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ABSTRACT
Background and purpose Haemodynamics around 
the middle cerebral artery (MCA) and lenticulostriate 
arteries is believed to play important roles in the vascular 
rupture and local haemodynamics is subject to vascular 
geometry. Nonetheless, the relationship between the 
geometric features of MCA and spontaneous basal ganglia 
intracerebral haemorrhage (ICH) has not been investigated. 
To examine the relationship between the MCA geometric 
features and spontaneous basal ganglia ICH.
Methods This study was of retrospective and 
observational nature. The study recruited 158 consecutive 
hospitalised patients with consecutive CT- confirmed 
unilateral spontaneous basal ganglia ICH. Clinical data 
were extracted from electronic medical records, and 
imaging data were evaluated by two trained radiologists. 
The MCA- related geometric features were examined and 
their relationship with spontaneous basal ganglia ICH was 
analysed. Haemodynamic analyses under different MCA 
structural features were conducted.
Results Compared with the contralateral MCA, the 
ipsilateral MCA had greater M1 diameter ratio (proximal/
distal) and a smaller M1/M2 angle and MCA bifurcation 
angle (p＜0.01). Imaging study showed differences in 
the MCA shape in both sides on coronal plane (p＜0.05). 
These MCA features were significantly correlated with the 
spontaneous ICH in basal ganglia. The greater M1 diameter 
ratio (proximal/distal), the inferior- oriented M1, the smaller 
M1/M2 angle and the superior- oriented M1 conditions 
increased the pressure, from high to low. The greater M1 
diameter ratio (proximal/distal) and the inferior- oriented M1 
increased the shear stress at the distal end of M1 segment.
Conclusions The geometric features of MCA were 
significantly related to the spontaneous ICH in basal 
ganglia. The risk of haemorrhage, from high to low, 
included the greater M1 diameter ratio (proximal/distal), 
the inferior- oriented M1 (distal end), the smaller M1/
M2 angle and the superior- oriented M1. Mechanistically, 
these vascular structural features contribute to increased 
vascular wall pressure and shear stress, which eventually 
lead to haemorrhage.

INTRODUCTION
Although spontaneous intracerebral haem-
orrhage (ICH) accounts for less than 20% 
of cases of stroke, it represents the most 
serious type of the condition and has the 
highest mortality among all forms of stroke.1 

Spontaneous ICH in the basal ganglia (the 
most common site) is caused by the rupture 
of lenticulostriate arteries (LSAs), the perfo-
rating branches of the ipsilateral middle cere-
bral artery (MCA).2 As we know it, this region 
is also a frequent site of ischaemic stroke. 
Haemorrhagic and ischaemic strokes had 
some risk factors in common, such as hyper-
tension, diabetes, hyperlipaemia, smoking 
and alcohol use.3 In clinical practice, it is 
still difficult to identify populations who are 
at higher risk for haemorrhage. Haemody-
namics around the MCA and LSAs is believed 
to play important roles in the vascular rupture 
and local haemodynamics can be impacted 
by vascular geometry.4–8 Previous histolog-
ical evaluation found that, unlike ischaemic 
stroke, non- stenotic atherosclerotic MCAs 
were more common in ICH and it was hypoth-
esised that arterial hypertension spread more 
easily to the small branches through the main 
vascular trunks without luminal narrowing, 
resulting in vascular rupture and haemor-
rhage.9 Therefore, we are led to speculate 
that some geometric features of MCA, which 
presumably affect both local haemodynamics 
and wall mechanics, might make the region 
more vulnerable to spontaneous basal ganglia 
ICH.

Studies have confirmed that the geom-
etry of intracranial artery is an important 
factor in the development of atherosclerotic 
plaque.10–12 The arterial geometry, by haemo-
dynamically working on the endothelia, 
can influence the growth of atherosclerotic 
plaques through the haemodynamic effect, 
leading to a consistency in geometry among 
different plaques.13 Moreover, the geometric 
properties of plaque can directly influence the 
risk of plaque rupture.14 15 In fact, the plaque 
features, including geometry, are found to be 
associated with the acute symptoms in MCA.16 
Nonetheless, the haemodynamic mechanisms 
underlying the plaque formation have not 
been fully clarified.
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In recent years, computational fluid mechanics has 
emerged as a powerful tool to more precisely explore the 
cause of cerebral haemorrhage, to probe the mechanism 
underlying the complex physical events in brain and to 
serve as a supplement to other medical equipment for 
higher precision.17–21 Researchers reportedly simulated 
the cerebral circulation to look into the pathogenesis 
of ICH.22 However, to our knowledge, the relationship 
between the MCA geometric features and spontaneous 
basal ganglia ICH have not been investigated, especially by 
using the computational fluid dynamic (CFD) technique. 
The objective of this study was, therefore, to examine the 
MCA geometric features and their effect on the develop-
ment of spontaneous ICH in basal ganglia by means of 
CFD simulation. We tried to identify local geometric risk 
factors that could serve as indicators for identifying popu-
lations who are at high risk of spontaneous basal ganglia 
ICH.

METHODS
Enrolled into this study were the consecutive patients 
who had CT- confirmed unilateral spontaneous basal 
ganglia ICH (>18 years) and had received MR angiog-
raphy (MRA)/CT angiography (CTA) (within 7 days 
of onset) in Union Hospital, Tongji Medical College, 
Huazhong University of Science and Technology, Wuhan, 
China, between 1 September 2013 and 30 June 2019. The 
flow diagram for patient selection is shown in figure 1. 
The clinical data of the patients were collected from the 
institutional medical database. The parameters used in 
our study included the MCA- related variables and other 
items that might be related to spontaneous basal ganglia 
ICH (figure 2). The CFD analysis using the scFLOW 
module from MSC Cradle was performed to simulate the 
cerebral blood flow. Statistical analysis was performed 
by employing Statistical Product and Service Solutions 
V.12.0 for Windows. Details are given in online supple-
mental methods.

RESULTS
Basic data
Finally, 158 patients were included in the present analysis. 
The features of the study population are shown in table 1.

MCA Geometric Features of MCA
The MCA geometric features are summarised in table 2.

Cerebral artery model
The model of human cerebral artery was based on the 
medical image of human brain CT scan and was gener-
ated by three- dimensional reconstruction by using 
Mimics commercial medical image processing software. 
The reconstructed model was measured (figure 3). The 
LSAs divided to branches of four levels (online supple-
mental figure 2). On the basis of clinical statistical data, 
models of 5 different lesion MCA geometric features were 
established (online supplemental figure 3), and then the 

vascular wall pressure, wall shear stress, and flow rate were 
observed by employing CFD technology.

Arterial wall pressure distribution
The cloud diagram of the arterial wall pressure distribu-
tion and pressure values on the axis of the arterial wall 
are shown in figure 4A,B. The pressure gradient generally 
decreased along the flow direction. The highest pressure 
was about 19.7 kPa at the blood inlet of the proximal end 
of M1. In the model 1, the wall pressures of M1 and all the 
level- 1 branches of 6 LSAs were marginally higher than 
that of the basal condition. In the Model 2, the wall pres-
sure at the proximal end of the M1 was relatively high 
while the distal wall pressure was relatively low. The pres-
sures of the E and F branches (levels 1–3) and at openings 
of the B and D branches of the LSAs were also elevated. In 
the Model 3, the pressure, being the highest in all condi-
tions, obviously increased in the M1 and all the level 1–3 
branches of 6 LSAs, as compared with other conditions. 
In the Model 4, the wall pressure was high in the prox-
imal end and dropped at the distant end. The pressure 
was elevated in all the level 1–2 branches of 6 LSAs and 
decreased along the flow direction. In the model 5, the 

Figure 1 Flow diagram of patient selection. CTA, CT 
angiography; MRA, MR angiography; ICH, intracerebral 
haemorrhage.
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working condition exerted little effect on the wall pres-
sure.

Model 3 had the highest pressure, followed by model 
2 (distal pattern), model 4 and model 1. The pressure 
gradients in the centre of base, model 1, model 4 and 
model 5 were relatively gentle. The pressure did not fluc-
tuate significantly at the M1, but only decreased at the 
blood inlet and the distal end of M1 segment. The pres-
sure dropped by 0.35–0.4 kPa. In the model 2, the pres-
sure at the centre of the vessel fluctuated substantially. 
And there was a long low pressure area at the distal end 
of the M1 segment.

Arterial wall shear stress distribution
The distribution of the arterial wall shear stress under the 
six working conditions is shown in figure 4C. The distri-
bution was more complicated, with the wall shear stress 
ranging from 1 to 50 Pa. There was a low shear stress area 
at the bottom of the level- 1 branches of LSAs. The lower 
shear stress area at the upper arch of the M1 was larger 
in the model 1 than in the basal condition. In the model 
2, there was a large shear stress (45–50 Pa) area at the 
distal end of M1 and the A and B branch opening of the 
LSAs also increased. In the model 3, the shear stress at 
the distal end of M1 increased and so did the B and C 
branch opening of the LSAs. In the model 4, the shear 
stress rose at the distal pattern of M1. Compared with the 
basal condition, the shear stress distribution of model 5 
was essentially the same.

DISCUSSION
In this study, a rationale was addressed on the associa-
tion between the MCA geometric features and sponta-
neous basal ganglia ICH, by using numerical simulation. 
Our results showed that, the MCA geometric features, in 
terms of M1 diameter ratio (proximal/distal), M1 curve 
orientation on coronal image plane, and M1/M2 angle, 
were significantly related to the spontaneous ICH in basal 

Figure 2 A right spontaneous basal ganglia ICH (A) and measurement of the M1 length (B), M1 proximal/distal diameter 
(B), M1 curve orientation (B), MCA bifurcation angle (C) and M1/M2 angle (D). ICH, intracerebral haemorrhage; MCA, middle 
cerebral artery.

Table 1 Clinical characteristics of patients with 
spontaneous basal ganglia ICH (N=158)

Covariate No (%)

Age, mean±SD 53.5±10.6

Female 52 (32.9)

Smoking 42 (36.8)

Drinking 33 (29.0)

Hypertension 99 (62.7)

Diabetes mellitus 9 (5.7)

Hypercholesterolaemia 14 (8.9)

Coronary artery disease 4 (2.5)

Previous ICH 3 (1.9)

Previous ischaemic stroke 6 (3.8)

Antihypertensive treatment 25 (15.8)

Antiplatelet treatment 3 (1.9)

Hypoglycaemic treatment 2 (1.3)

Statin treatment 5 (3.2)

Admission BP, mean±SD, mm Hg

  Systolic 149.0±21.5

  Diastolic 92.0±16.2

Intraventricular extension 48 (30.4)

M1 segment stenosis 3 (1.9)

Non- responsible aneurysm 4 (2.5)

Anterior cerebral artery predominance

  Lateral 4 (2.5)

  Contralateral 9 (5.7)

Treatment

  Conservative 118 (74.7)

  Surgical 40 (25.3)

Volume, median (IQR), mL 15.3 (5.4–32.0)

BP, blood pressure; ICH, intracerebral haemorrhage.
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ganglia. The factors that increase the risk of haemor-
rhage, from high to low, include the greater M1 diam-
eter ratio (proximal/distal), the inferior- oriented M1 
(distal end), the smaller M1/M2 angle, and the superior- 
oriented M1 segment. Our results suggested that these 
vascular structural features contribute to the increased 
arterial wall pressure and shear stress, which may patho-
logically underlie the development of haemorrhage.

Vascular geometry has been suggested as a factor that 
regulates haemodynamics and consequently influences the 
development of vascular diseases, such as atherosclerosis and 
cerebral aneurysmal disease, in which blood exerts exces-
sive forces on the vascular wall.23 24 In reality, the vascular 
anatomy varies substantially. Some geometric features may be 
‘geometric risk factors’ that bring about high haemodynamic 

shear stresses on the local vascular wall.25 Like the afore-
mentioned diseases, spontaneous ICH is also presumed to 
be related to the geometry of intracranial vessels. Zhang et 
al22 found that the angle between the MCA and the internal 
carotid artery and the distance between the beginning of the 
median artery and superior trunk were significantly related 
to ICH. Lee et al7 also reported that putaminal ICH occurred 
more frequently on the side of the dominant anterior cere-
bral artery first segment. These might be ascribed to local 
haemodynamic changes caused by certain geometrical vari-
ations, but the assumption still awaits further confirmation.

Most spontaneous ICHs occurs in the basal ganglia, 
resulting from the rupture of the LSAs which bear more 
wall pressure or shear stress.26 27 LSAs are small branches 
of the MCA and the main perforators supplying basal 
ganglia.4 Therefore, the haemodynamics of LSAs is 
presumably affected by the MCA. Technically, direct 
measurement of the pressure or sheer stress of intracra-
nial arteries remains a significant challenge in clinical 
practice. However, measuring the geometry of intracra-
nial arteries is convenient, given the wide application of 
noninvasive vascular imaging, such as MRA and CTA. 
LSAs cannot be well visualised by MRA/CTA. Therefore, 
we focused on the MCA, with an attempt to find some 
geometric features that help predict the risk for ICH 
taking place in this deep brain area without obtaining 
local haemodynamic data.

In this study, a set of geometric features, presumed to 
impact the MCA haemodynamics, were then selected 
and measured. We found that, unlike ischaemic stroke, 
atherosclerotic plaque and stenosis at M1 segment were 
rare, which is consistent with the findings of an autopsy 

Table 2 MCA geometric features (N=158)

Covariate Ipsilateral side Contralateral side P value

M1 length, mean±SD, mm 19.3±6.8 18.2±6.8 0.0534

M1 proximal diameter, mean±SD, mm 2.3±0.4 2.3±0.4 0.6127

M1 distal diameter, mean±SD, mm 1.9±0.4 2.1±0.4 <0.0001

M1 diameter ratio (proximal/ distal), mean±SD 1.2±0.2 1.1±0.1 <0.0001

M1 shape and curve orientation (axial), N (%) 0.1814

  Dorsal 79 (50.0) 93 (58.9)

  Ventral 35 (22.1) 22 (13.9)

  Straight 36 (22.8) 38 (24.0)

  Sigmate 8 (5.1) 5 (3.2)

Bending angle (axial), mean±SD 154.4±18.4 155.6±17.8 0.4167

M1 shape and curve orientation (coronal), N (%) 0.0414

  Superior 85 (53.8) 91 (57.6)

  Inferior 48 (30.4) 28 (17.7)

  Straight 16 (10.1) 31 (19.6)

  Sigmate 9 (5.7) 8 (5.1)

Bending angle (coronal), mean±SD 148.0±21.0 152.2±20.0 0.0500

M1/M2 angle, mean±SD 128.3±23.4 134.0±24.3 0.0074

MCA bifurcation angle, mean±SD 80.3±25.1 94.4±25.6 <0.0001

Figure 3 Primary cerebral artery model and measurement 
of the MCA- related geometric features. MCA, middle cerebral 
artery.
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study.9 As with healthy population,28 curved MCAs were 
more prevalent than their straight counterparts. The 
dorsal and superior- oriented M1 segment curves were 
found to be the most common shape of MCAs in our study. 
This curve orientation is just opposite to that observed 
in a previous study on atherosclerotic MCAs,11 and this 
disparity might be attributed to the difference in subjects 
selection between the two studies. But the proportion of 
the curved M1 segment and inferior- oriented M1 segment 
curves were higher in the haemorrhage side. Further anal-
ysis showed that M1 diameter ratio (proximal/distal), M1 
curve orientation on coronal image plane, M1/M2 angle 
and MCA bifurcation angle were independently associ-
ated with basal ganglia ICH. However, no correlations 
were found between these geometric features and haema-
toma volume (online supplemental table 1) or severity 
(online supplemental table 2), respectively.

A question presents itself: Whether these MCA struc-
tural features may raise local haemodynamic stresses and 
further result in haemorrhage? Further haemodynamic 
analyses revealed that the greater M1 diameter ratio 
(proximal/distal), the inferior- oriented M1 (distal end), 
the smaller M1/M2 angle and the superior- oriented M1, 
from high to low, could significantly increase M1 segment 

and LSAs wall pressure. The wall pressure gradient 
generally decreased along the flow direction under all 
these conditions. The elevated wall pressure of LSAs 
might lead to vascular rupture and haemorrhage in the 
condition that the brain pressure increases due to some 
unexpected stimulation. With greater M1 diameter ratio 
(proximal/distal), the wall pressure of all the level 1–3 
branches of 6 LSAs were significantly elevated, rendering 
the areas prone to rupture. With smaller M1/M2 angle 
and superior- orientation of M1, the rupture- prone zones 
were at all the level- 1 branches of six LSAs. Inconsis-
tent with the aforementioned conditions, the inferior- 
orientation of M1 substantially increased the pressure 
of the proximal LSA branches. The rupture- prone zones 
were at the E and F branches (levels 1–3) and openings of 
the B and D branches. The role of the low pressure aera 
formed at the distal end of M1 warrants further study, and 
some unknown factors might contribute to the vascular 
rupture. Moreover, the wall shear stress under the four 
conditions ranged from 1 to 50 Pa. This might explain 
why M1 segment atherosclerotic plaques and segmental 
stenosis are rare in ICH patients since atherosclerotic 
plaques usually develop in areas where the wall shear 
stress is lower than 0.1 Pa.23 With greater M1 diameter 

Figure 4 Haemodynamics analyses. (A) Arterial wall pressure distribution nephogram. (B) Arterial wall pressure distribution 
diagram. (C) Arterial wall shear stress distribution cloud chart.
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ratio (proximal/distal) and the inferior- orientation of 
M1, the shear stress at the distal end of M1 segment was 
greatly increased, leading by a high blood velocity. The 
high wall shear stress has a greater scouring force on the 
inner wall of the vascular, causing damage to the endo-
thelial cells of the vessels. This might increase the risk of 
distal LSAs rupture and haemorrhage. Furthermore, it is 
worth noting that curve orientation and curvature were 
two important factors that are associated with the risk of 
haemorrhage when M1 is curved. The inferior- oriented 
M1 segment is more susceptible to haemorrhage more 
than the superior- oriented one. We are led to conclude 
that the greater the positive curvature, the higher the 
pressure, and the smaller the distal shear stress. On the 
contrary, the smaller the negative curvature, the higher 
the pressure, and the greater the distal shear stress. 
Therefore, these four MCA structural features statisti-
cally suffice to cause basal ganglia ICH by increasing the 
arterial wall pressure and shear stress. The risk of haem-
orrhage, from high to low, included the greater M1 diam-
eter ratio (proximal/distal), the inferior- oriented M1, 
the smaller M1/M2 angle and the superior- oriented M1 
segment.

Our study had some limitations. First, the MCA 
geometric features selected in the study might not cover 
all parameters that affect local haemodynamics. Other 
geometric parameters, such as wall thickness, might also 
be important determinants, but these data are not avail-
able from the MRA/CTA images. Second, LSAs, which 
are subject to structural variation and sufficient to impact 
local haemodynamics, were not covered by this study since 
they could not be visualised by MRA/CTA. Third, this 
study was retrospective, single- centred and self- controlled 
nature. Further prospective multisetting studies in larger 
populations are needed.

Summary
In conclusion, our results are potentially of clinical 
importance. We confirmed that geometric risk factors 
were at work in the development of basal ganglia ICH. 
Some MCA geometric features, such as greater M1 diam-
eter ratio (proximal/distal), curved M1 on coronal image 
plane, and smaller M1/M2 angle, were indicative of high 
risk of ICH in this deep brain area without support of 
local haemodynamic data. Identification of these risk 
features of the MCA might greatly facilitate the control 
and prevention of ICH in basal ganglia.
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