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Abstract

Purpose

To assess FLAIR vascular hyperintensities (FVH) and dynamic (4D) angiograms derived
from perfusion raw data as proposed magnetic resonance (MR) imaging markers of lepto-
meningeal collateral circulation in patients with ischemia in the territory of the anterior cere-
bral artery (ACA).

Methods

Forty patients from two tertiary care university hospitals were included. Infarct volumes and
perfusion deficits were manually measured on DWI images and TTP maps, respectively.
FVH and collateral flow on 4D MR angiograms were assessed and graded as previously
specified.

Results

Forty-one hemispheres were affected. Mean DWI lesion volume was 8.2 (+ 13.9; range
0-76.9) ml, mean TTP lesion volume was 24.5 (+ 17.2, range 0-76.7) ml. FVH were
observed in 26/41 (63.4%) hemispheres. Significant correlations were detected between
FVH and TTP lesion volume (p = 0.4; P<0.01) absolute (p = 0.37; P<0.05) and relative mis-
match volume (p = 0.35; P<0.05). The modified ASITN/SIR score correlated inversely with
DWI lesion volume (p =-0.58; P<0.01) and positively with relative mismatch (p = 0.29; P<
0.05). ANOVA of the ASITN/SIR score revealed significant inter-group differences for DWI
(P<0.001) and TTP lesion volumes (P<0.05). No correlation was observed between FVH
scores and modified ASITH/SIR scores (p =-0.16; P=0.32).

Conclusions

FVH and flow patterns on 4D MR angiograms are markers of perfusion deficits and tissue at
risk. As both methods did not show a correlation between each other, they seem to provide
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complimentary instead of redundant information. Previously shown evidence for the mean-
ing of these specific MR signs in internal carotid and middle cerebral artery stroke seems to
be transferrable to ischemic stroke in the ACA territory.

Introduction

Acute ischemic stroke in the territory of the anterior cerebral artery (ACA) is a rare subtype of
stroke which accounts for only approximately 2% of all ischemic strokes [1-3]. Since current
strategies in stroke therapy mainly focus on recanalizing approaches targeting the internal
carotid artery and the middle cerebral artery [4-8], the medical literature is sparse regarding
neuroimaging procedures or even image-guided treatment options, respectively, for acute
ischemic stroke particularly in the territory of the ACA [9]; the same holds true for the evalua-
tion of collateral blood flow with novel imaging techniques in this stroke subtype, which might
help decision making during the early phase of stroke. Anastomoses between the ACA and the
posterior cerebral artery (PCA) and middle cerebral artery territory (MCA) as well as between
the distal branches of the ACA have been described in detail in pathoanatomical studies [10].
However, the latter have been observed only infrequently, anastomoses between ACA and
PCA may be absent [10] and even anastomoses between ACA and MCA may be insufficient to
sustain a collateral blood flow to the ACA territory [11-13]. Thus, knowledge of individual dif-
ferences in collateral blood flow might be crucial in treatment decisions in acute ACA infarction.

In 1999, vascular hyperintensities on fluid attenuated inversion recovery (FLAIR) images
were first described in a series of patients with acute and subacute stroke [14] and termed
"FLAIR vascular hyperintensity" (FVH). "Hyperintense vessel sign" is another term frequently
used in the literature to describe this finding [15]. An association with acute large artery occlu-
sion and chronic artery stenosis had been demonstrated [14,16,17] and a comparison of
FLAIR images and conventional angiograms in patients with large vessel occlusion revealed
that FVH was typically present in areas with retrograde collateral blood flow [18]. Meanwhile,
most authors agree that proximal FVH is related either to slow anterograde blood flow or
luminal thrombus, whereas distal FVH most likely represents retrograde collateral flow from
arteries unaffected by occlusion [19,20].

Another innovative approach for the assessment of collateral blood flow has been intro-
duced by Campbell and co-workers in 2013: 4D MR angiograms derived from DSC perfusion
raw images [6]. A comparison of these 4D angiograms and conventional angiography demon-
strated a very good correlation of collateral blood flow grades obtained separately with both
methods [21]. By now, they have been used in only very few studies with middle cerebral artery
(MCA) occlusion [6,21,22], in posterior circulation stroke [23,24] and in lacunar infarction
[25]. To date, no study reported on FVH or 4D MR angiograms specifically in patients with
ischemia in the ACA territory.

Overall, the existing literature provides growing evidence that FVH and 4D MR angiogra-
phy might be useful techniques to capture stroke-induced perfusion deficits with consecutive
tissue at risk, potentially allowing enhanced patient selection for recanalizing therapies. The
present study is the first to systematically compare patterns of collateral blood flow in anterior
cerebral artery ischemia with these two different approaches: (1) presence and extent of FVH
and (2) extent of collateralization on 4D MR angiograms generated from perfusion-weighted
raw images. Moreover, the study aims to assess whether these two markers of collateral circula-
tion provide redundant or complimentary information regarding initial DWT lesion volume
and the amount of hypoperfused and penumbral brain tissue.
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Material and methods
Patients

After screening two hospital-based MRI databases, located at the University Hospital Leipzig
and the University Hospital Mannheim (2005-2013), we identified 40 patients with acute focal
cerebral ischemia in the territory of the ACA as indicated by an altered diffusion-weighted
imaging (DWI) and/or perfusion-weighted imaging (PWI) in the respective territory, under-
going a standard stroke MRI protocol at hospital admission as well as during the hospital stay.
All patients with the following criteria were eligible for the study: (1) technically adequate stan-
dard stroke MRI including PWI performed (2) within 12 hours after onset of symptoms, and
(3) acute territorial infarction in the territory of the ACA. The demographic details, clinical
presentation, and acute treatment were abstracted from the case records. The study was ap-
proved by the local ethics committees and did not require specific patient consent due to its
retrospective nature.

MRI studies

Magnetic resonance imaging was performed on 1.5-T MR systems (Magnetom Sonata, Sym-
phony or Avanto, Siemens Medical Systems, Erlangen, Germany; Gyroscan Achieva or Intera,
Philips Healthcare, Best, Netherlands) or on a 3T MR system (Siemens Trio, Siemens Medical
Systems, Erlangen, Germany). Site-specific standardized protocols were used in all patients
including (1) transverse, coronal and sagittal localizing sequences followed by transverse obli-
que images aligned with the inferior borders of the corpus callosum (applied on sequences 2 to
5); (2) DWI; (3) FLAIR images; (4) 3D time-of-flight MR angiography (MRA) and (5) PWI fol-
lowing the first pass of contrast bolus through the brain. Dynamic susceptibility contrast perfu-
sion-weighted imaging was acquired using a gradient-echo echo planar imaging.

Post-processing

Perfusion maps. The post-processing of the perfusion-weighted raw images was per-
formed by a specific software, Signal Processing In NMR (SPIN, The MRI Institute for Biome-
dial Research, Detroit, USA). Deconvolution with singular value decomposition (SVD) was
used [26]. The position of the arterial input function (AIF) was automatically determined by
using the maximum concentration (Cmax), TTP and first moment MTT (fMTT). The concen-
tration-time curve for arteries has short fMTT, short TTP and high Cmax. Twenty voxels,
which best fitted these properties were selected. Then the concentration-time curves of these
voxels were averaged, smoothed and truncated to avoid the second pass effect of the tracer.

4D MR angiograms. Furthermore, perfusion-weighted raw images were used to create a
dynamic angiographic representation of blood flow as described recently [6,21]. For this pur-
pose, the baseline prebolus image was subtracted from each frame of the raw perfusion data as
in digital subtraction angiography by use of SPIN.

MRI analysis

FLAIR images and 4D MR angiograms were analyzed by two independent raters (M.G. and A.
F., with six/eight years of experience in neuroimaging) blinded to the other MRI sequences
and clinical information. Cases with discrepancies were re-reviewed by both readers and dis-
cussed until a consensus was reached.

Perfusion and diffusion lesions. Acute lesions were noted on DWT images. The topogra-
phy and the corresponding dominant arterial territory were determined according to the
maps by Tatu et al. [27,28]. Lesion size was measured on DWI by a manually delineated ROI,
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summation of these areas in cm” on each section and multiplication with the slice thickness
(plus interslice gap), to determine the volume in cm® by use of OsiriX, a multidimensional
image navigation and display software [29]. Similarly, PWI lesions were measured on TTP
maps. Furthermore, the following values were calculated from the volumetric data: mismatch
volume (MV = TTP lesion volume-DWTI lesion volume) and relative mismatch volume

[rMV = (TTP lesion volume-DWTI lesion volume) /DWT lesion volume] at admission. For the
calculation of rMV, the lesion volume was set at 0.1 ml if no DWT lesion was evident in order
to avoid a division by zero.

FLAIR vascular hyperintensities. FVH were defined as focal, tubular, or serpentine
hyperintensity relative to gray matter in the subarachnoid space or extending into the brain
parenchyma. FVH was subdivided in either proximal and/or distal, whereas proximal FVH
sign was defined as vascular hyperintensity in the A2 segment of the ACA. Hyperintense ves-
sels in the more distal (A3 and A4) branches of the ACA were classified as distal FVH sign. For
proximal FVH sign, a dichotomized classification was used i.e. either absent (0 points) or pres-
ent (1 point). Distal FVH sign was graded as either absent (0 points), subtle (1 point) or as
prominent (2 points), depending on the number of hyperintense sulcal vessels and their iden-
tifiability. Finally, a FVH score ranging from 0 up to 3 points was calculated for each patient
[23].

4D MR angiograms. The quality of the collateral circulation was assessed using a modifi-
cation of the American Society of Interventional and Therapeutic Neuroradiology/Society of
Interventional Radiology (ASITN/SIR) Collateral Flow Grading System as established recently
[6,21,23]: grade 0 (no collateral vessels visible), grade 1 (slow collateral blood flow to the
periphery of the ischemic site with persistence of some of the defect), grade 2 (rapid collateral
blood flow to the periphery of ischemic site with persistence of some of the defect), grade 3
(collateral blood flow with slow but complete angiographic blood flow of the ischemic bed by
the late venous phase), and grade 4 (complete and rapid collateral blood flow to the vascular
bed in the entire ischemic territory by retrograde perfusion). Rapid collateral blood flow was
defined as flow appearing within the arterial phase of the perfusion study.

Statistical analysis

Data analysis was performed with Microsoft Excel (Office Excel 2003, Microsoft, Redmond,
Washington) and SPSS 20.0 (SPSS, Inc., Chicago IL). Data are presented as mean values with
standard deviations and ranges. Mean values were compared applying a one-way-ANOVA
and a Bonferroni post-hoc correction was added. Correlation analysis was carried out by cal-
culating Spearman’s p. In order to exclude the influence of different MRI scanner sites, scanner
types as well as lateralization we introduced a multivariate modeling approach within a linear
mixed effect model framework with three different models including FVH score, collateraliza-
tion grade or both as well as MRI scanner location (Leipzig or Mannheim), scanner types
(Achieva, Vision/Sonata/Symphony, Avanto, or Trio), and lateralization (left, right, or both
hemispheres). P < 0.05 was considered statistically significant.

Results

Between December 2006 and December 2013, 40 patients were included, 17 of them in center
1 ([blinded]), and 23 of them in center 2 ([blinded]). In all but one patient, one hemisphere
was affected and evaluated in our analysis. One patient showed a stroke in the ACA territories
of both sides and for the purpose of this study, both hemispheres were considered separately.
The left hemisphere was affected in 21 patients (52.5%). Mean patient age was 72.2 (+ 14.4;
47-88) years, 21 patients were female (52.5%). Mean time from symptom onset to imaging
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was 340.3 (+ 201.9; 126-920) minutes, 10 patients (25%) were admitted with a wake-up stroke
or an unknown symptom onset (of less than 24 hours in all cases). Mean DWI lesion volume
was 8.2 (+ 13.9; range 0-76.9) ml, mean TTP lesion volume was 24.5 (+ 17.2, range 0-76.7) ml.
In three patients no TTP volume could be calculated, as TTP slowing was also present in the
directly adjacent parts of the MCA territory. Two patients were excluded for the evaluation of
the modified American Society of Interventional and Therapeutic Neuroradiology/Society of
Interventional Radiology (ASITN/SIR) Collateral Flow Grading System; one of them showed
no perfusion lesion in the ACA territory, for the other no dynamic maps could be calculated as
perfusion raw data were missing.

On 4D MR angiograms, 2/39 (5.1%) hemispheres showed no collateral blood flow from
adjacent vascular territories. Collateralization was graded 1 in 5/39 (12.8%), 2 in 0/39 (0%), 3
in 24/39 (61.5%), and 4 in 8/39 (20.5%) hemispheres (for examples see Fig 1). For the modified
ASITN/SIR score, a significant inverse correlation was observed with DWI lesion volume (p =
-0.58; P<0.01) and also a tendency towards a significant negative correlation was observed
with TTP lesion volume (p = -0.28; P = 0.05.) Moreover, the modified ASITN/SIR score showed
a significant correlation with relative mismatch (p = 0.29; P< 0.05). In the multivariate model-
ing approach the correlations with DWI (p<0.01) and PWI lesion volume (p<0.05) remained
significant. One-way ANOVA with the modified ASITN/SIR score as a test variable revealed
significant inter-group differences for DWI (P<0.001) and TTP lesion volume (P<0.05). The
Bonferroni correction proved that these differences in DWI lesion volumes were significant
between scores of 0 and 3 as well as between 0 and 4 (both P<0.001; see Fig 2C). TTP lesion vol-
umes were significantly different between the same modified ASITN/SIR score combinations as
above, also applying the Bonferroni correction (both P<0.05; see Fig 2D).

FVH were observed in 26/41 (63.4%) affected hemispheres (for examples see Fig 3). Of
these, 4/41 (9.8%) showed a score of 1, 10/41 (24.4%) a score of 2 and 12/41 (29.3%) a score of
3. Significant correlations were detected with TTP lesion volume (p = 0.4; P<0.01), absolute (p
=0.37; P<0.05) and relative mismatch volume (p = 0.35; P<0.05). In the multivariate model-
ing approach the correlation with PWT lesion volume (p<0.05) remained significant while no
significant correlation with DWI lesion volume (p = 0.75) was found. Statistical significance
was slightly missed for the ANOVA of FVH scores and differences in TTP lesion volumes
(P = 0.08; Fig 4); this was accompanied by a tendency towards statistical significance compar-
ing TTP lesion volumes of patients with FVH scores of 0 and 3 (P = 0.09).

No significant correlation was observed between FVH scores and modified ASITN/SIR
scores (p = -0.16; P = 0.32).

Discussion

In acute ischemic stroke due to large vessel occlusions, sufficient collateral blood flow is associ-
ated with improved clinical status on presentation and increased likelihood of recanalization
with endovascular therapy [30]. Moreover, a favorable collateral circulation predicts a better
functional patient outcome at 3 months [31]. In case of an ACA occlusion there are numerous
possible collateral pathways from the ipsilateral MCA and PCA as well as from the contralat-
eral ACA to provide oxygen to hypoperfused brain tissue [32]. Yet these pathways are known
to show inter-individual differences. While conventional angiography is the gold standard for
the assessment of leptomeningeal collateral flow, different non-invasive approaches for the
assessment of collateral blood flow have been evaluated and used in the last years such as CT
angiography [33,34], FLAIR images [15,23,35], T2* images [36], DSC-PWI [6,37,38], and arte-
rial spin labeling perfusion-weighted imaging [39]. The rationale of the present work was to
assess two proposed imaging markers of leptomeningeal collateral circulation in patients with
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Fig 1. Examples of diffusion-weighted (left), corresponding perfusion-weighted images (middle), and collateralization grades on 4D MR
angiograms (right) in anterior cerebral artery (ACA) occlusion. A. Grade 0 in a case of right anterior cerebral artery (ACA) occlusion. B. Grade 3ina
case of left ACA occlusion. C. Grade 4 in a case of right ACA occlusion.

doi:10.1371/journal.pone.0172570.9001

an acute ischemic stroke in the ACA territory: FVH and 4D MR angiograms derived from
DSC perfusion raw images.

To the best of our knowledge the present study is the first to describe that FVH occur fre-
quently in the setting of an acute ischemic stroke in the ACA territory. While four studies
investigated FVH in the posterior circulation [23,40-42], the majority of the published litera-
ture has been focusing on FVH within the scope of MCA ischemia [15,19,20,43,44]. In our
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Fig 2. Relations between modified ASITN/SIR score and mismatch volume in ml (A); relative mismatch (B); DWI lesion volume in ml (C) and TTP
lesion volume in ml (D). ANOVA with the modified ASITN/SIR score as a test variable revealed significant inter-group differences for DWI (P<0.001)
and TTP lesion volume (P<0.05). The differences in DWI volumes were significant between scores of 0 and 3 as well as between 0 and 4 (both
P<0.001; Fig 2C) applying the Bonferroni correction. TTP lesion volumes were significantly different between the same modified ASITN/SIR score
combinations as above (both P<0.05; Fig 2D).

doi:10.1371/journal.pone.0172570.9002

patient series, more pronounced FVH were associated with larger TTP deficits, absolute and
relative mismatch volumes but we observed no relation between FVH and baseline DWI lesion
volumes. This corroborates previous evidence of FVH being an indicator of larger ischemic tis-
sue fractions [15], whereas its value for the assessment of the infarct core itself seems to be lim-
ited. However, the fact that larger absolute and relative mismatch volumes were observed with
more pronounced FVH underlines previous evidence that FVH are sensitive markers of
PWI-DWI mismatch. In a recent work, Legrand and colleagues concluded that FVH in MCA
occlusions contain “important hemodynamic information, assessable by the naked eye” and
that they might be used to “identify patients with large PWI-DWI mismatches whenever per-
fusion data are missing” [44].

4D MR angiograms derived from DSC perfusion raw images were proposed as an imaging
biomarker of collateral flow in 2013 [6]. This method had been investigated in a retrospective
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Fig 3. Two examples of FVH in the distal branches of the anterior cerebral artery (ACA, arrows) on FLAIR images in acute ischemic stroke due to
ACA occlusion.

doi:10.1371/journal.pone.0172570.9003

analysis of the EPITHET patient sample, mainly consisting of subjects with occlusions of the
ICA and the MCA [6,45]. In accordance with the results described by Campbell and colleagues
[6], a favorable collateral status correlated with relative mismatch in our patient sample. More-
over, we observed a negative correlation between collateral status and baseline DWT lesion vol-
ume meaning that favorable collaterals are associated with smaller infarct cores at the rime of
initial imaging. Thus, our results contribute to the understanding of the fundamental impor-
tance of collateral flow for the existence of a significant amount of tissue-at risk in acute stroke.
If a favorable collateral flow-which can be easily quantified by this specific technique-may be
able to prevent or at least to decelerate early infarct growth in patients with acute ischemia in
the ACA territory should be investigated in further studies.

The main limitations of the present study are its retrospective design and its small patient
number, which can be mainly explained by the rare occurrence of the investigated stroke sub-
type. Our results are also limited by the fact that due to the configuration of the time of flight-
angiography sequences (which cover the basal parts of the brain circulation with a focus on the
circle of Willis) distal vessel occlusions were not confirmable in our patients; perfusion and
diffusion lesions in the ACA territory were therefore used as a surrogate of the latter. Another
limitation is that MR images were acquired on different scanner types (including 1.5T and 3T)
in two different tertiary care university hospitals; it is yet unknown in which way different field
strengths and scanner types influence the occurrence and the grade of FVH. Thus, definite
conclusions should be drawn with caution and further studies on larger patient collectives
seem justified.

In conclusion, the present study focused on two non-invasive methods for the estimation of
cerebral collateral blood flow-FVH and 4D MR angiograms-and demonstrated that previous
evidence, derived mainly from patients with ICA and MCA stroke seems to be transferrable to
patients with an acute ischemic stroke in the ACA territory and not only to patients with ische-
mia in the posterior circulation. FVH and flow patterns on 4D MR angiograms are markers of

PLOS ONE | DOI:10.1371/journal.pone.0172570 February 24, 2017 8/12



o ®
@ ’ PLOS | ONE FVH and 4D MR angiograms in anterior cerebral artery ischemia

A

10000~
< 'S
[$]
= 50; ° ® 1000+ —
= H m v M £ L] | d
2 35] m . 2 —
5 - ¥ = 100+ v
3 * o — 3
> 201 v 2
v e L 2
g T $ 1 + s].
© " *
% 51 o0 © ™ ',
E v g 1 ) 4 1
101 0 1 2 3
0 ;VH 3cor2e 3 FVH Score
80- "
70+ = 907
= 60+ % 80~ .
E 504 S 704
(] - -
40+ v o 60
o
E 30~ - c 50- 5
S 204 " s ols
S 101 i' £ 304
o 0 A AR, A2 o 204 o
104 o 104 mg™ % .
204 0 1 2 3 F oo ? - = ~
FVH Score FVH Score

Fig 4. Relations between FVH score and mismatch volume in ml (A); relative mismatch (B); DWI lesion volume in ml (C) and TTP lesion volume in
ml (D). ANOVA revealed no significant inter-group differences depending on FVH grade. However, a trend towards statistical significance was
observed for TTP lesion volumes (P = 0.08).

doi:10.1371/journal.pone.0172570.9004

perfusion deficits and tissue at risk. Whereas pronounced FVH can indicate larger perfusion
lesions and mismatch volumes, favorable collaterals on 4D MR angiograms are strongly associ-
ated with small infarct cores. Moreover, as both methods did not show a correlation with each
other, they seem to provide complimentary instead of redundant information. Future research
is needed to verify if these specific information about collateral blood flow could be used to
improve patient selection for recanalization therapies or to extend the therapeutic time win-
dow in acute ischemic stroke.

Author Contributions
Conceptualization: AF MG.
Formal analysis: AF MG JB MM.
Funding acquisition: MG.

Methodology: AF MG ]B.

PLOS ONE | DOI:10.1371/journal.pone.0172570 February 24, 2017 9/12



@° PLOS | ONE

FVH and 4D MR angiograms in anterior cerebral artery ischemia

Validation: AF MG CG K-TH.

Visualization: AF MG JB.

Writing - original draft: AF MG JB.

Writing - review & editing: AF MG JB MM DM DL CG K-TH.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Kumral E, Bayulkem G, Evyapan D, Yunten N. Spectrum of anterior cerebral artery territory infarction:
clinical and MR findings. Eur. J. Neurol. 2002; 9:615-24. PMID: 12453077

Kang SY, Kim JS. Anterior cerebral artery infarction: stroke mechanism and clinical-imaging study in
100 patients. Neurology. 2008; 70:2386—93. doi: 10.1212/01.wnl.0000314686.94007.d0 PMID:
18541871

Arboix A, Garcia-Eroles L, Sellarés N, Raga A, Oliveres M, Massons J. Infarction in the territory of the
anterior cerebral artery: clinical study of 51 patients. BMC Neurol. 2009; 9:30. doi: 10.1186/1471-2377-
9-30 PMID: 19589132

Berkhemer OA, Fransen PSS, Beumer D, van den Berg LA, Lingsma HF, Yoo AJ, et al. A Randomized
Trial of Intraarterial Treatment for Acute Ischemic Stroke. N. Engl. J. Med. 2015; 372:11-20. doi: 10.
1056/NEJMoa1411587 PMID: 25517348

Goyal M, Demchuk AM, Menon BK, Eesa M, Rempel JL, Thornton J, et al. Randomized Assessment of
Rapid Endovascular Treatment of Ischemic Stroke. N. Engl. J. Med. 2015; 372:1019-30. doi: 10.1056/
NEJMoa1414905 PMID: 25671798

Campbell BC, Christensen S, Tress BM, Churilov L, Desmond PM, Parsons MW, et al. Failure of collat-
eral blood flow is associated with infarct growth in ischemic stroke. J. Cereb. Blood Flow Metab. 2013;
33:1168-72. doi: 10.1038/jcbfm.2013.77 PMID: 23652626

Jovin TG, Chamorro A, Cobo E, de Miquel MA, Molina CA, Rovira A, et al. Thrombectomy within 8
Hours after Symptom Onset in Ischemic Stroke. N. Engl. J. Med. 2015; 372:2296—-306. doi: 10.1056/
NEJMoa1503780 PMID: 25882510

Saver JL, Goyal M, Bonafe A, Diener H-C, Levy El, Pereira VM, et al. Stent-Retriever Thrombectomy
after Intravenous t-PA vs. t-PA Alone in Stroke. N. Engl. J. Med. 2015; 372:2285-95. doi: 10.1056/
NEJMoa1415061 PMID: 25882376

Richard S, Baillot P-A, Lacour J-C, Ducrocq X. Intravenous thrombolysis in thromboembolic occlusion
of the A1 segment of the left anterior cerebral artery only. Neurol. Sci. 2011; 32:511-2. doi: 10.1007/
s$10072-011-0562-z PMID: 21479610

Vander Eecken HM, Adams RD. The anatomy and functional significance of the meningeal arterial
anastomoses of the human brain. J. Neuropathol. Exp. Neurol. 1953; 12:132-57. PMID: 13053234

Endo M, Kawano N, Miyaska Y, Yada K. Cranial burr hole for revascularization in moyamoya disease.
J. Neurosurg. 1989; 71:180-5. doi: 10.3171/jns.1989.71.2.0180 PMID: 2746343

Iwama T, Hashimoto N, Tsukahara T, Miyake H. Superficial temporal artery to anterior cerebral artery
direct anastomosis in patients with moyamoya disease. Clin. Neurol. Neurosurg. 1997; 99 Suppl 2:
S134-6.

lwama T, Hashimoto N, Miyake H, Yonekawa Y. Direct revascularization to the anterior cerebral artery
territory in patients with moyamoya disease: report of five cases. Neurosurgery. 1998; 42:1157-61; dis-
cussion 1161-2. PMID: 9588563

Cosnard G, Duprez T, Grandin C, Smith AM, Munier T, Peeters A. Fast FLAIR sequence for detecting
major vascular abnormalities during the hyperacute phase of stroke: a comparison with MR angiogra-
phy. Neuroradiology. 1999; 41:342—6. PMID: 10379591

Azizyan A, Sanossian N, Mogensen MA, Liebeskind DS. Fluid-Attenuated Inversion Recovery Vascular
Hyperintensities: An Important Imaging Marker for Cerebrovascular Disease. AJNR Am. J. Neuroradiol.
2011; 32:1771-5. doi: 10.3174/ajnr.A2265 PMID: 21051516

lancu-Gontard D, Oppenheim C, Touzé E, Méary E, Zuber M, Mas J-L, et al. Evaluation of Hyperintense
Vessels on FLAIR MR for the Diagnosis of Multiple Intracerebral Arterial Stenoses. Stroke. 2003;
34:1886-91. doi: 10.1161/01.STR.0000080382.61984.FE PMID: 12829863

Yoshioka K, Ishibashi S, Shiraishi A, Yokota T, Mizusawa H. Distal hyperintense vessels on FLAIR
images predict large-artery stenosis in patients with transient ischemic attack. Neuroradiology. 2013;
55:165-9. doi: 10.1007/s00234-012-1092-y PMID: 23001486

PLOS ONE | DOI:10.1371/journal.pone.0172570 February 24, 2017 10/12


http://www.ncbi.nlm.nih.gov/pubmed/12453077
http://dx.doi.org/10.1212/01.wnl.0000314686.94007.d0
http://www.ncbi.nlm.nih.gov/pubmed/18541871
http://dx.doi.org/10.1186/1471-2377-9-30
http://dx.doi.org/10.1186/1471-2377-9-30
http://www.ncbi.nlm.nih.gov/pubmed/19589132
http://dx.doi.org/10.1056/NEJMoa1411587
http://dx.doi.org/10.1056/NEJMoa1411587
http://www.ncbi.nlm.nih.gov/pubmed/25517348
http://dx.doi.org/10.1056/NEJMoa1414905
http://dx.doi.org/10.1056/NEJMoa1414905
http://www.ncbi.nlm.nih.gov/pubmed/25671798
http://dx.doi.org/10.1038/jcbfm.2013.77
http://www.ncbi.nlm.nih.gov/pubmed/23652626
http://dx.doi.org/10.1056/NEJMoa1503780
http://dx.doi.org/10.1056/NEJMoa1503780
http://www.ncbi.nlm.nih.gov/pubmed/25882510
http://dx.doi.org/10.1056/NEJMoa1415061
http://dx.doi.org/10.1056/NEJMoa1415061
http://www.ncbi.nlm.nih.gov/pubmed/25882376
http://dx.doi.org/10.1007/s10072-011-0562-z
http://dx.doi.org/10.1007/s10072-011-0562-z
http://www.ncbi.nlm.nih.gov/pubmed/21479610
http://www.ncbi.nlm.nih.gov/pubmed/13053234
http://dx.doi.org/10.3171/jns.1989.71.2.0180
http://www.ncbi.nlm.nih.gov/pubmed/2746343
http://www.ncbi.nlm.nih.gov/pubmed/9588563
http://www.ncbi.nlm.nih.gov/pubmed/10379591
http://dx.doi.org/10.3174/ajnr.A2265
http://www.ncbi.nlm.nih.gov/pubmed/21051516
http://dx.doi.org/10.1161/01.STR.0000080382.61984.FE
http://www.ncbi.nlm.nih.gov/pubmed/12829863
http://dx.doi.org/10.1007/s00234-012-1092-y
http://www.ncbi.nlm.nih.gov/pubmed/23001486

@° PLOS | ONE

FVH and 4D MR angiograms in anterior cerebral artery ischemia

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sanossian N, Saver JL, Alger JR, Kim D, Duckwiler GR, Jahan R, et al. Angiography Reveals That
Fluid-Attenuated Inversion Recovery Vascular Hyperintensities Are Due to Slow Flow, Not Thrombus.
AJNR Am. J. Neuroradiol. 2009; 30:564-8. doi: 10.3174/ajnr.A1388 PMID: 19022866

Haussen DC, Koch S, Saraf-Lavi E, Shang T, Dharmadhikari S, Yavagal DR. FLAIR Distal Hyperin-
tense Vessels as a Marker of Perfusion-Diffusion Mismatch in Acute Stroke. J. Neuroimaging 2013; 23.

Lee KY, Latour LL, Luby M, Hsia AW, Merino JG, Warach S. Distal hyperintense vessels on FLAIR An
MRI marker for collateral circulation in acute stroke? Neurology. 2009; 72:1134-9. doi: 10.1212/01.wnl.
0000345360.80382.69 PMID: 19211928

Kim SJ, Son JP, Ryoo S, Lee M-J, Cha J, Kim KH, et al. A novel magnetic resonance imaging approach
to collateral flow imaging in ischemic stroke. Ann. Neurol. 2014; 76:356—69. doi: 10.1002/ana.24211
PMID: 24985162

Lee MJ, Son JP, Kim SJ, Ryoo S, Woo S-Y, Cha J, et al. Predicting Collateral Status With Magnetic
Resonance Perfusion Parameters Probabilistic Approach With a Tmax-Derived Prediction Model.
Stroke. 2015; 46:2800-7. doi: 10.1161/STROKEAHA.115.009828 PMID: 26306754

Forster A, Wenz H, Kerl HU, Al-Zghloul M, Habich S, Groden C. FLAIR vascular hyperintensities and
dynamic 4D angiograms for the estimation of collateral blood flow in posterior circulation occlusion.
Neuroradiology. 2014; 56:697-707. doi: 10.1007/s00234-014-1382-7 PMID: 24866827

Forster A, Mirle B, Kerl HU, Wenz H, Al-Zghloul M, Habich S, et al. Sparing of the hippocampus indi-
cates better collateral blood flow in acute posterior cerebral artery occlusion. Int. J. Stroke. 2015;
10:1287-93. doi: 10.1111/ijs.12531 PMID: 26045188

Forster A, Murle B, B6hme J, Al-Zghloul M, Kerl HU, Wenz H, et al. Perfusion-weighted imaging and
dynamic 4D angiograms for the estimation of collateral blood flow in lacunar infarction. J. Cereb. Blood
Flow Metab. 2015 [Ephub ahead of print]

Wu J, Tarabishy B, Hu J, Miao Y, Cai Z, Xuan Y, et al. Cortical Calcification in Sturge-Weber Syndrome
on MRI-SWI: Relation to Brain Perfusion Status and Seizure Severity. J. Magn. Reson. Imaging JMRI.
2011; 34:791-8. doi: 10.1002/jmri.22687 PMID: 21769978

Tatu L, Moulin T, Bogousslavsky J, Duvernoy H. Arterial territories of the human brain: cerebral hemi-
spheres. Neurology. 1998; 50:1699-708. PMID: 9633714

Tatu L, Moulin T, Vuillier F, Bogousslavsky J. Arterial territories of the human brain. Front. Neurol. Neu-
rosci. 2012; 30:99—-110. doi: 10.1159/000333602 PMID: 22377874

Rosset A, Spadola L, Ratib O. OsiriX: an open-source software for navigating in multidimensional
DICOM images. J. Digit. Imaging. 2004; 17:205—16. doi: 10.1007/s10278-004-1014-6 PMID: 15534753

Leng X, Fang H, Leung TWH, Mao C, Xu Y, Miao Z, et al. Impact of Collateral Status on Successful
Revascularization in Endovascular Treatment: A Systematic Review and Meta-Analysis. Cerebrovasc.
Dis. Basel Switz. 2015; 41:27-34.

Sheth SA, Liebeskind DS. Collaterals in endovascular therapy for stroke: Curr. Opin. Neurol. 2015;
28:10-5. doi: 10.1097/WC0.0000000000000166 PMID: 25514251

Brozici M, Zwan A van der, Hillen B. Anatomy and Functionality of Leptomeningeal Anastomoses A
Review. Stroke. 2003; 34:2750-62. doi: 10.1161/01.STR.0000095791.85737.65 PMID: 14576375

Menon BK, O’'Brien B, Bivard A, Spratt NJ, Demchuk AM, Miteff F, et al. Assessment of leptomeningeal
collaterals using dynamic CT angiography in patients with acute ischemic stroke. J. Cereb. Blood Flow
Metab. 2013; 33:365—71. doi: 10.1038/jcbfm.2012.171 PMID: 23149554

Miteff F, Levi CR, Bateman GA, Spratt N, McElduff P, Parsons MW. The independent predictive utility
of computed tomography angiographic collateral status in acute ischaemic stroke. Brain. 2009;
132:2231-8. doi: 10.1093/brain/awp155 PMID: 19509116

Gawlitza M, Gragert J, Quaschling U, Hoffmann KT. FLAIR-hyperintense vessel sign, diffusion-perfu-
sion mismatch and infarct growth in acute ischemic stroke without vascular recanalisation therapy. J.
Neuroradiol. 2014; 41:227-33. doi: 10.1016/j.neurad.2013.10.004 PMID: 24507478

Hermier M, Nighoghossian N, Derex L, Wiart M, Nemoz C, Berthezene Y, et al. Hypointense leptome-
ningeal vessels at T2*-weighted MRI in acute ischemic stroke. Neurology. 2005; 65:652—3. doi: 10.
1212/01.wnl.0000173036.95976.46 PMID: 16116143

Campbell BCV, Mitchell PJ, Kleinig TJ, Dewey HM, Churilov L, Yassi N, et al. Endovascular Therapy for
Ischemic Stroke with Perfusion-lImaging Selection. N. Engl. J. Med. 2015; 372:1009-18. doi: 10.1056/
NEJMoa1414792 PMID: 25671797

Lansberg MG, Lee J, Christensen S, Straka M, De Silva DA, Mlynash M, et al. RAPID automated
patient selection for reperfusion therapy: a pooled analysis of the Echoplanar Imaging Thrombolytic
Evaluation Trial (EPITHET) and the Diffusion and Perfusion Imaging Evaluation for Understanding
Stroke Evolution (DEFUSE) Study. Stroke 2011; 42:1608—14. doi: 10.1161/STROKEAHA.110.609008
PMID: 21493916

PLOS ONE | DOI:10.1371/journal.pone.0172570 February 24, 2017 11/12


http://dx.doi.org/10.3174/ajnr.A1388
http://www.ncbi.nlm.nih.gov/pubmed/19022866
http://dx.doi.org/10.1212/01.wnl.0000345360.80382.69
http://dx.doi.org/10.1212/01.wnl.0000345360.80382.69
http://www.ncbi.nlm.nih.gov/pubmed/19211928
http://dx.doi.org/10.1002/ana.24211
http://www.ncbi.nlm.nih.gov/pubmed/24985162
http://dx.doi.org/10.1161/STROKEAHA.115.009828
http://www.ncbi.nlm.nih.gov/pubmed/26306754
http://dx.doi.org/10.1007/s00234-014-1382-7
http://www.ncbi.nlm.nih.gov/pubmed/24866827
http://dx.doi.org/10.1111/ijs.12531
http://www.ncbi.nlm.nih.gov/pubmed/26045188
http://dx.doi.org/10.1002/jmri.22687
http://www.ncbi.nlm.nih.gov/pubmed/21769978
http://www.ncbi.nlm.nih.gov/pubmed/9633714
http://dx.doi.org/10.1159/000333602
http://www.ncbi.nlm.nih.gov/pubmed/22377874
http://dx.doi.org/10.1007/s10278-004-1014-6
http://www.ncbi.nlm.nih.gov/pubmed/15534753
http://dx.doi.org/10.1097/WCO.0000000000000166
http://www.ncbi.nlm.nih.gov/pubmed/25514251
http://dx.doi.org/10.1161/01.STR.0000095791.85737.65
http://www.ncbi.nlm.nih.gov/pubmed/14576375
http://dx.doi.org/10.1038/jcbfm.2012.171
http://www.ncbi.nlm.nih.gov/pubmed/23149554
http://dx.doi.org/10.1093/brain/awp155
http://www.ncbi.nlm.nih.gov/pubmed/19509116
http://dx.doi.org/10.1016/j.neurad.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24507478
http://dx.doi.org/10.1212/01.wnl.0000173036.95976.46
http://dx.doi.org/10.1212/01.wnl.0000173036.95976.46
http://www.ncbi.nlm.nih.gov/pubmed/16116143
http://dx.doi.org/10.1056/NEJMoa1414792
http://dx.doi.org/10.1056/NEJMoa1414792
http://www.ncbi.nlm.nih.gov/pubmed/25671797
http://dx.doi.org/10.1161/STROKEAHA.110.609008
http://www.ncbi.nlm.nih.gov/pubmed/21493916

@° PLOS | ONE

FVH and 4D MR angiograms in anterior cerebral artery ischemia

39.

40.

41.

42,

43.

44,

45.

Sheth SA, Liebeskind DS. “Imaging Evaluation of Collaterals in the Brain: Physiology and Clinical
Translation.” Curr. Radiol. Rep. 2014; 2:29. doi: 10.1007/s40134-013-0029-5 PMID: 25478305

Forster A, Kerl HU, Wenz H, Mirle B, Habich S, Groden C. Fluid Attenuated Inversion Recovery Vascu-
lar Hyperintensities Possibly Indicate Slow Arterial Blood Flow in Vertebrobasilar Dolichoectasia. J.
Neuroimaging 2014 [Epub ahead of print]

Seo K-D, Lee KO, Choi Y-C, Kim W-J, Lee K-Y. Fluid-Attenuated Inversion Recovery Hyperintense
Vessels in Posterior Cerebral Artery Infarction. Cerebrovasc. Dis. Extra. 2013; 3:46. doi: 10.1159/
000350459 PMID: 24052794

Gawlitza M, Quéschling U, Hobohm C, Otto J, Voigt P, Hoffmann K-T, et al. Hyperintense Basilar Artery
on FLAIR MR Imaging: Diagnostic Accuracy and Clinical Impact in Patients with Acute Brain Stem
Stroke. AUNR Am. J. Neuroradiol. 2014; 35:1520-6. doi: 10.3174/ajnr.A3961 PMID: 24812014

Kufner A, Galinovic |, Ambrosi V, Nolte CH, Endres M, Fiebach JB, et al. Hyperintense Vessels on
FLAIR: Hemodynamic Correlates and Response to Thrombolysis. AINR Am. J. Neuroradiol. 2015; 36
(8):1426-30. doi: 10.3174/ajnr.A4320 PMID: 25977482

Legrand L, Tisserand M, Turc G, Naggara O, Edjlali M, Mellerio C, et al. Do FLAIR vascular hyperinten-
sities beyond the DWI lesion represent the ischemic penumbra? AJNR Am. J. Neuroradiol. 2015;
36:269-74. doi: 10.3174/ajnr.A4088 PMID: 25190202

Davis SM, Donnan GA, Parsons MW, Levi C, Butcher KS, Peeters A, et al. Effects of alteplase beyond
3 h after stroke in the Echoplanar Imaging Thrombolytic Evaluation Trial (EPITHET): a placebo-con-
trolled randomised trial. Lancet Neurol. 2008; 7:299-309. doi: 10.1016/S1474-4422(08)70044-9 PMID:
18296121

PLOS ONE | DOI:10.1371/journal.pone.0172570 February 24, 2017 12/12


http://dx.doi.org/10.1007/s40134-013-0029-5
http://www.ncbi.nlm.nih.gov/pubmed/25478305
http://dx.doi.org/10.1159/000350459
http://dx.doi.org/10.1159/000350459
http://www.ncbi.nlm.nih.gov/pubmed/24052794
http://dx.doi.org/10.3174/ajnr.A3961
http://www.ncbi.nlm.nih.gov/pubmed/24812014
http://dx.doi.org/10.3174/ajnr.A4320
http://www.ncbi.nlm.nih.gov/pubmed/25977482
http://dx.doi.org/10.3174/ajnr.A4088
http://www.ncbi.nlm.nih.gov/pubmed/25190202
http://dx.doi.org/10.1016/S1474-4422(08)70044-9
http://www.ncbi.nlm.nih.gov/pubmed/18296121

