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BACKGROUND: This study aims to evaluate temporal trends of advanced treatments and related clinical outcomes of ischemic
stroke through a decade-long trend analysis, using data from a comprehensive, national, multicenter registry. We also seek to
identify areas in need of improvement.

METHODS AND RESULTS: This analysis involved patients with ischemic stroke or transient ischemic attack registered prospectively
in the CRCS-K-NIH (Clinical Research Center for Stroke in Korea—National Institute of Health) registry between 2011 and
2020. We examined temporal trends in risk factors, pathogenetic subtypes, acute management strategies, and outcomes
for up to 1year following a stroke. Generalized linear mixed models were used to account for center clustering. The average
age of 77662 patients increased 2.2years in men and 2.4years in women over the 10-year follow-up. Notably, in-hospital
neurological deterioration, 3-month and 1-year mortality rate, and cumulative incidence of recurrent stroke within 1-year
decreased over time after adjustments for age, sex, and initial stroke severity (P<0.01). However, functional outcomes at 3
months and 1 year remained unchanged. Endovascular thrombectomy increased from 5.4% in 2011 to 10.6% in 2020. Use of
anticoagulants for atrial fibrillation, dual antiplatelet therapy, statins, and stroke unit care also increased. Contrarily, the rate of
intravenous thrombolysis showed a slight decline.

CONCLUSIONS: This study points to a reduction in death and risk of recurrent stroke over the past decade, paralleling
enhancement in acute and preventive stroke management. Nevertheless, the decline in the use of intravenous thrombolysis
and the lack of improvement in functional outcomes following stroke are concerning trends that warrant thorough investigation.
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CLINICAL PERSPECTIVE

What Is New?

e This study shows that the increased use of ad-
vanced treatments like endovascular thrombec-
tomy and use of anticoagulants for atrial
fibrillation, dual antiplatelet therapy, and statins
has coincided with decreased in-hospital neu-
rological deterioration, death, and recurrent
stroke rates over the past decade in South
Korea.

e Functional outcomes at 3months and 1year
following a stroke remained unchanged, and
intravenous thrombolysis rates slightly declined
during the study period.

What Are the Clinical Implications?

e Further study is needed to explore barriers to
optimal stroke treatment delivery to address the
stagnation in functional outcomes and throm-
bolysis rates.

Nonstandard Abbreviations and Acronyms

CRCS-K-NIH Clinical Research Collaboration
for Stroke in Korea—National
Institute of Health

EVT endovascular thrombectomy

IVT intravenous thrombolysis

mRS modified Rankin Scale

NIHSS National Institutes of Health
Stroke Scale

NOAC novel oral anticoagulant

has seen significant advancements with the in-

troduction of stent retrievers for endovascu-
lar thrombectomy (EVT),' novel oral anticoagulants
(NOACS) for atrial fibrillation,”* dual antiplatelet ther-
apy for minor strokes or high-risk transient ischemic
attacks (TIAs),>8 and high-dose statins for atheroscle-
rotic stroke prevention.”® While these treatments have
been successfully integrated into clinical practice,'°
their comprehensive impact on clinical outcomes war-
rants further investigation.

Evaluating these treatments’ effectiveness requires
examining both stroke recurrence and functional out-
comes, as their impacts may vary on the basis of the
outcome measured. For example, appropriate anti-
thrombotic selection can reduce stroke recurrence,

Over the past decade, ischemic stroke treatment
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and wider use of recanalization therapies and strate-
gies preventing neurological deterioration during hos-
pitalization may enhance functional outcomes."'?

Despite a reported decline in recurrence and
death after stroke,’®" insights into functional out-
comes remain limited. Previous studies, like a German
population-based study'® on recurrent stroke risk over
20years and a comprehensive Japanese study of isch-
emic stroke cases'® reporting improving functional out-
comes at discharge between 2000 and 2019, have not
fully addressed long-term outcomes or the nuances of
early treatment and stroke characteristics.

The CRCS-K-NIH (Clinical Research Collaboration
for Stroke in Korea—National Institute of Health) regis-
try, initiated in 2008, offers a rich data set on stroke
characteristics, treatments, and outcomes.2° Using this
registry database, we aim to outline trends in stroke
outcomes, including functional outcomes at 3months
and 1year, major vascular events, and death within the
first year. It also seeks to assess trends in acute stroke
treatments from 2011 to 2020, aiming to pinpoint areas
for quality enhancement.

METHODS

Data Availability

The data analyzed in this study are available from the
corresponding author upon reasonable request.

Study Design and Participants

This trend analysis focused on patients with acute
ischemic stroke or TIA who were admitted to 18
academic or regional stroke centers in South Korea
between January 1, 2011, and December 31, 2020, as
identified within the CRCS-K-NIH registry.?%?" Some
hospitals joined the registry midway through the study
period (Table S1). All participating hospitals, including
those that joined midstudy, are located in urban areas
with populations of >500000. These hospitals are
tertiary or neurology teaching hospitals, each equipped
with at least a 4-bed stroke unit. Certification for
stroke centers in Korea, initiated by the Korean Stroke
Society in 2018, has been achieved by all participating
hospitals. The registry operates on a voluntary basis.
All consecutive patients with stroke admitted within
7days of symptom onset and diagnosed by stroke
physicians, including both in-hospital and transferred
cases, were registered and analyzed in this study.
Patients were followed up for a duration of 1year, with
the last follow-up conducted in December 2021. The
registry includes demographics, clinical presentation,
risk factors, treatments, and quality indicators,
collected via a web-based system following predefined
protocols. To examine the representativeness of the
study subjects, we compared their demographic and
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clinical features with those of the national stroke audit
data, conducted by the Health Insurance Review and
Assessment Service of Korea, covering >200 hospitals
across the country.?? We used the audit data collected
in 3 periods: 2013 to 2014, 2016, and 2018.

Outcome Catchment

According to predefined protocols of the CRCS-K-NIH
registry, we prospectively collected comprehensive
data, including in-hospital neurological deterioration,
vascular events, functional status, and death. Functional
status was rigorously assessed using the modified
Rankin Scale (mRS) at multiple follow-up points: specif-
ically, at 3months and 1year or during outpatient clinic
visits. These assessments were conducted through
structured interviews by trained nurse coordinators or
by physicians, to optimize consistent and standardized
evaluation across all follow-up periods.

Data Quality and Fidelity

Data integrity was maintained through monthly down-
loads, verification, steering committee reviews, and
audits. Since the registry’s launch in 2008, the volume
of monthly queries, along with feedback provided to
each center, has been reported at the monthly steer-
ing committee meetings attended by researchers from
all participating hospitals. Further details on the quality
and fidelity of the data are available in previous litera-
ture?%?" and on the CRCS-K-NIH website (http://crcs-
k.strokedb.or.kr/eng/).

Study Variables

Evaluated variables included traditional stroke risk fac-
tors, prestroke medications, stroke severity (National
Institutes of Health Stroke Scale [NIHSS]), stroke onset,
onset-to-arrival time, and stroke pathogenetic sub-
types. In patients with an unclear stroke onset time, we
differentiated between the “first-found-abnormal time”
and the “last-known-normal time.” Each time point was
used distinctly on the basis of its relevance to the spe-
cific study analysis.

Diagnostic  assessments  covered  diffusion-
weighted imaging, perfusion-weighted imaging, com-
puted tomography/magnetic resonance angiography,
echocardiography, and 24-hour Holter monitoring.
Treatment variables encompassed intravenous throm-
bolysis (IVT) and EVT use, door-to-needle and door-to-
puncture times, and discharge medications. IVT and
EVT rates were calculated regardless of whether pa-
tients were transferred to the study hospitals. However,
we excluded transferred cases when evaluating time
metrics (eg, door-to-needle time, door-to-puncture
time), as these metrics might not be attributed to the
participating hospitals.
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Outcomes measured included neurological dete-
rioration, symptomatic hemorrhagic transformation,
hospital stay length, recurrent stroke within 1year,
mRS scores, and death at 3months and 1vyear. In-
hospital neurological deterioration was defined as any
new neurological symptoms/signs or worsening with
an increase in the NIHSS score >2 occurring during
hospitalization within 3weeks of onset, which excluded
hemorrhagic transformation. Symptomatic hemor-
rhagic transformation was defined as any intracranial
hemorrhage associated with a 2-point increase in the
NIHSS score. Detailed descriptions of the registry’s
design and data collection are documented in prior
publications.?%:2!

Ethics Statement

Institutional review boards at all involved centers
approved the collection of clinical information in the
CRCS-K-NIH registry to monitor and improve the
quality and outcomes of stroke care, granting a waiver
of informed consent due to data anonymization and
minimal participant risk. The institutional review boards
also approved this research’s specific use of the
registry database.

Statistical Analysis

Baseline characteristics, acute treatments, and
outcomes were analyzed by calendar year, focusing
on the proportions of participants with mild (NIHSS
scores <4) and severe strokes (NIHSS scores >15),
onset to arrival time, and the promptness of IVT and
EVT administration. Missing data and outliers were
handled in a predefined manner: door-to-needle time
for patients treated with IVT was analyzed in 8189
subjects, excluding those without data (n=37), with
door-to-needle times >12 hours (n=35), or with negative
values due to receiving IVT at referral hospitals (n=1047).
Door-to-puncture time for patients treated with EVT
was analyzed in 5783 patients, excluding those without
data (n=16), with door-to-puncture times >24hours
(n=72), or with negative values due to receiving EVT
at referral hospitals (n=66). Hospital length of stay
was evaluated in 72278 patients with hospitalization
durations within 1 SD (2-26days). The rate of dual
antiplatelet therapy at discharge was specifically
calculated for 16 764 patients with noncardioembolic
minor stroke (NIHSS score <3) or high-risk TIA with a
relevant diffusion-weighted imaging lesion.

Calendar year was treated as a continuous variable.
Annual trends of the study variables were expressed
by the regression coefficient (f), obtained by gener-
alized linear mixed models with a random center ef-
fect to control for variations in age, sex, and center in
examining baseline characteristics, diagnostic evalu-
ations, and discharge medications. The initial NIHSS
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Figure 1.

Trends in stroke severity and prestroke medication use (2011-2020).

Mild stroke (NIHSS <4) increased from 47.8% to 53% (8=0.021, P<0.01); severe stroke (NIHSS >15)

decreased from 12.4% to 10.4% (8=-0.034, P<0.01);

prestroke antiplatelet use fluctuated slightly and

ended at 29% ($=-0.025, P<0.01); prestroke oral anticoagulants use in atrial fibrillation increased from

28.4% to 56.1% (p=0.148, P<0.01); prestroke statin use

increased from 15.1% to 25.2% (8=0.059, P<0.01).

The regression coefficient (f) of the study variables was obtained by generalized linear mixed models with
adjustment for age and sex with random effects for the center (detailed values refer to Table S3). NIHSS

indicates National Institutes of Health Stroke Scale.

score was also adjusted in analyses related to acute
treatment and outcomes.

Statistical significance was set at a 5% level, with all
P values being 2-sided. SAS version 9.4 (SAS Institute,
Inc., Cary, NC) was used for statistical analysis.

RESULTS

From 2011 to 2020, 77662 patients were enrolled in
the CRCS-K-NIH registry, with TIA cases constitut-
ing 9.3% (n=7212). Compared with the national stroke
audit cohort, the age distribution and initial NIHSS
score ranges of the patients in our study were com-
parable. Nevertheless, the mean age of our patients
(65.6years in men; 71.6years in women) was margin-
ally lower, and the mean initial NIHSS score (5.3) was
somewhat higher (Table S2 and Figures S1 and S2).

Baseline Characteristics

Over the past decade, the average age of patients in-
creased by 2.2 years for men and 2.4 years for women,
with a slight rise in the proportion of male patients
(Table). Despite an aging stroke demographic, major
modifiable risk factors remained stable. The rate of cur-
rent smoking showed a slight decreasing trend, and
new dyslipidemia diagnoses significantly decreased

J Am Heart Assoc. 2025;14:e035218. DOI: 10.1161/JAHA.124.035218

from 56.5% in 2011 to 27.7% in 2020 (P<0.01). Among
patients diagnosed with atrial fibrillation, the rate of oral
anticoagulant use before stroke increased significantly
from 28.4% in 2011 to 56.1% in 2020. Statin use be-
fore stroke also rose steadily, with 25.2% of patients
using statins in 2020. Stroke severity at presentation
decreased, with the mean initial NIHSS score dropping
from 6.0 to 5.4. The instances of mild stroke (NIHSS
<4) increased, while severe strokes (NIHSS >15) de-
clined (Figure 1 and Table S3). Emergency room ad-
missions increased slightly, with no meaningful change
in onset-to-arrival times. Large-artery atherosclerosis
remained the leading ischemic stroke subtype, with
slight shifts in subtype proportions over time (Figure 2
and Table S4).

Stroke Management

Among 70450 patients excluding TIA, EVT usage in-
creased from 5.4% in 2011 to 10.6% in 2020, while IVT
rates declined (Figure 3). These trends were consistent
across different patient groups, including those with
the cardioembolism subtype, patients using oral anti-
coagulants before stroke, patients aged >80years, and
those arriving at the hospital within different time win-
dows (<4.5hours, 4.5-24hours from the last-known-
normal time, or with unclear onset; Figure 4).
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Figure 2. Trends in TOAST subtypes over time (2011-2020).

The proportion of large-artery atherosclerosis decreased slightly (8=-0.018, P<0.01), small-vessel occlusion increased slightly
(8=0.01, P=0.01), while cardioembolism decreased (3=-0.029, P<0.01). Adjusted for age and sex (detailed values refer to Table S4).
TOAST indicates Trial of ORG 10172 in Acute Stroke Treatment.

Door-to-needle times for IVT remained stable, but evaluations, and prescriptions for dual antiplatelet ther-
the proportion of door-to-puncture times <60minutes apy, NOACs, and statins at discharge was observed
for EVT increased, albeit slightly (P<0.01; Table S5). (Figures 5 and 6). Dual antiplatelet therapy use notably
Increased use of stroke unit care, noninvasive cardiac doubled in patients with noncardioembolic minor stroke

20

15

Percentage
=
o

—e— |VT total
—e— EVT total
—e— |VT or EVT

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year of Admission

Figure 3. Trends in recanalization therapies over time (2011-2020).

The rate of IVT decreased (8=—0.011, P=0.01), while both the rate of EVT and the combined rate of IVT or
EVT increased (8=0.118, P<0.01 and $=0.04, P<0.01, respectively). Adjusted for age, sex, and initial NIHSS
score (detailed values refer to Table S5). EVT indicates endovascular thrombectomy; IVT, intravenous
thrombolysis; and NIHSS, National Institutes of Health Stroke Scale.
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Figure 4. Changes of recanalization therapy rates according to different clinical conditions.

An overall decrease in IVT rates and an increase in EVT rates were observed over the study period among patients with various
hospital arrival times after stroke onset (A), as well as in those with cardioembolic subtype, age>80y, and OAC use (B). CE indicates
cardioembolism; EVT, endovascular thrombectomy; IVT, intravenous thrombolysis; LNT, last-known-normal time; and OAC, oral
anticoagulant.

or high-risk TIA, and statin use in large-artery athero-
sclerosis and oral anticoagulant use in atrial fibrillation
increased, with NOACs surpassing warfarin since 2015.

decline (P<0.01; Figure 7). Conversely, symptomatic
hemorrhagic transformation rates following recanaliza-
tion therapy remained stable at 3.0%. Length of hospi-

tal stay has decreased significantly (Table S6).
Three-month outcomes were obtained for 96.2%
of the study subjects and 1-year outcomes for 92.1%
(Figure S3). There was a marked reduction in mor-
tality rates at both 3 and 12months (Figure 7 and

Outcomes
Neurological deterioration occurred in an average
of 10.4% of patients, showing a significant 10-year
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Figure 5. Trends in stroke unit care and diagnostic evaluations over time (2011-2020).

The rates of stroke unit care (8=0.111, P<0.01), transthoracic echocardiography (8=0.035, P<0.01), and
Holter monitoring (8=0.115, P<0.01) increased significantly, while the rates of perfusion-weighted images
<24 h from LNT (8=-0.024, P<0.01) and transesophageal echocardiography (8=-0.134, P<0.01) decreased
over the period from 2011 to 2020. Adjusted for age, sex, and initial NIHSS Stroke Scale score (detailed
values refer to Table S5). LNT indicates last-known-normal time; and NIHSS, National Institutes of Health
Stroke Scale.
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Figure 6. Trends in discharge medications over time (2011-2020).

The rates of using dual antiplatelet agents (aspirin + clopidogrel) (8=0.134, P<0.01), statin use (8=0.112,
P<0.01), NOAC ($=0.332, P<0.01), and the combined use of warfarin and NOACs (including apixaban,
dabigatran, rivaroxaban, and edoxaban) for atrial fibrillation (8=-0.28, P<0.01) at discharge increased
significantly, while the rate of warfarin use (8=-0.28, P<0.01) at discharge decreased significantly over the
period from 2011 to 2020. Adjusted for age, sex, and initial NIHSS score (detailed values refer to Table S5).
NOAC indicates novel oral anticoagulant; and NIHSS, National Institutes of Health Stroke Scale.

Table S6), peaking in 2014 (8.2% at 3months and
12.4% at 12months) before showing a downward
trend. Additionally, we observed a significant decrease
in the cumulative incidence of recurrent stroke up
to 1year (P<0.05). This decline in stroke recurrence

varied across pathogenetic subtypes, with large-artery
atherosclerosis and cardioembolism subtypes experi-
encing notable reductions, whereas the small-vessel
occlusion subtype did not (Table S7). The proportions
of excellent outcomes with an mRS score of O to 1 at

12
10
% h —e— Neurological deterioration in hospital
© 8 A ) G +— Death at 90 d
QCJ 7 —e— Deathatly
o s —e— Cumulative incidence of recurrent stroke at 90 d
& . A —e— Cumulative incidence of recurrent stroke at 1y
6 - .
4
2

2012 2014 2016 2018 2020
Year of admission

Figure 7. Trends in various stroke outcomes over time (2011-2020).

Neurological deterioration in hospital (8=—0.024, P<0.01), death at 90days (=-0.048, P<0.01) and 1year
(B=-0.039, P<0.01), and the cumulative incidence of recurrent stroke at 90days (8=-0.036, P<0.01) and
1year (=-0.043, P<0.01) decreased significantly over the period from 2011 to 2020. Adjusted for age,
sex, and initial NIHSS score (detailed values refer to Table S6). NIHSS indicates National Institutes of
Health Stroke Scale.
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Figure 8. Trends in functional outcomes over time (2011-2020).

Excellent (mRS 0-1) or favorable (MRS 0-2) functional outcomes at 90days ($=-0.006, P=0.06 and
=-0.005, P=0.11, respectively) and 1year (8=-0.016, P<0.01; and f=-0.011, P<0.01, respectively) after
stroke did not improve over the study period. Adjusted for age, sex, and initial NIHSS Stroke Scale score
(detailed values refer to Table S6). mRS indicates modified Rankin Scale; and NIHSS, National Institutes

of Health Stroke Scale.

3 and 12months did not show statistically significant
differences over the decade (Figure 8 and Table S8).
A post hoc sensitivity analysis tested the robustness
of results against potential selection bias from the tim-
ing of hospital entry into the study period. Consistent
trends were observed in the subgroup of 11 hospitals
with continuous involvement throughout the study pe-
riod across all temporal trends assessed, although
trends for these hospitals were no longer significant for
mRS scores 0 to 2 at 1year and cumulative incidence
of recurrent stroke at 7 days (Tables S9 through S11).

DISCUSSION

In our analysis of 77662 patients with acute ischemic
stroke or TIA from the 2011 to 2020 time period in a
nationwide multicenter stroke registry, we observed
improvement in most stroke outcomes across an
aging demographic. This period was characterized by
the wide adoption of advanced treatments like EVT,
NOAC, dual antiplatelet therapy, statin, and stroke unit
care. Despite these advancements, we observed a
stagnation in functional outcomes, and a decline in the
use of IVT over the years.

Our study might be the first to document changes
in the occurrence of neurological deterioration during
hospitalization, a condition often linked to stroke pro-
gression or recurrence and associated with poorer

J Am Heart Assoc. 2025;14:e035218. DOI: 10.1161/JAHA.124.035218

outcomes.”? Additionally, the observed decline in stroke
recurrence, especially in large-artery atherosclerosis
and cardioembolism subtypes, is also a notable find-
ing. The reductions in neurological deterioration and
stroke recurrence could be explained at least in part
by increased use of stroke unit care,?® dual antiplatelet
therapy,>® NOACs,>*2* and statins.”® However, direct
evidence of these treatments preventing neurological
deterioration is yet to be established. Enhanced di-
agnostic approaches, including more frequent use of
diffusion-weighted imaging and angiographic and car-
diac evaluations, also may have contributed to these
improvements through better identification, leading to
treatment of specific underlying causes of stroke.

The observed decline in ischemic stroke death in re-
cent decades'®'® can be attributed to better control of
vascular risk factors®® and advancements in in-hospital
management.?® Interestingly, this decline became more
pronounced following 2015, aligning with the seminal
EVT trials,?~2° with our data indicating a peak in mor-
tality rate in 2014 followed by a notable decrease from
2015 onwards (Figure 7). Additionally, the observed re-
duction in stroke severity may have contributed to im-
proved outcomes. However, our analysis, adjusted for
stroke severity, indicates that outcomes have improved
independently of stroke severity, suggesting other con-
tributing factors to these positive trends.

Contrary to other studies indicating a rise in
major vascular risk factors,'*'%0 our study found an
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unexpected decrease in the prevalence of hyperten-
sion and atrial fibrillation, despite an older population. In
Korea, hypertension management has improved con-
siderably, leading to a reduced prevalence of hyper-
tension in the general population from 1998 to 2018.8"
Additionally, the increased use of oral anticoagulants
for atrial fibrillation, particularly since the introduction
of NOAC reimbursement in South Korea for high-risk
patients in 2015, may explain the declining prevalence
in patients with ischemic stroke.® The rise in newly di-
agnosed atrial fibrillation cases could be attributed to
enhanced primary prevention and increased cardiac
evaluation. However, the stable proportion of most
newly diagnosed risk factors during hospitalization
over the decade suggests that primary prevention ef-
forts still leave room for improvement.

The observed reductions in large-artery athero-
sclerosis and cardioembolic subtypes may also be
linked to improved preventive strategies. The decline
in large-artery atherosclerosis, mirroring trends seen in
Western countries,® could be attributed to increased
statin use. Similarly, the reduction in cardioembolism
might be due to the expanded use of NOACs in pa-
tients with atrial fibrillation. The decrease in initial stroke
severity observed in our study may also result from
prestroke statin3 or NOAC administration.3* The in-
crease in strokes of unknown pathogenesis highlights
the potential need for broader application of advanced
diagnostic tools, such as implantable loop recorders,
to enhance identification of stroke pathogenesis.

Surprisingly, we did not observe any statistically
significant differences in functional outcomes during
our study period, contrary to expectations based on
international results. A recent Japanese study re-
ported improved functional outcomes with increase
in use of acute reperfusion therapy in patients with
acute ischemic stroke over 2 decades.'® However, in
our study, the IVT rate decreased after 2014, unlike in
other countries, where it has steadily risen in recent
years.'93%36 Notably, functional outcomes seemed to
improve in patients treated with IVT during our study
period (Table S12). This suggests that the declining IVT
rate might be a contributing factor to the lack of im-
provement in overall functional outcomes, despite an
increase in EVT rates. This finding highlights a poten-
tial area for further investigation and improvement in
stroke care strategies.

The decline in IVT rates in our study can be at-
tributed to several factors: a higher proportion of pa-
tients with mild strokes, increased prestroke use of
oral anticoagulants, and more comorbidities related
to an aging population. The simultaneous decrease in
IVT and increase in EVT, even among patients arriving
within 4.5hours of stroke or TIA onset, suggests that
a rise in IVT-ineligible patients may be driving the re-
duced IVT rate. This is supported by findings from the
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Swiss Stroke Registry, which reported a notably low
IVT rate in patients with ischemic stroke with atrial fibril-
lation on NOACs.34 This contrasts with recent research
suggesting the safety of IVT in patients who have taken
NOACs within 48 hours before stroke onset.®

The lack of improvement in onset to arrival time
highlights another potential area in need of improve-
ment. Innovations in prehospital stroke systems of
care are necessary, despite shortened door-to-needle
times and decreased neurological deterioration after
recanalization therapy (Tables S13 and S14). Factors
like an aging population and more older individuals liv-
ing alone may contribute to delays, warranting further
research to address these challenges. Additionally, de-
spite pivotal trials extending the recanalization therapy
window,%839 the use of perfusion imaging in patients
arriving within 24 hours after onset and those with un-
clear onset (accounting for 41% of our study population)
was lower than anticipated. This underuse represents
another potential area in need of novel strategies to
improve stroke functional outcomes.

Our study’s strengths include a large sample size
and consistent data collection using standardized pro-
tocols since 2008, encompassing a wide range of out-
come variables up to 1year after stroke. This allowed
for a comprehensive examination of trends in stroke
outcomes and their key determinants, such as stroke
severity, pathogenetic subtypes, and acute treatments.
The main analysis using random effects would have
accounted for interhospital variability.

However, there are study limitations to consider.
First, our participants may not fully represent the South
Korean stroke population at large, as the CRCS-K-NIH
registry primarily includes tertiary or training hospitals
engaged in continuous quality improvement activities.
Thus, there might be some differences between our
study and the national stroke audit. The rapid adop-
tion of advanced stroke treatments and associated
outcomes may be more favorable in our study than
in the national audit data. Additionally, as our study
population was predominantly Korean and all partici-
pating hospitals were in South Korea, ethnic and cul-
tural differences might limit the generalizability of our
findings to other settings. Second, the observational
nature of this study precludes determining causality
between treatment changes and outcomes. For exam-
ple, a detailed analysis to explain the lack of improve-
ment in functional outcomes is beyond the study’s
scope but warrants additional research to assess the
impact of advanced treatments on functional recov-
ery in real-world settings. Third, despite adjusting for
age, sex, and stroke severity, residual confounding
factors such as comorbidities, socioeconomic sta-
tus, and medication adherence might have influenced
the results. Fourth, the study period includes 2020,
the year the COVID-19 pandemic began. Compared

10
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with 2019, emergency room admissions decreased in
2020, while in-hospital neurological deterioration and
mortality rates increased, potentially due to the pan-
demic. However, when a post hoc analysis excluding
the 2020 data was performed, there were no signif-
icant changes in the trends of most study variables
(Tables S15 through S17). The impact of COVID-19 on
these trends will be analyzed in a separate study.

In summary, our study reveals that in South Korea
over the past decade, most clinical outcomes for pa-
tients with acute ischemic stroke or TIA have improved,
with the notable exception of functional outcomes.
During this period, there also has been a steady in-
crease in the use of treatments proven to be effective
in acute stroke treatment and subsequent prevention.
However, our results highlight several challenges that
need to be addressed to improve quality of stroke
care. Additional efforts to develop prehospital stroke
systems to reduce onset to arrival time and increase
the IVT rate promise to prove useful. Furthermore,
research to investigate whether the observed trends,
including decreased VT rates and stagnation of func-
tional outcomes, are unique to South Korea or repre-
sent broader trends in countries with older populations
and represent an area worthy of risk mitigation related
to the root causes of the findings.
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