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Background. That foot infections are predominately polymicrobial has long been recognized, but it is not clear if the various
species co-occur randomly or in patterns. We sought nonrandom species co-occurrence patterns that might help better predict
prognosis or guide antimicrobial selection.

Methods. We analyzed tissue (bone, skin, and other soft tissue), fluid, and swab specimens collected from initial foot infection
episodes during a 10-year period using a hospital registry. Nonrandom co-occurrence of microbial species was identified using
simple pairwise co-occurrence rates adjusted for multiple comparisons, Markov and conditional random fields, and factor
analysis. A historical cohort was used to validate pattern occurrence and identify clinical significance.

Results. In total, 156 unique species were identified among the 727 specimens obtained from initial foot infection episodes in
694 patients. Multiple analyses suggested that Staphylococcus aureus is negatively associated with other staphylococci. Another
pattern noted was the co-occurrence of alpha-hemolytic Streptococcus, Enterococcus fecalis, Klebsiella, Proteus, Enterobacter, or
Escherichia coli, and absence of both Bacteroides and Corynebacterium. Patients in a historical cohort with this latter pattern had
significantly higher risk-adjusted rates of treatment failure.

Conclusions. Several nonrandom microbial co-occurrence patterns are frequently seen in foot infection specimens. One
particular pattern with many Proteobacteria species may denote a higher risk for treatment failure. Staphylococcus aureus rarely

co-occurs with other staphylococci.
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In selecting antimicrobial therapy, the most recent manage-
ment guidelines from the Infectious Disease Society of
America have recommended that “just targeting aerobic gram-
positive cocci...is sufficient” because of a high prevalence of
gram-positive organisms [1]. Two important observations
have emerged since the publication of these guidelines. The first
is that certain gram-negative bacteria—including Pseudomonas
aeruginosa, Escherichia coli, and other extended-spectrum
beta-lactamase (ESBL)-producing bacteria—are associated
with worse treatment outcomes [2-5]. Methicillin-resistant
Staphylococcus aureus, on the other hand, is common but not
associated with treatment failure or leg amputation [5-7].

The second observation is that organisms found in foot infec-
tions may occur in certain nonrandom polymicrobial patterns.
That foot infections are predominately polymicrobial has long
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been recognized in conventional culture results [8-10] and
more recently in 16s RNA analyses [11-13]. Some of these 16s
studies report patterning of microbial species that correlates
with clinical characteristics [14] or foot wound chronicity [15].
The identification of co-occurrence patterns could have clinical
relevance in both optimizing antimicrobial selection (covering
organisms both identified and anticipated while leaving uncov-
ered organisms neither seen nor anticipated) and understanding
the prognosis of polymicrobial foot infections (especially the in-
teraction between that can have a synergistic or ameliorating ef-
fect on quantity, gene expression, or pathogenicity) [16, 17].
This study was therefore designed to identify such nonran-
dom species co-occurrences or other patterns in a large series
of foot infections. Our hope was to find patterns or other obser-
vations that could have clinical relevance in determining the
prognosis or guiding management of foot infections.

METHODS

We studied microbiology specimens collected from initial in-
fection episodes at the Michael E. DeBakey Veterans Affairs
Medical Center in Houston, Texas, during the 10-year period
ranging from April 1, 2010, through April 30, 2020. The study
was done with institutional review board approval at the Baylor
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College of Medicine (protocol H-34858). Culture results were re-
viewed using our hospital’s Theradoc (Premiere Inc., Charlotte,
NC, USA) registry of clinical microbiology specimens. The full
analysis included all tissue (bone, skin, and other soft tissue), flu-
id, and swab specimens. We excluded blood speciments, liver bi-
opsy specimens, cerebrospinal fluid, specimens obtained from
unspecified body locations, and specimens that included only
gram stain results. The clinical management of foot infections
during this time period was guideline-directed and multidisci-
plinary, involving multiple surgical and medical specialties. We
obtain fluid, tissue, and/or bone specimens at surgery in most
patients with foot infections at our hospital [3].

Initial episodes were defined as the first episode for which
bone or soft tissue specimens otherwise meeting inclusion
and exclusion criteria were collected. Only 1 tissue specimen
type per patient was included from the index episode in this
analysis. In the event of 2 or more specimens from 1 patient
or tissue type, we included the specimen with the highest num-
ber of organisms. Analyses that examined co-occurrence pat-
terns used only 1 specimen per patient.

Nonrandom pairwise associations were identified in several
ways. Observed-to-expected ratios were used with a threshold
P value of .001 to adjust for multiple comparisons. The presence
and strength of additional pairwise interactions were also iden-
tified and quantified using Markov and conditional random
fields [18-20]. These analyses differ from a simple analysis of
pairwise associations in that they consider both observed (direct)
and unobserved (indirect) associations to assess whether 2 spe-
cies have a nonrandom co-occurrence pattern. Lastly, patterning
involving >2 organisms was examined with factor analysis [21].

A previously characterized cohort of patients with foot osteo-
myelitis from this same hospital [3] was used to determine wheth-
er species co-occurrence patterns were associated with treatment
outcomes. For this, unadjusted time-to-treatment failure was as-
sessed with Kaplan-Meier plotting and log-rank comparisons. As
with the previous analysis, treatment failure in this cohort was de-
fined as either an unplanned resection of additional bone in an
area contiguous with or adjacent to the initial site of osteomyelitis
or as a leg (“major,” or above-ankle) amputation [3]. A multivar-
iate model of treatment failure was used to determine if these
co-occurrence patterns had an impact on treatment failure rates
after adjusting for demographics, clinical characteristics, and oth-
er risk factors. All analyses were done in R, version 4.1.2 (R
Foundation for Statistical Computing, Vienna, Austria), using
RStudio build 351 (RStudio, Boston, MA, USA).

RESULTS

Basic Characterization of Study Specimens Suggested That Microbial
Species Occurrences of Foot Bone and Soft Tissue or Fluid Are Similar but
Distinct From Other Bodily Locations

A total of 3733 specimens from 3573 patients with index infec-
tions met study inclusion and exclusion criteria. The number of

specimens obtained from various source locations is provided
in Supplementary Table 1.

We first confirmed the validity of analyzing microbial isolates
from foot soft tissue or fluid together with isolates from foot
bone specimens. This was confirmed by seeing no significant dif-
ference in the proportion with polymicrobial results, the number
of isolates per specimen, the proportion that were gram-positive
vs -negative and within various metabolic categories, species di-
versity as measured by the Shannon index, or prevalence rates of
specific organisms of interest (Supplementary Tables 2-5,
Supplementary Figures 1-3). Foot specimens were, as expected,
significantly different from specimens from other locations in
each of these characteristics (Supplementary Tables 6-9,
Supplementary Figures 4-6). In light of these findings, all subse-
quent analyses focused on foot specimens only and included 156
unique species identified among the foot specimens obtained
from index infection episodes in 694 patients. Species with a
1% or higher prevalence in foot specimens are listed in Table 1.

Several Nonrandom Sp Co-occurr
Pairwise Co-occurrence Analyses

Were Identified Using

Nonrandom pairwise species co-occurrences in the foot were
first assessed by examining observed vs expected co-occurrences.
With a random co-occurrence threshold probability adjusted to
<.001% to adjust for multiple comparisons, analysis of the pair-
wise co-occurrences of species representing at least 0.1% of total

Table 1. The Prevalence and Incidence of the Most Frequent Microbial
Isolates in Foot Specimens

Prevalence,® Incidence,?

Genus + Species Name % %

Staphylococcus aureus 40.17 17.39
Corynebacterium, species not specified 18.29 7.92
Staphylococcus epidermidis 18.16 7.86
Enterococcus faecalis 16.78 7.27
Streptococcus, group B, species not 13.76 5.96

specified

Proteus mirabilis 11.55 5.00
Escherichia coli 11.42 4.94
Enterococcus, species not specified 10.18 4.41
Pseudomonas aeruginosa 9.77 4.23
Klebsiella pneumoniae 4.95 2.14
Enterobacter cloacae 4.95 2.14
Morganella morganii 4.54 1.97
Streptococcus, species not specified 4.13 1.79
Stenotrophomonas maltophilia 3.30 1.43
Citrobacter freundii 3.03 1.31
Serratia marcescens 2.20 0.95
Streptococcus anginosus 2.20 0.95
Staphylococcus lugdunensis 2.06 0.89
Candida, species not specified 1.38 0.60
Enterococcus faecium 1.24 0.54

“The percentage of specimens with a specific isolate.

®The percentage of total isolates comprised of a specific isolate.
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Table 2. Observed vs Expected Co-occurrences and Ratios for Pairs of Microbial Isolates With Nonrandom Co-occurrences

Observed Expected Observed:Expected Probability of Random
Species 1 Species 2 Co-occurrences Co-occurrences Ratio Occurrence
Bacteroides Staphylococcus aureus 0 8.5 0.0000000 0.00002
Staphylococcus Staphylococcus, species not 0 5.6 0.0000000 0.00067
aureus specified
Staphylococcus Staphylococcus epidermidis 8 12.5 0.2400000 0.00014
aureus
Staphylococcus Staphylococcus, 18 51.6 0.3488372 0.00000
aureus coagulase-negative species
Enterobacter Staphylococcus aureus 7 18.1 0.3867403 0.00022

isolates in foot specimens suggested that the Bacteroides,
Enterobacter, and non-aureus staphylococcal species occurred
much less frequently than expected when Staphylococcus aureus
was present (Table 2).

Examining pairwise species co-occurrences in foot infection
specimens using Markov and conditional random fields yielded
more detailed results (Supplementary Materials). In brief, these
analyses showed many positive associations between E. coli,
Proteus, Klebsiella, Enterobacter (genus Proteobacteria), and
Enterococcus species. These species generally also had negative
associations with staphylococcal species, and a negative associ-
ation was also seen between Enterococcus faecalis and other
nonspeciated Enterococcus.

The Markov and conditional random field analyses con-
firmed findings of the simple pair-wise co-occurrence analysis
in also indicating negative associations between Staphylococcus
aureus, Staphylococcus epidermidis, and other coagulase-
negative staphylococcal species (CONS). Additionally, the
Markov and random field analyses found additional negative
associations between Staphylococcus aureus and Candida spe-
cies and between Staphylococcus epidermidis nonspeciated
group B Streptococcus.

Factor Analysis Identified 3 Patterns

A factor analysis was done to identify clustering of species in
polymicrobial infections beyond pairwise co-occurrences.
Scree plotting yielded 2 as the optimal number of factors or pat-
terns (Supplementary Figure 7). This analysis suggested the fol-
lowing 3 species co-occurrence patterns:

1. A Staphylococcus aureus—dominant pattern: The presence of
Staphylococcus aureus and absence of Staphylococcus epider-
midis, other coagulase-negative staphylococci, and nonspe-
ciated staphylococci. This pattern was present in 37.9% of all
foot specimens and 38 of the 284 (92.6%) total specimens
with Staphylococcus aureus.

2. A CONS-dominant
Staphylococcus aureus—dominant pattern): Staphylococcus

pattern (the inverse of the

epidermidis, coagulase-negative staphylococci, or other

non-aureus staphylococci present with absence of

Staphylococcus aureus. This pattern was present in 21.6%
of all foot specimens.
3. “Pattern C”: the presence of 2 or more of the following:
alpha-hemolytic ~ Streptococcus,  Enterococcus  fecalis,
Klebsiella, Proteus, Enterobacter, or Escherichia coli; and ab-
sence of both Bacteroides and Corynebacterium. This pattern

was present in 11.4% of all foot specimens.

The factor loadings for various isolates in each of these 4
patterns are provided in Supplementary Table 10. The relative
occurrences and overlap of these 3 patterns are shown in
Figure 1.

Pattern C in Foot Osteomyelitis Is Associated With Treatment Failure
Finally, we used these patterns to re-analyze data from a cohort
of patients with osteomyelitis for whom we had long-term
treatment failure rates [3]. Of 130 initial foot osteomyelitis ep-
isodes in unique patients with both microbiological data and
outcome data, 30 (24%) were categorized as having a
Staphylococcus aureus pattern, 20 (16%) were categorized as
the CONS pattern, 9 (7%) were categorized as having pattern
C, and 62 (50%) were categorized as having no pattern.

Log-rank analysis demonstrated that osteomyelitis treat-
ment failure was significantly more frequent in osteomyelitis
episodes as having pattern C or Pseudomonas aeruginosa
(P <.0001) (Figure 2). Rates of freedom from treatment fail-
ure at 1 year were 34.9%, 31.2%, and 68.1% for patients
with pattern C, patients with Pseudomonas aeruginosa, and
all other patients, respectively (Figure 2). The presence of
ESBL-producing organisms reached marginal significance
on log-rank analysis but was not significant in multivariate
modeling (Supplementary Figure 8 and Supplementary
Table 11, respectively).

A multivariate Cox proportional hazards model was then used
to estimate the influence of various factors on treatment failure
for osteomyelitis in this cohort. This analysis showed that, even
with adjustment for other characteristics previously found sig-
nificant, the presence of pattern C was strongly associated with
treatment failure (Table 3). Including the microbiological pat-
terns resulted in an overall model R* value of 0.802, slightly
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No pattern
236 (34%)

Figure 1.

CONS pattern
138 (20%)

The absolute and relative occurrences and overlap of the 3 described microbial co-occurrence patterns. Abbreviation: CONS, coagulase-negative staphylococcal species.

better than the R* value of 0.786 in the best performing model
that included individual organisms instead of the patterns.

DISCUSSION

Microbial co-occurrence associations in foot infection episodes
are not so strong that they have been apparent in smaller series
with basic descriptive statistics. The need to expand beyond the

original and molecular Koch’s postulates [22] to a more ecolog-
ical view of clinical infections may also represent a newer con-
cept underlying the idea that nonrandom co-occurrence
patterns may occur and may have clinical relevance.
Nonetheless, nonrandom co-occurrence patterns are indeed
present in foot infection specimens. Summarized simply,
Staphylococcus aureus only rarely occurs with Staphylococcus epider-
midis, coagulase-negative staphylococcus, or other nonspeciated
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Table 3. Comparison of 2 Multivariate Models of Time to Treatment Failure Among Patients With Foot Osteomyelitis

Original 2016 Model Revised Model With Microbial Patterns

Characteristic HR 95% ClI P Value HR 95% ClI P Value
Severe or unaddressed peripheral artery disease 9.90 3.72-26.3 <.001 6.91 2.48-19.3 <.001
Insulin-dependent diabetes 4.09 1.55-10.8 .004 6.59 2.22-19.6 <.001
Serum albumin <2.8 gm/dL 4.59 1.93-10.9 <.001 4.44 1.93-10.2 <.001
Homeless 5.72 1.68-19.5 .005 6.03 1.72-21.2 .005
First toe (hallux) location 1.59 0.64-3.93 3 2.27 0.91-5.67 .079
First metatarsal location 0.59 0.17-2.06 4 0.56 0.16-1.95 4
Fifth toe location 0.38 0.10-1.48 2 0.38 0.10-1.62 2
Fifth metatarsal location 0.98 0.34-2.83 >.9
Species-appropriate antibiotics for <7 d 3.09 1.25-7.64 .014 3.56 1.39-9.13 .008
Staphylococcus aureus 0.47 0.16-1.33 2

Pseudomonas aeruginosa 8.42 2.58-27.5 <.001 7.97 2.50-25.4 <.001
Escherichia coli 212 0.72-6.21 2

CONS-dominant microbial co-occurrence pattern 2.39 0.81-7.04 1
Staphylococcus aureus-dominant microbial co-occurrence pattern 0.55 0.19-1.61 3
Microbial co-occurrence pattern C 2.74 0.92-8.17 .071

Abbreviations: CONS, coagulase-negative staphylococcal species; HR, hazard ratio.

staphylococcal species. Several Proteobacteria—namely Klebsiella,
Proteus, Enterobacter, or Escherichia coli—appear to co-occur to-
gether with each other and alpha-hemolytic Streptococcus and
Enterococcus fecalis but not with Corynebacterium or Bacteroides
species (“pattern C”). Patients with polymicrobial foot infections in-
cluding 2 or more organisms from this latter group (“pattern C”)
have significantly higher rates of osteomyelitis treatment failure.

We note some similarity between the patterns identified in our
study and the patterns described in a genus-level 16s RNA analysis
of 52 diabetic foot ulcers by Gardner, Grice, and colleagues [14].
Their study reported a high-diversity pattern with more
Proteobacteria, a Staphylococcus-predominant pattern, and a
Streptococci-dominated pattern. These first 2 patterns have obvi-
ous overlap with those of our study, with the Staphylococcus-pre-
dominant pattern of their genus-level study comprising the
Staphylococcus aureus— and CONS-predominant patterns seen
in our species-level study. We did not see a Streptococcus-domi-
nated pattern, but this may be because ours was a largely
species-level analysis rather than a genus-level analysis. We would
also point out that pattern C was identified through a bottom-up
approach. The organisms in pattern C do not fall neatly into the
Proteobacteria genus or any other previously described groupings
such as gram stain appearance, extended-spectrum beta-
lactamase—producing, or ESKAPE pathogens [23].

The de facto approach to polymicrobial findings in foot infec-
tions has been to simply report incidence rates of the individual
species, an approach that implicitly assumes a random
co-occurrence of organisms. Foot infections clearly involve a di-
verse array of microbes and are more frequently polymicrobial
than soft tissue and bone infections in other locations. As pre-
viously suggested [24], results from this study also confirm
that the microbiological spectrum of clinical specimens from

foot bone and foot soft tissue are comparable to each other
but distinct from the spectra of other bodily locations. Still,
foot infections may serve as a prototype for a more ecological
understanding of polymicrobial infections in general.

These polymicrobial co-occurrence patterns have practical ap-
plications nonetheless. First, patients with foot infection catego-
rized as pattern C—or, as previously reported, Pseudomonas
aeruginosa—should be recognized as being at risk for treatment
failure. Follow-up should be more frequent than typical. Vigilant
monitoring for signs of failure should lead to resampling of the
area of infection, as microbes present in foot infections appear to
change over time [25, 26]. Second, identifying patterns may help
clinicians interested in antimicrobial stewardship consider
avoiding empirical Staphylococcus aureus coverage not only if
Staphylococcus aureus is not seen on culture but also if
Staphylococcus epidermidis, other CONS species, or other non-
aureus Staphylococcus species are seen on conventional culture.

Finally, identifying microbial co-occurrence patterns may
help identify important synergistic, facilitative, or competitive
relationships between organisms. For example, a high preva-
lence of Corynebacterium and other organisms typically catego-
rized as simple commensals or as contaminants has been
reported in many 16s RNS studies [11, 27, 28] and also in
some studies of conventional cultures [3, 29]. In vitro studies
have demonstrated that Corynebacterium striatum has a mod-
erating effect on the pathogenicity of Staphylococcus aureus
[16]. In addition to improving prognostic accuracy, under-
standing nuanced species interactions such as this might sug-
gest that eliminating or even fostering the presence of specific
bacteria (ie, probiotics) may provide clinical benefit [30, 31].

More research work is needed to bridge the gap between
conventional culture findings and 16s RNA results. This study
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is among the first to search for co-occurrence patterns in clin-
ical microbiology results rather than 16s RNA results. Seeing
similar patterns in the current study and in 16s RNA studies
should make the seeming disconnect between these different
methodologies seem not quite as disparate. The statistical ap-
proaches to identifying co-occurrence patterns are recent and
will likely continue to evolve. Our findings also need to be cor-
roborated with similar analyses done using data from other
centers, especially non-US centers, to determine whether previ-
ously described local or regional variations in the relative prev-
alence rates of various organisms—including a higher
prevalence rate of gram-negative organisms in low-income
countries [32]—impact co-occurrence patterns.

In summary, microbial co-occurrence patterns are common in
foot infections and have a risk-adjusted impact on treatment fail-
ure. Identification and further characterization of co-occurrence
patterns may have practical clinical relevance.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases on-
line. Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corresponding author.
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