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A Grading Scale for Pial Collaterals in Middle Cerebral
Artery Total Occlusion Based on Time-of-flight
MR Angiography Source Images

Huai Wu Yuan'’, Ren Jie Ji', An Li Wang?, Ya Jie Lin’,
Han Feng Chen!, Zi Qi Xu', Guo Ping Peng', and Ben Yan Luo'?

Purpose: To verify whether a new grading based on time-of-flight magnetic resonance angiography source
images (TOF-MRAsi) can reflect the abundance of pial collaterals, in patients with total occlusion of M1
segment of middle cerebral artery in the chronic stage.

Methods: In this single-center retrospective study, consecutive patients with total occlusion of M1 segment
of middle cerebral artery, with both magnetic resonances angiography and digital subtraction angiography
image were included. Time-of-flight magnetic resonance angiography source images were evaluated in a
blinded fashion for pial collaterals (PCs) that were graded on a four-point scale. Good and poor PCs were
defined as TOF-MRAsis grade <2 and 22, respectively. Receiver operating characteristic curve analysis was
done to calculate the area under curve, sensitivity, and specificity.

Results: A total of 26 patients were included. The inter-reader agreement for time TOF-MRAsi and digital
subtraction angiography images were 0.930 and 0.843, respectively. Compared with digital subtraction angi-
ography grading, the area under curve of pial collateral grading based on TOF-MRAsi was 0.830 (0.636-
1.000; P = 0.006). The sensitivity and specificity were 0.700 and 0.933, respectively. The modified Rankin
Scale at follow-up was lower in patients with good PCs than in those with poor PCs (0[0, 1] vs. 1[1, 3],
P =0.055), although statistical significance was not reached.

Conclusion: The grading scale based on TOF-MRAsi could be a new empirical approach for pial collateral
evaluation. The clinical use of the proposed approach for identifying patients with total occlusion of middle
cerebral artery with a high risk of poor outcome requires evaluation in further studies.

Keywords: collateral circulation, comparative study, digital subtraction angiography, magnetic resonance angiog-

raphy, middle cerebral artery occlusion

Introduction

Pial collaterals (PCs) are important factors affecting the
long-term prognosis of patients with M1 segment middle
cerebral artery (MCA) total occlusion (MCATO).! For
patients with MCATO in the chronic stage, new drugs tar-
geting PC are expected to be proven promising in future
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trials, by improving the poor prognosis of patients through
enhancing the abundance of PC. Therefore, methods for PC
evaluation that are suitable for repeated use in future clinical
trials are desired in follow-ups of imaging outcomes. Digital
subtraction angiography (DSA), which is the current gold
standard for PC evaluation, divides PC into five grades
according to the amplitude and speed of the blood flow from
the anterior cerebral artery to the MCA.2 Another method is
to divide PC into four grades based on the source images or
maximal intensity projection images of computed tomog-
raphy angiography (CTA).? DSA or CTA were unable to be
widely used in PC evaluation because of the invasive nature.
Thus, there is a need for a new PC evaluation method without
the above drawbacks.

Time-of-flight magnetic resonance angiography
(TOF-MRA) has been widely used in intracranial artery visu-
alization. The principle of TOF-MRA without intravenous
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infusion of contrast agent is based on the saturation effect,
inflow enhancement effect, and flow-induced phase effect.
TOF-MRA uses signal comparison between blood flow
and static vascular walls to directly display blood vessels.*
Theoretically, blood flow in brain tissue supplied by an
occluded MCA could only be derived from retrograde
blood flow through PC, and the vascular signal intensity of
TOF-MRA source images (TOF-MRAsi) in the territory
of the occluded MCA can indirectly reflect the PC quan-
tity. As we know, only Jin et al.’ reported that TOF-MR Asi
might reflect the irregular vascular networks on the skull
base in patients with Moyamoya disease. No article has
reported the relation between PC graded by TOF-MRAsi
and by DSA.

The aim of this study was to verify whether a novel
grading scale based on TOF-MRAsi can reliably detect PC
compared with the gold standard method.

Methods

Patient selection and evaluation

Consecutive MCATO patients with both DSA and TOF-
MRA images from November 2011 to October 2016, from
the neurology department of the First Affiliated Hospital
of College of Medicine of Zhejiang University, were
included. Exclusion criteria are as follows: 1) Patients
with a period between TOF-MRA and DSA of >30 days.
2) Patients with M1 segment MCA subtotal occlusion and
obvious neovascularization at the occlusion section. In
accordance with the standard protocol of our institutions
for patients with ischemic stroke, demographic data and
information on stroke risk factors and medical history, the
results of diagnostic tests, such as magnetic resonance
diffusion-weighted imaging (DWI), National Institute of
Health Stroke Scale (NIHSS) at admission, composite
endpoint event (included ischemic stroke, transient
ischemic attack, hemorrhagic stroke, myocardial infarc-
tion, angina pectoris, death) at follow-up, and modified
Rankin Scale (mRS) scores at follow-up were collected
regularly. DWI infarct volumes were calculated by multi-
plying slice thickness plus inter-slice gap by total areas of
lesions.® In this study, the discharge date was from
2011/11/20 to 2016/08/29, and the follow-up date was
from 2017/01/19 to 2017/03/12. The favorable functional
outcome was defined as an mRS at follow-up of <2, and
poor functional outcome was defined as an mRS at follow-
up of >2. Doctors were encouraged to decide the therapy
regimen based on the American Heart Association/American
Stroke Association guidelines.”® The study protocol
conformed to the ethical guidelines of the 1964 Declara-
tion of Helsinki and was approved by the institutional
ethics committee of the First Affiliated Hospital of College
of Medicine of Zhejiang University.
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TOF-MRA grading

Time-of-flight magnetic resonance angiography was con-
ducted by radiation specialists by using a 3T magnetic reso-
nance machine (Achieva; Philips Medical Systems, Best, the
Netherlands). About 150 slices with five slabs covering
almost the whole brain were acquired in an imaging time of
5 min 40 s. The following parameters were executed: TR/TE
27/6.9 ms, flip angle 20°, FOV 24 x 16 ¢cm?, matrix 320 x
256, 30 slices in each slab, slab overlap 4.8 mm, slice thick-
ness 0.6 mm, and inter-slice spacing 0 mm. Based on pre-
vious literature,'® MRAsi vascular signal was defined dot or
linear or serpentine-appearing hyperintensity relative to gray
matter in the subarachnoid space or brain parenchyma that
corresponded with a typical arterial course. MCA M1 seg-
ment occlusion might occlude the lenticulostriate arteries
that supply the basal ganglia and internal capsule.> These
vessels are not collateralized from the cortex. As a result,
excellent transcortical collaterals might allow cortex to be
salvaged, but permanent hemiplegia might still result from
infarction of the internal capsule. Therefore, in this study, the
vascular signal intensity of TOF-MRAsi in the territory of
the occluded MCA was assessed on the level of the lateral
ventricle body. According to the axial source images on the
level of the lateral ventricle body, the PC status was divided
into four grades: grade 0, no vascular signal intensity in the
territory of the occluded MCA; grade 1, vascular signal inten-
sity in the territory of the occluded MCA < 50% of that of the
contralateral corresponding regions; grade 2, vascular signal
intensity in the territory of the occluded MCA > 50% of that
of the contralateral corresponding regions; grade 3, vascular
signal intensity in the territory of the occluded MCA equal to
or more than that of the contralateral corresponding regions
(Fig. 1). Two readers (Ren Jie Ji and Han Feng Chen) blinded
to all clinical information and the results of the other radio-
logical data evaluated the TOF-MRAsi. A consensus was
reached in cases of discrepant interpretations. Poor PC based
on TOF-MRAsi was defined as grade 0 or 1, and good PC
was defined as grade 2 or 3.

DSA grading

Huai Wu Yuan and Zi Qi Xu used Philips Allura Xper
FD20/20 biplane DSA for all DSA operations. The catheter
head was placed in the proximal portion of the common
carotid artery, and 5 mL Visipaque (GE Healthcare, Cork,
Ireland) was injected at a rate of 7 mL/s under a pressure of
250 Pa. Following the American Society of Interventional
and Therapeutic Neuroradiology PC grading system based
on consensus,” PC status was divided into five grades
according to the blood flow from the anterior cerebral artery
to the MCA, as follows: grade 0, no collateral flow to
ischemic areas; grade 1, slow collateral flow to ischemic
peripheral regions accompanied by persistent perfusion
defects; grade 2, rapid collateral flow to ischemic peripheral
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Fig. 1 Typical examples of PC grading based on TOF-MRAsi. (A1-A3) M1 segment occlusion of right MCA, with grade 0 based on
TOF-MRAsi (A2). (B1-B3) M1 segment occlusion of left MCA, with grade 1 based on TOF-MRAsi (B2). (C1-C3) M1 segment occlusion of
left MCA, with grade 2 based on TOF-MRAsi (C2). (D1-D3) M1 segment occlusion of right MCA, with grade 3 based on TOF-MRAsi (D2).
PC, pial collaterals; TOF-MRAsi, time-of-flight magnetic resonance angiography source images; DSA, digital subtraction angiography;
MCA, middle cerebral artery.

regions accompanied by persistent perfusion defects; grade 3,
slow but complete blood flow to the ischemic regions
observed in the venous phase; grade 4, complete and rapid
collateral blood flow to the vascular bed in the entire ischemic
territory by retrograde perfusion. Two readers (Huai Wu
Yuan and Zi Qi Xu) blinded to TOF-MRAsi evaluated the
DSA images. A consensus was reached in cases of discrepant
interpretations. Poor PC based on DSA was defined as grade
0 or 1, and good PC based on DSA was defined as grade 2 to
grade 4, based on previous literature.!!

Statistical methods

All data were recorded in duplicates and checked by Ya Jie Lin
and Ge An Wang. Continuous variables were expressed as
mean (standard deviation [SD]) or median (quartiles), and
compared using Student’s #-test or the Mann—Whitney U-test
as appropriate. Categorical variables were compared using
y>-test or Fisher’s test as appropriate. With DSA as the gold
standard, receiver operating characteristic curve analysis was
used to calculate the area under the curve (AUC), sensitivity,
and specificity of the TOF-MRAsi grading scale. Spearman
correlation coefficient was used to assess the correlation of
angiographic grading scales with TOF-MRAsi grading scales
for PC. A two-tailed value of P < 0.05 was considered signifi-
cant. All statistical analyses were completed using IBM SPSS
Statistics, version 17.0 (IBM Corporation, Armonk, NY, USA).

Results

From November 2011 to October 2016, there were 206 con-
secutive patients with MCATO at our center. Forty-six
patients had no TOF-MRA and no DSA images, 86 patients
had TOF-MRA but no DSA images, 39 patients had DSA but
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no TOF-MRA images, and 35 patients had both TOF-MRA
and DSA images. Among these 35 patients, there were 9
patients with a period between TOF-MRA and DSA of >30
days and were excluded. Finally, 26 patients were included in
the statistical analysis.

Baseline clinical characteristics

There were 18 male patients whose mean (£SD) age was
50.56 + 11.15 years, and eight female patients whose mean
(£SD) age was 48.13 + 16.64 years. Sixteen (61.5%) and six
(23.1%) patients presented with ischemic stroke and tran-
sient ischemic attack, respectively, and four (15.0%) patients
were asymptomatic. Except asymptomatic patients, the
period (median, quartile) from the qualifying event to TOF-
MRA was 7.50 (5.75, 18.50) days, and the period (median,
quartile) between TOF-MRA and DSA was 6.00 (5.00, 8.25)
days (Table 1). A total of six (23.1%) patients were lost to
follow-up, and the average follow-up duration of remaining
patients was 32 + 14 months (6.43 months was the minimum
and 64.3 months the maximum). Among 20 patients with
follow-up, there was one fatal recurrent ischemic stroke.

Accuracy of the PC grading scale based on
TOF-MRASsi for DSA grading

The inter-reader agreement for TOF-MRAsi was good
(x = 0.930). The inter-reader agreement for DSA was also
good (k = 0.843). The distribution of PC grades based
on TOF-MRAsi was as follows: 1 patient with grade 0,
17 patients with grade 1, 7 patients with grade 2, and 1 patient
with grade 3. The distribution of PC grades based on DSA
was as follows: no patient with grade 0, 15 patients with
grade 1, 10 patients with grade 2, 1 patient with grade 3, and
no patient with grade 4 (Fig. 2).
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Table 1 Patients’ characteristics

Patients (n = 26)

Age, y, mean (SD) 49.81 (12.78)
Male (%) 18 (69.2)
Medical history
Hypertension (%) 16 (61.5)
Diabetes (%) 7 (26.9)
Hyperlipidemia 0
Ischemic stroke or transient 4(15.4)
ischemic attack (%)
Myocardial infarction or angina 0
Atrial fibrillation 0
Peripheral artery diseases (%) 1(3.8)
Smoking (%) 9 (34.6)
Familial history (%) 2(7.7)
Stroke or transient ischemic attack 22 (84.6)

as a qualifying event(%)

Time from qualifying event to TOF-
MRA, d (median, quartile)

7.50 (5.75, 18.50)

Time between TOF-MRA and DSA, 6.00 (5.00, 8.25)
d (median, quartile)

Time between TOF-MRA and MR 3.50 (2.25, 5.75)
DWI, d (median, quartile)

DWI infarct volume (cm?), 1.17(0.31)
mean (SE)

NIHSS at admission (median, 1(0, 4.25)
quartile)

mRS score on follow-up (median, 1(0, 2.75)
quartile)

Composite endpoint event (%)* 1(3.8)
Follow-up time, months, mean (SD) 32+ 14

(six patients lost follow-up)

*Included ischemic stroke, transient ischemic attack, hemorrhagic
stroke, myocardial infarction, Angina pectoris, and death. DSA,
digital subtraction angiography; DWI, diffusion-weighted image;
mRS, modified Ranking Scale; NIHSS, National Institutes of
Health Stroke Scale; TOF-MRA, time-of-flight magnetic resonance

angiography.

The PC TOF-MRAsi grades were strongly correlated with
the PC DSA grades. The relationship of the PC grading scale
based on TOF-MRAsi and that based on DSA in the 26 patients
was linear, and the linear R?> was 0.407. The Spearman
correlation coefficient was 0.638 (P = 0.001) between the PC
TOF-MRAsi grade and the DSA grade. Compared with the gold
standard DSA grades, the AUC of TOF-MRA grades was 0.830
(0.636-1.000; P=0.006). When PC based on TOF-MRA source
images was 1.5, the Youden index, sensitivity-(1 — specificity)
=0.700—0.067 =0.633, was up to the maximum. The sensitivity
was 0.700 and the specificity was 0.933 (Fig. 3).
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Image features and clinical outcomes among
different PC TOF-MRAsi grades

Despite DWI infarct volume was lower in patients with good
PC than in those with poor PC as determined with TOF-
MRAsi (0.92[0.65] cm?® vs. 1.28[0.35] cm?®, P = 0.272), the
significance was not reached. Similar to the above, the mRS
score at follow-up was lower in patients with good PC than in
those with poor PC as determined with TOF-MRAsi (0[0, 1]
vs. 1[1, 3], P = 0.055), but statistical significance was also not
reached.

Discussion

This study showed that compared with the gold standard
DSA grades for PC detection, semiquantitative grading based
on TOF-MRAsi has good sensitivity and specificity, and
demonstrated that mRS tended to be lower in patients with
good PC grades based on TOF-MRAsi, although the relation
between PC TOF-MRAsi grade and DWI infarct volume at
admission were not significant because the time from the
qualifying event to TOF-MRAsi was about 7 days in patients
with ischemic stroke. Previous studies have shown that in
patients with MCATO with good PC, there is higher vascular
signal intensity at the distal end of the MCATO segment in
fluid-attenuated inversion recovery sequences,'? increased
cortical branches in the ipsilateral posterior cerebral artery in
three-dimensional MRA images,'3 greater difference in blood
flow between lesions and the contralateral posterior cerebral
artery in quantitative MRA,'* and lower degree of cerebral
blood flow decrease on dynamic magnetic resonance perfu-
sion (MRP) images.!> These studies indirectly suggest a
correlation between TOF-MRAsi and PC. Other imaging
methods, such as CTA, perfusion CT, dynamic susceptibility
contrast-enhanced MRP, and arterial spin labeling (ASL)
imaging have been used to visualize the collaterals.'® How-
ever, these techniques except ASL still use contrast, and ASL
has not been tested in patients with MCATO at chronic stage.
Our analysis showed that the use of a novel grading scale for
PC based on TOF-MRAsi predicts PC DSA grading with
fairly high sensitivity and specificity (70.0% and 93.3%,
respectively). The acquired images do not need complex
post-processing. TOF-MRAsi enables a simple, non-invasive
angiographic characterization with high inter-rater reproduc-
ibility for PC grading.

The results have several implications. i) Poor PC con-
tributes to the risk of first or recurrent stroke in patients with
MCATO,'” and the development of collateral signs on MRI
can help to identify patients who are more likely to show
poor outcomes on long-term follow-up, which will help in
selecting patients for additional therapy, such as extracranial—
intracranial arterial bypass surgery.'®! ii) PC in the chronic
stage of MCATO is a promising therapeutic target. Mole-
cules, such as hypoxia-inducible factor la and vascular
endothelial growth factor were found to be related to the
extent of native PC growth in the brain in animal
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Fig. 2 Pial collaterals (PC) grading based on time-of-
flight magnetic resonance angiography source images
(TOF-MRAsi) and digital subtraction angiography
(DSA) for each case. The Arabic numerals in TOF-
MRAsi and DSA pictures indicate PC grading based
on TOF-MRAsi and DSA, respectively. P1 (modified
Rankin Scale [mRS] = 6) indicates patient 1, and the
patient’ mRS at follow-up was 6. And so on, for each
P22(mRS=0)  P23(mRS=1) P24(mRS=3)  P25(mRS=0)  P26(mRS=1) of the following pictures.
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Fig. 3 The receiver operating characteristic (ROC) curves of pial
collateral (PC) grading based on time-of-flight magnetic resonance
angiography source images (TOF-MRAsi) in predicting gold stan-
dard digital subtraction angiography (DSA) grades.

experiments.?*?! Even albumin treatment has been shown to
exert a significant therapeutic effect after ischemia by aug-
menting collateral perfusion in animal experiments.?> When
new drugs targeting PC in the chronic stage of MCATO are
tested in future clinical trials, PC grading based on TOF-
MRAsi is expected to be a useful tool for repeated observa-
tions of imaging outcomes because of its non-invasiveness
and lack of need for contrast.

As this study is a retrospective study with a small sample,
it has some limitations. i) The qualifying event and timing for
MRI was long and heterogeneous; thus, there was no signifi-
cant association between the PC TOF-MRAsi grade and
DWI infarct volume at admission in our study. A prospective
study could overcome these shortcomings. ii) Since the
degree of collateral status indirectly indicate the cerebrovas-
cular reactivity that would be useful information to deter-
mine the therapeutic strategy,?® a comparative study between
PC on TOF-MRAsi and hemodynamic state by performing
single-photon emission computed tomography and/or posi-
tron emission tomography of the brain will make this method
more convincing. iii) There is an insufficient display of small
artery by non-contrast 3D-TOF MRA. Compared non-con-
trast 3D-TOF MRA, post-contrast 3D-TOF MRA can
enhance the signal-to-noise ratio and eliminate the flow arti-
fact, so it is possible to improve the accuracy of PC evalua-
tion by post-contrast 3D-TOF MRA source images. Another
method, black-blood MRA on a 1.5T MRI system, was
reported better than 3D-TOF MRA on display of lenticulos-
triate arteries in which the diameter is usually about 80—1400
um.?* Therefore, it is also possible to improve accuracy of
PC evaluation by black-blood MRA source images. On the
other hand, higher magnetic field intensity brings higher
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spatial resolution, so it is better to visualize the PC by
3D-TOF MRA source images on 3T other than 1.5T MRI
system. iv) For patients with MCATO in the acute stage,
good PC status has been identified as a predictor for better
outcome after intravenous thrombolysis or arterial embolec-
tomy and extended treatment time window.?>2 However, our
data were not obtained several hours after stroke; thus, fur-
ther studies are needed to determine whether the PC grading
based on TOF-MRAsi described in this study can also be
comparable to DSA in the acute stage of the disease, and
whether this can be used as a guide for treatment in the emer-
gency setting. v) The patients did not accept MRA or DSA
again during the follow-up, so we did not know the influence
of spontaneous recanalization on functional outcome on
follow-up.?” This might weaken the difference of functional
outcome between patients with good and poor PC assessed
by TOF-MRAsi. However, when considering that the time
from the qualifying event to TOF-MRAsi was about 7 days
in patients with ischemic stroke, spontaneous recanalization
after MRA might be a small probability event. vi) Blood flow
in brain tissue supplied by an occluded MCA could only be
derived from retrograde blood flow through PC, from the
anterior and the posterior cerebral artery. Therefore, it is a
flaw of this study that we do not include comparison with
collateral flow from the posterior cerebral artery that is usu-
ally depicted on vertebral angiography. However, so far there
is not a standard method to grade the PC depicted by DSA
from posterior cerebral artery to MCA.2?® When we try to
verify whether PC based on TOF-MRA source images could
be comparable to PC based on DSA from posterior cerebral
artery to MCA, it is an unsolved problem to define a cutoff
point between poor PC and good PC based on DSA for the
calculation of the sensitivity and specificity in ROC analysis.
vii) Because the PC TOF-MRAsi grading in this study is still
a semi-quantitative method, the DSA manifestation of
patients with the same PC TOF-MRAsi grade may seem
somewhat different. More accurate assessment techniques
for PC are needed for clinical evaluations.

Conclusion

This study demonstrates that a novel grading scale for PC
based on TOF-MRAsi that accurately predicts the DSA
grade. The clinical use of the proposed approach for identi-
fying MCATO patients with a high risk of poor outcome
requires evaluation in further study.
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