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Abstract

Recently a method called CISSCO (Complex Image Summation around a Spherical or a
Cylindrical Object) was introduced for accurately quantifying the susceptibility and the radius of
any narrow cylindrical object at any orientation using a typical two-echo gradient echo sequence.
This work further optimizes the method for quantifying oxygen saturation in small cerebral veins
in the human brain. The revised method is first validated through numerical simulations and then
applied to data from phantom and human brain. The effect of phase high pass filtering on the
quantified parameters is studied and procedures for mitigating its adverse effects are suggested.
Uncertainty of each measurement is estimated from the error propagation method. It is shown that
the revised method allows for accurate quantification of both the vessel size and its oxygen
saturation even in the case of a low SNR (signal to noise ratio) in the vein. The results are self
consistent across different veins within a given subject with a variation of less than 6%. Finally,
imaging parameters and some procedures are suggested for accurate susceptibility and radius
quantifications of small human veins.
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1. Introduction

Measuring oxygen saturation can provide an important clinical diagnostic tool.
Susceptibility of the venous blood is directly related to the oxygenation level of the blood,
(e.g., [1,2]). Several groups have developed methods to quantify the susceptibility of veins
[3-14]. Some researchers have measured the susceptibility of veins using complex images
from multi-echo gradient echo sequences [4,7], while others have estimated venous
susceptibility values only from phase information [5,6,13,14]. Sedlacik et al. [7] has
quantified the susceptibilities and sizes of veins by fitting the oscillating signals from 20-
echo gradient echo images. The main disadavntage of their method is the long scan time.

*PACS: 87.57.N-, 87.61.Ff, 87.61.Tg.
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The susceptibilities of veins have also been quantified using quantitative susceptibility
mapping (QSM) techniques [8-11,13]. However, the accuracy of quantified susceptibility of
a cylindrical object decreases when the size of the object decreases [8,15], mainly due to
partial-voluming. We have developed an alternate method (CISSCO) of quantifying
magnetic moment, susceptibility, and the size of the narrow cylindrical object [15,16,17]
even if they are partial volumed. The results from CISSCO can differ from the expected
susceptibilities by 5% but other QSM methods can differ by 30% [16,15]. However, before
CISSCO can be used practically, the problems connected with local phase induced from
other tissues, low SNR of veins at long echo times, and little (or no) phase information
outside veins at low orientations must be dealt with.

In this paper, we have improved our CISSCO method by using double echo gradient echo
images for the quantifications of venous susceptibilities and sizes. Practically, as long as the
ratio of the length to the diameter of a vein is at least 5:1, we can model the middle portion
of the vein as an infinitely long cylinder. Finally, based on uncertainty analyses, we suggest
imaging parameters and procedures for susceptibility and radius quantifications of veins at 3
T.

2. Methods and materials

2.1. Theory: susceptibility quantification of a cylindrical object with an MR signal

A more complete description of our original CISSCO method for susceptibility
quantification of a cylindrical object with an MR signal has been presented in [15]. Here we
summarize the major points and equations. Our method adds up complex MR signals around
a cylindrical object of interest and equates that complex sum to equations containing the
unknown susceptibility value and radius of the cylinder. We then systematically solve the
unknowns.

If the radius of a cylindrical object is a, the overall MR complex signal Swithin a coaxial
cylinder with radius R is
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where £ is the slice thickness of the image or can be an arbitrary length of the cylindrical
object, pg is the effective spin density of the tissue outside the object, pg ¢ is the effective
spin density inside the object, & is the effective magnetic moment, which can be expressed
by £ =ga? - sin0=g'a?, g’=g - sin0 is the extremum phase value at the surface of the
object, 0 is the orientation of the cylinder (see Fig. 1a) and can be estimated from images
[15], g=0.5yBoAy T, v is the proton gyromagnetic ratio (2r - 42.58 MHz/T), By is the main
magnetic field, Ay is the susceptibility difference between the regions inside and outside the

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Hsieh et al.

Page 3

object (hereafter, Ay refers to susceptibility), Tg is the echo time, and Jy is the zeroth order
Bessel function. The complex signal Scan be directly calculated from images.

Note that our effective magnetic moment & is linearly proportional to Tg and the word
“effective” is dropped hereafter. Four unknowns in Eq. (1) are the radius, susceptibility, and
two spin densities (pg c and pp). The two effective spin densities depend on imaging
parameters, actual spin densities, and relaxation times T1 and T». Eq. (1) is valid only when
the image slice is perpendicular to the axis of the cylindrical object. We have adopted SI
units throughout this paper.

If we choose three coaxial cylinders with radii Ry > Ry, > Rz around the cylinder of interest
in Fig. 1(b), with the use of Eq. (1), we can write down the following equation with & being
the only unknown and solve it

o/R3 0/R?
Re(Sy — S5) / S o) =Re(S2 — 55) / @)

g)/Rg g;/}?g
Then we can solve for pg from Re(S; — $) using Eq. (1).

After solving § and pg, by eliminating Trﬁazpo’C in Eq. (1), the complex signal Scan be
rewritten in terms of the susceptibility Ay as

/
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where Re(S) and Im(S) are the real part and the imaginary part of the complex signal S
respectively. Both values are directly calculated from images. After solving for Ay, we can

solve radius a from V¢/9' [15].

2.1.1. Solution of the measured susceptibility—In theory, Eg. (4) should lead to a
solution of the measured susceptibility Ay. However, due to the presence of noise in images,
it is possible that we cannot obtain a solution from Eq. (4). In other words, h(Ay) defined in
the following equation rewritten from Eq. (4) is not zero.

’

M(AX) = Re(S)singin — I(S)cossi — lpopsingin [ delo(a)/+*

©/R2

In this situation, we can derive the uncertainty of Eq. (5) (see Appendix A)

2 g . 2
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where Ax and Ay are in-plane resolutions, o is the standard deviation of the signal, and 6 is
the uncertainty of the magnetic moment. The goal is to estimate Ay, which is not known yet.
If we plot h(Ay) £6h(Ay) as a function of Ay and search for the range of Ay when h(Ay) +
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8h(Ay) = 0, then the center of the Ay range can be considered as the measured Ay. In
addition, half of the Ay range can also be considered as the uncertainty of Ay.

2.1.2. Improved procedures for susceptibility quantification of objects at large
orientations—When a cylindrical object with a large orientation relative to the main field
has sufficient phase values and SNRs both inside and outside, our above procedures can
solve the susceptibility and radius of the object from a single echo gradient echo image [15].
However, for susceptibility quantifications of veins, SNRs inside veins (i.e., pg ¢/o) can be
low at long echo times. The lower the SNR is inside a vein, the larger the uncertainty of the
measured susceptibility. For example, if the SNR inside a vein is lower than 3:1, the
uncertainty of the susceptibility can be higher than 50%. Using gradient echo images from
two echoes can reduce the uncertainty of the measured susceptibility. We can first quantify
the magnetic moment & of a given vein using Eq. (3) from the longer echo time, as the
uncertainty of § at the longer echo time is smaller [17]. Then we scale the magnetic moment
to the shorter echo time and solve the susceptibility of the same vein using Eq. (4) at the
shorter echo time. This is because at the shorter echo time, we have a higher SNR inside the
vein for more accurate susceptibility quantification. However, this echo time cannot be too
short, as we still need sufficient phase value and SNR inside the vein.

2.1.3. Solving susceptibilities of objects at small orientations—This scenario and
its mathematical derivations have been described in [15]. Briefly, as little or no phase
distributions are outside cylindrical objects at small orientations relative to the main field, it
is very difficult to accurately quantify the magnetic moment. We can bypass this problem
with the following approach. Consider the expansion of Eq. (4)

12 4 124
Re(85)sinin,n=Im(S,)c08@in,n+mLpo nSilPin n (RQ—f— ngaQ —ad® - %) )

where the subscript n is referred to each variable obtained at the nh echo time Te, Applying
two coaxial cylinders to images acquired at each echo time, we can first solve each pg .
Then using images from different echo times, we can solve the susceptibility and cross-
sectional area of the object of interest from the following equation and Eq. (7) through an
iterative procedure

(po2Re(S1) — po,1Re(S2)) sin (¢in, 1) sin (¢in,2)
. . a® a? 2 2
=mlpo,1p0.2510 (Gin, 1) S0 (Gim,2) - (1 - ﬁ) (glz - 9/1) ®)
+po,2Im(S1)sin (Gin,2) cos (Gin,1) — po,1Im(S2)sin (Gin,1) cos (Pin,2)

Due to little phase outside the vein, we visually determined the center of the vein. The
slightly inaccurate determination of the center would not alter our quantified results later.
We selected two disk areas, A; > Ay, centering around the vein and we summed up the
overall complex signals U and U, within the areas. Note that for biological tissues, the
susceptibility solved from Eq. (8) is unique [15]. After solving for Ay and ma?, po,c can be
solved from the imaginary part Im(S) = Tréapo’C sin @jp, of the image.
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2.2. Revisions of our method due to the presence of a local uniform field

Even if we can precisely remove the background fields due to air/tissue interfaces,
susceptibility differences between tissues will still produce fields around the vein of interest.
Thus, we need to take this into account in our equations. As the phase induced by other
tissues in the local area around the vein of interest perhaps varies slowly, we may
approximate that phase to be a constant, @pg. As a result, the complex signal Sshown in Eq.
(1) becomes U = Sel@bkg, This local background phase does not affect the quantification of
magnetic moment. We will explain the reason in Section 2.2.3. However, the background
field could affect the accuracy of searching the center of the object and will definitely affect
the susceptibility quantification. The following three subsections describe the effects on the
center determination and magnetic moment. We will also show how to estimate this local
background phase.

2.2.1. Identification of the center of the object—In our procedures, we first need to
determine the center of a given object. We can identify the center by minimizing the overall
real part of the complex signal within a circle enclosing the object [17]. This circle has a
radius Rand is chosen by us. With the existence of opyg, this procedure may fail. However,
from Appendix B, we have proved that if [y is less than m/4 and if the maximal phase
value at the boundary of the circle (|$/R?|) is less than 2.63 radians, then our original
procedure of finding the center of the object will still be valid.

2.2.2. Magnetic moment quantification—With the existence of ppg, the overall signal
in an annular region becomes

o/ R dx

Uj — Ui=€"®smlpyp / —=5(@) ()

o/ R2
o/ i

where the subscripts i and j refer to different coaxial cylinders or concentric circles. The
magnetic moment can again be solved by using Eq. (3). It should be clear that gpyg cancels
out in Eq. (3) and it does not change the solution of Eq. (3). Alternatively, we can also
replace Re(U;j — Uj) in Eq. (3) by |U; - Uj|.

2.2.3. Local background phase estimation—Since the imaginary part of the overall
signal within a coaxial cylinder only comes from the object itself (see Eq. (1)), we can
calculate @pyg from the annular region between R, and Rs. From Eq. (9),

-1 Im( Ug — Ug)

=t _—
o= T )

(10)

After estimating opyg, We subtract pyg from the phase image, and then calculate the
complex signal S Next, we quantify the magnetic moment with Eq. (3) and other unknowns
including the susceptibility.

If the orientation of an object is small, such that no sufficient phase distribution is outside
the object, we can still consider an annular region around the object and use Eq. (10) to
estimate opkg- In this case, the signal symbol U represents the complex signal summed
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around the object. In fact, the area that leads to the signal U does not need to be a circular
region. In addition, we do not need to identify the center of the object in this case.

2.3. Simulations

All of our following simulations, except for those in the high pass filter studies, assumed a
main field of 3 T, Ay of 0.4 ppm, and radius of the object a = 1 pixel. In those simulations,
the orientation of the object was perpendicular to the main field, except for two cases where
the objects had relatively small orientations (10° and 30°). We simulated each cylindrical
object on a 4096 x 4096 matrix and converted the matrix to 256 x 256 through Fourier
transformation. We also added the Gaussian noise in images such that pp/o is 10:1 at Te =0
ms, with an infinite T,. Similarly, pg o/o is 9:1 at Tg = 0 ms, with a 735 of the object to be 24
ms. Detailed descriptions of these procedures can be found in [17,15]. From pgcat Te =0
ms and the 73 value, with o assigned to be unity, pg c were 4.4, 3.3, and 2.6 at Tg = 17 ms,
24 ms, and 30 ms, respectively. These were the echo times selectively used in the following
scenarios, except for the high pass filter studies.

2.3.1. Presence of the local background field—In order to validate our ideas
presented in Section 2.2, in this subsection we purposely added a local background phase of
0.1 radian into simulated images at Tg = 24 ms. We estimated the local background phase
using Eq. (10). Then we quantified the magnetic moment from Eg. (3), susceptibility value
from Eq. (4), and other unknowns, with and without the removal of the background phase.

2.3.2. Susceptibility quantification at large orientations—We simulated two sets of
images at Te = 17 ms and Tg = 30 ms for an object perpendicular to the main field. The
magnetic moment & at Tg = 30 ms was first quantified from Eq. (3). We then scaled § to
the value at Tg = 17 ms. From the images at Tg = 17 ms, we quantified the susceptibility.

2.3.3. Susceptibility quantification at low orientations—In this set of simulations,
we simulated two objects. One object was simulated with an orientation of 10° at Tg = 17
ms and Tg = 24 ms. The other object had an orientation of 30° but was simulated at two
different echo time combinations, Te =17 ms and Te =24 ms, and Te = 17 ms and Tg = 30
ms. We quantified susceptibility, cross-sectional area, and two spin densities of these three
cases with Eqgs. (7) and (8).

2.3.4. Influence of the high pass filter—For this set of studies, we simulated
cylindrical objects at Bp = 3 T, Ay = 0. ppm, a= 1 pixel and 3 pixels, and Tg = 10, 20, 30,
40, and 50 ms. Both perpendicular and parallel orientation were simulated on 1024 x 1024
matrices which were further converted to 64 x 64 matrices through Fourier transformations.
No Gaussian noise or T, decay were included in any of these simulated images. We chose pg
=po,c=10.

We applied the homodyne high pass filter (16 x 16) to these simulated images. In order to
study the high pass filter effect, we quantified and compared the magnetic moment of each
object at perpendicular orientation with and without the application of the high pass filter. In
addition, we also compared the phase value inside each object at both orientations with and
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without the high pass filter. If the magnetic moment and phase value inside each object do
not change before and after the application of the high pass filter, then we know the high
pass filter has no influence onto our quantifications of the magnetic moment and
susceptibility. Given the convenient use of the high pass filter, we chose the high pass filter
in this work over other background phase removal methods.

2.4. Re-examination of phantom images with an object at a low orientation

In our previous work [15], we applied the methods described in Section 2.1.3 to objects at
the parallel orientation. Here, we want to show that those methods are also applicable to
objects at low orientations. Thus, we re-examined phantom images in [15] with a straw
oriented at 28.2° from the main field and filled by the Gadolinium solution with a theoretical
Ay =0.58 + 0.05 ppm. The diameter of the straw was 4.92 £ 0.02 mm, which led to a cross-
sectional area of 19.0 + 0.2 mm2. The images were acquired from a single-echo 3D gradient
echo sequence on 3 T, repeated three times with three different echo times: Tg = 11 ms, 17
ms, and 20 ms. The image resolution was 1 mm isotropic. We quantified susceptibilities and
radii of the straw from two slices (number 12 and 16) for comparisons. For each slice, we
obtained quantified values from two sets of echo time combinations. One set used Tg = 11
ms and 17 ms and the other set used Tg = 11 ms and 20 ms.

The background phase of those phantom images were already removed by a manual phase
unwrapping method and a 2D quadratic fitting program. Thus, we did not apply the high
pass filter to those images. An example of the magnitude and phase image of the Gd-DTPA
doped straw are shown in Fig. 2a and b.

2.5. Uncertainties of susceptibility and other unknowns

The two major independent noise sources contributing uncertainties in our quantified results
are from the Gaussian noise and the systematic noise due to discrete pixels, partial volume
effect, and Gibbs ringing in images. Uncertainties of quantified unknowns can be derived
from the error propagation method [18]. These have been discussed in the past (e.g. [15]).

However, if the choice of radius g = Rg used in Eq. (4) is larger than Ry (see Fig. 1(b)),
which is used to quantify the magnetic moment, then we need to rederive the uncertainties
of the measured susceptibility value, the cross-sectional area of the object, and the spin

density inside the object. In this scenario, as the annular region between R; and Ry overlaps
with the annular region between R, and Rs, we must rewrite §(S-S3) in terms of 5(.5, — Ss)
and §(S, — s:;), where the signal s:; is the overall complex signal within R;. In Appendix C,

we show the uncertainties of quantified variables when Rr,> R, > R;.

In this work, we use a two-echo approach to solve susceptibilities of cylindrical objects. As
we guantify magnetic moment and susceptibility from two different images, no correlation is
between measured results. We provide uncertainty formulas in Appendices D and E. For
cylindrical objects at low orientations, we derive uncertainties of the susceptibility and the
cross-sectional area (8Ay/Ay and 8Ag/Ag) by varying susceptibility and area in Eq. (7). We
treat 8Ay/Ay and 8Ag/Ag as two unknowns in a new set of linear equations derived from the
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variations of Eq. (7). Then we solve 8Ay/Ay and 8Ay/Aq simultaneously from this new set of
linear equations. We evaluate these two uncertainties through the error propagation method.

2.6. In vivo MR data collection and processing

3. Results

We applied our methods to several isolated veins (see Figs. 3 and 4) from branches of
anterior, inferior, superior cerebral veins, and transverse sinus, which were from two sets of
existing MR images [8,9]. A 3D gradient echo single-echo sequence with velocity
compensation in all three directions was used for the acquisitions of both datasets. One set
of the images was acquired from a female volunteer at a 3.96 T Bruker machine. A single
channel birdcage head coil was used in this case. The imaging parameters were: isotropic
resolution 0.5 mm, Tg = 11.6 ms and 19.2 ms, Tgr = 26.0 ms, flip angle = 11°, read
bandwidth = 120 Hz/pixel and field of view = 256 mm x 176 mm x 45 mm. The k-space
data were used for analyses. The scan was performed twice, but individually for each echo
time.

The other set of images was acquired from a male volunteer at a 2.89 T Siemens VERIO
machine. A 12-channel head coil was used in this case. The imaging parameters were:
isotropic resolution 0.5 mm, Tg = 14.3 ms and 17.3 ms, T = 26 ms, flip angle = 15°, read
bandwidth = 121 Hz/pixel, and field of view = 256 mm x 184 mm x 128 mm. Only
combined magnitude and phase images were saved for this scan. The images were also
acquired twice, one from each individual echo time.

With these two sets of existing images, we first displayed each vein of interest from the
transverse, coronal, and sagittal plane. Fig. 3 shows an example. Then we estimated the
direction and orientation of the vein from those three imaging planes. The detailed
procedure of estimating the orientation of a cylindrical object was given in [15]. We
summarize other post-processing procedures in the flow chart in Fig. 5. For comparisons, we
also solved for the susceptibility of the vein from Eq. (4) at the longer echo time. In some

cases, R; was chosen between Ry and Rs.

In this section, we present results of quantified magnetic moments, susceptibility values,
cross-sectional areas of cylindrical objects, and spin densities from simulations, previous
phantom images, and existing human data.

3.1. Simulations

3.1.1. Presence of the local background field—With the assigned local background
phase of 0.1 radian, we have estimated a local background phase of 0.10 radian using radii
1.5 pixels and 2.5 pixels in Eq. (10). The measured magnetic moments are the same with
and without the correction of the local background phase. However, the quantified
susceptibility value and other parameters are improved with the correction of the local
background phase (see Table 1). This shows that it is necessary to correct a small local
background phase.

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsieh et al.

Page 9

3.1.2. Susceptibility quantifications at large orientations—Using the quantified
magnetic moment from Tg = 30 ms scaled to that at Tz = 17 ms as an input to Eq. (4), the
precision of the measured susceptibility at Tz = 17 ms is improved. The quantified magnetic
moment at Tg = 30 ms is 4.86 + 0.34 rad - pixel2, compared to the input value of 4.82 rad -
pixel2. Table 2 lists the magnetic moment directly quantified from Tg = 17 ms or scaled
from Tg = 30 ms, and their associated susceptibilities and cross-sectional areas solved from

Eq. (4).

3.1.3. Susceptibility quantifications at low orientations—The results of measured
susceptibility values agree with the theoretical value within 5%. The quantified cross-
sectional areas of the objects agree with the input value within 8%. These results are shown
in Table 3. We also find that this approach is suitable for objects with orientations up to 40°.

3.1.4. Influence of the high pass filter—For cylindrical objects whose radii are 1 pixel,
quantified magnetic moments and phase values are almost the same with or without the
application of the high pass filter (see Table 4). It indicates that quantifications of small
objects are not affected by the high pass filter. Therefore, our in vivo results are unlikely
affected by the chosen size of the high pass filter. We note that due to the partial volume
effect, some measured phase values inside objects can be much smaller than the actual phase
values. However, quantified susceptibility values using our method still agree well with
input values.

For cylindrical objects whose radii are 3 pixels, quantified magnetic moments using our
method with or without the application of the high pass filter can become very different
when the echo time is 30 ms or longer (see Table 4). In addition, even at Tg = 10 ms,
measured phase values (from central pixels completely inside each object) can already be
different with the use of the high pass filter. This shows that the high-pass filter can
influence susceptibility quantification when an object is slightly large.

With the applications of the high pass filter, if a phantom or a brain does not occupy the
entire image, our further simulations show that the phase value inside a cylindrical object
can be further reduced. The reduction depends on the phantom size (or the brain size), object
size, object orientation, the original phase value inside the object, or the size of the high pass
filter. This was the reason why we cropped the human images before we applied the high
pass filter.

3.2. Re-examination of the previous phantom images

Table 5 lists phantom results from an object at the low orientation (28.2°). The differences
between the quantified susceptibility values and the expected value (0.58 ppm) are less than
10%. However, the differences between the measured cross-sectional areas and the true
value (19.0 = 0.2 mm2) can be up to 30%. The uncertainties of these results are about one
third of those results quantified from the previous single echo approach using Eq. (4) [15].
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3.3. Results from existing human images

Our quantified susceptibility values shown in Table 6a in general agree with values (0.37-
0.54 ppm) from other recent work [10,13,11]. However, our susceptibility values of 5 veins
in different regions of each volunteer’s brain are close to each other. The typical
susceptibility value from a vein of a healthy person is about 0.41 ppm, if we assume an
oxygenation level of 70%, a Hemoticrit of 40%, and a susceptibility difference between
fully deoxygenated blood and oxygenated blood of 3.39 ppm [19]. From the measured cross-
sectional area of each vein in Table 6a, we find that the diameters of analyzed vein range
from 1.2 to 3.0 pixels.

For comparisons, Table 6b lists the results of magnetic moments, susceptibility values,
cross-sectional areas, and other variables of veins quantified from the longer echo time of
each volunteer’s images. We find that in general the results of susceptibility values, cross-
sectional areas, and spin densities inside veins have larger uncertainties than those results in
Table 6a. The susceptibility values in highlighted grey areas in Table 6 were estimated using

Eq. (6).

For veins at low orientations, we have quantified two vessels with orientations of 20° + 5°
and 29° + 3° at T = 11.6 ms from 3.96 T images. As the volunteer moved between the
scans, at Tg = 19.2 ms, the orientation of the latter vein changed from 29° + 3° to 16° + 5°,
but the orientation of the former vein did not change. The susceptibility value of the former
vein is 0.46 + 0.11 ppm and its cross-sectional area is 1.51 + 1.23 pixel2. The susceptibility
value of the latter vein is 0.43 + 0.03 ppm and its cross-sectional area is 4.37 + 1.18 pixel2.
These two susceptibility values are in good agreement with those shown in Table 6a.

We have also estimated susceptibility values of veins at low orientations from 2.89 T.
However, the quantified values are about 0.6 ppm. A closer examination reveals that phase
values inside those veins are much higher than the expected value at Tg = 14.3 ms, but are
about the same as the expected values at Tg = 17.3 ms if a susceptibility of 0.40 ppm is
assumed. After we further examine the data, we believe that this problem is due to the
combination of multi-channel phase images.

4. Discussions

Our averaged susceptibility values of veins from Table 6a for two volunteers imaged at 3.96
Tand 2.89 T are 0.46 £ 0.02 ppm and 0.39 + 0.02 ppm, respectively. For the purpose of
comparing results below from other groups, the calculated standard deviations here have
neglected the uncertainty of the susceptibility of each vein. The standard deviation, 0.02
ppm, is smaller than those from other recent results. For example, the averaged
susceptibility values of veins in each volunteer for three volunteers in the work by [10] are
0.54 +0.13 ppm, 0.49 £+ 0.09 ppm, and 0.53 + 0.09 ppm. Note that these averaged
susceptibility values are higher than our values. In addition, the averaged diameter of
quantified veins from [10] is 4.5 pixels, compared to a range of 1.2-3.0 pixels from our
images.
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In the work by [11], the averaged susceptibility value of 48 veins from 8 volunteers (7 of
whom are male) is 0.37 ppm. The standard deviation of the susceptibility quantified from 6
cortical veins of each volunteer is between 0.04 ppm and 0.08 ppm (see Fig. 5b of [11]). In
another work by [13], the averaged susceptibility value of small veins from 6 subjects is
0.45 + 0.02 ppm. The phase and the statistical method described in [13] require subjects to
breathe in PCO, and PO, independently at 7 T.

In our previous work [15], when the orientation of the cylindrical object is around the magic
angle (54.7°), Eq. (4) cannot solve for the susceptibility of the object. However, for the vein
around the magic angle, we may quantify the susceptibility of this vein by obtaining the
magnetic moment in the typical gradient echo sequence and measuring the size of this vein
by applying the dark blood spin echo sequence.

With uncertainty formulas given in the Appendices of this paper and in Appendix B of [15],
we can optimize imaging parameters by minimizing the uncertainties of susceptibilities of
small veins but keeping reasonable imaging time of a two-echo 3D gradient echo sequence.
The first consideration is the image resolution. If we are interested in veins with diameters
similar to those quantified in this work (at least 0.5 mm in diameter), we can reduce the
isotropic image resolution to 0.6 mm. Second, if our goal is to maintain uncertainties of the
susceptibility less than 35% from a 3 T machine, for most veins with a diameter of at least
two pixels, SNR at least 5.7 to 1 from the shorter echo time, and with orientations either
larger than 70° or smaller than 30°, we can choose Tg to be 17 ms and 24 ms. The choice of
24 ms is because this value is close to 7 of the venous blood [20]. The choice of 17 ms is to
have some time difference away from 24 ms, but Tg = 17 ms is still long enough such that
we have sufficient phase values inside those veins of interest. If we choose Trto be 28 ms
and a transverse scan with a field of view of 256 mm x 192 mm and a slab coverage of 128
mm, the scan time will be about 32 minutes. If we choose Tg to be 17 ms and 30 ms and Tr
to be 35 ms, with other parameters being the same, the scan time will be about 40 minutes.
However, the uncertainties of the susceptibility for the same veins will be reduced to 16%.
This can be seen from results shown in Tables 2 and 3. If a vein has a length to diameter
ratio of more than 5:1, depending on the length of the vein, it may be possible to average
quantified susceptibility values from several slices. This will further reduce the uncertainty
of the measurement.

Another possible way to reduce the uncertainty of the measured susceptibility from a vein at
a large orientation is to inject the contrast agent (Gd-DTPA) into subjects. Here we assume
that the vessel size does not change before and after the injection. We can first determine the
size of the vein from post-contrast images and then calculate the susceptibility of the same
vein from pre-contrast images. Our simulations indicate that this approach can lead to an
uncertainty less than 15% with the above parameters of the vein and with Tg = 17 ms and 24
ms.

For the consideration of scan time, if a typical neuro protocol has covered the entire brain
with either T1-weighted or To-weighted sequence, then we may use these suggested
parameters of the 3D gradient echo sequence to cover only a portion of the brain in which
susceptibilities of veins are interested to clinicians. If we just cover 64 slices, the scan time
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will be less than 12 minutes. We may further reduce this scan time by enabling parallel
imaging.

5. Conclusion

With the improved procedures that take into account practical issues in MR imaging, we
have demonstrated that magnetic susceptibilities and cross-sectional areas of veins at
different orientations can be quantified with reasonable accuracy and precision. The
susceptibility values of different veins are almost the same for each volunteer, while the
susceptibility values differ between the two volunteers in this work. We have also shown
that our post processing procedures will not be affected by subject movements between
scans.
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Appendix A. Derivation of Eq. (6) for the estimation of susceptibility

We estimate the uncertainty of Eq. (5) by deriving the variation of h(Ay). As the
susceptibility has not been solved yet, we do not consider the variation of the susceptibility.
We also neglect the uncertainty of py.

’ 2
Sh(Ax)=[0Re(S)|singn—[8Im(S)]|cosdin—mLposing,(dgp) /g dz JU(;) +7T£p0(5p)sin¢mﬂ/lz)
Y o/R? z p/R
Jo(p/ R g’ Jo(z
=sing;, {(:taé \/AzAymR?) — (ol \/AxAyﬂ'R2> cotdin+mLpo(8p) <% — /Z/RZ dm%)]

Here we only consider the thermal noise in SRe(S) and 8Im(S). As Re(S), Im(S), and &
are uncorrelated with each other with the proper choices of Ry, Ry, and Rg, the uncertainty of
h(Ay) is

2 g - 2
6h<Ax>m=$ (o0 \/BedymE2) 4507 (Wposm%n (% -7 a? )>>

Y o/R2

The uncertainty of magnetic moment, 5, is calculated from Eqg. (15) in [17]. The Gaussian
noise, o, may be measured from the background of magnitude images.

Appendix B. Identifying the object center with the presence of a local
uniform field

With an assumed constant local background phase, ¢pkg, the MR complex signal, S
becomes Sel¢bkg, With Eq. (B.1) from [17], which shows the second derivatives of the
original signal Swithin a radius R,
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the real parts of the second derivatives of S&®bkg are
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When 0 < [2/R?| < 2.63, J;(|2/R?]) > J»(|$2/R?]) > 0. In addition, when |gpygl < 7/4, we have
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As the real parts of second derivatives are positive, this proves that our searching algorithm
for the center of the object is still valid.

Appendix C. Uncertainty of susceptibility quantified from the same image

These formulas are for magnetic moments and susceptibility values quantified from the
same image and for cylinders at large orientations. In addition, the area chosen for

quantifying the susceptibility, wR’?, overlaps part of the area, =(RZ — R32) (see Fig. 1b). The
latter area is one of the annular regions for quantifying the magnetic moment. Because of
this overlapping, we need to carefully separate these regions and ensure no correlation
between those regions. We only use these formulas in this paper for comparison purpose,

and we typically do not suggest having overlapping areas. As in theory, [m(sfg — Sg) s zero,

we have neglected the uncertainty of /m(S; — S5).

Tlo

0AY

\/592A2+(5R;§53))232+(611772(:’5)) C2+( ($1 Sz)) (E(Sﬂge;ss))2E2+(5(SgSz)>2F2 (c.
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where SNRg = po/o, o is the standard deviation of the thermal noise in images, and SNRg ¢
= pO|C/0'
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where ¢g is defined as the percentage difference between the theoretical Re(S3) and
measured Re(S3) directly summed from simulated images without the Gaussian noise.
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2
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p 7 7cg, n

wlo

where ¢, is defined as the percentage difference between the theoretical Im(S;) and measured
Im(S;) directly summed from simulated images without the Gaussian noise.

5(S; —

mlo

S5) AzAy 9

where ¢ij = 8(§-§)/(§-5) for i,j = 1,2,3 and the index i or j refers to the circle within
which the complex signal is added. Similarly, «jj should be interpreted as the percentage
difference between the theoretical S-S (which is a real number) and the real part of §-§
directly summed from images.

e (5) () () ()

where
has Jo(#2) _ Jo(¢1)
gz 1 s (}112-1-—¢2 =5 )
P phi <h12 J(;,(j?’ +hag Jod(ffl)—l—hsl Joéfz))

- (h12+—‘]°é‘§2) - _J0¢()<f>1)>

© <h12 J(;b(;f):s +h23 J(]é(f] ) +h31 J(]é)fQ))

H_
2

As the cross-sectional area of the cylinder is defined as Ag = ma?, the uncertainty of the
cross-sectional area is

5A0_[ A 2, (B\%[0Re(Ss)\? [C\?[/6Im(S5)\? [hiy F\%[8(S2— S,
A [<7+2C°w> w+(7) () +(7) () +(5-1) [

1/2
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where

I=|p/d'| (SNRo,c¢in — SNRoJo(g')singn )
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Appendix D. Uncertainty of susceptibility quantified from different images

The formulas here are suitable for unknowns quantified from different images. In addition,
these formulas are particularly for cylinders with orientations larger than 30°. When the
susceptibility is quantified from the shorter echo time with S3, which is enclosed by the
radius Rg, the uncertainty of the susceptibility is

SAY \/592A2+(M:TE5:*)>2BQ+<5IZ(53))202_|_(%P)2D2+<6(5;;‘752)>2E2

Ax 1]

_ Jo(¢3) 3 Jo(¢2) _ Jo(¢1) .
D= — |p|SNRy (—¢3 +h12 <—¢2 —¢1 )) sing;,  (D.1)

h3
E=—-sing;
Iy Singiny

1/2

el (5 (2 - 220 ()]

where the uncertainty of pg here is quantified from the image acquired at the shorter echo
time, with the choice of two concentric circles, Ry and Ry.
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Appendix E. Uncertainty of susceptibility for cylinders at small orientations

We derive these uncertainties based on the variations of the susceptibility and cross-
sectional area of a cylindrical object from images acquired at two echo times (Eq. (7)). In
this Appendix, subscripts 1 and 2 in the following equations refer to the values quantified
from echo time Tg, and Tg,, respectively. If none of the phase values from either echo time
is close to multiples of =, then these equations below lead to smaller and more realistic
uncertainties than those given in the Appendix B of [15].

SAY 1 SRe(S)\? 5Im(Sy)\> Spos )’
=g {(Bm)?( o) eacn (T ) +(B2D1)2(FTT> +(661)? (BSC1) -+ (B1Fa)?

9 1/2
(5Re(sg)>2+(BlGQ)2<5[m(52))2+(B1D2)2<m> +(665)2(B1Cy)?

lo mlo £0,2
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If the orientation of the object is measured only once from both echo times, the term (80;)2
(BoC1)2 + (80,)2(B1C2)? should be replaced by (86)2(B,C;—-B1C5)? in the above uncertainty
formula.

2

12
a
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/ 2
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where g4y, is the percentage difference between the theoretical spin density and the measured
spin density within the annular ring defined by radii Ry and Ry,. The subscript nin pg , or
@inn refers to each variable obtained at the nth echo time T,

(A1Gy)* (M)2+(A261)2 (M>2+(A2F1)2 ((53%551)>Z+(A1F2)2 <6Re(52)

lo mlo lo wlo

54y 1
Ao |E|

1/2

) )

+(A2D1)2(%> +(A1D2)2<‘zﬁ) +(591)2(A2C1)2+(502)2(A1C2)2}

If the orientation of the object is measured only once from both echo times, the term
(801)2(A2C1)? + (862)2(A1C5)? should be replaced by (80)2(A,C1—A;C)? in the above
uncertainty formula.

2 ) 2 2
6 1) 1) 6Im 6
Foen_ {(561)ZH2+( pm) H2+( Re(szl) Jz+(—j (SI)) K2+(602)2L2+< p0,2>
P0,c,n P mlo Tlo £0,2

)

M%(MYN%(Mm—(SQ))z@?}

wlo wlo

1/2

If the orientation of the object is measured only once from both echo times, the term
(801)2(H)? + (862)2(I.2 should be replaced by (80)2(H + L2 in the above uncertainty formula.

Cy

H=— 6n,1glsin201C0t¢in,1+ (A2 - B2¢in,n00t¢’m,n) E

. Cy
L= — 8, 2928in205c0t P, » — (A1 — B1din nCOtGin n) B

where 8y, 1 and 5y, » are Kronecker delta functions. The subscript n refers to each variable
measured at the nth echo time Te,y
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Fig. 1.
(@) A cylinder has an orientation 6 away from the main field. (b) A schematic drawing

shows the cross section of a cylindrical object with radius a, enclosed by four coaxial
pseudo cylinders whose radii are R, R;,, Ry, and R;. The MR signal within each pseudo

cylinder is S, SQ S, and S, respectively.
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a) b)

Fig. 2.

() The magnitude and (b) its associated filtered phase image at echo time 20 ms acquired
from a 3 T machine. The straw filled with Gd-DTPA solution had a diameter of 4.92 + 0.02
mm. The straw was immersed in a gel phantom and had an orientation of 28.2° to the main
field.
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Fig. 3.

Agset of 3D gradient echo images at Tg = 17.3 ms from 2.89 T shows a vein, whose
susceptibility has been analyzed. (a) Magnitude and (b) its associated phase image from a
volunteer. (c) Sagittal view of the same vein as shown in (a) and (b). The orientation of this
vein is 80° £ 3° to the main field. The same vein is also displayed in the coronal (d)
magnitude and (e) its associated phase image.
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a)

Fig. 4.

Agset of SWI images having minimal intensity projections (mIP) over 8 slices at Tg = 19.2
ms from 3.96 T shows a total of five well-separated veins. Quantified results of those veins
are listed in Table 6. The mIP images help to display the entire length of each vein, which is
not necessarily lying on the original transverse plane. Results of these veins are given in the
first 5 rows in Table 6.

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hsieh et al.

Page 26

Measure the orientation. €, of a vein

False True

’

Rotate the matrix of images such that
this vein is perpendicular to the new
image planes.

v

Select the middle section of the vein from Fig. 3(c). The selected image is
perpendicular to the vein, and is shown in Fig. 3(d).

A 4

Crop the magnitude and phase image to a matrix size of 64x64

Vv

Apply a 16x16 high pass filter to the 64x64 image

gﬂ 16x16 high
pass filter

a) Magnlitude b) Phase

False A00<6<60° True

C) Filtelred phase

60°<0 WV 0-40°
Calculate magnetic moment only
N v
Follow sections 2.1.2 and 2.2 to Follow sections 2.1.3and 2.2 to
solve the susceptibility and size solve the susceptibility and size of
of the object the object

T We used the DTI Processing and Utilities function in the MRI studio (http /www mristudio org) from

National Research Resource for Quantitative Functional MRI (http://www.mri-resource kennedykrieger.org/software )

Fig. 5.
The flow chart of in-vivo MR data post-processing procedures. The vein is pointed by the

yellow arrows at the center of (a), (b), and (c). The signals of this vein and of the
surrounding area in magnitude (a) and filtered phase images (c) have been used for
extracting the susceptibility and the cross-sectional area of the vein.
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Table 2

Quantified results from simulated images at Tg = 17 ms and with an orientation of 90°.

£ Dy, A

rad - pixel2 ppm pixel?

Noscaled 2.63+0.94 039+0.12 3.08%1.42
Scaled 275+£0.19 039007 3.25+1.69

The theoretical values of input parameters are given in the caption of Table 1. The second column lists the magnetic moment, §. The third column
lists the susceptibility value. The fourth column lists the cross-sectional area, A. The magnetic moment in the third row was quantified directly from

Eqg. (9). The theoretical value of # at TE =17 msis 2.73 rad - pixelz. The magnetic moment in the fourth row was scaled by the magnetic moment,

4.86 % 0.34 rad - pixel?, at TE = 30 ms.

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



Page 29

Hsieh et al.

"193[qo ay) apisino Aysuap
uids ann19aye pariuenb ayl sisij uwnjod yixis ayl “(2) *b3 ui pasn wed Areuifewi ayl woly pajenajed 198lqo ayl apisul Alisusp ulds aAnIa1a 8yl SIsi| uwinjod yuis 8yl *(2) b3 wouy parenajed JapunjAa
3U} JO BaJE [BUOII8S-SS01D 8y} SISI| UWN|0d yunoy ay L “18xid G'T s1 (8) *b3 Buiajos 1o} Y ‘snipes uasoyd ay L .N_mx_a ¥T°€ SI BaJR [EUOIII8S-SS04 [BI112108Y} 8yl pue wdd 70 SI X7 JO anjeA [edn1ai0ay} ay L

‘Anpigndsasns ayy Buirejnajed 1oy pasn sawiil 0Yyds 0M3 8y} Moys sasayuased apisul siaquinN “(8) 'b3 wouy paAjos X7 $)S1| uwin|od paiyl Yy "I 1 SISI| UWNjod puodss ay | "UOIBIUSIIO 8y} SISI| UWN|OD 1SI1Y BY L

0C0F9.6 VI+FGC 980F96¢C 0€
020F6.6 CT¥¢v ¥80%68C (0€/LT)S00F2r0 /T 0€
0C0¥886 8CFSY 09T+96¢C 144
0Z0¥686 LTFZV OLTF¥Te (WZLT)ETOF V0 LT 0€
0C0F686 O9TF¥E GLOFSTE 124
0Z0F¥686 O9TFZVv 8L0F.2€ (FZ/LT)EO0OFTIVO LT 0T
z1exid wdd sw  saibag
od 2'od v Xy 31 a1buy

"poOYIBW UOILIUBLIO MO] 8y} Buisn sabewl paje|nwis woJj synsaJ paignuend)

€9l|qel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



Page 30

Hsieh et al.

"UMOUS 10U aJe S)|nsal paliiuenb asay) Jo sanulenIsoun “plats ay) o1 || fesed s108lqo apisul sanjeA aseyd 1s1] UWINJOD YIUaAsa pue ‘yiybis ‘Yisis syl “plats ayy o} Jejnaipuadiad s10alqo apisul
sanjeA aseyd 1s1] UWNJOD YIUS) pue ‘YIUSASS ‘YLINOJ UL "¢f SIUSWIOW d11aufew syl MOYS UWNjod YIUIU puR ‘YIXIS ‘pAIyl 8yl “J1 SISl] unjod puodas ay -19alco ayl J0 e sniped sy SISl UWN|od 1siif 8y "paisl|
aJe 11y ssed ybiy ayy Buisn synsas pue ‘a1 ssed ybiy ayy Buisn INOYIIM S} NSal ‘sanjen [2a118I0ay ] “,0 PUe ,06 31am $19a[qo ayy Jo suoneiuaLio ay | 'sjaxid € pue [axid T a1am s393[go asayl Jo pel ay |

§9'G- 0T0 €ar 9€'S- ¢l 8¢L G€'S- 897¢ ¢eL 0§ €
08v- V€0 81Ty <c€v- 91¢ ¢85 8Cv- ¥I¢C 8.5 Oor €
LT~ ¥50 T9¢ 97— 697 gey Te- 191 ger  0€ €
09'T- 690 0Lc TT¢- 80T ¢6c vI¢- 10T 6'8¢ 0¢ €
TL0- ¥E€0 L'yl SOT- €90 6Vl L0T- VS0 A2 €
0€'S- 0S¢C 66'L ¢9S- <CE€T 92’8 G&'S- 89T 208 0§ T
00G- S6'T €99 687- 96T 999 8¢v- V¥I¢ 9 or T
9S'v- G991 1S €9v- Sv'1 9T's T¢'e- 197 a8y 0€ T
Wi- G50 ¥§'€ Sr'T- SS90 q8'e  vi'c- 10T 1ce  0C T
¢50- S€0 68T 890- 6£0 6LT LO0T- 90 19T 0T T
pes pes glaxid - pes pes pes glaxid - pes pes per gExid-pes  sw  jexid
ob  O6ch & ob 06y A ob 06y g 31 e
19111y ssed ybiH J91)1y ssed ybiy oN A10ayL

"SI} 0Yda Jualalp 1e ‘s19alqo apisul sanjeA aseyd pue $19a[go [eaLIpul}A2 Jo Stuswow dnaubew Jo S)nsal payeinwis

v alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



Page 31

Hsieh et al.

"198[q0 8y} apIsIno ANsuap ulds aAI198448 8yl ISI| UWINJOD Yulu pue
yug 8yl *(2) 'b3 ur pasn ued AreuiBewn ayy woly pajenafed 103lqo ayy apisul Alisusp uids aA119a4y8 8y 1s1] uwinjod yybia pue yunoy ayl “(2) *b3 wouy payejnafes JapullAd ayl Jo eale [eUOI1108S-SSOID Y1 IS1|
uwINjo9 YiuaAss pue paiyl ay L “Aujigndsasns ayy BuiAynuenb 1oy pasn sawi 0yds 0M] 8y} 03 J3jal ‘q pue e ‘sydiiosiadns syl "ww 0'€ st (8) "b3 Buiajos 1oy Y ‘snipe uasoyd ay] () "b3 wouy paajos Xy isi|
UWNJ0D LXIS 8L} PUE PUOJSS BU L "8LLI} 0493 8L} SISI] UWINJ0D 81l BYL LW Z°0 F 0'6T SI ©aJe [eU0N98s-55010 8y} pue wdd G0'0 F 85°0 SI XV JO anJeA [e2118108Y} 8y | “pazAjeue uaag aAeY SaDI|S JUBISHIP OM |

"SW OZ pue sw TT = m_._d

'SW /T pue sw TT um_km

'SIUBLLILIOYD
€TF2921 0ZTFL6T2 ze¥8pz qe00FVS0 erx1ozT 02T +196T 6¢F9cec qe00FSS0 gz
STF/S¢T 09T %T20c €¢¥.lcc e€00F950 erxz/zr 09176502 €gvrze eE00FSS0 g
ETTE9ZT OSTT6EC LEFTEL ETT162T O0STTTheZ LEFHET 1

i wdd uw wdd  (sw)
od 2'od raIY Xy od o'od ralY bivi ElR

9T Jagquwinu 891|S

2T Jsquinu 9011S

'plal} urew ay) 0}

-2’82 1e pajuaLIo SI 19algo ay1 usym sawil 0yaa Juasayip om Buisn ‘o1dojost wiw T Jo uonnjosal abewi ue yim sabewi wojueyd woiy synsal paipiuendd

Author Manuscript Author Manuscript

G 9lqel

Author Manuscript

Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



Page 32

Hsieh et al.

"3W1} 0yas J1aBuo| ayr Wouy s1 (g) Ul aNJeA 3y} S[IYM ‘BWI} 0Y23 Jo1I0YS 3Y3 WO SI (&) Ul UIBA SIU) JO UOIBIUSLIO 3Y | SUBdS

OM} 8} U99MISQ Jo8JUNJOA 8L} JO JUSWUSAOW S} 0} SNP ‘SUOITEIUALIO JUBIBHHP SBY SBIeY BU} Ul UIA ISB] UL "UISA Uoea apISINO ANISUSp ulds aA119344a U} SISI| ULINJOD YIUSASS YL “UIBA UIes apisul Ajsuap
uids aA11984J8 8U1 SISI| UWINJOD YIXIS BYL “UIBA YIS JO B3R [BUOIII8S-SS0.I 8U) SISI| UWIN|0D Y11y 8Y L "POO|G SNOUSA 8} JO X7 SISI| ULINJ0D YLINOY 8y 8w 0yda Jabuo] syl wody [[e senjeA paniuenb moys (q)
W04 SHNS3I ‘pUey JBYI0 Y} UQ "Il 0498 JBLOYS B} 18 SanjeA 0} sjuswow dnaubew painses ay) Buljeds A ‘Wi 0yda Janioys ayy Wwoly sisiaweled paigiuenb Jayio g awil 0yos J8Buoj sy} Woly siuswow
onrauBew paynuenb moys (&) oy sNsay ‘|9SSaA Ui 4O Juswow deuBew ayy SISI) UWNJ0D PJIYY 3YL “UOITBIUBLIO S,[3SSAA 98 SISI| ULINJ0I PU0ISS a1 "YIBuas plaly urew sy} S1si| Uwnjod 1siy ay L

9F8T€E €0C+TIPC 8LT+8LC B8EOFSEOD €L0F28T €F¥0L €
L¥0¢¢ PS+89T 09€+06S TCO+GE0 LEO+FcCLE €¥/9 €
OT+¥¥€ [9F8IT SOT+.Z€ 6T0F9€0 P¥S0F9¥¢C €¥08 €
8 F98¢ 9€ ¥ 06 290F¥6'€ LTOFEEO0 €90F8LC T¥06 €
8+€8C B89FVIC <d60+FESE 600FVP0 GSO0+FECE €¥08 €
9%0T¢ 80T¥0EC 00C+06¢C GT0+820 €ES0F€ECTC €EF¥0L ¥
8F18C V6T +6¢€ TST+I6T TC0+.E0 890Fc0¢C €EF¥0L vV
L¥66¢ CIT+EVT 060+T0C O0€0+0L0 TS0+9CY €EFGL V¥
L¥yve  ¥S¥/8  EBT+F0CE ET0+CE0 €ES0FCEE T+¥06 ¥
L¥/12c ¢+ 8¢ LSTF8ST 6E0FEV0 TEO0FETTC €F¥08 v

(@
L¥8EE O9ET+TEC 6G6CF6VC VEOF6E0 PI0F6ST €¥G. €
L¥/¢¢ €9+86T 8LCF+GT'S 0C0+0r0 TE0F.L0€ €¥/9 €
TT+VS€  V9+V9T O0LC+EEE <CC0+9€0 Gr0o+¢€e0¢ €¥08 €
6+€E0E 0€EF.S TTCF9V'e ¢C0F8E0 PrOo+0EC T¥06 €
6F90€ [8FcvCc 8YCFV6E 61T0F0V0 G0+ .9¢C €¥08 €
8+19¢ G8T+60€ 8CT+E9T TEO+8V0 <CEO+FGET €EF0L V
9F€ECE €9TFV¥S¢ 6ET+GV'T PEOF8Y0 SEO0FCCT €¥0L Vv
OT+vEE VYOT+¥8E O00T+VvI'€E <CTO0+SV0 TEO0FL.GC €EF¥GL Vv
6+F¢6¢ 86F6EC TIT+LZC 9T0+9¥0 <¢€0+10¢C T+06 Vv
8F6/C [LT¢¥.16¢ 6LT+0ST LEOF9Y0 SSO0F6CT €F¥08 ¥

(e)

2exid wdd  gexid - pea  (saibaq)
od 20d Oy Xy d sibuy  Og
'168°¢

12 SW €'HT puR SW €'/T =31 WoJj pue | 96°€ 18 SW 9'TT PUe SW Z'6T = J1 W0 Painsesil 81aMm SUIBA JO SUMOUNUN JBY10 ¢ pue Alljigndaosns onsubeip

9 9|qel

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



