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Abstract

Objectives To elucidate the pathogenesis of hyperintense arteries on Gd-enhanced 3D T1W BB FSE and their clinical signifi-
cance in acute middle cerebral artery (MCA) stroke.

Methods We retrospectively reviewed 20 patients with MCA infarction. We measured the contrast-to-noise ratio between
hyperintense artery and adjacent grey matter on T2-FLAIR and Gd-enhanced 3D T1W BB FSE and compared them by using
Student’s ¢ test. The agreement of positive hyperintense artery between T2 FLAIR and Gd-enhanced 3D T1WI BB FSE was
estimated with intraclass correlation coefficient. Our cohort was dichotomised into two groups depending on hyperintense artery
scores, and clinical data were compared between two groups by using Student’s ¢ test and chi-square test.

Results The contrast between hyperintense artery and grey matter on Gd-enhanced 3D T1W BB FSE was significantly higher
than that on T2-FLAIR (2.27 = 1.65 versus 0.94 £0.86, p = 0.01). Overall, agreement of hyperintense arteries on T2-FLAIR and
Gd-enhanced 3D T1W BB FSE was excellent (p = 0.76, p < 0.01). Patients with higher hyperintense artery scores had higher
perfusion deficits that those with lower hyperintense artery scores (196.7 + 41.4 vs 100.1 + 130.1, p = 0.03).

Conclusion Hyperintense arteries on Gd-enhanced 3D T1W BB FSE in acute MCA stroke may be associated with slow collateral
flows. Their territories corresponded to those of FLAIR, but had a better contrast. The patients with hyperintense arteries in a
wider territory showed larger perfusion deficit than those with hyperintense arteries in a narrower territory.

Key Points

* Hyperintense arteries on Gd-enhanced 3D TIW BB FSE are slow collateral flows.

* Hyperintense arteries on Gd-enhanced 3D TIW BB FSE are well matched with FLAIR hyperintense vessels.

* Hyperintense arteries are associated with perfusion deficit in stroke patients.
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Abbreviations Gd Gadolinium
3DTIWBBFSE Three-dimensional T1-weighted ICA Internal carotid artery
black-blood fast spin echo MCA Middle cerebral artery
ASPECTS Alberta stroke program early CT score mRS Modified Rankin scale
CSF Cerebrospinal fluid NIHSS National Institutes of Health Stroke Scale
FLAIR Fluid attenuated inversion recovery
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vasoconstriction syndrome can be diagnosed and differentiat-
ed by using high-resolution black-blood images [1, 3-9].

A variety of black-blood imaging techniques have been
developed. 3D variable refocusing flip angle sequences
(VISTA, Philips Healthcare, Best, the Netherlands;
SPACE, Siemens Healthcare, Erlangen, Germany;
CUBE, GE Healthcare, Milwaukee, USA) have been the
most extensively studied 3D techniques to date, as these
sequences provide blood suppression as well as excellent
image quality and increased coverage in a shorter scan
time [10—13]. Recently, additional blood suppression tech-
niques have been employed with 3D variable refocusing
flip angle. One such technique is motion-sensitised driven
equilibrium, which uses flow-sensitive dephasing gradi-
ents to suppress flow [14-16]. Another technique is the
delay alternating with nutation for tailored excitation
pulse train, which uses a series of low flip angle non-
selective pulses interleaved with gradient pulses with
short repetition times that can result in both optimised
blood and cerebrospinal fluid (CSF) suppression, without
any effects on tissue contrast [17].

As 3D high-resolution black-blood images have been
widely used, hyperintense arteries are frequently encoun-
tered on Gd-enhanced three-dimensional T1-weighted
black-blood fast spin echo (3D TIW BB FSE) images
in patients with stroke. We presume that this sign is
associated with collateral sluggish flow in acute stroke,
but none of the previous studies have revealed this phe-
nomenon and evaluated its clinical impact. Various im-
aging techniques are used in acute stroke. CT angiogra-
phy detects intracranial stenosis and occlusion site with
high sensitivity (97-100%) and specificity (98—100%)
[18, 19]. Digital subtraction angiography (DSA) is con-
sidered as the reference standard for detection of stenosis
and occlusion. Fluid attenuated inversion recovery
(FLAIR) hyperintense vessels reflect sluggish collateral
flows [20-22]. They are strongly related to proximal
large-vessel occlusion or severe stenosis [23, 24].
Recently, clinical application of FLAIR hyperintense ves-
sels has been actively studied but not yet concluded [25,
26]. Perfusion images are not used to select patients for
intravenous thrombolysis [27]. However, they may iden-
tify the salvageable brain parenchyma for newer therapy
or treatment outside accepted time windows [28-30].
Moreover, perfusion images may predict a patient’s clin-
ical outcome, detect the additional vascular territories at
risk that may be otherwise normal on conventional im-
aging and differentiate stroke from its mimics [31-33].
Thus, in this study, by comparing these various imaging
techniques, we might be able to elucidate the pathogen-
esis of hyperintense artery on 3D T1W BB FSE and its
clinical significance in acute middle cerebral artery
(MCA) stroke.
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Materials and methods
Patients

We retrospectively screened consecutive patients who pre-
sented to our tertiary referral medical centre between
January 2017 and December 2017. We included patients with
acute MCA territory ischaemic stroke within 1 week of symp-
tom onset. They all underwent stroke MR imaging. All of the
patients included in the study showed restricted diffusion in
the MCA territory on diffusion-weighted imaging. We exclud-
ed patients with transient ischaemic attack, multiple infarc-
tions other than in MCA territories, or lacunar infarction.
Our institutional review board approved this retrospective
study. The following cerebrovascular risk factors were evalu-
ated on admission: smoking, arterial hypertension, diabetes
mellitus and hyperlipidaemia. Stroke severity was assessed
by using the National Institutes of Health Stroke Scale
(NIHSS). Functional outcome was assessed 3 months post-
stroke by using the modified Rankin scale (mRS) score:
favourable outcome was defined as mRS score of 2 or less.
Arterial occlusions were categorised into proximal Internal
carotid artery (ICA), distal ICA, MCA horizontal segment,
MCA insular segment and MCA cortical segment.

Imaging protocols

All patients underwent both brain CT angiography (SOMATOM
Definition AS+, Siemens Healthcare, Forchheim, Germany) and
brain 3-T MRI (Discovery MR750; GE Healthcare, Milwaukee,
USA). The brain CT angiography protocol included 1-mm non-

Table 1 Baseline characteristics and MRA findings of patients
Features

No. of patients 20

Age (years) (mean) (SD) 69.5 (9.7)
Female (no.) (%) 5(25)
Hypertension (no.) (%) 11 (55)
Diabetes mellitus (no.) (%) 8 (40)
Hyperlipidaemia (no.) (%) 6 (30)
Current smoking (no.) (%) 6 (30)
NIHSS score (median) (IQR) 11 (5.5-16.5)

Onset-to-MRI time (min) (median) (IQR)
Occlusion site

360 (235-580)

MCA horizontal segment 5(25)
MCA insular segment 5(25)
MCA cortical segment 4 (20)
Distal ICA 0

Proximal ICA 6 (30)

ICA Internal carotid artery, /QR interquartile range, SD standard deviation
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contrast CT and CT angiography with the same thickness. The
maximum intensity projection using source data was obtained.
Our stroke MR imaging protocol for acute stroke included DWI
and T2-FLAIR. In addition, dynamic susceptibility contrast
(DSC) perfusion-weighted imaging and 3D T1W BB FSE were
acquired sequentially after administration of a compact bolus
(0.1 mmol/kg) of gadobutrol at an injection rate of 5 mL/s.
The parameters for DWI were repetition time (TR)/echo time
(TE) = 8000/65.6 ms; slice thickness = 3mm; gap = 0.1 mm;
matrix size = 160 x 160; field of view (FOV) =240 x 240 mm?;
three directions; b value = 0 and 1000 s/mm?. T2-FLAIR images
were acquired with the following parameters: TR/TE = 12,000/
140 ms; inversion time (TI) = 2500 ms; slice thickness = 4 mm;

gap = 1 mm; flip angle = 110°; FOV =210 x 210 mm?; matrix =
352 x 353; and 30 contiguous sections for a total acquisition of 3
min 20 s. DSC perfusion MRI employed gradient echo-planar
imaging and imaging parameters were TR/TE =1500/23 ms;
slice thickness = 4 mm; gap = 1 mm; flip angle = 60°; FOV =
220 x 220 mm?; matrix = 100 x 100. The acquisition time was 1
min 40 s. To obtain 3D T1W BB FSE, motion-sensitised driven
equilibrium prepared pulse was added in the front of 3D TIW
FSE with variable flip angle. The scan parameters of 3D TIW
FSE with variable flip angle were TR/TE = 500/24.5 ms; slice
thickness = 1 mm; echo train length = 24; flip angle = variable;
FOV = 220 x 220 mm?; matrix = 256 x 224; 170 axial slices.
The acquisition time was 4 min 50 s.

Fig. 1 a Maximum intensity
projection image of CT
angiography shows occlusion in
the right MCA, insular segment
(arrow). b Maximum intensity
projection image of Gd-enhanced
3D T1W BB FSE shows
hyperintense arteries
(arrowheads) distal to the
occlusion site. ¢ Angiography in
early phase shows occlusion in
the right MCA, insular segment. d
Retrograde collateral flow is filled
in the delayed phase at the region
where the hyperintense artery is
seen. Hyperintense artery is not
seen on the pre-contrast (e) but on
the post-contrast 3D T1W BB
FSE (f)
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Fig. 2 Boxplots of contrast-to-noise and artery-to-grey matter ratios for
FLAIR and Gd-enhanced 3D T1W BB FSE

Image analysis

Multimodality images of patients (CT angiography, cerebral
angiography, advanced MRI) were reviewed to elucidate the
pathogenesis of hyperintense arteries on Gd-enhanced 3D
T1W BB FSE.

Two readers independently assessed either T2-FLAIR or
Gd-enhanced 3D T1W BB FSE. The first review of images
was randomly selected by the study coordinator. The remain-
ing sequences were reviewed 1 week later. The reviewers
were blinded to clinical history. Hyperintense arteries were
defined as focal, tubular or serpentine hyperintensities in
subarachnoid spaces with a typical arterial course of at least
two consecutive axial sections of each of the seven Alberta
Stroke Program Early CT Score (ASPECTS) territories
(insula, M1-M6) [34]. An ASPECTS cortical area was con-
sidered positive when it coincided with hyperintense arteries.
Hyperintense artery scores were defined as the total number
of positive ASPECTS cortical areas on Gd-enhanced 3D
T1W BB FSE.

To compare artery-to-grey matter contrast on both se-
quences, we calculated the contrast-to-noise ratio between hy-
perintense arteries and adjacent grey matter. The contrast-to-
noise ratio was defined as (Slypery — SIGM)/(SDZamW +
SD?gm)'%, where Slarery and Slgy are signal intensities of
hyperintense artery and adjacent grey matter respectively.
SDgrery and SDgy denote standard deviation of hyperintense
artery and adjacent grey matter respectively [35].

The ischaemic lesion volume and perfusion abnormality
volume were also measured as follows: DWI images were
coregistered to Tp.x of the perfusion map using FMRIB
Software Library tools (FSL, Version 5.0; https:/fsl.fmrib.
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ox.ac.uk/fsl). The free open-source toolkit ITK-SNAP
(www.itksnap.org) was used for drawing regions of interest
(ROIs). Two different reviewers drew ROIs separately along
the borders of the high-signal area on registered DWI and
yellow territories on coloured 7},,x maps (Tinax > 6 s). The
Tmax map was generated by using perfusion-processing soft-
ware (Func-tool; GE Healthcare). Infarct growth was defined
as DWI lesion volume after thrombolysis minus DWI baseline
lesion volume.

Statistical analysis

Artery-to-grey matter contrasts on T2-FLAIR and Gd-
enhanced 3D T1W BB FSE were compared by using
Student’s ¢ test. The agreement of hyperintense arteries on
both sequences according to each MCA ASPECTS territory
was estimated with the intraclass correlation coefficient using
the two-way random effects model. Using an accepted stan-
dard, we defined intraclass correlation coefficient values be-
low 0.40 as poor, between 0.40 and 0.59 as fair, between 0.60
and 0.74 as good, and over 0.74 as excellent [36].
Interobserver agreement of volume measurement was also
performed with same method as above. Our cohort was
dichotomised into two groups using median hyperintense ar-
tery scores (hyperintense artery score < 5 vs > 5). We further
compared clinical and imaging data (age, sex, hypertension,
diabetes mellitus, hyperlipidaemia, smoking status, NIHSS
score, baseline infarct volume, infarct growth, perfusion def-
icit and favourable outcome) between the two groups by using
Student’s 7 test and chi-square test. All statistical analysis was
performed by using Statistical Package for Social Sciences
(SPSS) software (version 21, IBM Corp., Armonk, NY,
USA). P values less than 0.05 were considered statistically
significant.

Results
Baseline characteristics

Twenty patients fulfilled the inclusion criteria (Table 1). The
mean age was 69.5 years, and 25% of patients were women.
Eleven patients (50%) had hypertension, eight patients (40%)
had diabetes mellitus, six patients (30%) had hyperlipidaemia,
and six patients (30%) were current smokers. The median
initial NIHSS score was 11 (interquartile range, 5.5-16.5).
The median time from symptom onset to MR imaging was
360 min (interquartile range, 235-580 min). Occlusion sites
included the following areas: the MCA horizontal segment (5/
20, 25%), MCA insular segment (5/20, 25%), MCA cortical
segment (4/20, 20%) and the proximal ICA (6/20, 30%).
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Fig. 3 A 66-year-old man with
right MCA territory infarction.
Arterial hyperintensities are seen
in the Sylvian fissure, M2, M3,
MS5 and M6 on T2-FLAIR (a, b),
and they are well matched with
those on Gd-enhanced 3D TIW
BB FSE (¢, d). Tiha is prolonged
in the corresponding regions (e, f)

lllustrative case of arterial hyperintensity
with multimodality images

A 62-year-old man presented with left-sided weakness
with an initial NIHSS score of 10. CT angiography and
digital subtraction angiography showed occlusion in the
right MCA, insular segment. Hyperintense artery was

visualised distal to the occlusion site on post-contrast 3D
T1W BB FSE, and not on the pre-contrast study. The ve-
locity of hyperintense artery appeared to be slower than
that of the vein, since the signal intensity of the posterior
superior sagittal sinus was suppressed. Hyperintense artery
was well matched with the retrograde collateral flow on
digital subtraction angiography (Fig. 1).
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Table 2 Agreement between hyperintense arteries on FLAIR and Gd-
enhanced 3D T1W BB FSE according to each ASPECTS territory

ASPECTS territories Inter-sequence agreement p value
Whole territories 0.76 <0.01
I 0.87 <0.01
Ml 0.8 <0.01
M2 0.78 <0.01
M3 0.81 <0.01
M4 0.79 <0.01
M5 0.67 0.01
M6 0.56 0.04

Comparison with hyperintense artery on T2-FLAIR

The contrast-to-noise ratio between the hyperintense artery
and adjacent grey matter on Gd-enhanced 3D T1W BB
FSE was significantly higher than that on T2-FLAIR
(2.27 = 1.65 versus 0.94 + 0.86, p = 0.01, Fig. 2).

Overall, agreement of hyperintense arteries on T2-FLAIR
and Gd-enhanced 3D T1W BB FSE was excellent (p=0.76, p
<0.01, Fig. 3). Regarding each ASPECT territory, agreements
were excellent in I, M1, M2, M3 and M4 (p =0.87, 0.8, 0.78,
0.81 and 0.79 respectively, p < 0.01), good in M5 (p = 0.67, p
=0.01) and fair in M6 (p = 0.56, p = 0.04) (Table 2).

Clinical significance of hyperintense artery
on Gd-enhanced 3D T1W BB FSE

Interobserver agreements for volume measurement of DWI
and perfusion images were excellent (p = 0.99, p < 0.01).
Patients with higher hyperintense artery scores had higher
perfusion deficits that those with lower hyperintense artery
scores (196.7 £41.4 vs 100.1 + 130.1, p = 0.03) (Table 3).

Age, sex, hypertension, diabetes mellitus, hyperlipidaemia,
current smoking, NIHSS score, baseline infarct volume,
infarct growth and favourable outcome were not signifi-
cantly different between the two groups.

Discussion

This study showed that in patients with acute MCA stroke,
the hyperintense artery sign on Gd-enhanced 3D T1W BB
FSE may have resulted from a retrograde slow collateral
flow and was well matched with the FLAIR hyperintense
vessel sign, but showed a better contrast. The patients with
hyperintense artery in a wider territory showed higher per-
fusion deficit than those with hyperintense artery in a
narrower territory.

Gd-enhanced high-resolution black-blood T1-weighted
imaging has been commonly used in stroke, and Jang et al
showed that it improves detection of intraluminal thrombi
[37]. However, hyperintense artery signs are rarely men-
tioned [13, 38—40]. Hui et al first mentioned the hyperin-
tense artery sign as a “white snake sign” and they presumed
that this sign may be due to a sluggish slow flow and just
distal to a thrombus [41]. Our results agree with those of the
previous study. Hyperintense artery corresponds to a slug-
gish collateral flow. This retrograde slow flow may result in
loss of the flow void phenomenon, and vessels may appear
hyperintense against the dark CSF background [42, 43].
However, according to our results, a collateral flow did
not appear hyperintense on non-enhanced 3D TIW BB
FSE. This implies that the appearance of hyperintense artery
cannot be explained only by loss of the flow void phenom-
enon. We presume that the T1-shortening effect of Gd con-
tributes to the underlying loss of the flow void phenomenon,
making sluggish flows hyperintense.

Table 3  Comparison of baseline parameters and clinical outcome based on the number of hyperintense artery scores
Hyperintense artery scores < 5 Hyperintense artery scores > 5 p value

No. 8 12

Age (years) (mean) (SD) 71.1 (10.7) 68.5(9.2) 0.56
Female (no.) (%) 2 (25) 3(25) 0.21
Hypertension (no.) (%) 5(62.5) 6 (50) 0.58
Diabetes mellitus (no.) (%) 3(37.5) 5(41.6) 0.49
Hyperlipidaemia (no.) (%) 3(37.5) 3(25) 0.42
Current smoking (no.) (%) 2(25) 4 (33.3) 0.88
NIHSS score (mean) (SD) 10.3(7.3) 12.3(5.1) 0.48
Baseline infarct volume (mL) (mean) (SD) 39.0 (37.4) 50.5 (58.5) 0.71
Infarct growth (mean) (SD) 20.3 (41.0) 23.4 (20.5) 0.87
Perfusion deficit (mL) (mean) (SD) 100.1 (130.1) 196.7 (41.4) 0.03
Favourable outcome at 3 months (no.) (%) 5(62.5) 5(41.6) 0.81
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Hyperintense artery is more prominent on Gd-enhanced 3D
T1W BB FSE than on T2-FLAIR. The signal intensity of GM
is lower than that of WM on T1WI, whereas the signal intensity
of GM is higher than that of WM on T2-FLAIR [44, 45]. Thus,
the contrast between hyperintense artery and adjacent grey mat-
ter was not distinct on T2-FLAIR. Overall, the regions of hy-
perintense artery distribution were well matched with those on
T2-FLAIR. However, the degree of agreement between two
sequences was decreased in M5 and M6, compared to other
ASPECTS territories (I, M1, M2, M3, M4). Previous studies
have reported that hyperintense artery on T2-FLAIR is promi-
nent within the Sylvian fissure [23, 46, 47]. This might be
because larger arteries have a slower flow speed than smaller
distal arteries under the same perfusion pressure. Likewise, in
our results, hyperintense artery on T2-FLAIR tended not to be
observed in distal cortical regions (M4, M5 and M6), which
may explain the slight discrepancy between the two sequences.

The clinical significance of hyperintense artery on Gd-
enhanced 3D T1W BB FSE has not been reported.
According to our results, in most territories, the greater the
hyperintensity of the artery was, the larger the perfusion def-
icit was. However, the extent of hyperintense artery was not
related to baseline infarct volume, infarct growth and patient
outcome. Considering the similarities of hyperintense artery
on Gd-enhanced 3D T1W BB FSE with that on T2-FLAIR
regarding pathogenesis and extent, we suggest its clinical sig-
nificance. Previous papers have frequently stated the associa-
tion of FLAIR hyperintense vessels with large perfusion le-
sions and bigger mismatch volumes [23, 46, 48-50].
However, in determining the prognostic information provided
by FLAIR hyperintense vessels, the data are seemingly con-
tradictory. Some authors have noted that the presence of
FLAIR hyperintense vessels is correlated with smaller infarct
volume and better clinical outcomes [25, 51]. In contrast to
these studies, Kufner et al observed that the presence of
FLAIR hyperintense vessels was associated with larger perfu-
sion deficits, larger growth and more severe hypoperfusion
[26]. One reason for these differences may be that FLAIR
hyperintense vessels imply a mixture of “poor” and “good”
collaterals, hampering the differentiation between true penum-
bra and benign oligaemia [50]. Moreover, the occlusion sites
in our cohort were heterogeneous. Specifically, patients’ out-
comes may be different depending on occlusion site [52]. The
clinical significance of hyperintense artery on Gd-enhanced
3D T1W BB FSE should be further investigated in future
studies with larger cohorts and consistent occlusion sites.

In addition, application of new techniques may affect the
extent of hyperintense artery. The Periodically Rotated
Overlapping ParallEL Lines with Enhanced Reconstruction
(PROPELLER) technique increases the extent of FLAIR hy-
perintense artery and its territory is more related to perfusion
abnormality than that of conventional FLAIR [20]. Thus,
there is a chance that other black-blood techniques such as

Delay Alternating with Nutation for Tailored Excitation
(DANTE) may change the extent of hyperintense artery.

Recently, some studies demonstrated a strong correlation be-
tween susceptibility-weighted imaging (SWI) and perfusion im-
aging, and they proposed that asymmetrical dilated vessel-like
signal loss in the cortex on SWI could be a marker of penumbra
[53, 54]. This sign on SWI may reflect the haemodynamic
changes resulting from the dilatation of vessels in response to
ischaemia and an elevated oxygen extraction fraction (OEF)
following an increase of the ratio of deoxyhaemoglobin to
oxyhaemoglobin [55]. Thus, it might be interesting to evaluate
the relationship between hyperintense artery on black-blood im-
ages and dark vessels on SWI.

There was a limitation in our study. The number of cases
was small and might not be sufficient to make a solid conclu-
sion regarding its clinical significance. However, various
imagine modalities clearly show that hyperintense artery on
Gd-enhanced 3D T1 BB FSE is a sluggish collateral flow. We
also believe that our preliminary results supporting its clinical
significance may serve as a cornerstone for future studies with
a larger population to validate and extend these results.

Conclusion

Hyperintense arteries on Gd-enhanced 3D TIW BB FSE in
acute MCA stroke may be associated with a retrograde slow
collateral flow. Their territories corresponded to those of
FLAIR, but had a better contrast. The patients with hyperin-
tense arteries in a wider territory showed larger perfusion def-
icit than those with hyperintense arteries in a narrower territo-
ry. However, their clinical significance should be further stud-
ied with larger and homogenous cohorts.
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