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Abstract. The most effective strategy to assess changes in 
the brain haemodynamics of stent angioplasty in patients 
with symptomatic ischemia of the M1 segment of the middle 
cerebral artery (MCA) remains unknown. The purpose of 
the present study was to use perfusion-weighted magnetic 
resonance imaging (PWI) to evaluate the effect of stent angio-
plasty in treating patients with symptomatic MCA plaque 
stenosis. Stent angioplasty was performed on 23 patients with 
reduplicative transient ischaemic attack who were refractory 
to medical therapy. All patients had MCA plaque stenosis at 
the M1 segment. Brain PWI was obtained from four major 
regions of interest (ROIs) at the frontal parietal, temporal, 
lateral ventricle and basal ganglia lobes prior to and following 
stent implantation. In addition, cerebral blood flow (CBF), 
cerebral blood volume, mean transit time (MTT) and time to 
peak (TTP) parameters derived from PWI were calculated. All 
patients underwent digital subtraction angiography following 
surgery to confirm the patency. Computed tomography 
angiography or PWI was performed 1 week and 3 months 
post-surgery. According to pre-operative PWI, there was 
significant hypoperfusion in the symptomatic frontal parietal, 
temporal, lateral ventricle and basal ganglia lobes. By contrast, 
the regional CBF and CBF increased in the ROIs of the affected 
cerebral hemisphere 3 months after stent implantation (P<0.05 
vs. pre-operative data). Additionally, post-operative MTT 
and TTP in the ROIs on the operative side were significantly 
shorter than pre-operative MTT and TTP (P<0.05). During 
the follow-up period, the frequency of transient ischaemic 
attack was reduced or disappeared in all patients during the 

follow-up. In conclusion, PWI enables an effective and objec-
tive assessment of haemodynamics prior to and following stent 
angioplasty in patients with plaque stenosis of MCA at the M1 
segment.

Introduction

The most effective strategy to assess changes in brain haemo-
dynamics of stent angioplasty in patients with symptomatic 
ischemia of the M1 segment of the middle cerebral artery 
(MCA) remains unknown. The high morbidity rates (63% 
in low-income and middle-income countries) and mortality 
rates (57% in low-income and middle-income countries) (1) 
of ischemic strokes are a global health concern. Intracranial 
arterial stenosis is an important cause of ischaemic stroke 
and the incidence of MCA stenosis in patients with stroke is 
7.0-17.7% (2). Reportedly, the recurrence rate of symptomatic 
cerebrovascular stenosis (represented as >70% stenosis) is 23% 
following treatment (3). However, there is controversy over 
what the most effective treatment for MCA stenosis is. The 
outcomes of medical treatment for patients with MCA stenosis 
are unfavorable (4). It has been demonstrated that medical 
treatment with warfarin or aspirin fails to prevent further 
ischaemic events (5). In recent years, the efficacy of intravas-
cular stent angioplasty to treat carotid stenosis has improved 
and novel techniques have emerged that permit intracranial 
vascular stenting (6,7). Despite its post-operative complica-
tion rate, intravascular stent angioplasty remains the primary 
surgical treatment option for patients receiving ineffective drug 
therapy or those with recurrent symptomatic MCA stenoses. 
Furthermore, intravascular stenting is currently the preferred 
preventative treatment and can significantly improve levels 
of local perfusion due to MCA stenosis, thereby preventing 
ischaemic strokes and significantly reducing the incidence of 
stroke (8,9).

The haemodynamics of MCA stenosis are extraordinarily 
complex. Currently, there is no standard method of assessing 
the changes in brain haemodynamics that occur following 
stent angioplasty in patients with MCA atherosclerotic 
stenosis at the M1 segment. Digital subtraction angiography 
(DSA) is the gold standard for diagnosing intracranial arterial 
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stenosis; however, it is expensive, invasive and unable to detect 
haemodynamic changes. Therefore, DSA cannot be executed 
within a short time frame and cannot be used for follow-up 
testing following stent placement (10). Due to developments in 
medical imaging technology, various methods exist to study 
the haemodynamics of these patients, comprising computed 
tomographic perfusion (11), positron emission tomography 
(PET) and single photon emission computed tomography 
(SPECT) (12). Nevertheless, these methods may potentially 
cause radiation damage and other limitations such as long 
scanning duration and highly allergenic (due to the use of 
iodine as a contrast agent) (11,12).

Perfusion-weighted magnetic resonance imaging (PWI) is 
a relatively novel imaging technique that can detect the most 
important parameters of cerebral dynamics, including cere-
bral blood flow (CBF), cerebral blood volume (CBV), mean 
transit time (MTT) and time to peak (TTP) in a non-invasive 
manner (13,14). PWI has been used to evaluate the changes of 
haemodynamics in patients with plaque stenosis of the MCA 
at the M1 segment; however, only a small amount articles 
have reported using PWI for the contrast of preoperative 
and postoperative collateral circulation (15). In the present 
study, cerebral haemodynamics were examined in patients 
with MCA stenosis at the M1 segment prior to and following 
stent angioplasty in order to determine its effectiveness, and 
to examine the clinical utility of using PWI to evaluate the 
effectiveness of stent angioplasty.

Materials and methods

Patients and clinical processes. High-resolution patch analysis 
was performed to remove arterial stenosis that was not caused 
by atherosclerosis. The present study retrospectively assessed 
23 patients with symptomatic MCA atherosclerotic stenosis at 
the M1 segment. All the patients had to be over 18 years old 
suffering symptomatic MCA stenosis at the M1 segment. All 
patients suffered recurrent transient ischaemic attack (TIA) 
with repeated TIA during stroke treatment. Patients underwent 
segmentation using enterprise stents, which had a good result 
(the recurrent TIA attack was reduced or disappeared, no high 
perfusion syndrome and complication following post-opera-
tion follow up at 3 months) at The First Affiliated Hospital 
of Zhengzhou University between January 2012 and March 
2015. The patients comprised of 11 females and 12 males 
with a median age of 57.8 years old (between 38 and 64 years 
old). All patients suffered recurrent transient ischaemic attack 
(TIA) despite receiving warfarin (9 patients: 6 females and 
3 males) or aspirin medication (14 patients: 5 females and 
9 males), and there were 4 patients (3 males and 1 females) 
with repeated TIA during stroke treatment. Computed tomog-
raphy angiography (CTA) or magnetic resonance angiography 
supported MCA stenosis at the M1 segment and high resolu-
tion magnetic resonance imaging (MRI) confirmed that M1 
segment stenosis was caused by local artery plaque formation. 
At the same time, the course of cerebral infarction in patients 
lasts for >14 days and 2 patients suffered ischemic stroke 
(mean onset time was 19.5 days) 1 female at day 22 and 1 
male at day 17. The onset time for recurrent TIA attack was 
between 14 days and 6 months (mean 47.8 days), and all the 
patients had the enterprise stent used to perform angioplasty. 

The calibre stenosis rate was ≥75% (between 75 and 90%) with 
a median calibre stenosis rate of 84.9%. Stent angioplasties 
were performed with 12 on the left side and 11 on the right side 
and pre-operative PWI images were obtained for all patients 
less than 1 week prior to surgery.

All patients underwent DSA following surgery in order 
to confirm the stent patency. They were monitored with PWI 
within the first week, 8 patients (3 females/5 males, mean 
age 55.3 years old) underwent testing with PWI at 3 months 
post-operation and the other 15 patients were assessed using 
computed tomography angiography (CTA) depending on the 
physician treating them. Following surgery, the symptoms 
disappeared in patients with recurrent TIA and there was 
no recurrence in the 3-month follow up period. All patients 
provided written informed consent to be included in the exper-
iment and the present study was conducted in accordance with 
the declaration of Helsinki. Approval for the present study 
was granted by the Ethics Committee of The First Affiliated 
Hospital of Zhengzhou University (Zhengzhou, China).

PWI scan parameter. MRI was performed with a clinical 
3.0‑Tesla whole‑body MR system (Verio‑Tim, Siemens AG, 
Munich, Germany). PWI imaging (repetition time 1,500 msec, 
echo time 30 msec, flip angle=90 ,̊ field of view=230x230 mm, 
number of excitations=1.00) was performed following an 
injection (3 ml/sec) of gadopentetic acid diethylenetriaminepen-
taacetic acid (Magnevist®, Bayer Healthcare Pharmaceuticals, 
Berlin, Germany; 0.1 mmol/kg) with a high-pressure syringe 
needle through the ulnar vein. Images were generated from a 
128x128 raw matrix following data acquisition. A slice thick-
ness of 4.0 mm was used to obtain a high spatial resolution. 
Scanning time was 98 sec with no interscan delay. Following 
scanning, the images were transferred onto a workstation 
(Syngo; Siemens AG) for data processing, which involved 
assessing the parameters of CBV, CBF, MTT and TTP from 
the pseudo-coloured picture of each selected lever. Region of 
interests (ROI) 5 mm in diameter were selected in the frontal 
parietal, temporal and lateral ventricles, and the basal ganglia 
areas avoiding blood vessels, cerebrospinal fluid and infarction 
regions. Simultaneously, the same location for each measure-
ment was selected. Finally, the lesion contralateral region was 
selected to generate reference points, and the relative param-
eters; regional CBV (rCBV), CBF (rCBF), MTT (rMTT) and 
TTP (rTTP) were obtained from the comparison.

Changes in frequency of TIA attack. Changes in the frequency 
of TIA attack were felt by the patients themselves, so they were 
asked to indicate the frequency on day 14 pre-operation and 
week 1 and 3 months post-operation, the results of which were 
recorded. The unit of measure was/per individual/per day (/p/d).

Statistical analysis. All values are presented as the mean ± stan-
dard deviation. Statistical analyses were performed with the 
paired-samples t-test and one-way analysis of variance. P<0.05 
was used to indicate a statistically significant difference.

Results

Changes in PWI pre‑ and post‑operation. In total, 23 patients 
underwent stent angioplasty and all of them underwent PWI 
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<1 week prior to and 1 week following stent angioplasty. Of 
these patients, 8 underwent PWI and DSA 3 months following 
stent angioplasty (Table I). A total of 14 patients were selected 
for CTA to observe whether the blood vessels were smooth 
and imaging examination revealed that the stents of all the 
patients were unobstructed 3 months following stent angio-
plasty. In total, all 23 patients experienced TIA symptoms that 
disappeared post-operatively.

Table I presents the PWI parameter (rCBV, rCBF, rMTT 
and rTTP) analysis for different ROIs of the ipsilateral opera-
tion hemisphere pre- and post-operatively at different times. 
The results indicate that 23 patients experienced marked hypo-
perfusion in the ROIs of the ipsilateral cerebral hemisphere 
pre-operatively. When the pre- and post-operative PWI data 
were compared, the rCBV and rCBF in the ROIs of the opera-
tive hemisphere did not exhibit significant changes (P>0.05 
vs. pre-operative PWI data) 1 week later. However, 3 months 
following stent angioplasty, the rCBV and rCBF exhibited 
significant changes (P<0.05 vs. pre-operative PWI data) 
compared with pre-operation data and data collected 1 week 
following surgery. rMTT and rTTP in the ROIs in the ischemic 
hemisphere were significantly shortened post-operatively 
compared with the pre-operative PWI data (P<0.05), however 
there were no significant changes in these regions between 
1 week and 3 months post-operation.

In Figs. 1 and 2, the DSA and PWI images of 1 patient 
pre- and post-operatively were shared. The results indicate 
that MCA had a smooth appearance and a widened luminal 
diameter post-operatively compared with the MCA prior to the 
operation (Fig. 1). Furthermore, an improvement in perfusion 
was observed compared with prior to the operation (Fig. 2). 
These observations indicate that marked improvements in 
cerebral perfusion in the surgical hemisphere can be expected 
following stent angioplasty 3 months post-operation.

Changes in frequency of TIA attack. The numbers of TIA 
attack during 14 days pre-operation was 2.91±1.22 p/d, which 
demonstrated significantly reduced numbers of TIA attack 
during 7 days post-operation, 0.49±0.24 p/d (P1=0.001; P<0.05) 
and the numbers of TIA attack during 3 months post-operation 

was 0.37±0.12 p/d (P2=0.001; P<0.05). The numbers of TIA 
attack during 7 days post-operation demonstrated no differ-
ence with the numbers of TIA attack during 3 months (P3=0.80; 
P<0.05).

Discussion

It has been demonstrated that stent angioplasty is an effective 
therapy at restoring intracranial blood supply (16). However, 
as with other endovascular procedures, an effective and conve-
nient method of assessing treatment efficacy and follow‑up 
has not yet been developed. Furthermore, there is insufficient 
research available to detect the haemodynamic changes that 
occur following stent placement (10).

Multiple imaging techniques, including PET, SPECT, CT 
perfusion and PWI, are used to assess cerebral perfusion prior 
to and following cerebral revascularisation surgery. Each 
of these techniques has advantages and disadvantages (17). 
PET and SPECT have been widely used to assess cerebral 
perfusion (12,18). Furthermore, PET and SPECT scanners 
are more expensive, and their clinical application are limited 
as the quantity of PET and SPECT scanners is lower than the 
number of MRI and CT scanners in hospitals and to their poor 
spatial resolution (19). Perfusion CT scanning is a relatively 
novel technique that measures cerebral haemodynamics and 
is very fast and available worldwide. Abe et al (12) used 
perfusion CT to assess the effect of percutaneous translu-
minal angioplasty by treating symptomatic MCA stenosis 
and the CBF exhibited changes at an early stage (5‑20 days). 
However, CT has some disadvantages, including delay 
and dispersion of the contrast bolus, delivery of ionising 
radiation and the unsuitability of iodinated contrast mate-
rial for certain patients (18). PWI as a various parameter 
and multi-level continuous imaging technology can assess 
the haemodynamic state of the brain tissue with a spatial 
resolution higher than that of other techniques. Furthermore, 
PWI detects changes in the homogeneity of local magnetic 
fields and provides information regarding brain perfusion in 
the microvascular bed. rCBF, rCBV, rMTT and rTTP can be 
measured by PWI and calculated by numerical integration. 

Table I. PWI analysis parameter analysis pre- and post-operation for ROIs of the ipsilateral operation hemisphere. 

 Post-operative
 -----------------------------------------------------------------------
Ischemic hemisphere PWI parameters Pre‑operative (n=23) Week 1 (n=23) Month 3 (n=8)

ROIs rCBV 219.7±121.1 208.3±86.2 283.5±84.2b,c

 rCBF 40.3±26.5 38.7±20.4 55.1±21.0b,c

 rMTT 1,110.2±204.1 542.6±107.2a 526.0±99.3b

 rTTP 2,093.1±126.2 9,98.9±156.7a 1,063.5±184.2b

The ROIs of ischemic hemisphere were obtained from frontal parietal lobe, femporal lobe, fateral ventricle lober and basal ganglia lobe. 
rCBV in ml/100 g tissue; rCBF in ml/100 g/min, rMTT and rTTP in sec. P<0.05 vs. pre‑operative PWI data. aP<0.05 pre-operation vs. 1 week 
post-operation (aPrCBV=0.61, aPrCBF=0.34, aPrMTT=0.021, aPrTTP=0.001), bP<0.05 pre-operation vs. 3 months post-operation (bPrCBV=0.001, 
bPrCBF=0.002), bPrMTT=0.031, bPrTTP=0.001), cP<0.05 1 week post-operation vs. 3 months post-operation (cPrCBV=0.001, cPrCBF=0.003, cPrMTT=0.36, 
cPrTTP=0.47). PWI, perfusion‑weighted magnetic resonance imaging; ROI, regions of interest; rCBV, regional cerebral blood volume; rCBF, 
regional cerebral blood flow; rMTT, regional mean transit time; rTTP, regional time to peak.
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Figure 1. A representative case of a 41‑year‑old female patient who underwent right stent angioplasty due to a history of MCA atherosclerotic stenosis at the M1 
segment. (A) Pre-operative right carotid digital subtraction angiography indicated that the M1 segment of the right MCA are occlusive performance (indicated 
by the arrow) and distal vessels were sparse. (B) Stent implantation and (C) 3 months following the operation, where stenosis was significantly improved at the 
M1 segment of MCA (indicated by the arrow) and the number of distal vessels were markedly increased compared with pre-operation. MCA, middle cerebral 
artery.

Figure 2. PWI images of a 41‑year‑old female patient who underwent right stent angioplasty due to a history of MCA atherosclerotic stenosis at 
the M1 segment. (A) CBV map pre‑operation, (B) CBF map pre‑operation, (C) MTT map pre‑operation, (D) TTP map pre‑operation, (E) CBV 
map 1 week post‑operation, (F) CBF map 1 week post‑operation, (G) MTT map 1 week post‑operation, (H) TTP map 1 week post‑operation, (I) CBV  
map 3 months post‑operation, (J) CBF map 3 months post‑operation, (K) MTT map 3 months post‑operation, (L) TTP map 3 months post‑operation. CBV 
and CBF maps exhibited little change (A and B) prior to and (E and F) following stent angioplasty; 3 months after post‑operation, the ischemic range of the 
CBV map and CBF map changed between pre‑operative (A and B) and 3 months later‑post‑operative (I and J). Ischemic range significantly reduced on the 
MTT and TTP maps prior to (C and D) and following (G and H) stent angioplasty and regions of ischemia did not exhibit any marked changes between a week 
post‑operation (G and H) and 3 months post‑operation (K and L). PWI, perfusion‑weighted magnetic resonance imaging; CBV, cerebral blood volume; CBF, 
cerebral blood flow; MTT, mean transit time; TTP, time to peak; MCA, middle cerebral artery.
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In addition, they can provide important information on the 
cerebral tissue contained in the ROIs (20).

The parameters of rCBV, rCBF, rMTT and rTTP exhibited 
different sensitivity and specificity to ischaemia, with rMTT 
being more sensitive to the scope of the ischaemic lesion 
compared with rCBV and rCBF, which were impacted by 
collateral circulation (21). The peak time of the contrast agent 
injection was inversely proportional to the degree of stenosis 
and therefore, rTTP was also a sensible index for the low perfu-
sion region (22). Therefore, the rMTT and rTTP parameters 
are able to identify the low perfusion region earlier than rCBV 
and rCBF which are more useful in determining the changes 
in cerebral haemodynamics. It has been determined that the 
extension degrees of rMTT and rTTP are positively correlated 
with the degree of arterial stricture (23,24). Cerebrovascular 
stenosis led to the collateral circulation time of the blood flow 
through the narrow blood vessels and local being significantly 
longer than the time of the blood flow through the normal blood 
vessels and local collateral circulation prior to stent angio-
plasty. Furthermore, vascular stenosis was relieved following 
post-operative stent angioplasty. Initially, 1 week following 
operation, the rCBV and rCBF in the ROIs of the operative 
hemisphere did not differ significantly compared with the data 
collected prior to the operation. By contrast, rMTT and rTTP 
in the ROIs were significantly shortened 1 week following the 
operation compared with the pre-operative PWI data (P<0.05). 
This is similar to the results obtained by Gauvrit et al (25) and 
Wilkinson et al (26). Subsequently, the rCBV and rCBF of 
3 months post‑operation angioplasty significantly increased 
compared with the pre-operation (PrCBV=0.001, PrCBF=0.002; 
P<0.05; Table I) and 1 week post-operation (PrCBV=0.001, 
PrCBF=0.003; P<0.05; Table I). However, the rCBV and rCBF 
of pre-operation and 1 week post-operation demonstrated little 
difference (PrCBV=0.61, PrCBF=0.34; P<0.05; Table I), which was 
consistent with the results of a study by Bendok et al (27). This 
result may be explained by the fact that the recoveries of the 
vascular bed in the blood supply area of the narrow artery is a 
lengthy process and no changes are evident in the short-term. 
rMTT and rTTP did not differ significantly between 1 week 
and 3 months post-operation. The result about changes in 
frequency of TIA attack showed difference with the changes 
of rCBV and rCBF; but it was consistent with rMTT and 
rTTP. That might be the vascular stenosis had been improved 
post-operation and the blood supply of the brain has basically 
met their own needs and showed little difference at 1 week and 
3 months post-operation.

In conclusion, the present study used PWI to demon-
strate the favorable outcome of performing a successful 
stent angioplasty by evaluating haemodynamics pre- and 
post-operatively in patients with MCA atherosclerotic stenosis 
at the M1 segment. Haemodynamic studies obtained from 
PWI revealed a significant improvement in cerebral perfusion 
following stent angioplasty. The present study demonstrates 
that PWI is a non-invasive, more convenient and less expensive 
technique compared with other imaging techniques and can 
provide quantitative evaluations of cerebral perfusion prior to 
and following stent angioplasty. The current study had some 
limitations, the primary limitation being that the number of 
cases included in the present study was relatively inadequate, 
some patients selected CTA at 3 months post-operation and 

there were differences in medical treatment. At the same time, 
patients with high perfusion post-operation were not included 
in the study, so there may be a deviation of the results' evalua-
tion. Future studies should continue to collect the relevant cases 
including patients that suffer high perfusion post-operation to 
improve this study.
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