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Abstract

Background/Objectives: Postoperative recurrence of chronic subdural hematoma (CSDH)
has been associated with several clinical, laboratory, and radiological factors. However,
the biological differences between radiological types of CSDH remain poorly understood.
Matrix metalloproteinases (MMPs), particularly MMP-2 and MMP-9, are involved in inflam-
mation, angiogenesis, and extracellular matrix remodeling. This study examined factors
associated with CSDH recurrence and explored the relationship between MMP concentra-
tions and hematoma architecture and density. Methods: This retrospective study included
100 consecutive patients who underwent surgery for CSDH. Recurrence was assessed over
3 months. Serum and hematoma MMP-2 and MMP-9 concentrations were measured in a
subgroup of 22 patients, with serum concentrations additionally compared with those of
16 controls. Factors associated with recurrence were analyzed using Firth penalized logistic
regression. Associations between MMP concentrations and radiological characteristics were
examined in an exploratory analysis, with correction for multiple comparisons. Results:
Postoperative recurrence occurred in 20 patients (20.0%). Separated hematoma architecture
(OR 14.10, 95% CI 4.51-48.82; p < 0.001) and higher neutrophil-to-lymphocyte ratio (OR
1.078, 95% CI1.011-1.182; p = 0.023) were independently associated with recurrence. Serum
MMP-2 concentrations were higher in separated hematomas, while serum MMP-9 concentra-
tions were higher in trabecular hematomas. Hematoma MMP-9 concentrations also differed
according to hematoma density. All three associations remained significant after false
discovery rate correction (adjusted p = 0.042). Neither serum nor hematoma MMP-2 and
MMP-9 concentrations were significantly associated with postoperative recurrence. Conclu-
sions: Separated hematoma architecture and higher NLR were independently associated
with postoperative recurrence of CSDH. Differences in MMP-2 and MMP-9 concentrations
across radiological hematoma subtypes suggest potential biological heterogeneity, although
no significant association with recurrence was demonstrated. These exploratory biomarker
findings require confirmation in larger studies, particularly given the small biomarker
subgroup and limited precision of some estimates.

Keywords: chronic subdural hematoma; recurrence; matrix metalloproteinases; MMP-2;
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1. Introduction

Chronic subdural hematoma (CSDH) is one of the most common neurosurgical condi-
tions, with an increasing incidence associated with population aging and the widespread
use of antithrombotic therapy [1,2]. CSDH predominantly affects older adults, particularly
those aged 70 years or older. Burr-hole drainage is the standard surgical treatment and pro-
vides favorable outcomes in most patients. Nevertheless, postoperative recurrence remains
a significant clinical challenge, with reported recurrence rates ranging from 5% to 30% [3].

The pathogenesis of CSDH and its postoperative recurrence involves persistent inflam-
mation, angiogenesis, repeated microhemorrhages, fibrinolysis, and extracellular matrix
(ECM) remodeling within the hematoma membranes [1,2]. These processes contribute
to the formation of fragile neovessels, increased vascular permeability, and continued
hematoma expansion. Several inflammatory and angiogenic mediators are involved, in-
cluding interleukin-6 (IL-6), interleukin-8 (IL-8), and vascular endothelial growth factor
(VEGF). These mediators help maintain local inflammation and promote neovasculariza-
tion within CSDH membranes [1]. Several clinical, laboratory, radiological, and biological
factors have been associated with recurrence following surgical treatment of CSDH. Among
radiological characteristics, hematoma architecture, particularly the separated subtype,
has been associated with an increased risk of postoperative recurrence [3,4]. Different
CT-defined hematoma architectures may reflect variations in membrane organization, in-
flammatory activity, and vascular remodeling, although the biological processes underlying
these radiological patterns remain incompletely characterized.

Matrix metalloproteinases (MMPs) are zinc-dependent enzymes involved in the degra-
dation and remodeling of the extracellular matrix. Among them, MMP-2 and MMP-9
contribute to the degradation of basement membrane components, particularly type IV
collagen, and participate in inflammatory processes, angiogenesis, and vascular remodel-
ing [5]. In CSDH, these enzymes may contribute to the formation and remodeling of fragile
blood vessels within the hematoma membranes, potentially increasing vascular permeabil-
ity and facilitating repeated microhemorrhages [6,7]. Differences in MMP-2 and MMP-9
concentrations may also reflect variations in local inflammatory activity and hematoma
organization. Although previous studies have investigated MMP expression in CSDH, little
is known about the relationship between MMP-2 and MMP-9 concentrations, CT-defined
hematoma characteristics, and postoperative recurrence.

The role of MMP-2 and MMP-9 in the pathophysiology of CSDH has been examined
in several studies. Hua et al. investigated the concentrations of both metalloproteinases in
patients with CSDH, while our earlier study compared their perioperative profiles in acute
and chronic subdural hematomas [6,8]. Schack et al. reported differences in MMP-9 concen-
trations between radiological subtypes of CSDH [9]. However, little is known about how
both MMP-2 and MMP-9 concentrations in serum and hematoma fluid relate to CT-defined
hematoma architecture and density. The primary aim of the present study was to identify
clinical, laboratory, and radiological factors associated with postoperative recurrence in
100 patients with CSDH. In addition, we examined the associations between MMP-2 and
MMP-9 concentrations in preoperative serum and hematoma fluid and radiological charac-
teristics of CSDH in a subgroup of 22 patients. By examining both metalloproteinases across
different radiological phenotypes, this exploratory analysis extends earlier observations
and may provide new insights into the biological heterogeneity of CSDH.

2. Patients and Methods
2.1. Patients and Inclusion /Exclusion Criteria

After applying the inclusion and exclusion criteria, 100 consecutive patients with
chronic subdural hematoma were included in the study. All patients were treated at the
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Department of Neurosurgery, Regional Specialist Hospital in Lublin, Poland, between
4 April 2024 and 31 March 2026. Clinical, laboratory, and radiological data were collected
for all patients. Recurrence was assessed in the entire cohort during a 3-month follow-up
period. MMP-2 and MMP-9 concentrations were measured in a subgroup of 22 patients
with CSDH, selected based on the availability of biological samples and complete MMP-2
and MMP-9 measurements. This biomarker analysis was exploratory and was conducted
separately from the recurrence analysis performed in the entire cohort. The biomarker
subgroup partially overlapped with the CSDH cohort from our earlier study [8], and MMP-2
and MMP-9 measurements from overlapping patients were reused. However, the present
study addressed different research questions, focusing on postoperative CSDH recurrence
and the associations of MMP concentrations with CT-defined hematoma architecture and
density. A control group comprising 16 patients undergoing surgery for degenerative spine
disease was included for comparison of serum MMP-2 and MMP-9 concentrations. The
inclusion and exclusion criteria are presented in Table 1.

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria

Exclusion Criteria

Age > 18 years.

Acute or subacute subdural hematoma.

Diagnosis of chronic subdural hematoma
confirmed by CT

Concomitant intracranial lesions requiring
surgical treatment

Surgical evacuation of the hematoma (The
indications for surgery included symptomatic
patients, a hematoma thickness over 1 cm, or a

significant (over 5 mm) midline shift)

Previous neurosurgical treatment for the same
hematoma before admission.

Incomplete clinical, laboratory, or radiological
data

Unilateral or bilateral CSDH Loss to follow-up

2.2. Surgical Procedure and Follow-Up

All patients with symptomatic chronic subdural hematoma underwent surgical treat-
ment by single burr-hole craniotomy under general anesthesia. Intravenous antibiotics
were administered before surgery. After hematoma evacuation, the subdural cavity was
irrigated with warmed Ringer’s solution, and a closed-system subdural drain was placed in
all patients. In all patients, the subdural drain was removed 48 h after surgery. Bilateral
chronic subdural hematomas were treated with bilateral single burr-hole craniostomy and
were considered as a single case for analysis.

A postoperative CT scan was performed on the first day after surgery to assess
hematoma evacuation. All patients underwent a clinical follow-up examination at the
Department of Neurosurgery 3 months after surgical treatment. Additional CT exami-
nations during follow-up were performed in patients presenting with clinical symptoms
suggestive of hematoma recurrence rather than routinely in all patients. Postoperative
recurrence was defined as symptomatic reaccumulation of CSDH within 3 months after the
initial surgery, confirmed by CT and requiring repeat surgical evacuation. Patients without
clinical symptoms suggestive of recurrence during the follow-up period were classified as
having no clinically significant recurrence.

2.3. MMP-2 and MMP-9 Measurements

Peripheral blood samples were collected from patients in the biomarker subgroup
approximately 30 min before surgery. Hematoma fluid samples were collected intraopera-
tively during surgical evacuation. Both blood and hematoma fluid samples were collected
into identical tubes containing a clot activator and centrifuged at 2000 rpm for 15 min. The
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resulting serum and hematoma supernatant were transferred into sterile polypropylene
tubes and stored at —80 °C until analysis.

MMP-2 and MMP-9 concentrations were measured using commercially available
enzyme-linked immunosorbent assay (ELISA) kits (Human MMP-2 Quantikine ELISA Kit,
catalog no. MMP200, and Human MMP-9 Quantikine ELISA Kit, catalog no. DMP900;
R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s instructions. All
analyses were performed at the Department of Medical Chemistry, Medical University of
Lublin, Poland.

2.4. Clinical, Laboratory, and Radiological Variables

Demographic, clinical, laboratory, and radiological data were obtained from the med-
ical records. Demographic data included age and gender. Clinical data included the
Markwalder Grading Scale (MGS) score, patient-reported history of head trauma, an-
tithrombotic therapy, diabetes mellitus (DM), arterial hypertension (AH), and hyperc-
holesterolemia. History of head trauma was assessed based on information recorded in
the medical documentation at admission. The absence of reported head trauma indicated
that no preceding traumatic event had been reported and did not necessarily imply that no
trauma had occurred.

Laboratory data included white blood cell (WBC), neutrophil, lymphocyte, hemoglobin
(HGB), and platelet (PLT) counts, blood glucose, C-reactive protein (CRP), estimated
glomerular filtration rate (eGFR), prothrombin time (PT), activated partial thromboplastin
time (APTT), international normalized ratio (INR), neutrophil-to-lymphocyte ratio (NLR),
platelet-to-lymphocyte ratio (PLR), and systemic immune-inflammation index (SII). NLR
was calculated by dividing the absolute neutrophil count by the absolute lymphocyte count.
PLR was calculated by dividing the platelet count by the absolute lymphocyte count. SII
was calculated by multiplying the platelet count by the neutrophil count and dividing the
result by the lymphocyte count.

Radiological data included hematoma laterality, maximum hematoma thickness, mid-
line shift (MLS), hematoma density, hematoma architecture, and postoperative pneumo-
cephalus. Hematoma density was classified as hypodense, isodense, mixed-density, or
hyperdense. Hematoma architecture was classified as homogeneous, laminar, separated, or
trabecular, according to the classification proposed by Nakaguchi et al. [4]. All CT examina-
tions were independently evaluated by two physicians. Any discrepancies in radiological
classification were resolved through joint review and consensus.

In the exploratory biomarker subgroup of 22 patients, preoperative serum and
hematoma fluid MMP-2 and MMP-9 concentrations were analyzed in relation to CT-defined
hematoma architecture, density, and postoperative recurrence. Clinical, laboratory, and radi-
ological factors associated with recurrence were assessed in the entire cohort of 100 patients.

2.5. Statistical Analysis

All statistical analyses were performed using Python version 3.13.5, with NumPy
version 2.3.5, SciPy version 1.17.0, and statsmodels version 0.14.6. Data distribution was
assessed using the Shapiro-Wilk test. Continuous variables were compared using Stu-
dent’s t-test or the Mann-Whitney U test, as appropriate, while categorical variables were
compared using the x? test or Fisher’s exact test. No a priori sample size calculation was
performed, as this retrospective study included all eligible patients treated during the study
period. The precision of the observed recurrence rate was assessed using an exact binomial
95% confidence interval.

Given the limited number of recurrence events (n = 20) and the risk of sparse-data
bias, the multivariable analysis was performed using Firth’s penalized logistic regression.
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The primary model was restricted to two variables: separated hematoma architecture and
neutrophil-to-lymphocyte ratio (NLR). These variables were selected based on their clin-
ical and biological relevance, while limiting model complexity and reducing the risk of
overfitting. The model was intended to assess the association of these two variables with re-
currence rather than to develop a comprehensive clinical prediction model. An exploratory
assessment of sample size adequacy was performed for the two-variable regression model
using a target global shrinkage factor of 0.90. This assessment was based on the num-
ber of model parameters and the apparent Cox-Snell R? derived from the corresponding
conventional logistic regression model.

The absence of reported head trauma was not included in the primary multivariable
model because trauma history was based on patient-reported information and was therefore
susceptible to recall bias. Furthermore, only six patients had no reported history of head
trauma, resulting in sparse data and potentially unstable effect estimates. Trauma history
was retained in the descriptive and univariable analyses.

Differences in preoperative serum and hematoma fluid MMP-2 and MMP-9 concentra-
tions according to CT-defined hematoma architecture and density were assessed using the
Kruskal-Wallis test. Where post hoc pairwise comparisons were performed, p-values were
adjusted using the Holm method. The Benjamini-Hochberg false discovery rate (FDR)
correction was applied across eight comparisons examining the associations of serum and
hematoma fluid MMP-2 and MMP-9 concentrations with CT-defined hematoma architecture
and density. Associations between MMP concentrations and postoperative recurrence were
assessed using the Mann-Whitney U test. Given the small biomarker subgroup (n = 22),
all MMP-related analyses were considered exploratory and hypothesis-generating.

Odds ratios (ORs) with profile-likelihood-based 95% confidence intervals (95% Cls)
were calculated for the Firth regression model. All statistical tests were two-sided, and
a p-value < 0.05 was considered statistically significant. For analyses involving multiple
comparisons, statistical significance was assessed using the corresponding adjusted p-values.
Effect estimates were interpreted with particular attention to confidence interval width and
the limited number of recurrence events.

3. Results
3.1. Baseline Characteristics

A total of 100 consecutive patients with chronic subdural hematoma were included in
the study. The median age was 74 years (IQR, 71-82 years), and 70.0% of the patients were
male. Unilateral hematomas were present in 67.0% of patients, while 33.0% had bilateral
hematomas. The most common hematoma architecture was homogeneous (32.0%). During
the 3-month follow-up, postoperative recurrence requiring repeat surgery occurred in 20.0%
of patients. The baseline characteristics of the study population are summarized in Table 2.

3.2. Factors Associated with Postoperative Recurrence

Postoperative recurrence occurred in 20 of 100 patients (20.0%; exact 95% CI:
12.7-29.2%). Patients with postoperative recurrence had higher NLR, SII, CRP, and APTT
values and lower hemoglobin concentrations than patients without recurrence. In the
univariable analysis, postoperative recurrence also differed according to reported trauma
history, hematoma density, and hematoma architecture. Separated hematomas were present
in 70.0% of patients with recurrence compared with 11.3% of patients without recurrence.
No significant differences were found in age, gender, antithrombotic therapy, comorbidities,
renal function, hematoma laterality, hematoma thickness, or postoperative pneumocephalus.
The clinical, laboratory, and radiological characteristics of patients with and without post-
operative recurrence are compared in Table 3.
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Table 2. Baseline characteristics of patients with chronic subdural hematoma (n = 100).

Demographic and Clinical Variables Value
Age, years 74 (71-82)
Male gender 70 (70.0%)

Markwalder Grading Scale score

1(1-2)

History of head trauma

94 (94.0%)

Antithrombotic therapy

31 (31.0%)

Diabetes mellitus

21 (21.0%)

Arterial hypertension

38 (38.0%)

Hypercholesterolemia

8 (8.0%)

Laboratory variables

Hemoglobin, g/dL

12.8 (11.8-13.8)

Blood glucose, mg/dL

111.0 (88.3-149.0)

C-reactive protein, mg/L

6.16 (1.75-15.10)

eGFR, mL/min/1.73 m?

72.8 (56.3-87.7)

Neutrophil-to-lymphocyte ratio

5.29 (3.46-9.51)

Systemic immune-inflammation index

984.1 (625.8-1902.3)

Radiological variables

Unilateral hematoma

67 (67.0%)

Bilateral hematoma

33 (33.0%)

Hematoma thickness, mm

20.0 (17.5-25.0)

Hypodense hematoma

27 (27.0%)

Isodense hematoma

31 (31.0%)

Mixed-density hematoma

29 (29.0%)

Hyperdense hematoma

13 (13.0%)

Homogeneous architecture

32 (32.0%)

Laminar architecture

22 (22.0%)

Separated architecture

23 (23.0%)

Trabecular architecture

23 (23.0%)

Outcome

Postoperative recurrence

20 (20.0%)

Table 3. Comparison of patients with and without postoperative recurrence.

Variable No Recurrence (n = 80) Recurrence (n = 20) p-Value
Demographic and clinical variables
Age, years 75.0 (71.8-82.0) 72.0 (70.0-77.3) 0.169
Male gender 57 (71.3%) 13 (65.0%) 0.594
Markwalder Grading Scale score 2 (1-2) 1.5 (1-2) 0.762
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Table 3. Cont.
Variable No Recurrence (n = 80) Recurrence (n = 20) p-Value
History of head trauma 0.012
<30 days 57 (71.3%) 11 (55.0%)
>30 days 21 (26.3%) 5 (25.0%)
No reported trauma 2 (2.5%) 4 (20.0%)
Antithrombotic therapy 22 (27.5%) 9 (45.0%) 0.176
Diabetes mellitus 16 (20.0%) 5 (25.0%) 0.759
Arterial hypertension 29 (36.3%) 9 (45.0%) 0.607
Hypercholesterolemia 6 (7.5%) 2 (10.0%) 0.659
Laboratory variables
White blood cell count, x10?/L 8.10 (6.18-10.70) 6.81 (5.43-12.00) 0.541
Neutrophil count, x10°/L 5.69 (4.36-7.69) 5.33 (3.72-8.45) 0.845
Lymphocyte count, x10°/L 1.28 (0.87-1.76) 1.34 (1.09-2.51) 0.291
NLR 461 (3.14-5.45) 13.21 (11.16-15.12) <0.001
SII 931.5 (588.0-1158.6) 3191.5 (1133.1-4057.8) <0.001
Hemoglobin, g/dL 13.1 (11.9-13.8) 11.9 (11.0-13.8) 0.038
Platelet count, x10°/L 225.5 (197.5-268.0) 180.0 (164.0-238.0) 0.118
PLR 175.8 (136.2-232.6) 134.1 (124.6-159.4) 0.081
Blood glucose, mg/dL 111.0 (89.2-129.0) 126.5 (87.0-180.0) 0.269
PT,s 12.2 (11.6-13.0) 12.3 (11.7-13.3) 0.806
APTT, s 28.2 (26.7-32.0) 32.1 (28.2-37.1) 0.026
INR 1.05 (1.00-1.12) 1.06 (1.01-1.29) 0.601
CRP, mg/L 3.20 (1.01-9.47) 11.40 (1.96-58.50) 0.022
eGFR, mL/min/1.73 m? 71.2 (56.5-85.6) 74.6 (35.8-89.1) 0.426
Radiological variables
Bilateral hematoma 23 (28.8%) 10 (50.0%) 0.109
Hematoma thickness, mm 20.0 (17.0-25.0) 25.0 (20.0-25.0) 0.109
Hematoma density 0.01
Hypodense 26 (32.5%) 1 (5.0%)
Isodense 26 (32.5%) 5 (25.0%)
Mixed density 21 (26.3%) 8 (40.0%)
Hyperdense 7 (8.8%) 6 (30.0%)
Hematoma architecture <0.001
Homogeneous 30 (37.5%) 2 (10.0%)
Laminar 20 (25.0%) 2 (10.0%)
Separated 9 (11.3%) 14 (70.0%)
Trabecular 21 (26.3%) 2 (10.0%)
Postoperative pneumocephalus 43/78 (55.1%) 15/20 (75.0%) 0.131
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3.3. Multivariable Analysis of Factors Associated with Postoperative Recurrence

Given the limited number of recurrence events, the multivariable Firth penalized
logistic regression model was restricted to two clinically relevant variables: separated
hematoma architecture and neutrophil-to-lymphocyte ratio (NLR). Both variables remained
independently associated with postoperative recurrence. Separated hematoma architecture
showed the strongest association with recurrence (OR 14.10, 95% CI 4.51-48.82; p < 0.001),
while higher NLR was also associated with increased odds of recurrence (OR 1.078 per
1-unit increase, 95% CI 1.011-1.182; p = 0.023) (Table 4, Figure 1).

Table 4. Multivariable logistic regression model for postoperative recurrence.

Variable OR 95% CI p-Value
Separated hematoma architecture 14.1 4.51-48.82 <0.001
NLR, per 1-unit increase 1.08 1.01-1.18 0.023

Abbreviations: OR, odds ratio; CI, confidence interval; NLR, neutrophil-to-lymphocyte ratio. Note:
Odds ratios were estimated using Firth’s penalized logistic regression, with profile penalized likelihood
95% confidence intervals. Non-separated hematoma architecture was the reference category.

Variable 0dds ratio (95% CI) p-value

Separated architecture

z : —— =

(vs. non-separated architecture) ' 14.10 (4.51 - 48.82) <0.001

I

i
NLR ) 1.08 (1.01 - 1.18) 0.023
(per 1-unit increase) '

I

T ; T T 1
0.1 1 10 100 1000
Odds ratio (log scale)

Figure 1. Forest plot of factors independently associated with postoperative recurrence of chronic
subdural hematoma, identified using multivariable Firth’s penalized logistic regression. The model in-
cluded separate hematoma architecture and neutrophil-to-lymphocyte ratio (NLR). Squares represent
adjusted odds ratios (ORs), and horizontal lines indicate profile penalized likelihood 95% confidence
intervals (CIs). The dashed vertical line indicates an OR of 1 (no association). NLR was analyzed per
1-unit increase, and non-separated hematoma architecture served as the reference category.

An exploratory sample size assessment yielded an apparent Cox-Snell R? of 0.273 and
an estimated global shrinkage factor of 0.937 for the two-variable model. The sample size
corresponding to a target shrinkage factor of 0.90 was approximately 56 patients under
these assumptions. However, these estimates were based on apparent model performance
and may be optimistic.

3.4. Perioperative MMP-2 and MMP-9 Profiles

No statistically significant differences in preoperative serum MMP-2 or MMP-9 concen-
trations were observed between patients with CSDH and control subjects. In the exploratory
biomarker subgroup, both MMP-2 and MMP-9 concentrations were significantly lower in
hematoma fluid than in paired preoperative serum samples (Table 5, Figure 2).
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Table 5. Comparison of MMP-2 and MMP-9 concentrations between patients with CSDH and control
subjects and between serum and hematoma fluid in patients with CSDH.

CSDH Serum Control Serum Value * Hematoma Fluid
(n = 22) (n = 16) P (n = 22)
MMP-2 256.18 328.64 151.40

(ng/mL) (199.52-281.22)  (231.11-464.08) 0.095 (71.27-222.89) <0.001

MMP-9 945.60 960.25 0.626 261.25 0.002

(ng/mL) (538.10-1373.00)  (657.05-1346.40) (112.33-526.80)
* Unadjusted p-value for the comparison between CSDH serum and control serum. 1t Unadjusted
p-value for the paired comparison between preoperative serum and hematoma fluid in patients
with CSDH.

Biomarker p-Value t

A MMP-2 B MMP-9

p=021 p=045

800 4 3000 -
p =0.006 p =0.002

700 4 &
p <0.001 2500 A p=0.002

2000 4
400 4 1500 -
300 4
—[— 1000 -
200 4 T

sl
500 A
100 l
1

0 0
Preoperative serum  Hematoma fluid Control serum Preoperative serum Hematoma fluid Control serum
(n=22) (n=22) (n=16) (n=22) (n=22) (n=16)

600 4

500

MMP-2 (ng/mL)
MMP-9 (ng/mL)

2llls

Figure 2. Comparison of MMP-2 (A) and MMP-9 (B) concentrations in preoperative serum, hematoma
fluid, and control serum. Box plots show the median, interquartile range, and minimum-maximum

values. Holm-adjusted post hoc p-values are shown.

3.5. Associations Between MMP-2 and MMP-9 Concentrations and Radiological Characteristics
of CSDH

In the exploratory biomarker subgroup, serum MMP-2 and MMP-9 concentrations
differed significantly according to hematoma architecture. Higher serum MMP-2 concentra-
tions were observed in separated hematomas (p = 0.016), whereas higher serum MMP-9
concentrations were found in trabecular hematomas (p = 0.014). Hematoma fluid MMP-9
concentrations also differed significantly according to hematoma density (p = 0.011).

These three associations remained statistically significant after Benjamini-Hochberg
false discovery rate (FDR) correction (all FDR-adjusted p = 0.042). No other significant
associations were observed between MMP concentrations and the radiological characteristics
examined (Table 6).

Table 6. Associations between MMP-2 and MMP-9 concentrations and CT-defined hematoma charac-
teristics in patients with chronic subdural hematoma (n = 22).

Variable MMP-2 Serum MMP-2 Hematoma MMP-9 Serum MMP-9 Hematoma

Hematoma 0.016 (Separated > 0.32 0.014 (Trabecular >
architecture Trabecular) ’ Homogeneous)

Hematoma density 0.726 0.184 0.149 0.011 (Global test)

0.777
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3.6. MMP Profiles and Postoperative Recurrence

No significant associations were observed between serum or hematoma MMP-2 and
MMP-9 concentrations and postoperative recurrence (Table 7).

Table 7. Comparison of MMP-2 and MMP-9 concentrations according to postoperative recurrence.

Biomarker No Recurrence Recurrence p-Value
Serum MMP-2 (ng/mL) 242.64 (176.98-263.56) 281.22 (261.60-281.22) 0.116
Hematoma MMP-2 (ng/mL) 167.72 (58.90-221.36) 101.08 (101.08-249.74) 0.6
Serum MMP-9 (ng/mL) 923.70 (267.60-1496.70) 967.50 (802.80-1208.60) 0.875
Hematoma MMP-9 (ng/mL) 138.40 (111.60-780.50) 364.80 (157.70-364.80) 0.843

4. Discussion
4.1. Demographic and Clinical Characteristics

Chronic subdural hematoma predominantly affects older adults and occurs more
frequently in men, findings that were also observed in our cohort, in which the median
patient age was 74 years and 70% of patients were male. Although advanced age, male
gender, and neurological status on admission have been extensively investigated as potential
factors associated with recurrence, the available evidence remains inconsistent. Several
previous studies, including recent meta-analyses, have not consistently identified age or
gender as independent predictors of postoperative recurrence [3,10-12]. Similarly, neuro-
logical status assessed using the Glasgow Coma Scale or the Markwalder Grading Scale
has not consistently been associated with recurrence [13,14]. In our cohort, no statistically
significant associations were observed between age, gender, or Markwalder grade and
postoperative recurrence.

4.2. Comorbidities and Medication

Among the analyzed comorbidities, diabetes mellitus has been extensively investigated
as a potential factor associated with chronic subdural hematoma recurrence; however, the
available evidence remains inconclusive. Likewise, hypercholesterolemia, arterial hyperten-
sion, cardiovascular disease, pulmonary disease, and chronic kidney disease have not been
consistently identified as independent predictors of recurrence [13-15]. In our cohort, no
statistically significant associations were observed between the analyzed comorbidities and
postoperative recurrence. Antithrombotic therapy was also not significantly associated with
recurrence. Studies and recent meta-analyses have suggested that antithrombotic therapy,
particularly anticoagulant use, may increase the risk of postoperative recurrence [16]. The
lack of a significant association in our cohort may reflect differences in patient characteristics,
treatment strategies or sample size.

4.3. Time from Trauma

Only a few studies have investigated the influence of the interval between head trauma
and surgery on chronic subdural hematoma recurrence. Kim et al. reported that patients
undergoing surgery during the late subacute stage (15-28 days after trauma) had a lower
recurrence rate than those treated during the chronic stage (>28 days) [17]. The relationship
between a history of head trauma and postoperative recurrence remains uncertain. A
systematic review and meta-analysis did not identify a history of trauma as a significant
risk factor for CSDH recurrence [18]. Furthermore, establishing an accurate history of head
trauma may be particularly challenging in older patients, as minor traumatic events may
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be forgotten or considered clinically insignificant, and the exact timing of injury is often
uncertain [19].

In our cohort, the absence of a reported history of head trauma was associated with
recurrence in the univariable analysis. This variable was not retained in the final multivari-
able model, and the observed association should be interpreted cautiously. The absence of
reported trauma does not necessarily indicate that no traumatic event occurred. Recall bias
and uncertainty regarding the timing of minor head injuries may limit the reliability of this
variable and complicate assessment of the relationship between trauma-to-surgery interval
and postoperative recurrence. Head trauma may influence MMP-2 and MMP-9 profiles
through local inflammation and tissue remodeling. The relationship between trauma his-
tory and MMP concentrations was not directly examined in our study, and this possible
association remains uncertain.

4.4. Laboratory Findings

Among the analyzed laboratory parameters, several markers of systemic inflammation
were associated with postoperative recurrence. Patients who developed recurrence had sig-
nificantly higher NLR, SII, and CRP values than those without recurrence. Importantly, NLR
remained independently associated with recurrence in the multivariable Firth-penalized
logistic regression model after adjustment for separated hematoma architecture. Each
1-unit increase in NLR was associated with an 8% increase in the odds of recurrence (OR
1.08, 95% CI 1.01-1.18; p = 0.023). These findings are consistent with previous reports
showing higher NLR values in patients who developed recurrence [20,21] and support
the potential role of systemic inflammation in the pathophysiology of chronic subdural
hematoma recurrence. The limited number of recurrence events should be considered when
interpreting this association.

Higher SII and CRP values were also found in patients with recurrence. This may
indicate a stronger systemic inflammatory response in these patients. Studies have suggested
that SIT may be a useful and easily available marker of recurrence risk [22]. CRP has also
been associated with inflammation in chronic subdural hematoma [23]. However, SII and
CRP were not included in the final multivariable model, and their independent associations
with recurrence could not be established.

Hemoglobin concentration was lower in patients with recurrence, whereas platelet
count and white blood cell count were not significantly different between the groups. Studies
have generally not identified hemoglobin concentration as an independent predictor of
chronic subdural hematoma recurrence [24,25], and the lack of an association with white
blood cell count in our cohort is consistent with previous reports [26]. APTT was also
higher in patients with recurrence; however, as this association was observed only in the
univariable analysis, its clinical significance remains uncertain and requires confirmation in
larger cohorts.

4.5. Radiological Findings

Radiological characteristics are among the strongest and best-established factors as-
sociated with chronic subdural hematoma recurrence. Nakaguchi et al. demonstrated
that hematoma architecture on computed tomography is associated with postoperative
recurrence, with the separated subtype carrying the highest risk [4]. Similar findings have
subsequently been reported by other investigators [27,28]. Consistent with these observa-
tions, separated hematoma architecture was independently associated with recurrence in
our cohort (OR 14.10, 95% CI 4.51-48.82; p < 0.001). The wide confidence interval, however,
indicates limited precision of the effect estimate and warrants cautious interpretation.
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Hematoma density was also associated with recurrence in the univariable anal-
ysis, whereas hematoma laterality, hematoma thickness, and postoperative pneumo-
cephalus were not significantly associated with recurrence. Previous studies have also
investigated these radiological characteristics as potential risk factors for recurrence, al-
though their associations have been less consistent than those reported for hematoma
architecture [28,29]. Radiological prognostic factors have also been examined in surgically
treated acute hematoma [30].

The association between hematoma architecture and recurrence may also reflect un-
derlying biological differences between radiological subtypes. In the exploratory biomarker
subgroup (n = 22), serum MMP-2 and MMP-9 concentrations differed according to
hematoma architecture, suggesting that different radiological phenotypes of chronic subdu-
ral hematoma may be associated with distinct biological profiles.

4.6. MMP-2 and MMP-9 Profiles and Their Associations with Hematoma Characteristics

The biological mechanisms underlying the different radiological appearances of chronic
subdural hematoma remain poorly understood [1]. Hematoma architecture and density
may reflect different stages of CSDH development and changes in the local tissue envi-
ronment [6,31]. Inflammation, angiogenesis, and extracellular matrix remodeling play
important roles in these processes [32].

Serum MMP-2 concentrations were highest in separated hematomas, a subtype associ-
ated with repeated microhemorrhages and active hematoma development. By comparison,
the highest serum MMP-9 concentrations were found in trabecular hematomas, which
represent a later stage of organization [4]. MMP-2 (gelatinase A) degrades type IV col-
lagen and participates in tissue remodeling and angiogenesis [5]. MMP-9 (gelatinase B)
is involved in inflammatory responses, basement membrane degradation, and increased
vascular permeability [1,5]. Both enzymes may contribute to the formation of fragile vessels
and repeated bleeding within CSDH membranes [1,6,33]. The expression of both enzymes
has also been demonstrated in CSDH membranes [34].

Higher serum MMP-2 concentrations in separated hematomas may be related to tissue
remodeling and angiogenesis, whereas elevated serum MMP-9 concentrations in trabecular
hematomas could reflect inflammatory processes during hematoma organization. Differ-
ences in inflammatory markers between radiological subtypes of CSDH have been reported
previously [9,35]. One study found higher levels of IL-8 and other inflammatory medi-
ators in trabecular hematomas [35]. Although these observations may help explain our
results, the underlying mechanisms remain uncertain because MMP activity and membrane
histology were not examined.

Genetic factors may also contribute to the biological heterogeneity of CSDH, although
their role remains poorly understood. Apolipoprotein E (APOE) polymorphisms have
been associated with differences in neuroinflammatory responses, vascular integrity, and
extracellular matrix remodeling [36]. In particular, the APOE ¢4 allele has been linked to
increased MMP-9 activity and blood-brain barrier dysfunction through activation of the
cyclophilin A-MMP-9 pathway [36]. These mechanisms have mainly been investigated
in Alzheimer’s disease and other cerebrovascular disorders, and their relevance to CSDH
remains uncertain.

Presenilin-1 and presenilin-2, which are involved in amyloid precursor protein pro-
cessing and other cellular signaling pathways, may also be relevant when considering the
relationship between neurodegeneration and vascular pathology [37]. However, there is
currently insufficient evidence to establish a direct role for these proteins in CSDH devel-
opment or recurrence. Inflammation, angiogenesis, and extracellular matrix remodeling
are well-recognized processes in CSDH pathophysiology [38], their potential relationship
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with APOE- and presenilin-associated pathways remains speculative. As genetic markers
and neurodegenerative conditions were not specifically evaluated in our cohort, no con-
clusions regarding their association with hematoma architecture, MMP concentrations, or
postoperative recurrence can be drawn.

Schack et al. identified differences in immunological profiles, including MMP-9 lev-
els, across radiological subtypes of CSDH [9]. Our analysis showed associations between
serum MMP-2 and MMP-9 concentrations and hematoma architecture, as well as between
hematoma fluid MMP-9 concentrations and hematoma density. All three associations re-
mained statistically significant after FDR correction. Hematoma density, however, depends
on several factors, including blood degradation products and hematoma composition, and
cannot be considered a direct measure of MMP activity. Studies have investigated MMP-2
and MMP-9 in CSDH; evidence regarding the association between MMP-2 concentrations
and CT-defined hematoma architecture remains limited. The observed association between
serum MMP-2 concentrations and separated hematoma architecture extends previous find-
ings and suggests a potential relationship between MMP-2 and the biological heterogeneity
of CSDH.

Unlike Hua et al. [6], we observed lower MMP-2 and MMP-9 concentrations in
hematoma fluid than in paired serum samples. Su et al. also reported higher serum
MMP-9 concentrations in patients with CSDH [7]. Differences in patient populations, labo-
ratory methods, and sample processing may account for these discrepancies. Preoperative
serum MMP-2 and MMP-9 concentrations did not differ significantly between patients with
CSDH and controls. Their potential value in distinguishing radiological subtypes therefore
requires further investigation, and no conclusions can be drawn regarding their diagnos-
tic usefulness. These observations remain exploratory because the biomarker subgroup
comprised only 22 patients.

4.7. MMP Profiles and Postoperative Recurrence

Neither serum nor hematoma MMP-2 and MMP-9 concentrations were significantly
associated with postoperative recurrence. In contrast, separated hematoma architecture
and higher NLR remained independently associated with recurrence in the multivariable
analysis. MMP concentrations also differed according to hematoma architecture and density.
These exploratory findings suggest a possible relationship between MMP concentrations
and radiological hematoma characteristics, although an association with postoperative
recurrence could not be established.

CSDH recurrence involves several biological processes, including persistent inflam-
mation, angiogenesis, repeated microhemorrhages, increased vascular permeability, and
extracellular matrix remodeling [1,39]. MMPs are involved in some of these processes and
may contribute to changes occurring within the hematoma membranes. The association
between MMP concentrations and radiological characteristics may reflect these underlying
processes, although the present study does not establish a direct link between MMPs and
recurrence. The small biomarker subgroup (n = 22) also limits the interpretation of the
negative recurrence findings.

5. Study Limitations

The retrospective, single-center design may limit the generalizability of the results.
Although only 20 recurrence events were observed, the multivariable analysis was restricted
to two clinically relevant variables and performed using Firth’s penalized logistic regression
to reduce the risk of sparse-data bias. An exploratory sample size assessment suggested that
the cohort met the selected shrinkage criterion for this model. This assessment was based
on apparent model performance and may therefore be optimistic. The wide confidence
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interval for separated hematoma architecture also indicates limited precision of the effect
estimate. The association between the absence of reported head trauma and recurrence
should be interpreted cautiously, as only six patients had no reported history of trauma
and the information was susceptible to recall bias.

The associations between MMP concentrations and radiological characteristics re-
mained significant after FDR correction; these findings should be interpreted cautiously
given the small biomarker subgroup (n = 22). MMP concentrations were measured
at a single perioperative time point, precluding the assessment of temporal changes.
Given the observational design, these findings do not establish causal relationships or
allow reliable conclusions regarding the association between MMP concentrations and
postoperative recurrence.

The follow-up period was limited to 3 months, and recurrence was defined as symp-
tomatic hematoma reaccumulation requiring repeat surgery. Asymptomatic recurrences,
those occurring after the follow-up period, and patients treated at other institutions may
have been missed. The actual recurrence rate may therefore have been underestimated.
External validation in larger, prospective, multicenter cohorts is needed to confirm the
observed associations.

6. Conclusions

Separated hematoma architecture and higher NLR were independently associated
with postoperative recurrence of chronic subdural hematoma. These findings support the
relevance of radiological hematoma characteristics and systemic inflammatory markers in
the assessment of recurrence risk.

MMP-2 and MMP-9 concentrations differed according to hematoma architecture and
density, with three associations remaining statistically significant after FDR correction.
These findings extend previous observations on MMP profiles in CSDH and suggest poten-
tial biological differences between radiological hematoma subtypes. However, no signifi-
cant association between MMP concentrations and postoperative recurrence was observed.
Given the exploratory nature of the biomarker analysis, these findings warrant further
investigation in larger, prospective cohorts.
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