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Abstract

Background: Acute limb ischemia (ALI) is a vascular emergency characterized by abrupt
limb hypoperfusion, ischemia—reperfusion injury, and a high risk of thromboinflammatory
and organ complications. Complement activation has been implicated in endothelial dys-
function, glycocalyx injury, and ischemia-reperfusion damage, but the clinical relevance of
ongoing terminal complement blockade in patients presenting with ALI remains unclear,
highlighting a gap between mechanistic understanding and real-world clinical outcomes.
Methods: A retrospective cohort study was performed using the TriNetX federated research
network. Adult patients with ALI were identified and stratified according to ongoing treat-
ment with the C5 inhibitors eculizumab or ravulizumab. Outcomes included ischemic
stroke, venous thrombosis, pulmonary embolism, arterial embolism, thrombotic disorders,
acute kidney injury (AKI), and the composite outcome major adverse cardiovascular events
(MACE) within 31 days. Propensity score matching was performed for demographic char-
acteristics, cardiovascular comorbidities, complement-associated diseases and medications.
Results: After propensity score matching, 112 patients remained in each cohort. Compared
with matched controls, patients receiving C5 inhibition had a significantly higher risk of
venous thrombosis (27.9% vs. 13.7%; p < 0.001), AKI (18.9% vs. 9.4%; p = 0.001), MACE
(50.0% vs. 35.1%; p = 0.001), and thrombotic disorders (46.7% vs. 31.3%; p = 0.001). Time-
to-event analyses confirmed significantly lower event-free survival for venous thrombosis
(HR 2.3), AKI (HR 2.1), MACE (HR 1.6), and thrombotic disorders (HR 1.7). No significant
differences were observed for ischemic stroke, pulmonary embolism, or arterial embolism.
Conclusions: In patients with ALI, ongoing treatment with eculizumab or ravulizumab
was not associated with an apparent reduction in short-term thromboinflammatory or
cardiovascular complications. Instead, the observed outcome pattern suggests persistent
vulnerability in this clinically uncommon but increasingly relevant high-risk population,
although substantial residual confounding by indication and disease severity remains likely.
These findings support further investigation of complement-targeted therapy, endothelial
injury, and short-term vascular outcomes in ALI, and emphasize the translational rele-
vance of linking mechanistic insights with clinical data to inform risk stratification and
management strategies in this population.
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1. Introduction

Acute limb ischemia (ALI) is a vascular emergency caused by a sudden reduction in
limb perfusion that threatens tissue viability and is associated with substantial risks of limb
loss, systemic complications, and death [1]. Beyond macrovascular occlusion, the clinical
course of ALI is strongly shaped by ischemia-reperfusion injury after revascularization,
which amplifies inflammation, microvascular dysfunction, and organ injury [1,2]. Increas-
ing evidence suggests that endothelial dysfunction is a key component of this process.
It may represent an important link between experimental pathophysiology and clinical
outcomes in acute vascular disease. In the lower-extremity setting, revascularization has
been linked not only to restoration of flow and perfusion but also to changes in systemic
endothelial function, underscoring the relevance of endothelial injury in acute peripheral
ischemic syndromes [2].

The complement system is increasingly recognized as an important mediator of
ischemia—reperfusion injury and thromboinflammation [3—6]. Experimental and clini-
cal studies in myocardial infarction have shown that complement activation contributes
to tissue injury, leukocyte recruitment, and adverse cardiovascular outcomes [3,5,7,8]. In
particular, terminal pathway activation appears closely linked to endothelial damage.
C5a promotes endothelial activation, including induction of adhesion molecules such as
P-selectin, and modulates inflammatory vascular responses [9,10]. More recently, dysreg-
ulated complement activation during acute myocardial infarction was shown to induce
endothelial glycocalyx degradation and endothelial dysfunction via the C5a—Cba receptor
1 axis [8]. These findings provide a mechanistic link between complement activation and
vascular injury. Related ischemia-reperfusion models, including renal injury, further sup-
port a role for complement-mediated glycocalyx damage in end-organ dysfunction [11].
Collectively, these findings support the concept that complement activation may con-
tribute to endothelial injury, thrombotic complications, and organ dysfunction in ALI,
highlighting a potential translational link between experimental mechanisms and clinically
observable outcomes.

Therapeutic inhibition of terminal complement activation has gained increasing im-
portance in recent years. Eculizumab and ravulizumab are established C5 inhibitors that
are approved for several complement-mediated disorders, including paroxysmal noctur-
nal hemoglobinuria (PNH), atypical hemolytic uremic syndrome (aHUS), generalized
myasthenia gravis (MG), and neuromyelitis optica spectrum disorder (NMOSD) [12-17].
Ravulizumab, with its longer dosing interval, has further expanded the practical use of
C5 inhibition in routine care [15,17-19]. Patients receiving these therapies still represent
an uncommon subgroup in the context of ALIL. However, their presence in routine clinical
practice is likely to increase as indications broaden and long-term maintenance treatment
becomes more common [15,17-19]. This is clinically relevant because such patients may rep-
resent a particularly vulnerable population at the intersection of complement dysregulation,
endothelial stress, and thrombosis.

However, despite growing mechanistic evidence linking complement activation to en-
dothelial injury in ischemic disease, real-world data on ALI outcomes in patients receiving
ongoing C5 inhibition are lacking. Whether terminal complement blockade mitigates en-
dothelial injury-related complications after ALI or instead identifies a population with per-
sistently elevated thromboinflammatory risk remains unclear. To address this translational
gap and to bridge mechanistic insights with real-world clinical outcomes, a retrospective
cohort study was conducted to evaluate short-term cardiovascular, thrombotic, and renal
outcomes in patients with ALI with and without ongoing treatment with eculizumab or
ravulizumab. This study links experimental concepts of complement-mediated endothelial

https://doi.org/10.3390/ijtm6020023


https://doi.org/10.3390/ijtm6020023

Int. J. Transl. Med. 2026, 6,23

30f13

injury with real-world clinical outcome patterns. The aim was to provide clinically relevant
insights into the role of C5 inhibition in acute vascular disease.

2. Materials and Methods
2.1. Study Design

This retrospective cohort study was conducted using the TriNetX Analytics Network
(https:/ /live.trinetx.com/, accessed on 11 May 2026), a federated real-world database
platform providing access to de-identified electronic health record data from participating
healthcare organizations. The network includes aggregated, de-identified, longitudinal clin-
ical information such as demographics, diagnoses, procedures, medications, and outcomes.

The study aimed to evaluate short-term cardiovascular, thrombotic, and endothelial
injury-related outcomes in patients with ALI with and without ongoing complement C5
inhibition. The index event was defined as the diagnosis of ALI. Follow-up was limited to
31 days after the index event in order to focus on early post-ischemic complications and to
reduce bias related to incomplete long-term follow-up.

2.2. Cohorts

The exposed cohort consisted of patients with ALI and documented treatment with a
complement C5 inhibitor, defined as eculizumab or ravulizumab, prior the index event. The
control cohort included patients with ALI without documented exposure to eculizumab
or ravulizumab.

To reduce baseline differences between groups, propensity score matching (PSM)
was performed within the TriNetX platform using 1:1 nearest-neighbor matching without
replacement. Matching variables were selected a priori based on clinical relevance and
included age, sex, ethnicity, hypertension, chronic kidney disease, ischemic heart disease,
diabetes mellitus, overweight/obesity, smoking history, and complement-associated dis-
eases. Specifically, diagnoses of aHUS, PNH, MG, NMOSD were included in the matching
procedure because these conditions are linked to the indication spectrum of complement
C5 inhibition and may confound the association between treatment exposure and vas-
cular outcomes. Not all patients receiving eculizumab or ravulizumab had one of these
predefined complement-associated diagnoses formally coded within the available elec-
tronic health record data. This likely reflects the heterogeneous and evolving indication
spectrum of terminal complement inhibition, including less frequently coded complement-
mediated disorders, historical coding variability, and incomplete diagnostic granularity
within federated real-world datasets. To account for this potential source of confounding,
complement-associated diseases were incorporated into the propensity score matching
strategy, and residual confounding by indication is acknowledged as an inherent limitation
of the study.

Before matching, 115 patients were identified in the C5 inhibition cohort and
881 patients in the control cohort. After 1:1 PSM, two balanced cohorts of 112 patients each
were available for outcome analysis.

2.3. Outcomes

Outcomes included ischemic stroke, venous thrombosis, pulmonary embolism, arterial
embolism, thrombotic disorders, acute kidney injury (AKI) and major adverse cardiovas-
cular events (MACE). Arterial embolism referred to non-cerebral arterial embolism and
thrombosis (ICD-10 174), whereas ischemic stroke outcomes were analyzed separately
using cerebrovascular ICD-10 codes. The composite outcome “thrombotic disorders”
included arterial embolism/thrombosis (I74), venous embolism/thrombosis (I182), and
pulmonary embolism (I126). Individual thrombotic outcomes were additionally analyzed
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separately to provide outcome-specific risk estimates and to improve interpretability of
the composite endpoint. Detailed ICD-10 outcome definitions are provided in Supplement
Table S1. MACE was analyzed as a composite endpoint including acute myocardial in-
farction, ischemic stroke, pulmonary embolism, venous embolism/thrombosis, arterial
embolism/thrombosis, and cardiogenic shock as defined within the TriNetX platform using
ICD-10 coding. These outcomes were chosen to reflect clinically relevant cardiovascular
and thromboinflammatory complications after ALI and to capture events potentially related
to endothelial dysfunction, microvascular injury, and immunothrombosis.

For time-to-event analyses, patients were followed from the index date until the first
occurrence of the outcome of interest, death, or the end of the 31-day observation period.

2.4. Ethical Statement

All analyses were conducted within the federated TriNetX platform using only ag-
gregated, de-identified data in accordance with the HIPAA Privacy Rule §164.514(a). De-
identification was certified by a qualified expert, with the latest renewal in December 2020.
As this was a secondary analysis of existing de-identified data without patient contact or
access to individual identifiers, informed consent was waived and no additional ethical
approval was required, as confirmed by the Ethics Committee of the University of Liibeck.
This approach is consistent with prior publications from the University of Liibeck and
University Hospital Schleswig-Holstein [19]. The University Hospital Schleswig-Holstein,
Liibeck, is a participating healthcare organization in the TriNetX network. Reporting
followed the STROBE guidelines.

2.5. Statistical Analysis

Baseline characteristics were compared before and after PSM. PSM was performed
within the TriNetX Analytics Network using 1:1 nearest-neighbor matching without re-
placement. Propensity scores were generated based on logistic regression incorporating
predefined demographic and clinical covariates, including age, sex, ethnicity, hyperten-
sion, chronic kidney disease, ischemic heart disease, diabetes mellitus, overweight/obesity,
smoking history, and complement-associated diseases. Cohort balance before and after
matching was assessed using standardized differences, with values below 0.1 considered in-
dicative of acceptable balance between groups. Continuous variables are presented as mean
and standard deviation, while categorical variables are reported as counts and percent-
ages. Group differences were assessed using p-values and standardized differences, with
improved balance after matching considered indicative of successful cohort adjustment.

For risk-based analyses, outcome frequencies and risks were calculated for both
cohorts. Effect estimates included risk ratios (RRs), odds ratios (ORs), and risk differences
(RDs) with corresponding 95% confidence intervals (Cls). For time-to-event analyses,
Kaplan-Meier survival analyses were performed and compared using the log-rank test.
Hazard ratios (HRs) with 95% ClIs were calculated using Cox proportional hazards models
within the TriNetX platform. A two-sided p-value < 0.05 was considered statistically
significant. Exploratory standardized effect size estimates (Cohen’s d) were additionally
calculated for supplementary analyses (values of 0.2, 0.5, and 0.8 were interpreted as small,
moderate, and large effects, respectively). All analyses were conducted within the TriNetX
Analytics Network using the platform’s built-in statistical tools. Figures were created
using the 2D graphics and biostatistics software GraphPad PRISM (version 8.4.2, GraphPad
Software Inc., San Diego, CA, USA).
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3. Results
3.1. Propensity Score Matching

To reduce potential confounding, PSM was performed using demographic variables,
cardiovascular risk factors, and complement-associated diseases. Matching included age,

sex, hypertension, chronic kidney disease, ischemic heart disease, diabetes mellitus, obesity,
smoking history, as well as diagnoses related to complement-mediated disorders (Table 1).

Table 1. Propensity score matching of demographics, comorbidities, complement-associated diseases
and medication.

Before PSM C5 Before PSM After PSM C5 After PSM
Characteristic Inhibition Control p-Value SD Inhibition Control p-Value SD
(N =115) (N = 881) (N =112) (N =112)
Demographics
Age at index 487 (18.8) 61.7 (16.5) <0.001 0.7326 492 (18.7) 48.4(18.8) 0.7517 0.0423
Female sex 70 (60.9%) 462 (52.4%) 0.0883 0.1707 69 (61.6%) 69 (61.6%) 1.0000 <0.001
Predominant ethnicity 84 (73.0%) 619 (70.3%) 0.5380 0.0618 81 (72.3%) 81 (72.3%) 1.0000 <0.001
Comorbidities
Hypertension 67 (58.3%) 525 (59.6%) 0.7846 0.0270 65 (58.0%) 62 (55.4%) 0.6858 0.0541
Chronic kidney disease 58 (50.4%) 240 (27.2%) <0.001 0.4899 55 (49.1%) 50 (44.6%) 05032 0.0896
Ischemic heart disease 40 (34.8%) 312 (35.4%) 0.8940 0.0132 39 (34.8%) 41 (36.6%) 0.7803 0.0373
Diabetes mellitus 28 (24.3%) 289 (32.8%) 0.0671 0.1880 27 (24.1%) 30 (26.8%) 0.6454 0.0615
Overweight/obesity 27 (23.5%) 200 (22.7%) 0.8518 0.0184 26 (23.2%) 17 (15.2%) 0.1268 0.2051
Smoking history 20 (17.4%) 156 (17.7%) 0.9334 0.0083 18 (16.1%) 15 (13.4%) 05717 0.0756
Ag“’e Nicotine 15 (13.0%) 128 (14.5%) 0.6692 0.0431 14 (12.5%) 14 (12.5%) 1.0000 <0.001
ependence
Complement-
associated diseases
Hemolytic-uremic 21 (18.3%) 44 (5.0%) <0.001 0.4230 20 (17.9%) 16 (14.3%) 04668  0.0974
syndrome
Myasthenia gravis 11 (9.6%) 302 (34.3%) <0.001 0.6259 11 (9.8%) 10 (8.9%) 0.8187 0.0306
Pafxysmal nocturnal 10 (8.7%) 29 (3.3%) 0.0050 0.2291 10 (8.9%) 10 (8.9%) 1.0000  <0.001
emoglobinuria
Neuromyelitis optica 10 (8.7%) 30 (3.4%) 0.0066 0.2233 10 (8.9%) 10 (8.9%) 1.0000 <0.001
Medication
Heparin 76 (66.1%) 386 (43.8%) <0.001 0.4593 72 (64.9%) 71 (64.0%) 0.8885 0.0188
Enoxaparin 46 (40.0%) 225 (25.5%) 0.0010 0.3118 43 (38.7%) 44 (39.6%) 0.8906 0.0185
Apixaban 18 (15.7%) 105 (11.9%) 0.2524 0.1085 17 (15.3%) 13 (11.7%) 0.4323 0.1056
Rivaroxaban 10 (8.7%) 53 (6.0%) 0.2669 0.1028 10 (9.0%) 10 (9.0%) 1.0000 <0.001
Dalteparin 0 (0%) 10 (1.1%) 0.2508 0.1515 0 (0%) 0 (0%) - -
Phenprocoumon 0 (0%) 10 (1.1%) 0.2508 0.1515 0 (0%) 0 (0%) - -
Edoxaban 0 (0%) 10 (1.1%) 0.2508 0.1515 0 (0%) 10 (9.0%) 0.0012 0.4450

Prior to matching, notable differences were observed between the cohorts. Patients
receiving complement C5 inhibition were significantly younger than controls (p < 0.001)
and had higher rates of chronic kidney disease (50.4% vs. 27.2%). Differences were also
present in complement-associated conditions, including aHUS and MG (Table 1).

PSM yielded two well-balanced cohorts of 112 patients each. After matching, baseline
characteristics were comparable across groups, with minimal standardized differences
for all included variables. Age was well balanced between cohorts and no significant
differences were observed for major cardiovascular comorbidities, including hypertension,
chronic kidney disease, ischemic heart disease, diabetes mellitus, or smoking history.
Complement-associated diseases were similarly balanced after matching, with standardized
differences close to zero.

Overall, PSM substantially reduced baseline imbalances between the treatment groups,
supporting the validity of the subsequent comparative outcome analyses.

3.2. Risk-Based Analyses

Risk-based analyses demonstrated significantly increased rates of several thrombo-
inflammatory complications in patients receiving C5 inhibition (Table 2 and Supplemental
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Table S2). Venous thrombosis occurred more often in patients of the C5 inhibition
group compared with the control group (27.9% vs. 13.7%; p <0.001) (Figure 1A).
Similarly, AKI was more frequent among patients receiving complement inhibition
(18.9% vs. 9.4%; p < 0.01). MACE was also significantly increased in the C5 inhibition
cohort (50.0% vs. 35.1%; p < 0.01) (Figure 1A).

Table 2. Risk-Based Analyses of Clinical Outcomes.

C5 Inhibition (N = 112)

Outcome 1 (%) Control (N =112) n (%)  Risk Ratio (95% CI) p-Value
Acute kidney injury 23 (18.9%) 11 (9.4%) 1.999 (1.321-3.026) 0.001
Arterial embolism 28 (23.0%) 23 (20.5%) 1.118 (0.790-1.581) 0.534
Ischemic stroke 11 (9.0%) 8 (6.9%) 1.311 (0.714-2.407) 0.385
MACE 61 (50.0%) 39 (35.1%) 1.426 (1.172-1.735) 0.001
Pulmonary embolism 11 (9.0%) 6 (5.5%) 1.639 (0.883-3.042) 0.119
Thrombotic disorders 57 (46.7%) 35 (31.3%) 1.491 (1.208-1.840) 0.001
Venous thrombosis 34 (27.9%) 15 (13.7%) 2.041 (1.475-2.824) <0.001
A
Venous thrombosis __| *
Acute kidney injury j *
Thrombotic disorders .

Pulmonary embolism
MACE | *

Ischemic stroke

C5-Inhibition
Arterial embolism == Control
(I) 2I0 4I0 SIO
. 0
B Risk (%)
Venous thrombosis —_— *
Acute kidney injury -
Thrombotic disorders— —
Pulmonary embolism-| :
MACE —— *
Ischemic stroke -} :
Arterial embolism- |—.—.
i I 1 1
0 1 2 3 4

Hazard Ratio

Figure 1. Risk-based and time-to-event analyses of clinical outcomes. (A) Risk bar charts illustrating
the proportion of outcomes in patients with acute limb ischemia receiving complement C5 inhibition
(eculizumab or ravulizumab) compared with matched controls without C5 inhibition. Bars represent
the absolute risk (%) of each outcome within the 31-day follow-up period. (B) Forest plot displaying
hazard ratios (HRs) with 95% confidence intervals for time-to-event analyses of individual outcomes.
The control cohort serves as the reference (HR = 1). Values greater than 1 indicate a higher risk
associated with C5 inhibition. *: indicates statistically significant differences between groups. Exact
p-values are provided in the main text and corresponding tables.
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Furthermore, the incidence of composite thrombotic disorders was significantly higher
in patients receiving complement inhibition (46.7% vs. 31.3%; p < 0.001). In contrast, no
statistically significant differences were observed for ischemic stroke, pulmonary embolism,
or arterial embolism (Table 2 and Supplemental Table S2).

3.3. Time-to-Event Analyses

Time-to-event analyses confirmed the findings of the risk-based analyses (Table 3)
(Figure 1B). Kaplan-Meier analyses demonstrated significantly reduced event-free survival
in the complement inhibition cohort for venous thrombosis, AKI, MACE, and composite
thrombotic disorders (Figure 2A-D). Correspondingly, hazard ratios were significantly
increased for venous thrombosis (HR 2.26), AKI (HR 2.11), MACE (HR 1.61), and thrombotic
disorders (HR 1.70). Detailed statistical results are presented in Table 3.

Table 3. Time-to-Event Analyses of Clinical Outcomes.

C5-

e Control x?2 (Log- Hazard o 2
Outcome Inhibition (N =112) Rank) p-Value Ratio HR 95% CI X p-Value
(N =112)
Nof Survival (%) Nof Survival (%)
outcomes outcomes
Acui;e].llﬁiney 23 80.99 11 90.39 10.801 0.001 2.107 (1.337-3.321) 1367 0242
Arterfal 28 76.81 24 78.99 0.433 0.511 1.142 (0.770-1.694) 2,011 0.156
embolism
Ischemic stroke 11 90.87 8 92.97 0.671 0.413 1.303 (0.690-2.461) 0470 0493
MACE 61 49.39 40 64.18 12.268 <0.001 1.612 (1.228-2.115) 0663 0415
Pulmonary 11 90.87 6 94.37 2436 0.119 1.664 (0.872-3.177) 0270  0.603
embolism
Thrombotic 57 52.73 36 67.95 14.149 <0.001 1.704 (1.285-2.259) 1873 0171
disorders
Venous 34 71.76 16 86.01 19.152 <0.001 2.260 (1.553-3.288) 3099 0078
thrombosis
A B
1.0+ 1.0+
C5 inhibition C5 inhibition
_® == Control =3 == Control
:8 — 23 ——
S 8 091 S € 0.9 =
5 E \ 3 5
£ 93
= — X
8 £e
$oo0s8 S5 o8
>5 22
°s <
| —
0.7 t | 0.7
0 10 20 30 0 10 20 30
Days after index event Days after index event
D
¢ 1.0 1.0
== C5 inhibition == C5 inhibition
= == Control = 5 > == Control
> 0.8 2P 08—
$ £ ~—
Fam) 3 ° \—
g $¢
ES 06 £ g 06
- €
5 s5
S o=
=
0.4 ~ 04
0 10 20 30 0 10 20 30
Days after index event Days after index event

Figure 2. Kaplan—Meier analyses of significant clinical outcomes. Probability curves comparing
31-day event-free survival in patients with acute limb ischemia receiving complement C5 inhibition
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(eculizumab or ravulizumab) versus matched controls without C5 inhibition. Shown are (A) venous
thrombosis, (B) acute kidney injury, (C) major adverse cardiovascular events (MACE), and (D)
thrombotic disorders. Event-free survival was significantly lower in the C5 inhibition cohort for all
displayed outcomes. Green: indicates control cohort; Yellow: indicates C5 inhibition cohort.

4. Discussion

In this retrospective real-world cohort study, ongoing C5 inhibition with eculizumab
or ravulizumab was not associated with an apparent reduction in short-term vascular risk
among patients with ALL Instead, the analysis showed higher rates of venous thrombotic
events, AKI, MACE, and composite thrombotic complications in the C5 inhibition cohort,
whereas no clear differences were observed for ischemic stroke, pulmonary embolism,
or arterial embolism. Taken together, these findings suggest that in the setting of ALI,
ongoing terminal complement blockade does not identify a clinically protected subgroup,
but rather a population that remains highly vulnerable to early thromboinflammatory and
organ complications, highlighting important translational implications at the interface of
complement biology and acute vascular disease.

At first glance, these observations may appear counterintuitive. Experimental and
translational studies have consistently implicated complement activation in ischemia—
reperfusion injury, endothelial activation, glycocalyx degradation, and inflammatory ampli-
fication across cardiovascular and organ ischemia models [5,8,20]. In myocardial infarction,
complement activation has been linked to tissue injury and adverse remodeling, and
terminal pathway inhibition has shown biological plausibility as a strategy to attenuate
reperfusion-associated damage [3-6,8,21]. Mechanistically, C5a promotes endothelial ac-
tivation and leukocyte recruitment, while recent human data indicate that dysregulated
complement activation can directly contribute to endothelial glycocalyx degradation and
endothelial dysfunction through the C5a—C5a receptor 1 axis [8-10,22,23]. Similar concepts
have been demonstrated in renal ischemia—reperfusion injury, where complement-mediated
glycocalyx damage appears to contribute to microvascular and parenchymal injury [11].
These data provide a strong rationale for assuming that complement blockade could, at
least theoretically, mitigate part of the endothelial and thromboinflammatory burden asso-
ciated with AL, thereby establishing a mechanistic framework that can be translated into
clinical hypothesis testing.

However, ALl is not merely a model of isolated macrovascular occlusion. It is increas-
ingly understood as a syndrome of complex ischemia—reperfusion injury involving en-
dothelial dysfunction, inflammatory activation, coagulation disturbances, and downstream
organ injury [1,2]. Experimental work specifically in limb ischemia has demonstrated that
reperfusion is accompanied by marked systemic inflammatory and endothelial responses,
while broader reviews of ALI pathophysiology have emphasized the interaction of ox-
idative stress, endothelial activation, leukocyte trafficking, and complement-associated
injury pathways [1,24]. In addition, lower-extremity revascularization itself appears to
influence systemic endothelial function, further supporting the concept that the peripheral
ischemia setting is biologically linked to generalized endothelial stress rather than confined
to local limb pathology [2]. Against this background, the present findings suggest that
in patients already receiving C5 inhibition, the pathobiology of ALI remains sufficient
to drive substantial short-term clinical risk despite pharmacologic blockade of terminal
complement, underscoring a potential dissociation between experimental expectations and
real-world clinical outcomes. In addition, obesity may represent a further contributor to
thromboinflammatory vulnerability in ALI Obesity is increasingly recognized as a state
of chronic low-grade inflammation associated with endothelial dysfunction, immune ac-
tivation, oxidative stress, and adverse cardiometabolic remodeling. These mechanisms
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may amplify ischemia—reperfusion injury and vascular inflammation in acute ischemic
syndromes and could therefore influence ALI severity and short-term vascular outcomes
in susceptible patients [25].

A more plausible interpretation of the presented results is therefore not that C5 inhibi-
tion is harmful in ALI but that the treated cohort represents a distinctly vulnerable clinical
subgroup. Eculizumab and ravulizumab are prescribed for severe complement-mediated
diseases such as PNH, aHUS, MG and NMOSD [12-17]. Several of these conditions
are themselves linked to thrombosis, endothelial injury, thrombotic microangiopathy, or
chronic systemic inflammation, all of which may influence outcomes during acute is-
chemic events [12,13,17,26-28]. In particular, PNH and aHUS are characterized by a close
relationship between complement dysregulation, endothelial stress, and prothrombotic
complications [12,13,26-28]. Even though PSM substantially reduced measured baseline
imbalances, residual confounding by disease severity, indication, prior thrombotic burden,
or unmeasured biological vulnerability is likely. Importantly, propensity score matching
can only adjust for measured covariates available within the underlying real-world dataset
and cannot fully account for disease severity, chronic thromboinflammatory burden, treat-
ment intensity, prior vascular history, or other unmeasured biological determinants of risk.
This limitation is particularly relevant in patients receiving terminal complement inhibi-
tion, as the underlying diseases prompting treatment are themselves strongly associated
with endothelial dysfunction, thrombotic microangiopathy, systemic inflammation, and
increased thrombotic susceptibility. Consequently, the observed associations are more
appropriately interpreted as reflecting persistent vulnerability in a highly selected high-risk
population rather than direct evidence of adverse effects caused by C5 inhibition itself. The
present results should therefore be interpreted primarily as a signal that patients with ALI
under ongoing C5 inhibition remain at high short-term risk, rather than as evidence against
a mechanistic role of complement in ALI, and emphasize the importance of translating
mechanistic insights into carefully contextualized clinical interpretation.

This interpretation is clinically relevant. Although the cohort is currently somewhat
artificial from an epidemiologic perspective, it is unlikely to remain so. Over the past years,
terminal complement inhibitors have gained increasing importance across hematologic,
neurologic, and nephrologic indications, and their use in long-term maintenance treat-
ment has expanded in routine care [14-16,29-31]. Consequently, more patients receiving
eculizumab or ravulizumab will present to emergency departments, intensive care units,
vascular services, and perioperative pathways with unrelated acute conditions, including
ALL The presented findings suggest that such patients should not be assumed to be bi-
ologically protected from thromboinflammatory complications by virtue of complement
blockade alone. On the contrary, they may deserve heightened surveillance for renal
dysfunction, venous thrombotic events, and major cardiovascular complications during
the early post-ALI period, which has direct clinical implications for risk stratification and
monitoring strategies in patients receiving complement inhibition.

The study has several strengths. It addresses a clinically uncommon but increasingly
relevant population, uses a large federated real-world data platform, and focuses on a
short 31-day follow-up period that is particularly appropriate for ALI and reduces bias re-
lated to long-term attrition. Nevertheless, the restricted 31-day follow-up period primarily
captures early post-ischemic and thromboinflammatory complications and may underesti-
mate longer-term vascular and organ-related consequences associated with complement-
mediated disease biology. It is conceivable that short-term and long-term outcome tra-
jectories diverge over time, particularly in patients with chronic endothelial dysfunction,
thromboinflammatory activation, or persistent vascular vulnerability despite terminal
complement inhibition. In related cardiovascular settings, longer-term follow-up analy-
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ses have demonstrated sustained differences in thromboembolic and cardiovascular out-
comes beyond the acute phase, supporting the concept that vascular risk associated with
complement-mediated disease states may extend beyond early ischemic injury [19,31,32].
Consequently, dedicated longitudinal studies are warranted to better define the temporal re-
lationship between complement inhibition, vascular biology, and long-term cardiovascular
outcomes after ALL

At the same time, several important limitations must be acknowledged. The retrospec-
tive design precludes causal inference. The cohort receiving C5 inhibition was relatively
small, reflecting the rarity of the exposure in this setting. In addition, several clinically
important variables relevant to ALI severity and post-ischemic outcome assessment were
not available in sufficient detail within the TriNetX platform. These included Rutherford
classification [33], anatomical lesion characteristics, timing and type of revascularization,
procedural success, anticoagulation strategies, medication adherence, and detailed vascular
history. The absence of these variables limits the ability to fully contextualize the observed
outcomes, particularly regarding ischemia-reperfusion burden, procedural heterogeneity,
and baseline thrombotic risk. Furthermore, no biomarker data on complement activity,
endothelial glycocalyx injury, hemolysis, inflammatory activation, or thrombogenicity were
available, which substantially limits mechanistic interpretation. Finally, despite propensity
score matching, residual confounding remains highly likely, particularly because the indica-
tion spectrum for C5 inhibition is closely linked to systemic thromboinflammatory disease
biology and underlying vascular vulnerability. Consequently, the observed associations
should not be interpreted as causal effects of complement inhibition itself. In addition, the
underlying indication for C5 inhibition could not be comprehensively reconstructed in all
patients from coded diagnosis data alone, reflecting the limitations of real-world federated
electronic health record datasets and the evolving clinical use of complement inhibitors
across heterogeneous disease entities.

From a translational perspective, the present findings highlight the complexity of
complement biology in acute vascular disease. Although terminal complement inhibition
represents a mechanistically attractive therapeutic concept in ischemia-reperfusion injury,
the real-world clinical phenotype of patients receiving these therapies appears to remain
strongly shaped by persistent endothelial dysfunction, thromboinflammatory activation,
and underlying systemic disease biology. These observations underscore the importance of
integrating mechanistic vascular research with clinically contextualized real-world outcome
analyses. Improved characterization of endothelial injury, thrombotic vulnerability, and
complement activity may ultimately contribute to more individualized risk stratification
and monitoring strategies in patients with ALI receiving complement-targeted therapies.

5. Conclusions

In conclusion, among patients with ALI, ongoing treatment with eculizumab or
ravulizumab was not associated with an apparent reduction in early cardiovascular or
thromboinflammatory complications within this real-world cohort. The observed outcome
pattern does not suggest direct harm from terminal complement inhibition itself. Instead, it
is more consistent with persistent vulnerability in a highly selected high-risk population
characterized by complement dysregulation, endothelial stress, systemic thromboinflamma-
tory disease biology, and thrombosis. Substantial residual confounding by indication and
disease severity remains likely despite propensity score matching. Therefore, the present
findings should be considered hypothesis-generating rather than causal. Nevertheless,
the study supports further investigation into complement-targeted therapy, endothelial
injury, and vascular outcomes in ALIL More broadly, the findings highlight the translational
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relevance of integrating mechanistic insights with real-world clinical data to improve future
risk stratification and management strategies.
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/ /www.mdpi.com/article/10.3390/ijtm6020023/s1, Supplementary Table S1 providing detailed
ICD-10 outcome definitions and coding strategies used within the TriNetX platform; Supplementary
Table S2 showing extended risk-based statistical analyses including odds ratios, risk differences,
z-values, and Cohen’s d effect sizes.
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Abbreviations

aHUS atypical hemolytic uremic syndrome
AKI Acute kidney injury

ALI acute limb ischemia

CI confidence interval

C5aR1 complement component 5a receptor 1
DOAC direct oral anticoagulant

ECU eculizumab

HIPAA Health Insurance Portability and Accountability Act
HR hazard ratio

ICD International Classification of Diseases
MACE major adverse cardiovascular events
MG myasthenia gravis

NMOSD  neuromyelitis optica spectrum disorder
OR odds ratio

PNH paroxysmal nocturnal hemoglobinuria
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PSM propensity score matching
RAVU ravulizumab

RD risk difference

RR risk ratio

SD standard deviation

SNOMED  Systematized Nomenclature of Medicine Clinical Terms
STROBE Strengthening the Reporting of Observational Studies in Epidemiology
TriNetX TriNetX Analytics Network
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