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or Middle Cerebral Artery by MR Imaging

S. Xie
L.H. Hui

J.X. Xiao
X.D. Zhang

Q. Peng

BACKGROUND AND PURPOSE: Elevated OEF is a surrogate for misery perfusion. Our aim was to detect
misery perfusion in patients with unilateral steno-occlusive disease of the ICA or MCA by using
T2*-based MR imaging and to determine the relationship between brain ischemia and OEF.

MATERIALS AND METHODS: Twenty-three patients with unilateral steno-occlusive disease of the ICA
or MCA and 8 healthy volunteers were included in this study. Hemodynamic information was obtained
in all subjects by MR imaging. Three regions of interest were placed in the anterior, middle, and
posterior parts of the brain bilaterally to measure the OEF and CBF values. The OEFs of the regions of
interest in the hemispheres ipsilateral and contralateral to the vascular lesions were compared. Brain
regions with OEF greater than that in controls were determined as misery perfusion in patients. The
association of vascular lesions, rCBF, and the presence of territory infarction with elevated OEF was
investigated.

RESULTS: There was a statistically significant difference in OEF between the ipsilateral and contralat-
eral hemispheres in the patients (t � 3.632, P � .001). Fourteen regions of interest with misery
perfusion were determined in the ipsilateral hemispheres, while 3 regions with elevated OEFs were
found in the contralateral hemispheres. In the ipsilateral hemispheres, decreased rCBF was associated
with elevated OEF (r � �0.451, P � .001). Patients with territory infarction had more regions of
interest with misery perfusion than patients without territory infarction (�2 � 3.889, P � .049).

CONCLUSIONS: By using the MR imaging technique, misery perfusion demonstrated as elevated OEF
was detected in patients with severe atherosclerotic ICA or MCA disease. Identification of misery
perfusion with MR imaging may be helpful in the evaluation of brain ischemia.

ABBREVIATIONS: ACA � anterior cerebral artery; ASL � arterial spin-labeling; BOLD � blood
oxygen level–dependent; CBF � cerebral blood flow; DSA � digital subtraction angiography;
FLAIR � fluid-attenuated inversion recovery; GESSE � gradient-echo sampling spin-echo; ICA �
internal carotid artery; MCA � middle cerebral artery; MRA � MR angiography; OEF � oxygen
extraction fraction; PET � positron-emission tomography; rCBF � relative cerebral blood flow

Occlusion or severe stenosis of the carotid artery and its
major branches is the leading cause of cerebral ischemia.

These vascular lesions may lead to reduced pressure in the
distal arterial system, depending on the degree of stenosis and
the adequacy of collateral channels. The first reflex of the ce-
rebral vasculature to a fall in arterial perfusion pressure is au-
toregulatory vasodilation. As vessels become maximally di-
lated and cerebral blood flow continues to decline, the brain
increases the fraction of oxygen it extracts from the blood
(OEF) to maintain normal oxygen metabolism and neuronal
function. This is known as misery perfusion or stage 2 hemo-
dynamic compromise.1-3 The presence of increased OEF distal
to an occluded carotid artery has been proved to be a powerful
and independent risk factor for subsequent stroke.4,5 Patients
in this situation are at a higher risk for stroke and can be
candidates for surgical intervention.

In recent years, advances in imaging technology has en-
abled researchers to access cerebral hemodynamic status and

the capacity to compensate for ischemia with vasodilation and
collateral circulation. The techniques involve xenon-en-
hanced CT, transcranial Doppler, single-photon emission to-
mography,6-8 and MR imaging9-11 to measure cerebral blood
flow before and after the administration of acetazolamide or
inhaled CO2. However, these techniques can only detect the
decreased dilation of vasculature or “steal effect,” termed
“stage I hemodynamic compromise.” PET measurement of
OEF remains the only way to determine misery perfusion.
However, the high cost and limited availability restricts its
clinical use.

Therefore, an additional parameter reflecting the cerebral
metabolic state would improve our ability to identify the
threatened brain tissue. One candidate is deoxyhemoglobin in
the cerebral capillaries and veins as an indicator of the OEF,
which can be visualized by T2*-based BOLD imaging. Some
researchers were able to provide a better estimation of the real
penumbra with the changes in signal intensity from deoxyhe-
moglobin.12 With the current understanding of the underly-
ing mechanism of BOLD contrast, an absolute quantification
of cerebral oxygenation is possible by measuring the signal-
intensity alteration induced by deoxyhemoglobin. On the ba-
sis of an analytic model, An and Lin13 proposed some specifi-
cally designed sequences to obtain quantitative measures of
the OEF; results consistent with those of PET studies were
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obtained in humans during both normocapnia and hypercapnia.
In this study, we applied this promising method to investigate the
oxygenation metabolism in patients with unilateral atheroscle-
rotic steno-occlusive disease of the ICA and its major branches.

Materials and Methods
In total, 8 healthy volunteers and 23 patients were studied, after writ-

ten informed consent was obtained. The ethics committee at Beijing

University approved all the protocols used in this study. All patients

were prospectively selected from patients who had been referred to

our MR imaging unit for evaluation of cerebral ischemic disease. In-

clusion criteria were the following: 1) unilateral occlusion or stenosis

of the ICA (�70% diameter reduction) or MCA (�50% diameter

reduction) documented by DSA or MRA, and 2) a history of transient

ischemic attack or stroke in an appropriate ICA or MCA distribution.

Exclusion criteria were the following: 1) patients with a history of

transient ischemic attack or stroke in the hemisphere contralateral to

arterial disease, 2) patients with occlusion or severe stenosis of verte-

brobasilar artery, 3) patients who had undergone extracranial-to-in-

tracranial bypass, and 4) patients with potential sources of cardio-

genic embolism. All studies were performed at least 2 weeks after the

last ischemic episode. Healthy volunteers were recruited from the

relatives of the hospital staff.

MR imaging studies were performed by using a 3T MR imaging HD

scanner (General Electric, Milwaukee, Wisconsin) and an 8-channel

head coil. Initially, all patients had routine clinical pulse sequences, in-

cluding axial T1-weighted FLAIR, axial T2-weighted FLAIR, and diffu-

sion-weighted imaging. Then ASL and GESSE sequences were performed

to obtain the hemodynamic information. CBF can be measured with ASL

by using intravascular water as an endogenous contrast agent.11,14 The

parameters for ASL were the following: TR � 3000 ms, TE � 3.4 ms, flip

angle � 20°, matrix � 128 � 128, NEX � 1, section thickness � 8.0 mm,

gap � 2 mm. GESSE is a multiecho gradient and spin-echo MR imaging

sequence reported previously.13 The imaging parameters used in this

study were as follows: TR � 1.5 seconds, TE � 56 ms, bandwidth � 62.5

kHz, matrix � 128 � 128, FOV � 240 � 240 mm, section thickness �

7.5 mm, NEX � 4, scanning time � 12 minutes 55 seconds. In total, 32

echoes with an echo spacing of 1.5 ms were acquired, and 32 images were

obtained to be used as raw data for calculation of the OEF. Only 1 axial

section just above the corpus callosum was acquired in this study so that

the potential cross-talk, signal intensity interference between 2 adjacent

sections, and bone-gas interface artifacts could be minimized.

A theoretic signal-intensity model, which describes the signal-in-

tensity dephasing phenomena in the presence of deoxyhemoglobin,

was used for postprocessing of the acquired images and obtaining a

quantitative measurement of the OEF.15 This was achieved with soft-

ware built in-house. Estimation of OEF can be summarized into the

following steps: 1) First, R2 mapping was obtained, and then the effect

of R2 was removed from the original signals. 2) Second, the signals

from the spin echoes and the gradient echoes were divided into 2

parts, signals of short and long scale. R2� mapping was obtained with

a linear least-squares curve fitting of the MR imaging signals of the

gradient echoes of the long scale. 3) Third, signals from the short scale

were fitted to a second-order polynomial function for estimate of �,

which represents venous blood volume. 4) Last, after obtaining R2�

and �, one can determine OEF from the following equation:

OEF �
R2�/�

� �
4

3
� � � ��0 � Hct � B0

where � is the gyromagnetic ratio, Hct is the fractional hematocrit, B0

is the main magnetic field strength, and ‚�0 is the susceptibility dif-

ference between fully oxygenated and fully deoxygenated blood that

has been measured as 0.18 ppm per unit hematocrit.

After OEF mapping was generated, 6 regions of interest were

placed in the anterior, middle, and posterior parts of the bilateral

hemispheres, which corresponded to the territory of the ACA, MCA,

and borderzone of the MCA and posterior cerebral artery respectively

(Fig 1). To minimize effects of large background magnetic field inho-

mogeneities, which usually resulted in geometric distortion in the

spin-echo images and severe signal-intensity loss in the gradient-echo

images, software in the analysis automatically excluded voxels with

low signal intensity–to-noise ratios resulting from artifacts. To better

match the region of interest and ischemic region, a radiologist slightly

adjusted the location and size of some regions of interest. The size of

regions of interest ranged from 390 to 630 mm2. OEF values of con-

trols (mean � SD) were obtained from healthy volunteers. The upper

limit of the normal OEF range was defined as mean 	2SDs of the

controls. If the OEF value of the region of interest in the patient’s

brain was more than the upper limit, it was considered to be elevated

and the region was assumed to have misery perfusion. CBF maps were

also generated by using the software built in-house. To determine

cerebral perfusion impairment, we calculated the ratios of the CBF

(rCBF) in each region of interest of the ischemic side to that of con-

tralateral side. If the ratio was �50%, it was defined as decreased.16

All data were expressed as mean � SD. Comparison between the

ipsilateral and contralateral sides was evaluated with a paired t test. A

Student t test was used for the difference of the OEF between the

Patient characteristics

Characteristic No.
Age (mean, yr) 58.2 � 8.5
Male/female ratio 13:10
Vascular risk factors

Hypertension (No.) (%) 13 (57)
Hypercholesterolemia (No.) (%) 9 (39)
Diabetes mellitus (No.) (%) 8 (35)
Smoker (No.) (%) 9 (39)

Fig 1. Representative region-of-interest placement for OEF measurement in the study,
shown on the OEF map from a patient. Each region of interest was placed in the anterior,
middle, and posterior parts of bilateral hemispheres, which correspond to the territory of
the ACA, MCA, and borderzone of the MCA and posterior cerebral artery, respectively. CBF
was measured in the same way.
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regions of interest with and without decreased rCBF in the ipsilateral

hemisphere, and a Pearson correlation was used to identify the rela-

tionship between the rCBF and OEF. P � .05 was considered to be

statistically significant. Intrarater and interrater reliability were as-

sessed by using interclass correlation coefficients of the OEF measured by

1 investigator twice and by 2 investigators. The coefficients of the OEF

were 0.899 and 0.773 for intra- and interrater reliability, respectively.

Results

Clinical Features of the Subjects
Among the 23 patients selected, 13 were men and 10 were
women, with ages from 42 to 72 years (mean age, 58.2 years).
Demographic characteristics and clinical features of these pa-
tients are shown in the Table.

There were 7 patients with occlusion of the ICA, 7 patients
with severe stenosis of the ICA, and 9 patients with MCA ste-
nosis or occlusion. Five male and 3 female healthy volunteers,
who served as controls, were matched with patients for age
(mean age, 57 years). They were confirmed to be free of cere-
brovascular disease by conventional MR imaging and MRA.

Comparison of Ipsilateral and Contralateral Values
The cerebral OEF of healthy volunteers was 0.318 � 0.023, and
no significant difference was found among regions (F � 1.019,
P � .366). The upper limit for normal OEF was defined as
mean 	 2 SDs, which was 0.364.

In the hemispheres ipsilateral to the vascular lesions, 22 of
69 regions of interest had a decreased regional CBF of �50%
compared with the contralateral regions. Of these, 10 regions
of interest were located in the middle and 7 were in the poste-
rior parts. In the regions of interest of the ipsilateral side, OEF
values were significantly increased relative to those of the con-
tralateral side (0.328 � 0.045 versus 0.308 � 0.036, t � 3.632,
P � .001). Of the anterior, middle, and posterior parts, OEF in
the middle regions of interest was the highest (Fig 2).

Topographic Distribution of Misery Perfusion
Fourteen regions of interest with elevated OEF were deter-
mined in 9 patients in the ipsilateral hemispheres. Of these, 8

patients had ICA lesions and 1 patient had severe MCA steno-
sis. OEF was elevated in 9 regions of interest of the middle
parts and 4 regions of interest of posterior parts. Only 1 region
of interest in the anterior part showed an elevated OEF. In the
contralateral hemispheres, 3 patients with ICA stenosis
showed elevated OEF in 1 middle region of interest and 2
posterior regions of interest.

The Relationship of Cerebral Ischemia and OEF
In the ipsilateral hemispheres, regions of interest with de-
creased rCBF had increased OEF (0.358 � 0.048), which was
significantly higher than that in other regions of interest
(0.314 � 0.035) (t � 3.887, P � .001). Significant correlation
was detected between the rCBF and OEF in the ipsilateral
hemisphere (r � �0.451, P � .001). Figure 3 illustrates the
relationship between the 2 parameters. However, not all re-
gions of interest with decreased rCBF were correspondent to
regions with elevated OEF. Of 22 regions of interest with de-

Fig 3. Correlation between rCBF and OEF in the regions of interest of the hemisphere
ipsilateral to the vascular lesion. The more the rCBF decreased, the more the OEF
increased. The solid line is a reference reflecting the correlation coefficiency between rCBF
and OEF. The dashed line in the graph represents the upper limit of the normal OEF. There
are 14 regions of interest with elevated OEF in the ipsilateral hemispheres.

Fig 2. OEF of anterior, middle, and posterior regions of interest in the ipsilateral and contralateral hemispheres. Compared with the contralateral hemisphere, OEF was increased in the
hemisphere ipsilateral to the vascular lesion.

1506 Xie � AJNR 32 � Sep 2011 � www.ajnr.org



creased rCBF, 11 (50%) exhibited normal OEF. On the other
hand, 3 regions of interest without decreased rCBF had ele-
vated OEF.

In the 14 patients with a unilateral ICA lesion, 6 had terri-
tory chronic infarction that could be detected on conventional
MR imaging. Eight regions of interest with elevated OEF were
found in the ipsilateral hemispheres of the 6 patients. A patient
with MCA stenosis and territory infarction had no regions
with misery perfusion. The other 8 patients without territory
chronic infarction showed unremarkable findings or small la-
cunar infarctions in the semiovale center. Four regions of in-
terest with elevated OEF were found in their ipsilateral hemi-
spheres. �2 testing revealed a significant effect of territory
infarction on OEF increase in these patients (�2 � 3.889, P �
.049).

Figure 4 displays hemodynamic changes shown on CBF
and OEF maps in a patient with left ICA stenosis. The patient
had cerebral infarction 2 weeks before MR imaging. As we
expected, prominent OEF increase can be detected in the isch-
emic brain region. Figure 5 shows mild hemodynamic impair-
ment in a patient with severe stenosis of the right MCA.

Discussion
Estimate of the OEF by using BOLD MR imaging is now fea-
sible by establishing an appropriate analytic model. As far as
we know, this is the first report that investigates the OEF in
patients with cerebral vascular disease by using an MR imaging

technique. We found that OEF was significantly elevated in the
hemisphere ipsilateral to the stenotic or occluded artery com-
pared with the contralateral hemisphere, consistent with pre-
vious studies.4,5,17-19 This finding suggested the hemodynamic
impairment in the hemisphere ipsilateral to the vascular
lesion.

Furthermore, in the vulnerable hemisphere, regions with
marked blood flow decrease showed significant increase of
OEF in comparison with regions with relatively preserved
flow. This indicated that MR imaging measurement of the
OEF reflected metabolic change in cerebral ischemic tissue.
When autoregulatory capacity is exceeded, blood flow de-
creases and OEF increases to maintain normal oxygen metab-
olism and function. In atherosclerotic carotid artery occlu-
sion, OEF, CBF, and the regional cerebral metabolic rate for
oxygen can change with time, depending on the collateral cir-
culation. Among the anterior, middle, and posterior parts of
the ipsilateral hemispheres, the hemodynamic impairment
was most severe in the middle parts. It is likely due to im-
proved flow in the anterior and posterior parts through the
collateral channels. A flow-territory map in patients with
symptomatic unilateral ICA occlusion showed that the non-
occluded contralateral ICA supplied the ACA and the verte-
brobasilar arteries supplied the MCA flow territory on the side
of the ICA occlusion, but the ipsilateral MCA flow territory
was supplied to a lesser extent.20

In the present study, the hemodynamic impairment was

Fig 4. A patient with territory infarction 2 weeks earlier due to left ICA severe stenosis. DSA and MRA show severe stenosis of the left ICA and no visualization of the bilateral ACAs
and left MCA. T2-weighted MR image shows a left frontal infarction (top right). Severe reduction of CBF is noted in the anterior and middle parts of the left hemisphere (bottom left),
which shows a markedly elevated OEF (bottom right).
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not uniform in the patients with vascular disease. Patients with
ICA lesions were at higher risk of having hemodynamic com-
promise than those with MCA lesions. It was reported that
patients with chronic MCA occlusion tended to show in-
creased OEF when other vascular lesions in the collateral path-
ways were present.18 Even in patients with ICA lesions, almost
half can maintain the hemodynamic balance through collat-
eral circulation. However, the presence of an open anterior
communicating artery is essential in this situation. Besides, the
contralateral arteries should be able to maintain enough blood
flow. In unilateral ischemia, the contralateral brain could also
have hemodynamic compromise due to the stealing effect.
This was inferred in our results, which showed 3 regions of
interest with elevated OEF contralateral to the sides of ICA
lesion. Some authors also found elevated OEF in the contralat-
eral side when they measured OEF by using PET in patients
with a unilateral occlusive ICA or MCA.21

Our results indicated that chronic territory infarction had a
significant effect on the OEF, because persistent hemody-
namic impairment existed in these regions. In a previous
study, a nearly significant increase of regional OEF with low-
ered rCBF and regional cerebral metabolic rate for oxygen was
observed in the peri-infarct zone of patients with territorial
infarcts, while no change in rCBF and relative OEF was de-
tected in patients with borderzone infarcts.22 Ischemic brain
tissues may undergo different pathophysiologic changes. Ac-
cording to previous studies, moderate and chronic cerebral

ischemia due to occlusive carotid artery disease may lead to
selective neuronal loss and subsequent down-regulation of ox-
ygen metabolism, re-establishing a flow—metabolism balance
at a lower level than the normal condition in the area with a
reduced CBF and normal cerebrovascular reactivity.23 Be-
sides, once infarction has occurred, the metabolic needs of the
tissue are reduced. Because blood flow and tissue metabolism
are closely matched, less blood flow will be required and oxy-
gen metabolism will be down-regulated in response to re-
duced perfusion pressure and tissue damage.24 In contrast,
patients who have an increased regional OEF in the cerebral
hemisphere ipsilateral to the carotid artery occlusion are at a
high risk of recurrent stroke.25 While a hemodynamic mech-
anism was clearly implicated in the infarction, Caplan and
Hennerici26 emphasized the interaction of hypoperfusion and
embolization—that is, decreased perfusion reduces the wash-
out and clearance of emboli that enter the vascular bed of
hypoperfused regions.

ASL was used to provide the information about CBF in our
study. Although this technique can be used to measure CBF
quantitatively without administration of contrast agent, its ac-
curacy is highly affected by many factors, such as signal inten-
sity–to-noise ratio and transit time.27-29 ASL does not allow
reliable detection of white matter perfusion signal intensity,29

so we calculated rCBF to minimize the measurement error.
However, the delayed arrival of blood flow to the ischemic
region may lead to underestimation of the ipsilateral side.

Fig 5. A patient with severe MCA stenosis on MRA (top left). FLAIR image shows small ischemic foci in the right semiovale center (top right). Although severe CBF reduction is detected
in the right MCA territory on the CBF map (bottom left), OEF is only slightly increased (0.350) in the corresponding region (bottom right).
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Therefore, the severity of ischemia was overestimated in our
study, even if rCBF was used. On the other hand, rCBF may be
overestimated if contralateral brain ischemia was present.

The main limitation of this study is that though MR imag-
ing measurement of OEF was successfully conducted in pa-
tients with brain ischemia, its accuracy had not been tested
with PET measurement of oxygen metabolism. The values of
OEF in our study were relatively lower than those of PET stud-
ies reported, which were mostly around 0.4 – 0.5. Perhaps the
incoherence was induced by the analytic model. To obtain a
quantitative measurement of cerebral blood oxygen satura-
tion, one must have a known hematocrit. In the analytic
model, a constant hematocrit of 0.42 was used. Consequently,
errors induced by the inaccuracy of hematocrit will contribute
directly to the estimates of OEF. Under the pathologic condi-
tions of brain ischemia, the error may cause underestimation
of OEF in the ischemic brain tissue because hematocrit in the
local small vessel would decrease to some extent.30 Another
potential error comes from paramagnetic sources other than
deoxyhemoglobin, which can induce an additional signal-in-
tensity loss in MR images. Therefore, the presence of hemo-
siderin may lead to an unavoidable error in the measurement
of OEF in the local brain. In our study, the voxels with microb-
leeding in the regions of interest were excluded from measure-
ment automatically in the analysis process.

Conclusions
In patients with severe atherosclerotic ICA or MCA disease,
hemodynamic compromise demonstrated as an elevated OEF
was detected by using an MR imaging technique. The GESSE
sequence provided us reasonable results in patients with uni-
lateral steno-occlusive ICA or MCA disease. Identification of
misery perfusion with MR imaging may be promising in the
treatment of atherosclerotic ICA or MCA disease. It will be
helpful in the selection of patients undergoing vascular recon-
struction surgery. OEF MR imaging may become a tool for
quantitatively evaluating the success of future therapeutic in-
terventions for brain ischemia. Future work is needed to vali-
date the MR imaging measurement of OEF in the various
brain ischemic conditions.
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