciences Center,
San Antonio, TX [UTHSCSA], and LADR GmbH, Medizinisches Versorgungszentrum Dr. Kramer und
Kollegen, Geesthact, Germany) was conducted. The decision to move to the second phase of the study
was based on the achievement of a concordance of 60% or higher with the diagnosis obtained by
histopathology. The results are presented here.

Study population. Patients were eligible for inclusion if they sustained a trauma-related injury in
Afghanistan (June 2009 through December 2014), were admitted to a participating U.S. military hospital
(Walter Reed National Military Medical Center or Brook Army Medical Center) after transition through
Landstuhl Regional Medical Center, Germany (LRMC), and had surgical specimens available. Cases were
included only if they had positive histopathology (i.e., fungus identified either invading the vasculature
[angioinvasion] or present in tissue). A hospital-based clinical practice guideline involving the sampling
of all patients at risk for IFI was implemented in 2011 (14). Controls were identified from this population
if they had specimens submitted to assess for IFI that were negative for fungus on histopathology and
culture. Information on demographics, injury characteristics, and trauma care were obtained from the
Department of Defense Trauma Registry (15), while results of cultures and histopathology were collected
from the supplemental TIDOS infectious disease module (13).

Tissue specimens. To reduce contamination, tissue blocks were loaded in an aseptic fashion
(technicians donned sterile gloves for the procedure), DNA Away (ThermoFisher Scientific, Waltham,
MA) was used to wipe down the surface before sectioning and between samples, and sectioning was
performed with a sterile microtome. Finally, to reduce the chances of contamination, the first 5-�m
section of the block was discarded. Sections (5 to 20 �m thick) were cut and shipped to the
laboratories overnight in sterile cryovials. Both laboratories were blinded to the culture and
histopathology results.

PCR-based assays. The panfungal PCR-based assay was developed by the Advanced Nucleic Acid
Core Facility at UTHSCSA and was prespecified as the default assay to be used on all specimens. For
DNA extraction, five paraffin sections were transferred to a 2.0-ml screw-cap tube (Sarstedt,
Numbrecht, Germany), pelleted briefly in a microcentrifuge at low speed, and prepared according to
the manufacturer’s instructions with modifications. Briefly, 400 �l of incubation buffer containing
2 mg/ml proteinase K (Maxwell 16 FFPE Tissue LEV DNA purification kit; Promega, Inc., Madison, WI)
was added to each specimen, followed by incubation of samples in a 70°C water bath overnight.
After incubation, 100 �l (vol/vol) 0.5-mm glass beads (BioSpec Products, Inc., Bartlesville, OK) was
added to each tube. The tubes were agitated on a bead beater (BioSpec) for 1 min at maximum
speed and then spun in a microcentrifuge at maximum speed for 1 min. The supernatants were
transferred to a new, sterile 2.0-ml screw-cap tube, taking care not to carry over beads or debris. Two
times the supernatant volume of Maxwell 16 FFPE Tissue LEV DNA purification kit lysis buffer was
added to each tube and mixed by brief vortexing. Samples were stored overnight at room
temperature, but not refrigerated, or were processed immediately. The DNA was purified from the
samples using a Maxwell 16 automated DNA extraction instrument (Promega) according to the
manufacturer’s instructions. After purification, samples were measured for DNA content with a
NanoDrop spectrophotometer (ThermoFisher, Grand Island, NY).

For fungal identification using a panfungal PCR assay, template DNA was amplified using the primers
ITS3 (5=-GCATCGATGAAGAACGCAGC-3=) and ITS4 (5=-TCCTCCGCTTATTGATATGC-3=) to amplify the ITS2
region in the fungal ribosomal-DNA locus, as previously described (16). These primers yield amplicons
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�350 to 390 bp in length, depending on the species. Sequences were used for a BLAST search of
GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi), and identities of �97% were required for identification
to the species level (16). Additional PCR and sequencing were performed when needed for species
confirmation; if BLAST results yielded low identities (17); when yields, as determined by gel electropho-
resis, were low; or when sequence identity was poor due to sequence quality.

LADR used accredited in-house seminested PCR assays (18) targeting the mitochondrial DNA of
Aspergillus spp., the 18S ribosomal DNA of molds belonging to the order Mucorales, and the ITS/28S
region of members of the genus Fusarium. The primers AM 1 (5=-CTTTGGTTGCGGGTTTAGGGATT-3=) and
AM 2 (5=-GGGAGTTCAAATCTCCCTTGGG-3=) amplify a 201-bp fragment complementary to positions 938
to 738 of an Aspergillus fumigatus sequence (GenBank accession number L37095). The second round,
using primers AM 1 and AM 3 (5=-GAAAGGTCAGGTGTTCGAGTCAC-3=), amplifies a 135-bp seminested
product used for species identification by sequencing. Primers ZM 1 (5=-ATTACCATGAGCAAATCAGA-3=)
and ZM 2 (5=-TCCGTCAATTCCTTTAAGTTTC-3=) amplify a 407- or 408-bp fragment of the 18S ribosomal
DNA corresponding to positions 722 to 1129 in the genus Cunninghamella (GenBank accession number
AF113421) or 711 to 1096 in Rhizopus spp. (AF113440). Using primers ZM 1 and ZM 3 (5=-CAATCCAAG
AATTTCACCTCTAG-3=) in the second round amplifies a 176- or 177-bp product used for genus identifi-
cation (19). Whereas the variability within the targeted region is high enough to distinguish genera, it is
too low to discriminate species within a genus. For Fusarium spp., a PCR assay utilized FUS I (P58SL) and
FUS II (P28SL) primers (5=-AGTATTCTGGCGGGCATGCCTGT-3= and 5=-ACAAATTACAACTCGGGCCCGAGA-
3=, respectively) to amplify a 357-bp DNA sequence within the ITS/28S region in Fusarium spp. (20). The
FUS I primer is complementary to positions 329 to 351, and FUS II is complementary to positions 685 to
662 (GenBank accession number L36634). To increase the sensitivity of the Fusarium PCR assay, a third
primer, FUS III (5=-CCGTTACTGAGGCAATCCCTGTT-3=), was constructed. The seminested product of FUS
I and FUS III is 296 bp long. The PCR conditions and processes were identical to the ones used for
Aspergillus sp.- and Mucorales-specific PCRs (19). Nested-PCR products were sequenced as previously
described (19). A PCR assay was considered positive if the product obtained from the Aspergillus sp. PCR
was identical to an Aspergillus sp. sequence in GenBank. In addition, a PCR assay was positive if the
product amplified by Mucorales PCR showed 100% homology to an 18S rDNA sequence of a genus in
the order Mucorales or if the product of the Fusarium PCR showed 100% sequence identity to a fungal
genus. Except for a single nucleotide position, Apophysomyces and Saksenaea have identical nested
products in the Mucorales PCR. Therefore, because the difference is too small to discriminate (we cannot
exclude the possibility of an error of the polymerase of a 1-nucleotide difference out of 900 nucleotides),
the results were identified as Apophysomyces/Saksenaea sp.

Statistical analysis. Subject characteristics were compared using Fisher’s exact test or a chi-square
test (as appropriate) for categorical variables and a Wilcoxon rank sum test for continuous variables. P
values of �0.05 were considered statistically significant.

The PCR findings were assessed for concordance with the results of culture and histopathology. Since
a subject could have more than one wound and these wounds were often debrided multiple times, each
subject could contribute more than one specimen from the same or different injury sites. All analyses
were performed at the injury site level; if multiple specimens were obtained from an injury site, the
findings were pooled and analyzed. Specimens were defined as negatives, where the only fungi
identified were common skin or environmental contaminants, such as Malassezia spp. (see Table S1 in
the supplemental material) (21).

Measures of concordance/agreement between PCR findings and both conventional cultures and
histopathology were calculated using Cohen’s kappa coefficient. McNemar’s test statistic was also used
to assess concordance between PCR findings and histopathology. Results were considered concordant
if there was a match for a fungus. Diagnostic performance parameters assessing the PCR-based assay
against histopathology were calculated as previously described (22).

Results for the subset of IFI case specimens that had both seminested and panfungal PCR assays were
compared and are presented. For measures of concordance between the panfungal and seminested
PCR-based assays, specimens identified as Apophysomyces elegans were included with Saksenaea spp., as
the target sequences of the LADR Mucorales PCR assay were identical.

Data availability. All relevant data are provided within the paper and its supporting documentation.

RESULTS
Study population. A total of 64 case and 102 control subjects were identified. Case

subjects had a greater proportion of blast injuries (97% versus 80%; P � 0.002) and
higher injury severity scores (23) (median, 42 versus 26; P � 0.0001), required more
blood transfusions during the day following injury (median number of units, 32 versus
10; P � 0.0001), and had more traumatic above-knee amputations (59% versus 21%;
P � 0.0001) than controls (Table 1). These characteristics are all well-described risk
factors for IFI (24).

The 64 case subjects contributed 171 specimens from 95 injury sites, with fungal
cultures available for 87 sites (92%). The 102 controls had 128 specimens collected from
118 injury sites.

Analysis of FFPE specimens with positive histopathology using panfungal PCR.
Based on histopathology, injury sites were categorized into two groups: sites exhibiting
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angioinvasion (n � 48) and those with fungus present in tissue but no angioinvasion
(i.e., nonvascular-tissue invasion) (n � 47) (Fig. 1). PCR failed to detect fungal DNA in 35
sites (8 with angioinvasion and 27 with nonvascular-tissue invasion). When restricted to
60 sites with fungal DNA detection, fungi from the order Mucorales were identified
from 36 sites with angioinvasion (90% of 40 sites) and 10 sites with nonvascular tissue
invasion (50% of 20 sites), respectively. Saksenaea spp. were present either alone or in
combination in specimens from 26 (65% of 40) sites with angioinvasion and 4 (20% of
20) sites with nonvascular-tissue invasion. Other fungi from the order Mucorales
detected included Apophysomyces spp. (eight sites), Actinomucor spp. (six sites), Rhizo-
pus spp. (three sites), and Mucor spp. (two sites). Aspergillus spp. were identified in
specimens from seven (18% of 40) sites with angioinvasion and four (20% of 20) sites
with nonvascular-tissue invasion; Aspergillus flavus was predominant (seven sites). A low
proportion of Fusarium spp. were also identified (six sites). Other organisms were also
detected, including Acrophialophora nainiana, Beauveria bassiana, Chaetomium mu-
rorum, Pyrenochaetopsis spp., Pythium aphanidermatum, Rasamsonia argillacea, Sce-
dosporium spp., and Ustilago spp. (see Table S2 in the supplemental material for full
species data).

Comparison of panfungal PCR with culture-based results among cases. Of the
95 injury sites, 87 had culture data available (Table 2). Fungi grew from cultures of 68
sites (78%). Fungi belonging to the order Mucorales were grown from 31 (46%) of the

TABLE 1 Characteristics of trauma patients with tissue specimens analyzed by PCR-based assays

Characteristica Case patientsb (n � 64) Controlsb (n � 102) P valuef

Male [no. (%)] 64 (100) 102 (100) NA
Afghanistan operational theater [no. (%)] 64 (100) 102 (100) NA
Blast injury [no. (%)] 62 (96.9) 82 (80.4) 0.002
Dismounted injuryc [no. (%)] 49 (94.2) 76 (85.4) 0.168

Injury severity score [median (IQR)] 42 (33–57) 25.5 (18–33) �0.0001
1–9 (mild) [no. (%)] 0 3 (2.9) �0.0001
10–15 (moderate) [no. (%)] 0 11 (10.8)
16–25 (severe) [no. (%)] 2 (3.1) 37 (36.3)
�26 (critical) [no. (%)] 62 (96.9) 51 (50.0)

Blood (RBC) units 24 h postinjury [median (IQR)] 32 (23–44) 10 (5–19) �0.0001
Zero [no. (%)] 0 2 (2.2)d �0.0001
1–9 [no. (%)] 4 (6.3) 40 (43.0)
10–20 [no. (%)] 6 (9.4) 32 (34.4)
�20 [no. (%)] 54 (84.4) 19 (20.4)

Traumatic amputationse [no. (%)]
Above knee 38 (59.4) 21 (20.6) �0.0001

Bilateral above knee 9 (14.1) 5 (4.9) 0.039
Amputation plus serious injury to opposite limb 31 (48.4) 16 (15.7) �0.0001

Perineal, GU injury, or abdominal injury [no. (%)] 61 (95.3) 63 (61.8) �0.0001
Colostomy [no. (%)] 20 (31.3) 3 (2.9) �0.0001
LRMC SOFA [median (IQR)] 11 (6–13) 3 (2–8) �0.0001
U.S. hospital SOFA [median (IQR)] 8 (4–12) 1 (0–2) �0.0001

Mechanical ventilation [no. (%)] �0.0001
None 11 (17.2) 63 (61.8)
LRMC only 7 (10.9) 20 (19.6)
LRMC and U.S. hospital �1 wk 46 (71.9) 17 (16.7)
LRMC and U.S. hospital �1 wk 0 2 (2.0)

aGU, genitourinary injury; RBC, red blood cell; SOFA, sequential organ failure assessment.
bCase patients were those with histopathology positive for fungal nonvascular-tissue invasion or angioinvasion; controls were patients with histopathology that did
not identify any fungal elements.

cDismounted refers to being on foot patrol. Mounted status was missing for 12 case patients and 13 controls. Percentages and P values are based on total minus
missing.

dBlood information was missing for nine controls. Percentages and P values are based on total minus missing.
ePatients may have had more than one type of traumatic amputation, so the categories are not mutually exclusive.
fNA, not applicable.
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68 sites, with Saksenaea spp. the predominant fungi (8 sites). Rhizopus spp., Actinomu-
cor spp., and Apophysomyces spp. were grown from four, three, and one site, respec-
tively. Twenty-four sites had Aspergillus sp. growth, with A. flavus and Aspergillus terreus
grown in 12 and 10 sites, respectively.

In a comparison of PCR and culture findings, PCR identified fungi of the order
Mucorales in 43 of 87 sites (49%), compared to 31 of 87 sites (36%) grown from culture
(Table 2). Specimens from 21 injury sites were concordant regarding detection of fungi
from the order Mucorales (kappa coefficient, 0.262) compared to 9 and 3 injury sites for
Aspergillus spp. and Fusarium spp. Findings were similar when the injury sites were
restricted to those with a concomitant culture collected (i.e., within 24 h of specimen
collection [n � 77]) (Table 2).

The PCR-based assay failed to detect fungal DNA in specimens from 30 of the sites
that had cultures collected (7 sites with angioinvasion and 23 sites with nonvascular-
tissue invasion), and 19 of the sites exhibited growth on culture. Specifically, nine sites
(four with angioinvasion and five with nonvascular-tissue invasion) that had false-
negative PCR findings had culture growth of fungi from the order Mucorales, while six
and five sites grew Aspergillus spp. and Fusarium spp., respectively (three sites grew
combinations of Mucorales plus Aspergillus or Fusarium, and two sites grew other
fungi).

When examining the 44 injury sites with evidence of angioinvasion (excluding 4
sites where a culture was not collected), both PCR and culture identified/grew fungi
from 37 sites, with 31 concordant at the genus level (Table 3). PCR detected fungi from
the order Mucorales at a greater frequency than culture (75% versus 46%; kappa

FIG 1 Flow diagram of PCR findings from sites with positive histopathology. a, sites may grow more than one fungus, so totals may sum to more than the
number of sites. b, fungi other than members of the order Mucorales, Aspergillus spp., or Fusarium spp. were identified from eight sites with angioinvasion and
four sites with nonvascular-tissue invasion.
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coefficient, 0.087) while detecting Aspergillus spp. at a lower frequency (16% versus
30%; kappa coefficient, 0.370).

(i) Performance characteristics of panfungal PCR-based assay. Performance
characteristics were determined by comparing PCR findings with histopathology (see
Table S3 in the supplemental material). Fungal DNA was detected in specimens from 60
histopathology-positive sites, resulting in sensitivity of 63.2% (Table 4; see Table S3).
Specificity was calculated to be 99.2% based upon identification of one false-positive
result. The positive predictive value of the PCR-based assay was calculated to be 98.4%,
while the negative predictive value was 77.0%.

The PCR findings restricted to sites with angioinvasion (n � 48) were examined (see
Table S3). The specificity of the PCR-based assay remained at 99.2%; however, the
negative predictive value increased to 93.6%, and the false-negative rate decreased to
16.7% (Table 4).

(ii) Comparison of panfungal and seminested PCR assays. Sixty-seven specimens,
of which 5 were specimens from nontrauma patients (true negatives) and 62 were
histopathology positive (21% of the specimens assessed by UTHSCSA), were sent to
LADR for analysis with seminested assays and compared to findings of the panfungal
PCR (see Table S4 in the supplemental material). While the panfungal PCR failed to
detect fungal DNA in 15 (24%) of the 62 specimens, fungal DNA was not identified in
6 specimens (10%) using the seminested assays. Overall, the results were not concor-
dant (kappa coefficient, 0.171) for identification of fungi at the genus level. Neverthe-
less, concordance improved with fungi of the order Mucorales (kappa coefficient,
0.494). Assessment of specimens from sites with angioinvasion produced similar results
(see Table S3).

DISCUSSION

The results of our study (the largest to date in patients with trauma-associated IFIs)
demonstrate that even in the setting of blast wounds, where environmental contam-
ination is common (25–27), it is possible to amplify fungal DNA from FFPE specimens

TABLE 2 Comparison of molecular-sequencing results with fungal culture in all specimens with any positive histopathology
(angioinvasion or nonvascular-tissue invasion)a

Growth of filamentous fungi

Resultsb

Kappa coefficient [median (IQR)]Culture PCR Concordant

Cultures collected (87 sites) [no. (%)]
No fungi 19 (21.8) 30 (34.5) 11 (12.6) 0.248 (0.039–0.457)
Any fungi 68 (78.2) 57 (65.5)
Fungi identified at genus levelc 63 (72.4) 57 (65.5)

Order Mucorales 31 (35.6) 43 (49.4) 21 (24.1) 0.262 (0.067–0.457)
Saksenaea spp. 8 (9.2) 31 (35.6) 5 (5.7) 0.129 (�0.039–0.298)

Aspergillus spp. 24 (27.6) 12 (13.8) 9 (10.3) 0.387 (0.169–0.605)
Fusarium spp. 15 (17.2) 6 (6.9) 3 (3.5) 0.208 (�0.050–0.466)

Cultures collected within 24 h of histopathology
specimen collection (77 sites) [no. (%)]

No fungi 22 (28.6) 29 (37.7) 14 (24.7) 0.332 (0.115–0.549)
Any fungi 55 (71.4) 48 (62.3)
Fungi identified at genus leveld 50 (64.9) 48 (62.3)

Order Mucorales 25 (32.5) 37 (48.1) 20 (26.0) 0.421 (0.227–0.614)
Saksenaea spp. 7 (9.1) 26 (33.8) 5 (6.5) 0.187 (�0.004–0.377)

Aspergillus spp. 14 (18.2) 8 (10.4) 5 (6.5) 0.371 (0.093–0.650)
Fusarium spp. 8 (10.4) 3 (3.9) 0 �0.060 (�0.112–0.008)

aInjury sites were restricted to those that also had a culture collected. By definition, control specimens did not have any histopathology or culture evidence of a
fungal infection, so data from control patients are not included.

bThe PCR specimens were collected only from U.S. hospitals; however, cultures were collected at various time points and at different facilities. Analysis was restricted
to subsets of injury sites with tissue specimens for histopathology and cultures collected from the same injury site at Landstuhl Regional Medical Center or U.S.
hospitals (n � 87) and within 24 h of histopathology specimen collection (n � 77). Categories are independent of each other. Percentage for concordance was
calculated using the total number of sites (n � 87 or 77).

cExcludes Mycelia sterilia and fungi classified as “not otherwise specified.” Three sites with fungal culture results classified as “zygomycetes” were also excluded.
dExcludes five sites with fungal culture results classified as “zygomycetes.”
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with a high degree of specificity (99%), albeit with lower sensitivity (63%). However, the
sensitivity is comparable to that in studies using other PCR-based assays (6–11).
Panfungal PCR performed better on FFPE specimens with documented angioinvasion
(sensitivity, 83%; negative predictive value, 94%). One potential explanation for the
reduced yield in specimens without angioinvasion could be related to the timing of
collection. We strategically avoided inclusion of early specimens, as soil and debris
introduced at the time of the injury could have resulted in identifying fungi that were
contaminants. Case specimens were collected at U.S. hospitals, and wounds at that time
point had generally undergone a median of two debridements, usually once in Af-
ghanistan and once at LRMC. These debridements may have reduced the fungal
burden and yield, especially in specimens without angioinvasion. Our findings may
have also been impacted by the specimen age; specimens were collected a median of
5.5 (interquartile range [IQR], 4.8 to 6.1) years prior to analysis, leading to reduced yield
due to DNA fragmentation (28). Historically, FFPE specimens have been challenging for

TABLE 3 Comparison of molecular-sequencing results with fungal culture in specimens with histopathologic evidence of angioinvasion onlya

Growth of filamentous fungi

Resultsb

Kappa coefficient [median (IQR)]Culture PCR Concordant

Cultures collected (44 sites) [no. (%)]
No fungi 7 (15.9) 7 (15.9) 1 (2.3) �0.019 (�0.304–0.266)
Any fungi 37 (84.1) 37 (84.1)
Fungi identified at genus levelc 35 (79.6) 37 (84.1)

Order Mucorales 20 (45.5) 33 (75.0) 16 (36.4) 0.087 (�0.154–0.327)
Saksenaea spp. 6 (13.6) 25 (56.8) 4 (9.1) 0.049 (�0.130–0.228)

Aspergillus spp. 13 (29.6) 7 (15.9) 5 (11.3) 0.370 (0.069–0.670)
Fusarium spp. 11 (25.0) 2 (4.6) 2 (4.5) 0.250 (�0.039–0.539)

Cultures collected within 24 h of histopathology
specimen collection (41 sites) [no. (%)]

No fungi 6 (14.6) 8 (19.5)d 1 (2.4) �0.029 (�0.316–0.257)
Any fungi 35 (85.4) 33 (80.5)
Fungi identified at genus levele 32 (78.1) 33 (80.5)

Order Mucorales 18 (43.9) 28 (68.3) 15 (35.6) 0.253 (�0.004–0.510)
Saksenaea spp. 5 (12.2) 20 (48.8) 4 (9.8) 0.155 (-0.049–0.359)

Aspergillus spp. 6 (14.6) 5 (12.2) 3 (7.3) 0.476 (0.084–0.868)
Fusarium spp. 6 (14.6) 1 (2.4) 0 �0.044 (�0.119–0.032)

aInjury sites were restricted to those that also had a culture collected. By definition, control specimens did not have any histopathology or culture evidence of a
fungal infection, so data from control patients are not included.

bThe PCR specimens were collected only from U.S. hospitals; however, cultures were collected at various time points and at different facilities. Analysis was restricted
to injury sites with observed angioinvasion and cultures collected from the same injury site at Landstuhl Regional Medical Center or U.S. hospitals (n � 44) and
within 24 h of histopathology specimen collection (n � 41). Categories are independent of each other. Percentage for concordance was calculated using the total
number of sites (n � 44 or 41).

cExcludes Mycelia sterilia and fungi classified as “not otherwise specified.” One site with fungal culture results classified as “zygomycetes” was also excluded.
dInjury sites might have had more than one specimen collected, and if so, the results were collapsed to the site level. One subject with two specimens from one
injury site had one of the specimens excluded after the restriction of having a culture collected within 24 h was applied. The specimen excluded was positive for
fungal growth (Aspergillus spp. and Saksenaea spp.), while the included specimen was negative.

eExcludes three sites with fungal culture results classified as “zygomycetes.”

TABLE 4 PCR-based assay performance compared to histopathology

Parameter

PCR results for specimens from sites with:

Any histopathologya

(n � 95)
Angioinvasion
(n � 48)

Sensitivity [% (95% CIb)] 63.2 (52.6–72.8) 83.3 (69.8–92.5)
Specificity [% (95% CI)] 99.2 (95.4–99.9) 99.2 (95.4–99.9)
Positive predictive value [% (95% CI)] 98.4 (89.4–99.8) 97.6 (85.0–99.7)
Negative predictive value [% (95% CI)] 77.0 (72.0–81.3) 93.6 (88.6–96.5)
False-positive rate (%) 0.8 0.8
False-negative rate (%) 36.8 16.7
Positive likelihood ratio 75.8 98.3
Negative likelihood ratio 0.37 0.17
aIncludes both angioinvasion and nonvascular-tissue invasion.
bCI, confidence interval.
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sequencing-based diagnostics (8). Cutting and extraction methods in the analysis were
standardized and automated, keeping contamination to a minimum and contributing
to the observed high specificity.

Consistent with prior results, fungi from the order Mucorales were the primary
pathogenic agents (29, 30). Saksenaea spp. were identified in over half of the cases with
documented angioinvasion, and in combination with fungi of the genus Apophysomy-
ces, they accounted for two-thirds of the cases. This outcome is consistent with data
reported from the Indian subcontinent, where these injuries occurred, which frequently
link fungi of the two closely related genera Apophysomyces and Saksenaea with
trauma-associated IFIs (31). Further, Apophysomyces trapeziformis was identified from all
patients examined following the EF-5 tornado in Joplin, MO (2). In contrast, molds
causing mucormycosis in immunocompromised patients belong to (in decreasing
order) Rhizopus spp. (53%), Mucor spp. (16%), Rhizomucor spp. (6%), and Lichtheimia
spp. (6%) (32).

There are limitations to the use of panfungal PCR or culture as standalone diagnos-
tics. Reliance on culture alone may have resulted in unfavorable outcomes, as it was
insensitive at detecting fungi from the order Mucorales. Tissue preparation for culturing
typically destroys the ribbon-like hyphal elements of fungi belonging to the order
Mucorales, reducing growth (33). To improve recovery of mucormycetes, our laboratory
did not grind tissue, but rather used a stomacher (Seward Laboratory Systems, Inc.,
Bohemia, NY) to stomach the specimens for 1 min before inoculating them into media.
Further, current culture methods fail to mimic physiologic conditions required for
fungal growth, thereby decreasing yield. This is especially true for Saksenaea spp. and
Apophysomyces spp., which fail to sporulate well in routine fungal media (34), whereas
reliance on panfungal PCR alone would have failed to identify fungi of the genera
Aspergillus and Fusarium when there was growth. Specifically, A. terreus was grown from
10 sites using conventional culture, while it was identified from only 2 sites using
panfungal PCR. As A. terreus is resistant to amphotericin B, identification of the fungus
is important to direct treatment. Thus, despite the significant potential of the panfungal
PCR, a PCR platform with high sensitivity for both fungi of the order Mucorales and
Aspergillus spp. is needed to help guide treatment in trauma-related IFIs. Use of PCR on
fresh tissue likely would improve sensitivity due to omission of formalin and paraffin in
the specimens, which reduce yield due to DNA fragmentation.

In a random sample of 62 specimens, seminested PCR assays had improved ability
to identify fungal organisms, including Fusarium spp. and Aspergillus spp. There are a
few potential explanations for the varied results obtained with the seminested and
panfungal PCR assays, including differences in extraction methods. Specifically, an
additional boiling step to antagonize the protein-complexing effect of formalin was
used with the seminested PCRs. Boiling results in release of proteins, and the amount
of protein found in the supernatant correlates with the duration of boiling (35). Since
histones around the DNA are complexed by formalin, the boiling step should increase
the amount of DNA released for amplification. Furthermore, the seminested assays that
have been developed have an increased number of amplification cycles, a total of 70
compared to 40 for panfungal PCR, resulting in improved DNA yield. Finally, as
template DNA, FFPE-amplifiable regions are often shorter due to fragmentation or
cross-linking. The shorter, nested product is advantageous; however, it limits identifi-
cation at the species level. While use of a higher number of amplification cycles and
fewer nucleotides to call a match improves the sensitivity of the seminested PCR-based
method, it might reduce the specificity of the technique. For example, DNA of spores
of ubiquitous molds within the paraffin used for embedding tissue samples might be
amplified and indistinguishable from fungal DNA within the tissue. Accordingly, based
on newly revised and updated consensus definitions of invasive fungal disease from the
European Organization for Research and Treatment of Cancer and the Mycoses Study
Group Education and Research Consortium, a positive PCR result from paraffin-
embedded tissue can be accepted only if it correlates with histopathology (36).
However, we believe that nested PCR could be a beneficial diagnostic strategy when a
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narrow spectrum of fungi is suspected. In this study, nested PCRs were targeted to the
Mucorales, Aspergilli, and Fusaria based on our prior results (29).

Accurate identification of fungi is essential for selection of appropriate antifungal
therapy. The trade-off between specificity and sensitivity is worth considering. The
decision to initiate antifungals for combat casualties is based on easily ascertainable
clinical criteria (37), not laboratory findings. Based on current practice guidelines, this
approach would involve the use of both amphotericin-based compounds and an azole
(37). Although a clinician is unlikely to withhold antifungals when a person meets
clinical criteria, a test that allows the clinician to safely withdraw antifungals is desirable
(i.e., an assay with high negative predictive value, which was noted with panfungal PCR
in specimens with angioinvasion). Nonetheless, there is a need to continue to work on
strategies that will improve sensitivity for all specimen types (both angioinvasion and
nonvascular-tissue invasion) without reducing specificity. Therefore, we intend to
examine the performance characteristics of the seminested PCR assays on controls.

There are limitations of the analysis that should be considered. The selection of the
study population from trauma patients at risk for IFI based on histopathological
evidence could have biased results relating to the predictive value of cultures. More-
over, PCR was conducted using FFPE archived tissue specimens rather than fresh tissue.
Occasionally, repeat PCRs were performed on the same sample, particularly if ampli-
cons yielded poor sequence or a bad identity that was less than 97%. This strategy
would be feasible only in a molecular laboratory with experienced personnel. To
overcome these limitations, we are currently exploring the role of probe-based assays.

Overall, our findings indicate that the panfungal PCR studied had a high degree of
specificity and moderate sensitivity for specimens with angioinvasion. Compared to
conventional cultures, the PCR-based assay was better at identifying fungi of the order
Mucorales, which is clinically relevant, as the use of culture alone to direct therapy
might have resulted in failure to use amphotericin-based compounds; however, the
technique did not perform as well at identifying fungi of the genus Aspergillus.
Although there are limitations to the panfungal PCR-based assay assessed in this
analysis, the identification of a PCR platform with high sensitivity for both fungi of the
order Mucorales and Aspergillus spp. would add to the current armamentarium for the
diagnosis of blast-related IFI. Due to species-specific differences in susceptibility to
antifungals, the availability of such a platform could better guide antifungal selection
by providing species-specific identification with rapid turnaround (38).
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