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Background and Purpose  The influence of imaging features of brain frailty on outcomes 
were investigated in acute ischemic stroke patients with minor symptoms and large-vessel oc-
clusion (LVO).
Methods  This was a retrospective analysis of a prospective, multicenter, nationwide registry of 
consecutive patients with acute (within 24 h) minor (National Institutes of Health Stroke Scale 
score=0–5) ischemic stroke with anterior circulation LVO (acute minor LVO). Brain frailty was 
stratified according to the presence of an advanced white-matter hyperintensity (WMH) (Faze-
kas grade 2 or 3), silent/old brain infarct, or cerebral microbleeds. The primary outcome was a 
composite of stroke, myocardial infarction, and all-cause mortality within 1 year.
Results  In total, 1,067 patients (age=67.2±13.1 years [mean±SD], 61.3% males) were analyzed. 
The proportions of patients according to the numbers of brain frailty burdens were as follows: 
no burden in 49.2%, one burden in 30.0%, two burdens in 17.3%, and three burdens in 3.5%. In 
the Cox proportional-hazards analysis, the presence of more brain frailty burdens was associ-
ated with a higher risk of 1-year primary outcomes, but after adjusting for clinically relevant 
variables there were no significant associations between burdens of brain frailty and 1-year 
vascular outcomes. For individual components of brain frailty, an advanced WMH was inde-
pendently associated with an increased risk of 1-year primary outcomes (adjusted hazard ratio 
[aHR]=1.33, 95% confidence interval [CI]=1.03–1.71) and stroke (aHR=1.32, 95% CI=1.00–1.75).
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INTRODUCTION

A substantial proportion of patients with acute minor isch-
emic stroke and large-vessel occlusion (acute minor LVO) 
neurologically deteriorate during the acute periods and ex-
perience unfavorable outcomes.1 Further research is there-
fore warranted into the factors related to worse outcomes in 
patients with acute minor LVO.

Baseline imaging features of small-vessel disease (SVD) 
and brain frailty are commonly associated with worse out-
comes after acute stroke, particularly in the small-vessel stroke 
subtype.2 Imaging markers of brain frailty including white-
matter hyperintensities (WMHs), cerebral atrophy, and si-
lent brain infarct (SBI) are shared with markers of SVD, in-
cluding WMHs, microbleeds (MBs), prominent perivascular 
spaces, cerebral atrophy, and lacunes, all of which are linked 
to poor outcomes.3,4 Although individual imaging features of 
SVD or brain frailty (except WMH) might not be directly re-
lated to the overall prognosis, combined features represent-
ing global brain health, such as the SVD score or brain frailty 
score, have been linked to outcomes,5,6 mainly in the small-
vessel stroke subtype.2,7 Impairment of functional connectiv-
ity might partly account for poor outcomes, especially in 
the small-vessel stroke subtype.

However, there have been conflicting findings for wheth-
er imaging features of SVD (including WMH) are associat-
ed with an increased risk of poor outcomes in LVO strokes 
treated with or without endovascular thrombectomy.8,9 LVO 
stroke differs from small-vessel stroke in its clinical presen-
tation, risk factors, and outcomes.10 Nonetheless, the total 
burden of SVD has predictive value for stroke recurrence in 
stroke patients with the large-artery atherosclerosis sub-
type.11 Determining how the imaging features of brain frail-
ty or SVD influence outcomes may help to identify useful 
therapeutic strategies for the specific stroke populations of 
acute minor LVO.

This study therefore investigated whether the 1-year vas-
cular outcomes of patients with acute minor LVO were as-
sociated with individual and combined imaging markers of 
brain frailty or SVD, including WMH, SBI, and MB.

METHODS

Subjects
This study performed a post-hoc analysis of an imaging reg-
istry for acute minor LVO that was derived from the Clinical 
Research Center for Stroke–Korea (CRCS-K) registry. The 
CRCS-K registry is a prospective, multicenter, nationwide 
registry of consecutive patients with acute stroke or tran-
sient ischemic attack (TIA) admitted to 17 academic hospi-
tals in South Korea. Detailed methodology information about 
the CRCS-K registry and the acute minor LVO registry has 
been reported previously.12-14 We identified patients with acute 
ischemic stroke admitted between January 2015 and March 
2019. We included patients who 1) presented within 24 h 
after the last known time when they were well (n=24,596), 
2) had a baseline National Institutes of Health Stroke Scale 
(NIHSS) score of 0 to 5 points (n=15,436), 3) had anterior 
circulation LVO (ICA, or M1 or proximal M2 segment of the 
MCA) confirmed by neuroimaging (n=1,083), and 4) un-
derwent imaging analysis of brain frailty (n=1,067). A de-
tailed patient selection flowchart is shown in Supplementa-
ry Fig. 1 (in the online-only Data Supplement). 

Ethics statement
Clinical information was collected from the CRCS-K regis-
try and the acute minor LVO registry with approval from the 
local institutional review boards of all participating centers. 
A waiver of the need to obtain informed consents was pro-
vided because the study subjects were anonymous and there 
was minimal risk to the participants. The secondary use of 
the registry data and additional reviews of the medical re-
cords and imaging data by this study were approved by the 
Institutional Review Boards (IRB No. CNUH-2023-243). 
The data used in this study are available upon reasonable re-
quest following the submission of a legitimate academic re-
search proposal, which would be assessed by the CRCS-K 
steering committee.

Data collection
Demographic, clinical, and laboratory data were collected 
prospectively, as detailed in the Supplementary Methods (in 

Conclusions  The baseline imaging markers of brain frailty were common in acute minor isch-
emic stroke patients with LVO. An advanced WMH was the only frailty marker associated with 
an increased risk of vascular events. Further research is needed into the association between brain 
frailty and prognosis in patients with acute minor LVO.
Key Words    brain frailty; white-matter hyperintensity; acute ischemic stroke;  

large-vessel occlusion; acute minor stroke.
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the online-only Data Supplement). The ischemic stroke sub-
types were classified according to the Trial of Org 10172 in 
Acute Stroke Treatment (TOAST) criteria, which were re-
fined to incorporate additional information from more-re-
cent imaging studies.15

All neuroimaging data were collected retrospectively and 
independently evaluated by a central imaging laboratory. The 
details of the imaging analysis method are available else-
where14 and in the Supplemental Methods. In briefly, the im-
ages were assessed for the Alberta Stroke Program Emergent 
CT Score (ASPECTS), location of cerebral artery occlusion, 
tandem occlusion, WMH (Fazekas grade), SBI, and MB. An 
advanced WMH was defined as Fazekas grade 2 or 3. Brain 
frailty was stratified according to the presence of an advanced 
WMH (grade 2 or 3), SBI, or cerebral MB.2 These three find-
ings were summed to generate a score for the burden of brain 
frailty or SVD (we described this as the brain frailty burden 
for this study), which ranged from 0 to 3.

The central imaging laboratory consisted of vascular neu-
rologists (J.H.H., B.J.K., B.J.K., C.K.K., and J.T.K.), interven-
tional neurologists (J.G.K., H.P., and J.S.Y.), and an interven-
tional radiologist (S.H.B.). All images were independently 
evaluated by at least two raters. Any discrepancy in the read-
ings between the raters was adjudicated by a panel (B.J.K., 
J.S.Y., and S.H.B.) to reach the final assessment. Details on 
the collection, anonymization, storage, and backing-up of 
images as well as on the image reading process are available 
elsewhere.14

 
Outcomes
To explore several hypotheses from previous studies, the out-
comes of interest were in two domains: 1) 1-year vascular 
events and 2) early functional outcomes at 3 months. The 
primary outcome for vascular events was a composite of 
stroke (either ischemic or hemorrhagic), myocardial infarc-
tion (MI), and all-cause mortality within 1 year. Stroke events 
included neurological progression associated with enlarged 
or discrete new lesions during the acute period. The second-
ary outcomes were individual outcomes except for MI due 
to a low event rate: 1) stroke and 2) all-cause mortality. De-
tailed definitions of the vascular outcome events and the 
methods used for outcome capture in the current study are 
available elsewhere.12

The main functional outcome was no or minimal disabil-
ity at 3 months, defined as a modified Rankin Scale (mRS) 
score of 0 or 1. The secondary outcomes were functional in-
dependence at 3 months (mRS score=0–2), hemorrhagic trans-
formation (HT), and parenchymal hematoma (PH).

Statistical analysis
The baseline characteristics and outcomes were compared 
according to the brain frailty burdens using the chi-square 
test, ANOVA, or Kruskal–Wallis test as appropriate. The 
event probabilities of 1-year vascular outcomes according 
to the total number of brain frailty burdens and each brain 
frailty were calculated using the Kaplan–Meier method, and 
the log-rank test was performed to analyze the differences 
among the groups. Hazard ratios (HRs) and 95% confidence 
intervals (CIs) of 1-year vascular outcomes were analyzed 
using the Cox proportional-hazards model. We tested the 
proportional-hazards assumption using the numerical meth-
od proposed by Lin et al.16 derived from cumulative sums of 
Martingale residuals. Adjustments were made for the fol-
lowing predetermined variables with clinically relevant as-
sociations with the outcome variables: age, sex, initial NI-
HSS score, arrival delay, TOAST stroke subtype, history of 
stroke, history of coronary artery disease, hypertension 
(HTN), diabetes mellitus (DM), atrial fibrillation, dyslipid-
emia, artery occlusion, glucose, and systolic blood pressure. 
Interactions among WMH, SBI, and MB were evaluated us-
ing the Wald test in a Cox model.

A logistic regression model was used to explore the rela-
tionships of each brain frailty and the total number of brain 
frailty burdens with the functional outcomes at 3 months 
(mRS score=0 or 1, mRS score=0–2, HT, and PH). Estimates 
of the effect size are provided as adjusted odds ratio (aOR) 
and 95% CI values.

Statistical analyses were performed with R software using 
the “rms” package (version 3.6.0, R Foundation for Statisti-
cal Computing, Vienna, Austria) and SAS software (version 
9.4, SAS Institute, Cary, NC, USA).

RESULTS

General characteristics
Among the 24,596 patients with stroke or TIA registered in 
the CRCS-K database during the study period, 1,067 pa-
tients (age=67.2±13.1 years [mean±SD], 61.3% males) were 
finally included. The median baseline NIHSS score was 2 
(interquartile range [IQR]=1–4). The proportion of patients 
with different numbers of brain frailty burdens were as fol-
lows: no burden in 49.2%, one burden in 30.0%, two burdens 
in 17.3%, and three burdens in 3.5%. Patients with more brain 
frailty burdens were more likely to have HTN, DM, and a 
history of stroke, while patients without a brain frailty bur-
den were younger (Table 1). The imaging findings of the sub-
jects and the characteristics of the individual and combined 
features of brain frailty are presented in Supplementary Ta-
bles 1 and 2 (in the online-only Data Supplement). An ad-
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Table 1. General characteristics of the subjects according to the number of brain frailty burdens

No burden 1 burden 2 burdens 3 burdens p*

Number of subjects 525 320 185 37 1,067

Age, years 62.9±13.3 69.6±11.8 74.0±10.7 72.5±11.3 <0.001

Sex, male 336 (64.0) 191 (59.7) 106 (57.3) 21 (56.8) 0.316

Arrival delay 0.010

≤6 h 135 (25.7) 112 (35.0) 62 (33.5) 15 (40.5)

>6 h 390 (74.3) 208 (65.0) 123 (66.5) 22 (59.5)

Weight, kg 66.0±12.5 63.6±11.3 61.5±12.1 62.2±12.2 <0.001

Height, cm 164.9±8.2 163.1±8.4 161.4±8.7 161.3±9.6 <0.001

BMI, kg/m2 24.1±3.7 23.7±3.5 23.3±4.1 23.7±2.8 0.069

NIHSS score 2 [1–4] 2 [1–4] 3 [1–4] 3 [1–4] 0.177

Prestroke mRS 0–1 503 (95.8) 292 (91.3) 158 (85.4) 32 (86.5) <0.001

TOAST stroke subtype 0.153

LAA 165 (31.4) 111 (34.7) 80 (43.2) 14 (37.8)

CE 170 (32.4) 91 (28.4) 49 (26.5) 11 (29.7)

UD/OE 190 (36.2) 118 (36.9) 56 (30.3) 12 (32.4)

Medical history

History of stroke 48 (9.1) 75 (23.4) 71 (38.4) 18 (48.6) <0.001

History of TIA 22 (4.2) 11 (3.4) 8 (4.3) 1 (2.7) 0.914

History of CAD 34 (6.5) 35 (10.9) 22 (11.9) 4 (10.8) 0.054

History of PAD 3 (0.6) 5 (1.6) 3 (1.6) 0 (0.0) 0.340

Hypertension 276 (52.6) 214 (66.9) 136 (73.5) 29 (78.4) <0.001

Diabetes mellitus 122 (23.2) 108 (33.8) 63 (34.1) 17 (45.9) <0.001

Dyslipidemia 120 (22.9) 96 (30.0) 49 (26.5) 10 (27.0) 0.145

Atrial fibrillation 150 (28.6) 86 (26.9) 51 (27.6) 11 (29.7) 0.949

Smoking, current 154 (29.3) 67 (20.9) 26 (14.1) 8 (21.6) <0.001

Medication history

Antihypertensive 200 (38.1) 176 (55.0) 116 (62.7) 23 (62.2) <0.001

Antidiabetic 83 (15.8) 90 (28.1) 45 (24.3) 12 (32.4) <0.001

Statin 80 (15.2) 76 (23.8) 43 (23.2) 13 (35.1) <0.001

Antiplatelet 115 (21.9) 108 (33.8) 67 (36.2) 15 (40.5) <0.001

Laboratory findings

WBC count, ×103/µL 8.2±2.9 8.1±3.1 8.1±2.7 8.1±2.5 0.940

Creatinine, mg/dL 0.95±1.10 0.96±0.41 1.00±0.49 1.01±0.51 0.918

Hemoglobin, g/dL 14.1±1.8 13.5±2.0 13.4±2.0 13.5±2.0 <0.001

LDL, mg/dL 105.0±32.1 101.8±36.4 97.0±36.0 103.5±36.7 0.049

Glucose, mg/dL 136.7±56.6 146.3±74.3 149.1±70.9 138.8±52.4 0.065

PT, INR 1.03±0.16 1.07±0.36 1.09±0.45 1.05±0.13 0.088

SBP, mm Hg 144.7±26.2 144.6±25.2 144.2±27.6 160.1±31.1 0.006

Reperfusion therapy 0.145

No 376 (71.6) 246 (76.9) 146 (78.9) 32 (86.5)

IVT 62 (11.8) 31 (9.7) 14 (7.6) 3 (8.1)

IAT 54 (10.3) 33 (10.3) 20 (10.8) 1 (2.7)

IVT+IAT 33 (6.3) 10 (3.1) 5 (2.7) 1 (2.7)

In-hospital treatment

Antihypertensive 165 (31.4) 137 (42.8) 91 (49.2) 27 (73.0) <0.001

Antidiabetic 468 (89.1) 283 (88.4) 160 (86.5) 34 (91.9) 0.712

Statin 91 (17.3) 76 (23.8) 51 (27.6) 13 (35.1) 0.002
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vanced WMH (grade 2 or 3), MB, and SBI were observed in 
28.6%, 11.1%, and 35.4% of the patients, respectively.

One-year vascular outcomes
The median follow-up duration was 365 days (IQR=355–374 
days, 342±93 days), with 91% of the patients completing the 
1-year follow-up. The primary composite outcome of stroke, 
MI, and all-cause mortality occurred in 315 patients, and the 
1-year cumulative event rate was 30.2%. For individual com-
ponents of the composite outcome, the 1-year event rates 
were 26.2% for stroke, 0.7% for MI, and 6.9% for all-cause 
mortality. Early progressive/recurrent stroke during hospi-
talization occurred in 226 patients (21.2%). 

In the crude analysis, the primary outcome events at 1 year 
occurred in 49.5%, 35.8%, 31.9%, and 25.8% of the patients 
with three, two, one, and no burden, respectively (p value in 
log-rank test=0.006). The rate of all-cause mortality was lowest 
in the no-burden group (4.4%) and highest in the three-bur-
dens group (11.4%) (p value in log-rank test=0.014). Table 2 
lists the 1-year event rates according to the individual com-
ponents and burdens of brain frailty. The 1-year rates of pri-
mary outcomes, stroke, and all-cause mortality differed sig-
nificantly according to the presence of an advanced WMH 
and the WMH severity.

In the Cox proportional-hazards analysis, a larger number 
of brain frailty burdens (compared with no burden) was as-
sociated with 1-year primary outcomes, all-cause mortality, 
and stroke. However, there was no longer a significant asso-
ciation between brain frailty burdens and 1-year vascular out-
comes after adjusting for clinically relevant variables (Table 3). 
Regarding the individual components of brain frailty, an ad-
vanced WMH (grade 2 or 3) was independently associated 
with an increased risk of 1-year primary outcomes (adjusted 
HR [aHR]=1.33, 95% CI=1.03–1.71) and stroke (aHR=1.32, 
95% CI=1.00–1.75). Compared with no WMH, more-severe 
WMH was associated with higher risks of 1-year primary 
outcomes (mild WMH: aHR=1.43, 95% CI=0.97–2.10; mod-

erate WMH: aHR=1.68, 95% CI=1.07–2.62; and severe WMH: 
aHR=2.32, 95% CI=1.38–3.90) and stroke (mild WMH: aHR= 
1.53, 95% CI=1.02–2.30; moderate WMH: aHR=1.79, 95% 
CI=1.11–2.88; and severe WMH: aHR=2.42, 95% CI=1.38–
4.25). 

The associations of the different components of brain frail-
ty with 1-year vascular outcomes are presented in Table 3. Ka-
plan–Meier curves of event-free survival for 1-year primary 
outcomes according to brain frailty burdens and the presence 
of individual brain frailty components in brain MRI are shown 
in Figs. 1 and 2. Additionally, Kaplan–Meier curves of event-
free survival for individual vascular outcomes within 1 year 
are shown in Supplementary Fig. 2 (for brain frailty burden), 
Supplementary Table 3, Supplementary Fig. 3 (for all-cause 
mortality), and Supplementary Table 4, Supplementary Fig. 4 
(for stroke) in the online-only Data Supplement.

Three-month functional outcomes
Three months of mRS scores were available for 1,056 pa-
tients, among whom 569 (53.9%) had excellent outcomes 
(no or minimal disability; mRS score=0 or 1) at 3 months. 
Excellent outcomes at 3 months were significantly more com-
mon in the patients with fewer brain frailty burdens (no bur-
den, 62.8%; one burden, 50.2%; two burdens, 6.6%; and three 
burdens, 44.4%, p<0.001). The frequency of a good outcome 
at 3 months (functional independence; mRS score=0–2) also 
differed significantly according to brain frailty burdens (Sup-
plementary Table 5 in the online-only Data Supplement). 
However, the prevalence rates of HT and PH did not differ 
significantly with the number of brain frailty burdens. The 
3-month functional outcomes according to the imaging mark-
ers of brain frailty are presented in Supplementary Table 6 (in 
the online-only Data Supplement).

The associations of the 3-month functional outcomes with 
brain frailty burdens are presented in Supplementary Tables 
7 and 8 (in the online-only Data Supplement). In the crude 
analysis, the brain frailty burdens and the presence of indi-

Table 1. General characteristics of the subjects according to the number of brain frailty burdens (continued)

No burden 1 burden 2 burdens 3 burdens p*

Antithrombotic treatment 0.450

No antiplatelet 154 (29.3) 107 (33.4) 60 (32.4) 12 (32.4)

Monotherapy 264 (50.3) 140 (43.8) 78 (42.2) 17 (45.9)

Dual therapy 107 (20.4) 73 (22.8) 47 (25.4) 8 (21.6)

Oral anticoagulation 156 (29.7) 94 (29.4) 42 (22.7) 10 (27.0) 0.310

Data are mean±SD, n (%), or median [interquartile range] values.
*p value in the chi-square test, Fisher’s exact test, ANOVA, or Kruskal–Wallis test.
BMI, body mass index; CAD, coronary artery disease; CE, cardio-embolism; IAT, intra-arterial therapy; INR, international normalized ratio; IVT, intrave-
nous thrombolysis; LAA, large-artery atherosclerosis; LDL, low-density lipoprotein; mRS, modified Rankin Scale; NIHSS, National Institutes of Health 
Stroke Scale; PAD, peripheral artery disease; PT, prothrombin time; SBP, systolic blood pressure; TIA, transient ischemic attack; TOAST, Trial of Org 10172 
in Acute Stroke Treatment; UD/OE, undetermined/other determined etiology; WBC, white blood cell.
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vidual brain frailty were significantly associated with a low-
er probability of excellent and good outcomes at 3 months. 
After adjusting for clinically relevant variables, the only in-
dividual components of brain frailty that were independent-
ly associated with functional outcomes at 3 months were the 
severity of WMH and the presence of advanced WMH (mRS 
score=0 or 1: aOR=0.70, 95% CI=0.52–0.96; mRS score=0–2: 
aOR=0.74, 95% CI=0.53–1.02).

DISCUSSION

The present analysis of 1,067 patients with acute minor isch-

emic stroke with LVO revealed that baseline imaging mark-
ers of brain frailty were common but not significantly asso-
ciated with increased risks of 1-year vascular outcomes and 
worse functional outcomes at 3 months. However, an ad-
vanced WMH (one of the imaging features of brain frailty) 
was significantly associated with higher risks of 1-year pri-
mary vascular outcomes and 3-month worse functional 
outcomes. 

We observed imaging features of brain frailty in approxi-
mately half of the patients with acute minor ischemic stroke 
with LVO. Multiple imaging features of brain frailty were 
observed in one of every five patients with acute minor LVO. 

Table 3. Associations of brain frailty with 1-year primary outcomes

Crude HR (95% CI) p p* Adjusted HR (95% CI) p p*

SBI

Absent 1 (ref) 1 (ref)

Present 1.24 (0.99–1.55) 0.064 0.068 1.09 (0.85–1.39) 0.509 0.496

WMH severity

None 1 (ref) 1 (ref)

Mild 1.50 (1.04–2.15) 0.028 0.922 1.43 (0.97–2.10) 0.071 0.532

Moderate 1.88 (1.27–2.79) 0.002 0.155 1.68 (1.07–2.62) 0.023 0.749

Severe 2.64 (1.67–4.18) <0.001 0.028 2.32 (1.38–3.90) 0.002 0.327

Advanced WMH

Grade 0 or 1 1 (ref) 1 (ref)

Grade 2 or 3 1.51 (1.20–1.90) <0.001 0.003 1.33 (1.03–1.71) 0.029 0.066

Cerebral MB

Absent 1 (ref) 1 (ref)

Present 1.20 (0.87–1.67) 0.266 0.088 1.07 (0.77–1.50) 0.677 0.272

Brain frailty 

No burden 1 (ref) 1 (ref)

One or more burdens 1.36 (1.09–1.70) 0.007 1.18 (0.92–1.51) 0.196

Brain frailty burdens

None 1 (ref) 1 (ref)

One 1.24 (0.96–1.61) 0.104 0.011 1.12 (0.86–1.48) 0.402 0.077

Two 1.44 (1.07–1.93) 0.017 0.090 1.22 (0.88–1.69) 0.240 0.500

Three 1.98 (1.21–3.24) 0.006 0.002 1.55 (0.92–2.62) 0.102 0.032

Types of burdens

WMH (–)/SBI (–)/MB (–) 1 (ref) 1 (ref)

WMH (–)/SBI (–)/MB (+) 1.00 (0.53–1.90) 0.999 0.87 (0.65–1.17) 0.361

WMH (–)/SBI (+)/MB (–) 1.15 (0.83–1.59) 0.394 1.06 (0.91–1.24) 0.433

WMH (–)/SBI (+)/MB (+) 0.94 (0.39–2.30) 0.896 0.89 (0.60–1.34) 0.585

WMH (+)/SBI (–)/MB (–) 1.49 (1.04–2.14) 0.029 1.35 (1.14–1.61) <0.001

WMH (+)/SBI (–)/MB (+) 1.56 (0.77–3.19) 0.221 1.43 (1.03–1.99) 0.033

WMH (+)/SBI (+)/MB (–) 1.49 (1.08–2.06) 0.014 1.25 (1.07–1.47) 0.006

WMH (+)/SBI (+)/MB (+) 1.98 (1.21–3.24) 0.006 1.55 (1.22–1.96) <0.001

Adjusted variables: age, sex, arrival delay, TOAST stroke subtype, history of stroke, history of coronary artery disease, hypertension, diabetes mellitus, 
atrial fibrillation, dyslipidemia, large-vessel occlusion location, glucose, systolic blood pressure, and initial NIHSS score.
*p value in proportional-hazards-assumption tests.
CI, confidence interval; HR, hazard ratio; MB, microbleed; NIHSS, National Institutes of Health Stroke Scale; ref, reference; SBI, silent brain infarct; 
TOAST, Trial of Org 10172 in Acute Stroke Treatment; WMH, white-matter hyperintensity.
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Although this study did not analyze all imaging markers for 
SVD and brain frailty, the MRI markers of MB, WMH, and 
SBI that were used in our study are clinically practical be-
cause they can be objectively assessed visually. 

The present results are consistent with previous reports 
that SVD burdens can co-occur with LVO stroke17 and that 
there is a potential link between LVO stroke and SVD bur-
dens in terms of risk factors and pathogenesis.18 While MRI 
markers such as WMH, SBI, and MB are often associated 
with small vascular events in the brain, it must be remem-
bered that they can also have other causes.19,20 Additionally, 
SVD is commonly attributed to factors such as longstanding 
HTN, DM, and aging. Hence, brain frailty may arise as a con-
sequence of these underlying conditions rather than being a 
predictive factor for stroke prognosis. Further research is 
necessary to characterize this relationship in more detail.

We also found that the number of brain frailty burdens 
was consistently correlated with the risk of recurrent vascu-
lar events for up to 1 year, increasing from 25.8% with no 
burden to 49.5% with three burdens. Although being statis-
tically not significant, the unadjusted event rates of vascular 
outcomes numerically increased with the number of brain 
frailty burdens in our study. A WMH was the imaging frail-
ty marker that contributed the most to the differences in vas-
cular outcomes. It is well known that WMHs are very com-
mon in elderly individuals, implying higher morbidity and 
severity of the related diseases.21,22 A WMH might be an im-
aging marker of disruption to the white-matter fiber tracts 
and/or network architecture of the brain, and widespread 
changes in white-matter tissue microstructure may result in 

unfavorable outcomes partially due to impaired brain plas-
ticity.23,24 Moreover, a WMH may represent advanced im-
pairment of the microvasculature of the brain and increase 
the risk of ischemic stroke recurrence.

Additionally, patients with more brain frailty burdens 
seemed to be less likely to have good outcomes at 3 months. 
More brain frailty burdens, and especially advanced WMHs, 
represent worse global brain health rather than merely a 
collection of individual brain lesions, and these patients could 
be vulnerable to ischemic insult due to impaired autoregu-
lation and compensatory collateral flows.25,26 Our results are 
consistent with previous findings of increased brain frailty 
features or SVD burdens being related to increased risks of 
recurrent stroke and worse functional outcomes at 3 months.2,27

Most ischemic stroke patients present with minor symp-
toms and are generally considered to have a favorable long-
term outcome.28 In the CRCS-K registry, outcomes after 3 
months were good (mRS score=0–2) in 74.4% of an overall 
stroke population13 and in 71.5% of those with acute minor 
LVO.14 However, a substantial number of patients with acute 
minor LVO showed neurologically deterioration during the 
early periods after stroke and had unfavorable outcomes.1 
We found that among patients with acute minor LVO, those 
with more brain frailty burdens (especially an advanced 
WMH) are at a higher risk and potentially frail, which could 
lead to more subsequent vascular events and unfavorable 
functional outcomes. Further studies are warranted to deter-
mine whether the additional factors affecting the risk of worse 
outcomes are useful in decision-making for such patients. 

This study had several limitations. First, certain imaging 
markers of brain frailty and SVD were not comprehensively 
assessed, such as prominent perivascular spaces, cerebral at-
rophy, and lacunes. Although it would be ideal to analyze all 
markers of brain frailty, this study considered only three im-
aging markers because they could be visually assessed in ac-
tual clinical settings, which is practically useful for determin-
ing their clinical significance. This study did not consider the 
burden and location of cerebral MB, and did not incorpo-
rate the recently published Boston criteria for cerebral amy-
loid angiopathy,29 since the focus was specifically on patients 
with acute minor ischemic stroke with LVO. Therefore, the 
findings might not reflect the impact of these criteria. The 
study also did not consider the location of SBI and WMHs 
(deep or periventricular). The lack of a significant association 
between brain frailty burdens and outcomes may have been 
due to our sample being statistically underpowered. Further 
studies with larger samples are therefore warranted. Second, 
restricting the study population to those with acute minor 
LVO may have introduced a particular type of selection bias 
known as collider stratification bias. This can distort the re-
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lationship of baseline risk factors with the outcome of inter-
est. Third, the rate of stroke events within 1 year was substan-
tially higher than in previous stroke studies. Because this 
study included patients with acute minor ischemic stroke 
with LVO, early progressive or recurrent stroke events were 
included as stroke events. Additionally, the participating hos-
pitals were tertiary (university) hospitals or regional stroke 
centers (e.g., comprehensive stroke centers). Fourth, this 
study had inherent limitations associated with its registry-
based retrospective design. Although rigorous adjusting for 
clinically relevant variables was used to mitigate the base-
line differences, the possibility of unmeasured or residual 
confounding cannot be excluded. Fifth, although this was a 
large, prospective, nationwide study, the patient cohort was 

restricted to an Asian population (South Korea), and so stud-
ies involving other racial and ethnic groups are needed to 
confirm the generalizability of the present results.

In conclusion, imaging markers of brain frailty were com-
mon among the included acute minor ischemic stroke pa-
tients with LVO. In particular, advanced WMHs were sig-
nificantly associated with higher risks of 1-year vascular 
outcomes and 3-month worse functional outcomes. These 
results might necessitate a more-vigilant approach for mild 
LVO patients with advanced WMHs; this possibly needs to 
be elucidated in future studies. 
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