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Abstract

Purpose To evaluate the utility of CT perfusion (CTP) for the
assessment of superficial temporal artery-middle cerebral ar-
tery (STA-MCA) anastomosis in patients with Moyamoya
syndrome (MMS).

Subjects and methods Twenty-four consecutive MMS pa-
tients, who underwent unilateral STA-MCA bypass surgery,
received CTP before and after surgery. The relative perfusion
parameter values of surgical hemispheres before treatment
were compared with post-treatment values. All patients
underwent CT angiography (CTA) before and after surgery
in order to confirm the patency of bypass.

Results The follow-up CTA after surgery clearly demonstrat-
ed 20 (20/24, 83.3 %) bypass arteries, whereas four (16.7 %)
bypass arteries were occluded or very small. Postoperative
tMTT and rTTP values (P<0.05) of the surgical side were
significantly lower than pre-operation. In patients (n=20) with
bypass patency, postoperative rCBF, tMTT and rTTP values
(P<0.05) of the surgical side were significantly improved.
However, the differences of all parameters were not
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significant (P>0.05) in the patients (n=4) without bypass pa-

tency after revascularization.

Conclusion This study demonstrates that CTP can provide a

crucial quantitative assessment of cerebral haemodynamic

changes in MMS before and after STA-MCA anastomosis.

Key Points

» Twenty-four MMS patients undergoing STA-MCA bypass
received CTP pre- and post-surgery

» Cerebral haemodynamics improved on the surgical side
post-surgery on CTP maps

» rCBF might have a better correlation with patency of the
bypass artery.

* CTP can evaluate cerebral perfusion changes in MMS pa-
tients after cerebral revascularization

Keywords Moyamoya syndrome - Cerebral
revascularization - Multidetector computed tomography -
Perfusion - Angiography

Abbreviations
CTP CT perfusion
MMS Moyamoya syndrome

STA-MCA  Superficial temporal artery-middle
cerebral artery

CTA CT angiography

TIA Transient ischaemic attack

PET Positron emission tomography

SPECT Single-photon emission CT

MRP Magnetic resonance brain perfusion

ROI Region of interest
CHS Cerebral hyperperfusion syndrome
EDAMS Encephalo-duro-myo-synangiosis
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Introduction

Moyamoya syndrome (MMS) refers to the presence of steno-
sis or occlusion of the terminal portion of the internal carotid
artery or proximal portion of the anterior and/or middle cere-
bral arteries accompanied by an abnormal vascular network at
the base of the brain. MMS may be idiopathic or may occur in
association with an underlying disease [1, 2]. Broadly speak-
ing, the most common symptoms in patients with MMS are
stroke, transient ischaemic attacks (TIAs), seizures that are
due to brain ischaemia and haemorrhage, and headache due
to the deleterious consequences of the compensatory mecha-
nisms responding to the ischemia [1]. Although the natural
history of MMS is variable, it progresses in the majority of
patients [1-4].

Surgical revascularization, which aims to improve the ce-
rebral haemodynamics and metabolism, has been reported to
be an effective treatment in preventing stroke in MMS patients
with haemodynamic compromise [2, 5, 6]. As the
haemodynamics of MMS are extraordinarily complex, evalu-
ation of haemodynamic changes is clinically meaningful for
assessment of therapeutic effects and prognosis [2]. To date,
positron emission tomography (PET), single-photon emission
CT (SPECT) and magnetic resonance brain perfusion (MRP)
have been applied for evaluating cerebral haemodynamics.
However, due to some drawbacks, they are not optimal, such
as limited availability, contraindications, the limited potential
to monitor critically ill patients and high costs. CT perfusion
(CTP) imaging, as a common method, has been relatively
widely used in clinical practice for brain perfusion measure-
ment. Thus, the purpose of this study is to evaluate the utility
of CTP for the assessment of superficial temporal artery-
middle cerebral artery (STA-MCA) anastomosis in patients
with MMS.

Subjects and methods
Patients

Twenty-four consecutive patients with MMS confirmed by
digital subtraction angiography (DSA) were retrospectively
selected between April 2010 and July 2014 for assessment.
The diagnostic criteria for MMS was based on the guidelines
published in 2012 [2]. We have used the term “moyamoya
syndrome (MMS)” in all cases, whether or not there was an
associated diagnosis, to describe the characteristic vasculopa-
thy. All the patients underwent a unilateral STA-MCA bypass
surgery on either the symptomatic side (bilateral MMS) or the
affected side (unilateral MMS).

All patients underwent CTP examination within 2 weeks
before surgery. Postoperative CTP images were performed no
less than 2 weeks after surgery. All patients received CT

angiography (CTA) before and after surgery in order to con-
firm the patency of bypass. Written informed consent was
obtained from all patients or their next of kin.

Imaging protocol and post-processing procedure

The admission studies were obtained with two multidetector
spiral CT systems (Somatom Definition and Definition FLAS
H, Siemens Healthcare, Forchheim, Germany).

Definition of Somatom

(1) Non-contrast enhanced transaxial CT of the whole brain
(section thickness 5 mm, no overlap, slices parallel to
orbito-meatal line, 120 kV, 350 mAs).

(2) Dynamic CT perfusion imaging: 30 s of constant scan-
ning at the level of basal ganglia, 3x9.6 mm slices,
80 kV, 140 mAs, 1.0 s/rotation, 24 x 1.2 mm collimation
and 30 images per section. Contrast medium administra-
tion (Ultravist 300; Bayer Schering, Berlin, Germany)
50 ml, delay 7 s, bolus 5.0 ml/s.

(3) CTA imaging: Firstly, unenhanced CT was routinely per-
formed at 120 kV, 130 mAs, a collimation of 64 x
0.6 mm, a pitch of 1.2 and a rotation time of 0.5 s. Images
were reconstructed with a 0.75-mm section thickness and
a 0.5-mm increment with an H10f kernel. Then whole-
brain CTA was performed with an additional 50 ml of
contrast agent, bolus 4.0 ml/s. Un-enhanced CT was re-
constructed with identical parameters to enhanced CT.
All reconstructed datasets were sent to a dedicated work-
station (syngo.via, VA 20B, Siemens Healthcare) to gen-
erate digital subtraction CT angiographic images. Bone
subtraction was performed automatically without user
interaction using vendor bone subtraction software
(Neuro DSA, Siemens Healthcare) based on the en-
hanced CT and unenhanced CT datasets as described
elsewhere[7].

FLASH Somatom Definition

(1) Dynamic CT perfusion imaging was initiated 7 s after the
start of the injection at a rate of 5 ml/s with the following
acquisition parameters: 80 kV, 200 mAs, 0.75-mm slice
thickness, 128 x0.6-mm collimation, 0.28-s rotation
time, total CTP imaging time of 53 s and approximately
10.0-cm scan coverage in z-axis using adaptive spiral
scanning technique (‘shuttle mode’). A set of axial im-
ages with a slice thickness of 10.0 mm for perfusion
analysis was reconstructed without overlap.

(2) CTA images were reconstructed from source data ac-
quired with dynamic scans. Digital subtraction CTA im-
ages were generated by selecting two sets of data (the
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Fig. 1 Regions of interest (ROIs)
were placed on cortical regions in
the middle cerebral artery
territory. ROIs were drawn in the
(a) reference CT image, and (b)
time to peak (TTP) map

first unenhanced phase and the arterial phase) from the
CTP resources to remove bones using the same software
as above.

All reconstructed axial CTP images were transferred to a
workstation (Syngo MMWP, VE 40C, Siemens Healthcare).
Perfusion analysis was performed for all datasets with the

vendor given ‘Neuro-VPCT’ software, using the semi-
automatic deconvolution algorithm ‘Auto Stroke MTT’. The
first artery to reach peak enhancement on the time-attenuation
curve was selected as the arterial input function. The venous
input region of interest (ROI) was placed in the superior sag-
ittal sinus. Perfusion parameter maps for cerebral blood flow
(CBF), cerebral blood volume (CBV), mean transit time

Table 1  Summary of patients included in the study

Caseno. Age (y)/sex  Clinical symptoms Clinical type  B/U  Side of the surgery ~ Outcome

1 46/F Blurred speech and weakness of right limbs CS B Left Aphasia

2 47/F Intermittent headache TIA U Right Improvement
3 46/F Intermittent headache TIA B Left Improvement
4 27/F Intermittent headache and sensory changes of right side ~ TIA U Left Improvement
5 34/F Headache H B Left Improvement
6 41/M Headache H B Right Improvement
7 31/M Headache and Weakness of left limbs CS B Right Stabilization
8 49/F Intermittent right limbs weakness TIA 6] Left Stabilization
9 36/F Intermittent headache TIA B Right Improvement
10 56/F Intermittent left limbs numbness TIA B Right Improvement
11 34/M Intermittent blurred speech and Weakness of right limbs ~ TIA B Left Stabilization
12 34/F Intermittent headache TIA B Left Improvement
13 40/M Sensory changes of left side TIA U Right Improvement
14 S0/F Intermittent blurred speech and weakness of left limbs TIA B Right Improvement
15 26/M Headache H B Right Improvement
16 36/F Blurred speech and weakness of right limbs CS B Left Stabilization
17 40/F Headache H 6] Left Improvement
18 27/M Headache H B Right Improvement
19 41/F Sensory changes of right side TIA B Left Improvement
20 42/M Intermittent weakness of left limbs TIA U Right Improvement
21 37/F Intermittent headache TIA U Right Improvement
22 46/M Intermittent blurred speech and weakness of left limbs TIA B Right Improvement
23 49/F Intermittent headache TIA B Right Improvement
24 45/F Intermittent headache TIA B Left Improvement

TIA transient ischemic attack, / haemorrhagic, CS completed stroke, B bilateral Moyamoya syndrome, U unilateral Moyamoya syndrome
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Fig. 2 A 41-year-old male patient who underwent right superficial tem-
poral artery-middle cerebral artery (STA-MCA) bypass due to a history of
Moyamoya syndrome. (a) Preoperative right carotid DSA showed
marked stenosis of the right middle cerebral artery (MCA) (white arrow-
head). (b) Preoperative CT angiography (CTA) also showed marked ste-
nosis of the bilateral MCA (white arrowhead). (¢) Postoperative CTA
demonstrated that right STA-MCA bypass resulted in a patent artery
(white arrow). (d) Enlarged image from (¢) showing the detail (white
arrow)

(MTT) and time to peak (TTP) were generated. Two experi-
enced neuroradiologists identified the areas of abnormal per-
fusion in the cortical gray matter of MCA territory of the
surgical side by visual inspection. When the judgements of
the two observers conflicted, a discussion was held to reach
a consensus. Then, two standardized elliptical mirrored ROIs
were drawn manually on the basal ganglia section level of the
reference CT image (Fig. 1) over the cortical grey matter of
MCA territory independently. An attempt was made to select
the same location for each measurement and avoid the infarct

Table 2 Comparison of CT perfusion preoperative and postoperative
relative parameters after revascularization in 24 patients

Preoperative Postoperative t value P value
rCBF 0.93+0.16 0.96+0.12 —0.99 0.334
rCBV 1.04+0.15 1.04+0.15 —0.03 0.976
rTTP 1.14+0.12 1.07+0.13 421 0.000"
™MTT 1.25+0.34 1.08+0.30 4.04 0.001"

Note: All perfusion data are mean+SD
* P<0.05 was considered significant
¥ P<0.01; based on paired-samples ¢ test

CBF cerebral blood flow, CBV cerebral blood volume, T7P time to peak,
MTT mean transit time

location. The relative CTP values in our study were defined as
the ratios between absolute CTP values of the surgical site and
that of contralateral mirroring areas.

Patients were subsequently assigned to one of two
groups: patients with bypass patency (no stenosis, no
significant stenosis or minor stenosis) and patients with-
out bypass patency (not visible or significant stenosis).
Image analysis was assessed by the same two neurora-
diologists on the follow-up CTA data referring to the
criteria reported elsewhere [8].

Statistical analysis

For CTP parameters, the mean of the ROI values on
each ipsilateral and mirrored contralateral hemisphere
was calculated. Our study aimed at evaluating the per-
fusion changes on the surgical hemisphere, so we select-
ed the ROIs of the surgical side for comparison and
statistical analysis. Relative values of the surgical side
before and after surgery were compared with a paired-
samples ¢ test in all 24 patients and the subgroup pa-
tients with bypass patency (n=20) because data were
normally distributed. Differences in patients (n=4) with-
out bypass patency before and after surgery perfusion
CT relative values were assessed with a matched-pairs
signed-ranks test because data were not normally dis-
tributed. P values P<0.05 were considered statistically
significant. All raw data were analysed using SPSS sta-
tistical software (Version 20.0, SPSS, Chicago, IL,
USA).

Results
Patient demography and revascularization

The demographics and surgical interventions of the 24
enrolled patients are shown in Table 1. The clinical
presentations consisted of three (12.5 %) with prior
ischaemic stroke, five (20.8 %) with prior brain haem-
orrhage, 16 (66.7 %) with TIA, including two with sen-
sory body changes. The mean age of this cohort was
40.0 years (range, 26—56 years); 16 (66.7 %) patients
were female. In the clinical course, among the 24 sur-
geries, a 46-year-old woman undergoing unilateral STA-
MCA bypass presented with headache and aphasia on
the seventh postoperative day. Other patients with an
onset of TIA (16/24) or completed stroke (2/24) obtain-
ed disappearance or improvement of ischaemic attack
during the follow-up period (range, 3—11 months; mean
4.9 months). Five haemorrhagic-onset patients had no
re-haemorrhagia during the follow-up period.
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Fig. 3 CTP images of the same patient. Images show cerebral
haemodynamic changes pre and post superficial temporal artery-middle
cerebral artery (STA-MCA) surgery. Axial preoperative perfusion CT
images show reduced cerebral blood flow (CBF), reduced cerebral blood
volume (CBV), delayed mean transit time (MTT) and time to peak (TTP)

The follow-up (range, 3—11 months; mean 4.9 months)
CTA after surgery clearly demonstrated 20 (83.3 %) bypass
arteries (Figs. 2 and 4), whereas four (16.7 %) bypass arteries
were occluded or very small (Fig. 6).

Haemodynamic evaluations

The pre- and postoperative rCTP parameters showed that
postoperative tMTT and rTTP values from the surgical side
were significantly lower than those before surgery (t=4.04
and t=4.21, respectively; P<0.05 for all) for all patients (n=

Swgt’ CBV

in the region of right hemisphere toward the contralateral side. The post-
operative perfusion CT images show markedly increased CBF, slightly
increased CBYV, markedly improved MTT and TTP in the right
hemisphere

24). However, no significant differences in rCBF and rCBV
(t=-0.99, t=-0.03 , respectively; P>0.05 for all) were found
after revascularization (Table 2; Figs. 3 4, 5 and 6).

Further assessments were performed in the two subgroups.
In the patients (n=20) with bypass patency, in addition to the
significant differences in tMTT and rTTP (t=3.39 and t=3.66,
respectively; P<0.05 for all) in the surgical hemisphere, dif-
ferences in rCBF were detected: rCBF from the surgical side
was significantly improved (t=—2.45, P<0.05). For rCBYV,
there was still no significant difference detected (t=0.25,
P>0.05) (Table 3). However, the differences of all parameters

Fig. 4 A 47-year-old female
patient who underwent right
superficial temporal artery-middle
cerebral artery (STA-MCA)
bypass due to a history of
Moyamoya syndrome. (a)
Preoperative right carotid digital
subtraction angiography (DSA)
showed marked stenosis of the
right middle cerebral artery
(MCA) (white arrowhead). (b)
Preoperative CT angiography
(CTA) also showed marked
stenosis of the right middle
cerebral artery (MCA) (white
arrowhead). (¢) Postoperative
CTA demonstrated that right
STA-MCA bypass resulted in a
patent artery (white arrow). (d)
Enlarged image from (¢) showing
the detail (white arrow)
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Fig. 5 CTP images of the same
patient. Images show cerebral
haemodynamic changes pre and
post superficial temporal artery-
middle cerebral artery (STA-MCA)
surgery. Axial preoperative
perfusion CT images show reduced
cerebral blood flow (CBF),
increased cerebral blood volume
(CBV), delayed mean transit time
(MTT) and time to peak (TTP) in
the region of right hemisphere
toward the contralateral side. The
postoperative perfusion CT images
show increased CBF, decreased
CBY, improved MTT and TTP in
the right hemisphere

were not significant (P>0.05) in the patients (n=4) without
bypass patency after revascularization (Table 4).

Discussion

Most MMS patients progress to complete occlusion of
the internal carotid artery [2]. Treatment strategies are
aimed at improving cerebral haemodynamics of the
symptomatic hemisphere and preventing recurrent
strokes in patients. Although randomized controlled tri-
als (RCTs) have not been performed, there are strong
indications from observational studies that neurosurgical
intervention, in spite of direct or indirect revasculariza-
tion techniques, can reduce the risk of ischaemic stroke
by improving CBF [9, 10]. However, despite its effec-
tiveness, several postoperative complications, such as
cerebral hyperperfusion syndrome (CHS), have been re-
ported with cerebrovascular reconstruction surgery
[11-13]. In our study, only one patient (4.2 %)

presented with headache and then aphasia at the sub-
acute stage, which was considered to be a result of
CHS. The other patients had no perioperative cerebral
infarction and showed improved or stable neurological
function postoperatively. Therefore, since STA-MCA
anastomosis has been used for MMS patients, it has
become the cornerstone of direct revascularization with
many authors reporting excellent results [14, 15]. So far,
different tools including MRP, PET and SPECT have
been applied for quantitative haemodynamic analyses.
However, CTP is regarded as a more readily accessible
method for the evaluation of cerebral perfusion [16—18].
In this setting, we quantitatively analysed haemodynam-
ic changes before and after STA-MCA anastomosis by
CTP.

In our study, rtMTT and rTTP values were found to be
significantly reduced after treatment (P<0.05), but rCBV
and rCBF changed non-significantly in these ROIs. The re-
sults indicated that the corresponding cerebral
haemodynamics improved after STA-MCA bypass at the

Fig. 6 A 31-year-old male patient who underwent right superficial tem-
poral artery-middle cerebral artery (STA-MCA) bypass due to a history of
Moyamoya syndrome. (a) Preoperative CT angiography (CTA) showed
occlusion of bilateral middle cerebral artery (MCA) (white arrowhead)

and patency of bilateral superficial temporal artery (STA) (white arrow).
(b) Postoperative CTA showed occlusion of the right STA branches
(white arrow) and the bridge artery was not visible
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Table 3  Comparison of CT perfusion relative parameters pre- and
postoperatively in patients (n=20) with bypass patency

Preoperative Postoperative t value P value
rCBF 0.91+0.11 0.97+0.13 —2.45 0.024"
CBV 1.03+0.15 1.03+0.15 0.25 0.808
rTTP 1.13£0.12 1.07+0.14 3.66 0.002"
MTT 1.20+0.32 1.07+0.31 3.39 0.003"

Note: All perfusion data are mean+SD
" P<0.05 was considered significant
T P<0.01;, based on paired-samples ¢ test

CBF cerebral blood flow, CBV cerebral blood volume, T7P time to peak,
MTT mean transit time

surgical site. However, this was a little different from the re-
sults of Jun Zhang et al. [19] and Zhengwei Li et al. [20]. Jun
Zhang et al. quantitatively evaluated haemodynamic changes
before and after STA-MCA bypass surgery combined with
encephalo-duro-myo-synangiosis (EDAMS), and then
showed that rCBF values from the surgical side in the region
of MCA were significantly higher than those before surgery.
Zhengwei Li et al. also identified improved rCBF in the tem-
poral lobe by MRP after STA-MCA bypass surgery. After
more indepth comparison, we found that all the direct graft
patencies were displayed in their studies, which was different
from our study in which four bypass arteries were occluded or
were very small after revascularization. In order to determine
the influence of the patency of bypass artery, further assess-
ments were performed. It is encouraging that, as expected,
rCBF revealed significant differences when the analysis was
restricted to patients with bypass patency. The reason for these
haemodynamic changes can be explained: firstly, TTP and
MTT maps have the capability of being quite sensitive to the
presence of altered brain perfusion [21, 22]. During this spe-
cific phase of haemodynamic improvement, increased cere-
bral perfusion pressure can result in a reduced MTT and
TTP with or without vasodilatation. However, in the absence

Table 4 Comparison of CT perfusion relative parameters pre- and
postoperatively in patients (n=4) without bypass patency

Preoperative Postoperative z Value P value
rCBF 0.96 (0.85-1.07)  0.95(0.95-0.95)  —0.37 0.715
rCBV  1.08(1.08-1.08)  1.03(1.00-1.05)  —0.37 0.715
rTTP 1.18 (1.13-1.22)  1.05(1.02-1.07)  —1.83 0.068
MTT  1.56 (1.40-1.71)  0.99 (0.96-1.01)  —1.83 0.068

Note: All perfusion data are median values (P,5—P7s)
* P<0.05 was considered significant
¥ P<0.01; based on matched-pairs signed-ranks test

CBF cerebral blood flow, CBV cerebral blood volume, T7P time to peak,
MTT mean transit time

@ Springer

of cerebral autoregulation caused by chronic cerebral hypo-
perfusion, the CBF and CBV may remain within the previous
range. Secondly, we speculate that rCBF, as a secondary sen-
sitive parameter to altered brain perfusion, might have a better
correlation with patency of the bypass artery. And conversely,
the rCBF value increasing markedly post-operation might re-
flect the patency graft indirectly. In this study, no change in
rCBYV could be detected in all ROIs after treatment. The rea-
son might be that CBV is a complex physiological parameter
[21]. It is composed of arterial, capillary and venous compart-
ments, as well as parenchymal and pial components. The
vasodilatory response of these different compartments to re-
duced perfusion pressure is variable.

Our study has several limitations. First, in our study, most
examinations (44/48; 91.7 %) were performed by classic CTP,
which has a limited spatial coverage of 2.88 cm in the direc-
tion of the z-axis. However, subsequently four follow-up CTP
examinations were performed on a 128-slice CT system
(Somatom Definition FLASH, Siemens Healthcare) in a
‘shuttle mode’, which led to an extension range of 10 cm to
almost cover the entire brain. Meanwhile, the CTA images
could be reconstructed from source data acquired with dynam-
ic images, which could lower both the radiation exposure and
the amount of administered contrast agent compared with be-
fore. Secondly, drawing the same level and size of ROI was
challenging. Therefore, we measured perfusion values in the
symptomatic and contralateral hemisphere, and only the rela-
tive perfusion values were compared pre- and post-operation
to minimize individual variability. Finally, this study only in-
cluded a small set of patients. Further research with a larger set
of clinical data and more individual CTP imaging analyses is
needed to confirm the efficacy of STA-MCA bypass in pa-
tients with Moyamoya syndrome.

Conclusion

In summary, this study demonstrates that CTP, as a more con-
venient and less expensive imaging test than other available
options, can provide a crucial quantitative assessment of cere-
bral perfusion changes in MMS before and after surgery.
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