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a b s t r a c t 

Background: Cerebral hemodynamic disorders are involved in the occurrence and progression of vascular 

dementia (VaD), but the methods to detect hemodynamics remainmultifarious and uncertain nowadays. 

We aim to exploit a computational fluid dynamics (CFD) approach by static and dynamic parameters, 

which can be used to detect individual cerebrovascular hemodynamics quantitatively. 

Methods: A patient-specific CFD model was constructed with geometrical arteries on the magnetic reso- 

nance angiography (MRA) and hemodynamic parameters on ultrasound Doppler, by which, the structural 

and simulated hemodynamic indexes could be obtained, mainly including the cerebral arterial volume 

(CAV), the number of visible arterial outlets, the total cerebral blood flow (tCBF) index and the total cere- 

brovascular resistance (tCVR) index. The hemodynamics were detected in subcortical vascular dementia 

(SVaD) patients ( n = 38) and cognitive normal controls (CNCs; n = 40). 

Results: Compared with CNCs, the SVaD patients had reduced outlets, CAV and tCBF index (all P ≤ 0.001), 

increased volume of white matter hyperintensity (WMH) and tCVR index (both P ≤ 0.01). The fewer 

outlets ( OR = 0.77), higher Hachinski ischemic score (HIS) ( OR = 3.65), increased tCVR index ( OR = 1.98) 

and volume of WMH ( OR = 1.12) were independently associated with SVaD. All hemodynamic parameters 

could differentiate the SVaD patinets and CNCs, especially the composite index calculated by outlets, tCVR 

index and HIS (AUC = 0.943). Fewer outlets and more WMH increased the odds of SVaD, which were 

partly mediated by the tCBF index (14.4% and 13.0%, respectively). 

Conclusion: The reduced outlets, higher HIS and tCVR index may be independent risk factors for the 

SVaD, and a combination of these indexes can differentiate SVaD patients and CNCs reliably. The tCBF 

index potentially mediates the relationships between hemodynamic indexes and SVaD. Although all sim- 

ulated indexes only represented the true hemodynamics indirectly, this CFD model can provide patient- 

specific hemodynamic alterations non-invasively and conveniently. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Dementia is a disorder characterized by the impairment of cog- 

itive function with attenuated daily activity and psychiatric symp- 

oms, which is the third contributor to neurological disability- 

djusted life years (DALYs) [1] . More than 50 million people are 

ffected by dementia globally, it is estimated that the total num- 
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er of dementia patients worldwide will reach 82 million by 2030 

nd 152 million by 2050 [2] . Vascular dementia (VaD) is caus- 

ng about 15% of dementia cases [3] . The cerebrovascular patho- 

ogical changes are usually accompanied by intracranial hemody- 

amic disorder, which is known to be involved in the mechanisms 

f cognitive decline, particularly for VaD [4] . For instance, patients 

ith cardiac dysfunction manifest hemodynamic disorders and de- 

reased cerebral perfusion, leading to the injury or death of neu- 

ons [ 5 , 6 ]. Moreover, remodeling of intracranial or extracranial ves- 

els and increasing resistance of cerebral arteries reduce cerebral 

erfusion, which impairs the metabolism of brain tissue and the 

learance of metabolic substances, such as amyloid-beta (A β), and 

urther exacerbates the cognitive decline [7–9] . Therefore, the de- 

ection of hemodynamic disorders may provide a window to dis- 

over potential vascular lesions causing hemodynamic disorder in 

ementia patients. 

The hemodynamic parameters mainly include cerebral blood 

ow (CBF), cerebrovascular resistance (CVR), flow velocity, frac- 

ional flow reserve (FFR) and artery wall shear stress (WSS). Up 

o now, various imaging methods have been developed and intro- 

uced into the measurement of these parameters. Results of tran- 

cranial Doppler (TCD) have shown lower velocity of cerebral blood 

ow and a higher pulsatility index in patients with vascular cog- 

itive impairment, which suggests that increased CVR may con- 

ribute to VaD [10] . Similarly, Alzheimer’s disease (AD) patients 

lso have mild changes in these parameters [11] . The CBF ratio 

f gray matter to white matter measured by arterial spin label- 

ng (ASL) also decreases globally in post-stroke dementia patients 

 12 , 13 ], and AD patients exhibit reduced CBF and increased cere-

ral vascular resistance index (CVRi) in inferior parietal and tem- 

oral cerebral regions [14] . Moreover, the 4D flow magnetic reso- 

ance imaging (MRI) is an emerging imaging paradigm and capa- 

le of quantifying the temporal evolution of complex blood flow 

atterns, by which AD patients exhibit decreasing mean flow in 

nternal carotid and middle cerebral arteries, which are negatively 

ssociated with amyloid levels in cerebrospinal fluid positivity [15] . 

Until recently, there has been little agreement on the opti- 

al appraisal methods of hemodynamics. First, TCD cannot accu- 

ately detect hemodynamic parameters in distal branches of ar- 

eries and its accuracy relies on the experience of the operator 

nd the quality of equipment [16] . Second, even though the CBF 

an be measured by ASL and positron emission tomography (PET), 

SL has a low signal-to-noise ratio, and PET is not convenient and 

idespread in clinical practice, both of them only provide a few 

emodynamic parameters [17] . Third, 4D-flow MRI has a trade-off

etween spatial and temporal resolution, which is suitable for large 

rteries with fast flows or small vessels with slow flows. Moreover, 

he time-consuming characteristic impedes its spread [18] . There- 

ore a multifunctional, non-invasive and accurate measurement of 

erebral hemodynamics is necessary for clinical use. 

Computational fluid dynamics (CFD) is an alternative method 

f the abovementioned imaging, and it provides detailed hemo- 

ynamic parameters of patients non-invasively [19] . Several CFD 

pproaches using routinely available medical images have been 

sed to detect hemodynamic properties, e.g., FFR in the coronary 

rtery can be estimated non-invasively with CFD from computed 

omography angiography (CTA) images, which is highly compa- 

able with the FFR measured by an interventional pressure wire 

 20 , 21 ]. Moreover, the rupture risk and pressure of the intracranial

neurysm can be assessed with CFD, thereby improving the under- 

tanding of the biomechanics of the aneurysms [22] . In our previ- 

us pilot study, the fractional pressure ratios assessed by CFD are 

omparable with results of digital subtraction angiography (DSA) 

23] . Therefore CFD avoids unnecessary interventional angiography 

ffectively and has considerable application prospects. However, 

he boundary conditions of previous models based on uniform pa- 
2 
ameters of the vascular inlets [24] , and the individual difference 

as underestimated. Therefore a CFD model constructed by indi- 

idual physiological parameters may become an accurate method 

o quantify cerebral hemodynamics. 

To overcome the limitations of non-specificity, the present 

tudy used in-house CFD software to quantify and visualize the 

emodynamic properties and indexes of arterial structure. The 

hole cerebral arteries were visualized on the reconstructed arte- 

ial graphs, and boundary parameters of inlets were derived from 

ascular Doppler. To the best of our knowledge, the CFD model 

as not been applied to detect hemodynamic alterations in demen- 

ia patients. Thus this study aimed to explore whether this CFD 

odel can differentiate the hemodynamic alterations between pa- 

ients with SVaD and CNCs, and further reveal the potential mech- 

nisms of the occurrence and progression of SVaD. 

. Methods 

.1. Participants 

The present cross-sectional study included SVaD patients 

 n = 38), and cognitive normal controls (CNCs) ( n = 40). The di-

gnosis of probable SVaD accorded to the criteria of Guidelines 

rom the Vascular Impairment of Cognition Classification Consen- 

us Study (VICCCS) and Mini-Mental State Examination (MMSE) 

core < 24. Meanwhile, the typical pathological changes of SVaD in- 

lude subcortical infarcts (lacunes) and white-matter lesions. Par- 

icipants were recruited in the control group according as follow. 

irst, they did not report any cognitive impairment, neurological 

ymptoms or heavy systemic disease. Second, participants did not 

how any neurological signs according to physical examinations. 

hird, The CNCs did not suffer from stroke or other cerebrovas- 

ular diseases, except for the asymptomatic lacunar infarct bas- 

ng on MRI and magnetic resonance angiography (MRA). Subjects 

ere excluded from this study if they suffered from other defi- 

ite causes of dementia. This study was approved by the ethics 

ommittee of the Affiliated ZhongDa Hospital, Southeast University 

2019ZDSYLL189-P01). 

.2. Collection of demographic data 

All participants underwent comprehensive examinations, in- 

luding physical examination, medical evaluation, Hachinski is- 

hemic score (HIS), blood draw, Doppler ultrasonography of the 

ervical arteries and MRI + MRA. The measurement of blood pres- 

ure by electronic sphygmomanometer was arranged before ex- 

mination of cervical arteries ultrasonography. The systolic blood 

ressure (SBP) and diastolic blood pressure (DBP) were recorded. 

ean arterial pressure (MAP) was calculated using the formula: 

AP = DBP + (SBP - DBP)/3. 

.3. Protocols of imaging 

Doppler ultrasonography was performed to measure velocities 

f the blood flows of the left and right internal carotid arter- 

es (ICA) and vertebral arteries (VA) using high-resolution ultra- 

ound (LOGIQ E9 system, GE Healthcare, Waukesha, WI, USA) at 

–15 MHz. Peak systolic velocity (PSV) and end diastolic velocity 

EDV) were used to set up boundary conditions of the CFD model. 

ll participants underwent MRI and MRA scanning using a 3.0 T 

RI scanner (Magnetom Verio, Siemens Healthcare, Erlangen, Ger- 

any) with a 12-channel head coil at the Department of Radiol- 

gy, Affiliated ZhongDa Hospital, Southeast University. The MR se- 

uences included T1-weighted imaging (T1WI), T2-weighted imag- 

ng (T2WI), and MRA. The above imaging sequences were applied 

ith the parameters as follows: (1) T1WI: repetition time (TR), 
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00 ms; echo time (TE), 26 ms; number of excitations (NEX), 2; 

lice thickness, 0.6 cm. (2) T2WI: TR, 2800 ms; TE, 50 ms; NEX, 4;

lice thickness, 0.6 cm. (3) TOF (Time of Flight)-MRA: TR, 21.0 ms; 

E, 3.6 ms; flip angle, 25; NEX, 1; field of view, 200 × 160.4 mm; 

atrix size, 216 × 384; slice number, 150; and slice thickness 

.7 mm. 

.4. Measurement of subject-specific hemodynamic parameters with 

FD 

.4.1. Image processing and CFD mesh generation 

MRA images were exported from the MRI scanner in the stan- 

ard Digital Imaging and Communication in Medicine (DICOM) for- 

at. The cerebral artery was segmented from each DICOM image 

sing 3D region-growing provided by Mimics software (material- 

ze NV, Belgium), and the results were inspected and refined by 

wo radiologists independently. The 3D geometry of the cerebral 

rtery was then reconstructed, by which, structural indexes could 

e calculated by Mimics, including the number of outlets and vol- 

me of cerebral arteries. The computational domain of CFD was 

iscretized by a mesh generated by ANSYS ICEM CFD software (AN- 

YS, Inc., USA). Due to the complexity of the geometry, an unstruc- 

ured tetrahedral mesh was used. The total number of elements 

as greater than 1 million and a minimum elemental volume of 

pproximately 1.0 × 10 −8 cm 

3 , which is used to capture the de- 

ailed features of the flow dynamics of the blood flow, especially 

ear the area of artery with stenosis. 

.4.2. Modeling blood flow 

The blood flow was assumed to be a vicious and incompress- 

ble Newtonian fluid, the heat transfer and compressibility effects 

f the vascular wall were neglected in this process. The blood flow 

as characterized by a constant density ρ = 1.06 × 10 3 kg.m 

−1 

nd a dynamic viscosity μ = 3.5 × 10 −3 kg.m 

−1 .s −1 [ 25 , 26 ]. A typ-

cal carotid artery has a diameter D = 6.0 × 10 −3 m and the veloc-

ty of blood flow is around v = 0.4 m.s −1 , as a result, the Reynolds

umber: Re = ρvD / μ ≈ 121, which suggests that the blood flow 

as laminar. An unsteady incompressible Navier-Stokes equation 

as utilized to describe the blood flow, as follows: 

∂v 

∂t 
+ ( v · ∇ ) v = − 1 

ρ
∇ p + 

μ

ρ
∇ 

2 v + f , (1.1) 

The equation for conservation of mass was defined as: 

 · v = 0 , (1.2) 

here v is the velocity vector, p is the pressure, and f is the body

orce, assumed to be 0. 

To solve Eqs. (1.1) and ( 1.2 ), a finite volume method using AN-

YS CFX software version 14.5 (ANSYS, Inc., USA) was used. CFD 

imulations were conducted on an AMAX server with dual 22-core 

ntel Xeon E5–2699 v4 CPUs running at 2.20 GHz with 256 GB 

emory. The computational mesh was partitioned using a k -way 

etis algorithm with a message passing interface (MPI) for the 

ommunication among the processor cores. The blood flow for a 

 s period in each cerebral artery was simulated with a time step 

ize of 0.01 s. A second-order backward Euler scheme was used for 

he transient term. The criteria for convergence was set such that 

he initial root mean square error (RMSE) was reduced by a factor 

f 1.0 × 10 −5 . 

.4.3. Determination of boundary conditions 

Both PSV and EDV measured at the inlets of the ICA and the 

A were used to estimate the respective mean velocity, defined as 

 mean = 

1 
3 V PSV + 

2 
3 V EDV , which was assumed to be present at the 

enterline of the vessels. The flow was assumed to be laminar 

ith pulsatility neglected at all inlets. The flow rate at the inlet 
3 
as approximated by Q in = 

1 
2 V mean · A in , where A in was the cross- 

ectional area of the artery at the inlet. The velocity profile was 

ssumed to be parabolic with zero value on the wall of the artery 

27] . The cross-sectional area was calculated by A in = π · ( D in 2 ) 
2 , 

here D in is the diameter of the inlet, measured from the MRA im- 

ges. The tCBF index was calculated by the sum of the flows from 

he internal carotid and the vertebral Q in . For the outlets, a resis- 

ive boundary condition was applied to mimic the downstream re- 

istance, assumed to be inversely proportional to the diameter of 

he outlet. The tCVR index R Total was calculated from the total in- 

ow Q total = Q 

ICA 
in 

+ Q 

VA 
in 

and the MAP, approximated by the brachial 

lood pressure, that was R total = MAP / Q total . R out at each outlet was

erived from R total and the diameter of the outlet. Finally, the out- 

et pressure P out was calculated by P out = Q out • R out , where Q out is

he flow rate at each outlet and estimated from the area integral 

f the outlet velocity V out . The scheme used to set the boundary 

onditions is shown in Fig. 1 , and hemodynamic parameters in ar- 

eries larger than 0.2 cm in diameter could be estimated by the 

FD model. 

.5. Statistical analysis 

Statistical analyses were performed using SPSS version 25.0 

IBM Corp., Armonk, NY, USA). The normality of the data distri- 

ution was assessed by the Shapiro-Wilk test. The homogeneity of 

ariance in all variables with normality was assessed by Levene’s 

est. Continuous variables with normal distribution were presented 

s mean ± standard deviation (SD), non-normal variables were re- 

orted as median (interquartile range; IQR), categorical data were 

xpressed numerically. Mean values of two continuous normally 

istributed variables were compared by independent samples Stu- 

ent’s test. The Mann-Whitney U test was used to analyze the sta- 

istical significance of differences in variables with nonnormal dis- 

ribution or heterogeneity of variance. Chi-Square ( χ2 ) test was 

sed to compare categorical data. Pearson or Spearman correla- 

ions were used to examine the associations of hemodynamic pa- 

ameters and structural indexes. To elucidate the independent con- 

ributions of hemodynamic parameters to dementia, binary logis- 

ic regression analyses were performed across the SVaD patients 

nd CNCs groups. Results are expressed as odds ratios ( OR ) and 

orresponding 95% confidence intervals (95% CI), which were used 

o interpret the effect of independent variables on “dementia”. To 

valuate the diagnostic accuracy, the abilities of hemodynamic pa- 

ameters to differentiate SVaD and CNCs were assessed by the area 

nder the receiver operator characteristic curve (ROC). Propensity 

core matching with 1:2 was applied to pair two groups at base- 

ine (i.e., age) with the plug-in components (PSMATCHING3.04.spe) 

n SPSS, in which, the caliper of a width of 0.2 was used [28] . 

Mediation analysis was performed with the SPSS PROCESS 

acro (version 3.5) [29] . Given the injuries of pathological factors 

o dementia are mediated by CBF, we examined the one mediator 

ath (PROCESS Model (4): outlets to tCBF index to SVaD, CAV to 

CBF index to SVaD, and tCVR index to tCBF index to SVaD. More- 

ver, a multiple mediator path (PROCESS Model 6) was used to de- 

ermine whether the tCVR index and tCBF index mediate the asso- 

iation between the volume of white matter hyperintensity (WMH) 

nd SVaD. Mediation analyses incorporated age, sex as covariates. 

 p-value less than 0.05 was deemed statistically significant. 

. Results 

.1. Comparison of baseline demographic and clinical characteristics 

etween two groups 

The baseline demographic and clinical data of the 78 included 

articipants was summarized in Table 1 . As compared to CNCs, the 
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Fig. 1. The reconstructed pseudo-color map shows the vascular pressures of different arteries. This CFD model constructed by MRA, in which the patient-specific hemody- 

namic parameters derived from Doppler and mean arterial pressure were used to be boundary conditions. By which the parameters of any part of arteries or distal branches 

can be calculated. 

Table 1 

Demographics and clinical characteristics. 

Characteristics SVaD ( n = 38) CNCs ( n = 40) t value P value 

Sex(male) 25 20 χ 2 = 1.99 0.158 

Age (year), media (IQR) 83.00 (75.75,85.50) 75.5 (73.00,78.75) Z = - 3.54 < 0.001 

BMI 23.72 ± 3.36 25.12 ± 3.37 1.74 0.086 

SBP (mmHg) 139.03 ± 17.49 138.80 ± 17.09 - 0.06 0.954 

DBP (mmHg) 76.74 ± 13.27 73.48 ± 9.96 - 1.22 0.222 

History of hypertension 24 32 χ 2 = 2.73 0.161 

History of diabetes 15 8 χ 2 = 3.55 0.060 

History of asymptomatic lacunar 18 12 χ 2 = 2.48 0.115 

History of hyperlipemia 2 4 χ 2 = 0.13 0.791 

Smoking history 4 8 χ 2 = 0.71 0.398 

History of CHD 6 6 χ 2 = 0.01 0.923 

TC (mmol/L) 4.06 ± 1.06 4.34 ± 1.02 1.150 0.254 

GTs (mmol/L) 1.20 ± 0.76 1.60 ± 1.12 1.82 0.073 

HDL (mmol/L) 1.17 ± 0.38 1.26 ± 0.28 1.19 0.240 

LDL (mmol/L) 2.38 ± 0.87 2.41 ± 0.74 0.14 0.889 

ALT (U/L) 25.45 ± 24.91 18.03 ± 11.99 - 1.67 0.099 

UN (mmol/L) 6.50 ± 3.61 5.65 ± 1.65 - 1.34 0.184 

HbA1c%, media (IQR) 6.00 (5.57,7.57) 5.75 (5.40,6.58) Z = - 1.29 0.197 

Shcy (μmol/L) 14.93 ± 10.68 19.21 ± 9.14 1.755 0.084 

Volume of WMH (cm 

3 ), media(IQR) 24.37 (13.21,34.77) 4.83 (1.68,9.67) Z = - 4.70 < 0.001 

HIS, media (IQR) 7 (4, 9) 2 (2,3) Z = - 5.74 < 0.001 

Abbreviation: ALT: alanine aminotransferase, BMI: body mass index, CHD: coronary heart disease. DBP: diastolic 

blood pressure, GT: triglycerides, HbA1c: Hemoglobin A1c, HIS: Hachinski ischemic score, HDL: high-density 

lipoprotein, IQR: interquartile range, LDL: low-density lipoprotein, SBP: systolic blood pressure, Shcy: serum ho- 

mocysteine, Tc: total cholesterol, UN: urea nitrogen, WMH: White matter hyperintensity. 
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verage age of SVaD patients ( Z = - 3.54, P < 0.001) was older. The

VaD participants had a significantly increased volume of WMH 

 Z = - 4.70, P < 0.001) and HIS ( Z = - 5.74, P < 0.001). There

ere no significant differences in other baseline data between the 

wo groups(all P > 0.05). After performed propensity score match- 

ng for age, the increased volume of WMH and HIS were found in 

VaD patients yet (Supplementary Table 1). 

.2. Comparison of hemodynamic parameters between groups 

Two typical examples of the color maps of pressure and velocity 

hroughout the arterial tree are displayed in Fig. 2 for each group. 

he hemodynamic parameters of all subjects were calculated by 

he 3D CFD model ( Tables 2 and S3). As compared with CNCs, SVaD
4 
atients had a reduced number of outlets, CAV and tCBF index 

all P ≤ 0.01). On the contrary, there was a significantly increasing 

CVR index in SVaD group ( P < 0.001). Using age-matched subjects, 

ll hemodynamic parameters mentioned above also shown signifi- 

ant differences between the two groups (Supplementary Table 1). 

.3. Binary logistic regression analysis and ROC curve analysis 

Binary regression analysis demonstrated that a fewer number 

f outlets were independently associated with SVaD ( OR = 0.77; 

5% CI : 0.65–0.92). The increasing tCVR index ( OR = 1.98, 95% CI :

.16–2.28), the volume of WMH ( OR = 1.12, 95% CI : 1.03–1.2 2) and

IS ( OR = 3.65, 95% CI : 1.58–8.43) were independently related to 

VaD ( Table 3 ). On regression analysis of age-matched subjects, all 
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Fig. 2. Two typical examples of pressure distribution and streamlines of blood flow velocity. The first column (A and B) is for a cognitive normal subject, the second column 

(C and D)is for a SVaD patient. According to computation, the total blood flow index in the models 998 ml/min (cognitive normal subject) and 725 ml/min (SVaD patient), 

respectively. 

Table 2 

Arterial structure characteristics and hemodynamic parameters. 

Hemodynamic parameters SVaD ( n = 38) CNCs ( n = 40) t value P value 

Number of outlet 31.18 ± 7.39 44.20 ± 11.12 Z = - 5.09 < 0.001 

CAV (cm 

3 ) 10.29 ± 2.66 12.35 ± 2.71 3.38 0.001 

tCBF index (cm 

3 /s) 9.65 ± 3.04 12.12 ± 2.42 3.97 < 0.001 

tCVR index (dyne ∗s/cm 

5 ) 11,844.90 ± 4739.08 9280.57 ± 2239.75 Z = - 2.55 0.01 

Table 3 

Binary logistic regression analysis for hemodynamic parameters. 

Independent 

variables 

SVaD vs CNCs 

β P (Sig) OR (95% CI ) 

Number of outlet - 0.263 0.003 0.77 (0.65–0.92) 

tCVR index ( ∗1000 dyne ∗s/cm 

5 ) 0.685 0.012 1.98 (1.16–2.28) 

HIS 1.295 0.002 3.65 (1.58–8.43) 

Volume of WMH (cm 

3 ) 0.110 0.013 1.12 (1.03–1.22) 
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our variables were independent risk factors (Supplementary Table 

). The ROC curves showed that all hemodynamic parameters have 

ignificantly higher discriminative power to distinguish SVaD and 

NCs, especially the composite index of outlets, tCVR index and 

IS (AUC = 0.943, Fig. 3 ). 
5 
.4. The correlation analysis and mediation analysis of hemodynamic 

arameters 

Bivariate Spearman rank correlation showed that the CAV was 

ositively correlated with the number of outlets (All P < 0.001; 

ig. 4 A) in all groups. The tCBF index was negatively associated 

ith the tCVR index in two groups ( r s-SVaD = - 0.760, P < 0.001;

 s-CNCs = - 0.746, P < 0.001; Fig. 4 B). Even though there were sig-

ificant differences in age and volume of WMH between the two 

roups, correlation analyses revealed that the tCBF index did not 

elate to age or volume WMH ( Fig. 4 C and 4 D, both P > 0.10). 

Based on the results mentioned above, mediation analyses were 

erformed to examine the hypothetic pathways. The percentage 

f the total effect of outlets’ number on the SVaD that was me- 

iated through tCBF index was 14.4% ( Fig. 4 E). The reduced CAV 

nd increased tCVR index had potential effects on SVaD, which 
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Fig. 3. The ROC of the ability of hemodynamic parameters to differentiate between 

CNCs and SVaD. The composite index was predicted probability that were calcu- 

lated by binary logistic regression with all hemodynamic parameters and Hachin- 

ski ischemic score. The variables in final step of binary logistic regression in- 

cluded outlets, tCVR index and Hachinski ischemic score. The predicted proba- 

bility is P = [ exp (- 2.98–0.13 × X 1 + 0.37 × X 2 + 1.00 × X 3 )]/[1 + exp (- 2.98–

0.13 × X 1 + 0.37 × X 2 + 1.00 × X 3 )], X 1 is the number of outlets, X 2 is tCVR in- 

dex(10 0 0 ∗dyne ∗s/cm 5), X 3 is Hachinski scale. 
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ere totally mediated by the tCBF index ( Fig. 4 F and 4 G). A se-

ial 2-mediator analysis demonstrated that more volume of WMH 

ncreased the risk for SVaD, which was partly mediated by tCVR 

ndex through tCBF index (Ration indirect = 13.0%, P < 0.001. 

ig. 4 H). 

. Discussion 

In the present study, we developed a novel 3D CFD approach to 

easure the changes in hemodynamics and visible arteries in pa- 

ients with SVaD quantitatively for the first time. The main find- 

ngs are summarized as follows. First, as compared with CNCs, 

VaD groups had more WMH, higher HIS, increased tCVR index, 

educed visible arterial volume or outlets and tCBF index. Even 

hough there was a significant difference in baseline age of the two 

roups, the differential hemodynamic indexes in unmatched anal- 

ses also existed in the results of age-matched univariate analysis. 

econd, the independent risk factors of SVaD included increased 

CVR index, higher HIS, more volume of WMH and less visible ar- 

erial outlets. Third, all hemodynamic parameters and Hachinski is- 

hemic score had discriminative power to differentiate SVaD and 

NCs, especially the composite index calculated by outlets, tCVR 

ndex and HIS. Fourthly, the CAV was positively associated with the 

umber of outlets, and the tCBF index was negatively related to the 

CVR index in all subjects. On the contrary, there were not any re- 

ationships between the tCBF index and age or WMH. Finally, fewer 

utlets increased the odds of SVaD, which was partially mediated 

y the tCBF index. However, the proportion of SVaD risk explained 

y the CAV or tCVR index was totally mediated by the tCBF index. 

he augmented volume of WMH increased the risk for SVaD, some 

f this relationship may be mediated by the tCVR index through 

he tCBF index. 

It is challenging to measure hemodynamic parameters directly. 

asing on our previous study with CTA [23] , a novel patient- 
6 
pecific CFD model was constructed by MRA and ultrasonic flow 

arameters. This approach has several attractive features. First, it 

s more specific and convinced than other CFD models based on 

he uniform parameters of inlets from the healthy subject. Second, 

t is non-invasive and non-radioactive. Meanwhile, the imaging of 

TA and DSA can be used to replace MRA, thus improving the ac- 

essibility to most medical centers. Third, the model has a high 

patial resolution, intracranial arteries with a diameter larger than 

 mm can be evaluated, allowing hemodynamic parameters of the 

istal branches to be available. Fourthly, comprehensive hemody- 

amic parameters can be acquired in the CFD model conveniently, 

uch as tCBF indexes, tCVR indexes, velocity, FFR, CAV and arte- 

ial WSS [30] . Hence there is a need for expanding the application 

f these parameters in other cerebrovascular diseases. It is worth 

entioning that all simulated indexes calculated by this CFD only 

epresented the real ones indirectly, and all indexes can be used 

o differentiate between normal and abnormal hemodynamics, but 

ot be equivalent to the real value measured with invasive meth- 

ds. Moreover, the true physiological meanings of hemodynamic 

arameters need more following researches to verify. 

In this study, SVaD patients revealed that less tCBF index 

nd increased tCVR index. While undertaking the cognitive task, 

ealthy subjects and stroke patients exhibited a significant in- 

rease in CBF and bloodstream velocity [ 7 , 31 ], which suggested 

hat cerebrovascular circulation adjusts its hemodynamic response 

o metabolic requirements. Previous researches have shown that 

he CBF of the frontal and parietal cortex decreased in SVaD pa- 

ients [32] . Moreover, the CVRi correlated positively with the sever- 

ty of dementia [33] . Therefore, the tCBF index and tCVR index may 

lay a critical role in the progression of SVaD. 

In our study, patients with SVaD had decreasing visible outlets 

nd CAV, and the CAV was positively related to the outlets in all 

ubjects. The mechanism of 3D TOF MRA relies on inflow-based 

echniques [34] . To some extent, both the arterial outlets and vol- 

me reflect the internal diameters of arterial branches. Therefore, 

he CAV and outlets may exacerbate the occurrence of SVaD medi- 

ted by the tCBF index totally or partly. 

Stabilized CBF not only depends on cerebral arteries structure 

ut also heart function and resistance [6] . In the present study, 

he tCBF index was significantly and negatively correlated with 

he tCVR index, and the tCBF index might be mediated the ef- 

ect of the tCVR index on SVaD totally. All the above results con- 

rmed that abnormal arterial structure and hemodynamic param- 

ters might affect the perfusion of the whole brain and the pro- 

ression of SVaD. Early detection of abnormal hemodynamics may 

elp clinicians became more aware of latent pathological changes 

f structure and function in the neurovascular unit. 

In the present study, patients with SVaD showed an increased 

olume of WMH, which is an independent risk factor for SVaD. 

revious studies have verified that WMH is a pathological factor 

f SVaD, which participate in the development and progression 

f SVaD [35] . Furthermore, we found that the effect of extensive 

MH on SVaD was partly mediated by a higher tCVR index and 

ower tCBF index. Consequently, the pathological changes of small 

essels may downregulate cerebral perfusion, but there must be 

ther mechanisms that deteriorate the progress of SVaD. 

In the present study, the HIS also showed a higher capability 

o distinguish SVaD and CNCs. Moreover, the predicted probabil- 

ty calculated by HIS, tCVR index and outlets further enhanced the 

ccuracy in the differential diagnosis of SVaD. HIS is a frequently- 

sed and available scale to differentiate the SVaD patient. Us- 

ng postmortem neuropathologic examination, the sensitivity and 

pecificity of HIS were 0.69 and 0.92, respectively [36] . Therefore, 

he application of CFD would provide a new noninvasive method 

o aid the diagnosis of SVaD even though additional time and eco- 

omic cost. 
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Fig. 4. The CAV was positively associated with the number of outlets in two groups (A, both P < 0.001). The tCBF index was negatively related with tCVR index in both 

group (B, P < 0.001), instead of age or volume of WMH (C and D, both P > 0.05). Mediation analysis demonstrated that tCBF index could be a mediator of the association 

between outlets and SVaD (E), tCBF index totally mediated the effect of CAV or tCVR index on SVaD (F and G), The percentage of the total effect of WMH on the SVaD was 

mediated through tCVR index and tCBF index was 13.0% (H). 

7 
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Several limitations of this study should be mentioned. First, 

his study is a cross-sectional study, and the correlation between 

emodynamic parameters and SVaD need to be verified by follow- 

p studies. Second, this study has only been carried out with a 

mall sample size, which may weaken this study’s findings, espe- 

ially the mediation analysis. Therefore large-scale clinical studies 

re warranted for further verification of the results or conclusions 

f this study. Third, even though the values of MAP in major arter- 

es were equal, the MAP calculated with the traditional one-third 

ule underestimated the real MAP by nearly 5.0 mmHg [37] . There- 

ore, the automated oscillometric devices would be better substi- 

utes for the traditional way, especially in the MAP [38] . Finally, the 

imple resistance outlet boundary condition we have chosen in the 

resent study was different from our previous work [23] , in which, 

 Windkessel boundary condition which accounts for arterial com- 

liance in the distal vessels can achieve more realistic wave reflec- 

ion in the simulation. However, in the present study, we focused 

n static hemodynamic parameters, e.g., tCBF index and tCVR in- 

ex. The results from these two types of boundary conditions are 

omparable for these static parameters. 

. Conclusion 

The independent risk factors of SVaD include fewer cerebral 

rterial outlets, higher HIS, increased tCVR index and volume of 

MH. The abnormal hemodynamic parameters can be used to 

ifferentiate the SVaD patient and CNCs, especially the predicted 

robability calculated by HIS, number of outlets and tCVR index. 

he tCBF index totally mediated the effect of CAV or tCVR index on 

VaD and partially mediated the relationships between SVaD and 

MH or arterial outlets. With the verification of prospective clin- 

cal trials, this CFD model will provide clinicians with methods to 

iscover and monitor latent neurovascular dysfunction in patients 

ith SVaD. 
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