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Abstract

In MR images of porous organic samples (such as roots or wood) in water media, the sample is often surrounded by a bright ring,
with a corresponding decreased 7, value in 77 maps. When the medium is removed, or contrast agents are added, the ring disappears,
indicating that the signal does not originate in the outer layers of the sample, but from the medium itself. It can be shown that this
“bright ring effect” is only observed when the medium experiences a reduction in 7'} when permeating the sample. In order to investigate
this effect, a computer model was used to simulate the diffusion of magnetisation between regions that exhibit different relaxation con-
stants. Using this model, the origin of the signal increase was found to be an inflow effect, as diffusion transports relaxed magnetisation
from the boundary regions of the sample into the surrounding medium. In the case of the “bright ring” around the plants described
above, a mixing of short 7' values from within the sample and long 7' values within the medium occurs, yielding a “transition region”
between the two values. There, a signal increase can be observed at 7 weighted images, compared to the signal from the medium beyond
this transition region. The width of the transition region is on the order of magnitude of the diffusion displacement that is calculated from
the T, value as diffusion time. In addition to causing the bright ring around the plant samples, this diffusion effect also limits the reso-
lution of the relaxation time maps.

This effect is not limited to 7 relaxation but also applies to 7, relaxation. However, at high B, field strengths such as those used in
this study (11.7 T), a T, effect is not usually observed due to the considerably shorter 7, times in plants (about 50 ms, compared to T}
times of higher than 1 s). Because the diffusion length during this 7> relaxation is short with respect to the resolution of the imaging
experiments, no 75 ring effect is seen.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction the order of seconds ([15] lists values for corn). It has also

been shown that in some cases, 77 maps show less contrast

In order to characterise different cell and tissue types
and to investigate changes in their structure or function,
T, and T, maps are often employed in medical and biolog-
ical MR imaging [1-5]. Especially in functional studies of
plants, these parameters can offer insight into cell sizes,
water exchange times through cell membranes, water activ-
ity and content, ion concentrations, nutritional state and
vitality, etc. [1-4,6-14]. In plants investigated at high field
strengths, 7, values are usually on the order of magnitude
of tens or hundreds of milliseconds, while T values are on
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and fewer detailed structures than 7, maps, although the
first show clearer changes in functional studies [2]. Never-
theless, the dependency of 77 and 7, on B, would cause
a different behaviour at lower field strengths.

A large portion of the volume in a plant cell (65-75%
[6,7], and even up to above 95% [16] in adult plant cells)
is occupied by a main vacuole, which yields most of the
MR signal. Although the relaxation rates of the medium
within the vacuoles are on the order of magnitude of those
of pure water, the relaxation times measured in the plant
itself are much shorter. This shortening of relaxation times
in the vacuole is due to the fast exchange of water (and thus
magnetisation) between the vacuole and the surrounding
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parts of the cells (membranes, cell wall, and cytoplasm con-
taining cytoskeleton and organelles) where 7' and T, relax-
ation rates are much higher [8]. This phenomenon can be
described using models such as a two-compartment model
[17] or the surface sink strength density model [1,18]. This
well-known surface relaxation is often used to investigate
porous media by NMR [19,20]. There is no reason to
believe that relaxation at a surface could only affect the
measurable relaxation time within a small restricted vol-
ume like a cell or pore.

In addition to diffusion within a single cell, spins can
also diffuse between different cells. If the intercellular space
is made up of cells of the same type, the effects on the relax-
ation times will not differ greatly from those described for
the vacuoles, as the intercellular space is surrounded by
material/substances which affect the relaxation times in a
homogeneous manner. Thus, on the macroscopic level
(compared to cell sizes) of an MR image, a homogeneous
contrast is generally observed within each tissue type.
However, this is not the case for border regions which lie
between areas with different relaxation constants.

An extreme example of such a transition region is the
border between a sample (such as a plant) and the sur-
rounding medium, where the spins in the plant exhibit a
different relaxation constant than those outside. In MR
images of intact plants, a “bright ring” is often observed
in this area, as the outermost element of, for example, a
root structure growing through a nutrient solution. This
ring could be caused by a number of effects: a thin segment
of the root bark, an algae or bacteria layer on the root, or
the relaxation mixing effect described above. The purpose
of this paper is to show that the source of this “‘bright ring”
is a relaxation/diffusion effect and to investigate how this
effect affects MR microscopy images. To this end, a
numeric computer simulation was developed, adapted to
mimic the phenomenon of diffusion exchange between
media in consecutive areas of different relaxation times.
A more general mathematical description of such systems,
including diffusion barriers such as membranes, which is
based on the numerical solution of Fick’s second law of dif-
fusion can be found in Ref. [21]. The authors also offer an
overview of different mathematical approaches used to
describe diffusive phenomena in the literature. The results
of the simulations described here, and their similarities to
actual MR images, are examined.

2. Numerical modelling

In order to examine the effects of diffusion between areas
of higher and lower relaxation times on the spatially-
resolved measured relaxation time in an MR experiment,
a numerical model was created. To this end, the evolution
of the magnetisation within a lattice model comprised of
150 consecutive slices was calculated. The magnetisation
for each slice is made up of three fractions: excited M.,
dephased My and relaxed M, magnetisation (Fig. 1).
where,
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Fig. 1. Simulation. The magnetisation for each of the 150 slices (here
represented by the distance from the junction between volume A and B)
consists of three fractions: excited, dephased, and relaxed magnetisation.
Starting the simulation with 100% excited magnetisation, the diagram
shows the distribution of the three fractions after 50 iterations of
relaxation and diffusion (100 ms), with 77 =720 ms and 75> = 33 ms for
volume A and 77 =2130 ms and 7, = 87 ms for volume B. The dashed
lines represent relaxation without diffusion.

M.+ My +M, =1 (1)

At the beginning of the calculation, the magnetisation for
each slice was set to be completely in the excited state,
ie. M,=1, corresponding the magnetisation after the
application of a 90-deg excitation pulse. During the course
of the simulation, the value of M, was made to decay
according a T, relaxation Eq. (9) as would be measured
in a CPMG experiment. The parameter My describes the
amount of the “dephased” magnetisation that has under-
gone 7, relaxation and therefore cannot be considered as
relaxed (longitudinal) magnetisation, and no longer con-
tributes to the NMR signal. Given that My starts at zero,
the value of this parameter in each voxel increases as the
value of M, decreases. M. is the fraction of the magnetisa-
tion that has already returned into thermal equilibrium.
The value of this parameter increases according to a T}
relaxation curve Eq. (10), again starting at M, = 0.

Because the absolute amount of magnetisation is imma-
terial, only the relative fractions (their partial volumes),
which are constant within each slice, are considered. Thus,
the in-plane extent of each slice is also irrelevant and can be
considered infinite.

Two different sets of 7} and T, values were assigned to
the volume, one describing the fast relaxation in volume A
(slices for which 0 < x < 49), and the other the slow relax-
ation in volume B (slices for which 50 < x < 149), where x
indicates the slice number. The time resolution for the 2000
iteration steps was set to Ar =2 ms.

The decrease of M, due to 7, relaxation during the
course of one iteration step leads to the following
expressions:
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M (t) x exp(—At/T>)
M& = M(t) + M. (1) * (1 — exp(=At/T>)) (2)
My = M.(1)

Including the 77 relaxation yields the following equations:

M (t+ At) = M, xexp(—At/T))
Md(t—‘y-At):Mij*eXp(—At/T]) (3)
M (t+ At) =M, + (M, + M) * (1 — exp(—At/T))

To derive quantitatively correct results from the simulation
which could be compared with the experimental data, the
lattice constant Ax (given a grid where Ax = Ay = Az is
the isotropic lattice spacing) of the model must be calcu-
lated according to the time step A and the diffusion con-
stant. The diffusion during the course of one iteration
step was realised by the convolution of the matrices
M(x,1), My(x,t), and M (x,t) with a normalised binomial
(Gaussian) convolution kernel ks;p. For a three dimen-
sional approach this kernel takes the form

asards dxaidy Aaszdxds
k3D = ara)a ayaopag araay (4)
asdrds  dxa)ap  asdads

where ay = 8/64, a, = 4/64, a, = 2/64, and a; = 1/64. Fol-
lowing the central limit theorem, any other small isotropic
convolution kernel chosen leads to the same results. The
application of this kernel to a matrix causes a mean square
displacement md of the magnetisation which follows the
following formula:

md = sqrt(Z;(a;d’n;)) = sqrt(3/2)Ax (5)

where d; = sqrt(i)*Ax the distance of element «; from the
center of the kernel and ny=1, ny=6, n,=12, and
n3 = 8 the frequency of the appearance of equivalent ele-
ments g;. The mean square displacement during one simu-
lation iteration must equal the mean diffusion displacement
during the time interval A¢. The latter is given by the Ein-
stein—-Smoluchowski equation for free diffusion in three
dimensions:

md = sqrt(6DA?) (6)

where D is self-diffusion constant (in this case set to the va-
lue for water at room temperature, D = 2.0 x 107° m?/s).
By combining Egs. (5) and (6) and using A¢=2.0 ms,
one arrives at a lattice spacing of

Ax = sqrt(2/3 « 6DAt) = 4.0 um (7)

as the spatial resolution of the numerical calculation. In the
scope of the presented geometry, the in-plane diffusion is
irrelevant. Therefore the simulation can be reduced to
one dimension by using the projection of the three dimen-
sional convolution kernel onto a single dimension:

ki = (1/4 1/2 1/4) (8)

and by using one dimensional arrays for the three fractions
M; of the magnetisation. Each element of those vectors M;

represents one slice of the described system. Calculating the
lattice spacing based on kp (i.e. md;p = sqrt(1/2) Ax) and
the Einstein—Smoluchowski equation for free diffusion in
one dimension (i.e. md|p = sqrt(2DA¢)) results in the same
Ax as with k3;p and Eq. (6). It can be shown that Ax calcu-
lated from the 1D approach will always be the same as for
the 3D approach, for the generalised case where kp is the
projection of k;p independent of the chosen a;.

For the slices x =149 and x =0 the diffusion volume
was closed and 3/4 of each M, remained in these edge slices.
These boundaries hindering the free diffusion were far
enough from the junction of the two volumes that no accu-
mulation effect of over- or under-relaxed magnetisation
was observed.

In summary, the following operations were performed
for each slice in each iteration step:

1. The new excited, dephased and relaxed magnetisation
fractions were calculated according to their respective
T, and T relaxation times, Egs. (2) and (3).

2. One diffusion step is applied to each fraction of the mag-
netisation fractions M; by convolving them with the ker-
nel kp from Eq. (8).

3. The fractions M(x,1), My(x,t), and M(x,t) were saved
for later examination.

As in the different cases discussed at [21], the interesting
information about the simulated system, here the effective
observed T and 75, could be derived from the time devel-
opment of the magnetisation. After the entire simulation
was completed, the time courses of M(x,?) and M(x,1)
were fit to,

= Eo * (1 — exp(—t/T>(x))) )
= Ry xexp(—t/T;(x)) (10)

Me(x, 1)
M. (x,1)

respectively. The dependence of the observed effective
relaxation times 75(x) and 7;(x) on the distance x of the
respective slice from the edge between volumes A and B
could thereby be calculated.

The courses of 77 and T, resulting from the numerical
calculation will be shown in Fig. 6.

To verify this numerical approach, additional Monte
Carlo simulations were performed, using up to one million
particles performing a random walk on a 3-dimensional
grid within and between two volumes where they were
affected by the different relaxation times. Besides statistical
fluctuations and noise because of the random character of
this implementation, the resulting 77 and 7, curves were
identical.

3. Results

The bright ring described in this paper was observed in
RARE images of corn roots (Fig. 2, upper left) as well as in
spin echo images without an echo train and gradient echo
images with similar 7 contrast (i.e. FLASH [22], echo time
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Fig. 2. Left. RARE images (Tt = TE-efective = 9.1 ms, Tg = 1 s, FOV = 5 mm x 5 mm, matrix size 128 x 128, 0.5 mm slice thickness) of a corn root. The
following structures can be seen: main root (a), side roots (b), PE capillary (c). In the upper picture, the root is surrounded by growth medium (d); in the
lower image, the growth medium has been drained. The arrows mark remaining nutrient solution. Right. The profile of the main root signal intensity from
the center of the root to the region of growth medium. (max I) is the bright outer region of the central cylinder and (max II) the bright outer region of the
root bark. The “bright ring” around the root in the RARE image at the top left (at r = 0.65 mm) disappeared when the medium was removed.

T = 2.07 ms, repetition time 7g = 15.7 ms). In addition,
the roots of plants such as Ricinus comunis and French
bean (Phaseolus vulgaris L. *Sotaxa’) measured in growth
medium show the same effect. Gradient echo images and
plant roots other than Zea mays are not shown here since
they do not provide any further information.

To examine whether the bright ring originates from the
root tissue or the surrounding medium, a RARE image was
made of the roots of an intact, 13 day old corn plant. A
marked signal increase can be seen in the transition zone
between the roots and the surrounding medium (Fig. 2,
upper left). The nutrient solution was drained from the
glass tube and the RARE experiment repeated. The root
structures of the two images are identical except the bright
ring is no longer visible after removing the surrounding
medium (Fig. 2, lower left). Exchanging read and phase
encoding directions has no influence on this effect and
results in identical images.

No “bright ring” effect is seen at the surfaces of either
the PE capillary or the surrounding glass tube.

A plot of the profile of the main root and the neighbour-
ing growth medium from the RARE images is shown in
Fig. 2 (right). The amplitude of both profiles is normalised
to the maximum signal intensity (max I) from the central
cylinder of the root at r =0.24 mm, which is defined as
1.0 r.u. The bright ring can be seen as a clear maximum
in the plot of the image with surrounding medium. Without
medium, this maximum is no longer observed. The outer-
most structure that is equal in both profiles is the maximum
signal intensity from the cortex (max II) at » = 0.50 mm
and the following signal decrease. With medium, this
decrease ends at a minimum at r = 0.58 mm, which is
attributed to the presence of the root epidermis, and is fol-
lowed by the bright ring. The signal intensity of the bright
ring (1.4 r.u.) at r = 0.65 mm is markedly higher than the
signal strength of the free growth medium (1.2 r.u.) and

decreases to this value slowly as the pixel distance from
the root increases.

To show that the effect depends on the relaxation and
not a change in the spin density, the surounding medium
of another corn plant root was removed and replaced with
distilled water (including rinsing to assure the absence of
growth medium), and a RARE image was acquired. The
signal profile is depicted as the lowest, solid black line in
Fig. 3. Without removing the probehead or root from the
magnet, the distilled water was drained and replaced with
a 0.01 mmol/l Gd-DTPA solution. After adjusting the tune
and match, another RARE image was acquired. This
procedure was repeated using each of the eight increasing
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Fig. 3. Signal profile of the main root of a corn plant in distilled water
with different Gd-DTPA (Magnevist) concentrations. The parameters for
the RARE images were as follows: T = 0.5 s, Tg = 7.27 ms, Tg.cffective =
14.57 ms, FOV = 5 x 5 mm, matrix size 128 x 128, 0.5 mm slice thickness.
The definitions of (max I), (max II) and (bright ring) are analogous to
those in Fig. 2.
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Gd-DTPA concentrations as described in Section 6. The
signal profile for each concentration is depicted in Fig. 3.

The profile shows the same characteristics as on the
right side of Fig. 2. The use of a larger Gd-DTPA concen-
tration, resulting in a shorter 7 time, leads to a higher sig-
nal in the surrounding medium (right side of Fig. 3). The
bright ring disappears when the concentration of Gd-
DTPA reaches approximately 0.2 mmol/l. At high concen-
trations, the effect of the outlying Gd-DTPA is constant
down to r = 0.50 mm (which corresponds to the position
of the bright ring), and falls off quickly to minimum at
r=0.44 mm. For r <0.4 mm (max II), no effect from the
Gd-DTPA can be seen.

In order to ensure that the bright ring is not caused by
an active process of the root tissue, spin echo images were
acquired from four samples (birch wood toothpick, durum
wheat semolina noodel, piece of Neoprene, cotton thread)
with similar surface characteristics as the roots with dis-
tilled water as the surrounding solution (results not
shown). The toothpick, which is the most similar to the
plant roots due to its raw cellulose surface, was the only
sample that was surrounded by a distinct bright ring. In
addition, water which has been absorbed into the pores
of the wood exhibited a higher signal than free distilled
water. The noodle, which is primarily composed of starch,
absorbs a lot of water and creates a relatively smooth,
swollen surface. A signal increase at the surface was barely
visible. Neoprene is a soft synthetic with a porous surface
and which exhibits a 'H MR signal of its own. Due to
the chemical shift and overlapping of signals, no signal
increase at the surface could be detected. The thin thread
of cotton is a water permeable sample with a large surface
area, and also showed no indication of the effect described
above.

A T, map of the toothpick (Fig. 4, left (a)) in distilled
water (Fig. 4, left (b)) was performed at the Avance. It
shows that the bright region evidenced in the spin echo
images has a much smaller T value than the surrounding
water. The value falls from 1.75s in the medium to 1.0s
at the surface of the toothpick. The high-signal areas in
the inner region of the wood have an even smaller 7 time,
namely 0.5 s. The additional spots with outlying 7 values
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are caused by fit errors due to the low signal intensity
within the toothpick.

Due to the disintegration of the root tissue by organic
solvents, the toothpick was used to investigate the “bright
ring effect” with different media. Cyclohexane was the only
feasible candidate for this examination as chemical shift
artefacts of other solvents (ethanol, acetone, etc.) inhibit
the observation of the effect.

Cyclohexane (Fig. 4, right (c)) has a self-diffusion con-
stant D = 1.345 x 1072 m?/s [23] which is on the same
order of magnitude as water (D =2.023 x 10~° m?/s at
20 °C), and a much longer 7, time of 3.5 s. No ring is vis-
ible around the toothpick in the cyclohexane solution in
either the 77 maps (Fig. 4, right) or the RARE images
(not shown). It appears that cyclohexane is able to pene-
trate the wood to a greater extent than the water (see
Fig. 4), but undergoes only a small reduction in 7} value
(from 3.0 to 2.0s).

T, and T, maps of 10-day old corn plant roots were
acquired (Fig. 5) at the AMX in order to determine the
quantitative effects of 77 and 7T, on the bright ring. Spin
density (SD) maps were calculated from these data. As sta-
ted above, the details in the tissue of the main roots are
much more sharply depicted in the 7, and SD parameter
maps than in the 77 maps. This can especially be seen in
the magnified portions of the 77 and 7>, maps shown in
Fig. 5 (lower right). This image also shows that the root
appears to be about 2 pixels (78 um) larger in the T}
map. The explicit course of 7| and T, for the transition
region between root and surrounding medium is shown
in Fig. 6. An increasing 7; value up to a distance of
90 um from the root surface can be seen, whereas 7> has
already reached the value of the medium at about 40 um.

Without taking into account the SNR loss that is caused
by relaxation, images were calculated from SD, T}, and T,
maps using the following formula:

Signal = SD x exp(—Tg/T>) * (1 —exp(—Tr/T1)) (11)

using the appropriate parameters for different echo and
repetition times. As demonstrated in Fig. 7, the bright ring
around the root disappears when using long repetition
times (7gr =40 s, i.e. no T)-weighting). However, the ring
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Fig. 4. A T), map of a dried birch wood toothpick (a) in distilled water (b) and cyclohexane (c). The colourmap is normalised to the relevant medium, such
that the relative changes are clearly represented. The reference bars show the absolute values. The following parameters were used for the underlying
RARE images: Tg = 7.27 ms, Tg.efrective = 29.52 ms, FOV =5 mm x 5 mm, matrix size 128 x 128, 0.5 mm slice thickness.
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Fig. 5. T, and T, maps of the roots of a corn plant in growth medium. A spin density map (SD), normalised to the average of the free growth medium, was
created using the raw parameter data. In the magnified image showing the root region (bottom right), portions of the 7} map alternate with portions of the
T> map. With T the root appears to be about 2 pixels (78 um) bigger and internal structures are more diffuse compared to the 7, or SD maps.

Simulation Result: T1- and T2 -Profiles
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Fig. 6. Simulation of the observed effective relaxation times between two
volumes given free diffusion. The black lines and points show 7 values
and the gray show 7, values. The dashed lines are the set parameters:
Ty =720 ms, T, =33 ms at volume A and 7) =2130ms, 7, = 87 ms at
volume B. The solid lines show the results of the diffusion simulation in
comparison to points from the measured data. The bright ring appears
where the effective 7' value remains below the pure 7' of the medium, i.e.
in between the root surface at 0 pm and approximately 90 um away from
the root.

is not influenced by the echo time (compare 7g = 1 ms and
Tg = 50 ms). Given strong T-weighting (7r =0.1s), an
intense signal increase can be seen in the bright rings
around all the roots. Even in this case, no such effect is ob-
served at the wall of the glass tube or the PE capillary.

In order to determine if the results of the simulation cor-
respond to the MR images, profile points from the mea-

sured maps (Fig. 5, left) were compared with the results
of the simulation. In the first 50 slices of the simulated sys-
tem (volume A), the T} was selected to be 720 ms, and the
T, to be 33 ms; these values correspond to those actually
found in the cortex of the root. The values in the remaining
slices (volume B) were 77 = 2130 ms and 7, = 87 ms, as in
the surrounding growth medium. The simulated system
evolution time of 4 s corresponds to the maximum recovery
time used with the 7'} maps discussed above.

The resulting courses of the fitted 77 and 7, values from
the simulation are shown in Fig. 6 as solid black and grey
lines, respectively. The T and 7, profiles from the acquired
images are included as black and grey diamonds.

T values in the acquired image increase with increasing
distance from the root surface at x =0 um. This corre-
sponds with the calculated increase in the simulation. In
addition, the width of this area calculated in the simulation
is consistent with the approximately 90 um-thick bright
ring around the roots.

The ‘“overshoot” in 7, that can be seen around
x = 130pum in both the simulation and the measured data
results from the fit to data of a limited sytem evolution
time. The longest recovery time used for the 77 map was
4.0s. For exact comparability, the numerical calculation
was also done only for the first 4 s of the development of
the system. In both cases, the fit of a monoexponential
relaxation function to the data of the transition region
led to an overestimation of the 7 value. Calculating the
system development for the first 10 s (Fig. 8) reduces this
overshoot and results in a more asymptotic approach of
the curves to the maximum 7 for higher distances x from
the surface. In that case (not shown), the effect can be seen



L Kaufimann et al. | Journal of Magnetic Resonance 192 (2008) 139-150 145
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Fig. 7. Based on the T, 7>, and spin density maps (Fig. 5), four theoretical spin echo images for different echo and repetition times were calculated. It is
obvious that the bright ring intensifies with shorter repetition times and therefore with stronger 7' weighting. The echo time and therefore 7, has no effect

on the visible bright ring.
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Fig. 8. Simulation of the observed effective 7 for three different 7 at
volume B. The magnitude of all plots is scaled to the difference of the T
values from volumes A and B. It shows the dependency of the extent of the
diffusion effect into volume B from the time-scale specified by the 7' value
of volume B. At the distance of the respective calculated diffusion
displacement, the effective 77 reaches about 93% of the underlying T}
difference.

over an broader region of about 150um, reflecting more
accurately the diffusion displacement calculated from
T; = 2130 ms.

The spatial resolution of the simulation was 4.0um, and
that of the measured image 40 um. In order to evaluate the
resulting blurring, the simulation data were convolved with
a 10-space wide boxcar function. The resulting smoothed
distribution is shown in Fig. 6 as the light dotted line. This
convolution had almost no effect on the 7 line, but the
smoothed 75 line fits better to the measured data.

To demonstrate the effect of different relaxation times
on the extent of the diffusion effect, three numerical simu-
lations were performed with a varying 7 value for Volume
B. To this end, 1000 iterations were calculated with a At of
10 ms, resulting in a system evolution time of 10s. The T}
value in volume A was set to 10 ms, whereas the 7 value in
volume B was 20, 200, and 2000 ms for the three simula-
tions, respectively. The 7, value was fixed at 10 ms in vol-
ume A and 100 ms in volume B. The three fitted and
therefore effective 77 curves are shown in Fig. 8. Their
respective magnitude is normalised to the 7 difference
between volumes A and B. It is obvious that the extent
of the diffusion effect into volume B depends on 7 at that
area. The diffusion displacement for each of the three sim-
ulations, calculated from the Einstein Eq. (6), is 15.5, 48.9,
and 154.9 um, respectively. It can be estimated from Fig. 8
that the 7' value reaches about 93% of the underlying T}-
difference at these distances from the junction of the two
volumes.
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4. Discussion

Based on the results detailed above, one can conclude
that the the bright ring surrounding the root is caused by
a diffusion-driven inflow of quickly relaxed magnetisation
out of the root and into the surrounding medium. The
observation of the bright ring around the dead, dried wood
of a toothpick, which was only repermeated by water like a
sponge, indicates that the ring is not due to an active pro-
cess of the living root. Because the effect is also observed in
distilled water, the concentration of dissolved substances in
the medium outside of the root is also eliminated as a
cause.

Because the bright ring surrounding the roots (corn
plant in Fig. 2 top left) and the wood disappears as soon
as the surrounding medium is removed (Fig. 2 lower left),
one must assume that the ring is due to the presence of
the medium and is not a physiological part of the root.
The liquid remaining due to capillary action (see Fig. 2)
proves that no portion of the root or any layer on its sur-
face has dried out.

The T, and T, maps, together with a spin density map
(Fig. 5), show that the bright ring is correlated with a nota-
ble decrease in 7;. However, there is no change in 7, or
spin density compared to the values of the surrounding
medium. Indeed, in Fig. 7, where the different contrasts
of spin-echo images were calculated using parameter maps,
the bright ring depends solely on the repetition time, and
therefore the T, contrast, of the image. However, any
mechanism that causes a decrease in 7, is expected to
reduce 7> as well [24]. Thus, if the relaxation was due to
a locally active relaxation mechanism, there should be an
effect on both 7; and T»; however, this is not observed.
This is a strong indication that the reduction of 7 is not
caused by a relaxation at the location of the bright ring,
but takes place somewhere else. In additon, this shows that
the bright ring is not associated with any outer part of the
object (root or toothpick) that would comprise different
relaxation mechanisms, but instead with the surrounding
solution.

The hypothesis of a signal increase based on T effects
outside of the root is also confirmed by the changes in
the relaxation times of the surrounding medium due to
Gd-DTPA (Fig. 3). The signal plateau of the surrounding
medium in 0.2 mmol/l Gd-DTPA is easily seen above
r = 0.50 mm, which is the midpoint of the bright ring. This
means that the outer half of the bright ring lies completely
in the region of the free surrounding medium. The inner
half, between r =0.50 and 0.45 mm, is interpreted as the
transition region where the amount of root tissue increases,
between which the surrounding medium can enter the most
freely. This assumption is confirmed by the signal decrease
shown on the right side of Fig. 2 between r=0.6 and
0.7 mm without nutrient solution. The lower spin density
and shorter 7, times of the root tissue lead to a signal
strength which is markedly lower than the values of the
surrounding medium, even if a comparable 7 value is

assumed for the tissue and the medium doped with
0.2 mmol/l Gd-DPTA.

If an edge enhancement due to restricted diffusion [25]
was the source of the signal increase, this effect would be
stronger at non-permeable surfaces such as the glass tube
or the PE capillary (Fig. 2) than at permeable surfaces like
the root [26]. A diffusion effect would still be visible in the
T, map (Fig. 5), as the T, microscopy method employed
leads to a diffusion weighting [27]. However, the effect
was not observed at non-permeable barriers, leading to
the conclusion that the bright ring is not due to edge
enhancement.

Diffusion through local field gradients (susceptibility
jumps between tissue and surrounding medium) would lead
to a signal decrease and would also be visible in 7> maps.
The susceptibility jump could lead to an artifact similar
in appearance to a chemical shift. This effect would be lim-
ited to the read direction and would lead to differences in
the images where the read and phase directions had been
exchanged, which was not the case.

The explanation for the ring-like signal increase that is
not refuted by the images and simulation is a diffusion-dri-
ven inflow effect. Fast T relaxation takes place in the outer
sections of the root (Fig. 5 top left) and the toothpick
(Fig. 4 left). On the scale of the self-diffusion of water,
the magnetisation can move out of these edge regions in
the surrounding medium, which has a comparatively long
relaxation time. In the regions of shorter relaxation time,
the opposite effect takes place simultaneously: in Fig. 6,
an increase in 77 is seen below d =0 pm. Analogously, in
Fig. 3 a signal decrease at r = 0.5 mm compared to the val-
ues at r > 0.5 mm occurs in high Gd-DTPA concentrations
(0.5 and 1.0 mmol/l, i.e. very short relaxation times in the
surrounding medium). The underlying relaxation mecha-
nisms play no role in this effect; instead the effective
observed relaxation time in each region is key, as well as
the diffusion between the regions.

The simulation described above, which describes the free
diffusion between two regions with different inherent relax-
ation times, supports this hypothesis. Using two regions
with different relaxation values, the effective measured
relaxation times were determined as a function of the dis-
tance from the boundary between the two regions. The
agreement between the measured profile of the transition
region and the simulated signal progression (Fig. 6) con-
firms our model.

The larger the difference between the intrinsic relaxation
times of two regions, the more pronounced is the effect of
the “in-diffusion”. This effect is clearly shown by increasing
the Gd-DTPA concentration for the medium (Fig. 3).
When the 77 value of the medium is as low as the 77 within
the outer parts of the object (the root), the bright ring van-
ishes completely. In addition, the use of cyclohexane as the
medium confirms the necessity of greatly differing 7, values
to cause the “bright ring phenomenon”. Because cyclohex-
ane in wood experiences only a slight change in 7 (Fig. 4
right), the effect is not observed here, in contrast to the sit-
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uation where a large reduction in the T values of water in
wood occurs (Fig. 4 left).

The slight spatial variations of T; values of cyclohexane
in wood are probably due to the wood grains, which are
separated by a distance which is on the same order of mag-
nitude as the variations. However, due to the lack of
detailed information on the geometry and orientation of
the wood grains during the MR experiments, this could
not be verified.

The diffusion also causes spins with different 7 values
to be mixed in the transition region. Within the scope of
the described effect, the difference between the 77 and T,
values lies only in their different magnitudes at the field
strength employed, namely 11.7 T. A visible smearing of
a spatially measured relaxation time can only take place
on the time scale of the relaxation. If the time constant is
relatively short, the diffusion path of the particles is also
short, and the populations reach the end state of the relax-
ation process before they have moved any considerable dis-
tance from their initial positions. This fact remains the
same in both the case of return to thermal equilibrium
and that of the decay of the magnetisation due to spin-spin
interactions or diffusion within gradients.

Using the relaxation times 7;=2130ms and
T> =87 ms as diffusion times in the Einstein equation, dif-
fusion paths of 160 and 32 pum, respectively, result. These
widths are in the same order of magnitude as the mea-
sured and the simulated ranges of the effect as seen in
Fig. 6 (volume B). In addition, with increasing Gd-DTPA
concentration in the surrounding medium and thus a
decreased T, difference, a narrowing of the bright ring
could be observed (Fig. 3). An even more quantitative
result of this effect can be seen in Fig. 8. The effective
T, reaches about 93% of the T difference between volume
A and B at a distance from the junction of both volumes
corresponding to the diffusion displacement as calculated
from the Einstein equation for the respective 7 values
at volume B.

It is important to state that the formation and observa-
tion of an effective relaxation time caused by diffusion-dri-
ven mixing is not dependent on the use of a special NMR
experiment. Visible in the 77 and 7, maps (Fig. 5), this
effect also appears in images acquired using an NMR
sequence that results in a 77 or 7, contrast such as
Fig. 2. This fact is also supported by the correspondance
of the T and T values obtained from the measurement
and those derived from the numerical simulation model,
which was based only on the influence of diffusion and
relaxation on the magnetisation. A more general mathe-
matical description such as the one used in [21] may pro-
vide additional information for specific NMR sequences.
Additionally, an analytical mathematical description of
the investigated effect may allow a calculation of the exact
temporal evolution of the magnetisation at the transition
region, which surely does not follow an ideal mono-expo-
nential function. Finding such a function should enable
the evaluation of the underlying relaxation times of the tis-

sue and the surrounding medium by analysing the relaxa-
tion behaviour at the transition region.

If the absolute values for T, and 75 within the tissue and
the surrounding medium are on the same order of magni-
tude, which is often the case for plant samples at lower field
strengths, the transition region has the same width for both
times. Then, depending on the 7| and T, contrast of the
MR sequences used, the combined effects might cancel each
other out (and this phenomenon might not have been
observed).

It is assumed that the mechanism which causes the
bright ring, namely the diffusive combination of neigh-
bouring relaxation times, is also the reason for the blurri-
ness of the 7 maps in plant tissue as compared to 7,
maps. As long as no barriers hamper the diffusion, the
spatial resolution of the relaxation time maps is limited
by the diffusion length resulting from the values of these
time constants. The markedly shorter 7, value in plants
thus allows for a markedly higher resolution in 7, maps.
The exchange rates of water through the cell membranes
are high enough [1,7,9,17] to lead to a mixing of the relax-
ation times within different compartments of the cell and
to measurable effects on the relaxation times. The diffu-
sion exchange between different tissues in the root with
T, values of up to 2s (Fig. 5 top left) leads to a T;
map with a resolution almost an order of magnitude
lower than that of the 7, map, with 7, values of approx-
imately 50 ms (Fig. 5 bottom left). On the other hand,
impermeable membranes or cell layers can cause sharp
structures and borders in 7) maps of objects with long
T; times. Because the diffusive exchange effect is strongly
dependent on the permeability of the membrane, the large
changes in T values (as compared to the changes in 7,
values) in functional experiments could also be explained
if one assumes that the functional changes precipitate
changes in the permeability [1,8].

5. Conclusion

Based on the results of experiments and simulation, it
has been shown that the influence of the relaxation time
of a compartment on that of another is not limited to small
compartments (like cells) that exchange protons. With ade-
quate spatial resolution, a ‘“long range” impact within
neighbouring regions of different intrinsic relaxation times
could also be observed. The range is on the order of mag-
nitude of the diffusion length that corresponds to the
respective relaxation times of two neighbouring compart-
ments or material (tissue) regions. The effect could be
regarded as a diffusion-driven inflow. Its scope depends
on the diffusion and relaxation constants, which control
the distances that particles can travel between and into dif-
ferent regions before they relax. Because of this unavoid-
able mingling of relaxation times, the achievable spatial
resolution in relaxation time maps is thus limited by the
relaxation times themselves, which determine the diffusion
lengths.
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6. Experimental
6.1. Hardware

All experiments were performed at 11.7 T on vertical
bore Bruker AMX or Avance 500 spectrometers equipped
with a 660 mT/m microscopy gradient system. A 5 mm-
radius Helmholz coil was used for signal reception in com-
bination with a home-built probehead containing a climate
chamber and sensors specially designed for functional plant
studies [28,29].

Custom-designed 35 cm long glass MR tubes held the
roots. The lower 30 cm had an outer diameter of 15 mm
and an inner diameter of 12 mm. At the upper end of the
tube, the outer and inner diameters were reduced to 5
and 3.5 mm, respectively, in order to fit the MR tube into
the Helmholz coil. In addition, a cup-shaped region (height
2.5 cm, outer diameter 2 cm) was located above the narrow
portion of the tube and acted as a reservoir for the growth
medium and for mounting the corn plant. All other non-
plant samples were examined in 5 mm MR tubes.

6.2. Samples

The root regions 3-4 cm below the seed of several Zea
mays (Bangui type) plants between 10 and 17 days old were
examined. To this end, the plants were pre-germinated for
3 or 4 days on damp paper in darkness, and transplanted to
the MR tube filled with aerated growth medium (“long
ashton” [30]) when the roots were at least 3 cm long. The
roots continued to grow into the MR tube down through
the area of reduced diameter, achieving a total length of
20-35 cm with side roots.

A 1 mm capillary made of polyethylene (PE) was placed
next to the root in the region to be imaged, and was used to
refill the growth medium.

In order to determine if the use of different surrounding
media influenced the bright ring effect, images were
acquired with different Magnevist (Gd-DTPA) concentra-
tions (0.00, 0.01, 0.02, 0.05, 0.10, 0.20, 0.50, 1.00 mmol/I]
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in distilled water) which served as the surrounding medium.
An additional PE capillary filled with growth medium was
placed into the tube and was used as a reference. Organic
solutions such as acetone and ethanol were not used due
to their chemical shift artifacts and destructive influence
on the root tissue.

In addition, several additional substances were imaged
to investigate which showed the “bright ring” effect;
namely, a coloured cotton fiber, a neoprene tube, a durum
wheat semolina noodle, and a birch wood toothpick (mea-
sured both in distilled water and in cyclohexane). The sur-
face of the toothpick was smoothed with sandpaper in
order to avoid effects from the jagged and uneven wood.

6.3. MRI-methods

The FOV was kept constant for all samples at
5 x 5 mm? with a matrix size of 128 x 128 and a slice thick-
ness of 0.5 mm for the purpose of comparison.

A variety of spin echo sequences was employed for the
acquisition of MR images. In addition, the FLASH
sequence [22] was used in order to compare the spin echo
sequences with a gradient echo sequence (images not
shown). The sequence primarily employed on the AMX
was a centrically-reordered RARE sequence (effective echo
time and inter-echo time of 9.1 ms, comprised of 16 8-echo-
trains) [31] (details concerning contrast and segmentation
can be found in [32]). With a repetition time of 1 s and 4
averages, the experiment time was approximately 1 min.

The RARE sequence used on the Avance console was
segmented identically, but the phase encoding steps were
performed linearly, yielding an inter-echo time of 7.27 ms
and an effective echo time of either 29.52 or 14.57 ms.
The repetition time was chosen to 0.5 s.

At the AMX, T| maps were created by combining a sat-
uration recovery pre-experiment [33] with the RARE
sequence. Twelve different T-weighted images with relaxa-
tion times between 8.8 ms and 4.0 s were acquired and the
T, values were calculated through pixel-by-pixel fitting of
the relaxation function. The total experiment time was

co(R)

Rin(OC) R Rout((x) R(O()

Fig. 9. Left. Two user defined contour lines overlaid on a spin density map of a root of Zea mays. Right. Depending on the polar coordinate « of a treated
pixel, a parabola is calculated out of the center point, Rj,(«), and R,,() from the two user-defined contour lines. This parabola is used as projection
function that allocates the polar coordinate R to the mean radius ¢, belonging to a hypothetical, interpolated contour line.
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14 min (with 4 averages), and the effective echo time was
8.8 ms.

On the Avance console, a similar 7'-weighted RARE
measurement was performed by acquiring eight images
with different repetition times between 65 and 8000 ms.

The well-known CPMG sequence was used on the AMX
to acquire eight different T,-weighted images for the
calculation of the 7, maps. The effective echo time of
these images increased from 16.5 to 132 ms in intervals
of 16.5ms, and the experiment time was 14.5 min for
the acquisition of four averages and a repetition time of
1.7s.

At the Avance, a spin echo sequence with a repetition
time of Tgr = 0.5 s, an echo time of Tg = 7.27 ms, 4 aver-
ages, and a total experiment time of 4min 16s was
employed.

6.4. Data analysis

The regions containing tissue of the main root and the
surrounding medium in the images and maps were seg-
mented, avoiding areas containing disruptive features such
as side roots, air bubbles, and the regions bordering the
capillaries or the glass surface.

A method to average values of tissues that are composed
of concentric layers or exhibit radial value gradients was
implemented. A polar coordinate system is used to define
contours of imaged objects that are roughly rotationally
symmetric. For the analysis of the data shown in this
paper, a center point was defined by the user and the outer
surface of the root (index “out”) and the inner portion of
the root bark (index ”in”) were outlined by hand (see
Fig. 9 left). From these custom-placed discrete contour
points, the coefficients $; oue, Siin, Ciouws and ¢ij, of two
sin—cos series expansions that describe the contours as
radius depending on angle o via Fourier Transformation
were calculated:

Rin(OC) = EI(SU“ * sin(oc * l) =+ Ciin * COS(OC * l))
Rout (0) = Zi(Si.out * SIN(0t * 1) + Cjout * COS(0t * 1))

The first coefficients of the cos series expansions ¢g;, and
Co.out Can be seen as the mean radius of the contour lines.
All image pixels belonging to one line are assigned to the
respective mean radius. In order to allocate each image
pixel, represented by its polar coordinates (o, R), to a spe-
cific mean radius, a parabola c¢yo(R) was calculated
through the center point (0,0) and the points (Rj,(«),
€o.in) and (Rou(®), co.out). This parabola is used as projec-
tion function that allocates R to ¢ as an idealized radius
(Fig. 9 right). Here ¢y can be seen as first coefficient of a
sin—cos series expansions that describes a hypothetical,
interpolated contour line. The T; or 75 values of all image
pixels, belonging to the same (interpolated) mean radius,
are averaged. In this way, the parameter values along a
radius, analogous to a cross-sectional profile, were calcu-
lated, with small parameter errors due to the use of
averages.
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