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Abstract

Cerebral microbleeds (CMBSs) are small chronic brain hemorrhages which are likely caused by
structural abnormalities of the small vessels of the brain. Owing to the paramagnetic properties of
blood degradation products, CMBs can be detected in vivo by using specific magnetic resonance
imaging (MRI) sequences. Susceptibility weighted imaging (SWI) can be used to not only detect
iron changes and CMBs, but also differentiate them from calcifications, both of which may be
important MR based biomarkers for neurodegenerative diseases. Moreover, SWI can be used to
quantify the iron in CMBs. SWI and gradient echo (GE) imaging are the two most common
methods to detect iron deposition and CMBs. This study provides a comprehensive analysis for the
number of voxels detected in the presence of a CMB on gradient-echo magnitude, phase and SWI
composite images as a function of resolution, signal-to-noise, echo time, field strength and
susceptibility using /n silico experiments. Susceptibility maps were used to quantify the bias in
effective susceptibility value and to determine the optimal echo time (TE) for CMB quantification.
We observed a non-linear trend with susceptibility for CMB detection from the magnitude images
while a linear trend with that from the phase and SWI composite images. The optimal TE value for
CMB quantification was found to be 3ms at 7T, 7ms at 3T and 14ms at 1.5T for a CMB of 1 voxel
diameter with an SNR of 20:1. The simulations of signal loss and detectability are used to generate
theoretical formulae for predictions.
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INTRODUCTION

Cerebral microbleeds (CMBs) are believed to be caused by the resulting hemosiderin deposit

after blood has leaked from damaged vessels (1,2). CMBs are defined to be small, round,
homogeneous and hypo-intense lesions on T,*-weighted images acquired with a gradient-
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recalled echo sequence which is particularly sensitive to magnetic susceptibility effects (3).
Generally, CMBs are often not visualized with computed tomography (CT) or conventional
spin-echo MRI sequences (4-6). On the other hand, the presence of magnetic susceptibility
differences (Ay) between tissues gives rise to local magnetic field perturbations (AB) which
have a measurable effect on the signal from gradient echo images (7). Susceptibility contrast
has the potential to provide better sensitivity and specificity in recognizing areas with iron
deposition (7-9). Based on this new contrast mechanism, susceptibility weighted imaging
(SWI) has proven to be one of the more powerful tools to detect veins, /17 vivoiron content
and CMBs. Furthermore, susceptibility mapping utilizes phase information and the inverse
Green’s function to reconstruct local susceptibility distributions (10-13).

Although SWI has been widely investigated and applied in several neurovascular disorders,
the influence of several factors on radiological and quantitative detection of CMBs have not
been fully explored. These factors include: a) underlying pathology such as spatial extent
and the magnitude of iron content/susceptibility within CMBs (hemosiderin) and b) the
effect of varying the MRI acquisition factors such as field strength, spatial resolution, echo
time and SNR. Once these two factors have been studied, it becomes possible to optimize
the protocol for a given patient population (3,4,14-17). Sensitive and precise identification
and quantification of CMBs is necessary to better understand their involvement in
neurological and neurovascular disorders (18) and to improve safety monitoring in clinical
trials of new drugs. In our experience and from previous literature on this subject, CMBs are
mostly round or, less frequently, oval microstructures composed of blood degradation
products (16,19-21). Due to the small size (~50-500microns) and the fact that far from the
object everything acts as a dipole, we believe a spherical model is a good approximation to
study CMBs. In this paper, our goal is to study and predict the detection sensitivity
(radiological and quantitative) of CMBs by simulating the effects of various sized CMBs on
magnitude, phase, SWI composite images and susceptibility maps as a function of
resolution, signal-to-noise, echo time, field strength and susceptibility.

METHODS

In order to investigate the detection sensitivity and the lower limit of detection and
quantification, magnitude and phase data of CMBs were simulated as a function of CMB
diameter, assuming that the CMBs are spherical objects, using the procedures and imaging
parameters described below (7). The phase images were simulated using the expression of
field perturbations described in (7). While for simulating magnitude images, the region
outside the CMB was assumed to be white matter (To* ~ 53ms at 3T), and we have assumed
that there is no signal inside the CMB since the iron based microbleed is low in signal from
reduced spin density and very high local fields. SWI composite (i.e., phase multiplied
magnitude) images were simulated by creating a phase mask and multiplying it four times
into the simulated magnitude data (8). The simulations were performed using different
diameters of the CMBs with respect to voxel size for a given resolution. The simulated
images for voxel and sub-voxel sized objects were generated by first finely sampling the
sphere in the image domain using a large matrix size (512 x 512 x 512). Then the image was
created by Fourier transforming the central 32x32x32 elements of k-space for the resolution
being investigated (22).
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Choice of simulation parameters

Given that the phase is dependent on the product of echo time and susceptibility, it is in
practice only necessary to consider one echo time and one field strength and vary the
susceptibility. From these results one can easily predict the effects for any other echo time or
field strength, by scaling the susceptibility inversely to the change in echo time. Practically,
at 3T we use an echo time of 20ms to detect CMBs. Therefore, we choose this value as our
echo time. Based on our past experience with CMB evaluation in traumatic brain injury, the
susceptibility value inside the spherical model, representing the CMBs, was varied from
0.1ppm to 3ppm (with an increment of 0.1ppm) for a fixed TE of 20ms. In order to
understand the effect of voxel aspect ratio on the CMB detection, the simulations were
performed with 1:1:1, 1:1:2 and 1:1:4 aspect ratios for voxel/sub-voxel sized spheres at
different field strengths. This range was used for the field strengths of 1.5T, 3T and 7T with
the various calculated SNR values based on imaging resolution. For the starting point for
choice of SNR, we used the value of 20:1 as estimated from previously acquired SWI
images with a resolution of 0.5x0.5x2mm3 at 3T with TE = 20ms. We then scaled the SNR
according to its linear behaviour with field strength and square root behaviour with number
of data collection points assuming a constant field-of-view (FOV). In order to create these
different SNR values, Gaussian noise was added to the real and imaginary components. Each
data set was run with 30 seed points in order to obtain a mean and standard deviation of the
number of pixels detected. The goal is to evaluate the extent of blooming effects in
magnitude, SWI composite and phase data. CMBs were detected in the magnitude and SWI
composite data by using a threshold of thyag < 1 — 3omag and in the phase data by using 4,
> 30, Where oy, is the noise in magnitude images and o, the noise for the phase images.
CMBs were detected by evaluating the full 3D data. Finally, we developed a set of empirical
formulae to predict the number of hypointense voxels radiologically detected as CMBs as a
function of size, Ax B, TE, slice thickness and SNR.

Quantification of iron in CMBs

Iron concentration was quantified using susceptibility mapping. Susceptibility maps ( (_r’))
were generated from the simulated phase images using the truncated k-space inversion
method, referred to as susceptibility weighted imaging and mapping or SWIM (10). Iterative
inversion method was used to reduce the streaking artifacts caused by the singularity region
in k-space (11). The simulations were performed at different TEs (1ms to 20ms) to
determine the optimal TE for quantification using SWIM at 1.5T, 3T and 7T. The
measurements were performed using CMB sizes of 0.25, 0.5, 1, and 2 voxels in diameter
relative to the 32 x 32 x 32 FOV. For CMB with diameters of 1 voxel and 2 voxels, the
magnetic moment (i) was calculated as the product of effective susceptibility (Ax ) and
effective volume (vol) detected from magnitude images. The volume of the CMB was
determined using the threshold at full-width-half-maximum in the region of signal loss on
magnitude images. The SWIM analysis was further extrapolated to objects of sizes beyond 2
voxels: 4, 6 and 8 voxels to study the relative error (e,) and standard deviation of the mean
susceptibility value for bigger structures. The SNR in the susceptibility maps depends on the
susceptibility inside the object. Hence, the effective SNR can be calculated as Ax /o,
where Ax eff, the effective or measured susceptibility, is often underestimated relative to the

NMR Biomed. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buch et al.

RESULTS

Page 4

actual susceptibility and o is a given noise level. The effective SNR for different sized
objects was calculated for various TEs. The susceptibility values inside the CMBs were
varied from 0.1ppm to 3ppm in order to evaluate the error associated with detection limits
and quantification, at any given SNR. The susceptibility values were measured from the
central FOV voxel where the center of the sphere was located for each simulation, using
isotropic voxel resolution.

All the plots that follow and all the estimates for pixels with significant signal loss or phase
change are based on the simulation results. An example of which is shown in Figure 1 for a
0.5 voxel-sized CMB with Ay = 3ppm. The number of pixels that differ from the
background tissue detected above a given threshold (which is dependent on noise), and
caused by the presence of the microbleed, for 1.5T, 3T and 7T as a function of susceptibility
is presented in Figure 2. The detection limits for finding any sized CMB in magnitude or
phase images can be evaluated based on the criteria that the two standard deviation lower
limit does not reach zero. For example, at 1.5T with an SNR of 10:1, a 1 voxel-sized CMB
can be detected in the phase image (with 4+1.8 voxels detected above the threshold) for

Ay =1.1ppm; whereas a susceptibility of 2.5ppm is required to find the same CMB on the
magnitude image (with 2.6+1.15 voxels detected above the threshold). Similarly, at 3T with
an SNR of 20:1, a half voxel-sized CMB can be detected in the phase image (with 3.5+1.96
voxels detected) for Ay =2ppm; whereas the same CMB on the magnitude images requires a
susceptibility of 3ppm (with 3.1+1.5 voxels detected). And, at 7T with an SNR of 47:1, a
quarter voxel-sized CMB can be detected at Ax=1.7ppm (with 2.3+1 voxels detected) and at
Ay =3ppm (with 1.1+0.6 voxels detected) on phase and magnitude images, respectively.
Based on these trends, an empirical formula can be derived to predict the actual size of the
CMB. For a CMB with a given diameter d and susceptibility Ay the result for simulated
magnitude images suggests:

B, TE SNR
Bo X TE, SNRy 1]

number of voxels detected by blooming=6d? \/

while for phase data the dependence is volumetric and we find:

B TE SNR
number of voxels detected by blooming:16.3d3B—U - Ax - T—EO - SNRo 2]

where, Bg = 3T, TEg = 20ms and SNRq = 20:1. The coefficients of 6 and 16.3 in Eq. (1,2),
came from a least squares fit using the quadratic (R2 = 0.95) and linear forms (R? = 0.99),
respectively. Using these approximate formulae, one can reasonably predict the detection
limits of a CMB on magnitude and phase images at a given field strength, susceptibility,
echo time, SNR and CMB size.
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The agreement between these formulae and the measured values from the simulations can be
seen in Figure 3. The magnitude plot shows non-linearity for lower susceptibility values and
becomes linear for susceptibility values after 1ppm. The slope of number of voxels detected
versus susceptibility on magnitude images is roughly equal to 5.5d2 number/ppm where d is
given in pixels. In addition, the effect of voxel aspect ratio was studied and is presented in
Figure 4. The increase in slice thickness adversely impacts the phase more than the
magnitude image results. When the slice thickness is increased by a factor of 2, the detected
number of voxels decreases roughly by a factor of V2 for magnitude images and decreases
roughly by a factor of 2 on phase images, as seen in Figure 4. Unlike magnitude images,
SWI composite images show a linear trend as shown in Figure 5.

The lower echo times tend to be more accurate in measuring mean susceptibility than the
higher echo times. On the other hand, the Monte Carlo standard deviation of the mean
measured value is higher at short TEs. This is further elaborated by simulations for CMBs
with 0.25, 0.5, 1, and 2 voxels in diameter in Figure 6. Although the effective susceptibility
is smaller than the actual value, the effective moment turns out to be in agreement with the
actual magnetic moment of the object; and almost constant for each case, as shown in
Figures 6e and 6f.

Figures 6 and 7 demonstrate the effective mean susceptibility values acquired using SWIM.
The effective susceptibility (Ay . as a function of CMB diameter has volume dependence
and is given by:

Axer=0.09 - Ay - d*(for CMB diameter up to 2 voxels) [3]

From this equation, we can say that the measured 1ppm for a CMB with an original diameter
of 0.5 voxels suggests that the actual susceptibility can be as high as 89 ppm. The error in
measured effective susceptibility is calculated using a Monte Carlo approach. Figure 7
highlights this error and the mean effective susceptibility at various TEs for different field
strengths and SNRs, in order to determine the optimum TE for quantification. Although, in
theory, one would only need a single plot showing the effect of the AyBoTE product at a
given SNR, Figure 7a—f show different plots for different field strengths with a realistic SNR
associated with each case for a more accurate error analysis. Hence, apart from the different
SNRs, the plots for 1.5T (Figure 7e) and 3T (Figure 7¢) are equivalent to a portion of the
plot on 7T (Figure 7a) at low and very low susceptibilities. The Monte Carlo error of
susceptibility appears more prominent for low echoes and decreases as TE increases.
However, it is interesting to note that in Figure 7a, the plots at higher TEs show a more
prominent bias in effective susceptibility than at lower TEs. From the plots in Figure 7, for a
CMB with a diameter of 1 voxel, a susceptibility of 1ppm and with an SNR of 20:1, we
observe that the optimal TE value for CMB quantification would be 3ms at 7T, 7ms at 3T
and 14ms at 1.5T where the error becomes less than £50ppb (5%) representing an SNR of
20:1 (Figure 7). Figures 7g and 7h show that lower TEs are best to produce the more
accurate estimates of susceptibility as the object size increases. Prediction of the number of
voxels detected and quantified susceptibility were validated using an iron-chitosan phantom
study (See Appendix).
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DISCUSSION AND CONCLUSIONS

This study was undertaken to provide a comprehensive evaluation of detection sensitivity
and quantification of CMBs based on the blooming effect and susceptibility as a function of
CMB size relative to the resolution, the product of field strength and echo time, as well as
SNR. Multi-voxel CMBs are relatively easy to detect, but sub-voxel bleeds are also
particularly important for diseases like cerebral amyloid angiopathy where iron deposits on
the order of the size of arterioles (or 50um) occur.

As the phase signal is linearly proportional to the echo time, longer echo times are essential
for detecting phase and magnitude effects for smaller CMBs. Although the signal loss at
high TEs is advantageous from the detection standpoint, the size of the CMB will be
overestimated due to signal loss (7,8). For this study, we have selected an echo time of 20ms
for detection. The trend for magnitude results is non-linear for smaller TEs. This may be due
to the difference in the intensities of the regions inside (core) and outside (peri-lesional) the
CMBs at increasing TEs, where the perilesional intensity is governed by the To* of white
matter in our simulations. From our plot of SNR 47:1 for 7T with TE = 20ms, for an object
with diameter d not bigger than 1 voxel, we can roughly say that the object is detectable as
long as: Ay > 2.5/(d?) in ppm for magnitude and Ay > 1.25/(d3) in ppm for phase. Another
factor is coil sensitivity that affects local SNR variation across the FOV. In this work, we
have included three different SNRs for isotropic resolution, at each field strength. Hence,
this concern can be addressed by Figure 2: detection of CMBs at a constant isotropic
resolution, where the different SNR values may represent the SNR variations across an
image, due to coil sensitivities.

For quantifying the CMBs, the Monte Carlo error was considered to determine the optimal
echo time. The lower echo times tend to be more accurate with reduced bias. This bias is
caused by the increase in effective size of the object at higher TEs (with a fixed A y assigned
to the CMB), hence underestimating the susceptibility. This effect is identical to that in
Figure 2 where the number of voxels represents the detected blooming effect: as the
susceptibility value increases (with a fixed TE for all simulations), the number of voxels
losing signal on magnitude images also increases. On the other hand, the Monte Carlo
standard deviation of the mean value is higher at short TEs. This shows that the
susceptibility reconstruction is more stable in reproducing the results at higher TEs than at
shorter TEs. It is also important to note that, using a very long TE would lead to signal loss
at the air-tissue interfaces which would obscure the presence of CMBs (23,24). We propose
that a dual/multi echo sequence may be used; with one of the echoes being 7ms (for
quantification) and another that is a longer echo time (~20ms, for detection).

The predictions for number of voxels detected and the susceptibility measurements made by
the simulations in this manuscript are validated using an /n vitro phantom with different
sizes of iron-chitosan microspheres. The results of the real data match with the simulations
and this study is further described in the Appendix. In Figures 6e and 6f, we see that the
effective magnetic moment matches with the actual magnetic moment (diameter = 1 and 2
voxel(s) and susceptibility from 0.1 to 3ppm). This is because the magnetic moment is
proportional to the product of the effective volume and effective susceptibility and this
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effective magnetic moment remains almost constant for each echo time. In order to
determine the correct volume of the object, the echo time needs to be chosen short enough
such that the phase dispersion across the edge voxels is less than /2 (to retain 90% of the
signal) (7,25).

Furthermore, we can estimate the iron content inside the CMB by quantifying the
susceptibility using SWIM. The correlation between susceptibility measured by MRI and
total iron (Cre, measured in gg/ml) by ICPMS for ferritin phantoms is given by: Ay =
1.1Cr, - 32.36 (26). Using Eq. [3] for smaller objects, we can derive the total iron content
represented by the effective susceptibility:

10 - Axe
_10- AXeft o9 4y

c
Fe d3 [4]

In conclusion, SWI can be used to detect iron changes, to find the CMBs and to quantify the
iron content. We provide a direct, formulaic approach to estimate the underlying size of the
CMB based on the number of radiologically detected voxels, the estimated iron content
(using susceptibility mapping) and acquisition parameters. This systematic investigation is
anticipated to: improve the interpretation of the radiologically detected CMBs in relation to
the underlying degree of the pathology (spatial extent and amount of blood product) and the
status of the microbleed (e.g., old or expanding microbleed) and enable the optimal choice
of SWI acquisition scheme for the most sensitive detection of pathology.
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APPENDIX

Iron-Chitosan phantom study

To validate the predictions described in this manuscript, a phantom consisting of small iron
microspheres embedded in agarose gel was used following the procedures in McAuley G et
al (2010) (27). The phantom contains microspheres consisting of a chitosan-ferric
oxyhydroxide composite at a concentration of approximately 1032ug Fe/g gel (measured
analytically), which serves as a mimic for hemosiderin (Figure 8a). The body of the
phantom consists of 1.8% (w/v) agarose, 140mM NaCl, 0.5mM NiS04, and 6g/L
diazolidinyl urea (preservative). Using the correlation between the concentration of iron and
the measured susceptibility of 1.1ppb ~ 1ug of Fe/ml, we expect the effective susceptibility
of the microspheres to be ~1ppm (23).
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Image acquisition and processing

Results

The phantom was scanned with two different imaging resolutions of 0.5mm and 1mm
isotropic voxel. The imaging parameters were: TEL/TE2/TE3/TE4 = 7/14/20/26ms, FA = 20,
TR = 31ms and BW = 260Hz/pixel. The phase images were processed using SHARP to
remove any unwanted background field effects. For in vivo data, there is a spatially-variable
phase offset term (o) present, along with the TE dependent phase, which will affect the
accuracy of the susceptibility reconstruction (10,19,20). Here, ¢, can be calculated using the
phase data acquired at TEs = 7ms and 14ms through complex division. A 3 by 3 median
filter was applied to reduce the noise. Then, ¢, was removed from the original phase images.
The iterative truncated k-space method was applied to generate susceptibility maps from the
resultant phase images.

The magnitude images for the 0.5mm isotropic resolution had SNRs of: 12:1, 11:1 and 10:1
for TEs: 7ms, 14ms and 20ms, respectively. The original magnitude and phase, processed
phase and susceptibility maps are shown in Figure 8. In order to validate the predictions of
the analytical modeling and simulations, the quantified susceptibility values from the /n vitro
phantom data were compared with simulated results as shown in Table 1. The /n vitro results
agree with our predictions generated using the analytical model of the spherical CMB.

Discussion

The iron-chitosan phantom confirms our predictions for the detection and quantification of
CMBs on MR images. Following considerations apply while interpreting the results from
the phantom.

Since the chitosan ferric oxyhydroxide microspheres were manually embedded in the
agarose, it is likely that all 13 microspheres were not embedded in the exact same plane and
may be offset by a few microns in the vertical axis. This offset may have contributed to
partial volume effect and thus marginal errors in the susceptibility estimate. The analytical
measurement of iron content, using the inductively coupled plasma atomic emission
spectroscopy (ICP-AES), was performed on the chitosan ferric oxyhydroxide solution from
which the microspheres were derived and not from the embedded microspheres. Also, the
predictions are generated from the phase images without any source of unwanted
background field to remove. The phantom data, however, was processed with the SHARP
method. The error caused by using this background removal method will be minimal as the
method works on the principle of treating the unwanted field as harmonic component
fulfilling the Laplace condition and, hence, removing only the background field from the
phase data. Even with the consideration of the above issues, the phantom results were
consistent with the simulations.
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a) b) c) d)

Figure 1.
Appearance of a subvoxel (0.5 of a voxel) CMB (Ax = 3ppm) at 3T on simulated a)

magnitude image (a), phase image (b), SWI composite image (n=4) (c) and susceptibility
map (SWIM) (d) at TE = 20ms.
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Figure 2.
Detection of the CMBs based on the blooming effect on magnitude, phase and SWI

composite images from simulations performed at TE = 20ms for 1.5T, 3T and 7T. The
CMBs were simulated for three different sizes: diameter of 0.5 of a voxel (a-b), diameter of
1 voxel (c—d) and diameter of 2 voxels as shown in (e—f). The plots represent the number of
voxels detected by an intensity threshold of thpag< 1 — 3 - omag for magnitude images and
the> 3 - o, Where omag = Noise in magnitude images, o, = noise for the phase images. The
error represents the Monte Carlo standard deviation, where the error in the mean value was
measured from the central voxel of the FOV (where the sphere was positioned) for a number
of simulations containing random noise.
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Figure 3.

Comparison between measured values and the values derived from our formulae for

Page 13

predicting the number of voxels detected due to blooming effect, for CMBs with diameter =
2 voxels (a—b) and diameter = 1 voxel (c—d). SNR values used for these plots were 47:1 for

7T, 20:1 for 3T and 10:1 for 1.5T simulations.
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Figure 4.
Effects of voxel aspect ratio on CMB detection using magnitude (a,c,e) and phase (b,d,f)

images for CMB with a diameter of 2 voxels (a-b), 1 voxel (c—d) and 0.5 voxel (e-f).
Simulations were performed at TE = 20ms for 1.5T, 3T and 7T. In these simulations, the
highest SNR value is selected for each field strength: 47:1 for 7T, 20:1 for 3T and 10:1 for
1.5T. The CMB size in the simulations was kept constant at a given diameter, while the
aspect ratio was varied as 1:1:1, 1:1:2 and 1:1:4 in order to study the detection limits.
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Detection limits on SWI composite images for 2 voxels (a), 1 voxel (b) and 0.5 voxel (c).
The plots represent the number of voxels detected by an intensity threshold of thpag< 1 -3 -
Omag for the SWI composite images, where oyag = noise in magnitude images. The error

represents the Monte Carlo standard deviation, where the error in the mean value was

measured from the central voxel of the FOV (where the sphere was positioned) for a number
of simulations containing random noise.

NMR Biomed. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Buch et al.

‘Susceptibiity mapping results, d = 0.25

Echa s

—Smp —Fmm —fes —lime

—13m —Smy =—1Tms

a) Actaal susceptibility vatue (im peen)

o Susceptiiity mapping results, d = 0.5
o Echo tima: |
—Sms —Tms —Sms —1lms
[ D T s y :
|

ool os 1 15 I 25 30|
an:
b) Aetual susceptibaity valse {in ppm)

Susceptibility mapping results, d = 1
Echo tmes:
e Tms fma 1ims

Susceptibiity mapping resulls, d = 2

o as LE] 13 10 15 L o L] 18 13 20 s L]
< Actiaal suscaptibility value (in peen) d) Actual susceptibiity vahe (in ppr]
Meaasured magnetic moment, d = 1 Measured magnetic moment, d = 2
b tcha timas i Echotimes: |
: times: |

P 150 S s 13ms / _‘umn S Pens 1
1400 = 14000 e

H I ep———— = [ T A———— |

£ 10 e Ejao00 = i

£ o0 == £ o0 —

i = Lo

5 = %

X w0 — X w00 = |
- _— 000 = |
ol - = i __,_/-“""", |

4 = o
0 05 1 15 H 5 ] o 05 1 15 2 25 3
a) Assaged susceptitslity value (in ppb) )] Assigred susceptisdlity value (in ppb)

Figure 6.
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Susceptibility mapping results for CMBs with diameters: 0.25 voxel (a), 0.5 voxel (b), 1
voxel (c) and 2 voxels (d). The effective susceptibility is measured at various TEs: 5ms, 7ms,
9ms, 11ms, 13ms, 15ms and 17ms at 3T when the assigned susceptibility value is varied
from 0.1ppm to 3ppm. The standard deviation in the mean susceptibility decreases as TE
increases, while the bias relative to the true value increases. However, the magnetic moment
is almost independent of echo time for 1 voxel sized CMB (a) and 2 voxels sized CMB (b).

[Magnetic moment, palx e - Vol, where vol represents effective volume of the object

caused by the signal loss.]
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Figure 7.
Mean susceptibility values and Monte Carlo standard deviation for the mean susceptibility

values at different TEs, when the assigned susceptibility values are varied from 0.1ppm to
3ppm, at 7T at 47:1 (a-b), 3T at 20:1 (c—d) and 1.5T at 10:1 (e—f), respectively. The
optimum TE is measured based on the accuracy of the effective susceptibility value and the
extent of the Monte Carlo standard deviation. The error reduces considerably at short TEs as
the TE increases. The optimal TE value for CMB quantification, at an SNR of 20:1 for
susceptibility maps for 1 voxel object with 1ppm susceptibility (which is £50ppb), is 3ms at
7T, 7ms at 3T and 14ms at 1.5T for CMB diameter = 1voxel, where the error becomes
relatively constant. This was studied further by finding the optimal echo time for objects of
size more than a voxel (diameter = 1, 2, 4, 6 and 8 voxels), assuming Ay = 0.5ppm for 3T
with SNRm,g = 20:1. The plot in g) shows the balance between oand e,to determine the
optimal TE, where o is the Monte Carlo standard deviation and e, is the relative error
between the effective susceptibility and the actual value (0.5ppm). The effective SNR for
different sized objects based on the effective susceptibility and noise level (o) is plotted in
h).
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Figure 8.
a) Illustration of the /n vitro phantom. The phantom consists of iron-chitosan microspheres

of diameters: 1000, 800, 600, 400 and 200 um. b) Original magnitude image, ¢) SHARP
processed phase and d) susceptibility map. The example shown here was acquired with the
voxel resolution = (0.5mm)3 isotropic and TE = 20ms.
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