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Susceptibility weighted imaging (SWI) provides a new means to enhance contrast in magnetic
resonance imaging (MRI) (1). Conventional imaging relies on the magnitude information to
generate the image; the phase information on the other hand has typically been discarded except
for a few applications in flow imaging. Historically, phase images have been difficult to
interpret, as the valuable information about susceptibility changes between tissues was hidden
by background field inhomogeneities caused by air/tissue interfaces and main magnetic field
effects. It has been shown, however, that by using a special high-pass filter it is possible to
remove most of these unwanted effects, leaving behind only the valuable information about
susceptibility changes between tissues (2). The contrast in the phase image is complimentary
to the magnitude contrast and the two can be combined to create what is now referred to as
susceptibility weighted (SW) images. This triplet of images, magnitude, phase, and SW images,
has now become part of the standard clinical neuroimaging protocol in at least one
manufacturer’s product (Siemens Medical Systems).

SWI represents a new type of contrast (3—-28) that is complementary to conventional spin-
density, T1-, and T2-weighted imaging methods. SWI is particularly suited for imaging venous
blood as it is very sensitive to deoxyhemoglobin, making it useful in imaging hemorrhages
from trauma, visualizing blood products and the vascularization of tumors, and high resolution
MR venography. It has also proven useful in other applications relating to iron such as
measuring iron content in multiple sclerosis lesions, and aging (8).

Gradient Echo (GRE) Imaging

Susceptibility weighted images are collected with a long-TE, fully flow-compensated gradient
echo scan; this can be in the form of a single-echo, multiple-echo, or echo-planar scan. Imaging
with long echoes at 1.5T became possible by using 3D gradient echo imaging (29). This allowed
for thinner slices (1-2mm) which reduced dephasing across the slice and improved image
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quality. In general, imaging at high resolution (~1mm3) reduces dephasing across the voxel
and allows for longer echo times, from 40 to 80ms (30).

Flow compensation in all directions is useful at 1.5T because of the long echo times required
and because phase is being used as a measure of susceptibility. This reduces flow related signal
loss in the magnitude image, and flow induced phase changes in the phase image. Changes in
the phase image are generated according to the formula (for a right handed system):

Ap=—-7y-AB-TE (1)

Ap=—vy- (AXBOG+AB(5 +ABgeotnet{\'+ABmainﬁe1d) -TE 2)

where v is the gyromagnetic ratio, G represents a constant dependent on the geometry of the
object, CS refers to chemical shift, and Bgeometry refers to the geometry of the brain and air/
tissue interfaces. The last two terms represent unwanted field effects. The first two terms are
of particular interest to us and are meant to represent the local changes in field, such as those
that might be caused by iron in tissue. In equation (2), Ay represents the local susceptibility
change between tissues. The last two terms tend to be slowly varying spatial terms and can be
to a large degree removed using a high-pass spatial frequency filter. Ideally, we can isolate the
first two terms -yGAyB,TE and —yABcsTE. Both of them lead to similar phase results inside
the object of interest. A paramagnetic object causes a local increase in field and therefore a
negative phase change relative to surrounding tissues.

Creating an SWI Data Set

The unwanted background field effects are usually removed from the phase image with a high-
pass homodyne filter. To do this, a low-pass or smoothed version of the original image is
created using an appropriate filter size (ranging from 32x32 up to 128x128, depending on the
dataset). This is then divided into the original complex image, effectively removing the low
spatial frequencies and generating a high-pass filtered phase image. When severe aliasing
occurs, it is possible to get better results by first applying a phase unwrapping algorithm before
the high-pass filter is applied. This removes much of the phase aliasing that could not be
removed by the high-pass filter alone and helps improve results in areas of rapid phase change
(near air/tissue interfaces such as the sinuses) (31). This filtered phase image is used in all
subsequent steps and will be referred to as the SWI filtered phase image.

The contrast in the SWI filtered phase image is complimentary to that in the magnitude image.
Our goal is to take advantage of features in both the magnitude and phase images, so the final
step is to combine these features together to generate a SW image. The phase image is used to
create a mask that is applied to the magnitude image. This mask focuses on certain phase values
that will enhance the contrast of the original magnitude image. For example, if areas with
increased iron are the subject of interest, then the mask is designed to enhance information
related to negative phase as follows:

f(x):{ = for - n<g(x)<0

1 otherwise 3)

where the phase values can range from —= to m, $(X) is the phase at location x, and f(x) is the
phase mask. This phase mask can be multiplied by the original magnitude image an integer
m number of times to create the SW image:
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P/ (X)=/"(x) - p(x) (4)

The number of times the mask is applied will change the contrast in the SW image. It has been
shown that four multiplications produces good CNR for a wide range of phase values (32).

In each individual slice, the veins now appear dark and look like a set of circles or vessel cross-
sections. To get a good SWI venogram, it is best to take a minimum intensity projection (mIP)
over a number of slices (see Figure 1); this is similar to the maximum intensity projection
(MIP) used in angiography. A disadvantage of using mIPs is that the dark background
surrounding the brain will mask out the brain if it is included in the projection. The slices
included in the mIP having the smallest visible brain area will dictate how much of the brain
is visible in the final projection. This can be problematic at the top and bottom of the brain
where the size changes very rapidly. This problem can be partly overcome by using a brain
extraction algorithm, such as a complex threshold approach (33), to set the noise values outside
the brain to a value much higher than the brain during the mIP processing and then back to
zero afterward. Clinically, mIPs are usually limited to projections over 4-8mm, although it is
certainly possible to project over more slices near the center of the brain or if the background
has been removed.

Venographic Contrast

The iron in deoxyhemoglobin in venous blood acts as an intrinsic contrast agent, causing T2*-
related losses in the magnitude image and a shift in the phase relative to surrounding tissues
in the phase image due to susceptibility differences. The oxygen in oxyhemoglobin shields the
iron so the T2* and susceptibility effects are only seen in venous blood. This provides a natural
separation of venous and arterial blood, and allows for venographic images without any arterial
contamination.

The iron in deoxyhemoglobin induces changes to the local magnetic field, both inside and
outside the veins. The changes to the local field depend on the shape of the structure of interest.
If blood vessels are modeled as infinitely long cylinders, the field inside and outside the vessels
can be analytically calculated. The field inside is given by:

1
_ . 2 _ -
ABiy=Ax - By (3 - cos*(0) - 1) i o

where 6 is the angle the cylinder makes to the main magnetic field and Ay, is the change in
susceptibility between the cylinder and the surrounding substance. The field outside the
cylinder is more complicated, and is given by:

Ax - By - sin’(6) - cos(Q®) - a?
AB()MI: 7.2
- r (6)

where r is the distance to the axis of the cylinder and @ is the angle the vector r makes to the
projection of the main field direction onto a plane perpendicular to the axis of the vessel.

The changes in local field (which generate the contrast in the phase image, see Eq. (1)) depend
on both the shape (modeled here as a cylinder) and the orientation of the blood vessels. This
could potentially cause problems, as the field change inside the vessel will disappear at the so-
called magic angle (ABj, = 0 when 6 = 54.7°) and vessels parallel to the field will have a
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positive phase shift (caused by a positive local field change) while vessels perpendicular to the
field will have a positive phase shift (caused by a negative local field). Practically, this is
overcome by collecting data with anisotropic resolution.

Data are usually collected with anywhere from a 2:1 to a 5:1 aspect ratio, meaning the voxels
are two to five times larger in the direction of By than in the other two directions. The thicker
slices allow the phase from outside the vessels (in the direction of By) to average with the phase
inside the vessel. This makes the average phase in a voxel negative for veins that are
perpendicular to the field and at the magic angle even though the phase inside goes to zero or
is positive. It has been shown that the optimal aspect ratio for maximum contrast in the phase
image is generally 4:1, although it does depend on the resolution, the size of the vessels of
interest, and even the field strength (34).

Since the phase shift is directly proportional to field strength and echo time (see Eq.(2)),
scanning at higher fields allows the echo time to be shortened proportionally while maintaining
the same contrast in the phase image. This fact, and the increased SNR available at higher
fields, makes SWI well suited for high field and ultra high field MR as the shorter echo times
make it possible to scan much faster (see Figure 2). Further, since SWI uses small flip angles,
there is little problem with specific absorption rate (SAR). Increases in field strength allow
increased resolution and generally improved image quality (5,35), although 1.5T can still
produce very nice SWI venographic images. Table 1 shows acceptaple parameters for optimal
venous contrast at different field strengths.

Simultaneous MRV and MRA

Single echo approach

SWI provides a natural separation of arteries and veins, making it possible to image both
simultaneously and have them be easily evaluated separately. As explained above, veins will
be dark due to T2* losses and SWI processing with the phase image, while arteries will be
bright from time-of-flight (TOF) inflow enhancement. It is possible to increase the contrast in
the arteries without overly degrading the venography by using a slightly higher flip angle, short
TR, and a thin slab. This is particularly effective at high and ultra high field as shorter echoes
can be used to reduce flow dephasing in the arteries without affecting the venous contrast; this
technique is unsuitable for 1.5T and lower fields.

By imaging both the arteries and the veins, a more complete picture of the vasculature can be
created. The advantage of collecting both in a single acquisition is that there will be no
registration artifacts and that their relationship to each other and to the overall brain tissue
structure can be carefully reviewed.

In conventional imaging, a contrast agent is often used to enhance the arterial signal, but a
longstanding problem has been the veins’ tendency to also get bright in the steady state.
However, that is much less a difficulty with SWI because the veins may actually get darker in
the presence of a contrast agent (and the arteries brighten), making it possible to do an even
better job imaging both parts of the vascular system simultaneously. The shortened T1 boosts
the signal in the arteries and veins but the increased venous signal leads to increased T2* or
signal cancellation effects: this is referred to as a T1 to T2* coupling effect. The question then
arises, “How are the data processed to arrive at both an MRA and MRV projection?”

The arteries can be visualized using a standard MIP and veins can be visualized with a mIP
after SWI processing. The choice of flip angle and echo time are particularly important in
determining image quality. While a higher flip angle helps increase the TOF effect and enhance
contrast in the arteries, it will also start to degrade the venography by oversuppressing the CSF.
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Likewise, the choice of echo time is also a compromise, for a longer echo time increases venous
contrast, but will lead to flow-related losses in rapidly flowing arteries. This is due to the fact
that higher-order flow effects for the low-bandwidth gradients being used, as well as the flow
through local field inhomogeneities (which disrupt the flow compensation) will not be flow-
compensated. Generally a slightly shorter echo time than is normally run (15ms instead of
20ms at 3.0T), higher bandwidth (120-140 Hz/pixel), and very thin slices (0.5 mm, to reduce
dephasing) give good results, especially with the use of a contrast agent. However, there can
be problems visualizing the faster-flowing blood (in the middle cerebral arteries, for example).
Some examples of this approach are given in Figure 3.

The thin slices improve the angiography by reducing through-plane dephasing, but SWI
processing suffers as the data are not collected with the optimal 4:1 aspect ratio (discussed
previously). This can be overcome by combining four slices together to generate a new dataset
with a resolution of 0.5mm x 0.5mm x 2.0mm which has the 4:1 aspect ratio. This new data
can then be used to do the SWI processing, resulting in improving the quality of the venography
(see Figure 4).

Double echo approach

An alternate approach is to use a double echo scan with the short echo used to generate the
angiography and the long echo for the venography (36). This is particularly useful at 1.5T as
the long echo times required for SWI give ample time to insert a short echo, and are too long
to generate a useful angiography. This becomes less effective or necessary at higher field
strengths because of the need for higher bandwidth. Further, the shorter optimal echo times for
SWI no longer suffer from the same arterial dephasing problems.

The approach taken by Du et al. added an extra echo to the flow-compensated GRE used for
SWI. Flow compensation was applied in both phase-encoding directions. Asymmetrical echoes
were used to save time and achieve a shorter echo time for the first echo. Flyback gradients
were also added between the two echoes to maintain the flow compensation on both echoes.
In this way, a short-echo TOF MRA dataset and a long-echo SWI MRV dataset are obtained
in the same amount of time as collecting either of them separately.

Clinical Applications

Traumatic Brain Injury

We show here some new results related to venous involvement in traumatic brain injury (TBI).
This is an area of interest throughout the world and particularly in the US. TBI is a major cause
of morbidity, mortality, disability and lost years of productive life. Tong, et al. have shown
that SWI was three to six times more sensitive than conventional T2*-weighted gradient-echo
sequences in detecting the size, number, volume, and distribution of hemorrhagic lesions in
diffuse axonal injury (DAI) (4,25,26). From this work it is clear that SWI shows an increase
in the number and size of lesions compared to other sequences. Tong’s studies (4,25,26) also
show that most patients had lesions in frontal white matter or parieto-temporo-occipital gray
or white matter. SWI could play a very meaningful role in establishing the degree of injury
more accurately, providing valuable prognostic information, and guiding the management and
rehabilitation of patients with head injury.

Here, we show a case of a motorcycle accident where conventional MR methods were unable
to locate the many bleeds present (Figure 5). The gradient echo image shows evidence of a
single microbleed. On the other hand, SWI shows a number of damaged veins, from the
confluence at the large septal vein, to several smaller veins at the periphery of the brain. The
smaller microbleeds are likely due to shearing of the venules. The post-contrast T1-weighted
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image shows no evidence of vascular damage (Figure 5, Right). A more dramatic example is
shown in Figure 6, where damage can be clearly seen in the corpus callosum.

Vascular Malformations and Venous Disease

Cerebral vascular malformations result from localized defects during vascular development.
Most malformations are present at birth and may or may not grow with time. Cerebral
cavernous malformations, developmental venous angiomas, and capillary telangiectasias have
attenuated flow and can be less conspicuous or entirely missed by conventional neuroimaging
techniques. While lesions that have previously bled can be detected by conventional MR
imaging, those that have not bled tend to show as faint enhancements after contrast
administration. Since SWI measures the presence of deoxyhemoglobin, there is no dependence
on flow to visualize this blood and so these lesions are easily seen (28).

Similar arguments on behalf of SWI hold for studying Sturge-Weber syndrome (SWS). SWS
is a rare neurocutaneous disorder, typically manifested in children and characterized by
cutaneous angioma, glaucoma, and leptomeningeal venous angiomatosis. We have shown that
T1-weighted gadolinium post-contrast (T1-Gd) MRI can demonstrate focal cortical atrophy,
contrast-enhancing leptomeningeal angiomatosis, and abnormal cerebral veins. T1-Gd is
currently an imaging standard for clinical SWS diagnosis (12). SWI complements conventional
MRI by demonstrating numerous deep medullary veins that are not well visualized by any
other MR imaging sequence, particularly in the early mild cases of SWS.

Cerebral venous thrombosis (CVT) is an infrequent neurological condition but one that is
notoriously difficult to diagnose because of its non-specific clinical presentation (37). Direct
evidence of sinus thrombosis such as “triangle sign” and “empty delta” on CT and loss of the
normal flow voids on MRI can be easily missed unless clinical suspicion is high and direct
signs are actively sought (38). Indirect signs of venous thrombosis vary, including cerebral
edema, infarction and hemorrhage. CVT can be potentially deadly if it is not diagnosed and
thrombolytic treatment is not started in time (39,40). SWI has become a useful method to
evaluate CVT by demonstrating venous stasis and collateral slow flow. Dural sinus thrombosis
will cause the concentration of deoxyhemoglobin to increase in the involved veins, which will
appear as a prominent hypointense signal in the SWI data. If treated successfully, this effect
will disappear in the SWI data.

Atherosclerosis

Outside of imaging atherosclerosis in the carotid artery, another potential application of MRI
is in imaging peripheral arterial occlusive disease (PAD). Similar to atherosclerosis, PAD is
also a major clinical problem affecting 8 to 10 million Americans (41). To date, there have
been few MRI studies of PAD (42-46) and most have used the black blood spin echo T2
approach. These techniques have had some success with imaging the wall of the femoral artery
but have some difficulty suppressing the venous blood signal.

Calcification plays a significant role in atherosclerosis. Calcification scores have been
associated with the stage of the disease and may be a better marker than the traditional risk
factors in identifying people who are at high risk for amputation (47). The presence or absence
of atherosclerosis also plays a key role in deciding whether treatment should consist of
percutaneous transluminal angioplasty (PTA) or surgery (48,49). In this section, we show that
it is possible to image the vessel wall and calcifications with SWI without the need to suppress
the signal from the blood. We show that it is possible to use the phase as a complement to the
magnitude SWI MRA data as a means to discriminate calcium from hemorrhage.
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A high-resolution SWI scan was performed at 3T using an 8 channel transmit/receive knee coil
with an echo time of 15.6 ms and a low bandwidth of 80 Hz/pixel. The data were collected
sagittally with an in-plane resolution of 0.5mm by 0.5mm and a slice thickness of Zmm. A flip
angle of 10° was used to maximize inflow effects and minimize saturation effects. The MR
data were compared to multi-detector CT data using a 64-detector computed tomography
scanner (LightSpeed VCT, GE Healthcare, United States). The scan protocol was as follows:
64mmx0.625mm collimation, interval 0.625mm, 120kv, 420mA, pitch 1.375, tablefeed
110mm, with a 512x512 matrix size. The MDCT scanning ranged from the upper pole of the
patella to the fibular head.

The magnitude SWI data are similar to low-flip-angle TOF MRA imaging. The phase images
show that the vessel walls are slightly diamagnetic compared to surrounding tissue (Figure 7).
The vessel walls shown in Figure 7 are for a healthy volunteer, show no disease and are straight
(as one might expect). For patients with calcifications, comparisons between SWI and MDCT
have been very encouraging. Both the size of the calcification and its distance to other structures
appears the same in the SWI and MDCT data. The magnitude images clearly show the vessel
lumen from the bright blood and the calcifications in the darker vessel wall (see Figure 8). The
SWI filtered phase images show the walls as being diamagnetic and the calcification as being
much more diamagnetic. One advantage of SWI is that there is little dependence on blood flow
for either patent or stenosed vessels. Therefore, SWI offers an entirely new way to study and
visualize both the healthy and diseased vessel wall.

Deep venous thrombosis and blood settling

Deep venous thrombosis (DVT) is a common occurrence. A recent study showed that for 2000
DVT patients with age-matched spouses, the probability of developing DVT after being
stationary in a plane, train, or car for more than 4 hours was increased more than twofold
(50). DVT is known to occur when there is blood stasis and where there is damage to the vessel
wall (51). Blood stasis is known to occur when someone is seated or lying still for a long period
(52,53).

As discussed above, SWI relies on the susceptibility shift caused by deoxyhemoglobin in the
venous blood to generate contrast. SWI is only sensitive to the deoxyhemoglobin in blood, so
an increased concentration of red blood cells would cause increased contrast; this makes it
ideal for imaging blood settling or the early formation of potential clots. SWI has been used
to image the veins of the leg and to determine if the red blood cells settle during rest. Perhaps
blood settling will prove to be a potential risk factor for DVT formation. As an initial
investigation, we have investigated blood settling with SW1 as described below.

A total of 9 subjects (18-58 years old) were scanned on a 1.5T Siemens Sonata system with a
single-channel knee coil. A three-dimensional SWI sequence with the following image
parameters was used: TR =21 ms, TE = 9.95 ms, FA = 20°, BW = 190 Hz/pixel, a matrix of
384x512x64, a resolution of 0.39x0.39x1.6 mm?, an acquisition time of 8 minutes and no
parallel imaging. The area of interest was below the knee at the level of the popliteal trifurcation
with the region of interest (ROI) centered 12 cm below the tibial plateau. The knee was
positioned to be slightly bent within the coil.

A layering effect in the veins was observed, with the bottom of the vein (defined according to
the direction of gravity) accumulating much more phase than the top layer. The layering was
also observed to increase with time spent stationary in the magnet. Two scans were performed
on each subject, the early scan (~10 minutes stationary) showed very little or no layering, while
the late scan (~40 minutes stationary) showed increased layering (see Figure 9). The larger

vessels showed an increase in size of the dark layer at the later time points, filling up to roughly
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70% of the vessel, while some of the smaller vessels became completely dark in the later scans
as if the flow to them had completely stopped and all the oxygen had been used up.

The layering effect was more prominent in the older subjects; younger subjects (including two
father-son matched pairs) showed less layering in fewer veins, while older subjects showed
much more pronounced layering in a greater number of veins. The younger subjects tended to
have smaller veins with faster flow, while the veins of the older subjects were much larger (up
to twice the diameter) with slower flow. Layering was seen to some extent in all subjects except
the 18 year old. One other subject (female, 49) did not initially show layering, but after being
kept in the magnet an additional 20 minutes (60 minutes total) and rescanned some minor
layering in the smaller veins was observed.

The separation of the blood into different layers after less than 40 minutes has major
implications. The denser red blood cells appear to sink as the blood flow from certain vessels
seems to be naturally attenuated and shunted to other vessels. Deoxyhemoglobin in red blood
cells is responsible for the phase shift in venous blood and as the cells settle out, the increased
concentration of deoxyhemoglobin causes an increased phase shift in the lower layer.

This method could potentially be used as a screening procedure to determine a patient’s risk
factor for developing a DVT. The increased concentration of red blood cells could increase the
likelihood of a clot forming and the layering appears to be correlated with age which is a well-
known risk factor for DVT (51). However, these remain unproven postulates at this time.

Imaging oxygen saturation with SWI

Measuring oxygen saturation in the brain is very important for monitoring the oxygen
extraction fraction and the amount of oxygen getting to the tissue. This is important for stroke
and venous thrombosis. SWI offers the potential to investigate oxygen saturation by measuring
the phase in 3D throughout a large field-of-view. In addition to neuroimaging, such a method
could also be useful for measuring the oxygen saturation in the vena cava and in other parts of
the body non-invasively. In this section, we will discuss the ability to use phase information
as a means to monitor oxygen saturation in vessels. This was first done in 1997 to monitor
changes in oxygen saturation during an fMRI motor task experiment (54). Similar to the SWI
approach taken today, a fully velocity-compensated flow sequence was used to make it possible
to look at the susceptibility in the veins. However, before the results of Eq. (5) can be taken
advantage of, we need to know the susceptibility difference between deoxygenated and
oxygenated blood (to which we refer as yqo). Two distinct values have been quoted in the last
20 years, but only one can be correct. Weisskoff, et al. has quoted yq4, = 0.18ppm in cgs units
(55), while Spees, et al. has quoted x4 = 0.27ppm in cgs units(56). Our work demonstrates
that using the phase information from an SWI sequence, it is the latter value which would
appear to make the MR imaging data agree with the known physiologic data. For veins, we
can write

1
é=—7xao-TE - By - Het - (1 — Y)(3cos’6 — Dg o

If a specific substitution for yqo is made, for example 0.18 ppm, then a certain value for Y (the
oxygen saturation) can be found once the other variables, Hct (hematocrit), By (the main field),
and TE (the echo time) are known. If, on the other hand, Y is known as well, then x4, can be
determined. Since yqq is usually assumed to be 0.18 ppm, one can look instead for the deviation
of yqo from this value.
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In this work, the phase difference between arterial and venous blood is used to determine
oxygen saturation. Therefore, substituting ygo With Aygo and using

k=2m-42.58 -47-0.18 - 1.5 - 1
6 (8)

A (and hence yqo) can be found from:

_ @(vein) — ¢(art)
~ k-Hct-(1-Y)-TE - (3cos26— 1) )

All data were acquired using a Siemens 1.5 T Magnetom Sonata MR Imager (Siemens Medical
Systems, Erlangen, Germany) with a flexible four-channel surface array coil in the thigh region
of the leg. The goal was to obtain high-resolution cross-sectional images of the femoral vein.
Each subject was positioned inside the magnet feet first in a supine posture. A localizer scan
was run to obtain a set of scout (or reference) images. The scout images were used to determine
the imaging volume over which a 2D time-of-flight magnetic resonance venographic (MRV)
sequence was run transversely with a saturation band to reduce signal from the inflowing
arterial blood so as to obtain just the venous blood signal from the imaging volume. The imaging
parameters were: TR=30 ms, TE=6 ms, FOV = 240 mm x 240 mm, Ny = Ny, = 256, FA = 20°,
BW = 400Hz/pixel, N,=64 and phase encoding direction laterally (left to right). Using these
venous images, 3D projection images were generated to determine how best to acquire the next
set of 3D gradient echo images so that the vein would be perpendicular to the imaging slab in
the center of the imaging volume. Shimming was then performed in the imaging volume to
optimize the static field homogeneity. Transverse images were acquired typically using a flow-
compensated, strongly T2*-weighted, high-bandwidth, four- or five-echo gradient echo
susceptibility weighted imaging (SWI) sequence. This sequence was designed with a
symmetric echo for each echo. From this data, the arterial-venous phase difference was found
for four volunteers.

To extract the phase, we used either the high-pass filter approach or a parabolic fitting
procedure excluding the vessels to remove the local background field variations (57-59). The
latter method was found to give more consistent results between subjects than using high-pass
filtering (see Figure 11). The real challenge comes in obtaining the actual oxygen saturation
for the peripheral veins. We were not allowed to extract blood from this part of the body because
of the need for the subjects to walk out of the scanner and leave afterward (weight bearing on
this part of the body meant a higher potential for the puncture not to heal or lead to bleeding).
Therefore, we turned to two other approaches. One was to measure T2* (since previous research
claimed to correlate T2* with oxygen saturation from in vitro measurements (60)). The problem
with this approach was that our T2* measurements were very inconsistent. We now understand
why this was the case; based on the results in the previous section (where we saw that the
venous blood can develop an inhomogeneous signal from blood separation), an accurate T2*
measurement in vivo is very difficult.

The second approach was to go to the literature to see what invasive measures showed for
oxygen saturation. Disappointingly, the results in the field have a very high error leading to
results for the in vivo oxygen saturation measurements—which can vary from 50% to 80%, a
range that encompasses the values of 55% (A = 1) or 70% (A = 1.5) that we are interested in
finding. However, almost all clinically invasive studies using infrared sensors show that if the
femoral artery blood flow was greater than 200ml/min, the femoral venous oxygen saturation
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was 70% or greater (61-65). If we take this at face value for young, normal volunteers, then
our data suggest that A = 1.5 is the correct choice.

The correct choice of yqq is critically important for predicting the forward problem; that is,
measuring the oxygen saturation from the phase of blood vessels once yq, is known with
certainty. In principle, the SWI sequence can be used as a means to measure oxygen saturation
throughout the body once the geometry of the vessel is taken into account. In the case of changes
in blood oxygen saturation, a relative value can be found even without knowing the geometrical
correction factors (66). The correct choice of yg, will determine the physiologic value of the
oxygen saturation. For example, Haacke, et al. (54) quoted 55% oxygenation in the pial veins
in the brain during the resting state and 70% oxygenation during activation. If A = 1.5, i.e.,
Ydo = 0.27ppm, these numbers would change to 70% during resting and 80% during activation.

Assuming for now that A = 1.5, we can rewrite Eq.(8) as

—[¢(vein) — ¢(art)]

1-Y=-
k-Hct - TE - 1.5/By - (3cos?6 — 1) (10)

where By is given in Tesla. From Eq.(9), we can find Y, the oxygen saturation in any given
vein.

Conclusion

By combining filtered phase and magnitude information to create a novel and intrinsic source
of contrast, susceptibility weighted imaging has shown great promise in clinical angiography
and venography. SWI has contributed to new insights into traumatic brain injury, the role of
calcification in atherosclerosis and the possible relationship between blood settling and deep
venous thrombosis. A further contribution from SWI to DVT research (and also stroke)
involves its application to the noninvasive measurement of oxygen saturation in the brain and
in other tissues. Altogether, SWI offers manifold and diverse avenues for further research
employing angiographic and venographic techniques.
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Label L-R A, B, C

Figure 1.

SWI data at 4T showing an mIP over 26mm of the magnitude (A, left), phase (B, center), and
SW (C, right) images. The SW images combine the contrast of the magnitude and phase images.
Note the magnitude and the SW processed data both have spatial inhomogeneities from rf
penetration effects while the phase image (b) is remarkably uniform.
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Figure 2.

Filtered phase images (A & B, left top and left bottom) and mIP of SW images over 8mm (C
& D, right top and right bottom) at 3T (B, D bottom) and 7T (A,C top) at identical resolutions
on the same volunteer. This shows the improved visualization of veins at higher fields due to
the higher SNR and increased susceptibility even at the same resolution. Imaging parameters
are TR/TE/FA = 45ms/28ms/15° at 3T and 35ms/16ms/15° at 7T with identical resolutions of
0.44x0.44x2mm?3 (images courtesy of Yulin Ge, New York University).
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Figure 3.

Both the MRA maximum intensity projection over 128 slices (A, left) and the minimum
intensity projection over 32 SWI filtered phase slices (B, right) are acquired from a single echo
SWI data set. The data were acquired at 3T with: TR = 35ms, TE = 15ms, FA = 15°, 0.5mm
isotropic resolution, and 128 partitions. These high resolution scans depict the usual M4 arteries
with excellent edge definition. There are some flow related losses in the MCA. The venous
network is seen to be quite different than the arterial network in its distribution of vessels.
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Figure 4.

Both the MRA maximum intensity projection (A, left) and the minimum intensity projection
over SWI processed data (B, right) are acquired from a single echo SWI data set with 0.5mm
isotropic resolution. The data were acquired at 4T with: TR = 26ms, TE = 15ms, FA = 11°,
and 80 partitions. These high resolution scans depict the usual M4 arteries with excellent edge
definition. Again, the venous anatomy is seen to be quite different than the arterial pattern. The
4T image shows the capability of higher fields to produce better MRAYV images.
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Figure 5.

Traumatic brain injury is often occult to conventional imaging methods in CT or MRI. Here,
we show a case of a motorcycle accident where conventional MR methods were unable to
locate the many bleeds present. A, The gradient echo image shows some sign of a microbleed
(arrow). B, SWI shows a number of venous confluences (particularly striking is the junction
of the medullary veins with the septal vein) that have shearing injury. The smaller microbleeds
are likely due to shearing of the venules (see also Figure 12). C, The post-contrast T1-weighted
image shows no evidence of vascular damage.
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Figure 6.

An example of severe traumatic brain injury. The T1 image (A, left) shows dark signal in the
lateral horns of the ventricles and some suspicious low signal intensity in the corpus callosum.
The FLAIR image (B, center) shows some edema in the corpus callosum. The SWI data (C,
right) clearly shows a hemorrhage inside the posterior horn of the right lateral ventricle (long
black arrow) and a hemorrhage in the corpus callosum (short white arrow). (Images courtesy
of Lei Jing, Tianjin Huan Hospital, China.)
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Figure 7.

Delineation of femoral artery wall in a normal subject. Magnitude image (A, left) shows the
lumen bright which serves as a good marker between the inside wall and blood. Note the vessel
wall is straight with no indication of wall thickening. The phase image (B, right) shows the
vessel wall with a brighter than background signal indicating that the vessel wall is diamagnetic.
The phase of the venous wall appears to be brighter than that of the arterial wall indicating it
is even more diamagnetic than the arterial wall.
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Figure 8.

CT scan (A, left) showing calcification at the edge of the popliteal artery just behind the knee.
Magnitude gradient echo image (B, center) showing the signal loss from the calcification in
the same area. SWI filtered phase image (C, right) showing the diamagnetic effect from the
calcification. Note the similar shape and extent of the calcification in both the CT and MR
results.
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Figure 9.
(A, Left) early scan (~10min) and (B, right) late scan (~40min). Notice in the late scan the dark
layers on the bottom are more prominent than in the early scan. Male, age 54.
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Mo. of Pixels

Figure 10.
(A, the top left image) is the associated phase image to B (the top right image) which represents

the magnitude image from a TE = 25ms scan The fitted line shows the profile through the phase
of the background, artery and vein. The phase values along the profile (black line starting from
bottom right moving to top left of the line) in the A runs through the background tissue, artery
and vein which are measured. The phase values from the background are then fitted to a
parabola and subtracted from the phases along the profile (black line) to create a background
corrected phase of the artery (larger vessel) and vein (smaller vessel).

Magn Reson Imaging Clin N Am. Author manuscript; available in PMC 2010 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barnes and Haacke Page 25

A value

25

0.5

AvsY AvsY

A value

50 55 60 65 70 75 50 55 60 65 70
Oxygen Saturation (%) Oxygen Saturation (%)
Figure 11.

A(left) Plot of A versus oxygen saturation for the 4 subjects using a high pass filter approach
to remove low spatial frequency background. B (right) Plot of A versus oxygen saturation for
the 4 subjects using a least squares fit to a two dimensional quadratic function to remove the
phase. If the oxygen saturation is known to be 70% that would suggest that A = 1.5.
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Table 1
Suggested parameters for SWI as a function of field strength. Usually a bandwidth of 100 Hz/pixel is used but lower
bandwidths are possible at the expense of more distortion near air/tissue interfaces and loss of rapidly flowing blood
signal in the center of the arteries.
Recommended SWI Venography Parameters

Field FA in degrees TRinms TE inms
15T 20 50 40
3T 12 30 20
4T 12 25 15
T 10-15 25 10-15
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