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Relationship between Vascular Enhancement, Cerebral
Hemodynamics, and MR Angiography in

Cases of Acute Stroke

Patrizia Pantano, Danilo Toni, Francesca Caramia, Anne Falcou, Marco Fiorelli, Corrado Argentino,
Luigi Maria Fantozzi, and Luigi Bozzao

BACKGROUND AND PURPOSE: The use of MR angiography and contrast-enhanced T1-
weighted MR imaging in cases of acute cerebral ischemia may be helpful in the evaluation of
middle cerebral artery (MCA) occlusion and leptomeningeal collaterals, respectively. The aim
of our work was to investigate the relationship between MCA occlusion, T1-weighted vascular
contrast enhancement, hemodynamic alterations, and tissue damage in cases of acute ischemic
stroke.

METHODS: We studied the MCA territory in 15 patients with acute ischemic stroke within
8 hr of symptom onset. The first MR imaging study (,8 hr after onset) comprised diffusion-
weighted imaging, MR angiography, perfusion-weighted imaging, and contrast-enhanced T1-
weighted MR imaging sequences. Follow-up MR imaging, performed 1 week later, consisted
of MR angiography and T2-weighted fluid-attenuated inversion recovery MR imaging.

RESULTS: Early MR angiography showed MCA stem occlusion in nine of 15 patients. Pa-
tients with MCA occlusion had significantly larger areas of abnormality on early diffusion-
weighted images, significantly larger areas of altered hemodynamics, larger final lesion vol-
umes, and poorer clinical outcome. Among the nine patients with MCA stem occlusion, vascular
enhancement was marked in seven and absent in two who had complete MCA infarcts and
poor clinical outcome. Among patients with MCA patency, vascular enhancement was marked
in only one, mild in four, and absent in one. Patients with marked vascular enhancement had
significantly larger regions of altered hemodynamics and significantly higher asymmetries in
both regional cerebral blood volume and mean transit time because of increased values in the
affected hemisphere.

CONCLUSION: Among patients with stroke with MCA occlusion, marked vascular enhance-
ment and increased blood volume indicate efficient leptomeningeal collaterals and compensa-
tory hemodynamic mechanisms.

The advent of new MR imaging sequences, such
as diffusion- and perfusion-weighted imaging, has
opened a new era in the early diagnosis of acute
stroke. Diffusion-weighted imaging allows identi-
fication of the area of cellular dysfunction before
the occurrence of structural changes (1–3), and per-
fusion-weighted imaging shows areas of hemody-
namic alterations (4, 5), which often exceed the
area of abnormal diffusion. The mismatch between
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diffusion- and perfusion-weighted imaging abnor-
malities may represent the area of ischemic pen-
umbra (6, 7), which is the target of early treatment.
However, MR evaluation of patients with acute
stroke should also include conventional sequences,
such as MR angiography and contrast-enhanced
T1-weighted imaging, because they may contribute
to the understanding of the underlying pathophys-
iologic mechanisms of ischemic stroke.

The role of MR angiography during the early
phase of ischemia has been emphasized by recent
articles that describe a good correlation between
middle cerebral artery (MCA) occlusion and larger
areas of both diffusion- and perfusion-weighted im-
aging mismatch and final lesion size (8, 9). MCA
occlusion is a frequent finding in association with
early stroke. The evolution of tissue damage is de-
termined, at least in part, by the presence of good
collateral circulation, as previously reported in a
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study on catheter angiography performed during
the first 6 hr after stroke (10).

Contrast-enhanced T1-weighted MR images may
show vascular enhancement in the territory of ce-
rebral ischemia, a sign that has been found to cor-
relate with angiographic evidence of slow flow in
the leptomeningeal collaterals (11). It has been hy-
pothesized that vascular enhancement in associa-
tion with acute stroke indicates a state of impaired
cerebral hemodynamics (11, 12).

Our hypothesis was that because vascular en-
hancement may be correlated to early development
of collateral circulation after MCA occlusion, it is
associated with compensatory perfusion changes in
the MCA superficial territory, which may influence
the final tissue outcome. Therefore, the aim of our
work was to investigate the occurrence of vascular
enhancement during the first hours after stroke and
its relationship to hemodynamic alterations, the sta-
tus of intracranial vessels, and clinical and tissue
outcomes.

Methods

Patients

We studied 15 patients (10 men and five women; age range,
64–84 years; mean age, 73 6 9 years) with acute ischemic
stroke in the MCA territory within 8 hr of symptom onset.
Exclusion criteria were hemorrhage revealed by CT or MR
imaging, contraindications to MR imaging study, time between
stroke onset and MR imaging study longer than 8 hr, and is-
chemia in other vascular territories. Patients enrolled in stroke
therapy trials were not excluded.

Clinical severity was evaluated by means of the National
Institutes of Health Stroke Scale at entry, immediately before
the MR imaging study, and a week later. Informed consent was
obtained from patients who were enrolled in the study and/or
from their relatives.

MR Imaging

MR imaging studies were conducted during the acute phase
(,8 hr since onset; mean, 4.4 6 2 hr; range, 1–8 hr) and
approximately 1 week later (mean, 6 6 1.5 days; range, 5–8
days) using a 1.5-T echo-planar imager (Gyroscan, Philips, NT
2000). The sequences used during the acute phase comprised
T2-weighted fluid-attenuated inversion recovery (FLAIR) im-
aging, diffusion-weighted imaging, unenhanced T1-weighted
MR imaging, MR angiography, perfusion-weighted imaging,
and contrast-enhanced T1-weighted MR imaging, all on the
transverse plane, for a total imaging time of 20 min. The se-
quences used during the postacute phase comprised T2-weight-
ed FLAIR imaging, diffusion-weighted imaging, T1-weighted
MR imaging, and MR angiography. With this study, we eval-
uated diffusion-weighted images, perfusion-weighted images,
MR angiograms, and contrast-enhanced T1-weighted MR im-
ages obtained during the acute phase and T2-weighted FLAIR
images and MR angiograms obtained during the post-acute
phase.

Diffusion-weighted Imaging

Diffusion-weighted imaging was acquired using a multisec-
tion, single-shot spin-echo echo-planar imaging sequence. The
time acquisition was 36 s, and the following parameters were
used: 6000/34 (TR/TE); flip angle, 90 degrees; echo-planar im-
aging factor, 63; b 5 0 and 1000; three orthogonal directions;

number of sections, 18; section thickness, 7 mm; section gap,
0 mm; matrix, 128 3 128; field of view, 240 mm, 80%.

Perfusion-weighted Imaging

Perfusion-weighted images were obtained using an echo-
planar gradient-echo imaging technique before, during, and af-
ter the rapid passage of a bolus of IV administered contrast
agent (0.2 mmol/kg gadolinium diethylenetriamine penta-ace-
tic acid). Perfusion-weighted imaging was performed with the
same imaging matrix, field of view, section thickness, and in-
tersection gap as were used for diffusion-weighted imaging,
except with 442/30. Forty images of 12 sections were dynam-
ically acquired with a time resolution of 1.8 s per image. The
12 sections corresponded to 12 of the 18 diffusion-weighted
imaging sections, including that of the acute lesion.

MR Angiography

MR angiograms were obtained using a 3D time-of-flight
technique, with acquisition of 60 transverse sections (section
thickness, 1 mm; section gap, 0) covering the region of the
circle of Willis; a 256 3 256 matrix was used. Images were
processed with a maximum intensity projection algorithm, with
interpolation between sections. Twelve projections were recon-
structed along two orthogonal axes.

Data Analysis

Two neuroradiologists who were blinded to the clinical data
and the lesion as revealed by MR imaging examined both the
source MR angiograms and the reconstructed MR angiograms
and indicated the main intracranial artery abnormalities. For
the purpose of this study, the patients were divided into groups
according to either MCA stem occlusion or patency.

Vascular enhancement was defined as the presence of hy-
perintense thin vessels at the cortical level on the affected side
on T1-weighted contrast-enhanced MR images. All the cere-
bral sections, from the skull base to the convexity, were in-
spected for detection of vascular enhancement. Vascular en-
hancement was classified as absent, mild, or marked. Marked
vascular enhancement was defined as the appearance of at least
three vessels on at least two sections.

Lesion volume was measured on early isotropic diffusion-
weighted images by manually outlining the hyperintense area
on all the sections in which it was evident (b 5 1000). The
areas of diffusion-weighted imaging hyperintensity were then
summed, and the value obtained was multiplied by the section
thickness. The same method was applied to measure the final
lesion volume on T2-weighted FLAIR images obtained 1 week
later.

Perfusion images were post processed to generate maps of
relevant hemodynamic parameters. Relative cerebral blood
volume (rCBV) maps were calculated by integrating the gam-
ma fitted DR2* curve; an index of the vascular transit time
was derived from the first moment of the curve (mean transit
time [MTT]) and from the time between the beginning of the
experiment and the maximum signal drop due to contrast pas-
sage into the brain (time to peak [TTP]) (13).

The volume of abnormal hemodynamics was calculated by
including the region with increased TTP by using the same
method as that used for diffusion-weighted and FLAIR images.
TTP maps were chosen for this analysis because the hyperin-
tense area was more evident and the contour between the hy-
perintense area and surrounding tissue was sharper on TTP
maps than on the other perfusion-weighted imaging maps. The
regions outlined on TTP maps never included the area of ab-
normality shown on the diffusion-weighted images.

On the two sections showing maximal TTP abnormalities,
the outlined regions were mirrored onto the unaffected hemi-
sphere to calculate an index of asymmetry in rCBV and MTT
as follows: affected side 2 unaffected side 3 100/unaffected
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TABLE 1: Clinical and MR data from 15 patients studied within 8 hr since stroke onset

Pt #
Sex/Age

(yrs)

Hours
since
Onset

NIHSS
at

Admis-
sion

NIHSS
at

1 Week
M1 Segment

at Early MRA

Vascular
Enhance-

ment

Early
Lesion
Volume
(mm3)

Final
Lesion
Volume
(mm3)

MCA Territory
Early/Final

1
2
3
4
5
6
7
8

F/73
M/64
M/72
M/76
M/75
F/84
M/80
M/74

5
8
8
7
5
5
3
5

2
9
5
6
5
9

18
20

0
6
3
0
3
7

13
17

Patency
Patency
Patency
Patency
Patency
Patency
Occlusion
Occlusion

2
1
1

11
1
1

11
11

1.5
4.2

11
0

13
10
40
5.5

3.4
6.5
9.8
0

24.8
17.3
66
20.7

Superficial/Superficial
Superficial/Superficial
Superficial/Superficial
—
Superficial/Superficial
Superficial/Superficial
Superficial/Superficial
Deep/Deep

9
10
11
12
13
14
15

M/72
F/79
M/73
F/76
F/75
M/92
M/48

5
1
1
1
4
5
8

18
17
12
25
20
15
16

17
8

died
7

34
died
died

Occlusion
Occlusion
Occlusion
Occlusion
Occlusion
Occlusion
Occlusion

11
11
11
11
11
2
2

33.7
66.5

119.4
20.4
35.8

340
364

147
140
NA
23
82.8

NA
NA

Deep/Deep 1 Superficial
Superficial/Superficial
Superficial/—
Deep/Deep
Superficial/Superficial
Total
Total

Note.—NIHSS 5 National Institute of Health Stroke scale; Vascular Enhancement (2 5 absent; 1 5 mild; 11 5 marked); Early 5 ,8 hours;
Final 5 5–8 days.

TABLE 2: Comparison between patients either with or without
MCA stem occlusion

MCA
Patency
(n 5 6)

MCA
Occlusion
(n 5 7*)

P
Value†

Early diffusion-weighted imaging
lesion volume (mm3) 6.6 6 5 45.9 6 37 .01

Volume of abnormal TTP (mm3) 23.4 6 34 113.2 6 47 .01
rCBV % asymmetry
MTT % asymmetry

44.6 6 45
19.0 6 20

76.0 6 43
44.6 6 14

NS
NS

FLAIR lesion volume (mm3) at 1
week 9.9 6 9 82.7 6 61 .01

NIH score at admission 6 6 2.6 18.6 6 4 .005
NIH score at 1 week 3.1 6 3 20.5 6 13 .005

* Two patients with MCA occlusion, absent vascular enhancement
and an early lesion in the entire MCA territory, which was detected
by diffusion-weighted imaging (pts #14 and 15) were excluded.

† Mann-Whitney nonparametric test.

side. The two values obtained for each perfusion-weighted im-
aging parameter were then averaged.

Results
The clinical and MR findings of the 15 patients

enrolled in this study are summarized in Table 1.
The perfusion-weighted imaging maps of three pa-
tients (patients 11, 14, and 15) were not reliable
because of movement artifacts during acquisition.
Follow-up MR images were not obtained from
these same three patients because the patients died.

Early MR angiography showed occlusion of the
MCA stem in nine patients and a patent MCA stem
in each of the remaining six. MR angiography per-
formed 1 week later showed the recanalization of
the MCA in all the cases with earlier defects.

Volumes of lesions revealed by early diffusion-
weighted imaging and volumes of early altered he-
modynamics were significantly larger in patients
with MCA stem occlusion than in patients with
MCA stem patency (Table 2). Both rCBV and MTT
asymmetries were larger in patients with MCA oc-
clusion, but statistical significance was not reached
because of the large variability of these two he-
modynamic parameters in both the patent and oc-
cluded MCA groups (Table 2). The final lesion vol-
ume (based on FLAIR imaging performed at 1
week) was significantly larger, and National Insti-
tutes of Health Stroke Scale scores (both at admis-
sion and 1 week later) were higher in patients with
MCA occlusion than in patients with MCA patency
(Table 2).

Vascular enhancement was observed both in pa-
tients with MCA occlusion and in those with nor-
mal results of their MR angiography. The degree
of vascular enhancement was marked in seven of
the nine patients with MCA occlusion and absent
in the remaining two. In patients with MCA paten-

cy, vascular enhancement was marked in only one
case, mild in four, and absent in one.

Two patients (patients 14 and 15) with MCA oc-
clusion and without vascular enhancement had very
large lesions (mean, 352 mm3) revealed by early
diffusion-weighted imaging, covering the entire ter-
ritory of the MCA, and a poor prognosis (both pa-
tients died within 1 week) (Table 1).

Of the seven patients with MCA stem occlusion
and marked vascular enhancement, two (patients 8
and 12) had damage confined to the basal ganglia
as shown by both the early (diffusion-weighted)
and late (FLAIR) MR images (Fig 1). In one pa-
tient (patient 9), damage revealed by early diffu-
sion-weighted imaging was prevalently localized in
the deep MCA territory and then enlarged to in-
clude the superficial MCA territory. In four other
patients (patients 7, 10, 11, and 13) the parenchy-
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FIG 1. MR images of patient 12, who was studied 1 hr after the onset of stroke.
A, MR angiogram (43/2.3/1 [TR/TE/excitations]) shows left MCA occlusion, mild caliber reduction of the supraclinoid tract of the left

internal carotid artery with respect to the contralateral one, asymmetry in the A1 segments (right . left) with good filling of both the
anterior cerebral arteries (A2 tracts), and left posterior cerebral artery filling out farther than the contralateral one.

B, Contrast-enhanced T1-weighted images (560/14/2) show marked vascular enhancement of the thin vessels in the left superficial
frontotemporal region.

C, Diffusion-weighted image (left) (6000/64/1) shows early damage in the left deep MCA territory. The lesion extent is substantially
unchanged on the follow-up MR image (right) (FLAIR image obtained 1 week later [6000/100/2]).

D, Perfusion-weighted maps show an increase of both rCBV (left) and MTT (right) in the left superficial MCA territory, outside the
area of altered diffusion-weighted imaging (outlined). The rCBV and MTT asymmetries were 105% and 54%, respectively.

TABLE 3: Hemodynamic findings in patients with either absent/
mild or marked vascular enhancement on postcontrast T1-weight-
ed images in the superficial territory of the MCA

Vascular
Enhance-

ment:
Degree
Absent/

Mild

Vascular
Enhancement:

Degree
Marked

P
Value*

Volume of abnormal TTP
(mm3)

rCBV % asymmetry
MTT % asymmetry

28 6 37
26.8 6 12

11 6 6

104.8 6 63
87.5 6 42
47 6 14

.04

.02

.01

* By Mann-Whitney nonparametric test.

mal damage affected part of the superficial MCA
territory. The extent of lesion increase in these pa-
tients as revealed by follow-up MR imaging varied
greatly (Table 1).

Only one patient (patient 4) with MCA stem pa-
tency showed marked vascular enhancement. For

that patient, both early diffusion-weighted and late
FLAIR imaging findings were normal. For the oth-
er patients with MCA stem patency, vascular en-
hancement was mild or absent. All these patients
had a good prognosis in terms of both clinical and
tissue outcomes.

Perfusion-weighted imaging findings in relation
to the degree of vascular enhancement are shown
in Table 3. Patients with marked vascular enhance-
ment had significantly larger regions of altered he-
modynamics, as expressed by the volume of in-
creased TTP. They also had significantly higher
asymmetries in both rCBV and MTT because of
increased values in the affected hemisphere. Both
rCBV and MTT were greatly increased (134% and
58%, respectively) for patient 4, who had marked
vascular enhancement despite MCA patency.

Discussion
In this study of acute ischemic stroke, we fo-

cused on two main findings: the presence of MCA
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occlusion and the presence of vascular enhance-
ment. We investigated whether these two findings
are related and, if so, how they predict clinical and
tissue outcomes.

Although unenhanced MR angiography may
have some limits in diagnostic accuracy because of
relative insensitivity to slow flow, an excellent cor-
relation between the findings of MR angiography
and those of conventional angiography has been
reported for detection of intracranial vascular alter-
ations (14). Furthermore, conventional angiography
performed during the first 6 hr after the onset of
stroke reveals intracranial arterial occlusion in the
majority of patients (15), whereas intracranial ar-
terial stenosis is a rare event.

Patients with MCA stem occlusion had more se-
vere clinical presentations and larger areas of tissue
damage at the time of early diffusion-weighted im-
aging than did patients with MCA stem patency.
They also presented larger areas of altered hemo-
dynamics and had a poorer clinical and tissue out-
comes. These results are in agreement with those
of previous MR imaging studies, which reported
that patients with stroke and MCA stem occlusion
had more extended areas of ischemic penumbra and
a final infarct size larger than that of the lesion
revealed by initial diffusion-weighted imaging (8, 9).

Additional information can be obtained by per-
forming contrast-enhanced T1-weighted MR im-
aging. Regarding vascular enhancement, our data
highlighted two main points: cortical areas with
marked vascular enhancement are not necessarily
destined to evolve toward infarct, and both rCBV
and MTT are increased in cortical areas showing
vascular enhancement.

Sato et al (16) described abnormally contrast-en-
hanced curvilinear structures in the evolving area
of cerebral ischemia/infarction in eight patients
within 26 hr of ischemic stroke. They interpreted
the abnormal enhancement as cortical arterial ves-
sels of markedly slowed circulation in areas with
underlying brain injury. Because the MR signal of
vascular enhancement is due to slow flow in lep-
tomeningeal collaterals, as previously reported on
the basis of angiographic data (11, 12), the pres-
ence of vascular enhancement in patients with
MCA occlusion indicates the existence of collateral
circulation.

In our sample, the two patients presenting with
MCA occlusion and no vascular enhancement ex-
hibited impaired diffusion in the complete MCA
territory and had a poor prognosis. This finding is
in agreement with those of a previous study, which
highlighted the role played by early collateral blood
supply after MCA occlusion in limiting parenchy-
mal brain damage (10). In that study, the absence
of efficient collateral blood circulation was asso-
ciated with infarction in the complete MCA terri-
tory in the majority of patients.

We observed that marked vascular enhancement
in patients with MCA occlusion was significantly
associated with increased CBV and MTT in the su-

perficial MCA territory (Fig 1). This finding indi-
cates a compensatory attempt to balance the de-
creased perfusion pressure by means of
vasodilation of collateral vessels. We found vas-
cular enhancement and CBV increase outside the
area of diffusion-weighted imaging hyperintensity.
This pattern represents the area of diffusion/perfu-
sion-weighted imaging mismatch that is at risk of
infarction (7, 17, 18). The transition from ischemic
tissue to irreversible damage is unpredictable and
depends on a number of factors, which include the
level of ischemia and the time (19). The compen-
satory collateralization and CBV increase are time-
dependent and are able to preserve tissue from in-
farction only during the early phase. No patient
with MCA occlusion, marked vascular enhance-
ment, and increased CBV had a complete MCA
infarction revealed by the first MR imaging study.
The evolution of the infarct varied in these patients.
Follow-up MR imaging revealed that cerebral areas
belonging to the superficial MCA territory were
spared in the two patients with initial damage in
the basal ganglia and MCA occlusion proximal to
the origin of the lenticulostriate arteries. Varying
amounts of cerebral tissue supplied by MCA distal
branches were affected in the other five patients.
Final lesion size varied from 20 to 147 mm3. This
different evolution is probably also determined by
the duration of the MCA occlusion. Our data in-
dicate that MCA recanalization was present at 1
week in all the patients, but we cannot know ex-
actly when it occurred. Studies using MR angiog-
raphy and/or transcranial Doppler sonography
aimed at monitoring the time of reperfusion could
be helpful to elucidate the relationship between the
duration of MCA occlusion and the final size of the
ischemic infarct.

Interestingly, increased CBV was associated with
marked vascular enhancement in a patient with
MCA stem patency and normal diffusion-weighted
imaging findings, despite the presence of focal neu-
rologic symptoms. We can hypothesize that an early
spontaneous MCA recanalization had occurred in
this patient before the MR imaging study was per-
formed. Hemodynamic response to the arterial oc-
clusion, such as the CBV increase due to vasodila-
tion, may persist during the postocclusion period.
Experimental studies have shown hemodynamic al-
terations associated with MCA occlusion, which
persisted for some time after reperfusion (20, 21).

The results of this and numerous previous stud-
ies (2, 4, 5, 7–9, 22–24) indicate that MR imaging
may contribute to our understanding of the patho-
physiologic mechanisms of ischemic stroke and
may help guide the therapeutic approach. In partic-
ular, the role of MR angiography in indicating the
real target of thrombolytic therapy and in predict-
ing both the tissue and clinical outcome is unequiv-
ocal. As previously observed (10), the final damage
size depends on the presence of sufficient lepto-
meningeal collaterals. Arterial main stem occlu-
sions can easily be shown by MR angiography,
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whereas the occlusion of distal branches may be
overlooked and collateral blood supply cannot be
detected.

Although vascular enhancement is not a highly
specific finding because it may be observed both in
the presence or absence of arterial occlusion, it as-
sumes a great significance in patients with MCA
occlusion by indicating the presence of good col-
lateral circulation. It provides a potentially alter-
native way of documenting an at least partially pre-
served perfusion when perfusion-weighted images
are not available. Studies with a larger patient base
are warranted to confirm our results by increasing
the specificity of these MR imaging findings in pa-
tients with acute stroke.
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