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Abstract
Introduction Increased concentrations of deoxyhemoglobin
within veins can induce susceptibility changes resulting in
increased conspicuity in susceptibility weighted imaging
(SWI). Compensatory mechanisms following reduced cerebral
perfusion due to carotid occlusive disease may not be sufficient
to meet demands of ischemic tissue and increased tissue
oxygen extraction ratio results in relative increase in deoxy-
hemoglobin levels in the venous blood draining affected
hemisphere. We assessed whether patients with carotid disease
display prominence of veins over affected cerebral hemisphere.
Methods Eighteen patients with unilateral carotid occlusion
or critical carotid stenosis proven by magnetic resonance
angiography (MRA) were selected. The medical records
and MRI findings including SWI and MRAwere reviewed.
The SWI images were studied for the presence of
asymmetry of veins over the cerebral hemispheres and
were correlated with the site and severity of stenosis or
occlusion. The veins were assumed to be conspicuous and
asymmetric if there were more numerous veins and/or large
veins with greater signal loss observed compared with
opposite normal hemisphere.
Results In about half of patients, prominence of veins was
noted in the cerebral hemisphere ipsilateral to side of

occlusion. This was not observed in patients with significant
extracranial carotid stenosis. The SWI abnormalities were
seen extending beyond the boundaries of occluded vascular
territory. There was good agreement between two observers in
all the patients who showed positive finding. Also there was
no interobserver variation in patients with negative findings.
Conclusion The increased susceptibility arising out of
increased deoxyhemoglobin to oxyhemoglobin ratio leads
to visualization of prominent veins over the affected
cerebral hemisphere on SWI.
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Introduction

Hemodynamic stress induced by chronic cerebral hypo-
perfusion can result in various physiological adaptations to
meet the demands of ischemic cerebral tissue. Hemody-
namic changes resulting from progressive decline in
cerebral perfusion pressure are categorized in three stages
as described by Powers et al. [1, 2]. In stage 0, cerebral
perfusion pressure (CPP) is normal; cerebral blood flow
(CBF) closely matches with the metabolic demands of the
tissue and oxygen extraction fraction (OEF) remains the
same. As the degree of hemodynamic compromise
increases, the cerebral arterioles dilate in response to
reduced CPP, thereby increasing cerebral blood volume
thus maintaining CBF (stage 1). OEF remains the same at
this stage. With severe reductions of CPP, maximal
autoregulation is inadequate to meet the demands, and the
tissue responds to this state by increasing the OEF (stage 2).
This stage of decreasing CBF with increasing OEF is
termed as misery perfusion [3]. It is important to recognize
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this stage because it has been shown that an increase in
OEF along with reduced CBF is associated with increased
risk of stroke [4]. However, these stages are not rigidly
observed in physiological systems, and reductions in CBF
and elevations in OEF are even observed throughout the
autoregulatory phase at variable degrees [4, 5].

Though positron emission tomography (PET) has been
used as gold standard for the investigation of cerebral
hemodynamic variables in chronic hypoperfusion; other
modalities like single photon emission computed tomography
(SPECT), Xe-SPECT, CT perfusion, and MR perfusion are
being evaluated. There are few studies reporting utility of MR
in the assessment of cerebrovascular reactivity and hemody-
namic parameters [6, 7]. All these modalities can provide
quantitative or semiquantitative information regarding the
hemodynamic status of a given clinical situation. PET and
SPECT studies give an accurate picture of degree of
hemodynamic compromise; however, they are not widely
used for these studies. The variability of cerebral perfusion
due to steno-occlusion can lead to false assumption of input
function in the case of MR perfusion studies, and this can
confound the perfusion data in many occasions. Although it
was hypothesized that susceptibility weighted imaging
(SWI) can be used to evaluate cerebrovascular reactivity,
no major studies have been reported in this regard [8, 9].

The principles and technique of SWI have been
described extensively by Haacke et al. [10]. In brief, this
is a sequence that is highly susceptible to the presence of
paramagnetic substances such as iron, calcium, and blood
products such as deoxyhemoglobin and methemoglobin and
has found its application primarily to demonstrate blood
products and calcifications in various pathological con-
ditions. The phase information of the raw MR data is
initially unwrapped using homodyne demodulation method
to obtain a phase mask which is then normalized and is
multiplied by the original magnitude image by four times to
yield images that improved the conspicuity of tissues with
varying susceptibilities [11]. The utility of this sequence in
various neurological diseases of children and adults has
been increasingly reported [8, 12, 13].There are few
anecdotal reports on the ability of SWI to demonstrate
regions of increased oxygen extraction [8, 9, 12]; there are
no studies described as yet in the literature addressing this
issue. Though gradient echo sequences (GRE) are com-
monly employed to detect susceptibility effects, numerous
studies have demonstrated the superiority of SWI over GRE
in detection of hemorrhages and other paramagnetic
substances [12]. GRE also has been correlated with
increased BOLD effect due to elevated deoxyhemoglobin
in acute cerebral ischemia secondary to major vascular
occlusion [14]. Being a highly sensitive sequence for
substances that produce susceptibility effects, SWI can also
be expected to reveal such findings, probably with

improved conspicuity in similar circumstances. In this
study, we intend to document the imaging findings of
chronic cerebral hypoperfusion in SWI and discuss its
possible pathophysiological and hemodynamic correlates.
To the best of our knowledge, no such study has been
described in English literature to date.

Materials and methods

The study included retrospective analysis of data from 18
patients with conventional or MR angiographically proven
chronic carotid occlusion or critical carotid stenosis who
were admitted to our hospital between January 2007 and
November 2008. Institutional review board approval and
informed consent were waived for this retrospective study.
The database of hospital records were searched for key
words such as “carotid artery, occlusion, stenosis”, and the
patient details were retrieved and were analyzed for the
degree of occlusion, chronology of the disease, historical
and demographic information, timing of MR imaging, and
availability of necessary imaging data. Subjects were
included if there was complete carotid occlusion or more
than 90% stenosis of internal carotid artery confirmed either
by MR or conventional angiography, and MRI including
SWI were available for review. Subjects were excluded if
hyperintense signal changes (DWI restriction or T2 shine
through of <2 weeks duration) were observed in DWI or
when images were of suboptimal quality. An age-matched
control group comprising of ten patients with normal MRI
brain (including SWI) and MR angiography were included
for comparison. These patients had undergone MRI with
MR angiography as per the advice of neurologist to rule out
cerebrovascular diseases.

All the patients underwent MR imaging with a 1.5 Tesla
superconducting MR system (Avanto SQ engine; Siemens,
Erlangen, Germany). TheMR imaging protocol included SWI
sequence in addition to routine sequences such as T1, T2,
FLAIR, and DWI sequences. Themethodology and principles
of SWI sequence is described in detail by various authors [10,
11]. In short, SWI is a high-resolution full-velocity compen-
sated 3-D gradient echo MR sequence wherein phase images
are used to create a phase mask after unwrapping and high
pass filter which is then multiplied with magnitude images to
enhance the conspicuity of small veins and paramagnetic
substances. The imaging parameters of SWI were as follows:
TR-48 ms; TE-40 ms; flip angle-20°; bandwidth-80 kHz;
matrix size-512×256, slice thickness-2 mm, 56 slices in a
single slab, and iPAT factor of 2. The acquisition time was
2.58 min. Post-processing was performed, and 9–12 thick
minimum intensity projection (mIP) slabs were generated.
Contrast enhanced MRA and/or conventional angiography of
neck and intracranial arteries were also obtained in all the
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patients. MRA were obtained with FLASH 3D sequence
using care bolus technique with coverage from base of the
neck till circle of Willis with TR-3.52 ms, TE-1.1 ms, flip
angle 30°, NEX-1, bandwidth-380 kHz, base resolution 84×
80 and centric K space sampling.

The data collection and assessment of eligibility criteria
were performed by a radiologist and the images of selected
subjects were reviewed independently by two different
neuroradiologists who were blinded to the clinical data and
to each other’s findings. Both the neuroradiologists were
experienced in reporting SWI images since the last 3 years.
The findings of the SWI images were reported before
reviewing all the other sequences. After ensuring that the
images obtained were of adequate quality, the SWI was
studied for the presence of asymmetric intracranial cortical
veins that were categorized as more numerous and/or more
conspicuous in size and signal intensity in comparison to other
cerebral hemisphere. Later conventional sequences were
evaluated for the presence of chronic infarctions, gliotic
changes as well as atrophy. FLAIR and DWI images were
reviewed to assess the presence of collaterals and acute
infarctions. Lastly, the angiographic findings were studied for
the side of affection, location, severity and presence of
collaterals. Source images of MRAwere reviewed in patients
with total occlusion to rule out trickle flow. These findings
were correlated with the findings in SWI. Statistical analysis
included Fischer exact test to assess the significance and
kappa statistics to assess the interobserver variations.

Results

A total of 18 patients (15 males and three females) satisfied
the inclusion criteria and were selected for the study. The
mean age of the patients was 50 years (range, 22 to
83 years). Complete occlusion of either of the carotid
arteries was present in 83% of the subjects and more than
90% stenosis in rest 12% of the patients. Proximal ICA was
the common site of involvement (72%) followed by distal
ICA (17%) and CCA (11%).There were no intracranial
stenosis among the patients evaluated. CEMRA was
obtained in all the patients, and DSA was additionally
performed in three patients. More than half of the patients
presented with clinical history of acute stroke or TIA. MRI
showed hyperintense bands along the centrum semiovale,
nonspecific white matter hyperintensities, and old infarcts
with gliosis at the side of involvement in most of the cases.
Acute infarcts were not present in any of the patients
included. FLAIR sequence did not reveal the presence of
any hyperintense vessels over the affected hemisphere
attributed to collateral formation. Three patients had
subacute infarcts; in one patient, the infarction was located
contralateral to the region of occlusion and in the other

occlusion was documented earlier in the course of illness.
Time of imaging from the onset of symptoms varied from
18 h to 9 months. The clinical details and imaging data are
shown in Tables 1 and 2.

SWI showed more numerous veins and/ or conspicuous
large veins over the side of affection in more than half of
the studied subjects (ten patients). Seven patients showed
no significant difference in appearance in both the cerebral
hemispheres, and in one patient, the observed veins were
less in the affected hemisphere. More than half of the
patients (66%) with carotid occlusion showed conspicuous
veins over the ipsilateral cerebral hemisphere (Figs 1 and
2). None of the patients in the stenosis group demonstrated
this finding. The two venous signs (more numerous veins
and/or conspicuous large veins) evaluated for in this study
were observed together in most of the patients who
manifested SWI abnormalities (nine of ten patients).When
visualized, veins were not restricted to the arterial territories
and extended beyond the vascular boundaries.

There were no alterations of the signal intensities in the
dural venous sinuses. We further analyzed for the presence
of any correlation between the SWI findings and infarction
patterns among the patients with complete occlusion, the
results of which are shown in Table 3. For this, the patients
with hyperintense changes or small infarcts in the water-
shed zones were grouped together and were compared with
large cortical infarctions. Since stenosis group did not
demonstrate any SWI findings, it was not included in this
analysis. All the patients with absent infarcts (three
subjects) and two of three patients with small watershed
infarcts demonstrated SWI findings whereas only about half
of the patients (five of nine subjects) with large cortical
infarcts showed positive finding. SWI findings were not
correlated with collaterals in this study since MRA is not a
good imaging method to demonstrate directionality of flow
and detection of pial collateralization.

There was substantial interobserver agreement between
the two readers in identifying the venous signs in SWI
(Kappa-0.8; Table 4). None of the subjects in the control
group showed asymmetry of cerebral veins over the
cerebral hemispheres. Sensitivity and specificity of this
finding was 55.5% and 100%, respectively. When the
carotid stenosis patients were excluded from the analyses,
the sensitivity increased to 66.6%. Fischer exact probability
test showed that the observed finding between the test and
the control group is significant (p value <0.01).

Discussion

Hemodynamic status of cerebral circulation in vivo can be
indirectly assessed using many imaging techniques. Most of
these derive the useful information by assessing the various
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hemodynamic parameters such as CBF, CBV (cerebral blood
volume), CMRO2 (cerebral metabolic rate of oxygen), and
OEF. These parameters can be used to understand the
perfusion status, cerebrovascular reserve, and autoregulatory

mechanisms in occlusive arterial diseases. Autoregulatory
mechanisms are tightly coupled with cerebral perfusion
pressure (CPP).Once the CPP falls beyond a certain limit;
cerebral autoregulatory mechanism compensates to meet the

Table 1 Clinical details.

S no. Age/sex SWI MRI MRA/conventional
angiography

Presentation Timing of MR from
last symptoms

More
numerous

Greater signal
loss/larger veins

1 65/M Yes Yes Linear hyperintense band along
left CSO and old infarct left
parietooccipital region

Complete occlusion
of left ICA

Acute right-
side weakness

2 months

2 83/M No No Hyperintensities in the left
parietal and frontal lobe

90 % Occlusion of
right ICA, 50 %
of left ICA

Acute left-side
weakness

30 days

3 39/ M Yes No Left CSO hyperintensities Complete occlusion
of left CCA and ICA

TIA 42 days

4 52/M Yes Yes Linear hyperintensity along
the right CSO

Complete occlusion
of right ICA

Acute left-side
weakness

45 days

5 51/M Yes Yes Linear hyperintensity along
the left CSO and old
infarcts in left frontal lobe

Complete occlusion
of left ICA

Multiple stroke-
like episode

6 months

6 60/F No No Subacute infarct left basal
ganglia, hyperintensities in
the right basal ganglia,
internal capsule

>90 % narrowing of
right petrous ICA

TIA 18 h

7 39/F Yes Yes Subacute infarct right
corona radiata and CSO

Complete occlusion
of right CCA

Multiple strokes 4 months

8 67/M No No Old infarct right
temporoparietal region

Complete occlusion
of right ICA

Minor stroke 28 days

9 55/M Yes Yes Old infarct left anterior
frontal lobe

Left cavernous ICA
occlusion

Ataxia and
dysphagia

3 days

10 55/M No No Old infarct left
parietotemporal region

Complete occlusion
of left ICA

Acute right-
side weakness

4 months

11 61/M Yes Yes Old infarct left CSO and right
frontal lobe subcortical infarct

Complete occlusion
of right ICA

Dysphasia 3 months

12 62/F Yes Yes Hyperintense band along
left CSO

Complete occlusion
of left ICA

Asymptomatic 6 months

13 60/M No No Small infarct left
corona radiata

Complete occlusion
of left ICA

TIA 9 months

14 36/M No No Old infarct bilateral anterior
frontal lobe

Complete occlusion
of left ICA

TIA 2 months

15 57/M More on the
opposite side

No Old infarct right
temporoparietal region

Complete occlusion
of right ICA

Old stroke
left-side

4 months

16 22/M No No Hyperintensities in the left
parietooccipital lobe

>90% Narrowing
of left supraclinoid ICA

Acute right-
side weakness

32 days

17 54/M Yes Yes Hyperintense band along both
CSO, subacute infarcts
watershed zones of MCA

Complete occlusion
of left ICA

Subacute stroke,
right side

35 days

18 29/M Yes Yes Old infarct in the right
insula and frontal lobe,

Complete occlusion
of right ICA

Left hemiplegia 2 months

Severity of carotid
stenosis

SWI appearance of veins over the cerebral hemisphere Total

Veins equal in both
hemispheres

Prominent over the
side of occlusion

Less over the side
of occlusion

Occlusion 4 10 1 15

Tight stenosis 3 … … 3

Total 7 10 1 18

Table 2 Imaging data.
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Fig. 2 a–c Case 3: Except for minimal nonspecific hyperintensity of left CSO, FLAIR axial reveals an essentially normal study (a). MRA reveals
complete occlusion of left ICA and CCA (b). Prominent and increased veins over the cerebral hemisphere are clearly demonstrated in SWI (c)

Fig. 1 a–f Case 17: FLAIR axial image (a) shows lacunar infarcts in
bilateral centrum semiovale (CSO) and subacute infarcts in the left
frontal and temporoparietal region. MRA demonstrates complete

occlusion of left ICA from its origin (b). SWI axial images (c through
f) demonstrate prominent veins over the left cerebral hemisphere. Note
increased mineral deposition in both basal ganglia
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increased demand through vasodilatation and decreased
vascular resistance and thus maintains CBF. Further fall in
CPP results in failure of autoregulation and the CBF begins to
decline. At this stage, OEF progressively increases and
ensures adequate supply of oxygen to the brain tissue. More
severe reduction in CPP leads to failure of all these
mechanisms and results in cerebral infarction [2].

PET studies have demonstrated that the presence of
increased OEF with reduced CBF in atherosclerotic carotid
occlusive diseases is a recognized independent risk factor
predicting future stroke in symptomatic patients [2, 15]. At
present, only PET can reliably measure OEF quantitatively
in tissues under stress [16]. However, PET is not widely
available for clinical use, and it needs cyclotron to produce
certain isotopes such as O-15 which is used to measure
flow [17]. Studies with angiography showed no correlation
with increased OEF in carotid occlusion [16]. Recently, role
of MR imaging has also been investigated to study
cerebrovascular reserve (CVR) in patients with chronic
cerebral hypoperfusion. Dynamic susceptibility contrast
enhanced MR was found to be inaccurate in absolute
quantification of CBF when compared with PET [7].
Another method of MR that has found promising to
evaluate CVR and related compensatory mechanisms is
blood oxygen level dependant (BOLD) MRI.

BOLD CVR is based on the paramagnetic property of
deoxyhemoglobin similar to fMRI. Deoxyhemoglobin local-
ized within the microvascular compartment induces local
magnetic heterogeneity in the adjacent diamagnetic tissue
resulting in loss of signal intensity. The magnitude of signal

drop is dependent on the amount of deoxyhemoglobin
concentration and size of microvasculature [7]. The changes
in BOLD CVR are global and are dependent on the rate of
oxygen consumption of tissue, blood volume, and wash out
of metabolites. Tong et al., in their review of clinical
applications of SWI in children, had suggested that SWI
may be able to demonstrate increased oxygen extraction in
the regions of infarction or tissue hypoxemia [12]. This
possibility was also suggested by others [8, 9], though, to our
knowledge, no studies have been described. Recently, Morita
et al. reported the presence of hypointense and enlarged
vessels in GRE sequences within the acute ischemic
territories due to major artery occlusion which they attributed
to the BOLD effect secondary to elevated deoxyhemoglobin
[5]. However, there are no reports in literature evaluating the
utility and application of susceptibility imaging in chronic
hypoperfusion states. BOLD effect can theoretically exist in
chronic cerebral hypoperfusion due to mechanisms different
from that observed in acute ischemia.

In our study, we have demonstrated the presence of
asymmetric, numerous, and large vessels over the ipsilateral
cerebral hemisphere in more than half of the patients with
carotid occlusion. Such a finding was not observed in any
of the patients with critical carotid stenosis. A clarification
is needed here as to whether these vessels represented
prominent veins or whether they are arterial collaterals that
occur in occlusive states. These vessels were assumed to be
veins based on following premises. First, as the severity of
carotid occlusion increases, the CBF progressively declines
and OEF increases as a compensatory mechanism to
maintain the CPP. Due to maximal extraction of oxygen
by ischemic tissue, deoxyhemoglobin concentration and
deoxy- to oxyhemoglobin ratio increases in the draining
veins [7]. This induces susceptibility effect detectable with
sequences such as SWI. Indeed, the initial application of
SWI was to evaluate the small intracranial veins indepen-
dent of arteries [11]. The FLAIR vascular hyperintensity
(FVH) sign described in carotid stenosis, occlusion, or
acute infarction has been shown to correlate with collateral
flow, and this is thought to be secondary to slow sluggish
flow within the collaterals [18, 19]. Authors’ personal
experience with acute ischemia and moyamoya diseases
showed that patients with exuberant collaterals had normal
finding in SWI sequence (Fig. 3). Liebeskind suggested that
augmented extraction of precapillary oxygen by adjacent
brain tissue leads to elevation of intravascular deoxyhemo-
globin with in the collaterals and this in turn could be
detected by gradient MR as blooming [20]. Secondly, these
vessels show no territorial preferences unlike arteries and
are visualized either over the entire cerebral hemisphere or
are localized to the regions collaterals are less expected.

The presence of increased veins over the affected hemi-
sphere may have a role in evaluating patients with chronic

Table 4 Interobserver agreement.

Reader 1 Reader 2

More Equal Less Total

More 8 0 0 8

Equal 2 7 0 9

Less 0 0 1 1

Total 10 7 1 18

Kappa=0.8

Table 3 Correlation between the SWI findings and infarction patterns
among the patients with complete occlusion.

MRI findings SWI changes Total

Present Absent

Large cortical infarction 5 4 9

Absent infarctions/small water shed infarcts 5 1 6

Total 10 5 15
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cerebral hypoperfusion. Often, the initial evaluation of these
patients includes MRI and MRA and addition of SWI
sequence to the routine protocol does not prolong the
examination time (SWI takes 2.5 min in 1.5T scanner) or cost
much and in fact it may provide some information regarding
the physiological status of the vasculature at least in a
proportion of patients. The detection of prominent veins over
the cerebral hemispheres may suggest an elevated deoxyhe-
moglobin to oxyhemoglobin ratio and reflect hemodynamic
status of the vasculature. This observation was not detected in
half the patients with carotid occlusion and in none of the
patients with carotid stenosis. This may be due to the presence
of good collateralization or compensated autoregulatory
mechanisms adequate enough to maintain CPP or reduced
oxygen demand in chronic infarctions. Only one patient in our
series demonstrated reduced veins in the affected hemisphere.
This patient had large infarct with gliosis in the right
temporoparietal region and we presume, probably the latter
mechanism was responsible for this observation. Among the
stenosis cohort, probably the reduced but maintained flowwas
sufficient to keep the perfusion of capillaries and hence the
CPP. There were no false positives in our study suggesting

that asymmetrical veins are not seen in normal subjects.
Though the findings were subjective, the interobserver
agreement was good between the two readers.

Furthermore, SWI findings were observed in majority of
the patients with small watershed or absent infarcts, while
only about a half of patients with large cortical infarcts
demonstrated this finding in our study. The infarction
occurs when the autoregulatory mechanisms and elevated
OEF fails to maintain adequate perfusion, and hence, the
BOLD effect is dependent on the metabolic needs of
remaining surviving tissues and compensatory collateral
supply. However, in patients without major infarcts, BOLD
phenomena is dependent on complex interplay of autor-
egulation, elevation of OEF and collateralization, which, at
present, can be unraveled to certain extent by PET studies.
The small cohort size in this study precludes making any
assumptions from this observation; hence, a larger study
comparing both the cohorts is imperative.

It has been shown by Derdeyn et al. that the presence of
increased OEF (misery perfusion) is associated with
increased stroke in symptomatic patients [1]. The findings
described in our study may have value in evaluating the

Fig. 3 Axial T1 (a), Axial FLAIR (b), contrast enhanced MRA (c),
SWI (d) and contrast enhanced T1 (e, f) in a patient with bilateral
supraclinoid carotid and distal basilar occlusion with moyamoya

pattern and exuberant collaterals. Note the multiple collaterals in the
contrast enhanced MRA and T1 images. However, the SWI images do
not show prominence of blood vessels
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patients with chronic carotid occlusive diseases as it might
suggest the presence of reduced perfusion with resultant
hemodynamic variations in the affected hemisphere. Phase
images of SWI have been utilized in the quantitative
evaluation of iron sources in the brain in healthy and
disease states with clinical and high-field MRI systems [21,
22]. Petridou et al. quantified intravascular deoxyhemoglo-
bin and had correlated with the observed contrast difference
between gray and white matter in phase images at high-
field MRI [23]. Haacke et al. demonstrated a method to
measure in vivo blood oxygen saturation utilizing suscep-
tibility changes that follows a cortical activation [24]. It is
unsure at the moment whether quantification of intravascu-
lar deoxyhemoglobin and hence the information regarding
the perfusion and metabolic rates are possible with the
current methods; however, SWI with novel mapping
techniques [24] has the potential to delineate physiological
changes occurring in the vascular and cellular level.

Our study has several important limitations. The aim of
the study was to describe the SWI appearances in chronic
cerebral hypoperfusion, and since this being a retrospective
study, we could not compare our data with perfusion
studies. A qualitative data analysis was performed in this
study, and hence, a PET confirmation would have been
ideal to confirm the findings; however, PET is not available
in our institution. The findings are often subtle and require
considerable experience in reporting SWI images to detect
these changes. Further prospective studies with larger
cohort size, correlating SWI with perfusion can help
understand the pathophysiological mechanisms for variable
appearances in hypoperfusion states.
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