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T2 relaxation time measurement is a powerful tool to distinguish signal components in porous media. As
T2 weighting is generally achieved by spin-echo based methods, it is very challenging to capture very
short T2 relaxation time components, approximately 1 ms, with high resolution spatial encoding. It is
especially challenging when T2 relaxation times of the other signal components are not known a priori.
We propose a method, combining ultrashort echo time (UTE) imaging with multiple spin echo refocusing,
to generate a series of images with T2 weighting. The T2 decay curves for each image voxel were
extracted, and multiple T2 relaxation components were quantitatively evaluated. The method has been
applied to a fast relaxation system, namely, moisture content in wood samples to differentiate cell wall
(bound) water and cell cavity (lumen) water.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Magnetic resonance has the unique ability to non-invasively
visualize the internal structure of opaque samples through proton
density imaging. The T2 relaxation time is sensitive to a range of
physical/chemical characteristics including molecular structure,
motion, size, molecular interactions and molecular environment.
T2 relaxation time analysis is very powerful in distinguishing signal
components in a large range of systems, for example pore sizes and
fluid types in porous media [1–6]. T2 analysis has been applied to
study tumor extent and heterogeneity [7], evaluate different com-
ponents in the central nervous system [8,9] and bone [10], and
analyze body composition [11].

In wood samples, water bound within the cell walls has short T2
values (approximately 1 ms), while the free lumen water in the cell
cavity has relatively long T2 relaxation times (on the order of
10 ms) [12,13]. Differentiating cell wall water and cell cavity water
is of considerable importance, because these two components
behave differently in the moisture desorbing and adsorbing pro-
cesses, and deeply influence wood properties. MRI has been uti-
lized to study moisture content in wood [14–17]. The study of
water components in wood materials based on T2 relaxation times
has been reported on bulk samples [13,18,19] and with one dimen-
sional spatial resolution [12,20,21,22]. Spatially resolved T2 analy-
sis in 3D is necessary in wood materials since the fundamental
structure is inhomogeneous.

To quantitatively separate the multiple T2 components in each
voxel, images with various T2 weightings are required. There are
two principal categories of methods suitable for this purpose.
The first group utilizes prior information of the sample relaxation
times, obtained from a bulk measurement, to estimate the quantity
of each component with a few T2 weighted images. We term these
the ‘‘few-point method”. The images can be acquired by magneti-
zation preparation through a CPMGmodule, or selective saturation
or inversion of a chosen T2 component [4,23]. These methods are
effective in quantitatively separating multiple components when
the slow relaxation species have well-defined, moderate, T2 values
so that the signal contributions of each component, in each image,
are well defined. Noise amplification in the calculation may be an
issue when the image SNR is not sufficient.

In [20], a 1D spatial determination of water components in
wood was achieved by acquiring several CPMG weighted profiles
combined with prior information on T2 values. Densities of cell
wall water and cell cavity water of earlywood and latewood were
successfully determined. However, the application of a 1D spatial
model is limited in terms of sample geometry and dimensions. It
is especially challenging to study wood drying, since the desorbing
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process cannot be approximated as one dimensional in a realistic
sample.

The second group of methods require acquisition of a large
number of T2 weighted images. The T2 decay curve for each image
voxel can be extracted and analyzed to generate T2 relaxation time
components or a continuous T2 distribution spectrum. This can be
achieved through numerous CPMG preparations followed by a spa-
tial encoding module or by incorporating multiple spin echo read-
outs for each spatial encoding [24,25]. The latter scheme has the
advantage that acquisition times are principally defined by the k-
space sampling instead of the number of T2 weightings. Increasing
the number of T2 weightings improves the accuracy of T2 analysis,
at a minimal cost to the acquisition time. These methods do not
rely on prior knowledge of T2 relaxation times, and are more robust
when a realistic population distribution exists, rather than with a
few distinct values in the sample volume.

In wood samples, the lumen water T2 not only depends on the
cell growth season, but also the local water content due to surface
relaxation. The local water content may vary due to drying. There-
fore, the T2 values may be a continuous distribution in a bulk sam-
ple. Assigning a few distinct T2 values is a crude approximation.
The cell wall (bound) water within the wood samples studied
has short T2 values of approximately 1 ms, and it is challenging
to employ spin echo based spatial encoding to quantitatively cap-
ture the short T2 component, as even a 1 ms echo time leads to a
signal attenuation of 37%. In this work, we developed a 3D imaging
protocol to spatially resolve the different T2 components in wood
[26].

To our knowledge, the UTE based relaxation time mapping
methods in literature are all gradient echo based T2⁄ mapping
[27,28]. In wood material studies, the signal lifetime is too short
for multiple gradient echo measurements. Furthermore, T2⁄ relax-
ation time is not a proper quantification measure, as it is signifi-
cantly influenced by the static magnetic field inhomogeneity.
2. Methods

2.1. Pulse sequence

The proposed pulse sequence is shown in Fig. 1. It is an ultra-
short echo time (UTE) imaging module with multiple spin echo
refocusing. The gradients are switched on after the probe dead
time and data acquisition commences while the gradients ramp.
This effectively captures the short relaxation time magnetization.
Fig. 1. UTE with multi-echo refocusing pulse sequence. A 90� excitation followed by a tra
waveforms were employed for the UTE and echo image spatial encoding.
A series of 180� refocusing RF pulses are applied after encoding
the initial FID. Two lobes of gradients, with identical shape and
duration to the gradient before the refocusing pulse, are applied
between every adjacent refocusing RF pulses. Data is acquired
throughout the duration of every second gradient pulse. In each
excitation, the same k-space line is traversed multiple times with
different T2 weightings. The full 3D k-space is covered by varying
the gradient orientation in each excitation.

In principle, crusher gradients should be applied around the
refocusing 180� RF pulses. However, the homogeneous RF field
generated by a birdcage coil, with the sample confined within
the effective RF region, means that composite pulses and XY phase
cycling are sufficient for observation of a good T2 decay. Crusher
gradients are not necessary.

Due to eddy currents and system timing delays, the gradient
waveforms experienced by the sample are mismatched to the
spectrometer input. In 3D, each spoke traverses the high and low
frequencies of k-space at various angles, and may be shifted in
the direction of the projection or translated such that they do not
cross the center of k-space, leading to dramatic image artifacts.
Characterizing the gradient waveforms is important in radial imag-
ing to achieve an accurate k-space trajectory and distortion free
images. This is particularly important for the proposed 3D multi-
echo measurement.
2.2. k-space trajectory measurement and B0 shifts correction

In this work, the spatial encoding magnetic field errors are
approximated as the sum of a linear term and a zeroth order term
with respect to space. The linear term manifests as k-space trajec-
tory deviations, while the zeroth order term represents B0 shifts.

The k-space trajectory was characterized based on the method
of Alley et al. [29]. To measure the gradient waveform of a chosen
physical gradient axis, a series of 1D phase encoding profiles were
acquired while executing a test gradient waveform. The phase evo-
lution of a given pixel is proportional to the gradient waveform
integrated over time, i.e. k-space trajectory. Linearly fitting the
unwrapped phase of each profile, the slope yields k-space coordi-
nates and the intercept value at the central spatial position indi-
cates bulk phase induced by the B0 shifts. Higher order terms of
magnetic field variation can also be examined by evaluating profile
phase across the sample, but these are negligible in the current
work. This waveform measurement method is not limited to one
in of broadband composite 180� refocusing pulses were employed. Identical gradient
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dimension since higher dimensional phase encoding gradients may
be applied, though the acquisition time would be lengthy.

The linear term leads to a shift in the k-space trajectory, which
could either be incorporated in the image reconstruction or com-
pensated for by gradient waveform pre-equalization [30]. How-
ever, without dedicated real time B0 monitoring and
compensation hardware, the B0 eddy current [31] must be cor-
rected in post-processing, as the effect varies for different spokes
in k-space. The B0 drift induced errors are usually small for clinical
systems. However, it is non-negligible for the instrument
employed in these studies with fast switching high gradient
strengths. Significant image artifacts result without appropriate
correction.

Moussavi et al. [32] described a method to correct B0 eddy cur-
rents for radial FLASH employing a single value phase correction
for each spoke. This is effective for full radial spokes, but not for
the half line radial trajectory as presented in this work, because
the phase error is zero at the k-space origin and increases with
the radial distance. This error also varies for different spoke orien-
tation, so a full characterization of the extra phase must be consid-
ered. We consider the gradient system linear, and measure the k-
space trajectory and B0 shifts for each of the physical axes. The val-
ues for an arbitrary orientation are calculated as linear combina-
tions of the physical axes.
Fig. 2. An illustration of the k-space sphere with 412 spokes. Points on the sphere
are the endpoints of the radial spokes, which form circles with equally spaced polar
angles. The number of points on each circle was chosen such that the distance
between adjacent endpoints is similar for all the spokes.
3. Experimental

Experiments were performed on a Nalorac (Martinez, CA) 2.4 T
32 cm i.d. horizontal bore superconducting magnet with a water
cooled 7.5 cm Nalorac gradient set (maximum gradient strength
25 G/cm, and maximum slew rate 1000 T/m/s) driven by Techron
(Elkhart, IN) 8710 amplifiers. The RF probe was a homemade
4.5 cm diameter birdcage probe driven by a 2 kW Tomco (Tomco
Technologies, Stepney, Australia) RF amplifier, with a 90� pulse
duration of 18 ls. The console was a Tecmag (Houston, TX) Red-
stone. The experiments were performed at ambient magnet tem-
perature, approximately 10� C.

Two samples, 22 mm � 22 mm � 22 mm, were taken from the
centre of a freshly cut black spruce log. The samples were initially
saturated with water under vacuum conditions. Sample 1 was used
fully saturated. Sample 2 was placed in an environmental chamber,
for drying, at 80 �C temperature and ambient humidity for one
hour. With a two-component approximation, Sample 1 had T1
relaxation times of 100 ms and 30 ms, while Sample 2 had T1 relax-
ation times of 80 ms and 15 ms.

In the T2 mapping experiment, 40 spin echo images were
acquired following the UTE image, with an echo time and echo
spacing of 3 ms. The echo train duration was 120 ms. Composite
180� pulses (90�0 � 180�p/2 � 90�0), with XY phase cycling, were
employed to compensate for RF field inhomogeneity. 3998 radial
spokes were acquired for an image matrix of 64 � 64 � 64. 600
time domain points were collected on each spoke, with a dwell
time of 2 us. The echo time of the UTE image was 60 ms. The max-
imum gradient amplitude was 2.8 Gauss/cm. The repetition delay
was 500 ms to eliminate T1 weighting, and the total acquisition
time was approximately 42 min.

The k-space origin data was equivalent to the bulk signal with-
out spatial encoding. These data, from the UTE and all the echo sig-
nals, formed a bulk T2 decay, which was analyzed to extract the
bulk cell wall water and cell cavity water contents. The continuous
T2 distribution was determined employing the WinDXP inverse
Laplace transform toolbox [33]. The regularization parameter was
set to 0.001.

In the image SNR calculations, signal was defined as the maxi-
mum voxel intensity, and the noise level was determined as the
standard deviation of a background region where the signal was
supposed to be zero.
4. Results

4.1. Gradient trajectory and B0 shift measurements

The image matrix size was 64 � 64 � 64 with a nominal resolu-
tion of 0.5 mm � 0.5 mm � 0.5 mm. 3998 radial spokes were
employed, with an under-sampling factor of approximately 3 and
a PSF of 1.8 voxels (FWHM). The radial spokes were arranged in
a pattern illustrated in Fig. 2 with 412 spokes. The endpoints of
the radial spokes form circles along a sphere with equally spaced
polar angles. The number of points on each circle was chosen such
that the distance between adjacent endpoints was similar for all
the spokes. This pattern ensures coverage of all spatial frequency
information. The density compensation function was calculated
analytically with a plateau chosen based on the Nyquist limit
[34]. 3D gridding reconstruction was employed [35].

The expected and measured k-space trajectories and gradient
waveforms are shown in Fig. 3a and b for the X axis. Results for
the other two physical axes were nearly identical (not shown).
However, the B0 shift induced phase variations, associated with
the trapezoidal gradient in Fig. 3b, were of different polarities
and amplitudes for different axes, as shown in Fig. 3c. The B0 shift
effect induced by the X gradient was the smallest. The amplitude in
Y was approximately double that of X. Switching of the Z gradient
induced the most significant phase shifts, approximately three
times the amplitude of that induced by the Y gradient, with oppo-
site polarity of the phase. These results were related to the gradient
coil geometries. The overall B0 drift waveforms resembled the gra-
dient waveform. Linear combinations of physical gradient axes
were measured and the linearity of gradient and B0 shifts were ver-
ified (results not shown).

With the above gradient waveform characterization, we consid-
ered the output waveforms identical to the input with a time delay
of 40 us. Therefore, the spokes traced straight lines in 3D k-space.
Fig. 4a and b show slices from reconstructed 3D UTE images with



Fig. 3. The expected ( ) and measured (—) (a) k-space trajectories and (b)
gradient waveforms for the X axis. The results of the other two physical axes are
almost identical (not shown). (c) The B0 shift induced phase variations of X (—), Y
( ) and Z ( ) axes, associated with the trapezoidal gradients in (b).

Fig. 4. 2D slices from reconstructed 3D UTE images, on a homogeneous phantom,
with (a) nominal gradient waveform (no correction), (b) gradient waveform delay
correction, and (c) gradient waveform and B0 drift induced phase corrections. The
global blurring effect in (a) was due to overestimation of the low frequency
components. The asymmetric image distortion apparent in (b) was induced by the
anisotropic phase modulation.
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the nominal gradient waveform (no correction) and with gradient
waveform delay correction, on a homogeneous phantom. In Fig. 4a,
the low frequency components were significantly overestimated
due to the k-space trajectory error, resulting in a global blurring
effect. In Fig. 4b, the low frequency smearing effects were removed.
However, asymmetric image distortion was more apparent, due to
the anisotropic phase modulation induced by B0 drifts.

The B0 phase drift conjugate of each radial spoke was calculated
based on the measurement results in Fig. 3c with system linearity
assumed. Applying phase corrections to the raw data, before per-
forming the 3D gridding reconstruction, eliminated the image dis-
tortions as shown in Fig. 4c.

Note that this trajectory measurement was slower than slice
selection based methods [36,37]. However, it was more robust
against low SNR and less sensitive to object structure. The accuracy
of slice selective methods may be significantly affected by irregular
features present in the sample.
4.2. UTE with multi-echo refocusing for T2 mapping

The measurements were extended to include additional spin
echo images by applying a series of 180� refocusing RF pulses after
each signal excitation. The goal was to acquire T2 decay curves and
extract multiple T2 values for each image voxel. Identical readout
gradient waveforms were employed, for both the UTE and echo
images, to ensure matching image resolution.

Note that an extra gradient lobe was required to rewind the
previous UTE/echo image spatial encoding following each RF refo-
cusing pulse. The rewinding gradients also cancelled the B0 shift
induced phase. This was verified by examining the signal phase



Fig. 6. T2 decay curves extracted from the UTE image and all echo images, for the
voxels indicated in Fig. 5 from (a) Sample 1 and (b) Sample 2. A bi-exponential
model was employed for curve fitting, to estimate the cell wall water and cell cavity
water contents, from each voxel. It has been observed that the larger cell cavity
water contents correspond to relatively longer T2 relaxation times.
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at the beginning of the readout window, i.e. the center of k-space,
for each spoke of the echo signals. Zeroth order phase correction
may be performed for individual spokes, if residual phase varia-
tions exist. We observed a global phase drift of a few degrees dur-
ing the full acquisition time.

Fig. 5 shows 2D slices from the 3D UTE and echo images of the
two samples. The UTE echo time was set to 60 us to eliminate sig-
nals from the solid wood structure [18]. This was confirmed with
an FID experiment, in which the extremely short lifetime signals
from the cellulose and other non-water constituents of wood fully
decayed by approximately 40 us (not shown). The spin-echo echo
time was 3 ms. The chosen slices were perpendicular to the wood
fiber longitudinal direction. Growth rings were apparent in the
images, with earlywood of higher signal intensity and latewood
of lower signal intensity. The overall image intensity decreased
as the echo number increased, due to T2 attenuation.

The two samples were of the same physical size. However, in
the UTE images Sample 1 appeared larger than Sample 2, with
more clearly defined boundaries. Significant water evaporated
from the periphery portion of Sample 2 during drying. Sample 1
appeared relatively homogeneous across the displayed slice, while
Sample 2 revealed a heterogeneous pattern indicating that water
evaporation was not uniform.

The cell wall water, with a short T2 relaxation time of approxi-
mately 1 ms, contributed negligibly to the echo signal. The echo
images mostly revealed information on the cell cavity water, which
resided in all the effective image voxels in Sample 1, but was
absent near the edges of Sample 2, as shown in Fig. 5. The lumen
water T2 values were also larger in Sample 1 than in Sample 2,
leading to higher later echo image intensities.

Voxel A overlaps the pith at the centre of the growth rings.
Voxel A had a moderate intensity in the UTE image, but high inten-
sity in the echo images, especially the later echoes. This indicates a
slowly decaying signal from a long T2 component. The T2 decay
curves from voxel A, and several other representative voxels, are
shown in Fig. 6. Clear bi-exponential decays were observed. The
cell cavity water constituted 70% of the total signal, with a T2 relax-
ation time of 55 ms, for voxel A. This value was more than twice
that of the average lumen water T2 among all image voxels. It
was due to the high porosity in the pith at the centre of the growth
rings. The short T2 value was approximately 1 ms. The signal from
Fig. 5. 2D slices, perpendicular to the longitudinal fiber direction, of the 3D UTE and som
rings are apparent. The UTE effectively captured all the signal components, especially the
wet and Sample 2 was partially dried. Voxel A overlaps the pith at the centre of the grow
latewood voxels. Voxel F is a ‘‘dry” voxel where lumen water has mostly evaporated.
the cell wall water was successfully captured in the UTE image. The
decay curves were plotted on a linear scale to clearly display the
cell wall water content.
e chosen echo images of Sample 1 (first row), and Sample 2 (second row). Growth
cell wall water with T2 relaxation times of approximately 1 ms. Sample 1 was fully
th rings. Voxels B and D are typical earlywood voxels, and voxels C and E are typical
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Voxel B is a typical earlywood voxel, with a high signal intensity
due to large cell diameters with large quantities of lumen water.
The lumen water, with a T2 value of 23 ms, constituted 76% of
the total signal. By contrast, latewood had thicker cell walls and
denser cell packing leading to higher cell wall water content
[20], as shown by the results for voxel C. The lumen water content
was estimated to be 66% of the total water, with a T2 value of 20 ms
which was lower than that of the earlywood voxel B.

Voxels D and E are typical earlywood and latewood voxels in
the partially dried Sample 2. Their general properties were similar
to voxels B and C, with overall lower lumen water content and
shorter lumen water T2 relaxation times, as evidenced by the faster
decaying curves in Fig. 6b. The lumen water percentages were esti-
mated to be 62% and 39%, with T2 values of 15 ms and 11 ms for
voxels D and E, respectively. The voxels with higher lumen water
content generally had longer lumen water T2 relaxation times,
agreeing with theoretical prediction based on surface relaxation.
Drying of Sample 2 clearly lead to inhomogeneous water content
as revealed in Fig. 5. This sample, partially dried, showed the merit
of the UTE echo approach.

Voxel F is from the ‘‘dried” region where approximately 83% of
the total signal came from the short T2 component, as the signal
intensities in the echo images were insignificant. The pith in Sam-
ple 2 had also lost water during drying as revealed in Fig. 5. This is
better visualized in Fig. 7, where the cell wall water and lumen
water content, and the short component percentage maps are dis-
played, of the chosen slice and a perpendicular slice along the
wood fiber direction through the pith, as indicated in the first col-
umn images.

It is clear that the water distribution in Sample 1 followed the
growth rings. The pith had high lumen water content, surrounded
by a region of high cell wall water content. In Sample 2, the lumen
water around the outer surface, and through the pith, had mostly
evaporated. The cell wall water in these regions were also partially
reduced during drying. The remaining short T2 component per-
centage was very high. The water distribution along the fiber lon-
gitudinal direction was nearly uniform, except for the edges, due to
the finite sample dimension of 2.2 cm. Note that with the 60 us
echo time, the 1 ms T2 relaxation time component [13] had a signal
loss of a few percent, leading to a minor underestimation of the cell
wall water content.

The UTE image SNR’s were 32 and 26 for the two samples,
respectively. The relatively low SNR might affect the accuracy of
multiple component analysis, especially the cell wall water, as only
one measurement in the echo train contained signal from the cell
wall water. The evaluation of lumen water was more robust as it
was defined by 40 data points on the decay curve. This was the
motivation for numerous echo images, instead of utilizing the
few-point method. The number of echo images could be reduced
when the sample T2 relaxation times are known to be short. Note
that increasing the number of echo images did not significantly
increase the acquisition time, since the echo spacing of 3 ms was
insignificant compared to the repetition delay of 500 ms. This is
an advantage compared to methods employing a T2 preparation
module preceding the spatial encoding.

4.3. Bulk cell wall water and cell cavity water contents

The bulk T2 decay curves were analyzed with a TE equivalent to
the echo images. This was important due to the T2 dependence on
TE commonly observed in samples of this type. Bulk T2 data was
thus extracted from the k-space origin of all the images and ana-
lyzed with bi-exponential fitting and Laplace inversion. The result-
ing bulk lumen water content and T2 values are shown in Table 1.
Because the lumen water T2 varied among voxels, as discussed in
the previous section, the bi-exponential fitting only yielded aver-
age values. The lumen T2 was 26 ms and 21 ms for Sample 1 and
Sample 2, respectively. The T2 distributions, generated with
WinDXP, are presented in Fig. 8a. Note that the regularization fac-
tor affected the width of the lobes in the distribution. We chose the
same factor (0.001) for both samples. The areas under the curves,
representing relative contents of the signal components, were reli-
able [38].

The left lobes in the distribution curves were not well defined
because the echo time (3 ms) was long compared to the estimated
short T2 values. The cell wall water was estimated to be 20% and
49% of the total water for Sample 1 and Sample 2, respectively.
Sample 2 had a higher cell wall water percentage as a larger quan-
tity of the lumen water had evaporated during drying, than the cell
wall water. The distributions of the lumen water T2 were not sym-
metric in shape. We report the peak and logarithmic mean values
in Table 1.

The total lumenwater contentswere also calculatedby summing
the long T2 components from all the effective image voxels. The
results were very close to the evaluations from the bulk signals, as
shown in Table 1. The T2 relaxation time distributions, from the
voxel analysis, are plotted in Fig. 8b. Compared to Fig. 8a, these spec-
tra had much higher resolution. Note the different horizontal axis
ranges. Two peaks were discernible for Sample 1, corresponding to
earlywood and latewood lumen water. Sample 2 had a mean value
of 17 ms, and a large nominal standard deviation of 6 ms, caused
by the low intensity ‘‘tail” in the long T2 region. These signals were
attributed to the very low image intensity, in the dry regions of
the sample, whichwas prone to noise influence. Sample 2 had a nar-
rower peak than that generatedwith the Laplace inversion in Fig. 8a.
However, the total lumen water contents were consistent.
5. Discussion

Our results agree qualitatively with the work presented by
Menon et al. [20]. In [20], the authors modelled the 1D profile sig-
nal as three discrete components, i.e. cell wall water (T2 of a few
milliseconds), latewood lumen water (about 50 ms) and earlywood
lumen water (around 100 ms). The T2 values were extracted from a
bulk CPMG measurement. Three images were acquired to separate
the three components. The accuracy of the result largely relied on
the accuracy of the T2 values, and was susceptible to noise ampli-
fication. In our study, fitting the bulk decay signals to three compo-
nents lead to very close T2 values of the larger two components,
agreeing with the distribution curves. Our T2 values were signifi-
cantly shorter, in part because different wood species were stud-
ied, i.e. black spruce versus western red cedar.

In this method, diffusion attenuation on the echo signal, due to
3D spatial encoding gradients, was negligible. The XY phase cycling
of the refocusing RF pulses contributed to signal attenuation,
resulting in shorter effective T2 relaxation times. However, this
did not affect the separation of various water components. The
voxel-wise two-compartment model was advantageous with no
prior assumption of the relaxation times. The partial volume effect
was insignificant as the isotropic spatial resolution was high and
the earlywood and latewood T2 values were relatively close. Fur-
ther analysis and interpretation of the sample T2 relaxation times
could be performed as presented by Araujo [19].

In this work, the phase rewinding gradients and echo image
spatial encoding gradients could be of different waveforms. One
such example is to combine these gradients and apply one trape-
zoidal waveform of a longer duration. It will not affect the individ-
ual image quality as long as the gradient waveform and B0 shifts
are properly characterized. However, this results in a different echo
image PSF, compared to the UTE image, leading to errors in the
voxel-wise T2 evaluation, especially for high resolution studies.



Fig. 7. 2D slices of 3D maps of the cell wall water content (1st column), cell cavity water content (2nd column), and cell wall water percentage (3rd column) of the two wood
samples. The 1st and 3rd rows are slices perpendicular to the longitudinal fiber direction, the same as in Fig. 5. The 2nd and 4th rows are radial slices through the pith. The
slice locations are indicated in the first column images. Note the cell wall water percentage increased as lumen water evaporated.

Table 1
Total lumen water percentage contents and T2 values obtained from bulk signal with bi-exponential fitting and distribution analysis, as well as summation of all the effective
image voxels.

Lumen water content (%) Lumen water T2 (ms)

Bi-exponential Distribution Voxel Sum Bi-exponential Distribution Voxel Sum

Peak Mean Mean Std. dev.

Sample 1 78 80 78 26 27 25 24 4
Sample 2 49 51 47 21 20 19 17 6
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Fig. 8. (a) T2 distributions generated from the bulk signal, extracted from the k-
space origin, and (b) lumen water T2 distributions by summing the longer lifetime
component from all voxels, for Sample 1 (—) and Sample 2 ( ). In (a), the left and
right lobes are signals from the cell wall water and cell cavity water, respectively.
The lumen water component in Sample 2 had a lower peak T2 value (20 ms) than
Sample 1 (27 ms), and a lower signal intensity, due to drying. In (b), the lumen
water from earlywood and latewood were discernible for Sample 1. The nominal
mean T2, of Sample 2, was 17 ms due to a ‘‘tail” of longer lifetime components
mostly caused by the low signal intensity in the dry sample regions.
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With the current magnetic field gradient scheme, the phase
rewinding lobe traced an inward radial line in k-space, on which
data could be acquired, without any time penalty, and incorpo-
rated in the echo image reconstruction. Symmetric spokes through
the k-space center were employed in this work, therefore a full
diameter would be traversed twice from opposite directions. This
is an equivalent form to the redundant spiral-in and spiral-out k-
space trajectories [39], which compensate for off resonance effects,
although the radial trajectory in this work had a much shorter
readout duration. The extra data could improve the echo image
SNR, and would be effective in compensating for B0 phase drifts
without further correction. However, this would also result in a dif-
ference between the UTE and echo images, leading to errors espe-
cially in the estimation of short T2 components. We have discarded
this portion of data in the current work.

Since the true nature of the echo image encoding trajectory is
center-in (discarded) and center-out (acquired), it requires careful
gradient calibrations that ensure the fidelity of the trajectory, i.e.
the spokes start from the center. We found the gradient waveform
and B0 shift measurement results were consistent, at least for a
duration of many weeks with various samples. Therefore, the cali-
bration measurements do not need to be repeated for every image
acquisition.

The proposed method is based on 3D volume imaging. Com-
pared to slice selective based T2 mapping methods, the high quality
180� pulses in the full sample volume ensured uniform refocusing
for all the magnetization, resulting in the simple signal model con-
sisting of primary spin echoes. Otherwise, the other coherence
pathways, such as stimulated echoes, should be included [40].
6. Conclusion

We presented a method to quantitatively evaluate multiple
relaxation components, including signals with T2 relaxation time
as short as 1 ms. The method has been applied to study wood sam-
ples to differentiate cell wall water and cell cavity water contents
in fully wet condition and after partial drying. In future work, we
will systematically monitor wood drying processes, under various
conditions, to examine more efficient methods for kiln drying.

The method is readily applicable to other systems with multiple
short relaxation components.
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