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Introduction

Electronic health record mining reveals effects of
patient immune status on clinical outcomes of
biomaterial implantation following skeletal muscle
damage

Sonakshi Sharma,®® Isabella Horton, (2 2“9 Aditya Josyula® and Kaitlyn Sadtler 2 *

Implantation of medical devices and biomaterials can help restore form and function of missing or
damaged tissue. It is known that the immune system plays a critical role in both positive and negative out-
comes of these implanted materials. The foreign body response is characterized by protein deposition
and clotting followed by macrophage inflammation, frustrated phagocytosis, giant cell formation, and ulti-
mately fibrosis. This can inhibit the function of implanted devices (e.g. Insulin pumps) as well as cosmesis
(e.g. capsular contracture in breast implants) and persistent inflammation has been associated with more
severe outcomes in some patients, including emergence of autoimmune-like pathologies. On the other
hand, the immune system plays a constructive role in tissue remodeling and regeneration and is needed
for the positive effects of some biomaterials, such as extracellular matrix-based scaffolds in muscle repair.
Given these factors, we sought to understand potential variations in post-operative complications in indi-
viduals with primary and secondary immune disorders — both autoimmune and immunodeficiencies. This
preliminary observational study using electronic health record mining showed increased complication
odds for individuals with both autoimmune conditions and immunodeficiencies, with variations depen-
dent upon the individual's sex and age as well as the type of material implanted. Future prospective
studies could yield improved insight into both mechanisms of immune response to materials in humans
and identify potential risk factors for individual patients undergoing plastics and reconstructive surgeries.

muscle flap harvest. Traumatic VML, in the United

States, most commonly occurs due to automobile accidents.

Soft tissue damage occurs both due to traumatic injuries and
surgical damage. In the United States alone, there are roughly
43.5 million emergency department visits for injuries per year
and 51.4 million surgical procedures (National Hospital
Ambulatory Medical Care Survey: 2022 Emergency Department
Summary Tables, CDC'). This damage can result in scarring
and permanent defects including volumetric muscle loss
(VML) in which 20% or more of the muscle volume is lost
resulting in damage beyond the muscle’s regenerative
capacity.” Surgical VML includes muscle resection due to
infection, malignancy, or for reconstructive purposes such as
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Regardless of mechanism, the rapid and extensive damage
sustained in VML results in inflammation, scarring, and loss
of functional capacity of the affected tissues. No effective
treatments for extensive muscle loss currently exist, and, as
such, the health burden of VML is cumulatively quite signifi-
cant.? Recently explored treatment strategies for VML include
implantation of various biomaterials to enhance muscle regen-
eration, including decellularized extracellular matrix (ECM)
scaffolds, mesenchymal stem cell scaffolds and more.*
While some of these materials have shown promising results,
none have been successful at fully restoring baseline function-
ality. Dysfunctional wound healing and local immune
responses following VML have thus been an area of interest in
this field.

During muscle regeneration and healing, there is a crucial
transition from a pro-inflammatory to a pro-regenerative
immune environment. Dysfunction in this process can result
in aberrant wound healing with excessive fat deposition and
scar tissue formation. Tissue engineering approaches aim to
modulate this response to enhance pro-regenerative immune
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processes.’ For example, ECM scaffolds are known to modulate
the innate immune response to promote tissue repair. In
immunologically intact animal models of VML, these scaffolds
can reduce fibrosis and enhance constructive inflammation
(e.g. M2 macrophage polarization), facilitating muscle fiber
regrowth and functional recovery.*®® Other biomaterials,
such as synthetic hydrogels can also promote regeneration
given their properties of tunable porosity and biocompatibility
which allow these materials to enhance immune cell infiltra-
tion and minimize foreign body responses, respectively. In
animal models, microporous hydrogels elicited negligible
fibrotic encapsulation and instead promoted regenerative
macrophage polarization, angiogenesis, and even innervated
myofiber formation within the scaffold. On the other hand,
non-degradable materials like silicone elicit a strong foreign
body response, leading to persistent low-grade inflammation
which, over time, causes fibrous capsule formation.'*™*?

The host’s response to any of these biomaterials is affected
by immune status. Immune status (immunodeficient,
immunocompetent, or autoimmune) has been shown to
impact biomaterial-facilitated wound healing and muscle
repair in preclinical models. A study wusing tissue-
engineered muscle grafts demonstrated superior neovasculari-
zation, scaffold integration, and myogenesis in immunocom-
petent mice compared to immunocompromised mice,
underscoring the importance of an intact immune system
for muscle repair.’> Conversely, an autoimmune or hyper-
inflammatory immune phenotype can skew healing toward
maladaptive outcomes. In an autoimmune-prone mouse
model, VML injuries treated with biologic ECM scaffolds
exhibited attenuated anti-inflammatory (M2) macrophage
polarization and instead showed excessive intramuscular fat
deposition at the site of injury, indicating aberrant
remodeling.”

Despite these advances in knowledge, there is a notable
lack of studies that directly compare the clinical outcomes of
different biomaterials used in the presence of damaged skel-
etal muscle tissue across varying immune statuses.
Specifically, empirical data assessing how patients with
autoimmune or immunodeficient conditions respond to
treatments with materials like ECM scaffolds, hydrogels, or
silicone implants is limited. Comparing these commonly
used materials would also provide valuable clinical insight
on if patient immune status should be considered when
choosing the material for an implant. We chose to look at
ECM scaffolds, hydrogels, and silicone implants as they rep-
resent opposite ends of the spectrum regarding the inflam-
matory response they elicit, with silicone being highly
inflammatory and producing a strong fibrotic response in
comparison to materials like ECM and hydrogels. A clearer
understanding of how these materials perform in the con-
texts of immune suppression or autoimmunity is needed to
tailor clinically applicable regenerative therapies. As such,
this study aimed to evaluate the efficacy of specific biomater-
ials in skeletal muscle reconstruction across different
immune phenotypes.

This journal is © The Royal Society of Chemistry 2026
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Methods

Study design and population

We conducted a retrospective cohort study of patients who had a
history of significant muscle injury due to a variety of mecha-
nisms. Patients whose injuries were treated with specific bioma-
terials were selected. The data used in this study was accessed in
March 2025 from the TriNetX Global Network, which provides
access to electronic health records (EHR, diagnoses, procedures,
medications, laboratory values, genomic information) from
approximately 150 million patients from 149 healthcare organiz-
ations worldwide. EHRs were accessed through a publicly avail-
able deidentified database and thus is qualified as secondary
research use based on Not Human Subjects Research (NHSR)
guidelines from the National Institutes of Health. Patients who
met index event criteria (volumetric muscle loss) greater than 20
years ago were excluded. Past medical history data collected
included history of chronic kidney disease (CKD), type 2 diabetes
mellitus (T2DM), smoking, overweight/obesity, chronic viral
infections (e.g., Hepatitis C), and malignancy. Patients were also
stratified into age categories: 18-35, 35-50, 50-65, and 65+ years
of age for analysis of age-based variations.

Exposure definitions and treatment groups

Individuals were included if they were older than 18 years of
age and had skeletal muscle damage, identified using ICD-10
and CPT codes (Fig. 1). Skeletal muscle damage codes
included surgical or traumatic injury involving extremities,
chest wall, and abdominal wall. Adult muscle damage patients
were then classified into cohorts based upon the type of bio-
material they were treated with: extracellular matrix-based
scaffolds, hydrogels, and silicone-based implants. Within each
biomaterial cohort, patients were further subclassified by
immune status: autoimmune, immune deficient, and immune
competent. The autoimmune cohort included patients with at
least one autoimmune diagnosis, encompassing endocrine,
dermatologic, neurologic, gastrointestinal, and rheumatologic
autoimmune disorders (e.g., E27.1, E28.39, E20.8, L50.0-L50.2,
L20, L40, K50, K51, G35, M06, M05, M32, M33, M34, M35,
M30-M31). The immunodeficient cohort included patients
with primary or secondary immunodeficiency. This included
primary immune disorders (D80-D89), HIV infection (B20),
neutropenia (D72.81), and secondary immunocompromise
due to chemotherapy or other immunosuppressive treatments,
as captured within the broader D80-D89 coding structure used
by the TriNetX platform. The comparison group of immuno-
competent individuals was defined strictly by the absence of
any ICD-10 codes assigned to the autoimmune or immunode-
ficient categories. This operational definition identifies
patients without documented immune-altering diagnoses but
does not imply physiologic immune normalcy. A full list of
codes is included in Appendix 1 to enhance reproducibility.
Patients with overlapping diagnoses were included a single
time (no duplicate data points). Muscle damage mechanisms
were stratified into the following groups: debridement, flap
harvest, traumatic injury, and surgical resection. Post-operative
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Total records available on TriNetX:
N= 150, 201, 869
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Skeletal Muscle Damage

1) Muscle debridement
« CPT:11043,11044

2) Muscle flap

« CPT:15734,19361,19367, 15756,
15734, 15738, 15736

« SNOMED: 309069005, 19479007,
178222009, 9353002

« ICD-10 PCS: 0KXJ0ZZ, 0KXHO0ZZ
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3) Muscle Injury
« ICD-10 CM: $46, S76

4) Muscle Resection
« ICD-10 PCS: OKXO0, 0KBO-6,
OKBC,D,G,FH,JK.LNPV,W, OKT0-6,
OKTM,J HN,LKWVPG

Extracellular Matrix
(ECM)

1) Nonautologous tissue
substitute

2) Dermal graft (Integra,

Apligraf, Graftjacket, Oasis,
Altrenogest, Mirragen)
3) Collagen scaffold

N= 14,880

N= 1,990,963

Hydrogel:
1) Hydrocolloidwoundfiller/
dressing
2) Hydrogel wound filler/
dressing
N= 2,660

Classification based upon
type of biomaterial
treatment

Silicone
1) Implant
2) Gel silicone
3) Simethicone
N= 300,241

Classification

Autoimmune
1) Connective tissue
disorders (ie SLE, RA)
2) Other (ie autoimmune
thyroiditis, vasculitis, Crohn's,
UC, JIA, atopic disorders)

Classification based upon
immune phenotype

'

Treatment Grouping:

Immunocompetent
NO autoimmune or immune
deficient conditions

« Autoimmune + ECM
o N=566 Immune Deficient
« Autoimmune + Hydrogel 1) Primary
o N=512 immunodeficiencies
2) Acquired
immunodeficiencies (HIV
disease,

« Autoimmune + silicone
o N=131,374
« Immunocompetent + ECM
o N=8,548
« Immunocompetent + Hydrogel
o N=1,931
« Immunocompetent + silicone
o N=146,717
« Immune deficient + ECM
o N=207
« Immune deficient + hydrogel
o N=117
« Immune deficient + silicone
o N=34,356

Fig. 1 Study design and cohort characteristics.

outcomes were then compared overall and by immune sub-
group to evaluate incidence rates of complications.

Outcome measures

Primary post-operative outcomes assessed included local
tissue edema, post-operative fever, sepsis, elevation of erythro-
cyte sedimentation rate (ESR) or c-reactive protein (CRP),
wound dehiscence, post-operative infection, tissue ischemia,
hematoma and seroma formation, cellulitis/lymphadenitis,
mortality and overall graft complication rate. Outcome data
were extracted from electronic health records using CPT/
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Table 1 ICD-10 Codes selected for complications

Outcome Variable Code source Codes included

Local tissue edema ICD-10 R60.0
Post-operative fever ICD-10 R50.82

Sepsis ICD-10 R65.2

ESR/CRP elevation ICD-10 R79.82, R70
Wound dehiscence ICD-10 T81.3
Post-operative infection ICD-10 T81.4
Post-operative bleeding ICD-10 R58, T84.83, T81.7
Post-operative ischemia ICD-10 R23.1, T79.6
Mortality ICD-10 R99

Post-operative hematoma ICD-10 L76.32
Post-operative seroma ICD-10 L76.34
Cellulitis/lymphadenitis ICD-10 R59, R22, L03, L04
Graft complications ICD-10 T84, T85

ICD-10 diagnostic codes (Table 1). Secondary measures col-
lected included demographic information and past medical
history factors relevant to wound healing (e.g. medications,
cancer history, smoking history, diabetes, obesity, etc.).

Data and statistical analysis

The incidence of each outcome was compared between
immune subgroup for all biomaterial types. Secondary analyses
included comparison of outcomes based upon sex differences,
age differences, menopausal status, type of immune deficiency,
and type of volumetric muscle loss sustained. Unadjusted odds
ratios (ORs), risk ratios (RR) and corresponding 95% confi-
dence intervals (CIs) were calculated for each outcome and
comparison through the TriNetX Global Network platform.
Analyses were stratified by biomaterials and immune pheno-
types. We first calculated event proportions for each outcome
within each group. Then, we constructed contingency tables for
each outcome and pairwise group comparison and calculated
unadjusted odds ratios for each outcome before calculating log
odds ratios and standard errors. Wald 95% confidence inter-
vals for odds ratios were computed prior to generating two-
sided Wald p-values testing log(OR) = 0. Finally, we performed
pairwise comparisons between autoimmune vs. immunocom-
petent and immunodeficient vs. immunocompetent for each
outcome variable. As this was an exploratory analysis we treated
each outcome as an independent analysis and did not adjust
p-values for multiple comparisons. Created forest plots display-
ing odds ratios and 95% Wald confidence intervals. Statistical
analysis was performed using R version 4.5.0.

This study was designed as an exploratory, pattern-identifi-
cation analysis using real-world data from the TriNetX Research
Network. Given platform-level constraints on custom modeling
and the heterogeneity of the underlying patient population, ana-
lyses were conducted using unadjusted odds ratios to summarize
associations between immune-status categories, implant
material types, and postoperative outcomes. The primary goal
was to characterize broad population-level trends rather than to
establish causality or produce fully adjusted effect estimates.
Given the limitations of the TriNetX database, we did not
perform multivariable regression or covariate adjustment.

This journal is © The Royal Society of Chemistry 2026
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Generation of p values and determination of significance
was limited given the number of covariates and the explora-
tory, observational nature of the study. P values were obtained
from Wald tests and no formal adjustment for multiple com-
parisons was applied. Specifically, p-values were not corrected
across subgroups, outcomes, or complication categories.
P-Values accompanying these associations were treated as
descriptive indicators rather than inferential hypothesis tests.
Because the purpose of the analysis was exploratory, and
because multiple subgroup comparisons were performed, stat-
istical significance was interpreted conservatively and qualitat-
ively. Findings are therefore intended to generate hypotheses
and identify areas for further study, rather than to support
definitive clinical conclusions.

Results
Demographics by biomaterial group

Demographic data was collected for a total of 24 929 patients
(Table 2). Mean ages of the groups receiving different biomater-

Table 2 Patient demographics
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ials ranged from 53-63 years of age. While sex distribution was
approximately even, the silicone-treated groups had a predomi-
nance of females, likely due to use of silicone implants in breast
reconstruction. Overall, the patient cohorts were predominantly
White and non-Hispanic/Latino. Smoking history, malignancy
history and history of chronic viral infection was similar across
groups (Table 3). History of obesity (range 8%-32%), CKD (range
8%-36%), and T2DM (range 15%-52%) varied widely. Silicone
treated patients had a pattern of lower comorbidities while ECM
treated patients had higher rates of comorbid conditions.

Patient immune status is associated with post-operative
complications

In univariable analysis, individuals with autoimmune and
immunodeficiencies treated with ECM had higher odds of
developing local tissue edema, sepsis, ESR/CRP elevation,
wound dehiscence, post-operative infection, post-operative
bleeding, tissue ischemia cellulitis/lymphadenitis, and overall
graft complications compared to immunocompetent controls
(Fig. 2). However, the odds of developing complications among

Autoimmune Immunocompetent Immunodeficient
Immune status
Material ECM Hydrogel Silicone ECM Hydrogel Silicone ECM Hydrogel Silicone
N 5346 2358 1668 8188 2732 1933 1776 579 329
Age Mean 59.5 59.2 56.2 56.7 55.4 53.7 58.6 58.5 63
SD 15.8 16.4 16.1 17 17.6 17.1 15 15.3 15
Sex (%) Male (%) 52.4 44.71 32.57 67.23 61.87 46.65 56.84 48.94 27.5
Female (%) 44.11 55.29 66.04 31.06 38.08 52.08 38.4 51.06 71.42
Ethnicity (%)  Hispanic (%) 5.52 5.7 2.36 7.05 8.99 2.9 4.87 6.01 3.03
Not Hispanic (%) 76.02 81.57 62.48 70.58 74.21 55.09 77.64 84.1 69.3
Unknown (%) 18.46 12.73 35.16 22.37 16.8 42.01 17.49 9.89 29.17
Race (%) White (%) 72.62  63.1 43.74 66.51  56.73 39.06 66.2 63.95 46.5
Black (%) 12.83 5.97 5.74 16.71 6.02 5.53 19.73 7.06 8.2
Asian (%) 2.96 14.09 13.53 3.13 15.19 10.54 2.09 13.6 12.76
PI (%) 2.33 9.08 2.96 2.29 10.79 5.37 1.92 8.12 3.34
Unknown (%) 6.47 5.92 32.99 7.92 8.53 38.42 7.33 5.12 27.65
Other (%) 2.01 0.92 0.66 2.8 2.03 0.84 2.03 1.76 3.03
Native American (%)  0.78 0.92 0.6 0.64 0.71 0.52 0.7 1.76 3.34
Table 3 Patient comorbidities
Autoimmune Immunocompetent Immunodeficient
Immune status
Material ECM Hydrogel Silicone ECM Hydrogel Silicone ECM Hydrogel Silicone
Total (&) 5346 2358 1668 8188 2732 1933 1776 579 329
CKD (N) 1367 509 175 1594 527 154 667 151 35
CKD (%) 26 22 11 18 20 8 36 17 11
T2DM (N) 2569 867 335 3607 950 306 978 210 48
T2DM (%) 49 38 20 41 36 16 52 37 15
OW/OB (N) 1686 615 243 1942 497 155 592 130 32
OW/OB (%) 32 27 15 22 19 8 32 23 10
Smoking (N) 307 105 26 454 102 18 96 26 10
Smoking (%) 6 5 2 5 4 1 5 5 3
Chronic viral infection (N) 186 52 60 190 49 52 107 25 15
Chronic viral infection (%) 3 2 3 2 2 2 6 4 5
Malignancy (N) 723 296 354 615 207 292 302 88 62
Malignancy (%) 13 13 18 7 8 13 16 16 19

This journal is © The Royal Society of Chemistry 2026
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Patient Immune Status

Immunodeficient Autoimmune

2.6
Postop Fever
2
Dehiscence
Postop Infection
Postop Bleeding 1
Tissue Ischemia
Hematoma
Seroma
Cellulitis Lymphadenitis 0
Graft Complications
Mortallty | -0.69
4
8
g

Fig. 2 Effect of patient immune status on complications following
muscle injury with material implantation. Data are log-transformed odds
ratio (log,OR) of immune status compared to immunocompetent con-
trols. Grey boxes represent null event cases in groups tested.

immune subgroups did not differ from each other apart from
sepsis, which showed higher odds for the immunodeficient
group compared to the autoimmune group. Additionally, the
autoimmune cohort had higher odds of developing post-oper-
ative fever (OR = 1.948, 95% CI, 1.162-3.261) and seroma (OR
= 1.762, 95%CI, 1.05-2.954) compared to immunocompetent
controls while the immunodeficient group did not.
Immunodeficient patients treated with a synthetic hydrogel
had higher odds of developing all complications compared to
immunocompetent patients, except for post-operative bleeding
and mortality (Fig. 2). Further, immunodeficient patients
seemed to experience higher odds of complication compared
to autoimmune patients. This was most noticeable for develop-
ment of sepsis (OR = 1.929, 95%ClI, 1.455-2.556) and post-oper-
ative infection (OR = 1.933, 95%CI, 1.432-2.61). Autoimmune
patients treated with hydrogels, on the other hand, showed
minimal differences from immunocompetent controls. We
found higher odds of edema (OR = 1.863, 95%CI, 1.562-2.223),
ESR/CRP elevation (OR = 1.797, 95%CI, 1.162-2.779), and cellu-
litis/lymphadenitis (OR = 1.395, 95% CI, 1.232-1.58) only.
Among silicone-treated patients, only the odds of developing
local tissue edema were increased for autoimmune patients com-
pared to immunocompetent patients. No other outcomes
differed between autoimmune and immunocompetent patients
compared to controls or to each other. Immunodeficient
patients treated with silicone-based biomaterials had higher
odds of developing local tissue edema (OR = 1.857, 95%CI,

1.123-3.069), ESR/CRP elevation (OR = 6.163, 95%CI,
2.545-14.929), post-operative bleeding (OR = 3.612, 95%CI,
1.639-7.691), seroma formation (OR = 6.163, 95% CI,

2.545-14.929) and cellulitis or lymphadenitis (OR = 1.662, 95%
CI, 1.2-2.302).

These results suggest that in univariable analysis, immune
status is associated with wound healing outcomes following

2612 | Biomater. Sci, 2026, 14, 2608-2620
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muscle damage predominantly when patients are treated with
ECM-based scaffolds. Among autoimmune patients, those who
received ECM had the highest odds of complication; compli-
cations were similarly low among those receiving silicone or
hydrogel.

Among immunodeficient patients, hydrogel treated patients
had highest overall odds of complication while silicone-treated
patients had lowest complication odds.

Impact of type of muscle damage on complications across
biomaterials and immune subgroup

Complications were analyzed across immune subgroups and
biomaterials for specific types of muscle damage (Fig. 3).
Silicone-treated patients generally had lowest variability in
complications between muscle damage types. Traumatic
injury-related muscle damage was paradoxically associated
with lower odds of complication in both ECM- and hydrogel-
treated patients when compared to other types of muscle
damage. In autoimmune ECM- and hydrogel-treated patients,
traumatic injury had reduced odds of ESR/CRP elevation,
wound dehiscence, and post-operative infection. In ECM-
treated immunodeficient patients, injury-related muscle
damage was also associated with lower ESR/CRP elevation,
wound dehiscence, and post-operative bleeding. Lastly, in
immunodeficient patients, injury related muscle damage
lowered odds of local tissue edema when treated with silicone,
and overall graft complications when treated with hydrogel.
On the other hand, traumatic injury increased odds of post-
operative fever and overall graft complications in ECM treated
autoimmune patients and mortality in ECM treated immuno-
deficient patients.

Flap harvest and surgical resection related muscle damage
types were often associated with increased odds of compli-
cation across immune subgroups in patients treated with
hydrogel or ECM. In autoimmune patients, flaps and surgical
resection were associated with higher odds of post-operative
fever, post-operative bleeding, and wound dehiscence in hydro-
gel- or ECM-treated patients. Among ECM-treated immunode-
ficient patients, free flap muscle damage conferred higher
odds of mortality and graft complications, while hydrogel-
treated immunodeficient patients with flap muscle damage
had lower odds of graft complications.

In contrast, muscle loss secondary to surgical resection had
relatively lower odds of sepsis and post-operative infection,
particularly in immunodeficient patients treated with hydro-
gel. In autoimmune patients, flaps also reduced ESR/CRP
elevation and development of cellulitis/lymphadenitis in ECM-
and hydrogel-treated patients. Debridement muscle damage
showed mixed effects. In autoimmune patients, debridement
was associated with increased odds of sepsis and post-operat-
ive bleeding when treated with ECM scaffolds and wound
dehiscence when treated with hydrogel. Conversely, in immu-
nodeficient patients, debridement was protective in several
contexts, with lower odds of infection (silicone), tissue ische-
mia and hematoma (ECM), and post-operative bleeding and
mortality (hydrogel).

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Muscle damage source alters the immune-dependent complications after material implantation. (A) Subsetting of different muscle damage
sources. (B) Key for subgroups analyzed. (C) Odds Ratio (OR) of immunodeficient patients versus immunocompetent. (D) OR of autoimmune patients
versus immunocompetent. Data are point estimate + 95% confidence intervals. Points on x-axis represent null event cases in groups tested. Exact

estimates and confidence intervals not shown for n < 10 patients.

Several outcomes consistently showed minimal variation by
muscle damage type across biomaterials and immune statuses
(edema, sepsis, tissue ischemia, mortality, hematoma, and
seroma formation).

Impact of immunodeficiency subtype on odds of complication
across biomaterials in immunodeficient patients

Immunodeficiency was further categorized into primary and
secondary groups. Primary immunodeficiency included conge-
nital or inherited disorders, including severe combined immu-
nodeficiency (SCID), common variable immunodeficiency,
DiGeorge Bruton’s agammaglobulinemia, etc.
Secondary immunodeficiencies included acquired causes such
as HIV, chemotherapy related immunosuppression, and drug-

syndrome,

This journal is © The Royal Society of Chemistry 2026

related immunosuppression. Patients with multiple qualifying
diagnoses were included only one time in data analysis.
Immunodeficiencies affecting the innate and adaptive
immune system were compared (Fig. 4B). Innate immunodefi-
ciencies included complement disorders, chronic granuloma-
tous disease, leukocyte adhesion defects, etc., while adaptive
immunodeficiencies included all T and B cell disorders.
Lastly, T cell mediated, and B cell mediated immunodeficien-
cies were also compared. T cell immunodeficiencies included
DiGeorge syndrome thymic aplasia, low CD4+ T cell count
associated with HIV disease, Wiskott-Aldrich syndrome and
more. B cell immunodeficiencies included Bruton’s agamma-
globulinemia, selective IgA deficiency, common variable
immunodeficiency, etc. ECM- and hydrogel-treated patients
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Fig. 4 Effect of immunodeficiency type is dependent upon biomaterial type. (A) Primary versus secondary (acquired) immunodeficiencies. Grey
boxes represent null event cases in groups tested. (B) Innate and adaptive immunodeficiencies. Data are point estimate + 95% confidence intervals.
Points on x-axis represent null event cases in groups tested. Exact estimates and confidence intervals not shown for n < 10 patients.

demonstrated more variation based on immune compartment
(T cell vs. B cell, innate vs. adaptive), while silicone-treated
patients showed selective differences primarily when compar-
ing primary and secondary immunodeficiencies.

Among silicone-treated patients, primary immunodefi-
ciency was most consistently associated with higher odds of
complication compared to secondary immunodeficiency for
local edema, sepsis, ESR/CRP elevation, and wound dehis-
cence, with no observed differences by T vs. B cell or innate vs.
adaptive immune classification. Odds of complication in ECM-
treated patients demonstrated greater sensitivity to T vs. B cell
phenotypes, with T cell immunodeficiencies being associated
with lower odds of fever, ESR/CRP elevation, dehiscence, bleed-
ing, mortality, tissue ischemia, and hematoma. ECM-treated
patients also exhibited higher odds of hematoma, tissue ische-
mia, and seroma in the setting of innate immune system dys-
function compared to adaptive immune system dysfunction.
However, overall graft complication odds, encompassing many
causes of graft loss, were higher in T cell immunodeficiencies
and adaptive immunodeficiencies. Hydrogel-treated patients
showed fewer consistent patterns when comparing immunode-
ficiency subtypes. Secondary immunodeficiency was associated
with higher odds of post-operative infection. T cell dysfunction
conferred lower odds of ESR/CRP elevation. Innate immune
dysfunction was also linked to lower mortality and seroma
risk. Across all biomaterials, complications such as infection,
cellulitis/lymphadenitis, and graft complications generally
showed minimal variation by immunodeficiency classification,
suggesting outcome-specific immune sensitivity.

Impact of age on odds of complication across biomaterials
and immune phenotypes

Age-related variation in odds of complication differed by bio-
material type and immune subgroup (Fig. 5). These trends
were most pronounced in ECM-treated patients, while hydrogel
and silicone groups demonstrated relatively fewer age-related

2614 | Biomater. Sci,, 2026, 14, 2608-2620

differences. In immunodeficient patients, younger age (18-35)
was consistently associated with higher odds of several compli-
cations, particularly among those treated with ECM or hydro-
gel. These included local edema, post-operative fever, ESR/CRP
elevation, tissue ischemia, and seroma formation. Among
autoimmune patients, increased odds of complication at
younger ages were more limited, with elevated risks observed
only for fever and tissue ischemia in ECM-treated patients.
Notably, age-related variation was largely absent in auto-
immune patients treated with hydrogel or silicone. Older age
(50-65, and 65+) was associated with increased odds of compli-
cations in ECM-treated autoimmune patients, with higher
odds of post-operative infection, bleeding, and sepsis, and
overall graft complications. These associations were not
observed in hydrogel or silicone-treated autoimmune patients,
suggesting there may be an age-related risk profile specific to
ECM use in the context of autoimmunity.

Some complications exhibited bimodal age-related risk pat-
terns. For instance, ESR/CRP elevation and overall graft com-
plications were more likely to occur at both age extremes
(18-35 and >65) among ECM-treated patients across immune
phenotypes. Lastly, for wound dehiscence, tissue ischemia,
and seroma formation, increasing age conferred a protective
effect. Wound dehiscence odds decreased with age in silicone-
treated patients, and both tissue ischemia and seroma for-
mation decreased with age in immunodeficient patients
treated with ECM or hydrogel. No age-related variation was
observed in mortality, hematoma formation, or cellulitis/lym-
phadenitis across any biomaterial type or immune phenotype.

Impact of sex on odds of complication across biomaterials and
immune phenotypes

Male and female patients were compared for each biomaterial
and immune phenotype (Fig. 6). Sex-related variation in odds
of complication varied by complication type, immune status,
and biomaterial, with the most notable patterns observed

This journal is © The Royal Society of Chemistry 2026
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in silicone and hydrogel treated patients. ECM treated patients
showed fewer sex-based differences overall. For several compli-
cations, male sex was associated with increased odds of
adverse outcomes, particularly among autoimmune and
immunodeficient patients. Autoimmune male patients had
higher odds of local edema, ESR/CRP elevation, and wound
dehiscence when treated with hydrogel, higher odds of tissue
ischemia when treated with silicone, and higher odds of post-
operative bleeding when treated with ECM. In immunodefi-
cient patients, male patients had higher odds of developing
sepsis, post-operative bleeding, post-operative infection, ESR/
CRP elevation and wound dehiscence in silicone-treated
patients. This is likely given the variability in clinical context

This journal is © The Royal Society of Chemistry 2026

of silicone material use between males and females. Notably,
no sex-based differences were observed in ECM-treated immu-
nodeficient patients across these outcomes. This suggests that
among patients with immune dysfunction, sex-related differ-
ences play a role in modulating response to biomaterials,
specifically hydrogels and silicone-based implants.

Among immunocompetent patients, males had lower odds
of wound dehiscence with silicone, and higher odds of celluli-
tis/lymphadenitis with ECM, hydrogel, and silicone. Cellulitis/
lymphadenitis consistently showed higher odds in males
across immune statuses in both ECM and hydrogel treated
groups, and in immunocompetent patients treated with sili-
cone. Conversely, female sex was associated with higher odds
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of overall graft complications. Males had lower odds of graft
complications compared to females in both autoimmune and
immunodeficient patients treated with ECM, as well as in auto-
immune and immunocompetent patients treated with silicone.
No sex-related differences were observed in mortality, hema-
toma formation, or seroma formation (Fig. 6).

Impact of age associated menopausal status on odds of
complication across biomaterials in autoimmune patients

Menopausal status is a known factor impacting outcomes in
autoimmune patients. As such autoimmune patients were split
into pre-menopausal (18-35) and post-menopausal (50+) age
groups for each biomaterial, excluding ages that may include
perimenopause or individual variation during perimenopause
ages (Fig. 7)."* Immunocompetent patients were also similarly
grouped for comparison. Menopause status impacted compli-
cation risk differently across biomaterials and immune pheno-
types, with hydrogel and ECM treated patients exhibiting the
most consistent postmenopausal improvement. Across nearly
all complications, hydrogel treated patients showed higher
odds of complication in pre-menopausal patients, though this
effect was much more pronounced in immunocompetent
patients than autoimmune patients. Pre-menopausal immuno-
competent individuals had higher rates of sepsis, ESR/CRP
elevation, dehiscence, post-operative infection, post-operative
bleeding, tissue ischemia, seroma formation, and graft compli-
cations. These findings suggest a potential protective effect of
menopause in hydrogel associated wound healing and
immune modulation.

ECM treated patients also showed a general trend of higher
odds of complication in pre-menopausal patients, especially
among the immunocompetent group. These included local
edema, ESR/CRP elevation, post-operative infection, post-oper-
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ative bleeding, tissue ischemia, and mortality. In autoimmune
patients, only ESR/CRP, bleeding, and ischemia were elevated
in the pre-menopausal group. Interestingly, autoimmune pre-
menopausal patients had lower odds of post-operative infec-
tion, post-operative bleeding, and tissue ischemia compared to
their immunocompetent counterparts across both ECM and
hydrogel treatment.

In contrast, silicone treated patients showed fewer meno-
pausal differences, primarily limited to immunocompetent
patients. Premenopausal immunocompetent patients exhibi-
ted higher rates of local edema, wound dehiscence, post-oper-
ative infection, post-operative bleeding, and tissue ischemia,
whereas autoimmune patients showed no variation for these
complications. Interestingly, cellulitis/lymphadenitis odds
were higher in post-menopausal autoimmune patients only, in
contrast to other complications. Several outcomes, including
post-operative fever, mortality, and hematoma formation, were
largely unaffected by menopausal status across all biomaterials
and immune groups, suggesting that these complications may
be less hormonally modulated.

Given that pre-menopausal autoimmune patients paradoxi-
cally exhibited fewer post-operative complications compared to
pre-menopausal immunocompetent patients across ECM and
hydrogel biomaterial groups, and pre-menopausal patients
generally had worse outcomes compared to post-menopausal
patients, additional data on medication history in these
patient groups was gathered to assess for potential confoun-
ders (SI Table S1). Non-steroidal anti-inflammatory drugs were
prescribed to pre-menopausal patients at greater rates than
post-menopausal patients across all biomaterial groups.
Further, non-steroidal immunosuppressant medications such
as mycophenolate mofetil were also prescribed more to pre-
menopausal patients. Conversely, glucocorticoids were pre-
scribed to post-menopausal patients to a greater degree.

Discussion

In healthy immunocompetent patients, skeletal muscle inju-
ries cause myocyte necrosis leading to neutrophil accumu-
lation followed by macrophage infiltration and satellite cell
proliferation.”"® Neutrophil proliferation peaks approximately
48 hours after injury and by five days following injury, macro-
phage polarization transitions from M1 (inflammatory pheno-
type) to M2 (anti-inflammatory phenotype). Satellite cell pro-
liferation also peaks at this time and regeneration begins.
However, this transition can be delayed or impaired in patients
with immune imbalances which can lead to aberrant wound
healing. In patients with autoimmune diseases, persistent
infiltration of inflammatory cells can cause muscle fibrosis
and excess fatty deposition. Furthermore, surgical procedures
and wounds are known trigger events for autoimmune con-
ditions showing the intricate relationship between tissue
damage and autoimmunity.” In immunocompromised
patients, the immune system is unable to sufficiently mediate

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm01334h

Open Access Article. Published on 08 April 2026. Downloaded on 6/12/2026 12:03:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

tissue regeneration and angiogenesis, leading to delayed
wound healing and susceptibility to infections.

This study supports these findings, with autoimmune and
immunodeficient patients having higher odds of developing
nearly all wound healing complications regardless of biomater-
ial type used in reconstruction in univariable analysis.
Autoimmune and immunodeficient statuses did not differ in
the degree to which they raised odds of complications, except
for infectious complications. While immunodeficiency and
immunosuppression are typically considered by surgeons
when developing treatment plans, autoimmune disease is not
usually considered. Our findings suggest that wound healing
following muscle trauma could be similarly impaired in both
groups and that any immune-modifying condition should be
considered when planning surgeries that require implantation
of biomaterials.

One notable difference in complications was found
between immune statuses: individuals with autoimmunity
were at higher risk of developing post-operative fever and
seroma following muscle damage compared to immunocom-
petent controls, while immunodeficient patients were not.
Early post-operative fever is not usually infectious in etiology
and can be caused by innate immune system activation and
release of pro-inflammatory mediators like interleukin (IL)-1b,
IL-6, and TNF-a."® In autoimmune patients, this response can
be exaggerated and can even lead to chronic inflammation,
positing a theory for this finding.'® Similarly, seroma for-
mation is mediated by immune dysfunction, with a study in
post-mastectomy patients finding that seromas displayed an
increase in T-helper cells within the aspirated fluid and also
showed elevated Th2 and Th17 responses peripherally.'**°

Biomaterial type

While there were differences in patients receiving different bio-
material treatments, for example ECM-treated patients had
more pre-injury comorbidities than silicone-implanted
patients, it seemed that immune status was a larger determi-
nant of receiving ECM. The host response to biologic ECM
scaffolds in immunocompetent hosts involves both innate and
adaptive immunity but varies based on specific composition.>*
A murine model of abdominal wall muscle repair using com-
mercially available native SIS-ECM showed an intense neutro-
phil and mononuclear cell response with M2 predominance at
two weeks following surgery.® Muscle tissue grafts also became
largely well-organized with collagenous connective tissue.
However, modifications of grafts with chemical crosslinking
led to M1 predominance and increased fibrosis. As such, bio-
logic composition and degradability have an impact on the
host immune response to ECM scaffolds. In immunocompro-
mised patients, the foreign body response is minimized, while
in autoimmune patients, a significant foreign body response
can be seen. A study in mice showed a decrease in M2 polariz-
ation with a corresponding increase in adipogenesis in both T
cell lacking and autoimmune-prone hosts in response to ECM
implantation.”'® These findings may explain why those in the
autoimmunity subgroup had the highest odds of complication
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in ECM-treated patients compared to other biomaterials, as
ECM components dynamically interact with the immune
system. However, clinical studies of immune responses to
ECM scaffolds and impacts on wound healing and muscle
regeneration are limited, often not including individuals with
immune imbalance. The present study does not account for
alterations in patient comorbidities, suggesting a need for a
prospective study to fully evaluate this effect.

Immunodeficient patients, on the other hand, had highest
overall odds of complication among those treated with hydro-
gel and lowest among those treated with silicone, compared to
immunocompetent controls. Immune response to hydrogels
varies based upon physical properties such as stiffness and
topography and chemical properties like molecular presen-
tation and delivery of bioactive molecules.'"** Commercially
available hydrogel wound fillers can be natural, like alginate or
gelatin-based, or synthetic like polyvinyl alcohol or polyethyl-
ene glycol-based. Response to these biomaterials in the setting
of immunosuppression can be better understood with studies
assessing delivery of glucocorticoids within biomaterial
implants.

This response, in addition to the clear effect of immunode-
ficiency on infectious complications, could explain the elev-
ated odds of wound healing complications in immunodefi-
cient patients observed in our cohort. Limited studies have
assessed how specific biomaterials could affect this outcome.
Biological mechanisms for this phenomenon in individuals
treated with hydrogels are unclear given the variability in
responses based upon the material composition of the hydro-
gel. Silicone, on the other hand, may have lower odds of com-
plication in immunodeficient patients compared to other bio-
materials given that silicone is known to elicit a strong foreign
body response and chronic inflammation in immunocompe-
tent individuals, which is significantly reduced in the setting
of immunosuppression.?

Muscle damage type

Traumatic injury-related muscle damage was paradoxically
associated with lower odds of complication in ECM- and
hydrogel-treated patients in our cohort when compared to sur-
gical muscle damage. Traumatic injuries typically carry greater
risk of post-operative complications due to the nature of their
provenance - they are acute, unplanned emergencies that are
frequently contaminated by the environment from which they
resulted (e.g., dirt, debris, bacteria).>* However, in our cohort,
injury-associated damage carried lower odds of several compli-
cations including ESR/CRP elevation, wound dehiscence, and
post-operative infection. This may be explained by aggressive
protocols at many hospitals to prevent surgical site infections
in trauma populations, including IV antibiotics, delayed
wound closure, and inpatient monitoring for severe wounds.
Additionally, our surgical muscle damage groups included flap
harvest and surgical muscle resection. Surgical resection of
muscle is most often done for pathologies like sarcoma to
achieve negative margins. Flap harvest is often also done to
reconstruct a recipient site where a defect often occurs due to
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cancer resection or trauma. Given that many surgical modes of
muscle damage are done in cases of malignancy, odds of com-
plication may be higher in these groups due to confounders
such as adjuvant chemotherapy or radiation and systemic
immune dysfunction in the setting of malignancy.

Mechanism of immunodeficiency

When comparing the mechanism of immunodeficiency, we
found increased odds of complications across primary and sec-
ondary immunodeficiencies treated with silicone and hydro-
gel, compared to immunocompetent controls. Comparing
innate deficiencies to adaptive immune deficiencies, there was
a trend of higher odds ratios overall with innate immunodefi-
ciencies which aligns with the critical role of innate immune
cells like macrophages in wound healing and biomaterials
responses. Interestingly, when evaluating T cell versus B cell
immunodeficiencies, ECM stood out as having a higher risk of
graft complications in T cell immunodeficiencies which is sup-
ported by preclinical studies supporting the role of T cells in
immune responses to ECM scaffolds.

Sex differences

Sex differences in odds of complication found in our study
could be due to the immunoregulatory effects of estrogen.
Estrogen plays a significant role in modulating immune
responses and enhancing wound healing. It promotes anti-
inflammatory cytokine production, supports angiogenesis, and
facilitates resolution of inflaimmation.”* These processes are
crucial for the successful integration of biomaterials like ECM
and hydrogels. Females with higher circulating estrogen levels
may suppress immune responses to implanted biomaterials,
thereby reducing the risk of inflammatory complications and
poor integration when compared to males. Studies in ovari-
ectomized mice, for example show excessive inflammation and
impaired wound healing.>® This effect is largely preserved
across immune subgroups in our cohort. Furthermore, sex
related confounders may also explain these findings.
Mechanism of injury, prevalence of behaviors like smoking,
and past medical history factors differ in males and females,
and the effect of gender may be confounded with these effects.
For example, there is a greater prevalence of cigarette smoking
in males, and smoking is known to alter outcomes in wound
dehiscence.*®

Age and menopause effects

Age is a known factor in modulating immune functioning.
Aging is associated with diminished T cell function, altered
macrophage activation, and impaired wound healing, which
may compromise ECM-mediated tissue remodeling and lead
to excessive inflammation or delayed resolution.”””*® ECM bio-
materials, unlike hydrogels and silicone-based implants, rely
on active host remodeling and immune cell infiltration,
making older patients particularly vulnerable to poor out-
comes, especially when immune dysfunction is present.”” This
likely accounts for the absence of significant age-related vari-
ation in autoimmune patients treated with hydrogels or sili-
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cone compared to ECM treated patients. Collectively, these
findings highlight the need to consider both patient immune
phenotype and age when selecting biomaterials for reconstruc-
tion following muscle injury.

In post-menopausal women, the immunosenescence seen
with aging can be exacerbated by loss of estrogens.>® However,
the clinical impacts of this phenomenon in autoimmune
disease are variable. In women with rheumatoid arthritis,
menopause can negatively affect the course of disease, while
in patients with lupus, menopause leads to improvement in
frequency and magnitude of flares. We found increased wound
healing complications in pre-menopausal aged women with
autoimmune disease compared to this age group in immuno-
competent women, which may be due to the variable distri-
bution of specific disease types by age group. In immunocom-
petent patients, this may be explained by more severe mecha-
nisms of injury such as motor vehicle accidents and other trau-
matic injuries in younger age groups.

The observation that pre-menopausal aged autoimmune
patients treated with ECM and hydrogel biomaterials experi-
ence fewer complications than immunocompetent counter-
parts when directly compared may seem counterintuitive.
However, the protective impact of immunosuppressive thera-
pies commonly used in autoimmune disease management
may explain these findings. Pre-menopausal women with auto-
immune disease were predominantly treated with non-ster-
oidal immunosuppression compared to post-menopausal
women. Disease-modifying antirheumatic drugs (DMARDs)
dampen both systemic and local immune activity. These thera-
pies may inadvertently provide a protective effect against the
foreign body response and inflammation typically associated
with biomaterial implantation. In contrast, immunocompetent
patients may mount a more robust and prolonged immune
response to ECM or hydrogel materials, increasing the likeli-
hood of complications such as dehiscence, seroma, and graft
failure.

Limitations

Due to the retrospective observational nature of this study
through a data repository, several limitations must be con-
sidered. Because this study was designed as an exploratory
analysis using unadjusted associations within a large, hetero-
geneous real-world dataset, residual confounding factors
cannot be eliminated. TriNetX’s platform-level constraints
limit the ability to perform custom multivariable modeling or
detailed adjustment for baseline differences in age, comorbid-
ities, medication exposures, and procedure complexity. As a
result, the observed associations likely reflect not only
immune-status categories but also potential underlying differ-
ences in patient characteristics and clinical indications. The
findings should therefore be interpreted as descriptive,
hypothesis-generating patterns rather than causal estimates.
As raw data could not be accessed through the repository due
to patient privacy considerations, we were limited in our ana-
lyses based on requested comparisons and statistical evalu-
ations. Furthermore, as we were limited in data access, certain
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comparison weightings could not be made including adjust-
ments for age, sex, and comorbidities. As such, these compari-
sons are displayed to show potential effects of these variables.
Due to the exploratory nature of this work, while corrections
for multiple comparisons were completed within variable
groups, a more stringent correction would be needed for
ongoing studies to evaluate potential false discoveries. Lastly,
our data is comprised primarily from White and Non-Hispanic
individuals, and future studies should validate these findings
in different populations. Future work will focus on develop-
ment of specific cohorts in a controlled manner that will allow
for in depth statistical characterization based on these initial
findings.

Conclusions

Through this retrospective observational study utilizing data
from EHRs, we supported preclinical data that defines the
roles of different immune cell types in wound healing and bio-
material responses. We found that post-operative compli-
cations associated with biomaterial treated skeletal muscle
injury were highly dependent upon patient immune status
when comparing immunocompetent individuals versus those
with immunodeficiencies or autoimmune conditions. These
increases in post-operative complications were dependent
upon patient age, sex, subtype of immune condition, and type
of biomaterial implanted.
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Appendix 1 Diagnostic code definitions
for immune status classification

Immune status ICD-10 codes

category used Definition/notes
Autoimmune E27.1, E28.39, Patients with any recorded
E20.8, L50.8, autoimmune diagnosis.
L50.0, L50.1,
L50.2, E06.3,
G35, 120, L30,
L40, K50, K51,
M12.3, M08,
M06, M05, M04,
M35, M34, M33,
M32, M31, M30
Immunodeficient D80, D81, D82, Includes primary
D83, D84, D85, immunodeficiencies, HIV
D86, D87, D88, infection, and neutropenia.
D89, B20, D72.81
Immunocompetent  Defined by Patients without
exclusion of all autoimmune or
above codes immunodeficiency codes;
does not imply
physiologically normal
immune function.
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