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Background: Older adults with low-energy trauma-initiated foot wounds often become hard-to-heal, but prognostic tools tailored to
this scenario are scarce.

Methods: In this single-center retrospective cohort, we included consecutive patients aged >65 years with below-malleoli low-energy
trauma-initiated foot wounds. Baseline predictors were the first laboratory values within 48 h and an ordinal perfusion/ischemia
category derived from available ABI, pedal Doppler waveform findings, and toe-based measures. Hard-to-heal was failure of complete
epithelialization without drainage by 12 weeks (major amputation classified as not healed). Latent class analysis defined susceptibility
phenotypes. An interpretable 6-variable inflammation—vascular—metabolic (IVM) model was developed using logistic regression with
multiple imputation and bootstrap internal validation.

Results: Among 697 patients (median age 74 years), 332 (47.6%) were hard-to-heal at 12 weeks. Phenotypes showed graded risk
(lowest to highest): relatively resilient (n=143, hard-to-heal 26/143), renal-hypoalbuminemia (n=165, hard-to-heal 81/165), metabolic—
inflammatory (n=206, hard-to-heal 110/206), and ischemia-dominant (n=183, hard-to-heal 115/183). Adjusted odds ratios versus
resilient were 3.8 (95% CI 2.3-6.4), 4.5 (2.8-7.4), and 6.1 (3.7-10.1), respectively. The IVM model achieved optimism-corrected
AUC 0.80 (95% CI 0.77—-0.83) with calibration slope 0.94 (intercept —0.03), stratified observed event rates to 19.7% (50/254), 48.8%
(137/281), and 89.5% (145/162), and showed net benefit across threshold probabilities ~0.25-0.70.

Conclusion: In this retrospective single-center cohort, distinct susceptibility phenotypes were identifiable and the IVM score provided
internally validated early risk stratification. External validation and prospective evaluation are warranted before routine clinical
implementation.
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Introduction

Chronic nonhealing wounds impose a substantial clinical and economic burden in aging societies, with large-scale payer
data demonstrating that wound-related care accounts for major healthcare expenditures across multiple wound
categories.! In parallel, low-energy falls are highly prevalent among adults aged >65 years and represent a leading
cause of injury, creating frequent opportunities for seemingly minor foot trauma to become a persistent wound in
vulnerable hosts.” Low-energy foot trauma may appear superficially minor, yet in older adults it can unmask impaired
host repair capacity, perfusion limitation, or metabolic vulnerability that is less visible at the initial wound assessment.*
Aging further increases risk because cutaneous repair becomes dysregulated, with delayed resolution of inflammation and
increased oxidative stress that can shift healing toward chronicity even after limited tissue damage.> Real-world wound
outcomes are also highly heterogeneous and can be misleading without appropriate risk adjustment, highlighting why
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context-specific prognostic approaches are needed when comparing healing rates or guiding escalation pathways.*
However, much of the existing risk-prediction literature and triage logic has been developed in diabetic foot ulcer
(DFU) or mixed-etiology cohorts, and systematic appraisal has identified frequent methodological limitations and limited
validation.” Mixed-etiology electronic health record models have also shown that 12-week healing prediction is feasible,
but such models combine venous, arterial, pressure, diabetic, and other wound types, leaving uncertainty about
transportability to geriatric trauma-initiated foot wounds.®

From an immunological perspective, successful wound healing requires a coordinated progression through hemos-
tasis, inflammation, proliferation, and remodeling, driven by tightly regulated interactions between stromal cells,
endothelial cells, and recruited leukocytes.” Early innate immune responses are essential for microbial control and
clearance of damaged tissue, but must transition toward pro-repair programs (including macrophage phenotypic switch-
ing and resolution pathways) to enable angiogenesis, extracellular matrix deposition, and re-epithelialization.® When this
inflammatory-to-proliferative transition fails, wounds can become chronic, characterized by persistent leukocyte-driven
inflammation, excessive protease activity, and impaired matrix formation and tissue restoration.” Importantly, modern
human wound biology emphasizes marked cellular heterogeneity and context-dependent immune—stromal crosstalk,
implying that clinically similar wounds may follow different trajectories because they arise from distinct underlying
immune states.'” Consistent with this framework, mechanistic insight into pathological healing supports the need to
capture host-level immune dysregulation when developing clinically actionable risk stratification.''

Perfusion is a key upstream determinant of both antimicrobial defense and tissue reconstruction because oxygen and
nutrient delivery are required for oxidative killing, collagen synthesis, angiogenic signaling, and efficient trafficking of
immune cells into injured tissue, and guideline-based approaches therefore emphasize objective vascular assessment
when foot wounds are slow to progress.'? Toe systolic pressure provides complementary information to ABI, and meta-
analytic evidence supports its utility for estimating healing potential and guiding escalation of vascular evaluation and
limb-salvage planning.'* Beyond perfusion, the metabolic—nutrition-immune axis (immunometabolism) is central to
wound outcomes, as hyperglycemia during acute illness or chronic disease states can dysregulate innate immunity and
host defense, thereby increasing susceptibility to infection and impairing organized repair.'* Malnutrition and hypoalbu-
minemia further compromise immune competence and substrate availability for granulation and remodeling, and are
consistently linked to delayed healing and higher complication risk in complex wounds.'> Chronic kidney disease
compounds these vulnerabilities through combined immune dysfunction and inflammatory amplification, reinforcing
the rationale for an integrated inflammation—vascular—metabolic framework and an interpretable early IVM risk score in
older adults with low-energy trauma-initiated foot wounds.'®

In our study, we prespecified two complementary objectives in older adults presenting with low-energy trauma-
initiated foot wounds below the malleoli. “Hard-to-heal” was used operationally to mean failure of complete epithelia-
lization without drainage by 12 weeks after the index assessment. First, we aimed to identify host susceptibility
phenotypes defined by separable patterns across inflammatory/immune-balance markers, distal perfusion impairment,
and metabolic—nutritional/organ-reserve features, and to quantify their independent associations with 12-week hard-to-
heal outcomes. Second, we aimed to develop and internally validate a parsimonious, clinically implementable six-
variable inflammation—vascular—metabolic (IVM) score using routine data available at the index assessment (InCRP,
neutrophil-to-lymphocyte ratio, perfusion category, glucose, albumin, and eGFR).

Methods

Study Design and Data Source

This was a single-center retrospective cohort study conducted at the Qingdao Eighth People’s Hospital that aimed to (1)
identify host susceptibility phenotypes among older adults with low-energy trauma-initiated foot wounds and (2) develop
and internally validate an interpretable inflammation—vascular—-metabolic (IVM) model for predicting 12-week non-
healing. Consecutive eligible patients between January 1, 2018 and December 31, 2024 were identified through the
electronic medical record and wound-care documentation systems, and the index assessment was defined as the first
qualifying evaluation at our institution for the trauma-initiated wound. This study was conducted in accordance with the
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Declaration of Helsinki. The protocol was reviewed and approved by the Ethics Committee of the Qingdao Eighth
People’s Hospital (QBYLLKY?2026012), which waived the requirement for informed consent because this was
a retrospective analysis of de-identified routinely collected data and posed no more than minimal risk to participants.
All data were anonymized prior to analysis.

Participants

Patients were eligible if they were aged >65 years and had a trauma-initiated wound/ulcer located below the malleoli
attributed to a low-energy mechanism (eg., fall from standing height, minor blunt injury, or friction injury). High-energy
trauma mechanisms and wounds clearly documented as primarily non-traumatic etiologies (eg., vasculitic or malignancy-
associated ulcers) were excluded when ascertainable from the record. To maintain one observation per participant, when
multiple wounds were present, a single index wound was prespecified as the clinically dominant wound at presentation
(largest area or deepest tissue involvement based on documentation). Eligibility required sufficient documentation to
adjudicate the 12-week outcome.

Outcome Definition and Ascertainment

The primary outcome was 12-week non-healing (operationally defined as “hard-to-heal”), defined as failure to achieve
complete epithelialization without drainage by 12 weeks after the index assessment; major amputation during follow-up
was classified as not healed for the primary endpoint. Outcome ascertainment was performed using structured wound
clinic notes, inpatient records, and procedural documentation. When serial assessments were available, the earliest date
meeting complete epithelialization criteria was used to classify healing within the 12-week window. When documenta-
tion was insufficient to confirm healing status within 12 weeks, the case was excluded from the analytic cohort.

Baseline Clinical Assessment, Comorbidities, and Wound Characteristics

Baseline variables were abstracted from index assessment documentation and the medical history, including age, sex,
diabetes mellitus, peripheral artery disease (PAD), chronic kidney disease (CKD), current smoking status, and clinical
infection at presentation. Clinical infection at presentation was operationalized as a binary variable (present/absent) based
on clinician documentation of infection and/or explicitly documented local/systemic inflammatory features (eg.,
erythema, warmth, swelling/induration, pain/tenderness, purulent drainage, fever), recognizing that antibiotic initiation
alone is not a stand-alone diagnostic criterion. Wound size was recorded as wound area (cm?) based on routine clinical
measurement documented at presentation.

Perfusion Evaluation and Perfusion Category Construction

Arterial perfusion was assessed using objective tests available in routine care, including ankle—brachial index (ABI),
pedal Doppler waveforms, and toe-based measures (toe systolic pressure and/or toe—brachial index) when available.
Because testing was not uniform across patients, perfusion status was summarized using a prespecified hierarchical and
clinically interpretable ordinal perfusion/ischemia category with four levels, adequate, borderline, moderate ischemia,
and severe ischemia or noncompressible ABI, where the highest category captured either markedly impaired perfusion or
noncompressible ABI (a measurement limitation that indicates toe-based assessment is required to better estimate distal
perfusion and healing likelihood). Perfusion categories were assigned hierarchically using the most distal available
hemodynamic information (toe systolic pressure/TBI preferred, then ABI, then pedal Doppler waveform), applying the
worst (most ischemic) result when multiple tests were available. Cutoffs were prespecified and aligned with PAD/CLTI
guidance: adequate (toe systolic pressure >60 mmHg or TBI >0.70, or ABI 0.90-1.30 with multiphasic Doppler);
borderline (toe 40—59 mmHg or TBI 0.50-0.69, or ABI 0.70-0.89 or biphasic Doppler); moderate ischemia (toe 30—
39 mmHg or TBI 0.30-0.49, or ABI 0.50-0.69 or monophasic Doppler); severe ischemia/noncompressible (toe
<30 mmHg or TBI <0.30, or ABI <0.50; ABI >1.30 was considered noncompressible and classified as noncompressible
unless toe-based measures were available, in which case toe-based cutoffs were used).
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Laboratory Assays and Derived Biomarkers

Baseline laboratory predictors were defined as the first available results obtained within 48 hours of the index assessment,
including C-reactive protein (CRP, mg/L), complete blood count, serum glucose (mmol/L), albumin (g/L), creatinine-
derived estimated glomerular filtration rate (eGFR, mL/min/1.73m?), and hemoglobin (g/L). The neutrophil-to-
lymphocyte ratio (NLR) was calculated as the absolute neutrophil count divided by the absolute lymphocyte count
from the same blood draw. For modeling, CRP was natural log-transformed (In[CRP in mg/L]) to address right-skewness
and improve model fit, while CRP was summarized in tables on the original scale for clinical interpretability. Index
glucose was taken from the same draw. eGFR was computed using the laboratory-reported equation used in routine care
at our institution.

Host Susceptibility Phenotypes

Host susceptibility phenotypes were derived using latent class analysis (finite mixture modeling with mixed indicators)
incorporating baseline inflammatory and immune-balance surrogates (InCRP and NLR), vascular status (ordinal perfu-
sion/ischemia category), and metabolic—nutritional/organ-reserve markers (glucose, albumin, eGFR). Models with two to
five classes were fitted using multiple random starts; continuous indicators were standardized for class generation and
ordinal perfusion category was modeled as an ordered indicator. The number of classes was selected by considering
information criteria (AIC/BIC), entropy, class sizes, and clinical interpretability. Outcome status was not used to derive
the latent classes. Phenotype labels were assigned based on dominant feature patterns. Phenotype profiles were
summarized using clinically interpretable distributions and visualized as standardized z-scores across key domains.

Phenotype—Outcome Association Modeling

Associations between phenotypes and the 12-week hard-to-heal outcome were estimated using logistic regression with
the relatively resilient phenotype as the reference. A prespecified adjusted model included age, sex, diabetes mellitus,
wound area, and clinical infection at presentation as baseline covariates chosen a priori to capture demographics, baseline
wound burden, and infection/metabolic context. Unadjusted and adjusted odds ratios (ORs) with 95% confidence
intervals (Cls) were reported.

IVM Model Development, Internal Validation, and Risk Stratification
The IVM model was specified a priori to include six routinely available predictors representing inflammation—vascular—
metabolic domains: In(CRP), NLR, ordinal perfusion/ischemia category, glucose, albumin, and eGFR. These predictors
were selected before outcome modeling to preserve interpretability, maintain an adequate events-per-variable ratio, and
avoid overfitting; no automated variable selection was performed. Logistic regression was used for the prediction model.
eGFR was scaled per 10 mL/min/1.73m? for interpretability. Model discrimination was quantified using the area under
the ROC curve, calibration was assessed using a decile-based calibration plot and calibration intercept/slope derived from
regressing outcome on the logit of predicted risk, and clinical utility was evaluated using decision curve analysis. Internal
validation used bootstrap resampling to estimate optimism in performance metrics and to obtain robust uncertainty
estimates. Bootstrap validation used 1,000 resamples.

Predicted risks were categorized into three clinically interpretable strata using two probability thresholds (low <0.25;
intermediate 0.25-0.70; high >0.70) and stratum-specific observed event rates with 95% CIs were reported.

Statistical Analysis

Continuous variables were summarized as median [IQR] and compared using Mann—Whitney U-tests (two-group
comparisons) or Kruskal-Wallis tests (four phenotype groups), while categorical variables were summarized as n (%)
and compared using > tests (or Fisher’s exact tests where appropriate). Because multiple descriptive comparisons were
reported in baseline and phenotype profiling tables, univariable p values were provided for description and were not used
as the primary basis for inference; interpretation focuses on prespecified multivariable models and prediction
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performance. All tests were two-sided with a nominal alpha of 0.05. Analyses were performed using R (Version 4.3,
R Foundation for Statistical Computing, Vienna, Austria).

Multiple imputation by chained equations (20 imputed datasets, 20 iterations) was used to handle missing predictor
data for multivariable modeling under a missing-at-random assumption. Imputation models included the outcome, all
candidate predictors, phenotype indicators, and auxiliary baseline variables. Estimates were pooled using Rubin’s rules.
Missingness for variables used in multivariable modeling was low (0.0%—-5.9% across laboratory and clinical predictors).
A complete-case sensitivity analysis was performed for the main phenotype associations and IVM discrimination.

Results

Study Cohort and Baseline Characteristics

Screening began with 823 potentially eligible records; 126 were excluded (high-energy mechanism, n=29; primary non-
traumatic etiology, n=31; duplicate/non-index wound episode, n=24; insufficient 12-week outcome documentation,
n=42), yielding 697 older adults with low-energy trauma-initiated foot wounds, of whom 332 (47.6%) met the primary
endpoint of 12-week non-healing (hard-to-heal) and 365 (52.4%) healed within 12 weeks (Figure 1 and Table 1). Median
age was 74.4 years (IQR 69.7-79.5), and the hard-to-heal group was modestly older than the healed group (75.1 [70.7—
80.4] vs 74.0 [68.8-78.6] years; p=0.005) (Table 1). PAD and CKD were more prevalent among hard-to-heal patients
(PAD 45.8% vs 37.0%, p=0.018; CKD 29.2% vs 22.2%, p=0.034), while diabetes prevalence and smoking status were
similar between outcome groups (Table 1). Clinical infection at presentation was more frequent in hard-to-heal patients
(34.0% vs 27.1%; p=0.048) (Table 1). Perfusion status differed substantially by outcome, with the hard-to-heal group
showing a marked shift toward worse perfusion categories and a higher proportion classified as severe ischemia or
noncompressible ABI (31.0% vs 12.9%), and the overall perfusion category distribution differed significantly (overall
p<0.001) (Table 1). Inflammatory and immunometabolic biomarkers also differed, with higher CRP, NLR, and glucose in
the hard-to-heal group and lower albumin, eGFR, and hemoglobin, each differing in univariable comparisons (Table 1).

Host Susceptibility Phenotypes
Latent class analysis identified four clinically interpretable host susceptibility phenotypes with distinct inflammatory,
vascular, and metabolic—nutritional patterns (Table 2 and Figure 2). The four-class solution was selected over two-, three-

Potentially eligible records identified
from EMR/wound-care documentation
Jan 2018-Dec 2024 (n=823)

Records assessed for eligibility
(n=823)

Excluded (n=126)

* High-energy mechanism (n=29)

¢ Primary non-traumatic etiology (n=31)

* Duplicate/non-index episode (n=24)

« Insufficient 12-week outcome documentation (n=42)

Analytic cohort
older adults with low-energy trauma-initiated
below-malleoli foot wounds
(n=697)

l l

Healed within 12 weeks Hard-to-heal at 12 weeks
(n=365; 52.4%) (n=332; 47.6%)

Figure | Study flow diagram. Flow diagram summarizing record screening, exclusions, analytic cohort formation, and 12-week outcome groups. The final analytic cohort
included 697 older adults with low-energy trauma-initiated foot wounds; 365 healed and 332 were hard-to-heal by 12 weeks.

Clinical Interventions in Aging 2026:21 hetps: 5



Xiu et al

Table | Baseline Characteristics (Overall and by 12-Week Outcome)

Characteristic Overall (n=697) Healed (n=365) Hard-to-Heal (n=332) | p Value
Male, n (%) 407 (58.4) 210 (57.5) 197 (59.3) 0.630
Diabetes mellitus, n (%) 279 (40.0) 144 (39.5) 135 (40.7) 0.745
Peripheral artery disease (PAD), n (%) 287 (41.2) 135 (37.0) 152 (45.8) 0.018
Chronic kidney disease (CKD), n (%) 178 (25.5) 8l (22.2) 97 (29.2) 0.034
Current smoker, n (%) 123 (17.6) 62 (17.0) 61 (18.4) 0.631
Clinical infection at presentation, n (%) 212 (30.4) 99 (27.1) 113 (34.0) 0.048
Perfusion category, n (%) <0.001
Adequate 161 (23.1) 115 (31.5) 46 (13.9)
Borderline 200 (28.7) 107 (29.3) 93 (28.0)
Moderate ischemia 186 (26.7) 96 (26.3) 90 (27.1)
Severe/noncompressible 150 (21.5) 47 (12.9) 103 (31.0)
Age (years), median [IQR] 74.4 [69.7-79.5] 74.0 [68.8-78.6] 75.1 [70.7-80.4] 0.005
Wound area (cm?), median [IQR] 0.98 [0.64—1.53] 0.94 [0.60-1.51] 1.04 [0.66—1.58] 0.177
CRP (mg/L), median [IQR] 20.1 [11.3-33.5] 16.1 [8.8-26.2] 25.5 [15.8-42.1] <0.001
NLR, median [IQR] 4.9 [3.7-6.6] 4.3 [3.3-5.6] 5.9 [44-74] <0.001
Glucose (mmol/L), median [IQR] 7.3 [5.8-8.8] 6.9 [5.3-84] 7.8 [6.5-9.2] <0.001
Albumin (g/L), median [IQR] 35.9 [33.2-38.8] 37.4 [34.3-40.2] 34.5 [32.0-37.1] <0.001
eGFR (mL/min/1.73m?), median [IQR] 65.4 [52.5-77.9] 69.1 [55.9-80.9] 61.1 [49.8-74.7] <0.001
Hemoglobin (g/L), median [IQR] 126.0 [114.4-136.17 | 127.3 [116.2-137.8] 124.0 [113.0-135.3] 0.010
Table 2 Host Susceptibility Phenotypes: Clinical/Biologic Profile
Variable Ischemia-Dominant | Metabolic-Inflammatory | Renal-Hypoalbuminemia Relatively p Value
(n=183) (n=206) (n=165) Resilient (n=143)
Hard-to-heal at 12 weeks, n (%) 115 (62.8) 110 (53.4) 81 (49.1) 26 (18.2) —
Age (years), median [IQR] 76.0 [70.3-80.7] 74.4 [69.5-79.5] 76.5 [72.7-83.8] 712 [66.9-74.6] <0.001
Male (%) 63.4 63.1 43.6 622 <0.001
Diabetes mellitus, % 42.6 539 339 238 <0.001
Peripheral artery disease (PAD), % 67.8 330 43.0 16.8 <0.001
Chronic kidney disease (CKD), % 322 233 352 9.1 <0.001
Moderate-to-severe ischemia (PerfCat22), % 743 48.1 46.1 17.5 <0.001
CRP (mg/L), median [IQR] 20.6 [13.6-30.6] 33.3 [22.5-51.4] 19.3 [11.7-29.5] 8.8 [5.7-12.9] <0.001
NLR, median [IQR] 6.4 [5.2-8.1] 5.3 [3.9-6.8] 4.6 [3.6-6.0] 3.4 [2.7-4.4] <0.001
Glucose (mmol/L), median [IQR] 7.2 [6.0-8.5] 8.6 [7.2-10.1] 6.8 [5.6-8.2] 5.8 [4.6-7.5] <0.001
Albumin (g/L), median [IQR] 35.7 [32.7-37.9] 36.8 [34.5-39.5] 33.2 [31.0-35.3] 38.8 [36.0-41.5] <0.001
eGFR, mL/min/1.73m? median [IQR] 64.0 [52.5-74.6] 69.9 [58.8-81.0] 53.0 [44.2-62.8] 78.0 [67.8-87.5] <0.001
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Ischemia-dominant 0.4
0.2
Metabolic-inflammatory 0.0
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Frailty-malnutrition -0.4
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Figure 2 Phenotype heatmap. Heatmap showing phenotype-specific mean z-score for the six IVM indicator domains (In(CRP), NLR, ordinal perfusion category, glucose,
albumin, and eGFR). Higher values indicate a higher phenotype-specific mean relative to the overall cohort, except albumin and eGFR where lower z-scores indicate lower
reserve.

, and five-class alternatives because it provided a favorable balance of fit and stability (AIC 5821.4; BIC 5982.7; entropy
0.81; minimum class size 143 [20.5%]). The ischemia-dominant phenotype (n=183) showed the highest PAD burden
(67.8%) and the most adverse perfusion pattern (greater proportion with moderate-to-severe ischemia), the metabolic—
inflammatory phenotype (n=206) had the highest diabetes prevalence (53.9%) and biomarker patterns consistent with
heightened inflammation and hyperglycemia, and the renal-hypoalbuminemia phenotype (n=165) demonstrated the
highest CKD prevalence (35.2%) and a profile characterized by lower eGFR and lower albumin (an integrated marker
of inflammation/catabolism) (Table 2). The relatively resilient phenotype (n=143) was younger and exhibited lower
comorbidity burden and more favorable perfusion and biomarker patterns, consistent with its label (Table 2 and
Figure 2). Across phenotypes, differences in non-indicator variables (eg., age and comorbidities) are summarized in
Table 2. The six indicator variables used to derive the latent classes were presented descriptively.

Phenotype Associations with 12-Week Hard-to-Heal Outcome

Hard-to-heal event rates differed markedly across phenotypes, ranging from 18.2% (26/143) in the relatively resilient
phenotype to 49.1% (81/165) in renal-hypoalbuminemia, 53.4% (110/206) in metabolic—inflammatory, and 62.8% (115/
183) in ischemia-dominant (Table 2). Using relatively resilient as the reference group, unadjusted odds of hard-to-heal
were substantially higher in the vulnerable phenotypes (ischemia-dominant OR 7.6 [95% CI 4.5-12.8], metabolic—
inflammatory OR 5.2 [3.1-8.5], and renal-hypoalbuminemia OR 4.3 [2.6-7.3]; all p<0.001) (Table 3). After adjustment
for prespecified baseline covariates (age, sex, diabetes mellitus, wound area, and clinical infection), phenotype associa-
tions remained strong and directionally consistent, with adjusted ORs of 6.1 (95% CI 3.7-10.1) for ischemia-dominant,
4.5 (2.8-7.4) for metabolic—inflammatory, and 3.8 (2.3-6.4) for renal-hypoalbuminemia compared with the relatively
resilient phenotype (Table 3).

Table 3 Phenotypes and 12-Week Hard-to-Heal Outcome

Phenotype (Ref: Relatively Resilient) | Unadjusted OR (95% CI) | p Value | Adjusted OR (95% CI) | Adj. p Value
Ischemia-dominant 7.6 (45-12.8) <0.001 6.1 3.7-10.1) <0.001
Metabolic-inflammatory 5.2 (3.1-8.5) <0.001 4.5 (2.8-7.4) <0.001
Renal-hypoalbuminemia 4.3 (2.6-7.3) <0.001 3.8 (2.3-6.4) <0.001
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Table 4 IVM Model: Predictors and Risk Strata

A. IVM model coefficients

Predictor Beta OR (95% CI) p value
In (CRP) per | unit 0.748 2.11 (1.63-2.73) <0.001
NLR per | unit 0.261 1.30 (1.19-1.42) <0.001
Perfusion category per | level | 0.319 1.38 (1.16-1.63) <0.001
Glucose (mmol/L) per | unit 0.101 .11 (1.02-1.20) 0.018
Albumin (g/L) per | unit —0.146 0.86 (0.82-0.91) <0.001
eGFR per 10 mL/min/1.73m? | —0.111 0.89 (0.81-0.99) 0.029

B. Three-tier risk stratification

Risk stratum n Hard-to-heal, n (%) | 95% CI, %
Low (<0.25) 254 50 (19.7) 15.3-25.0
Intermediate (0.25-0.70) 281 137 (48.8) 43.0-54.6
High (>0.70) 162 145 (89.5) 83.8-93.3

IVM Model Coefficients and Discrimination, Calibration, and Clinical Utility

In the six-variable IVM model, higher In(CRP), higher NLR, worse perfusion category, and higher glucose were
associated with increased odds of hard-to-heal, whereas higher albumin and higher eGFR were associated with reduced
odds (Table 4A). Discrimination was good, with an optimism-corrected AUC of 0.80 (95% CI 0.77-0.83) (Figure 3).
Calibration was strong with calibration slope 0.94 and intercept —0.03 (Figure 4). Decision curve analysis suggested that

1.0 A

0.8 -

o
[e)]
1

True positive rate
o
D
1

0.2 -

—— IVM model (AUC=0.80)
0.0 4 Chance

T T

0.0 0.2 0.4 0.6 0.8 1.0
False positive rate

Figure 3 Receiver operating characteristic (ROC) curve for the [IVM model. ROC curve for the internally validated six-variable IVM logistic model predicting |2-week hard-
to-heal outcome. The diagonal dashed line represents chance discrimination; the optimism-corrected AUC was 0.80 (95% CI 0.77-0.83).
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Figure 4 Calibration plot (deciles of predicted risk). Calibration plot comparing mean predicted probability vs observed |2-week hart-to-heal rate within deciles of
predicted risk. The dashed diagonal line indicates perfect calibration. Calibration slope was 0.94 and intercept was —0.03.

the IVM model provided net benefit over treat-all and treat-none strategies across clinically relevant threshold prob-

abilities (approximately 0.25-0.70), supporting potential utility for early risk-informed triage (Figure 5). Complete-case
sensitivity analysis (n=642) yielded similar discrimination (AUC 0.79, 95% CI 0.76-0.83), and phenotype effect

estimates remained directionally consistent.
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Figure 5 Decision curve analysis (DCA). DCA evaluating clinical utility of the IVM model across threshold probabilities. Net benefit is shown for the IVM model compared

with treat-all and treat-none strategies. The shaded region denotes the prespecified clinically relevant threshold probability range of approximately 0.25-0.70.
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Risk Stratification

When predicted risks were categorized into three clinically interpretable strata (low <0.25; intermediate 0.25-0.70; high
>0.70), observed event rates demonstrated clear separation and remained consistent with the intended risk gradient, with
19.7% (50/254; 95% CI 15.3-25.0) hard-to-heal events in the low-risk stratum, 48.8% (137/281; 95% CI 43.0-54.6) in
the intermediate-risk stratum, and 89.5% (145/162; 95% CI 83.8-93.3) in the high-risk stratum (Table 4B).

Discussion

Our principal findings indicate that low-energy trauma-initiated foot wounds in older adults are not a homogeneous entity
but instead cluster into distinct, clinically interpretable host susceptibility phenotypes spanning vascular impairment,
immunoinflammatory burden, and metabolic—nutritional reserve, with markedly different 12-week prognoses. In a cohort
of 697 patients (median age 74 years), nearly half developed a hard-to-heal outcome by 12 weeks (47.6%), and latent
class analysis identified four phenotypes with a strong risk gradient, ranging from a relatively resilient group with low
event rates (18.2%) to ischemia-dominant, metabolic—inflammatory, and renal-hypoalbuminemia groups with substan-
tially higher event rates (49.1%—62.8%) and large adjusted effect sizes versus resilient (adjusted ORs 3.8—6.1). Building
on these phenotype insights, the six-variable IVM score provided robust, internally validated prediction of 12-week hard-
to-heal outcomes, and yielded clinically meaningful separation into low-, intermediate-, and high-risk strata with
observed event rates of 19.7%, 48.8%, and 89.5%, respectively. These findings support the premise that early risk
stratification in this geriatric trauma population could be used to guide timely escalation of perfusion assessment and
multidisciplinary care.

The metabolic—inflammatory phenotype plausibly reflects an immunometabolic imbalance in which hyperglycemia/
diabetes mellitus amplifies a non-resolving inflammatory program. This pattern may reflect stalled inflammation driven
by neutrophil and macrophage dysfunction, impaired resolution, and sustained cytokine signaling that collectively
compromise angiogenesis and repair.'”'® The observation that our IVM score retained both In(CRP) and NLR supports
framing these markers as pragmatic proxies of systemic inflammation and immune balance, where CRP indicates acute-
phase inflammatory burden and NLR reflects a stress-associated shift toward innate effector predominance relative to
adaptive cellular reserve. Importantly, NLR has been linked to healing trajectories in DFU cohorts, supporting its use as
a clinically accessible immune-balance surrogate.'” The renal-hypoalbuminemia phenotype aligns with the geroscience
framework of inflammaging and immunosenescence, where older adults, particularly those with reduced organ reserve,
exhibit chronic low-grade inflammation alongside impaired adaptive immune competence, increasing susceptibility to
infection and limiting regenerative capacity.’®' In this context, low albumin is better interpreted as an integrated signal
of inflammation/catabolism rather than nutrition alone, and CKD-related immune dysfunction provides an additional
mechanistic bridge between reduced eGFR/CKD and impaired host defense in chronic wounds.”?** Finally, the
ischemia-dominant phenotype had the highest risk, consistent with the concept that tissue hypoperfusion/hypoxia
constrains effective immune-cell recruitment and antimicrobial delivery while sustaining a pro-inflammatory wound
milieu. Hypoxia-inducible factor biology and hypoxia-response pathways provide a mechanistic lens for how ischemic
microenvironments can perpetuate inflammation and impair coordinated repair.**

Most prognostic frameworks for non-healing and limb-threatening outcomes were derived from diabetic foot ulcer or
broadly mixed-etiology chronic wound cohorts, whereas our cohort was deliberately focused on older adults with low-
energy trauma-initiated foot wounds below the malleoli, a starting event that is common in geriatric practice but
underrepresented in DFU-centric model development. A key implication is that tools optimized for DFU populations
may be imperfectly transportable because DFU often begins with neuropathy and repetitive pressure, and DFU
comparative studies commonly rely on standardized DFU severity descriptors (eg., SINBAD) intended for cross-site
benchmarking rather than for capturing geriatric trauma-associated host vulnerability.”> On the other hand, mixed-
etiology prediction efforts, such as large EMR-based models predicting 12-week wound healing, demonstrate the
feasibility of using routine clinical variables at scale but inherently blend arterial, venous, pressure, diabetic, and other
ulcer types, which can dilute mechanistic specificity for any one clinical scenario.® Our phenotype-first design may add
values by embedding an inflammation—vascular—metabolic host interpretation into a targeted geriatric trauma cohort and
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translating it into an interpretable six-variable [IVM score with good internal validity. Additionally, anchoring the vascular
component in structured perfusion testing and cautious interpretation is consistent with contemporary PAD/CLTI
guidance that emphasizes objective testing and recognizes the limitations of ABI in noncompressible vessels, reinforcing
the biological plausibility of ischemia as a dominant driver in a subset of these wounds.'**%*’

Clinically, the combination of phenotypes and three-tier IVM risk stratification suggests a practical score-guided
standardized pathway for older adults with trauma-initiated foot wounds, where the goal is not simply to predict non-
healing but to trigger time-sensitive, mechanism-aligned actions. In our cohort, observed 12-week hard-to-heal rates
separated sharply into low, intermediate, and high risk, and decision-curve analysis supported net benefit over treat-all
/treat-none across threshold probabilities, which is a clinically plausible range for escalation decisions.

For patients assigned to high risk or the ischemia-dominant phenotype, the pathway should prioritize completion of
perfusion assessment and early vascular evaluation, consistent with PAD/CLTI guidance that promotes objective
hemodynamic assessment to estimate healing likelihood and guide consideration of revascularization in appropriate
contexts.”®?” For metabolic—inflammatory high-risk patients, a standardized approach would emphasize prompt glycemic
management (including recognition of stress hyperglycemia) consistent with Endocrine Society guidance for hospitalized
non-critical care settings, alongside systematic infection screening and treatment escalation guided by diabetes-related
foot infection principles for patients with diabetes.”®° For renal-hypoalbuminemia high-risk patients, pathway elements
should include early frailty and nutrition assessment and proactive management of CKD-related vulnerability, which may
improve tolerance of wound-directed interventions.”*** Finally, because successful limb preservation typically requires
coordination across vascular care, infection management, glucose control, wound debridement/offloading, and nutrition,
our proposed pathway is explicitly multidisciplinary. This is consistent with systematic evidence in DFU care showing
that multidisciplinary team models and referral algorithms are associated with reduced major amputation rates and
improved outcomes.*”

Important limitations should be acknowledged. The retrospective single-center design introduces potential selection
bias and limits transportability. The IVM model was internally validated only and not externally validated; therefore,
calibration and decision thresholds may not transport to other institutions or care pathways. Baseline laboratory values
were captured within 48 hours and may partly reflect acute presentation severity and time-from-injury effects, which
were not uniformly recorded. Formal frailty assessments were not available in routine documentation; phenotype labels
therefore emphasize observed biomarker/renal patterns rather than unmeasured geriatric constructs. Perfusion testing was
non-uniform (ABI, Doppler, toe-based measures), which may cause measurement heterogeneity and potential misclassi-
fication, particularly for the category that includes noncompressible ABI, which is a measurement limitation rather than
a direct ischemia severity indicator. Standardized CLTI (eg., WIfI) and infection severity grading were not consistently
documented, so infection was modeled as a binary variable. Similarly, wound severity variables were limited to routinely
documented wound area and clinical infection, without standardized recording of wound depth, tissue-loss grade,
neuropathy, or offloading adherence. Unmeasured confounding (eg., neuropathy status, detailed wound depth/tissue
loss, adherence to offloading, and socioeconomic factors) and between-patient variability in treatment pathways could
influence observed associations; and outcome ascertainment based on documentation may introduce misclassification,
particularly for healing timing and drainage status at 12 weeks. Future work should prioritize external validation in
multicenter cohorts across different regions and care settings to test calibration transportability and refine thresholds.
Prospective studies should incorporate standardized microcirculation assessment and standardized infection grading to
directly connect host states with repair trajectories, and an impact evaluation is needed to determine whether a score-
guided standardized pathway can causally improve healing outcomes compared with usual care.

Conclusion

In conclusion, our findings suggest that low-energy trauma-initiated foot wounds in older adults are best understood
through a host-centered framework rather than as a uniform wound entity. The six-variable IVM score showed internally
validated discrimination and calibration for 12-week hard-to-heal outcomes and produced clinically meaningful risk
strata, which may help structure early triage in the future validation studies. However, routine clinical use should await
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external validation across diverse settings and prospective evaluation of whether a score-guided pathway improves
healing compared with usual care.
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