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D

uring military operations in Afghanistan, a surge in wound
invasive fungal infections (IFIs) was observed among personnel with combat-related trauma. Between 2009 and 2011, 6.8% of
the casualties admitted to Landstuhl Regional Medical Center
(LRMC) (Germany) and transferred to a military hospital in the
United States were diagnosed with IFIs (1–3). As with civilian
trauma cases (4–7), combat-related IFIs are characterized by high
mortality (7.8% crude rate) (8) and substantial morbidity, including high-level amputations (i.e., hip disarticulation or hemipelvectomy) (8, 9).
Since recognition of this emergent infection, combat-related
IFIs have been described in case investigations, including development of a trauma-related IFI classification scheme (2, 8). Further analyses have examined risk factors, clinical outcomes, and
the effect of an early IFI diagnosis practice guidance (10, 11). In a
recent analysis, IFI case patients had significantly greater residual
limb shortening, more amputation level revisions, and a longer
time to initial wound closure than a control patient group without
fungal-infected wounds matched on injury pattern (12).
As part of the combat-related IFI evaluation, results from
wound cultures have been collected; however, the association of
specific mold types with respect to treatment and outcome has not
been examined. On a per patient basis, cultures predominantly
grew organisms of the order Mucorales (34%) and Aspergillus spp.
(31%), frequently growing more than one mold type (8). Moreover, ⬎50% of the IFI extremity wounds had secondary/concurrent bacterial skin and soft tissue infections (SSTIs) (12). Bacterial
coinfections related to IFIs have been described after natural di-
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sasters as well. Following a tornado in Missouri, 13 residents developed trauma-related IFIs with bacterial organisms isolated
from the incident wounds of 10 patients (77%) (4).
The literature suggests that the pathophysiology and outcome
differ among various mold infections (13). Furthermore, the current clinical practice often partly depends upon which mold
groups are present. Our objective was to determine whether the
clinical outcome (i.e., time to wound closure) varied based upon
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Combat trauma wounds with invasive fungal infections (IFIs) are often polymicrobial with fungal and bacterial growth,
but the impact of the wound microbiology on clinical outcomes is uncertain. Our objectives were to compare the microbiological features between IFI and non-IFI wounds and evaluate whether clinical outcomes differed among IFI wounds
based upon mold type. Data from U.S. military personnel injured in Afghanistan with IFI wounds were examined. Controls were matched by the pattern/severity of injury, including blood transfusion requirements. Wound closure timing was
compared between IFI and non-IFI control wounds (with/without bacterial infections). IFI wound closure was also assessed according to mold species isolation. Eighty-two IFI wounds and 136 non-IFI wounds (63 with skin and soft tissue
infections [SSTIs] and 73 without) were examined. The time to wound closure was longer for the IFI wounds (median, 16
days) than for the non-IFI controls with/without SSTIs (medians, 12 and 9 days, respectively; P < 0.001). The growth of
multidrug-resistant Gram-negative rods was reported among 35% and 41% of the IFI and non-IFI wounds with SSTIs, respectively. Among the IFI wounds, times to wound closure were significantly longer for wounds with Mucorales growth
than for wounds with non-Mucorales growth (median, 17 days versus 13 days; P < 0.01). When wounds with Mucorales and
Aspergillus spp. growth were compared, there was no significant difference in wound closure timing. Trauma wounds with SSTIs
were often polymicrobial, yet the presence of invasive molds (predominant types: order Mucorales, Aspergillus spp., and Fusarium spp.) significantly prolonged the time to wound closure. Overall, the times to wound closure were longest for the IFI wounds
with Mucorales growth.

Fungal Wound Infection Microbiology

TABLE 1 Demographics, injury circumstances, and trauma characteristics of combat-injured U.S. service members (2009-2011)
Results for:
Non-IFI: control patients
(n ⫽ 69)

P value

Demographics
Age (median [IQR])
Male (no. [%])

22.9 (21.7⫺26.2)
54 (100)

23.2 (21.3⫺25.2)
68 (99)

0.85
1.00

Injury circumstances (no. [%])
BLAST injury
Foot patrol

54 (100)
50 (93)

69 (100)
61 (88)

1.00

LRMC ISS (median [IQR])c

21 (18⫺25)

21 (17⫺24)

0.43

Traumatic amputations (no. [%])
Lower extremity
Above/through the knee
Below the knee
Upper extremity
Both lower/upper extremity

46 (85)
42 (78)
4 (7)
8 (15)
7 (13)

59 (86)
55 (80)
4 (6)
4 (6)
3 (4)

1.00
0.80
0.73
0.13
0.10

Fractures (no. [%])
None
Closed
Open ⫾ closed

13 (24)
5 (9)
36 (67)

14 (20)
6 (9)
49 (71)

Blood productsd transfused within first 24 h (no. [%])
⬍10 units
10⫺20 units
⬎20 units

2 (4)
17 (31)
35 (65)

4 (6)
28 (40)
37 (54)

Shock index (no. [%])e
⬍1
1⫺1.49
ⱖ1.5

16 (30)
17 (31)
35 (65)

20 (29)
28 (40)
37 (54)

Admittance to LRMC ICU
Admittance to U.S. MTF ICU

53 (98)
52 (96)

64 (93)
59 (86)

0.87

0.50

0.36

0.23
0.07

a

ICU, intensive care unit; IQR, interquartile range; ISS, injury severity score; LRMC, Landstuhl Regional Medical Center; MTF, military treatment facility.
IFI, invasive fungal wound infection.
c
Wounded U.S. military personnel are evacuated from the combat zone to the LRMC, the U.S. military hospital in Germany, prior to transfer to the United States.
d
Packed red blood cells plus whole blood.
e
Shock index: heart rate/systolic blood pressure.
b

wound microbiological findings, in addition to antifungal therapy
effects.
MATERIALS AND METHODS
Study population and data sources. The Trauma Infectious Disease Outcomes Study (TIDOS) is an observational cohort study of infectious complications among military personnel injured during deployment in Iraq
and Afghanistan. The full details of this project have been previously published (14). Data were collected from U.S. military personnel who sustained combat-related injuries in Afghanistan (June 2009 to August
2011), were medically evacuated to LRMC, and subsequently transferred
to a military hospital in the United States: Walter Reed Army Medical
Center and National Naval Medical Center (National Capital Region) and
San Antonio Military Medical Center (Texas). As part of TIDOS, bacterial
isolates are collected at all levels of care and stored in a microbiological
repository. This study was approved by the Infectious Disease Institutional Review Board of the Uniformed Services University of the Health
Sciences (Maryland).
Demographics, clinical history, injury patterns, surgical management,
and treatment were obtained through the Department of Defense Trauma
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Registry (15). The results of fungal/bacterial cultures and histopathological examinations were captured through a review of the supplemental
TIDOS infectious disease module. Multidrug-resistant bacteria and SSTIs
were identified according to National Healthcare Safety Network definitions (16, 17). Antimicrobial susceptibility testing of bacterial isolates was
performed using the BD Phoenix (BD Biosciences, Sparks, MD) or Vitek
(bioMérieux Inc., Hazelwood, MO) system, in addition to either disc
diffusion or Etest methods (18). Antifungal susceptibility testing of mold
isolates was not performed.
Case and comparative wound selection criteria. The IFI cases were
identified based on the finding of recurrent tissue necrosis following at
least two operative debridements subsequent to the initial procedure, in
addition to histopathological evidence (i.e., tissue containing fungal hyphae angioinvasion or observed fungal elements) and/or mold growth
from tissue cultures (2, 8). The histopathology specimens were assessed by
two surgical pathologists. Case data obtained from infectious disease and
trauma surgery services were evaluated. The IFI cases were restricted to
extremity wounds. A comparative group of extremity wounds in patients
without IFIs was identified from the overall combat casualty study population and matched by blood products transfused within first 24 h, injury
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Characteristic

IFIb: case patients
(n ⫽ 54)

a
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TABLE 2 Bacteriology, management, and outcomes among combat-injured U.S. service members (2009-2011)
Results for:
Non-IFI wounds
b

IFI case wounds
(n ⫽ 82)

With SSTIs
(n ⫽ 63)

Without SSTIs
(n ⫽ 73)

P value 1c

P value 2d

SSTI (no. [%])
Bacteria identified during infection workup
MDROs identified during infection workup
Recurrent SSTI at same anatomic site

52 (63)
25 (30)
9 (11)

34 (54)
17 (27)
6 (10)

NAe
NA
NA

0.194
0.416
0.738

NA
NA
NA

Time from injury to wound closure (median days [IQR])f
OR visits at LRMC and U.S. MTFs (median [IQR])

16 (11⫺22)
9 (6–12)

12 (9–18)
7 (5–10)

9 (6–13)
6 (5–7)

0.008
0.010

⬍0.001
0.002

Type of initial wound closure (no. [%])g
STSG ⫹ FTSG ⫹ Integra
DPC
Rotational flap
Free flap

0.883

0.828

29 (35)
48 (59)
1 (1)
2 (2)

18 (29)
36 (57)
0
2 (3)

17 (23)
46 (63)
0
2 (3)

Surgical amputations/revisions (no. [%])h

63 (77)

45 (71)

26 (36)

0.460

⬍0.001

a

DPC, delayed primary closure; FTSG, full-thickness skin graft; IQR, interquartile range; LRMC, Landstuhl Regional Medical Center; MDRO, multidrug-resistant organism; MTF,
military treatment facility; OR, operating room; STSG, split-thickness skin graft.
b
IFI, invasive fungal wound infection.
c
P value 1: compares IFI case wounds and non-IFI wounds with SSTIs.
d
P value 2: compares non-IFI wounds with and without SSTIs.
e
NA, not applicable.
f
Two non-IFI wounds with SSTIs were missing the time to wound closure data.
g
Two fungus-infected wounds, 7 non-IFI wounds with SSTIs, and 8 non-IFI wounds without SSTIs were missing type of closure data.
h
Operative procedures occurred at the U.S. MTFs.

pattern (e.g., fractures and amputations), and injury severity score (ISS)
(19). The non-IFI wounds were stratified based upon bacterial infection
status. Due to the occurrence of personnel with multiple injuries, non-IFI
patients may provide more than one wound to the control groups (e.g.,
one wound with a SSTI and another without).
Clinical outcomes. The timing (in days) of the initial wound closure
after injury was at the treating surgeon’s discretion and is based upon the
appearance of the wound, the patient’s clinical status, and the microbiological results (12). The methods of closure included delayed primary
closure, skin grafts (split-thickness and full-thickness), flaps (free and
rotation), and commercial dermal matrix substitutes (Integra; Integra
LifeSciences Corp., Plainsboro, NJ).
Statistical analysis. Comparisons between categorical variables were
conducted with chi-square and Fisher’s exact tests, while nonparametric
tests (Wilcoxon rank sum and log-rank t tests) were used to examine the
overall distribution of continuous variables. The time following injury to
initial wound closure relative to wound microbiology was analyzed in a
Kaplan-Meier plot. Wound closure was also assessed with regard to the
timing of antifungal initiation/duration in a Cochran-Mantel-Haenszel
test. Statistical analysis was performed with SAS version 9.3 (SAS, Cary,
NC). Significance was defined as a P value of ⬍0.05.

RESULTS

Study population. From the combat trauma population evacuated from Afghanistan and admitted to LRMC during the study
period, 54 IFI case patients were matched to 69 non-IFI control
patients. All patients were injured via a blast mechanism with the
majority of injuries sustained while on foot patrol (Table 1). Additionally, both case patient and control patient groups experienced a substantial proportion of traumatic amputations of the
lower extremities and open fractures. Injury severity was high for
both groups, as indicated by the ISS, intensive care unit admis-
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sions, shock index (ⱖ1.5), and large-volume (⬎20 units) transfusions of blood products in the first 24 h.
Wound microbiology. The case patients had a total of 170
extremity wounds, of which 82 had fungal infections (IFI
wounds). Among the control patients, there were 136 extremity wounds, including 63 (46%) and 73 (54%) wounds with and
without SSTIs, respectively. When the IFI wounds were compared to the non-IFI wounds with SSTIs, there was no significant difference in the proportion of bacteria (overall and multidrug-resistant) identified during the infection workup or the
number of recurrent SSTIs at the same anatomic site (Table 2).
The most common molds identified in the IFI case wounds
were from the order Mucorales (35%) and the genera Aspergillus
(29%) and Fusarium (21%) (Table 3). Mucor spp. represented the
majority of molds identified from the wounds with order Mucorales growth (15 wounds [18%]). In addition, five wounds (6%)
grew Saksenaea vasiformis. For wounds with Aspergillus growth,
Aspergillus terreus and Aspergillus flavus were the predominant
species with eight (10%) and seven (9%) wounds growing these
organisms, respectively. While non-IFI wounds did not have fungal infections, the wounds were occasionally colonized (i.e., organisms isolated from earlier surveillance cultures and not during
infection workups) by molds, with Mucorales and Aspergillus spp.
contributing 1% and 3%. Both the IFI and non-IFI wounds were
frequently polymicrobial (average of 2.9 and 2.4 bacterial organisms per culture for the IFI and non-IFI SSTI wounds, respectively), with growth of Enterococcus spp., Escherichia coli, Pseudomonas aeruginosa, and Acinetobacter spp. being predominant.
Furthermore, 35% and 41% of the IFI and non-IFI wounds
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Characteristica
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TABLE 3 Microbiological findings by wound typea
Results for:
Non-IFI woundsc
IFIb case wounds

With SSTIsd

Without SSTIs

Total wounds (no. [%])
Days from injury to first culture with mold growth (median [IQRe])f

82
6 (3⫺9)

63
4 (3⫺8)

73
2 (2⫺2)

Growth of molds (no. [%])
Mucoralesg
Mucor spp.
Saksenaea vasiformis
Rhizopus spp.
Aspergillusg
A. terreus
A. flavus
A. niger
A. fumigatus
Fusarium
Other molds
More than 1 mold

29 (35)
15 (18)
5 (6)
1 (1)
24 (29)
8 (10)
7 (9)
2 (2)
1 (1)
17 (21)
27 (33)
22 (27)

1 (2)
1 (2)
0
0
3 (5)
1 (2)
0
0
0
0
6 (10)
1 (2)

1 (1)
0
0
0
1 (1)
0
0
0
0
0
1 (1)
0

Days from injury to first culture with bacterial growth (median [IQR])h

6 (3⫺9)

8 (5⫺17)

15 (7⫺24)

Growth of bacteria/yeast (no [%])
Candida spp.
Staphylococcus aureusi
Methicillin-resistant S. aureus
Coagulase-negative Staphylococcus
Enterococcus spp.
Vancomycin-resistant enterococci
Escherichia coli
Klebsiella spp.
Pseudomonas aeruginosa
Acinetobacter spp.
Other Gram-negative rods
Multidrug-resistant Gram-negative rods

11 (13)
3 (4)
2 (2)
13 (16)
37 (45)
2 (2)
19 (23)
2 (2)
16 (20)
16 (20)
13 (16)
29 (35)

5 (8)
5 (8)
4 (6)
9 (14)
22 (35)
1 (2)
17 (27)
2 (3)
12 (19)
18 (29)
7 (11)
26 (41)

0
1 (1)
0
6 (8)
0
0
1 (1)
0
2 (3)
2 (3)
1 (1)
4 (6)

Wounds may have growth of more than one type of organism so the sum may be ⬎100%.
IFI, invasive fungal wound infection.
c
Non-IFI wounds may have growth of mold without meeting the clinical requirement to be classified as an IFI case wound (i.e., recurrent wound necrosis); therefore, these wounds
are considered to be colonized with mold.
d
SSTI, skin and soft tissue infections.
e
IQR, interquartile range.
f
P ⫽ 0.782 for IFI wounds versus non-IFI wounds with SSTIs.
g
Wounds also grew mold that was not otherwise specified.
h
P ⫽ 0.003 for IFI wounds versus non-IFI wounds with SSTIs.
i
Includes both methicillin-resistant and methicillin-susceptible.
a
b

with SSTIs, respectively, reported growth of multidrug-resistant
Gram-negative rods (MDR-GNR).
A total of 49 IFI case patients had wound cultures with fungal
growth (1.3 average molds per culture). The remaining five patients (9%) had histopathological evidence of fungal tissue invasion, but wound cultures failed to grow a mold. Examination of
histopathological fungal evidence from the 53 IFI case wounds
that did not grow Mucorales found aseptate fungal morphology in
tissue samples from 4 wounds. Among the IFI wounds that grew
the predominant molds, Enterococcus spp. was the most frequently
isolated bacterial organism (Table 4). Furthermore, IFI case
wounds also commonly grew Acinetobacter spp., Pseudomonas
spp., and E. coli, with 33 to 47% of Gram-negative rods being
multidrug-resistant. Notably, few wounds grew Staphylococcus
aureus (4 to 10%).
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Although serial cultures were recorded (from the same wound
on more than 1 day), their collection was not standardized. Regarding serial cultures with order Mucorales or Aspergillus spp.
growth, approximately 70% grew mold only on 1 day (data not
shown). Of all IFI wounds with serial mold growth, approximately
55% grew mold in cultures collected within 3 days or less; whereas
one wound grew mold for more than 1 month. In addition, Mucorales grew in 50% of these wounds, Aspergillus spp. in 39%, and
Mucorales plus Aspergillus spp. in 11%.
Therapeutic management. A significantly larger proportion of
the IFI case patients received antifungal therapy than the non-IFI
control patients (91% versus 19%; P ⬍ 0.001) who likely received
antifungals as empirical therapy due to the high-risk injury pattern (10). More IFI case patients received dual therapy than controls (59% versus 9%; P ⬍ 0.001). Twelve (22%) IFI case patients
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TABLE 4 Microbiological findings from cultures from invasive fungus-infected case woundsa
Mucorales

Aspergillus

Fusarium

Other moldsb

Total wounds with growth

29

24

17

27

Coinfection with (no. [%])
Mucoralesc
Mucor spp.
Saksenaea vasiformis
Rhizopus spp.
Aspergillusc
A. terreus
A. flavus
A. niger
A. fumigatus
Fusarium
Candida spp.
Staphylococcus aureuse
Methicillin-resistant S. aureus
Coagulase-negative Staphylococcus
Enterococcus spp.
Vancomycin-resistant enterococci
Escherichia coli
Klebsiella spp.
Pseudomonas aeruginosa
Acinetobacter spp.
Other Gram-negative rods
Multidrug-resistant Gram-negative rods

NAd
NA
NA
NA
5 (17)
3 (10)
0
1 (3)
1 (3)
5 (17)
4 (14)
3 (10)
1 (3)
5 (17)
18 (62)
1 (3)
6 (21)
1 (3)
5 (17)
10 (34)
5 (17)
11 (38)

5 (21)
5 (21)
0
0
NA
NA
NA
NA
NA
5 (21)
3 (13)
1 (4)
1 (4)
2 (8)
12 (50)
0
7 (29)
1 (4)
8 (33)
4 (17)
8 (33)
8 (33)

5 (29)
4 (24)
0
0
5 (29)
3 (18)
0
2 (12)
0
NA
2 (12)
0
0
2 (12)
9 (53)
0
2 (12)
0
3 (18)
5 (29)
5 (29)
8 (47)

4 (15)
2 (7)
0
1 (4)
5 (19)
2 (7)
1 (4)
0
0
2 (7)
5 (19)
0
0
5 (19)
9 (33)
1 (4)
7 (26)
1 (4)
3 (11)
5 (19)
5 (19)
11 (41)

a
Cultures may have growth of more than one type of fungus. A total of 49 IFI case patients had wound cultures with fungal growth, while the other 5 case patients had
histopathological fungal evidence with no mold isolated on culture.
b
Other molds include unidentified molds (7; 26%), Mycelia sterilia (6; 22%), Alternaria spp. (5; 19%), Ulocladium spp. (4; 15%), Penicillium spp. (6; 22%), Acrophialophora
fusispora (3; 11%), and Beauveria spp. (1; 4%).
c
Wounds also grew mold that was not otherwise specified.
d
NA, not applicable.
e
Includes both methicillin-resistant and methicillin-susceptible.

received triple antifungal therapy (i.e., liposomal amphotericin,
triazole, and echinocandin). The majority of patients in both
groups received broad-spectrum antibiotics. Specifically, 94%
and 93% of case patients received vancomycin and carbapenems,
respectively. Regarding the control patients with SSTIs, 73% received vancomycin and 70% were prescribed carbapenems.
Among the IFI case patients, 64% received their first antifungal
agent ⬎7 days following injury (Table 5). Moreover, 67% of the
IFI case patients continued antifungal therapy for ⬎3 weeks.
When wound mycology was considered, 58% of the IFI case patients with Mucorales growth began antifungal therapy ⬎7 days
postinjury and 79% were prescribed antifungals for ⬎3 weeks
(not significantly different from the patients with non-Mucorales
growth). On a per wound basis, wounds with Mucorales growth
had significantly more operating room (OR) visits than wounds
with non-Mucorales growth (P ⫽ 0.003).
Time to initial wound closure. Overall, IFI wounds had a significantly higher number of OR visits (surrogate for surgical procedures; P ⫽ 0.01) and a longer postinjury duration to wound
closure than non-IFI wounds with SSTIs (P ⫽ 0.008) (Table 2).
Furthermore, non-IFI wounds with SSTIs had greater numbers of
OR visits and longer times to wound closure than control wounds
without any bacterial or fungal infection (P ⫽ 0.002 and P ⬍
0.001, respectively). A significantly longer duration to wound closure following injury for the IFI case wounds was confirmed (P ⬍
0.001) (Fig. 1).
Among the IFI cases, wounds with Mucorales growth had sig-
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nificantly longer durations from injury to wound closure than
non-Mucorales growth wounds (median of 17 versus 13 days, respectively; P ⬍ 0.01) (Fig. 2). The median times to closure for
wounds with Mucorales growth in a single culture and repeated
cultures were 17 and 19 days, respectively. For wounds with Aspergillus growth in single and repeated cultures, wound closures occurred in medians of 14 and 17 days, respectively. Regardless of
whether the wound grew Mucorales or Aspergillus in either a single
culture or repeated cultures, there was no significant difference in
the timing of wound closure (P ⫽ 0.22). When wounds were stratified by Mucorales or non-Mucorales growth, the timing of the
antifungal initiation (odds ratio, 1.9; 95% confidence interval
[CI], 0.7 to 5.2) and the duration of use (odds ratio, 1.6; 95% CI,
0.6 to 4.4) were also not statistically associated with a shorter duration to wound closure.
DISCUSSION

Wound bacterial infections, especially with multidrug-resistant
organisms, can also lead to poor outcomes, and many IFI wounds
have concurrent/secondary bacterial SSTIs. Furthermore, IFI patients tend to be more severely injured, often sustaining multiple
traumatic amputations, which complicate attempts to ascertain
the effects of IFIs and SSTIs on outcomes. Our primary aim was to
determine whether IFI patients have more critical illnesses and
worse outcomes than the larger cohort simply because an IFI is a
marker of more severe injuries. Furthermore, does the pathophysiology from the mold infection itself contributes to the increased
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TABLE 5 Surgical and medical management of patients with invasive fungus-infected case woundsa
Presence of fungus
b

Characteristic

Mucorales

Non-Mucorales

Total

P value

Total no. of patientsc
OR visits at LRMC and U.S. MTFs (median [IQR])d

19
10.5 (9.0–14.0)

26
9.0 (6.0–11.0)

45
9.0 (6.0–12.0)

0.003

Type of antifungal usagee
Single
Double
Triple

2 (10.5)
13 (68.4)
4 (21.1)

2 (7.7)
19 (73.1)
5 (19.2)

4 (8.9)
32 (71.1)
9 (20)

8.0 (6.0–10.0)

9.5 (7.0–12.0)

9.0 (6.0–11.0)

8 (42.1)
11 (57.9)

8 (30.8)
18 (69.2)

16 (35.6)
29 (64.4)

31.0 (22.0–44.0)

28.5 (19.0–47.0)

31.0 (20.0–45.0)

4 (21.1)
15 (78.9)

11 (42.3)
15 (57.7)

15 (33.3)
30 (66.7)

Duration of antifungal use
Days (median [IQR])
Receipt of antifungals (no. [%]):
ⱕ21 days
⬎21 days

0.25
0.43

0.88
0.20

a

Data are on a per patient basis.
IQR, interquartile range; LRMC, Landstuhl Regional Medical Center; MTF, military treatment facility; OR, operating room.
Extreme observations and outliers were excluded from the antifungal analysis. Overall patient totals are 5 for single, 32 for double, and 12 for triple.
d
OR visit data are on a per wound basis from the population of 45 patients (29 wounds with Mucorales and 48 wounds without Mucorales).
e
Single, amphotericin B or voriconazole; double, amphotericin B plus a triazole; triple, amphotericin B, a triazole, and an echinocandin.
b
c

morbidity, delaying wound closure, and, if so, to what degree, and
does morbidity differ by mold type, duration of positivity, or the
polymicrobial nature of infection?
To best answer these questions, we carried out a case-control
study on a per-wound level. The IFI wounds were matched to
control wounds by ISS, along with blood transfusion requirements and extremity injury patterns, providing a combat trauma
wound population with risk factors similar to those of patients
who ultimately develop IFIs. Moreover, to fully assess the specific
impact of fungal infection, we utilized two types of comparative
wounds (i.e., with/without bacterial SSTIs). The outcome of time
to wound closure was selected since this action is the result of the
surgeon’s judgment based on wound appearance and the patient’s
clinical status. Thus, a longer time to wound closure is a surrogate
indicator for clinical evidence of infection. Overall, the time to
wound closure was longer for IFI wounds than for control wounds
with SSTIs (P ⫽ 0.008) (Table 2) and for those without either
bacterial or fungal infections (P ⬍ 0.001) (Fig. 1). Although the
differences in median wound closure times were only 4 and 7 days
when the IFI wounds were compared to the non-IFI wounds with/
without SSTIs, respectively, the delay was still indicative of the
greater clinical impact of fungal infections. It should be noted that
physicians may be conservative with regard to wound closure in
cases where an IFI is apparent. A further limitation is that observer
bias may have influenced wound closure timing when the type of
mold (i.e., Mucorales) was already known due to the perception of
pathogenicity. Nevertheless, the impact on wound closure is corroborated by the greater numbers of OR visits among the patients
with IFI wounds than of the SSTI controls in our analysis and the
significant association of IFI wounds and proximal amputation
revisions along with early complication rates found in a prior
analysis (12).
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Our investigation confirms the complexity of fungus-infected
wounds, which may provide an explanation for the significantly
longer time to wound closure for the IFI wounds. Specifically, of
the 82 IFI wounds, 27% were infected with more than one mold
type, and 63% grew bacteria. The fact that 35% of the IFI wounds
grew MDR-GNR highlights the challenges of managing these infections.
As IFI clinical awareness among military physicians expanded,
efforts for earlier diagnosis, such as a local clinical practice guidance, were implemented (10). This effort led to earlier diagnosis
and treatment, but the effects of screening “high-risk” patients
also led to more positive wound cultures for molds (58% of patients who met the screening criteria and were found to not have
an IFI but had wound culture mold growth) (10). Thus, an important clinical question in IFI patients with growth of multiple
organisms (both fungal and bacterial) is which are pathogenic and
require targeted antimicrobial therapy and which are noninvasive
wound colonizers? For IFI wounds, the times to the first fungal
and bacterial growth were the same, while for the non-SSTI controls, fungal colonization occurred earlier than bacterial (Table 3).
Among the IFI wounds in our analysis, many grew more than
one mold type. For instance, combinations of the three predominant mold types (Mucorales, Aspergillus, and Fusarium) each grew
from five different IFI wounds. A large proportion of these
wounds also grew Enterococcus spp. (50 to 62%) and MDR-GNR
(33 to 47%). Furthermore, the 27 IFI wounds that grew other/
unidentifiable molds also grew predominant mold types (e.g.,
15% grew Mucorales and 19% Aspergillus), in addition to Enterococcus spp. (33%) and MDR-GNR (41%). Given the large number
of various copathogen combinations, direct comparisons regarding outcomes or management among particular microbial combinations was not possible.
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Timing of receipt of first antifungal following injury
Median days (IQR)
Received antifungals within (no. [IQR]):
ⱕ7 days
⬎7 days

⬃1.0

Warkentien et al.

Trauma-related IFIs are frequently reported to involve Mucorales (4–8, 13). Therefore, it was important to determine if
wounds that grew Mucorales were different from other IFI wounds
with regard to outcome or management. Overall, IFI wounds with
Mucorales growth did in fact have longer times to wound closure
than other IFI wounds (Fig. 2) and a higher number of OR visits,
indicative of the need for aggressive surgical care. These data confirm the clinical suspicion of the more pathogenic nature of mucormycosis compared to that of other mold infections (13, 20, 21).
Nonetheless, our data also suggest that Mucorales group molds are
not the only pathogenic molds of concern in this patient population. Only five of the IFI wounds with Aspergillus spp. and Fusarium spp. grew concomitant Mucorales (Table 4). This highlights
the pathogenic nature of these other molds and supports the clinical practice of early empirical therapy with both liposomal amphotericin B and voriconazole, as potential copathogenic molds
are not uniformly sensitive to amphotericin B (22, 23).
Empirical dual therapy was used in nearly all cases (⬎90% of
IFI patients), but times to initiation of antifungal therapy and
durations were varied. We evaluated these treatment patterns to
detect any difference between mucormycosis and non-Mucorales
patients, and no difference in either parameter was found. The
median durations of antifungal use were 31 days for Mucorales and
28.5 days for other molds. Furthermore, wound closure was not
impacted by timing or duration of antifungal use.
One limitation in this study is that fungal organisms do not
always grow in culture. Among the IFI case patients, 9% had no
fungal culture growth but met the IFI case definition based on
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histopathology. In particular, of the 53 IFI case wounds that did
not have Mucorales growth, 4 wounds had aseptate mold seen on
histopathology. This morphology is characteristic of the order
Mucorales, so these wounds may have been additional cases of
invasive mucormycosis. Nevertheless, since they did not grow
Mucorales in culture, they were not included in the Mucorales
group for analysis. We feel it was reasonable to limit our study to
culture data, as a degree of discordance has been demonstrated
between mold culture growth and fungal morphology on histopathology (S. M. Heaton, A. C. Weintrob, K. Downing, B. Keenan,
D. Aggarwal, F. Shaikh, D. R. Tribble, and J. Wells, manuscript in
preparation).
Our data suggest that IFI wounds may be more complex than
wounds without fungal infections. Specifically, times to wound
closure for IFI wounds were significantly longer than those for
wounds with SSTIs but lacking fungal infection. This complexity
is likely due to the magnitude of tissue loss and severity of the blast
injury, along with virulence and tissue destruction due to mold
infection (11). While this finding highlights the morbidity of
molds in trauma wounds in general, the longer times to wound
closure for Mucorales infections suggests increased pathogenicity
of this mold type in these wounds. The presence of bacteria, including MDR-GNR, in the IFI wounds is an important feature as
well. Future studies to further analyze the role of bacteria in IFI
wounds should include elucidating any pathogenic role of enterococci, as well as analyzing changing microbiology over time. Presently, we are assessing the methodology related to histopathology
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FIG 1 Kaplan-Meier survival plots of times to wound closure by wound types. Plots were created using R version 2.13.2 (R Project for Statistical Computing,
Vienna, Austria). Log rank chi-square, 41.5 (P ⬍ 0.001); Wilcoxon chi-square test, 46.3 (P ⬍ 0.001). IFI, invasive fungal wound infection; SSTI, skin and soft
tissue wound infection.

Fungal Wound Infection Microbiology

created using R version 2.13.2 (R Project for Statistical Computing, Vienna, Austria). The analysis included 29 wounds with and 53 wounds without Mucorales
growth. Log rank chi-square test, 10.4 (P ⫽ 0.001); Wilcoxon chi-square test, 9.7 (P ⫽ 0.002).

(i.e., frozen sections and special stains) and molecular PCR-based
assays with regard to diagnosis of IFIs.
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