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Evolution of MR Contrast Enhancement Patterns during
the First Week after Acute Ischemic Stroke
Jari O. Karonen, P. L. Kaarina Partanen, Ritva L. Vanninen, Pauli A. Vainio, and Hannu J. Aronen

BACKGROUND AND PURPOSE: Intravascular and parenchymal enhancement have been
detected with contrast-enhanced T1-weighted MR imaging in patients with ischemic stroke.
Diffusion-weighted MR imaging depicts infarct within minutes after the onset of symptoms.
The aims of this study were to study the different MR enhancement findings during the first
week after stroke and to ascertain whether the presence of intravascular enhancement over a
larger area than the infarct on diffusion-weighted images on day 1 is able to predict substantial
infarct growth during the first week.
METHODS: Forty-eight patients were imaged on the first and second days and again 1 week
after the onset of ischemic stroke. T1-weighted spin-echo imaging was performed before and
after a 0.2 mmol/kg bolus of gadolinium chelate. Diffusion-weighted imaging was performed
at the same slice positions. Enhancement findings were categorized as intravascular and parenchymal, with further categorization of parenchymal enhancement as cortical, subcortical,
and deep; these findings were then compared with diffusion-weighted imaging findings.
RESULTS: Intravascular enhancement in the infarcted area was detected on day 1 in 78%
of the cases, on day 2 in 78% of the cases, and at 1 week in 30% of the cases. Parenchymal
enhancement was detected in 26%, 56%, and 100% of the cases, respectively. Intravascular
enhancement over a larger area than the infarct on diffusion-weighted images on day 1 was
not associated with the extent of infarct growth.
CONCLUSION: Detection of different patterns of contrast enhancement can help in determining the age of infarct. Parenchymal enhancement may be intense and can cause diagnostic
uncertainty in cases in which the clinical history is obscure.
Ischemic stroke is a prominent cause of death and
disability in industrialized countries. The acute phase
of stroke has been studied intensely, because treatment should be given as soon as possible after the
onset of symptoms. In published reports of acute
stroke trials, CT has been used to exclude hemorrhage and extensive ischemic changes (1–3). Use of
contrast medium with CT in the acute phase of stroke
has not generally been useful (4). MR imaging is

more sensitive than CT in detecting ischemic changes
(5, 6). Moreover, T2-weighted imaging is more sensitive than T1-weighted imaging in detecting ischemic changes, and administration of paramagnetic
gadolinium chelates (7) before T1-weighted imaging
can provide valuable information (8).
Elster and Moody (9) reported two patterns of
MR contrast enhancement in the acute phase of ischemic stroke: intravascular enhancement and
meningeal enhancement. After the first few days,
there is a well-known phase of parenchymal contrast enhancement caused by leakage of contrast
material across the disrupted blood-brain barrier.
These sometimes bizarre parenchymal enhancement findings in patients with symptoms not typical
of ischemia can be difficult to interpret without
knowledge of the different patterns of contrast enhancement within ischemic lesions.
Diffusion- and perfusion-weighted MR imaging
techniques have improved our knowledge of acute
cerebral ischemia (10, 11). Comparing the findings
provided by these new MR imaging methods with
those furnished by more conventional ones may
help address the question of whether there is a need

Received February 2, 2000; accepted after revision May 30.
From the Department of Clinical Radiology, Kuopio University Hospital (J.O.K., P.L.K.P., R.L.V., P.A.V., H.J.A.); and
the Department of Radiology, Helsinki University Central
Hospital (H.J.A.), Finland.
Supported by the Kuopio University Hospital (EVO funding), the Radiological Society of Finland, the Instrumentarium
Science Foundation, the Aarne Koskelo Foundation, the Paavo
Nurmi Foundation, the Sigrid Juselius Foundation, and the
Academy of Finland.
Presented in part at the European Congress of Radiology,
Vienna, March 1999.
Address reprint requests to Jari Karonen, MD, Department
of Clinical Radiology, Kuopio University Hospital, Box 1777,
FIN-70211 Kuopio, Finland.
q American Society of Neuroradiology

103

104

KARONEN

AJNR: 22, January 2001

to perform conventional MR imaging in patients
with acute ischemic stroke.
The aims of the present study were to examine
the different patterns of contrast enhancement on
sequentially performed T1-weighted imaging studies during the first week after onset of stroke and
to determine whether infarct growth can be predicted in the acute phase by the presence of intravascular enhancement over a larger area of tissue
than that already seen as infarcted on diffusionweighted images.
Methods
Patients and Study Design
A total of 57 patients (32 men and 25 women; age range,
48–89 years; mean age, 71 years) underwent diffusion- and
perfusion-weighted and conventional MR imaging three times
during the first week after onset of stroke. The diffusion- and
perfusion-weighted imaging findings have been reported previously (12). Informed consent was obtained from the patient
or the patient’s relatives. The study design was approved by
the ethics committee of our institution.
Inclusion criteria were 1) supratentorial ischemic symptoms
(hemiparesis/hemiplegia and/or aphasia/dysphasia) no older
than 24 hours at the time of the first MR examination, 2) no
hemorrhage or other nonischemic explanation for the symptoms detected on CT scans obtained as part of the routine
diagnostic workup, and 3) the patient was stable enough to
undergo MR imaging safely and had no contraindications to
this procedure. The time of onset of symptoms was determined
from the best available clinical history.
Nine patients were excluded from the final analysis owing
to unsatisfactory quality of the images: in these patients, no
interpretable T1-weighted images could be obtained in any imaging session because of patient movement or difficulties in
safely obtaining complete imaging studies (enhanced T1weighted images were obtained last in each MR imaging session). The final study population thus consisted of 48 patients
(28 men and 20 women; age range, 48–89 years; mean age,
71 years). No patient underwent thrombolysis, but two patients
received intravenous heparinoid.
Imaging
The first MR examination was performed on the day of admission, 10.5 6 5.7 (mean 6 SD) hours after the onset of
symptoms; the second MR examination was performed on the
next day, 31.9 6 7.6 hours after the onset of symptoms; and
the third MR examination was performed 7 days 6 7.5 hours
after the onset of symptoms. All patients were imaged with
the same 1.5-T whole-body scanner by using a head coil with
standard restraints. Each MR examination included diffusionand perfusion-weighted sequences and conventional T1-, T2-,
and proton density–weighted sequences. Total imaging time
was approximately 20 minutes.
Noncontrast and contrast-enhanced T1-weighted images
were obtained using the same spin-echo sequence. Nineteen
axial slices tilted along the orbitomeatal line covering the
whole supratentorial brain were obtained with a slice thickness
of 5 mm and an interslice gap of 1.5 mm. Other imaging parameters were 600/14/1 (TR/TE/excitations), 260-mm field of
view, 192 3 256 matrix, and a scan time of 1 minute 58
seconds. The images were printed on film and saved on magneto-optic disks.
Noncontrast T1-weighted images were obtained before the
perfusion-weighted images. Contrast-enhanced T1-weighted
images were obtained after the perfusion-weighted images by
using the contrast medium administered for perfusion-weight-

ed imaging. A 0.2 mmol/kg dose of gadopentetate dimeglumine was injected at a speed of 5 mL/s into an antecubital vein
by using an MR-compatible power injector (Spectris, Medrad,
Pittsburgh, PA). The contrast-enhanced T1-weighted examination was started approximately 3 to 5 minutes after injection
of the contrast medium.
Diffusion-weighted imaging was performed with an echoplanar spin-echo technique. Nineteen axial slices identical to
those used for T1-weighted imaging were scanned. Imaging
parameters were 4000/103, 96 3 128 matrix interpolated to
256 3 256, and an acquisition time of 20 seconds. A T2weighted reference image (b value 5 0 s/mm2) and three diffusion-weighted images with orthogonally applied diffusion
gradients (b value 5 1000 s/mm2) were collected. To minimize
the effects of diffusion anisotropy, trace images (trace of the
diffusion tensor) were generated by calculating the average of
the three diffusion-weighted images. Volumes of decreased diffusion were measured by drawing regions of interest around
the lesions on trace images and then multiplying the lesion
area by the slice thickness and interslice gap thickness.
Image Interpretation
Contrast-enhanced T1-weighted images were interpreted independently by a resident in radiology and an experienced neuroradiologist. In the case of disagreement, consensus was
reached and recorded. Because the primary aim of the study
was to evaluate different patterns of contrast enhancement of
true ischemic lesions but not the sensitivity of the imaging
method, the interpreters were allowed to be aware of the diffusion-weighted imaging findings. The enhancement findings
were categorized as intravascular and parenchymal enhancement. Parenchymal enhancement was further divided into cortical, subcortical, and deep parenchymal patterns, and their
presence was recorded. The extent of parenchymal enhancement in each pattern was assessed semiquantitatively as no
enhancement, mild enhancement, moderate enhancement, and
intense enhancement. To avoid interpreting microhemorrhage,
cortical laminar necrosis, or other noncontrast causes of high
signal intensity as enhancement, noncontrast T1-weighted images were reviewed at the time of image interpretation. If intravascular enhancement was present on the first day, it was
determined whether it covered a larger area than the infarct
detected on diffusion-weighted images.
Statistical Analysis
Recorded findings were analyzed by using a statistical software package for personal computers (SPSS PC Win 9.0, Chicago, IL). Frequencies of different patterns of contrast enhancement were calculated. The patients were divided into two
groups according to the amount of infarct growth on diffusionweighted images: patients whose infarcts grew 50% or more
during 1 week (group 1) and patients whose infarcts remained
stable or grew less than 50% (group 2). A x2 test was used to
determine whether the presence or absence of intravascular enhancement over a larger area of tissue than the infarct detected
by diffusion-weighted imaging on the first day predicted the
infarct growth by 50% or more. The Mann-Whitney U test was
used to identify a possible association between the dichotomized enhancement finding and the final infarct size (not a
normally distributed continuous variable).

Results
All patients had lesions with high signal intensity
on diffusion-weighted images, which confirmed the
presence of infarcted brain tissue. Contrast-enhanced T1-weighted images of satisfactory quality
were obtained from 46 patients on the first day,
from 45 patients on the second day, and from 44
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TABLE 1: Patterns of contrast enhancement during the first week after stroke onset
No. (%) of Patients with Different Patterns of Enhancement
Time of MR Examination
Day 1 (n 5 46)
Day 2 (n 5 45)
1 Week (n 5 44)

Intravascular
Enhancement

Cortical Enhancement

Subcortical
Enhancement

Deep Parenchymal
Enhancement

Any Parenchymal
Enhancement

36 (78)
35 (78)
13 (30)

7 (15)
20 (44)
40 (91)

2 (4)
10 (22)
21 (48)

4 (9)
5 (11)
27 (61)

12 (26)
25 (56)
44 (100)

patients 1 week after stroke. On the first and second
days, the reason for failure was that the patient
moved or was too unstable to undergo a complete
MR imaging examination. At 1 week, two patients
had died and two patients refused further imaging.
The vascular territory of the ischemic lesion was
determined by reviewing diffusion-weighted images. In four patients (8%), there was ischemia only
in the territory of deep perforating terminal arteries; in 28 patients (58%), there was ischemia only
in cortical and/or subcortical areas; and in 16 cases
(33%), ischemia was seen in both deep and cortical/subcortical areas. In 45 cases, ischemia was located in the territory of the middle cerebral artery.
In the other three cases, the territory of the posterior cerebral artery was affected. The frequency
with which intravascular or parenchymal enhancement was found at the three MR imaging time
points is presented in Table 1.
Intravascular Enhancement
Intravascular enhancement was a relatively common finding on the first and second days (Table 1
and Fig 1). The final infarct size as measured on
diffusion-weighted images at 1 week was significantly larger in patients with intravascular enhancement on the first day (mean, 92 cm3; range, 3–380
cm3, n 5 33) than in patients without detectable
intravascular enhancement (mean, 5 cm3; range,
0.2–23 cm3; n 5 10) (P , .001, Mann-Whitney U
test). On the first day, in 16 (35%) of 46 cases,
intravascular enhancement covered a larger area
than that which appeared ischemic on diffusionweighted images. The presence of intravascular enhancement outside the infarcted core region was
not significantly associated with infarct growth of
50% or more (x2 test). In the four patients who had
infarcts only in the territory of deep perforating
arteries, no intravascular enhancement was seen.
Parenchymal Enhancement
The frequency with which different patterns of
parenchymal enhancement were seen is presented
in Table 1. Table 2 shows the different intensity
categories (mild, moderate, intense) of parenchymal enhancement in cortical, subcortical, and deep
parenchymal structures. Parenchymal enhancement
was more frequent at later time points than in the
acute phase. At 1 week, all patients showed at least
one pattern of parenchymal enhancement. There

was no significant difference (Mann-Whitney U
test) in final infarct size between patients with at
least one form of parenchymal enhancement on the
first day (mean, 47 cm3; range, 0.2–111 cm3; n 5
10) and patients without any parenchymal enhancement on the first day (mean, 79 cm3; range, 0.5–
380 cm3; n 5 33). We noted that it really was necessary to obtain unenhanced T1-weighted images
to distinguish between contrast enhancement and
hemorrhage (Figs 2 and 3) or cortical laminar necrosis (Fig 4).
Discussion
We studied different patterns of contrast enhancement in a prospective series of 48 patients
who were imaged repeatedly with the same imaging protocol during the first week after the onset of
stroke. Diffusion-weighted imaging was performed
in all MR imaging sessions. To our knowledge,
there are no previous reports of prospective longitudinal studies combining contrast-enhanced T1weighted imaging and diffusion-weighted imaging
in patients with acute ischemic stroke.
It is generally accepted that intravascular enhancement is caused by decreased blood flow in
arteries surrounding the ischemic tissue, resulting
in decreased flow void and thus an increased signal
from the intravascular contrast material (13–15).
The significance of intravascular enhancement has
been somewhat questionable, since it has also been
observed in the healthy brain (16) and in diseases
other than ischemic stroke (17). Nevertheless, intravascular enhancement has been accepted, despite
some lack of specificity, as a sign of acute ischemia
on conventional MR images. We detected intravascular enhancement in 78% of the patients on the
first and second days and in 30% of the patients 1
week after stroke onset, which is in agreement with
the results of previous studies (9, 13, 15, 18). Intravascular enhancement was seen more frequently
with large infarctions than with small ones. We did
not observe intravascular enhancement with infarcts limited to the territories of deep perforating
terminal arteries, which is also in agreement with
the results of a previous study (19). The presence
of intravascular enhancement over a larger area
than the infarcted core (on diffusion-weighted images) on the first day did not predict infarct growth.
Parenchymal contrast enhancement is a wellknown phenomenon thoroughly studied with CT
(4). In CT studies, contrast enhancement has pri-
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FIG 1. 75-year-old woman with dysphasia and weakness in the right arm. The first MR examination (left column) was performed 8
hours after the onset of symptoms, the second MR examination (middle column) was performed on the second day, and the third MR
examination (right column) 1 week after stroke. The slice positions are not exactly the same but this does not change the interpretation.

Top row, Unenhanced T1-weighted images (600/14/1) show progressing low signal mass effect of the infarcted tissue.
Middle row, Contrast-enhanced T1-weighted images (600/14/1) show intravascular enhancement over the infarct on the first and
second days and moderate cortical and subcortical enhancement 1 week after stroke.
Bottom row, Diffusion-weighted trace images (4000/103/1, in raw image acquisition) show the extent of infarcted tissue as areas of
increased signal intensity (bright) in the territory of the left middle cerebral artery.

TABLE 2: Intensities of parenchymal contrast enhancement during the first week after stroke onset
No (%) of Patients with Different Intensities of Parenchymal Enhancement
Cortical Enhancement

Subcortical Enhancement

Deep Enhancement

Time of MR
Examination

Mild

Moderate

Intense

Mild

Moderate

Intense

Mild

Moderate

Intense

Day 1 (n 5 46)
Day 2 (n 5 45)
1 Week (n 5 44)

4 (9)
18 (40)
6 (14)

2 (4)
2 (4)
21 (48)

1 (2)
0 (0)
13 (30)

1 (2)
9 (20)
11 (25)

1 (2)
1 (2)
10 (23)

0 (0)
0 (0)
0 (0)

4 (9)
5 (11)
11 (25)

0 (0)
0 (0)
11 (25)

0 (0)
0 (0)
5 (11)
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FIG 2. 63-year-old woman with right hemiparesis and aphasia. The first MR examination (left column) was performed 6.5 hours after
the onset of symptoms, the second MR examination (middle column) was performed on the second day, and the third MR examination
(right column) 1 week after stroke.
Top row, Unenhanced T1-weighted images (600/14/1) show progressing low signal mass effect of the infarcted tissue. Hemorrhagic
transformation is detected as areas of increased signal intensity on the second day and at 1 week. The gyral pattern of increased signal
intensity at 1 week may also represent cortical laminar necrosis.
Middle row, Contrast-enhanced T1-weighted images (600/14/1) show intravascular enhancement over the infarct on the first and
second days. Moderate cortical and deep enhancement is detected at 1 week.
Bottom row, Diffusion-weighted trace images (4000/103/1, in raw image acquisition) show the extent of infarcted tissue as areas of
increased signal intensity in the territory of the left middle cerebral artery. Hemorrhagic transformation is detected as a dark area due
to the susceptibility effect of breakdown products of hemoglobin.

marily been observed 2 to 4 weeks after stroke, but
in some cases contrast enhancement has been detected during the first week (20, 21). In our MR
imaging study, we detected different forms of parenchymal enhancement in the acute phase with increasing frequency and intensity throughout the
week. At 1 week, all the infarcts showed parenchymal enhancement. Parenchymal enhancement is
generally considered to result from breakdown of
the blood-brain barrier. In an experimental feline
model, parenchymal enhancement was detected 16

to 18 hours after occlusion of the middle cerebral
artery (22), whereas in many clinical series, parenchymal enhancement has appeared as late as several days after the onset of stroke. The delay from
the possible breakdown of the blood-brain barrier
to the observed parenchymal enhancement has
been explained as being due to the time needed for
angiogenesis in the granulation tissue (23). On the
other hand, vasogenic edema diminishes in a few
days, which decreases the pressure in tissue and
enables its perfusion with contrast-enhanced blood
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FIG 3. 71-year-old man with left hemiparesis. The first MR examination (left column) was performed 15 hours after the onset of
symptoms, the second MR examination (middle column) was performed on the second day, and the third MR examination (right column)
1 week after stroke.
Top row, Unenhanced T1-weighted images (600/14/1) show progressing low signal mass effect of the infarcted tissue. Hemorrhagic
transformation is detected as areas of increased signal intensity on the second day and at 1 week.
Middle row, Contrast-enhanced T1-weighted images (600/14/1) show intravascular enhancement over the infarct on the first and
second days. Moderate cortical and subcortical enhancement are detected on the second day. Intense parenchymal enhancement is
detected in the infarct at 1 week.
Bottom row, Diffusion-weighted trace images (4000/103/1, in raw image acquisition) show the extent of infarcted tissue as areas of
increased signal intensity in the territory of the right middle cerebral artery. Hemorrhagic transformation is detected as dark areas due
to the susceptibility effect of the breakdown products of hemoglobin.

(18, 23). However, in our study, many large infarcts
were quite edematous 1 week after stroke onset
(Figs 1 and 2).
Enhancement of the ischemic tissue in every
fourth stroke patient within 24 hours of the onset
of symptoms may be influenced by the double dose
of contrast medium we used (0.2 mmol/kg of body
weight). In the study by Merten et al (24), the initial 0.1 mmol/kg bolus of contrast material resulted
in poorer enhancement than did the subsequent infusion of 0.1 mmol/kg over 2 hours. They specu-

lated that the better enhancement resulting from the
repeated administration was due to the infusion
rather than to the cumulative dose of 0.2 mmol/kg.
They attributed this assumption to the rapid excretion of gadolinium in the urine and the steady-state
condition caused by the infusion, which allows
greater access of gadolinium into the extracellular
space (24). In the study by Imakita et al (25), doses
of 0.1 and 0.15 mmol/kg did not result in different
amounts of enhancement in cerebral infarcts. On
the other hand, Mathews et al (26) studied infarct
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FIG 4. 73-year-old man with left hemiparesis. The first MR examination (left column) was performed 23 hours after the onset of
symptoms, the second MR examination (middle column) was performed on the second day, and the third MR examination (right column)
1 week after stroke.
Top row, Unenhanced T1-weighted images (600/14/1) are normal on the first and second days, but at 1 week, slightly increased
signal intensity is observed in the cortex due to microhemorrhage or cortical laminar necrosis.
Middle row, Contrast-enhanced T1-weighted images (600/14/1) show intravascular enhancement over the infarct on the first day. Mild
cortical enhancement is detected on the second day, progressing to intensive cortical enhancement at 1 week.
Bottom row, Diffusion-weighted trace images (4000/103/1, in raw image acquisition) show the extent of infarcted tissue as areas of
increased signal intensity in the territory of the right middle cerebral artery.

enhancement with gadoteridol and detected milder
enhancement after a 0.1 mmol/kg dose than after a
subsequent bolus of 0.2 mmol/kg. In brain tumors,
T1 shortening has been found to correlate positively with the dose of contrast medium (27).
We performed T1-weighted imaging, at the earliest, 3 minutes after injection of contrast material
for perfusion-weighted imaging, as delayed imaging has been shown to increase the degree of enhancement in ischemia (26). In another study, enhancement was not substantially more intensive 30
minutes after administration of contrast medium
than 3 minutes after injection (23). We believe that

the dose of 0.2 mmol/kg and beginning the scanning 3 minutes after injection allow sensitive detection of findings consistent with ischemia.
Our results show that infarct enhancement may
in some cases be quite intensive and somewhat
confounding in configuration (Figs 1 and 3). The
present study was not designed to investigate the
differential diagnoses in acute ischemic stroke but
rather to evaluate the imaging findings in the context of a clear clinical setting of acute stroke. A
lesion with high signal intensity on T2-weighted
images and contrast enhancement on T1-weighted
images may cause diagnostic difficulties in patients

110

KARONEN

with an obscure clinical history. In these situations,
diffusion-weighted imaging may be quite useful
but not necessarily conclusive, because tumors may
also show changes in diffusion. Since it may not
always be possible to distinguish with certainty between a tumor and an infarct, it is necessary to be
aware of the various enhancement findings in infarcts. In confusing situations, one could try to
solve the problem by performing short-term follow-up examinations to look for progression or reduction in the enhancement of the lesion. Yamada
et al (28) compared values of apparent diffusion
coefficient with findings of contrast enhancement
in infarcts 9 hours to 27 days old and concluded
by recommending T1-weighted contrast-enhanced
imaging in cases in which diffusion-weighted imaging does not confirm the presence of an ischemic
lesion. In particular, diffusion-weighted imaging
may fail to detect subacute infarcts, because pseudonormalization of the apparent diffusion coefficient can mask the lesion on these images.
Institutions equipped with modern MR scanners
may include diffusion- and perfusion-weighted imaging in their radiologic protocols for acute stroke.
Unfortunately, however, owing to the expensive
gradient technology needed for these techniques,
such equipment is not currently available in all institutions in which MR examinations are performed. If these newest imaging methods are not
available, conventional MR imaging may be helpful in the setting of acute ischemia. Including noncontrast and contrast-enhanced T1-weighted sequences in the imaging protocol of acute ischemic
stroke increases the imaging time by only a few
minutes. Even if modern diffusion- and perfusionweighted techniques are available, obtaining conventional images with contrast enhancement can
provide valuable information about the presence
and age of the ischemic process in patients with a
vague clinical history. Routine administration of
contrast medium in an MR imaging session of a
patient with acute stroke cannot, however, be considered reasonable. Decisions to use contrast medium should be based on the clinical situation and
on the findings on diffusion-weighted and unenhanced conventional MR images.
Conclusion
Detection of intravascular enhancement and different patterns of parenchymal enhancement during
the first week after onset of ischemic stroke can
help to determine the age of the lesion. The parenchymal enhancement may be intense and, in some
cases, may resemble enhancement in tumors and
other disease processes, making diagnosis difficult
in patients with atypical clinical histories. In these
situations, knowledge of the different patterns and
temporal evolution of contrast enhancement may
help to distinguish an infarct from a nonischemic
process. Despite the rapid development of diffusion- and perfusion-weighted MR imaging tech-
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niques, contrast-enhanced T1-weighted imaging
still has a role in the radiologic workup of patients
with acute ischemic stroke.
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