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Retrospective Study on the Impact of Neurovascular Calcifications on
Increasing Intracranial Hemorrhage Risk in Acute Ischemic Stroke Patients
Treated With Thrombolytic Therapy in the Emergency Department
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Objective: Intravenous thrombolysis with alteplase (IV tPA) is an established treatment for acute ischemic stroke, but hemorrhagic transformation remains an important

complication. Although numerous parameters have been evaluated to minimize the risk of hemorrhagic transformation, no definitive predictor has yet been identified.
This study primarily evaluated the association between CTA-detected neurovascular calcifications and hemorrhagic transformation in patients with acute ischemic
stroke treated with intravenous alteplase and secondarily assessed their association with functional outcomes at discharge.

Materials and Methods: We retrospectively analyzed 243 patients with acute ischemic stroke who were treated with IV tPA and underwent computed tomography
angiography (CTA) between 2018 and 2022. Intracranial internal carotid/carotid siphon calcifications were assessed on CTA by blinded radiologic review using the Kock-
elkoren calcification scoring system. The primary outcome was hemorrhagic transformation on follow-up CT, and the secondary outcome was poor functional outcome
at discharge, defined as a modified Rankin Scale (mRS) score of 3-6.

Results: Calcifications were more common in older patients, those with hypertension, and those with higher red cell distribution width values. Calcification presence
or pattern was not significantly associated with hemorrhagic transformation on follow-up CT. Contralateral calcification was independently associated with poor func-
tional outcome at discharge (@aOR 2.95, 95% ClI 1.09-7.98). In subgroup analyses based on the CTA calcification score, non-intimal calcification was associated with poor
functional outcome at discharge on both the ipsilateral and contralateral sides (p=0.03 and p=0.01, respectively). Because symptomatic hemorrhagic transformation
occurred in only a small number of patients, hemorrhagic findings should be interpreted cautiously.

Conclusion: In this cohort of patients with acute ischemic stroke treated with intravenous alteplase, the overall presence of intracranial carotid calcification on CTA
was not significantly associated with hemorrhagic transformation on follow-up CT. However, a pattern-specific exploratory analysis suggested an inverse association
between ipsilateral non-intimal calcification and hemorrhagic transformation, which should be interpreted cautiously given the low number of hemorrhagic events.
In contrast, contralateral calcification, particularly a non-intimal pattern, was associated with worse functional outcome at discharge, suggesting possible short-term
prognostic value. These findings do not support withholding thrombolytic therapy on the basis of calcification alone, but they indicate that calcification pattern and
laterality may merit further investigation in larger studies with 90-day outcomes. Intracranial ICA/carotid siphon calcifications on CTA should not be used in isolation to
defer intravenous thrombolysis. In this cohort, calcification patterns appeared more relevant to short-term discharge outcomes than to hemorrhagic transformation risk.
These findings are hypothesis-generating and require confirmation in larger multicenter studies.
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Introduction

Intravenous thrombolysis with alteplase (IV tPA) improves
neurological outcomes in patients with ischemic stroke. However,
intracranial hemorrhage occurs in 2-7% of patients treated with
IV tPA. Although various scoring systems based on risk factors
predictive of hemorrhagic transformation have been developed,
these have not altered treatment protocols [1].

Intracranial arterial calcifications are established imaging markers
of atherosclerotic burden and vascular remodeling. The biological
significance of these calcifications may differ according to their
dominantlayer within the arterial wall,and computed tomography
angiography (CTA)-based methods have been proposed to
distinguish predominantly intimal patterns from predominantly
medial/adventitial patterns [2,3]. This distinction may be relevant
because plaque-related instability, arterial stiffness, impaired
vasoreactivity, and reduced collateral capacity could influence
both hemorrhagic transformation and post-stroke recovery [4-8].

The published literature remains inconsistent. Gocmen et al. [9]
reported that non-intimal intracranial carotid calcifications were
more common in patients with acute hemorrhagic complications
after IV thrombolysis. Tébuas-Pereira et al. [10] and Yu et al. [11]
also suggested that intracranial carotid calcification burden may
be related to hemorrhagic transformation and prognosis after
thrombolysis, although these studies differed in scoring strategy
and patient selection. Kauw et al. [12] further suggested that the
effect of intravenous thrombolysis may vary according to the
calcification pattern. In contrast, other studies have not found
a clear association between calcification scores and prognosis
after IV thrombolysis [13,14]. These discrepancies likely reflect
heterogeneity in calcification classification, the inclusion of
endovascularly treated patients, stroke subtype selection, and
outcome definition.

Accordingly, the present study evaluated whether intracranial
carotid siphon calcifications and their CTA-based patterns, as
classified using the Kockelkoren scoring system, are associated
with hemorrhagic transformation after IV tPA and with short-term
functional outcomes at hospital discharge in a CTA-selected acute
ischemic stroke cohort [3].

Materials and Methods

The study protocol was approved by the Dokuz Eylul University
Institutional  Non-Interventional  Clinical Research  Ethics
Committee of Blinded for peer review (Decision No: 2023/23-
12, Date: 19.07.2023). The study was performed in compliance
with the ethical principles of the Declaration of Helsinki. The
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requirement for informed consent was waived because of the
retrospective design of the study.

This retrospective observational cohort study was conducted
using data from patients admitted to the emergency department
of a tertiary university hospital, which serves as a stroke center,
between January 1, 2018, and December 30, 2022. Eligible
patients were those with acute ischemic stroke who were treated
with IV tPA and evaluated with neurovascular CTA. The exclusion
criteria were alternative final diagnoses, unavailable follow-up
data, clear contraindications to thrombolysis identified during
the treatment process, and incomplete vascular imaging due to
technical limitations.

A total of 314 patients diagnosed with acute ischemic stroke on
admission, treated with IV tPA, and evaluated with neurovascular
CTA initially met the screening criteria. Thirteen patients were
excluded because advanced evaluation revealed alternative
diagnoses, 29 because outcome data were unavailable after
transfer or treatment abandonment, 12 because clinically relevant
hemorrhagic transformation risk factors were identified during or
after IV thrombolysis, and 16 because carotid siphon thrombosis
precluded complete evaluation of the vascular wall. Of the
remaining 244 patients, one was excluded from the final statistical
analysis because of incomplete data. Therefore, the final study
cohort consisted of 243 patients (Fig. 1).

Clinical Management and Outcome Definitions

Admission National Institutes of Health Stroke Scale (NIHSS) scores,
demographic characteristics, vascular risk factors, and laboratory

Acute Ischemic Stroke
Treatad with I'V tPA
evaluated with neurovasoular CTA
n=314

Altarnativa diagnosis (e.g.
Selzures..) n=13

Thrombasis in the carotia
siphon regicn
n=L&

Qutcome Data unavallable
(Transferrad or traatment
abandanment} n=29

EBleeding Risk Factors during
or after the IV Thrombolysls
n=12

Incomplete data (charts or
dally visit Informatian}
n=1

Mumber of the Patlents
Included in the study
n=24%

Figure 1. Flowchart of the study
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data were recorded. Imaging was re-evaluated by a radiologist
from the study team who was blinded to clinical information, prior
reports, and outcomes. Discharge modified Rankin Scale (mRS)
scores were derived from dependency information documented
in the medical records.

All patients with suspected stroke underwent non-contrast
head computed tomography (CT) on arrival. CTA was performed
in patients considered likely to benefit from mechanical
thrombectomy without waiting for creatinine results; in the
remaining patients, CTA was obtained after creatinine results
became available and before transfer from the emergency
department to the stroke unit. IV tPA (Actilyse, Boehringer
Ingelheim, Germany) was administered at 0.9 mg/kg in eligible
patients after review of clinical findings and non-contrast CT.

Neurological examinations and vital signs were reassessed every
15 minutes during treatment. Although additional brain CT scans
were performed in some patients because of clinical deterioration,
hemorrhagic outcomes in this study were classified according to
the routine 24-hour follow-up brain CT in all patients. Earlier CT
scans, when available, were reviewed for clinical purposes but
were not used for statistical outcome assessment; the routine 24-
hour follow-up CT served as the reference scan in all patients.

Any hemorrhagic transformation on follow-up CT was treated
as the primary radiological outcome. Symptomatic hemorrhagic
transformation was defined as hemorrhage on follow-up CT
accompanied by a >2-point worsening in NIHSS without another
clear cause. Hemorrhagic transformations without corresponding
NIHSS worsening were classified as asymptomatic hemorrhagic
transformations. Poor short-term functional outcome was defined
as a discharge mRS score >3; a discharge mRS score <2 was
considered a good outcome.

CTA Acquisition and Calcification Assessment

All patient images were acquired using a commercially available
160-slice multidetector CT scanner (Aquilion Prime, Canon Medical
Systems, Otawara, Japan) located in the emergency department.
A tube voltage of 120 kVp was used for all scans. A total of 100
cc of contrast agent was injected via an antecubital vein using
an auto-injector. Sequential regions of interest (ROIs) placed in
the aortic arch triggered axial-plane imaging once the contrast
threshold was reached, followed by the creation of angiographic
reformatted images in three planes.

CTA examinations were reviewed for calcifications in the
intracranial internal carotid artery and carotid siphon. Calcifications
were categorized as ipsilateral or contralateral according to the
clinically affected hemisphere and, when available, MRI lesion

laterality. Calcium scoring followed the method of Kockelkoren et
al. [3] circularity was scored as 0 for no calcification, 1 for punctate
calcification, 2 for calcification spanning <90 degrees, 3 for 90—
270 degrees, and 4 for >270 degrees. Thickness >1.5 mm received
1 point, and thickness <1.5 mm received 3 points. Morphology
was scored as 0 for indistinct, 1 for irregular, and 4 for regular
and continuous calcification. Total scores <7 were classified as
dominant intimal calcification, and scores >7 were classified as
non-intimal (medial/adventitial) calcification.

Statistical Analysis

Categorical variables were compared using the chi-square test
or Fisher's exact test, as appropriate. Numerical variables were
assessed for normality using the Kolmogorov-Smirnov test
and are presented as mean + standard deviation or median
(interquartile range [IQR]) according to distribution. Comparisons
of numerical variables were performed using Student’s t-test, the
Mann-Whitney U test, or the Kruskal-Wallis test, as appropriate.

Binary logistic regression was used to evaluate factors associated
with any hemorrhagic transformation on follow-up CT and with
poor functional outcome at discharge. Variables with p<0.20 in
univariable analyses were considered eligible for multivariable
modeling, and clinically relevant covariates were additionally
retained based on guideline recommendations and prior
literature. To limit overfitting, separate multivariable models were
constructed for any hemorrhagic transformation (43 events) and
poor functional outcome at discharge, whereas symptomatic
hemorrhagic transformation (9 events) was analyzed descriptively
and not modeled separately.

Each multivariable model included the calcification variable of
interest together with age, sex, hypertension, diabetes mellitus,
atrial fibrillation, infarction on admission CT,admission NIHSS score,
dense artery sign, and mechanical thrombectomy status; poor-
outcome models also included any hemorrhagic transformation
on follow-up CT. Adjusted odds ratios (aORs) with 95% confidence
intervals (Cls) are reported for multivariable models. A two-sided
p-value <0.05 was considered statistically significant. Analyses
were performed using IBM SPSS Statistics version 29.0 (IBM Corp.,
Armonk, NY, USA).

Results

The cohort consisted of 243 patients who received IV tPA and
underwent neurovascular CTA. Calcifications were more frequent
in older patients and in patients with hypertension, and patients
with calcifications had higher red cell distribution width values at
admission. No significant sex-based difference was observed in
calcification presence or pattern (Table 1).
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Table 1. Baseline characteristics according to calcification status and pattern

Panel A. Any calcification

Characteristic Absent (n=32) Present (n=211) p
Age, years 59.1+14.7 72.6+10.7 <0.001
Sex, female, n (%) 14 (43.7%) 88 (41.7%) 0.827
Diabetes mellitus, n (%) 6 (18.8%) 72 (32.1%) 0.083
Hypertension, n (%) 16 (50.0%) 144 (68.2%) 0.043
Atrial fibrillation, n (%) 2 (6.3%) 20 (9.5%) 0423*
Large-vessel occlusion, n (%) 11 (34.4%) 9 (28.0%) 0455
Infarction on admission CT, n (%) 3 (9.4%) 4 (16.1%) 0.242%
Mechanical thrombectomy, n (%) 5(15.6%) 24 (11 4%) 0.328*
Any hemorrhagic transformation on follow-up CT, n (%) 7 (21.9%) 6 (17.1%) 0.506
Symptomatic hemorrhagic transformation, n (%) 0 (0.0%) 9 (4.3%) 0.274*
Poor functional outcome at discharge (mRS > 3), n (%) 9 (28.1%) 100 (47.4%) 0.041
RDW, median (IQR) 13.6(13.1-14.2) 14.6 (13.7-15.9) <0.001
Panel B. Ipsilateral calcification pattern

Characteristic No calcification (n=39) Intimal (n=87) | Non-intimal (n=117) p
Age, years 59.9+£14.6 69.9£9.99 75.1£10.2 <0.001
Sex, female, n (%) 14 (35.8%) 30 (34.4%) 58 (49.5%) 0.068
Diabetes mellitus, n (%) 9 (23.1%) 26 (29.9%) 43 (36.8%) 0.245
Hypertension, n (%) 21 (53.8%) 0(57.5%) 89 (76.1%) 0.005
Atrial fibrillation, n (%) 2 (5.1%) 8 (9.2%) 12 (10.3%) 0.626
Large-vessel occlusion, n (%) 13 (33.3%) 27 (31.0%) 30 (25.6%) 0.557
Infarction on admission CT, n (%) 6 (15.4%) 11 (12.6%) 20 (17.1%) 0.682
Mechanical thrombectomy, n (%) 6 (15.4%) 12 (13.8%) 11 (9.4%) 0.486
Any hemorrhagic transformation on follow-up CT, n (%) 0 (25.6%) 15 (17.2%) 18 (15.4%) 0.344
Symptomatic hemorrhagic transformation, n (%) 0 (0.0%) 5(5.7%) 4 (3.4%) 0.280
Poor functional outcome at discharge (mRS > 3), n (%) 2 (30.8%) 35 (40.2%) 62 (53.0%) 0.030
RDW, median (IQR) 13.7(13.1-14.2) 14.6 (13.6-15.5) 14.6 (13.8-16.1) <0.001
Panel C. Contralateral calcification pattern

Characteristic No calcification (n=43) Intimal (n=88) | Non-intimal (n=112) p
Age, years 60.3£13.6 70.8£10.3 748104 <0.001
Sex, female, n (%) 20 (46.5%) 30 (34.0%) 52 (46.4%) 0.172
Diabetes mellitus, n (%) 8 (18.6%) 29 (33.0%) 41 (36.6%) 0.097
Hypertension, n (%) 18 (41.9%) 60 (68.2%) 82 (73.2%) <0.001
Atrial fibrillation, n (%) 2 (4.7%) 8 (9.1%) 2 (10.7%) 0.500
Large-vessel occlusion, n (%) 14 (32.6%) 31(35.2%) 25 (22.3%) 0.113
Infarction on admission CT, n (%) 4(9.3%) 14 (15.9%) 9 (17.0%) 0481
Mechanical thrombectomy, n (%) 7 (16.3%) 13 (14.8%) 9 (8.0%) 0216
Any hemorrhagic transformation on follow-up CT, n (%) 8 (18.6%) 17 (19.3%) 18 (16.1%) 0.824
Symptomatic hemorrhagic transformation, n (%) 1(2.3%) 5(5.7%) 3(2.7%) 0467
Poor functional outcome at discharge (mRS > 3), n (%) 11 (25.6%) 39 (44.3%) 59 (52.7%) 0.010
RDW, median (IOR) 13.8(13.2-14.7) 14.6 (13.6-15.5) 145 (13.7-16.1) 0.011

Data are presented as mean + SD, median (IQR), or n (%), as appropriate. For binary variables, only the presence of the characteristic is reported; percentages were
calculated within columns. P values were calculated using the Pearson chi-square test or Fisher's exact test for categorical variables and the Student t test or Mann-—
Whitney U test for continuous variables, as appropriate. An asterisk (*) indicates Fisher's exact test. CT: Computed tomography; IQR: Interquartile range; mRS: modified
Rankin Scale; RDW: Red cell distribution width; SD: Standard deviation.
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Poor functional outcome at discharge was more frequent among
patients with calcification than among those without calcification
(47% vs. 28%, p=0.041). When calcification laterality and pattern
were considered, poor functional outcome at discharge was more
common in patients with ipsilateral non-intimal calcification and
in those with contralateral non-intimal calcification. In contrast,
discharge NIHSS differed significantly only across ipsilateral
Kockelkoren categories, with the highest median NIHSS observed
in the non-intimal group (Tables 2 and 3).

Any hemorrhagic transformation was detected in 43 patients
(17.7%), whereas symptomatic hemorrhagic transformation
occurred in only 9 patients (3.7%). Baseline infarction on admission
CT, large-vessel occlusion, and mechanical thrombectomy were
associated with any hemorrhagic transformation on follow-up
imaging. Because symptomatic hemorrhagic transformation was
infrequent, symptomatic hemorrhagic transformation results are

presented descriptively and should be interpreted as exploratory
(Table 4).

In multivariable analysis, contralateral calcification presence
was associated with poor functional outcome at discharge
(@OR 295, 95% Cl 1.09-7.98; p=0.033), and contralateral non-
intimal calcification was also associated with poor functional
outcome at discharge (aOR 3.32, 95% ClI 1.16-9.49; p=0.025).
Calcification presence was not consistently associated with
hemorrhagic transformation. However, ipsilateral non-intimal
calcification showed an inverse association with any hemorrhagic
transformation (@aOR 0.31, 95% CI 0.10-0.95; p=0.040). Given the
limited number of hemorrhagic transformation events across
subgroups and the number of related comparisons, this apparently
protective association should be interpreted cautiously rather than
as definitive evidence of a biologically protective effect (Table 5).

Table 2. Distribution of calcification status according to functional outcome at discharge and discharge NIHSS score

Calcification cateqor Good outcome Poor outcome Discharge NIHSS
gory (MRS <2; n=134) (MRS =3; n=109) P median (IQR) P

No calcification 23 (17.2%) 9 (8.3%) 4(2-7)

0.041 0.307
Any calcification 111 (82.8%) 100 (91.7%) 5(3-9)
No ipsilateral calcification 27 (20.1%) 12 (11.0%) 4(2-7)

0.054 0.181
Any ipsilateral calcification 107 (79.9%) 97 (89.0%) 5(3-9
No contralateral calcification 32 (23.9%) 1(10.1%) 4 (2-7)

0.005 0.166
Any contralateral calcification 102 (76.1%) 98 (89.9%) 5(3-9)

Data are presented as n (%) unless otherwise stated. Percentages were calculated within outcome columns and should not be interpreted as event rates within calcification
categories. Discharge NIHSS scores are presented as median (IQR). P values for categorical variables were calculated using the Pearson chi-square test, and discharge
NIHSS scores were compared using the Mann-Whitney U test. IQR: Interquartile range; mRS: Modified Rankin Scale; NIHSS: National Institutes of Health Stroke Scale.

Table 3. Distribution of Kockelkoren calcification categories according to discharge functional outcome and discharge NIHSS score

Panel A. Ipsilateral calcification pattern

Kockelkoren category Good outcome Poor outcome p Discha.rge NIHSS p
(mRS =2; n=134) (mRS =3; n=109) median (IQR)

No calcification 27 (20.1%) 12 (11.0%) 4(2-7)

Intimal calcification 52 (38.8%) 35 (32.1%) 0.030 4(2-7) 0.033

Non-intimal calcification 55 (41.0%) 62 (56.9%) 55 (3-9.75)

Panel B. Contralateral calcification pattern

No calcification 32 (23.9%) 11 (10.1%) 4(2-7)

Intimal calcification 49 (36.6%) 39 (35.8%) 0.010 5(2-10) 0312

Non-intimal calcification 53 (39.6%) 59 (54.1%) 5(3-9)

Scale; NIHSS: National Institutes of Health Stroke Scale.

Data are presented as n (%) unless otherwise stated. Percentages were calculated within outcome columns and should not be interpreted as event rates within
calcification categories. Discharge NIHSS scores are presented as median (IQR). P values for categorical variables were calculated using the Pearson chi-square test, and
discharge NIHSS scores were compared using the Kruskal-Wallis test. No post hoc pairwise comparisons were performed. IQR: Interquartile range; mRS: Modified Rankin
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Table 4. Characteristics according to hemorrhagic transformation on follow-up CT

Panel A. Any hemorrhagic transformation on follow-up CT

Characteristic Absent (n=200) Present (n=43) P

Age, years, mean=SD 704+£12.2 72.3£12.0 0.234
Sex, female, n (%) 87 (43.5%) 15 (34.8%) 0.299
Diabetes mellitus, n (%) 66 (33.0%) 12 (27.9%) 0516
Hypertension, n (%) 133 (66.5%) 27 (62.8%) 0.642
Atrial fibrillation, n (%) 19 (9.5%) 3 (7.0%) 0.430*
Large-vessel occlusion, n (%) 49 (24.5%) 21 (48.8%) <0.001
Infarction on admission CT, n (%) 23 (11.5%) 14 (32.6%) <0.001
Time to IV tPA, min, mean+SD 163£57 164+£52 0.963
Mechanical thrombectomy, n (%) 17 (8.5%) 12 (27.9%) <0.001
Any calcification, n (%) 175 (87.5%) 36 (83.7%) 0.506
Ipsilateral calcification, n (%) 171 (85.5%) 33 (76.7%) 0.156
Contralateral calcification, n (%) 165 (82.5%) 35 (81.4%) 0.863

Ipsilateral calcification pattern

No calcification, n (%) 29 (14.5%) 10 (23.3%)

Intimal calcification, n (%) 72 (36.0%) 15 (34.9%) 0.185
Non-intimal calcification, n (%) 99 (49.5%) 18 (41.9%)

Contralateral calcification pattern

No calcification, n (%) 35 (17.5%) 8 (18.6%)

Intimal calcification, n (%) 71 (35.5%) 17 (39.5%) 0.824
Non-intimal calcification, n (%) 94 (47.0%) 18 (41.9%)

CT: Computed tomography.

Panel B. Symptomatic hemorrhagic transformation on follow-up CT

Characteristic Absent (n=234) Present (n=9) P
Age, years, mean=SD 70.6£12.2 75.9+9.7 0.169
Sex, female, n (%) 99 (42.3%) 3(33.3%) 0.432*%
Diabetes mellitus, n (%) 75 (32.1%) 3(33.3%) 0.595%
Hypertension, n (%) 157 (67.1%) 3(33.3%) 0.045*
Atrial fibrillation, n (%) 21 (9.0%) 1(11.1%) 0.581*
Large-vessel occlusion, n (%) 66 (28.2%) 4 (44.4%) 0.240*
Infarction on admission CT, n (%) 36 (15.4%) 1(11.1%) 0.590*
Time to IV tPA, min, mean+SD 162+56 180+55 0.353
Mechanical thrombectomy, n (%) 27 (11.5%) 2 (22.2%) 0.292*
Any calcification, n (%) 202 (86.3%) 9 (100.0%) 0.274%
Ipsilateral calcification, n (%) 195 (83.3%) 9 (100.0%) 0.201*
Contralateral calcification, n (%) 192 (82.1%) 8 (88.9%) 0.506%
Ipsilateral calcification pattern

No calcification, n (%) 39(16.7%) 0(0.0%)

Intimal calcification, n (%) 82 (35.0%) 5 (55.6%) 0.280
Non-intimal calcification, n (%) 113 (48.3%) 4 (44.4%)
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Table 4. Continue

Panel B. Symptomatic hemorrhagic transformation on follow-up CT
Characteristic ‘ Absent (n=234) ‘ Present (n=9) ‘ P

Contralateral calcification pattern

No calcification, n (%) 42 (17.9%) 1(11.1%)
Intimal calcification, n (%) 83 (35.5%) 5 (55.6%) 0.467
Non-intimal calcification, n (%) 109 (46.6%) 3(33.3%)

Data are presented as mean + SD or n (%), as appropriate. Percentages were calculated within columns. P values for categorical variables were calculated using the
Pearson chi-square test, except where indicated by an asterisk (*), for which Fisher’s exact test was used. Continuous variables were compared using the independent-
samples t-test. CT: Computed tomography; IV tPA: intravenous tissue plasminogen activator.

Table 5. Multivariable associations of calcification parameters with hemorrhagic transformation on follow-up CT and poor functional

outcome at discharge

Panel A. Any hemorrhagic transformation on follow-up CT
95% CI

Calcification parameter aOR P

Cl Lower Cl Upper
Any calcification 045 0.160 0.144 1.38
Ipsilateral calcification 037 0.055 0.136 1.02
Contralateral calcification 0.59 0.330 0.205 1.69
Ipsilateral intimal calcification 044 0.130 0.15 1.28
Ipsilateral non-intimal calcification 0.31 0.040 0.102 0.95
Contralateral intimal calcification 0.63 0420 0.208 1.92
Contralateral non-intimal calcification 0.54 0.290 0.17 1.71
Panel B. Poor functional outcome at discharge (mRS =3)
Any calcification 231 0.130 0.78 6.79
Ipsilateral calcification 231 0.110 0.82 6.44
Contralateral calcification 295 0.033 1.09 7.98
Ipsilateral intimal calcification 1.88 0.253 0.64 555
Ipsilateral non-intimal calcification 2.84 0.060 0.96 838
Contralateral intimal calcification 2.59 0.080 0.89 747
Contralateral non-intimal calcification 332 0.025 1.16 9.49
Adjusted odds ratios (aORs) and 95% confidence intervals (Cls) were derived from multivariable binary logistic regression analyses using the enter method. Each
calcification parameter shown in the table was entered into a separate model adjusted for age, sex, hypertension, diabetes mellitus, atrial fibrillation, presence of
infarction on admission CT, admission NIHSS score, dense artery sign, and mechanical thrombectomy status. Because of the low number of hemorrhagic transformation
events, estimates for hemorrhagic transformation should be interpreted cautiously. aOR: Adjusted odds ratio; Cl: Confidence interval; CT: Computed tomography; NIHSS:
National Institutes of Health Stroke Scale.

Discussion calcification, particularly contralateral non-intimal calcification,

) . . o was associated with poorer discharge status. Because only nine
This study evaluated whether intracranial carotid siphon

o ) ) , patients experienced symptomatic hemorrhagic transformation,
calcifications on CTA were associated with hemorrhagic

all hemorrhagic transformation results should be regarded as

transformation after IV tPA and with short-term functional outcome
exploratory.

at hospital discharge. The main findings were that calcification
presence and pattern were not consistently related to post-  Interest in intracranial arterial calcifications in ischemic stroke
thrombolytic hemorrhagic transformation, whereas contralateral ~ has increased in recent years. Prior studies have shown that
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intracranial arterial calcifications are common in patients with
cerebrovascular disease and may reflect different forms of vascular
injury depending on their morphology and distribution [15-17].
In addition, CTA-based morphologic classification systems have
provided a structured framework for distinguishing predominantly
intimal from predominantly medial/adventitial calcification
patterns in the intracranial internal carotid artery [3].

In our cohort, calcifications were more common in older patients
and in patients with hypertension, which is consistent with the
broader vascular literature and supports the interpretation that
intracranial arterial calcification is better understood as a marker of
chronic vascular burden than as anisolated imaging phenomenon
[17,18]. Whether intracranial carotid calcification is associated with
hemorrhagic transformation after intravenous alteplase remains
uncertain. From a biological perspective, different calcification
patterns may plausibly correspond to different vascular
properties. Intimal calcification is generally discussed in relation
to atherosclerotic plaque burden and plaque-related instability,
whereas medial or non-intimal calcification has been associated
with arterial stiffening, impaired vasomotor function, and reduced
vascular compliance [2,4,6-8]. Based on these concepts, it is
reasonable to examine whether the calcification pattern may
be related to reperfusion-related hemorrhagic transformation in
ischemic tissue. However, the available clinical literature has been
inconsistent, and our results add to that heterogeneous body of
evidence rather than resolving it.

Several previous studies suggested that intracranial carotid
calcification burden or pattern may be associated with
hemorrhagic transformation or post-thrombolysis prognosis. A
higher frequency of acute hemorrhagic complications in patients
with non-intimal calcifications was reported in one thrombolysis
cohort [9]. Other studies also suggested that calcification burden
or calcification pattern may carry prognostic information in
patients with ischemic stroke treated with IV tPA [10-12]. In
contrast, other reports did not identify a clear and consistent
association between intracranial carotid artery calcification scores
and post-thrombolysis prognosis [13,14]. Taken together, the
prior literature is better characterized as heterogeneous than
directional, which was also the rationale for the present study. This
framing is important because it clarifies that the current work was
not designed to confirm a universally established effect, but rather
to examine a question that remains unresolved across different
cohorts and methodologies.

In the present cohort, neither overall calcification presence nor
most calcification subcategories showed a stable association
with hemorrhagic transformation. Although ipsilateral non-
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intimal calcification showed an inverse association with any
hemorrhagic transformation in one adjusted model, this isolated
finding should not be overinterpreted. It was not supported
by a broader pattern of consistently lower hemorrhagic
transformation  risk across calcification variables, and
symptomatic hemorrhagic transformation was too infrequent
for a robust separate regression analysis. For this reason, this
result is better viewed as an exploratory signal than as evidence
of a biologically protective relationship.

The discrepancy across published studies likely reflects genuine
methodological heterogeneity rather than a simple contradiction.
Calcification assessment is not standardized across the literature.
Some studies relied on burden-based or semiquantitative scores,
whereas others used morphologic classifications designed to
distinguish intimal from non-intimal calcification [3,14]. Study
populations also differ substantially. Some cohorts excluded
patients undergoing thrombectomy, some focused on selected
stroke subtypes such as non-cardioembolic stroke, and some did
not evaluate all patients with CTA [11,12]. Endpoints also vary,
ranging from any hemorrhagic transformation to symptomatic
hemorrhage, discharge status, and later functional outcome.
These differences complicate direct comparison and may explain
why one study identifies an apparent association while another
does not.

In our study, the inclusion of only patients who underwent CTA
improved the reliability of calcification morphology assessment
and reduced the risk of mistaking adjacent calcified structures for
true arterial wall calcification. At the same time, this requirement
may have preferentially selected patients with more severe stroke,
suspected large-vessel occlusion, or possible thrombectomy
candidacy, thereby limiting generalizability to the broader
population of intravenous alteplase-treated stroke patients.

Another notable finding in our cohort was the association
between calcification presence and higher RDW values. RDW
has traditionally been used in the evaluation of anemia, but
it is increasingly discussed as a nonspecific biomarker linked
to inflammation, oxidative stress, and adverse cardiovascular
profiles [19,20]. In addition, potential links between RDW, vascular
calcification, and stroke prognosis have been suggested in
previous studies [21-23]. Within this context, the higher RDW
values observed in patients with intracranial calcifications in
our cohort may indicate that these imaging findings coexist
with a broader systemic vascular or inflammatory profile. This
interpretation remains tentative, but it is clinically interesting
because RDW is inexpensive, routinely measured, and rapidly
available in emergency settings.
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The association between contralateral calcification and
poor functional outcome at discharge also deserves careful
interpretation. The biological basis of this association is not
straightforward, and our data do not allow causal inference. One
possibility is that contralateral calcification functions as a marker
of diffuse intracranial vascular disease rather than a lesion-specific
characteristic. This interpretation is compatible with prior work
suggesting that arterial calcification may accompany chronic
vascular damage, altered hemodynamics, and downstream
embolic or prognostic burden [24,25]. In that framework,
contralateral non-intimal calcification may identify patients with an
adverse cerebrovascular profile, reduced vascular reserve, or more
extensive systemic vascular disease. However, this interpretation
should remain hypothesis-generating. The current data do not
show that contralateral calcification itself causes poor functional
outcome; rather, they suggest that calcification may serve as an
imaging marker of an adverse vascular profile.

The laterality finding should also be interpreted conservatively.
A simple lesion-centered assumption would be that ipsilateral
calcification should be more relevant to tissue-level events in the
affected hemisphere, whereas contralateral calcification might be
less informative. Our results did not follow that simple pattern.
Instead, contralateral calcification showed the more consistent
association with poor functional outcome at discharge. This may
indicate that laterality in this setting reflects asymmetry in overall
intracranial vascular burden, collateral pathways, or chronic arterial
remodeling rather than purely local plague behavior. Because
collateral imaging, perfusion parameters, and long-term follow-up
were not available in the present study, this interpretation should
be regarded as hypothesis-generating rather than definitive.

Thesefindings may also have practicalimplications forthe interpretation
of imaging findings in patients with acute ischemic stroke treated with
IV tPA. Based on the present results, intracranial carotid calcifications
on CTA should not be used in isolation to infer a high risk of post-
thrombolytic hemorrhagic transformation or to discourage otherwise
guideline-concordant alteplase treatment. At the same time, the
observed association between contralateral calcification, especially
contralateral non-intimal calcification, and poor functional outcome at
discharge raises the possibility that calcification pattern and laterality
may contribute to early short-term risk stratification. At present,
however, this possible prognostic role should be viewed as preliminary
and should not be considered practice-changing.

Conclusion

In this CTA-selected cohort of patients with acute ischemic
stroke treated with IV tPA, intracranial arterial calcifications

were not consistently associated with post-thrombolytic
hemorrhagic transformation. Some calcification patterns,
particularly contralateral and contralateral non-intimal
calcifications, were associated with poor short-term functional
outcome at discharge. These findings should be interpreted
cautiously because symptomatic hemorrhagic transformation
was uncommon, and functional outcome was assessed only at
discharge.

Limitations

This retrospective single-center study is subject to residual
confounding and limited external validity.

The cohort included only patients who underwent CTA, which
may have selected for more severe stroke and limited the
generalizability of the findings to all patients treated with IV
thrombolysis.

Symptomatic hemorrhagic transformation occurred in only 9
patients, which limited statistical power and precluded a reliable
separate multivariable model for symptomatic hemorrhagic
transformation.

Functional outcome was measured at discharge rather than at
90 days, so the reported associations apply only to short-term
hospital outcomes.
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