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Figure 19.2 a) The original glass bottle containing the alkane is inserted into a large plastic container filled with insulating polystyrene packing chips.
Additional packing chips should be placed over and around the glass bottle once it is inserted. b) Placement of the phantom in the head coil of the

scanner.

concentrations (approximately 30% weight sucrose per weight of
H,0O (w/w)). In addition, the 7, of the solution is also comparable
to that found in the brain. However, sucrose (C,H,,0,) has mul-
tiple 'H resonances that may introduce blurring.

The solution should be sealed in a container and placed in
a larger outer container filled with polystyrene packing chips
that offer cushioning and thermal insulation, as described above.
The temperature of the solution should be monitored, and when
a stable temperature has been reached it should be scanned. The
temperature of the liquid should be measured again after scanning
to ensure that the temperature has remained stable. Sucrose is safe
and readily available from chemical suppliers ($35/500 g).

Polymer solutions  Water solutions of polymers such as polyvi-
nylpyrrolidone (PVP) (Pierpaoli et al., 2009) also have potential
to provide a safe and accurate quality assurance of MD. Water dif-
fusivity is dependent on polymer concentration and the obtainable
diffusivity values ((0.3 — 1.6) X 10-2 m2s~!) include those found in
the brain. The solutions are more viscous than water, which helps
to reduce the effect of bulk water movement through vibration or
convection currents. At high concentrations (~50%), the solutions
are very viscous and difficult to prepare, so care must be taken to
thoroughly mix the solution without introducing bubbles into the
mixture.

Thermal insulation and cushioning should be provided by
placing the sealed container of PVP solution in a larger outer con-
tainer as described above. PVP contains protons but it has been
shown that virtually no signal is observed in deuterated water
(D,0) solutions, presumably due to the short 7, associated with
the polymer. PVP is safe, chemically stable, and readily available
from chemical suppliers ($85/500 g).

Temperature control

In isotropic liquids, a change in thermal energy is characterized
by a change in kinetics at a molecular level. For example, at room
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temperature, water MD values will undergo a 2.7% increase per
1°C (Tofts et al., 2000). Consequently, it is important to be able
to measure the temperature of the phantom liquid accurately and
to limit temperature changes during the scan. The temperature of
the phantom liquid can be measured by inserting thermocouples
into the container and measuring the temperature both before and
after the scan using a digital thermocouple meter. To avoid arti-
facts in the EPI images originating from the electrical noise, it is
necessary to switch off the meter during the scan.

There are two approaches for performing MD QA testing and
dealing with variable temperature in the scanning room. First,
the expected mean diffusivity at the measurement temperature 7'
can be estimated from published data (Tofts et al., 2000) and the
measured MD can be compared to this expected value. The dif-
ference may be plotted as a percentage change over time. Second,
the measured MD can be referenced to a standard temperature T,
using published data and plotted as a function of time. The depen-
dence of MD on temperature may be described by the Arrhenius
equation with reasonable accuracy (Tofts et al., 2000):

MD(T)= MD_exp(—B/T), [19.1]
where B = E,/k and where T is the absolute temperature, MD,, is
the mean diffusivity in the limit of infinite temperature, E, is the
activation energy, and k is the Boltzmann constant 1.38 x 10-23
J K-1. The equation can be rearranged to contain the diffusion
coefficient at a standard temperature MD(7}):

1

MD(T)= MD(TO)exp(—B(% - FOD

Equation [19.2] can be linearized by taking the natural logarithm

[19.2]

2
1nMD(T)=1nMD(T0)—B[l_i]+c(l_i} ,
T r 1 [19.3]
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19.  Quality Assurance for Diffusion MRI

where the quadratic term C is included to account for small devia-
tions from Arrhenius behavior. This provides a convenient way
of dealing with the relatively small changes in MD as T varies
from Ty, Tofts et al. (2000) derived the coefficients B and C for
a range of straight-chain and cyclic alkanes that cover a wide
range of MD. Equation [19.3] may be used to express MD values
measured at any temperature as the equivalent MD measured at
a chosen “standard” temperature. Figure 19.3 shows serial MD
measurements taken as part of a diffusion QA protocol. The stan-
dardized MD measurements show very little variation in spite
of the large range in temperature (21-25°C) at which the alkane
MD was measured, indicating that MD measurement was stable
during this period of time.

Phantoms for Fractional Anisotropy

Requirements and Characteristics

Many new and exciting applications of DTI rely on the absolute
directional information provided by the eigensystem of the diffu-
sion tensor. Commonly, the FA is calculated and this is used to
quantify the directionality of diffusion. This information may be
used to make assumptions about the underlying structural direc-
tionality of tissues, especially white matter tracts. However, the
sources of diffusion anisotropy are not only dependent on the
fiber orientation. Cell permeability, fiber density, tissue hydra-
tion, etc. may each affect the observed FA in a voxel (see Chapter
7 by Beaulieu) and, as a result, a precise interpretation of diffu-
sion anisotropy data is difficult. An accurate and stable phantom
with well-defined diffusion properties may allow multicenter
comparisons and will provide a means of validating measured
FA or diffusion tensor eigenvalues. Ideally, a diffusion anisot-
ropy phantom should yield similar FA (and MD) values to those
found in the brain and all relevant MR properties should be well
described. For example, 7, should be measured, since changes
in relaxation times have been observed due to surface relaxation
(Mitra et al., 1993) and induced local field gradients (Weisskoff
et al., 1994; Yablonskiy and Haacke, 1994; Laun et al., 2009) as a
consequence of the phantom material.

OUP UNCORRECTED PROOF - FIRST-PROOF, 07/06/2010, GLYPH

325

The volume of the water spaces in the phantom may be probed
by measuring proton density and the estimated SNR should
also be known. Field maps should be generated to identify any
magnetic-susceptibility differences within the phantom, and
the hydrophilic or hydrophobic nature of the phantom material
should also be defined (Fieremans et al., 2008a).

The normal brain has FA values of approximately 0.4-0.8 in
white matter and less than 0.2 in gray matter regions (Pierpaoli
and Basser, 1996; Shimony et al., 1999). The high diffusion
anisotropy associated with white matter fibers in vivo originates
from the presence of narrow water spaces formed by the presence
of highly ordered long, cylindrical cell structures with a diameter
of 10-20 um. These fibers are surrounded with a myelin sheath
that reduces cell permeability and increases the observed FA fur-
ther. Ideally, a FA phantom would replicate these narrow water
spaces and yield diffusion properties similar to those observed in
the white matter of the brain.

Magnetic susceptibility distortions are a common problem
with synthetic phantoms as a result of air bubbles trapped in the
narrow water spaces. The problem is especially apparent in phan-
toms constructed from hydrophobic materials such as polyeth-
ylene. The distortions may be reduced by acquiring the images
with special imaging techniques or with multishot sequences (see
Chapter 13 by Pipe), which are not favored clinically. As a result,
several debubbling approaches have been explored. For example,
it has proven beneficial to perform the entire construction process
completely under water, to minimize the possibility of trapping
air in the internal phantom structure (Fieremans et al., 2008a).
Trapped air pockets may be removed through repeated squeez-
ing or agitation of the phantom or by placing the phantom in a
vacuum chamber. Alternatively, bubbles may be expunged acous-
tically with high-intensity ultrasound (Gonzalez et al., 2006;
Fieremans et al., 2008a).

Plant Phantoms

There have been examples of diffusion anisotropy measurements
in plants with a highly organized and strongly fibrous morphol-
ogy (Neeman et al., 1991; Trudeau et al., 1995; Boujraf et al.,
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Figure 19.3 Plot of serial QA measurements of decane, showing that MD (blue dashed line) is strongly dependent on temperature (red line). The
temperature-corrected MD values (solid green line) show much reduced variation. The solid black line represents the diffusion coefficient of decane
measured by Tofts et al. (2000) (at room temperature: 295 K, 22°C) with uncertainty limits (dotted lines) (Dowell and Tofts, 2008).
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2001; Latt et al., 2007) that restricts diffusion perpendicular to
the direction of the stem fibers. For example, the asparagus stem
has proved attractive as a simple FA phantom owing to a very
simple morphology, where the only significant determinant of
diffusion anisotropy is expected to be the dimension and orienta-
tion of the constituent cells (Boujraf et al., 2001). The asparagus
stem is approximately 3 cm in diameter and 25 cm in length.
Within the stem there is a distribution of cell shape and size: the
outermost cells form the epidermis and proepidermis that sur-
rounds the central portion, which consists of vascular bundles and
pith (Fig. 19.4). The outermost cells are small (~5 pwm) and highly
organized, the pith is composed of larger spherical cells (~50 um),
and the vascular bundles consist of small capillaries (8 wm) with
a cylindrical shape and characteristically thick walls. As a result,
a distribution of MD is observed across the stem (0.5 — 1.3 X
102 m? s1), although FA measures are surprisingly consistent
for all tissue types (between 0.16 and 0.22) (Boujraf et al., 2001).
Asparagus is not an ideal phantom for brain diffusivity because
MD in the extensive pithy region is too high and FA is too low.
Additionally, the small cross-sectional area demands smaller
FOV and smaller voxel size that would not be suitable for human
brain imaging.

In general, plant phantoms may be used as anisotropy phan-
toms for short-term investigation, such as the development of dif-
fusion sequences, but they are not suitable for the serial studies
required for a QA protocol because of their inherent instability as
they decompose. Also, there are likely to be seasonal differences
in the cell structures, and the diffusion parameters will depend on
the maturation time (time since harvesting).

Figure 19.4 Cross-section through an asparagus stem showing a) the
epidermis, b) proepidermis, ¢) pith, and d) vascular bundles. The aver-
age diameter of asparagus stems is approximately 30 mm. (Reprinted
with kind permission from Springer Science+Business Media: Boujraf
S, Luypaert R, Eisendrath H, Osteaux M (2001). Echo planar magnetic
resonance imaging of anisotropic diffusion in asparagus stems. MAGMA
13:82-90, Figure 2.)
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Capillary Phantoms

In order to obtain long-term reproducibility, there has been
interest in developing diffusion anisotropy phantoms from stable
(nonbiological) materials. For example, it has been shown through
standard clinical DTI scan protocols that water-filled capillar-
ies are able to exhibit diffusive behavior similar to that in vivo
(Yanasak and Allison, 2006; Yanasak et al., 2009). Diffusion
anisotropy may be obtained through an array of glass or plas-
tic (von dem Hagen and Henkelman, 2002) tubes with a narrow
diameter (20-80 pum) that restrict diffusion in the direction per-
pendicular to the capillaries (Fig. 19.5). Capillaries are bundled
together to form arrays (Fig. 19.6) and may (in the case of plas-
tic capillaries) be manipulated to provide complicated pathways
similar to those encountered in the brain. The degree of diffusion
anisotropy is dependent on the cross-sectional area of the water
spaces in the capillary array; narrower water spaces yield higher
FA. Plastic capillaries have thick tube walls, such that the water
spaces between the tubes is greater than the inside diameter of the
tube. As a result, water is injected directly into the tube so that no
water is present between the capillaries. In contrast, glass capil-
laries have narrow tube walls such that the water spaces within
and between the capillaries are of comparable size. Consequently,
substantially higher signal intensity is observed for glass than for
plastic capillary phantoms.

A major challenge in the construction of such a phantom is
the complete removal of air from the capillaries. Water and air
have very different magnetic susceptibilities, and any residual air
bubbles will result in significant image distortion that will cor-
rupt the diffusion parameters that are calculated. Water may be
introduced to the capillaries by applying a positive water pressure
to force a flow through the tubes. This method appears to be suc-
cessful at removing most of the trapped air bubbles. Magnetic-
susceptibility distortions originating from the interface between
the glass and water have been determined to be smaller than the
typical intrinsic B, inhomogeneity of the scanner.

-

Figure 19.5 Electron micrograph of a plastic capillary. The inside
diameter is 50 um and the outside diameter is 325 pm. Water is injected
into the tube, then the tube is sealed to prevent leakage. No water is pres-
ent between the capillaries (von dem Hagen and Henkelman, 2002).

6/7/2010 2:46:54 PM

30

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64



O 0w N O U A W N

[ S e e T e e e e
H O O 0 N O U1 A W N = O

19-Jones-Chap-19.indd 327

®

Figure 19.6 Cross-sectional photographs of glass capillaries arranged
in a hexagonal packed configuration. Water is present within and between
the capillaries. The mark on the insert is 200 um in length. (Reprinted
from Yanasak N, Allison J (2006). Use of capillaries in the construction
of an MRI phantom for the assessment of diffusion tensor imaging: dem-
onstration of performance. Magn Reson Imaging 24:1349-1361, with
permission from Elsevier.)

The principal diffusion tensor eigenvector direction should lie
parallel to the orientation of the capillaries. The inaccuracy of the
calculated eigenvector direction increases with capillary diameter
as a consequence of lower diffusion anisotropy. However, capil-
laries with inside diameters of ~23 um offer diffusion parameters
similar to those observed in the brain: ADC values are approxi-
mately 1.3 x 10-° m? s! and FA values are ~0.5. Obviously, the
narrower the capillaries, the more that are required to cover a
given area in an image. Thus, in the interests of using clinical
image acquisition parameters, a substantial number of capillaries
will be required to produce a large enough region for analysis.

Yanasak et al. (2009) have produced a phantom constructed
from stacks of multiple capillary arrays (0.5 mm in size) into a
larger “macroarray” measuring 25 x 25 x 8§ mm?3. A phantom of
this size allows diffusion anisotropy studies to be made using
clinically relevant voxel sizes (3 X 3 X 5 mm?). Such a phantom is
financially costly (approximately $1000 per cubic inch), although
manufacturing procedures continue to be refined and costs are
falling. Consequently, it may be envisaged that the capillary phan-
tom has high potential for being used as a stable and reproducible
diffusion anisotropy phantom for serial QA measurements.

Quality Assurance for Diffusion MRI
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Fiber Phantoms

Diffusion anisotropy phantoms have also been constructed from
compressed bundles of fibers. The narrow interstitial spaces that
are formed have the effect of reducing MD and increasing FA
and, depending on the fiber material and fabrication technique, it
is possible to achieve diffusion values comparable to those found
in the brain. A variety of fibers, including hemp, linen, viscose
rayon, polyamide twine, and Dyneema (braided polyethylene
filaments), have been studied (Perrin et al., 2005; Fieremans
et al., 2008b; Lorenz et al., 2008) and have exhibited encourag-
ing diffusion properties (Table 19.3).

The fibers that yield the highest FA values are typically
constructed from ultra-high-molecular-weight polyethylene
that is both water impermeable and hydrophobic. The fibers are
20 um in diameter and are compressed by an outer shrinking tube
or tight ribbon wrap, as shown in Figure 19.7. Bundles with a
diameter of up to 2 cm have been manufactured; this relatively
large diameter allows a clinical MRI acquisition sequence to be
used to determine the diffusion properties of the water around the
fibers: resolution 2 X 2 X 2 mm3, b-values 0 and 700—-800 s mm2
(Fieremans et al., 2008b). The fractional fiber density (FD = total
fiber area + bundle area) for a cross-section through the bundle
can be controlled by varying the number of fibers compressed
by the outer sheath. Bundles can be constructed with a FD in the
range 0.02-0.9 (Fieremans et al., 2008b). To avoid the formation
of air bubbles on the fibers, the entire construction process may
be conducted under water. However, further bubbles may develop
and can be removed by repeatedly squeezing the fibers and outer
sheathing and placing them in a vacuum chamber or ultrasonic
bath (Gonzalez et al., 20006).

A challenge for fiber phantoms is achieving the desired high
FD. For maximum anisotropy and highest FD (up to 0.91), the
fibers should be arranged in a hexagonal close-packed configura-
tion. However, unlike glass capillaries, fibers are much less rigid
and tend to pack in a random configuration, which lowers FA
values. This is attributable to the larger interstitial spaces between
fibers, as well as to the fact that the fibers do not lie exactly paral-
lel to each other. Indeed, at lower fiber densities, the homogeneity
of the fiber packing is reduced, as fibers tend to cluster toward the
center of the shrinking tube. Higher diffusion anisotropy (FA =
0.78) has been observed with circular phantoms constructed from
15 um—diameter polyamide fibers wound around a glass spindle
(Laun et al., 2009). Such phantoms have great value since they
are able to mimic the higher FA values found in the human brain
although, owing to their circular construction, it is not possible to
manipulate the pathway of the fiber bundles.

Table 19.3 Water Diffusion Parameters Measured at Room Temperature for Diffusion Anisotropy Phantom Materials

Material Measured Water MD (x10-° m?s~1) FA Reference

Asparagus 1.3£0.01 0.2+0.01 Boujraf et al., 2001

Glass capillary* 1.4+0.2 0.5%+0.1 Yanasak and Allison, 2006; Yanasak et al., 2009
Dyneema 1.1+£0.1 0.6+0.1 Fieremans et al., 2008b; Lorenz et al., 2008
Hemp 1.7+£0.6 0.2+0.1 Lorenz et al., 2008

Linen 1.7£0.6 0.3+£0.2 Lorenz et al., 2008

Polyamide 1.4+£0.2 0.3£0.1 Lorenz et al., 2008

Viscose 1.7£0.6 0.2+0.1 Lorenz et al., 2008

Normal brain (WM) 0.69-0.93 0.4-0.8 Pierpaoli and Basser, 1996; Shimony et al., 1999

#Glass capillaries with inside diameter of 23 um. FA, fractional anisotropy; MD, mean diffusivity; WM, white matter.
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(a) (b)

Figure 19.7 a) Cross-sectional and b) longitudinal views of a fiber phantom constructed from Dyneema. The black shrinking tube that compresses
the fiber has been partially removed. (Reprinted from Fieremans E, De Deene Y, Delputte S, Ozdernir MS, D’ Asseler Y, Vlassenbroeck J, Deblaere K,
Achten E, Lernahieu I (2008). Simulation and experimental verification of the diffusion in an anisotropic fiber phantom. J Magn Reson 190:189-199,

with permission from Elsevier.)

Perhaps the most promising fiber phantoms are constructed
from Dyneema, which does not exhibit any significant magnetic
susceptibility artifacts and provides MD (1.1 x 10~ m2 s-1) and FA
(0.6) values comparable to those observed in the brain (Lorenz
et al., 2008). Indeed, a prototype human head phantom has been
developed that contains fiber bundles that are manipulated to rep-
licate the course of neural white matter tracts in the head, such
as corticospinal, optical, and fronto-occipital tracts together with
corpus callosum. The fiber bundles are encapsulated in agar gel
shaped like a human head (Fig. 19.8) (Fieremans et al., 2005,
2008a).

Because of the technical challenges in fabricating a diffusion
anisotropy phantom, it is necessary to accurately characterize
the direction and size of the interstitial water spaces between the

fibers or capillary walls. One validation approach has been to
use computer simulations to predict the diffusion behavior in the
known structure of the test object. Such an approach will inevi-
tably require several assumptions about both diffusion dynamics
and the manufacture of the phantom. For example, variability in
the thickness, orientation, and packing of the synthetic fibers or
capillaries is often neglected or, at best, estimated by a computer
model (Yanasak and Allison, 2006). However, as manufacturing
techniques of such phantoms are optimized and improved, these
assumptions will become less important. As an alternative valida-
tion, complimenting imaging techniques such as X-ray computed
tomography (CT) may be employed to characterize the underly-
ing structure of a diffusion anisotropy phantom (Fieremans et al.,
2008b). Ultra-high-resolution CT images (~3 wm) are able to

Figure 19.8 Prototype human head phantom containing a) the fiber bundles that represent neural pathways in the brain. b) The final phantom with
agar gel in the shape of a human head. (Reprinted from Fieremans E, De Deene Y, Delputte S, Ozdemir MS, Achten E, Lemahieu I (2008). The design
of anisotropic diffusion phantoms for the validation of diffusion weighted magnetic resonance imaging. Phys Med Biol 53:5405-5419, with permission

from IOP Publishing.)
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reveal small variations in packing structures, and this information
can be used to produce accurate and precise computer simula-
tions of the diffusion behavior in the phantom. These simulations
can then be used to assess the performance of the imager in cal-
culating reliable diffusion imaging parameters.

Conclusions

Diffusion imaging is continually finding new applications. Given
the sensitivity of diffusion MRI, very subtle differences may be
observed at a cellular level. In order to draw reliable inferences
from these data, the user must be confident that the changes are
not due to instabilities in the measurement device, which can be
proved by acquiring regular QA data. In general, there are many
QA tests performed on an MRI machine to prove the stability of
signal acquisition. However, further specific QA tests are required
for diffusion quantities.

Diffusion phantoms able to provide both MD and FA values
similar to those observed in vivo are beginning to be designed
and manufactured. Phantoms are generally more stable, and their
structure is understood better than either plant or human subjects.
At present, the phantoms for diffusion anisotropy have a small
cross-sectional area (bundle diameter <2 c¢cm) that is not ide-
ally suited to clinical acquisition parameters. In addition, there
is concern that magnetic-susceptibility distortions are likely to
exist at the interface of free water and the edge of the phantom.
These distortions are worse at the periphery of the phantom and,
therefore, become less of a problem as the size of the phantom
increases. However, it becomes increasingly difficult to character-
ize the internal structure of the FA phantom as its size increases.
As manufacturing techniques develop and improve, this issue
will undoubtedly become less of a problem. In contrast, isotropic
diffusion phantoms are currently well characterized and practical
for use in QA, using the acquisition parameters that are employed
clinically. While an isotropic phantom cannot be used to validate
tensor eigenvectors, they may still be used to identify problems
with scanner hardware since MD values are affected by gradient
miscalibration or machine drift.

Establishing a diffusion QA protocol can be trivial: if isotro-
pic liquids are used, the preparation could be as simple as buying
off-the-shelf chemicals and adequately insulating the original
glass bottles to protect them from temperature variation and
vibration.
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