Magnetic Resonance Imaging, Vol. 15. No. 1, pp. 113121, 1997
Copyright © 1997 Elsevier Science Inc.

Printed in the USA. All rights reserved

0730-725X/97 $17.00 + .00

PII S0730-725X(96)00328-6

® Original Contribution

QUANTITATIVE 'H-NMR IMAGING OF WATER IN WHITE BUTTON
MUSHROOMS (AGARICUS BISPORUS)

H.C.W. DONKER, H. VAN As, H.J. SNUDER AND H.T. EDZES
Department of Molecular Physics, Agricultural University, Dreijenlaan 3, 6703 HA Wageningen, The Netherlands

MRI represents a valuable tool for studying the amount and physical status of water in plants and agricul-
tural products, for example, mushrooms (Agaricus bisporus). Contrast in NMR images originates from the
mixed influence of the fundamental NMR parameters, amongst others, spin-density, T,- and T, relaxation
processes. Maps of these parameters contain valuable anatomical and physiological information. They can,
however, be severely distorted, depending on the combination of parameter settings and anatomy of the
object under study. The influence of the tissue structure of mushrooms, for example, tissue density (suscepti-
bility inhomogeneity) and cell shape on the amplitude, T,, and T, images is analyzed. This is achieved by
vacuum infiltration of the cavities in the mushroom’s spongy structure with Gd-DTPA solutions and acquir-
ing Saturation Recovery-Multispin Echo images. It is demonstrated that the intrinsic long T, values in the
cap and outer stipe tissue strongly relate to the size and geometry of the highly vacuolated cells in these
spongy tissues. All observed T, values are strongly affected by susceptibility effects. The T, of gill tissue is
shorter than T, of the cap and outer stipe, probably because these cells are less vacuolized and smaller in
size. The calculated amplitude images are not directly influenced by susceptibility inhomogeneities as long
as the observed relaxation times remained sufficient long. They reflect the water distribution in mushrooms
best if short echo times are applied in a multispin echo imaging sequence at low magnetic field strength.
© 1997 Elsevier Science Inc.
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INTRODUCTION tons present in the object under study.’”® To study the
water distribution of the mushroom, pure amplitude
images of the proton spin-density distribution are re-
quired.”” Even multiecho images at short echo times
(~3 ms) do not garantee to represent pure ampli-
tudes.'’

Susceptibility inhomogeneities were already found

Knowledge of the water distribution in the mushroom
(Agaricus bisporus) is of major interest for studying
the postharvest senescence of this economically im-
portant crop. NMR imaging gives noninvasively access
to this information.

The mushroom is made of cylindrical mycelial cells
with a diameter of 20 ym. Mushrooms have a spongy
structure with a tissue density of 0.3 to 0.9 g/ml and
contain approximately 92% (mass/mass) of water.'*
The core of the stipe has a very low tissue density with
a broad range of cells in the various developmental
stages.” The gill has a high tissue density and is usually
less vacuolized ( <50% volume/volume).’

Contrast observed in NMR images depends upon,
e.g.. the spin-density distribution and the spin-spin
(T,) and spin-lattice (T, ) relaxation times of the pro-

to have a major influence on the observed T, from
Multispin Echo (MSE) images of mushrooms.'® The
effects of these inhomogeneities increase at higher
magnetic fields.'"” Even at relatively low field strength
(0.5 T) the T, images in our work turned out to be
influenced by the applied echo time, indicating that
susceptibility contributions cannot be neglected. The
corresponding amplitude images were hardly affected.
It was not clear, however, whether these images pre-
sented the amount of water per pixel quantitatively.
In this article T, and T, relaxation of protons of
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tissue water in the mushroom is analyzed, based on the
results obtained from combined Saturation Recovery
Multispin Echo (SR-MSE ) images and short echo time
MSE images. Susceptibility effects, originating from
the spongy structure of the mushroom, on the ampli-
tude, T, and T, images have been studied by using
vacuum infiltration of the mushroom with various Gd-
DTPA solutions. The relaxation time images were re-
lated to tissue structure details (size/geometry of cells/
vacuoles). It is demonstrated that in this way quantita-
tive water distribution maps can be obtained.

MATERIAL AND METHODS

Experimental

Three fruit bodies from one batch, being just one
typical example of a Horst-U1® mushroom, were pur-
chased from a local green grocer less than 48 h after
harvest. The mushrooms were stored at 7°C in a sealed
package. First, the original mushrooms were imaged.
Each mushroom was consecutively submerged in one
of the solutions of 0.6, 2.5, and 10.0 mM Gd-DTPA,
prepared from a 0.5 M Gd-DTPA stock solution with
a twofold excess of DTPA (Schering AG, Berlin, Ger-
many ), and vacuum infiltrated at 20 mm Hg pressure
for 10 min in a vacuum exsiccator. Before releasing
the vacuum, remaining air bubbles were removed from
the solution and from the surface of the fruit body by
gently shaking and tapping of the exsiccator. After
vacuum infiltration each mushroom was imaged twice
to check reproducibility and long timescale effects.

Three SR-MSE images were recorded of each
mushroom: before infiltration, 10-30 min after infil-
tration, and 2 h after infiltration. Two MSE images
were acquired of the mushroom infiltrated with 2.5
mM Gd-DTPA solution; one before infiltration and one
directly after infiltration. The SR-MSE images were
acquired with T, = 7.5 ms and the MSE images with
T. = 2.5 ms.

From the SR-MSE images, amplitude, T,, and T,
images were calculated on a pixel-by-pixel base, as-
suming mono-exponentiai decay for both T, and T,
dimension. Decay in both the T, and T, dimension
was fitted simultaneously in the SR-MSE data sets.
The MSE images of the mushroom before and after
infiltration with 2.5 mM Gd-DTPA solution were also
fitted mono-exponentially. Relaxation rate difference
images were calculated from 1/T, or 1/T, images by
subtracting the relaxation rate before vacuum infiltra-
tion from the relaxation rate after vacuum infiltration.

To separate the contribution of the infiltration solu-
tion and of the mushroom, the MSE image of the mush-
room vacuum infiltrated with 2.5 mM Gd-DTPA solu-
tion was also fitted with a biexponential fitting func-
tion.

Mass fractions tissue were determined of the vac-
uum infiltrated cap, outer stipe, and core of the stipe
by weighting excised tissue before and after vacuum
infiltration with demineralized water. Because mush-
rooms exist of more than 90% water the mass fraction
tissue is a reasonable approximation for the tissue den-
sity, at least within the errors of the here presented
methods. The mass fractions will be used to compare
to the amplitude images.

Data Acquisition and Processing

The mushrooms were imaged on a 0.47 T (20.35
MHz) imager consisting of a Bruker (Bruker Spectros-
pin GmbH, Rheinstetten, Germany) electromagnet, a
SMIS (SMIS Ltd., Guildford, UK) console, and a
DOTY (DOTY Scientific Inc., Columbia, USA) cus-
tomised probe-head with actively shielded gradients.
The applied SR-MSE and MSE pulse sequences are
presented in Fig. 1.

Typical applied acquisition parameters were: spectral
width 100 kHz, no phase cycle, 64 complex data points
per transient, 64 phase-encoding gradient steps, and no
averaging. For the SR-MSE measurements we used eight
increments of 200 ms in the SR time domain and 64 echos
with T, = 7.5 ms, T, = 3000 ms, a slice thickness of 2.0
mm, and a field of view of 30 mm. MSE images of 512
echos were acquired without the optional initial hard 90°;
saturation recovery pulse of the SR-MSE sequence and
with T, = 2.5 ms and T, = 3000 ms.

The obtained data were first filtered with a Gaussian
filter of 0.75 pixel (or 330 Hz per point) and afterwards

optional soft herd hard hard herd hard
herd 90° 90° 180° + 180° + 180°- 180°- 180° +

Oth 1th 2nd Nth
t=0 scho echo echo echo

variable pre-acquisition Te
SR-delay deley

spoiler gradient % phase-encoding gradiant
read-aut gradient k\\\\\ slice gradient

Fig. 1. Applied pulse sequence for the acquisition of the
SR-MSE and the MSE images. The initial hard 90° pulse
determines the difference between the SR-MSE and MSE
imaging pulse sequence.
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zero filled once, before fast Fourier transformation and
phasing. A mono-exponential fitting function was applied
to fit the decay of each pixel (x,y) in the real intensity
(SR-) MSE images. This was achieved by calculating an
initial guess of the decay constant(s) and amplitude based
on linear regression of the initial part of the logarithmic
decay curves. With this initial guess, a Levenberg-Mar-
quard nonlinear least square algorithm was applied to ob-
tain the final fit. Iteration of the fit was halted after the

chi-square difference became less than 0.1% or after 100
iterations. All data points were weighted equally.

The applied fitting function for the decay of the
signal intensity in pixel x,y is given by:”

Sy (Tot) = S (T, = =t =0)
X (1 — exp[—T/Ti,y 1) exp(—t/Toy,) (1)

Here. S, (T,t) is the signal intensity at time t in

Fig. 2. Calculated amplitude (1-3). T, (4-6), and T, (7-9) image of a mushroom before [1,4,7], directly after [2,5,8],
and 2 h after [3,6.9] vacuum infiltration with 0.6 mM Gd-DTPA solution (a), 2.5 mM Gd-DTPA solution (b), and 10.0 mM
Gd-DTPA solution (c). The amplitude images are scaled from 0 to 30,000 arbitrary units (a.u.), the T, images from 0 to 400
ms and the T, images from 0 to 2500 ms.
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the saturation recovery step T,; S.,(t = 0, T,, = x)
the extrapolated amplitude at t = 0, representing the
spin density; T the transversal relaxation time; T, the
longitudinal relaxation time: T, the saturation recovery
incrementing delay, and t the time after the soft 90°
pulse. Using Equation | quantitative amplitude, T, and
T, images are obtained. The accuracy of the parameter
values in the fitted images is better than 5% for more
than 95% of all fitted pixels.

Estimated amplitude, T,. and T, values for the cap,
gill, and stipe before and after vacuum infiltration are
presented in the tables, as well as these parameters for
the infiltration solutions. These values, obtained by
visual parameter estimation, are used to summarise
the data of the parameter images and to facilitate the
discussion. Presented amplitude values have an esti-
mated error of 10%, T, values have an estimated error
of 10%, and T, values have an estimated error of 20%.

To understand the differences between the images,
resulting from various treatments of the mushroom,
we calculated difference images of the amplitude im-
ages and of the reciprocal relaxation time images:

Amp]itUde: AS = Suﬁcr - Sbelbre (23)
Relaxation rate: AR = R, — R, (2b)

where R, = 1/T after treatment. R, = /T before
treatment, and T is either a T, or T, image. S is an
amplitude image.

RESULTS

SR-MSE Imaging
Calculated amplitude. T,. and T, images of the
mushrooms before, directly after, and 2 h after vacuum

infiltration with the three Gd-DTPA solutions, obtained
with the SR-MSE imaging pulse-sequence applying T,
= 7.5 ms, are presented in Fig. 2. Their parameter
estimations are presented in Tables 1 and 5.

All three mushrooms before vacuum infiltration
have comparable T, values for the cap and the stipe and
a little differing T, values for the gill. After vacuum
infiltration with Gd-DTPA solution, Ts of the mush-
rooms infiltrated with 0.6 mM and 10.0 mM Gd-DTPA
change the same way, especially the cap and stipe. T,
of the gill remained more or less constant. T, of the
mushroom infiltrated with 2.5 mM decreased most in
the cap, gill, and core of the stipe, more than the other
two mushrooms did ( Table 2a).

The T, of a fresh mushroom was different for the
cap, stipe, and gill, with the T, for the outer stipe being
about double the T, for the cap and gill. After vacuum
infiltration, T,s of the cap became almost equal to the
T, of the outer stipe. except for the mushroom infil-
trated with 2.5 mM Gd-DTPA. Here. the T, of the cap
increased less and did not become equal to the T, of
the outer stipe. The T, of the gill increased on infiltra-
tion with 0.6 mM Gd-DTPA. This increase gradually
changed in a decrease at an increasing Gd-DTPA con-
centration (Table 1b).

ASAR?2, and AR1 images were calculated from the
reciprocal relaxation time images before and directly
after vacuum infiltration of Fig. 2, according to Equa-
tion 2, and are presented in Fig. 3. The estimated relax-
ation rates of these images for the various parts of the
mushrooms are presented in Table 2.

The amplitude images of the three mushrooms be-
fore infiltration did not differ significantly, represent-
ing three mushrooms with a comparable signal inten-
sity and signal distribution.

After infiltration, the mushrooms infiltrated with 0.6

Table 1. Estimated T, = 20% and T, = 10% values of a mushroom before and after vacuum infiltration,
imaged with a SR-MSE imaging sequence. applying T, = 7.5 ms and T, = 3000 ms,
originating from the images presented in Fig. 2

T, (s). before infiltration

T, (s), after infiltration

T, (s)
Cap Gill Stipe Gd-DTPA solution Cap Gill Stipe infiltrate
1.4 0.3 1.3 0.6 mM 0.8 0.3 1.1 0.30
1.4 0.6 1.4 2.5 mM 0.5 0.4 0.7 0.08
1.2 0.3 1.1 10.0 mM 1.0 0.2 0.8 0.02

T, (ms). before infiltration T, (ms), after infiltration

T, (ms)
Cap Gill Stipe Gd-DTPA solution Cap Gill Stipe infiltrate
150 100 300 0.6 mM 300 180 300 220
140 180 230 2.5 mM 180 100 270 60
150 100 280 10.0 mM 300 30 300 16




'H-NMR imaging of water in white button mushrooms ® H.C.W. DONKER £7 AL 117

Table 2. Estimated AR, = 30% and AR. = 20% on
vacuum infiltration with (0.6 mM, 2.5 mM,

and 10.0 mM
AR, (s
Cap Gill Stipe core Stipe outer
0.6 mM —0.5 -1 -1.2 <—-0.3
25 mM -2 -3 -3 ~0.8
10.0 mM <—-0.3 -2 —0.7 -0.5
AR, (s D
Cap Gill Stipe core Stipe outer
0.6 mM 4 1.4 6.6 I
25 mM 2 — — 0.7
10.0 mM 4 <0.7 1.4 0.7

The Tss reflect increasing T-s on vacuum infiltration where the T,s
reflect decreasing T8 on vacuum infiltration. originating from the
images presented in Fig. 3.

mM and 2.5 mM solution both presented an increased,
constant amplitude per pixel. The amplitude image of
the mushroom infiltrated with 0.6 mM Gd-DTPA solu-
tion corresponded with the amplitude of the maximum
amount of water per pixel of 100% volume/volume.

Fig. 3. AS (1-3). AR, (4-6). and AR, (7-9) images of
three mushrooms infiltrated with 0.6 mM [1.4,7]. 2.5 mM
[2,5.8] and 10.0 mM [3.6.9] Gd-DTPA solution (Fig. 2).
The amplitude images are scaled from 0 to 20,000 a.u..
representing the amplitude increase. the R, images are scaled
from O to 10 s ' representing the R, increase, and the R,
images are scaled from 0 to —4.0 s ' representing the R,
decrease.

It was comparable to the amplitude of the remaining
infiltration solution below the cutting surface of this
mushroom. The spread of the amplitude per pixel over
this entire amplitude image was around 5%. The ampli-
tude image of the mushroom infiltrated with 2.5 mM
Gd-DTPA solution was less than the maximum amount
of water per pixel. The remaining infiltration solution
below the cutting surface of this mushroom had a
higher amplitude than the mushroom itself.

The amplitude of the mushroom infiltrated with 10.0
mM Gd-DTPA solution increased around 5% com-
pared to the amplitude of the fresh mushroom. Ampli-
tude, resulting from the infiltration solution, could not
be observed below the stipe of this mushroom, in con-
trast to the results presented in Fig. 2a and b. Ampli-
tude ditference images are presented in Fig. 3. Various
estimated amplitude values, together with the weighted
mass fractions tissue of the excised mushroom parts
are presented in Table 5.

The 2 h storage period of the infiltrated mushroom
did not have noticeable effects on the amplitude. T,
and T, images.

MSE Imaging
The calculated amplitude and T, images of the
mono-exponential fit of the original MSE images with

Fig. 4. Calculated amplitude and T, images from a MSE
pulse sequence, applying T, = 2.5 ms and T, = 3000 ms.
The images | and 2 represent the amplitude image before
and after vacuum infiltration with 2.5 mM Gd-DTPA solu-
tion and the images 3 and 4 represent the corresponding T,
images. Because the amplitude images are in arbitrary units,
they cannot be compared to the amplitude images presented
in Fig. 2. The amplitude images are scaled from O to 40,000
a.u. and the T, images are scaled from 0 to 400 ms.
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Table 3. Estimated T, values *+ 10% of a mushroom before and after vacuum infiltration, imaged with a MSE imaging
sequence, applying T. = 2.5 ms and T, = 3000 ms, originating from the images presented in Fig. 4

T (ms), before infiltration

T- (ms), after infiltration

T, (ms)
Cap Gill Stipe Gd-DTPA Solution Cap Gill Stipe infiltrate
270 130 320 2.5 mM 250 120 330 60

T. = 2.5 ms of a mushroom before and after vacuum
infiltration with 2.5 mM Gd-DTPA solution are pre-
sented in Fig. 4. The corresponding estimated T, values
are summarized in Table 3.

The amplitude image before infiltration was low for
the cap and high for the outer stipe and gill. After
vacuum infiltration, the amplitude images became
more homogeneous, but the amplitude in the cap was
still low compared to that of other parts of the mush-
room.

This dataset was also fitted biexponentially, in an at-
tempt to separate the signal from the mushroom and the
infiltration solution. The amplitude and T, images of
both fractions obtained from this biexponential fit are
presented in Fig. 5; the corresponding numerical values
are summarized in Table 4. The amplitude values are
compared to other amplitude values in Table 5.

As can be seen in Fig. 5 and Table 4, two fractions
could be separated, but not completely over the entire
mushroom. Especially in the core of the mushroom
two identical T,s with extremely variable amplitudes
are found, indicating single exponential behavior. In
the region close to the cutting surface, the two expo-
nentials could not be discriminated easily either, proba-
bly because of the absence of tissue in this part of the
image.

DISCUSSION

Fresh fruit bodies of the mushroom Agaricus
bisporus were vacuum infiltrated with different Gd-
DTPA solutions and imaged. The solution filled the
extracellular spaces, thereby eliminating susceptibility
inhomogeneities.””'"'* Hence, the resulting relaxation
decay after vacuum infiltration originates from both
the tissue water and the Gd-DTPA infiltration solution.
At fast spin-exchange rates this results in mono-expo-
nential decay, but at lower spin-exchange rates the
analytical relation is complex. being nonmono-expo-
nential >'*'¢

The discrimination between mono- and nonmono-
exponential (multiexponential) behavior in a fit de-
pends strongly on the number of acquired data points
and their spacing, the ratio of the decay-constants and
-amplitudes and the signal-to-noise ratio. Fast ex-

change is more likely to occur for T, than it is for T,

because T, processes are faster, compared to exchange
9.13

rates, than T, processes.

Fig. 5. Amplitude and T, images obtained from one and the
same mushroom, vacuum infiltrated with 2.5 mM Gd-DTPA
solution, applying biexponential fitting of the MSE (T, =
2.5 ms, T, = 3 s) dataset. The images | and 3 represent the
amplitude images of both fractions, image 5 the summation
of the amplitude images 1 and 3, all three scaled from O to
40,000 a.u. The images 2 and 4 represent the T, images of
both fractions, image 2 the fraction with a short T,, and
image 4 the fraction with a long T,, scaled from 0 to 800
ms. Image 6 represents a quotient image of the T.s of both
fractions (image 2/image 4), scaled from 0.05 to 1.0. The
fraction with the short T, was assigned to the 2.5 mM Gd-
DTPA solution, where the fraction with the long T, could
be assigned to water in the mushroom.



'H-NMR imaging of water in white button mushrooms ® H.C.W. DONKER ET AL. 119

Table 4. Amplitude = 10% and T, = 10% of two fractions of the bi-exponential fitted MSE image of the mushroom
vacuum infiltrated with 2.5 mM Gd-DTPA solution

Stipe
Cap Gill Core Outer Cutting surface Center
signal (a.u.) frac. 1 0.6 * 0.6 +0.5 * *
frac. 2 0.3 a 0.3 +0.4 * a
T, (ms) frac. 1 60 40 40 160 60 80
frac. 2 500 150 300 450 * 80

+ is presented when spreading of the values per pixel in a part of a parameter image does not allow a proper parameter estimation, originating
from the images presented in Fig. 5. The amplitude values are scaled to compare to the values presented in Table 5.

The presence of Gd-DTPA decreased T, at all Gd-
DTPA concentrations but the decrease can not easily
be related to the concentration of the Gd-DTPA solu-
tion. After vacuum infiltration with the 10 mM infil-
trate, the T, of the cap and stipe were less reduced as
could be expected from the results obtained with the
other two Gd-DTPA concentrations. If both fractions
would have mixed, the T, of the cap and stipe of this
mushroom would certainly have been reduced more
on vacuum infiltration than was observed now. We,
therefore, conclude that the two water pools in the cap
and stipe only exchanged on a very slow rate, even at
the long T, time scale.

The suggestion that the extracellular Gd-DTPA so-
lution and the intracellular water hardly exchange is
further supported by the biexponentially fitted MSE
images (at T, = 2.5 ms) of the mushroom infiltrated
with 2.5 mM Gd-DTPA solution. Two fractions could
be discriminated in parts of that mushroom. The T, of
fraction 1 of 40-60 ms (for the cap, gill, and core of
the stipe) was close to the T, expected for the 2.5 mM
infiltrate solution (T, = 60 ms), as observed below
the cutting surface of the stipe (see Tables 1 and 3).
This fraction was, therefore, assigned to the Gd-DTPA
solution. The T, values of fraction 2 observed in the

cap, outer stipe, and gill compared rather well to the
T,s observed in the SR-MSE images in the presence
of the 10 mM infiltrate. This fraction was therefore
assigned to water in mushroom tissue.

In the SR-MSE T, images (at T. = 7.5 ms), two
effects counteract; T, decreases due to the infiltration
with an agent with a short relaxation time and T, in-
creases due to loss of susceptibility inhomogeneity. In
the applied Gd-DTPA concentration range, T, of the
infiltrate becomes increasingly difficult to observe at
increasing concentrations. For the 10 mM solution, the
T, of the infiltrate became too short for the applied
echo time (T.) and did not influence the overall decay
of the infiltrated tissue anymore. The T, images of the
mushroom infiltrated with 10 mM Gd-DTPA solution,
therefore, reflected the T, of water in mushroom tissue
without losses due to susceptibility artefacts and with-
out decreases due to infiltration solutions. The resulting
T, appeared to be equal for the cap and outer stipe,
around 300 ms. T, of the gill was remarkable shorter,
around 100 ms.

Proton-exchange between water in tissue and the
protons in the Gd-DTPA solution was for the above
mentioned reasons slow at the T, and T, time scale.
Cellular compartmental structures were probably still

Table 5. Mass fractions tissue in vacuum infiltrated mushroom parts (g/g) and amplitude estimations (a.u.)
of the various amplitude images

Tissue 0.6 mM (a.u.) 2.5 mM (a.u.) 10.0 mM (a.u.) Bi-exponential (a.u.)
fraction
(g/g) Before After Before After Before After Frac. 1 Frac. 2
Cap 0.6 = 0.05 0.6 1.0 0.6 0.9 0.6 0.6 0.6 0.3
Gill — 0.9 1.0 1.0 1.0 0.9 0.9 * #
Stipe, core 0.4 = 0.05 0.4 1.0 0.4 0.9 0.5 0.6 0.6 0.3
Stipe, outer 0.8 + 0.05 0.8 1.0 0.8 1.0 0.8 0.9 +0.5 +0.4

The mass fractions tissue were obtained by weighting excised cap, outer stipe, and core of stipe before and after vacuum infiltration with
demineralized water. The presented error is the standard deviation over five individual measurements (n = 5). The amplitude estimations
originate from Table 2 and are scaled to 1.0 for the 0.6 mM vacuum infiltrated mushroom for presentational sake. * is presented when spreading
of the values per pixel in a part of a amplitude image does not allow a proper parameter estimation.






