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Abstract
Cerebral small vessel disease (SVD) is a major cause of stroke and cognitive impairment. However, the underlying mecha-
nisms behind SVD are still poorly understood. High cerebral arterial pulsatility has been suggested as a possible cause of 
SVD. In population studies, arterial pulsatility has been linked to white matter hyperintensities (WMH), cerebral atrophy, 
and cognitive impairment, all features of SVD. In stroke, pulsatility data are scarce and contradictory. The aim of this study 
was to investigate the relationship between arterial pulsatility and SVD in stroke patients. With a cross-sectional design, 89 
patients with acute ischemic stroke or TIA were examined with MRI. A neuropsychological assessment was performed 1 
year later. Using 4D flow MRI, pulsatile indices (PI) were calculated for the internal carotid artery (ICA) and middle cer-
ebral artery (M1, M3). Flow volume pulsatility (FVP), a measure corresponding to the cyclic expansion of the arterial tree, 
was calculated for the same locations. These parameters were assessed for associations with WMH volume, brain volume 
and cognitive function. ICA-FVP was associated with WMH volume (β = 1.67, 95% CI: [0.1, 3.24], p = 0.037). M1-PI and 
M1-FVP were associated with decreasing cognitive function (β = − 4.4, 95% CI: [− 7.7, − 1.1], p = 0.009 and β = − 13.15, 
95% CI: [− 24.26, − 2.04], p = 0.02 respectively). In summary, this supports an association between arterial pulsatility and 
SVD in stroke patients, and provides a potential target for further research and preventative treatment. FVP may become a 
useful biomarker for assessing pulsatile stress with PCMRI and 4D flow MRI.
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Introduction

Cerebral small vessel disease (SVD) is a major cause of 
stroke and cognitive impairment. It is estimated that 20–42% 
of ischemic strokes are of small vessel origin [1], and con-
versely, patients with stroke have a higher burden of SVD 
compared to the population at large [2]. In addition, stroke 
patients with SVD have worse functional and cognitive 
outcomes [3, 4]. Radiologically, SVD is characterized by 

white matter hyperintensities (WMH), lacunar infarctions, 
cerebral atrophy, cerebral microbleeds, and enlarged perivas-
cular spaces [5]. However, the underlying causes of SVD are 
poorly understood. Pulsatile stress, persisting over long time, 
has been suggested as a possible cause of SVD [6, 7]. The 
aorta is a compliant artery, which under normal conditions 
dampens the cardiac-driven pulsatility through the Wind-
kessel effect [8]. With age and disease, however, the aorta 
stiffens which over time may enable for gradually increasing 
pulsations reaching the distal cerebral arteries and micro-
vasculature [6, 7]. In population studies, increased cerebral 
arterial pulsatility, represented by Gosling’s Pulsatility Index 
(PI) [9], has been linked to white matter hyperintensities 
[10, 11], cerebral atrophy [12, 13], and cognitive impair-
ment [12]. However, data regarding the relationship between 
pulsatility, WMH [14–16], and cognitive impairment [17] 
in stroke patients are more scarce and somewhat contradic-
tory. The relationship between pulsatility and cerebral atro-
phy in stroke patients has not been studied. This calls for a 
comprehensive study of the relationship between cerebral 
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arterial pulsatility and WMH, cerebral atrophy, and cogni-
tive impairment in stroke.

A new promising technique able to quantify cerebral arte-
rial pulsatility is 4D flow MRI, which measures blood flow 
in three dimensions time-resolved over the cardiac cycle. 
The technique measures blood flow rate in any cerebral 
blood vessel down to a diameter of a few millimeters [18]. 
In addition to PI, 4D flow MRI is able to measure flow vol-
ume pulsatility (FVP). This is an estimation of the down-
stream arterial tree’s volume expansion with each heartbeat 
and could be a more physiological way to approach cerebral 
pulsatility.

We hypothesized that in stroke, high cerebral arterial 
pulsatility would be associated with more WMH, cerebral 
atrophy, and cognitive impairment. The aim of this study 
was to investigate the cross-sectional relationship between 
arterial pulsatility and SVD in patients with ischemic stroke 
and transient ischemic attack (TIA).

Materials and methods

Eighty-nine patients with acute ischemic stroke or TIA were 
divided in two groups: with or without associated SVD. MRI 
including 4D flow MRI was performed within the first week 
and neuropsychological tests 1 year after the event (n = 48). 
Pulsatility measures in proximal and distal cerebral arter-
ies were analyzed for correlations to three main outcomes: 
WMH volume, total brain volume (TBV), and neuropsychol-
ogy and adjusted for risk factors.

Study population

Within a larger project, we prospectively recruited consecu-
tive patients, aged 18–85 years, admitted to the stroke unit at 
Umeå University with ischemic stroke, TIA, or carotid artery 
stenosis (CAS) during 2013–2015. Due to fire safety regula-
tions at the research MRI facility, bedridden patients were 
not included. Exclusion criteria included previous stroke 
ipsilateral to the current event, remaining disability from a 
previous stroke (or modified Rankin scale > 1 for any reason) 
and previous disease of the central nervous system. In addi-
tion, patients with any MRI contraindication, systolic blood 
pressure (SBP) > 180 mmHg, mini-mental state examina-
tion < 23 points or inability to understand oral information 
and/or provide informed consent were excluded. In total, 157 
patients were included.

At initial presentation, a clinical evaluation was per-
formed by a stroke physician including medical history, 
cardiopulmonary- and neurological examination, National 
Institutes of Health Stroke Scale (NIHSS), standard blood 
tests, ECG, computed tomography of the brain (CT) and 
CT angiography (CTA), or cervical ultrasonography. Use of 

antihypertensive medications were recorded by class (beta 
blockers, RAAS inhibitors, calcium channel blockers, and 
diuretics). Examination with Holter monitor and transtho-
racic- or transesophageal echocardiography was performed 
on clinical indication. MRI studies were performed at mean 
4 (3) days after symptom onset. Finally, an etiologic clas-
sification according to TOAST was performed using a vali-
dated, computerized tool [19–22].

From the initially included (n = 157), we excluded 
patients aged below 50  years (n = 7) with CAS > 70% 
(n = 24) and patients without stroke or TIA within the last 
7 days (n = 5). Among remaining patients (n = 121), 17 did 
not have a complete MRI examination and a further 15 were 
excluded for technical reasons, such as motion artefacts or 
corrupt data. The final study population thus contained 89 
patients.

Neuropsychological testing

Approximately 1 year after the initial examination (354 (27) 
days), patients were offered a follow-up examination includ-
ing neuropsychological testing. This later date was selected 
to avoid acute, reversible effects from the cerebrovascular 
event. Forty-eight (53.9%) patients participated. Patients 
with vascular cognitive impairment typically present with 
frontal lobe deficits such as impaired executive functions, 
psychomotor speed, and attention [23]. With this in mind, 
we selected a validated neuropsychological test battery [24, 
25] including the following subtests: two choice reaction, 
Stroop congruent and -incongruent, ten word list, delayed 
recall, delayed recognition, and trail making tests A and 
B. Each patient test result was converted to a Z-score. An 
aggregate score was then created by summing the Z-score 
for each test. The test battery is entirely computerized and 
largely self-instructing and self-evaluating. The test was 
supervised by a research nurse blinded to pulsatility, WMH 
and TBV data but not to stroke size and location.

Brain imaging

MRI studies were performed at a 3 T scanner (Discovery 
MR 750; GE Healthcare, Milwaukee, Wisconsin) with a 
32-channel head coil. T1- and T2-weighted, FLAIR, dif-
fusion- and susceptibility-weighted images were obtained. 
4D flow MRI data were acquired by a balanced five-point 
PC-VIPR sequence [18, 26], covering the intracranial 
space. The following parameters were used: 16,000 radial 
projections; acquisition resolution, 300 × 300 × 300; imag-
ing volume, 22 × 22 × 22 cm; reconstruction resolution, 
320 × 320 × 320 mm (zero padded interpolation); velocity 
encoding, 110 cm s−1; TR/TE, 6.5/2.7 ms; flip angle, 8°. 
Dynamic images were reconstructed by retrospective gating 
from the recorded peripheral pulse signal by use of temporal 
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interpolation similar to view sharing in Cartesian acquisi-
tions. Besides 3D velocity information for the 20 recon-
structed time positions, a time-average composite complex 
difference image was reconstructed to provide an angiogram.

White matter hyperintensities and brain volume

Using SPM 12 (Wellcome Trust Centre for Neuroimaging, 
London, UK), the intracranial space was segmented into 
grey matter (GM), white matter (WM), and cerebrospinal 
fluid (CSF). Results were visually inspected for accuracy; 
no manual corrections were needed. Intracranial volume was 
calculated by summing GM, WM, and CSF. Total brain vol-
ume was calculated by summing GM and WM.

WMH volumes were segmented by the lesion prediction 
algorithm as implemented in the Lesion Segmentation Tool-
box version 2.0.15 (https ://www.stati stica l-model ling.de/lst.
html) for SPM [27]. Using FreeView (version 1.0, the Gen-
eral Hospital Corporation, Boston, MA), volumes were then 
visually inspected for accuracy and corrected as needed by 
an operator blinded to pulsatility data. Corrections were lim-
ited to excluding lesions with high DWI signal, interpreted 
as acute infarctions, and extracerebral features such as the 
cerebral falx and transverse sinus. In all tissue segmenta-
tions, lacunes were considered CSF. WMH volume and TBV 
were expressed as %ICV.

Small vessel disease and lesion locations

Structural MRI data were reviewed for lesion sizes, loca-
tions, and features of SVD. Visual rating of WMH accord-
ing to the Fazekas scale was performed [28]. To assess 
reliability a second, independent reviewer also rated all 
cases. Ratings were performed blinded to pulsatility data. 
Interrater agreement (ICC, two-way random, single rater, 
absolute agreement) was 0.86 (95% CI: [0.65, 0.93]), which 
was considered good. As expected, there was a strong cor-
relation between Fazekas score and WMH volume (R = 0.87; 
p < 0.001). The STRIVE definition of SVD on conventional 
MRI includes white matter hyperintensities, small recent 
subcortical infarcts, lacunes, and cerebral microbleeds [5]. 
For the purposes of this study, SVD was defined as a com-
posite of either Fazekas score ≥ 4, presence of small recent 
subcortical infarct, lacune, or > 2 cerebral microbleeds, all 
in turn defined according to STRIVE. Acute lesions were 
classified according to location as either cortical, subcorti-
cal, mixed cortical/subcortical, infratentorial, or no lesion. 
All visual ratings were performed blinded to pulsatility data.

Cerebral blood flow

To assess blood flow in the 4D flow MRI data, a center-
line processing scheme was used. It has been previously 

described in detail [29]. Total cerebral blood flow (tCBF) 
was measured by summing the mean flow rate of the right 
and left internal carotid arteries (ICA) and the basilar artery 
(BA). This excludes flow to the PICAs and AICAs. How-
ever, these are small arteries and any effects from omitting 
this flow were deemed negligible. Pulsatility was measured 
in the cavernous segment of ICA and in the M1 and M3 
segments of the middle cerebral artery (MCA) (Fig. 1). 
Measurements were made as an average of six consecutive 
centerline voxels. This frequently corresponds to the length 
of the M1 segment proximal to its first bifurcation. Thus, in 
the name of consistency, this was selected as the length of 
the sampled segments at all locations. PI was calculated for 
all arteries by dividing the difference between the systolic 
and diastolic flow rates with the mean flow rate (Fig. 2). 
FVP was calculated from the cumulative integral of the flow 
rate waveform after subtraction of the mean flow rate. FVP 
was defined as the difference between the maximum and 
minimum volumes (Fig. 2) [26, 30, 31]. Standardization by 
R–R interval was performed in both measures to account 
for the assumption that individuals with higher heart rates 
are exposed to more pulsatile stress over time given similar 
pulsatile expansion in each heart cycle. All measurements 
were made bilaterally. For each segment, the mean PI and 
FVP of the right and left sides was used. If a pulsatility 
measure was missing for a paired artery, the measure of the 
contralateral artery was used.

Fig. 1  Angiogram generated from PC-VIPR complex difference 
image. Cerebral arterial pulsatility was measured in the cavernous 
segment of the internal carotid arteries (1, 2) and in the M1- (3, 4) 
and M3 (5, 6) segments of the middle cerebral arteries

https://www.statistical-modelling.de/lst.html
https://www.statistical-modelling.de/lst.html
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Statistical analysis

Statistical analysis was performed in SPSS 24 (IBM Corp, 
Armonk, NY). Values are mean (SD) if not otherwise 
specified. Correlations between continuous variables were 
assessed using Pearson correlation and Spearman’s rho 
as appropriate. Relationships between categorical vari-
ables were assessed using Fisher’s exact test. Relationships 
between categorical and continuous variables were exam-
ined using independent samples t test or Kruskal–Wallis 
H-test. Multivariable analysis was performed using gener-
alized linear modeling (GLM). For modeling skewed data 
such as WMH volume, gamma distribution with log link was 
used. For normally distributed dependent variables, we used 
linear distribution with identity link. To limit the number 
of comparisons, M3 pulsatility was not used in the multi-
variable analysis. Pulsatility variables were entered one at 
a time. Three GLM models were thus created, using WMH 
volume, TBV, and cognitive function as dependent variables, 
adjusting for age, sex, MAP, hypertension, and tCBF (basic 
model).

In a second step, the models including all patients (WMH 
volume, TBV) were additionally adjusted for antihyperten-
sive drugs (by class). The model for cognitive function was 
additionally adjusted for WMH volume and TBV. A sub-
group analysis was performed in patients with SVD. This 
analysis was also performed using the basic model and used 
WMH volume and TBV as dependent variables. Patients 
having completed the neuropsychological examination were 
deemed too few to use cognitive function as a variable in 
this analysis. Finally, as periventricular and deep WMH 
may have different pathogenesis, an ordinal logistic regres-
sion model was created to assess these separately using the 

periventricular and deep scores on the Fazekas scale as 
dependent variables. This model also adjusted for age, sex, 
MAP, hypertension, and tCBF. α was set at 0.05.

Results

Of 89 included patients, 64 (71.9%) were diagnosed with 
ischemic stroke, remaining 25 (28.1%) had TIA (Table 1). 
Associated SVD was diagnosed in 41 (46.1%) patients. At 
the time of MRI 71 (79.8%) were treated with one or more 
antihypertensive agents. Mean age was 70.2 (8.9) years. PI 
was 1.26 (0.37), 1.28 (0.37), and 1.4 (0.51) in ICA, M1, and 
M3 respectively. In corresponding segments, FVP was 0.47 
(0.15), 0.28 (0.11), and 0.06 (0.02) ml.

ICA-PI, M1-PI, M3-PI, and ICA-FVP were associated 
with age (R = 0.43, 0.46, 0.34, 0.22; p =  < 0.001, < 0.001, 
0.002, and 0.044 respectively) and ICA-FVP was associ-
ated with decreasing DBP (R = − 0.23, p = 0.03). There were 
no significant associations between PI and DBP (ICA-PI: 
R = − 0.07, p = 0.5). Women had higher ICA-PI (1.42 vs. 
1.19; p = 0.03) and M1-PI (1.47 vs. 1.2; p = 0.01). This dif-
ference remained significant after adjusting for age. PI and 
FVP were correlated in ICA and M1 (R = 0.41, 0.42; both 
p < 0.001) but not in M3.

In the multivariable models, ICA-FVP was associ-
ated with WMH volume (β = 1.67, 95% CI: [0.1, 3.24], 
p = 0.037) while M1-FVP and both measures of PI were 
not. If antihypertensives were added to the model, both 
ICA-FVP and M1-FVP were associated with WMH vol-
ume (β = 1.91, 95% CI: [0.3, 3.53], p = 0.02 and β = 2.65, 
95% CI: [0.6, 4.7], p = 0.011). There was no association 
between arterial pulsatility and either periventricular- or 

Fig. 2  Example waveforms from internal carotid artery. a Pulsatility 
index was calculated as the difference between systolic maximum and 
diastolic minimum flow rates divided by the mean flow rate. b Flow 
volume pulsatility (FVP) was calculated as the cumulative integral of 
the blood flow rate waveform after subtraction of the mean flow rate. 

FVP was defined as the difference between the systolic maximum and 
the diastolic minimum volumes. The curve has been shifted verti-
cally, so that minimum volume corresponds to zero. Both measures 
were further standardized by R–R interval
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deep WMH as represented by their respective Fazekas 
score.

There were no associations between any measure of arte-
rial pulsatility and TBV. Results were unchanged if antihy-
pertensives were added. M1-PI and M1-FVP were associated 

Table 1  Demographic data

NIHSS National Institutes of Health Stroke Scale, WMH white matter hyperintensities, PVWM periven-
tricular white matter, DWM deep white matter, ICV intracranial volume, TBV total brain volume
* Defined as presence of either total Fazekas score ≥ 4, small recent cortical infarct, lacune, or    >2 micro-
bleeds
†p < 0.05

Small vessel  disease* Non-small vessel disease

N (%) 41 (46.1) 48 (53.9)
Age, years (SD) 72.1 (9.2) 68.5 (8.3)
Women, N (%) 15 (36.6) 12 (25.0)
Stroke, N (%) 31 (75.6) 33 (68.8)
NIHSS, median (IQR) 1 (0–2) 0 (0–1)
Etiology, N (%)
 Large artery atherosclerosis 11 (26.8) 15 (31.3)
 Lacunar 12 (29.6) –
 Cardio-aortic embolus 7 (17.1) 5 (10.4)
 Other 1 (2.4) 2 (4.2)
 Cryptogenic 10 (24.4)† 26 (54.2)†

Location, N (%)
 Cortical 5 (12.2) 10 (20.8)
 Subcortical 12 (29.3)† 3 (6.3)†

 Mixed cortical/subcortical 7 (17.1) 11 (22.9)
 Infratentorial 6 (14.6) 4 (8.3)
 No lesion 11 (26.8) 20 (41.7)

Risk factors, N (%)
 Hypertension 34 (82.9) 43 (89.6)
 Hyperlipidemia 35 (87.5) 44 (91.7)
 Diabetes mellitus 6 (14.6) 7 (14.6)
 Previous cerebrovascular disease 5 (12.2) 5 (10.4)
 Ischemic heart disease 8 (19.5) 10 (20.8)
 Peripheral artery disease 2 (4.9) 1 (2.2)
 Smoking 22 (53.7) 28 (62.2)

Antihypertensive treatment, N (%)
 Beta blockers 18 (37.5) 17 (41.5)
 RAAS inhibitors 31 (64.6) 26 (63.4)
 Calcium channel blockers 20 (41.7) 12 (29.3)
 Diuretics 14 (29.2) 15 (36.6)

Blood pressure, mean (SD)
 Systolic 148.0 (21.6) 146.8 (18.2)
 Diastolic 78.5 (9.5) 78.4 (10.9)
 Mean arterial pressure 101.7 (12.4) 101.2 (11.8)

WMH, mean (SD)
 Fazekas score, PVWM 1.88 (0.87)† 0.79 (0.71)†

 Fazekas score, DWM 1.63 (0.86)† 0.71 (0.54)†

 Fazekas score, total 3.51 (1.60)† 1.50 (1.11)†

 Volume, % ICV, median (IQR) 0.64 (0.17–1.35)† 0.11 (0.05–0.24)†

TBV, mean (SD)
 Volume, % ICV 64.6 (6.7)† 68.1 (5.1)†
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with decreasing cognitive function (β = − 4.4, 95% CI: 
[− 7.7, − 1.1], p = 0.009 and β = − 13.15, 95% CI: [− 24.26, 
− 2.04], p = 0.02 respectively). If WMH volume and TBV 
were added to the model M1-PI, remained associated with 
decreased cognitive function (β = − 4.61, 95% CI: [− 8.01, 
− 1.21], p = 0.008), while M1-FVP did not. The best-fitting 
basic model for each outcome is presented in Table 2, where 
other significant co-variates are also displayed.

In the SVD subgroup, ICA-FVP was independently asso-
ciated with WMH volume (β = 2.33, 95% CI: [0.3, 4.36], 
p = 0.024). In addition, both ICA-FVP and M1-FVP were 
associated with decreasing TBV (β = − 14.58, 95% CI: 
[− 25.28, − 3.89], p = 0.008; β = − 18.72, 95% CI: [− 33.57, 

− 3.87], p = 0.013). PI was not associated with either WMH 
or TBV. Table 3 presents significant variables from the 
best-fitting model for each outcome in the SVD subgroup 
analysis.

M1-PI was increased in patients with SVD (1.37 vs. 1.2, 
t test, p = 0.024). This difference was no longer significant 
after adjusting for age. There was no difference in pulsatility 
between stroke versus TIA or between different etiologies or 
lesion locations. There were no correlations between NIHSS 
score and arterial pulsatility.

Table 2  Regression analysis

Independent predictors of outcomes from generalized linear models using all patients. Values represent 
beta coefficients (95% CI) from the overall best-fitting model for each outcome. Model adjusted for age, 
sex, MAP, hypertension, and tCBF. Measures of cerebral arterial pulsatility in bold
WMH white matter hyperintensities, TBV total brain volume, ICV Intracranial volume, TCBF total cerebral 
blood flow, FVP flow volume pulsatility, MAP mean arterial pressure
*Gamma distribution, log link
‡ Linear distribution, identity link

Outcome Significant predictors β 95% CI p

WMH, % ICV* ICA-FVP 1.67 [0.1, 3.24] 0.037
Age 0.06 [0.03, 0.09]  < 0.001
Hypertension 0.83 [0.26, 1.4] 0.005
TCBF − 0.006 [− 0.009, − 0.004]  < 0.001

TBV, %  ICV‡ Age − 0.34 [− 0.47, − 0.22]  < 0.001
Female sex 4.17 [2.17, 6.18]  < 0.001
MAP 0.09 [0.01, 0.17] 0.025
TCBF 0.02 [0.006, 0.03] 0.003

Cognitive  function‡ (n = 48) M1-PI − 4.4 [− 7.7, − 1.11] 0.009
Age − 0.33 [− 0.47, − 0.2]  < 0.001
Female sex 3.84 [1.02, 6.67] 0.008
MAP − 0.13 [− 0.22, − 0.04] 0.006

Table 3  Regression analysis 
in patients with small vessel 
disease

Independent predictors of outcomes from generalized linear models in patients with small vessel disease. 
Values represent beta coefficients (95% CI) from the overall best-fitting model for each outcome. Model 
adjusted for age, sex, MAP, hypertension, and tCBF. Measures of cerebral arterial pulsatility in bold
WMH white matter hyperintensities, TBV total brain volume, ICV intracranial volume, TCBF total cerebral 
blood flow, FVP flow volume pulsatility, MAP mean arterial pressure
*Gamma distribution, log link
‡ Linear distribution, identity link

Outcome Significant predictors β 95% CI p

WMH, %  ICV* ICA-FVP 2.33 [0.3, 4.36] 0.024
Age 0.04 [0.008, 0.08] 0.016
Hypertension 0.81 [0.13, 1.49] 0.019
TCBF − 0.007 [− 0.01, − 0.003]  < 0.001

TBV, %  ICV‡ ICA-FVP − 14.58 [− 25.28, − 3.88] 0.008
Age − 0.3 [− 0.48, − 0.12] 0.001
MAP 0.16 [0.04, 0.27] 0.009
TCBF 0.03 [0.006, 0.05] 0.009
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Discussion

Using a novel MR technique in stroke patients, arterial pul-
satility was measured and correlated to typical features of 
small vessel disease (SVD). Increased FVP, a new parameter 
measuring cyclic expansions of the vascular tree, was asso-
ciated with increased WMH volume, decreased cognitive 
function and, in patients with associated SVD, lower TBV. 
The most commonly used parameter for arterial pulsatility, 
PI, was only associated with cognitive function.

4D flow MRI is a relatively new technique for measuring 
intracranial flow. We have previously shown that 4D flow 
measurements are consistent with traditional phase-con-
trast MRI in both young and elderly subjects, and that good 
agreement between the modalities also applies to pulsatility 
measures [26, 32]. PI and FVP are different parameters, both 
describing arterial pulsatility. In our data, FVP had stronger 
associations with features of SVD compared to PI. In a wider 
perspective, PCMRI studies tend to report weaker associa-
tions between arterial PI and SVD compared to TCD dittos 
[11, 14–16, 33, 34]. This may be due to the inferior time 
resolution of PCMRI and 4D flow MRI causing the systolic 
peak to be blunted, thus underestimating PI in subjects with 
high pulsatility. Furthermore, waveform peak to peak detec-
tion needed for PI need a good signal-to-noise ratio (SNR). 
FVP is based on accumulated flow and estimates the volu-
metric expansion of the arterial tree distal to the measuring 
point. This means it is less sensitive to limited time resolu-
tion or SNR. It may also be argued that this approach is more 
physiological than the more commonly used parameter PI. 
We have previously established that FVP is a reliable bio-
marker for pulsatile flow in arteries, veins, and CSF using 
phase-contrast MRI [13]. A caveat, however, is that it tends 
to decrease linearly with time in the scanner. If possible, it 
is thus preferable to standardize the MRI protocol. 4D flow 
MRI estimates of FVP are highly consistent with traditional 
phase-contrast estimates [26]. Based on this, we propose that 
FVP may be a useful biomarker for assessing pulsatile stress 
with PCMRI and 4D flow MRI. To our knowledge, this is the 
first study to evaluate the relationship between FVP and both 
WMH and cognitive function. We have previously described 
a relationship between FVP and regional brain volumes [30]. 
Further studies are needed to evaluate the usefulness of FVP 
as a biomarker of cerebral arterial pulsatility.

There was an association between FVP and WMH. This 
is a novel finding, as FVP has not been measured in this 
context previously. There is steadily increasing evidence 
of a relationship between WMH and high cerebral pulsatil-
ity, spanning a variety of modalities, anatomical measuring 
points, and populations. In a retrospective, hospital-based 
cohort of 450 patients, baseline M1-PI was found to predict 
WMH expansion independent of traditional risk factors [35]. 

In patients with stroke and TIA, two studies (both n = 100) 
found cross-sectional relationships between M1-PI and 
WMH [14, 15]. Our data add to this evidence by means of a 
more physiological approach to cerebral pulsatility as well 
as a novel modality.

We also found a negative correlation between arterial pul-
satility measured in the acute phase, and cognitive impair-
ment 1 year later. This relationship is sparsely studied, but 
our results are consistent with previous studies in the elderly 
population and in patients with acute lacunar syndromes [12, 
17]. The relationship remained significant after adjusting for 
WMH volume and TBV implying a mechanism separate to 
macrostructural change. Indeed, there are some data to sup-
port a relationship between increasing pulsatility and loss 
of integrity in normal appearing white matter [33] which, 
in turn, could present as cognitive impairment. A relation-
ship between increased cerebral pulsatility and cognitive 
impairment are further supported by longitudinal evidence 
from studies of arterial stiffness. Several prospective cohorts 
have found aortic stiffness to be an independent risk factor 
for cognitive decline, cognitive impairment, and dementia 
[36–39]. The pathophysiological pathway of the relationship 
between aortic stiffness and cognitive impairment has not 
been established, but increased transfer of blood flow pulsa-
tility is a generally agreed-upon hypothesis in the literature 
[36, 37, 39]. Our findings of an association between direct 
measurements of cerebral pulsatility and cognitive function 
further support this pathway.

In stroke patients with associated SVD, we found a nega-
tive association between FVP and TBV. This correlation was 
not significant in the full sample, nor using pulsatile index. 
This relationship has not been previously studied in patients 
with stroke, but data from the AGES-Reykjavik population 
study and a previous study in elderly from our group sup-
port a relationship between cerebral arterial pulsatility and 
brain volume [12, 30]. The existence of a dose–response 
relationship between pulsatility and TBV only in patients 
with associated SVD can in our study not be explained by 
differences in pulsatility or risk factors. However, patients 
with SVD trended towards higher age, which may reflect 
duration of pulsatility exposure.

Several mechanisms have been put forward to explain the 
relationship between cerebral arterial pulsatility and brain 
structure and function. In one, increased aortic stiffness and 
impedance-matching with the carotid arteries enables trans-
fer of increased arterial pulsatility into the cerebral microcir-
culation [12, 14]. An important task for cerebral arterioles 
is regulating flow to downstream capillaries, providing the 
correct volume to meet current metabolic demand and at 
the same time protecting capillaries from exposure to exces-
sive pressure. Increased flow pulsatility has been proposed 
to cause hypertrophic remodeling and lumen narrowing 
in these vessels [6, 7]. Indeed, both increased large vessel 
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pulsatility and increased stiffness of penetrating arterioles 
predicted WMH expansion in a recent publication [35]. Our 
data support this hypothesis by showing increased mechani-
cal load, expressed as downstream cyclic expansion, is cor-
related to WMH, cognitive impairment, and in patients with 
SVD, TBV.

Cerebral veins and venules have been less explored in the 
setting of SVD. There is some evidence to suggest venous 
collagenosis may be associated with WMH [40, 41]. The 
pathophysiology behind this finding is unknown, but one 
suggestion is that venous collagenosis is secondary to 
arterial disease [42]. Increased pulsatility could be a link 
between arterial and venous disease as kinetic energy may 
be transferred from arteries to veins by way of capillaries 
and/or CSF, and increased venous pulsatility has been tied 
to increasing WMH [16]. However, a possible association 
between venous pulsatility and venous vascular pathology 
has to our knowledge not been studied.

It has previously been assumed that increased WMH 
causes increased cerebral arterial pulsatility by way of 
increased flow resistance. However, several studies have 
found that cerebral arterial pulsatility is more closely asso-
ciated with upstream factors such as aortic stiffness, aortic 
pressures, and impedance-matching at the aortic–carotid 
junction [12, 14]. This supports cerebral arterial pulsatility 
as a causative factor in WMH rather than solely an effect.

Strengths of the study include prospective recruitment, 
use of FVP in addition to PI, performing a comprehensive, 
validated neuropsychological test battery, for the first time 
assessing the relationship of pulsatility and atrophy in this 
population and performing the MRI examination in a clini-
cally relevant situation, within the initial hospitalization. 
Moreover, 4D flow MRI is feasible to perform as part in 
routine management of stroke patients as measurements are 
made entirely in post-processing and can be automatized 
[43, 44].

This study also has limitations. As WMH, TBV, cogni-
tive function, hypertension, and cerebral arterial pulsatility 
are all closely associated with age, causative associations 
are difficult to find. This particularly applies to wide-range 
populations and cross-sectional studies such as this. This 
implies that relevant associations between these variables 
may be underestimated. The sample size, although similar 
to previous studies in the field, was insufficient to detect 
weaker correlations. Patients with severe hemodynamic 
alterations (SBP > 180 mmHg, CAS > 70%) were excluded, 
as measured pulsatility was not deemed representative of 
their long-term pulsatility exposure. Results may, therefore, 
not be generalizable to these patients. This study did not 
account for venous pulsatility, which also may be associated 
with WMH in stroke patients [16], somewhat limiting con-
clusions regarding pathophysiology. MRIs were performed 
within days of the cerebrovascular event. It is currently 

unknown how an acute cerebrovascular event affects pulsa-
tility, although there are data to suggest that pulsatility may 
be altered in the acute phase compared to baseline [15]. This 
may lead to underestimation of the strength of associations 
between long-term pulsatility and outcomes in our data. 
Potential effects of antihypertensive treatments on cerebral 
arterial pulsatility are also unknown and likely heterogene-
ous depending on mechanisms of action. Neuropsychologi-
cal tests were performed approximately 1 year after the acute 
event to avoid acute, reversible cognitive symptoms. The 
time passed between measurements of pulsatility and cogni-
tive function may cause underestimation of this relationship. 
Additionally, only 54% of patients participated in the neu-
ropsychological follow-up. We endeavored to quantify brain 
volumes in an as objective and automatized fashion as pos-
sible. When segmenting WMH, however, manual correction 
was needed to avoid including acute infarctions and certain 
extracerebral features such as the cerebral falx and transverse 
sinus. Corrections were restricted to the aforementioned fea-
tures and the operator was blinded to pulsatility data.

Conclusions

New and clinically relevant findings reported in this study 
are associations between the novel parameter FVP and both 
WMH and cognitive function. FVP was more strongly asso-
ciated with features of SVD compared to PI and may be a 
useful biomarker in future studies of cerebral pulsatility. The 
cross-sectional design limits conclusions regarding causality. 
However, our results support an association between arte-
rial pulsatility and SVD in stroke patients, and provides a 
potential target for further research and preventative treat-
ment. This study also shows that 4D flow MRI could be a 
suitable method for flow assessment in clinical routine and 
in large cohorts.

Acknowledgements Open access funding provided by Umeå Univer-
sity. The authors give special thanks to Kristin Nyman, MnursSci, and 
Laleh Zarrinkoob, MD, PhD for their work within this study.

Author contributions JB: substantial contribution to design; acquisi-
tion, analysis, and interpretation of data; wrote the first draft; revising 
the article for important intellectual content; final approval of the ver-
sion to be published. AW and JM: substantial contribution to concep-
tion and design; acquisition and interpretation of data; revising the 
article for important intellectual content; final approval of the version 
to be published. AE: substantial contribution to conception and design; 
interpretation of data; revising the article for important intellectual 
content; final approval of the version to be published.

Funding This study was supported by the Swedish Research Coun-
cil [Grant numbers 2015-05616, 2017-04949]; the Swedish Heart 
and Lung Foundation [Grant numbers 20110383, 20140592]; and the 
Swedish Brain Foundation.



729Journal of Neurology (2020) 267:721–730 

1 3

Compliance with ethical standards 

Conflicts of interest The authors declare that there is no conflict of 
interest.

Ethical standard The study was approved by the Umeå University ethi-
cal review board (diary no. 2012-396-32M and 2011-440-31M) and 
performed in accordance with the guidelines of the 1964 Declaration 
of Helsinki and its later amendments.

Informed consent All patients provided informed written consent.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

 1. Tsai C-F, Thomas B, Sudlow CLM (2013) Epidemiology of 
stroke and its subtypes in Chinese vs white populations. Neurol-
ogy 81(5):(5):264–272–272. https ://doi.org/10.1212/WNL.0b013 
e3182 9bfde 3

 2. Wei W, Sachdev PS (2004) Extent and distribution of white matter 
hyperintensities in stroke patients. Stroke 35:2813–2819. https ://
doi.org/10.1161/01.STR.00001 47034 .25760 .3d

 3. Ryu W-S, Woo S-H, Schellingerhout D et  al (2017) Stroke 
outcomes are worse with larger leukoaraiosis volumes. Brain 
140:158–170. https ://doi.org/10.1093/brain /aww25 9

 4. Sivakumar L, Riaz P, Kate M et al (2017) White matter hyperin-
tensity volume predicts persistent cognitive impairment in tran-
sient ischemic attack and minor stroke. Int J Stroke 12:264–272. 
https ://doi.org/10.1177/17474 93016 67661 2

 5. Wardlaw JM, Smith EE, Biessels GJ et al (2013) Neuroimaging 
standards for research into small vessel disease and its contribu-
tion to ageing and neurodegeneration. Lancet Neurol 12:822–838. 
https ://doi.org/10.1016/S1474 -4422(13)70124 -8

 6. Mitchell GF (2018) The Synthesis of Arctic Research (SOAR) 
project. Deep Sea Res Pt II 152:1–7. https ://doi.org/10.1016/j.
dsr2.2018.05.013

 7. O’Rourke MF, Hashimoto J (2007) Mechanical factors in arterial 
aging: a clinical perspective. J Am Coll Cardiol 50(4):357–358. 
https ://doi.org/10.1093/bioin forma tics/12.4.357

 8. Belz GG (1995) Elastic properties and Windkessel function of 
the human aorta. Cardiovasc Drugs Ther 9:73–83. https ://doi.
org/10.1007/BF008 77747 

 9. Gosling RG, King DH (1974) Arterial assessment by doppler-shift 
ultrasound. Proc R Soc Med 67:447–449

 10. Aribisala BS, Morris Z, Eadie E et al (2014) Blood pressure, 
internal carotid artery flow parameters, and age-related white 
matter hyperintensities novelty and significance. Hypertension 
63:1011–1018. https ://doi.org/10.1161/HYPER TENSI ONAHA 
.113.02735 

 11. Purkayastha S, Fadar O, Mehregan A et al (2014) Impaired cer-
ebrovascular hemodynamics are associated with cerebral white 
matter damage. J Cereb Blood Flow Metab 34:228–234. https ://
doi.org/10.1038/jcbfm .2013.180

 12. Mitchell GF, van Buchem MA, Sigurdsson S et al

 13. Wåhlin A, Ambarki K, Hauksson J et al (2012) Phase contrast 
MRI quantification of pulsatile volumes of brain arteries, veins, 
and cerebrospinal fluids compartments: repeatability and physi-
ological interactions. J Magn Reson Imaging 35:1055–1062. https 
://doi.org/10.1002/jmri.23527 

 14. Webb AJS, Simoni M, Mazzucco S et al (2012) Increased cerebral 
arterial pulsatility in patients with leukoaraiosis. Stroke 43:2631–
2636. https ://doi.org/10.1161/STROK EAHA.112.65583 7

 15. Xiong YY, Mok V, Wong A et  al (2013) Evaluation of age-
related white matter changes using transcranial doppler ultra-
sonography. J Neuroimaging 23:53–57. https ://doi.org/10.111
1/j.1552-6569.2011.00649 .x

 16. Shi Y, Thrippleton MJ, Blair GW et al (2018) Small vessel disease 
is associated with altered cerebrovascular pulsatility but not rest-
ing cerebral blood flow. J Cereb Blood Flow Metab. https ://doi.
org/10.1177/02716 78X18 80395 6

 17. Altmann M, Thommessen B, Rønning OM et al (2016) Mid-
dle cerebral artery pulsatility index is associated with cognitive 
impairment in lacunar stroke. J Neuroimaging 26:431–435. https 
://doi.org/10.1111/jon.12335 

 18. Gu T, Korosec FR, Block WF et al (2005) PC VIPR: a high-speed 
3D phase-contrast method for flow quantification and high-reso-
lution angiography. Am J Neuroradiol 26:743–749

 19. Adams HP, Bendixen BH, Kappelle LJ et al (1993) Classifica-
tion of subtype of acute ischemic stroke. Definitions for use in 
a multicenter clinical trial. TOAST. Trial of Org 10172 in acute 
stroke treatment. Stroke 24:35–41. https ://doi.org/10.1161/01.
STR.24.1.35

 20. Ay H, Benner T, Arsava EM et al (2007) A computerized algo-
rithm for etiologic classification of ischemic stroke. Stroke 
38:2979–2984. https ://doi.org/10.1161/STROK EAHA.107.49089 
6

 21. Ay H, Furie KL, Singhal A et al (2005) An evidence-based causa-
tive classification system for acute ischemic stroke. Ann Neurol 
58:688–697. https ://doi.org/10.1002/ana.20617 

 22. Arsava EM, Ballabio E, Benner T et al (2010) The causative clas-
sification of stroke system: an international reliability and optimi-
zation study. Neurology 75:1277–1284. https ://doi.org/10.1212/
WNL.0b013 e3181 f612c e

 23. Desmond DW (2004) The neuropsychology of vascular cogni-
tive impairment: is there a specific cognitive deficit? J Neurol Sci 
226:3–7. https ://doi.org/10.1016/j.jns.2004.09.002

 24. Behrens A, Eklund A, Elgh E et  al (2014) A computerized 
neuropsychological test battery designed for idiopathic normal 
pressure hydrocephalus. Fluids Barriers CNS 11:22. https ://doi.
org/10.1186/2045-8118-11-22

 25. Behrens A, Elgh E, Leijon G et al (2019) The computerized 
general neuropsychological INPH test revealed improvement in 
idiopathic normal pressure hydrocephalus after shunt surgery. J 
Neurosurg 1:1–8. https ://doi.org/10.3171/2018.10.JNS18 701

 26. Wåhlin A, Ambarki K, Birgander R et al (2013) Measuring pul-
satile flow in cerebral arteries using 4D phase-contrast MR imag-
ing. Am J Neuroradiol 34:1740–1745. https ://doi.org/10.3174/
ajnr.A3442 

 27. Schmidt P (2017) Bayesian inference for structured additive 
regression models for large-scale problems with applications to 
medical imaging. Text. PhDThesis, Ludwig-Maximilians-Univer-
sität München

 28. Fazekas F, Chawluk J, Alavi A et al (1987) MR signal abnormali-
ties at 1.5 T in Alzheimer’s dementia and normal aging. Am J 
Roentgenol 149:351–356. https ://doi.org/10.2214/ajr.149.2.351

 29. Schrauben E, Wåhlin A, Ambarki K et al (2015) Fast 4D flow MRI 
intracranial segmentation and quantification in tortuous arteries. 
J Magn Reson Imaging 42:1458–1464. https ://doi.org/10.1002/
jmri.24900 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1212/WNL.0b013e31829bfde3
https://doi.org/10.1212/WNL.0b013e31829bfde3
https://doi.org/10.1161/01.STR.0000147034.25760.3d
https://doi.org/10.1161/01.STR.0000147034.25760.3d
https://doi.org/10.1093/brain/aww259
https://doi.org/10.1177/1747493016676612
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1016/j.dsr2.2018.05.013
https://doi.org/10.1016/j.dsr2.2018.05.013
https://doi.org/10.1093/bioinformatics/12.4.357
https://doi.org/10.1007/BF00877747
https://doi.org/10.1007/BF00877747
https://doi.org/10.1161/HYPERTENSIONAHA.113.02735
https://doi.org/10.1161/HYPERTENSIONAHA.113.02735
https://doi.org/10.1038/jcbfm.2013.180
https://doi.org/10.1038/jcbfm.2013.180
https://doi.org/10.1002/jmri.23527
https://doi.org/10.1002/jmri.23527
https://doi.org/10.1161/STROKEAHA.112.655837
https://doi.org/10.1111/j.1552-6569.2011.00649.x
https://doi.org/10.1111/j.1552-6569.2011.00649.x
https://doi.org/10.1177/0271678X18803956
https://doi.org/10.1177/0271678X18803956
https://doi.org/10.1111/jon.12335
https://doi.org/10.1111/jon.12335
https://doi.org/10.1161/01.STR.24.1.35
https://doi.org/10.1161/01.STR.24.1.35
https://doi.org/10.1161/STROKEAHA.107.490896
https://doi.org/10.1161/STROKEAHA.107.490896
https://doi.org/10.1002/ana.20617
https://doi.org/10.1212/WNL.0b013e3181f612ce
https://doi.org/10.1212/WNL.0b013e3181f612ce
https://doi.org/10.1016/j.jns.2004.09.002
https://doi.org/10.1186/2045-8118-11-22
https://doi.org/10.1186/2045-8118-11-22
https://doi.org/10.3171/2018.10.JNS18701
https://doi.org/10.3174/ajnr.A3442
https://doi.org/10.3174/ajnr.A3442
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.1002/jmri.24900
https://doi.org/10.1002/jmri.24900


730 Journal of Neurology (2020) 267:721–730

1 3

 30. Wåhlin A, Ambarki K, Birgander R et al (2014) Intracranial pulsa-
tility is associated with regional brain volume in elderly individu-
als. Neurobiol Aging 35:365–372. https ://doi.org/10.1016/j.neuro 
biola ging.2013.08.026

 31. Ambarki K, Hallberg P, Jóhannesson G et al (2013) Blood flow 
of ophthalmic artery in healthy individuals determined by phase-
contrast magnetic resonance imaging. Invest Ophthalmol Vis Sci 
54:2738–2745. https ://doi.org/10.1167/iovs.13-11737 

 32. Dunås T, Holmgren M, Wåhlin A et al (2019) Accuracy of blood 
flow assessment in cerebral arteries with 4D flow MRI: evalua-
tion with three segmentation methods. J Magn Reson Imaging 
50:511–518. https ://doi.org/10.1002/jmri.26641 

 33. Jolly TAD, Bateman GA, Levi CR et al (2013) Early detection 
of microstructural white matter changes associated with arterial 
pulsatility. Front Hum Neurosci. https ://doi.org/10.3389/fnhum 
.2013.00782 

 34. Zarrinkoob L, Ambarki K, Wåhlin A et al (2016) Aging alters the 
dampening of pulsatile blood flow in cerebral arteries. J Cereb 
Blood Flow Metab 36:1519–1527. https ://doi.org/10.1177/02716 
78X16 62948 6

 35. Lee W-J, Jung K-H, Ryu YJ et al (2017) Progression of cerebral 
white matter hyperintensities and the associated sonographic 
index. Radiology 284:824–833. https ://doi.org/10.1148/radio 
l.20171 62064 

 36. Waldstein SR, Rice SC, Thayer JF et al (2008) Pulse pressure 
and pulse wave velocity are related to cognitive decline in the 
baltimore longitudinal study of aging. Hypertension 51:99–104. 
https ://doi.org/10.1161/HYPER TENSI ONAHA .107.09367 4

 37. Pase MP, Beiser A, Himali JJ et al (2016) Aortic stiffness and the 
risk of incident mild cognitive impairment and dementia. Stroke 

47:2256–2261. https ://doi.org/10.1161/STROK EAHA.116.01350 
8

 38. Tsao CW, Himali JJ, Beiser AS et al (2016) Association of arterial 
stiffness with progression of subclinical brain and cognitive dis-
ease. Neurology 86:619–626. https ://doi.org/10.1212/WNL.00000 
00000 00236 8

 39. Scuteri A, Tesauro M, Appolloni S et al (2007) Arterial stiffness 
as an independent predictor of longitudinal changes in cognitive 
function in the older individual. J Hypertens 25:1035–1040. https 
://doi.org/10.1097/HJH.0b013 e3280 895b5 5

 40. Moody DM, Brown WR, Challa VR, Anderson RL (1995) 
Periventricular venous collagenosis: association with leukoaraio-
sis. Radiology 194:469–476. https ://doi.org/10.1148/radio 
logy.194.2.78247 28

 41. Keith J, Gao F, Noor R et al (2017) Collagenosis of the deep 
medullary veins: an underrecognized pathologic correlate of white 
matter hyperintensities and periventricular infarction? J Neuro-
pathol Exp Neurol 76:299–312. https ://doi.org/10.1093/jnen/
nlx00 9

 42. Houck AL, Gutierrez J, Gao F et al (2019) Increased diameters 
of the internal cerebral veins and the basal veins of rosenthal are 
associated with white matter hyperintensity volume. Am J Neu-
roradiol. https ://doi.org/10.3174/ajnr.A6213 

 43. Dunås T, Wåhlin A, Ambarki K et al (2016) Automatic labeling 
of cerebral arteries in magnetic resonance angiography. Magn 
Reson Mater Phys Biol Med 29:39–47. https ://doi.org/10.1007/
s1033 4-015-0512-5

 44. Dunås T, Wåhlin A, Ambarki K et al (2017) A stereotactic prob-
abilistic atlas for the major cerebral arteries. Neuroinformatics 
15:101–110. https ://doi.org/10.1007/s1202 1-016-9320-y

https://doi.org/10.1016/j.neurobiolaging.2013.08.026
https://doi.org/10.1016/j.neurobiolaging.2013.08.026
https://doi.org/10.1167/iovs.13-11737
https://doi.org/10.1002/jmri.26641
https://doi.org/10.3389/fnhum.2013.00782
https://doi.org/10.3389/fnhum.2013.00782
https://doi.org/10.1177/0271678X16629486
https://doi.org/10.1177/0271678X16629486
https://doi.org/10.1148/radiol.2017162064
https://doi.org/10.1148/radiol.2017162064
https://doi.org/10.1161/HYPERTENSIONAHA.107.093674
https://doi.org/10.1161/STROKEAHA.116.013508
https://doi.org/10.1161/STROKEAHA.116.013508
https://doi.org/10.1212/WNL.0000000000002368
https://doi.org/10.1212/WNL.0000000000002368
https://doi.org/10.1097/HJH.0b013e3280895b55
https://doi.org/10.1097/HJH.0b013e3280895b55
https://doi.org/10.1148/radiology.194.2.7824728
https://doi.org/10.1148/radiology.194.2.7824728
https://doi.org/10.1093/jnen/nlx009
https://doi.org/10.1093/jnen/nlx009
https://doi.org/10.3174/ajnr.A6213
https://doi.org/10.1007/s10334-015-0512-5
https://doi.org/10.1007/s10334-015-0512-5
https://doi.org/10.1007/s12021-016-9320-y

	Cerebral arterial pulsatility is associated with features of small vessel disease in patients with acute stroke and TIA: a 4D flow MRI study
	Abstract
	Introduction
	Materials and methods
	Study population
	Neuropsychological testing
	Brain imaging
	White matter hyperintensities and brain volume
	Small vessel disease and lesion locations
	Cerebral blood flow
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References




