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Comparative diagnostic evaluation of real-time PCR and culture 
for detecting pathogens in podiatric wound infections
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ABSTRACT Culture-based wound infection diagnostics have well-recognized limitations 
in detecting fastidious, anaerobic, or polymicrobial pathogens. This study compared 
the performance of a PCR wound panel with traditional culture. Dual-swab speci­
mens from 93 clinical wound cases underwent both culture and PCR testing. Analy­
ses included organism-level concordance, Gram stain correlation, and resistance gene 
detection. Logistic regression, receiver operating characteristic (ROC), and latent class 
analysis (LCA) were used to evaluate diagnostic performance. Under the conventional 
(culture-referenced) framework, PCR sensitivity was 98.3% and specificity was 73.5%. 
LCA (model M3) estimated PCR sensitivity at 95.6% and specificity at 91%. PCR detec­
ted 110 clinically significant pathogens missed or ambiguously reported (~30%) by 
culture. A logistic model incorporating 16S rRNA Ct values and Gram morphology found 
that 73.8% of PCR-only detections had infection probabilities >75%. Applying these 
probabilities and resistance gene codetection data in a symmetric framework improved 
PCR specificity from 45% to 86% with 95% sensitivity, while culture specificity remained 
high but suffered notable underdetection of known clinically significant pathogens. 
Many PCR-only detections, especially in polymicrobial wounds, were supported by 
high bacterial burden, Gram concordance, and resistance markers. For three key 
pathogens (Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus agalactiae), 
analysis showed PCR specificity ≥95% when compared to culture, suggesting that culture 
underdetection may partly reflect colony selection and prioritization during workup. 
These results underscore the known limitations of culture in resolving polymicrobial 
podiatric wound infections and highlight PCR’s role in providing significantly faster and 
more comprehensive organism-level detection to guide clinical decisions.

IMPORTANCE Chronic wounds, including diabetic foot infections, are a major cause of 
hospitalization and amputation worldwide. Conventional culture often requires several 
days and may miss fastidious or coexisting pathogens, delaying targeted therapy. In this 
study, we demonstrate that a real-time PCR wound panel provides same-day results with 
broader organism detection while maintaining strong concordance for key pathogens, 
such as Staphylococcus aureus and Pseudomonas aeruginosa. By revealing additional 
clinically significant bacteria supported by high organism burden, Gram-stain concord­
ance, and resistance-gene detection, molecular testing provides a more comprehensive 
view of the wound microbial profile. These results support PCR as a rapid, broad-range, 
and potentially first-line diagnostic method that complements culture and enables 
earlier, more informed treatment decisions.
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W ound infections pose a serious clinical challenge, increasing patient morbidity, 
hospitalization rates, and healthcare costs, especially for patients with surgical 

wounds, diabetic foot ulcers, pressure ulcers, and other chronic ulcers (1, 2). Detecting 
microorganisms accurately and in a timely manner is crucial for ensuring effective 
antimicrobial treatment and minimizing severe complications, such as osteomyelitis or 
amputation, particularly in patients with diabetic foot ulcers (3, 4).

Traditional culture, long considered the gold standard for wound infection diagnosis, 
relies on live microorganisms, appropriate growth conditions, and trained microbiolo­
gists, which can introduce an element of subjectivity (5). These limitations may decrease 
sensitivity, especially in polymicrobial, anaerobic, or antibiotic-treated wounds. Multiple 
studies have documented the drawbacks of culture-based diagnostics in diabetic foot 
infections, emphasizing the need for more sensitive and specific methods to improve 
patient outcomes (6, 7).

Recent advancements in molecular techniques have provided new tools for microbial 
detection. PCR has shown promise, as it can identify infectious agents faster and more 
accurately than traditional culture methods (8, 9). Molecular methods can simultaneously 
identify a broad range of microorganisms, including anaerobes, fastidious bacterial 
species, and antibiotic resistance genes (ABR), giving clinicians precise and actionable 
diagnostic information (10, 11). However, PCR methods can detect DNA from non-viable 
organisms or normal flora, raising concerns about false positives.

In this study, we compared the diagnostic performance of a comprehensive PCR 
panel (BioExcel Diagnostics) with that of traditional cultures performed by a commer­
cial reference laboratory. Using statistical methods, such as logistic regression, receiver 
operating characteristic (ROC) curves, and latent class analysis (LCA) (12), we objectively 
evaluated the diagnostic accuracy of PCR relative to traditional culture. Our findings 
address critical gaps in podiatric wound infection diagnostics and provide evidence to 
guide clinical practice.

MATERIALS AND METHODS

Study design and specimen collection

As part of a quality assurance program, we compared traditional culture results 
(performed by a reputable commercial laboratory) with those from an analytically 
validated comprehensive PCR panel (BioExcel Diagnostics). We reviewed 107 wound 
infection cases collected between January 2024 and January 2025, in which providers 
had requested both culture and PCR testing. Specimens primarily included diabetic 
foot ulcers, pressure ulcers, surgical sites, and other soft tissue infections suspected 
of microbial involvement. Samples were predominantly collected using swabs, with 49 
cases classified as unspecified swabs (45.8%) and 37 as ulcer-specific swabs (34.6%). 
Less common specimen types included shave biopsies (5.6%), abscess swabs (4.7%), and 
bone tissue (1.9%). The remaining categories consist of deep tissue swabs, aspirates, 
excisional biopsies, and other rare types. This dual-swab approach minimized sampling 
variability and facilitated an unbiased, parallel comparison between molecular PCR 
testing and conventional culture-based methods (10).

Culture-based testing and Gram stain assessment

Culture and antimicrobial susceptibility testing (AST) were performed by a reputable 
commercial reference laboratory. Gram stain results were reviewed for morphological 
features, including Gram-positive cocci (GPC), Gram-negative rods (GNR), epithelial cells, 
and white blood cells. Specific methodological details were unavailable; therefore, our 
analysis relied solely on the final culture reports for each case.
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DNA extraction and PCR testing

Nucleic acid extraction was conducted using the MagMAX Microbiome Ultra Nucleic Acid 
Isolation Kit (Thermo Fisher Scientific). Mechanical bead-based lysis was performed using 
the Omni Bead Ruptor Elite 24 to effectively disrupt bacterial cell walls for both Gram-
positive and Gram-negative organisms. Real-time PCR testing was performed using the 
nanoscale SmartChip Real-Time PCR System (Takara Bio). We employed widely used 
TaqMan assays (Thermo Fisher Scientific) targeting numerous clinically relevant bacterial 
and fungal pathogens, as well as key antibiotic resistance genes. Each PCR run included 
internal controls for extraction efficiency, amplification performance, and contamination, 
as well as appropriate positive and negative controls.

Case inclusion and diagnostic classification

Of the 107 wound infection cases initially reviewed, 93 cases with complete paired 
data (PCR and culture results) were included in the final analysis. Out of 107 initial 
cases, two cases were excluded due to ambiguous culture results listing only “mixed 
flora,” and 12 were removed due to incomplete or inconclusive culture data. Diagnostic 
classification was performed using a conventional reference framework, in which culture 
served as the reference. Cases were classified as true positive (TP) if PCR and culture 
identified at least one matched clinically significant organism. Cases were considered 
false positives (FP) if PCR detected one or more clinically pathogenic microorganisms 
that were not recovered by culture, and there were no matched organisms between 
the two methods. False negatives (FN) were assigned to cases when culture detected 
a pathogenic organism that PCR did not detect. True negatives (TN) were cases where 
neither method detected any clinically significant pathogen. To enable a like-for-like 
comparison between PCR and culture, organisms typically regarded as commensals 
(e.g., coagulase-negative staphylococci) or fastidious anaerobes (e.g., Finegoldia magna, 
Actinotignum schaalii, Peptoniphilus spp.) were excluded from classification.

Statistical analyses

Diagnostic performance metrics, including sensitivity, specificity, positive predictive 
value (PPV), negative predictive value (NPV), accuracy, and F1 score, were calculated. 
Discordance between PCR and culture was statistically evaluated using McNemar’s 
exact test. Additionally, we evaluated the predictive power of pan-bacterial burden 
(16S rRNA Ct values), organism-specific Ct thresholds, and Gram stain morphology in 
determining true infection status using logistic regression models. We used ROC curves 
to assess model performance. LCA objectively estimated diagnostic accuracy without 
assuming a definitive reference standard (12). Latent class analyses used two classes 
(infected vs not infected) and assumed local independence. To avoid non-identification 
inherent to two-indicator models, we treated the two-indicator model (M1: PCR + 
culture) as descriptive only and based inference on the three-indicator model (M3: 
PCR + culture + Gram). Models were fitted by EM with 100 random starts. Parameter 
uncertainty was quantified via a 300-replicate parametric bootstrap (seed = 2025); the 
LCA_broad_panel_pipeline.py, along with instructions, was provided in the supplemen­
tary section and cited accordingly in the data availability section.

Predictive modeling

A morphology-informed logistic regression model estimated the infection probabil­
ity/likelihood for PCR-detected organisms. Predictors included organism-specific Ct 
values, total bacterial load (as measured by 16S rRNA Ct), and Gram stain morphology 
scores. The model was trained exclusively on confirmed endpoints (true positives and 
negatives) and validated using internal metrics, such as ROC analysis and calibration 
curves. Infection probabilities were assigned to PCR-only organism detections, providing 
continuous likelihood scores validated by simulation analysis and concordance with 
resistance genes. The model was trained exclusively on confirmed biological endpoints 
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(the scripts are cited accordingly in the data availability section), organisms detected by 
both PCR and culture, and was validated using cross-validation and calibration methods 
(12–16). For logistic regression using 16S rRNA Ct + Gram_Score_Sum, calibration was 
done by Platt scaling (sigmoid) with fivefold out-of-fold (OOF) evaluation. OOF metrics 
are as follows: intercept −0.053 (95% CI −0.803 to 0.698), slope 1.051 (0.548–1.555), Brier 
score 0.143, ECE(10) 0.085, HL P = 0.059. Calibration was close to ideal and tight in the 
0.8–1.0 region.

Power analysis

A power analysis confirmed that the evaluable sample size (n = 93) provided greater than 
90% power to detect clinically meaningful differences in specificity (≥20% improvement) 
at a significance level of α = 0.05, ensuring reliable and robust comparative evaluations 
between PCR and culture performances.

RESULTS

Descriptive overview of the study cohort

In this retrospective study, an initial review of electronic records identified 107 cases 
of wound infection for which the corresponding healthcare provider requested both 
PCR and traditional culture simultaneously. As shown in Fig. S1, after excluding 2 
cases with mixed or unidentified culture results and 12 cases deemed inconclusive 
due to limitations in colony differentiation for aerobic and anaerobic cultures, the final 
evaluable set consisted of 93 cases with paired PCR and culture data, 59 culture-positive 
and 34 culture-negative. Notably, in the 12 cases where culture results were inconclusive, 
PCR still provided a complete organism-level profile. Specimens were predominantly 
swabs, 49 unspecified (45.8%) and 37 ulcer-targeted (34.6%), with fewer shave biopsies 
(5.6%), abscess swabs (4.7%), and bone and deep-to-bone samples (each 1.9%); several 
additional types were each <1% (e.g., aspirate, blister swab) (Table S1). Demographically, 
56.0% of cases were from men, 38.3% from women (5.5% unspecified); the median 
age was 67 years (range 13–90), with the distribution skewed toward older ages. Most 
specimens originated from podiatric sites (~90%).

PCR reports were available in a median of 20 h (IQR 4.5 h) vs 120 h for culture (IQR 
0 h), a >4-day advantage (paired Wilcoxon P = 2.57 × 10−19). The culture lab’s IQR = 
0 indicates batch/scheduled release with little mid-distribution variability; PCR varied 
modestly around a ~20-h median, reflecting more responsive specimen processing
(Table S2 and Fig. S2).

Across the evaluable 93 cases, PCR detected a broad range of pathogens (Table 
S3), including common aerobes (e.g., S. aureus, P. aeruginosa, Streptococcus agalactiae) 
and fastidious/anaerobic taxa (e.g., F. magna, Bacteroides fragilis) that are often under-
recovered by culture (10, 17). Notably, S. aureus remains the most commonly detected 
organism (1). Culture detections for the cohort are summarized in Table S4 (e.g., S. aureus; 
36/93, P. aeruginosa; 15/93, S. agalactiae; 5/93).

Performance evaluation under the conventional, culture-referenced classifi­
cation

Case-level comparison between the culture and PCR outcomes is shown in Fig. 1: 17 
fully concordant TPs, 25 partial TPs (PCR detected ≥1 additional organism), 16 TPs with 
a culture flag of unidentified additional organisms (TP-UAO), 9 FPs (PCR+/culture−), 
1 FN (PCR−/culture+), and 25 TNs (n  =  93). From these counts (58 TP, 9 FP, 1 FN, 
25 TN), PCR achieved a sensitivity of 98.3% (58/59) and specificity of 73.5% (25/34) 
compared to culture. The PPV was 86.8%, the NPV was 96.3%, and the overall diagnostic 
accuracy and F1 score were 89.3% and 92.1%, respectively (Table 1). When all culture 
detections, including off-panel organisms not targeted by the PCR assay, were consid­
ered, three previously true-negative cases were reclassified as false negatives (TN = 22, 
FN = 4), resulting in a sensitivity of 93.5% and a specificity of 71.0%, but no change in 
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positive predictive value (86.6%) (Table 1). These metrics were calculated after excluding 
organisms considered normal flora or fastidious (Coagulase-Negative Staphylococci, A. 
schaalii, F. magna, and Pepetiniphilus species) to ensure a direct, like-for-like comparison 
with culture.

To further compare diagnostic yield, McNemar’s exact test was applied at both the 
case and organism levels. At the case level (Fig. 2A), there were 9 PCR-only vs one 
culture-only case, showing significant asymmetry (P = 0.021). At the organism level, 
restricting to panel organisms (Fig. 2B), 50 cases had PCR-only additional organisms vs 
three cases with culture-only detections (P = 5.5 × 10−12). Including all organisms (Fig. 
2C), i.e., counting culture-only detections outside the PCR panel, PCR-only detections still 
dominated (50 vs 12, P = 1.2 × 10−6). Across these partially concordant or discordant 
cases, PCR identified 110 additional organisms (median 2; mean 2.2 per case); 64% of 
cases had >1 additional organism (Table S5), consistent with molecular studies showing 

FIG 1 Case-level classification of wound infection using the conventional classification model (culture-referenced). Among 

93 evaluable cases, 58 were PCR+/culture+, including 17 fully concordant cases (TP fully concordant), 25 partially concordant 

cases with additional PCR-only organisms (TP partial), and 16 cases with culture-reported “unidentified additional organisms” 

(TP UAO). The remaining cases included 9 PCR-positive/culture-negative (FP), 1 PCR-negative/culture-positive (FN), and 25 

PCR-negative/culture-negative (TN).

TABLE 1 Diagnostic performance of PCR compared with culture using the conventional classification 
model (n = 93 cases)a

Metric Panel-only
(58 TP, 9 FP, 1 FN, 25 TN)

All organisms
(58 TP, 9 FP, 4 FN, 22 TN)

Sensitivity 58/(58 + 1) = 98.3% 58/(58 + 4) = 93.5%
Specificity 25/(25 + 9) = 73.5% 22/(22 + 9) = 71.0%
Positive predictive value 

(PPV)
58/(58 + 9) = 86.6% 58/(58 + 9) = 86.6%

Negative predictive value 
(NPV)

25/(25 + 1) = 96.2% 22/(22 + 4) = 84.6%

Accuracy (58 + 25)/93 = 89.3% (58 + 22)/93 = 86.0%
F1 score 2 × 58/(116 + 9 + 1) = 92.1% 2 × 58/(116 + 9 + 4) = 89.9%
aPanel-only metrics restrict the reference standard to organisms targeted by the PCR panel. All organisms' metrics 
include off-panel culture detections, which reclassify three prior true-negative cases as false negatives. Values 
calculated after excluding detections attributed to normal flora and hard-to-culture (HTC) taxa.
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under-recovery of mixed communities by culture (13). Thirty-eight out of the 110 
PCR-only organisms were from 15 TP cases that contained the UAO flag.

Overall, this organism-level discrepancy between the studied PCR panel and the 
culture results from the reference laboratory raises an important question: are these 
additional organisms detected by PCR incidental, or do they represent clinically 
significant parts of the infection that culture failed to identify?

Organism-level performance evaluation for key pathogens (culture-refer­
enced)

To stress-test potential nonspecific amplification or amplification from non-viable 
organisms, we first reviewed 28 cases (28-subset) in which the culture reports explicitly 
ruled out the presence of P. aeruginosa, S. aureus, and S. agalactiae (Table S6). In this 
cohort, PCR yielded no detections for P. aeruginosa and S. agalactiae (100% specificity 
for each) and only one detection for S. aureus; aggregated across 84 organism-events, 
specificity was 98.8% (83/84) (binomial P = 0.0015 vs a ≤90% null; Bayesian mean 97.7%). 
Across the 93 evaluable cases, culture-referenced organism-level performance for these 
three key pathogens was high overall, with sensitivities of 86.7%–100% and specificities 
of 94.0%–99.0%; the exact per-organism performance characteristics are summarized 
in Table 2. To minimize repetition, we summarize the results for another specificity 
evaluation strategy here and provide details in Table 2’s footnote: in a subset of 77 
cases (comprising all included cases except for TPs with UAO comments), there were 
6 PCR-positive results among 195 culture-negative organism events. Consequently, the 
overall specificity was calculated as 96.9% (189/195), with a binomial P value of 0.00022. 
The Bayesian posterior mean specificity was estimated at 96.4%, with a 95% credible 
interval (CrI) ranging from 93.5% to 98.6%.

Together, these results argue against widespread false-positive PCR detection or 
amplification of non-viable cells for these key pathogens.

Detection prevalence and culture under-recovery of S. agalactiae

By detection rates across 107 cases, PCR vs culture identified S. aureus in 35.5% vs 
33.6%, P. aeruginosa in 13.1% vs 14.0%, and S. agalactiae in 10.3% vs 5.6%, respectively 
(Table 3). Among 11 PCR-positive S. agalactiae cases, six were culture-concordant and 
five were culture-negative. Example profiles include Case 71 (low-Ct S. agalactiae [Ct 
19.2] co-detected with Acinetobacter baumannii [Ct 19.9], Stenotrophomonas maltophilia 
[Ct 19.2], Enterococcus faecalis [Ct 24.4], S. aureus [Ct 18.7], plus an OXA-group carbape­
nemase [Ct ~19]), and Cases 92 and 104 (Ct 25.4 and 30.4 for S. agalactiae). Notably, 
3/5 discordant reports (Cases 71, 92, 104) contained the UAO comments, consistent 
with the overall frequency of such notes (30.8%, 33/107), among all 107 cases. These 

FIG 2 Directional discordance between PCR and culture results at the case and organism levels. (A) Case-level confusion matrix (n = 93): PCR positive/culture 

positive = 58; PCR negative/culture positive (FN) = 1; PCR positive/culture negative (FP) = 9; PCR negative/culture negative = 25; McNemar exact P = 0.021 

(statistically significant). (B) Organism-level discordance limited to panel organisms (targets covered by the PCR panel): 50 cases with PCR-only calls vs 3 cases 

with culture-only detections; McNemar exact P = 5.5 × 10−12 (statistically significant). (C) Organism-level discordance, including off-panel culture detections (all 

organisms): 50 cases with PCR-only calls vs 12 cases with culture-only detection; McNemar exact P = 1.2 × 10−6 (statistically significant).
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patterns support plausible S. agalactiae under-recovery by culture in polymicrobial 
wounds (details in Table S7).

E. faecalis: missed by culture, supported by PCR

PCR detected E. faecalis in 36/107 cases (33.6%), with Ct ≤26 in 73% and Gram-positive 
cocci on smear in 89%, yet none were reported as E. faecalis by culture in this cohort. 
In the 77-case high-confidence specimen subset (no TP-UAO), organism-specific Ct 
distributions for PCR-only E. faecalis (labeled FP under the culture-referenced framework; 
n  =  21) were comparable to culture-confirmed S. aureus TPs (n  =  23): median Ct 
22.5 vs 19.2 (Mann–Whitney P = 0.0128), with overlapping ranges (17.9–30.7 vs 15.3–
31.3; Kolmogorov–Smirnov P = 0.066; ~80% overlap; Fig. 3). These data indicate that 
PCR-only E. faecalis detections carry organism burden and Ct distribution patterns similar 
to the S. aureus detections, supporting biological plausibility rather than low-level noise 
(probability-based modeling for Enterococci is reported later; see Table 4).

PCR-only GNRs are backed by Gram stain and ABR markers

Among 39 Gram-stain GNR-positive cases (of n = 93; included cases), PCR and 
culture were concordant in 17; 13 were PCR-positive/culture-negative; 1 was cul­
ture-positive/PCR-negative; and 8 were double-negative (Fig. 4). Notably, 7/13 PCR-pos­
itive/culture-negative cases also contained at least one organism matched by both 
methods, yet the culture report had the UAO comment, indicating unresolved taxa. The 
imbalance in discordant pairs (13 vs 1) was significant (McNemar’s exact P = 0.0018), 
supporting higher PCR sensitivity for GNRs when the smear indicated the presence 
of these rods. Focusing on the 13 PCR-positive/culture-negative cases, PCR identified 
19 Gram-negative organisms not recovered by culture, including Enterobacter cloacae, 
Klebsiella pneumoniae, Proteus mirabilis, Morganella morganii, Escherichia coli, and S. 
maltophilia. Organism-specific Ct values had a mean of 23.1, a median of 23.7, and a 
range of 16.5–31.3; 16/19 (84.2%) were Ct ≤28, and only one (S. maltophilia, Ct 31.3) 
exceeded Ct 30.

To better evaluate the biological plausibility of organisms detected by PCR, in the 
absence of culture confirmation, we examined the co-detection of ABR genes and their 
related pathogens, using Ct value correlations as indirect indicators. This finding is 
illustrated in Fig. 5, where each point represents an organism-gene pair (e.g., DHA with M. 
morganii [18], chromosomal ampC with E. cloacae [19], and OXA-group carbapenemases 

TABLE 2 Diagnostic performance of PCR for S. aureus, P. aeruginosa, and S. agalactiae (n = 93)a,b

Organism TP FP FN TN Sensitivity Specificity PPV NPV Accuracy F1 score

Staphylococcus aureus 35 3 1 54 0.97 0.95 0.92 0.98 0.96 0.95
Pseudomonas aeruginosa 13 1 2 77 0.87 0.99 0.93 0.97 0.97 0.90
Streptococcus agalactiae 5 5 0 83 1.00 0.94 0.50 1.00 0.95 0.67
a28 case cohort: culture explicitly ruled out the growth of S. aureus, P. aeruginosa, and S. agalactiae (see Table S6). PCR: 0/28 for P. aeruginosa and S. agalactiae; 1/28 for S. 
aureus. Aggregated specificity 98.8% (83/84); binomial P = 0.0015 (statistically significant); Bayesian mean 97.7% (UAO, unidentified additional organisms).
b77 case subset (no UAO comment in culture reports): 231 organism events (77 × 3). Of 195 culture-negative events, only 6 were PCR-positive, yielding a specificity of 
96.9% (189/195); binomial P = 0.00022 (statistically significant); Bayesian posterior mean 96.4% (95% credible interval: 93.5%–98.6%); P(specificity > 0.90) = 99.98%; TP, true 
positives; FP, false positives; FN, false negatives; TN, true negatives; PPV, positive predictive value; NPV, negative predictive value. Note: three out of five cases labeled as FPs 
for S. agalactiae had a culture note indicating the presence of UAO. 

TABLE 3 PCR and culture detection rates for S. aureus, S. agalactiae, and P. aeruginosaa

Organism PCR detection 
count

PCR detection
rate (%)

Culture detection 
count

Culture detection 
rate (%)

S. aureus 38 35.5 36 33.6
S. agalactiae 11 10.3 6 5.6
P. aeruginosa 14 13.1 15 14.0
aDetection rates are based on 107 total cases. PCR rates reflect detections above Ct, Gram stain, or resistance gene 
thresholds.
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with A. baumannii [20]). Tight clustering at low Ct values for pathogen-ABR pair 
datapoints suggests co-amplification from the same DNA source; dispersion increases at 
higher Ct (lower nucleic-acid abundance) and is consistent with low-template stochastic­
ity.

Clustering of “false positives” with infections

Within the conventional classification, comprising culture-confirmed positives, including 
TP, TP-UAO, and partial-TP cases (TP-all; n  =  58), PCR-positive/culture-negative cases 
labeled as false positives (FP; n  =  9), and true negatives, excluding three cases that 
were positive for organisms that were not covered by the PCR panel (TN; n  =  22), we 
evaluated bacterial burden using 16S rRNA Ct values (Ct₁₆S). The median 16S rRNA Ct 
was 15.44 for all TPs, 15.97 for FPs, and 23.60 for TNs. FP cases were not significantly 
different from all TP group (P = 0.562), indicating that PCR-positive/culture-negative 
results clustered with true infections in terms of bacterial load. In contrast, FP cases had 
significantly lower Ct values than TN (P = 0.016), reflecting a notably higher microbial 
burden than non-infected samples. Interestingly, the distribution of 16S rRNA Ct values 
among FP cases appeared bimodal (Fig. 6). One peak aligned with the high-burden 
region (Ct ≈ 15–18) observed in true positive groups, while a second, smaller peak 
emerged around Ct ≈ 24–27, approaching the distribution of true negatives. This 
bimodal distribution suggests that cases labeled as FP using conventional classification 
are not microbiologically uniform. Such patterns support the interpretation that a subset 
of these so-called false positives may reflect true infections that were not captured by the 
culture method.

Evaluation of infection status at the case-level using logistic regression 
modeling

To further assess PCR’s diagnostic validity, especially for cases classified as false positives 
(PCR+/culture–), under the conventional classification model, we built multiple case-
level logistic regression models integrating pan-bacterial burden 16S rRNA Ct (Ct₁₆S) 
and Gram smear morphology. Across all 93 included cases, pan-bacterial Ct₁₆S model 
alone predicted infection (β = –0.170; P = 3.8 × 10−5), with an odds ratio of 1.19 per 

FIG 3 Comparison of organism-specific Ct values between E. faecalis false positives and S. aureus true positives. Violin plot (left) and box + strip plot (right) show 

the distribution of E. faecalis Ct values classified as false positives (n = 21) and culture-matched S. aureus true positives (n = 23) in all included cases that had no 

UAO flag. While E. faecalis FPs had slightly higher median Ct values (22.5 vs 19.2), both groups showed substantial overlap in distribution (80% Ct range overlap), 

and the Kolmogorov–Smirnov test did not detect a statistically significant difference in shape (P = 0.066; not significant). These findings support the biological 

plausibility of E. faecalis PCR-only detections and suggest they represent clinically relevant signals rather than background noise or non-viable DNA.

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.02649-25 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

21
 N

ov
em

be
r 

20
25

 b
y 

26
00

:1
70

0:
b9

80
:8

90
:6

c9
e:

e5
98

:4
60

4:
64

b1
.

https://doi.org/10.1128/spectrum.02649-25


one-cycle decrease (95% CI 1.09–1.32) and area under the curve (AUC) = 0.75, consistent 
with a biologically plausible link between higher bacterial burden and infection (Fig. 
S3). We then restricted evaluation to an unambiguous 80-case subset (i.e., TP = 58, 
TN = 22; three TNs were excluded for off-panel culture organisms). In this curated 
set, a Ct₁₆S-only model achieved AUC = 0.847 (Fig. 7). Adding morphology as binary 
indicators showed that GNR presence provided the most substantial incremental value: 
Ct₁₆S + GNR reached AUC = 0.87, outperforming Ct₁₆S + GPC (AUC = 0.83) and Ct₁₆S 
+ (GPC and GNR) (AUC = 0.845). Notably, Ct₁₆S remained independently predictive 
across models (P < 0.001). In contrast, the presence or absence of individual Gram 
stain morphology was not significant (Table S9), indicating that morphology improves 
ranking rather than adding orthogonal signal, which accords with the clinical tendency 
of GNRs to represent pathogens while some GPCs and GPRs reflect skin flora. Because 
binary flags only capture presence/absence, we next used semi-quantitative morphology 
(0–3 abundance scores for GPC and GNR) instead. The Ct₁₆S + “Gram_Score_Sum” model 
(additive GPC + GNR index) performed best among scoring strategies with AUC = 0.862, 
exceeding “Gram_Score_Max” and “Gram_Score_GN_Priority” (both AUC = 0.842) and 
closely approaching the best binary model. We selected Ct₁₆S + “Gram_Score_Sum” for 
probability estimation because it (i) integrates both morphologies into a single index; (ii) 

TABLE 4 Predicted infection probabilities for Enterococcus spp. PCR detectionsa

Case no. Organism Ct GPC Calibrated Prob ≥80% calls Possible ABR genes ABR Cts

1 E. faecium 31.3 Low 0.717 0 van 27.7
7 E. faecalis 22.6 Absent 0.807 1 erm(A)/erm(B); tet(M) 21.6; 22.5
8 E. faecalis 30.7 Absent 0.285 0 erm(A)/erm(B) 28.6
12 E. faecalis 18.8 Low 0.958 1 erm(A)/erm(B); tet(M) 17.74; 18.16
13 E. faecalis 28.6 High 0.651 0 erm(A)/erm(B); tet(M) 27.7; 27.96
15 E. faecalis 17.9 High 0.980 1 erm(A)/erm(B); tet(M) 16.9; 17.4
18 E. faecalis 19.4 High 0.970 1
19 E. faecalis 23.8 High 0.940 1 erm(A)/erm(B) 19.2
22 E. faecalis 23.2 High 0.942 1 erm(A)/erm(B); tet(M) 23.16; 22.6
25 E. faecalis 20.7 High 0.960 1 erm(A)/erm(B); tet(M) 20.3; 20.5
28 E. faecalis 23.8 High 0.918 1 tet(M) 23.8
29 E. faecalis 20.6 High 0.966 1 erm(A)/erm(B); van 30.7; 30.8
41 E. faecalis 19.6 High 0.967 1 erm(A)/erm(B); tet(M) 18.9; 19.4
47 E. faecalis 22.4 Low 0.936 1 tet(M); erm(A)/erm(B) 23.4; 29.93
48 E. faecalis 23.52 High 0.920 1 erm(A)/erm(B); van 24.7; 31.5
52 E. faecalis 23.5 Low 0.926 1 tet(M) 24.4
55 E. faecium 27.2 High 0.881 1 Inconclusive Inconclusive
55 E. faecalis 18.3 High 0.979 1 Inconclusive Inconclusive
58 E. faecalis 27.9 Medium 0.819 1 erm(A)/erm(B) 23.26
59 E. faecium 30.9 Low 0.663 0 van 28.05
61 E. faecalis 21.6 High 0.891 1 tet(M) 21.2
67 E. faecalis 26.32 High 0.885 1 tet(M) 25.1
69 E. faecalis 21.1 High 0.904 1 erm(A)/erm(B); tet(M) 20.6; 21.15
70 E. faecalis 22.5 Medium 0.923 1 tet(M) 22.1
71 E. faecalis 24.4 High 0.924 1 erm(A)/erm(B); tet(M) 20.7; 18.4
78 E. faecalis 18 High 0.971 1 erm(A)/erm(B); tet(M) 26.8; 26.5
83 E. faecalis 23.7 High 0.829 1 Inconclusive Inconclusive
93 E. faecalis 27.2 Low 0.850 1 Inconclusive Inconclusive
95 E. faecalis 26.6 High 0.881 1 erm(A)/erm(B); tet(M) 26.6; 25.5
98 E. faecalis 23.1 Medium 0.814 1 erm(A)/erm(B) 23.3; 22.6
101 E. faecalis 18.7 Absent 0.973 1 tet(M) 18.5
104 E. faecalis 30.9 Absent 0.742 0 tet(M) 30.7
105 E. faecalis 25.9 High 0.626 0 tet(M) 25.9
aThe table summarizes predicted infection probabilities for E. faecalis and Enterococcus faecium PCR detections.
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achieves near-maximal discrimination; and (iii) calibrated well. On out-of-fold (fivefold) 
evaluation, the AUC was 0.855 (raw 0.854), and calibration was close to ideal (intercept 
−0.053, slope 1.051). Applying the trained, calibrated Ct₁₆S + “Gram_Score_Sum” model 
to the nine conventional FPs (Table S10) produced calibrated probabilities spanning 
0.48–0.90; 4 cases out of 9 had predicted probabilities ≥0.80, 7/9 were ≥0.70, and 
the two lowest were 0.59 and 0.48. Seven of nine FP cases had low 16S rRNA (Ct ≤ 
22), indicating high pan-bacterial burden, with Gram morphologies concordant with 
detected taxa (e.g., Staphylococcus lugdunensis, E. faecalis, Citrobacter koseri, S. aureus). 
Case nos. 44, 30, and 33 are examples that the reference laboratory’s aerobic culture 
categorized growth as “skin flora only” (no recovery of S. aureus, S. agalactiae, or P. 
aeruginosa) despite concordant molecular and Gram findings. Case 44 (conventional FP; 
predicted infection probability >80%), PCR detected Aerococcus urinae (Ct 27.2), F. magna 
(Ct 23.8), and Peptoniphilus spp. (Ct 24.3), consistent with high bacterial load. Gram stain 
showed moderate Gram-positive cocci. Histopathological examination from the same 
site indicated acute osteomyelitis characterized by necrotic bone tissue and neutrophilic 
infiltrates. Case 30 (predicted infection probability > 85%); PCR detected S. lugdunensis 
(Ct 16.1), F. magna (Ct 25.1), and CoNS (Ct 15.9), all at high abundance. Gram stain 
showed abundant Gram-positive cocci with no epithelial cells (high-quality sampling). 
Case 33 (predicted infection probability > 85%); PCR detected S. lugdunensis (Ct 21.9), 
F. magna (Ct 21.2), and CoNS (Ct 17.7). Gram smear demonstrated heavy Gram-positive 
cocci in pairs and clusters. S. lugdunensis, although coagulase-negative, is a recognized 
pathogen in soft-tissue and bone infections and is often overlooked or misidentified as 
benign CoNS or skin flora (21).

FIG 4 Heatmap summarizing concordance between PCR and culture for GNR detection among 39 cases with Gram 

stain-positive findings. PCR and culture both detected GNRs in 17 cases; 13 cases were PCR-positive but culture-negative, 

and only one was culture-positive but PCR-negative. The McNemar exact test P value = 0.0018, indicating the directional 

discordance between PCR (n = 13) and culture (n = 1) is statistically significant.
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Evaluating the infection likelihood of PCR-detected organisms using 
biologically anchored models

We developed a logistic regression model to estimate the probability that a PCR-detec­
ted organism represents a true infection, integrating three biologically interpretable 
features: (i) organism-specific Ct (target abundance), (ii) pan-bacterial load (Ct₁₆S), and (iii) 
Gram morphology. Logistic regression offers a transparent and interpretable framework 
that utilizes continuous biological variables, such as pathogen-specific burden and 
morphological context, and is widely employed in clinical prediction modeling (22). 
To preserve biological fidelity, only the morphology matching the organism’s expected 
Gram class was used for that organism (e.g., E. coli used the GNR score; the GPC score 
was set to 0). The primary aim of this Ct- and Gram morphology-integrated modeling 
approach was not to reclassify detections based on fixed thresholds, but to provide 
a statistically grounded, unbiased framework for evaluating the credibility of PCR-only 
results. Unlike rule-based contextual models that incorporate heuristic or subjective 
assumptions, this model was developed entirely from our culture-confirmed digitized 
data, without prior exposure to PCR-only detections.

Verified organism-level true positives (culture-matched organisms) and true negatives 
were used to train an L2-regularized logistic regression model. Platt scaling was 
applied using fivefold cross-validation to calibrate the model’s probability outputs to 
obtain unbiased probability estimates for assessment (23). PCR-only detections were 
not included in the training data to minimize overfitting. Internal validation demon­
strated excellent model performance, with an area under the ROC curve of 1.00, an 

FIG 5 Ct correlation between PCR-detected pathogens and their matched resistance genes. This scatter 

plot shows the relationship between the PCR Ct values of the detected Gram-negative organisms 

and their corresponding antibiotic resistance genes, with each point representing a biologically linked 

microorganism–ABR gene pair. Notable examples include OXA with A. baumannii, DHA with M. morganii, 

SHV with Klebsiella species, and chromosomal ampC with E. cloacae. A strong linear correlation was 

observed (Pearson r = 0.94; 95% CI, 0.85–0.98), with 85% of pairs falling within ±3 Ct. The regression slope 

of 0.89 suggests that pathogen and corresponding resistance gene abundances trend closely, supporting 

biological co-detection and reducing the likelihood of spurious amplification.
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overall accuracy of 99.9%, and an F1 score of 0.98 for the positive class. A high AUC 
value and F1 score were anticipated because the training set contained only verified 
biological input data. The model’s calibration curve demonstrated strong alignment 
between predicted probabilities and observed outcomes, confirming the accuracy of the 
probability estimates. To assess the model’s specificity in uninfected cases, we conducted 
simulations using 22 cases classified as true negatives under the standard diagnostic 
framework. For each case, we introduced a simulated high-Ct detection (Ct = 35) 
representing either GPC or GNR, while preserving the actual Gram morphology scores 
for the specimen. Under these conditions, the highest predicted infection probabilities 
observed were 0.541 for GPC and 0.221 for GNR, reflecting the model’s baseline noise 
level of low-burden signals in morphologically relevant but non-infectious contexts.

The trained, calibrated model was applied to all PCR-detected organisms (Table S11). 
Among the PCR-only detections, 73.8% (71/103) had probability scores greater than 
0.75. These findings suggest that most PCR-only organisms exhibit biological features 
typical of confirmed infections. Interestingly, among the 33 GNR+/culture− cases, only 
4/33 (12.1%) had a probability score below 0.75; their PCR Ct values ranged from 26.8 to 
33.0. Additionally, 64% of these cases had probability scores higher than 0.90 (Table 5). 
Organisms, such as M. morganii, P. mirabilis, Citrobacter freundii, and Klebsiella oxytoca, 
ranked among the top predictions, with model probabilities approaching or equal 
to 1.00. These detections were characterized by low organism-specific Ct values (i.e., 
high burden), low 16S rRNA Ct values (high pan-bacterial burden), and Gram-negative 
rod morphology, mirroring the biological signatures of confirmed pathogens, despite 
negative culture reports.

E. faecalis was also another organism of interest. Although it was not recovered by 
culture in the samples included in this study, it was detected with low Ct values in 
multiple cases and often scored above the 0.8 high-confidence threshold. As previously 
mentioned, E. faecalis was detected in 36 cases out of 107 specimens. However, in 93 
cases included in the modeling studies, a total of 33 cases were positive for E. faecalis (n 
= 29) and Enterococcus faecium (n = 4). Predictive modeling provided strong probabilistic 
evidence supporting true infection in these cases. In the subset of cases evaluated 
for infection probability, calibrated scores ranged from 0.285 to 0.966, with a median 
probability of 0.639. As shown in Table 4, 81.8% (27/33) of these cases had probabilities 
≥0.80, indicating high biological likelihood. These cases were characterized by Ct values 

FIG 6 16s rRNA Ct values Kernel density distribution by diagnostic group. Distribution of pan-bacterial 16S rRNA Ct values (Ct₁₆S) across diagnostic categories 

under the conventional classification model. Lower Ct reflects a higher bacterial burden. TP, Partial-TP, and TP-UAO cases show tightly clustered peaks at low Ct 

values (13–18), consistent with high biomass infections. FP cases display a bimodal distribution: a dominant peak overlapping with TP groups (Ct ~ 15–22) and 

a minor shoulder extending toward the TN range. TNs show a broader, right-shifted distribution centered around higher Ct values (~28–32), consistent with low 

microbial burden or background DNA. Line styles distinguish groups; vertical dashed lines mark estimated peaks for FP-high and FP-intermediate subclusters.
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<28, Gram-positive cocci morphology on stain, and co-detection of resistance genes, 
such as van, ermA/ermB, or tet(M). The presence of vancomycin resistance genes was 
confirmed in four cases, further strengthening the clinical relevance of these detections. 
All Vancomycin-resistant Enterococci had infection probabilities of higher than 0.66. These 
results show that these Enterococci detections are not necessarily low-level noise or 
background colonizers but represent likely true positives with quantifiable biological 
support, likely missed due to the culture’s analytical limitations, such as subjectivity or 
organism prioritization.

In case 7, a specimen obtained from a non-pressure ulcer on the right second digit 
showed the presence of white blood cells on Gram stain, despite a negative culture 
result. PCR detected E. faecalis with a Ct of 22.6 and a total bacterial burden (16S rRNA 
Ct) of 22.1, corresponding to a predicted probability of true positivity of 0.807 (Table 
4). A macrolide resistance gene (ermA/ermB) was also identified with a Ct of 21.6. These 
findings enhance the clinical relevance of this PCR-only detection and suggest that the 
negative culture result may not reflect the true status of the submitted specimen. As 
summarized in Table 6, case no. 93 illustrates how molecular diagnostics can uncover a 
more complex and clinically meaningful pathogen profile than traditional culture alone. 
While culture identified P. aeruginosa (moderate growth, susceptible to ciprofloxacin and 
levofloxacin), S. aureus (light growth), and S. agalactiae (heavy growth), it also noted 
the presence of “additional organisms of unknown significance” that were not further 
characterized, suggesting an incomplete picture of the microbial profile.

FIG 7 ROC curves for logistic regression models integrating 16S rRNA Ct values and Gram stain morphology in wound infection diagnostics (n = 80). Models 

evaluated included 16S rRNA-only, 16S rRNA plus individual Gram morphology flags (GPC, GNR), and three scoring-based strategies: “Gram_Score_Sum,” 

“Gram_Score_Max,” and “Gram_Score_GNR Priority.” Among models incorporating both GPC and GNR Gram morphologies, the “16S rRNA + Gram_Score_Sum” 

model demonstrated the highest discrimination (AUC = 0.862). All models were trained using 80 curated specimens (TP and TN) and plotted in black and white 

for clarity.
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In contrast, the PCR test not only confirmed the organisms identified by culture but 
also detected several additional pathogens with low Ct values, including C. freundii (Ct 
17.7), M. morganii, K. pneumoniae (Ct 19.8), K. oxytoca (Ct 22.4), E. coli (Ct 24.6), and E. 
faecalis (Ct 27.2). Interestingly, the calibrated detection probabilities for M. morganii, K. 
pneumoniae, K. oxytoca, and E. coli exceed those of organisms also confirmed by culture, 
likely because their Ct values are lower than those of the other organisms. Importantly, 
multiple ABR genes were also identified: BIL/LAT/CMY (Ct 17.8), SHV (Ct 18.9), and the qnr 
gene group (Ct 23.6). Although PCR cannot definitively assign these resistance markers 
to specific organisms, the proximity of Ct values combined with known organism-ABR 
gene relationships suggests that BIL/LAT/CMY is most likely linked to C. freundii, SHV to 
K. pneumoniae, and the qnr group to E. coli. Notably, the Ct value for P. aeruginosa (26.3) 
was higher than those of other Gram-negative organisms, indicating that it was not 
the primary source of infection and that the qnr gene probably originated from E. coli. 
Overlooking this resistance could lead to a targeted treatment based solely on culture 
AST on P. aeruginosa, which may be suboptimal or ineffective.

Another illustrative example is case no. 1 (Table 6), where E. faecium was detected 
by PCR with a Ct value of 31.3, and a moderate predicted infection probability of 0.717. 

TABLE 5 PCR-only GNRs and model-inferred infection probabilities

No Case no Organism Ct Ct_16S GNR Culture 
positive

Calibrated_Prob

1 46 M. morganii 15.1 14.4 High False 0.987
2 55 K. pneumoniae 16.5 13.9 High False 0.984
3 95 E. cloacae 17.3 14.62 High False 0.978
4 93 C. freundii 17.7 14.96 High False 0.975
5 89 E. cloacae 18.0 14.78 High False 0.974
6 58 M. morganii 17.8 15.15 High False 0.974
7 104 K. oxytoca 18.7 14.25 High False 0.973
8 25 E. cloacae 18.1 14.98 Low False 0.973
9 47 P. mirabilis 18.0 15.16 High False 0.972
10 29 C. koseri 19.8 13.99 Low False 0.967
11 46 Serratia 

marcescens
19.9 14.4 High False 0.964

12 41 K. pneumoniae 19.6 15.07 High False 0.962
13 93 K. pneumoniae 19.8 14.96 High False 0.962
14 58 P. mirabilis 20.0 15.15 High False 0.959
15 19 P. mirabilis 22.9 13.68 Low False 0.942
16 93 K. oxytoca 22.4 14.96 High False 0.936
17 45 K. pneumoniae 23.7 15.34 High False 0.913
18 52 E. cloacae 24.2 14.75 High False 0.912
19 58 E. coli 24.0 15.15 High False 0.91
20 104 S. maltophilia 25.0 14.25 High False 0.906
21 93 E. coli 24.6 14.96 High False 0.903
22 19 M. morganii 26.8 13.68 Low False 0.879
23 19 Proteus vulgaris 27.2 13.68 Low False 0.87
24 89 P. aeruginosa 26.5 14.78 High False 0.866
25 52 K. pneumoniae 26.9 14.75 High False 0.857
26 46 C. koseri 27.8 14.4 High False 0.841
27 29 K. oxytoca 29.5 13.99 Low False 0.8
28 56 S. maltophilia 26.5 18.4 High False 0.779
29 15 P. mirabilis 30.3 14.13 High False 0.769
30 57 K. oxytoca 29.8 17.08 High False 0.694
31 48 S. maltophilia 31.3 15.75 High False 0.677
32 98 K. oxytoca 26.8 21.18 Low False 0.676
33 1 E. cloacae 33.0 14.8 High False 0.636
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However, the concurrent detection of the vancomycin resistance gene (vanA/vanB/vanC) 
with a Ct of 31.25 offers additional support for the clinical relevance of this finding, 
despite its low abundance. In this case, the culture report indicated heavy growth of 
E. coli, which aligns perfectly with the PCR result (Ct 16.8). Interestingly, in two cases 
(10, 100), S. aureus was detected by both PCR and culture, yet the model assigned low 
infection probabilities (0.506 and 0.178, respectively). While both were technically true 
positives, they lacked the strong biological signature typically associated with high-confi-
dence calls. S. aureus Ct values were 28.9 and 31.3, respectively.

In contrast, all detections of P. aeruginosa in this study fell within the high-probabil­
ity range, reflecting consistently low Ct values, strong 16S burden, and presence of 
Gram-negative rods in Gram stain, highlighting the model’s ability to distinguish strong 
from weak biological signals in an unbiased manner. It should be noted that this model 
was not designed as a diagnostic classifier, but rather as a framework to objectively 
quantify the biological plausibility of each detection, using continuous variables, such 
as Ct, total bacterial load, and Gram morphology score. In this context, lower infection 
probabilities indicate less compelling biological support, but not necessarily diagnostic 
irrelevance, and help prioritize the most confidently detected PCR-only organisms.

Together, these examples highlight the clinical significance of this PCR method in 
elucidating the profile of polymicrobial infections that may be overlooked during colony 
isolation or culture prioritization strategies. Additionally, this PCR Ct-, Gram morphol­
ogy-integrated logistic regression model offers a robust and unbiased framework for 
assessing PCR-only detections. These findings suggest that most PCR-only detections in 
our cohort appeared to represent true infections rather than laboratory artifacts.

Probability-adjusted symmetric confusion matrices support the validity of 
organism-level diagnostic accuracy in the PCR panel

To further assess organism-specific diagnostic performance, we conducted a direct 
comparison of organism-level sensitivity and specificity for organisms detected by 
PCR using a symmetric reclassification model and the traditional culture-referenced 
framework. The symmetric confusion matrices at the organism level, in which each test 
was evaluated using the other as a reference, avoid the biases inherent in gold-stand­
ard-based metrics by penalizing both PCR and culture equally for discordant results. 
However, one limitation of symmetric matrices is that they treat all disagreements 
equally, without considering biological context (24), such as organism burden and/or 
semi-quantitative co-presence of relevant Gram morphology. Therefore, to improve 
the model in an unbiased manner, we integrated the organism-level probability-based 
diagnostic model discussed in the previous subsection to estimate the likelihood that 
a given PCR-detected organism represents a true infection. As mentioned earlier, this 
biologically informed probability score was used to reclassify high-confidence PCR-only 

TABLE 6 Example organism detections and calibrated infection probabilities

Case Organism Ct Ct_16S GPC GPR GNR Culture 

positive?

Calibra­

ted_Prob

1 E. cloacae 33.0 14.8 Low Absent High False 0.636

1 E. faecium 31.3 14.8 Low Absent High False 0.717

1 E. coli 16.8 14.8 Low Absent High True 0.98

7 E. faecalis 22.6 22.07 Absent Absent Absent False 0.807

93 E. coli 24.6 14.96 Low Absent High False 0.903

93 S. aureus 30.1 14.96 Low Absent High True 0.759

93 P. aeruginosa 26.3 14.96 Low Absent High True 0.867

93 S. agalactiae 28.9 14.96 Low Absent High True 0.8

93 E. faecalis 27.2 14.96 Low Absent High False 0.85

93 K. oxytoca 22.4 14.96 Low Absent High False 0.936

93 K. pneumoniae 19.8 14.96 Low Absent High False 0.962

93 C. freundii 17.7 14.96 Low Absent High False 0.975
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detections (≥0.80) as true positives for PCR and false negatives for culture within 
the symmetric framework. This hybrid approach preserves the fairness of symmetric 
evaluation while accounting for biological plausibility and the burden on microorgan­
isms, thereby providing a more nuanced and evidence-driven estimate of diagnostic 
performance.

We focused on five clinically significant pathogens that have higher detection 
prevalence in culture and/or PCR data: S. aureus, P. aeruginosa, S. agalactiae, E. coli, and B. 
fragilis. Under this hybrid symmetric classification approach, PCR sensitivity for these five 
organisms ranged from 87% to 100%, and the specificity range was 91% to 100% (Table 
S12).

For example, S. aureus showed a sensitivity of 97.3% and a specificity of 94.1% under 
this symmetric reclassification model, compared to 97.2% and 91.4%, respectively, when 
using culture results as the gold standard. P. aeruginosa showed sensitivity of 87.5% 
and specificity of 100% with symmetric modeling, compared to 86.7% and 98.2% using 
culture as the reference. S. agalactiae achieved perfect sensitivity (100%) and a specificity 
of 93.8% with reclassification; specificity declined slightly to 92.4% under the gold-stand­
ard model due to five PCR-only detections not recovered by culture. These trends were 
consistent across other high-prevalence organisms, such as E. coli and B. fragilis, for 
which PCR achieved 100% sensitivity and 95%–100% specificity under both comparison 
approaches. These findings are aligned with earlier analyses in this study. In a targeted 
review of 28 wound specimens in which culture definitively ruled out S. aureus, P. 
aeruginosa, and S. agalactiae, PCR showed 100% specificity for the latter two organisms 
and a single detection of S. aureus, yielding an overall specificity of 96.4%. In the whole 
77-case subset group, the specificity for these three pathogens remained consistently 
high (96.9%), with statistical support from both binomial testing and Bayesian modeling 
(posterior mean: 96.4%, 95% CrI: 93.5%–98.6%). Logistic regression modeling further 
confirmed high infection probability for the majority of these detections, with 81.8% of 
E. faecalis and E. faecium entries scoring ≥0.80. With this hybrid symmetric modeling, E. 
faecalis showed a sensitivity of 100% and specificity of 91%, compared to 0% and 100% 
using culture as the reference.

Tiered evaluation of PCR and culture performance using predicted probabili­
ties and ABRs

To comprehensively evaluate the diagnostic performances of culture and PCR within 
the context of our initial conventional classification, while considering organism-level 
concordance, we implemented a tiered reclassification framework comparing PCR and 
culture using three progressively refined models. Each model defined TP, FP, FN, and TN 
designations at the case level, based on the concordance or discordance between PCR 
and culture, and guided by Organism Ct- and Gram-morphology calibrated likelihood 
and co-detection of relevant ABR genes. We began by evaluating case-level diagnostic 
performance using the penalized PCR classification as a baseline, where culture served as 
the comparator. In this classification strategy, the detection of any organism not reported 
by culture led to classification as a false positive for PCR, even in cases where biological 
plausibility may have supported the detection. This resulted in a total of 34 TP, 31 FP, 
3 FN, and 25 TN, corresponding to a sensitivity of 92%, a specificity of 45%, a PPV of 
52%, and an overall accuracy of 63% (Table 7; Table S13). It should be noted that, in this 
specific framework, cases whose culture reports contained partially informative findings 
due to “unidentified additional organisms,” but included organisms matching PCR 
detections (TP UAO), were classified as acceptable true positives (just for the penalized 
PCR framework) to ensure that the overall case count for all models remains consistent 
(n = 93). To account for biologically and/or clinically plausible organisms detected by PCR 
but not recovered by culture, we next applied a likelihood-adjusted (LA) classification 
framework. In this model, PCR-only organisms were retained as true positives if they 
met predefined infection probability thresholds (≥0.8 for Gram-positive cocci; ≥0.5 for 
Gram-negative rods), derived from the organism’s Ct and morphology-informed logistic 
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regression model discussed in the previous section. These thresholds were determined 
by applying a 50% relative increase over the estimated noise levels (0.54 for GPCs, 
0.21 for GNRs). PCR organisms meeting these criteria, especially when supported by 
low Ct values and high Gram morphology scores, were considered biologically credible 
infections. This adjustment reduced the number of false positives from 31 to 11 while 
increasing true positives to 54. Sensitivity remained 95%, and specificity improved 
to 69%, with overall accuracy rising to 85%. Subsequently, in the LA-Culture model, 
25 cases retained their true positive label, and likely false negative counts increased to 
40, resulting in 100% specificity and PPV, but a sensitivity of 38% and overall accuracy 
of 57%. The ABR + likelihood-adjusted (PCR) model further refined this classification 
by incorporating ABR gene detection as a tie-breaker for organisms with intermediate 
infection probability scores (defined as 0.60–0.80 for GPCs and 0.30–0.50 for GNRs). 
Under this framework, an additional seven cases were reclassified as likely true positives, 
increasing the TP count to 61 and reducing false positives to 4. The resulting specificity 
increased to 86%, and accuracy reached 92%, with no change in sensitivity or NPV. 
Subsequently, in the ABR + LA-culture model, TP cases with TP label were reduced to 23, 
and false negative counts increased to 45, resulting in 100% specificity and PPV, but a 
sensitivity of 34%, an NPV of 36% and overall accuracy of 52%. These results suggest that 
this culture-based method may underrepresent some of the known clinically significant 
pathogens, particularly in cases involving polymicrobial infection.

Overall diagnostic performance evaluation using the latent-class model fit

In the absence of a definitive reference standard, we also applied LCA to estimate the 
case-level diagnostic accuracy of PCR, culture, and Gram stain without assuming any 
single method to be perfectly accurate. LCA treats the true infection status as a latent 
(unobserved) binary variable and models the observed combination of test results at the 
case level across the 93 included specimens. All three tests, PCR, culture, and Gram stain, 
were available for every case, allowing us to estimate their performance characteristics 
jointly.

Out of the four candidate latent class models, only models M1 and M3 converged. 
However, since M1 uses only two binary indicators (PCR and culture), the two-class 
LCA is not identifiable; multiple parameter sets result in essentially identical fits to the 
observed 2 × 2 table. Consistent with this, M1’s item-response estimates were sensitive 
to initialization and therefore are not interpreted further. Using the three-indicator latent 
class model (M3) and the panel-restricted definition, we estimated very high sensitiv­
ities for PCR (100%) and Gram stain (96.8%), with specificities of 90.6% and 32.9%, 

TABLE 7 Diagnostic performance metrics across unadjusted PCR (penalized PCR), probability-adjusted, 
and ABR-informed and probability-adjusted models (n = 93)a

Model TP FP FN TN Sensitivity Specificity PPV NPV Accuracy

Penalized PCR 

(baseline)

18 + 16b 31 3 25 0.92 0.45 0.52 0.89 0.63

Likelihood-adjusted 

(PCR)

54 11 3 25 0.95 0.69 0.83 0.89 0.85

ABR + likelihood-

adjusted (PCR)

61 4 3 25 0.95 0.86 0.94 0.89 0.92

Likelihood-adjusted 

(culture)

25 0 40 28 0.38 1.0 1.0 0.41 0.57

ABR + likelihood-

adjusted (culture)

23 0 45 25 0.34 1.0 1.0 0.36 0.52

aTo ensure full transparency, we also report the expected performance shift if off-panel organisms—i.e., 
culture-only detections not included in the PCR target panel—are considered during evaluation. Under this 
expanded reference framework, one PCR false positive is reclassified as a false negative. This change results in a 
slight decrease in sensitivity (from 95.4% to 86.4%) but improves specificity (from 89.3% to 92.6%) for the ABR + 
likelihood-adjusted PCR model. The culture-based performance metrics remain unchanged under this adjustment, 
as none of the culture-only organisms met model-based criteria for reclassification.
bTP-UAO cases were labeled as TP to include all 93 cases in the calculation.
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respectively; culture showed 91.0% sensitivity and 100% specificity. Model-based PPV 
and NPV are summarized in Table 8 (parametric bootstrap, seed = 2025). Results were 
similar under the all-organisms definition, with PCR sensitivity 95.6% and specificity 
90.7%, culture sensitivity 92.0% and specificity 99.1%, and Gram stain sensitivity 97.0% 
with specificity 38.2%.

DISCUSSION

This real-world comparison between an analytically validated, comprehensive PCR panel 
and a commercial reference laboratory’s culture demonstrates that PCR provides higher 
diagnostic sensitivity and wider pathogen detection for podiatric wound infections, 
especially in polymicrobial contexts, when both tests are performed in parallel on 
dual swabs from the same site. These findings are specific to these evaluated tests 
but align with prior work showing that molecular approaches reveal organisms that 
routine culture under-recovers in complex wounds. It should also be noted that multiple 
studies using different molecular techniques have documented the underdetection of 
anaerobes and fastidious bacteria, such as Peptoniphilus species, Peptostreptococcus 
species, F. magna, and A. schaalii by traditional culture (25–27). By excluding these 
organisms (defined as hard-to-culture [HTC] organisms, Table S3), we primarily focused 
on the clinically significant pathogens that are expected to be detectable through both 
culture and PCR, if they are present in a collected specimen.

Within the culture-referenced conventional framework, PCR showed 98.3% sensitivity 
(58/59) and 73.5% specificity (25/34). It also detected 110 organisms not reported by 
culture. Discordance favored PCR at both the case (McNemar P = 0.021) and organism 
(P ≤ 1.2 × 10−6) levels, suggesting culture frequently missed or deprioritized clinically 
relevant taxa. Additional detections clustered in ~30% of the 107 cases where culture 
reports noted UAO or were otherwise inconclusive, consistent with frequent polymi­
crobial infection in these podiatric specimens. This study presents multiple lines of 
biological evidence supporting the reliability of PCR-only additional detections.

First, 84% of PCR-only GNRs have organism-specific Cts ≤28. These detections were 
often correlated with the GNR morphology on Gram stain findings (Table S11). Interest­
ingly, among 39 specimens with a positive Gram stain smear for GNR morphology, 
the directional discordance in detecting GNR organisms favored PCR (McNemar P = 
0.0018: statistically significant), indicating that PCR showed better correlation with Gram 
stain than culture even when the GNR level was abundant in the smear. This finding 
shows culture results do not align with the College of American Pathologists standard, 
MIC.11060, which emphasizes the role of Gram stain morphology in guiding culture 
workup and organism identification, especially when atypical or unexpected findings 
arise. Multiple studies have demonstrated that lower PCR cycle threshold (Ct) values, 
typically in the range of ≤28 to 30, are strongly associated with the presence of 
viable bacteria, as confirmed by culture, across diverse specimen types, including stool, 
respiratory secretions, and wounds (28–31). The clinical impact of missed pathogens 

TABLE 8 Diagnostic accuracy estimates from latent class analysis (LCA: M3) under two definitions of 
culture positivitya

Scenario Test Sensitivity (%) Specificity (%) PPV (%)/NPV (%)

Panel-only PCR 100 (100–100) 90.6 (68–100) PPV 95.8/NPV 100.0
Culture 91.0 (81–100) 100 (100–100) PPV 100/NPV 82.4
Gram stain 96.8 (92–100) 32.9 (16–53) PPV 77.0/NPV 81.2

All PCR 95.6 (89–100) 90.7 (67–100) PPV 96.7/NPV 91.7
Culture 92.0 (82–100) 99.1 (89–100) PPV 98.8/NPV 83.3
Gram stain 97.0 (92–100) 38.2 (19–63) PPV 79.9/NPV 87.0

aLatent class model-based diagnostic performance (M3: PCR + culture + Gram stain) under two analytic definitions 
of culture positivity. Values shown are sensitivity, specificity, PPV, and NPV, each with 95% confidence inter­
vals derived from a 300-replicate parametric bootstrap (seed = 2025). The panel-only scenario considers only 
organisms targeted by the PCR assay, whereas the all-organisms scenario includes all recovered culture organisms, 
including off-panel organisms. Confidence intervals reaching 100% reflect boundary constraints of the parameter 
space.
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extends beyond underdiagnosis. In one illustrative case, culture identified fluoroquino-
lone-sensitive P. aeruginosa with moderate growth. Still, PCR detected five additional 
Gram-negative organisms with lower Ct values and co-detected three relevant ABR 
genes, including a fluoroquinolone resistance gene (qnr), likely originating from the 
PCR-only E. coli. This discrepancy suggests that therapy guided solely by culture, 
especially if the microbiology workup is not comprehensive, could be suboptimal, 
particularly in polymicrobial infections.

Second, microorganism–ABR gene pairs frequently demonstrated concordant Ct 
values (e.g., ampC with E. cloacae, DHA with M. morganii), indicating co-amplification 
from the same microbial DNA source.

Third, case- and organism-level modeling showed that higher bacterial burden 
(16S rRNA Ct/Organism Ct) and concordant Gram morphology increase the infection 
likelihood (Fig. 7; Table S10). The 16S rRNA + Gram_Score_Sum model (additive GPC + 
GNR index) showed an AUC of 0.862; out-of-fold calibrated AUC was 0.855; calibration 
intercept was −0.053, with a slope of 1.051. When applied to the nine FP cases in the 
conventional classification framework, calibrated probabilities ranged from 0.48 to 0.90; 
four out of nine were ≥0.80, and seven out of nine were ≥0.70. For example, three 
“skin flora only” culture reports (Cases 44, 30, 33) exhibited high modeled probabili­
ties alongside matching smear results with organisms detected by PCR. In Case 44, 
histopathologic evidence of acute osteomyelitis was observed (data coming from the 
histopathology report for the same site), indicating signals that are not consistent with 
background noise. These findings support previous research showing that combining 
quantitative molecular load with smear microscopy results can effectively distinguish 
true infections from colonization (32). We also employed LCA to evaluate the case-level 
performance of the tests without treating any method as infallible. The chosen LCA 
model (which included PCR, culture, and Gram stain as independent indicators) yielded 
an estimated PCR sensitivity of ~95.6% and specificity of ~91%. These LCA-derived 
metrics support the conclusion that PCR offers analogous diagnostic performance 
compared to the culture test for detecting infected from non-infected specimens. Our 
work thus adds to the growing literature employing LCA as a helpful tool for objectively 
estimating the accuracy of molecular tests when traditional reference methods are 
imperfect (33–38). When the 16S rRNA Ct + Gram_Score_Sum logistic regression model 
was applied to the nine conventional false positives, four yielded predicted infection 
probabilities ≥0.80. Under the conventional classification (Table 1: 58 TP, 9 FP, 1 FN, 25 
TN), PCR demonstrated a sensitivity of 98.3%, specificity of 73.5%, PPV of 86.8%, and 
NPV of 96.3%. Reclassifying the four high-probability cases as likely true positives would 
revise the counts to 62 TP, 5 FP, 1 FN, and 25 TN, improving specificity to 83.3% and 
PPV to 92.5%, while sensitivity and NPV remained high (98.4% and 96.2%). This adjusted 
estimate is directionally consistent with the LCA-derived results, further supporting that 
some PCR-only detections represent true infection rather than analytical or clinical false 
positives. However, it should be noted that this LCA approach only estimates each 
test’s ability to classify specimens as infected or non-infected and does not determine 
whether the complete and accurate pathogen profile was identified. Therefore, in the 
next step, we aimed to check the performance of PCR at the organism level using a 
method-agnostic interpretive framework that integrates pathogen type (based on their 
Gram morphology), bacterial burden (organism Ct), and smear morphology scores, i.e., 
the Ct-informed, Gram morphology-aware organism-level model. This model indicated 
that most PCR-only detections show a biological signature very similar to the culture-
matched PCR detections. To our knowledge, this is one of the first predictive models 
that simultaneously incorporates organism-specific Ct, total 16S rRNA Ct, and Gram 
morphology scores to estimate organism-level infection likelihood. Previous studies 
have independently shown that low Ct values are associated with viable or clinically 
significant bacterial infections in wound, respiratory, and bloodstream samples (28, 30, 
31), and others have shown improvement in pneumonia diagnostics by combining Gram 
stain with total bacterial burden using the 16S rRNA Ct (32). When this model was 
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applied to all PCR detections, 73.8% (71/103) of PCR-only detections yielded a calibrated 
likelihood of greater than 0.75. Among 33 GNR+/culture− detections, only 12.1% were 
below 0.75, and 64% were ≥0.90, driven by low organism-specific Cts, low 16S rRNA Ct 
value, and higher GNR morphology smear scores, features mirroring culture-confirmed 
pathogens. Enterococci showed a clear pattern of under-recovery in the culture results 
for this cohort, which differs from Branch-Elliman et al., who reported that E. faecalis 
(149/859 = 17.3%) was the second most common organism in podiatric wound cultures, 
following S. aureus (339/859 = 38.8%) (39). However, the PCR test detected them in 
35.5% of cases (E. faecalis: 29/93, and E. faecium: 4/93), with low Ct values, concordant 
GPC morphology, and often with codetection of van/erm/tet ABR genes; 81.8% (27/33) 
of detected Enterococci had calibrated probabilities of ≥0.80. Median Ct for PCR-only 
E. faecalis calls overlapped with culture-confirmed S. aureus’s Cts (22.5 vs 19.2; Mann–
Whitney P = 0.0128; KS P = 0.066), further arguing against low-level contamination or 
amplification of residual DNA from non-viable organisms.

To avoid penalizing PCR-only detections solely based on the assumption that 
culture is the gold standard, we also used symmetric confusion matrices at the organ­
ism level. Then we reclassified high-plausibility PCR-only detections (≥0.80) as PCR 
likely true positives and culture likely false negatives. Under this hybrid symmetric 
approach, PCR maintained high sensitivity and specificity (87%–100% and 91%–100%) 
for key pathogens, such as S. aureus (97.3%/94.1%), P. aeruginosa (87.5%/100%), and S. 
agalactiae (100%/93.8%), concordant with organism-level culture-referenced perform­
ance analysis outlines in Table 2. These results are consistent with a PCR sensitivity of 
100% and specificity of 90% for these three organisms in Melendez et al.’s study, where 
39 specimens from 29 chronic wound infections were compared against culture (40). 
For E. faecalis, symmetric reclassification yielded 100% sensitivity and 91% specificity 
(vs 0%/100% using culture as reference), highlighting that this culture test likely missed 
detections rather than PCR, yielding false positive results. Targeted specificity checks 
(98.8% across 84 ruled-out events; 96.9% across 195 events in a 77-case subset) support 
the analytical precision for these organisms further. Collectively, these results indicate 
that issues like nonspecific amplification, background detection, or the detection of 
DNA from non-viable organisms are rare with PCR for these key pathogens, at least in 
this cohort of specimens. Therefore, most PCR-only detections are likely overlooked or 
missed by this culture method. In line with this statement, Cummings et al. reported 
that dominant pathogens with distinctive morphology, such as S. aureus, often draw 
disproportionate attention during culture review, which can mask the presence of 
clinically important but less noticeable organisms or colonies (41).

To illustrate how case-level discordance between culture and the PCR method 
would look if we include all PCR-only additional detections, we compared three tiered 
frameworks based on the predicted probability of each PCR-only detection: (i) penal­
ized PCR vs culture results, using culture as the reference, (ii) a likelihood-adjusted 
classification that uses our Organism Ct and Gram score-informed regression model’s 
probabilities, and (iii) an extended version of the likelihood model that incorporates 
evidence of antimicrobial resistance genes. Under the penalized PCR model (framework 
i), any additional organisms detected by PCR that were not detected in culture were 
counted against the specificity, yielding a low apparent specificity (~45%) and an overall 
accuracy of only ~63%. However, when we reclassified cases using the model-informed 
probabilities (framework ii), PCR’s specificity improved markedly to ~69% and accuracy to 
~85%, without loss of sensitivity. Adding the presence of relevant resistance genes as an 
extra layer of specificity (framework iii) further increased PCR’s specificity to 86% and the 
overall diagnostic accuracy to 92%, while maintaining high sensitivity (~95%).

In contrast, when we applied analogous reclassification logic to culture and penalized 
culture for overlooking those likely TPs, culture’s specificity remained 100% but its 
sensitivity dropped to ~38%. In other words, culture appeared “perfectly specific,” while 
it missed a substantial portion of true organisms. It should be noted that the organ­
ism-level model achieved an AUC = 1.00 on verified endpoints, indicating complete 
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separation within the training data set. Although this likely reflects a strong biological 
signal, PCR-only detections were never used for model training and served as unseen 
data, underscoring true generalization rather than memorization. Still, prospective 
external validation will be essential to confirm performance across broader clinical 
settings. In summary, this study demonstrated that culture often underestimated 
pathogen diversity; among Gram-negative rods, organisms such as Klebsiella species, 
P. mirabilis, M. morganii, and A. baumannii, and from Gram-positive cocci, Enterococcus 
species and S. lugdunensis were often overlooked or missed by culture.

PCR showed higher concordance with GNRs on Gram smears (30/39) than culture 
(18/39); most of these PCR detections had Ct <28, consistent with moderate to high 
organism burden. This finding aligns with Gardner et al., who showed that culture 
underestimates microbial diversity in diabetic foot ulcers (42). In Hung et al.’s study 
of 558 patients, the presence of GNRs, such as E. coli, Proteus spp., and P. aeruginosa, 
was significantly linked to increased amputation risk in infected diabetic foot ulcers, 
emphasizing the importance of detecting all clinically relevant organisms in complex 
wound cases (43).

In our data set, PCR delivered faster results (turnaround time favored PCR by >4 days 
(median ~20 h for PCR vs ~120 h for culture), and identified additional organisms 
supported by low Ct values, concordant Gram-stain morphology, and resistance-gene 
co-detection. Using a method-agnostic interpretive framework, we also demonstrated 
that many PCR-only detections exhibited biological signatures indistinguishable from 
culture-confirmed pathogens. Although culture remains central to diagnostic practice, 
it consistently underestimates the range of organisms present in complex specimens. 
Even organisms that are capable of growth may be missed because colony recognition 
is limited when culture plates contain many morphologies, dominant flora or fungi 
obscure minority populations, and technologists naturally focus on well-established 
pathogens (41). Studies in other specimen types confirm that sequencing methods 
recover a broader spectrum of cultivable organisms than culture alone (44). Our findings 
are consistent with these observations: PCR often detected pathogens that were not 
identified by standard culture methods, indicating that many presumed false positives 
in the penalized PCR model are indicative of clinically significant infections that culture 
methods failed to detect. The performance of culture techniques is limited by factors 
such as media selection, competitive growth, and subjective interpretation (41). In 
contrast, PCR offers a more inclusive, assumption-independent approach, enabling 
improved recognition of fastidious or resolving polymicrobial infections that traditional 
methods often overlook. The probability-ranked PCR-only detections, particularly those 
accompanied by co-detected resistance genes, such as qnr or vanA/B/C, underscore the 
therapeutic relevance of molecular findings that extend beyond what culture can reveal. 
By integrating quantitative signal strength with resistance-gene profiles, this framework 
demonstrates how molecular testing can better define the biological context of infection 
and provide a more comprehensive foundation for antimicrobial decision-making. Taken 
together, PCR shows a more than 4-day faster turnaround time; LCA-estimated perform­
ance of approximately 95.6% sensitivity and approximately 91% specificity; ABR plus 
likelihood-adjusted performance of approximately 95% sensitivity, approximately 86% 
specificity, and 92% overall accuracy; and about 75% of PCR-only detections with high 
biological likelihood (Gram morphology and ABR support). These results suggest that, in 
this cohort, routine PCR detects clinically relevant pathogens that culture often under-
detects in polymicrobial wounds and allows for earlier, more conclusive clinical decisions.
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