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Objective : Arterial stiffness is a common change associated with aging 
and can be evaluated by measuring pulse wave velocity (PWV) between 
sites in the arterial tree, with the stiffer artery having the higher PWV. 
Arterial stiffness is associated with the risk of stroke in the general pop-
ulation and of fatal stroke in hypertensive patients. This study is to clarify 
whether PWV value predicts functional outcome of acute ischemic stroke.

Methods : One hundred patients were enrolled with a diagnosis of acute 
ischemic stroke and categorized into two groups: large-artery athero-
sclerosis (LAAS) or small vessel disease (SVD) subtype of Trial of Org 
10172 in Acute Stroke Treatment (TOAST) classification. Each group was 
divided into two sub-groups based on the functional outcome of acute 
ischemic stroke, indicated by modified Rankin Scale (mRS) at discharge. 
Poor functional outcome group was defined as a mRS ≥ 3 at discharge. 
Student's t-test or Mann-Whitney U-test were used to compare maximal 
brachial-ankle PWV (baPWV) values.

Results : Twenty-four patients whose state was inadequate to assess 
baPWV or mRS were excluded. There were 38 patients with good func-
tional outcome (mRS < 3) and 38 patients with poor functional outcome 
(mRS ≥ 3). The baPWV values were significantly higher in patients with 
poor outcome (2,070.05 ± 518.37 cm/s) compared with those with good 
outcome (1,838.63 ± 436.65) (p = 0.039). In patients with SVD subtype, 
there was a significant difference of baPWV values between groups 
(2,163.18 ± 412.71 vs. 1,789.80 ± 421.91, p = 0.022), while there was 
no significant difference of baPWV among patients with LAAS subtype 
(2,071.76 ± 618.42 vs. 1,878.00 ± 365.35, p = 0.579).

Conclusions : Arterial stiffness indicated by baPWV is associated with the 
functional outcome of acute ischemic stroke. This finding suggests that 
measurement of baPWV predicts functional outcome in patients with stroke 
especially those whose TOAST classification was confirmed as SVD subtype.
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INTRODUCTION Arterial stiffness is a common change associated 

with aging.28) Vascular stiffening develops from a com-
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plex interplay between stable and dynamic changes 

involving structural and cellular elements of the ves-

sel wall. These alterations of arterial stiffening are 

closely related to a multitude of potentially interacting 

factors including atherosclerosis, hemodynamic forces, 

hormonal milieu, endothelial dysfunction, oxidative 

stress, inflammation, and vascular calcification.17)33)38)39)41) 

The role of biochemical changes in arterial stiffness in 

acute ischemic stroke is not known. Current research on 

the relation between arterial stiffness and cardiovascular 

disease demonstrates that arterial stiffness contributes to 

cardiovascular diseases in older individual.29)

Pulse wave velocity (PWV) is a simple, non-invasive 

indicator of arterial stiffness and has been researched 

extensively to confirm its value.15) PWV value is usu-

ally measured as the carotid-femoral PWV (cfPWV) or 

the brachial-ankle PWV (baPWV).3)17)32)39) In particular, 

baPWV is ideal for large scale population studies be-

cause it is simpler than cfPWV.19)30)40)

Increased PWV is associated with higher risk and 

mortality of cardiovascular events such as coronary 

heart disease and stroke.13)18) Increased PWV is also 

associated with fatal stroke.14) Among stroke patients, 

small vessel disease (SVD) subtype categorized by 

Trial of Org 10172 in Acute Stroke Treatment (TOAST) 

classification had the highest PWV value.32) Recent 

studies have demonstrated that baPWV is independently 

associated with the risk and severity of cerebral ische-

mic SVD.10)11) However, no study has yet evaluated 

the association between arterial stiffness and func-

tional outcome in patients with ischemic stroke. 

Our study hypothesizes that the patient with poor 

functional outcome has a higher PWV value. This 

study is to clarify whether PWV value predicts func-

tional outcome of acute ischemic stroke. Furthermore, 

we investigated whether there is a difference between 

large-artery atherosclerosis (LAAS) and SVD subtypes 

categorized by TOAST classification.

MATERIALS AND METHODS

Subjects

This retrospective study included consecutive acute 

ischemic stroke patients who were admitted to the 

Gachon University Gil Medical Center between August 

2011 and October 2012. A diagnosis of acute ischemic 

stroke was defined by focal neurological signs or 

symptoms that continued for > 24 hours thought to 

be of vascular origin. The final diagnosis of ischemic 

stroke was confirmed by magnetic resonance imaging 

(MRI). The inclusion criteria were LAAS and SVD 

subtypes categorized by TOAST classification. Patients 

with spinal cord disease, neuromuscular disease and 

trauma or pain were excluded because of their effect on 

functional outcome regardless of stroke. Demographic 

and baseline clinical data were carefully investigated. 

During admission, all patients were evaluated with 

complete blood count, serum lipid profile, serologic 

test, electrocardiography (ECG) and echocardiography. 

Low-density lipoprotein (LDL) was calculated accord-

ing to Friedewald equation. Every patient’s height and 

weight were measured, and the body mass index 

(BMI) calculated by dividing weight by height 

squared. All patients underwent stroke imaging study 

including brain computed tomography (CT), MRI and 

MR angiography (MRA). We measured the common 

carotid artery intima-media thickness (IMT) by ultra-

sonography on both the left and right sides, and the 

higher IMT value was chosen for analyses. The type 

of acute ischemic stroke was classified by the TOAST 

classification.1) The diagnosis of LAAS requires either 

significant (> 50%) stenosis or occlusion of a major 

brain artery of branch cortical artery, relevant to the 

infarct lesion. SVD is diagnosed when a patient has 

the traditional clinical lacunar syndromes and shows 

an either normal CT/MRI examination or small in-

farct lesion (< 15 mm) in the perforating artery terri-

tory, but no evidence of cerebral cortical dysfunction 

and of LAAS and cardioembolism. At discharge, the 

functional outcome of ischemic stroke was evaluated 

with the modified Rankin scale (mRS). Good func-

tional outcome was defined as mRS score of 0-2 at 

hospital discharge. Severity of neurological deficit was 
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Mean ± SD or Percentage Range or Number

Age (years) 62.82 ± 11.40 35-84 (median 63)

Male : Female 57.9% : 42.1% 44 : 32

Hypertension 63.2% 48

Diabetes 50.0% 38

Smoking 42.1% 32

Previous stroke 6.6% 5

Previous CAD 5.3% 4

Length of hospital stay 13.44 ± 6.28 4-44 (median 12)

NIHSS score on admission 5.63 ± 4.90 0-21 (median 5)

NIHSS score at discharge 3.36 ± 2.98 0-13 (median 3)

mRS score at discharge 2.34 ± 1.23 0-5 (median 2.5)

Stroke subtype

LAAS 59.2% 45

SVD 40.8% 31

baPWV (cm/s) 1,954.34 ± 490.09 1,176-3,406 (median 1,841)

SD = standard deviation; CAD = coronary artery disease; NIHSS = National Institute of Health Stroke Scale; mRS = modified Rankin scale; 
LAAS = large-artery atherosclerosis; SVD = small vessel disease; baPWV = brachial-ankle pulse wave velocity.

Table 1. Patient characteristics

determined by the National Institute of Health Stroke 

Scale (NIHSS) at both hospital admission and discharge. 

The study protocol was approved (H-1108-026-019) by 

the Institutional Review Board of Gil Hospital, and all 

participants were given with written informed consent.

Risk factors

Cardiovascular risk factors were evaluated by the 

following criteria. Hypertension was defined as new 

diagnosis during admission according to the World 

Health Organization/International Society of Hypertension 

guidelines or as present if subjects had been pre-

viously diagnosed and/or were receiving anti-

hypertensive medication. Diabetes mellitus was speci-

fied as fasting serum glucose ≥ 126 mg/dl, non-fast-

ing serum glucose ≥ 200 mg/dl, hemoglobin A1c level 

≥ 6.5% or a history of insulin therapy or oral hypo-

glycemic drugs. Hypercholesterolemia was defined as 

the presence of total cholesterol blood levels ≥ 200 

mg/dl or use of statins. History of previous cere-

brovascular disease (transient ischemic attack (TIA) or 

ischemic stroke) and coronary artery disease (myocardial 

infarction, angina pectoris or angioplasty), and cur-

rent smoking habit were recorded.

Brachial-ankle pulse wave velocity

baPWV was measured using an automatic device 

(Colin VP 1000, Omron co., Kyoto, Japan). The dis-

tance between the brachium and the ankle for baPWV 

was calculated by the height of the patient. PWV was 

calculated as the distance between the brachial and 

the ankle divided by the time delay between the two 

arterial points, expressed as centimeters per second. 

After examinations were performed on both the left 

and right sides, the larger value was used for further 

analyses.

Statistical analysis

SPSS statistics 18.0 program (SPSS Inc., Chicago, IL, 

United States) was used for statistical analysis. 

Continuous data such as age, BMI and baPWV are ex-

pressed as the mean ± SD and were compared by us-

ing Student’s t-tests or Mann-Whitney U-tests. 
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Categorical data are expressed as frequencies and per-

centages and were compared by using chi-square 

tests. A two-tailed p value < 0.05 are considered stat-

ically significant. 

RESULTS

We recruited 100 acute ischemic stroke patients, 

of whom 89 had technically adequate baPWV 

measurements. Of these 89 patients, 76 had adequate 

assessments of functional outcome with mRS at 

discharge. We report the findings of these 76 ischemic 

stroke patients.

The demographic data of the 76 ischemic stroke pa-

tients were median age of 62.82 years (range 35-84 

years), 57.9% were male patients, 63.2% hypertensive 

patients, 50.0% diabetic patients and 42.1% smokers. 

There were five patients with previous stroke and 

four patients with history of coronary artery disease. 

The mean of NIHSS score at admission was 5.63 ± 

4.90. Regarding the functional outcome at discharge, 

the mean of mRS score was 2.34 ± 1.23. According to 

the TOAST classification, the etiology of stroke was 

LAAS in 45 (59.2%) patients whereas 31 patients 

(40.8%) were classified as SVD (Table 1).

We divided the 76 patients into two groups based 

on mRS score at discharge. There were 38 patients 

with good functional outcome (mRS < 3) and 38 pa-

tients with poor functional outcome (mRS ≥ 3). 

Patients with poor functional outcome had a higher 

prevalence of diabetes than those with good func-

tional outcome (65.8% vs. 34.2%, p = 0.006) (Table 2). 

There was no difference in functional outcome by age, 

sex, hypertension, hypercholesterolemia, smoking, his-

tory of stroke and coronary artery disease, BMI, se-

rum cholesterol, hemoglobin A1c, blood pressure, 

stroke subtype and IMT. Arterial stiffness measured 

by baPWV was significantly higher in patients with 

poor outcome compared to with those with good out-

come (2,070.05 ± 518.37 vs. 1,838.63 ± 436.65, p = 

0.039). The difference in the mean NIHSS score at ad-

mission and discharge between good and poor func-

tional outcome groups was statistically significant 

(3.24 ± 3.58 vs. 8.03 ± 4.91, p < 0.001 and 1.46 ± 1.33 

vs. 5.27 ± 2.96, p < 0.001).

In LAAS subtype, there were 22 patients with good 

functional outcome and 23 patients with poor func-

tional outcome. The difference in the mean of baPWV 

between good outcome and poor outcome was not 

statistically significant (1,878.00 ± 365.35 vs. 2,071.76 ± 

618.42, p = 0.579). Among the subjects with SVD sub-

type, 16 patients had good functional outcome and 15 

patients had poor functional outcome. There was a 

significant difference in baPWV values between good 

and poor outcome groups (1,789.80 ± 421.91 vs. 

2,163.18 ± 412.71, p = 0.022) (Table 3).

The 76 patients were divided into two outcome vari-

ables according to initial stroke severity measured by 

NIHSS score at admission. There were 37 patients 

with NIHSS score ≤ 4 at admission and 39 patients 

with NIHSS score ≥ 5 at admission. There were no 

differences by age, sex, hypertension, diabetes and 

IMT between groups. The difference in the mean mRS 

at discharge was statistically significant (NIHSS sore 

< 4, 1.59 ± 1.07 vs. NIHSS score ≥ 5, 3.05 ± 0.92, p < 

0.001). The difference between baPWV and initial se-

verity was not significant. However, there was a ten-

dency for the patients with severe symptoms to have 

a higher level of baPWV (Table 4).

DISCUSSION

We describe a novel relationship between arterial 

stiffness indicated by baPWV and functional outcome 

in patients with acute ischemic stroke, evidenced by 

patients with poor functional outcome having higher 

baPWV value. However, the novel relationship did 

not represent an independent association between 

baPWV and functional outcome of stroke. Other fac-

tors such as diabetes mellitus and initial stroke se-

verity, could have acted as confounding variables. 

Aortic stiffness measured by PWV is associated with 
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Good functional outcome
mRS (0-2) 
(n = 38)

Poor functional outcome
mRS (3-6) 
(n = 38)

p

Age (years) 61.11 ± 11.87 64.53 ± 9.72 0.174

Male 26 (68.4) 18 (47.4) 0.063

Hypertension 22 (57.9) 26 (68.4) 0.342

Diabetes 13 (34.2) 25 (65.8) 0.006

Hypercholesterolemia 11 (28.9) 10 (26.3) 0.742

Smoking 18 (47.4) 14 (36.8) 0.353

Previous stroke 4 (10.5) 1 (2.6) 0.358

Previous CAD 2 (5.3) 2 (5.3) 1.000

BMI (kg/m2) 24.39 ± 3.47 24.49 ± 4.24 0.911

Total cholesterol (mg/dL) 194.68 ± 42.20 191.76 ± 53.69 0.794

LDL cholesterol (mg/dL) 111.27 ± 41.07 112.23 ± 44.71 0.922

HDL cholesterol (mg/dL) 42.41 ± 8.76 42.37 ± 10.63 0.987

Triglyceride (mg/dL) 189.97 ± 110.41 185.82 ± 101.08 0.866

HbA1c 6.82 ± 1.76 7.09 ± 1.68 0.519

Systolic BP (mmHg) 142.91 ± 29.46 137.92 ± 19.63 0.421

Diastolic BP (mmHg) 84.22 ± 14.76 78.44 ± 9.03 0.061

NIHSS at admission 3.24 ± 3.58 8.03 ± 4.91 < 0.001

NIHSS at discharge 1.46 ± 1.33 5.27 ± 2.96 < 0.001

mRS at discharge 1.32 ± 0.78 3.37 ± 0.54 < 0.001

Stroke subtype 0.815

LAAS 22 (57.9) 23 (60.5)

SVD 16 (42.1) 15 (39.5)

baPWV (cm/s) 1,838.63 ± 436.65 2,070.05 ± 518.37 0.039

IMT (mm) 0.87 ± 0.31 0.89 ± 0.25 0.803

mRS = modified Rankin scale; CAD = coronary artery disease; LDL = low density lipoprotein; HDL = high density lipoprotein; BP = blood 
pressure; NIHSS = National Institute of Health Stroke Scale; LAAS = large-artery atherosclerosis; SVD = small vessel disease; baPWV = 
brachial-ankle pulse wave velocity; IMT = intima-media thickness.

Table 2. Demographic and risk factors in ischemic stroke patients by functional outcome

risk of stroke in general population and of fatal stroke 

in hypertensive patients.14)37) This study suggests that 

baPWV is associated with clinical outcome after acute 

ischemic stroke. The mechanisms underlying this rela-

tionship are unclear. 

Arterial stiffness is associated with a number of del-

eterious vascular conditions.2)33)41) One of the in-

evitable conditions of an aging vascular system is the 

presence of atherosclerosis.33)39) In addition, intimal 

change thickens the aortic wall even without athero-

sclerotic disease.21)34) The elastin fibers are depleted 

and fragmented by the aging process,9)24)27) leadings to 

vessel wall toughening and thus increasing the central 

pressure.9)22) This, in turn, prompts an inadequate in-

crease in systolic blood pressure and relative decrease 

in diastolic blood pressure. As a result, pulse pressure 

increases with arterial stiffening.5)25)36) Stiffer arteries 

cause high pulsatile pressure and flow to be trans-

mitted to small vessels of distal organs during systole, 

eventually leading to microvascular damage in the 

brain.8)25) Hence, indirect evidence supports the rela-

tionship between arterial stiffness and functional out-

come of stroke.  

The present study shows the importance of finding 



ARTERIAL STIFFNESS AND ACUTE ISCHEMIC STROKE OUTCOMES

16  J Cerebrovasc Endovasc Neurosurg

LAAS

pGood functional outcome
mRS (0-2)
(n = 22)

Poor functional outcome
mRS (3-6)
(n = 23)

baPWV (cm/s) 1,878.00 ± 365.35 2,071.76 ± 618.42 0.579

SVD

pGood functional outcome
mRS (0-2)
(n = 16)

Poor functional outcome
mRS (3-6)
(n = 15)

baPWV (cm/s) 1,789.80 ± 421.91 2,163.18 ± 412.71 0.022

mRS = modified Rankin scale.

Table 3. Brachial-ankle pulse wave velocity (baPWV) assorted with large-artery atherosclerosis (LAAS) and small vessel disease 
(SVD) subtypes

NIHSS at admission (0-4)
(n = 37)

NIHSS at admission (5-21)
(n = 39) p

Age (years) 61.30 ± 12.19 64.26 ± 10.57 0.263

Male 24 (64.9) 20 (51.3) 0.231

Hypertension 22 (59.5) 26 (66.7) 0.515

Diabetes 18 (48.6) 20 (51.3) 0.818

NIHSS at admission 2.11 ± 1.27 8.97 ± 4.72 < 0.001

NIHSS at discharge 1.59 ± 1.52 5.14 ± 3.04 < 0.001

mRS at discharge 1.59 ± 1.07 3.05 ± 0.92 < 0.001

baPWV (cm/s) 1,842.03 ± 450.89 2,058.05 ± 508.70 0.057

IMT (mm) 0.82 ± 0.22 0.93 ± 0.33 0.107

NIHSS = National Institute of Health Stroke Scale; mRS = modified Rankin scale; baPWV = brachial-ankle pulse wave velocity; IMT = 
intima-media thickness.

Table 4. Brachial-ankle pulse wave velocity (baPWV) by initial severity of acute ischemic stroke

prognostic predictors in patients with acute ischemic 

stroke. Stroke is devastating to both patient and fam-

ily due to its high mortality, severe sequelae, and sig-

nificant financial burden. Thus, the medical sequeles, 

such as death, recurrence, or functional recovery after 

the event, are of great concern to both the family of 

the patient and to the medical staff. To plan an appro-

priate level of treatment and rehabilitation of stroke 

patients, medical staffs are asked to precisely antici-

pate the degree of disabilities and recovery of normal 

function. Therefore, devising a simple test for stroke 

patients will help to establish the appropriate treat-

ment plan. Our study found an association between 

high levels of baPWV and worse functional outcome, 

suggesting that baPWV could be safely used as a 

prognostic factor for anticipating patients’ prognosis.

Recent studies demonstrated that cfPWV is asso-

ciated with clinical outcome after ischemic stroke. 

One recent study compared cfPWV with mRS that 

was measured within 90 days from the onset of 

stroke, and another study compared NIHSS measured 

at the time of discharge.6)7) baPWV was significantly 

and positively associated with cfPWV. Both PWV 

measures were similarly associated with cardiovascular 

disease risk factors and clinical events.13) This is 

strong evidence supporting the relationship of baPWV 

to functional outcome of the stroke.

cfPWV represents the gold standard among the 

PWV parameters, but this measurement cannot be 

performed easily as a screen for older patients.39) On 
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the other hand, baPWV uses a pressure cuff wrapped 

on the brachium and ankle, and is simpler than other 

noninvasive automatic devices. It has a potential ap-

plication for screening arterial stiffness in a larger 

population because of its simplicity and short sam-

pling time.19)40)

Carotid IMT is a non-invasive measure to assess 

sub-clinical atherosclerotic change in carotid artery 

and is predictive of all-cause and cardiovascular mor-

tality in elderly people.20)35) Generally, IMT measure-

ments > 1.1 mm are accepted as abnormal.23) Several 

studies suggest a significant association between car-

otid IMT and PWV.12)16)31) In the present study, there 

is no relationship between IMT and functional out-

come after acute ischemic stroke.

In our study, functional outcome and arterial stiff-

ness measured by baPWV are associated in the SVD 

subtype; but not in the LAAS subtype. Increased 

baPWV is associated with risk of small vessel disease 

in elderly patients with hypertension, with severity of 

cerebral SVD, the number of lacunar infarcts and si-

lent brain infarct.10)11)26) Furthermore, arterial stiffness 

is associated with renal failure arising from the micro-

vascular damage.4)25) 

Microvascular features of the kidney and brain have 

similar continuous and passive perfusion at high-vol-

ume flow throughout systole and diastole.25) This in-

directly supports an association of increased baPWV 

with SVD subtype of stroke. Further investigation of 

association between arterial stiffness and SVD is re-

quired because the causes of these findings are not 

yet clearly known.

Additional analysis of the relation between arterial 

stiffness and initial severity showed no significant 

difference. However, there was a trend that the pa-

tients with higher levels of arterial stiffness had more 

severe symptoms when they presented at the hospital. 

Initial severity of stroke is a strong predictor of 

long-term outcome in patients with ischemic stroke 

and thus, further research is required to assess the re-

lation between arterial stiffness and initial severity, 

could answer the question of whether arterial stiffness 

itself directly has an effect on brain damage or im-

pedes the recovery of brain function. 

Our study had several limitations. The first is the 

small sample size, limiting generalizability of the 

result. A large population study is needed to confirm 

the results. Second, the study did not include very se-

vere patients because it was difficult to get their per-

mission for the study due to their adverse medical 

condition, and this led to biased selection. Therefore, 

we advise cautions in interesting the findings beyond 

this group. Third, our study has a wide range of dis-

tribution of patients’ hospitalization time and variable 

time of mRS measurement. It is more accurate to 

compare data from a fixed day from stroke onset. 

However, we believe it does not significantly influ-

ence the results. Finally, our study did not control the 

confounding variables. Future study might need to 

control confounding variables.

CONCLUSIONS

Arterial stiffness indicated by baPWV is associated 

with the functional outcome of acute ischemic stroke. 

Measurement of arterial stiffness could be a useful 

marker for assessing early functional outcome in pa-

tients with acute ischemic stroke especially whose 

TOAST classification is confirmed as SVD.
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